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RECOVERING SPECTRAL SHAPE FROM SPATIAL OUTPLT

CROSS REFERENCE TO RELATED APPLICATHONS

(0001} This application claums the bepelil of ULS. Application No., 62/483,423 filed Aprid
9, 2017 and titled RECOVERING SPECTRAL SHAPE FROM SPATIAL QUTPUT, and UK.
Application No. 13631935 filed on July 17, 2017, entitled RECOVERING SPECTRAL
SHAPE FROM SPATIAL OUTPUT, both of which are incorporated herein by reference in i3

entirety,

TECHNICAL FIELD

{0002} The disclosed subject matter relales to an apparatos and method for recovenmg g

spectral shape of a light beam from a spatial ovtput produced by, for example, an etalon
spectrometer o thereby eslimaie one or more speciral features (such as the bandwidih or

wavelength) of the lght beam.

BACKGROUND

HO003] In semiconductor ithography {or photolithography ), the fabrication of an
indegrated circuit {10} includes performing g variety of physical and chemieal processes on a
sennconductor (for example, silicom) substrate (which 18 also referred to as a wafer). A
photohthography exposure apparatus or scanner is @ machine that apphies a desired patiero onto g
target portion of the substrate. The wafer is tradiated by a hight beam that extends along an axial
direction, and the wafer is fixed 10 3 stage so that the waler generally exiends slong a Inferdl
plane that is substantially orthogonal to the axial divection. The light beam has a wavelength in
the deep ultraviolet {DUY) range, for example, from about 10 napdmeters (nm) fo about 400 nnw
The light beam travels along the axsal direction (which that is orthogonal to the lateral plane
along which the walr extends),

(00041 Aspectral analysis module 18 nsed to measure spectral features of the light beam,
and such measored spectral featores are used to control aspects of the Hght beam. By controlling
the hght beam, vanous Lithography properties can be controlled, For example, 8 mininmum
feature stze or eritical dimension {C13) at the water can be controtled, or pattern properties such

as overlay, surface roughness, and proximity correction can be controlled.
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{0005 ] In some general aspects, a methad 1s performed for estimating the optical spectrom
of a lighi beam. The method inclndes: projecting the hight beam onto distinct spatial arcas of a
spectrometer, whereln each spatial area receives a different filtered version of the optical
spectruny; detecting a charactenstic of the projected light beam at each of the distinet spadial
arcas of the spectrometer; receiving a two-dimensional mairix in which each entry of the matrix
provides a relationship between one or more spatial areas and each spectral featore, wherein the
two-dimensional matnix s related to the input-output relationship of the specirometer; and
estunating the optical spectram of the light beam based on an analysis that uses both the detected
tight beam characteristics and the received two-dimensional matnix.

[00s] Inplementations can tnclude one or more of the following features. For example,
the light beam can be projected onto distinct spattal arcas of the specirometer by separating the
different filtered versions of the optical spectrom, and projecting these separated filtered versions
anto respective spatial areas. The differcnt filiered versions of the optical spectrom can be
separated by sending each filtered version along a different direction or angle:

{O007] The light beam can be projecied onto distinet spatial arcas of g spectromster by
producing g plurality of light beams that interfere with each other, and the different filtered
versions of the optical spectrum can result from different optical resonances in the transmussion
of the spectrometer.

[O00] Fach spatial area can be a surface miade up of one or more imaging clements of a
detector.

(009 The characteristic of the projected light beam can be detected at the distinet spatial
arcas by detecting the mtensity of the Hight beam along at least one radial path that extends
through the projected hight beam. The charactenistic of the projected light beam can be delected
at the distinet spatial arcas by detecting the cuergy deposited in the spatial arcas by the filtered
version of the optical specirum.

{00101 The method can nclude oreating the two-dimensional matrix by inferacting a test
hight beam with the specirometer; changing o spectral fosture of the {est light besm across a
range of N distinet spectral foatures; and, for cach spectral feature in the range, detecting a

charscteristic of the test ight beam al cach spatial area; and storing the detected characterisiie of
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the test light beam at each of M spatial areas of the spectrometer as a eolammn of the preliminary
two~dimensional matrix. The column is assigned based on the spectral feature and the
prelimunary two-dimensional matrix captures the input-output relationship of the spectrometer.
The two-dimensional matnix can be calculated based on the prelimunary two-dimensional matrix.
The number of rows of the two-dimensional matrix and the number of columns of the
prelimingary two-dimensional matrix can equal N, and the number of columns of the two-
dimensional matrix and the nomber of rows of the preliminary two-dimensional matrix can equal
M. The optical specirum of the light beans can be estimated by performing matnix multiplication
between the two-dimensional mairix and the defected light beam charactenistics. The test Hght
beam can have a bandwidth that 13 3-500.000 times smaller than the bandwidth of the light beam.

The number N oof distinct spectral foatures can defenmine a resolution of the estimated optical

spectrum,
{00011 The method can includer creating the two~dimensional matrix by calcalating o

peeudoinverse of a preliminary two-dintensional matrix, wherein the preliminary two-
dimensional matrix captures the input-output relationship of the spectrometer; and storing the
two-dimensional matrix. The optical spectrum of the hight beam can be estimated by performing
matrix multiplication between the two-dimensional matrix and the detected Light beam
characteristics. The psendoinverse of the preliminaty two-dimensional matriy can be caleulated
by performing a singular value decomposition on the preliminary twe-dimensional matrix. The
mothod can melude reducing an impact of noise by reducing the components of the matnix
product for which contributions from the noise exceed contributions from the signal.

000124 The spectral feature can be a wavelength and the oplical spectrism can deseribe a

distribution of the optical power of the light beam over different wavelengths,

1000131 The methed can melade storing the detested characteristios of the projected hight
beam ur an arcay. The number of rows of the array corresponds 1o the number of rows of distingt

spatial arcas of the spectrometsy in one spatiad direetion and the number of columns of the array
corresponds {o the number of colurmns of distinet spatial arcas of the spectrometer w another
spatial direction. The number of columns of the array can equal one and the number of rows of
the array can equal M; and the number of columns of the two-dimensienal matnix ean equal M.
(000141 The method can include caloulating a spectral feature based on the estimated

optical specirum. The spectral feature can include one or more of @ wavelength and @ bandwidth.
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{00151 In other general aspects, a metrology apparatos is configured to estimate the
optical spectriam of & Light bean, The apparatus includes: a specirum dispersing moans for
separating the light beam into differem filtered versions of the optical spectrum and for
projecting the light beam onto distingt spatial areas, wherein each spatial area receives a different
filtered version of the optical spectrum; a detecting means for detecting a characteristic of the
projected light beam at each spatial area; and @ processing means. The processing means 1s for
receiving a two-dimensional matrix in which each entry of the matrix provides a relationship
hetween one or more spatial arcas and cach spectral foature, whergin the two-dimensional matrix
is related to the input-outpul relationship of the spectrum dispersing means; analyzing the
detected light beam characteristies and the received two-dimensional matrix; and estimating the

optical spectrum of the hight beam based on the analysis.

[naiel In other general aspects, 8 metrology apparatus includes: a spectrometer in the path
of g light beam, and a conivel system connected fo the spectrometer. The spectrometer includes:

a spectrum dispersing device configured to separate the light beam wnto different filtered versions
of the optical spectrian; and & detector in the path of the projected hight beam and defining
distinet spatial areas, the detector being configured to receive a different Gltered version of the
optical spectrum at cach spatial area and to detect a characteristic of the projected hight beam at
cach distinet spatial areq. The control system is configured o) receive g two-dimensional mattix
in which each entry of the matrix provides a relationship between one or more spatial areas and
each spectral feature, wherein the two-dimensional matrix 1s related te the input-output
relationship of the spectrometer; analyze the detected Hght beany characteristics and the received
two-dimenstonal matrix; and estimate an optical spectrum of the hight beam based on the
analysis,

1G001 71 Implementations can melude one or more of the following features. For example,
the spectrum dispersing device can be configured {o separate the light beam 1o the different
filtered versions of the optical spectrums by performing spatialiy-dependent spectral filtering of
the light beam and transmitting different wavelengths of the hight beam at different transmuission
intensitics m accordance with the two-dimensional matuix,

{00018 The spectrom dispersing device ean include an interforence oplical apparatus, The
interference optical apparatus can inclode: an etalon configured 1o separate the light beam into

the different filtered verstons of the optics! speciram by preducing @ phurality of light beams that
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interiere with pach other, and a lens configured 1o project the different filtered versions onto the
distinct spatial arcas of the detector. The clalon can angularly separate the different lilered
versions of the optical speetrum and the spatial arcas of the detector can be arranged along a
radial direction from a center region. The number of rows of the two-dirnensional matrix can
equal N, and N can equal a range of distinet speciral features that are stored in the rows of the
two-dimensional matrix. The range of distinet speciral features can span at least one free speciral
range of the ctalon and the number N of distinet spectral featores determines a resolution of the
extimated oplical spectnum,

{00019 The detector can include a photodiode detector apparatus. The photodiode detector
apparatos can inchude a photediode array that extends along one direction.

{00020} The defector can sense an energy deposited at distinet spatial aveas by the speciral
feature distribution,

[00021] The control system can include memory configured 1o store the detected
characteristics of the projected light beam in an array, wheretn the number of rows of the anay
corresponds to the numnber of rows of distinet spatial arcas of the detector in a first spatial
divection and the number of columns of the aray corresponds to the number of colurans of
distinet spatial arcas of the detector in a second spatial divection. The st spatial divection can be
a radial direction and the second spatial divection can be perpendicular o the radial divection.
The number of columas of the array can equal one and the number of rows of the array can equal

M; and the number of columns of the twe-dimensional matrix can egual M.

006221 A test light source can be configured to produce a test light beam. The
spectrometer can inferact with the test light beam. A spectral foature actuation pparatus can

control a spectral feature of the test Hght beam. The speciral featuwre actuation apparatus can be
configured o change a spectral feature of the test ight beam across g rangs of N distinet spectral
features while the test light beam inferacts with the spectrometer; the detector can be configured
to detect a characteristic of the test Hght beam at each spatial arca; and the control systen can be
connected to the test Hght source and the spectral feature actnation apparatus. The controf system
can be configured to create the two-dimensional matrix by for cach spectral feature i the range,
storing the detected characteristic of the test light bean at each of M spatial areas of the

spectrometer as a cohumn of the preliminary two-dimensional matrix, wherein the cohwmn is
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assizned hased en the speciral feature and wherein the preliminary two-dimensional matrix

captures the input-output relationship of the spectrometer,

{00023 The test Hght beam can have a bandwidth that is 5-300,000 tmes smaller than the
bandwidth of the light beam. The test light source can include a single freguency all-sehid-state
§ lasern

DESCRIPTION OF DRAWINGS

{00024 Fig. 1 1s a block diagram of a metrology apparatus that measures or analyzes
spectral features of a Hght beam produced by an oplical sonrce and directed to a wafer based at
18 least w part on detecied characteristios of the light beam and a two-dimensional madrix;
1000251 Fig. 2 is a block diagram of a phololithography svstem inowhich the metrology
apparatus of Fig, 1 1s incorporated;
{00026} Fig. 3 s a block diagram showing how the melrology apparatus is incorporated
o the photolithography system of Fig. 2;
15 {00027 Fig. 4418 a block diagram of an exemplary metrology apparatus that includes a
spectrometer that is an ophical inferference-based devie;
000281 Fig 48 s a side plan view of an exemplary detector that can be used in the
spectrometer of Fig, 44
{30020 Fig. 5 shows a set of graphs to iHustrate the relationship between a fringe pattern
20 formed from an cutput of the metrology apparatus, a preliminary twe-dimensienal matnix from
which the two-dimensional matrix 13 caleulated, and an optical spectrum of the Light beam;
HOOU30] Fig. 6A shows, 1 graph form, a relationship between the optical spectrum of the
light beam, the preliminary two~dimensional matrix, and the fringe pattern formed from the

autput of the metrology apparatus;

i
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{00031 Fig. 6B shows, in graph form, how to recover the oplical spectram of the hight
boam based on the two-dimensional matrix, which is a pscudoinverse of the prelimmary two-
dimensional matrix of Fig. 6A and the fringe pattern Tormed from the output of the metrology
apparatusg

(000321 Fig. 7 is g block diagram of an exemplary test apparatus used o determine the two-

30 dinmensional matrix for the spectrometer of Figs. 1 or 4;
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00331 Fig, ¥ is g block dmpram of an exemplary control svstem of the photolithography

system of Fig. 2;

{00034] Fig. 9 1s a block diagram of an exemplary optical source for producing the lizht
boamy;
000351 Fig. 1@ is a block diagram of an exemplary spectral feature selection apparatus for

contretling ong or more spectral features of the hight beam;

{00036] Fig. 11 is a flow chart of a procedure performed by a test control module for
cregting the two-dimensional matrix;

{00037 Fig. 12 15 a flow chart of a procedure performed by the metrology apparatus of Fig.
i for estimating the optical spectrum of the light beamy; and

{00038} Fig. 13 is an exemplary graph showing the tvo-dimensional mairix of Fig. 6B that

1 ealculated as the pseudotverse of the preliminary two-dimensional matrix of Fig. 6A.
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DESCRIFTION

[0039] Referring to Fig. 1, a metrology apparatus 100 includes g sp@ci‘mmeier 115anda

metrology control medule 105 that s n comumunication with the specirometer 115, The
metrology control moeduale 103 directly recovers {or characterizes) an optical spectrum 107 of g
pulsed Hoht beam 10 based at least in part on an analysis of the output from the spectrometer
{15 and a two-dimensional matrix 120, which is related to the mput-ontput relationship of the
spectrometer 113,

1000401 The optical spectrom 107 of the pulsed light beam |1 contains information ghout
how the optical energy, intensity, of power of the light beam 1107 is distributed over different
wavelengths {or optical frequencies). The optical spectrum 107 of the ight beam 11 15 depicted
i the form of a diagram in which the spectral intonsaty 150 18 plotied as o function of the
wavelength 153 or the optical frequency. Spectral featiwes of the Bght beamy 1107 include an
aspect or representation of the optical spectrumn 107, For example, & wavelength at g particular
value of intensity is a spectial feature {such as the wavelength 160 at the peak mtensity). A
ancther examiple, a width 165 of a shape of the optical spectrum 107 is & spectral Roature, This
width can be referred to as @ bandwadth. Thus, by recovering or estimating the optical spectrum
107 of the light beam 1107, these one or more spoctral features can be calvulated.

