wo 2010/006067 A2 |1 IO 0K 0 RO O 0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(9) World Inteletua Property Organization /28552 1N N O A 0
International Bureau S,/ )
(43) Int tional Publication Dat \P'/ (10) International Publication Number
nternational Publication Date N5
ey
14 January 2010 (14.01.2010) PCT WO 2010/006067 A2
(51) International Patent Classification: Portland, OR 97209 (US). UTLAUT, Mark [US/US];
B23K 26/36 (2006.01) GOIN 23/225 (2006.01) 29430 Dutch Canyon Rd., Scappoose, OR 97224 (US).
B23K 26/42 (2006.01) B23K 26/12 (2006.01) NARUM, David, H. [US/US]; 18852 NW Azure Dr.,
. . e ) Banks, OR 97106 (US). KNIPPELS, Guido [NL/NL];
(21) International Application N“mber'P CT/US2009/049961 Van Tuijllaan 7, Schijndel, 5481 RA (NL). VEEN, Ger-
ardus Nicolaas Anne van [NL/NL]; Acacialaan 4,
(22) International Filing Date: Waalre 5581 HB (NL).
8 July 2009 (08.07.2009) 74y Agent: SCHEINBERG, Michael; PO Box 164140,
(25) Filing Language: English Austin, TX 78716 (US).
(26) Publication Language: English (81) Designated States (unless otherwise indicated, for every
L. ) kind of national protection available): AE, AG, AL, AM,
(30) Priority Data: AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
61/079,304 9 July 2008 (09.07.2008) Us CA. CH. CL. CN. CO. CR. CU. CZ. DE. DK. DM. DO
(71) Applicant (for all designated States except US):. FEI DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
COMPANY [US/US]; 5350 NE Dawson Creek Dr., HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
Hillsboro, OR 97124 (US). KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
(72) Inventors; and NO, NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD,
(75) Inventors/Applicants (for US only): STRAW, Marcus SE, SG, SK, SL, SM, ST, SV, SY, TJ, TM, TN, TR, TT,

[US/US]; 4521 SE Clay St., Portland, OR 97215 (US).
TOTH, Milos [AU/US]; Apt 606, 333 NW 9th Ave,

TZ,UA, UG, US,UZ, VC, VN, ZA, ZM, ZW.

[Continued on next page]

(54) Title: METHOD AND APPARATUS FOR LASER MACHINING

(57) Abstract: Laser processing is enhanced by using endpointing
or by using a charged particle beam together with a laser. End-

120

Computer

2

[ﬁDispIay

226

pointing uses emissions, such as photons, electrons, ions, or neu-
tral particles, from the substrate to determine when the material un-
der the laser has changed or is about to change. Material removed
from the sample can be detlected to avoid deposition onto the laser
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Method and Apparatus for Laser Machining

[1000] This application claims priority from U.S. Provisional Application No.
61/079,304, filed on July 9, 2008, which is hereby incorporated by reference.

Technical Field of the Invention

[1001] The present invention relates to laser micromachining.

Background of the Invention

[1002] Removing material from a substrate to form microscopic or nanoscopic
structures is referred to as micromachining. Removing material is also referred to as milling
or etching. Laser beams and charged particle beams are used for micromachining. Each has
advantages and limitations in various applications.

[1003] Laser systems use several different mechanisms for micromachining. In some
processes, the laser is used to supply heat to a substrate to induce a chemical reaction. The
reaction occurs only in the areas where the laser supplies heat, although the heat tends to
diffuse to an area larger than the laser beam spot, limiting the resolution of the process.
Another mechanism used in laser micromachining is photochemical etching, in which the
laser energy is absorbed by individual atoms of the substrate, exciting them into a state in
which they can chemically react. Photochemical etching is limited to materials that are
photochemically active. Another mechanism used in laser machining is laser ablation, in
which energy supplied rapidly to a small volume causes atoms to be expelled from the
substrate without heating the substrate. Laser ablation using a fast-pulsed femtosecond laser
is described, for example, in U.S. Re. 37,585 to Mourou for “Method for controlling
configuration of laser induced breakdown and ablation.” Femtosecond laser ablation
overcomes some of the limitations of the processes described above.

[1004] Charged particle beams include ion beams and electron beams. lons in a
focused beam typically have sufficient momentum to micromachine by physically ejecting
material from a surface. Because electrons are much lighter than ions, electron beams are
typically limited to removing material by inducing a chemical reaction with an etchant. Ions
beams typically are generated by a liquid metal ion source or by a plasma ion source. The
spot size of a charged particle beam depends on many factors, including the type of particles
and the current in the beam. A beam with low current can typically be focused to a smaller
spot and therefore produce a smaller structure than a beam with high current, but a low

current beam takes longer to micromachine a structure than a high current beam.
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[1005] Lasers are typically capable of supplying energy to a substrate at a much
higher rate than charged particle beams, and so lasers typically have much higher material
removal rates than charged particle beams. The wavelength of lasers, however, is much
larger than the wavelength of the charged particles in the charged particle beams. Because
the size to which a beam can be focused is limited by the wavelength, the minimum spot size
of a laser beam is typically larger than the minimum spot size of a charged particle beam. A.
P. Joglekar et al., in “Optics at Critical Intensity: Applications to Nanomorphing,”
Proceedings of the National Academy of Science, vol. 101, no. 16, pp. 5856 —5861 (2004)

(“Joglekar et al.”) shows that features smaller that the wavelength can be achieved using
laser pulses shorter than about 10 picoseconds near the critical intensity for ionization. The
feature size achievable by Joglekar et al. is still not sufficiently small for many
nanotechnology applications.

