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DAMACE- FREE LASER SURFACE TREATMENT METHOD Field of the Invention The
present invention relates to U V. |aser surface treatnent nethods,
particularly to the renoval of foreign materials from substrate surfaces.
More parti the invention relates to a nethod for damages
to substraﬁgéggkxany kind which require surface | aser treatnen?&hﬁghch as
VLSI/ULSI circuits, during |laser strippilag or cleaning. BACKGROUND OF THE

| NVENTION I n the nanufacturing of various products it is necessary to apply
a layer of protective materi al on a surface whi ch nust be reaned after a
speci fi ed manuf acilhiagrksIE0 bl R R it 3 T BN LOVRRE NG MR RBh process
is the so- called’ nasklng where a pattern is created on a surface usi ng
a |layer of

Field of the Invention
The present invention relates to U.V. laser surface treatment methods,

particularly to the removal of foreign materials from substrate surfaces. More
particularly, the invention relates to a method for preventing damages to
substrates of any kind which require surface laser treatments, such as
VLSI/ULSI circuits, during laser stripping or cleaning.

BACKGROUND OF THE INVENTION

In the manufacturing of various products it is necessary to apply a layer of
protective material on a surface, which must be removed after a specified
manufacturing step has been concluded. An example of such process is the so-
called "masking", where a pattern is created on a surface using a layer of
protective material illuminated through a mask, and the surface is then
treated with a developer which removes material from the unmasked portions
of the surface, therefore leaving a predetermined pattern. The surface is then
treated by ion implantation or by etching. agents, which introduce the
implanted species into the unmasked portions of the surface, or removes
material from unmasked portions. Once these processes are completed, the role
of the protecting mask ends and it must be removed. The process is
conventional and well known in the art, and is described, e.g., in U.S. Patent
No. 5,114,834.

Two main photoresist stripping methods exist in the modern VLSI/ULSI
(Very/Ultra Large Scale Integration) circuits industry:
1) Wet stripping which uses acids or organic solvents;



protective material illumnated through a mask, and the surface is then
treated with a devel oper which renoves material fromthe unmasked portions
of-the surface, therefore |l eaving a predeterm ned pattern. The surface is
then treated by ion inplantation or by etching agents, which introduce the
I mpl ant ed species into the unmasked portions of the surface, or renoves

material {fPPY sked portions. Once these processes areﬁ‘fc],ce)ﬁg%g& d, the
nE

role of the protecting mask ends and it nust be renoved. S is
conventional and well known in the ar and is described, e.g., in US
Patent No. 5,114,834. Two mai n phot oréSi st stripping nethods exist in the
nodern VLSI/ULSI (Very/Utra Large Scale Integration) circuits industry: 1)

Vet stripping which S8y afigpidl, WhithuSess PlaéHA S 05, O3/N2O or U.V./O5
based stripping.

Both methods are problematic and far from being complete, especially when
taking into consideration the future miniaturization in the VLSI/ULSI
industry. The current technology is capable of dealing with devices having
feature sizes of about 0.5 um, but before the end of the century the expectation
is that the workable size of the devices is expected to be reduced to 0.25 pm.
The expected size changes require considerable changes in the manufacturing
technology, particularly in the stripping stage. The prior art photoresist
stripping techniques described above will be unsuitable for future devices, as
explained hereinafter.

Utilizing only the wet stripping method is not a perfect solution, as it cannot
completely strip photoresist after tough processes that change the chemical
and physical properties of the photoresist in a way that it makes its removal
very difficult. Such processes include, e.g., High Dose Implantation (HDI),
reactive Ion Etching (RIE), deep U.V. curing and high temperatures post-bake.
After HDI or RIE the side walls of the implanted patterns or of the etched

walls are the most difficult to remove.

In addition, the wet method has some other problems: the strength of stripping
solution changes with time, the accumulated contamination in solution can be
a source of particles which adversely affect the performance of the wafer, the
corrosive and toxic content of stripping chemicals imposes high handling and
disposal costs, and liquid phase surface tension and mass transport tend to

make photoresist removal uneven and difficult.
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2) Dry stripping, which uses plasma, Qerr], Jerr]/Nerr]Oor UV/ (Jerr]-
based stripping. Both nethods are problematic and far from bei ng conpl ete,
especially when taking into consideration the future mniaturization in the
VLSI/ULSI industry. The current technology is capable of dealing with

devi ces haWo\sp/F7a6k ure si zes of about 0.5 [err]m but bef FEHOER] of the
century the expectation is that the workabl e size of the devices is
expected to be reduced to 0.25 [err]m ™“The expected size changes require
consi derabl e changes in the manufacturing technol ogy, particularly in the
stripping stage. The prior art photoresist stripping techni ques descri bed
above will be unsuitable for future devices, as explained hereinafter.

The dry method also suffers from some major drawbacks, especially from
metallic and particulate contamination, damage due to plasma: charges,
currents, electric fields and plasma-induced U.V. radiation, as well as
temperature-induced damage, and, especially, incomplete removal. During
various fabrication stages, as discussed above, the photoresist suffers from
chemical and physical changes which harden it, and this makes the stripping
processes of the prior art extremely difficult to carry out. Usually a plurality of
sequential steps, involving wet and dry processes are needed to remove

completely the photoresist.

The art has addressed this problem in many ways, and commercial photoresist
dry removal apparatus is available, which uses different technologies. For
instance, UV ashers are sold, e.g. by Hitachi, Japan (UA-3150A), dry chemical
ashers are also available, e.g., by Fusion Semiconductor Systems, U.S.A.,
which utilize nitrous oxide and ozone to remove the photoresist by chemical
ashing, microwave plasma ashing is alsc effected, e.g.,, as in the UNA-200
Asher (ULVAC Japan Ltd.). Also plasma photoresist removal is employed and
is commercially available, e.g., as in the Aspen apparatus (Mattson
Technology, U.S.A.), and in the AURA 200 (GASONICS IPC, U.S.A).

