A Method Of Perfor ming M odel-Based Scanner Tuning

Technical Field

[01] The technical field of the present invention redadenerally to a method and program
product for performing model-based scanner tuning aptimization so as to allow for

optimization of performance of multiple lithograpbystems.

Background

[02] Lithographic apparatus can be used, for examplehénmanufacture of integrated
circuits (ICs). In such a case, the mask may @ordecircuit pattern corresponding to an
individual layer of the IC, and this pattern can iogaged onto a target portiore.d.
comprising one or more dies) on a substrate (siliwafer) that has been coated with a layer
of radiation-sensitive material (resist). In gexteta single wafer will contain a whole
network of adjacent target portions that are swgieely irradiated via the projection system,
one at a time. In one type of lithographic pramttapparatus, each target portion is
irradiated by exposing the entire mask pattern dhétarget portion in one go; such an
apparatus is commonly referred to as a wafer stegpean alternative apparatus, commonly
referred to as a step-and-scan apparatus, eactt @ogion is irradiated by progressively
scanning the mask pattern under the projection beam given reference direction (the
"scanning" direction) while synchronously scannitige substrate table parallel or

anti-parallel to this direction. Since, in genergéhe projection system will have a
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magnification factor M (generally < 1), the speedaMwhich the substrate table is scanned
will be a factor M times that at which the maskleéals scanned. More information with
regard to lithographic devices as described hertam be gleaned, for example, from US
6,046,792, incorporated herein by reference.

[03] In a manufacturing process using a lithographiggateon apparatus, a mask pattern
is imaged onto a substrate that is at least plgritalvered by a layer of radiation-sensitive
material (resist). Prior to this imaging step, tubstrate may undergo various procedures,
such as priming, resist coating and a soft bakdterfexposure, the substrate may be
subjected to other procedures, such as a post-asgbake (PEB), development, a hard bake
and measurement/inspection of the imaged featuféss array of procedures is used as a
basis to pattern an individual layer of a devieg,, an IC. Such a patterned layer may then
undergo various processes such as etching, iorantgilon (doping), metallization,
oxidation, chemo-mechanical polishing, etc., aénmded to finish off an individual layer. If
several layers are required, then the whole praegdu a variant thereof, will have to be
repeated for each new layer. Eventually, an asfajevices will be present on the substrate
(wafer). These devices are then separated fronapother by a technique such as dicing or
sawing, whence the individual devices can be maliotea carrier, connected to pins, etc.
[04] For the sake of simplicity, the projection systemyrhereinafter be referred to as the
"lens"; however, this term should be broadly intetpd as encompassing various types of
projection systems, including refractive opticdla&ive optics, and catadioptric systems, for
example. The radiation system may also includepmrants operating according to any of

these design types for directing, shaping or cdliimigpthe projection beam of radiation, and
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such components may also be referred to beloweaolely or singularly, as a “lens”.
Further, the lithographic apparatus may be of @& tgpving two or more substrate tables
(and/or two or more mask tables). In such “muitiplage” devices the additional tables may
be used in parallel, or preparatory steps may b@edaout on one or more tables while one
or more other tables are being used for exposuflegin stage lithographic apparatus are
described, for example, in US 5,969,441, incorpatdterein by reference.

[05] The photolithographic masks referred to above c@aprgeometric patterns
corresponding to the circuit components to be natgl onto a silicon wafer. The patterns
used to create such masks are generated utilizkig €omputer-aided design) programs,
this process often being referred to as EDA (ebeatr design automation). Most CAD
programs follow a set of predetermined design rihesrder to create functional masks.
These rules are set by processing and design fianita For example, design rules define
the space tolerance between circuit devices (saoyates, capacitors, etc.) or interconnect
lines, so as to ensure that the circuit devicenes do not interact with one another in an
undesirable way. The design rule limitations gpacally referred to as "critical dimensions"
(CD). A critical dimension of a circuit can be ohefd as the smallest width of a line or hole
or the smallest space between two lines or twosholEhus, the CD determines the overall
size and density of the designed circuit. Of ceumne of the goals in integrated circuit
fabrication is to faithfully reproduce the origimatcuit design on the wafer (via the mask).
[06] Another goal is to be able to utilize the same &ess” for imaging a given pattern
with different lithography systems (e.g., scannavéghout having to expend considerable

amounts of time and resources determining the sacgsettings of each lithography system
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to achieve optimal/acceptable imaging performarkgis known, designers/engineers spend
a considerable amount of time and money determitiiegoptimal settings of a lithography
system (e.g., scanner), which include numericattape (NA), in, cout, €tc., when initially
setting up a given process to work with a particideanner so that the resulting image
satisfies the design requirements. Indeed, thoften a trial and error process wherein the
scanner settings are selected and the desiredrrpasteimaged and then measured to
determine if the resulting image is within spedofielerances. If not, the scanner settings are
adjusted and the pattern is imaged once again aasumed. This process is repeated until
the resulting image is within the specified toleras

[07] However, as each scanner, even identical modelstyprhibit different optical
proximity effects (OPEs) when imaging a patterme #ctual pattern imaged on the substrate
differs from scanner to scanner due to the diffe@REs. For example, different OPEs
associated with given scanners can introduce signif CD variations through pitch. As
such, it is not feasible to simply utilize a newasiger at the nominal settings to image a
given pattern, as the resulting image can varyidenably from the desired target. Thus, if
it is desirable to utilize a different scanner tonp a given pattern, the engineers must
optimize or tune the new scanner, so that the tiegulimage satisfies the design
requirements. Currently, this is typically accorsipéd by a trial and error process, which as
noted above, is both expensive and time consuming.