[1006] While a charged particle beam typically has greater resolution than a laser
beam and can micromachine an extremely small structure, the beam current is limited and the
micromachining operation can be unacceptably slow. Laser micromachining, on the other
hand, can be faster, but the resolution is inherently limited by the longer wavelength.

[1007] One way to take advantage of both the faster micromachining capability of
lasers and the higher precision of charged particle beams is to sequentially process a sample.
Sequential processing is described, for example, by M. Paniccia et al. in “Novel Optical
Probing and Micromachining Techniques for Silicon Debug of Flip Chip Packaged

Microprocessors,” Microelectronic Engineering 46 (pp. 27-34 1999) (“Paniccia et al.”).

Paniccia et al. describe a known technique for accessing the active portion of a
semiconductor flip chip using laser-induced chemical etching to remove the bulk of material,
and then using a charged particle beam for the final, more precise micromachining. A
problem with sequential processing is determining when to stop the faster, less precise laser
micromachining and begin the more precise charged particle beam processing. If the laser
processing is stopped too soon, excess material will remain for removal by the charged
particle beam. If the laser processing is stopped too late, the work piece will be damaged.
Determining when to stop processing is referred to as “endpointing.”

[1008] Techniques for determining the end point in charged particle beam processing
are known and described, for example, in U.S. Pat. Pub. 2005/0173631 to Ray et al. Such
techniques include, for example, applying a varying voltage to the underlying circuit to
change the secondary particle emission when the underlying circuit is exposed or nearly

exposed. By observing the secondary particle emission, an operator can determine when a
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feature, such as a buried conductor, is uncovered. Other charged particle beam endpointing
processes include, for example, detecting transistor leakage current caused by the charged
particles injected by the beam. Laser processing is typically not performed in a vacuum
chamber, and so secondary electrons and ions cannot be collected.

[1009] In ion beam processing, it is also known to detect photons of a specified
frequency emitted from the substrate to determine when the material being impacted by the
ion beam has changed. Such a process is described, for example, U.S. Pat. No. 4,874,947 to
Ward et al. for “Focused Ion Beam Imaging and Process Control,” which is assigned to the
assignee of the present application. While Ward et al. describe the detection of photons for
endpointing in an ion beam system, this technique is not widely used because the low photon
signal is difficult to collect.

Summary of the Invention

[1010] An object of the invention is to improve micromachining by improving control
of laser processing.

[1011] In accordance with the invention, a laser beam is directed at a sample to
remove material from the sample. An end point of laser processing is determined by
detecting emissions from the sample.

[1012] The foregoing has outlined rather broadly the features and technical
advantages of the present invention in order that the detailed description of the invention that
follows may be better understood. Additional features and advantages of the invention will
be described hereinafter. It should be appreciated by those skilled in the art that the
conception and specific embodiment disclosed may be readily utilized as a basis for
modifying or designing other structures for carrying out the same purposes of the present
invention. It should also be realized by those skilled in the art that such equivalent
constructions do not depart from the spirit and scope of the invention as set forth in the
appended claims.

Brief Description of the Drawings

[1013] For a more through understanding of the present invention, and advantages
thereof, reference is now made to the following descriptions taken in conjunction with the
accompanying drawings, in which:

[1014] FIG. 1 shows an embodiment of the invention for using emissions from a

sample to determine the end point for laser processing.
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[1015] FIG. 2 shows an embodiment of the invention for using photons emitted from
the sample to determine the end point for laser processing.

[1016] FIG. 3 shows an embodiment of the invention using electrons emitted from the
sample to determine the end point for laser processing.

[1017] FIG. 4 is a flow chart showing the preferred steps in accordance with an
embodiment of the invention for determining the end point for laser processing.

[1018] FIG. 5 shows an embodiment that reduces damage to components, such as
laser lenses, from secondary particles.

Detailed Description of Preferred Embodiments

[1019] Various embodiments of the present invention employ various means to
enhance laser processing. Embodiments of the invention could use any type of laser, now
existing or to be developed, that supplies sufficient fluence. A preferred laser provides a
short, that is, nanosecond to femtosecond, pulsed laser beam. Suitable lasers include, for
example, a Ti:Sapphire oscillator, a fiber-based laser, or a ytterbium or chromium doped thin
disk laser.

[1020] Ablation of a substrate by short, that is, nanosecond to femtosecond, laser
pulses is accompanied by various emissions from the substrate. Embodiments of the present
invention use the emissions from the substrate to determine the progress of the laser
micromachining and to determine when a stage of processing is complete. The emission
yields and energy spectra of the emitted particles are material-dependent. When a first
material is being removed to expose a second material, the emissions will change at the
material interface. A detector can determine when emissions change, indicating a change in
material under the beam. When emissions characteristic of the second material are detected
or when emissions characteristic of the first layer cease, the operator can know the progress
of the laser milling operation. Upon a detected change in emissions, the operator or system
can alter the process either automatically or manually, for example, by either stopping the
processing.

