DESCRI PTI ON PROCESS FOR PRODUCI NG SEM CONDUCTOR DEVI CE Technical Field 5

[ 0001] The present invention relates to a process for producing

sem conductor devices and, nore particularly, to a process for producing
sem conductor devices having a step of activating, by irradiation with a
| aser beam inpurities contained . in a wafer nmade of a sem conductor
material. 10 j0002] Arts have been sought for which would enable formation
of ultra-shallow pn junction exhibi gpgorgduogd resi stance and i nproved
short-channel effect, in order to cope with demand for mass-production of

MOBFETs having gate prO@ESS FOR PRERUSINGSEMIOONDUETOR DERSOEE for
i npl enmenting such arts, technical 15 innovations have been expected with

regard to methods for introducing inpurities into a sem conductor material,
especially silicon, and also to nethods for electrically activating the
i ntroduced i mMphhidaeBield 0003] A maj or technique for activating inpurities
currently adopted in mass 20 production is a nethod referred to as Rapid
Thermal AnpedDo0ty] (RTA). In RTA, diffusion of inpurity atonms and activation
rate are in trade-off relation to each other. That is, suppression of
i npurity diffusi off heqsreserht invemtiiprsieddteswer grooeds fon pneduesng semitiohfilictolt to
attain higher activation rate. Conversely, attenpts to enhance activation
rate pronot esdaviqusrartdy mdiréfpasticautarny taadesiasaltibryproduciegsentitendistarideyices
junction. For 25 these reasons, it has been found that nass-production of
MOSFETs havi rpviyag e stepeafgichizating, 39 inadietios mithl selasanbeary HinpLritiescontained iact or y
performance i s not easy, when RTAis relied upon. [0004] 1
a wafer made of a semiconductor material.
10 [0002]
Arts have been sought for which would enable fermation of ultra-shallow pn
junction exhibiting reduced resistance and improved short-channel effect, in order
to cope with demand for mass-production of MOSFETs having gate lengths not
greater than 50 nm. As a measure for implementing such arts, technical
15 innovations have been expected with regard to methods for introducing impurities
into a semiconductor material, especially silicon, and also to methods for
electrically activating the introduced impurities.
[0003]
A major technique for activating impurities currently adopted in mass
20 production is a method referred to as Rapid Thermal Annealing (RTA). In RTA,
diffusion of impurity atoms and activation rate are in trade-off relation to each other.
That s, suppression of impurity diffusion for achieving shallower junction makes it
difficult to attain higher activation rate. Conversely, attempts to enhance activation
rate promotes impurity diffusion to undesirably increase the depth of junction. For
25 thesereasons, it has been found that mass-production of MOSFETSs having gate
lengths of 50 nm or smalier and exhibiting satisfactory performance is not easy,
when RTA is relied upon.

[0004]



Laser annealing is noted as a nethod for enhancing activation rate while
suppressing diffusion of inpurities. [0005] Later-nentioned patent docunents
1 and 2 disclose nmethods for annealing 5 silicon wafers dopes with

i mpurities by using excimnmer |aser. Annealing nmethods using exciner |aser are
al so reported in, for exarrpl e, "I EDM Tech. Digest, p931 (1999) ", "I EDM
Tech Di gest, p509 (1999)", "Synp. on VLSI Tech, pl38 (2002)"

"El ectrochem SOCLas%C/Ir%neBT)Hg is RO S a FRUROPY enhaﬁkéfﬁ@ achdg'hor:l_%}Q wHplegest

p69 (2001)" Exte Abstracts of International WrKshop on Junction

Technol ogy lg_rg Sr@&}ﬁ@goﬂ Ofﬁﬁb@,ntq)@d Abstracts of International Wrkshop
on Junction echnol ogy 2002. p31-34", "Extended Abstracts of I|nternational

Wor kshop on ]]_ gbomyt i on Technol ogy 2002. p35- 36", and "Study G oup on Silicon
Technol ogy, The "Japan Society of Applied Physics, No. 39, p23 (2002)"

[0006] 15 The ' SLaltféy-n@rﬂwhea@a&ﬁtlo@@ﬂm@ﬁ@ﬂ@h@gmsam mamsmme}am@
Applied Physics, No. 39, p23 (2002)" teaches that, the energy of exciner

| aser, when smﬂphlvmietwd@idswmxmpmt%m bﬁdglelxcmwrtles@r ghoetling metioddsibout
10 ns in a very surface region of about 10 nmthick, because exciner |aser

i s ul traviol esingudaimeaizser argnalsbmgporttedd os sorbd entpe sUBPM Sschdibifestj pd3 bf
inpurities and, therefore, to forman 20 ultra-shallow pn junction. [0007]
A descri pti ofe@9)l, eV Degessf pEOR( 19801 “aympabn My SirdeblodotHES@008ED i n
the "Extended Abstracts of International Wrkshop on Junction Technol ogy
2002. p31- 34ElecttoBh¢m088§. Symm-Rrppe2@iQ- 9;:%{2@@@)@’ Shiepi \v{ngTachchlgasst pbane
constituted b (100) crystalline plane is doped with boron ions with
accel er at i on(20{&h)gy Extergles W%Ofalﬂt%[namwoikﬁhspﬁﬂlm@ﬁﬂ decmyppay with
germaniumions also is conducted with
10 2002. p27-30", "Extended Abstracts of International Workshop on Junction
Technology 2002. p31-34", "Extended Abstracts of International Workshop on
Junction Technology 2002. p35-36", and "Study Group on Silicon Technology, The
Japan Society of Applied Physics, No. 39, p23 (2002)".
[00086]
15 The "Study Group on Silicon Technology, The Japan Society of Applied
Physics, No. 39, p23 (2002)" teaches that, the energy of excimer laser, when
applied to silicon, is absorbed in quite a short time of about 10 ns in a very surface
region of about 10 nm thick, because excimer laser is ultraviolet pulse laser,
making it possible to suppress diffusion of impurities and, therefore, to form an
20 ultra-shallow pn junction.
[0007]
A description will now be given of the Iaser annealing method disclosed in
the "Extended Abstracts of international Workshop on Junction Technology 2002.
p31-34".
25 [0008]
An n-type silicon wafer having principal plane constituted by (100) crystalline
plane is doped with boron ions with acceleration energy of 0.5 keV and at a

dosage of 5 x 1014cm-2, Doping with germanium ions also is conducted with
2



2 acceleration energy of 5 keV and at a dosage of 5 x 1015cm 2. A surfacial
region of the silicon wafer is non-crystallized to becone anorphous as a
result of the ion inplantation. The thickness of the anorphous | ayer thus
formed is about 12 nm [0009] 5 The silicon wafer is then irradiated with a
singl e shot of excinmer |aser of 248 nm wavel ength. The pul se wdth of the
excinmer |laser is selected fromanong 10 ns, 33ns, 38 ns, 55ns, and 62ns.

The pul se en%#ggngggg%;%é@%%h&ngp%gg;&% of3lL B¢ Bchns2 SELBRAGH) r%@iofnalL

in a range of ter the irradiation wth the

laser, the i"cglﬂﬁé%mceh%&éférhgwoﬂtbr'y&am@dwbé@&hélarrroﬁghws 8% atrBELILE tR@RMH Men
is evaluated by secondary ion nmasS spectronetry (SIM), followed by

measur enent qhéﬁmaﬁaﬁ.etrhéqrsih%@é_&@f-thé%@ﬂ&bh@@@téyér HustfBEMBA i Hv@iiti1emmot
greater than 30 nm and sheet resistance values of 1000 E2/0 or less are

si mul taneousl[mogg ai ned under one of the follow ng 15 conbi nati ons of the
pul se width and the pul se energy density: 10 ns at 500mJ/cnR; 10 ns at

600ml/ cn®; 533 ns ather§iiceH watkr iSthendrratiafdDwith arsligl8 8hotnsf extintpQusdf of 4855 ns
at 800mJ/cnR; and 55 ns at 90mJ/cnR. The depth of the junction is defined

as the depth mh whigténdthe Thermrise aiute of (& extimes labex isl$El8cted 3rom pRGhE]1020
Fig. 10 shows the depthw se distribution of boron concentration in the
speci nens annex|3hs\W38mst BEngxarich®2nd. atee phe ergrgybeasity db the§ilién waferThe
boron concentration distribution was neasured by SIM5. The axis_of abscissa
represents theurthstin seignted setaliy a'tante offrohe4@lrel/amictodi2 ontcmat &ftehthes t he
boron concentration at a unit of "cm3". Nunerical values attached to the
curves 25 i ndiresialionhwitpthe l@sendhgympleityidistabuien imibesawntegial nggipulciéhe aser s
at the surfaces of the specinens. [0012]
10 specimen is evaluated by secondary lon mass spectrometry (SIMS), followed by
measurement of the sheet resistance.
[0010]
Depths of the pn junction not greater than 30 nm and sheet resistance
values of 1000 /0 or less are simultaneously attained under one of the following
15 combinations of the pulse width and the pulse energy density: 10 ns at
500mJ/cm?; 10 ns at 600mJ/cm?; 33 ns at 700mJ/cm2; 38 ns at 700mJ/cm?2;;38
ns at 800mJ/cm<:55 ns at 800mJ/cmZ2; and 55 ns at 90mJ/cm2- The depth of the
junction is defined as the depth at which the boron concentration is 1 x 1018cm-3,
[0011]
20 Fig. 10 shows the depthwise distribution of boron concentration in the
specimens annealed with the excimer laser having pulse width of 38 ns. The
boron concentration distribution was measured by SIMS. The axis of abscissa
represents the depth expressed by "nm", while the axis of ordinate shows the
boron concentration at a unit of "cm=3". Numerical values attached to the curves
25 indicate the pulse energy densities of the annealing pulse lasers at the surfaces of
the specimens.
[0012]

It is understood that the depth of thejunbtion in terms of the depth at which
3



It is understood that the depth of the junction in terns of the depth at
which 3 the boron concentration is 1 x 1018cm 3 is about 17 nm when the
pul se energy density is 700 mJ/cnR2. The sheet resistance is about 450 S2/0.
Junction depth of about 26 nm and sheet resistance of about 4001)/0 are

si mul t aneously obtained when the pul se energy density is 800 mJ/cnR2. 5

[ 0013] Junction depth obtained at pul se energy density of 500 mJ/cnR is

al nost equi v j HBhOWE : i

i soi osur a1 Seireh CopRBhr ARl EE 101ELRLE 1o A7 i AMRET e Bfferay

activation of yhanQns Rag MHEmAC THE sRdet é@%ﬁ%@%%bbm mﬂfzymt WS ctiRMlkA n. 10

[0014] A descriptron wll now be given o aser anneal 1 ng techni que which

is discl Osedaﬁdbttiéenh%tr@rsﬁmés%%cé?@m@dﬁut R0 e reSimlithse Sty pBtEined

di scloses an 1nvention In ich inpurity concentration in the gate
el ectrode of WEFEe balseditargRaedsihouaotsmad/cad e insulation film The
di scl osure includes a step in"which 15 an inpurity in the gate electrode is

activated Ry [@@agyl ing with a laser. [0015] The process disclosed in the
above-nmenti oned docunment begins with deposition of a gate insulation film

on the surface of fyrigtibheRptiebinedt phiss Bnardy deteRpef 560 ndl/beZos attessd
Si Ge layer and a non-doped Si |ayer by sputtering. Then, injection of boron

ions is perfosqEdaleint bo et ebelinéd withemtedryylasér dntetingn drhat disclddudds agentof 4
x 1015cm 2, Then, a single shot of exciner laser is applied at an

i rradi ati on ewih¢ye sesstireyistdncBO®i® praskiniad thaRactiviafioh of korendiasmmd eccurred
Alternatively, tw shots of |aser irradiation nmay be perfornmed at an

i rradiati on eswrsignttmlysinderdiis ®bAdhcn2. The Si Ge layer is crystallized as
a result of the |aser annealing, thereby reducing the resistance. 25 [0016]
The di scl a9ur[@0ild¢l udes a description which states that excimer |aser beam

A description will now be given of a laser annealing technique which is
disclosed in the later-mentioned Patent Document 3. This document discloses an
invention in which impurity concentration in the gate electrode of MOSFET is
decreased towards a gate insulation film. The disclosure includes a step in which

15 an impurity in the gate electrode is activated by annealing with a laser.
[0015]The process disclosed in the above-mentioned document begins with
deposition of a gate insulation film on the surface of a silicon wafer, on which are
deposited a boron-doped SiGe layer and a non-doped Si layer by sputtering. Then,
injection of boron ions is performed with acceleration energy of 7 keV and at a

20 dosage of 4 x 10195cm-2, Then, a single shot of excimer laser is applied at an
irradiation energy density of 500mJ/cm2ina 2-chip bulk shot mode. Alternatively,
two shots of laser irradiation may be performed at an irradiation energy density of
500mJ/cm2, The SiGe layer is crystallized as a result of the laser annealing,
thereby reducing the resistance.