[08] As such, there is a need for a method for optingianprocess for imaging a given
pattern that allows the process to be utilized wlifferent lithography systems that does not

require a trial and error process to be perfornoeoptimize the process and scanner settings
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for each individual scanner. In other words, thera need for a method for optimizing the
imaging performance of multiple scanners with respe a given target mask that does not

require a trial and error optimization process.

Summary

[09] Accordingly, the present invention relates to almdtfor tuning lithography systems
so as to allow different lithography systems togema given target pattern utilizing a known
process that does not require a trial and errccge®to be performed to optimize the process
and lithography system settings for each individitlabgraphy system.

[10] More specifically, the present invention relatesatmodel-based tuning method for
tuning a first lithography system utilizing a reface lithography system, each of which has
tunable parameters for controlling imaging perfoncea The method includes the steps of
defining a test pattern and an imaging model; imgghe test pattern utilizing the reference
lithography system and measuring the imaging resirttaging the test pattern utilizing the
first lithography system and measuring the imagiesults; calibrating the imaging model
utilizing the imaging results corresponding to tieéerence lithography system, where the
calibrated imaging model has a first set of paramealues; tuning the calibrated imaging
model utilizing the imaging results correspondingtie first lithography system, where the
tuned calibrated model has a second set of parawvedtees; and adjusting the parameters of
the first lithography system based on a differebetveen the first set of parameter values
and the second set of parameter values.

[11] The present invention also relates to a methodrahg a lithography system utilizing

an imaging model, where both the lithography systerd the imaging model each have
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tunable parameters for controlling imaging perfoncea The method includes the steps of
defining a test pattern; imaging the test pattetiizing the lithography system and
measuring the imaging results, where the lithogyagystem has a first set of parameter
values; tuning the imaging model utilizing the inmag results corresponding to the
lithography system, the tuned imaging model havwngecond set of parameter values;
adjusting the first set of parameters of the littaphy system based on a difference between
the first set of parameter values and the secanof garameter values.

[12] In another embodiment, the present invention reldte a method of tuning a
lithography system utilizing a target pattern, wehehe lithography system has tunable
parameters for controlling imaging performance.e ftethod includes the steps of defining a
test pattern and an imaging model; imaging theetapgttern utilizing the first lithography
system and measuring imaging results, simulatiegriaging of the target pattern utilizing
the imaging model and determining simulated imagegylts, the imaging model having a
first set of parameter values; determining targafewdata based on the simulated imaging
results and a difference between the imaging resuit the target pattern, and tuning the
imaging model utilizing the target wafer data; whéne tuned imaging model has a second
set of parameter values; adjusting the tunablenpatiers of the lithography system based on
a difference between the first set of parametaresabnd the second set of parameter values.
[13] The present invention provides significant advaasagver prior art methods. Most
importantly, the present invention provides a gysiic and cost effective model-based
tuning method for the optimization of imaging merhance and OPE matching between

different lithography systems, including scannersich are being utilized to image the same
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target pattern. As a result, the method readilpwal performance matching between
different scanners of the same model as well apédiormance matching between different
model scanners.
[14] Additional advantages of the present invention iWdtome apparent to those skilled
in the art from the following detailed descriptiohexemplary embodiments of the present
invention.
[15] Although specific reference may be made in this texhe use of the invention in the
manufacture of ICs, it should be explicitly undecst that the invention has many other
possible applications. For example, it may be egwioin the manufacture of integrated
optical systems, guidance and detection patterns nagnetic domain memories,
liquid-crystal display panels, thin-film magnetiedds, etc. The skilled artisan will appreciate
that, in the context of such alternative appliaaticany use of the terms "reticle”, "wafer" or
"die" in this text should be considered as beimqgawed by the more general terms "mask”,
"substrate" and "target portion", respectively.
[16] In the present document, the terms “radiation” ‘d&ehm” are used to encompass all
types of electromagnetic radiation, including wlicdet radiation €.g. with a wavelength of
365, 248, 193, 157 or 126 nm) and EUV (extremeauttolet radiation,e.g. having a
wavelength in the range 5-20 nm).
[17] The term mask as employed in this text may be lyoaterpreted as referring to
generic patterningneans that can be used to endow an incoming radidttam with a
patterned cross-section, corresponding to a patiextnis to be created in a target portion of

the substrate; the term “light valve” can also beduin this context. Besides the classic mask
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(transmissive or reflective; binary, phase-shiftinybrid, etc.), examples of other such
patterning means include:

» a programmable mirror array. An example of sudewace is a matrix-addressable
surface having a viscoelastic control layer andfkective surface. The basic principle behind
such an apparatus is that (for example) addresssak af the reflective surface reflect
incident light as diffracted light, whereas unaddexl areas reflect incident light as
undiffracted light. Using an appropriate filtergthaid undiffracted light can be filtered out of
the reflected beam, leaving only the diffractedhiidehind; in this manner, the beam
becomes patterned according to the addressingpatt¢he matrix-addressable surface. The
required matrix addressing can be performed usinigalde electronic means. More
information on such mirror arrays can be gleanedgekample, from United States Patents
US 5,296,891 and US 5,523,193, which are incorpdrherein by reference.

