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 [0002] Arts have beenbéelgg:gil é.g(é whi ch woul d enabl e formation
of ultra-shallow pn junction exhi P @ed resi stance and i nproved

short-channel effe ' r ' nREoducti on of
MOSFETs havi ng gat%hpgg§ﬁﬁgtpﬁgpgg@@*&#@ﬂ@gﬁm{éﬁé@ﬁgﬁ re for

I npl enmenti ng such arts, technical 15 innovations have been expected with
regard to methods for introducing inpurities into a sem conductor material,
especially 1Siﬁbi con éeggd also to nethods for electrically activating the

i nt roduced &gl a”: ~ [0003] A mmjor technique for activating inpurities
currentlg\ ﬂg@ﬁed I n mass 20 production is a nethod referred to as Rapid
Ther mal An ]ng (RTA). In RTA, diffusion of inpurity atoms and activation
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10 [0002]
Arts have been sought for which would enable formation 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 technigue 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 is, suppression of impurity diffusion for achieving shatlower 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 these reasons, it has been found that mass-production of MOSFETs having gate
lengths of 50 nm or smaller and exhibiting satisfactory performance is not easy,
when RTA is relied upon.,

[0004]



1 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 exciner |aser. Anneal i ng methods using excinmer | aser

are al so reported in, for exanple, "IEDM Tech. Digest, p931 (1999)", "I|EDM
Tech Di gest, 09 (1999 n VL 138
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on JunctloR[ §§ﬁhnol ogy 2002. p31-34", "Extended Abstracts of I|nternational
Wor kshop o 009ghction Technol ogy 2002. p35- 36", and "Study G oup on Si licon
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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)".
[0006]
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 laser 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



pl ane is doped wth boron ions with acceleration energy of 0.5 keV and at a
dosage of 5 x 1014cm 2. Doping with germaniumions also is conducted with 2
accel eration 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
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measurement of the sheet resistance.

[0010]
Depths of the pn junction not greater than 30 nm and sheet resistance
values of 1000 /01 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/cm2; 10 ns at 600mJ/cmZ; 33 ns at 700mJ/cm?2; 38 ns at 700mJ/cm?:;38
ns at 800mJ/cm2;55 ns at 800mJ/cm?2; 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 the junction in terms of the depth at which
3



25 indicate the pul se energy densities of the annealing pulse |asers at the
surfaces of the specinens. [0012] 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 pulse energy density is 700 mJ/cnR2. The
sheet resistance is about 450 f2/0 Junction depth of about 26 nm and sheet
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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 1015cm=2. Then, a single shot of excimer laser is applied at an
irradiation energy density of 500mJ/icm2ina 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



500m)/ cnR2. The SiGe layer is crystallized as a result of the |aser
anneal i ng, thereby reducing the resistance. 25 [0016] The di scl osure

i ncl udes a description which states that excinmer |aser beam or a totally
solid | aser beam may be used as the ultraviolet pul se beamenployed in the
| aser anneal ing. The mavelength of the fundanental mave of ordinary totally
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[0018]

10 Later-mentioned Non-Patent Documents 1 and 2 disclose laser annealing
methods which employ a iaser 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 "md/cm?2" 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 mJd/cm? to 460 mdlcm?2. 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. 2001-509316

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



Pat ent Docunent 1: Japanese Translation. Publication (of PCT International
Application) No. 2001-509316 Patent Docunent 2: Japanese Transl ation
Publication (of PCT International 25 Application) No. 2002-524846 Patent
Docunent 3: Japanese Unexam ned Patent Application Publication No.

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 |on
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density at a unit of "m)/cnk", while the ordinate shows the sheet
resistance at a unit of 0/0. Representing the sheet resistance by Rs (SI|*")
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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/C]. Representing the sheet resistance by Rs (/)
and the pulse energy density by E (mJ/cm?2), 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 resistance varies by about 10.2%
when the pulse energy density fluctuates by 1% around the base density of 430
mJ/cm2. 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



mJ/ cn2. The above-nenti oned docunents shows that the energy stability of the
25 pul se laser oscillator of 532 nmwavel ength is 3% Pul se energy density
fluctuation of 3% causes a sheet resistance variation of 30.6% This |arge
variation of the sheet resistance nakes it difficult to adopt the disclosed
| aser annealing method in an industrial mass-production process. 6 [0022]
An obj ect 000?5 present invention is to provide a | aser annealing nethod
whi ch nakes'™ ossi bl e to suppress sheet resistance variation. [0023] 5
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from a laser-diode-pumped totally-solid laser oscillator or with a higher harmonic of
10 the laser beam, thereby activating the 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 annealing.