More recently, photoresist removal has been achieved by ablation, using laser
UV radiation, in an oxidizing environment, as described in U.S. Patent No.
5,114,834. The ablation process is caused by strong absorption of the laser
pulse energy by the photoresist. The process is a localized ejection of the
photoresist layer to the ambient gas, associated with a blast wave due to

chemical bonds breaking in the photoresist and instant heating. The partly



Uilizing only the wet stripping nethod is not a perfect solution, as it
cannot conpletely strip photoresist after tough processes that change the
chem cal and physical properties of the photoresist in a way that it nakes
its renmoval very difficult. Such processes include, e.g., H gh Dose

| mpl antation (HDI), reactive lon Etching (RIE), deep U V. curing and high
tenperatu 9fdy- bake. After HDI or RIE the side walls gf Lo ant ed
patterns or of the etched walls are the nost difficult to renove. 1n
addition, the wet nethod has sone othefs. problens: the strength of stripping
solution changes with tinme, the accunul ated contam nation in solution can
be a source of particles which adversely affect the perfornmance of the

waf er, the gasxﬁ@sané mdytfnagmentndt photordsiatt isi plowmgupweards awayi fipestise hi gh

handllng an osg costs and |iquid phase_surface tension and nass

transport IRstantly heaty the ambiant) gagn Fash cembushion of ghe ablation
products occurs, due to the blast wave and may also be due to the

photochemical reaction of the UV laser radiation and the process gases. The
main essence of the process is laser ablation with combustion of the ablated
photoresist which occurs in a reactive gas flowing through an irradiation zone.
The combination of laser radiation and fast combustion provides instantaneous
lowering of the ablation threshold of hard parts of the photoresist (side walls).
The combusted ablation products are then removed by vacuum suction, or by

gas sweeping leaving a completely clean surface.

While US 5,114,834 provides an important novel process, it still does not
provide a high throughput, which is industrially convenient, wviz., an
industrially acceptable number of wafers that can be stripped during a given
time. The laser stripping throughput is determined by the stripping rate or by
the number of laser pulses needed for providing complete stripping of a unit
area of the photoresist per unit of time.

While reference will be made throughout this specification to the ablation of
photoresist from semiconductor wafers, this will be done for the sake of
simplicity, and because it represents a well known and widely approached
problem. It should be understood, however, that the invention described
hereinafter is by no means limited to the stripping of photoresist from wafers,
but it applies, mutatis mutandis, to many other applications, such as stripping
and cleaning of photoresist from Flat Panel Displays (FPD) or removal of
residues from different objects, such as lenses, semiconductor wafers, or photo-

masks.
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The dry nethod al so suffers from sone naj or drawbacks, especially from
nmetallic and particul ate contam nation, danage due to plasma: charges,
currents, electric fields and plasnma-induced U.V. radiation, as well as

t enper at ure-i nduced damage, and, especially, inconplete renpval. During
vari ous faMOarIEdn st ages, as di scussed above, the phot orBESYRPII or 5
from chem cal and physical changes which harden it, and this nakes the
stripping processes of the prior art erenmely difficult to carry out.
Usually a plurality of sequential steps, involving wet and dry processes
are. needed to renove conpletely the photoresist. The art -has addressed this
probl emin many ways, and commerci al photoresi st

The aforementioned U.S. Patent No. 5,114,834 defines the process window of
-laser stripping and indicates that there are certain energy fluence levels of the
laser pulse which may damage the wafer being treated. So far, however, the
art has failed to provide a method which conveniently permits to utilize the
energy of an excimer laser in a way that allows to increase the fluence damage
threshold defined in U.S. Patent 5,114,834, without incurring the risk of
damaging the surface of the object being treated. The types of damage due to
laser energy include thermal damages, such as ripples due in particular to
difference in expansion coefficients, e.g., SiO2/Si (implanted) and TiN/Al
interfaces and related to the fatigne phenomena, aluminum or silicon melting,
as well as radiation (ionization) damages, e.g., slight color changes due to
small changes in the crystalline structure at SiO2/Si interface (implanted).

In addition to laser stripping and cleaning there are other processes utilizing
U.V. laser treatment of semiconductors or other materials where damage

prevention may be important.

SUMMARY OF THE INVENTION
It has now been found, and this is an object of the invention, that it is possible

to avoid damage to the substrate being laser treated by extending the laser
pulse in time, supplying the same pulse energy to the treated surface during a
longer period of time.

The invention further comprises apparatus for preventing surface damage in
an object being laser treated. Said device comprises a laser source for
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dry renoval apparatus is avail able, which uses different technol ogi es. For
I nstance, UV ashers are sold, e.g. by Hitachi, Japan (UA-3150A), dry

chéfi cal ashers are al so avail able, e.g., by Fusion Seni conductor Systens,
US A, which utilize nitrous oxide and ozone to renove the photoresist by
chem cal ashing, mcrowave plasma ashing is also effected, e.g., as in the

UNA- 200 A¢dre7n7sd-VAC Japan Ltd.). Al so plasma photoresi SicrnebRopide | S
enpl oyed and is commercially available, e.g., as in the Aspen apparatus

(Mattson Technol ogy, U. SA.), and in tge AURA 200 (GASONICS IPC, U S A).
More recently, photoresist renoval has been achieved by abl ation, using

| aser WV radiation, in an oxidizing environnent, as described in U S.

Pat ent No.generatingvlasphpulse] means for extendinghe daserpulye béfops it Rlashept i on

of the lasgr pulse ener by the photqresist. The process is a |localized
ej ection o eﬁ%’é*’;?ﬁ&?@feég%/%‘?&%i{”?&sg‘ﬁ omagepizing the pulseoci ated with a
bl ast wave due to chem cal bonds breaking in the photoresist and instant

heati ng. The partly
According to a preferred embodiment of the invention the device further

comprises means for diverting the laser beam, and the means for extending the
laser pulse are optical mean, which extends the laser pulse duration by 2 to 20
times.

In addition to the reduced damage benefits from pulse extension regarding the
substrate, one should pay attention to the same benefits to the optical

components as lenses, mirrors, ete.