* a programmable LCD array. An example of such atantion is given in United
States Patent US 5,229,872, which is incorporageeiin by reference.

[18] The invention itself, together with further objecdsd advantages, can be better
understood by reference to the following detailessaliption and the accompanying

schematic drawings.

Brief Description of the Drawings

[19] Fig. 1is an exemplary flowchart illustrating thetimod of the present invention.

[20] Fig. 2 illustrates a graphical representation efgihocess set forth in Fig. 1.
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[21] Fig. 3 is a first graphical representation of thace spanned by the tunable and non-
tunable parameters of the imaging model illusteatie example where the tunable
parameters have an orthogonal affect on the noabtarparameters.

[22] Fig. 4 is a second graphical representation ofsfjece spanned by the tunable and
non-tunable parameters of the imaging model ilaistg the example where the tunable
parameters do not have an orthogonal affect ondheunable parameters.

[23] Fig. 5 is a block diagram graphically illustratitige components involved in the
model-based scanner tuning process of the presestion.

[24] Fig. 6 Iillustrates a graphical representation obther example of the first
embodiment of the present invention.

[25] Fig. 7 illustrates a graphical representation séeond embodiment the method of the
present invention.

[26] Fig. 8 illustrates a graphical representation dfiied embodiment the method of the
present invention.

[27] Fig. 9 is a block diagram that illustrates a cormepuystem which can assist in the
implementation of the model-based tuning procegh@present invention.

[28] Fig. 10 schematically depicts a lithographic prog@ctapparatus suitable for use with

the method of the present invention.

Description

[29] Fig. 1 is an exemplary flowchart illustrating th@ael-based scanner tuning method
of the present invention. As explained in detabbetbw, the method of the present invention

allows for simultaneous optimization of imaging foemance and OPE matching between
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different lithography systems, including scannersich are being utilized to image the same
target pattern.

[30] Referring to Fig. 1, the first step (Step 10) ie tirocess is to define the test pattern
that is to be utilized to calibrate the model foreference scanner. A suitable test pattern
(also referred to as model calibration gauge pajemay be utilized. The test pattern
utilized should sufficiently represent the featu@de imaged so that a robust model capable
of accurately predicting imaging performance of litleography system may be generated.
Such test patterns can be readily generated/selbgtéhose of skill in the art once the target
pattern or application is determined. It is notkdt it is also possible to utilize the target
pattern to be imaged as the test pattern in theratibn process.

[31] Once the test pattern is defined, in the next €&ep 20) each scanner to be tuned
(including the reference scanner) images the testeqm and the imaging results are
measured. When imaging the test pattern, the peeas) P, of each scanner is set at a
predefined nominal value, which is chosen durirg phocess design. Preferably, the same
nominal value for each parameter is utilized focheacanner during the imaging of the test
pattern. Next, the resulting features in eachhef imaged wafers are measured so as to
obtain wafer data indicative of the imaging perfarmce of the given scanner. For the
purposes of facilitating the following explanatiothe measured wafer data (WD) is
designated WD_1, WD_2 ... WD_n, where WD_1 correspaiadthe wafer data/imaging
result of the first scanner, WD_2 corresponds towlafer data/imaging result of the second
scanner and so on up to the nth scanner. Ittexdnbe measurement of the wafer data may

be made, for example, by performing various CD mesments or measuring the entire
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contour of the imaged feature which can be perfdrraglizing SEM. Typically, the
necessary measurements of the wafer data will fieedeby the model being utilized to
represent the imaging process, plus the desigs ddéning the relevant pattern space.

[32] Once the wafer data is measured, the next step g is to calibrate the model
utilizing the wafer data associated with the rafese scanner. The model parameters
associated with the reference scanner are destghdie R, and include tunable and non-
tunable parameters. As is known, during the cafibn process (which is an iterative
process), the non-tunable parameters are fixedtantlnable parameters are adjusted until
the image generated by the model (i.e., the simdlaesult) matches the actual imaging
result produced by the reference scanner. Thesmibdel parameters MP_R are adjusted
(i.e., calibrated) such that the imaging resultsdpced by the model equal the actual wafer
data associated with the reference scanner WD_Iitnasbme predefined error criteria or the
best match possible. It is noted that any suitabledel for simulating the imaging
performance of a scanner may be utilized in thecgss, for example, the Tachyon FEM
(focus-exposure-model) or LithoCruiS¥roffered by ASML. It is further noted that any one
of the scanners to be tuned and the associated datte WD _1 ...WD-n, may be utilized to
calibrate the model. As another alternative, passible to average the wafer data for each
of the scanners (WD_1 .... WD-n) for each necessaggsurement to be input into the
model, and utilize these average values as theerefe wafer data utilized to calibrate the
model parameters MP_R.