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



Fig. 3 is a graph show ng depthw se boron concentration distribution as
observed before and after a laser annealing. Fig. 4 is a graph show ng
wavel engt h dependenci es of absorption 25 coefficients of a single-crystal
silicon and anorphous silicon. Fig. 5 is a graph show ng the relationship
bet ween sheet resistance and pul se energy density of a |aser beamused in
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t he vvafer ?% Iock di agram of a position control apparatus for
controll | ng e position of a beamincident region 10 relative to the
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10 relative to the semiconductor wafer, while Fig. 9B is a graph showing 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 89. Alinear motion mechanism 60 attached to the
processing chamber 40 includes a bellows 67, coupling members 63, 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



Fig. 1 is a schematic illustration of a |aser annealing apparatus enpl oyed

I n one enbodi nent of the present invention. The | aser anneal i ng apparatus
includes the follow ng parts or conponents: a processing chanber 40; a
transfer chanber 82; outlet/inlet chanbers 83, 84; a laser |ight source 71;
a honogeni zer 72; a CCD 25 canera 88; and a video nonitor 89. A |linear

noti on rrech nlsmq60 ttached to hebepr cessing chanber 40 includes a
bel | ows 67, ﬁB?ﬁﬁ ﬁe‘?fﬁ@?%s'ﬁgc 8BS 9% near gui de nmechani sm 64, a linear

not or 66, atgﬂ ?P forth. The linear notion nechanism®60 is arranged to cause
a translati g novenent of the stage 44 8 disposed in the processing
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t he | aser q,ggg]ej:% 2V§od§§i %éé?@%%lt%yth?egegfach @BESSI ng chanber 40. A

vi si bl e opti S suc use | ns of quartz. A pulse
| aser beam p? Led fromthe | aser Ilght source 71 runs I nto the honobgeni zer
t hrough an *attenuator 76. The honbgeni zer 72 serves to create an el ongated

cross-seggtional §hapenghr EREMbEF8S REBMMIYUILE aHPAARE R 99 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 shape 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]



the beamintensity along the | onger and shorter axes. In other words, the 20
honogeni zer 72 functions to provide a top-flat shape of the beamintensity
distribution. The | aser beamtransmtted through the honpgeni zer 72 then
runs through the quartz wi ndow 38 which al so has an el ongated shape
corresponding to the cross-sectional shape of the | aser beam The | aser
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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 (100)
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 cm-2 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



pl ane, with acceleration energy of 6 keV and at a dosage of 1 x 1014 cm 2,
so that the surfacial region of the silicon wafer 1 is non-crystallized to
provi de an anor phous | ayer of about 20 nmthick. 20 [0033] Then, boron ions
are injected into the surfacial region of the silicon wafer 1 by plasma
dopi ng. The plasma doping is conducted at a bias voltage of -100V, by using
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manner that the overlap ra eam cross-section on the wafer
surface is @@%5 [ 0035] The definition of the term"overlap ratio" used in
this specif'cat’on Is defined as follows. The width T of a region in the
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pi tch_ or travel ~beam i.e. di st ance between the regi on _
irradiated de_dh"lelﬁﬁtﬂtsSi'nwhsﬁtyfIEgéllsQ{otl'lcSWer' RBATIE JHRE thaxitBuRERiterkity’ r adi at ed

by the next single shot o aser beam is referred to as a "béamstep

wi dt h". yBheghodidifoties babn @bks-skétislefis Fsterrad th akla0Wsp-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 "beam-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/cmZ and 3900 mJ/cm2. A nitrogen gas
atmosphere was maintained inside the processing chamber 40. An inert gas other

20 thannitrogen, e.g., argon gas or helium gas, may be used as the atmosphere gas
instead of the nitrogen 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. In order to

