Descriptio [Title of the invention] A crystalline film production method and a crystalline film
production 5 apparatus [Technical Id] [000I] This invention relates to a crystallproduction method
comprising irradiation of an amorphous film with a pulsed laser beam so that said amorphous film is
microcrystallized to form a crystalline film, and a production apparatus therefor. [Background art]
15[0002] D‘gg&g&%;ge crystalline silicon for thin film transistors (TFTs) to be used in flat panel
displays of thin-type display apparatuses such as liquid crystal display devices, either of the following
two methods is generally used, one is a laser annealing where an amorphous silicon film formed on
the upper layer of a 20 substrate is irradiated with a pulsed laser beam. to melt and recrystallize the
film, and the othE? @%ﬁdrﬁﬁﬁ%’é’%iystallization (SPC) where a similar substrate provided with a upper

layer of the amorphays silicen.filmuissheated inaheatinfuinacetaicauseihe siliconfim to crystallize

and grow in a solid phase without melting. 25[0003] The present inventors have vented that a fine
polycrystallinegibargare be produced by a solid phase growth process in which a substrate is irradiated
with a pulsed laser beam while maintaining a substrate in a heated state, and proposed this process
(see Patent document 1). [Prior art references] [Patent documents]

[Technical field]
[ooo1]
This invention relates to a crystallime film production method
0 comprising irradiation of an amorphous film with 2 pulsed laser beam so that
said amorphous film 1s microcrystaliized to form a crystalline film, and a

production apparatus therefor.

[Background art!
15 [0002]

To produce crystalline silicon for thin film transistors (T'FTs) to be used
in flat panel displays of thin-type display apparatuses such as liquid crystal
display devices, either of the following two methods is generally used, one 1s a
laser annealing where an amorphous silicon film formed on the upper layer of a

20  substrate is irradiated with a pulsed laser beam to melt and recrvstallize the
film, and the other is solid phase crystallization (SPC) where a similar
substrate provided with a upper laver of the amorphous silicon film is heated in
a heating furnace to cause the silicon film to crystallize and grow in a solid
phase without melting.

25 10003

The present inventors have verified that a fine pelycrystalline film can
be produced by a solid phase growth process in which a substrate is irradiated

with a pulsed laser beam while maintaining a substrate in a heated state, and



5[0004] Patent documentJapanese Unexamined Patent Publication (Kokai) No. 2008-147487
[Summary of the invention] 10[Problems to be solved by the invention] [0005] In recent years,
there is an increasing demand for methods that serve for low cost production of large sized uniform
fine polycrystalline silicon films to be used for manufacturing of OLED (organic light-emitting diode)

panels and 1 lzi&)lgsggg%Lgs%ry(%%sd@gl@y&&@p@&iﬁ%ﬂq@. TV sets. In an organic EL display panel, -
{ : !

which is recently regarded as likely to be next generation product to replace liquid crystal displays,
organic EL element emit light itself to achieve a high screen brightness. A luminescent material of the
organic EL elements is driven by a current drive mechanism, instead of a 20 voltage drive mechanism
used in LCDs&Hd fHére SFE it rent requirements for TFTs. For TFTs formed of amorphous silicon, it
is difficult to d@;&rﬁg@ chqggﬁi%ﬁation that takes place over time A large drift, in the threshold voltage
(Vth) occurs to shorten the device life. Polysilicon, on the other hand, is a stable material with a long
life. Howewver jthé4jariation i.n TFT characteristics is large

Patent document 1: Japanese Unexamined Patent Publication (Kokai) Ne.

2008-147487

[Summary of the invention]
10 {Problems to be solved by the invention]
[600E]

In recent years, there is an increasing demand for methods that serve
for low cost production of large sized uniform fine polverystaliine silicon films to
be used for manufacturing of OLED (organic light-emitting diode) panels and

15 LCD (ligwd crystal display) panels for large TV sets,
In an organic ZL display panel, which is recently regarded as likely fo be next
generation product to replace liquid erystal displeys, organic EL element emit
light itself to achieve a high screen brightness. A luminescent material of the
organic EL elements is driven by a current drive mechanism, instead of a

20 voltage drive mechanism used in LCDs, and there are different requirements
for TFTs. For TFTs formed of amorphous silicon, it 1s difficul‘g; to depress itg
deterioration that fakes place over time. A large drift in the threshold voltage
(Vth) occurs to shorten the device life. Polysilicon, on the other hand, is a stable
material with a long life. However, the variation in TFT characteristics is large

25  in the case of TFTs fabricated with a polysilicon film. Such a variation in TFT
characteristics can take place if there is a significant variation in the cryetal
grain size or if interfaces of crystal grains of crystalline silicon {crystal grain

boundaries) exist in the TFT channel regions. The wvariation in TFT



25 in the case of TFTs fabricated with a polysilicon film Such a variation in TFT characteristics can
take place if there is a significant variation in the crystal grain size or if interfaces of crystal grains of
crystalline silicon (crystal grain boundaries) exist in the TFT channel regions. The variation in TFT
characteristics tends to depend mainly on the crystal grain size and the number of the crystal grain

boundaries existing beween.the. chagnels Eudhemare theslectran motilly seodafgorease with

an increasing crystal grain size. In the'case of TFTs for organic EL displays, however, as the electron
mobility by 5 efedttic:fietthinpreasesythie dhanneitiendgthtefdhe theTelvilk hdve Fovddanges, and size of

each RGB (red, green, blue)b}%%xel will depend on the channel length of the TFT, making it impossible
to achieve a HFhTESBRAIGH PTAE STy tHBFETR e AN S AR R dERTAR RS ﬁéz%'rggtal films with

a decreased yguaton Ip seysial 0rain, Sizes Lt IROACL nowILis dificyll, howeyen,fanhe genventional

crystallization methods to solve this problem. The reason is that in the laser annealing process, which
is one of the conventidrdl ones;@matphoussilitomisprndechecRET and there rechysiatliged, 15 and the
crystal grains formed tend Otﬁﬁ"[ arge.in diameter .and also |large in the variation in crystal grain size.
Accordingly, tHeTBER Foa #6}%@1@'@&?&%@3%&% High&® s eribag 6. driRere will be 4
variation in therpumper of ciysialgainsdib these B chanpeliagions . nraddition, these.crystal grains
will have random shapes and adjacent crystals will have 20 different crystal orientations. As a result,
these will have kude dnfluerce o thenariflonfineETsthiafdotenstics: hhpariedlardifferances of
crystallinity are likely to take place in regions where laser irradiation overlaps, and these crystallinity
differences cah Hav a&a%@% fience on the variation in TFT characteristics. In addition, another
problem gan tkgdg)lace due to crystal 25defects caused by surface contamination (impurities). [00071

The crystals produced by the solid phase crystallization process (SPC process) are small in grain size
and also small in TFTtvaribfionilindieatine thet the conventional crystallization metheds to

solve this problem.

The reason is that in the laser annealing process, which 15 one of the

conventional ones, amorphous silicon is once melted and then recrystallized,
15 and the crystal grains formed fend to be large in diameter and also large in the

variation w crystal grain size. Accoraingly, the electron mobility by electric

field will be high as described above, and there will be s variation in the

number of crystal grains in those TET channel regions. In addition, these

crystal grains will have random shapes and adjacent crystals will have
20 different crys‘éal orientations. As a result, these will have large influence on the

variation in TFT characteristics. In particular, differences of crystallinity are

likely to take place in regions where laser irradiation overlaps, and these

erystallinity differences can have large influence on the varation in TFT

characteristics. In addition, another problem can take place due to crystal
25  defects caused by surface contamination (impurities).

[0007]

The crystals produced by the solid phase crystallization process (SPC

process) are small in grain size and alsc small in TFT variation, indicating that



it is the most effective crystallization method to solve the aforementioned problem. However, it
requires a long crystallization time, and it is difficult to apply to mass production. A batch-type heat
treatment apparatus for simultaneous processing of a number of substrates is used in a heat treatment
5 step that can perform the solid phase crystallization process (SPC). As many substrates are heated

simultaneously, ihe heafing andcaoling fimainceasenand e emeeralure dend.ig be ypuniform in
the substrates. If heating is continued for a long period of time at ahgh temperature above the strain
point temperatut@loithE giasesubstaies inthe.salig phtse growtirprogess, thelglass:10 substrates

themselves will suffer shrinkage or expansion to cause damage to the glass. In the SPC process, the

crystallization ¥R e AR TS hiREFHRAR the JasdifRsitSRT oI HmEal sl Hrer&itire
disruon ca e, ETGGLoN 809 a6, SBUIGN, 1L 1o GAE8 SURSHles, Ay e, v i
' t

crystallization is possible, troubles can take place in exposure and other steps, 15 making it difficult to
prepare devicesyTémperature iniforirityisinbrereguinedwith increasing (BPd pragessing temperature.
In general, the crystallization speed depends on the heating temperature, and a processing time of 10

to 15 hours isFeqiifeat B0GE: B 4c OGRS R Fetyifre 4P 656081 bt Saderat tens s tiutes is
required at 7006y £0RGRAIACESSING WSS NCCRSANKIA RAMAIMINPIALESSIRG, wilNgut causing

damage to the glass substrates, making it difficult to use this method for mass production. [00081
The present invenitionchés bésmgecomiplished in siichhbackgrosmd croumstanaesiandibis an object of
the present invention to provide a 25 crystalline film production method in which a fine crystalline film

with a small VERROH I CryStaCgrar: SURSISPrSdAcad SHRAdPHorAEn AMEThdteE Bt ithout
causing damagg, {p-ihe substiate.. JMeaansei-solving fbe prohlems][A009], .. IpGEHically the first

aspect of the crystalline film production method of the present invention comprises irradiating an
amorphous filtadarined bn @5 shstrateswithit torigshets vhatpulsed taserbbarhavithawavelength

of 340 to 358 nm and an ener 3/ density ofCiLSO to 240 inJ/cm2 so that said amorphous film is heated at
a temperature%%tg%séx%%?élc?%%llﬁ'% iR DG SR HRBHHITS Him %%agﬁtallized.

