METHOD OF PROCESSING SINGLE-CRYSTAL SUBSTRATE

BACKGROUND OF THE INVENTION

Field of the Invention

The present invention relates to a methbgrocessing a single-crystal
substrate such as a sapphire,() substrate, a silicon carbide (SiC) substrate, a
gallium nitride (GaN) substrate, a lithium tantelaiiTa(;) substrate, a lithium
niobate (LINbQ) substrate, a diamond substrate, a quartz substrathe like.

Description of the Related Art

In an optical device fabrication processoatical device layer made up of
an n-type nitride semiconductor layer and a p-tpgede semiconductor layer is
stacked on the surface of a sapphire@4J substrate, a silicon carbide (SiC) substrate,
or a gallium nitride (GaN) substrate, and opticatides such as light-emitting diodes,
laser diodes, or the like are formed in a pluratifyegions divided by a plurality of
division lines formed in a grid pattern on the ogtidevice layer, thereby producing
an optical device wafer. Then, a laser beam idiexppo the optical device wafer
along the division lines to cut the optical devigafer, dividing the regions with the
optical devices formed therein thereby to manufa&ctodividual optical devices. A
SAW wafer with SAW devices formed on the surfaceadithium tantalate (LiTag)
substrate, a lithium niobate (LiNBDsubstrate, a silicon carbide (SiC) substrate, a
diamond substrate, or a quartz substrate is alsmtmuindividual SAW devices by a
laser beam applied to the SAW wafer along dividioes.

As a method of dividing wafers such as agitidevice wafers and SAW
wafers as described above, there has been triaskea processing method that uses a
pulsed laser beam having such a wavelength thahgages through a workpiece,

wherein the pulsed laser beam is applied to thekpwece while positioning a



converged point thereof within an area to be didideA dividing process using such
a laser processing method is a technology for thgié wafer by applying a pulsed
laser beam having such a wavelength that perméhteagh the wafer from one
surface thereof while positioning a converged pthetreof within the wafer thereby
to form a succession of modified layers servingugsure start points along a division
line within the workpiece and exerting an exterfuate on the wafer along a street
where the strength is lowered by the modified laygee, for example, Japanese
Patent No. 3408805).

Furthermore, as a method of dividing a watech as a semiconductor wafer,
an optical device wafer, or the like along a dmisline, there has been put to practical
use a technology for performing an ablation proamssa wafer by irradiating the
wafer with a pulsed laser beam having a waveleagtorbable by the wafer along a
division line thereby to form laser-processed gespwand exerting an external force
on the wafer along the division line where the lggecessed grooves have been
formed as rupture start points, thereby splittimg wafer (see, for example, Japanese

Patent Laid-Open No. Heil0-305420).

SUMMARY OF THE INVENTION

However, either one of the above processiethods is problematic in that
the productivity is poor because in order to divégreoptical device wafer made of a
sapphire (AdO3) substrate or the like along a division line,sitnecessary to apply a
laser beam to the same division line a pluralityiroies, resulting in a reduction in the
productivity.

When a laser beam is applied to a wafethen form of a single-crystal
substrate along division lines after the reversie sif the wafer has been ground to

reduce the thickness of the wafer, the numbemaddithat the laser beam is applied is



reduced, thereby solving the above problems. Hewevreduction in the thickness

of the wafer that includes a single-crystal sulbsttands to cause the wafer to buckle,
making the converged point of the laser beam utestabd hence making it hard to

process the wafer appropriately.

It is therefore an object of the presemnemntion to provide a method of
processing a single-crystal substrate efficientid appropriately with a laser beam
along division lines set on the single-crystal $tdis.

In accordance with an aspect of the presemntion, there is provided a
method of processing a single-crystal substratditme the single-crystal substrate
along a plurality of preset division lines, incladia shield tunnel forming step of
applying a pulsed laser beam having such a waviiethgt permeates through the
single-crystal substrate to the single-crystal sabs along the division lines to form
shield tunnels, each including a fine hole and morahous region shielding the fine
hole, in the single-crystal substrate along thastn lines, a protective member
adhering step of adhering a protective memberdasihgle-crystal substrate before or
after the shield tunnel forming step, and a grigdstep of holding the protective
member on the single-crystal substrate, to whi@dhield tunnel forming step and
the protective member adhering step are perforraeda chuck table of a grinding
apparatus, grinding a reverse surface of the sicryi&tal substrate to bring the single-
crystal substrate to a predetermined thicknessgdading the single-crystal substrate
along the division lines along which the shieldrtels have been formed.

