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Description

TECHNICAL FIELD

[0001] The present invention relates generally to ma-
chining via holes in sapphire as known from EP-A-
1460694 and, more particularly, to ultrafast laser machin-
ing of via holes in a sapphire substrate.

BACKGROUND OF THE INVENTION

[0002] In the field of high frequency electronic circuit
design, gallium arsenide (GaAs) microwave monolithic
integrated circuits (MMIC’s) were demonstrated in the
1970’s. Since then, many resources have been put into
extending the maximum operating frequency (fmax) of
GaAs products (e.g., MESFET, PHEMT, HEMT, and
HBT technologies) into the hundreds of gigahertz (GHz).
However, due to its superior material properties, Gallium
nitride (GaN) may provide a superior alternative GaAs.
GaN may offer, for example, higher efficiency and a high-
er operating voltage with lower current, thereby allowing
the design of circuitry with approximately ten times the
power density of a GaAs PHEMT.
[0003] The choice of substrates on which to grow GaN-
based MMIC’s is an important factor in device perform-
ance. It may be desirable, for example, to provide a sub-
strate with low electrical conductivity to limit RF losses
through the substrate to ground (i.e., a non-insulating
substrate is equivalent to a lossy transmission line to
ground at high frequencies). Accordingly, materials such
as sapphire or SiC may be used as substrates for GaN
devices. Sapphire is a particularly attractive candidate
for substrate material due to its cost effectiveness and
low-loss characteristics.
[0004] However, MMIC’s desirably incorporate via
holes through the substrate to provide adequate ground
contacts to a backside metallization formed thereon. Ad-
ditionally, such vias may desirably provide thermal con-
tact to assist in heat dissipation from the MMIC to the
package. For a 100 mm thick sapphire substrate, for ex-
ample, 8 to 10 via holes having diameters between 30
and 60 mm may be desired per 1 mm2 chip. This adds
up to approximately 60,000 vias for a standard 4 inch
wafer, and approximately 150,000 vias for a standard 6
inch wafer. Due to sapphire’s materials characteristics,
however, it may be cost prohibitive, inefficient, and gen-
erally undesirable to mechanically machine 60,000 to
150,000 via holes approximately 100 mm or deeper into
sapphire substrates using standard machining tech-
niques.
[0005] It may also be cost prohibitive and undesirable
to machine this many via holes into sapphire using a dry
etch or ion beam milling. Dry etch or ion beam milling
techniques require a mask to be placed over the sapphire
with holes in the mask at the desirable via hole locations.
The mask, however, may be undesirably thick and gen-
erally impractical for forming a large number of via holes

at a desired spacing on a tough sapphire substrate.
[0006] US-2005/025445 A1 describes a method of
making an at least one hole in an optically transparent
body, comprising the following steps: (i) providing an ul-
trashort pulse laser for producing a laser output with a
wavelength lambda, the laser output having a subpico-
second laser pulse duration; (ii) providing a laser output
focusing lens for focusing the laser output, the focusing
lens having a numerical aperture NA; (iii) providing an
optically transparent body, the optically transparent body
having a transparency at lambda of at least 90%/cm; (iv)
providing a liquid filled container situated proximate to
the optically transparent body, such that the optically
transparent body is in direct contact with the liquid; and
(v) directing the laser output through the focusing lens to
produce a focused laser output with a subpicosecond
laser pulse duration proximate the optically transparent
body, wherein the focused laser output traces at least
one hole track pattern through the transparent glass body
while the optically transparent body and said focused la-
ser output move relative to one another in X-Y-Z direc-
tions. The at least one hole track pattern is in contact with
the liquid and the focused laser output, in conjunction
with the liquid, creates at least one hole in the optically
transparent body.
[0007] US-4,473,737 A describes a method for laser
drilling small diameter, closely-spaced, and accurately
located holes in a body of material which is transparent
or substantially transparent to the laser radiation em-
ployed whereby the holes are drilled through the thick-
ness of the body from the surface opposite to that on
which the laser beam impinges to the surface of laser
beam impingement.
[0008] US-2003/103107 A1 describes a method of cre-
ating a milled structure in a fixed material using a moving
laser beam, where a picosecond laser provides short
pulses of light energy to produce required exposure
steps, where a variable rate of laser beam movement
conducts the milling upon the material, where the laser
beam tool path directs the milling process to produce a
milled hole of high quality and repeatability, and where
the knowledge of how to measure these 3 quantities is
returned as feedback into the laser system. Furthermore,
it is described a spiral milled tool path structured to
achieve the customer specified tapered hole shape. The
constant arc speed tool path is required to produce ta-
pered holes to customer specification.

BRIEF DESCRIPTION OF THE DRAWING

[0009] The invention is best understood from the fol-
lowing detailed description when read in connection with
the accompanying drawing. It is emphasized that, ac-
cording to common practice, the various features of the
drawing are not to scale. On the contrary, the dimensions
of the various features are arbitrarily expanded or re-
duced for clarity. Included in the drawing are the following
figures:
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Fig. 1 is a flow chart illustrating an exemplary process
for machining a substrate via, according to the
present invention;
Fig. 2A is a top view of an exemplary laser beam
scan path for machining a rectangular via, according
to the present invention;
Fig. 2B is a top view of an exemplary laser beam
scan path for machining a round via, according to
the present invention;
Fig. 3 is a flow chart illustrating an exemplary process
for forming a microwave monolithic integrated circuit,
according to the present invention;
Fig. 4A is a side plan view of a substrate having a
laser machined via, according to the present inven-
tion;
Fig. 4B is a bottom plan view of a substrate having
a laser machined via, according to the present in-
vention;
Fig. 4C is a top plan view of a substrate having a
laser machined via, according to the present inven-
tion;
Fig. 4D is a side plan view of a substrate having a
laser machined via extending to a predetermined
depth, according to the present invention;
Figs. 5A, 5B and 5C are cross-sectional side plan
drawings of an apparatus according to an exemplary
embodiment of the present invention during manu-
facture, according to a method of the present inven-
tion; and
Figs. 6A, 6B, 6C, 6D and 6E are cross-sectional side
plan drawings of an apparatus according to an alter-
nate exemplary embodiment of the present invention
during manufacture, according to another method of
the present invention; and
Fig. 7 is a block diagram of an exemplary laser ma-
chining system for machining a substrate via, ac-
cording to the present invention;
Fig. 8 is a flow chart illustrating an alternative exem-
plary process for forming a microwave monolithic in-
tegrated circuit, according to the present invention.