Other objects of the invention will become apparent as the description

proceeds.
R PTION OF DRAWIN!
In the drawings:
- Fig. 1 schematically illustrates the effect of pulse extension;
-Fig. 2 schematically illustrates the effect of pulse
homogenization;

- Fig. 3 illustrates the process window (discussed in detail in the
examples) for stripping photoresist after metal etching, wherein:
Fig. 3(a) shows the process window without

hemogenization or pulse extension;
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gasified and partly fragnented photoresist is blown upwards away fromthe
surface, and instantly heats the anbient gas. Fast conmbustion of the
abl ati on products occurs, due to the blast wave and may al so be due to the
phot ochem cal reaction of the UV | aser radiation and the pr ses. The
mai n essenc¥O5f 1Tt process is |laser ablation with conbust ¥ %% ?ﬁg
abl at ed photoresist which occurs in a regactive gas flow ng through an
i rradi ati on zone. The conbination of |aser radiation and fast comnbustion
provi des instantaneous |owering of the ablation threshold of hard parts of
t he photoresist (side walls). Fig c8@justshdwabl shé onpyuceshictwindioer t heith
renoved by vacuum suction,_ or by
homogenization and without pulse extension; and
Fig. 3(c) shows the process window with

homogenization and with pulse extension.

- Fig. 4 illustrates an optical line arrangement consisting of a
Pulse Extender (P.E) and a Homogenizer,, according to a preferred
embodiment of the invention; and

- Fig. 5 is another optical line arrangement, consisting of a

Homogenizer only.

The term “process window” indicates the set of conditions (number of pulses
and energy fluence of each pulse) in which it is permitted to operate without
causing damage to the substrate.

DETAILED DESCRIPTION OF THE INVENTION
The method for avoiding surface damage of an object being treated by laser,

according to the invention, comprises extending the laser pulse generated by a
laser, before it reaches the surface to be treated. The situation so obtained is
illustrated in Fig. 1. Fig. 1(a) shown an unextended pulse, which is extended
by three times in Fig. 1(b).

As a result, the energy density of the pulse (defined as F = E/S where E is the
pulse energy and S is the treated area) is not changed, but the maximum
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gas sweeping leaving a conpletely clean surface. Wile US 5,114,834

provi des an inportant novel process, it still does not provide a high
throughput, which is industrially convenient, viz., an industrially
accept abl e nunber of wafers that can be stripped during a given time. The
| aser stripping throughput is determ ned by the stripping rate or by the
nunber of waegimiQul ses needed for providing conpl ete stripgRirékeizea unit
area of the photoresist per unit of tinme. Wiile reference will be nade

t hroughout this specification to the a#l ati on of photoresist from

sem conductor wafers, this will be done for the sake of sinplicity, and

because it represents a well known and wi dely approached problem It should
be under st oSIPEHERTPT) om A surtacs ﬁf/éﬁbﬁtﬁedéﬁ&%m& bSctinies iy no

means limted to the .stripping Qf photoresist fromwafers, but it applies,
nut ati s rrut%‘?’fﬂ’r"ga,n?an ﬁ?g’g??fgp?appl i cations, such as stripping and
cl eani ng of photoresist fromFlat Panel D splays (FPD) or renoval of

F
M
VAt

due to thermal diffusion in silicon. In Eq. (1), Aty is the pulse duration.

T=

In Fig. 1(c), heat is produced by the pulse which, as explained hereinbefore ,
may be one of the causes of damage to the surface. The resulted heat is
reduced by a factor of V3, as schematically shown in Fig. 1(d), which relates to
an extended pulse of Fig. 1(b). The resulted fluence damage, in comparison to
the damage described by equation 1, is:

~ Ay,

¥=T =vm |
To- @), ™ g, @

where F, and (Af,)s, F and At,, are accordingly the damage threshold

fluences and the pulse duration before and after the pulse extension by m

times.

On the other hand , the amount of ionization defects is proportional, as
experiments show, to the pulse power density F/At, or to its square.

Therefore, the ionization damage diminishes by m or m?2 times as the pulse
extended by m times, and the power density is reduced by m times.
Accordingly, the damage threshold fluence rises by m or m2 times.
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residues fromdifferent objects, such as |enses, sem conductor wafers, or
phot o- masks. 3509/ WO 95 -5- WO 92/03977 discloses a | aser catheter
system for renoving body tissue, which conprises a plurality of optical
fibers, each having a proximal and a distal end, and a | aser system

optically couB‘I ed to said proximal end, which may conpri S @i LP ?a
ext ender. P4rati on between pulses is greater than the relaxation tine

of the avalanche process in the opticalgfiber but less than the tissue
menory, whereby sufficient energy is transnltted to the body w thout
damagi ng the optical fiber. The renoving body tissue and the preventing

from When taking into consideration the fatigue phenomena, ie., with the
multipulsed irradiation of the same place of treated surface, in fact, the value
of damage threshold fluence for an extended pulse rather should be shifted to a

direction of process window decrease.

It should be emphasized that, in accordance with experimental data, the pulse
extension up to At, =0.5 microsecond produces only a weak change of
ablation threshold fluence (10-20%) (low boundary of fluence working values).
Consequently, the conclusion is that a pulse extension leads to a significant
enlargement of the process window. Thus, the pulse extension provides a more
effective ablation with higher values of laser fluence, without causing any
damage to the substrate.

According to a preferred embodiment of the invention, the pulse is extended in
the range of 20 times.

The pulse extension can be effected by any suitable method. however,
according to a preferred embodiment of the invention, the pulse extension is
optimized.

According to the invention, the pulse is also homogenized since, without it, its
extension may not be enough to prevent damage. This is due to high values of
fluence in the central part of the energy fluence surface distribution curve (see
the non-homogenized pulse N in Fig. 2, where the ordinate is the fluence and
* Y1, Y2 and Y3 indicate the ablation threshold, the damage threshold before the
pulse extension and the damage threshold after the pulse extension,
respectively). The homogenized pulse H has a lower energy fluence for a given



damage optical fiber are on the different surfaces and do not have thernal
or nmechani cal contact. The aforenentioned US Patent 5,114,834 defines the
process wi ndow of |aser stripping and indicates that there are certain
energy fluence |levels of the |aser pul se which may danmage the wafer being
treated. So far, however, the art has failed to provide a nmethod which

conveni eniwg/ieragiedi ts to utilize the energy of an exciner pedifdedoidea Way
that allows to increase the fluence damage threshol d defined in US Patent

5,114,834, without incurring the riskl®f damaging the surface of the object
being treated. The types of damage due to | aser energy include thernal

damages, such as ripples_duge in particylar to difference_in expansion

coef fi ci enf%e2 @‘9&@,’ tg‘F‘H@Fr B¢( &ﬁ?’&ﬁfi}?@fl hag ngiaxeay of Anengyhelew the

related to -@%ﬂ‘g ake T Silicon 1§ ng, ..as |1 as

radi ation f ?)ic])ﬁlﬂza [ oﬁ?"@% &gy g. %%’?&C%ql{gﬁ%,gﬁ'fg@ %@“PB' é\ﬁ'al I

changes i noihehér dtitidry, "Rardend Cile Shdtoresist eby ] it ahmdAM{ACENAT HRART €d) -
additional ablation difficulties.