Preferably, the pulsed laser beam usebédrshield tunnel forming step has
a peak energy density set to a value in a range frd@W/cnf to 100 TW/cr.

In the method of processing a single-clystebstrate according to the
present invention, the pulsed laser beam having sugvavelength that permeates

through the single-crystal substrate is applieth&single-crystal substrate along the



division lines to form shield tunnels, each inchglia fine hole and an amorphous
region shielding the fine hole, in the single-caysdubstrate along the division lines,
and a protective member is adhered to the singi&alrsubstrate before or after the
shield tunnels are formed in the single-crystalssate. Then, after the shield
tunnels have been formed and the protective metmdmebeen adhered, the protective
member on the single-crystal substrate is held dmuak table of a grinding apparatus,
and a reverse surface of the single-crystal sulstsaground to bring the single-
crystal substrate to a predetermined thicknessr afhich the single-crystal substrate
is divided along the division lines along which tt@eld tunnels have been formed.
It is not necessary to apply the pulsed laser b&amach of the division lines a
plurality of times to, resulting in an increase time productivity. As the shield
tunnels are formed before the reverse side of ittgdescrystal substrate is ground to
bring the single-crystal substrate to a predeteenhithickness, the single-crystal
substrate is prevented from buckling and can begased appropriately by the pulsed
laser beam.

The above and other objects, features ahdhrdages of the present
invention and the manner of realizing them will @& more apparent, and the
invention itself will best be understood from adstwof the following description and
appended claims with reference to the attached idgsvshowing a preferred

embodiment of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 is a perspective view of an optidevice wafer;
FIGS. 2A and 2B are views illustrating atpctive member adhering step;
FIG. 3 is a perspective view of essentatpof a laser processing apparatus

for performing a shield tunnel forming step;



FIG. 4 is a block diagram of pulsed lasearh oscillating means included in
the laser processing apparatus shown in FIG. 3;

FIG. 5 is a diagram showing the relatiopghetween the numerical aperture
(NA) of a condensing lens, the refractive index (f)an optical device wafer, and a
value (S = NA/N) generated by dividing the numdrag@erture (NA) by the refractive
index (N);

FIGS. 6A through 6E are views illustratihg shield tunnel forming step;

FIGS. 7A and 7B are views illustrating anging step;

FIG. 8 is a perspective view showing thenn& in which an optical device
wafer on which the shield tunnel forming step hasrbperformed is adhered to a
dicing tape mounted on an annular frame;

FIG. 9 is a perspective view of a pickupaatus for picking up individual
optical devices into which an optical device wasedivided; and

FIGS. 10A through 10C are views illustrgten pickup step which is carried

out by the pickup apparatus shown in FIG. 9.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

A method of processing a single-crystalssu#te according to a preferred
embodiment of the present invention will be desadliln detail below with reference
to the accompanying drawings. FIG. 1 shows ingeEtive an optical device wafer
as a single-crystal substrate which is to be psmkdy a method of processing a
single-crystal substrate according to the presermrition.

An optical device wafer 2 shown in FIG. ricludes a sapphire (AD3)
substrate in the form of a single-crystal substrateing a thickness of 400 um, and
has an optical device layer made up of an n-typleuganitride semiconductor layer

and a p-type gallium nitride semiconductor layel deposited on a surface 2a thereof.



The optical device layer includes a matrix of ogltidevices 22 formed individually in
a plurality of areas that are separated by diviiimes 21 formed in a grid pattern. A
method of processing a wafer to divide the optamlice wafer 2 along the division
lines 21 into individual optical devices 22 will described below.