DETAILED DESCRIPTION OF THE INVENTION

[0010] Ultrafast lasers (i.e., those emitting pulses with
pulse lengths shorter than about 1 nanosecond, such as
femtosecond and picosecond pulses) may be used to
machine various solid state materials with high precision.
Such machining additionally produces relatively small
heat affected zones. Ultrafast laser machining may be
used on a wide variety of materials, including materials
that may be difficult the machine using other techniques.
More specifically, ultrafast lasers may be used to ma-
chine via holes in substrates suitable for use with GaN
devices (e.g., sapphire, silicon carbide, etc.) to desirable
depths, where the via side walls exhibit a surface quality
comparable to bare substrate material due to the reduced
heat affected zone.
[0011] Referring now to the drawing, in which like ref-

erence numbers refer to like elements throughout the
various figures that include the drawing, Fig. 1 is a flow
chart illustrating an exemplary method of ablating a via
in a mechanically and chemically tough substrate with
an ultrafast pulsed laser source, according to one exem-
plary embodiment of the present invention. The substrate
is provided step 102. The substrate is formed of a material
that is mechanically and chemically resistant, such as
sapphire or silicon carbide, and includes some thickness
of the material separating a first surface from a second
surface. While described with regard to a sapphire or
silicon carbide substrate, it is contemplated that the meth-
od may also be used to form vias in other mechanically
and chemically resistant materials. Such materials may
be developed as substrates for GaN microwave mono-
lithic semiconductor devices or other semiconductor de-
vices.
[0012] The ultrafast laser is desirably focused, step
104. This focusing may include substantially focusing
pulses of laser light from the ultrafast laser source to a
beam spot incident on a surface of the substrate (such
as the first surface, for example). Each pulse of laser light
is desirably focused such that it ablates a predetermined
volume of the substrate material. It may be desirable that
the ablated volume have a depth less than the thickness
of the substrate so that any device layers on the other
side of the substrate are not affected by the ablation of
the substrate. Also, typically the substrate may be 100mm
or more thick and it is desirable, for process control, for
the depth ablated by each pulse to be significantly less
than 100mm, typically less than 1mm.
[0013] The laser beam is scanned, according to a pre-
determined scan pattern, across a via portion on the sur-
face of the substrate, step 106. The via portion is the
area(s) on the surface of the substrate being machined
where a via is (or vias are) to be formed extending through
the substrate and to the opposite surface. The predeter-
mined scan pattern is selected according to a desired via
shape. For example, Fig. 2A illustrates raster scan pat-
tern 202, which may be chosen if rectangular via 200 is
desired. Alternatively, as shown in Fig. 2B, spiral trepan-
ning scan pattern 212 may be chosen, if round via 210
is desired. Those skilled in the art may recognize that a
plurality of scan patterns may be generated or obtained
for use in the method, without departing from the scope
of the present invention.
[0014] The substrate is moved in a direction normal to
the surface being ablated (such as the first surface, for
example), step 108, to control the volume of the substrate
that is ablated by each pulse of ultrafast laser light. Since
each pulse of laser light ablates a portion of the substrate
by some depth, the next pulse of laser light over that
portion travels a greater distance to reach the surface of
the substrate (i.e., the previous focal distance plus the
depth of ablation from the previous laser pulse) and may
exhibit a different size beam spot on the ablated surface,
depending on whether the beam is converging or diverg-
ing. Accordingly, a different volume of substrate material
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may be ablated as a result of this likely change in beam
spot size, and the corresponding change in beam flu-
ence. Therefore, to maintain the ablation volume/depth
at a substantially constant amount, the material surface
of the portions being ablated (i.e., the via portion) is de-
sirably kept at approximately the same focal plane of the
laser light by moving the substrate, as described above.
In an alternate exemplary embodiment, the substrate
may also be tilted, rotated, and/or moved in a radial di-
rection coplanar to the surface being ablated. Such
movements in tilt angle, rotational angle, and radial di-
rection may be performed to help maintain the ablation
volume/depth at a substantially constant amount, as de-
scribed above, or as part of a scan pattern, as described
step 106. For example, a spiral scan for forming a round
via may include rotating the substrate while moving it
radially in a direction coplanar to the surface. Those
skilled in the art may recognize that various movement
algorithms may be implemented including various move-
ment schemes (e.g., rotational speed, radial direction, tilt
direction, movement speed, number of points of ablation
along a scan path, etc.) without departing from the scope
of the present invention.
[0015] In another embodiment of the invention, the
substrate may be held stationary while the laser beam is
scanned across its surface and the focal plane adjusted
to control the volume of the substrate that is ablated by
each pulse of ultrafast laser light, as described above.
Accordingly, the scanning of the laser beam may be con-
trolled by movement of an optical lens in the optical path
of the laser beam, thereby affecting the location of the
focal plane on the substrate; a scan mirror may also be
used to control the optical path of the laser beam, thereby
affecting the location of the beam spot on the substrate.
Those skilled in the art will recognize that many other
means may be employed to affect the path and focus of
the laser beam so as to provide a scanning of the laser
beam upon the substrate surface, without departing from
the scope of the present invention. In yet another em-
bodiment, both substrate movement in a direction normal
to the surface being ablated and the focal plane of the
laser light may be adjusted, as described above, during
the ablation process.
[0016] It is determined whether the via is formed, step
110. Forming the via may involve ablating the substrate
until the via extends from one surface of the substrate to
the other (i.e., from the first surface to the second sur-
face). In another exemplary embodiment of the invention,
the via may extend only to a predetermined depth within
the substrate. If the via is determined to not yet be formed,
the process continues to scan the laser beam, step 106,
and move the substrate, step 108, as described above,
until the via is formed. Once it is determined in step 110
that the via is formed, the process is complete, step 120.
[0017] Alternately, if multiple vias are to be machined
in series, the process may proceed to step 111 (shown
in phantom) instead of step 120. It is determined whether
any further vias remain to be machined, step 120. If fur-