{00041 Reterring alse to Fig 2, the light beam 110 that is directed through the metrology
apparatos 100 is separated from a pulsed Light beam 110 that is directed toward a semicondustor
substrate {or water) 200 within a photolithography exposure apparatus {or scanner} 203, To this
end, as also shown i Fig. 3, a beam separator 260 such as a beam splitter can be used 1o remove
and direct a fraction of the hight beam 110 in the formy of the hight beam 1107 info the metrology
apparatus 100, In some implementations, the majority of the pulsed light beam 110 is directed in
toward the photolithography cxposure apparatas 205, For example, the beam separator 260
directs g fraction (for oxample, 1:2%) of the pulsed light beam 110 into the metrology apparatus
100 and thus the pulsed Light beam 1107 has about 1-2% of the power of the pulsed light beam
110,

{0042 The Hight beam 110 and the water 200 are scannad {moved) relative to cach other
to thereby patiern microelectronic features on the water 200, The spectral features of the light
beam 110 have a dircel impact on the goahity of imaging quality at the waler 200, The spectral

foatures of the Hht beam 110 can be quantified using any switable metric or meties, and these
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metrics can be measured and analyzed by the metrology control medule 103 1w order o
determing whether adjustments noed to be made to the light beam 110 10 control the spectral
foatures of the Hight beam 110 during patierning on the wafer 200
000431 The bandwidih of the light beam 110 15 a measure of the width 163 of the oplical
spectrun 107, and this width 163 can be given in terms of wavelength, frequency, or
wavenumber of the laser light. Any sudtable mathematical construction {that 18, a metr) related
to the details of the optical spectrum 107 can be used to estimate the bandwidth of the light
beam. For example, the full width of the eptical spectrum 107 at & fraction {X) of the maximum
peak intensity of the spectral shape (referred fo as FWXM) can be used to characterize the light
beam bandwidth. As one example, In & commonly used speciral-shape characterization, the
fraction X is 50% and the respeciive metric 1s reforred toas the ] width at half maximum
(FWHM) As another example, the width of the optical spectriun 107 that containg a fraction (Y}
of the integrated spectral intensity {referred o as EY') can be used {o characterize the light beam
bandwidth. In one example, in conmon use for characterizing the spectral properties of the Hght
heam 110, the fraction Y 15 85%.
(00441 As mentioned shove, the metrology apparatus 100 provides an accurale way o
measure or analvze these spectral features of the light beam 110 30 as to control the patterning of
the wafer 200 by nsing not oaly the cutput from the spectrometer 115 but also the fwo-
dimensional matrix 120 to analyze the output from the spectrometer 113,
{00045 Referring again o Fig. 1, the spectrometer 118 melodes @ specirim dispersing
device 125 amd a detector 130 having a plurality of distinet spaﬁaE areas 1381, 13302, .
135(1), where 115 the total manber of distinet spatial areas. The specirum dispersing device 125 18
any device that is configured to separate the light beam 11O into d_if%‘erem filtered versions
FAOCTY, 14002), .0 1400 of the optical spectnam 107, where § s the otal number of different
filtered versions of the oplical spectrum 107, The spectnan dispersing device 125 prelorentially
passes cortain wavelengths or speetral features of the light beam 1 more than others in
accordance with the two-dimensional matrix 120, The spectram dispersing device 125 projects
these different filtered versions 140{1), 140(2), .. 140(}) onto the distioct spatial aveas 135(1},
M2, .. 1354) of the defector {30, The spectrum dispersing device 125 separates the hght

beam 1107 into the different filtered versions by performing spatialiy-dependent spectral filtering
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af the light beam 1107 and ransmitting different wavelengths of the hight beam 1107 at ditferent
transmission intensities 1 accordance with the two-dimensional matnx 120,

{00046] The distinct spatial arcas 13301}, 13582}, ... 13500 van extend along a plane that is
perpendicular o a direction at which the hight beam 1107 15 vaveling. For example, i the general
direction of the light beam 1107 is along the Z direction, and the different filtered versions that
are directed (o the detector 130 travel generally along the Z direction, then the spatial arcas
P35(1y, 135(2), ... 13500 can He in a plane (such as the X-Y plane) that is perpendicular with the
Z direction. The distinet spatial areas 135013 135(2), ... 135(1) can be arranged v any shape in
this plane. For example; the distinet spatial areas 135(1), 135(2), ... 135(1} can be arranged in an
array. The array could be a twae-dimensional array that extends both along the X direction and
the Y direction, The array could be a ong-dimensional array that extends along a direction that
Hes along the X-Y plane oralong a radial divection.

00471 The total number 1 of distinet spatial arcas 135(1), 133

‘.J'z

{23, ... 1354} depends on
the design of the detector 130, the design of the spectrum dispersing device 125, the efficiency of
the spectram dispersing device 125, and the spectral features of the Hght beam 1107, The total
number 1 of distinet spatial areas 135(1), 138(2), ... 13500 can be any value from 2 to lens,
hundreds, or thousands. For example, the number 1 of distinct spatial arcas 135(1), 1352), ...
13501} can correspond to the number § of different Gltered versions 140(1), 14O2), .. 140G The
total number 1 of distinet spatial areas 13501y, 138(2), ... 13501} 15 constrained by several factors.
For example, the detector 130 and the distinet spatial areas 135(1), 133(2), ... 135 nesd to be
sensitive to the wavelength of the light beam 1107 and if the Hight beam 1H)Y is i the DUV
wavelength range, then the detector 130 should be sensifive to hight having DUV wavelengihs.
Moreover, the tolal number t of distinet spatial areas 135(1), 1352), ... 1350 is also constrained
by the maximam read-out rate of the detector 130 as well as the time interval between the pulses
of the light beam 1107, I the example in which the pulses of the hight beam 1107 are produced at
arate of 6 kHz, and the Hght beam 11 has & wavelength wn the DUV range, then the total
readont time Rois about 167 microseconds (s} (which 1s the time belween snccessive pulses at
the spatial areas). The relationship between the per-pixed readout frequency P and the number N
of distmet spatiad arcas should be satisly the relationship NgHP)Y < R, allowmng sufficient time for

storing andfor processing the data from one readount before the next readout oecurs, IR is about



L

18

i
[®11

i1

167 us and at & 10 MHz per-pixel readout frequeney P, then the total number t of distinet spatial
arcas can be 1024, In this example, 1024 (1 10MHZz) 15 about 102 s, which is less than 167 s,
{00048 The ditferent filtered versions HO(1), 14002}, ... 1400) of the optical spectrum
107 are distributions of the intensity of the light beam 1107 that have been separated by the
spectrun dispersing device 125 based on the values of the speciral feature {the wavelength) of
the hight beam 1107, The fillered version 14001} can be defined as the version that 1s projected
onto the spatial area 135(1), and similarly, each fitered version 140 can be defined as the filtered
version that is projected onlo a particular spatial area 138,
{0049 In some implomentations, the spectrum dispersing device 125 is an optical
mterivrence-based device in which the light beam 1107 1s separated into the difforent fillered
versions TO( L 140(2), (.. 1400) ofthe optical spectrum 107 by producing a plurality of hight
beams that optically interfere with each other. The ditferent filtered verstons HO(1), 14002}, ...
1400 of the opticad spectrum 107 resull from different optical resonances i the output or
transmission of the spectrometer 115, An exenplary optical interferenve~-based device 1 an
etalon or a grating. Such a device can be wsed in conjunction with a lens that 1 configured to
project the different Gltered versions onto the distinet spatial areas of the defector 130 The lens
can be placed at the output of the etalon so that i images the Hght to a focal plane that coincides
with the spatial areas of the detector 130, An exemplary optical interference-based device is
discussed below and with reference to Figs. 4A and 4B,
{00030} In other moplementations, the speciram dispersing device 125 15 an optical
dispersive-based device in which the light beam 11 is separated into the different filtered
versions of the oplical speciram 107 ustng the oplical phenomenon of refraction. An exemplary
optical dispersive-based device is a prism in which the difforent wavelengths of the light beam
FHY are refracted by difforent angles through the prism because the refractive index of the
material of the prism vanes with the wavelength of the light beam 1107,
100051 The detestor 130 15 configured to receive a different filtored version 14001},
14002), ... 140G of the oplical spectram 107 at each spatial area 135(1), 135¢2), ... 135 and to
detect a characteristic of the projected Hght beam (such as, the intensity) at each spatial area
35CHy, 135(2Y, . 13500 For example, the defector 130 can detect or sense an energy deposited
at each xm‘a‘iai area 1351 138(2Y, 0 1356) by the respective optical spectrum filtered version

O{1), 14002), .. 140G A spatial arer 133(1), 1352), . 135(3) 1s any surface or region onto
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which the photons of the spectral feature distribution Impinge and ieract, and the spatial avea is
able o convert the energy of the photons into an clectric corrent for further processing by the
metrology conirol medale 103,

(000521 In some implomentations, the detector 130 includes g photodiode detector having
an array of photodiodes, with each photadiode acting as a distinet spatial area. In other
implementations, the detecior 130 includes a single photedetector (such as a resistive
photocathode), with each region of the photodetector corresponding 1o a distinet spatial area,
Each spatial arca 135013, 135(2), ... 13541) of the detector 130 can be a surface made up of one
oF more unaging clements or distinet detection regions (for example, photodiodes) of the detector
120, The output of the detector 130 can be in the form of a curvent, a charge, ora voltage.
{00033} The metrology control module 103 generally melndes or has access o memory in
which the detected characteristics from the detector 130 are stored. Moreover, the memory could
store the two-dimensional matrix 120 or the metrology control modale 105 coald inclode an
mput moduele for receiving the two-dimensional matrix 120 from external memory.