[1021] Emissions from the sample include luminescence, e.g., from the infrared (IR)
to ultraviolet (UV) to x-ray range), electrons, ions, neutral atoms or molecules, and
particles/droplets. The different types of emissions are useful for endpointing in different
applications, depending on the type of materials being processed and the processing
environment. Processing environments can include, for example, normal atmospheric gas at

atmospheric pressure; a high vacuum, that is, a pressure of less than about 10~ mbar; a
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vacuum suitable for an environmental scanning electron microscope, such as a pressure of
between about 1 mbar and 50 mbar of various gases, or a controlled gas environment of any
suitable gas at any suitable pressure. Ions emitted from the surface can be analyzed directly
by mass spectrometry to determine when the material ejected from the surface changes,
indicating that a boundary has been reached. Systems for secondary ion mass spectroscopy
are common accessories for commercial focused ion beam systems. A second, time-delayed
laser beam can be coincidentally focused at the evolving emissions, commonly referred to as
the plasma plume, in order to ionize neutral atoms and molecules that exist therein. This
second beam can originate from a separate, additional laser or it can originate from the same
laser as the primary beam through the use of a standard beam splitter. The interval between
the arrival of the primary beam and the arrival of the secondary beam (the time-delay) can be
adjusted by adjusting the path length of the secondary beam. The ions resulting from this
secondary ionization can then be analyzed by mass spectrometry. Particles and droplets can
also be analyzed by inductively coupled plasma mass spectrometry.

[1022] When luminescence is used for endpointing, it has the advantage of “looking
ahead” of the bottom of the milled hole. That is, atoms just below the surface are excited by
the laser pulse because the plasma generated by a laser pulse propagates beyond the volume
ablated by the pulse. Photons are therefore emitted from just below the surface, which
emissions can provide a more timely indicator of when to cease micromachining. That is,
when photons from the second material are used as the indicator, they can be detected shortly
before the first material is entirely removed. Similarly, photoemissions from the first
material begin to decay shortly before the first material is entirely removed. Endpointing can
be performed by detecting a current of photons emitted from the surface, the emission being
cased by the laser beam, or by a charged particle beam.

[1023] When emissions other than photons are used for endpointing, the substrate
typically must be maintained in a low-pressure environment or a vacuum, so that air
molecules do not interfere with the collection of the emissions. When photons are used as the
indicator, the laser can be operating either in a vacuum, at atmospheric pressure, or in
controlled gaseous environments.

[1024] Detectors may be general detectors that determine the intensity of one or more
types of emissions. In general, a detector counts particles (including references) or measures
a particle current, and has a characteristic energy response that defines the detector sensitivity
as a function of particle energy. A detector output may be differentiated in time to maximize

the ability to detect changes in the signal used for endpointing. Multiple detectors may be
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used in parallel to detect particles of different energy, charge, mass or charge-to-mass ratio.
For example, a broadband photon detector, such as a photomultiplier tube or a semiconductor
detector, can be used to measure the intensity of light emitted from the substrate. The detector
can be optimized to maximize the material dependence of the endpointing signals. For
example, an energy filtering spectrometer can be adjusted to detect a specific signal expected
from the buried layer or from the covering layer. In some embodiments, a diffraction grating
can be used to disperse the light and a slit can be used to pass light within a given frequency
band, which can then be detected by a broadband photon detector. In place of the slit, one or
more absorption filters can be used that absorb light characteristic of the covering material
and transmit light characteristic of the buried material, or vice versa, to provide a signal when
the buried material is exposed or nearly exposed. Alternatively, a diffraction grating can be
used to disperse the light onto a charge-coupled device array. The emission spectrum is
determined by the strength of the signal measured at different cells in the array. The signals
measured at different cells can be used to monitor the intensities of characteristic signals
emitted from the covering and buried layers.

[1025] Various materials, such as metals, semiconductors, and insulators comprise the
layers of materials that are being milled or that are underlying the layers being milled. For
example, common materials include Si, SiO,, Cu, Al, Au, Ag, Cr, Mo, Pt, W, Ta, low k
dielectrics, high k dielectrics, Al,Os, SiC, Si3Ny, GaN, AIN, AlyGa N, InyGa_)N, GaAs,
In,Ga(;x)As, and Ge. When photons are detected as the endpointing indicator, those photons
would typically have a wavelength of between 0.01 nm and 1000 nm, and more typically
between 300 nm and 800 nm. Suitable detectors, from x-ray detectors for the shorter
wavelengths to infrared detectors for the longer wavelengths, can be used. Skilled persons
can readily determine the characteristic emission spectra of the various underlying and
covering materials. Implementing endpointing is easier when the characteristic signals from
the cover material and the underlying material are not close in frequency.