ther vias remain the ablation process for the next of these
remaining vias is initiated, step 106. Once all of the de-
sired vias are formed, the process is complete, step 120.
In an exemplary embodiment where the vias formed in
step 108 extend to a predetermined depth within the sub-
strate and not through the substrate, the substrate may
be wafer thinned prior to step 120 in order to fully form
via holes.
[0018] During the ablation process, the ejection of sub-
strate material may generate undesirable debris that may
be redeposited on the surface of the substrate. It is often
very difficult to remove the debris due to the strong inter-
molecular forces that bond the debris to the surface of
the substrate. In an exemplary embodiment of the inven-
tion, therefore, a fluid or aerosol stream may be blown
across the via portion of the substrate to redirect ablation
debris away from the via portion. This keeps ablation
debris from being redeposited back in the via that is being
formed. The direction of the stream may be chosen to
direct ablation debris to a predetermined deposit location
where they may be safely deposited. Additionally, it may
be desirable for the stream to be strong enough to sub-
stantially inhibit redeposition anywhere on the substrate
or any semiconductor layers that may have been grown
on the substrate. The stream may consist of an aerosol,
an assist gas, an inert gas, or air. The aerosol that may
include solid particles, such as dry ice, or liquid particles,
such as an alcohol.
[0019] It is also generally undesirable for ablation de-
bris to be redeposited on the substrate surface, the sem-
iconductor device layer, or, generally, any surface of a
device being formed according to the present invention.
Accordingly, in another exemplary embodiment of the
invention, a surface protection layer may be formed on
the surface of the substrate. Specifically, the protection
layer may be formed on the surface that is being ablated
(such as the first surface, for example). Ablation debris
generated by the ablation process, therefore, may rede-
posit on the surface protection layer without becoming
bonded to the substrate surface. In a further exemplary
embodiment, by blowing a stream over the via portion,
ablation debris is directed away from the via (which in-
cludes exposed substrate material) and onto the surface
protection layer. The surface protection layer may be
formed from an easily removable material, such as pol-
yvinyl alcohol (PVA) or another polymer, for example. If
a surface protection layer is implemented, it may be de-
sirable to ablate the portion of the surface protection layer
formed over the via portion. Alternately, the portion of the
surface protection layer over the via portion may be re-
moved before ablation, creating a window over the via
portion. After the ablation process is completed, the rest
of the surface protection layer may be removed, whereby
the ablation debris may be removed along with the pro-
tection layer.
[0020] To monitor the ablation process, an imaging
system may desirably be used to obtain imaging data of
the substrate during the ablation process. The imaging
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data may then be used to monitor the progress of the
ablation to determine whether the via is formed, whether
the via is being formed according to plan, and/or whether
ablation debris is being redeposited in an undesirable
location on the surface of the substrate. By analyzing the
imaging data, a controller may then be used to control
the movement of the substrate, the scanning of the beam
spot, and any other process settings (e.g., laser pulse
rate, adjustments to the via shape, etc.).
[0021] Fig. 3 is a flow chart illustrating an exemplary
method for forming a semiconductor device on a sub-
strate having a via, according to another exemplary em-
bodiment of the present invention. The substrate is pro-
vided, step 302. The substrate is desirably formed of an
electrically insulating material, such as sapphire or silicon
carbide, for example, and includes a first surface and a
second surface. While described with regard to a sap-
phire or silicon carbide substrate, it is contemplated that
the method may also be used with other mechanically
and chemically resistance substrates. GaN microwave
monolithic semiconductor devices are one example of a
semiconductor device that may be formed on the sub-
strate by the exemplary method.
[0022] This exemplary embodiment of the present in-
vention includes steps to machine a via on the first sur-
face of the substrate through to the second surface of
the substrate by ablating substrate material with ultrafast
laser light. Accordingly, it may be desirable to control the
ablation so that the laser light does not burst through the
second surface and undesirably ablate portions of the
semiconductor device layer disposed on the second sur-
face. Various circuit components, such as resistors, ca-
pacitors, inductors, transistors, and the like, may be
formed in the semiconductor layer, and ablation of sem-
iconductor material near these components may have
undesirable effects on circuit performance. To prevent
undesirable ablation of semiconductor material, there-
fore, an ablation buffer layer may be selectively formed
on the second surface of the substrate, step 304. The
ablation buffer layer is selectively formed in sections that
extend only over via hole portions of the second surface
of the substrate. These ablation buffer layer sections are
formed from a material that is resistant to ablation by the
ultrafast laser light. Such materials may desirably have
a high ablation threshold due to reduced energy absorp-
tion from the ultrafast laser pulses or due to strong bonds
within the material. For example, the ablation buffer layer
may be formed of silicon dioxide (SiO2) or amorphous
diamond.
[0023] A semiconductor layer is formed over the ex-
posed portions of the second surface of the substrate
and the ablation buffer layer sections, step 306. The sem-
iconductor layer may for formed of any semiconductor
material. The semiconductor layer may include a number
of sublayers and may also include one or more circuit
elements, such as resistors, capacitors, inductors, and
transistors, for example, formed in the semiconductor
layer. In one exemplary embodiment of the present in-

vention, the semiconductor layer may be gallium nitride
(GaN) and the circuit elements may form a microwave
monolithic integrated circuit (MMIC).
[0024] The ultrafast laser is focused on the first surface
of the substrate, step 308. This may include substantially
focusing pulses of laser light from an ultrafast laser
source to a beam spot having a desired size on the first
surface of the substrate such that each pulse of laser
light ablates approximately a given volume of the sub-
strate. The laser beam is scanned, according to a pre-
determined scan pattern, across a via portion of the first
surface of the substrate, step 310. The via portion is the
area of the first surface of the substrate where the via is
(or vias are) to be formed, extending through the sub-
strate and to the second surface. The pulsing and scan-
ning is repeated until the via extends through the sub-
strate to expose a portion of the ablation buffer layer. The
predetermined scan pattern may be selected according
to a desired via shape. For example, Fig. 2A illustrates
raster scan pattern 202, which may be desired if rectan-
gular via 200 is to be formed, or, as shown in Fig. 2B,
spiral trepanning scan pattern 212 may be desired if
round via 210 is to be formed. Those skilled in the art
may recognize that a plurality of scan patterns may be
generated or obtained for use in the method, without de-
parting from the scope of the present invention.
[0025] In an alternate exemplary embodiment, the sub-
strate is moved in a direction normal to the surface being
ablated (i.e., the first surface), optional step 311 (shown
in phantom), to control the volume of the substrate that
is ablated by each pulse of ultrafast laser light. Because
each pulse of laser light ablates a portion of the substrate
by some depth, the next pulse of laser light over that
portion travels a greater distance to reach the surface of
the substrate and may also exhibit a changed beam spot
size. Accordingly, a different volume of substrate material
may be ablated as a result of this difference in beam spot
size. Therefore, to keep the ablation volume/depth con-
stant, the material surface of the portions being ablated
(i.e., the via portion) is desirably maintained at the same
focal plane of the laser light by moving the substrate, as
described above. After each movement of the substrate
by a predetermined step size, it is determined whether
the via is completed step 313 (shown in phantom). If not,
the scanning process continues, step 310.
[0026] It is noted that it may be desirable to fix the laser
movement step size at a distance less than or equal to
the thickness of the ablation buffer layer. Because the
ablation buffer layer may be substantially transparent to
the laser beam, if the substrate is moved by a distance
greater than the thickness of the ablation buffer layer, it
may be possible for the laser beam to pass though the
ablation buffer layer and form a beam spot on the back
surface of the semiconductor device layer having a high
enough fluence to undesirably machine the semiconduc-
tor layer.
[0027] In a further exemplary embodiment, the sub-
strate may also be tilted, rotated, and/or moved in a radial
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direction coplanar to the surface being ablated. Such
movements in tilt angle, rotational angle, and radial di-
rection may be performed to help keep the ablation vol-
ume/depth constant, as described above, or as part of a
scan pattern. For example, a spiral trepanning scan pat-
tern for forming a round via may include rotating the sub-
strate while moving it radially in a direction coplanar to
the surface. Those skilled in the art will recognize that
various movement algorithms may be implemented in-
cluding various movement schemes (e.g., rotational
speed, radial direction, tilt direction, movement speed,
number of points of ablation along a scan path, etc.) with-
out departing from the scope of the present invention.
[0028] In another exemplary embodiment of the inven-
tion, the substrate may be held stationary while the laser
beam is scanned across its surface and the focal plane
adjusted to control the volume of the substrate that is
ablated by each pulse of ultrafast laser light, as described
above. Accordingly, the scanning of the laser beam may
be controlled by movement of an optical lens in the optical
path of the laser beam, thereby affecting the location of
the focal plane on the substrate; a scan mirror may also
be used to control the optical path of the laser beam,
thereby affecting the location of the beam spot on the
substrate. Those skilled in the art will recognize that many
other means may be employed to affect the path and
focus of the laser beam so as to provide a scanning of
the laser beam upon the substrate surface, without de-
parting from the scope of the present invention. In yet
another embodiment, both substrate movement in a di-
rection normal to the surface being ablated and the focal
plane of the laser light may be adjusted, as described
above, during the ablation process.
[0029] Once the via is formed extending from one sur-
face of the substrate to the other (i.e., from the first sur-
face to the second surface), the portion(s) of the ablation
buffer layer that have been exposed by the via(s) extend-
ing through the substrate may be etched, step 312, to
expose the contact portions of the semiconductor layer.
Alternately, the focusing and scanning steps may be re-
peated for a plurality of other vias that need to be formed,
prior to etching the ablation buffer layer. Once the ex-
posed portions of the ablation buffer layer are etched
away, one or more contact portions of the semiconductor
layer are thereby exposed. The contact portions may in-
clude metallization electrically coupled to any number of
circuit elements disposed in the semiconductor layer. An
electrode is formed on the first surface of the substrate,
step 314, such that the electrode is electrically coupled,
through the via, to the contact portion(s) of the semicon-
ductor layer. In one exemplary embodiment of the
present invention, this electrode may provide a ground
contact. In another exemplary embodiment, the elec-
trode may provide a power contact. In yet another exem-
plary embodiment, the electrode may include a heat sink
thermally coupled, through the via, to the contact portions
of the semiconductor layer.
[0030] In an alternate exemplary embodiment, a ther-