25 [0016] '

The disclosure includes a description which states that excimer laser beam

or a totally solid laser beam may be used as the ultraviolet pulse beam employed

inthe laser annealing. The wavelength of the fundamental wave of ordinary totally
4 .



or atotally solid | aser beam my be used as the ultraviol et pul se beam
enployed in the |aser annealing. The wavel ength of the fundanental wave of
ordinary totally 4 solid |aser, e.g., Nd: YAG is about 1000 nm The totally
solid | aser beam nentioned in the disclosure is understood to nean the
third or higher harnmonics ' of the fundanental wave. [0017] S Considering
that the boron ion injection is conducted with acceleration energy of 7

eaches 1 x ToTAIRR. P ot AT POt on” Al Ry BRI "
Loots] 10 LarerTARAEH b B BUHBRich AT e B S R ca i S

anneal i ng i oy a | aser beam of 532 nm wavel ength. [0019]
Fig 11 shomnghgﬁgﬁ?%grtq@)ﬁéﬁ%p bet ween junction depths and pul se energy

densities as [6&)?? osed in the Non-Patent Docunents 1 and 2, The absci ssa
shows 15 the *pul'se energy density by a unit of "mlJ/cnR" while the ordinate

representscthe | Wzégd)é}idbetﬂfabtr@%&oHW{)ﬁ it ctidHs-coRBBciednGitth 9BcelsRtibni S

mai nt ai ned at about nm~ when the pul se“energy density ranges from 350

mi/ cne to 46%@%%&;%?7 Key 1tSs uHAER PPt fHéaéeMﬁ_raitWhiicqﬂth%fbdrlelﬁ‘ébh@éhtﬂe?%hh s

U
smal | when the pUlse energy density falls wthin the above-nentioned range.

20 [0020] Pat@pEh&0 RIS ki-3laRanansidritaas Habined Elekycad bans GiRtloBed for
I nternational Application) No, 2001-509316 Patent Docunment 2: Japanese

Transl ati on Rahhirgednyonltracdhahel Jjbﬁ&t&rmaﬂwﬁ&n orZhafigier.cati on) No.
2002- 524846 Patent Docunent 3: Japanese Unexam ned Patent Application

Publ i cation N0018]
10 Later-mentioned Non-Patent Documents 1 and 2 disclose laser annealing
methods which employ a laser beam of 532 nm wavelength,
[0019]
Fig. 11 shows the relationship between junction depths and pulse energy
densities as disclosed in the Non-Patent Documents 1 and 2. The abscissa shows
15 the pulse energy denSity by a unit of "mJ/cm2" while the ordinate represents the
junction depth by a unit of "nm". The junction depth is maintained at about 26 nm
when the pulse energy density ranges from 350 mJ/cmZ2 to 460 mJ/cm2. It is
understood that variation of junction depth is small when the pulse energy density
falls within the above-mentioned range.
20 [0020]
Patent Document 1: Japanese Translation Publication (of PCT International

Application) No, 2001-508316

Patent Document 2: Japanese Translation Publication (of PCT International

25 Application) No. 2002-524846

Patent Document 3. Japanese Unexamined Patent Application Publication No.

H11-330463



H11- 330463 5 Non-Patent Document 1: R Murto et al., An Investigation of
Speci es Dependence in Germani um Pre-anorphi zed and Laser Thermal Anneal ed
U tra-Shal |l ow Abrupt Junctions, 2000 International Conference on lon

| mpl antati on Technol ogy 5 Proceedi ngs", (US) |EEE, Sept. 17-22, 2000,

p182- 185 Non-Patent Docunent 2: R Miurto et al., Activation and Deactivation
Studi es of |aser Thernmal Anneal ed Boron, Arsenic, Phosphorous, andAnti nony
U tra-Shall ow Abrupt Junctions, "2000 International Conference on |on

| mpl ant ati on Technol ogy 10 Proceedi ngs”, (US) |EEE, Sept. 17-22, 2000,

p155- 158 Di sqy@spaesrAiDddunfi:1oR. [VQPt%]dtla'F.i, AR Irh2sEHaNsn b Spdtéabbparsdtnege

bet ween the sheet resistance and the pulse 15 enérgy density as discl osed

in the Non- Pag edrmiBpai PRt SndorpREed ant&sebThemea Arheated N alBH=HEWARRIEAY
density at a unit of "mJ/cnmR", while the ordinate shows the sheet

resi stance atjuactiohd, "2008 2nt8rndRRpIE SORTdreacd bR IehRRblanetiostRrAAcRYy Rs (11/0)
and the pul se energy density by E (ml/cnR), the graph shown in Fig. 12 is

appr oxi mat ed Hrpcebéingel, |(0%) BEENBapS. dA:-22Z@00Bapa82-d851) Rs=0.0938 x E2 -89 x
E+21258... (1) According to the Equation (1), the sheet resistance varies by
about 10.2% when the pul se energy density fluctuates by 11% around the base
density of 430 ml/cnR. The above-nenti oned docunents shows that the energy
stability of NéoeP2enDerneder Roddirtd at sk, Adtivaian andeastigatiorh Stusliegnef Pul se
energy density fluctuation of 3% causes a sheet resistance variation of

30. 6% This llaseel heranal AnnealedBarhe, Arherit, Rlasphomus cantmineny WiraShaliow t o
adopt the disclosed | aser annealing nmethod in an industrial mass-production
process. 6 AbruptJunctions, "2000 International Conference on lon Implantation Technology

10 Proceedings”, (US) IEEE, Sept. 17-22, 2000, p155-158

Disclosure of Invention
[0021]
Fig. 12 shows the relationship between the sheet resistance and the pulse
15 energy density as disclosed in the Non-Patent Documents 1 and 2. The abscissa
shows the pulse energy density at a unit of “mJ/cm2", while the ordinate shows the
sheet resistance at a unit of Q/[J. Representing the sheet resistance by Rs ((Y/[)
and the pulse energy density by E (mJ/cm2), the graph shown in Fig. 12 is
approximated by the following equation:
20 (Equation 1)
Rs = 0.0938 x E2 - 89 x E + 21258 ... (1)
According to the Equation (1), the sheet resistarice varies by about 10.2%
when the pulse energy density fluctuates by 1% around the base density of 430
mJ/icm2. The above-mentioned documents shows that the energy stability of the
25 pulse laser oscillator of 532 nm wavelength is £3%. Pulse energy density
fluctuation of £3% causes a sheet resistance variation of £30.6%. This large
variation of the sheet resistance makes it difficult to adopt the disclosed laser

annealing method in an industrial mass-production process.
6



[ 0022] An object of the present invention is to provide a |aser annealing
nmet hod which nmakes it possible to suppress sheet resistance variation.
[0023] 5 According to one aspect of the present invention, a process is
provi ded for producing a sem conductor device, the process having the steps
of (a) adding an inpurity into a surfacial region of a depth of 100 nm or

| ess of a wafer made of a sem conductor material; and (b) irradiating the
wafer with add§§r beamemtted froma |aser-diode-punped totally-solid

| aser oscillgtor or with a higher harnmonic of 10 the |aser beam thereby

activating the i nRHbiekt ot@%?ﬂﬂesghﬁinvéﬁti&f isttBerbpiiera KiseA8nREETRROMEPAl | Y

solid |aser oscillato? enhances the energy stability, thereby reducing

fluctuation WhiéH"ﬁwaR@Qﬁgids@%lé%‘Qbéér@@s sHMb&rrelstarideeyarittioat i on in the sheet
resi stance i s suppressed. 15 Brief Description of the Drawings [0025] Fig.

lis a scher’rT(szg,]i | lustration of a | aser annealing apparatus enployed in an
enbodi nent of the present invention. 20 Fig. 2 is a graph show ng the

rel ationshi p bet wagtordhielo dresasieznetthantesdrtlivereion! gyrowssiis groviden foaser
beam used in the | aser annealing. Fig. is a graph show ng dept hwi se boron

concent r at i opredsding beemidoraductaizksioss thymiooess havingfthe stepslofiéradaiimean i ng.
Fig. 4 is a graph show ng wavel engt h dependenci es of absorption 25
coef fi ci ent simpurtysntosd surdagial mgicn bi @ daptnef Hitonmplwusssof a wafer riade obai s a
graph showi ng the rel ati onship between sheet resistance and pul se energy
density of askasesndretmmstedal;ranidnb) ireessbatirantneabafieg withi ajlasér beam emittpH
showi ng the rel ationshi p between junction depth and pul se ,

from a laser-diode-pumped totally-solid laser oscillator or with a higher harmonic of

10 the laser beam, thereby aétivating fhe impurity.

[0024]

The use of the laser-diode-pumped totally solid laser oscillator enhances the
energy stability, thereby reducing fluctuation of the annealing condition, whereby
the variation in the sheet resistance is suppressed.

15
Brief Description of the Drawings
[0025]

Fig. 1 is a schematic illustration of a laser annealing apparatus employed in |
an embodiment of the present invention.

20 Fig. 2 is a graph showing the relationship between sheet resistance and
pulse energy density of a laser beam used in the laser annealing.

Fig. 3 is a graph showing depthwise boron concentration distribution as
observed before and after a laser énnealing.

Fig. 4 is a graph showing wavelength dependencies of absorption

25 coefficients of a single-crystal silicon and amorphous silicon.
Fig. 5 is a graph showing the relationship between sheet resistance and

pulse energy density of a laser beam used in the laser annealing.