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



15 (T - S)/T x 100 [%9 [0036] The pul se energy density on the surface of the
silicon wafer was varied wthin the range of from 300 mJ/cn2 and 3900
ml/cn2. A nitrogen gas atnosphere was mai ntained inside the processing
chanmber 40. An inert gas other 20 than nitrogen, e.g., argon gas or helium
gas, may be used as the atnosphere gas instead of the nitrogen gas. [0037]
The intensi@p%’ stribution of the beam cross-section on the wafer surface in
the directi rpendicular to the longer axis exhibits a top-flat ratio of
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10 this range causes desorption of hydrogen without allowing melting of surfacial
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/cm?2", while the axis of ordinate shows the
sheet resistance at a unit of "Q/00". 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/cmZ were almost equivalent to those observed prior

to laser annealing, i.e., resistance values ranged from 170 to 180 Q/00. This

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



Fig. 2 shows the relationship between the pul se 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 "mJlcnR", while the
axi s of ordinate shows the sheet resistance at a unit of "fl/D . In Fig. 2,
the solid black circles or dots show the values of the sheet resistance

exhibited b eci shegets produced in accordance with the
above-descrfﬁ"ﬁé&ﬁ%&rgﬁ%&yi ng the present invention. The white circles
show t he va[bgﬁi of sheet resistance exhibited by speci nen 20 sheets which
wer e prepar l/ setting the thickness of the anorphous layer to 5 nmprior
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cau valent 14 HaAyURIE aaPaos ik BBl OO ooy ViRh bR
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o0 Sanee ol AR ARG Bl S SRR TE L SR AIRTHATT. 0,
R e R s I i S i
T o b s e U SePETSIRELT e B SRR
o e O SR SRR RN o ol AR Tl
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]
A decrease of the sheet resistance from 600 (/1 to 240 (/[0 was observed
in accordance with an increase of the pulse energy density in the range of 1500
mJ/cm?2 or above. It is considered that the increase of the pulse energy density in
this range promoted activation of boron to allow 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]
13



density at the wafer surface is increased beyond 1300 mJlcn2. In order to
activate the boron, the pulse energy density is preferably set to a | evel
which is high enough to raise the tenperature of the surfacial region of
the silicon wafer to a |level not |ower than the nelting point of the
material of the surfacial region. 15 [0042] A decrease of the sheet
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1500 ml/ cn® royﬁe@e)(i s of abscissa indicates the depth at a unit of "nni,
while the agi of “ordi nate represents the boron concentration at a unit of 5
"cm3". The r?n concentration was neasured by SIMS. The dot group AL
shows t he b[)ron concentrations as observed after the |aser annealing, while

{ Eg q gfrl(bgr g 8;‘33?&%5% RPREEN AL 49the Bepthviiétathe BBRGRESACANBBABM DY
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 /00 or smaller. The junction depth of about 23 nm and sheet
resistance of 600 /01 (see Fig. 2) are simultaneously achieved when the pulse
energy density is set to 1500 mJ/cm?2, 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
méthod 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, itis
14



[0045] 10 Defining the junction depth as the depth where the boron
concentration of 1 x 1018cm 3 is obtained, the junction depth after the

| aser annealing is about 23 nm [0046] Future demand wi Il require MOSFETs
havi ng drai n extension portions having junction depths of about 13 nmto 22
nm and exhi biti ng sheet resistance 15 values of 770 n/”* or smaller. The
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di ffusion [bp ﬁn having a junction depth of 30 nmor smaller. In addition,
t he met hod o descri bed enbodi rent makes it possible to formjunctions
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single-crystal region is maintal ned at conparatively [ow tenperatures.
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coefficient of anmorphous silicon and that of single-crystal silicon. The
axi s of 1abssf heaaribPMdus 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 single-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]

It is also noted that amorphous silicon exhibits smaller absorption
coefficients at wavelengths of 400 nm or greater (visible and infrared wavelength
region) than at ultraviolet 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 laser beam of a wavelength not smaller than 400
15



t he wavel ength at a unit of "nm and the axis of ordinate shows the
absorption coefficient at a unit of "x 107/cm1 ". In this Figure, solid

bl ack circles show absorption coefficients of the single-crystal silicon,
while white circles show those 10 of the anorphous silicon. [0050] It wll
be seen that the absorption coefficient of the anorphous silicon exceeds
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junctions. ] 'S 0 noted that anorphous silicon exhibits
smal | er %bﬁgbgéi on coefficients at wavel engths of 400 nm or greater
(visible™a I'nfrared wavel ength region) than at ultraviol et wavel ength

region. This meafy, éﬂé’érpkigﬁgbgﬁ@éwt% }WWES@%EF%H%%XE@%N?I& CI% 400 nm

are nore liable to péene eeper | anor phous " Si regi on.
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surfacial regqi on.gﬁ contrast, a l|aser Igeamo vel engt