mally conductive ablation buffer layer is formed in step
304 and the electrode formed in step 314 includes a heat
sink. In this embodiment, the electrode/heat sink may be
thermally coupled to the ablation buffer layer. According-
ly, a thermal gradient may be formed that allows heat
generated by the semiconductor layer to diffuse, through
the thermally conductive ablation buffer layer, to the elec-
trode/heat sink.
[0031] The process may be monitored using an imag-
ing system, as described above. In addition, contamina-
tion of the surface of the substrate by redeposited abla-
tion debris may be prevented using a fluid or aerosol
stream and/or a surface protection layer, as described
above.
[0032] Figs. 4A-D illustrate an exemplary sapphire
substrate with a via machined in it according to the
present invention. Fig. 4A is a side plan view of the sub-
strate 400, which includes first surface 402, second sur-
face 404, and ultrafast laser machined via 406 extending
from first surface 402 to second surface 404. Via 406 is
defined by side walls 408. Since via 406 is formed by an
ultrafast laser (such as by the exemplary method of Fig.
1, for example), substrate 400 exhibits reduced heat af-
fected zone 410 disposed around via 406. Reduced heat
affected zone 410 extends from via side walls 408 to a
depth less than about 100 nm into the adjacent substrate
material. Reduced heat affected zone 410 may also ex-
hibit substantially no chemical damage, because via 406
is formed by ablation using an ultrafast laser as opposed
to a chemical etch, for example.
[0033] Fig. 4D is a side plan view of the substrate 440,
which includes first surface 442, second surface 444, and
ultrafast laser machined via 446 extending from first sur-
face 402 to a predetermined distance d from second sur-
face 444. Via 446 is defined by side walls 448 and is
adjacent to reduced heat affected zone 441. Substrate
440 may be wafer thinned from second surface 444 by
a depth equal to predetermined distance d, thereby fully
forming a via hole as shown in Fig. 4A.
[0034] In one exemplary embodiment of the Invention,
side walls 408 may be sloped to provide greater adhesion
to a metallization layer that may be disposed thereon (not
shown in Figs. 4A-C), such that the diameter (or surface
area, generally) of via 406 is larger at first surface 402
than at second surface 404. Fig. 4B is an top view of first
surface 402 of substrate 400. Fig. 4C is an bottom view
of second surface 404 of substrate 400. In this exemplary
embodiment, first surface area 422 of via 406 is greater
than second surface area 424.
[0035] In an exemplary embodiment of the present in-
vention, for example, via 406 may include circular cross
sections on first and second surfaces 402 and 404. Via
406 desirably has a height greater than or equal to 100
nm, the diameter of the first surface circular cross-section
may be about 50 mm , and the diameter of the second
surface circular cross-section may be about 30 mm. In a
further exemplary embodiment of the invention, first sur-
face area 422 may be between about 700 mm2 and about
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3850 mm2 (which may correspond to circular diameters
of between about 30 mm and about 70 mm, respectively,
for example), and second surface area 424 may be be-
tween about 75 mm2 and about 2000 mm2 (which may
correspond to circular diameters of between about 10
mm and about 50 mm, respectively, for example). In an-
other exemplary embodiment, via 406 has a height great-
er than or equal to 75 mm and first and second surface
areas 422 and 424 may be between 1 mm2 and 1 mm2.
[0036] Fig. 5A-C illustrate an exemplary microwave
monolithic integrated circuit (MMIC) according to the
present invention, during different stages of manufac-
ture. Fig. 5A is a cross-sectional view of MMIC 500 after
ablation buffer layer section 504 has been selectively
formed on a second surface of substrate 502, semicon-
ductor layer 508 has been formed on the exposed por-
tions of the second surface of substrate 502 and ablation
buffer layer section 504, and surface protection layer 506
has been formed on a first surface of substrate 502. In
an alternate exemplary embodiment of the invention, no
buffer layers are formed, and semiconductor layer 508
may be formed directly on the second surface of sub-
strate 502. In one exemplary embodiment, the semicon-
ductor layer may by formed of one or more sublayers of
gallium nitride (GaN) material and may include any
number of microwave circuit elements (e.g., resistors,
capacitors, inductors, transistors, transmission lines,
etc.), the substrate may be sapphire or silicon carbide
(SiC), and the ablation buffer layer may be formed of
amorphous diamond or silicon dioxide (SiO2). In another
exemplary embodiment of the invention, ablation buffer
layer 504 may be formed extending over the entire sec-
ond surface of substrate 502.
[0037] Fig. 5B is a cross-sectional view of MMIC 500
after via 510 has been formed extending from the first
surface of substrate 502 to the second surface, i.e. at the
ablation buffer layer. Via 510 may extend a distance
greater than or equal to 100 nm from the first surface to
the second surface of substrate 502. In one exemplary
embodiment of the present invention, via 510 may exhibit
characteristics substantially similar to those of via 506,
described above with respect to Figs. 4A-C.
[0038] Fig. 5C is a cross-sectional view of MMIC 500
after via 510 has been extended through ablation buffer
layer 504 and semiconductor layer 508 by etching these
layers, for example. Surface protection layer 506 has also
been removed at this stage of manufacture, and elec-
trode 512 has been formed on the first surface of sub-
strate 502. Fig. 5C shows via 510 and electrode 512 ex-
tending into semiconductor layer 508. It is noted that,
alternatively via 510 may end at the surface of semicon-
ductor layer 508 (not shown) and that electrode 512 may
make electrical contact with a contact portion of this sur-
face. Electrode 512 may be electrically coupled to sem-
iconductor layer 508 through via 510. Alternately, elec-
trode 512 may be thermally coupled to semiconductor
layer 508 through via 510 as well.
[0039] Fig. 6A-E illustrate an alternative exemplary mi-