[1026] When electrons are used as the endpointing indictor, it is preferable to use a
type of electron detector that is currently employed in charged particle beam systems, such as
dual beam systems, that include an ion beam column and an electron beam column. Such
detectors include, for example, a high efficiency Everhart-Thornley detector that comprises a
scintillator that emits light when impacted by an electron, and a photomultiplier that amplifies
the emitted light signal. The Everhart-Thornley detector is typically mounted off the laser
axis and a voltage relative to the sample is applied to a screen in front of the scintillator to

attract electrons emitted by the sample. To exclude electrons below a specified energy level,
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the sample can be biased to prevent the collection of low energy electrons. The electrons
being detected typically have energies of less than about 20 eV, although electrons having
energies of up to 1,000 eV may be useful in some applications. In some embodiments, the
electrons within a broad energy band are collected with the electron current being
characteristic of the substrate material. In other embodiments, the energy of the electrons is
determined to characterize the material.

[1027] In some embodiments, rather than detecting particles emitted from the sample
surface in the vacuum chamber, the current from the sample to ground can be measured. The
ground is physically contacted to sample whether directly, for example, through probe, or
indirectly, for example, through the sample stage. The current flowing to or from ground is
equal to the current leaving the surface of the sample surface under impact from the beam.
[1028] FIG. 1 shows a preferred system 100 embodying the present invention. A
laser 102 producing a beam 103 is typically operated at a fluence above the threshold for the
material being machined. For example, Mourou teaches a preferred beam having energy in
the range of 10 nJ to 1 mJ, and a fluence in the range of 0.1 J/cm® to 100 J/cm®. In one
embodiment, a laser beam has an energy of 30 nJ and a fluence of 0.4 J/cm®. The beam 103
is directed to a sample 104, which may include a substrate material 106 and a covering
material 108. The sample 104 will typically have several layers of different materials.
Sample 104 is typically positioned on a two-axis precision X-Y stage 109 (additional axes
may include translation normal to the first two axes, tilt and rotation). A detector 110 detects
emissions 112 from the sample 104. The emissions 112 change as the covering material 108
is removed and the substrate material 106 is uncovered. A computer 120 receives a signal
from detector 110 and a change in signal indicates that the material under the beam has
changed, allowing an operator to monitor the machining progress and take appropriate action
or allowing the system to automatically take action, such as automatically stopping laser 102
from further processing. A display 122 connected to computer 120 can provide information
to the operator, including an image of the sample 104. As described above, the detector may
detect photons, electrons, ions, neutral particles, or droplets that are emitted as a result of the
laser ablation or other laser process. System 100 optionally includes one or more charged
particle beam columns 130, such as an electron beam column, an ion beam column, or both,
which can be used for processing or imaging, as well as a secondary electron detector 132 for
forming an image of the sample 104. When charged particle beam column 130 or secondary

electron detector 132 are used, the substrate is maintained in a vacuum. In some
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embodiments, detector 110 can be used to detect a secondary electron signal to form an
image, as well as detecting the endpointing signal.

[1029] FIG. 2 shows a system 200 in which the detector comprises a photon detector
210, which includes a monochromator, shown schematically as a diffraction grating 212
(alternatively, a prism can be used) that disperses the light from the sample 104, a lens 214
that focuses the dispersed light at different points depending on the frequency, a slit 216 that
passes light having a spectrum characteristic of the underlying material, and a photon detector
218 for detecting the light that passes through slit 216. Computer 120 receives the signal from
photon detector 210, which signal is interpreted to determine when the material under the
laser beam has changed. Computer 120 can, for example, provide a signal to an operator or
automatically stops laser 102 from further processing when a change in emissions indicates
that a stage of processing is complete. An alternative photon detector 222 is shown
positioned under the substrate. Such positioning of the photon detector is useful only when
the substrate is transparent to the characteristic light signal, that is, when the band gap of the
substrate material is greater than the energy of the photons being detected. When a photon
detector below the sample is used, the stage includes a gap or a transparent window 224 for
transmitting light. Instead of using a slit and a photomultiplier tube, photon detector 222 is a
broad spectrum detector that includes an array 226 of charge-coupled devices (CCDs) that
detect the strength of the light signal at different positions that correspond to different
frequencies. Either type of detector can be used in either position.

[1030] FIG. 3 shows a system 300 for laser processing that detects electrons to
determine an end point. In system 300, substrate 104 is positioned in a vacuum chamber 302.
An electron detector 306 is an Everhart-Thornley detector including a screen 308, a
scintillator 310 and a photomultiplier 312. A low voltage of about 50 volts is applied to the
screen 308 and a high voltage of about 10,000 V is applied to the scintillator. Electrons are
accelerated from the sample to the screen, and are then accelerated to greater energy to cause
the emission of photons in the scintillator. Those photons are converted to electrons and are
multiplied in the photomultiplier tube.

[1031] FIG. 4 is a flow chart that shows the operation of the system of FIG. 1. In
step 402, the laser is directed toward the substrate. In step 404, emissions from the substrate
are detected. In decision block 406, it is determined whether a change in the emissions
indicates that the laser micromachining has cut through, or nearly cut through, the covering
material. If a change in the emissions indicates that the laser micromachining has cut

through, or nearly cut through, the covering material, then the process is altered. If not, the
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process continues with step 402. Altering the process means, for example, stopping the laser
beam, changing a laser parameter, such as the fluence per pulse, changing a gas flow,
blanking an electron or an ion beam, or moving a stage that supports the sample. Emissions
can be monitored continuously or periodically. If emissions are monitored periodically, the
period should be sufficiently small to prevent unacceptable damage to the underlying material
if the covering material is completely removed between monitoring periods.