[33] In the next step (Step 40), for each scanner ttubed, the model calibrated in the

previous step having parameters MP_R is tuned @ordance with the wafer data WD _i
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associated with the given scanner (i.e., scanner Nore specifically, utilizing model
parameters MP_R as a start point, the non-tunabskngeters of MP_R remain fixed and the
variable or tunable parameters in MP_R are tunethabthe model for the given scanner,
MP_RI, produces an imaging result which is the sasethe actual wafer data WD _i
associated with the given scanner (i) within someslefined error criteria or the best match
possible. This step is a standard calibration, stéych is an iterative process in which the
variable model parameters in MP_Ri are adjusted the output of the imaging model
corresponds to the desired image (WD _i). Stes4@iformed for each scanner to be tuned.
[34] Once the model MP_R is tuned for each of the saantigereby creating “n” models
MP_R1 ..... MP_Rn (where n is the number of scannersJtep 50, each of the scanners is
tuned from the nominal parameter values that waliead to generate the initial wafer data
WD_1 .... WD_n utilizing the parameter values of tleference model MP_R and the
adjusted model parameters MP_Ri. More specifictiilg parameters Pi of each scanner are
tuned in accordance with the following equation:

[35] Pi = Pi (nominal) + MP_R — MP_Ri,

[36] where Pi (nominal) corresponds to the nominal patars utilized to generate the
initial wafer data WD_i; MP_R corresponds to partare of the calibrated model for the
reference scanner, and MP_Ri corresponds to pagasnef the calibrated model for the
scanner(i). The resulting parameters, Pi, are thglized to tune the corresponding
scanner(i).

[37] Itis noted that in the foregoing process, onlg lparameters are subtracted from one

another when executing the foregoing equation. &aample, assuming the tunable
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parameters are (T1, T2 ..... Tm), and their valuegtfe reference model are (T1r, T2r .....
Tmr), and for scanner(i) are (T1i, T2i ..... Tmi)ethominal values, Pi, of these parameters
are tuned by a delta equal to (T1r-T1i, T2r-T2i .Tmr-Tmi). By performing the foregoing
operation it is possible to reduce/minimize thdedénce between the models such that the
two scanners perform in the substantially same mrannThus, the foregoing process
provides a systematic process which allows forniaéching of similar scanners (same type
and model of machines) as well as for the matclivegimaging performance of different
scanners (i.e., different models and/or manufaciurk is noted that the tunable parameters
typically include, but are not limited to focus,sdoillumination sigma, stage tilt, etc. The
fixed parameters include, for example, but are Imoited to, resist parameters and etch
parameters.

[38] Fig. 2 illustrates a graphical representation & thregoing process. As shown in
Fig. 2, the process effectively computes the diffiee between two virtual scanners (MP_R
and MP_Ri) and then utilizes this computed diffeeeto tune the actual scanners. Figs. 3
and 4 are graphical representations of the spaaensg by the tunable and non-tunable
parameters. Fig. 3 illustrates the example wheeetiunable parameters have an orthogonal
effect on the non-tunable parameters, and Figludtihtes an example where the tunable
parameters do not have an orthogonal effect oméimetunable parameters. As shown, any
residual errors are orthogonal to the space spahpdtle tunable parameters. In the case
where the effects from tunable and non-tunablerpaters are not orthogonal, it is possible
to compensate to some degree the differences caysbe@ non-tunable parameters, through

tuning the value of the tunable parameters.
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[39] Fig. 5 is a block diagram graphically illustratitige components involved in the
model-based scanner tuning process of the preseeantion. As shown, the components
include a tuning target and a scanner to be tuedis clear from the foregoing, while there
is always at least one scanner to be tuned, tssiple that there would be multiple scanners
to be tuned. The scanner to be tuned is alwaysyaigal scanner (i.e., an actual device).
However, as explained in further detailed belowe thning target may be either a real
scanner or a virtual scanner or contour. As dmdadbove, the tuning amount is the
difference between the virtual scanner (i.e., mpdkthe scanner to be tuned and the virtual
scanner (i.e., model) of the tuning target. In thedel-based tuning process disclosed
herein, the model (i.e., virtual scanner) provitles link between the tuning target and the
scanner to be tuned.

[40] As noted, it is possible to utilize at least #hrdifferent tuning targets in the
foregoing process. The three possibilities arengsigal scanner, a virtual scanner and a
desired wafer contour. Examples of the use oftinee different tuning targets are described
below. The first option is to utilize a physicalasner as the tuning target. A physical
scanner was utilized in the example detailed abolkilizing a physical scanner as the
tuning target provides for OPE matching betweemmees. In addition, it allows for
matching between like scanner units (e.g., SN1 SNn), where SN represents the same
scanner model. It also allows for matching betwe#ferent scanner types from the same
manufacturer, as well as for matching between saarfnom different manufacturers.