Fig. 6 is a graph showing the relationship between junction depth and pulse
7



7 energy density of a |laser beamused in the | aser annealing. Fig. 7 shows
in section and in plan a wafer, for the purpose of illustrating a |aser
anneal i ng net hod enbodyi ng the present invention, Fig. 8 is a graph show ng
a relationship between overlap ratio and sheet 5 resistance. Fig. 9A
includes a plan view illustrating a positional relationship between a

sem conduct or waf er anneal ed by a nmet hod enbodyi ng the present invention and

a position aknehhrlessitydsed (R8ABLAMNIRASH thd My er Bpnvaligs., and a bl ock
diagram of a posSition control apparatus for controlling the position of a

beam i nci dent regiFan 71dhdvd iatdectioh antihe pkeina wafutUel te p@bese ofMubatriga 9B
is a graph showi ng beam intensity distribution along the |length of a beam

cross-sect i omasdrighnedling snethgd @ptbctlying the preberftdnvergioeent ration di stribution
of a specinmen |aser-annealed by a known process. Fig. 11 is a graph show ng
the relationship Bgf \Biera grapheshonengy retishslyip bdbwaand overigp ratio aepsheatf t he
speci nen | aser-anneal ed by the known process. Fig. 12 is a graph show ng the
rel ati onshg prbsstiapes. pul se energy density and sheet resistance of the

speci nen | aser-anneal ed by the known process. The Best Mdde for Carrying Qut
the Invention 20Fjd@26hclkidgs alplas veevsidbstinatirigea positishalatiationstip delvessr a
anneal i ng apparatus enployed in one enbodi nent of the present invention.
The | aser anmsealicondunppravaieasnnealeddys methodferhbalyiimgtheapreserinantipoasdt s:  a
processi ng chanber 40; a transfer chanber 82; outlettinlet chanbers 83, 84;
a | aser |i ghta paaiti@eatmhich aHesegm@eamn énpinges upottheBaieamnda Beck diagramafdeo
monitor 89. A linear notion nechanism 60 attached to the processing chanber
40 includes & prsiligmsortyol appapatus domeambellinggle pesition afiafeeam ingifend re@eRani sm
64, a linear notor 66, and so forth. The |linear nption rmechanism®60 is

arranged 9 ca@tixe do thapamiaongrator waiRinwhile 579-t 4R 1ss? ggaphyshowing beam

intensity distribution along the length of a beam cross-section.
Fig. 10 is a graph showing a boron concentration distribution of a specimen
laser-annealed by a known process.
Fig. 11 is a graph showing the relationship between pulse energy density
15 and junction depth of the specimen laser-annealed by the known process.
Fig. 12 is a graph showing the relationship between pulse energy density

and sheet resistance of the specimen laser-annealed by the known process.

The Best Mode for Carrying Out the Invention
20 [0026)

Fig. 1 is a schematic illustration of'a laser annealing apparatus employed in
one embodiment of the present invention. The laser annealing apparatus includes
the following parts or components: a processing chamber 40: a transfer chamber
82; outlet/inlet chambers 83, 84; a laser light source 71; a homogenizer 72; a CCD

25 camera 88; and a video monitor 83. Alinear motion mechanism 60 attached to the
processing chamber 40 includes a bellows 67, coupling members 83, 65, a linear
guide mechanism 64, a linear motor 66, and so forth. The linear motion

mechanism 60 is arranged to cause a translational movement of the stage 44
8



8 disposed in the processing chanber 60. [0027] The processing chanber 40
and the transfer chanber 82 are coupled to each other through a gate val ve
85. The transfer chanber 82 is connected to the 5 outlet/inlet chanber 83
and to the outlet/inlet chanber 84, through gate valves 86 and 87,
respectively. The processing chanber 40, the outlet/inlet chanber 83 and
the outlet/inlet chanber 84 are equi pped with vacuum punps 91, 92 and 93,

respectivel yﬁ-g@rgsgénli ﬂ‘eb&"%ée%@tcﬁg?‘% Pese vacuum punps. [0028] 10 The

transfer cha accomnmo robot 94. The transfer robot 94
transfers vva{ ~¥1as the processing objects fromthe processing chanber 40
to the outletti nl]et chanbers 83, 84 and vice versa. [0029] A quartz w ndow

38 transmissive tond g?oée%ﬁg dr 40 a4 dedrhistar ERambed 2 aaéc&;p|éaeo
processi ng chanber 40. A visible optical glass such as BK7 may be used

instead of quagfh 6the?\trﬁ)r‘d>|u§ﬁd%éi@rva%583 ethd {refisfer emarhber s 2sJonhketel ts e ce 71
runs into the honobgeni zér through an attenuator 76. The honobgeni zer 72

serves to 5 chaBéEnRi cREMBEABBENE IO F - Sartimeathahisaanthrbhgh Gatkevalbeoss
while uniformalizing the beamintensity along the | onger and-shorter axes.

I n other worgad 87hespectivspgEin pricedBinhwhetribeng 0t heputietetahtmbef 8R&ndhape
of the beamintensity distribution. The |aser beamtransmtted through the

honogeni zer fHe dhidet/inkehshambeo84glare bguippad twithwawlow B8mphiSdhoalaad IBs an
el ongat ed shape corresponding to the cross-sectional shape of the |aser
beam The | aszspentnaly; seas torpe myesuateddry thesavacuwrs pungpspr ocessi ng obj ect
hel d on the stage 44 inside the processing 25 chanber 40. The relative
posi tions of [@dZ8]honogeni zer 72 and the wafer to each other are adjusted
such that the surface of the wafer is aligned with the surface of the
honogeni Z&b . The transfer chamber 82 accommodates a transfer robot 94. The transfer
robot 94 transfers wafers as the processing objects from the processing chamber
40 to the outlet/inlet chambers 83, 84 and vice versa.
[0029]
A quartz window 38 transmissive to the laser beam | provided in a top wall
15 of the processing chamber 40. A visible optical glass such as BK7 may be used
instead of quartz. A pulse laser beam emitted from the laser light source 71 runs
into the homogenizer through an attenuator 76. The homogenizer 72 serves to
create an elongated cross-~sectional sha'pe of the laser beam, while uniformalizing
the beam intensity along the longer and shorter axes. In other words, the
20 homogenizer 72 functions to provide a top-flat shape of the beam intensity
distribution. The laser beam transmitted through the homogenizer 72 then runs
through the quartz window 38 which also has an elongated shape corresponding
to the cross-sectional shape of the laser beam. The laser beam then impinges
upon a wafer as the processing object held on the stage 44 inside the processing
25 chamber 40. The relative positions of the homogenizer 72 and the wafer to each
other are adjusted such that the surface of the wafer is aligned with the surface of

the homogenizer.

[0030]



[ 0030] The direction of the translational novenent of the stage 55 caused by
the |linear notion mechanism 60 is perpendicular to the direction of the

| onger axis of the quartz wi ndow 38, so that a wide area of the wafer can
be irradiated with the |aser beam An inage of the wafer surface is taken
by a CCD canera 88, so that 5 the wafer surface under processing can be

noni tored through the video nonitor 89. [00311 The | aser |ight source 71

includes a totall Wh%%iié’ctibﬂ%?rthe??r%hél%ﬁ&ﬁél M%\ie?ﬁbnted?%é%t%lg% ﬁeafs%eddg%er
punpi ng |1 ght source, and a g n

| aser di ode as the wavel engtth conver si

I t. Thel i : At ‘ LAl N be,
For examt o REROMITRR R EN s Bl ghRhish a0 iR fireqfbrPShe  816¥ RkE0%
emtted from I oy , i ' j g i f the
Findanent ot oo SueREiinbb e, $81hScs Alad Sreallt (RERRRY B radi ARG |

now be give Qf¢&r 6@azﬁ.r Aﬂ%%gbidﬁw%fmuﬁaeé%vmeﬁ By ACChXArdadigreptnal the
r s (Ar) d

present invention. gon i o are inplanted in"a surfacial region of an

n-type silgcqre Wf&*suﬁa%iﬁﬁeh%césﬁﬁ?(aéﬁ BalmdMitRey BRbUH tels NEHed rhnifot 80)

pl ane, with acceleration energy of 6 keV and at a dosage of 1 x 1014 cm 2,
so that thejgosfpcial region of the silicon wafer 1 is non-crystallized to
provi de an anorphous | ayer of about 20 nmthick. 20 [0033] Then, boron ions

are injected intoTheeaser ighitisalrdeeti itiwdestdtotsily sslahlasaf escillatobwhighas ma
dopi ng. The plasma doping Is conducted at a bias voltage of -100V, by wusing

pl asma of a gasploys asethicorddconedebyiodiel ast thegpupzdihg dight seurbe Hindjas. The
boron dosage was 4! x 1014 cm2 and the depth at which the concentration of
1 x 25 1018 wandgength ainvarsiet eteamagdd Tihetlaeenmédiandofliberinially 308d JasEne
boron-doped silicon wafer is held on the stage 44 of the |aser annealing
10 oscillator may be, for example, Nd:YLF, Nd:YAG, Nd:YVOy, or Cr:Nd:GSGG. The
pulse laser beam emitted from the laser light source 71 is the second higher
harmonic of the fundamental wave oscillated by the laser medium.
[0032]
A description will now be give of a laser annealing method employed in an
15 embodiment of the present invention. Argon ions (Ar) are implanted in a surfacial
region of an n-type silicon wafer 1 which has a principal plane coinciding with (1 00)
plane, with acceleration energy of 6 keV and at a dosage of 1 x 1014 cm2, so that
the surfacial region of the silicon wafer 1 is non-crystallized to provide an
amorphous layer of about 20 nm thick.
20 [0033]

Then, boron ions are injected into the surfacial region of the silicon wafer 1
by plasma doping. The plasma doping is conducted at a bias voltage of -100V, by
using plasma of a gaseous mixture formed by diluting BoHg gas with He gas. The
boron dosage was 4 x 1014 cm2 and the depth at which the concentration of 1 x

25 1018 cm-3 was attained ranged between 8 and 10 nm.
[0034]

The boron-doped silicon wafer is held on the stage 44 of the laser annealing

apparatus shown in Fig. 1, and a laser beam is made to be incident to the surface
10



apparatus shown in Fig. 1, and a | aser beamis nade to be incident to the
surface 10 of the wafer. The incident | aser beamis the second higher

har moni ¢ of Nd: YLF | aser, having a wavel ength of 527 nm pulse width of 110
ns, and a pulse frequency of 1 KHz. The wafer was noved in a direction
perpendi cular to the |onger axis of .the beam cross-section, in such a
manner that the overlap ratio of 5 the beam cross-section on the wafer

e L e LT Rl SR AR R e tee

this specification 1S define aregion inthe

beam cr oss- Sq%&%@&agﬁgﬁﬁfa\’)@{%ﬁ%ﬁ&ﬁﬁﬁm P?ﬂ%gﬂgﬁ&‘ ﬂidﬁs,idﬁ?‘:é"%bfﬁ l'evel s

not | ower than e nmaxi mum i ntensi oughout t eam

Cross-secti ory &Lgefrfc?f(ﬁrfﬁﬂz.t cT,h%swé\‘e'tr' Wé@anﬁé\?éd i Ahihectio pdrBenaRiRr té tHee, the

pitch or trave he beam i.e., I stance between the region

I rradiat ed Vvﬁohgepaﬁs%if 8 BeSAQro&d-sébifor, #5 SlictPS AiBrHed thhdtans @9bp Faticash at ed

by the next single shot of the laser beam is referred to as a "beamstep

wi dt h". Then, thehpy 8FdsaPsdclibh@n thedpdfensetfase kk@dwews: 15 (T - §IT x 100
[99 [0036) The pul se energy density on the surface of the silicon wafer was

vari ed vvithi[oogbp range of from 300 mJ/cn2 and 3900 m)/cnR. A nitrogen gas
at nosphere was nai ntai ned i nside the processing chanber 40. An inert gas

other 20 than nitrugedefirftich of tAe Gen Uderiap ramd'iuseddathis 8pydificatirds asfiridae
at nosphere gas instead of the nitrogen gas. (0037] The intensity

di stribution ad follbasbFaewiditsE oz ddioninthe beamabes-seotidreaethewafétsirface,
direction perpendicular to the |onger axis exhibits a top-flat ratio of
about 50% 25whitch exkibits'intemsity dvaiahoblbwes thieT 906 dfdke neximamuetenisiteh i s
obtai ned by dividing the aforenentioned top flat width T by the hal f-val ue
wi dth of tife thnowgtwiutyhalbeamichess-section, is referred to as a "top-flat width". Atthe same

time, the pitch or travel of the beam, i.e., the distance between the region irradiated

with one single shot of the laser beam and the region irradiated by the next single

shot of the laser beam, is referred to as a "heam-step width".