400 15 nm ibaws thhal URhieihd ARG RMACH HRGblesgiAl ed by the ener gy of

the | aser beam naking 1t possible to achieve nore uniform dept hw se
tenper atyr go@Esj ri bution, which in turn serves to achieve nore uniform
distribution of"the inpurity activation distribution in the depthw se

direction. It is now found that, when the thickness of the amorphous layer is set to 5
nm, the sheet 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. Itis also found
that the amorphous layer thickness of 5 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. Itis 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 nm 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



5 [0052] The absorption coefficient is inpractically small at excessively
| arge wavel ength of the | aser beam hanpering efficient heating. Therefore,
the wavelength of the | aser beam used for annealing the silicon wafer is
preferably selected to fall within the range of from400 nmto 650 nm 10
[0053] It is now found that, when the thickness of the anorphous |ayer is
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10 corresponding to the pulse energy density range between 1500 mJ/cm2 and 2000
mJ/cm?2. It will be seen that the amount of variation of the sheet resistance caused
by variation of the pulse 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/cm2 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 /00 when the value AE is 300

20 mJ/lcm2. 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. This type
of laser oscillator has a high energetic stability. The amount of fluctuation of puise

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



only an ultra-shallow region of 5 nmto 10 nmis to be anorphized. [0056] 5
Fig. 5 shows the relationship between pul se energy density and sheet

resi stance observed wi th specinmens prepared by the nethod enbodying the
present invention. The axis of abscissa represents the pul se energy density
at a unit of "m)/cnmk", while the axis of ordinate shows the sheet
resistance .at _a, unit of "O/~". Myre specifically,~Fiqg.,5=sh rt9 on of
he or aph df pnaicled 28 aaulsR.enssan dRgsibbanana e SRRy R R

bet ween 153805ﬁtcnﬂ and 2000 mJ/cnR. It will be seen that the anount of

vari ation sheet resistance caused by variation of the pul se energy
density is small | se e densit falls w.th his .ran
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The anopunt 3% uctuation of pulse energy is as small as 1 % or |ess.
Theref ore, THe anmount of variation of the sheet resistance can be
mai nt ai %d [6666173' | as 0.75%or |ess, when the |aser annealing 17

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/cm?2, more preferably from 1500 mJ/cmZ2 to 1800 mJ/cmZ,

[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/cmZ2 to 1800
mJ/cm2, a variation of the pulse energy density by 400 mJ/cmZ2 causes the
junction depth to vary by about 25 nm. Taking the pulse energy density level of
1500 mJ/cm? 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 smali value of £0.93 nm, When the pulse energy
18



I's conducted at a pul se energy density ranging from 1500 miJ/cn2 to 2000

mJ/ cnR. [0059] The sheet resistance val ues as neasured are approxi mated by
a straight |ine L1 when the pul se energy density ranges from 1500 mJ/cnR to
1800 mi/cnR2. 5 The absolute value of the gradient of the line L1 is smaller
than that of the line L2. Wen the |aser annealing is conducted at a pul se
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observed w Speci nens produced by the nethod enbodying the present

inventio%. [pbg ]axi s of abscissa represents the pul se energy density at a
unit of "mJ cn%', while the axis of ordinate shows the depth of junction at
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embod ment o P2 aEd AR Bl P T R B e OB
it is pagsi P|daet anAEBMFESparBfus having the same basic arrangement as that shown in
Fig. 1. itis to be understood that the stage 44 in the apparatus showninFig. 1isa
two-dimensionally movable XY stage.
[0064]
A laser annealing method in accordance with the second embodiment will
15 be described with reference to Fig. 7.
[0065]

Referring to Fig. 7(A), a resist 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 a result,
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 exampie, 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
19



variation of the junction depth to a small value of 0.93 nm When the pul se
energy 18 density is set to fall within the range of from 1400 m}/cnR to
1800 mJ/cnR. This anount of variation of the junction depth is small enough
to ensure satisfactorily high level of stability in terns of product
quality in mass production at an industrial scale. 5 [0063] In the first

enbodi nent qof the present i nvention described heret of e silicon wafer
oan o Toni o ek ATcRhaTat 1ebY Rt Be s platodival han PSR 85 amosi n o
second errbﬁgbécﬁgt which will now be described, the irradiation with pul se
| aser bea onducted at an overlap ratio of 95% The second enbodi nent

enpl oys 10 a | aser ,anneal i.n rat us. havi t he sane .basi ¢ arrangenent as
that shown in  ASshown pFigs @ baronsinisted dntorae Stacialiagion g the slhse
apparatus shown, in Fig. 1,is a two-dinensionally npovable XY stage. [0064] A
D oSV AL eSO rethod WITET S e Mistasiel (DS ae ek 11 15 be
descri bed vmba%](rjeference to Fig. 7. [0065] Referring to Fig. 7(A), a resist
film2is f on the surface of an n-type silicon wafer 1 the principal