Manufactures of commercial excimer lasers to date do not provide considerable
variation of the duration of the laser pulse in the range of 10-5-10-s. Therefore,
in order to assure damage-free laser treatment process, it is needed to join the
laser and the optical pulse extender. However, it is not excluded that the pulse

extension and/or homogenization be achieved inside the excimer laser.

As with the pulse extension, the pulse homogenization can be carried out by
means of any suitable means known in the art. According to a preferred
embodiment of the invention, however, homogenization is achieved by optical
means. Such a type of pulse extendér, as well as homogenizer, as was used by
the inventors, is commercially available from “Exitech Ltd.”, Oxford, UK.

The above and other characteristics and advantages of the invention will be
better understood through the following illustrative and non-limitative

examples.

Exa ive
The substrate consisted of SiOy/Si implanted areas which are known to be very
sensitive to laser radiation. A wafer covered with a layer of high dose
implanted, 1.2 pm thick, patterned positive photoresist. Implantation
conditions were: dose of 5x10%5 atoms/cm?2 and energy of 80 Kev was treated in

a process chamber consisting of a cell as described in a copending Israeli patent



I.Ln addition to | aser stripping and cleaning there are other processes
utilizing U V. laser treatnent of sem conductors or other nmaterials where
darmage prevention nay be inportant. 3509/WO' 95 - 5 bis - SUMVARY OF THE
| NVENTI ON It has now been found, and this is an object of the invention,

that it is possible to avoid damage to the substrate being r_treated by
ext endi ng tﬁ'é”f’égﬁ‘? pulse in tinme, supplying the sane pul sekgﬁé‘?ﬁé?l % the

treated surface during a |l onger period Qfi.tinme. The invention provides a
met hod for preventing surface damage of a substrate

application of the same applicant herein, IL 115934, which was equipped with
a quartz window for UV light passage, gas inlet and outlet, and optics to
position the laser beam at a predetermined location.

The process was operated according to U.S. Patent 5,114,834, using ozone as
the reactive gas. The pressure in the chamber was maintained at 840 mbar.
The laser employed was a Lambda Physik LPX315IMC excimer laser. The
wafer was subjected to 150 pulses with fluence of 3 Fun (Fun is the ablation
threshold fluence) and pulse duration of 25ns and its surface was then
examined for damages. Noticeable color change which is due to color center
was observed on the substrate on the uncored implanted areas. In addition,
one could observe severe rippled areas due to interfacial deformations of the

interface.

Example 2
Operating as in Example 1, but using a pulse extension of 6 times, which
means pulse duration of 6 x 25 = 150 ns, the surface was found not to have
suffered any of the abovementioned damages.

Example 3
The arrangement is shown in Fig. 4. Numerals 1, 2, 3, 4 and 5 indicate the
laser, the pulse extender, the homogenizer, the mirror and the substrate,
respectively. The apparatus is same as described in Example 2, but with a
homogenizer after the pulse extension. Working with the same fluence (3 Fu),
no damage could be observed without effecting the stripping process. In

addition, no damage observed even when the energy fluence levels were
a/g(ﬁﬂh Y ="T¥,. This means a drastic enlargement of the process window.



in the abl ation of photoresists fromsubstrates by U V. laser treatnent, in
t he presence of a reactive gas and wherein the U V. laser is pulsed,
characterized in that it conprises extending the | aser pul ses before they
reach the surface fromwhich the photoresists are to be ablated, so that
the said surface is comon for the said substrate prevented from danage and

the said pNiwdwpes st renoved fromsubstrate. The inventi Girhidedafo
conpri ses apparatus for preventing surface danage in an object belng | aser
treated. Said device conprises a |aserl@ource for WO 97/ 17164
PCT/1L96/ 00139 -6- generating a |aser pulse, nmeans for extending the |aser
pul se before it reaches Ex led -
In the process of VLSI or VLSI fabrication, a silicon wafer after an RIE process
of the metal, covered with a photoresist in the areas not to be etched, was
treated in a process chamber consisting of a cell as described in the
aforementioned copending Israeli patent application No. 115934, which was
equipped and operated as described in Example 1. The pulse duration was 25
ns. The wafer was subjected to lower pulses and energy fluences as shown in

the diagram in Fig. 3a.

The diagram shows the damage occurred (such as ripples or melting) as a
function of the number of pulses given, and the level of energy fluence. The
abscissa is the fluence given here as the ratio between the actual fluence (F)
and the ablation threshold fluence and the ordinate is the number of pulses.
Damage is indicated by o whereas a lack of damage ("no damage”) is indicated
by x.

It can be observed that even at such a low fluence level as F/Fiy, = 1.1, damage
occurs at 2000 pulses which is the total number of pulses needed for stripping,
the photoresist on the metal etches at this fluence level. As it will be
understood by persons skilled in the art, this is a too narrow process window

for practical purposes, since no stripping takes place below the threshold value.

Example &

The arrangement the same as described in Example 4 with an additional
homogenizer. The arrangement is shown in Fig. 5, where numerals 1, 2, 3 and
4 indicate the laser, the homogenizer, the mirror and the substrate,

respectively. The results are shown in Fig. 8b, where the various notations
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the surface to be treated, and neans for honogenizing the pul se. According
to a preferred enbodi nent of the invention the device further conprises
means for diverting the | aser beam and the neans for extending the | aser
pul se are optical nean, which extends the |aser pulse duration by 2 to 20
tinmes. In addition to the reduced damage benefits from pulgg. | on
regardi ng MRI¥T% rate, one should pay attention to the sane benefits to
the optical conponents as |lenses, mrrQgs, etc. OGther objects of the
i nvention will become apparent as the description proceeds. BRI EF
DESCRI PTI ON OF THE DRAWNGS In the drawings: - Fig. 1 schematically
i || ustrates hdwe $id eamechepninge asxineKig.o3a. Ifican be camesgen itbat np damage
illustrates the effect Qf pul se
occurred up to FthE = 1.3. At this fluence level, damage occurred only above
) ~104 pulses, which is indicated here as «. At F/Fs = 1.5, damage was found
after 1000 pulses. This indicates a significant increase in the process window
of about 36%, although at this fluence levels the throughput is not sufficient

and one must find ways to be able to work at higher fluence levels.