Then, the overlap ratio is defined as follows:

15 (T -S)T x 100 [%]
[0036]

The pulse energy density on the surface of the silicon wafer was varied
within the range of from 300 mJ/em2 and 3900 mJ/cm2. A nitrogen gas
atmosphere was maintained inside the processing chamber 40. Aninert gas other

20 thannitrogen, e.g., argon gas or helium gas, may be used as the atmosphere gas
instead of the nitrogén gas.
[0037]

The intensity distribution of the beam cross-section on the wafer surface in

the direction perpendicular to the longer axis exhibits a top-flat ratio of about 50%.
25 The term "top-flat ratio™ is defined as the value which is obtained by dividing the
aforementioned top flat width T by the half-value width of the intensity distribution

along the shorter axis of the beam cross-section on the wafer surface. Inorderto

achieve uniform annealing, it is preferred that the top-flat ratio is 50% or greater.
11



al ong the shorter axis of the beam cross-section on the wafer surface. In
order to achieve uniformannealing, it is preferred that the top-flat ratio
is 50% or greater. 11 [0038] Preferably, the silicon wafer is subjected to a
dehydrogenation prior to the |aser annealing. Such dehydrogenation may be
effected by application of a |laser beamonto the wafer surface, heating of
the wafer, or by irradiation with an 5 el ectromagneti c wave. Dehydrogenati on
effectively ﬁ@&&gesses rougheni ng of the wafer surface. The | aser beam
when applied'for 't he purpose of dehydrogenation, nay be a | aser beam havi ng

the same wavel engphief atsm%e%ﬁncb Qv TBAE S ?étté@taseeh?amﬂsﬁaﬁ A6t io4Aki on

anneal i ng, but the pu se energy density is ' set to he range of

from 500 my/ qagerad?ﬁelaﬁﬂg VB Hh &o@@héﬁorﬁ?ﬁ%&%\é é#eb?éd by Bbp iiatioh®s bidgerr ange

causes desorption of hydrogen w hout allowng nelting of surfacial region

of the silicqrambaio th[ewér%} shiffice, heHifyaf thewardrabl B Fradiatiet WRRRNt he pul se

energy density on the silicon wafer surface and the sheet resistance. The

axi s of ab§C|§§@r6rﬁ@gr¢§tW§vé hBeHyrpybnatiBnefalivegraipbiesss Roughehingbf the
mJ/ch while the axis of ordinate shows the sheet resistance at 'a unit

of "11/0". | wdfegsurfacd. TEheskisedb&dracihen appléesd o tropsrpsbevf déHyelrageination, of
t he sheet resi stance exhi bited by speci nen sheets produced in accordance

w th the abowraylesaraberbaaeh havingthodgmagvaveenutieas thationthrenbéam used methehi t e
circles show the val ues of sheet resistance exhibited by specimen 20 sheets
whi ch wer e prsepaeqdettyactieatiomgnhéaliridiboktegsulsé ehbryyademsihaisetitayatwitin5  nm
prior to the plasma doping. Suc(mgynrphous | ayer. was fornmed by irradiation
wi th argon pltasmangg 00%0Mn SGemJe Ehﬁdﬁﬁéseﬂomztprdﬁbﬁwbausd$my@h®ﬂuns set
to 20 nmas in the 25 described enbodi nent, the sheet resistance val ues
obt ai ned UAddhisaapge sauseedggorption of hydrogen without allowing melting of surfacia
region of the silicon wafer.
[0039]
Fig. 2 shows the relationship between the pulse energy density on the
silicon wafer surface and the sheet resistance. The axis of abscissa represents the
15 pulse energy density at a unit of "mJ/cm2", while the axis of ordinate shows the
sheet resistance at a unit of "Q/0". In Fig. 2, the solid black circles or dots show
the values of the sheet resistance exhibited by specimen sheets produced in
accordance with the above-described method embodying the present invention.
The white circles show the values of sheet resistance exhibited by specimen
20 sheets which were prepared by setting the thickness of the amorphous layer to 5
nm prior to the plasma doping. Such amorphous layer was formed by irradiation
with argon plasma.
[0040]
When the thickness of the amorphous layers was set to 20 nm as in the
25 described embodiment, the sheet resistance values obtained under a pulse energy
density of less than 1300 mJ/cm2 were almost equivalent to those observed prior

to laser annealing, i.e., resistance values ranged from 170 to 180 /0. This

suggests that boron is not substantially activated when the pulse energy density is
12



density of less than 1300 mJ/cn2 were al nost equivalent to those observed
prior to |laser annealing, i.e., resistance values ranged from 170 to 180
S2/D. This suggests that boron is not substantially activated when the
pul se energy density is 12 1300 mid/cn2 or below. [0041 ] The sheet

resi stance was increased from 180 0/11 to 600 0/11 in accordance wth an
i ncrease of the pulse energy density from 1300 mi/cn2 to 5 1500 mJ/cnR. It

i s under st ooﬂab@]%wﬁgq %%ézgwenergy density falling within this range
sur '

causes nel ti al region of the silicon wafer to allow
activation % ron, but the concentration of the activated boron is not
raised to a level’ high enough to conpensate for the ntype inpurity with

uhich the siliconielebelAtistBREs wihHleast HBA! 1ddEyBNBHOT @ shance val ues

of the n-type region are observed. t 1s considered that the injected

boron can be ehika8dyitMER ifd18a BbAG HRED¥nedGHInsHy font MS00VRIEEMB W f ace
%30 rr@)crrgg%J ng&gto eﬁo

is increased beyond n or tivate t oron, the pulse

ener gy densi hgooSmpreRiZeripl l)(n&é‘rrstob@ tAat tﬁéguw&ﬁé}@wen@tgm WatRinttpis’ ai se

the tenperature of the surfacial region of the sillicon wafer to a |evel not

| oner than thgngebhids Meitin ?ihd Hatdeu esgish Pind HRcstwvaRE @bl aERRtiod 5
[ 0042] A decrease of the shéet resistance from600 Q” to 240 nl”™ was

observed i noheeRsH UL habdhtetirating ot &fradtivatdtbbdrohsenet ey tdensiéphigh t he
range of 1500 mlJ/cnR or above. It is considered that the increase of the

pul se ener gy epienghtty compehnBate for e nRysepimeitatithweliclo theobiliber aaférchas | ow
formation of a p-type layer in the 20 surfacial region of the silicon wafer,
and t he sheetheeasiapeanse thaft thdsheetryystanay ealued et treassgeiregian any olszeoe=dni t h
the increase of the pulse energy density. [0043] Wen the anorphous
| ayert hi ckdedtsiswamsgiered tha theninjetted Doest carebe stctinated whmretherprisaspergyo a
peak val ue and then decreases in accordance with the
density at the wafer surface is increased beyond 1300 mJ/cm2. In order to
activate the boron, the pulse energy density is preferably set to a level which is
high enough to raise the temperature of the surfacial region of the silicon wafer to a
level not lower than the melting point of the material of the surfacial region.
15 [0042]
Adecrease of the sheet resistance from 600 Q/[1 to 240 Q/[1 was observed
in accordance with an increase of the pulse enhergy density in the range of 1500
mJ/cmZ or above. Itis considered that the increase of the pulse energy density in
this range promoted activation of boron to aliow formation of a p-type layer in the
20 surfacial region of the silicon wafer, and the sheet resistance of the p-type layer
decreased in accordance with the increase of the pulse energy density.
[0043]
When the amorphous layer thickness was set to 5 nm, the sheet resistance
once increases to a peak value and then decreases in accordance with the
25 increase of the pulse energy density, similarly to the sheet resistance in the
described embodiment. In this case, however, the absolute value of the sheet

resistance is much greater than that observed in the described embodiment.

[0044]
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25 increase of the pulse energy density, simlarly to the sheet resistance
in the described enbodinment. In this case, however, the absolute val ue of
the sheet resistance is much greater than that observed in the described
enbodi ment, [0044] 13 Fig. 3 shows depthw se boron concentration

di stribution of specinens which were produced in accordance with the
descri bed enbodi nent under the pulse energy density of 1500 mJ/cnR. The

o USRS B AR i,

ordi nate represen concentratron a € boron

concentrat i OQNM%?rgEaéé’tﬁ fifla or§éﬁ%}\évﬁﬁ?h@|8&s&f erﬁbodmnpﬁgt N8

concentrations a served after aser anneal |l ng, oron

trat . | _ lrng, |
CoCets " | SEIar AL o0 RULHR BRALSENIRCNS hicalavne BYokg lpi
boron concentgiapon, Qe eéxiéggéﬁdg]h&e'[rgg%g]ha‘;nﬁ@,bofrbﬁche&{ttﬁQapndﬁ%tdha@éft er

the | aser annealing I s about uture demand w require

MOSFETs hayi ng B‘aiﬁhé’éb?d?ﬁkﬁrgbe‘?@ﬁaftibﬁ%s tﬂ@é&lﬁ}%djtliwgﬂ\hQnTﬁ@Qfofﬂgr&jpRE’OU" 13

nmto 22 nmand exhibiting sheet resistance 15 values of 770 92/0 or

smal | er. The JHRE thebdHEREBnOEnIARRIN: AoBYErAasdast |adadrileanss WihildPe

E2/ 11 (see Fig. 2) are sinmultaneously achieved when the pul se energy

density is se&jorbf cbpeEntidticHBosdrigs pribpsd wetiheéd ahdadiihglis shéwh g the dot

requirenments for the junction depth of the extension portion and the sheet
resi stance. [§04gBL.20 As will be seen fromthe foregoing, in accordance
with the described nethod enbodying the present invention, it is possible
to forman irpoably diffusion region having a junction depth of 30 nm or
smaller. In addition, the nethod of the described enbodi ment nakes it
possi bl e o form jDefictingthe johctiepddEh asthedegthevhere the boron concentration of 1

x 1018cm-3 is obtained, the junction depth after the laser annealing is about 23 nm.

[0046]

Future demand will require MOSFETSs having drain extension portions

having junction depths of about 13 nm to 22 nm and exhibiting sheet resistance

15 values of 770 /0 or smaller. The junction depth of about 23 nm and sheet
resistance of 600 Q/O1 (see Fig. 2) are simultaneously achieved when the pulse
energy density is set to 1500 mJ/cm2, thus substantially fulfilling the requirements
for the junction depth of the extension portion and the sheet resistance.