{00034} Referring to Fig. 3, although not required, the metrology apparatus 100 can imchade
a beam proparation system 300, which includes, among other features, a beam homogenizer, The
boam prepasation svitem 300 modifics aspects of the Heht beam 1O prior to the light beam
1107 entering the spectrometer 115, For example, the beam homogenizer reduces speckle noise,
improves beam homogenization of the pulsed hight beam 116, and ensures untiorm sampling of
the different spatial parts of the hight beam 110 into the spectrometer 113, The beam preparation
system 300 can inchude other elements or components for madifving aspects of the pulsed Light
beam 1107, For example, the beam preparation system 300 can also include one or mare pulse
streteher systems, one or more diffuser systems, and one or more spatial adjustment systems.
100035} Referring again to Fig. 2, the metrology apparatus 100 15 incorporated into a
photolithography system 210 and pmwdu an scourate way o measare or analyze the speciral
features of the Haht beam 110 that is used to pattern the water 200, The photolithography system
210 includes an optical source 217 (such as an excimer Hght source) that produces the light beam
110, under control of a control system 263 The control system 263 can be considerad as a
represemtation of a set of sub-contrellers, with cach sub-coniroller being designed or dedicated ©
control sone aspect of the photolithography system 210, For example, the control system 268

-

can inchude a dedicated sub-conirotier for contrelling the optical sonrce 217 and & dedicated sub-
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contraller for mterfacing with the metrology controd module 103, Other sub-controtiers are

possible and it is possible for various sub-controfiers 1o be co-located or separaied from cach

other.
0003561 In some implomentations, the hight beam 110 can be a continuous hight beam,

L

which means that the optical source 217 continuously emits the light beam 110,

{G003T] In implementations described herein, the hight beam 110 15 formed of pulses,

which means that the optical sowrce 217 enuty the Hight beany 110 not in a continuous maode, bat

rather in the form of optical palses

{O00SR] The pulses of the light beam 110 have g wavelength that is nonunally af a center

18 wavelength in the deep ulivavioket (DLIV) range, for example, between sbout 10 nanometers
{0 aboal 400 nm. o some unplementations, the wavelength of the pulses is gbout 248 nn
while in other implementations, the wavelength of the pulses s about 193 nm. In this example,
the metrology apparatus 100 15 placed at an output of the ophical source 217 or at an appropriate
focation {such as following a gas discharge amplifier) within the optical source 217.

15 Altcmmatively, it is possible to place the metrology apparatus 100 at other locations within the
photolithography system 210 or to include a phlurality of metrelogy apparatuses 100 placed at
distinet locations within the photolithography system 210,

000591 In some implementations, the optical source 217 emits light in the form of optical
pulses, rather than a continuous wave. Thus, the optical source 217 emits pulses of energy that

20 have a short tme duration. These pertodic pulses can be considered a pulse tram and form the

light beam 110 The duration of a pulse (also called the pulse width or length) can be defined as

the time during which the power of the pulse remains continuousty above g percentage {(for
example a hatf) of its maximum value, Another metric that can be used to determing the duration

of the pulse is the width of the pulse that contains & fraction (Y} of the integrated shape of' the

i
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pulse. Yet another metnic s the time integral square metrie.

{00080} The light beam 110 13 divected to the photohthography exposure apparatus 208 by
way of a beam preparation system 220 that can include beam directing and beam modification
aptics. Specifically, within the photolithography exposure apparatus 203, the pulsed light beam
P10 s divected through an optivs! arrangement, which is contigared to propare and modify the
3¢ light beam 110 as needed before directing the light beam 110 toward the wafer 200. The Hght

beam 110 and the wafer 200 are scanned {moved) relative to pach other under the control of a
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lithography controller 228 fo thereby pattern the microelectronic features on the waler 200, The
size of the microclectronic featores pattorned on the waler 200 depends on the wavelength of the
light beam 110, with a lower wavelength being one of the possible ways to realize a smaller
minimum size of the microelectronic feature, When the wavelength of the light beam 110 15 248
v or 193 am, the minimum size of the microclectronic features can be, for example, 30 mwor
less. The focus location of the pulses of the light beant 110 at the water 200 correlates with the
wavelength of the Hght beam 110, Moreover, the bandwidth of the lght beam 110 can impact the
critical dimension (CD) of these features or other provess characteristics.

{00061 Various disturbances (such as, for example, iemperature gradients, pressure
gradients, optical distortions) act on the optical source 217 and the light beam 110 o modify
characteristios such as the speciral features (such as the bandwidth and the wavelength) or the
energy of the light beam 110, For example, wavefront distortion caused by thermal lensing in
optical components (n the optical sowrce 217 or that inferact with the light beam 110 can cause
an merease i the bandwidth of the light beam 110 As another example, chromatic aberration
catsed by optical components that inferact with the Hght beam 110 i the gain mediom of the
optical sopree 217 can capse an increase in the bandwidth of the hight beam 110, Thus, the
photolithography system 210 inclades other components, such as, for example, a spectral featare
selection system 230 {which 1 configured fo adjust one or more spectral features of the hight
beam 110} and the metrology apparatus 100 (which 1s configured to measure one or miore
charactenstics of the light beam 110). Along with the contrel sysiem 263, these camponents are
used in combination to determine the inpact of the disturbances on the light beam 110 and to
correct for the effect of such disturbances on the light beam 110,

{00062 While not shown, the photolithography system 210 can include other measurement
systems besides the metrology apparatus 108 for measuring other aspeets of the light beam 110
or for measuring other aspects of the scanner 208,

100083 Reforring to Figs. 4A and 48, an exemplary metrology system 400 includes a
spectrometer 415 that is an optical interference-based device in which the Light beam 1107 15
separated into the different filtered versions 440011, 440(2), ... 448} of the optical spectrom 107
b producing a plurality ef light beams that eptically interfere with each other. The spectrometer
415 includes, as the spectrum dispersing device 125, an etalon apparatus 428, and a detector 430,

which can be g photodiode array.
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{0064 The ctalon apparatus 425 separates the light beam 1107 into the different filtered
versions 440013, 44002), ete. of the optical spectrum 107 (represented as olement 4401 Fig, 440,
Berguse of the shape of the etalon i the ctalon apparatus 4235, the optical spectrum filtered
versions 440013, 44002), ole. extend radially out from the central axis of the Hght beam 1Y
along the X-Y tmage plane. These filtered versions 44001, 440(2), efe. extend over the full
mage plane, and they appewr as being oealized at particular values of the radius, such radial
vahues corresponding to the plural orders at which the predominant component of the speciral
feature hag constructive inferference. I the bandwidth of the light beam 1107 is much smaller
than the free speciral range of the elalon, then one particnlar order has a nnigue relationship
between the radins at the image plane and the wavelength of the maximum transinission. When
vigwing the fltered versions 440(1), 440(2), elc. w the X-Y image plang, the overall shape of the
pattern 474 appears as concentric but fizzy rings, where the value of the ntensity of the tight
beam 11 i g parlicular Blfered version 44001 ) remains approximately constant along the
circumterence of a particular ring. To put it another way, the filterad version 440(1) s the same
ar substantially the same at all points along a given circumforence.

(00651 The elalon apparatus 42§ includes an input leng 463, an optical frequency
separation apparatus (such gs an ctalon) 463, and an ouipul lons 464, An aperture 449 can be
placed at a focal plane of the input lens 462 so that each point from the focal plane acts as a point
source and accordingly, the input lens 462 aots to collimate the pulsed light beam 1107 before
entering the elalon 463, The cutput lens 464 1s posttioned at the oxif of the elalon 463 so that the
focal plane of the output lens 464 overlaps the spatial areas 435(1), 435(2), ... 435(1) of the
detector 430,

{00066} fn some implementations, the etalon 463 includes a pair of partially reflective glass
ar optival flats 4634, 4638, which can be spaced a short distance {for example, teps or hundreds
of micrometers, mullimeters, or centimeters) apart, with the reflective surfaces facing each other,
In other implementations, the otalon 463 includes a single plate with two paralled reflecting
surfaces. The Hats 4634, 4638 can be made in & wedge shape to prevent the rear surfaces from
productng spurions interference fringes] the rear surfaces often also have an anti-reflective
coating. As the light beam 1107 passes through the paired Hlats 403A, 4638, 11 1s multiply
reflected, and produces a plurality of transmitted rays, specifically a plurabity of different filtered

versions 44001}, 4402}, eic. of the optical spectrum 107, and these Bilored verstons are collected
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by the cutput lens 464 and brought o the spatial areas 435(11 435{2), ... 43501} of the detector
430, Egch spatial area 4350) receives g difforont filiered version 4400) of the oplical spectnum
107, The spectrometer 415 also can mclade an optical relay, as needed, between the output len
464 and the detecior 430 to ensure that the spatial areas 435013, 435(2), etc. are al the focal plane
of the output lens 464
{GO067] The ctalon 463 witeracts with the lght beam O and outputs a plurality of filtered
versions 44001}, 440(2}, ete. of the optical spectrum 107 {examples of which are shown in
schematic form in Fig. 4B). The Bltered verstons 440(1), 440(2), ete. of the optical spectrum 107
correspond to how the values of the oplical encrgy or poswer {the spectral infensity) of the pulsed
Light beam 1107 are distribuded over the different wavelenazths. These filtered versions 440(13,
440{2), ete. are separated out 30 that each spatial area 435(1), 43582}, ofe. receives a different
filtered verston 4400 1), 44{2), etc. Thus, the etaton 463 transforms the spectral information
{such as the wavelengthy of the pulsed light beam 11 fnto spatial information that can be
sensed or detected by the sensor 430, Because of the design of the etalon 463, the transformation

maps the spoctral formation (sach as the wavelength) to different angular or radial positions m

space so that the spectral information that can be observed by the seasor 430,
HO0068R] As mentioned above, the etalon 463 produces, as the thiwﬁi spectrum filtered

versions, an interference pattern 474 that takes the appearance of g setof conceniric rings. The
sharpness of the rings depends on the reflectivity of the flats 463A, 4638 of the etalon 1863,
Thus, if the reflectivity of the flats 463A, 4638 is high (such that the etalon has a high quality
{Q} factor}, when the light beam 110 1s a monochromatic Hght beam, the ctalon 463 produces a
set of narrow bright nings against a8 dark background. The fillered versions 440013, 44002}, ctc.
that are transouited from the etalon 463 impinge upon their respeetive spatial area 433(1),
4352}, ete. Each portion of the ning of the mterforence pattern 474 corresponds {0 maximum
transmussion for only particular wavelengths, Moreover, the radial width of a ring decreases with
distance from the geometrie conter (GO} of the interforence pattern 474,
(00069 The detector 430 detects a charactenistic 472 of the projected light beam 1107 at
gach angulatly-separated spatial arca 4351, 435(2), ete. For example, the deteetor 438 detects
as the characteristic an energy depostied infocach spatial area 435(1), 43302} The detected
envrgies deposited into cach spatial area 435(1), 435(2), ¢le. are stored m menwory aceessible by

=

the metrology contral module 105, A plot of these delected energros 472 versus the spatial areas

fFortt)
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4331, 435(2), ete. prodduces 3 innge pattern 471, Each ring of the mterference pattern 474
generates a fringe w the fringe pattern 471, Thus, a fringe 1s a curved shape with & maximum
transmission that corresponds o a bright center of g ring in the inerference pattern 474, The
Tocation of the maxtmuan fansaussions (maximum valoes of the detected energies 472} of the
fringe pattern 471 depends at least in part on the wavelength of the light beam 1O, the index of
refraction of the eptical flals 4634, 4638, and the scparation bebween the optical Hats 463A and
4638, Moreover, the width of pach fringe i1 the fiinge pattern 471 depends at least in part on the
distance of the spatial area 433 from the center GC of the imerference patiern 474 and the finesse
of the cialon 463, The finesse of the ctalon 463 s iy free speciral range divided by the
bandwidth of s resonances. The finesse of the etalon 463 is detenmined by losses within the
etalon 463 and is independent of the separstion between the optical flats 463 A, 4638, The
finesse of the etalon 463 18 the () factor times the free spectral range divided by the frequency of
the resenances,

000701 This fringe pattern 471 provides some information abowt the optical spectrum 107,
bt this information s superposed with the information about the spectromcter 415, The two-
dunensional natrix 12018 & representation of the wmput-cutput characteristics of the spectrometer
115, Accordingly, the metrology control moedule 103 exiracts the optical spectrum 107 from the
fringe pattern 471 using the two~dimensional maitrix 120, The finge pattern 471 can be formed
by a subset of the spatial arcas 433(1), 435(2), vte. that are available as opposed to all of the
spatial arcas of the detector 430 because the complate imterference pattern 474 15 not needed o
perform these calawdations o estimates. Additionally, 1t s possible fo generate only fringes
within & region that 1s shghtly larger than an active area of the detector 430,

(00071 The spatial areas 435(1), 435(2). ete. of the detector 430 receive and sense the
intensity of the hght beamn 1107, For example, one type of snifable detector 430 that can be used
to measure along one dunension {(such as a radial dimension} is a hnear pholodiode amray, The
linear photodinde array consists of nudtiple eloments of the same size, formed 10 8 linear
arrangement at an equal spacing in one package. The photodiode array is sensitive to the
wavelength of the lght beam 1O, and i the Light beam 1107 has a wavelength in the deep
ultraviodet range, then the phetodiode array 18 sensitive to light having a wavelength i the deep
ultravielet range. Ax another example, the detector 430 can be a two dimensional sensor such as

a two-dimensional charged coupled device {CCD) or g two-dimensional complementary metal
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axide semicondactor {CMOS) sensor. The detector 430 should be able to read out data at @ fast
encugh rate, for example, al about & kHz for the entive detector 430,