Example 6
Same as Example 5, but the laser pulse was extended x3, as shown

schematically in Fig. 4.

The results are shown in Fig. 3c, where the various notations have the same
meanings as in Fig. 3a It can be seen that no damage occurred at fluence

levels of F/Fw <2.

At F/Fi = 2, damage occurred only after 1000 pulses. This indicates an
increase of 82% in the process window relative to Example 4 and 83% relative
to Example 5. Working at this fluence level makes ablation very efficient and
with reasonable throughput.

This increase of the damage threshold is as expected from the 3 times
extension according to Example 2. Therefore, one can expect to double the
damage threshold in Fig. 3c if the pulse will be extended x 12. This means that

a process window of up to F/Fu ~ 4.

All the above description and examples have been given for the purpose of

illustration, and are not intended to limit the invention in any way, except as



honogeni zation; - Fig. 3 illustrates the process w ndow (di scussed in

detail in the exanples) for stripping photoresist after netal etching,
wherein: Fig. 3(a) shows the process w ndow wi t hout honopgeni zation or pul se
ext ensi on; 3509/ WO 95 -7- Fig. 3(b) shows the process wi ndow with

honogeni zati on and w t hout pul se extension; and Fig. 3(c) shows the
process wogtpivies Wi t h honogeni zati on and with pul se ext emSinebeno13o

-14-

defined in the appended claims. Many different methods can be used to
homogenize and/or extend the pulse, and different apparatus can be exploited
for this purpose, for surface cleaning of a variety of objects, all without
exceeding the scope of the invention.



- Fig. 4illustrates an optical |ine arrangenent .consisting of a Pul se
Extender (P.E.) and a Hom)gen ze accordi n to a preferred enbodi nent of

the invention;, and - Fig. 5 mu ilﬂ l ” ‘[u' ne arrangenent, consisting
of a Honogeni zer only. The ter i ndi cates the set of
conditions (nunber of pulses and energy f uence of each PULSH ' ich it
Is permtte t’?f‘HBﬁrate W t hout causi ng danage to the subs%ra’%"’%ﬂglAl LED
DESCRI PTI ON OF THE | NVENTI ON The met hodjg.or avoi di ng surface danmage of an
obj ect being treated by laser, according to the invention, conprises
extending the | aser pul se generated by a | aser, before it reaches the
surface to be treated. The situation sOLAIMS:ned is illusfrated in Fig. 1.

Fig. 1(a) shows an unextended pul se, which is extended by three tines in
Fig. 1(b). As a result, the pulse fluence (defined as F = E/ S where

1. A method for preventing surface damage of an object being laser treated,
comprising extending the laser pulse generated by a laser, before it reaches the
surface to be ablated.

2. A method according to claim 1, wherein the pulse duration is extended by 2-
20 times. |

3. A method according to claim 1, wherein pulse extension is effected by optical

raeans.
4. A method according to claim 1, further comprising homogenizing the pulse.

5. A method according to claim 4, wherein homogenization is achieved by

optical means.

6. A method according to any one of claims 1 to 5, wherein the laser treatment

is a laser stripping.

7. A method according to claim 6, wherein the stripping is carried out by

ablation.

8. A method according to claim 7, wherein the substrate being stripped is a
VLSI/ULSI circuit.

““ﬁ’iifﬂi‘iilﬁifi‘liﬂin




E is the pul se energy on the surface of substrate and Sis the treated

area) is not changed, but the | WO 95 -8- tenperature (T) on
a surface of substrate (sili cﬂmmﬁuﬁﬂﬁg 3 times in accordance with
equation (1): [err] due to th [ «1n silicon. In Eq. (1), [err]
Is the pulse duration. In Fig. 1(c), heat is produced by the pul se which,

as expl ai wQstimes n before, nay be one of the causes of dpemgesbaisd he

surface. The resulted heat is reduced by a factor of 43, as schematically
shown in Fig. 1(d), which relates to -16-
9. Apparatus for preventing surface damage in an object being laser treated,
comprising:
- A laser source for generating a laser pulse;
- means for extending the laser pulse before it reaches the surface
to be ablated; and
- optionally, means for homogenizing the pulse;

10. Apparatus according to claim 9, wherein the means for homogenizing the
pulse are not integral with the means for extending the pulse, and are external
and coupled to the apparatus.

11. Apparatus for preventing surface damage in an object being laser treated
according to claim 9 or 10, further comprising means for diverting the laser

beam.

12. Apparatus according to claim 9 wherein the means for extending the laser

pulse are optical means.

13. Apparatus according to any one of claims 9 to 12 comprising means for
extending the laser pulse duration by 2 to 20 times.

14. A method for avoiding surface damage of an object being laser treated,
substantially as described and illustrated, and with particular reference to the

examples.

This Sheet Hag Been Reﬁlaced
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an extended pul se of Fig. 1(b) The resul ted damage fluence is: [err] where
[err] and [err], [err] and e accordingly the damage threshol d
fluences and the pul se durat m&m ter t he pul se extension by m
times. On the other hand, thexa ation defects is proportional,
as experlrrents show, to the pul se power en§|ty [err] or to its square.
Ther ef ore, WRA&N3%$ zati on danmge di i ni shes by m or nf er r |PTHO0LE ¢ he

pul se extended by mtines, and the po density is reduced by mtines.
Accordi ngly, the danmage threshol d fluenceé rises by mor nferr] tines. WO
97/ 17164 PCT/ 1 L96/ 00139

15. Apparatus for preventing surface damage in an object being laser treated,
substantially as described and illustrated, and with particular reference to the

examples.