crowave monolithic integrated circuit (MMIC) according
to the present invention, during different stages of man-
ufacture according to the exemplary method of Figure 8.
[0040] Figure 8 is a flow chart illustrating an exemplary
method for forming a semiconductor device on a sub-
strate. The substrate, which includes an electrically in-
sulating material having a first surface and a second sur-
face, is provided, step 800. The electrically insulating ma-
terial may desirably be a mechanically and chemically
resistant material that is difficult to machine using typical
mechanical and chemical semiconductor processing
techniques, such as sapphire or SiC.
[0041] A semiconductor layer is formed on the first sur-
face of the substrate, step 802. This semiconductor layer
may desirably include a plurality of sublayers formed of
semiconductors having different doping concentrations
and/or material compositions. Although it is contemplat-
ed that the semiconductor layer may be formed of any
typical semiconductor materials, one exemplary semi-
conductor material of interest is GaN. Fig. 6A is a cross-
sectional view of MMIC 600 at this step in the manufac-
turing process. MMIC 600 includes electrically insulating
substrate 602 and semiconductor layer 604 formed on a
first surface of substrate 602. Semiconductor layer 604,
as shown, includes a plurality of microwave circuit ele-
ments, including resistor 606, capacitor 608, and inductor
610. Those skilled in the art may recognize that semi-
conductor layer 604 may also contain any number of ad-
ditional microwave circuit elements, such as transistors,
couplers, transmission lines, mixers, and antennas, for
example. It is noted that, although MMIC 600 in Fig. 6A-
E is shown with the microwave circuit elements being
formed as part of the formation of semiconductor layer
604 in step 802, these microwave circuit elements may
be formed after formation of the via instead.
[0042] Ablation window 612 is etched into semicon-
ductor layer 604, step 804, thereby exposing a via portion
of substrate 602. Fig. 6B shows MMIC 600 at this stage
of the manufacturing process. In an exemplary embodi-
ment, ablation window 612 may be formed by chemically
etching semiconductor layer 604 over the via portion of
substrate 602.
[0043] Optionally, a surface protection layer, as de-
scribed above (not shown in Fig. 6), may be formed over
semiconductor layer 604, step 805 (shown in phantom),
thereby protecting semiconductor layer 604 and devices
disposed thereon from ablation debris. In an exemplary
embodiment, the surface protection layer may be formed
prior to step 804, whereby step 804 includes etching an
ablation window into the surface protection layer as well
as etching semiconductor layer 604.
[0044] For relatively thick substrates (e.g., 400 mm), it
may be undesirable to laser machine a via extending the
entire thickness of the substrate. Accordingly, in this ex-
emplary embodiment of the invention, once ablation win-
dow 612 is formed, in step 804, one or more of the ex-
emplary laser ablation methods described above may be
used to ablate a via extending from the first surface of
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substrate 602 to a predetermined depth. Pulses of laser
light of an ultrafast pulsed laser source are substantially
focused to a beam spot on the exposed via portion of
substrate 602 such that each focused pulse of laser light
ablates a volume of the substrate, step 806. The beam
spot of the focused pulses of laser light is scanned over
the via portion of the first surface of substrate 602, step
808. This scanning continues until the via is substantially
formed and extends from the first surface of substrate
602 to a within predetermined distance from the second
surface of the substrate.
[0045] Fig. 6C shows exemplary MMIC 600 at this step
in the manufacturing process, where via 614 extends
from the first surface of substrate 602 to within a prede-
termined distance from the second surface. It is noted
that one or more contact windows may be formed in the
semiconductor layer after step 806, or during step 802,
to expose contact portions of one or more circuit ele-
ments. Fig. 6D shows MMIC 600 after resistor contact
windows 607, capacitor contact window 609, and induc-
tor contact windows 611 have been formed in semicon-
ductor layer 604.
[0046] If a surface protection layer was formed in step
805, it may be removed, as described above, at this point,
step 809 (shown in phantom), to expose the surface of
semiconductor layer 604 for further processing.
[0047] Electrode structure 620 is then formed on at
least the via portion of substrate 602, step 810. If contact
windows have been formed in the semiconductor layer
to expose contact portions of one or more circuit elements
electrode structure 620 may desirably extend over these
contact portions as well. Additionally, electrode structure
620 may include multiple electrodes. Fig. 6E shows ex-
emplary MMIC 600 after electrode structure 620 has
been formed over contact windows 607, 609, 611, and
via 614.
[0048] Once electrode structure 620 is formed, provid-
ing electrical connections according to a predetermined
circuit design, the second surface of substrate 602 may
be thinned to expose the portion of electrode structure
620 that extends through via 614. Substrate 602 may be
wafer thinned by mechanical or chemical methods known
in the art. Once the second surface of substrate 602 is
thinned by the predetermined distance, described above,
a metallization layer may be formed on the second sur-
face, wherein the metallization layer is electrically cou-
pled to the exposed electrode. In an alternate exemplary
embodiment, substrate 602 may be thinned before elec-
trode structure 620 has been formed.
[0049] Additionally, after thinning, a heat sink may be
formed on the second surface of substrate 602. The heat
sink may be thermally coupled to the exposed portion of
electrode structure 620 to provide for efficient thermal
management of exemplary MMIC 600.
[0050] Fig. 7 is a block diagram of an exemplary laser
machining system for single via hole machining, accord-
ing to one exemplary embodiment of the present inven-
tion. The system 700 includes ultrafast laser 702, which