{0072 The metrology control module 105 is connected 1o the cutput of the dotector 430
as well as 1o the control system 2635, which is in commanication with the eptical source 217 and
the spectral feature selection system 230 that is optically coupled to the pulsed light beam 116,
The metrology control module 108 uses the output from the detector 430 as well as the twe-
dimensional matrix 120 to estimate the optical spectrum 107 of the Hght beam 110, Moreover,
the metrology contrel modude 105 can perform the measurement, analysiz, and calculation for
cach pulse of the light beam 110 or for a sei of pulses of the light beam 110,

{0073 An exemplary fringe pattern 371 is shown in Figo 8. The finge pattern 571 &5
ereated due to the wteraction of the ight beam 1107 with the spectrometer 415 and shows the
detected characteristic 872 as a function of spatial area 435(1) of the detector 430, As discussed
above, the two-dimensional mateix 120 18 refated to the mput-ouiput relationship ot the
spectrometer 4135, Moreover, the two-dimensional matrix 120 15 creafed based on a preliminary
two-dimensional matrix, which captures the tnput-output relmicsﬁghip of the spectrometer 415,
This prelinunary twosdimensional matrix 520p 1 shown in Pig. 8, The prelmingry two-
dimensional matrix 520p deseribes how a particular spectral feature 3536 (such as wavelengthy of
the light beam 107 is mapped to the spatial areas 557 of the detector 430, where each spatial
area 557 of the preliminary two-dimensional matrix 320p corresponds o a spatial area 435(1},
4352}, eto. The visible lines shown on the preliminary tweo-dimensional matnix 520p gre contonr
lines iy which the elements within the matrix 520p have a constant value. The value of the
contour hine 1s represented hy the thickness of the line and thus, thiner lines represent smaller
valnes while thicker lines represent larger values, For simplicity, only a fow contour lines are
shown, but the number of contour hines would be significantly greater than what 1s showi.
100074 For example, the inteasity at o wavelength A08) of the hight beam 1107 shown
the optical spectram 107} 1 mapped to the spatial arcas 43531}, with an amphitade of the mapped
mtensity being proportional to the value of the matrix $20p at that wavelength. Thas, cach
wavelength of the hight beam 1107 produces is own fringe pattern. As an example, the imntensity

o

at the wavelength As) of the hight beam 1107 s mapped to spatial arcas 335(s13, 335(s2 ), 535(s3)
by the spectrometer 415 for the maximun values of the prefiminary two-dintensional matrix

S20pn. The frinee paitern 371 i3 therelore g supemostion of the fvinge pattems that vorrewond ©
S20p. The fringe patlern 371 13 therelo perposiiion of the thinge patterns that corrgspond 10
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each mapped wavelenzth of the light beany 1187, To put this another way, cach spatial arca 435
it the fringe pattern 571 corresponds to an infegrated energy of cach filtered version associated
with that spatial area 435,

000751 Each entry within the preliminary two-dimenstonal matrix $20p indicates an
infensity at a particular spectral feature 556 of the light beam 1107 and a particular spatial wea
557 of the detetior 438, Some entries w the preliminary two-dimensional matrix 520p are low
vatues, which means that the ifensity at that particular speciral feature 5586 of the light beam
1107 and that particular spatial area 337 of the detector 430 15 close to or near zero (for example,
the hehtest contour Hnes can correspond 1o these low values). On the other hand, some entries in
the preluminary two-dimensional matnx 320p have lugh values, which means that the intensity at
that particular spectral foature 536 of the Hght beam 1107 and that particular spatial area 857 of
the detector 430 i both non-zero but substantially greater than zevo. These high value regions are
shown af the dark Hoes w the prelminary two~dimensional matoix 320p of Fig. 5. The shape of
the dark lines and empty space 1w the preliminary two-dimenstonal matrix 320p i¢ representative
of & spectrometer 415 that has a plane-paralle] ctalon 463 design. Morcover, n this exemplary
prefimingry two-dimensional matriz 520p, a fow assumptions are made: the detector 430 is at the
tfocal plane of the output lens 464 the fiinge pattorn 474 15 contered lsterally on the detector 430;
and a center GO of the fringe patiern 474 lies on the detector 430, 1 18 not necessary for the
center (GC of the fringe patiern 474 to Bie on the detector 438,

{00076} Referring to Fig. 64, the relationship between the oplical speetrum 107, the
preliminary two-dimensional matrix $20p, and the fringe pattern §71 is shown and can be
represented by mairix muliiplication. The mathematical representation bebween the amplitude ¥
of the fringe pattern $71 at the spagial arca 435{(m) can be written as follows:

(00077 Fm= L Al KIS(ARD,

{00078 where S(Ak) s the spoctral intensity 330 {determingd from the optical spectrian
107) at & wavelength A 5535 equal to Ak, and Alm. K} is the mappming (determined from the matrix
320p) betweeon the wavelength Ak and the spatial area 435{m). This equation 15 a discrelized
version of a Fredholm mitearal eqoation of the first kind. In forms of matrix multiplication, this
gquation can be written more simply as: F= A # Sp, where Fig the fringe pattern 571, A is the
matrix 320p, and Sp is the optical spectrum 107, o Fig 64, for simplicity, only the contour Lines

having maxymum values are showi.
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HOO079 An example of a matrix A 520p for the case of an etalon 463 that is designed as an

idenl, plane-paratlel etalon, the relative etalon transmission (the inpai-onipat relationship of the

spectrum dispersing device 425) 15 given by:

PO &
~ TN ; v Zrreds
[GODR0] AR = Lygra 11 + Fsin? | s 1],
' P oo
1A 5‘-1+{~‘f§:}
x *\5 J o
{00081} where laane 18 8 normalization factor, Fis the coefficient of finesse of the etalon

463, i the index of relraction of the material between the reflective surfaces of the flats 4634,
4638, de is the distance between the reflective surfaces of the flats 4634, 4038, R is a radial
distance of the spatial arca 435 and 1 1s the distance between the spatial areg 435 and the center
GC of the interference pattern 474, Moreover, the detector 430 15 positioned at the focal plane of
the oniput lens 464, the focal plane is locaied a distance fb from the output fens 464,

{00821 In order to recover the spectrum Np 107 from the fringe pattern 371 and the matrix
A 520p, both sides of this equation should be multiplied by a two-dimensional matrix A' $20 as
follows: AXF = A'A=Sp ~ Ix8p, where the two-dimensional matrix $20 is a pseudoinverse of

>
'}

the preliminary two~-dimensional matrix 320p. Accordingly, the spectrum Sp 107 45 given by this
matrix relationship: Sp = AF. Fig. 68 shows this relationship in matrix form. The two-
dimensional matrix AT 520 represented i Fig. 88 can include more structure than what is shown
and only the contowr hnes of maximum values are shown for stmplicity, The caloulation of the
two~dimensional matrix AN 320 is discussed in greater detail below, after the other aspeots of the
metrology system 100 and the photolithography system 210 are described.

{0083 In some implomentations, the two-dimensional mairix 320 shows the mapping for
o froe spectral range FOR of the etalon 463, That is, the range of distinet speciral features 336
used in the two-dimensional nratrix 520 spans one free speciral range FSR of the efalon 463, The
resulting matrix A 520p produced from one FSR of the etalon 463 can be used o recover
information from other wavelengths and free spectral ranges, so that the measurement aver just
ane FSR suffices for a pencral spectral recovery.

{00084 As discussed above, the light beams formed from the inferaction of the Hght beam
1107 with the etalon 463 optically interfere with cach other. Where these light beams exit in

phase with each other, then the output of the etalon 463 Is an Interference maximum, and where
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these light beams exit out of phase with each other, then the ontput of the ctalon 463 isan
nterivrence mintmun, The resalt is the circular fringe patiem 474 shown in Figl 4A. The free
spectral range FSR of the etalon 463 is the spacing m wavelength {or optical frequency) between
twe sucoessive ransmitted optical intensily maxima (or minima). The FSR is the amount by
which the wavelength of the light beam 1107 must be tuned to exactly reproduce the original
fringe pattern. In one example, the FSR of the clalon 463 is 3 picometers {(pm).

{DO085] Moreover, before the two-dimensional matrix A’ 520 can be caleulated, the
preliminary two-dimensional matrix A 520p for the spectrameter 415 must be detormined.
Referring to Fig. 7, a test appatatus 700 s used to defenmine the preliminary two-dimensional
matris A S20p for the spectrometer 415, The test apparatus 700 can be used to determine the
prelimingry two-dimensional mateix A 120p for any spectrometer 118,

{00861 The test apparatus 700 includes a test light source 71X configured to produce a test
lighi beam 711 and a spectral fegture gpparatus 731 for controlling a spectral featore (such as a
wavelength) of the test light beam 711, A test control module 740 is connected to the spectral
feature apparatus 731 and the detector 430, The test Light beam 711 interacts with the
spectrometer 418 g manner that s controlled by the test control module 740, and the test
conirol module 740 receives the ouipat from the detector 430 1o build the preliminary two-
dimensional matrix A 530p.

[BODRT] In some implomentations, the test light source 718 is a tunable laser of wavelength
that can be changed across the speciral range of miderest. For example, the st hight source 718
can be a single frequency all solidsstate laser. The test Light beam 711 produced by the test light
souree 718 can be considered as g quast-menochromatic light beam relative to the light beam
1107 This means that the bandwidh of the test light beam 711 is much less than the bandwidth
of the light beamn 1107, For example, the bandwidth of the test hght beam 711 can be as large a8
20% of the bandwidth of the light beam 1O A typical range of the bandwidth of the test light
beam 711 is that 1t is between 5-300,000 times smaller than the bandwidth of the light beam
[T

{OOORR] The spectral feature apparatus 731 s controlled by the test control module 740 to
change or select a specival featore {such as the wavelength) of the tost Bght beam 711 across a
range of speetral featwres that correspond to the range of spectral features of the optical spectram

107 of the light beam 1. This is performed while the test hight beam 711 s interacting with
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the spectrometer 415, while the detector 430 is recording the characteristic of the test light beam
711 projecited at cach distinet spatial arca 435(1), 43502}, ete., and while the test control module
744 receives and stores the values of the recorded characteristic from the detector 430, For
example, i the test lght source 718 is a semiconducior laser such as a laser diode, then the
spectral feature apparatus 731 can be a temperature controller that changes the temperature of the
laser dinde. As another example, if the test Hight source 718 is a laser dinde, then the spectral
feature apparatus 731 can be a current controdler that controls the current to the semiconductor
dinde. As another example, the spectral feature apparatus 731 can be a mechanical orientation of
an optical feedback mechanism such as a diffraction grating, or the optics steering the fest ight
beam onto the diffraction grating.

{00089} A detailed description of photolithography system 210 is provided next, before
discussing the operation of the metrology apparatus 100 and the test apparatus 760,

000501 Reforring to Fig. &, details about the control system 268 are provided that relafeto
the aspects of the system and method described herein. The control system 268 can include other
features not shown in Fig. 8. In general, the control system 265 inchudes one or more of digital
electronic circutiry, compuier hardware, firmware, and sofhware,

100091 The control system 265 mctudes memory 800, which can be read-only memary
andfor random access memory, Storage devices suttable for tangibly embodying computer
program instructions and data include all forms of non-volatile memory, including, by way of
example, semicondocior memaory devices, such as EPROM, EEPROM, and {lash memory
devices; magnetic disks such as internal hard disks and removable disks; magaeto-optical disks;
and CD-ROM disks. As discussed above, in some implementations, the mairix 120 is stored
within memory 800, The control system 263 can also include one or more input devices 808
{such as a kevboard, touch screen, nucrophone, mouse, hand-held input device, o) and one or
more output devices 810 {such as a speaker or a monitor).