[1032] In some embodiments, a charged particle beam, such as an electron beam, can
be used to generate an endpointing signal for laser micromachining. The electron beam could
be, for example, coincident with the laser beam during laser ablation and used concurrently or
sequentially with the laser beam. If cathodoluminescence or backscattered electrons are used
as the endpointing signal, the electron beam energy can be adjusted to tune the “look-ahead”
capability of the endpointing.

[1033] When materials are ejected from a substrate surface, the ejected particles can
degrade the optical quality of the laser lens by depositing on the lens or sputtering material
from the lens. FIG. 5 shows a system that can reduce damage from secondary particles to a
laser lens and other components in the vacuum system. FIG. 5 shows a system 500 that
includes a charged particle beam column 502, such as a focused ion beam column, that
directs a charged particle beam 504 toward a sample 506. System 500 also includes a laser
system 508 having a lens 510 that focuses laser beam 512 onto the sample 506. The laser
system beam 512 and the charged particle beam 504 are preferably coincident, that is, they
impinge on the same area of the sample 506, with the laser beam typically having a larger
spot size on sample 506 than the charged particle beam. While the laser system 508 is shown
having a vertical orientation and the charged particle beam column 502 is shown being tilted
with respect to the vertical, both systems can be oriented in any suitable orientation.

[1034] Sample 506 rests on a precision movable stage 516. When charged particle
beam 504 impacts sample 506, secondary particles 518, including electrons and ions, are
emitted. The ions can impact on laser lens 510 and reduce its optical quality. Electrodes 520
and 522 are connected to a voltage source (not shown) to create an electric field that deflects
the path of secondary particles 518 away from the laser lens 510 to reduce or eliminate
damage. The electrodes 520 and 522 can also be used to detect secondary particles 518 for
imaging or end-pointing. An amplifier 524 can be connected to electrode 520 to amplify the
secondary electron signal. Additionally or alternatively, an amplifier 526 can be connected

to an electrode 522 to amplify the positive ion signal for imaging or endpointing.
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[1035] In a preferred embodiment, an electrical potential of about 300 V to 400 V is
applied between electrode 520 and electrode 522. The preferred voltage will vary with the
implementation, but will typically be in the range of between a few tens of volts to a few
thousands of volts, with a range of a few hundred volts preferred. The shape of the electrode
520 and 522 can be varied to shape the electric field to redirect the particles impacting the
laser lenses or other components above the sample. In some embodiments, a single electrode
could be used. In some embodiments, a magnetic field could be used in place of electrodes
520 and 522 to deflect charged particles away from sensitive components.
[1036] According to preferred embodiments of the present invention a structure is
produced or modified by laser beam processing by:

e directing a laser beam toward a sample to produce or modify a structure;

¢ detecting emissions from the sample caused by incidence of the laser beam;

e determining a property of the emissions, the property being characteristic of

the sample; and
¢ altering the laser beam processing when the emissions indicate a change in the
material upon which the laser beam is incident.

[1037] According to preferred embodiments of the present invention, altering the
laser beam processing includes ceasing to direct the laser beam toward the sample, changing
a gas flow, changing a laser parameter such as the fluence per pulse, blanking an electron or
an ion beam, or moving a stage that supports the sample.
[1038] According to preferred embodiments of the present invention, directing a laser
beam toward a sample includes directing a laser beam toward a sample in an environment
having a pressure of less than 10” mbar or less than 50 mbar.
[1039] According to preferred embodiments of the present invention, determining a
property of the emissions includes determining an electron current emitted from the sample.
Determining an electron current emitted from the surface includes measuring a current
between the sample and a ground directly or indirectly contacting the sample.
[1040] According to preferred embodiments of the present invention determining a
property of the emissions includes determining the energy of electrons emitted from the
sample or detecting photons emitted from the sample. Detecting photons emitted from the
sample can include detecting photons having a characteristic wavelength and/or filtering

photons having a wavelength other than the characteristic wavelength.
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[1041] According to preferred embodiments of the present invention determining a
property of the emissions includes determining the mass of particles emitted from the surface
and/or determining the charge-to-mass ratio of particles emitted from the surface.
[1042] Preferred embodiments of the present invention further include ionizing
neutral particles before determining the mass of particles emitted from the surface.
According to preferred embodiments of the present invention, the method of ionizing neutral
particles includes ionizing neutral particles using a laser beam or an electron beam, or
directing a time delayed second laser beam to ionize the evolving emissions ejected from the
sample by a first laser beam.
[1043] According to preferred embodiments of the present invention determining the
mass of particles emitted from the surface includes determining the mass using inductively
coupled plasma mass spectrometry.
[1044] According to preferred embodiments of the present invention directing a laser
beam toward a sample includes directing a pulsed laser having a pulse duration of less than a
picosecond toward the sample.
[1045] According to preferred embodiments of the present invention determining a
property of the emissions includes using a narrow band detector to detect only emissions
having a specified property, determining a current of the emissions or an energy of the
emissions, or determining an energy spectrum of the emissions.
[1046] Preferred embodiments of the present invention further include directing a
charged particle beam toward the sample.
[1047] According to preferred embodiments of the present invention a structure on a
sample is produced by:

e directing a laser beam toward a sample to produce or modify a structure;

e directing a charged particle beam toward the sample;