[0010] 10The grystalline, filmsprodudtion apparatus ok thepresent ivantion comprises f.pulsed laser
beam source to emit a pulsed laser beam with a wavelength of 340 to 358 nm, an optical system to

lead said pulségieserlbaainrtcsarvsphdrphousi titrmafokddradiktienn anatenuator ddhadjusb the
attenuati?n rate f.saig &%Jiseq Igser beam emitted.from said Ipulsefl laser beam source sp 15 that said
el Wit BNIT0

laser beam hasan ¢ 1ergy &ensfy%? HE0 {67050°n acPRM S At the alivFRde 6t fﬁ%rﬁﬁ?&‘f}ﬁﬁo’bs film, and a
scanning appaatlsda-saove saidilaserhean relativelyde-said amerphoys fill sqithat:auerlapping

irradiation of said amorphous film with said pulsed laser beam is performed in the range of 1 to 10
shots. speed depends on the heating temperature, and a processing time of 10 to 18
hours 18 reguired at 600°C, 2 to 3 hours is required at 650°C, and several tens of
minutes is required at 700°C. A long processing time is necessary to perform
20 processing without causing damage to the glass substrates, making it diffcult
to use this method for mass production.
[0008]
The present invention has been accomplished in such background
cirvcumstances and it is an object of the present invention o provide a
25  crystalline film production method in which a fine crystalline film with a small

variation In crystal grain size is produced efficiently from an amorphous film

without causing damage to the substrate.

1N



20[00111 According to the present invention, a pulsed. laser beam in a ultraviolet wavelength
range with a moderate energy density is applied to an amorphous Elm with a moderate number of
shots to achieve rapid heating so that the amorphous film is heated up to a temperature not in excess
of the crystalline 25 melting point to allow uniform fine crystallites with little grain size variation, for

instance, profiysiaffree.fineLrystallitaswith a size of 50 nm or less, to be produced by a process that
is different from the conventional melting and recrystallization process. The resulting crystal grains will

grow up to a [@iiiakter of larger than 50 nm when the conventional melting and crystallization

processes are used, and.the crystal grains wil] have a large variation and fail to form, fine crystals
when the melting anéa%?r' g]%ﬁﬁz"a?&% %C%S%}seéjé %ir%g?’e:‘(%%% %‘F\%i% gwgdt%?ﬁ?gtig’rﬁ%%@gss using a
heating furnage.is, carriad: et nAccording-ia. the-Rresentinventiaprfusthermare,theapprphous film to
be crystallized will not undergo further phase change since the amorphous film is heated only up to a

temperatére nobpirescesshot fivel Brylsradivicamelted lpetnth Ron insthricw 2oaliyntié ahigiphous silicon

regions are cgoyerted Injo crystal 10.slicon. sa e fegions whete the pulsed laser heam irradiation
overlaps will have the'Sanié crysithIinﬁy as'in other regions, ea%in‘g to an'lmprovedpaniltlormity Here,

the irradiatiorsvithonpuisad tases hpam:underihe eorditions aseesding tedhs prasentinyention can
heat the amorphous film up to a higher temperature compared to the conventional solid phase

crystallizatiorspideess.risooiiy is qgadfizegulsed laser beam instead of a continuous-wave laser
beam serves %(j:vent the underlying substrate from being heated up to a temperature at which it can
be damaged. %e present invention does not require the heating of the substrate itself, but the present

inventiongmay not 20relimipate: theheating aitheisubsiradeattis deskabledamnthepresent invention,
however, to perform said pulsed laser beam irradiation without heating the substrate [0013] Here, if the
amorphous filfAEFAEY BritHecsubsRAIEIas KGHRYHGUEH 25 EBIShESHR ReRFadTEEd ith high

et sih 3 4 ekiog p somlgnla e s ¥ e et b e ek
amorphous silican isreepierediimtiie Selidiphase withetiteasily undefgeinge attenvation
rate of said pulsed laser beam emitted from said pulsed laser beam source so
15  that said laser beam has an energy density of 130 to 240 md/em? at the surface
of the amorphous film, and a scanning apparatus to move said laser beam
relatively to said amorphous film so that overlapping irradiation of said
amorphous film with said pulsed laser beam is performed in the range of 1 to 10
shote.
20 [0011]

According to the present invention, a pulsed laser beam in g ultraviolet
wavelength range with 2 moderate energy density is applied to an amorphous
film with a moderate number of shots to achieve rapid heating so that the
amorphous flm is heated up to a temperature not in excess of the crystalline

25  melting point to allow uniform fine crystallites with little grain size variation.
for instance, protrusion-free fine crystaliites with a size of 50 nm or less, to be
produced by & process that is different from the conventional melting and

recrystallization process. The resulting crystal grains will grow up to &



ablation, making it possible to process a non-dehydrogenated amorphous film. Described below is the
conditions specified for the invention. [0014] Wavelength range: 340 to 358 rust A laser beam in
the above wavelength range is absorbed efficiently by an amorphous film, particularly by an
amorphous silicon film, and a pulsed laser beam in said wavelength range can directly heat an
amorphous filgy Ehi eliminales.ihe esd i ndieclly arovide adaserabsorptinndayer.an the
amorphous film. Because the laser beam is sufficiently absorbed by the 10 amorphous film,
furthermore, itigspa$sibletopreventthresubstiatenftomebeipg flegtedbyvthié laser bdangand thus
prevent the substrate from E%Heri&gg damage due to deflection or deformation of the substrate. Here, if

the laser bearfHigsd s iR 3_0_ V@Iéﬁlj’[ﬁ%ﬁ@@ R fhé}’rﬁéﬁf’}ﬂ@fn%gncfﬁg’ﬁ%ﬁagﬁ%mprphous
film particularly. an amorphpus silicoprfiln. 1 %Qﬁ%@irﬁ‘g%g&%gs% ly hy-the.amorphaus film,
multiple reflection will take place from a under layer,. And therefore, the light absorption rate in the
irradiatedsportimnsedfctiie amorphous film will depend largely on deviation (variation) in the thickness of

the under layer below the atg:orphoustfivlm. A laser berzt%njn the a}%‘r%rementloned aveleggth range is
completely abaGBE St B0 the RETARE FAVSPBPthd SASHINGGS Fifth, TAPGRARHY hE cAe of the
silicon film Thus.itisinot pacessay d0-Rkente serious.cansiderationthevariatian indheg thickness of
the under layer in producing a polycrystalline film. As the transmission through the amorphous film can
be virtually ighoréel] furthezniore, thismethod tanibexpplied dlsctvstallamaonsihioug fitmeformed on a

metal 25surfage. .OO%SﬁL I cag%e of crﬁsﬁalli;atfi%)n carried out t“)%usﬁ%% a laser beamtwith a
wavelength irf the Visib éer'aﬁlgg, SilEBRTRYEF With B HhiCkAEEs BFB0°RM bF 50 ot riv absorbs it but
also partjglly transmits itHe sultingsiramuitinieereflection from the, undari lRysr below;thessilicon (i.e.,
buffer layer of such as Si02 layer, SiN layer etc.), which will have an undesired influence. Specifically,
the light absoRgtien thtesaatiey ary it herbiiffers| ape oHetdWwaBesHicor fayer does Smordiade a uniform
thickness. A simflar problem wil also take place uith the method that yses.3 capping layer of 5102
ayer etc. on the silicon' 1ayer. n'case where a%u sed laser beam with a wavelength in the

infrared rangeyisd+gad; & SHeqRdayer withraithickness: 0t BY snersewilbhardly.absorhthe laser
beam, and therefore, a light absorbing layer is commonly provided on
temperature compared to the conventional solid phase ervstallization process.