[41] When performing model-based scanner tuning betwidérent scanner devices, the

same process as set forth above in Fig. 1 is edilizAs an example, assuming the to be tuned
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scanner is scanner A and the tuning target is scaRnthe first step is to print test patterns
utilizing nominal scanner parameters, P, on bot#mser A and scanner R so as to generate
wafer data WD_A and WD_R. Then, the imaging mdagihg utilized is calibrated for
scanner R such that the results of the model attyreorrespond to WD_R within some
predefined criteria. Next, the non-tunable paramsein the model MP_R are fixed and
utilized in the model and the tunable parameteesaaljusted such that the results of the
model (now referred to as MP_RA) associated widmeer A correspond to WD_A within
some predefined error criteria. Then, in the fstap, the parameters of scanner A, referred
to as PA, are tuned from the nominal parametersytifzed to produce WD_A to “P +
MP_R — MP-RA”. Fig. 6 provides a graphical reprgaéion of this process.

[42] As an alternative to the foregoing, it is also [aesto calibrate the model for scanner
A such that the results of the model accuratelyespond to WD_A with some predefined
error criteria, and then fix the non-tunable partrsein the model MP_A and utilize these
parameters in model MP_AR. The tunable paramefe¥#®_AR are then adjusted such that
the results of the model MP_AR associated with searR correspond to WD_R within
some predefined error criteria. Then, in the fstalp, the parameters of scanner A, referred
to PA, are tuned from the nominal parameters, ikzed to produce WD_A to “P + MP_AR

— MP_A". In yet another variation, it is also pis to utilize an average of the two
foregoing processes when determining the amouturte scanner A. These processes can
also be utilized when tuning scanners from differeaanufacturers.

[43] Next, an example is provided of utilizing a virtisanner (i.e., model) as the tuning

target. The first step in the process is to ob&iknown model, referred to as MP_K.
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Preferably, the model MP_K is calibrated for theegi process being utilized and produces
results which are within some predefined errorecidt The next step is to print test patterns
with the current scanner C (i.e., the scanner taubed) and measure the resulting wafer
data, thereby generating data WD_C. Next, althef non-tunable parameters in model
MP_K are fixed and the tunable parameters of mbtiel K are adjusted so that the results
of the model, now referred to as MP_KC, correspiond/D_C within some predefined error
criteria. Then, in the final step of the procdbg, settings of scanner C are tuned from the
current settings “PC”, which were utilized to iaitiproduce WD_C, to “PC + MP_K -
MP_KC”. This process can be useful for correctadndrift (e.g., laser drift) within the
scanner, and well as correction of drift in othéndgraphy processes (e.g., resist process,
etch process, etc.) The process is also usefadmmizing a given scanner for a given OPC
process, where the OPC process is effectively pwated into the model to which the
scanner will be tuned. It is noted that it is plolesto utilize an FEM model in the foregoing
process as the reference model. Further, the nmdglconsider both in focus and defocus
conditions. A graphical representation of thisgerss is illustrated in Fig. 7.

[44] As noted above, it is also possible to utilize afew contour as the tuning target.
This process is useful for optimizing a scannerad@pecific device mask to optimize CDU
(critical dimension uniformity, as well as for optimizing a scanner for a knowasknerror.
The first step in the process is to image/prinpecgic device mask and measure the data,
which is referred to as WD_M. The mask is imagglizing the scanner to be tuned, where
the parameters of the scanner are initially setaminal values “PC”. It is noted that the

target or desired wafer data, which obtains opti@@U is referred to as WD_T. In the next
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step, utilizing a given model (as with the examglbeve, any suitable simulation model may
be utilized) which is referred to as MP_C, the ¢angattern is processed by the model MP_C
and produces simulated wafer data WD_C. Nextiuhang of the model MP_C necessary
to obtain the desired simulated imaging result,clwhs referred to as WD_CT, is determined
by the equation:

WD_CT =WD_C + (WD_T-WD_M)
[45] Thereafter, all of the non-tunable parameters irdehdViP_C are fixed and the
tunable parameters are tuned so that the modelhwisi now referred to as MP_CT,
produces a simulated imaging result which corredpdn WD_CT. In the final step, the
scanner to be tuned is tuned from the nominalrgettof “PC” to PC + MP_CT — MP_C".
Fig. 8 illustrates a graphical representation effttregoing process.
[46] It is noted that the foregoing process can be ligefuoptimizing CDU across the
chip after the mask is made for a number of clitpatterns. It is also noted that in the
foregoing process, a limitation on the tuning maynecessary to prevent excessive tuning
for the limited device patterns considered in tHeUC For example, a test pattern may be
mixed in order to anchor the tuning process.
[47] This third category of scanner tuning also alloasscanner optimization for a given
mask error. More specifically, the process entallining a current model with a known
mask error, referred to as MP_M. It is noted thahe given example, MP_M is essentially
the FEM with a known non-tunable parameter (mas&reichanged by a known amount.
Then, utilizing the model MP_M, without the maskogy simulate the test pattern (i.e., wafer

contour) so as to obtain simulated wafer data widsk error, WD_T. Next, all non-tunable
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parameters in model MP_M are fixed, and the tunphlameters are adjusted such that the
model, now referred to as MP_MT, produces a siredlamaging result based on the test
pattern which corresponds to WD_T. In the finajpstthe scanner to be tuned is tuned from
the nominal settings of “PC” to PC + MP_MT — MP_MThis process allows the scanner to
be tuned to image a mask with a known systematiz.er

[48] As noted above, the model-based scanner tuningde@®wumerous advantages over
prior art methods. Most importantly, the presemntention provides a systematic and cost
effective method for the optimization of imagingripemance and OPE matching between
different lithography systems, including scannersich are being utilized to image the same
target pattern. As a result, the present inventieadily allows performance matching
between different scanners of the same model dsawdbr performance matching between
different model scanners.