First, in order to protect the optical dms 22 formed on the surface 2a of
the optical device wafer 2, a protective membereadl step is carried out to adhere
a protective member to the surface 2a of the dpdieaice wafer 2. Specifically, as
shown in FIGS. 2A and 2B, a protective tape 3 agptiotective member is adhered to
the surface 2a of the optical device wafer 2. Adrow to the present embodiment,
the protective tape 3 includes a sheet-like bageobfvinyl chloride (PVC) having a
thickness of 100 um and an acrylic resin adhesgposited to a thickness of about 5
um on the surface of the sheet-like base. Theegptige member adhering step may
be carried out after a shield tunnel forming stepbe described later, has been
performed.

After the protective member adhering steyg been performed, a shield
tunnel forming step is carried out to apply a pdidaser beam having such a
wavelength that permeates through the optical éewafer 2 which includes the
sapphire (AdO3) substrate as the single-crystal substrate albaglivision lines 21,
forming shield tunnels, each including a fine hafel an amorphous region shielding
the fine hole, along the division lines 21. Acdaogldto the present embodiment, the
shield tunnel forming step is performed using @lgsocessing apparatus 4 shown in
FIG. 3. As shown in FIG. 3, the laser processipgaaatus 4 includes a chuck table
41 that holds a workpiece thereon, laser beam agpiyeans 42 that applies a laser
beam to the workpiece held on the chuck table Ad image capturing means 43 that
captures an image of the workpiece held on thelchalde 41. The chuck table 41,

which is arranged to hold the workpiece under suactis movable along a processing



feed direction indicated by the arrow X in FIG.yBgrocessing feed means, not shown,
and along an indexing feed direction indicated iy arrow Y in FIG. 3 by indexing
feed means, not shown.

The laser beam applying means 42 includesasang 421 of a hollow
cylindrical shape extending essentially horizogtallAs shown in FIG. 4, the laser
beam applying means 42 has pulsed laser beamatisgjlimeans 422 disposed in the
casing 421, output power adjusting means 423 fguséidg the output power of a
pulsed laser beam emitted from the pulsed lasembmscillating means 422, and a
converging unit 424 for converging the pulsed laseam whose output power has
been adjusted by the output power adjusting medBsa#d applying the converged
pulsed laser beam to the optical device wafer Zlwig held as the workpiece on a
holding surface that is provided as the upper serfaf the chuck table 41. The
pulsed laser beam oscillating means 422 includgsilsed laser oscillator 422a,
repetitive frequency setting means 422b for setbngepetitive frequency for the
pulsed laser beam oscillated by the pulsed laseitlaisr 422a, and pulse width
setting means 422c for setting a pulse width ferghlsed laser beam oscillated by the
pulsed laser oscillator 422a. According to thespné embodiment, the pulsed laser
beam oscillating means 422 thus arranged oscilladsed laser beam LB having a
wavelength of 1030 nm. The pulsed laser beamlaog means 422 and the output
power adjusting means 423 are controlled by comuexns, not shown.

The converging unit or condenser 424 inetud direction changing mirror
424a for changing the direction of the pulsed ldsms&am LB downwardly which has
been emitted from the pulsed laser beam oscillategns 422 and whose output
power has been adjusted by the output power adgustieans 423, and a condensing
lens 424b for converging the pulsed laser beam LUBchv has been changed in

direction by the direction changing mirror 424a applying the converged pulsed



laser beam to a workpiece W held on the holdingaseras the upper surface of the
chuck table 41. The present inventor has confirthed a shield tunnel is formed
insofar as a value generated by dividing the nurakraperture (NA) of the
condensing lens 424b of the converging unit 424heyrefractive index (N) of the
single-crystal substrate is in the range from @06.4. The relationship between the
numerical aperture (NA), the refractive index (Nnd the value (S = NA/N)
generated by dividing the numerical aperture (N@)he refractive index (N) will be
described below with reference to FIG. 5.