[o012]

iz
o

Use of a pulsed laser beam instead of a continuous-wave laser beam
serves to prevent the underiying substrate from being heated up to a
temperature at which it can be damaged. The present invention does not
require the heating of the substrate itself, but the present invention may not
20  eliminate the heating of the substrate. It is desirable for the present invention,
however, to perform said pulsed laser beam irradiation without heating the
substrate.
[0018]
Here, if the amorphous film formed on the substrate has high hydrogen
25 content and i1s irradiated with mgh energy such as by the melting and
cryetallization process, the 51-H molecular bond is likely to break and undergo
ablation, leading to dehvdrogenation. When the process of the invention 1s usad,

the amorphous silicon is converted in the solid phase without easily undergoing



10 the silicon. If the present case is applied, however, it naturally requires a step to form a light
absorbing layer and a step to remove it after the pulsed laser beam irradiation. In view of these,
the present invention requires the use of a pulsed laser beam with a wavelength in the ultraviolet
range of 340 to 358 nm. 15{0016i Energy density: 130 to 240ind/cm2 If an amorphous film is
rradiared with p ischiaSeL REAMMID a,20R1aRrIAL defree. ok eReiey densibiahiic amorbhous
film)., the amorphous film will crystallize in the solid phase or aftér being heated to a temperature 20
above the melting pdirtofithé arhorphats andinotin excessidbthéctystalline melting point,. leading to
formation of fine crystal. If the energy density is lower, the amorphous film will not be heated
sufficiently uptgegiaé‘ equired temperature, leading to insufficient crystallization or making it difficult to
achieve cryst@j%g@&tg ltggg%ngggytggggi%s higher, on the other hand, melt 25 crystallization or an
ablation will occur. Thus, the pulsed laser beam used should have an energy density in the range of
130 to 249m,Pcin2. [804# Themnumbér ofishetsaldedfh randearinadigtiohadfi@nraindrphous film with
a pulsed laser beam, the number of shots in ane region is prescribed appropriately. If the energy
varies over thééna‘?é’é%‘f}%ﬁlésilgzﬂi’aﬂﬁﬁmﬁ@ iR B AT BF iF B'i’é:‘tigﬁ% 40 6riHotE shots allows

the crystallizatiQp temperatyesio-ke averaged. Makipg. itk pessible i produce-iniferm.fine

crystallites. If the number of shots is too large, the amorphous film can be heated up to above the
crystalline metdting o, pessisly causingreeltingrovidblatidasawitbernineredsing numiler of shots,

furthermore, a longer processing time wil| be_requited, leading to a lower efficjency. 10[0018] Degree
of crystallinity?%ﬁr%@g%/ogfm' r}??gaﬁ%%eéﬁlebtﬁ%‘t Péa}a"edf‘eé"éfugfﬁ%ri}el\t{l_liﬁi]fﬁ§ ﬁgjég’fe 60 to 95%
under thesaforementionest conditionsder vavelengthienergy.dansity, and:asmber.of. shats. If the

degree of crystallinity is less than 60%, it will be difficult to develop a film with good characteristics to
be used in thikeBiat trainsistots setchyetegred oferystaliinity 6f:66% oraioréwill nofferarhieved if the

amorphous film are nggdﬁﬁggﬁgd a sufficient energy. If. the dbegree of crystallinity is more than 95%, on

the other hana?}fﬁaég%rys‘fa te S|zcéjl\{/}vrfllot15ea(%{r}ﬁ‘ten?§}%e, fr‘ﬁ%ﬁi% Tditcult to produce fine, uniform

crystallites. The20 degseesef sevsiallinityivilh gasily exeage-9ed0t-i:nulsed:aser heam iradiation
continues above the crystalline melting point.
can transmit an amorphous film, particularly an amorphous silicon film,
16 though absorbed partially by the amorphous film, multiple reflection will take
place from a under laver, And therefore, the light absorption rate in the
irradiated portions of the amorphous film will depend largely on deviation
(variation) in the thickness of the under laver below the amorphous film. A
laser beam in the aferementione&.Waveiength range is complietely absorbed at
26 the surface layer of the amorphous film, particularly in the case of the silicon
film. Thus, it 1s nof necessary to take inte serious consideration the variation in
the thickness of the under laver in producing a polycrystalline film. As the
transmission through the amorphous film can be virtually ignored, furthermore,

this method can be applied also to an amorphous film formed on 2 metal

surface,

S
[}

[0015]
In case of crystallization carried out by using a laser beam with a

wavelength in the visible range, a silicon layer with a thickness of 50 nm or s0

~1



The degree of crystallinity is specifically determined from the area of the crystalline peak and. that. of
the noncrystalline peak in Raman spectrometry  (peak area of crystalline Si! (peak area of
noncrystalline Si + peak area of 25crystalline Si)). [0019] Here, it is preferable that the pulse width
(half-width) of the pulsed laser beam used is in the range of 5 to 100 ns. If the pulse width is too small,

the maximU%BQV&%F?%%E%\MHJ%&%%JO%%@; flanup,ip aternpernatire Rbgyeithe melting point,
|

possibly causing melting or ablation. If the pulse width is too large, the maximum power density will
decrease, possibiytiailifgto dechieviehéatingbepto thterberatlire Whefer selidiphfsesbrystallization can

take place. [00201 Itis preferable, furthermare, that the pulse frequency of the pulsed laser beam
used is in the%?%?%%?‘lﬁﬁ-‘ifﬁﬁ?pﬁ%& %&%PB%%WM%H% propriatey Righ 5tise frequency (6

kHz 10 or moyg) wifi sgpue-fr pificient srystallization because:the shabinienvah capbgshortened and

the heat developed by pulsed laser beam irradiation can be retained in the amorphous film An
excessively high perisesfregiencyhork thesotheirhand Hislikely tolcalsetmaitingcanditbidtion. [00211
15It is preferable thgt the short axis widthof sa;hdsgﬁlﬁzd_laser‘ beatﬁ in.iihe range of 1.0 mm or less.
Scanning the BETLEH TH8EFBSHT IR IHREdIEREIBh B th& ERbT S48 Wt 1eTatveRf to the amorphous film

serves for crystallization Quegadargesegionwhilerjgradiating and:beating-palticidan partsiof the
amorphous film If the 20short axis width is too large, the scanning speed has to be increased for
efficient crystafizationdeddingliolalyeregiipmentkosts of 50 nm or so will hardly absorb
the laser beam, and therefore, a light absorbing layer is commonly provided on
10 the silicon. If the present case is applied, bowever, it naturally requires a step
to form a light absorbing layer and a step to remove it after the puilsed laser
beam irradiation.

In view of these, the present invention requires the use of a pulsed laser

heam with a wavelength in the ultraviolet range of 340 to 358 nm.
15 [0016]
Bnergy density: 130 to 240md/em?

If ap amorphous film is irradiated with a pulsed laser beam with an
appropriate degree of energy density (at the amorphous film}, the amorphous
film will crvstallize in the solid phase or after being heated to a temperature

20  above the melting point of the amorphous and not in excess of the crystalline
melting point,. leading to formation of fire erystal. If the energy density is lower,
the amorphous filn will not be heated sufficiently up to a required temperature,
leading to insufficient crystallization or making it difficult to achieve
crystallization. If the energy density is higher, on the other hand, melt

25  crystaliization or an ablation will occur. Thus, the pulsed laser beam used
should have an energy density in the range of 130 to 240md/cm?.

(00171

The number of shots! 1 to 10



[00221 Scanning the pulsed laser beam relatively to the amorphous fdra allows said amorphous
film to crystallize in the plane direction. Said scanning may be achieved by moving the pulsed laser
beam, moving the amorphous film, or moving both. Said scanning is preferably performed at a speed
of 50 to 1000 mm/sec. If this scanning speed is too small, the maximum power density will increase to
heat the amorphous film yp.to.atemperaturs abavadhe erystaline,meltingspeintpassialy causing
melting or ablation. If the scanning speed. is too large, the maximum power density will decrease,
possibly callimg tohachieseckeatingeuretiva temperatbed wherepsolidiphdsbecnystatiizatioascan take

place. [0023] ere, the production apparatus of the present invention uses a solid-state laser
source to proﬂ%etgepﬁﬁéoefgéér%@ﬁ%gg] eﬁﬁ}aﬁ%‘i’é‘%z?gaeﬁléﬁ?lgrér%iﬁlgl SRR puig&diaser beam in
an intended wavelength tange. fhelaserheam squiss-withhighomaintainakilitycar:ke incorporated
for efficient fine 10 crystallite formation. It is possible to irradiate an amorphous film with a pulsed laser
beam after apprepriate enetgyderiSityraijystrvertibjean energy adjustment device to ensure
production of uniform, fine crystals. The energy.adjustment device may be designed so that the output
of the solid-state Iasr2¥ %I%)u’? i Si%eégﬁtgr%ﬁteséstégagc dileé{?é%g To?elﬂa%%irlpnul%%){%ﬁ%?g%ﬂlegéeﬁgﬁé,ugr the 15
attenuation rate gfihe puseddasenbeamemitied:fropthesolid:-stateasansauramismwentrolled for
energy density adjustment. Said pulsed laser beam is relatively scanned, by a scanning apparatus, to
the amorphoUSifilns.toladiswsfine nunifsmne orystalSusther provu édanscam Mepropriatedctree of
crystallinity in large regions af the amorphous film The scanning serves to set an appropriate pulse
frequency, sh%ert%ﬁ%lv%f%ﬁ?&i%lﬁ?gﬁ%tﬁsﬁeﬁefaé%%r%eélacﬁi, and scanning speed so that the number of shots
in one rggion @t amorphous film is 1 to 10, Said scanning apparatus may be designed so that
the pulsed laser beam is moved by moving the optical system that collimates the pulsed laser beam or
by moving thé sk micumtiiglthsyaforpliots film [Effect oteinvention] [0024] heat an amorphous film
to crystallize it at a temperature not j ess of the eryst L!%ﬂef. elting.poi g an
amorphous Mm on :fgg%gtlr%%’g ?%J%ﬁﬁ%;%ﬁﬁh%ﬂ%&%&i ozt%@% %og sjeegé%ashezéé ggﬁaﬁr@naéi?/gdiation with a
wavelength of;340:-ta 358 & anskenergy densityi9fsl 36-ter240imdtem 2nda-gohenthie 5 afidrementioned
problem, the present invention ca.n produce an extremely uniform film that contains crystals with such
a small averagegbain dizEreiat Fushsr Resraccstar §raiRe Can & ficoipBralta:-inta"fET°8hannel

region. lnrecanly developed IF TScie Ungvadih ishecerming smalleLapdl ihe.sige, e regions for
channel formation (channel len tﬁ, channel width) is also becoming 10 smaller. Accordingly, there is
an increasingtgemanc:-fore niethatkthat eastaliow:s sfalsie: enystattineifilmowith acskmadidaijerage grain
size to be produced uniformly gver the entire surface of a substrate, ip par;iCﬁlar; there is increasing
need for a cryStalRFAABIPIEEh Aidte fial Ca FRITATZ et SR ERSTET T ChEratRAgtds between
adjacent feg'%@%sﬁrﬂﬁxﬂzg negd canhe fylly, met 19 by the.presantinvention;in.additiop; this also
serves to remove impurities from the film surface. According to the present invention, furthermore,
the cost for batiregeipment ardingintehfihodican beorbductds|eadifvgrio amindisased bperating rate
for the processing, and in turn, an increased productivity., .. . . ..
20  degree of crystallinity will easiiy exceed 95% if pulsed laser beam irradiation
continues above the erystalline melting pomt.
The degree of crystallinity is specifically determined from the area of
the crystalline peak and that of the noncrystalline peak in Raman spectrometry
{peak area of crystalline Si/ (peak area of noncrystalline Si + peak area of

crystalline Si)).