-9- Wien taking into consideration the fatigue phenonena, i.e.,, with the
mul tipul sed irradiation of the sane place of treated surface, in fact, the
val ue of damage threshold fluence for an extended pul se rather should be
shifted to a direction of process w ndow decrease. It should be enphasized
that, in accordance wth experinental data, the pul se ext i to [err]
0.5 nicros®@®N#Woduces only a weak change of abl ation tﬁ%&?ﬂ%?@ﬁ? uence
(10-20% (!l ow boundary of fluence working values). Consequently, the
conclusion is that a pulse extension |leads to a significant enlargenent of
the process wi ndow. Thus, the pul se extelepn provi des a nore effective

abl ation with higher values of |aser fluenCe, w thout causing any damage to
the substrate. According to a preferred enbodi nent of the invention, the
pul se is extended irn the range of 20 tines.

F
Y WL '
4Atp.> 3Atp

(a) (b)

-t i —

Atp 3At

Fig. 1



The pul se extension can be effected by any suitable nethod. however,
according to a preferred enbodi nent of the invention, the pul se extension
is optim zed. According to the invention, the pulse is al so honbgeni zed
since, without it, its extension nmay not be enough to prevent damage. This
is due to Q%ggg%?&pes of fluence in the central part of th1aneddyssf | uence
surface distribution curve (see the non-honogeni zed pulse Nin Fig. 2,
where the ordinate is the fluence and Y1, Y2 and Y3 indicate the ablation
t hreshol d, the danage threshol d before the pul se extension and the danage
threshold after the pul se extension, res Efively). The honogeni zed pul se H
has a | ower energy fluence for a given WO 97/ 17164

PCT/ 1 L96/ 00139

-

I,

H

Vv

/’

Fig. 2



-10- area (lower than the damage threshol d)and has no areas of energy bel ow
the ablation threshold (indicated by "L") which not only does not aid
abl ation, but, on the contrary, hardens the photoresist by its anneali ng,

and nakes addi ti onal

ablation difficulties.

Manuf act ures of commerci al

exci mer

gedat € do not provide considerable variatipormfsodiss

durationlg?ﬁ¥%%ﬁ

aser

pul se in the range of 10[err]-10[err]s.

Ther ef or e,

in

order to assure damage-free | aser treatnment process,

the | aser and the optical

pul se extender.

However,

it

it is needed to join
i s not excluded that

t he pul se extension and/or honngenizatiqB/

| aser.

by- opti cal neans.

As with the pul se extension,
out by nmeans of any suitable nmeans known in the art.
preferred enbodi nent of the invention,

achi eved insjde the exciner

According to a

t he pul se honobgeni zati on can be carried

was used by

Fig. 3(a)

however, honogeni zation is achieved
Such a type of pul se extender, as well as honogeni zer, as
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the inventors, is commercially available from"Exitech Ltd.", Oxford, UK

- The above and other characteristics and advantages of the invention will be
better understood through the following illustrative and non-limtative

exanpl es. Exanple 1 (Conparative) The substrate consisted of SiJerr]/S

i npl anted areas which are known to be very sensitive to |PFELIYMEP®ati on. A

waf er cove¥@8"H¢h a | ayer of high dose inplanted, 1.2 [err]mthick,

patterned positive photoresist. Inplantation conditions were: dose of

5x10[err] atons/cnferr] and energy of 8 v was treated in a process
chanber consisting of a cell as describ n a copending Israeli patent
WO 97/ 17164 PCT/ 1 L96/ 00139
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-11- application of the same applicant herein, IL 115934, whi ch was
equi pped with a quartz wi ndow for UV |ight passage,
and optics to position the | aser beamat a predeterm ned |ocation. The

process was operated according to U S. Patent 5,114, 834,

gas inlet and outlet,
usi ng ozone as the

| aser. The wafer was

reactive ggagg;ng4pressure in the chanber was naintai ned stra@ooizar. The
| oyé

| aser enp was a Lanmbda Physi k LPX3151 MC exci nmer
subj ected to 150 pul ses with fluence of 3 Flerr] (F[err]
threshol d fluence) and pul se duration of
Not i ceabl e col or

was observed on the substrate on the uncored inplanted areas.
one coul d observe severe rippled areas due to interfacial

exam ned for damages.

the interface. Exanple 2

is the abl ation

ns and its surface was then
ge which is due to color center

In addition,
def or mat i ons of
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OQperating as in Exanple 1, but using a pul se extension of 6 tines, which
‘means pul se duration of 6 x 25 = 150 ns, the surface was found not to have
suffered any of the abovenenti oned danmages. Exanple 3 The arrangenment is
shown in Fig. 4. Nunerals 1, 2, 3, 4 and 5 indicate the |aser, the pul se
extender, WeoyshieEeaeni zer, the mrror and the substrate, peppochdse! y. The
apparatus is sane as described in Exanple 2, but with a honogeni zer after

t he pul se extension. Wrking with the sane fluence (3 F[err]), no damage
could be observed without effecting the hppi Ng process. In addition, no
damage observed even when the energy flu | evel s were_[err] . This neans
a drastic enlargenent of the process w ndow.

Fig. 4

Fig. 5



3509/ WO 95 - 12- Exanple 4 (Conparative) In the process of VLSl or VLS
fabrication, a silicon wafer after an R E pr e netal, covered

with a pdEdYVWeE33E in the areas not to be et feJi N a process
chanmber consisting of a cell as described inft d copendi ng
| sraeli patent application No. 115934, whic dfoperated as
described in Exanple 1. The pul se duration feér was

subj ected to | ower pul ses and energy f_Ig@_nc S in thefdiagramin
Fig. 3a. The diagram shows the danage occurfed (such as ripples or nelting)
as a function of the nunmber of pul ses given, amt~tfe-— ener gy
fluence. The abscissa is the fluence given here as the ratio between the
act ual fwgmﬁ" a1td1dsRe Afst cathétak ay8ald bl YERVIRE hodyeiiul, Wb S
t he nunber of pul ses.

comprises a plurality of optical fibers, each having a proximal and a distal end,

and a laser system optically coupled to said proximal end, which may comprise
an optical extender. The separation between pulses is greater than the
relaxation time of the avalanche process in the optical fiber but less than the
tissue memory, whereby sufficient energy is transmitted to the body without
damaging the optical fiber. The removing body tissue and the preventing from

damage optical fiber are on the different surfaces and do not have thermal or

mechanical contact.