[0047]

20 As will be seen from the foregoing, in accordance with the described
rﬁethod embodying the present invention, it is possible to form an impurity diffusion
region having a junction depth of 30 nm or smaller. In addition, the method of the
described embodiment makes it possible to form junctions of depths not greater
than 100 nm with high reproducibility, over the known RTA process with which

25 formation of shallow junctions of 100 nm or less was difficult.

[0048]

Amorphous silicon has a melting point lower than that of single-crystal

silicon. By melting the amorphous layer at a comparatively low temperature, it is
14



than 100 nmw th high reproducibility, over the known RTA process w th which
25 formation of shallow junctions of 100 nmor less was difficult. [0048]
Anor phous silicon has a nelting point |ower than that of single-crystal
silicon. By nelting the anorphous |ayer at a conparatively |ow tenperature,
It is 14 possible to restrain the tenperature rise of the single-crystal

regi on underlying the anorphous |ayer. Depthw se diffusion of inpurity can

be suppr esSegox\éwsré[tggggféahgﬂg%rﬁﬁ%@hﬁe rfs8Q Bk difgRBLrOLial REbrAIndAARGNE | vel y

| ow t enper at ur es. shows the wavel engt h dépendency of the

l'i ght - absor pé{xﬁgﬁ)ﬁ&ﬂ fdyet epbptHiis@ARLBRAUS idblHigosarhbe stpgiesséd when the

single-crysta I'tcon” The axis of abscissa shows the wavelength at a unit

of "nnt and Efﬂ@l@-&y%té}fre@bﬁ'i@ﬁeﬁn@hﬁ@ﬁattdm;ﬁé?féw&ylltherﬁ@@*err@s.en_t at:.a unit
of "x 107cm1".” In"this Figure, solid black circles show absorption
coeffici ents[gm,g]he single-crystal silicon, while white circles show t hose
10 of the anorphous silicon. [0050] It will be seen that the absorption

coefficiem of thejgashpheube idvekpath demeridscy bathedight-abssiptigheoeffigienal
silicon at wavel engths of 340 nmor greater. By wusing the light rays of

wavel engt hs af ambrstoudshslicomanmhihas oksihgleamystalsilicdrs Teeatiof abscabs singtis on
coefficient than the single-crystal silicon, it is possible to .
pref erenti al the wahgalengtreatainjlvd tism!' ape thd axised ordingtesshowrd thei addsor@igpnon of
the silicon wafer. Suppression of the heating of the single-crystal region
serves to retaefficint atisiuwnit off'x tHeni-hbuinithis Figuregobidbladkeiciag$hover yst al
region, thus making it easier to form shallower junctions. 20 s[thOSl] It is
al so noted t hhsomtionmoefficigrits of the singletsirytalsiigane while editptaireles shewthpes ent s
at wavel engths of 400 nmor greater (visible and infrared wavel ength
10 of the amorphous silicon.
[0050]
It will be seen that the absorption coefficient of the amorphous silicon
exceeds that of the single-crystal silicon at wavelengths of 340 nm or greater. By
using the light rays of wavelengths at which the amorphous silicon exhibits greater
15 absorption coefficient than the singie-crystal silicon, it is possible to preferentially
heat the amorphous layer formed in the surfacial region of the silicon wafer.
Suppression of the heating of the single-crystal region serves to retard diffusion of
the impurity throughout the single-crystal region, thus making it easier to form
shallower junctions.
20 [0051]
[t is also noted that amorphous silicon exhibits smaller absorption
coefficients at wavelengths of 400 nm or greater (visible and infrared wavelength
region) than at uliraviolet wavelength region. This means that light rays of
wavelengths not smaller than 400 nm are more liable to penetrate deeper into the
25 amorphous silicon region. Use of a laser beam of an ultraviolet wavelength region
causes only very shallow surfacial region of the wafer to be heated, and deeper

region is indirectly heated as a result of heat conduction from the very shallow

surfacial region. In contrast, a iaser beam of a wavélength not smaller than 400
1%



region) than at ultraviolet wavel ength region. This neans that |ight rays of
wavel engths not smaller than 400 nmare nore |iable to penetrate deeper into
t he 25 anorphous silicon region. Use of a laser beam of an ultraviol et

wavel ength region causes only very shallow surf acial region of the wafer
to be heated, and deeper region is indirectly heated as a result of heat
conduction fromthe very shallow surfacial region. In contrast, a |aser

beam of a Wava%%mgm RO e S g{/orf)tg% &&Qu%eagaggﬁrx m\@%ar[g?ﬁyeﬁﬁ@%seﬂﬁérﬁn to

be directly heated by the ener the | aser g it possible to

achi eve nmore WAk el EshbIBY SRNIREAbRL WiforM FEithWite teper e Bistrbutivhn

I
[ :
serves to achieve rmETFe uni formdi stri bution o(?éthe inpurity activation

di stribution \Wichhﬁtlﬂﬁ%h)@s% Rhietetrheria-urifol @ Rfetlibdiien slapeimbLey £aetdrci ent

is inmpractically small at excessively |large wavel ength of the laser beam

hanpering ef fdisirtioReathddepthigsetipegiont he wavel ength of the laser beam
used for annealing the silicon wafer is preferably selected to fall within

the range ef [Dbosp 400 nmto 650 nm 10 [0053] It is now found that, when the
t hi ckness of the anorphous layer is set to 5 nm the sheet resistance is

i ncreased over t hafheohbsdrptiembosfifioient iswiviprhctiailly st attdxceksiesly la@e20 nm  as
Wil be realized fromwhite circles in Fig. 2. It is also found that the
anor phous | ayeavelehghneidthe tdsed beiam, dldmpesingozfiicienbheating. f Theretbrenthe deeper
15 region than in the enbodi nent in which the anorphous | ayer thickness is
set to 20 nmvavelehgthuefdbe saseodeaimaused fam@nswaling the sikoers watsr is pesfaraiyhous
| ayer allows the energy to'reach the single-crystal wafer w thout being
sufficiently seieoteddd fbiwﬁh'@ therrenge of FomedRY nmiotGPQ 8. resul t that the
single-crystal wafer absorbs greater energy. 2 0 [0054] In order that the

| aser beadVi d08PB] ci ently absorbed in shal | ower region, the

It is now found that, when the thickness of the amorphous layer is set to 5
nm, the sheét resistance is increased over that of the embodiment which sets the
thickness to 20 nm, as will be realized from white circles in Fig. 2. ltis also found
that the amorphous layer thickness of & nm allows boron to be diffused into deeper

15 region than in the embodiment in which the amorphous layer thickness is set to 20
nm. ltis understood that a too small thickness of the amorphous layer allows the
energy to reach the single-crystal wafer without being sufficiently absorbed by the
amorphous layer, with the result that the single-crystal wafer absorbs greater
energy.

20 [0054]

In order that the laser beam is efficiently absorbed in shallower region, the
thickness of the amorphous layer is preferably selected to be greater than 5 nm but
not greater than 30 nm.

[0055]

25 In the described embodiment, the surfacial region is rendered amorphous
down to the depth of 20 rm from the surface by argon ion implantation. This,
however, is only illustrative and the amorphization may be effected by other

another element which does not affect electrical characteristics of silicon, e.g.,
16



t hi ckness of the anorphous |ayer is preferably selected to be greater than 5
nm but not greater than 30 nm [0055] 25 In the described enbodi nent, the
surfacial region is rendered anorphous down to the depth of 20 rimfromthe
surface by argon ion inplantation. This, however, is only illustrative and
t he anor phi zati on may be effected by other another el enent which does not
affect electrical characteristics of silicon, e. 16 ger mani um

g.,
Anor phi zati o : gy | i ntation,
e.g. p by pl ag?rg’h%@BﬁﬁéAggfﬁ%%%%isﬁén?aysgg%ﬁggﬁevtbhg%art| chﬁéH/Hé\mgﬁ only
an ultra-sha -0 f L ; ii i %ﬁ], Fi g.
5 shows the lrng@\éﬂp Fa*;%lghlggobbgfpv!g?rqggjl?ﬂj gj (ﬂggrgé(aggﬁ]s@ g&ﬁgﬁg@fﬁz@%& res?%rfancg
observed wi t BnRPSELIRRNSHAIGPAIGISh BY 5 etd ™ hRfiseoRebmagnized, present
invention. The axis of abscissa represents the pulse energy density at a

unit of "rrﬂ/;mjl;,eﬁ\hi l e the axis of ordinate shows the sheet resistance at a
unit of "YI/D'. More specifically, Fig. 5 shows a portion of the graph of

Fig. 210 sﬁorreSpﬁ@dis%m thBeeRitibBehip Rt @¥el B0Retahargndenkie) dee Bhdst00
mJ/ cn?2 and 2000 /fcn2. It will be seen that the anpbunt of variation of the

sheet resi st panistapaedbdensey with spddimenefpréfueep blythe enehoy ettthwglying the snal |
when the pul se energy density falls within this range. [0057] 15 It is

consi der ed t pegseriténvamtion. Meeiaxisiotabscidsagspaesentsabampetseaemergpppnsiky atd ed by
a straight line L2 when the pul se energy density ranges from 1500 mJ/cnR to
2000 mi/ cn?. uftef smolont2" pivhiattiesdxisof ofdiate skows thegshakt nesistancs at a apitesent ed
here by AE and the amount of variation of the sheet resistance is expressed
as ARs. The {Qllde Nrweispeaifioally, 5@ pmowhamorticn ofthecraghiof FRDE@ 20 ml/ cn.
Taki ng the pul se energy density |evel of 1500 ml/cn? as the basis, the
10 corresponding to the pulse energy density range between 1500 mJ/cm< and 2000
md/cm2. It will be seen that the amount of variation of the sheet resistance caused
by variation of the puise energy density is small when the pulse energy density
falls within this range.
[0057]
15 It is considered that the sheet resistance values as measured are
approximated by a straight line L2 when the pulse energy density ranges from
1500 mJ/cmZ2 to 2000 mJ/cm2. The amount of variation of pulse energy density is
represented here by AE and the amount of variation of the sheet resistance is
expressed as ARs. The value ARs is about 150 Q/[0 when the value AE is 300
20 mJd/cm2. Taking the pulse energy density level of 1500 mJ/cm?2 as the basis, the
variation of the sheet resistance is estimated to amount to 0.75% in response to
1% variation of the pulse energy density.
[0058]
The above-described-embodiment employs a totally solid laser oscillator
25 incorporating a semiconductor laser diode as the pumping light source. Thistype
of laser oscillator has a high energetic stability. The amount of fluctuation of pulse

energy is as small as +1% or less. Therefore, the amount of variation of the sheet

resistance can be maintained as small as 0.75% or less, when the laser annealing
17



variation of the sheet resistance is estimated to anmount to 0.75%in
response to 1 %variation of the pul se energy density. [0058] The
above-descri bed enbodi ment enploys a totally solid |aser oscillator 2 5

i ncorporating a sem conductor |aser diode as the punping |ight source. This
type of |aser oscillator has a high energetic stability. The anount of
fluctuation of pulse energy is as small as 1 %or |less. Therefore, the

amount of variati i ' p as
0. 750 or 1 eact CorRe ol BuRD R e A o M8 30PR IR o
density ranggpgséé]rom 1500 m/CW2 to 2000 nj/cnR. (0059] The sheet

u

resi stance v as neasured are approximated by a straight |I|ine LI when

the pul se energy deRiHabt FedisBAce Vamed #d0nahd 4BE 4r aﬁaﬁﬁ&irﬂbféa?@y a%tripﬁ% e

absol ute value of the gradient of the Iine LI is smaller than t'hat o

line L2.  Vhametlewvhas e @ma@@héggy quw@w%éserebrﬁ_ﬁ 580 pil/em2eneBay mdrmnsd. t y
ranging from 1500 m/-n2 to 1800 m/cnk, the variation of the sheet

resi st ancesi IMHeESRNSE Viafue dPthE aradiehiosT tieé lihde1 pusraall@nthagihalentidlinertey be
estimated to be as small as D.3% 10 [0060] Based on the foregoing

di scussi on, iWhes theteyes lappdalih@is ¢oreluetddat @ palsg\enetgndensityorarighre fsgraci men
surface is preferably set to range from 1500 m/cn2 to 2000 nj/cnR, nore
preferably fri&o0rBYRMA thc8®0tmJ/cmBothenjariatidn df Gsdieet resistagee f mpomsettbe

rel ati onship between pul se energy density and junction depth as observed
wi t h speci neni$s waddticr df the phise meehmddembitydypan betdséimapec kebé assvatitason. The
axi s of abscissa represents the pul se energy density at a wunit of
‘,nj/cnR", whi0.8%t he axis of ordinate shows the depth of junction at a unit
of "nnmi'. The guncti on depth increases as the pul se energy density becones
greater. 10 [0080]

Based on the foregoing discussion, it is understood that the pulse energy
density on the specimen surface is preferably set to range from 1500 mJ/cm? to
2000 mJ/cm2, more preferably from 1500 mJ/cm2 to 1800 mJ/cm2.