Lo
o

{0018l
Here, it is preferable that the pulse width (half-width) of the pulsed

laser beam used is in the range of 5 to 100 ns. If the pulse width 18 too small,



20[0025]  The process of the present invention can perform processing at a temperature not in
excess of the transition point of the substrate (glass etc.), or at a considerably low temperature even in
cases where it is above the transition. point, allowing only the amorphous film to be crystallized by
applying a laser 25 beam to heat it up to a high temperature. At the same time, it also serves to

produce crystallites, with,iz6,ef50 00 Q7 Jessiguickly. dn addition Mﬁ@'%%e@m_@}z&@é 50 nm or less

can be produced i.n regions where laser irradiation overlaps (effective for production of large area
crystallizatiombove thdorebims pHticanpmisiiize the gshapeichangbs:inothd Stbstrate (defiection,
deformation, interna| stress). The substrate is slightly. heatﬁfj at the same tir gserving to remove
impurities exiStitgCin tHE ariSroRBTIER RR8 TorthftRation off He &t ke S Brib HEScHption of the
drawings [0026},;.{Eigue 1} Fhis,shows.aongitudingl %@gu%ggéégwaﬁ%%@ﬂqﬁaaser

annealing apparatus that constitutes a production apparatus in an 10 embodiment of the present
inventions [Figire=2] Similarly this shows SEM. photographs of thin films irradiated with a pulsed laser
beam under @E{%ﬁf production conditions in Examples. [Figure 3] Similarly this shows SEM
photographs films irradiated with a pulsed. laser beam under various production condi.tions in

other Examples. 15 [figure-dlsimiary:this-shpws:BEM photographs @idthinfims radiated with a
pulsed laser beam under various production conditions in other Examples. [Figure 5] Similarly, this
shows resultdsfRagmanspdcometey fBesrifotdefokEurrying out the invent o 20[0027] An
embodiment of the pﬁ&esﬁgte (I{L\/entl nis de%crlbed below.with r%‘ encl%et%F%%ure 1_ng%%crystalllne film

production method of R EmBodiment focuses S rgﬁbqstreaﬁfe %0 he séd i the Gvice in a flat

panel display.ARthas @Ml serve for efficient crystallization because the shot interval can be
shortened and the heat developed by pulsed lsser beam irradiation can be
retained in the amorphous film. An excessively high pulse frequency, on the
other hang, is likely to cause melting and ablation.
loo21]
15 It is preferable that the short axis width of said pulsed laser beam isin
the range of 1.0 mm or less.

Scanning the pulsed laser beam in the direction of the short axis width
relatively to the amorphous film serves for crvstallization over a large region
while irradiating and heating particular parts of the amorphous film. I the

20 short axis width is too large, the scanning speed has to be increased for efficient
crystallization, leading to larger equipment cost.
[6022]

Scanning the pulsed laser beam relatively to the amorphous il allows

said amorphous film to crystallize in the plane direction. Said scanning may be

25  achieved by moving the pulsed laser beam, moving the amorphous film, or
moving both. Said scanning is preferably performed at a speed of 50 to 1000
mm/sec.

If this scanning speed is too small, the maximum power density will

10



25 amorphous film, a thin amorphous silicon film 8a has been formed on said substrate 8. The thin
amorphous silicon film 8a is formed with a common method on the substrate 8, and dehydrogenation
is omitted. This description, however, is not intended to limit the prope es of the substrate or
amorphous film used for the presentinvention. [0028] Figurel shows a solid-state ultraviolet laser

annealing apparatus 1used farthe srystallinefilay pros ustion racthodtpvhenembediment of the
present invention. The solid-state ultraviolet laser annealing apparatus 1 works as the crystalline film

production appatatesobthedavidhtionusing Tia betigrsthie Uimmalicks rEBRERT@ARAd BB Paratus 1
comprises a solid-state ultraviolet laser oscillator 2,that emits a pulsed laser beam with wavelength of
r%a’r%@ul % efrgﬁfﬂ,lmum ngstrgilgeﬁgluy W g creds ﬁP%S%%bX a38h ﬂ% d\

34010 358 n ency o Z, and pulse Width 5 to 100 ns, Insta ona

vibration-free-hase 6,804 saidsrlid:siate iravioletinser oseillaleniprovideska edatol circuit 2a to
produce pulse signals. [0029] An atten.uator (attenuation unit) 3 is provided on the output side of
the solid-statéd0fraviolet laser oscillator 2, and an optical fiber cable 5 is connected 15 to the output

side of the attenuatay;3,yia 3 coupler 4, The nsmiting epd, of e, gpical ogr,cabls.5 s connected to
an optical system 7 At comprlges condensér fenses 70a and b, and beam homogenizers 71a and

71b, etc., prayided-hetween the cendensetienspsiZnl ans: TebxOn the autgoinigiside of the optical
system 7, a substrate placing table 9 is installed for placing the 20 substrate 8. The optical system 7 is
set up so thasirshages B FsedRA L BEARTRIS ATERtaRTHtY BFHRRET SRR with*ashort axis width of

LOmm or less. .. Saidsybsrateniadng table .5 Ipvabla i ths plane diteslion O X.direction) o

the substrate &%%nsé)%ﬁew& andprov with a Scanning apparatus 10 for high speed movement of
the subsfrate placingitableQ. in-said 25 plaitéedirectidin $0830morpDescibedwélevp aithih amorphous
silicon film crystallization method using said solid-state ultraviolet laser annealing apparatus 1.
iaser beam after appropriate energy density adjustment by an ehergy
adjustment device to ensure production of uniform, fine crystals. The energy
adjustment device may be designed so that the output of the solid-state laser
source is controlled fto achieve a predetermined energy demsify, or the
15 attenuation vate of the pulsed laser beam emitted from the solid-state laser
spurce ie controlled for energy density adiustment. Said pulsed laser beam is
relatively scanned, by a scanning apparatus, to the amorphous film o allow
fine, uniform crystals to be produced at an appropriate degree of crystallinity in
large regions of the amorphous film. The scanning serves to set an appropriate
20 pulse frequency, short axis width of the pulsed laser beam, and scanning speed
%0 that the number of shots in one region of the amorphous film is 1 to 10,
Said scanning apparatus may be designed so that the pulsed laser beam

is moved by moving the optical system that collimates the pulsed laser beam or

bv moving the table mounting the amorphous film.

[Effect of the invention]
[0024]

Thus, as described above, the method of the present invention serves to



First, the substrate placing table 9 carries a substrate 8 on which a layer of thin amorphous silicon film
8a is formed. In this embodiment, heating of said substrate 8 with a heater etc. is not performed.

The control circuit 2a generates pulse signals to produce a pulsed laser beam with a prescribed pulse
frequency (S to 10 kHz ) and a pulse width of 5 to 100 ns. , and the pulse signals are used by the

solic-state ultgayiolet \aser.assilater2 so.Amit A;puised laserheam with 2 wavelength of 340 to 358

nm. [0031] The pulsed laser beam emitted from the solid-state ultraviolet laser 10 oscillator 2 reaches
the at,tenuatorBsauitl mdtenlidtedrat:a preceterninethattanuation rite whitepassiagethrprigh the

attenuator 3. Said attenuation rate js adJ}rlfISted so, that the pulsed laser beam will have an energy

density requirdRffBF BB esEht theRpich RIS prSEREERHT PIRHEATAR TNt StBF 2 5hEY be of a
variable attenyatign rate;Eepe..15The puised daserbeam with. an adiusted.energy densiy is transmitted

through the optical fiber cable 5 and introduced into the optical system 7. In the optical system 7, the
pulsed laser béammisshegpsd bycthenconbensestenses 78aeand 0 art:ream kemegehizers 71a and

7n, etc., into a rectangylar or linear beam with a short axis width of 1.0 mm or less, which is emitted
toward the 20°Si65TFate fg‘aicﬁ?%lﬁ“ﬁéaﬁﬁ%}ﬁ W ﬁﬁ‘%h@ré??i]g SRHFIEEH 948 t3lem2 at the

processing plape [0032}Saidssupstrate: placing table s meved bythe seanning.apparatus 10 in the
short axis direction of said linear beam along the surface of the thin 25 amorphous silicon film 8a. As a

result, a largereegitly dtthadosadf 808 of the vaidtkir: ammrphous sificole filmBehisdiradiatee with relative
scanning by said pulsed laser beam Here., the speed of mgveme trb he scannin.q apparatus is
ustedt 5o EFHRE SCaANTT SpEBE b e ST 12287 BB A0 He0 VST 1 o 10
shots of gverlapping inadiation of the.pusediaseheam ars.ampliadio:-pre degionoi e thin
amorphous silicon film 8a Said number of shots is determined based on the frequency of said pulse,

pulse width, shottednds wickiz Bitheibulsed fage shedin wid Scammiing spedd dfetherpiised laser

uniformly over the entire surface of a substrate. In particular, there is
increasing need for a crystallization technigue that can minimize the difference
in TFT cheracteristics between adjacent regions, and this need can be fully mat

15 by the present invention. In addition, this also serves to remove impurities
from the film surface.