¢ detecting emissions from the sample caused by incidence of the charged

particle beam;
¢ determining a property of the emissions, the property being characteristic of
the sample; and
¢ altering the laser beam processing when the emissions indicate a change in the

material upon which the laser beam is incident.
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[1048] According to preferred embodiments of the present invention producing a
structure includes directing the laser and particle beam to be incident on the sample
concurrently or consecutively.
[1049] According to preferred embodiments of the present invention, the charged
particle beam is an electron beam or an ion beam and detecting emissions from the sample
caused by incidence of the charged particle beam includes detecting secondary electrons,
backscattered electrons, or transmitted electrons.
[1050] According to preferred embodiments of the present invention the charged
particle beam is an electron beam and detecting emissions from the sample caused by
incidence of the charged particle beam includes detecting photons (including X-rays).
[1051] According to preferred embodiments of the present invention detecting
emissions from the sample includes detecting emissions from material below the surface.
[1052] According to preferred embodiments of the present invention the system for
producing or modifying a sample includes:

¢ asample holder for holding a sample;

* afast-pulsed laser for directing a laser beam toward the sample; and

¢ adetector for detecting emissions from the sample resulting from the impact

of the laser beam, the emissions being characteristic of the sample.

[1053] According to preferred embodiments of the present invention the system for
producing or modifying a sample includes a sample holder which holds the sample in a
vacuum.
[1054] According to preferred embodiments of the present invention the system for
producing or modifying a sample includes an emissions detector which is an electron
detector. The emissions detector can also include a mass spectrograph or spectrometer, an
inductively coupled plasma mass spectrograph or spectrometer, a photon detector, an Energy
Dispersive X-ray Spectroscopy detector, or a Wavelength Dispersive X-ray Spectroscopy
detector.
[1055] According to preferred embodiments of the present invention, an apparatus for
producing or modifying a structure includes:

¢ avacuum chamber for holding a sample;

® alaser system for operating on the sample in the vacuum chamber, the laser

system including a lens;
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a deflector for deflecting secondary particles emitted from the sample upon the
impact of the charged particle or the laser beam away from the laser system
lens to prevent damage to the laser system lens from the secondary particles;

a deflector for deflecting secondary particles emitted from the sample upon the
impact of the charged particle or the laser beam away from the charged
particle optical column components to prevent damage to the charged particle
optical column components from the secondary particles; and /or

a deflector for deflecting secondary particles emitted from the sample upon the
impact of the charged particle or the laser beam away from any components of
the apparatus to prevent damage to system the components of the apparatus
from the secondary particles.

According to preferred embodiments of the apparatus of the present invention

the deflector comprises an electrode, the electrode being electrically connected to an

amplifier to determine a secondary particle current, a set of electrodes, or a magnetic

deflector.

[1057]

According to preferred embodiments of the present invention, a method of

producing or modifying a structure, comprises:

[1058]

providing a system including a vacuum chamber for holding a sample, a
charged particle beam column and a laser system including a lens for
operating on the sample in the vacuum chamber;

directing a charged particle beam towards the sample, the impact of the
charged particle beam causing the emission of secondary particles;

providing a field to deflect the secondary particles away from the laser system
lens to prevent damage to the laser system lens from the secondary particles;
providing a field to deflect the secondary particles away from emissions
detectors; and

providing a field to deflect the secondary particles away from components of
the charged particle optical column.

According to preferred embodiments of the present invention the method of

deflecting the secondary particles away from the lens of the laser system lens includes

providing an electrode to produce an electrostatic field to deflect the charged particles or

providing any number of electrodes to produce electric fields designed to deflect the charged

particles.



WO 2010/006067 PCT/US2009/049961
14

[1059] Although the present invention and its advantages have been described in
detail, it should be understood that various changes, substitutions and alterations can be made
herein without departing from the spirit and scope of the invention as defined by the
appended claims. Moreover, the scope of the present application is not intended to be limited
to the particular embodiments of the process, machine, manufacture, composition of matter,
means, methods and steps described in the specification. As one of ordinary skill in the art
will readily appreciate from the disclosure of the present invention, processes, machines,
manufacture, compositions of matter, means, methods, or steps, presently existing or later to
be developed that perform substantially the same function or achieve substantially the same
result as the corresponding embodiments described herein may be utilized according to the
present invention. Accordingly, the appended claims are intended to include within their
scope such processes, machines, manufacture, compositions of matter, means, methods, or

steps.

[1060] We claim as follows:
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CLAIMS

1. A method of producing or modifying a structure by laser beam processing,
comprising:

directing a laser beam toward a sample to produce or modify a structure;

detecting emissions from the sample caused by incidence of the laser beam;

determining a property of the emissions, the property being characteristic of the
sample; and

altering the laser beam processing when the emissions indicate a change in the
material upon which the laser beam is incident.

2. The method of claim 1 in which altering the laser beam processing includes
ceasing to direct the laser beam toward the sample.

3. The method of claim 1 in which altering the laser beam processing includes
changing a gas flow, changing a laser parameter such as the fluence per pulse, blanking an
electron or an ion beam, or moving a stage that supports the sample.

4.  The method of claim 1 in which directing a laser beam toward a sample includes
directing a laser beam toward a sample in an environment having a pressure of less than 10°
mbar.