1000921 The control system 263 mchudes one ar more programmabide processors 815, and
one o more computer program products 820 tangibly embodied in a machine-readable storage
device for excoution by a programimable processor (such as the processors 8138). The one or more
progranumabde processors 815 can each execute a program of instructions {o perform desired

functions by operating on input data and generating appropriate output. Generally, the processor
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&13 receives mstructions and data from memory 800, Any of the forcaoing may be supplemented
by, or incorporated in, specially designed ASICs (apphication-specific integrated circuits).
HO0093] The comtrol system 265 inclades, among other components, a spectral feature
module 825, a lthography module 830, a decision module 835, the test control medale 740, a
light source module 8350, and a beam module 860, Each of these modules can be a set of
cormputer program products executed by one or more processors such as the processors 815,
Muoreover, any of the modules 825, 830, 833, 740, 830, 860 can access data stored within the
mentary 800,

{0094 The spectral feature module 823 receives the output from the meirelogy control
module 1035 and determines whether one or more spectral features are out of an acceptable range
of spectral features, The test control modude 740 interfaces with the test apparatus 700 and
therefore controls the operation of the test hight source 718, The test control module 740 uses the
output from the spectrometer 115 ag well as the mformation about how the test hight souree 718
is controlled to create the matrix 120, The Hthography module 830 recetves information from the
Lithography controller 225 of the photolithography exposure apparatus 203, The hight source
maedole 830 is connected to one or more of the optical source 217 and the spectral feature
selection apparatus 230, The beam module 860 1s connected © one or more componests of the
beam preparation system 220, Connections between modales within the control system 268 and
between modules within the control system 263 and other componemts of the photelithography
system 21 can be wired orwirgless. The decision module 835 recetves outputs from one or
more of the other modules {such as the modules €25 and 830) and deternyines which module or
modules {such as the fest control module 740, the beam module 860 or the hight source module
8501 need to be activated.,

100083} While only a foew modules are shown in Fig. §, it 15 possible for the control system
203 to inchude other modules. Addilionally, althoogh the conirol system 265 s represented as g
box in which all of the components appear to be co-located, it is possible for the control system
265 1o be made up of components that are physically remote from each other i space or time.
For example, the lizht source module 830 can be physically co-located with the optical source
217 or the spectral feature seloction apparatus 230, As another example, the tost control module
740 cary be physically co-located with the test apparatus 700 and can be sepatate from the other

components of the control system 263 in space and time.
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(300961 In general, the control system 263 receives at least some information about the
Light bearn 110 from the metrology apparatus 100, and the spottral Teature module 823 performs
an analysis on the Information (o determine how to adjust one or nore spectral features {for
example, the bandwidth) of the light beam 110 supplied to the photolithography exposure
apparatus 205, Based on this determination, the control system 2635 sends signals to the speetral
feature selection apparatas 230 andior the optival scuree 217 {o control eperation of the optical
sowree 217 via the conirol module 830, In general, the spectral feature module 823 performs the
analysis needed o estimate one or more speetral featares (for example, the wavelongth andfor
the bandwidih) of the Light bearn 10, The output of the spectral feature module 823 15 an
estinated valae of the spectral foature that 1s sent ©© the decision module 835,
{00971 The spectral feature module 825 includes a comparison block connected to regeive
the estimated spectral feature and also connected 1o receive a spectral feature target value. fn
general, the comparison block puwiputs 8 spectral feature ervor value that represenis g dillerence
between the speciral foature target value and the estynated value, The decision module 838
reccives the spectral feature crror value and deternines how best 1o effect a correction to the
system 210 10 order to adjust the spectral feature. Thus, the decision module 833 sends a signal
to the hight source modale 830, which determines how to adjust the speciral featore selection
apparatus 230 (or the ophical seurce 217) based on the speciral feature ervor value, The output of
the light source madule 850 includes a set of actuator commands that are sent to the speetral
featore selection apparatus 230, For example, the light source modude ¥50 sends the commands
to control madale of the spectral feature selection apparatus 236, and that control module s
connected fo the actoation systems withmnthe apparatus 230
[OOSR} Additionally, the lithography module 830 can receive instructions from the
lithography controller 223 of the photolithography exposure apparatus 203 for example, ©
change one or more spoctral features of the pulsed hght bean 110 or {o change a pulse repetition
vate of the Hght beam 116, The Lithography module 830 performs an analysis on these
instructions o determine how o adjust the spectral foatures and sends the resulls of the analysis
to the degision module 833, The contiol system 268 causes the optical source 217 (o operate at a
given repelition rate, which is the rate at which the palses are produced. More spectfically, the
photolithography exposure apparatos 205 sends a trigger signal to the optical source 217 (by way

of the control system {through the Iithography module ¥30) for overy pulse {that 15, on 3 pulse-



L

18

o
[®11

]
19

te-pulse basis) and the time interval between those ingger signals can be arbitrary, but when the
photolithography exposure apparatus 203 sends trigger signals at regular intervals then the rate
of those stgnals 1s a repetition rate. The repetition rate can be a rate requested by the
photolithography exposure apparatus 205,

000891 Referring fo Fig. 9, in some implementations, the optical source 217 is an
exemplary optical source 917, The optical source 917 is a pulsed laser source that preduces a
pulsed laser beam as the light beam 110, The optical source 917 is a two-stage laser system that
includes a master oscillator (MO} 900 that provides a seed hight beam 810A o a power amplifier
{FA) 910, The master oscillator 800 typically includes a gain medium i which amplification
gecurs and an optical feedback mechanism such as ap optical resonator. The power amphifier 910
typically includes a gain medium in which amplification occors when secded with the seed {aser
beam 910A from the master oscillator 900, The power amplifter 810 can be g power ring
amplifier (PRA), which is designed as a regenerative ring resonator. In this case, enough optical
feedback can be provided from the ring design. The spectral feature selection apparatus 230
receives the Hght beam HOA from the master escillator 900 o enable fine tuning of spectral
features such as the center wavelength and the bandwidth of the light beam 110A atrelatively
low output pulse energies. The power amplifier 910 recetves the seed light beam 9104 from the
master oscillator 900 and amplifies this output to attain the necessary power for output 1o use in
photolithography.

{0001 00] In some implementations, the master escillator 900 includes a discharge chamber
having two clongated electrodes, & laser gas that serves as the gain medium, and a fan cireulating
the gas between the electrodes. A laser resonator 1s formed bebween the spectral feature selection
apparatus 230 on one side of the discharge chamber, and an outpat coupler 915 on a seeond side
aof the discharge chamber © culput the seed light beam 910A to the power anmplifier 910,
[000101] In other implementations, the masier oscillator 900 meludes as the gain mediam, 8
solid state piaterial. Solid state media that can be used include crystals or glasses doped with rwre
carth or transibion metal fons, or somiconductor lasers. A master oscillator 900 using a sohid state
gain medium generates the sced light beam $10A. The solid state gain medivm can be optically
pumped with g flash lamp or an are lamp, or using g laser diode or @ titamuan (1) sapphire
{Ti:Sapphire) laser, An exemplary solid state gain medium can be neodymiuw-doped yitrium

alumimwm garpet (Ndt YAG), neodyimium doped yitrum lithium foonde (MEYLE), or



L

18

o
[®11

TuSapphire. A solid state gain median s capable of producing a single mode cutput, which is
highly temporally (and spabially )y cohorent and also has a narrow bandwidth. The seed light beam
910A that 1s output from the solid state gain meditin of the master oseillator 900 may beat a
wavelongth that is not the desired wavelength (for example, i condd be owtside of the DUY
wavelength range). In this case, the seed light beam 9104 can be directed through one or more
wavelength conversion elemenis i order to ensure that the wavelength of the sced Bight beam
Q10A directed {o the power amphifier 910 1s at the desired DUV wavelenath. For example, if the
seedd Hight beam 910A (}utpu.t from the solid state gain medium within the master oscillator 900 s
al a wavelength of about 773.6 nm (for example, as would be for g Ti:Sapphire gain mediam),
then the seed light beam 910A could be dirccted through two wavelength conversion elements to
gonvert the wavelength to aboot 193.4 nm. The wavelength conversion eloment or elements can
use & non~imear optics technique, such as sum frequency generation, o convert the wavelength
info the desired wavelength,

H008102] The optical source 917 can also include a metrology module (such as g Hae center
analysis module or LAM) 920 that reectves an output from the ouiput coupler 915, and ong or
moere beam modification optical systems 925 that wmodily the size and/or shape of the beam gy
needed. The metrology module 920 1s an example of type of measwrament system that can be
psed to measure the wavelength (for example, the center wavelength) of the seed hight beam. In
some implementations, the metrslogy apparatus 100 could function as the metrology module
920, In these maplementations, the light beam T 1s a hght beam that 1s separated out from the
seed Hght beam 910A.

[O00103] The power smplifier 910 includes 3 power amphitier discharge chamber, and i it s
a regenerative ring amplifier, the power amplifier also includes a beam reflector or beam turning
device 930 that reflects the light beam back into the discharge chamber o form a circulating
path. The power amphifier discharge chamber includes a pair of elongated electrodes, g laser gas
that serves as the gain medum, and 3 fan for circulating the gas between the electrodes. The seed
light beam 910A is amplilied by repeatedly passing through the power amplifier 910, The beam
modification optical system 925 provides a way {(for example, a partially-reflecting mivror) to in-
couple the seed hight beam 910A and {0 out-couple a portion of the amplified radiation from the

power amplifter to form the output light beam 118,
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HO00104] The laser gas used in the discharge chambers of the master oscillator 900 and the
power amiphifier 910 can be any suitable gas for producing a laser beam aroand the regquired
wavelenzths and bandwidth, For example, the laser gas can be argon fluoride {ArF), which enuts
fight at 8 wavelength of about 193 nm, or krypton feoride (KeF), which emits light ata
wavelength of about 248 nim.

{GO0105] The metrolegy module 920 momitors the wavelength (for example, the peak
wavelength) of the output (the Hght beam 9104) of the master oscillator 900, The metrology
madule 920 can be placed 8t other locations within the optical source 217, Moreover, the
metrology appacatus 100 can be placed at the ouiput of the power amplifier 910, cither before or
after one or more of the beam modification optical systems 923,

[000106] The repetition rate of the pulses produced by the power amplifier 910 is
determined by the repetition rate at which the master oscillator 900 &8 controlled by the control
system 263, under the msiructions from the controller 225 in the photolithography exposare
apparatus 208, The repetition rate of the pulses output from the power amplifier 910 13 the
repetition rate seen by the photolithography exposure apparatas 205,

{00107} As discussed above, it 13 possible to control the bandwidth both coarsely and finely
psing only optical clements. On the other hand, it is possible to control the bandwidth in g fine
and narrow range, and rapidly, by controlling a differential iiming between the activation of the
electrodes within the master oscillator 900 and the power amplifier 918 while controlling the
bandwidth i a coarse and wide range by adjusting the angle of ¢ prism within the spectral
feature selection system 230

00108 Refoming to Fig. 10, in some implementations, the spectral foature selection
apparatus 230 includes a set of optical features or components 1000, 1003, 1010, 1015, 1020
arranged to eptically iteract with the pulsed light beam 1104 and a control module 1050 that
melndes electronies 1 the form of any combination of Brmware and software. The oplical
components 1000, 1005, 1610, 1015, 1020 can be configured o provide a coarse spectral feature
adiustment systeny; and, if the adjnstiment of such components is rapid enough, itean be
configured to provide a fine spectral feature adjustment system. Although not shown i Fig, 18,
it 15 possible for the spectral feature selection apparatus 236 to mnclude other optical features or

other non-optical features for providing fine spectral feature control
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HO00109] Thie control module 1050 15 conpected to ong Or mosre actuation systems 10004,
T0O3A, 10104, 1015A, 1020A physically coupled o respective oplical components 1000, 1005,
1010, 1015, 1020 The optical componenms of the apparatos 230 include @ dispersive optical
clement 2000, which can be a grating, and a beamn expander 1001 made of a set of refractive
gptical elements 1005, 10190, 10135, 1020, which can be prisms. The grating 1000 canbe a
reflective grating that is designed to disperse and reflect the light beam 1104; accordingly, the
grating 1000 15 made of a matertal that is suitable for interacting with a pulsed light beam 10A
having a wavelonzth in the DUV range. Each of the prisms 1005, 1010, 1015, 1020 s 8
transmissive prism that acts to disperse and redivect the Hght beam 110A as i passes through the
bady of the prism. Each of the prisms can be made of @ material (such as, for example, calcium
fluoride) that permits the transmission of the wavelength of the light beam 110AL Although four
refractive optical clements 1008, 1010, 1015, 1020 are shown, it 1s possible for fower than fowr
or miore than four (o be used in the beam expander 1001,

000G The pulsed light beam HI0A enters the apparatus 230 through an aperture 10385,
and then travels throngh the prism 1020, the prism 1010, and the prism 1005, in that order, prior
to impinging upon a diffractive surface 1002 of the grafing 1000, With cach passing of the beam
T1OA through a conseontive prism 1020, 1015, 1010, 1003, the Lght beam 110A s optically
magnified and redivected (refracted st an angle) toward the next optical component. The hight
beam 110A is diffracted and reflected from the grating 1800 back through the prismy 1003, the
prism 1010, the prism 1015, and the prism 1020, in that order, prior o passing thrpugh the
aperture 1055 as the hight beam 110A exits the apparatus 230

HO00111] The rotation of a prism (which can be any one of prisms 1005, 1010, 1615, 1020)
of the beam expander 1001 changes an angle of'incidence at which the light beam 10A
impinges upon the entrance surface of that rotated posm. Moreover, two local optical qualities,
namely, an optical magnification and a beam refraction angle, of the light beam 110A twough
that rotated prisim are functions of the angle of ncidence of the Hght beam TI0A impinging upon
the entrance surface of that rotated priss. The optical magnification of the light beam 110A
through the prism 1s the ratio of a transverse width of the Hght beam 11H0A outing that prismtoa
transvierse widih of the light beam HOA entering that prism.