According to the present invention, furthermore, the cost for both
equipment and maintenance can be reduced, leading to an increased operating
rate for the processing, and in turn, an increased productivity.

20 [0025]

The process of the present invention can perform processing at a
temperature not in excess of the transition point of the substrate (glass ete.), or
at & congiderably low temperature even in cases where it 18 above the transition
point, allowing only the amorphous film to be crystaliized by applying a laser

25  beam to heat it up to a high temperature. At the same time, it also serves to
produce crystallites with size of 50 nm or less guickly. In addition, crystallites
with size of 50 nm or less can be produced in regions where laser irradiation

overlaps (effective for production of large area crystallization),



5 beam. [0033] Said irradiation with the pulsed laser beam serves to heat only the thin amorphous
silicon film 8a on the substrate 8 to achieve quick polycrystallization. During this step, the thin
amorphous silicon film 8a is 10 heated at a temperature not in excess of the crystalline melting point
(for instance, above 1000C to about 14000. The heating can be performed either at a temperature not

in excess of the amogghaus. mejting, point; ar.at a tepperatye ahove the amorphoys melting point and

not in excess of the crystalline melting point. 15The thin crystalline film produced by said irradiation
contains unifédef)dimerhitticqualityrcrystadsalittrascryBial giaine size of b iipnientedsatitkfree of
protrusions such as those resulting from the conventional solid phase crystal growth process. Typical
preferable onEHicitiae HEXERith. SHAVerRR GraR 6726 M Br 188 SENEFPAStANHR Fdéviation of 10
nm or less. The,crystal grain,size 20.can be measured by the atomic force microscopy (AF1VI). The
degree of crystallinity of the resulting crystals can be calculated from the ratio between the crystalline
peak are& and the noncrystalline peak area determined by the Raman spectroscopy. Said degree of
crystallinity is_preferably 60 to 95%. Said thin crystalline film can be used effectively as material for
organic 25 ELHi ﬁ%f/‘é‘flﬁﬁ%np?%gé%l{ﬁ\%ﬁﬁ%n, however, is not limited to these uses and can be useful
for other liquighgrystal displays and electronic materials. The substrate placing table in said
embodiment moves in order to perform relative scanning of pulsed laser beam, but instead, the optical
system that cBllimatds e palses|lasbmoeadimbydséimoved atBchightspdea tioperfesar such relative

scanning of a ulseid LE?.SeI‘ bearp. Exagmple 1 5L00341 Described below are Examples of the present
invention in c%grr%g 186n RRFFCBMpatative SEMPIRE 2 AR BHaHihePRAS Eatriéd off in which a

thin amorphous siligan film-formed erthewsuage of a glass substrate with a common method was
10irradiated with a pulsed laser beam using the solid-state ultraviolet laser
[Figure 2] Similarly, this shows SEM photographs of thin films irradiated with
a pulged laser beam under varicus production conditions in Examples.
[Figure 3] Similarly, this shows SEM photographs of thin films irradiated with
a pulsed laser beam under various production conditions i other Examples.
15 [Figure 4] Similarly, this shows SEM photographs of thin films irradiated with

a pulsed lassr beam under various production conditions in other Examples.

[Figure 5] Similarly, this shows results of Raman spectrometry.

[Best mode for carrying out the invention]
20 [0027]
An embodimeni of the present invention is described below with
reference to Figure 1.
The crvstalline film production method of this embodiment focuses on a
substrate 8 to be used in the THFT device in g flat panel display, and as an
25  amorphous film, & thin amorphous silicon film 8a has been formed on said
substrate 8 The thin amorphous silicon fiim 8z is formed with a common
method on the substrate 8, and dehvdrogenation 1s omitted.

This description, however, 1s not miended to Hmat the properties of the

13



annealing apparatus 1 as described in said embodiment The pulsed laser beam used in said
experiment had a wavelength of 355 nm in the ultraviolet range, a pulse frequency of 8 kHz, and a
pulse width of 80 nsec. The energy density was adjusted to an intended energy density value by 15
controlling the attenuator 3. The pulsed laser beam was shaped by the optical system so that it is
circular at thespresessingiarshandsine amarphaus siicontfilmanihe substrate was irradiated with
the pulsed laser beam under various conditions for the energy density, beam size, and number of
shots at the p{%sing plane 20 The amorphous silicon was heated and converted into crystal silicon.
Evaluation of this irr%diat@edltgmefilm was car i&d ol .pasei:gl SEM%)hotll?gra hs astsho¥vn Figure 2.
The conditions and evaliation resulfs are sRdwn ih 1aple fo%%%S]a BireR a%&%%dl faser beam with
an energy deasity ef-7OmaJisias.uses ferdaadiationoftadhin fithy eysialsaf-t040 2Q nm as shown
in Photograph 1 were produced after 8000 shots. This process, however, was not industrially useful
because the Htgfitidr Fetvistvashoosiigetant 2I6AEPericasor proeedsing wmewaséquired.  On
the other hand crystalizarion ofia(hin amorehous: fimwas ot achiexed af an energy density of 70
mJ/cm2 and 86 Shots. THiS 1S because the energy epnsny was {00 fow 1o cause crystallization even at

an increased numbeTef shotsstateSubsegurntiywhemthe BRgrgyseasity af the:puilsedJaser beam
was increased to 140, 160, 180, and 200mJ/cna2, uniform and fine crystals were produced as shown

in Photograpﬁoii‘{ldsé%tgdﬁé’é’ﬁ’&‘éiﬁﬂ)l?ﬁ%e‘fﬁ‘fﬂéa@ﬁe?g%éﬁé&?%ﬁtﬁ@ﬁ@%é@%fs@?%a‘fﬁ%as 10
increased to gadmiieme2. fHa i wasieaier s lo.adempesatie above s Gsiplipe meting point

and melted into a melt-crystallized state, failing to develop fine crystals, as shown in Photograph 7.
Ablationitooktplace as, shewtidd Phetagbaphicd viaerhthe enengysdehsiiiobthe pulseddaser beam was

further increased to 260mJ/cm2. o ‘
laser osciliator 2 provides a control circuit 2a to produce pulse signals.
f0029]
An attenuator {(attenuation unit) 8 is provided on the output side of the

solid-state ultraviolet laser oscillator 2, and an optical fiber cable 5 is connected

to the output side of the attenuator 3 via a coupler 4. The transmitiing end of

fod
o

the optical fiber cable § is connected to an optical system 7 that comprises
condenser lenses 70a and 70b, and beam homogenizers 71a and 71hb, etc.,
provided between the condenser lenses 70a and 70b. On the outgoing side of the
optical system 7, a substrate placing table 9 is installed for placing the
20 substrate 8. The optical system 7 is set up so that it shapes a pulsed laser beam
into a rectangular or linear beam with a short axis width of 1.0 mm or less.
Said substrate placing table 8 is movable in the plane direction (XY
direction} of the substrate placing table 9, and provided with a scanning
apparatus 10 for high speed movement of the substrate placing table 9 in said
25  plane direction.
{0030}
Described below is a thin amorphous silicon filmn crystallization method

using said solid-state ultraviolet laser annealing apparatus 1.

14



15Thus, production of uniform and fine crystals is possible only when the conditions for the energy
density of the pulsed laser beam, pulse width, and number of shots were set up appropriately [00361
As obvious from these photographs, the thin polycrystalline silicon film 20 produced by the method of
the present invention was small in crystal grain size variation and uniformly polycrystallized over the
entire surface, indicatiag: thakitwas.ahigh quality-dhin pelyenystallingsiieen filon Atdhe same time, it
was also found that similar uniform crystallites were formed in regéjgsns su%%f?cted to overlapping

irradiation. THever/etahiramswoOR S HARC TS0 $icorieasd abu 2 pedwhBtusiEerhus, uniform

and fine crystalline,silico film§ were q{oduce indic%tin hat it;was possible to provide silicon films
- L. SEral v e 2 ; \
with little Varlgtlg?]l{lins ¢ %ra\étlen&lcs?[% | rable 1] 19 0038] Described below are other

Examples of the pregent ionenliotrin:cQmpanisanayithicoripasadive pxamplespAnaxpesiment was
carried out, in which a thin amorg;]ous silicon film formed 5 on the surface of aalass substrate with a
common fetherhEE aarstsd dathralseiSea 1a86Y Kol UG tHe S dlig desty WHaAddt laser

annealing apparatys 1 as descrined.in said empodiment The nulsgd daser beam pseg 1g,said
experiment had a wavelength of 355 min in the ultraviolét range, a pulse frequency of 6 to 8 kHz, and
a pulse width@at8ins (hseehilhe pllstlenerbyam with a wavelength of 340 to 358 nm.
10031}
The pulsed laser beam emitted from the solid-state ultraviciet laser

16 oscillator 2 reaches the attenuator 8 and attenuated at a predefermined
attenuation rate while passing through the atienuator 3. Said atienuation rate
is adjusted so that the pulsed laser beam will have an energy density required
for the present invention at the processing plane. The attenuator 3 may be of a
variable atienuation rate type.