In FIG. 5, the pulsed laser beam LB appti@edhe condensing lens 424b is
converged at an angla) with respect to the optical axis of the condegdens 424b.
At this time, simt represents the numerical aperture (NA) of the easohg lens 424b
(NA = sina). When the pulsed laser beam LB converged byctr&ensing lens
424b is applied to the optical device wafer 2 whiakludes the single-crystal
substrate, since the single-crystal substrateeobfitical device wafer 2 has its density
higher than air, the pulsed laser beam LB is réfichérom the anglea( to an angle
(B). At this time, the angle3f with respect to the optical axis differs depegdom
the refractive index (N) of the single-crystal swate of the optical device wafer 2.
As the refractive index (N) is expressed as (N ma/&inB), the value (S = NA/N)
generated by dividing the numerical aperture (Np)the refractive index (N) of the
single-crystal substrate is represented bf.sift has been experimentally confirmed
that a good shield tunnel is formed by settingsmthe range from 0.05 to 0.4 (0.05
< sinB < 0.4), and that no good shield tunnel is formedinf falls outside the set
range even though the peak energy density is imahge described later. The laser
beam applying means 42 has converged point posiiijusting means (not shown)
for adjusting the position of the converged poifttlte pulsed laser beam that is

converged by the condensing lens 424b of the cgmgeunit 424.



The image capturing means 43, which is rnemion a distal end portion of
the casing 421 of the laser beam applying meansmdides, other than an ordinary
image capturing device (CCD) which captures an gnagth a visible light beam,
infrared radiation applying means for applying afrdared radiation to the workpiece,
an optical system for capturing the infrared radratpplied by the infrared radiation
applying means, and an image capturing deviceafieftr CCD) for outputting an
electric signal depending on the infrared radiattaptured by the optical system.
The image capturing means 43 sends a captured isigwa to the control means, not
shown.

For laser-processing the optical device ewa?, on which the wafer
supporting step has been performed, along the idivilnes 21 using the laser
processing apparatus 4, the protective tape 3 tohwthe optical device wafer 2 has
been adhered is placed on the chuck table 41 ofaer processing apparatus 4
shown in FIG. 3. Suction means, not shown, isaetlito hold the optical device
wafer 2 on the chuck table 41 under suction thrahghintermediary of the protective
tape 3 (wafer holding step). With the optical dewwafer 2 held on the chuck table
41, therefore, the optical device wafer 2 hasaterse side 2b facing upwardly. The
chuck table 41 which has thus held the optical aewafer 2 under suction is
positioned immediately below the image capturinganse43 by the processing feed
means, not shown.

When the chuck table 41 is positioned imiatety below the image
capturing means 43, the image capturing means d3tte non-illustrated control
means carry out an alignment process to detectemta be laser-processed of the
optical device wafer 2. Specifically, the imageptcaing means 43 and the non-
illustrated control means perform an image proogsgirocess such as pattern

matching or the like to position a division line &lbng a first direction on the optical



device wafer 2 and the converging unit 424 of theet beam applying means 42
which applies the laser beam along the divisioe @1, with respect to each other,
thereby aligning a laser beam applying positiong(ahent step). A laser beam
applying position is similarly aligned with respécta division line 21 that extends on
the optical device wafer 2 perpendicularly to tHsowe first direction. In the
alignment step, the division lines 21 on the optaevice wafer 2 and the optical
devices 22 are positioned downwardly. Since thegencapturing means 43 includes
the infrared radiation applying means, the optsatem for capturing the infrared
radiation, and the image capturing device (infra@@D) for outputting an electric
signal depending on the infrared radiation, as rilesd above, the image capturing
means 43 can capture an image of the division 2ihehrough the optical device
wafer 2 which includes the sapphire {B84) substrate as a single-crystal substrate,
from the reverse side 2b of the optical device wafe

After the above alignment step has beenethout, as shown in FIG. 6A,
the chuck table 41 is moved to a laser beam applgiea where the converging unit
424 of the laser beam applying means 42 that apftie laser beam is positioned,
positioning the predetermined division line 21 inthagely below the converging unit
424. At this time, as shown in FIG. 6A, one eraft(énd in FIG. 6A) of the division
line 21 on the optical device wafer 2 is positiomednediately below the converging
unit 424. Then, the non-illustrated converged pgiosition adjusting means is
actuated to move the converging unit 424 alongoghtecal axis in order to position a
converged point P of the pulsed laser beam LB agaek by the condensing lens
424b of the converging unit 424 at a desired pasitalong the thickness-wise
direction of the optical device wafer 2 from theeese side 2b thereof (positioning
step). According to the present embodiment, thevemed point P of the pulsed

laser beam LB is set to the desired position thapaced from the reverse side 2b of
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the optical device wafer 2 which includes the sagp{Al.O3) substrate as a single-
crystal substrate to which the pulsed laser beanisldpplied (e.g., a position spaced
5 um through 10 um from the reverse side 2b towsedurface 2a).

