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PULSE WIDTH CONTROLLER

FIELD

[0001] Embodiments described herein relate to apparatus and methods of laser
thermal processing. More specifically, apparatus and methods described herein
relate to a pulse width controller incorporated in a laser thermal processing

apparatus.

Description of the Related Art

[0002] Thermal processing is commonly practiced in the semiconductor industry.
Semiconductor substrates are subjected to thermal processing in the context of
many transformations, including doping, activation, and annealing of gate source,
drain, and channel structures, siliciding, crystallization, oxidation, and the like. Over
the years, techniques of thermal processing have progressed from simple furnace
baking, to various forms of increasingly rapid thermal processing such as RTP, spike

annealing, and laser annealing.

[0003] Conventional laser annealing processes use laser emitters that may be
semiconductor or solid state lasers with optics that focus, defocus, or variously
image the laser light into a desired shape. A common approach is to image the
laser light into a line or thin rectangle image. The laser light is scanned across a
fixed substrate or the substrate is scanned beneath the laser light to process the
entire surface of the substrate.

[0004] As device geometry continues to decline, semiconductor manufacturing
processes such as thermal processing are challenged to develop increased
precision. In many instances, pulsed laser processes are being explored to reduce
overall thermal budget and reduce depth and duration of energy exposure at the
substrate. Challenges remain, however, in creating laser pulses having a temporal
shape that affords the desired processing performance, with the uniformity needed
for uniform processing across the surface of a substrate. Thus, there is a continuing
need for apparatus and methods of adjusting the temporal shape of an energy

pulse.
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SUMMARY OF THE INVENTION

[0005] A optical system for controlling width of an energy pulse, and an
apparatus including such an optical system, are disclosed. The optical system
features a rotatable wave plate that outputs oriented radiation to a polarizing beam
splitter. Radiation transmitted by the polarizing beam splitter is routed through an
optical circuit that has a second rotatable wave plate. Radiation from the second
rotatable wave plate is routed back to the polarizing beam splitter along the axis of
light originally reflected by the polarizing beam splitter. The first rotatable wave plate
is rotated to control the fraction of radiation that enters the optical circuit, and the
second rotatable wave plate is rotated to control the fraction of radiation in the
optical circuit that exits through the polarizing beam splitter.

[0006] Multiple optical circuits may be nested in and/or pendant from a first
optical circuit, each with its input and output optical gates. Optical delay legs may
also be used in some embodiments to add further delay components.

[0007] The optical system described above may be included in a thermal
processing apparatus featuring an energy source that produces radiant energy in
pulses or continuous wave. The energy that has been routed through the pulse
width controller is directed to an optical system for adjusting the spatial or temporal
profile of the energy, such as a homogenizer, etalon, or fiber bundle. The energy
may then be directed to an aperture to trim non-uniform edges, and then to a

substrate to thermally process the substrate.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] So that the manner in which the above-recited features of the present
invention can be understood in detail, a more particular description of the invention,
briefly summarized above, may be had by reference to embodiments, some of which
are illustrated in the appended drawings. It is to be noted, however, that the
appended drawings illustrate only typical embodiments of this invention and are
therefore not to be considered limiting of its scope, for the invention may admit to
other equally effective embodiments.

[0009] Figure 1 is a schematic diagram of a pulse width controller according to

one embodiment.
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[0010] Figure 2 is a schematic diagram of a pulse width controller according to

another embodiment.

[0011] Figure 3 is a schematic diagram of a pulse width controller according to

another embodiment.

[0012] Figure 4 is a plan view of a thermal processing system according to

another embodiment.

[0013] Figure 5 is a graph showing pulse intensity as a function of time for an
energy pulse processed using apparatus and methods of Figure 1-4.

[0014] To facilitate understanding, identical reference numerals have been used,
where possible, to designate identical elements that are common to the figures. It is
contemplated that elements disclosed in one embodiment may be beneficially
utilized on other embodiments without specific recitation.