15 The puised laser beam with an adjusted energv density is transmitted
through the optical fiber cable 5 and introduced into the optical system 7. In the
optical system 7, the pulsed laser beam is shaped by the condenser lenses 70a
and 70b and beam homogenizers 71a and 71h, etc., into a rectangular or hinear
beam with a short axis width of 1.0 mm or less, which is emitted toward the

20  substrate 8 to achieve irradiation with an energy density of 130 to 240 md/em?
at the processing plane.

[0032)
Said substrate placing table 9 iz moved by the scanning apparatus 10 in
the short axis divection of said linear beam along the surface of the thin

25  amorphous silicon film 8a. As a result, a large region of the surface of the said
thin amorphous silicon film 8a is irradiated with relative scanning by =zaid
pulsed laser beam. Here, the speed of movement by the scanning apparatus is

adjusted so that the scanning speed of the pulsed laser beam is 50 to 1000



10 density was adjusted to an intended energy density value by controlling the attenuatar 3. The
number of shots was adjusted to an intended number controlling the stage speed, The energy density
and the number of shots used for the various test specimens are shown in Table 2. The
measurements of the degree of crystallinity made below are also shown in Table 2. 15The pulsed

aser beam wasshaned by he eRiGILSIeT SO LinserBIcdsaherocessingiplane, and the

amorphous silicon film on the substrate was irradiated. The amorphous silicon was heated and
converted intéxsrystaiisditonnEvediationtbe thisnimadigtbduhiliilon ks Sarrfzddoutbasedion SEM

photographs as shown in Figures.3 and 4 and Raman 20 spectrometry as shown in Figure 5. The
degree of crygﬁﬁﬁ’nf@ %ﬁ%rc%glfé{fﬁ:fe%eﬁ%?ﬁ aeméﬁqs‘iﬁégﬁoorﬁ%?fé é’é‘f%%ﬁ\"&s[% gﬁg‘éﬁ’u%&ﬁfﬁ (1): peak

area of crystalline Sigpeak aread af-eensrystaling Sidipeakarea gferysalineBik.q 1asapecifically in
the following Examples and Comparative examples, Raman spectrometry was carried out for thin film

specimens witk#thickness 25 of 50 nm by irradiating of an Ar ion laser beam with a wavelength of
514.5 nm an t of 2 mW condensed to a 1 mm diameter. The results of Raman spectrometry
shown in Figure 5indicate that a sharp peak of crystal Si exists near 520 cm-1 while there exists no

significant peak for amedpheus Siceali#80:Gmided lasbrHhaIMOre: Gayssianfiting was performed
with the least square method to separate two peak waveforms, and these peaks were substituted in

said equationf@yt8Raeulstéane dégree ¥ crystallibity. SEbiite® sHowtrresuhicst Exansble 3 described
below and th hove calculations indicate that.the degree, of crystallinity, is about 88%. 10039]
§£§u§§g§%ﬁzg¥m lsyiationsindiate thatdhs, EmOLe i U

(Example 2) aser beam wasa JustedePd have an energy density 0 '30rJ/ém2 and a
pulse frequerigyaef® kHz. fingarystallies with-acdiameterof 1001 20-nmaNere fesmedsn a thin film
irradiated with 6 shots of said pulsed laser beam, as shown in Photograph 10. Raman spectrometry
indicated thatlﬁéaﬁ‘éﬁréé%ﬁégg?ﬁﬁiﬁﬂﬁﬁ% 8895 Similae festins saresitareansh et ine pulse

reawer s LGNS o bR e e
10 to 20 nm wersformed intathinHininadiaied withierghotsof said pustd excess of the
crystalline melting point.

15 The thin crystalline film produced by said irradiation containe uniform,
fine, gh-quality crystals with a crystal grain size of 50 nm or less and free of
protrugions such as those resulting from the conventional solid phase crystal
growth process. Typical preferable ones include those with an average grain of
20 nm or less and a standard deviation of 10 nm or less. The crystal grain size

20 can be measured by the atomic force microscopy (AFM). The degree of
crystallinity of the resulting crystals can be calculated from the ratic hetween
the crystalline peak area and the noncrystalline peak avea determined by the
Raman spectroscopy. Said degree of crystallinity is preferably 60 to 95%.

Said thin crystalline film can be used effectively as material for organic

25  ElL displays. The present invention, however, is not limited to these uses and
can be useful for other liguid crystal displays and electronic materials.

The substrate placing table in said embodiment moves in order to

perform relative scanning of pulsed laser beam, but instead, the optical system

16



20 laser beam, as shown in Photograph 11. Raman spectrometry indicated that the degree of
crystallinity was 88% Similar results were obtained when the pulse frequency was adjusted to 8 kHz.
[0041] (Example 4) 25A pulsed laser beam was adjusted to have an energy density of 150mJ/cm2 and
a pulse frequency of 6 kHz. Fine crystallites with a diameter of 10 to 20 am were formed in a thin film
irradiated withie sbatsmefsaichpylskddasesieam, asshewibin Photograpkhi2d Rapaafyspectrometry
indicated that the degree of crystallinity was 90%. Similar results were obtained when the pulse
frequency wak SRR fEH tos SRR 0D A2 (ES@MBRE BYSA pulsed laser beam was adjusted to have an
energy density of 160milcm2 and a pulse frequency of 6 kHz. Fine crystallites with a diameter of 20 to
30 nm were formed in a thin film irradiated with 6 shots of said pulsed laser beam, as shown in
Photograph 1BxRashan spectrometry indicated that the degree of crystallinity was 90%. Similar results
were obtainifgwh n the 10 pulse frequency was adjusted to 8 kHz. [0043] (Example 6) A pulsed
laser bedn §%f§justed to have an energy density of 180mJicm2 and a pulse frequency of 6 kHz.

Fine crystallites Withﬁe@@mg&eﬁe%w are Examples of the present invention in comparison

with Comparative examples.

An experiment was carried out, in which a thin amorphous silicon film

formed on the surface of a glass substrate with a common method was
16 irradiated with a pulsed laser beam using the solid-state ultraviolet laser
al;neaiing apparatus 1 as described in said embodiment.

The pulsed laser beam used in said experiment had a wavelength of 355
nm in the ultraviclet range, a pulse frequency of 8 kHz, and a pulse width of 80
neec. The energy density was adjusted to an intended energy density value by

156 controlling the attenuator 5.

The pulsed laser beam was shaped by the optical system so that it is
circular at the processing plane, and the amorphous silicon film on the
substrate was irradiated with the pulsed laser beam under various conditions
for the energy density, beam size, and number of shots at the processing plane.

20 The amorphous silicon was heated and converted into crystal silicon.
Evaluation of this irradiated thin film was carried out based on SEM
photographs as shown in Figure 2. The conditions and evaluation results are
shown in Table 1.

[0085]

25 When a pulsed laser beam with an energy density of 70mdiem? was
used for irradiation of a thin film, crystals of 10 to 20 nm as shown in
Photograph 1 were produced after 8000 shots. This process, however, was not

industrially useful hecause the number of shots was too large and a long period



15 20 to 30 nm were formed in a thin film irradiated with 6 shots of said pulsed laser beam, as shown
in Photograph 14. Raman spectrometry indicated that the degree of crystallinity was 95%. Similar
results were obtained when the pulse frequency was adjusted to 8 kHz. [0044] 20 (Example 7) A
pulsed laser beam was adjusted to have an energy density of 200mJ/cm2 and a pulse frequency of 6
kHz. Fine crystafitesswith a.diameies@lidtito 50 nm were formed in a thin film irradiated with 6 shots
of said pulsed laser beam, as shown in Photograph 15. Raman spectrometry indicated that 25 the

degree of crystallinit{*vas0508e Sihgisr resasivaiéoshtaiacdivhenthehpuiséfeqirn®pivas adjusted
to 8 kHz. [0045] (Co rative example. A pulsed | a s adjusted to have an energy
{eveggg %aegalfggr?gn&%g of 70 zélﬁgfza Aat]ﬁ%’?%ﬁ(]b s%o S\Aﬁné \1/\%#19%& S8 H}e

density of 258Fn; Icra2 an requency of m irradiate Shots of said pulsed

laser beam waschsateehuptoadempeiature;aboye the melingpaint-and eonveriadriniea
melt-crystallized state, failing to develop uniform 5 crystals, as shown in Photograph 16. Raman
spectrometryiiEested thatthe degree of crystallinity was 97%. Similar results were obtained when the

number of shots wassdecteasee)to.d, 190461 (Camparatys example 1 A0ABUISe lpser beam was

adjusted to have an energy density of 260mJ/cm2 and a pul equency A thin film
irradiated withn@:ehetd af sadd putsed kseihbanisuffersd abladion asdsHownciyRhBtagsaph 17. [00471
(Comparaﬂvepggg{gg!{eﬁ)ﬁgﬁ@ Sg}!sggolgzgg I?ggrggvggs adjusted to have an energy density of
Subsequently, when the energy density of the pulsed laser beam was
10 increased to 250md/cmE the film was heated up fo a temperature above the
crystalline melting point and melted into 8 melt-crystallized state, failing to
develop fine crystals, as shown in Photograph 7.
Ablation took place as shown in Photograph 8 when the energy density
of the pulsed laser beam was further increased to 260md/cm?.
15 Thus, production of uniform and fine crystals is possible only when the
| conditions for the energy density of the pulsed laser beam, pulse width, and
number of shots were sef up appropriately.
[0036]
Ag obvious from these photographs, the thin polyerystalline silicon film
20 produced by the method of the present invention was small in crystal grain size
variation and uniformly polverystaliized over the entire surface, indicating that
it was a high quality thin polycrystalline silicon film. At the same time, it was
also found that similar uniform crystallites were formed in regions subjected to
overlapping irradiation. The crystal grains were small, 1.e. 530 nm or less, and
25  free of protrusions. Thus, uniform and fine crystalline silicon films were
produced, indicating that it was possible to provide silicon films with little
variation in TFT characteristics, |