[49] The methods of the present invention also allownsees to be tuned to a known
model or a known wafer contour (i.e., target palterThese processes allow for, among
other things, lithography process drift correctioasanner optimization for a given OPC
process, scanner optimization for a specific deviwsk in order to optimize CDU and
scanner optimization for a known mask error.

[50] It is further noted that model separability is amportant aspect of the model based
tuning/matching/optimization process of the presemention. In other words, the total
lithography behavior can be described accurateladjysting only the tunable parameters.
Brion’s focus-exposure-model “FEM” achieves sepditgbacross focus-exposure process

window variation. Further, FEM can also achievedeiseparability with respect to many
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other tunable parameters, such as, but not limitgdNA, illumination, etc., within a
reasonable range of parameter change. If the duamount is too large such that it goes
beyond the model separability range, the tuningbeaachieved through two or more steps.
[51] It is also noted that if desired, the effect of theing on the pattern can be analyzed
using an OPC verification tool such as Tachyon’'sQ.NLithographic Manufacturability
Check), since the model can quantitatively anatjweimpact of the changes to the model
(i.e., tuning) on the full chip patterns. The prdees for performing this check is as follows.
First, use LMC to simulate full chip on-wafer comtousing the models before and after
tuning. Next, compare the difference between the ¢ontours to analyze the differences
between the two.

[52] With non-tunable parameters allowed to vary, itaiso possible to quantitatively
analyze the residual error’s effect on the fullpcpattern. The residual error is the difference
between the after-tuning and tuning target. Threlmaccomplished by fitting the model for
the wafer data, and allowing both tunable and tumable parameters to vary, i.e., fitting a
full model based on the wafer data, and then uskg to simulate full chip on-wafer
contour using models which: (1) only allow tunalpia@rameters to vary (i.e., the model
coming out of the tuning procedure), and (2) allwoth tunable and non-tunable parameters
to vary (i.e., the model coming out of the abovelitohal step). Once this is done, a
comparison is made to identify the differences leetwthe two contours. The difference
between the contours is the residual error afteinty If there are contour differences that

are too large to be acceptable, the normal scatureéng based on existing tunable
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parameters is unable to achieve the tuning goaldithonal actions may be taken to enable
more parameters to be tunable, or scanner changgberequired.

[53] Alternatives to the foregoing processes are alsssipte. As one example, when
wafer data is available for both current scanne&dden and tuning target condition, e.g., in
the case of matching between two physical scanngh®ut a prior model, an alternative
embodiment is to perform joint calibration on thafer data utilizing both current scanner
condition and target scanner condition. This in@erforming a joint model calibration
process which allows non-tunable parameters to wrampe calibration process but forces
them to be the same in both the current scannatitcmm and the target scanner condition,
and which allows the tunable parameters to indepmthdvary under both conditions. After
the joint calibration, the difference between theable parameters of both conditions is the
optimal tuning amount.

[54] Fig. 9 is a block diagram that illustrates a corspuystem 100 which can assist in
the model-based scanner tuning method disclosesinheComputer system 100 includes a
bus 102 or other communication mechanism for comaating information, and a processor
104 coupled with bus 102 for processing informati@omputer system 100 also includes a
main memory 106, such as a random access memorM)RA other dynamic storage
device, coupled to bus 102 for storing informatiand instructions to be executed by
processor 104. Main memory 106 also may be usestdoing temporary variables or other
intermediate information during execution of instians to be executed by processor 104.
Computer system 100 further includes a read onipang (ROM) 108 or other static storage

device coupled to bus 102 for storing static infation and instructions for processor 104.
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A storage device 110, such as a magnetic disk ticadlisk, is provided and coupled to bus
102 for storing information and instructions.

[55] Computer system 100 may be coupled via bus 10dispday 112, such as a cathode
ray tube (CRT) or flat panel or touch panel disdlaydisplaying information to a computer
user. An input device 114, including alphanumend other keys, is coupled to bus 102 for
communicating information and command selectiongrézessor 104. Another type of user
input device is cursor control 116, such as a moageackball, or cursor direction keys for
communicating direction information and commandesgbns to processor 104 and for
controlling cursor movement on display 112. Tlimigut device typically has two degrees of
freedom in two axes, a first axis (e.g., X) anéeosd axis (e.g., y), that allows the device to
specify positions in a plane. A touch panel (scyedisplay may also be used as an input
device.

[56] According to one embodiment of the invention, pors of the scanner tuning
process, for example, simulation operations, mapdréormed by computer system 100 in
response to processor 104 executing one or mongesegs of one or more instructions
contained in main memory 106. Such instructiong b&read into main memory 106 from
another computer-readable medium, such as stoeageed110. Execution of the sequences
of instructions contained in main memory 106 caysesessor 104 to perform the process
steps described herein. One or more processa@snulti-processing arrangement may also
be employed to execute the sequences of instrigctiontained in main memory 106. In

alternative embodiments, hard-wired circuitry mayused in place of or in combination with
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software instructions to implement the inventiohhus, embodiments of the invention are
not limited to any specific combination of hardwaneuitry and software.