generates laser beam 720. The laser source used to pro-
duce laser beam 720 may be any ultrafast short-pulse
laser, such as a femtosecond laser or a picosecond laser.
This laser source may desirably include any type of solid
state gain medium typically used for laser machining ap-
plications, such as: Cr:YAG (peak fundamental wave-
length, λf = 1520nm); Cr:Forsterite (λf = 1230-1270nm);
Nd:YAG and Nd:YVO4 (λf = 1064nm); Nd:GdVO4 (λf =
1063nm); Nd:YLF (λf = 1047nm and 1053nm); Nd:glass
(λf = 1047-1087nm); Yb:YAG (λf = 1030nm); Cr:LiSAF
(λf = 826-876nm); Ti:Sapphire (λf = 760-820nm); and
Pr:YLF (λf = 612nm). These solid state gain media may
be pumped using standard optical pumping systems
such as flash lamp, erbium doped fiber lasers, and diode
lasers, the output pulses of which may be directly coupled
into the solid state gain medium or may undergo harmon-
ic generation before being used to pump the solid state
gain medium. The solid state gain medium (media) may
be configured to operate as one or more of: a laser os-
cillator; a single pass amplifier; and/or a multiple pass
amplifier. This element also includes optics to substan-
tially collimate the laser light.
[0051] The laser source may desirably produce nearly
Fourier-transform limited pulses. An ultrafast laser
source may be desired, where these pulses may have a
duration of less than about 1 ns, and typically less than
50 ps. The use of an ultrafast short-pulse laser for the
ablation process desirably avoids thermal deformations
of a workpiece, and serves to remove material from the
workpiece by stripping the electrons of the irradiated at-
oms, essentially vaporizing the material with nanometer
to sub-nanometer precision. Alternatively, the laser
source may include an excimer laser system (e.g. XeCI,
λf = 308nm; KrF, λf = 248nm; ArF, λf = 193nm; or F2, λf
= 157nm), a dye laser system (e.g. 7-diethylamino-4-
methylcoumarin, λf = 435-500nm; benzoic acid,
2-[6-(ethylamino)-3-(ethylimino)-2,7-dimethyl-3H-xan-
then-9-yl]-ethyl ester, monohydrochloride, λf =
555-625nm; 4-dicyanmethylene-2-methyl-6-(p-dimeth-
ylaminostyryl)-4H -pyran, λf = 598-710nm; or 2-(6-(4-
dimethylaminophenyl)-2,4-neopentylene-1,3,5-hex-
atrienyl)-3-methylbenzothiazolium perchlorate, λf =
785-900nm), or other laser system used in laser machin-
ing applications.
[0052] Laser beam 720 travels along an optical path
until it is incident upon first mirror 704. First mirror 704
may be a conventional laser mirror having a high reflec-
tivity at the wavelength of laser beam 720. In an alternate
exemplary embodiment, first mirror 704 may be a PZT
scan mirror that performs beam homogenization. It may
also move as needed to guide laser beam 720 onto sec-
ond and third mirrors 714 and 716, respectively, thereby
moving a beam spot of laser beam 720 on substrate 708
so as to scan the beam spot. In an exemplary embodi-
ment, first mirror 704 may be a conventional PZT scan
mirror that is highly reflective at the wavelength of laser
beam 720.
[0053] Laser beam 720 is, thus, reflected from first mir-
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ror 704 and propagates along the optical path until it is
incident upon second mirror 716 which, in turn, reflects
the beam to be coupled into optical lens 706. In an ex-
emplary embodiment, second mirror 716 may be a con-
ventional laser mirror having a high reflectivity at least at
the wavelength of laser beam 720. In an alternate exem-
plary embodiment, second mirror 716 is a dichroic mirror
that transmits at least a portion of the light emitted by
light source 712 and substantially reflects the wavelength
of laser beam 720.
[0054] Optical lens 706 is selected to desirably focus
laser beam 720 onto a surface of substrate 708. In an
exemplary embodiment, optical lens 706 may be a con-
ventional magnifying lens used in laser systems with a
relatively short focal length. For example, optical lens
706 may be a 2X lens with a numerical aperture of 0.065.
[0055] Substrate 708 may be mounted on a translation
stage (not shown in Fig. 7). In an exemplary embodiment,
the translation stage may include a mechanical transla-
tion stage, such as a Burleigh Inchworm system, for mov-
ing substrate 708 in a direction toward optical lens 706.
In an alternate exemplary embodiment, the translation
stage may move only in one dimension (i.e. in either the
X, Y, or Z dimension) or in all three dimensions. In yet
another alternate exemplary embodiment, a translation
stage having six degrees of freedom may be provided,
wherein the translation stage provides x-, y-, and z-stag-
es, which may include brushless, coreless linear motor
stages for moving substrate 708, held by a rotary-shift,
to a desired location with respect to laser beam 720. Ac-
cordingly, laser beam 720 may be aligned at an arbitrary
Φ angle in the cylindrical coordinate system having z as
its radial axis. In one exemplary embodiment, Φ may be
set to any angle between nearly +90° and -90°. In another
exemplary embodiment, Φ may be dynamically altered
throughout the ablation process so as to maintain a de-
sirable alignment between laser beam 720 and the sur-
face of substrate 708. In a further exemplary embodiment
of the invention including a translation stage, therefore,
scanning laser beam 720 on substrate 708 may be
achieved by movement of substrate 708, by the transla-
tion stage, with respect to laser beam 720.
[0056] In the exemplary embodiment of Fig. 7, imaging
system 710 may be used to align laser beam 720 with
the target area of substrate 708. Imaging system 710
may be used to ensure that laser beam 720 is incident
upon substrate 708 at the correct location as well as to
monitor progress of the machining process. In an exem-
plary embodiment, imaging system 710 may include a
charge-coupled device (CCD) array or other digital or
analog camera. Imaging system 710 may include a dis-
play mechanism (not shown), allowing a system operator
to monitor where laser beam 720 is incident upon sub-
strate 708. Alternatively, image data provided by the im-
aging system may be received by a controller (not shown
in Fig. 7) and processed to implement desired control
functions. In an exemplary embodiment, the controller
may be a conventional computing means, such as a per-