(0001121 A change i the Jocal optical magnification of the tight beam 110A at one or more

of the prisms within the beam expander {001 causes an overall change in the optical
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magniication OM 1068 of the light beam HOA through the beam expander 1001, The optical
magnification OM 1063 of the light beam 1 10A through the beam expander 1001 is the ratio of
the transverse width Wo of the light beam 110A exiting the beam cxpander 1001 to a ransverse
width Wi of the light beam 110A entering the beam expander 1001, Additionally, a change mn the
local beam refraction angle through one or more of the prisins within the beam expander 1001
causes an overall change in an angle of incidence of 1062 of the light beam 110A at the surface
1002 of the grating 1000

[O00113] The wavelength of the light beam 1H0A can be adjusted by changing the angle of
incidence 1062 at which the light beam 110A impinges upon the diffractive surface 1002 of the
grating 1000, The bandwidth of the light beam 110A can be adjusted by changing the optical
magnificgtion 1065 of the light beam 110,

ELUSES The apparatos 230 i designed to adjust the wavelength of the light beam 110A
that is produced within the resonator or resonators of the optical source 217 by adjusting an angle
1362 of incidence of at which the light beam 10A inpinges upon the diffractive surface 1002 of
the grating 1000, Spectfically, this can be done by rolating one or more of the prisms 1005, 1016,
013, 1020 and the grating 1000 1o thereby adjust the angle ot medence 1062 of the light beam
H1OA.

(0001181 Moreover, the bandwidth of the light beam 110A that 18 produced by the optical
source 217 1s adjusted by adjusting the optical magnification OM 1063 of the Hght beam 1104,
Thus, the bandwidih of the hight beam 1 H0A can be adjusted by rolating one or more of the
prisms 1005, 1010, 1015, 1020, which cavses the optical magnification 1063 of the light beam
110A to change. Because the retalion of a particular prisim causes @ change in both the local
beam refraction angle and the local optical magnification at that prism, the conirol of wavelength
and bandwidih are coupled m this design.

[000116] Additionally, the bandwidih of the hght beam 110A is relatively sensitive to the
votation of the prism 1020 and relatively msensitive 1o rotation of the prism 1005, This s
because any change in the lecal optical magnification of the light beam 10A due to the rotation
of the prism 1020 13 multipiied by the product of the change in the optical magnification in the
ather prisms 1013, 1010, and 1003 because those prsms are between the rotated prsm 1020 and
the grating 1006, and the hight beam 110A must travel through these other prisms 1015, 1019,

1005 alter passing through the prism 10200 On the other hand, the wavelength of the light beam
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FIOA is relatively sensitive to the otation of the prissn 1003 and relatively insensitive o the
rotation of the prism 1020, For example, i order to change the bandwidih without changing the
wavelenzth, the optical magmification 1065 should be changed without changing the angle of
inctdence 1062, and this can be achieved by rotating the prisin 1020 by a large smount and
rotating the prism 1008 by a small amount.

{0011 T The control module 1050 15 connected o one or more actuation systems 10004,
1005A, 1010A, 1013A, 1020A that are physically coupled to respective optical components
000, 1005, 1010, 1015, 1020, Although an actuation svstem is shown for each of the oplical
components it 18 possible that some of the optical componends in the apparatus 230 are either
kept stationary or are not physically coupled to an actuation system. For exaniple, in scune
unplementations, the grating 1000 can be kept stationary and the prism 1013 can be kept
stationary and not physically coupled 1o an actuation sysfent

[O0011R] Each of the acluation systems T000A, 1005SA, 1010A, 10134, 1020A Includes one
Or pnote actuators that are connected 1o s respective optical components. The adjustment of the
optical components causes the adjustment in the particadar spectral foatures (the wavelength
andfor bandwidthy of the light beam 110A. The control modale 1050 recerves a control signal
from the control system 265, the control signal including specific conmmands o operate or
control cue or more of the actuation systems, The actuation systems can be sefected and designed
to wark cooperatively.

[000119)

~

Each of the sctuators of the actuation systems 1000A, 1003A, 10108, 10184,
HI20A s 2 mechanieal devics for moving or controlling the respective optical component. The
actuators recetve energy from the module 1050, and convert that energy into some kind of
motion imparted to the respective optical component. For example, the actuation systems can be
any one of force devices and rofation stages for rotating ong or more of prisins of g beam
expander. The actuation systems ¢an include, for example, motors such as siepper motors,
valves, pressure-controlled devices, pierocleetric devives, Hincar motors, hydraulic actuators,
voice coils, el

{O00120] The grating 1000 can be a high blaze angle Echelle grating, and the hight beam
FLOA incident on the grating 1000 at any angle of meidence 1002 thal satisties a grating equation
will be reflected {(diffracted). The grating equation provides the relationship between the speciral

order of the grating 1000, the diffracted wavelength (the wavelength of the diffracted beam), the
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angle of mcrdence 1062 of the hight beam HOA onte the grating 1000, the angle of oxat of the
hight beam 110A diffracied of the grating 1000, the vertical divergence of the light beam 110A
incident onto the grating 1000, and the groove spacing of the diffractive sarface of the grating
1000, Moreover, if the grating 1000 15 used such that the angle of incidence 1062 of the hight
beam 110A onto the grating 1000 is equal to the angle of exit of the Hght beam HI0A from the
grating 1000, then the grating 1000 and the beam expander (the prisms 1005, 1010, 1015, 1020
are arranged ina Littrow configuration and the wavelength of the light beam HOA reflected
from the grating 1000 is the Littrow wavelength, It can be assumed that the vertical divergence
of the light beam HOA incident onto the grating 1000 is near zero, To reflect the nominal
wavelength, the grating 1000 is aligned, with respect {o the light beam 110A ncident onto the
grating 1000, so that the nominal wavelength is reflecied back through the beam expander {the
prisms 1005, 1010, 101§, 1020} 1o be anplified in the optical source 217, The Littrow
wavelength can then be tuned over the entire gain bandvwidth of the resonators within oplical
source 217 by varving the angle of incidence 1062 of the light beam 110A onto the grating 1000
000121} Each of the prisms 1003, 110, 1015, 1020 15 wide enough along the transverse
divection of the light beam 110A so that the light beam THOA 18 contamed withan the surface at
which it passes. Each prism optically magnifies the hight beam HOA on the path toward the
grating 1000 from the aperture 1055, and theretore cach prism s successively larger in size from
the prism 1020 to the prism 1805, Thus, the prismy 1005 is larger than the prism 101, which 18
targer than the posm 1015, and the posm 1020 15 the smallest poism. The wavelength can be
coarsely changed by rotating the prism 1005, and the prism 1020 can be rotated {in 1 coarse
manner). The angle of incidence 1062 of the hight beam 110A s changed due fo the rotation of
the prism 1005 and the rotation of the prisny 1020 offsets the change in magnification caused by
the rotation of the prism 1005, The prism 1020 can be nsed for coarse, large rangs, and slow
bandwidth control. By contrast, the bandwidih can be controlled in a fine and narrow range and
gven more rapidly by controfling the prism 1010
[000122] Retorning {o & discussion regarding the two-dimensional miaivix 120, 520 and
referring to Fig. 11, a procedure 1100 15 performed by the control system 263 {and speaifically
the test control module 7400 for creating the two-dimensionat matnx 128 or 3200 Once the two-
dimensional matrix 120 or 320 15 oreated, i can be stored within memory 800 and used by the

other compaonents such as the metrolegy control madele 105 of the control system 2635.
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Specifically, the two-dimensional matrix 120, 320 15 caleulated based on the preliminary two-
dimenstonal matrix 520p, and each column of the preliminary two-dumensional malrix 520p
represents the output of the speetrometer 115 or 415, respectively, for a given, monochromatic

input optical spectrum. Thus, 1 practice, i is possible to measure or create the prelinunary two-

L

dumensional matrix 320p by illununating the spectrum dispersing device 123 or 425 with a

tunable, narrow-linewidil faser of a speeific wavelength in the range of the spectram dispersing

device 125 or 425 and then scanning or incrementing the wavelength in even steps over the

spectral range of interest. Each step in this scan yield a fringe corresponding © that step numbser,

and that fiinge is the jih column of the mairix 520p.

16 Jo0D123] Reference s also made to Fig. 7 when deseribing the procedure 1100, The fest
hight beam 711 18 optically interacted with the specirometer 413 (1103}, The fest control module
740 putputs an electrical signal to the test light source 718 to pumip the laser gatn medium and
output the fest Hight beam 711 Morcover, the test Hght beam 711 is divected to the spectrometer
415 using appropriate optical components. The test light beam 711 is directed o the etalon

13 apparatus 4235, where it s separaied into different filtered versions 44001, 44002}, cie. of the
optical spectrum 107, and each spatial area 435(1), 438(2), ¢le. of the detector 430 receives a
different fillered version 44001), 44002}, vl
[0001241 The specteal feature (such as the wavelength) of the test light beam 7H is setto g
vatue that is within the range of values at which the light beam 110" operates (1110}, The

20 wavelength of the test Bghi boam 711 can be sob and then controlled by the test contrel module

740, which can output an electrical signal to the spectral feature apparatus 731 that controls the

wavelength of the tost hight beam 711, This value of the speciral foature that 15 set s stored

{1115}, For example, the matrix module 8335 receives the valoe of the spectral feature from the

test confrol module 740, and stores this valae i memory SO0 of the contral systony 265 for fdure

i
[®11

reference. With reference o Fig. 7, at the beginning of the procedure 1100, the first speciral
foature SF(1} is stored and corresponds to the first column of the preliminary two-dimensional
matrix 320p. The number of columns N of this excmplary preliminary two-dimensional matnix
520p corresponds 1o the total pumber of spectral features SF{N} that are being probed during the
procedure 1100, and this number of probed speetral features correspond {o the number of points
3¢ at which the recoversd optical spectrum i3 to be sampled, given that the recovered optical

spectrum can fall anvwhere within g 1-FSR mterval.
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HO00125] The characteristic of the test light beam 711 is detected at cach spatial area 435(1 ),
433(2), cte. of the specirometer 415 (11200, Wihe tolal number of spatial arcas 435(1), 435(2),
oie. 18 M {which means that 1 ts M), then the characteristic of the test light beam 711 s detected
at M number of spatial areas, With reference to Fig. 7, the charvactertstic C(1, 1) 1s delected at the
first spatial area 435(1 ), the characteristic €21} 15 detected at the second spatial avea 435(2),
and the characteristic C{M, 1) 1s defected at the last spatial area 435(M).
{00126} The detected characteristios C at each spatial area 435(1), 4332}, .. 435{M) we
stored as @ colunn in the preluninary two-dimensional mateix 320p (1125} The column that 5
assigned for storage is based on the valve of the spectral feature of the test light beam 711 (which
bad been stored at step 1115 For example, the test control module 740 receives the values of
the characterisiic C from the delector 430 and stores these valyes of the chasactenstic € in
memory 800 of the control system 263, H the spectral feature SF 15 the first spectral feature
SF{1) in the range, then the characteristios COLLY, G210, .. CIML1) are stored gs the first
colinn in the preliminary two-dimensional matrix 520p.
[000127] The test control module 740 detonmines whother all spectral foatures SF of the test
Hight beam 711 have mieracted with the spectrometer 415 {1130), Thus, using the example of
Fig. 7, the test control module 740 detenmines whether all N spectral features ST have mteracted
with the spectrometer 415, {fall N spectral features SF have interacted with the spectrometer
413, then the preliminary two-dimensional matrix 320p is complete, and the entire pz_‘eiimimry
two-dimensional mairix 320p is stored {1133} in memory (such as memory 800) for fidure us
and for access by the metrology control module 1035,
QQG{B{}EES} I not all N spectral features SE have interacted with the spectrometer 415 {1 .‘s;?»{})_,
the test hight beam 711 ix changed o the next value in the range of gmssibh: values {1 Mi‘}} and
then the procedure 1100 continues as discussed above. The wavelength of the test light beam 711
can be adjusted under control of the test control medule 740, which adjusts the electrical signal
sent to the spectral feature apparatus 731 to thereby change the wavelength of the test light beam
711 The matrix module 838 receives the new value of the spectral feature from the test control
mcdule 740, and stores this value m memory BOO of the control systam 265 {1115), With
reference to Fig, 7, i the {ast vatue of the spectral feature SF was the first spectral feature SF(D

then the new value of the spectral feature SF is the second spectral feature SF{2} which
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corresponds to the second columm of the prelinunary two-dimensional matrtx 320p. The steps
LIS, 1120, 1125, 1130 are performed unt] the characienstios CULN), CEN). .. CMNY are
stored as the last colanm in the matnx preliminary two-dimensional 320p {or 120}
{OU0129] Next, the bwo-dimensional matrix 520 is calonlated based on the preliminary two-
ditnensional matrix A 320p (11435), For example, the two-dimensional matrix A® 320 can be
galoulated as the pseadoinverse of the preliminary two-dimensional matrix A 520p (11435}, as
discussed next. Beeause the preliminary two-dimensional matrix A 320p is vsually singular or
close to singular, an inverse mateix A™ may not exist in a strict sense, In general, the
pseudoinverse two-dimensional mateix A’ 520 is an inverse A7 in the limiting clroumstance in
which the etalon 463 has a bigh or infinite finesse. Because this honting circumstance 1s not
AlS20¢

theory and a special mathematical theory should be used.