DETAILED DESCRIPTION

[0015] Figure 1 is a schematic diagram of a pulse width controller 100 according
to one embodiment. The pulse width controller 100 has a first rotatable wave plate
102, comprising a first wave plate 114 and a first actuator 116, optically coupled to a
polarizing beam splitter 104. The polarizing beam splitter 104 has an optically active
surface 106 that reflects a portion of incoming electromagnetic radiation along a
reflecting axis 126 and transmits a portion of the incoming electromagnetic radiation
along a transmitting axis 128. The position of the first wave plate 114, as rotated by
the first actuator 116, determines the polarization axis of the radiation incident upon
the polarizing beam splitter 104, and the angle of the polarization axis of the incident
radiation, compared with the polarizing angle of the optical surface 106, determines
the degree of reflection and transmission.

[0016] The transmitted radiation 128 is routed to an optical circuit 136 that
delivers a return radiation 134 to the polarizing beam splitter along the reflecting axis
126. At least a first reflector 108 and a second reflector 110 make up the optical
circuit 136. The first reflector 108 is disposed along the transmitting axis 128 of the
polarizing beam splitter 104, faces a first deflection direction 138, and propagates a

first deflected radiation along a first deflection axis 130. The second reflector 110 is
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positioned to receive radiation originating from the first reflector 108, faces a second
deflection direction 140, and propagates a second deflected radiation 132 along the
reflecting axis 126 of the polarizing beam splitter 104. This may be done using only
two reflectors in some embodiments, while in other embodiments more reflectors
may be disposed in the optical circuit. In one embodiment, a third reflector (not
shown) is positioned along the first deflection axis 130 and propagates radiation
along a third deflection direction to the second reflector, with the angles of the

reflectors suitably adjusted to align the radiation along the reflecting axis 126.

[0017] A second wave plate 118 is disposed in the optical circuit 136 at any
desired point. The second wave plate 118 may be disposed along the transmitting
axis 128 between the polarizing beam splitter 104 and the first reflector 108, along
the first deflection axis 130, along the reflecting axis 126 between the polarizing
beam splitter 104 and the second reflector 110, or at any position in the optical
circuit 136 between the first reflector 108 and the second reflector 110. The second
wave plate 118 may be a second rotatable wave plate 112, comprising the second

wave plate 118 and a second actuator 120, if desired.

[0018] The second wave plate 118 rotates the polarization axis of the second
deflected radiation 132 by 90°, such that the return radiation 134 will pass through
the optically active surface 106 of the polarizing beam splitter 104. The return
radiation 134 thus propagates along the reflecting axis 126 slightly later than the
radiation originally reflected along the reflecting axis 126 by the transit time of the
optical circuit 136. If the transit time of the optical circuit 136 is less than the time
duration of the incident pulse, the radiation reflected along the reflection axis 126
and the return radiation 134 will overlap to form a single extended pulse. The extent
of the broadening may be controlled by setting the first rotatable wave plate 102. If
a difference between the polarization angle of the first rotatable wave plate 102 and
the polarization angle of the optically active surface 106 approaches 90°, most
incident radiation will be reflected along the reflection axis 126, and the resulting
pulse will be broadened only slightly with a decay tail added by the circulated portion
of the incident pulse. If the difference is nearly zero, the resulting pulse will be
substantially delayed by the circuit transit time and slightly broadened with a rise tail
created by the initially reflected radiation. If the difference is substantially far from
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either extreme (0° or 90°), the resulting pulse will be broadened and will be bimodal,
with the intensities of the two peaks determined by the phase difference.

[0019] The second wave plate 118 may have a polarization angle that does not
align with the polarization angle of the optically active surface 106. In such an
embodiment, the return radiation 134 will be partially transmitted and partially
reflected at the optically active surface 106, depending on the phase angle
difference between the wave plate 118 polarization angle and the polarization angle
of the optically active surface 106. A plurality of pulses will then emerge as the
radiation circulates around the optical circuit 136, and the intensity of each pulse will
be a function of the angles of the first wave plate 114 and the second wave plate
118. The second wave plate 118 may be coupled to a second actuator 120 to form
a second rotatable wave plate 112, so the angle of the second wave plate 118 may
be adjusted.