After the positioning step has been caroatlas described above, a shield
tunnel forming step is carried out to operate #s=f beam applying means 42 to emit
the laser beam LB from the converging unit 424 famoh, in the optical device wafer
2 which includes the sapphire ¢8k) substrate as a single-crystal substrate, a fine
hole and an amorphous region shielding the fine kdiich extend from a region in
the vicinity of the converged point P (reverse 2th¢ toward the surface 2a, thereby
forming a shield tunnel in the optical device wafer Specifically, while the
converging unit 424 is emitting the pulsed lasearbelLB which has such a
wavelength that permeates through the sapphir®©ghbubstrate of the optical device
wafer 2, the chuck table 41 is moved at a predetetifeed speed along the direction
indicated by the arrow X1 in FIG. 6A (shield tunetming step). Then, as shown
in FIG. 6B, when the other end (right end in FIB) ®f the division line 21 reaches
the laser beam applying position of the converging 424 of the laser beam applying
means 42, the laser beam applying means 42 stqpgirapthe pulsed laser beam,
and the chuck table 41 stops moving.

When the above shield tunnel forming steparried out, as shown in FIG.
6C, fine holes 231 and amorphous regions 232 foramednd the fine holes 231 are
grown in the optical device wafer 2 which includiee sapphire (AlD3) substrate as a
single-crystal substrate such that they extend feomegion in the vicinity of the
converged point P (reverse side 2b) of the pulserlaeam LB toward the surface 2a,
thereby forming amorphous shield tunnels 23 atgtexchined intervals (according to
the present embodiment, intervals of 10 um (prongsdeed speed: 1000

mm/second)/(repetitive frequency: 100 kHz)) alohg division line 21. As shown
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in FIGS. 6D and 6E, each of the shield tunnels@3udes a centrally formed fine
hole 231 having a diameter of about 1 pm and anr@moos region 232 having a
diameter of about 10 um disposed around the fine B81. According to the
present embodiment, those amorphous regions 232hwdre disposed adjacent to
each other are joined to each other. Since themmas shield tunnels 23 formed in
the shield tunnel forming step can be formed stwasctend from the reverse side 2b
of the optical device wafer 2 which includes thp@are (ALO3) substrate as a single-
crystal substrate toward the surface 2a thereef,pilised laser beam LB may be
applied only once even if the thickness of the agbtidevice wafer 2 is large.
Therefore, the productivity of the shield tunnedsi® highly increased.

After the shield tunnel forming step haserbecarried out along the
predetermined division line 21, the chuck tablestihdexed by the interval between
division lines 21 on the optical device wafer 2rgjahe direction indicated by the
arrow Y (indexing step), and then the above shietohel forming step is performed.
When the shield tunnel forming step has been choig along all the division lines
21 that extend along the first direction, the chteide 41 is turned 90 degrees, and
then the shield tunnel forming step is carried aonhg the division lines 21 which
extend along a direction perpendicular to the divisines 21 along the first direction.

In order to form good shield tunnels 23he above shield tunnel forming
step, it is important to set the peak energy derdditthe pulsed laser beam LB to a
value in a range from 1 TW/cno 100 TW/cmi. The peak energy density can be
determined as average output power (W)/repetitiequency (Hz)x spot area (cf)

x pulse width (s)}.

The reasons why the peak energy densitjeopulsed laser beam LB is set

to a value in the range from 1 TW/€o 100 TW/cni will be described below.

[Experiment 1]
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Condition 1---single-crystal substratepsae substrate (having a thickness
of 400 pm)

Condition 2- - -the wavelength of the pulssdr beam is set to 1030 nm

Condition 3- - -the repetitive frequencyhs pulsed laser beam is set to 100
kHz

Condition 4- - -the spot diameter of the gulilaser beam is set to 10 um

Condition 5---the average output powehefgulsed laser beam is set to 5

Condition 6- - -variable: the pulse widthiha pulsed laser beam

The pulsed laser beam was applied to thphsee substrate while the pulse
width was varied from 0.1 ps to 100 ps under thevalronditions, and the processed
state was observed.