The aforementioned US Patent 5,114,834 defines the process window of laser
stripping and indicates that there are certain energy fluence levels of the laser
pulse which may damage the wafer being treated. So far, however, the art has
failed to provide a method which conveniently permits to utilize the energy of
an excimer laser in a way that allows to increase the fluence damage threshold
defined in US Patent 5,114,834, without incurring the risk of damaging the
surface of the object being treated. The types of damage due to laser energy
include thermal damages, such as ripples due in particular to difference in
expansion coefficients, e.g., SiO2/Si (implanted) and TiN/Al interfaces and
related to the fatigue phenomena, aluminum or silicon melting, as well as
radiation (ionization) damages, e.g., slight color changes due to small changes

in the crystalline structure at SiO2/Si interface (implanted).

In addition to laser stripping and cleaning there are other processes utilizing

U.V. laser treatment of semiconductors or other materials where damage

prevention may be important.

AMENDED SHEET
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Damage is indicated by o whereas a | ack of damage ("no damage") is

I ndi cat ed It can be observed that even at such a |ow fluence | evel as
F/ F[er$§09{v§0195danage occurs at 2000 pul ses which is the total number of
pul ses needed for stripping, the photoresist on the netal etches at this
fluence level. As it will be understood by petses , he art, this

Is a too narrow process w ndow for practical, D strippi ng
t akes pl ace bel ow the threshol d val ue. 35¢ Exanpl e
(Conparative) The arrangenent the sarre s de 4 with an

addi ti onal is -

SUMMARY OF THE INVENTION
It has now been found, and this is an object of the invention, that it is possible
to avoid damage to the substrate being laser treated by extending the laser

pulse in time, supplying the same pulse energy to the treated surface during a

longer period of time.

The invention provides a method for preventing surface damage of a substrate
in the ablation of photoresists from substrates by U.V. laser treatment, in the
presence of a reactive gas and wherein the U.V. laser is pulsed, characterized
in that it comprises extending the laser pulses before they reach the surface
from which the photoresists are to be ablated, so that the said surface is

common for the said substrate prevented from damage and the said photoresist

removed from substrate.

The invention further comprises apparatus for preventing surface damage in

an object being laser treated. Said device comprises a laser source for

AMENDED SHEET
PE A/IZP -



honogeni zer. The arrangenment is shown in Fig. 5 where nunerals 1, 2, 3 and
4 indicate the |aser, the honogenizer, the mirror and the substrate
respec§598W #Bfe results are shown in Fi g. 3b where_t he vari ous not at i ons
WD 97/ 17164 iR _"h Nlt Y €
the sanme neanings as in Fig. 3a. It can be can seen {hgt—t "“-é*.n.?‘ ik k

up to F/F[err] = 1.3. At this fluence |evel, damage ¢cgurred only abp
~10[err] pulses, which is indicated here as [err]. A /ﬁ@mﬁm :
damage was found after 1000 pul ses. This indicates a ’
in the process w ndow of about 36% although at  Ri-s}
t hroughput is not sufficient and one nust find ways &%
hi gher fluence | evels. Exanple 6

Fig. 3() shows the process window with

Y
C

homogenization and without pulse extension; and
Fig. 3(c) shows the process window with

homogenization and with pulse extension.

- Fig. 4 illustrates an optical line arrangement consisting of a
Pulse Extender (P.E.) and a Homogenizer, according to a preferred embodiment

of the invention; and

- Fig. 5 is another optical line arrangement, consisting of a

Homogenizer only.

The term “process window” indicates the set of conditions (number of pulses
and energy fluence of each pulse) in which it is permitted to operate without

causing damage to the substrate.

DETAILED DESCRIPTION OF THE INVENTION

The method for avoiding surface damage of an object being treated by laser,
according to the invention, comprises extending the laser pulse generated by a
laser, before it reaches the surface to be treated. The situation so obtained is
illustrated in Fig. 1. Fig. 1(a) shows an unextended pulse, which is extended by
three times in Fig. 1(b). As a result, the pulse fluence (defined as F = E/S where
E is the pulse energy on the surface of substrate and S is the treated area) is

ot changed, but the maximum



Same as Exanple 5, but the laser pulse was extended x3 as shown
schematlczwﬁ in Fig. 4. The results are shown i gk
vari 03909 i%nhs have the same neani ngs as in FijéuadBaudpg

no damage occurred at fluence |evels of F/F[err] <' At F/F STTTH
damage occurred only after 1000 pul ses. This indi ct%mw 5
in the process window relative to Exanple 4 and J3% rel ative to ‘

Wrking at this fluence | evel nakes abt@tion ver i
reasonabl e t hroughput. This increase of the danage threshol dis asiexpect ed
fromthe 3 tinmes extension according to Exanple 2. Therefore, one can

t doubl e t Ih I
oxt endedeqPesatgis () SR Bukidel o lbkthaly Hyilicony' diiiRh) 37 4 imdf ip 4
Al l thea%g(%van%gsvg{thpetd@arhoann?l)?xarrpl es have been gi ven for the pur pose of

T~ 42~ (1

VAt

due to thermal diffusion in silicon. In Eq. (1), At; is the pulse duration.

In Fig. 1(c), heat is produced by the pulse which, as explained herein before ,
may be one of the causes of damage to the surface. The resulted heat is

reduced by a factor of ¥3, as schematically shown in Fig. 1(d), which relates to

an extended pulse of Fig. 1(b). The resulted damage fluence is:

Ax,
(At,\ >

!
esl

=Vm §,@

where F, and (Atp), F and At,, are accordingly the damage threshold

fluences and the pulse duration before and after the pulse extension by m

times.

On the other hand, the amount of ionization defects is proportional, as

experiments show, to the pulse power density F/At, or to its square.

Therefore, the ionization damage diminishes by m or m? times as the pulse
extended by m times, and the power density is reduced by m times.

Accordingly, the damage threshold fluence rises by m or m2 times.