pl ane of which i,s the (100). plape. Then, .an aperture I forped Ln the
Feaist film 2 biSAhraHioaliaPUiBCEPRRERIoh AJS Leie0 o Pasar A S HeRs nown
in Fig. 7(5% arﬂon ions (Ar) are inplanted into surfacial region of the
silicon waf&Mmoy hrough the aperture 2a. The ion inplantation is conducted

under the i@ﬂégcondition as that in the first enbodinent. As a result, the
portion of ]surfaci al region under the aperture 2a is anorphi zed, whereby

an 25 anorphous gagl 2 fowTo FIG. D). & sRSR warb 46 RERF o tnE RBage 2 of'tRe T

10 laser annealing 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 silicon wafer 1 was varied within the range of
from 300 mJ/cmZ and 3900 mJ/cm2. A nitrogen atmosphere was maintained in
the processing chamber 40.

[0070]

20 As shown in Fig. 7(E), the beam 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 surface ranges from 1400 mJ/ecmZ2 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. Aterm
20



anor phi zed regi on corresponds, for exanple, to extensions of the source and
drain regions of a MOSFET Wien it is desired to anorphi ze extensions of
source and drain regions of a MOSFET, argon ions are inplanted 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 is injected into

h facial ion of th ili f 1.b | as. i h il
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second hi &%5?1 arnmoni ¢ of Nd: YLF | aser, having a wavel ength of 527 nm
pul se w dt 110 ns, and a pul se frequency of 1 KHz. The wafer was noved

in cuch g manner Braenowe g releliohafe tiEeaiie hullah ifi BT GEARER "on < ne
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10 t02.5x1014cm=2. The pulse energy density on the specimen surface was set to
1500 mJ/cm?.
[0072]
Increase of the overlap ratio from 75% to 98% causes the sheet resistance
to decrease from 2050 Q/[0 to 840 €Y/0. From this fact, it is understood that the
15 sheet resistance is controliable by varying the overlap ratio. The sheet resistance
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 ratio.
[0073]
20 Activation annealing was conducted at a pulse energy density of 1500
mJ/cm?2, 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 between 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-
21



2000 md/ cnR. The beamincident position is noved stepwise in the direction
of 25 the shorter axis of the beamincident region 6 so that the entire
surface of the wafer is irradiated with the | aser beam 5. The stepw se
novenent of the laser incident position is performed such that the beam

i ncident region of one shot of the |aser beampartially overlaps that of
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while the 3axis..of i.ngte shows the sheet resistance at a unit of 'T90".
The dat a st@mﬁﬁtﬁc’f&iﬁ@.ﬁ "has been obtained with speci nens which were

pl asma-d?jpe@ ?48 hout being subjected to prior anorphization of the
surfacial r 8 . The boron dosage was set o to 2.5 x 1014cm 2. The pul se
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beam cross-section 6a are positioned on and within two adjacent scribe lines 10X.
It is to be noted that the length of the beam cross-section 6a has been adjusted by
the homogenizer shown in Fig. 1 so as to be greater 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 length 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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was neasured. The neasured junction depths of about 60 nm and about 90 nm
were obtained at the overlap ratios of 75% and 95% respectively. It is thus
possi ble to adjust the depth of junction by varying the overlap ratio. 25
[0074] Fig. 9(A) is a block diagramof an apparatus for adjusting the
positional relationship between the silicon wafer 1 and the beam i nci dent
region, as Bﬁzé as relative position therebetween. Scribe |ines 10X and 10Y
are scribed h | attice- 21 like pattern on the surface of the silicon
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while the PsFibeAHHbARAREN Doth Rdifdindl @REEkf 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 extremities. 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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20 The length of the beam cross-section nay be set to an integral multiple
of the pitch of the scribe Iines 10X. For instance, the arrangenent may be
such that both I ongitudinal ends of a beamincident region 6b having a

|l ength 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 length of the beam

cross-sectim B;} the wafer to a value greater than the pitch of the scribe
lines 1 OX |f8 S possible to apply the laser beam to the entirety of the
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11. 15 [007 shows the positional relationship belween
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effective particularly when a semiconductor structure is desired in which the
impurity concentration distribution has 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 limited 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. ltis 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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absci ssa indicates the positions along the |l ength 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 |ongitudi nal
ends of the beam cross- section, towards the |ongitudinal end extremties.
The region Ain which the beam intensity decreases from 90% of the maxi num