100871
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120mJ/cm2 and a pulse frequency of 8 kHz. Crystallization actually took place in a thin film irradiated
with 8 shots of said pulsed laser beam. Some crystalline parts were etched undesirably, however,
when the film was subjected to a Secco etching process, as shown in Photograph 18. Raman 20
spectrometry indicated that the degree of crystallinity was 54%. [0048] (Example 8) A pulsed laser
beam was adjusted ip have an energy density of 160mJ/cm2 and a pulse frequency of 8 kHz. Fine
crystallites with a diameter of 25 10 to 20 mai were formed in a thin film irradiated with 2 shots of said
pulsed laser beam, as shown in Photograph 19. Raman spectrometry indicated that the degree of
crystallinity was 75%. [0049] (Example 9) A pulsed laser beam was adjusted to have an energy
density of 180mJ/cm2 and a pulse frequency of 8 kHz. Fine crystallites with a diameter of 10 to 20 nm
were formed in a thin film irradiated with 2 shots of said pulsed 5 laser beam, as shown in Photograph
20. Raman spectrometry indicated that the degree of crystallinity was 78%, [00501 (Comparative
example 4) A similar experiment was carried out with a different laser from that 10 used in above
experiment, that is, a XeC1 excimer laser that produces a beam with a wavelength of 308 am and a
pulse width of 20 nsec. The pulsed laser beam was adjusted to have an energy density 0f180 mJ/cm2
and a pulse frequency of 300 Hz. A thin film was crystallized with 8 shots of pulsed laser beam
irradiation and then subjected to a Secco etching process for SEM 15 observation. As a result, the
crystalline parts were etched entirely. Raman spectrometry indicated that the degree of crystallinity
was 54%. This suggests that crystallization took place only in the surface layer because the
wavelength of the beam was short. [0051]

19



20 (Comparative example 5) A similar experiment was carried out with a different laser from that used
in above experiment, that is, a XeC1 excimer laser that produces a beam with a wavelength of 308 nm
and a pulse width of 20 nsec. The pulsed laser pgam was adjusted to have an energy density of

200mJ/cmZ-and-apuise-25-freguency of 300 Hz. A thin film irradiated with 8 shots of said pulsed laser
beam was heateddip to|a’femperature above the crystalline melting point and converted into a
melt-crystalli%atic '@ failing&o dgvelop uniform crystals, as shown in Photograph 21. Raman
spectrometryindiéated 1h§ thesdegree of crystaas 97%. [0052] [Table 21 27 Comparative example tr,
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Described below are other Examples of the present invention in

comparison with Comparative examples.
An experiment was carried out, in which a thin amorphous silicon film formed
on the surface of a glass substrate with a common method was irradiated with
a pulsed laser beam using the solid-state ultraviclet laser annealing
apparatus 1 as described in said embodiment. The pulsed laser beam used in
said experiment had a wavelength of 3565 nm in the ultraviolet range, a pulse
frequency of 6 to 8 kHz, and a pulse width of 80 ns (nsec). The pulse energy
density was adjusted to an intended energy density value by controlling the
attenuator 3. The number of shots was adiusted to an intended number
controliing the stage speed, The energy density and the number of shots used
for the various test specimens are shown in Table 2. The measurements of the
degree of crystallinity made below are also shown in Table 2.

The pulsed laser beam was shaped by the optical system so that it is
rectangular at the processing plane, and the amorphous silicon film on the
substrate was irradiated. The amorphous silicon wae heated and converted
into crystal silicon. Evaluation of this irradiated thin film was carried out
based on SEM photographs as shown m Figures 3 and 4 and Raman
spectrometry as shown i Figure 5. The degree of crystallinity was calculated
from Raman spectrometry according to an equation (1)' peak area of
crystalline Si/{peak area of nonerystalline Si + peak area of cryatalline Si).

Specifically, in the following Examples and Comparative examples,
Raman spectrometry was carried out for thin film specimens with a thickness
of 50 nm by irradiating of an Ar ion lager beam with a wavelength of 514.5 nm
and output of 2 mW condensed to a I mm diameter. The results of Raman
spectrometry shown in Figure 5 indicate that a s_aharp peak of crystal 51 exists

near 520 cm-1 while there exists no significant peak for amorphous $i near

21
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480 cm-1.

Furthermore, Gaugsian fitting was performed with the least square
method fo separate two peak waveforms, and these peaks were substituted in
said equation (1) to calculate the degree of crystallinity.

Figure 5 shows results of Example 3 described below and the result of
above calculations indicate that the degree of crystallinity is about 88%.

[0039]
(Example 2} |

A pulsed laser beam was adjusted to have an energy density of
130mdicm? and a pulse frequency of 6 kHez. Fine crystaliites with a diameter of
10 to 20 nm were formed in a thin film irradiated with 6 shots of said puiéed
lager beam, as shown in Photograph 10. Raman spectrometry indicated that
the degree of erystallinity was 85%. Similar results were obtained when the
pulse frequency was adjusted to 8 kHz.

[0040]
(Example 3)

A pulsed laser beam was adjusted fo have an enecrgy density of
140md/em? and a pulse frequency of 6 kHz. Fine crystallites with a diameter of
10 to 20 nm were formed in a thin film irradiated with 6 shots of said pulsed
laser beam, as shown in Photograph 11. Raman spectrometry indicated that
the degree of crystallinity was 88%. Similar resulis were obtained when the
pulse frequency was adjusted to 8 kHz.

[0041]
(Example 4)

A pulsed laser beam was adjusted to have an energy density of
150md/cm? and a pulse frequency of 6 kHz. Fine crystallites with a diameter of
10 10 20 nm were formed in a thin film irradiated with 6 shots of said pulsed

laser beam, as shown in Photograph 12. Raman spectrometry indicated that
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the degree of crystallinity was 90%. Similar resulis were obtained when the
pulse frequency was adjusted to 8 kHz.

[0042]

(Example 5)

A pulsed laser beam was adjusted to have an energy density of
160md/em? and a pulse frequency of 6 kHz. Fine crystallites with a diameter of
20 to 30 nm were formed in a thin film irradiated with 6 shots of said pulsed
laser beam, as shown in Photograph 13. Raman spectrometry indicated that
the degree of crystallinity was 90%. Similar results were obtained when the
pulse frequency was é&justed to 8 kHz.

10043]
(Example 6)

A pulsed laser beam was adjusted to have an energy density of
180md/cm? and a pulse frequency of 6 kHz. Fine crystallites with a diameter of
20 to 30 nm were formed in a thin film irradiated with 6 shots of said pulsed
laser beam, as shown in Photograph 14. Raman spectrometry indicated that
the degree of crystallinity was 95%. Similar results were obtained when the
pulse frequency was adjusted to 8 kHz.

[0044]
(Example 7)

A pulsed laser beam was adjusted to have an energy density of
200md/icm? and a pulse fre(iuency of 6 kHz. Fine crystallites with a diameter of
40 to 50 nm were formed in a thin film irradiated with 6 shots of said pulsed
laser beam, as shown in Photograph 15. Raman spectrometry indicated that

the degree of crystallinity was 95%. Similar results were obtained when the

" pulse frequency was adjusted to 8 kHz.

[0045]

{Comparative example 1)
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A ypulsed laser beam was adjusted to have an energy density of
260md/em? and a pulse frequency of 6 kHz. A thin film irradiated with 6 shots
of said pulsed laser beam was heated up to a temperature above the melting
point and converted into a melt-crvstallized state, failing to develop uniform
crystals, as shown in Photograph 16. Raman spectrometry indicated that the
degree of crystallinity was 97%. Similar results were obtained when the
number of shots was decreased to 1.

[0046]
(Comparative example 2)

A pulsed laser beam was adjusted to have an energy density of
260md/ecm? and 2 pulse frequency of 6 kHz. A thin film irradiated with 6 shots
of sa1d pulsed laser beam suffered ablation as shown in Photograph 17.

[0047]
{Comparative example 3)

A pulsed laser beam was adjusted to have an energy density of
120md/em? and a pulse frequency of 8 kHz, Cryvetallization actually took
place in a thin 8lm irradiated with 8 shots of said pulsed laser beam. Some
crystalline parts were etched undesirably, however, when the film was
subjected to a Secco etching process, as shown in Photograph 18. Raman
spectrometry indicated that the degree of crystallinity was 54%.