[0061]

15 Fig. 6 shows the relationship between pulse energy density and junction
depth as observed with specimens produced by the method embodying the
present invention. The axis of abscissa represents the pulse energy density at a
unit of "mJ/cm2", while the axis of ordinate shows the depth of junction at a unit of
"nm". The junction depth increases as the pulse energy density becomes greater,

20 When the pulse energy density falls within the range of from 1400 mJ/cm< to 1800
mJ/cmZ, a variation of the pulse energy density by 400 mJ/cm?2 causes the
junction depth to vary by about 25 nm. Taking the pulse energy density level of
1500 md/ecm? as the basis, the variation of the junction depth is 0.93 nm in
response to 1% variation of the pulse energy density.

25 [0062]

Since the laser light source used in the described embodiment exhibits high
energetic stability of +1% in terms of variation, it is possible to suppress the

variation of the junction depth to a small value of +0.93 nm, When the pulse energy
18



20 When the pul se energy density falls withi, i the range of from 1400
mlcn2 to 1800 m/cnR, a variation of the pul se energy density by 400
n/cnR causes the junction depth to vary by about 25 nm Taking the pul se
energy density level of 1500 mj/cnR as the basis, the variation of the
junction depth is 0.93 nmin response to | %variation of the pul se energy
density. 2 5 [00621 Since the laser light source used in the described

enbodi ment  eXurRi 9 8o af AHAPHGaREE R frbhy1 830 thi¥ehdid FEAP N/l TRS! on.

it is possible to’ suppress t variation of the junction dep to a snall
val ue of 0. 9%@81 rbt\@?%ritahSn l?:‘ﬁ"tf%&u%ﬁér%e%%!sh’)éll‘ éncilh tb@nisatd sasidttariyhe
4 mJl cnf 0 milcnR. This t he

range of from to 18 anount of variation of

junction deptdigh fevelaf dtaBiMBLiBNetRs 6MsrolactRidlisf RGh&SY prvdubicat #Viedusifial
stability in terns of product quality in mass production at an industrial

scale. 5 [00Ggh|dn the first enbodi nent of the present invention described
heretofore, the silicon wafer was irradiated with a pul se | aser beam at the
overl ap rati qoo@spO% In a second enbodi mrent which will now be descri bed,
the irradiation wth pulse |aser beamis conducted at an overlap ratio of
95% The second entith fimshemrdoplingst F0ha preseett irventiahidegcappdhataisfohgthag t he
sane basic arrangenent as that shown in Fig. 1. it is to be understood that
t he stage 44 dilicdrheafeppasatradiasdtbwith Bpulsegader lseam at the-alientapsatmafid0)s.novabl e
XY stage. [0064] A laser annealing nethod in accordance with the second
enbodi nent wid $ecarfl drebadisanit kddchwvill momdfedeswrbedothE iadiatiopGohiFiuisRessarr i ng
to Fig. 7(A), aresist film2 is formed on the surface of an n-type silicon
waf er 1 the preamipeandsicigrbalodn aventap adioldi85¢4.0the peeans empegimenhemplaysur e
is formed in the resist film2 by an exposure/ devel opnent process.
10 alaser annealing apparatus’having the same basic arrangement as that shown in
Fig. 1. itis to be understood that the stage 44 in the apparatus shown inFig. 1 is a
two-dimensionally movable XY stage.
[0064]
Alaser anneé‘ling method in accordance with the second embodiment will
15 be described with reference to Fig. 7.
[0065]

Referring to Fig. 7(A), aresist film 2 is formed on the surface of an n-type
silicon wafer 1 the principal plane of which is the (100) plane. Then, an aperture is
formed in the resist film 2 by an exposure/ development process.

20 [0066] |

Then, as shown in Fig. 7(B), argon ions (Ar) are implanted into surfacial
region of the silicon wafer 1 through the aperture 2a. The ion implantation is
conducted under the same condition as that in the first embodiment. As aresult,
the portion of the surfacial region under the aperture 2a is amorphized, whereby an

25 amorphous region 3 is formed to have a thickness of about 30 nm. The
amorphized region corresponds, for example, to extensions of the source and
drain regions of a MOSFET. When it is desired to amorphize extensions of source

and drain regions of a MOSFET, argon ions are implanted into the surfacial region
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20 [0066] Then, as shown in Fig. 7(B), argon ions (Ar) are inplanted into
surfacial region of the silicon wafer 1 through the aperture 2a. The ion
inplantation is conducted under the sane condition as that in the first
enbodi nent. As a result, the portion of the surfacial region under the
aperture 2a is anorphized, whereby an 25 anorphous region 3 is fornmed to
have a thickness of about 30 nm The anorphized region corresponds, for

exanpl e, to exirnsiienswafert hayswing theagate dlectrdue eitheMsOSFET adBmiaskvhen i t
is desired to anorphi ze extensions of source and drain regions of a MOSFET,
argon ions af@gmpl anted into the surfacial region 19 of the silicon wafer
1, by using the gate el ectrode of the MOSFET as a mask, [0067] As shown in
Fig. 7(C, boron Asshomadt €d.i7€h bohen sunjeatsiddhtortee sanfacidl regien sf thestioon waf er
1 by plasma dopi ng nethod while using the resist filmz2 as a mask. 5 [0068]
As a result, wafei frpymilasmadppthg ragihon Whilesufing el resistdiimesasa maskn 2 is t hen
renmoved. [0069] Referring nowto Fig. 7(D), a silicon wafer 1 is held on the
stage 44 of {0f¢58]10 | aser anneal i ng apparatus shown in Fig. 1, and a | aser
beam 5 is made to be incident to the surface of the wafer. The incident

| aser beam 5 is tAe asiesotidan impurdy-deaedveagiondst isfarmed The eesistidmi 4ig then
wavel ength of 527 nm pulse wdth of 110 ns, and a pul se frequency of 1
KHz, The waf é8m@dednoved in a direction perpendicular to the |onger axis of
t he beam cross-section, in such a manner that 15 the overlap ratio of the
beam cross- s€2G¥n on the wafer surface is 50% The pulse energy density on

m c2. and. 3900 MREGFNORON Br SGeA(Sh AoUBRE Eead FaRIA ah i eRS A4 the
processi ngo C?éfjlsrcrat?earnndégling apparatus shown in Fig. 1, and a laser beam 5 is made to be
incident to the surface of the wafer. The incident laser beam 5 is the second
higher harmonic of Nd.YLF laser, having a wavelength of 527 nm, pulse width of
110 ns, and a pulse frequency of 1 KHz, The wafer was moved in a direction
perpendicular to the longer axis of the beam cross-section, in such a manner that
15 the overlap ratio of the beam cross-section on the wafer surface is 50%. The pulse
energy density on the surface of the siliccn wafer 1 was varied within the range of
from 300 mJ/cm?2 and 3900 mdlcm2. A nitrogen atmosphere was maintained in
the processing chamber 40.
[0070]
20 As shown in Fig. 7(E), the beém incident region on the wafer surface, i.e.,
the beam cross-section on the wafer surface, has an elongated linear shape. For
instance, the beam incident region 6 has a width of 0.1 mm and a length of 17 mm.
The energy density per pulse on the wafer $urface ranges from 1400 mJ/cm?2 to
2000 mJ/cm2. The beam incident position is moved stepwise in the direction of
25 the shorter axis of the beam incident region 6 so that the entire surface of the
wafer is irradiated with the laser beam 5. The stepwise movement of the laser

incident position is performed such that the beam incident region of one shot of the

laser beam partially overlaps that of the immediately preceding shot. A term
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[0070] 20 As shown in Fig. 7(E), the beamincident region on the wafer
surface, i.e., the beamcross-section on the wafer surface, has an

el ongated | i near shape. For instance, the beamincident region 6 has a
width of 0.1 nmand a length of 17 nm The energy density per pulse on the
waf er surface ranges from 1400 md/cn2 to 2000 mJ/cnR. The beam i nci dent
position is aned stepwise in the direction of 25 the shorter axis of the

beam i nci dent tlg %q'l%eam h&rf@tv'a e SHENRASyHividi p&tr}é"?rES'b 5\%rlap of

irradi at ed WI? aser epvvl se novenen
#enti

| nci dent positd BQal‘nsch%-fs@Et”@rq Fsﬁ&ﬁ]mﬁ@rbgﬁnqﬁ%lagg@bg%@f one

shot of the laser beam part Pfy overﬁaps at of e I medl ately preceding

shot. A term.r%%eo%gry &ECF&Eb ]J'\o't §K&ﬁ§9réaooﬁﬁarbré&% &fBsdi8c@Ryrai ned by

dividing the area of "overlap~o eam cross-section of the instant shot
and the regi g@m{radl ated by the immediately preceding shot by the area of
the breamcr s]ecti on. [0071] 5 Fig. 8 shows the relationship between the

overlap rajio andriig sheed therr@%tﬁ;tneﬁfpeoe@b@nm sveflap Rl S5htHehshset t he

overlap ratio at a unit of "%, while the axis of ordinate shows the sheet

resi stance ategistipick. The'dxa &f absEﬁ@a@ﬁb@sfﬁrH@Werla"p rakib@t a8initas "feamirlpai ned
W th speci nens which were plasna-doped w thout being subjected to prior

anor phi zat i oax@f oftdrdirste fleewathd stiietesistancdat @unf o QA1 WaEhes@stabBoivd id. 5 X
1014cm 2. The pul se energy density on the specinen surface was set to 1500

ml/ cn2. [ 007ZFig.|8leashsen obtaitesd witle spegiment iwhidh were/pids tha-Affdortioasbdihg
sheet resistance to decrease from 2050 S2/”~ to 840 DID. Fromthis fact, it
i s under st oodubjeated toeprics asmephizatien sf thecwiriagiat cegioro| Tretbogohylosageywangsdt he
overlap ratio. The sheet resistance has dependency on both the activation
rati o of Hor ¢m2and 10hécmizht Fhepuserrergndensityian tespecinten surfadessas sedre of
the boron activation 2atl o and the junction depth is
500 mJ/cm
[0072]
Increase of the overlap ratio from 75% to 98% causes the sheet resistance

to decrease from 2050 Q/01 to 840 Q/01.- From this fact, it is understood that the

15 sheetresistance is controllable by varying the cverlap ratio. The sheetresistance
has dependency on both the activation ratio of boron and the depth of junction.
This means that at least one of the boron activation ratio and the junction depth is
controllable by varying the overlap ratic.