[0020] By varying the settings of the two rotatable wave plates 102 and 112, a
pulse of electromagnetic radiation incident on the pulse width controller may be
divided into two or more pulses propagating along the reflecting axis 126. The pulse
width of the incident pulse may be effectively controlled by the pulse width controller
100 if the transit time of the optical circuit 136 is substantially less than the time
duration of the incident pulse. For example, for an 8 nsec energy pulse, an optical
circuit having a transit time substantially less than 8 nsec, such as a total length less
than about 240 cm, for example a total length between about 100 cm and about 200
cm, will afford a single pulse having a tunable pulse width. A controller 122 may be
coupled to the actuators 116 and 120 to control the relative phase angles of the two
wave plates 114 and 118.

[0021] Actuators may be deployed to adjust the length of the optical circuit 136.
In the embodiment of Figure 1, a first actuator 144 is coupled to the first reflector
108 and a second actuator 142 is coupled to the second reflector 110. Each of the
first actuator 144 and the second actuator 142 is coupled to the controller 122, and
the controller 122 is programmed to adjust the positions of the first and second
reflectors 108 and 110 to change the length of the optical circuit 136 while
maintaining alignment of the first and second reflectors 108 and 110. In the

embodiment of Figure 1, each of the first and second actuators 144 and 142 may be
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a linear and rotational actuator, or one of the first actuator 144 or the second
actuator 142 may be a linear and rotational actuator while the other is a rotational
actuator only. In an alternative embodiment wherein three reflectors are included in
a rectangular optical circuit, as described above, two adjacent reflectors of the
optical circuit may be coupled to a support that is moved by a linear actuator to
adjust the length of the optical circuit.

[0022] Adjusting the length of the optical circuit may provide fine control over the
temporal profile and width of a combined pulse. The controller 122 may be
programmed to control an energy source to produce pulses 124 having a desired
duration and periodicity, to control rotation of the wave plates 102 and 112 to control
replication and splitting of the pulses, and to control the length of the optical circuit
136 using the actuators 144 and 142 to produce a wide variety of shaped energy
pulses. In some embodiments, the pulse width controller 100 may alter the
frequency of pulses in a pulse train, for example by doubling the frequency. In such
embodiments, pulse amplitude is typically lowered by interaction with the pulse width
controller 100 if the optical circuit 136 has a transit time less than the periodicity of
the pulses. However, if the transit time of the optical circuit 136 is greater than the
periodicity of the pulses, the pulse width controller 100 may be tuned to function as a
pulse amplifier by delaying pulses such that a first pulse travels through the optical
circuit 136 and emerges in co-propagating relation to a second incident pulse
partially reflected by the polarizing beam splitter 106.

[0023] Figure 2 is a schematic diagram of a pulse width controller 200 according
to another embodiment. The pulse width controller 200 features many of the same
components as the pulse width controller 100. In the embodiment of Figure 2,
however, the pulse width controller 200 has a first optical circuit 202 and a second
optical circuit 208 nested within the first optical circuit 202. The rotatable wave plate
102 and the polarizing beam splitter 104 control radiation admitted into the first
optical circuit 202, as with the pulse width controller 100 of Figure 1, but a second
polarizing beam splitter 206 is positioned between the first reflector 108 and the
second reflector 110 of the first optical circuit 202. The second polarizing beam
splitter 206 reflects a portion of incident electromagnetic radiation along a second
reflecting axis 216 and transmits the remainder along a second transmitting axis
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218, the fraction reflected and transmitted being dependent on the relative
polarization angles of the second polarizing beam splitter 206 and a third rotatable

wave plate 204 which, in alternate embodiments, may be non-rotatable.

[0024] The transmitted radiation is circulated around the second optical circuit
208 by a third reflector 214 and a fourth reflector 212 and through a fourth wave
plate 210, which may be a rotatable wave plate, as described above. There may be,

of course, more than two reflectors in the second optical circuit 208.