5. The method of claim 1 in which directing a laser beam toward a sample includes
directing a laser beam toward a sample in an environment having a pressure of less than 50
mbar.

6. The method of claim 1 in which determining a property of the emissions includes
determining an electron current emitted from the sample.

7. The method of claim 6 in which determining an electron current emitted from the
surface includes measuring a current between the sample and a ground directly or indirectly

contacting the sample.
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8. The method of claim 1 in which determining a property of the emissions includes
determining the energy of electrons emitted from the sample.

9. The method of claim 1 in which determining a property of the emissions includes
detecting photons emitted from the sample.

10. The method of claim 9 in which determining a property of the emissions includes
detecting photons having a characteristic wavelength.

11. The method of claim 10 in which determining a property of the emissions
includes filtering photons having a wavelength other than the characteristic wavelength.

12. The method of claim 1 in which determining a property of the emissions includes
determining the mass of particles emitted from the surface.

13. The method of claim 1 in which determining a property of the emissions includes
determining the charge-to-mass ratio of particles emitted from the surface.

14. The method of claim 12 further comprising ionizing neutral particles before
determining the mass of particles emitted from the surface.

15. The method of claim 14 in which ionizing neutral particles includes ionizing
neutral particles using a laser beam.

16.  The method of claim 14 in which ionizing neutral particles includes ionizing
neutral particles using an electron beam.

17. The method of claim 14 in which ionizing neutral particles includes directing a
time delayed laser beam to ionize the evolving emissions ejected from the sample by a first
laser beam.

18. The method of claim 14 in which ionizing neutral particles includes ionizing

neutral particles using a second laser beam.
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19. The method of claim 12 in which determining the mass of particles emitted from
the surface includes determining the mass using inductively coupled plasma mass
spectrometry.

20. The method of claim 1 in which directing a laser beam toward a sample includes
directing a pulsed laser having a pulse duration of less than a picosecond toward the sample.

21. The method of claim 1 in which determining a property of the emissions includes
using a narrow band detector to detect only emissions having a specified property.

22. The method of claim 1 in which determining a property of the emissions includes
determining a current of the emissions.

23. The method of claim 1 in which determining a property of the emissions includes
determining an energy of the emissions.

24. The method of claim 1 further comprising directing a charged particle beam
toward the sample.

25. The method of claim 1lin which determining a property of the emissions includes
determining an energy spectrum of the emissions.

26. A method of producing a structure on a sample, comprising:

directing a laser beam toward a sample to produce or modify a structure;

directing a charged particle beam toward the sample;

detecting emissions from the sample caused by incidence of the charged particle
beam;

determining a property of the emissions, the property being characteristic of the
sample; and

altering the laser beam processing when the emissions indicate a change in the

material upon which the laser beam is incident.
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27. The method of claim 26 in which the laser and particle beam are incident on the
sample concurrently.

28. The method of claim 26 in which the laser and particle beam are incident on the
sample consecutively.

29. The method of claim 26 in which the charged particle beam is an electron beam.

30. The method of claim 26 in which the charged particle beam is an electron beam
and in which detecting emissions from the sample caused by incidence of the charged particle
beam includes detecting secondary electrons, backscattered electrons, or transmitted
electrons.

31. The method of claim 26 in which the charged particle beam is an electron beam
and in which detecting emissions from the sample caused by incidence of the charged particle
beam includes detecting photons (including X-rays).

32. The method of claim 26 in which the charged particle beam is an electron beam
and in which detecting emissions from the sample include detecting emissions from material
below the surface.

33. The method of claim 26 in which the charged particle beam is an ion beam.

34. A system for producing or modifying a sample, comprising:

a sample holder for holding a sample;

a fast-pulsed laser for directing a laser beam toward the sample; and

a detector for detecting emissions from the sample resulting from the impact of the
laser beam, the emissions being characteristic of the sample.

35. The system of claim 34 in which sample holder holds the sample in a vacuum.

36. The system of claim34 in which the emissions detector comprises an electron

detector.
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37. The system of claim 34 in which the emissions detector comprises a mass
spectrograph or spectrometer.

38. The system of claim 34 in which the emissions detectors includes an inductively
coupled plasma mass spectrograph or spectrometer.

39. The system of claim 34 in which the emissions detector is a photon detector.

40. The system of claim 34 in which the emissions detector is an Energy Dispersive
X-ray Spectroscopy detector.

41. The system of claim 34 in which the emissions detector is a Wavelength
Dispersive X-ray Spectroscopy detector

42. An apparatus for producing or modifying a structure, comprising:

a vacuum chamber for holding a sample;

a laser system for operating on the sample in the vacuum chamber, the laser system
including a lens;

a deflector for deflecting secondary particles emitted from the sample upon the impact
of the charged particle or the laser beam away from the laser system lens to prevent damage
to the laser system lens from the secondary particles;

a deflector for deflecting secondary particles emitted from the sample upon the impact
of the charged particle or the laser beam away from the charged particle optical column
components to prevent damage to the charged particle optical column components from the
secondary particles; and /or

a deflector for deflecting secondary particles emitted from the sample upon the impact
of the charged particle or the laser beam away from any components of the apparatus to

prevent damage to system the components of the apparatus from the secondary particles.
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43. The apparatus of claim 42 in which the deflector comprises an electrode, the
electrode being electrically connected to an amplifier to determine a secondary particle
current.