i nt ity d . 0%.0of th il b f t "i.nt it
LTSI SOHB 8 201 EhabH M Eopih e BB AR AR

i nt ity d - of.f i o iti dwthin th idth of 25 th ib
TS LA SRR BB BERR T v o 28 (e ocribe

longitUdinﬁ@0§ﬁ§ of the | aser beam cross-section fromfluctuating into the
area of th p 11, with the result that the non-uniform annealing effect
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case, the I@§£¢Q%ean1is preferentially absorbed by the internal anorphous

| ayer, therﬁ%ﬁ4ﬁnhancing the activation ratio of this internal |ayer.
Preferably,'the’ | aser beamis applied under such a condition that the
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' virtue of its high energy stability. The present invention therefore clears the way to

mass production in industrial scale.
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of the silicon substrate is activated by | aser annealing. The inpurity to be
i npl anted, however, is not limted to boron. For instance, inpurity such as
arsenic (As), phosphor (P), or the Iike may be inplanted and activated. The
wafer material to which such inpurity is inplanted is not limted to
silicon. For instance, it is 20 possbﬂhﬁlto use an Si Ge wafer. [00821 The
enbodi nents descri bed heretofore rely upoﬁ pul sating oscillation of a
totally solid | aser oscillator which incorporates a sem conductor | aser

di ode as the punping light source. It is to be understood, however, the
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controlling the velocity of the novenent. [0083] Although the invention has
been desciibed in the context of enbodinents, it 5 wll be appreciated by
those skilled,iph the art that these enbodi nents are only illustrative and
various changes, nodifications and i nprovenents may be inparted thereto.
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2. A method of producing a semiconductor device according to claim 1, wherein in
the step (a), the amorphization is conducted such that the amorphized layer has a

thickness greater than 5 nm but not greater than 30 nm.

3. A method of producing a semiconductor device according to claim 1, wherein the
laser medium of said solid-state laser is a medium selected from the group

consisting of Nd:YLF, Nd:YAG, Nd:YVOy, and Cr:Nd:GSGG.

4. A method of producing a semiconductor device according to claim 1, wherein the
step (b) includes causing said solid-state laser to emit a pulse laser beam such that

the puise energy density on the wafer surface is greater than 1300 mdJd/cm2.

5. A method of producing a semiconductor device according to claim 1, wherein the
step (b) includes causing said solid-state laser to emit a pulse laser beam such that
the pulse energy density on the wafer surface is not smaller than 1400 mdJ/cm? but

not greater than 1800 mdicm2.
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25 Cainms 1. A nethod of producing a sem conductor device, conprising the
steps of: (a) after anorphizing the surfacial region of a wafer of a
single-crystal silicon, adding an inpurity to the surfacial region of the
waf er having a depth shallower than 100 nm and (b) irradiating said wafer
with a | aser beam having a wavel ength not smaller than 400 nm but not

gr eat er gt pame@pdt BRpAsH ddigl af seicendaseir-dévisteapeorierd gotlainst,avkeleas the
thereby activating said inmpurity. 2. A nethod of producing a sem conductor

devi ce aggO(Klii9@xkouRlded iBhLihaties eémperatuteef theegurfaial regoraobsaibi wafer an i s
conducted such that the anorphized |ayer has a thickness greater than 5 nm

but not ngt RAteRTthhRaRe $Relliny pdintAdfreMidopd of produci ng a sem conductor device
according to claim1l, wherein the |laser nediumof said solid-state |laser is

a nmedium sel ected fromthe group consisting of Nd: YLF, Nd: YAG Nd: YV, and
Cr:Nd: GSGG 4. A nethod of producing a sem conductor device according to

claim 17 wheieghdd 0f@rogl€Rg (P keicontflRioc aevic8 harardingabl dlaph at evh&erY irf O
emt a pul se |laser beam such that the pul se energy density on the wafer

sur f acethes s@ipe@) ethel ifidlititH0oMddia Wafeb with thetiBeer Béarhrie @e8idusted] in an inert
sem conduct or device according to claim1, wherein the step (b) includes

causi nggagiaimdephdrest ate laser to emt a pul se |aser beam such that the

pul se energy density on the wafer surface is not smaller than 1400 ml/cn®
but not greater than 1800 mJ/cnR. 26 6. A nethod of producing a

sem conductor device according to claim1l, wherein the step (b) is executed

such t hgt Atfhetti gipepaidlicin®ta éémicontliawralevikghtorafings® dlawdfErwhéreimite
| ower than the nelting point of silicon.

inert gas includes at least one kind of gas selected from the group consisting of

nitrogen gas, helium gas, and argon gas.