typical, the pseudoinverse two-dimensional matrix annot be caloudated vsing simple
H000130] o one implementation, singular-value decomposition is used o determine the
peeudoinverse two-dimensional matrix A’ 520, There exists a factorization, called a singular-
value decomposition, of the prelininary two-dimensional matrix A 5320p as follows:

(000131 A= ULV

HO00132) where ¥ s a disgonal matrix with non-negative real nuunbers on its diagonal, U ix
an orthogonal matrix {which means i1 a square malrix with real eniries and has an mverse that
is equal to s conjugate transpose UMY, and V is an orthogonal matrix. Physically, the matrix ¥ is
populated with singular values that are attennation tactors from the spectral feature (for example,
wavelength} space 1o the spatial area space. The colummns of the matrix U are left singalar
vectors, and provide an orthonormal basts for the spatial area space. These left singular vectors
can be thought of as the fetters of the spatial area language. The columas of the matrix VVare
right singular vectors, and provide an orthonormal basis for the spectral feature space. These
right singular vectors can be thooght of as the {etters of the spectral feature space language. In
this implementation, the pseudoinverse two-dimensional matrix AY 520 is given by:

(0001331 Al=veigt

0001 34] where X7 is the nverse of ¥, For example, if oy are the singalar values of the
matrix Loand S ix the Kronecker delfta (which is a fungction that has the value | when j=k and the

atue O when 32K, then £ o= (Vo8
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{00135] In some implementstions, the pseudoinverse two-dimensional matrix A' 520 &
determined using the Moore-Penrose psendomverse caloulation.
{0001 36] While Fig. 6B shows a schematic representation of the pseudoinverse two-

dimensional matrix A! 520, the actual pseudoinverse two-dimensional mateix A' 520 is more

L

complex. An example of a pseudoinverse two-dimensional matrix A 1320 caleulated from the
preliminary two-dimensional matrix A 320p is shown m Fig. 13 In this exemplary
pseudoinverse two-dimensional matrix A' 1320, the major features in dark color pick out the
wavelength {speciral feature) corresponding to the fringe pattern 371 while the positive and
negative oscillations {the light colored lines) indicate the generally oscillatory nature of the
18 singualar vectors info which the finge is decomposed as part of the singular value decomposition
progess discwssed above,
TELURYE The procedure that wvolves singuiar-value decomposition to determine the
pseudoinverse two-dimensions! matrix A’ S20 is prone lo noise amplification. Thus, fltering can
be applied to the pseudoinverse two-dimensional mateix A1 $20 {n order to ramove noise,
15 Filtering can be performed by replacing certain values in the matrix ¥ with €. The values that
are replaced with U are chosen based on a sigaal-io-notse ratio of the fringe pattern 571, For

example, the values X% can be replaced with O for § > jirunc, where jtnune s chosen based on

the signal-to~-noise ralic of the fringe pattern 571
[G0013K] As another example, filtering can be performed using Tikhonov regularization

20 technigoe in which £ 18 replaced by

00139 L /SR JLI § U

000139 7Rt Sl by ~z1,
X3

{000 140] where ® is chosen based upon the signal-to-noise ratio of the fringe pattern 371,

and oy are the singular values of the matrix X

[O00141] Once the two-dimensional matrix A* 520 is caleulated (1145}, then it is stored

Tk
v

{150, for example, i memory (such as memory RO0) for future use, and access by the
metrology control module 1038,

(0001421 Referring to Fig. 12, a procedure 1200 15 performed for estimating the optical
spectrun 107 of the light beam 1107, The light beam 1107 15 projected onto the distinet spatial

aveas 135013, 133(2), .. 135(1) of the spectrometer 115 such that each spatial area 135(1),
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F35(2), . 135{0) recerves a difforent filiered version 14013, 1406(2), ... 14061 of the optical
spectrunt 107 of the light beam 1107 (1208). A characteristic of the projected light beam 1107 is
detected at each of the spatal areas 135(1), 133(2), ... 135(0) (1210} The two-dimensional
matrix 120 (which was crested from the procedure 1100} is received (1215), where cach entry in
the two-dimensional imatrix 120 provides a relationship between one or more spatial areas

F35CE), 135(2), ... 135(0) and cach spectral feature. The optical spectrum 107 is estunated (1220}
based on an m}aiyai_s that uses both the detected light beam characteristics (1210} and the
reperved two-dimensional mateix 120 (1215

[000143] The spectrum dispersing device 125 acts on the light beam 110 to project the light
beam 110" onto the distinct spatial areas 135(1), 1382), .. 1351 (1205}, Moreover, the
spectrum dispersing device 128 glso acts o separate the different filtered versions 140(1,
140{2), ... 1400 of optical spectrum 107 of the hight beam 1147 1o enable these different spectral
filtered versions F40(1), 14002y, .. 140()) to be projecied onto the distinet spatial areas (1205},
The different spectral filtered verstons 140(1), 1402, ... 1)) can be projected after they are
separated by the spoctram dispersing device 125 by sending cach filtered version along a
different direction or angle. For example, with relerence to Figs. 4A and 48, the etalon 463 can
separate the different filtered versions 14013, 1402}, ... 1400 of the optical spectrom 107 of
the Hght beam 11 and the output fens 464 can direct cach fillered version along a different
angle so that cach filtered version impinges upon one of the spatial arcas of the detector 43¢,
{000144] The characteristic of the projected hight beam 1107 that s detected at 8 spatial arey
135 (1210) can be an energy of the light beam 1107 deposited at that spatial area by the filtered
version 1440, The value of the detecied charactenistic can be receivad by the metrology conirod
module 105, These detected characteristics can be stored within memaory 800 or in a location
accessible by the metrplogy contrel module 105 for ftore analysis. The detected characienstics
can he stored within an arvay, where the nwnber of rows of the array cormresponds (o the number
of rows of distinet spatial arcas of the speetrometor 113 in oo spatial direction (for example, the
X direction) and the number of colamns of the array corresponds to the nomber of colomns of
distinet spatial aveas of the spectrometer 1S i another spatial divection (for example, the Y
divection). In the example shown i Figs. 4A and 4B, the number of columns s one and the
number of rows i3 M i the values of {and § equal M. In this example, and with reference to Fig

7, the numiber of rows of the preliminary two-dimensiona! matnx 320p is alse cqual o M (which
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means that the number of columns of the two-dimensional nuatnx 320 s equal to M) Moreover,
i the example shown in Figs. 4A and 4B, the first spatial direction also corresponds to a radial
direction while the second spatial divection can be considered to be perpendicular to the radial
direction. In this example, there is only one column 50 the array is 8 one-dimensional array that
is also along a radial direction in the X-Y plane.

{G00145] In the example of Fig. 5, the charscionistic that is detected is the energy 472, then
the array of stored energies can be displayed as the fringe pattern 371, which s a plot of these
detected energres 472 versus the spatial arcas 433(1), 435(2), ete.

[000146] The metrology control modude 105 can estimaie the optical speetrum 107 (1220}
based on the analysis that uses hoth the detected hight beam charactersstics (12103 and the
received two-dimensional mateix 120 (1220). In some tmplemeniations, with reference to Fig,
61, the metrology control modude 105 estimates the optical spectrum 107 (1220} by performing
matrix multiplication between the two-dimenstonal matrix A' 520 and the detected light beam
characteristic array, which can be iy the form of the fringe pattern 571

[000147] Various implementations of the metrology apparatus 100 and techniques for
estimating the optical spectrum 107 of the light beam 1O may make mapimal or reduced
assumptions about the spectral shape similanity under different operating conditions of the
optical source 217, Moreover the direct recovery of the optical speetnwn 107 deseribed herein
can vield an estimate of the optical spectrum 107 that can enable more accurate diagnoses and
can enable now metrics for estimating the bandwidih of the light beam 1107, Unhke other
approaches (such as deconvalution), this metrelogy apparatus 100 and techniques for estynating
the optical specirum 107 can extract information not from a single fringe shiced owd of the data
from the detector 430 but rather from a whole fringe. Beeanse of this, the technigues described
may be more resistant © noise than correlative approaches 1o caloulating spectral foatures o
deconvolution approaches to estimating the optical spectrum 107,

[000148] The mapping that is provided by the two-dimensional matrix A 120 is between two
difierent information domaing; one domain 18 the spectral feature (wavelength) domain and the
ather domain is the spatial domain. This 1s different from a deconvelution technique that maps
data from wavelength space to wavelength space. Moreover, the values within the two-
dimensional matrix A 120 correspond {0 the detected characteristic of the hight beam 1107 at

cach spatiad arcy and the values of the characteristic change depending on the spatial area at
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which the charactersstic 1s detected. This means that the kernel of the mapping {represented by
the two-dimensional matris A 120) is not constant and depends on the lecation on the detector
43¢ at which the charaeteristic is detested.
[000149] Additionally, the techniques desertbed herein provide information about changes
to the wavelength that are smatler than the free spectral range (FSR) of the etalon 463; thus,
different wavelengths of the light beam 1Y provide optical spectra centered at different
wavelength indices. This could be advantageous for bandwidth metrology i future applications
that require faster uning or adjustment of the wavelength.
{000 150] In the technigues deseribed herein, the notse of the system 18 broken up, not inlo
Fourter spatial frequencies, but rather inte basts singular vectors natural to the mapping between
spatial arca space and spectral feature space. Any noise fillering is applicd in the same basis as
that into which the noise components have been decomposed {in contrast to a deconvolution
technique). Such noise Hiltering is needed when inverting the Fredholm Integral BEguations ag
discussed above,
{00151} Other implementations are within the scope of the following claims.
[00153] For example, in some implementations, the optical source 217 emuts light ina
continuons wave, rather than in a pulsed manner, as discussed above, Other aspeats of the
mnvention are set out 1 the following numbered clause

LA method of estimating the optical spectrum of a Hight beam, the method comprising:

prajeching the light beam onte distinet spatial areas of a speciremeter, wherein each
spatial arca receives a different filtered version of the optical speetrum;

detecting a charactenstic of the projected Bght beam at each of the distinet spatial arcas
of the spectrometer;

receiving a two-dimensional matnix in which cach entry of the matris provides a
refationship hetween one or more spatial arcas and each spectral feature, wherein the two-
dimensional matrix is related to the input-output relationship of the spectrometer; and

estimating the oplical spectrum of the hight beam based on an analysis that uses both the
detected Heht beam characteristics and the recetved two-dimensional matrix.

2. The method of clause 1, wherein

projucting the light beam onto distinet spatial arcas of the spectrometer comprises
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separating the different filiered versions of the optical spectrum cludimg sending each
filtered version along a different direction or a different angle, and

projecting these separated fillered versions onto respective spatial areas.

The method of clause 1, wherenu

projecting the light beam onto distinet spatial arcas of a spectrometer comprises
producing a plarality of light beamx that interfere with cach other, and

the different filtered versions of the optical spectron result fron different opticad
resenanees in the iransnussion of the specirometer.

4. The methed of clause 1, wherein delecting the characterisiic of the projected light
beam at the distinet spatial areas comprises detecting the intensity of the light beam along at least
one radial path that extends through the projected hght beam.

The method of clause 1, wheretn detecting the characteristic of the projected light
beam at the distingt spatial aregs comprises detecting the energy depostied in the spatial areas by
the filtered version of the optical spectrum.