When the pulse width ranged from 0.1 p9#® ps, voids were formed
within the sapphire substrate.

When the pulse width ranged from 0.7 p63@s, shield tunnels including
fine holes and amorphous regions shielding the fiakes were formed within the
sapphire substrate.

When the pulse width ranged from 64 ps @® ps, the inside of the
sapphire substrate was melted.

It can be seen from the above experimergaults that shield tunnels
including fine holes and amorphous regions shigldine fine holes are formed within
the sapphire substrate when the pulse width iseénange from 0.7 ps to 63 ps.

Consequently, the peak energy density tisroened with the pulse width in
the range from 0.7 ps to 63 ps under the aboveiwons, and shield tunnels are
formed by setting the peak energy density to aevauthe range from 1 TW/cmo

100 TW/cnf.
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[Experiment 2]
Condition 1- - -single-crystal substratepbape substrate (having a thickness
of 400 um)
Condition 2- - -the wavelength of the pulssdr beam is set to 1030 nm
Condition 3- - -the pulse width is set tqp$0
Condition 4- - -the spot diameter of the gulilaser beam is set to 10 um

Condition 5---the average output powehefgulsed laser beam is set to 5

Condition 6- - -variable: the repetitive freqcy of the pulsed laser beam

The pulsed laser beam was applied to tipplsee substrate while the
repetitive frequency was varied from 1 kHz to 1&®& under the above conditions,
and the processed state was observed.

When the repetitive frequency ranged frokHZ to 6 kHz, the inside of the
sapphire substrate was broken and cracks werdlyadigaeloped therein.

When the repetitive frequency ranged frokiHZ to 640 kHz, shield tunnels
including fine holes and amorphous regions shigldime fine holes were formed
within the sapphire substrate.

When the repetitive frequency ranged frobs® &Hz to 1000 kHz, voids
were formed within the sapphire substrate and medtunnels were formed therein.

It can be seen from the above experimergaults that shield tunnels
including fine holes and amorphous regions shigldine fine holes are formed within
the sapphire substrate when the repetitive frequenio the range from 7 kHz to 640
kHz.

Consequently, the peak energy density ieradened with the repetitive
frequency in the range from 7 kHz to 640 kHz urttéerabove conditions, and shield

tunnels are formed by setting the peak energy tletwsia value in the range from 1
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TW/cn* to 100 TW/crh.

The above described Experiment 1 and Expari 2 were conducted on the
sapphire (AlOs) substrate. Experiments similar to Experimennd &xperiment 2
were also conducted on a silicon carbide (SiC) tsates a gallium nitride (GaN)
substrate, a lithium tantalate (LiTg&ubstrate, a lithium niobate (LiNBOsubstrate,

a diamond substrate, and a quartz gp€ibstrate, each as a single-crystal substrate,
and the results of those experiments were esdgrttial same.

After the above shield tunnel step has bmmnied out, a grinding step is
carried out to hold the protective member adhecethé surface 2a of the optical
device wafer 2 which includes the sapphire,(3) substrate as a single-crystal
substrate on a chuck table of a grinding apparausd the reverse side 2b of the
optical device wafer 2 to bring the optical deweafer 2 to a predetermined thickness,
and divide the optical device wafer 2 along theigibn lines 21 along which the
shield tunnels 23 have been formed. The grindieg s performed using a grinding
apparatus 5 shown in FIG. 7A. As shown in FIG. T grinding apparatus 5
includes a chuck table 51 as holding means forihglé workpiece thereon and
grinding means 52 for grinding the workpiece tisatheéld on the chuck table 51. The
chuck table 51, which is arranged to hold the wimgg on its upper surface under
suction, is rotated about its own axis in the dicecindicated by the arrow A in FIG.
7A by a rotational drive mechanism, not shown. ghading means 52 includes a
spindle housing 53, a rotational spindle 54 rotgtahpported by the spindle housing
53 and rotatable about its own axis by a rotatiaitale mechanism, not shown, a
mounter 55 mounted on the lower end of the rotati@pindle 54, and a grinding
wheel 56 attached to the lower surface of the neubb. The grinding wheel 56
includes an annular base 57 and a plurality ofdgnigp stones 58 mounted in an

annular pattern on the lower surface of the base 3he base 57 is fastened to the
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lower surface of the mounter 55 by fastening bats