.A“/TE!\E =D SHEET
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ilTustration, and are not intended to limt the invention in any way,
except as WD 97/17164

PCT/ | I3BWRPS 14- defined in the appended cl ai ns. Nhny dlfferent met hods
can be used to honopgeni ze and/ or extend the pul SRLLRAE nt—appar at us
can be exploited for this purpose, for surface gl¢ ety of
objects, all wthout exceeding the scope of theji 9/ WY 95

-12. ' I

Example 4 (Comparative)

In the process of VLSI or VLSI fabrication, a silicon wafer after an RIE process
of the metal, covered with a photoresist in the areas not to be etched, was
treated in a process chamber consisting of a cell as described in the
aforementioned copending Israeli patent application No. 115934, which was
equipped and operated as described in Example 1. The pulse duration was 25

Ns. The wafer was subjected to lower pulses and energy fluences as shown in

the diagram in Fig. 3a.

The diagram shows the damage occurred (such as ripples or melting) as a
function of the number of pulses given, and the level of energy fluence. The
abscissa is the fluence given here as the ratio between the actual fluence (F)
and the ablation threshold fluence and the ordinate is the number of pulses.

Damage is indicated by o whereas a lack of damage (“no damage”) is indicated

by x.

It can be observed that even at such a low fluence level as F/Fw = 1.1, damage
occurs at 2000 pulses which is the total number of pulses needed for stripping,
the photoresist on the metal etches at this fluence level. As it will be
understood by persons skilled in the art, this is a too narrow process window

for practical purposes, since no stripping takes place below the threshold value.
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-15 - NEWCLAIMS 1. A nethod for preventing surface danage of a substrate
in the remsval of photoresists fromsubstrates by _pulsed U V Iaser surface
treat nenfzadarHRfG Presence of reactive gas, char »; -hatooe t
conprises extending the | aser pul ses before they ji gacHi4y Supeces from

whi ch the photoresists are to be renoved. 2. A ' iof claim1,
wherein the pul se duration is extended2dis2- 20 C
according to claim1, wherein pulse extension isfejfected by opt i clal neans.
4. A method according to claim1, further conpri T
pul se. 5. A nethod according,to cI

by optical means. Exam

L.zation | achi eved

The arrangement the same as described in Example 4 with an additional
homogenizer. The arrangement is shown in Fig. 5, where numerals 1, 2, 3 and
4 indicate the laser, the homogenizer, the mirror and the substrate,

respectively. The results are shown in Fig. 3b, where the various notations

PR ] B - - oup o=



rding to any one of clains 1 to 5, wherein the substrate is
chose%lﬁgm%g sem conductor wafers, flat panel displays, |enses and

phot onasks. 3509/WO'95 - 16- 7. A nmethod according to claim6, wherein
the substrate is a product on a surface of which a | rotective
materi al has been applied and subsequegtly renoved 8m MQFI ng to
claim?7, wherein the substrate is a VLSI/ULSI circuits ’
preventing surface damage of a substrate in the abl ation of

NEW CLAIMS

1. A method for preventing surface damage of a substrate in the removal of

photoresists from substrates by pulsed U.V. laser surface treatment, in the

presence of reactive gas,

characterized in that it comprises extending the laser pulses before they reach

the surface from which the photoresists are to be removed.

2. A method according to claim 1, wherein the pulse duration is extended by 2-

20 times.

3. A method according to claim 1, wherein pulse extension is effected by optical

means.

4. A method according to claim 1, further comprising homogenizing the pulse.

5. A method according to claim 4, wherein homogenization is achieved by

optical means.

6. A method according to any one of claims 1 to 5, wherein the substrate is

chosen from among semiconductor wafers, flat panel displays, lenses and

photomasks.

30 OCT 1997
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photoresists fromsubstrates (5) by U V. laser surface treatnent in
react i ve85WDIBSsphere, whi ch conprises neans (1) for geﬂerati ng a pul sed
U. V. laser and neans (4) for directing the pul ses o surface to be

treated, characterized in that it further corrprises M
extendlng the laser pul ses before they.reach the surfa th
photoresists are to be ablated; and - &Stlonally nmeans (3) flors "

honogeni zi ng the pul ses. 10. Apparatus according to claim9, wherein the
means (3) for honogeni zi ng t he pul ses are not integral with the neans (2)

for ext onding the, Bl6sin AR ' Rk e QU 9 ' rBRAEE e

11. Appar preve g sur ace amage I'n-an o Ject aser

{1 eat ed BepAEdior itk 1 3 Moo of rftdbAiE" SARIAISTA THRRS dfstich VaRH no

the | asér parat S acco ng to c alm neans for

ext endi ggbtsgguéﬁﬁﬁ 'removed

8. A method according to claim 7, wherein the substrate is a VLSI/ULSI

circuit.

9. Apparatus for preventing surface damage of a substrate in the ablation of
photoresists from substrates (5) by U.V. laser surface treatment in reactive gas
atmosphere, which comprises means (1) for generating a pulsed U.V. laser ?.nd
means (4) for directing the pulses onto the surface to be treated,
characterized in that it further comprises:

- means (2) for extending the laser pulses before they reach the
surface from which the photoresists are to be ablated; and

- optionally, means (3) for homogenizing the pulses.

10. Apparatus according to claim 9, wherein the means (3) for homogenizing
the pulses are not integral with the means (2) for extending the pulses, and are

external and coupled to the apparatus.

11. Apparatus for preventing surface damage in an object being laser treated

according to claim 9 or 10, further comprising means for diverting the laser

beam.

12. Apparatus according to claim 9 wherein the means for extending the laser

pulses are optical means.
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pul ses are optical neans. 3509/WO'95 - 16 bis - 13. Apparatus according
to anyg g@glwbjggai n 9 to 12 conpri si ng rreans for extendi ng the Laser pul se
duration 2 to 20 times. WO 97/ 17

PCT/ 1 L96/ _00139 -17- 15. Apparatus for pr eventl ng su“l“ija"lﬂﬂlﬂﬂﬂﬂl”!ﬂn

obj ect being |l aser treated,

- 16 bis -

13. Apparatus according to any one of claims 9 to 12 comprising means for

extendiné the laser pulse duration by 2 to 20 times.

REPLACEMEN; SHEET
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subst antial | y as described and illustrated, and with parti cﬁlwbsraeierence
to the exanpl es.
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