The method of clause 1, further comprising oresting the two-dimensional mateig bye

intergeting a tost light beam with the spectrometer;

changing a spectral featore of the tost hight beam scress a range of N distinet spectral
foatures; and

for cach spectral feature in the range,

detecting 8 characteristic of the {esi light beam at each spatial arca; and

storing the detected characteristic of the test light beam at each of M spatial arcas of the
spectrometer as @ column of the prelimnary two-dimensional matrix, wherein the colunm is
assigned based on the spectral feature and wherein the preliminary two-dimengsional madrix
gaptures the input-output relattonship of the specirometer; and

calculating the two-dimensional matrix based on the preliminary two-dimensional matox;

wherein the number of rows of the two-dimensional matrix and the mumber of columns of
the preliminary two-dimensional matrix equals N, and the number of colurns of the two-
dimensional matrix and the number of rows of the preliminary two-dimensional miatrix equals M.

7. The method of ¢lause &, wherein estumating the opucal spectram of the light beam
comprises performing maitrix multiphication between the two-dimensional matrix and the

detected light beam characienistics.
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& The method of clause 6, wherein the namber N of distinct spectral features determines
a resolution of the estimaied optical spectrum.

9. The methed of clause 1, further comprising:

creating the two-dimensional matrix by calculating ¢ pseudoinverse of a prehiminary two-
dimensional matrix, wherein the preliminary two~dimensional matrix captures the input-output
relatienship of the spectrometer; and

storing the two-dimensional matrix;

wherein estimating the optical spectrum of the light beam comprises performing matrix
multiplication between the two-dimensional matrix and the detected lght beam characteristics.

10, The method of claase 9, wherein ealcalating the pseudoinverse of the prelimmary
two~dimensional matrix comprises performing @ singular value decomposition on the preliminary
two-dimensional matrix.

1, The method of clause 10, further comprising reducing an fmpact of nowse by reducing
the components of the matrix product for which contributions from the noise exceed
contributions from the signal.

12, The method of clonse 1, Rurther comprising storing the detected characteristics of the
projected Hight beany in an array, wherein the number of rows of the array corvesponds to the
number of rows of distinet spatial areas of the spectrometer n one spatial dirgction and the
mamber of cohumng of the array corresponds to the mumber of colwmns of distinet spatial arcas of
the specirometer in another spatial dircction,

13, The method of clause 12, wheremn:

the number of columns of the array equals one and the pumber of rows of the array
equals M; and

the number of tolumns of the two-dimensional matrix squals M.

14, The method of clapse 1, further comprising caloulating a spectral feature based on
the ostimated optical speotrum, wheren the spectral feature includes one or more of a
wavelength and g bandwidih,

15, A metrology apparatus comprising:

a spectrometer m the path of a light beam, the spectrometer comprising:

a spectrom dispersing device configured 1o separate the hight beam nto different filtered

versions of the optical specirany and
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a detector m the path of the projected light beam and defining distinet spatial areas, the
detecior being configared to receive a different filtered version of the optical specirum at each
spatial ares and to detect a characteristic of the projected light beam at each distinet spatial avea;
andl

a control systam conneeted to the spectrometer and configured to;

recgive & two-dimensional mairix i which cach oniry of the matnix provides a
relationship between gne or more spatial areas and each spectral featwre, wherein the two-
dimensional matrix s related © the input-ontput relationship of the spectrometer;

analyze the defected light beam characteristics and the received two-dimensional matrix;
and

cstimate an optics! spectruny of the light beam based on the analysis,

16, The metrology apparatus of clause 15, wherein each spatial area is a surface made up
of tne o more imaging elements of @ detector.

17. The metrology apparatus of clause 13, wherein the spectrum dispersing device
mclndes an interference optical apparatus that comprises:

an etalon configured 1o angularly separate the light beam into the different filtered
versions of the optical spectram by producing a plurality of light beams that imterfere with each
other, and

a lens configured to project the different filtered versions onto the distinet spatial arcas of
the detector;

wherein the spatial areas of the detector are arvanged along a radial direction froma
center region.

18, The metrology apparatus of clanse 15, wherein the number of rows of the two-
dimenstonal matrix equals N, and N ogquals @ range of distinet spectral features that are stored in
the rows of the two~dimensional matrix, wherein the range ol distinct spectral features spans al
lcast one froe spectral range of the ctalon and the number N of distinet spectral features
deternunes a resolution of the estimated optical spectrum,

19, The metrology apparatus of clause 15, whersin the detector includes an array of
photodiode detectors that extend along one direction.

28, The metrology apparatus of elause 15, wheren the control system includes memory

confizured o stere the detected characteristios of the projected light beam in an amray, wherein
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the number of rows of the array corresponds to the number of rows of distinet spatial arcas of the
detecior in a first spatial divection and the munber of columns of the array corresponds o the
nugnber of columns of distinet spatial areas of the detector i a second spatial divection.

e
21. The metrology apparaius of clanse 20, wherein the Birst spatial divection 15 8 radial

& direction and the second spatial dircetion is perpendicuiar fo the radial direction.
22. The metrology apparatus of clause 15, further comprising
a test zht source confizured to produce a fest ight beam, wherein the spectrometer
interacts with the test light beam; and
a spectral feature actuation appatatus controlling a spectral feature of the test hight beam,
18 23, The metrology apparatus of clause 22, wherein;

the spectral feature aciuation gpparatus 18 configured to change a spectral feature of the
test Hght beam across a range of N distinet spectral features while the test Hght beam interacts
with the spectrometer;
the detector is configured o detect a characteristic of the test Hight beam at each spatial
13 areasand
the control system is connected to the test Hight source and the speciral feature actuation
apparatus, and s configured 1o create the twoe-dimensional matrix by: for cach spectral Rature in
the range, storing the detected characteristic of the test Bight beam gt cach of M spatial areas of
the spectrometer as a column of the preliminary two-dimensional matrix, wherein the column is
20 assigned based on the spectral fealure and wherein the proliminary two-dimensional matnx
captures the input-output relationship of the spectrometer.
24, The metrology apparsius of clanse 22, wherein the test Bght beam bas a bandwiudth
that is 5-300,000 times smaller than the bandwidih of the light beam.

25, The metrology apparatus of clause 22, wherein the test Hight source includes a single

i
[®11

frequency all-solid-state laser.
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CLAIMS

1. A method of estimating the optical spectrum of a light beam, the method

comprising:

creating a two-dimensional matrix by interacting a test beam that is distinct
from the light beam with a spectrometer, wherein the two-dimensional matrix
represents the input-output relationship of the spectrometer and each entry of the
two-dimensional matrix provides a relationship between one or more spatial areas of

the spectrometer and a spectral feature.

projecting the light beam onto distinct spatial areas of a spectrometer, wherein
each spatial area receives a different filtered version of the optical spectrum;

detecting a characteristic of the projected light beam at each of the distinct
spatial areas of the spectrometer;

and

estimating the optical spectrum of the light beam based on an analysis that
uses both the detected light beam characteristics and the two-dimensional matrix.

2. The method of claim 1, wherein

projecting the light beam onto distinct spatial areas of the spectrometer
comprises:

separating the different filtered versions of the optical spectrum including
sending each filtered version along a different direction or a different angle, and

projecting these separated filtered versions onto respective spatial areas.

3. The method of claim 1, wherein:

projecting the light beam onto distinct spatial areas of a spectrometer
comprises producing a plurality of light beams that interfere with each other, and

the different filtered versions of the optical spectrum result from different

optical resonances in the transmission of the spectrometer.
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4. The method of claim 1, wherein detecting the characteristic of the projected
light beam at the distinct spatial areas comprises detecting the intensity of the light

beam along at least one radial path that extends through the projected light beam.

5. The method of claim 1, wherein the step creating the two-dimensional
matrix further comprising :

changing the spectral feature of the test light beam across a range of N
distinct spectral features after interaction of the test beam with the spectrometer; and

for each spectral feature in the range,

detecting a characteristic of the test light beam at each spatial area; and

storing the detected characteristic of the test light beam at each of M spatial
areas of the spectrometer as a column of the preliminary two-dimensional matrix,
wherein the column is assigned based on the spectral feature and wherein the
preliminary two-dimensional matrix captures the input-output relationship of the
spectrometer; and

calculating the two-dimensional matrix based on the preliminary two-
dimensional matrix;

wherein the number of rows of the two-dimensional matrix and the number of
columns of the preliminary two-dimensional matrix equals N, and the number of
columns of the two-dimensional matrix and the number of rows of the preliminary

two-dimensional matrix equals M.

6. The method of claim 5, wherein estimating the optical spectrum of the light
beam comprises performing matrix multiplication between the two-dimensional matrix

and the detected light beam characteristics.

7. The method of claim 5, wherein the number N of distinct spectral features
determines a resolution of the estimated optical spectrum.

8. The method of claim 1, further comprising:

creating the two-dimensional matrix by calculating a pseudoinverse of a
preliminary two-dimensional matrix, wherein the preliminary two-dimensional matrix

captures the input-output relationship of the spectrometer; and
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storing the two-dimensional matrix;
wherein estimating the optical spectrum of the light beam comprises
performing matrix multiplication between the two-dimensional matrix and the

detected light beam characteristics.

9. The method of claim 8, further comprising reducing an impact of noise by
reducing the components of the matrix product for which contributions from the noise

exceed contributions from the signal.

10. The method of claim 1, further comprising storing the detected
characteristics of the projected light beam in an array, wherein the number of rows of
the array corresponds to the number of rows of distinct spatial areas of the
spectrometer in one spatial direction and the number of columns of the array
corresponds to the number of columns of distinct spatial areas of the spectrometer in

another spatial direction.

11. The method of claim 1, further comprising calculating a spectral feature
based on the estimated optical spectrum, wherein the spectral feature includes one

or more of a wavelength and a bandwidth.

12. A metrology apparatus comprising:

a spectrometer in the path of a light beam, the spectrometer comprising:

a spectrum dispersing device configured to separate the light beam into
different filtered versions of the optical spectrum; and

a detector in the path of the projected light beam and defining distinct spatial
areas, the detector being configured to receive a different filtered version of the
optical spectrum at each spatial area and to detect a characteristic of the projected
light beam at each distinct spatial area;

a test apparatus configured to create a two-dimensional matrix that represents
the input-output relationship of the spectrometer in which each entry of the two-
dimensional matrix provides a relationship between one or more spatial areas of the
detector and each spectral feature, the test apparatus including a test beam

configured to interact with the spectrometer; and
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a control system connected to the spectrometer and configured to:
analyze the detected light beam characteristics and the received two-
dimensional matrix; and

estimate an optical spectrum of the light beam based on the analysis.

13. The metrology apparatus of claim 12, wherein each spatial area is a

surface made up of one or more imaging elements of a detector.

14. The metrology apparatus of claim 12, wherein the spectrum dispersing
device includes an interference optical apparatus that comprises:

an etalon configured to angularly separate the light beam into the different
filtered versions of the optical spectrum by producing a plurality of light beams that
interfere with each other, and

a lens configured to project the different filtered versions onto the distinct
spatial areas of the detector;

wherein the spatial areas of the detector are arranged along a radial direction

from a center region.

15. The metrology apparatus of claim 12, wherein the detector includes an

array of photodiode detectors that extend along one direction.

16. The metrology apparatus of claim 15, wherein the control system includes
memory configured to store the detected characteristics of the projected light beam
in an array, wherein the number of rows of the array corresponds to the number of
rows of distinct spatial areas of the detector in a first spatial direction and the number
of columns of the array corresponds to the number of columns of distinct spatial
areas of the detector in a second spatial direction.

17. The metrology apparatus of claim 16, wherein the first spatial direction is
a radial direction and the second spatial direction is perpendicular to the radial

direction.

18. The metrology apparatus of claim 12, further comprising:
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a test light source configured to produce the test light beam, wherein the
spectrometer interacts with the test light beam; and
a spectral feature actuation apparatus controlling a spectral feature of the test

light beam.

19. The metrology apparatus of claim 18, wherein:

the spectral feature actuation apparatus is configured to change a spectral
feature of the test light beam across a range of N distinct spectral features while the
test light beam interacts with the spectrometer;

the detector is configured to detect a characteristic of the test light beam at
each spatial area; and

the control system is connected to the test light source and the spectral
feature actuation apparatus, and wherein the control system can be configured to
create the two-dimensional matrix by: for each spectral feature in the range, storing
the detected characteristic of the test light beam at each of M spatial areas of the
spectrometer as a column of the preliminary two-dimensional matrix, wherein the
column is assigned based on the spectral feature and wherein the preliminary two-
dimensional matrix captures the input-output relationship of the spectrometer.

20. The metrology apparatus of claim 18, wherein the test light beam has a
bandwidth that is 5-500,000 times smaller than the bandwidth of the light beam.

21. The metrology apparatus of claim 18, wherein the test light source

includes a single frequency all-solid-state laser.