[0073]

20 Activation annealing was conducted at a pulse energy density of 1500
mdJ/cmZ, after forming an amorphous layer of 5 nm thick, and the depth of junction
was measured. The measured junction depths of about 60 nm and about 90 nm
were obtained at the overlap ratios of 75% and 95%, respectively. It is thus
possible to adjust the depth of junction by varying the overlap ratio.

25 [0074]

Fig. 9(A) is a block diagram of an apparatus for adjusting the positional

relationship betweeri the silicon wafer 1 and the beam incident region, as well as

relative position therebetween. Scribe lines 10X and 10Y are scribed in a lattice-
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controll able by varying the overlap ratio. [0073] 20 Activation annealing
was conducted at a pul se energy density of 1500 ml/cnR, after form ng an
anor phous | ayer of 5 nmthick, and the depth of junction was neasured. The
measured junction depths of about 60 nm and about 90 nm were obtained at
the overlap ratios of 75% and 95% respectively. It is thus possible to
adj ust the depth of junction by varying the overlap ratio. 25 [0074] Fig.
() 15 a bl aRk (Bt SR s HLARAMALHER RErAd] Ud e RO Ext8AdIN the
e I er 1 and the

rel ati onship ween the silicon wa eam I nci dent region, as

well as rel %ﬁﬂe\éﬁoﬁ%ﬁiétmbé@ere%%tdwm-mﬁefé,%nbitﬁe%cﬁ%nﬁ@sm%x@n@m

scribed in a lattice 21 like pattern on the surface of the silicon wafer

The scribe |iResirécidh exloppAui® ThE latdbsBke iseAb&Tinkat DXUsR] #5Y vefired on the
Figure, while the scribe lines 1 DY extend in the direction of |ongitude.

The | atti ce- IgilgaligCsfidigpd 1nes 10X and 10Y define a plurality of chips 11. 5
[ 0075] A position sensor 45 senses and detects both transl ational and
rotationals pogrslions in the plane of the silicon wafer 1 held on the stage
44. The results of the position detection are input to a control unit 46.

The control unit AGositidr sersords s€Yises aageaietdcts hothutranglatiomaleand fogdticnae

| onger axis of the beam cross-section 6a 10 extend in parallel with the

scri be |ines pbs®narin thepitnbof thd igirt wafiendlheéhdss thad stbbe 44bEherasuds sftbect i on
6a are positioned on and within two adjacent scribe lines 1 OX. It is to be
not ed t hat t Ipesitemgidtection dre ibpairto arassrotenit 46.nTHea chakolhmidcadpusisédte XY t he
honogeni zer shown in Fig. 1 so as to be greater than the distance between
two adj acent sézge A4 in bues angaonRithatthellengeartaxis ohiveganprrassesection ba
above-nentioned 15 distance and a twofold of the width of each scribe |ine

10X. The 3P| iexéandiarraralielivithieetsribgdmesHAYY & that el longituadinakenis effthehe

beam cr oss- beam cross-section 6a are posiﬁoned on and within two adjacent scribe lines 10X.

It is to be noted that the length bf the beam cross-section 6a has been adjusted by

the homogenizer shown in Fig. 1 so as to be Qreater than the distance between

two adjacent scribe lines 10X but smaller than the sum of the above-mentioned

15 distance and a twofold of the width of each scribe line 10X.

The silicon wafer 1 is moved such that both longitudinal ends of the beam cross-
section 6a trace on and along the scribe lines 10X, while the pulse laser beam is
applied.

[0076]

20 The length of the beam cross-section may be set to an integral multiple of
the pitch of the scribe lines 10X. For instance, the arrangement may be such that
both longitudinal ends of a beam incident region 6b having a length two times as
large the pitch of the scribe lines 10X trace on and along the scribe lines 10X.
[0077] | |

25 By setting the 'Eength. of the beam cross-section on the wafer to a value
greater than the pitch of the scribe lines 10X, it is possible to apply the laser beam

to the entirety of the chip simply by a unidirectional scanning the chip surface with

the laser beam.
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section 6a trace on and along the scribe lines 1 OX, while the pul se | aser
beamis applied. [0076] 20 The Iength of the beam cross-section nmay be set
to an integral nultiple of ‘the pitch of the scribe lines 1 OX For

i nstance, the arrangenent may be such that both |ongitudinal ends of a beam
i ncident region 6b having a length two tinmes as large the pitch of the
scribe lines 1 OX trace on and along the scribe lines 1 OX. [0077] 25 By
setting the Ijgpggh of the beam cross-section on the wafer to a value

greater than the pitch of the scribe lines 1 OX, it is possible to apply the

| aser beam to thenend hb@lerde$criteel efbedifienplite Niesr verndincRieht aiin ez ng
the chip surface with the |laser beam 22 [00781 In the above-descri bed

enbodi nent, tdiephiseapthddiratidicafdedshore adis eyes!, sediepit the areastdoeedidiget i on
of the shorter axis thereof, such that the areas covered by the successive

steps partialthg saceessipe erp’ mrligily. oldriap @ddh GteepoR shightebé posisibleaouskaser
beam whi ch exhibits a square cross-section on the wafer surface, and to

ef fect a contiaeér Iseah wiiet ekhigitb@asquane crestsqutishtdnotheiveafepyedade) aad to
direction parallel to a pair of opposing sides of the square. In such a
case, howevereffadia aomirobsundtt that thie Hezen awidsmit pogitieh fismbvéd mbsditextibe panabeal r ed
I n the regions near the above- nentioned opposing sides parallel to the
direction of torepaipvtopprsing sidelof the dquates &r swedda saprdiawaver, theuhiformity

| ongi tudi nal ends of ‘the beam incident region 6a and those of the beam

i nci dent r egi rihemnneatieg effeciiands tmetmpaised iriel neginsi negx the pbpye-ons of
the wafer where non-uniformty of the annealing effect appears are exactly
on the scri beMentieReqd opposing isastraralerie thr dieeian phthgtrrayementudnfe m

anneal i ng effect over the ar'ea of each c_hiP 11. o _
10 described embodiment, both longitudinal ends of the beam incident region 6a and

those of the beam incident region 6b trace on and along the scribe lines 10X,
portions of the wafer where non-uniformity of the annealing effect appears are
exactly on the scribe lines 10X. It is therefore possible to attain a uniform
annealing effect over the area of each chip 11.

15 [0079]

Fig. 9(B) shows the positional relationship between the intensity distribution
along the length of the beam cross-section and the scribe lines 10X. The axis of
abscissa indicates the positions along the length of the beam cross-section, while
the axis of ordinate shows the intensity level. It will be seen that the intensity

20 gradually decreases in the regions near the longitudinal ends of the beam cross-
section, towards the longitudinal end exiremities. The region Ain which the beam
intensity decreases from 90% of the maximum intensity down to 10% of the same
will be referred to as "intensity drop-off region". Preferably, the laser beam is
applied such that each intensity drop-off regions is positioned within the width of

25 the scribe line 10X. Application of the laser beam in this manner prevents either
longitudinal end of the laser beam cross-section from fluctuating into the area of
the chip 11, with the result that the non-uniform annealing effect which otherwise is

caused by the passage of the longitudinal ends of the beam cross-section.
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15 [0079] Fig. 9(B) shows the positional relationship between the intensity
distribution along the length of the beam cross-section and the scribe
lines 10X The axis of abscissa indicates the positions along the | ength of
t he beam cross-section, while the axis of ordinate shows the intensity
level, It wll be seen that the intensity 20 gradually decreases in the

regi ons near the | ongitudinal ends of the beam cross- section, towards the

| ongi t udi nal gogo xtremties. The region A in which the beam intensity

decr eases fron19 Yo of the maxi mumintensity down to 10% of the sane w il be

referred to as "i ngemstibycribeeperabbdifigit imorphizefiehd$ effectedeor teesurizean i s
applied such that each intensity drop-off regions is positioned within the

wi dth of 25 tregicirsfithe wafare ThisDKodepEf, fatdiassefitidl kedthe amdoplization tialy He
manner prevents either [longitudinal end of the |aser beam cross-section

from fl uct uatéffegtédvn dnhiateangldapdr reigien ofhthp slibstrafet het, lzelayeshiéting laat t he
non-uni form anneal i ng effect which otherwise is caused by the passage of

t he | ongi t adipredetnoéneard thidkeebe anmdapassd spattiopred2geriitsd e pthwiseedidescei bed
enbodi nent, anorphization is effected on the surfacial region of the wafer.
Thi s, howeverfromsheeafessigate, athilamdainteiagtiveptn/#aline statain the sugatieregidnon an
internal |ayer region of the substrate, i.e., a layer having a S

pr edet er m nedntthisclases hedadesheare is preéerentially alksreedioy e téemisheserpticisance
fromthe wafer surface, while rnaintaining the crystalline state in the
surfacial redager, tharaby enbaneisg the aetivatioarate afthisinggrepklegear i Rrefgrablysithebed
by the internal anorphous |ayer, thereby enhancing the activation ratio of
thi s i nternallapeyeeamis apRiiaghindersheh a C@s@rt'%@aﬁi e iniepnal@nNQiRbews Kyehisa
condition that the internal anorphous, layer is 10 nolten while the surfacial
crystal | i A8 Ipken mégithe SHB?C'ﬁbWtyé??“'”ﬁw'?é’errr@c”Fﬁjas net mofteac (TiiemERad iéul ar 1 y

Concent rati orP HEOH BIRSEHSLA Y BEeD SRERICPROUFHOT AEurtHes SCSSIEH AN 1e at a
predeterm ned d lttybcéﬁgemntratlon\'@stnﬁuﬁon I‘nas a'peak in an internal region which is at a
predetermined depth from the wafer surface.
[0081]
15 In the above-described embodiment, boron implanted in the surfacial region
of the silicon substrate is activated by laser annealing. The impurity to be
‘implanted, however, is not limited to boron. For instance, impurity such as arsenic
(As), phosphor (P), or the like may be implanted and activated. The wafer material
to which such impurity is implanted is not iimited to silicon. For instance, it is
20 possible to use an SiGe wafer. |
[0082]

The embodiments described heretofore rely upon pulsating oscillation of a
totally solid laser oscillator which incorporates a semiconductor laser diode as the
pumping light source. It is to be understood, however, the present invention does

25 not exclude the use of continuous oscillation instead of pulsating oscillation. When
the laser annealing is effected by a continuously oscillated laser beam, it is

possible to activate the impurity effecting such a control that the laser beam

incident position moves in the wafer surface, as described before in conjunction
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[0081] 15 In the above-described enbodi nent, boron inplanted in the
surfacial region of the silicon substrate is activated by | aser annealing.
The inmpurity to be inplanted, however, is not limted to boron. For
instance, inpurity such as arsenic (As), phosphor (P), or the |like may be

i mpl anted and activated. The wafer material to which such inpurity is
inplanted is not limted to silicon. For instance, it is 20 possible to use

an Si Ge waf erw'ﬁtr{; gﬁ%zﬂ. ITF@QSQQBQHB%?\%F?%%F\% BEpRtMORe ac%_wﬂéwpﬁso by

pul sati ng osci on o ‘totally so |'aser oscillator whic

i ncor por at es @RIMPIENGIOE) a5tBE HbRdge@s the punping light source. It is
to be understood, however, the present. invention does 25 not exclude the use
of continuougppggj!!lation instead of pulsating oscillation. Wien the |aser
annealing is effected by a continuously oscillated | aser beam it is

possible to activelighduyh themwdrtivnekbesthrtizsetsdd i BerbhRIt éfemibddiRehtaser
beam incident position noves in the wafer surface, as described before in

conj uncti on 24ilvdd Bppicgiatéd blytthbse plised I thet art entificde émbBodimmerits @are delpt h and
the activation ratio by controlling the velocity of the novenent [0083]

Al t hough t he illosteativeoandhesridieechatees| mbdiicatioridwndimprercmerfts mab ddimparted 1t
5 wll be appreciated by those skilled in the art that these enbodinents are
only illustrahevetoand vari ous changes, nodifications and inprovenents nay be
inmparted thereto. [0084] As has been described, in the present invention, a
totally solidOO84kr 10 oscillator punped by a sem conductor |aser diode is
used as the laser light source. This |laser effectively serves to reduce
fluctuation of théAshasheengieserided,iinithe pyesent inveation, 3 tatally spliclaseny

stability. The present invention therefore clears the way to _
10 oscillator pumped by a semiconductor laser diode is used as the laser light source.