For performing the grinding step using tgending apparatus 5, the
protective tape 3 adhered to the surface 2a obpiieal device wafer 2 is placed on
the upper surface (holding surface) of the chublet&l, as shown in FIG. 7A. Then,
suction means, not shown, is actuated to hold phieal device wafer 2 on the chuck
table 51 under suction through the intermediarthefprotective tape 3 (wafer holding
step). Therefore, the optical device wafer 2 logldhe chuck table 51 has its reverse
side 2b facing upwardly. After the optical devieafer 2 has been held on the chuck
table 51 under suction through the intermediaryhefprotective tape 3, the grinding
wheel 56 of the grinding means 52 is rotated aliubwn axis at 6000 rpm, for
example, in the direction indicated by the arromB-1G. 7A while the chuck table 51
is being rotated about its own axis at 300 rpm efcample, in the direction indicated
by the arrow A in FIG. 7A, and the grinding storfi&sare brought into contact with
the reverse side 2b, which is a surface to be peasck of the optical device wafer 2,
as shown in FIG. 7B, whereupon the grinding whe@li% fed a predetermined
distance downwardly (a direction perpendicularhe holding surface of the chuck
table 51) at a grinding feed speed of 1 um/sectordexample, as indicated by the
arrow C. As a result, the reverse side 2b of thtcal device wafer 2 is ground to
bring the optical device wafer 2 to a predetermittedkness (e.g., 100 um) and the
optical device wafer 2 is divided into individugbtecal devices 22 along the division
lines 21 where the mechanical strength is lowengdhle shield tunnels 23 formed
therein. Since the protective tape 3 is adherethéosurfaces of the individual
optical devices 22 which have been separated,dtieabdevices 22 do not fall apart,
but remain joined together in the shape of thecaptilevice wafer 2. When the
grinding step is thus carried out, the optical dewvafer 2 is divided into individual

optical devices 22 along the division lines 21 vehéine mechanical strength is
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lowered by the shield tunnels 23 formed therein.

Then, a wafer supporting step is carriettouadhere a dicing tape to the
reverse side 2b of the optical device wafer 2 whiatludes the sapphire (ADs3)
substrate as a single-crystal substrate (dividem time individual optical devices 22)
on which the grinding step has been performed,sapghort an outer circumferential
portion of the dicing tape on an annular frame. ecHfically, as shown in FIG. 8, the
reverse side 2b of the optical device wafer 2 taat been divided into the individual
optical devices 22 on which the grinding step hasnbperformed is adhered to the
surface of a dicing tape T whose outer circumfeaépbrtion has been mounted on an
annular frame F in covering relation to an innererdpg thereof. Then, the
protective tape 3 adhered to the surface 2a obpiieal device wafer 2 is peeled off.
With the optical device wafer 2 adhered to theauefof the dicing tape T, therefore,
the optical device wafer 2 has its surface 2a taapwardly.

After the wafer supporting step has beefop@ed, a pickup step is carried
out to pick up the individual optical devices 2%ided from the optical device wafer
2 adhered to the dicing tape T. The pickup stegaisied out using a pickup
apparatus 6 shown in FIG. 9. As shown in FIGh®, pickup apparatus 6 includes
frame holding means 61 for holding the annular dmtape expanding means 62 for
expanding the optical device wafer 2 mounted onatireular frame F that is held by
the frame holding means 61, and a pickup collet 6he frame holding means 61
includes annular frame holding member 611 and ealiy of clamps 612 disposed as
fixing means on an outer circumferential surfaceahaf frame holding member 611.
The frame holding member 611 has an upper surfaceng as a placement surface
611a for placing the annular frame F thereon. dimeular frame F is placed on the
placement surface 611a. The annular frame Fshalaced on the placement surface

61l1a is fixed to the frame holding member 611 by thamps 612. The frame
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holding means 61 thus constructed is supportechbytdape expanding means 62 for
vertical back-and-forth movement.