[0025] The second optical circuit 208 further broadens the radiation propagating
within the first optical circuit 206 according to similar effects. If the transit time of the
second optical circuit 208 is less than the time duration of the energy pulse incident
on the second polarizing beam splitter 206, the radiation that propagates along the
second reflecting axis 216 will propagate as a broadened pulse, which will further
broaden the radiation ultimately propagating along the first reflecting axis. The four
wave plates 102, 112, 204, and 210, may be independently controlled to produce a
radiation pulse along the first reflecting axis 126 that has a much broader range of
temporal shapes and durations than are available with a single optical circuit. Pulse
width control circuits may be nested, as the second optical circuit 208 is nested
within the first optical circuit 202, to any desired depth. Alternately, or additionally,
pulse width control circuits such as the second optical circuit 208 may be proliferated
in series around the first optical circuit 202. Any combination of serial and nested
pulse width control circuits may be employed to achieve a desired control over pulse
width, and all actuated wave plates may be controlled by a controller to provide

precise control over the pulse shape and duration.

[0026] The pulse width controller 200 has an actuator 222 coupled to a support
220 for moving portions of the first optical circuit 202 and all of the second optical
circuit 208 to control overall transit time of the optical circuit 202. Because the
optical circuit 202 is arranged according to a rectilinear configuration, the actuator
222 may adjust the length of the optical circuit 202 by moving coaxial components of
the optical circuit 202 in a direction perpendicular to their common optical axis. The
second optical circuit 208 is coupled to the support 220 to maintain alignment with
the actuated components of the first optical circuit 202. In the embodiment of Figure

2, the first reflector 108, the third reflector 212, the fourth reflector 214, the third
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wave plate 204, the fourth wave plate 210, and the second polarizing beam splitter
206 are all coupled to the support 220 and the actuator 222 adjusts a distance
between the first polarizing beam splitter 104 and the first reflector 108 and a
distance between the second polarizing beam splitter 206 and the second reflector
110 to adjust length of the optical circuit 202. Naturally, an alternate embodiment
may couple the second reflector 110 and all components of the second optical circuit
208 to a support to adjust a distance between the third wave plate 204 and the
second polarizing beam splitter 206 and a distance between the second reflector
110 and the second wave plate 112 to adjust length of the optical circuit 202. A
controller 230 is coupled to the wave plates 102, 112, 204, and 210, and to the

actuator 222, to control the performance of the pulse width controller 200.

[0027] Figure 3 is a schematic diagram of a pulse width controller 300 according
to another embodiment. The pulse width controller 300 of Figure 3 features the
same entrance regulating features, the rotatable wave plate 102 and the polarizing
beam splitter 104, with a different optical circuit 302. The optical circuit 302 features
delay legs 304 interposed along the optical circuit 302 to add transit time and
subdivisions to the optical circuit 302, if desired. Each delay leg 304 features a
partial reflector 306 and a full reflector 308, and one delay leg 304 may be optically
coupled to another delay leg 304 to increase the pulse-broadening effect of the
optical circuit 302. The pulse width controller 300 has four delay legs 304A, 304B,
304C, and 304D. Radiation incident at partial reflector 306A is partially reflected
toward the partial reflector 306D and partially transmitted toward the partial reflector
306B. Radiation incident at partial reflector 306B is partially reflected toward partial
reflector 306C and partially transmitted toward two full reflectors 310 and 312 that
direct the radiation around to partial reflector 306C. The radiation incident at partial
reflector 306C from full reflector 312 is partially reflected toward full reflector 304C
and partially transmitted toward the partial reflector 306D. Radiation reflected
toward the full reflector 304C is reflected back toward the partial reflector 306C,
which subdivides the radiation further. The radiation circulating and counter-
circulating within the optical circuit 302 is attenuated into a smeared-out pulse that is
subjected to the polarization angle of the wave plate 314, which may be a rotatable
wave plate similar to the rotatable wave plate 102, producing the same