[0048]
(Example 8)

A pulsed laser beam was adjusted fo have an energy density of
160md/cm? and a pulse frequency of 8 kHz. Fine crystallites with a diameter of
10 to 20 nm were formed in a thin film wrradiated with 2 shots of said pulsed
laser beam, as shown in Photograph 19. Raman spectrometry indicated that
the degree of crystallinity was 75%.

[0049]
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{(Example 9)

A pulsed laser beam was adjusted to have an energy density of
180md/em? and a pulse frequency of 8 kHz. Fine crystallites with a diameter of
10 to 20 nm were formed in a thin film irradiated with 2 ghots of said pulsed
lager beam, as shown in Photograph 20. Raman spectrometry indicated that
the degree of crystallinity was 78%.

[0050]
{Comparative example 4)

A similar experiment was carried out with a different laser from that
used m above experiment, that is, a XeCl excimer laser that produces a beam
with a wavelength of 308 nm and a pulse width of 20 nsec. The pulsed laser
beam was adjusted to have an energy density of180 md/em? and a pulse
frequency of 300 Hez. A thin film was crystallized with 8 shots of pulsed laser
beam irradiation and then subjected to a Secco etching process for SEM
observation. As a result, the crystalline parts were etched entirely. Raman
spectrometry indicated that the degree of crystallinity was 54%. This suggests
that crystallization took place only in the surface layer because the
wavelength of the beam was short.

[0051]
{(Comparative example 5)

A eimilar experiment was carried out with a different lager from that
used in ébove experiment, that is, a XeCl excimer laser that produces a beam
with a wavelength of 308 nm and a pulse width of 20 nsec. The pulsed laser
beam was adjusted to have an energy density of 200mdJ/em? and a pulse
frequency of 300 Hz. A thin film irradiated with & shots of said pulséci laser
beam was heated up to a temperature above the erystalline melting point and
converted into a melt-crystallization, failing to develop uniform crystals, as

shown in Photograph 21. Raman spectrometry indicated that the degree of

25



160 6 Photograph 13 90 20 to 30 Fine crystallites formed

crystallimity was 97%.
[0052]
[Table 2]
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The average grain size was 15 nm and the standard deviation o was 7
nm in Example 3. The average crystal grain size was 72 nm and the standard
deviation o was 42 nm in Comparative example 1.

[0054]

As obvious from Figure 5 and the photographs in Figures 3 and 4, the
thin polycrystalline silicon films produced according to the present invention
were small in the crystal grain size variation and high in the degree of
crystallinity. It was also found that they were uniformly polycrystallized over
the entire surface, and that similar uniform crystallites were formed in regions
subjected to overlapping laser irradiation. The crystal grains were small, L.e. 50
am or less, and free of protrusions. Thus, uniform crystalline silicon films were
produced, indicating that it is possible to provide silicon films with small
variation in TFT characteristics.

[0055]

Thus, the present invention has been described with reference o said
embodiment and Examples, but the invention is not limited to the scope of said
description. It is naturally possible to make appropriate changes as long as they

do not deviate from the scope of the present invention.

Explanation of numerals

f0056]

1 solid-state ultraviolet laser annealing apparatus
2 solid-state ultravioiet laser oscillator

3 attenuator { attenuation unit )

4 coupler

5 optical fiber cable

6 vibration-free base

28
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[00531 The average grain size was 15 nm and the standard deviation a was 7 rim in Example 3.
- Fhe average: crystal grain size-was 72 nm and the standard-deviation-o-was 42 nm in Comparative
example 1. 5[0054] As obvious from Figure 5 and the photographs in Figures 3 and 4, the thin
polycrystalline siliconfihng pregueed according to the present invention were small in the crystal grain
size variation and high in the degree of crystallinity. It was also found that they were uniformly
polycrystallizéB%verctpd¢rsentiressurface, and that similar uniform crystallites were formed in regions
subjected togﬁ%rlap&i}n%gggiirrgdiation. The crystal grains were small, i.e. 50 nm or less, and free of
protrusions. Thus, uniorm crys?gﬂlne silicon films were produced, indicating that it is possible to
provide siliconifiims withrshwallogaration in TFT characteristics. 15[0055] Thus, the present
invention has been described with reference to said embodiment and Examples, but the invention is
not limited to the sc&ﬁé’@f%@%@ﬁbtion. It is naturally possible to make appropriate changes as
long as they do not %%HE%%J&W the scope of the present invention. 20 Explanation of numerals
[00561

8a thin amorphous silicon film
9 substrate placing table
10 scanning apparatus

10
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1solid-state ultraviolet laser annealing apparatus 2solid-state ultraviolet laser oscillator 253attenuator (
attenuation unit ) 4coupler 5optical fiber cable 6vibration-free base 7optical system 70acondenser
lens 70bcondenser lens 71a beam homogenizer 5 71bbeam homogenizer 8substrate 8athin
amorphous %&S&j{M‘é‘“ 9substrate placing table 10scanning apparatus 10

[Claim 1}
A crystalline film production method of obtaining silicon crystallites
with a size of 50 nm or less, the method comprising irradiating an amorphous

5 silicon film layer, formed on an unheated substrate, with 1 to 10 shots of a

pulsed laser beam with a wavelength of 340 to 358 nm and an energy density of
130 to 240 md/em? so that said amorphous silicon film is heated and
crystallized at a temperature not in excess of the crystalline melting point.
{Claim 2]

10 A crystalline film production method according to Claim 1, wherein said
pulsed laser beam heats said amorphous silicon film either at a temperature
not in excess of amorphous melting point or at a temperature above said
amorphous melting point and not in excess of the crystalline melting point.
[Claim 3]

15 A crystalline film production method according to Claim 1 or 2, wherein
said crystallization is performed up to a degree of crystallinity in the range of
60 to 95%.

[Claim 4]
A crystalline film production method according to in any one of Claims 1

20 to 3, wherein a pulse width of said pulsed laser beam is in the range of 5 to 100
ns.

[Claim 5]
A crystalline film production method according to in any of Claims 1 to

4, wherein a pulse frequency of said pulsed laser beam is in the range of 6 to 10

25 kHz.
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CLAIMS [Claim 1] A crystalline film production method of obtaining silicon crystallites with a size
of 50 nm or less, the method comprising irradiating an amorphous 5silicon film layer, formed on an
unheated substrate, with 1 to 10 shots of a pulsed laser beam with a wavelength of 340 to 358 nm and
an energy d i%}o% 30 to 240 mJ/cm2 so that said amorphous silicon film is heated and crystallized
at a temperaturé notin excess of the crystalline melting point. [Claim 2] 10A crystalline film production
method according to\Glaim, i yherein said Rulsad daser heamiheats saichamgeiiauaisiicon film either
at a temperature not in excess of amorphous melting point or at a temperature above said amorphous
melting pointafdwiotiei excess b e eifstaliimainhalingdbistr [Crimuepd Sar erystaifmentiin production
method according to Claim 1 or 2, wherein Sazild crystallization is performed up to a degree of
crystallinity iﬁ%ﬁeaﬁ&ﬁﬁ%ﬁ@f‘é(ﬁglé%%p[@l%rﬁr £+ A crystalline film production method according to
in any one of Claims 1 20 to 3, wherein a pulse width of said pulsed laser beam is in the range of 5 to
100 ns. [Claim 51 A crystalline film production method according to in any of Claims 1 to 4,
wherein a pulse frequency of said pulsed laser beam is in the range of 6 to 10 25 kHz
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[Claim 61 A crystalline film production method according to in any one of Claims 1 to 5, wherein a
short axis width of said pulsed laser beam used for irradiation of said amorphous film is 1.0 mm or
less. [Claim 7] A crystalline film production method according to in any one of Claims 1 to 6,
wherein sai(i gﬁi%dia 'i:]n is performed with relative scanning of said pulsed laser beam to said
amorphous at a scanning speed of 50 to 1000 5 mm/sec. [Claim 8] A crystalline film
production method acearding; . imGIamdtabareinsaitpusathiase baauissshiapedry an optical
system into a rectangular or linear beam and said scanning is achieved by moving the optical system
at a 10 high spéedahéarystalline film prodacioformetdor Bntetatiysastina igrbretlietiérf dpparatus
Abstract 5The method comprises irradjation of an amorphous film layer formed on a s ate with 1 to
10 shots of é%@%@&%é?ﬁ@é%wm% #gth Jg]]fn%iﬁ to 358K %ﬁaeé*r@ é%é)r%y?%grgsa#{y of 130 to
240 mJ/ m2r§l%1t a said amorphous EIm is heated and crystallized at a temperature not in excess of
the crystalline mésltirig point. The pulsed laser beam is preferably adjusted to have a pulse 10 width of
510 100 ns, gfrgauehcy of 6 to 10 kHz, and a short axis width of 1.0 ram or less, and the pulsed laser
beam is relatively scanned at a scanning speed of 50 to 1,000 mm/sec, Uniform and.fine crystalline

film with small variatibsrsiadias &Hn g Wi e R BB SHRIEHR B dAuel oM GndfibiBhous film

without CaUSISr;l (ij %r{‘ﬂ%gg }gs@rebse%%t{gtghggeﬁl%‘ylan optical system into a rectangular or
linear beam and said scanning is achieved by moving the optical system at a

10 high speed.
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