The tape expanding means 62 has an exgaddim 621 disposed in the
annular frame holding member 611. The expandingmd621 has an outside
diameter smaller than the inside diameter of theulm frame F and an inside
diameter larger than the outside diameter of thecalpdevice wafer 2 adhered to the
dicing tape T which is mounted on the annular frdfme The expanding drum 621
has a support flange 622 on its lower end. The typanding means 62 according
to the present embodiment has support means 62&ftcally moving the annular
frame holding member 611 back and forth. The stppweans 623 includes a
plurality of air cylinders 623a disposed on the map flange 622 and having
respective piston rods 623b connected to the |losweface of the annular frame
holding member 611. The support means 623 whicludes the air cylinders 623a
moves the annular frame holding member 611 velyitstween a reference position
shown in FIG. 10A in which the placement surfacéeblies substantially at the same
height as the upper end of the expanding drum &8laa expanding position shown
in FIG. 10B in which the placement surface 611a igredetermined distance lower
than the upper end of the expanding drum 621.

The pickup step to be carried out using phekup apparatus 6 thus
constructed will be described below with referetmwd-IGS. 10A through 10C. As
shown in FIG. 10A, the annular frame F on which di@ng tape T with the optical
device wafer 2 adhered thereto is mounted is placethe placement surface 611a of
the frame holding member 611 of the frame holdirgans 61, and is then fixed to the
frame holding member 611 by the clamps 612 (frapidihg step). At this time, the
frame holding member 611 is positioned in the \exee position shown in FIG. 10A.

Thereatfter, the air cylinders 623a of the suppoetins 623 of the tape expanding
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means 62 are actuated to lower the annular framdinigo member 611 to the
expanding position shown in FIG. 10B. Since theular frame F fixed to the
placement surface 611a of the frame holding merBbéris also lowered, the dicing
tape T mounted on the annular frame F is expangiezmbbtact with the upper end of
the expanding drum 621 (tape expanding step), earsiin FIG. 10B. As a result,
the optical device wafer 2 adhered to the dicinmeta is subjected to a radial tensile
force which separates the divided individual optd=vices 22, forming widened gaps
S between the optical devices 22.

Then, as shown in FIG. 10C, the pickupatd@B is actuated to attract one at
a time of the optical devices 22 and pick it upnirthe dicing tape T (pickup step),
and delivers the picked-up optical device 22 trag, thot shown, or a die bonding step.
In the pickup step, since the widened gaps S aredtd between the individual optical
devices 22 adhered to the dicing tape T as desteabeve, the pickup collet 63 can
easily pick up each optical device 22 without contaith the adjacent optical devices
22.

The present invention is not limited to tetails of the above described
preferred embodiment. The scope of the invensatefined by the appended claims
and all changes and modifications as fall withia #guivalence of the scope of the

claims are therefore to be embraced by the inventio
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WHAT ISCLAIMED IS:

1. A method of processing a single-crystabstrate to divide the single-
crystal substrate along a plurality of preset diridines, comprising:

a shield tunnel forming step of applyingudsed laser beam having such a
wavelength that permeates through the single-drgstiastrate to the single-crystal
substrate along the division lines to form shieldntels, each shield tunnel including a
fine hole and an amorphous region shielding the fiole, in the single-crystal
substrate along the division lines;

a protective member adhering step of adheai protective member to the
single-crystal substrate before or after the shiatthel forming step; and

a grinding step of holding the protectivember on the single-crystal
substrate, to which the shield tunnel forming steg the protective member adhering
step are performed, on a chuck table of a grindipparatus, grinding a reverse
surface of the single-crystal substrate to bring #ingle-crystal substrate to a
predetermined thickness, and dividing the singlestad substrate along the division
lines along which the shield tunnels have been éokrm

2. The method of processing a single-atystibstrate according to claim
1, wherein the pulsed laser beam used in the shieldel forming step has a peak

energy density set to a value in a range from 1¢f®/to 100 TW/cr.
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