transmission/recirculation effect at the polarizing beam splitter 104.
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[0028] The delay legs 304 introduce transit time and counter-circulation to the
optical circuit 302 that is not present in the optical circuits 136, 202, and 208, but at
the expense of some energy loss. The various reflective and refractive surfaces
scatter a small amount of incident radiation, so the combined effect of many delay
legs may result in power losses that are more than desired. It should be noted that
delay legs, such as the delay legs 304 may be used in combination with auxiliary
optical circuits such as those described above in connection with Figure 2. For
example, a rotatable wave plate and polarizing beam splitter may be positioned
along the optical axis between the full reflector 310 and the full reflector 312 to
anchor an optical circuit such as the optical circuit 208, if desired. The combination
of optical circuits and delay legs may provide expanded options for tailoring of pulse
widths and energy profiles.

[0029] Figure 4 is a plan view of a thermal processing apparatus 400 according
to another embodiment. A radiant energy source 402 produces a directed radiant
energy field that propagates along a first optical axis 414. The directed radiant
energy field enters a pulse width controller such as the pulse width controller 100,
and emerges along a second optical axis 416 having a tailored temporal profile, as
described above. The pulse width controllers 200 and 300, and other embodiments

of pulse width controllers described herein, may also be used.

[0030] The radiant energy emerging from the pulse width controller 100 enters an
optical system 404 that further shapes the radiant energy field according to the
needs of the application. The optical system 404 may feature lenses, filters, prisms,
partial and total reflectors, such as mirrors and retroreflectors, etalons, fiber optics,
and similar components, to transform the radiant energy field in particular ways.
The optical system 404 may feature one or more arrays of lenses that overlap
portions of the radiant energy field to form a blended, or homogenized, image with
reduced spatial variation. The optical system 404 may also feature differential delay
optics such as fiber bundles and etalons to reduce coherence in the radiant energy
field. The differential delay optics may also be effective to reduce variation in the

temporal profile of the energy field emerging from the pulse width controller 100.

[0031] The radiant energy emerges from the optical system 404 along a third

optical axis 418 to encounter an aperture 406. The aperture 406 trims the radiant
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energy field to a desired shape and removes edge nonuniformities of the radiant
energy field. The resulting energy emerges along a fourth optical axis 420, and is
directed toward a substrate support 410 by any suitable steering optic 408, such as
a mirror, or any system of reflective and refractive optics for directing the radiant
energy toward the substrate support 410. The radiant energy generally approaches
the substrate support 410 along a fifth optical axis 422, which may be generally
perpendicular to the plane of a substrate support surface 424 of the substrate
support 410, or may be inclined at a desired angle. The angle of incidence of the
fifth optical axis 422 with respect to the substrate support surface 424 is typically
between about 85° and about 90°, usually about 90°.

[0032] A substrate positioned on the substrate support 410 is subjected to the
radiant energy for thermal or optical processing. If the radiant energy field does not
cover the entire substrate, the substrate support 410 may be movable in a plane
defined by the substrate support surface 424 of the substrate support 410. A
precision x-y stage may be used for such purposes. A first treatment zone may be
positioned in the path of the fifth optical axis 422, and after processing the substrate
may be moved in the plane parallel to the substrate support surface 424 such that a
second treatment zone is positioned in the path of the fifth optical axis 422 for
processing. This process may be repeated until all desired areas of the substrate
are processed. It should be noted that, although Figure 4 depicts a substrate resting
on a substrate support and facing upward toward the fifth optical axis 422, the
substrate may be oriented vertically, or substantially vertically, and may be
positioned above the fifth optical axis 422. The substrate support 410 may be
oriented at any desired angle.

[0033] In one aspect, the energy source 402 may be a pulsed energy source or a
continuous wave energy source. The energy source 402 may emit radiant energy
having any desired coherence and any desired frequency. The pulse width control
methods and apparatus described herein are not substantially different for radiation
having a broad spectral range, spectral distribution range, and coherency range.
Continuous wave and pulse lasers may be used, individually or in combination, to
produce desired temporal profiles of pulsed energy having any spectral
characteristics or combination thereof.