44. The apparatus of claim 42 in which the deflector comprises a set of electrodes.

45. The apparatus of claim 42 in which the deflector comprises a magnetic deflector.

46. A method of producing or modifying a structure, comprising:

providing a system including a vacuum chamber for holding a sample, a charged
particle beam column and a laser system including a lens for operating on the sample in the
vacuum chamber;

directing a charged particle beam towards the sample, the impact of the charged
particle beam causing the emission of secondary particles;

providing a field to deflect the secondary particles away from the laser system lens to
prevent damage to the laser system lens from the secondary particles;

providing a field to deflect the secondary particles away from emissions detectors;
and

providing a field to deflect the secondary particles away from components of the
charged particle optical column.

47. The method of claim 46 in which deflecting the secondary particles away from
the lens of the laser system lens includes providing an electrode to produce an electrostatic
fields to deflect the charged particles.

48. The method of claim 46 in which providing an electrode to produce an
electrostatic fields to deflect the secondary charged particles includes providing any number
of electrodes, to produce electric fields designed to deflect the charged particles.

49. A method of producing or modifying a structure by laser beam processing,

comprising:
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directing a laser beam toward a sample to produce or modify a structure;

detecting emissions from the sample;

determining a property of the emissions, the property being characteristic of the
sample; and

altering the laser beam processing when the emissions indicate a change in the
material upon which the laser beam is incident.

50. The method of claim 49 in which detecting emissions from the sample comprises
detecting luminescence, electrons, ions, neutral atoms or molecules, or particles/droplets
emitted from the sample.

51. The method of claims 49 or 50 in which the emissions from the sample are
caused by the incidence of the laser beam.

52. The method of claims 49 or 50 further comprising directing a charged particle
beam toward the sample.

53. The method of claim 52 in which the emissions from the sample are caused by
the incidence of the charged particle beam.

54. The method of claim 53 further comprising:

providing a system including a vacuum chamber for holding a sample, a charged
particle beam column, a laser system including a lens for operating on the sample in the
vacuum chamber, and an emissions detector for detecting emissions from the sample;

providing a field to deflect the secondary particles produced by the incidence of the
charged particle beam away from the laser system lens to prevent damage to the laser system
lens from the secondary particles;

providing a field to deflect the secondary particles away from emissions detectors;
and

providing a field to deflect the secondary particles away from components of the
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charged particle optical column.

55. The method of any of claims 49-54 in which altering the laser beam processing
includes ceasing to direct the laser beam toward the sample, changing a gas flow, changing a
laser parameter such as the fluence per pulse, blanking an electron or an ion beam, or moving
a stage that supports the sample.

56. The method of any of claims 49-55 in which directing a laser beam toward a
sample includes directing a laser beam toward a sample in an environment having a pressure
of less than 10~ mbar. or less than 50 mbar.

57. The method of any of claims 49-56 in which determining a property of the
emissions includes determining an electron current emitted from the sample.

58. The method of claim 57 in which determining an electron current emitted from
the surface includes measuring a current between the sample and a ground directly or
indirectly contacting the sample.

59. The method of any of claims 49-58 in which determining a property of the
emissions includes determining the energy of electrons emitted from the sample.

60. The method of any of claims 49-58 in which determining a property of the
emissions includes detecting photons emitted from the sample.

61. The method of any of claims 49-58 in which determining a property of the
emissions includes detecting photons having a characteristic wavelength.

62. The method of claim 61 in which determining a property of the emissions
includes filtering photons having a wavelength other than the characteristic wavelength.

63. The method of any of claims 49-62 in which determining a property of the
emissions includes determining the mass of particles emitted from the surface.

64. The method of any of claims 49-63 in which determining a property of the

emissions includes determining the charge-to-mass ratio of particles emitted from the surface.
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65. The method of claim 63 further comprising ionizing neutral particles before
determining the mass of particles emitted from the surface.

66. The method of claim 65 in which ionizing neutral particles includes ionizing
neutral particles using a laser beam.

67. The method of claim 65 in which ionizing neutral particles includes ionizing
neutral particles using an electron beam.

68. The method of claim 65 in which ionizing neutral particles includes directing a
time delayed laser beam to ionize the evolving emissions ejected from the sample by a first
laser beam.

69. The method of claim 65 in which ionizing neutral particles includes ionizing
neutral particles using a second laser beam.

70. The method of claim 63 in which determining the mass of particles emitted from
the surface includes determining the mass using inductively coupled plasma mass
spectrometry.

71. The method of any of claims 49-70 in which directing a laser beam toward a
sample includes directing a pulsed laser having a pulse duration of less than a picosecond
toward the sample.

72. The method of any of claims 49-71 in which determining a property of the
emissions includes using a narrow band detector to detect only emissions having a specified
property.

73. The method of any of claims 49-72 in which determining a property of the
emissions includes determining a current of the emissions.

74. The method of any of claims 49-73 in which determining a property of the

emissions includes determining an energy of the emissions.
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75. The method of any of claims 49-74 in which determining a property of the

emissions includes determining an energy spectrum of the emissions.
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