[57] The term “computer-readable medium” as used herefiers to any medium that
participates in providing instructions to proces$64 for execution. Such a medium may
take many forms, including but not limited to, newiatile media, volatile media, and
transmission media. Non-volatile media includea, dgample, optical or magnetic disks,
such as storage device 110. Volatile media incthydemic memory, such as main memory
106. Transmission media include coaxial cableppeowire and fiber optics, including the
wires that comprise bus 102. Transmission mediaatso take the form of acoustic or light
waves, such as those generated during radio fregu€éRF) and infrared (IR) data
communications. Common forms of computer-readat#dia include, for example, a floppy
disk, a flexible disk, hard disk, magnetic tapey ather magnetic medium, a CD-ROM,
DVD, any other optical medium, punch cards, papeet any other physical medium with
patterns of holes, a RAM, a PROM, and EPROM, a RHAFROM, any other memory
chip or cartridge, a carrier wave as describedihafter, or any other medium from which a
computer can read.

[58] Various forms of computer readable media may belugd in carrying one or more
sequences of one or more instructions to proceB84drfor execution. For example, the
instructions may initially be borne on a magnetigkdf a remote computer. The remote
computer can load the instructions into its dyname@mory and send the instructions over a
telephone line using a modem. A modem local tomasr system 100 can receive the data

on the telephone line and use an infrared transmiitconvert the data to an infrared signal.
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An infrared detector coupled to bus 102 can rectieedata carried in the infrared signal and
place the data on bus 102. Bus 102 carries the tamain memory 106, from which
processor 104 retrieves and executes the instngctiorhe instructions received by main
memory 106 may optionally be stored on storageade¥ilO either before or after execution
by processor 104.

[59] Computer system 100 also preferably includes a camcation interface 118
coupled to bus 102. Communication interface 1 ides a two-way data communication
coupling to a network link 120 that is connectedatdocal network 122. For example,
communication interface 118 may be an integratedces digital network (ISDN) card or a
modem to provide a data communication connectioa torresponding type of telephone
line. As another example, communication interfa&8 may be a local area network (LAN)
card to provide a data communication connectioa tompatible LAN. Wireless links may
also be implemented. In any such implementatiomraunication interface 118 sends and
receives electrical, electromagnetic or opticalnalg that carry digital data streams
representing various types of information.

[60] Network link 120 typically provides data communioat through one or more
networks to other data devices. For example, ndétwiok 120 may provide a connection
through local network 122 to a host computer 124codata equipment operated by an
Internet Service Provider (ISP) 126. ISP 126 mm tprovides data communication services
through the worldwide packet data communicatiorwonet, now commonly referred to as
the “Internet” 128. Local network 122 and Interd@8 both use electrical, electromagnetic

or optical signals that carry digital data streanihie signals through the various networks
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and the signals on network link 120 and through moimication interface 118, which carry
the digital data to and from computer system 108, exemplary forms of carrier waves
transporting the information.
[61] Computer system 100 can send messages and ree¢d/arttluding program code,
through the network(s), network link 120, and comioation interface 118. In the Internet
example, a server 130 might transmit a requesteé éar an application program through
Internet 128, ISP 126, local network 122 and compation interface 118. In accordance
with the invention, one such downloaded applicatiprovides for the illumination
optimization of the embodiment, for example. Tleeeaived code may be executed by
processor 104 as it is received, and/or storedarage device 110, or other non-volatile
storage for later execution. In this manner, cammpsgystem 100 may obtain application
code in the form of a carrier wave.
[62] Fig. 10 schematically depicts an exemplary littapdnic projection apparatus that
could be tuned utilizing the process of presen¢mion. The apparatus comprises:

- aradiation system EX, IL, for supplying a paijon beam PB of radiation. In this
particular case, the radiation system also compas@adiation source LA,

- afirst object table (mask table) MT provideiihna mask holder for holding a mask
MA (e.g., a reticle), and connected to first positioningams for accurately positioning the
mask with respect to item PL;

- a second object table (substrate table) WT ideal with a substrate holder for
holding a substrate Wef., a resist-coated silicon wafer), and connectedsecond

positioning means for accurately positioning thlesttate with respect to item PL;
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- a projection system (“lens”) Ple.§., a refractive, catoptric or catadioptric optical
system) for imaging an irradiated portion of theskidMA onto a target portion Ce.,
comprising one or more dies) of the substrate W.

[63] As depicted herein, the apparatus is of a trangweidgpe (.e, has a transmissive
mask). However, in general, it may also be of fectéve type, for example (with a
reflective mask). Alternatively, the apparatus neayploy another kind of patterning means
as an alternative to the use of a mask; exampthsde a programmable mirror array or LCD
matrix.