This laser effectively serves to reduce fluctuation of the annealing condition, by
virtue of its high energy stability. The present invention therefore clears the way to

mass production in industrial scale.

[N
un



mass production in industrial scale. 25 Cains [1 ] A nethod of producing a
sem conduct or device, conprising the steps of: (a) adding an inpurity to a
surfacial region of a sem conductor wafer having a depth shallower than 100
nm 5 and (b) irradiating said wafer with a | aser beamemtted froma

| aser - di ode-punped totally solid |laser oscillator or wwth a hi gher harnonic
of said | aser beam thereby activating said inpurity. [2] A nethod of
produci ng a sem conduct or device accordidq%ir}.lg Claim1, wherein 10 the step
(b) includes irradiating said wafer with’a |'aser beam havi ng a wavel ength

falling wthi @r]nvA ?Hegflx&g gfgr -CPJC@' 5@9?9@%1‘?1'(1%9%@&R/Z;Fc%:,n%mgléig’%g%gmﬁ%wﬁ%fpf

producing a s conduc evi ce accordi ng erein the

step (a) incl %%%ﬂh@%gﬂtyﬁe% SUH¥ cﬁglir%b'tozﬁe&?ﬁ%ﬂgghﬁg?ﬂﬂ?%?ema%ga

si ngl e-crystal ‘sem r-material. 1 produci ng a

sem conduct or ygewi G RGePiKEM9od Anfd @i m 3, wherein the anorphization is
conduct ed such E?}[hat t he am)rph?ze 'l ayer has a thickness greater than 5 nm

but not grepter thgyy30 nm [5] A nethod of producing a sem conductor device
according to one of Cainms 1 to 4, wherein the |aser mediumof said totally

solid | aser ogpijtrhatabihg saidwaRsiwiiA 2 (asee eahtemiticnrémea BketBiczensirfpédg of
Nd: YLF, Nd: YAG Nd: YV, and Cr:Nd:GSGG [6] A nethod of producing a

sen conduct or tgigiy sRicaieeer 8sdilatbPoowih afhigher mbricof said Wser beams tietiewaf er
is formed of silicon. [7] A nmethod of producing a sem conductor device

accordi ng to &t#dtng saiénpimty. 25 the step (b) includes irradiating said
wafer with a | aser beam having a wavel ength not smaller than 400 nm but not
greater than BJ0Ammthod of producing a semiconductor device according to Claim 1, wherein

10 the step (b) includes irradiating said wafer with a laser beam having a wavelength
falling within visible and infrared wavelength region.

[3] Amethod of producing a semiconductor device according to Claim 1 or 2,
wherein the step (a) includes amorphizing the surfacial region of the wafer of a
single-crystal semiconductor material. -

15 [4] Amethod of producing a semiconductor device according to Claim 3, wherein
the amorphization is conducted such that the amorphized layer has a thickness
greater than 5 nm but not greater than 30 nm.

[5] Amethod of producing a semiconductor device according to one of Claims 1 to
4, wherein the laser'medium of said totally solid laser oscillator is a medium

20 selected from the group consisting of Nd:YLF, Nd:YAG, Nd:YVOy, and
Cr:Nd:GSGG.

[6] Amethod of producing a semiconductor device according to one of Claims 1 to
5, wherein said wafer is formed of silicon.
[7] Amethod of producing a semiconductor device according to Claim 6, wherein

25 the step (b) includes irradiating said wafer with a laser beam having a wavelength
not smaller than 400 nm but not greater than 650 nm.

[8] Amethod of producing a semiconductor device according to Claim 6 or 7,

wherein the step (b) includes causing said totally solid laser oscillator to emit a
26



[8] A method of producing a sem conductor device according to Jdaim6 or 7,
wherein the step (b) includes causing said totally solid |aser oscillator to
emt a 26 pul se | aser beam such that ‘the pul se energy density on the wafer
surface is greater than 1300 mi/cn2. [9] A nmethod of producing a

sem conductor device according to one of Clains 1 to 7, wherein the step
(b) is executed such that the tenperature of the surfacial 5 region of said

waf er is not r ly it 4 i i } kd
surfacial r egFg}ﬁ IF%%TB%%FE@(SH%‘Q ngyéﬁ?'ﬁégrggrb?gmgﬁciﬁ%t\,{)ér?ér&%%c%%

according to gpestef t{drdi 300 J/dns2. 9, wherein said laser beam exhibits an
el ongat ed beam cross-section on the surface of said wafer, and the beam

i nci dent posi {3108 mcth6@UsSdILIBINGRY SerhitofddEoftieRes hecorBfige e ICHImEQ th he
| ongi tudi nal di'rection of the beam cross-section. [11 ] A nethod of

producing a senw@f@lh%@@teqﬁ@wemwisngw tiat Ghatampératurehsitiee Buifbeiabt ep
(b) includes unifomalizing the | aser beamintensity on the wafer surface in

the | ongit wli r@dg]iodiolf eaidivearenfs ridt ovaeraas tresiekiegtpoimt aithé materthl feratingsaid

per pendi cul ar thereto. 15 [12] A nethod of producing a sem conductor device
according to eLgbdalfegion1l, wherein a plurality of scribe |ines have been
scribed on the surface of said wafer, and wherein the |ongitudinal |ength
of the beam c{1¥sAsethodof produbimgrebemicondliaioe devise matomsiied fosond dfeCiainhes 1

di stance between adjacent scribe lines. [13] A nethod of producing a

sem conduct or tal®ywbersin caidliangr bear@l exihihittCaroelohgate2iCoadme ced3s-seqhlonral ihey of
scribe lines have been scribed on the surface of said wafer, and the

i rradi ati on wsttffachef baislewales @nd thedwmatu itcaderd politionds cadsemtd mpvdinp- of f
regi ons, which exist near both |ongitudinal ends of the beam cross-section
on the wafer digetier peerandievaHodhetdergibusiint idirestian of theckears seess-semion0% of
the maximumintensity to 10% of the maxinurn intensity, are positioned
within the 25[w1%ﬁget%pd Oheraghicingka seRieonducior device according to Claim 10,

wherein the step (b) includés uniformalizing 'the‘laser beam intensity on the wafer
surface in the longitudinal direction of the beam cross-section or in a direction
perpendicular thereto.

15 [12] Amethod of producing a semiconductor device according to Claim 10 or 11,
wherein a plurality of scribe lines have been scribed on the surface of said wafer,
and wherein the Ion‘gitudinal length of the beam cross-section on the wafer surface
is not smaller than fhe distance between adjacent scribe lines.

[13] A method of producing a semiconductor device according to Claim 10 or 11,

20 wherein a plurality of scribe lines have been scribed on the surface of said wafer,
and the irradiation with the laser beam is conducted such that intensity drop-off
regions, which exist near both longitudinal ends of the beam cross-section on the
wafer surface and in which the beam ihtensity decreases from 90% of the
maximum intensity to 10% of the maximum intensity, are positioned within the

25 widths of the scribe lines. | |
[14] Amethod of producing a semiconductor device according to one of Claims 1
to 13, wherein the irradiation of said wafer with the laser beam is condugted in an

inert gas atmosphere.
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[ 14] A nethod of producing a sem conductor device according to one of C ains
1 to 13, wherein the irradiation of said wafer wwth the | aser beamis
conducted in an inert gas atnosphere. 27 [15] ‘A nethod of producing a

sem conductor device according to Claim 14, wherein the inert gas includes
at | east one kind of gas selected fromthe group consisting of nitrogen gas,
hel i um gas, and argon gas. [16] A nethod of producing a sem conductor device

according to g{r:ﬂt BIm&hBkBE plod \i/rtng‘?:ajsré BRI Sk Mo?&inigsto?(}lﬁjerﬁ%,ed to

dehydr ogenat i reatnment in advahce of the irradiation wth t | aser

beam [17] A qmidhremh Bk iREQESINEudeS 8MeaNSHE kiRk d?%‘é%%l@&é@?r@hﬂ@wetg?o%?i m

16, wherein the dehydrogenation treatnent includes at |east one type o

treat ment Se'c@ﬁ&i_%ﬂn@ro‘f’ﬁ]t?%n%é&“heﬁ@rﬂs@é%ﬁ laRd a%orﬁ‘gé_é.i ng _Of _sai d waf er,
irradi ati on of said Wwafer with a |laser beam and irradi ation of said

waf er with an|ebeArfieABgBehIddUsRIEa sehiddhdictor tiBgide @bcHidnsiie otk & Claims 1
sem conduct or device, conprising the steps of: (a) anorphizing a surfacial

regi on of assesit6oWHERSOEaMaSfer is%ulb'eﬁéﬂitochmiyﬂmger(alﬁbnmitmenﬁﬁabV@iUeidT_y to
a surfacial region of said wafer shallower than 100 nm and 15 (c) heating

at | east the s fragdiation egthahe (dsesdedmyafl er, thereby activating the
inpurity, [19] A nmethod of producing a sem conductor device according to

G aim1l18, WwWhetE Améibostafprédicing aseatodredldiyr devicedaaddraimgstei Claimafiéy with a
| aser beamemtted froma totally solid |aser- oscillator punped by a |aser
di ode or wi t hwhéemeghte ddmanagenatioh teaitrdehbineludee atlezdd oR8 type of treatment
selected from the group céhsisting of heating of said wafer, irradiation of said wafer
10 with a laser beam, and irradiation of said wafer with an electromagnetic wave.
[18] A method of producing a semiconductor device, comprising the steps of; .
(a) amorphizing a surfacial region of a semicenductor wafer by plasma doping;
(b) adding an impurity to a surfacial region of said wafer shallower than 100 nm;
and
15 (c) heating at least the surfacial region of said wafer, thereby activating the impurity.
[19] A method of producing a semiconductor device according to Claim 18,
wherein the step (c) is executed by irradiating said wafer with a laser beam emitted
from a totally solid laser oscillator pumped by a laser diode or with a higher

harmonic of said laser beam.
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