sonal computer with a monitor (not shown) that may be
used to display an image of the work piece generated by
imaging system 710.
[0057] Imaging system 710 may be used in conjunction
with light source 712 and other parts of laser drilling sys-
tem 700. In an exemplary embodiment, light source 712
is a conventional incandescent light source capable of
producing a well-focused spot of light. In the exemplary
system, light from light source 712 and light from laser
702 need not be transmitted simultaneously through la-
ser drilling system 700. Before light source 712 is acti-
vated, a shutter (not shown) may be closed to prevent
laser beam 720 from being transmitted through the sys-
tem. Alternately, laser 702 may be selectively turned off
during operation of light source 712 and imaging system
710.
[0058] In an exemplary embodiment, light source 712
may be a fiber guided light source which produces a spot
of light 722 with a 2cm diameter. The spot of light 722
generated by light source 712 travels along an optical
path, through beam splitter 714. In an exemplary embod-
iment, beam splitter 714 may be a partially reflecting mir-
ror or a substantially transparent substrate, such as
glass. The spot of light 722 continues to propagate along
the optical path until it is incident upon second mirror 716
and optical lens 706, where it is incident upon substrate
708. A portion of spot of light 722 reflects from the surface
of substrate 708, as image signal 724, back along the
optical path, through optical lens 706, through second
mirror 716, until it is incident upon beam splitter 714.
Beam splitter 714 reflects image signal 724 so that it is
incident upon imaging system 710 to produce an image
of the surface of substrate 708.
[0059] In the absence of a stream across the substrate
surface during ablation, small particles of ablated sub-
strate material may settle on and bond to the substrate
surface, thereby producing an undesirable undulations
thereon. Accordingly, in a further exemplary embodiment
of the present invention, laser machining system 700 may
include a fan or air knife (not shown in Fig. 7) for blowing
a gas across the substrate surface during ablation, there-
by directing material debris away from the ablation re-
gion.
[0060] In one exemplary embodiment, a 140 mm by
140 mm square via may be formed by a rectangular raster
scan pattern ablation path, similar to the one shown in
Fig. 2A, consisting of 400 horizontal scan lines having
400 equally spaced points of ablation along each scan
line. The laser is pulsed as it is scanned along the scan
pattern, as described, thereby ablating the surface of the
substrate material by a certain depth. This process may
then be repeated for a predetermined number of layers
and/or until a feature such as a via is formed having a
desired depth. In an exemplary embodiment of the in-
vention, ultrafast laser 102 may operate at a wavelength
of 385 nm and generate 15 mW femtosecond pulses.
[0061] Those skilled in the art will recognize that a plu-
rality of additional laser machining system components
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may be included to provide desirable machining features,
without departing from the scope of the present invention.
Such additional components may include, but are not
limited to, a laser shutter system for controlling the prop-
agation of the laser beam, an attenuator for filtering the
energy in the laser beam, a mask or hologram system to
provide multiple laser beam images for machining mul-
tiple holes, a beam splitter to provide multiple laser beam
images for machining multiple holes, and optics for beam
shaping the laser beam.
[0062] Although illustrated and described above with
reference to certain specific embodiments, the present
invention is nevertheless not intended to be limited to the
details shown. Rather, various modifications may be
made The invention is defined by the following claims.

Claims

1. A method for forming a via in a sapphire substrate,
using a laser machining system, the laser machining
system including an ultrafast pulsed laser source,
the method comprising the steps of:

a) providing the sapphire substrate (400) having
a first surface (402) and a second surface (404)
separated by a substrate thickness;
b) substantially focusing pulses of laser light of
the ultrafast pulsed laser source to a beam spot
on the first surface (402) of the sapphire sub-
strate (400) such that each focused pulse of la-
ser light ablates a volume of the sapphire sub-
strate (400) having a depth less than the sub-
strate thickness of the sapphire substrate (400);
c) scanning (310) the beam spot of the focused
pulses of laser light over a via portion of the first
surface (402) of the sapphire substrate (400);
and
d) controlling the volume of the sapphire sub-
strate (400) ablated by each pulse of laser light
to be substantially constant by moving (311) the
sapphire substrate (400) in a direction substan-
tially normal to the first surface (402) of the sap-
phire substrate (400) by a predetermined step
size;

characterized by

e) repeating steps c) and d) until the via (406)
is formed extending from the first surface (402)
of the sapphire substrate (400) to the second
surface (404) of the sapphire substrate (400),

wherein the via (406) includes circular cross sections
on the first (402) and second (404) surfaces, the cir-
cular cross sections being a first surface area (422)
on the first surface (402) and a second surface area
(424) on the second surface (404), wherein the di-

ameter of the first surface area (422) is between 30
mm and 70 mm and the diameter of the second sur-
face area (424) is between 10 mm and 50 mm,
wherein the side walls (408) are sloped from the first
surface to the second surface such that the diameter
of the first surface area (422) is larger than the di-
ameter of the second surface area (424), and
wherein the via (406) has a height greater than or
equal to 100 nm.

2. The method according to claim 1, further comprising
the step of:

g) selectively blowing a stream across at least
the via portion of the first surface (402) of the
sapphire substrate (400) to redirect debris from
the via portion.

3. The method according to claim 1, wherein step c)
includes moving the sapphire substrate (400) in one
or more of a tilt angle, a rotational angle, or a radial
direction coplanar to the first surface (402) of the
sapphire substrate (400).

4. The method according to claim 1, further comprising
the step of:

g) obtaining imaging data of at least the via por-
tion of the first surface (402) of the sapphire sub-
strate (400) with an imaging system.

5. The method according to claim 4, further comprising
the step of:

h) controlling one or more of steps b) to e) ac-
cording to the imaging data.

6. The method according to claim 1, wherein:

step a) further includes forming a soluble surface
protection layer on the first surface (402) of the
sapphire substrate (400); and
step b) includes substantially focusing the puls-
es of laser light of the ultrafast pulsed laser
source to the beam spot on the surface protec-
tion layer to ablate the via portion of the surface
protection layer prior to ablating the sapphire
substrate (400).

7. The method according to claim 6, further comprising
the step of:

g) removing the surface protection layer.

8. The method according to claim 1, wherein:

step c) includes scanning the beam spot in a
spiral trepanning scan pattern (212).
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Patentansprüche

1. Verfahren zum Bilden einer Durchkontaktierung in
einem Saphirsubstrat mittels eines Laserbearbei-
tungssystems, wobei das Laserbearbeitungssystem
eine ultraschnelle Impulslaserquelle aufweist, wobei
das Verfahren die Schritte umfasst:

a) Bereitstellen des Saphirsubstrats (400) mit
einer ersten Oberfläche (402) und einer zweiten
Oberfläche (404), die durch eine Substratdicke
getrennt sind;
b) im Wesentlichen Fokussieren von Laser-
lichtimpulsen der ultraschnellen Impulslaser-
quelle auf einen Strahlenpunkt auf der ersten
Oberfläche (402) des Saphirsubstrats (400), so
dass jeder fokussierte Laserlichtimpuls ein Vo-
lumen des Saphirsubstrats (400) mit einer Tiefe
von weniger als der Substratdicke des Saphir-
substrats (400) abträgt;
c) Abtasten (310) des Strahlenpunktes der fo-
kussierten Laserlichtimpulse über einen Durch-
kontaktierungsabschnitt der ersten Oberfläche
(402) des Saphirsubstrats (400) und
d) Steuern des Volumens des Saphirsubstrats
(400), das durch jeden Laserlichtimpuls abge-
tragen wird, so dass es durch Bewegen (311)
des Saphirsubstrats (400) in eine Richtung im
Wesentlichen lotrecht zur ersten Oberfläche
(402) des Saphirsubstrats (400) durch eine vor-
gegebene Stufengröße im Wesentlichen kon-
stant ist;

gekennzeichnet durch

e) Wiederholen der Schritte c) und d), bis die
Durchkontaktierung (406) ausgebildet ist, die
sich von der ersten Oberfläche (402) des Sa-
phirsubstrats (400) zur zweiten Oberfläche
(404) des Saphirsubstrats (400) erstreckt,

wobei die Durchkontaktierung (406) kreisförmige
Querschnitte an der ersten (402) und zweiten (404)
Oberfläche aufweist, wobei die kreisförmigen Quer-
schnitte ein erster Oberflächenbereich (422) auf der
ersten Oberfläche (402) und ein zweiter Oberflä-
chenbereich (424) auf der zweiten Oberfläche (404)
sind, wobei der Durchmesser des ersten Oberflä-
chenbereiches (422) zwischen 30 mm und 70 mm
und der Durchmesser des zweiten Oberflächenbe-
reiches (424) zwischen 10 mm und 50 mm beträgt,
wobei die Seitenwände (408) von der ersten Ober-
fläche zur zweiten Oberfläche so geneigt sind, dass
der Durchmesser des ersten Oberflächenbereiches
(422) größer ist als der Durchmesser des zweiten
Oberflächenbereiches (424), und
wobei die Durchkontaktierung (406) eine Höhe grö-
ßer oder gleich 100 nm hat.