10
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[0034] The apparatus described herein are also embodiments of novel methods.
The temporal profile of an incident pulse of radiant energy may be effectively
controlled by splitting the pulse into a first sub-pulse and a second sub-pulse using
differential polarity, routing the second sub-pulse through an optical circuit to delay
propagation of the second sub-pulse relative to the first sub-pulse, and releasing the
second sub-pulse after a delay to propagate along the same axis as the first sub-
pulse. If the delay of the optical circuit is substantially less than a duration of the
incident pulse, the two sub-pulses emerge in an overlapping temporal relationship,
effectively producing a broadened pulse. The optical circuit is constructed using
reflectors that route the second sub-pulse around a polygonal path so that the
second sub-pulse returns to the location at which it was divided from the first sub-

pulse.

[0035] The differential polarity may be provided using a wave plate that is rotated
to control the polarization angle of the incident pulse. The incident pulse is directed
to a polarizing beam splitter that reflects a portion of the incident pulse, depending
on the difference in polarity alignment of the incident pulse and the polarizing beam
splitter, to form the first sub-pulse. The unreflected portion is transmitted into the

optical circuit as the second sub-pulse.

[0036] The second sub-pulse may be further subdivided to broaden the resulting
recombined pulse further. As the second sub-pulse approaches the recombination
point where the first and second sub-pulses were first divided, differential polarity
may again be employed to split the second sub-pulse into further sub-pulses, one of
which transits the optical circuit again. In this way an energy pulse with a long
decay may be formed as a series of time overlapping, decaying amplitude, sub-

pulses.

[0037] The temporal shape of the resulting pulse may be adjusted by adjusting
the relative phases of the differential polarity applicators with respect to the polraity
of the polarizing beam splitter. The length of the optical circuit may also be adjusted
along with the polarizers to afford further control over the shape of the resulting

pulse.
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[0038] A train of regular energy pulses with simple periodicity may be
transformed in complex ways by changing periodicity and amplitude of the resulting
pulses by routing the pulses through a differential polarity delay circuit as described
herein. The fractions reflected and transmitted at each beam splitter, and the length
of the delay circuit, may be controlled relative to duration and periodicity of the
incident pulse train to produce a wide variety of complex patterns of periodicity,

amplitude, and temporal profile.

[0039] A train of energy pulses having complex periodicity and amplitude
patterns, produced for example using a plurality of energy sources such as switched
lasers under the control of electronic timers, may be folded into a pulse train having
a wide variety of characteristics from very regular to extremely irregular depending
on architecture and tuning of the optical circuity used to subdivide and recombine
the pulses. Depending on the interaction of the periodicity and amplitude pattern of
the incident pulse train with the time constants of the optical circuit and the settings
of the differential polarity splitters, a very irregular train of pulses may be effectively
regulated by tuning the optical circuit to produce sub-pulses that substantially

overlap in a regular manner.

[0040] Figure 5 is a graph showing pulse intensity as a function of time for an
energy pulse processed using apparatus and methods of Figures 1-4. The temporal
profile of the incident energy pulse is shown at 502, and the temporal profile of the
resultant energy pulse is shown at 504 after passing through a pulse width controller
according to an embodiment described herein. The amplitudes of the two profiles
are not represented on the same scale, so that the general shape of each profile is
distinguishable from the other. The time evolution of each profile is plotted on the
same scale, however, to demonstrate that the incident pulse has been made longer
in time by passing through a pulse width controller according to an embodiment

described herein.

[0041] Figure 6 is a a schematic diagram of a pulse width controller 600
according to another embodiment. The pulse width controller 600 is similar in many
respects to the pulse width controller 100 of Figure 1, as demonstrated by repetition
of reference numerals in Figure 6. In the pulse width controller 600, however, the

pulses 124 encounter a selective reflector 606 on a transmissive surface 608
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thereof. The pulses 124 pass through the selective reflector 606 and enter the
optical circuit 136. The second deflected radiation 132, after passing through the
second rotatable wave plate 112 encounters the optically active surface 106 that
reflects an exit pulse 602 and transmits a circulation pulse 604 that is recycled
around the optical circuit 136. The alternative entry configuration of the pulse width
controller 600 may likewise be used in the pulse width controllers 200 and 300, as

well.