[64] The source LAd.g., a mercury lamp or excimer laser) produces a bafaradiation.
This beam is fed into an illumination system (ilimator) IL, either directly or after having
traversed conditioning means, such as a beam egpé&xd for example. The illuminator IL
may comprise adjusting means AM for setting theeouand/or inner radial extent
(commonly referred to as-outer ando-inner, respectively) of the intensity distributiam
the beam. In addition, it will generally comprigarious other components, such as an
integrator IN and a condenser CO. In this way ié@m PB impinging on the mask MA has
a desired uniformity and intensity distributioniti$ cross-section.

[65] It should be noted with regard to Fig. 10 that soeirce LA may be within the
housing of the lithographic projection apparatisigaoften the case when the source LA is a
mercury lamp, for example), but that it may alsorémote from the lithographic projection
apparatus, the radiation beam that it producesgtenhinto the apparatus.g., with the aid

of suitable directing mirrors); this latter scewais often the case when the source LA is an
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excimer laserdg., based on KrF, ArF or;Hasing). The current invention encompasses at
least both of these scenarios.
[66] The beam PB subsequently intercepts the mask MAchnis held on a mask table
MT. Having traversed the mask MA, the beam PB ma#s®ugh the lens PL, which focuses
the beam PB onto a target portion C of the sulestvét With the aid of the second
positioning means (and interferometric measuringmseF), the substrate table WT can be
moved accuratelye.g. so as to position different target portions Gha path of the beam
PB. Similarly, the first positioning means canused to accurately position the mask MA
with respect to the path of the beam BB,, after mechanical retrieval of the mask MA from
a mask library, or during a scan. In general, moat of the object tables MT, WT will be
realized with the aid of a long-stroke module (seapositioning) and a short-stroke module
(fine positioning), which are not explicitly depect in Fig. 10. However, in the case of a
wafer stepper (as opposed to a step-and-scanth@ofpask table MT may just be connected
to a short stroke actuator, or may be fixed.
[67] The depicted tool can be used in two different esod

- In step mode, the mask table MT is kept essgnstationary, and an entire mask
image is projected in one gag, a single “flash”) onto a target portion C. Tédbstrate
table WT is then shifted in the x and/or y direnso that a different target portion C can be
irradiated by the beam PB;

- In scan mode, essentially the same scenarioesp@xcept that a given target
portion C is not exposed in a single “flash”. b&ed, the mask table MT is movable in a

given direction (the so-called “scan directiorq., the y direction) with a speed so that
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the projection beam PB is caused to scan over & immasge; concurrently, the substrate table
WT is simultaneously moved in the same or oppatitection at a speed = My, in which

M is the magnification of the lens PL (typicalM,= 1/4 or 1/5). In this manner, a relatively
large target portion C can be exposed, withoutrigaté compromise on resolution.

[68] The concepts disclosed herein may simulate or enadltically model any generic
imaging system for imaging sub wavelength featueesl may be especially useful with
emerging imaging technologies capable of produaiagelengths of an increasingly smaller
size. Emerging technologies already in use inclHd&/ (extreme ultra violet) lithography
that is capable of producing a 193nm wavelengthn wie use of a ArF laser, and even a
157nm wavelength with the use of a Fluorine lagddareover, EUV lithography is capable
of producing wavelengths within a range of 20-5nynuing a synchrotron or by hitting a
material (either solid or a plasma) with high enyeedectrons in order to produce photons
within this range. Because most materials arerghige within this range, illumination may
be produced by reflective mirrors with a multi-dta¢ Molybdenum and Silicon. The multi-
stack mirror has a 40 layer pairs of Molybdenum &ilccon where the thickness of each
layer is a quarter wavelength. Even smaller wagiless may be produced with X-ray
lithography. Typically, a synchrotron is used toguce an X-ray wavelength. Since most
material is absorptive at x-ray wavelengths, a fhete of absorbing material defines where
features would print (positive resist) or not piinégative resist).

[69] While the concepts disclosed herein may be usenini@aging on a substrate such as a

silicon wafer, it shall be understood that the ldised concepts may be used with any type of
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lithographic imaging systems,g., those used for imaging on substrates other ti&ors
wafers.

[70]  Although the present invention has been descrédetillustrated in detall, it is to be
clearly understood that the same is by way of tilateon and example only and is not to be
taken by way of limitation, the scope of the preésewmention being limited only by the terms

of the appended claims.
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CLAIMS

1. A method of tuning a lithography system utiliziag imaging model, said
lithography system and said imaging model each rigatunable parameters for
controlling imaging performance, said method cosipg the steps of:

defining a test pattern;

imaging a test pattern utilizing said lithographystem and measuring the
imaging results, said lithography system havingst $et of parameter values;

tuning said imaging model utilizing said imaginguks corresponding to said
lithography system, said tuned imaging model hawngecond set of parameter
values;

adjusting said first set of parameters of saidofjtaphy system based on a
difference between said first set of parameteresbnd said second set of parameter
values.
2. A method of tuning a lithography system accogdio claim 1, wherein said
lithography system comprises a scanner.
3. A method of tuning a lithography system accogdio claim 1, wherein said
imaging model further comprises fixed parameters.
4. A method of tuning a lithography system accogdio claim 1, wherein said
tunable parameters of said lithography system spoed to said tunable parameters

of said imaging model.
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5. A method of tuning a lithography system accagdio claim 1, wherein said
tunable parameters of said lithography system etratsa nominal value when imaging said

test pattern