2. Verfahren nach Anspruch 1, das des Weiteren den
Schritt umfasst zum:

g) selektiven Durchblasen eines Stroms über
wenigstens den Durchkontaktierungsabschnitt
der ersten Oberfläche (402) des Saphirsubst-
rats (400), um Rückstände von dem Durchkon-
taktierungsabschnitt umzuleiten.

3. Verfahren nach Anspruch 1, wobei der Schritt c) das
Bewegen des Saphirsubstrats (400) in einem oder
mehreren Neigungswinkeln, einem Rotationswinkel
oder einer radialen Richtung koplanar zur ersten
Oberfläche (402) des Saphirsubstrats (400) auf-
weist.

4. Verfahren nach Anspruch 1, das des Weiteren den
Schritt umfasst zum:

g) Beziehen von Abbildungsdaten von wenigs-
tens dem Durchkontaktierungsabschnitt der
ersten Oberfläche (402) des Saphirsubstrats
(400) mit einem Abbildungssystem.

5. Verfahren nach Anspruch 4, das des Weiteren den
Schritt umfasst zum:

h) Steuern von einer oder mehreren Stufen b)
nach e) entsprechend den Abbildungsdaten.

6. Verfahren nach Anspruch 1, wobei:

der Schritt a) des Weiteren das Bilden einer lös-
lichen Oberflächenschutzschicht auf der ersten
Oberfläche (402) des Saphirsubstrats (400) auf-
weist und
der Schritt b) im Wesentlichen das Fokussieren
der Laserlichtimpulse der ultraschnellen Impuls-
laserquelle auf den Strahlenpunkt auf der Ober-
flächenschutzschicht umfasst, um den Durch-
kontaktierungsabschnitt der Oberflächen-
schutzschicht vor dem Abtragen des Saphirsub-
strats (400) abzutragen.

7. Verfahren nach Anspruch 6, das des Weiteren den
Schritt umfasst zum:

g) Entfernen der Oberflächenschutzschicht.

8. Verfahren nach Anspruch 1, wobei:

der Schritt c) das Abtasten des Strahlenpunktes
in einem spiralförmigen Einstichabtastmuster
umfasst.
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Revendications

1. Procédé de formation d’un trou de raccordement
dans un substrat de saphir, au moyen d’un système
d’usinage au laser, le système d’usinage au laser
comprenant une source laser à impulsions ultrara-
pides, le procédé comprenant les étapes consistant
à :

a) fournir le substrat de saphir (400) présentant
une première surface (402) et une deuxième
surface (404) séparées par une épaisseur de
substrat ;
b) sensiblement focaliser des impulsions de lu-
mière laser de la source laser à impulsions ul-
trarapides vers un point de faisceau sur la pre-
mière surface (402) du substrat de saphir (400)
de manière que chaque impulsion focalisée de
lumière laser permet l’ablation d’un volume du
substrat de saphir (400) présentant une profon-
deur inférieure à l’épaisseur de substrat du
substrat de saphir (400) ;
c) balayer (310) le point de faisceau des impul-
sions focalisées de lumière laser au-dessus
d’une partie de trou de raccordement de la pre-
mière surface (402) du substrat de saphir (400) ;
et
d) contrôler le volume du substrat de saphir
(400) retiré par chaque impulsion de lumière la-
ser pour qu’il soit sensiblement constant par le
déplacement (311) du substrat de saphir (400)
dans une direction sensiblement perpendiculai-
re à la première surface (402) du substrat de
saphir (400) par un pas de progression
prédéterminé ;

caractérisé par

e) la répétition des étapes c) et d) jusqu’à ce que
le trou de raccordement (406) est formé en
s’étendant de la première surface (402) du subs-
trat de saphir (400) à la deuxième surface (404)
du substrat de saphir (400),

le trou de raccordement (406) comprenant des sec-
tions transversales circulaires sur les première (402)
et deuxième (404) surfaces, les sections transver-
sales circulaires constituant une première zone su-
perficielle (422) sur la première surface (402) et une
deuxième zone superficielle (424) sur la deuxième
surface (404), le diamètre de la première zone su-
perficielle (422) étant situé entre 30 mm et 70 mm et
le diamètre de la deuxième zone superficielle (424)
étant situé entre 10 mm et 50 mm,
les parois latérales (408) étant inclinées de la pre-
mière surface à la deuxième surface de manière que
le diamètre de la première zone superficielle (422)
est supérieur au diamètre de la deuxième zone su-

perficielle (424), et
le trou de raccordement (406) présente une hauteur
supérieure ou égale à 100 nm.

2. Procédé selon la revendication 1, comprenant en
outre l’étape consistant à :

g) souffler de manière sélective un courant à
travers au moins la partie de trou de raccorde-
ment de la première zone superficielle (402) du
substrat de saphir (400) pour détourner les dé-
bris de la partie de trou de raccordement.

3. Procédé selon la revendication 1, dans lequel l’étape
c) comprend le déplacement du substrat de saphir
(400) dans au moins un des éléments parmi un angle
d’inclinaison, un angle de rotation ou une direction
radiale coplanaire à la première surface (402) du
substrat de saphir (400).

4. Procédé selon la revendication 1, comprenant en
outre l’étape consistant à :

g) obtenir des données d’imagerie d’au moins
la partie de trou de raccordement de la première
surface (402) du substrat de saphir (400) avec
un système d’imagerie.

5. Procédé selon la revendication 4, comprenant en
outre l’étape consistant à : h) contrôler au moins une
des étapes b) à e) en fonction des données d’ima-
gerie.

6. Procédé selon la revendication 1, dans lequel
l’étape a) comprend en outre la formation d’une cou-
che de protection de surface soluble sur la première
surface (402) du substrat de saphir (400) ; et
l’étape b) comprend sensiblement la focalisation des
impulsions de lumière laser de la source laser à im-
pulsions ultrarapides vers le point de faisceau sur la
couche de protection superficielle pour effectuer
l’ablation de la partie de trou de raccordement de la
couche de protection superficielle avant l’ablation du
substrat de saphir (400).

7. Procédé selon la revendication 6, comprenant en
outre l’étape consistant à :

g) retirer la couche de protection superficielle.

8. Procédé selon la revendication 1, dans lequel :

l’étape c) comprend le balayage du point de fais-
ceau selon un motif de balayage de trépanation
hélicoïdale (212).
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