[0042] While the foregoing is directed to embodiments of the present invention,
other and further embodiments of the invention may be devised without departing
from the basic scope thereof, and the scope thereof is determined by the claims that

follow.
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Claims:

1. An optical apparatus, comprising:

a first rotatable wave plate having an optical axis;

a polarizing beam splitter with a reflecting axis and a transmitting axis,
wherein the transmitting axis is substantially parallel to the optical axis of the first
rotatable wave plate;

a first reflector positioned along the transmitting axis and propagating a first
deflected electromagnetic radiation along a first deflection axis; and

a second reflector positioned to receive electromagnetic radiation originating
from the first reflector and propagate a return electromagnetic radiation along the
reflecting axis.

2. The optical apparatus of claim 1, further comprising a second rotatable wave
plate having an optical axis substantially parallel to the reflecting axis of the
polarizing beam splitter.

3. The optical apparatus of claim 1, further comprising a third reflector
positioned along the first deflection axis and facing a second deflection axis, and the

second reflector is positioned along the second deflection axis.

4. The optical apparatus of claim 2, further comprising a first actuator coupled to
the first rotatable wave plate and a second actuator coupled to the second rotatable
wave plate, and a controller coupled to the first actuator and the second actuator.

5. The optical apparatus of claim 2, further comprising a second polarizing beam
splitter positioned along the first deflection axis, the second polarizing beam splitter
having a second reflecting axis and a second transmitting axis, wherein the second
reflector is positioned along the second reflecting axis.

6. The optical apparatus of claim 5, further comprising a third wave plate
positioned between the first reflector and the second polarizing beam splitter, a
plurality of reflectors to receive a transmitted electromagnetic radiation along the
second transmitting axis and direct the transmitted electromagnetic radiation along a
circuit, and a fourth wave plate positioned in the circuit to receive the transmitted

14
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electromagnetic radiation and propagate a second return electromagnetic radiation
along the second reflecting axis.

7. A system for processing a substrate comprising:

a source of electromagnetic energy;

an optical system for focusing the electromagnetic energy; and

a pulse width controller optically coupled to the source of electromagnetic
energy and the optical system, the pulse width controller comprising two or more
rotatable wave plates.

8. The system of claim 7, wherein the two or more rotatable wave plates
comprise a first wave plate and a second wave plate, and wherein a polarizing beam
splitter is positioned on an optical axis from the first wave plate to the second wave
plate.

9. The system of claim 8, wherein the second wave plate is disposed in an
optical circuit oriented to receive electromagnetic radiation from the polarizing beam
splitter and propagate electromagnetic radiation to the polarizing beam spilitter.

10. The system of claim 9, wherein the source of electromagnetic energy

comprises two or more lasers.

11.  The system of claim 10, wherein the pulse width controller further comprises
a first actuator coupled to the first rotatable wave plate and a second actuator
coupled to the second rotatable wave plate, and the system further comprises a
controller coupled to the first actuator and the second actuator.

12.  The system of claim 11, further comprising a second polarizing beam splitter
disposed in the optical circuit .

13. The system of claim 9, wherein the first wave plate is disposed to deliver
polarized radiation to the polarizing beam splitter.

14. A system for processing a substrate, comprising:
a first rotatable wave plate; and
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an optical circuit comprising a plurality of reflectors, a second rotatable wave
plate, and a polarizing beam splitter, wherein the second rotatable wave plate is
positioned to transmit electromagnetic radiation to the polarizing beam splitter, and
the polarizing beam splitter is positioned to direct a first portion of light incident on
the polarizing beam splitter out of the optical circuit and a second portion of the light
incident on the polarizing beam splitter ot a reflector in the optical circuit.

15. The system of claim 14, wherein the polarizing beam splitter receives
electromagnetic radiation from the first rotatable wave plate.
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