9. A method of producing a semiconductor device, comprising the steps of:
(@) adding an impurity to a surfacial region of a wafer of a single-crystal silicon
having a depth shallower than 100 nm;

and
(b) irradiating said wafer with a puise laser beam emitted from a laser-diode-pumped
solid-state laser or with a higher harmonic of said laser beam under a condition that
a pulse energy density on the wafer surface is greater than 1300 mJd/cm2, thereby

activating said impurity.

10. A method of producing a semiconductor device, comprising the steps of:
(a) adding an impurity to a surfacial region of a semiconductor wafer having a depth
shallower than 100 nm;

and
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7. A nethod of producing a sem conductor device according to claim1,
wherein in the step (b), the irradiation of said wafer wwth the | aser beam
is conducted in an inert gas atnosphere. 8. A nethod of producing a

sem conductor device according to claim7, wherein the inert gas includes
at | east one kind of gas selected fromthe group consisting of nitrogen
gas, helb)UmaGRstinARAIAMETBr Afth & laderMBéaed effitt@d ool BYlaRepelibROpampear
device, conprising the steps of: (a) adding an inpurity to a surfacial

regi on &flidastané fise?for it 8 Higher hErhfdnis bf sidNas&eNeas mé}@b%bcﬁhﬁidgowa t han
100 nm and (b) irradiating said wafer with a pul se |aser beamenitted from

a | aserinfduatg- punped solid-state laser or with a higher harnonic of said
| aser beam under a condition that a pulse energy density on the wafer

surface is greakasintdad 14880bsdmcakhibité &ireblongatéd \balain Grégd-Settigiibhtiie 10.
A nmet hod of producing a sem conductor device, conprising the steps of: (a)

addi ng surfadeof said Wafed aid fhechedmrisddent pdsifiors itausetlns movedh er diktvibRg a
depth shallower than 100 nm and 27 (b) irradiating said wafer with a | aser

beam enpériped didutan @ thedengitididal-ditegtied ofthéibdash atess-ssetioror Wi th a hi gher
harmoni ¢ of said | aser beam thereby activating said inpurity, wherein said

| aser beam exhnbiwiserein al plogsitye df Bedbe dinesshaec been defiridieon shefsacacefofsai d
waf er, and the beamincident position is caused to nove in a direction
per pendsaid| \wafdrp andewherein tthdi loabitddinat téraih off tHee bbaamcessasseamet bortheand
wherein a plurality of scribe |lines have been defined on the surface of
sai d walvefer samthoshiemsit snidiier ey theudistericd lpetgtdenoddjbbentbsaibecliness- sect i on on
t he

11. A method of producing a semiconductor device according to claim 10, wherein

the step (b) includes uniformalizing the laser beam intensity on the wafer surface in

the longitudinal direction of the beam cross-section or in a direction perpendicular

thereto.

12. A method of producing a semiconductor device, comprising the steps of:
(a) adding an impurity to a surfacial region of a semiconductor wafer having a depth
shallower than 100 nm;

and "
(b) irradiating said wafer with a laser beam emitted from a laser-diode-pumped
solid-state laser or with a higher harmonic of said laser beam, thereby activating said
impurity,

wherein said laser beam exhibits an elongated beam cross-section on the
surface of said wafer, and the beam incident position is caused to move in a direction

perpendicular to the longitudinal direction of the beam cross-section,
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waf er surface is not smaller than the distance between adjacent scribe
lines. 11. A nethod of producing a sem conductor device according to claim
10, wherein the step (b) includes uniformalizing the |aser beamintensity
on the wafer surface in the longitudinal direction of the beam
cross-section or in a direction perpendicular thereto. 12. A nethod of

producing a sgig Wé"ﬁté’ rpelgr%vysf sERPNihes NehvieNBeéh %ﬁb@ﬁ ort Me adALEE oam

inpurity to a surfaci al a sem conduct or wafer having a depth

shal | ovegiq typgmar 146 e lrﬁikﬂatl&r@)wdrf frid | lelr r!ﬂaa?ﬁ'lg conbiected E@c@tf‘ué&slﬁfen@ﬁ?m

emtted froma'l aser-di ode-punped solid-state [aser or with a higher

har ”Dn'&ro9toﬁ%%oh§sﬁ/hlclﬁeék"‘st hBSF 8b¥h aalditvaindlerrRl of tHe”BHél'nt ¥rosWheichbA said
| aser beam exhibits an el ongated beam cross-section on surface of said

wafer, @mdhé h@af@?%ﬁﬁa@é'mnn RARER ited Be’%n@%%ﬁ@nt%%é&?éﬁsé@fr@)nﬁi'QO@/thfQHe
per pend| cular to the longitudinal direction of the beam cross-section, 28

and m%@kﬁn@mﬂhtérr%'ltyttdm% %ﬂhé)ﬁndxuﬂaﬁq mr%uﬂ@/eafb E@éitl’@%d%tmﬁ%éWJt%e of
said wafer, and the irradiation with the | aser beamis conducted such that

|nten5|(§Mhed§C<p,Beqf,{esr egi ons, which exist near both |ongitudinal ends of the
beam cross-section on the wafer surface and in which the beam i ntensi ty
decreases from90% of the maximumintensity to 10% of the nmaxi num
intensity, are positioned within the widths of the scribe lines. 13. A

net hod of. RrAgtHoidNef prodtidirkp BdsirhRond avio? &iedsEobdtoing t6lokdim 12, whbasiai n
the step (b) includes uniformalizing the | aser beamintensity on the wafer

sur f acethiensteph®) lirtigdéd) dhifedmalizineg theotasel bdaen hetensity esstheewbiedrsupfacerna
direction perpendicular thereto. 14. A nethod of producing a sem conductor
devi ce, theohpwitadingl direcsdéres thé:beam cross-section or in a direction perpendicular

thereto.

14. A method of producing a semiconductor device, comprising the steps of:
(a) adding an impurity to a surfacial region of a semiconductor wafer having a depth
shallower than 100 nm;
(a1) subjecting said wafer to dehydrogenation treatment;
and

(b) irradiating said wafer with a laser beam emitted from a laser-diode-pumped

solid-state laser or with a higher harmonic of said laser beam, thereby activating said

impurity.

15. A method of producing a semiconductor device according to claim 14, wherein
the dehydrogenation treatment includes at least one type of treatment selected from
the group consisting of heating of said wafer, irradiation of said wafer with a laser

beam, and irradiation of said wafer with an electromagnetic wave.
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(a) adding an inpurity to a surfacial region of a sem conductor wafer having
a depth shallower than 100 nm (al) subjecting said wafer to
dehydrogenation treatnent; and (b) irradiating said wafer with a | aser beam
emtted froma | aser-di ode-punped solid-state |aser or with a higher

harmoni ¢ of said | aser beam thereby activating said inpurity. 15. A nmethod
of produd.nfymetbediof pnddaciog alsemizrauctordievice accomiimg 1 claitmet 4 whereirein
dehydrogenation treatnent includes at | east one type of treatnent selected
from tHbegtepathresiaser bgaof haeiagi agaofe wavelengtrers the taskrdie am affthe atep
wafer with a laser beam and irradiation of said wafer with an

el ect r orfhyneirradiated: onko thies wafemen derda alongitimiuttiat @ pulsené mengyt e ity ey thee
according to claim 14, wherein in the step (al), a | aser beam having a sane
wavel engvafeasuriaceliaset shealler dfian BE0shefem4 byt het grezder tized! 300 ond/bre<waf er
under a condition that a pul se energy density on the wafer surface is not
smal |l er than 500 mJ/cn2 but not greater than 1300 mJ/cnR2. 17. A nethod of
produci ng a sem conduct or device, conprising the steps of, a) anorphizing a
sur f aci al7.rAegietimod6f prodaginganskroicondusctbedevige, ptamprisingithagteps)ofaddi ng an
inmpurity to a surfacial region of said wafer shallower than 100 nm and (c)
heat i ng @tarhegphizind'a stivfatiat redion eph @Bmidordiactbr waifer by plaghtPdopieg; vating the
inmpurity, wherein the step (c) is executed by irradiating said wafer with a

| aser be@ﬂé&dﬁ%kﬁ%@ﬁg{fg% f é&angggr@]ﬁ dégéﬁrwﬂlé%ﬁ&'udwer%héﬁ%@b rih, Qfifg Or Wi th

a higher "harnonhic or s ser
(c) heating at least the surfacial region of said wafer, thereby activating the impurity,
wherein the step (c) is executed by irradiating said wafer with a laser beam emitted

from a solid-state laser pumped by a laser diode or with a higher harmonic of said

laser beam.
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