SYSTEM AND METHOD FOR EVALUATI NG ERROR SOURCES

ASSCCI ATED W TH A MASK RELATED APPLI CATI ONS [001] This
application is a NONPROVI SI ONAL of, clains priority to
and incorporates by reference U. S. Provisional Patent
Applications 61/156, 445, filed 27 February 2009, and
61/ 156, 450, filed 27 February 2009. FlIELD OF THE

I NVENTI ON [ 002] This invention is generally in the
field of evaluating masks and especially for

eval uating error sources associated with a
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soorasks. [004] Moreover, the mask is often used in a
repeated nmanner to create nmany dies on the wafer.
Thus, any defect on the mask will be repeated nmultiple
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be produced. Such a circuit design is first patterned on a mask. Hence, in
order to obtain operating semiconductor devices, the mask must be defect
free. Masks are manufactured by a complex process and can suffer from one
Of more error Sources.
[004] Moreover, the mask is often used in a repeated manner to create many
dies on the wafer. Thus, any defect on the mask will be repeated multiple
times on the wafer and will cause multiple devices to be defective.
Establishing a production-worthy process requires tight control of the overall
lithography process. Within this process, CD control is a determining factor
with respect to device performance and yield.
[005] Various mask inspection tools have been developed and are available
commercially. According to the known techniques of designing and evaluating

masks, the mask is created and used to expose therethrough a wafer, and



have been transferred to the wafer according to the
design. Any variations in the final features fromthe
i nt ended desi gn necessitate nodifying the design,
creating a new mask, and exposing a new wafer. [006]
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to facilitate the manufacturing of very snal
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2 [0010] A method for evaluating error sources associated with a mask, the
method can include: receiving data representative of multiple images of the
mask; calculating for each sub-frame out of a plurality of sub-frames of each
image of the mask a relationship value that represents a relationship between
values of multiple functions of intensities of pixels of the sub-frame; and
compensating for illumination power variations that affect the multiple images
in response to relationship values of sub-frames of the multiple images.
[0011] A system for evaluating error sources associated with a mask, the

system can include: an interface that receives data representative of multiple
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i mages of the mask that were obtained at different
exposure conditions; and a processor that cal cul ates,
for each sub-frame out of a plurality of sub-franes of
the multiple imges, a function of intensities of

pi xel s of the sub-frame to provide nmultiple calcul ated
val ues; and detecting error sources in response to
cal cul ated values and in response to sensitivities of
the function to each error source. [0012] A systemfor
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second error sources; wherein the sensitivity of the mask image obtaining
process to a first arrd second error sources is calculated by : receiving
calibration data representative of a image of a reference pattern, an image a
first perturbed pattern and an image of a second perturbed pattern, wherein
the first perturbed pattern reflects an induction of the first error source to the
reference pattern, wherein the second perturbed pattern refiects an induction
of the second error source to the reference pattern; and evaluating the



i - Srrn— a N

3 sensitivity of the mask i nage obtaining process to
the first and second error sources based on a

rel ati onshi p between the received calibration data.
[0015] A nethod for evaluating error sources associ ated
with a mask, the nethod includes: receiving
calibration data representative of an inmage of a
reference pattern, an image a first perturbed pattern
and an image of a second perturbed pattern, wherein
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BRP %ggeﬁf S\ BEMRgEa we ed pattern and an image of a
second perturbed pattern, wherein the first perturbed pattern reflects an
induction of the first error source to the reference pattern, wherein the second
perturbed pattern reflects an induction of the second error source to the
reference pattern; and evaluating the sensitivity of the mask image obtaining
process to the first and second error sources based on a relationship between
the received calibration data.



[0017] In order to understand the invention and to see
how it may be carried out in practice, an enbodi nent
will now be described, by way of non-limting exanple
only, with reference to the acconpanying draw ngs, in
which: [0018] Fig. 1 is a flow chart of a nethod,
according to an enbodi nent of the invention; [0019]
Fig. 2 is a flowchart of a nethod, according to an
enbodi nent of the invention; [0020] Fig. 3 is a flow
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[ O(AB] Fig.Oisis a7 ffowr Eharl dfusinethibe, sxamPlgeas aafersamhdnt v thees
ac?n%rgl ng to an enbodi nent of the invention; [ 0025]

Il ustrates a method accor di ng to an enbodl ment
of [QOI19] Fig.rvisret flawn chdrOe¥26nefhng,. acBondinig us tan adntboldintent of the
apg&% [OES according to an enbodi ment of the invention;

ﬁ“ . 10A and 10B illustrate relationships
bellR8RITIarR igweliageharmieneeihgd, 4c8dingfto sinlenflodimesit of the
eagiemhhai ned image and differences (OCD) in the
critical’ dinmension of each pattern for various
i | 996 Iaa iols acdehariod s metbed.dicagrding tamn eomtiodiame af thef
t hgweapgntion; and [0028] Figures 11A-11D il I ust rate
sensi tivi t% and estimation errors for multip
n
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[0025] Fig. 8 illustrates a method according to an embodiment of the
invention;
[0026] Fig. 9 illustrate two apertures according to an embodiment of the
invention;
[0027] Figs. 10A and 10B illustrate relationships between an average intensity
(1) of sub-frames of each obtained image and differences (5CD)} in the critical
dimension of each pattern for various illumination conditions according to an
embodiment of the invention; and
[0028] Figures 11A-11D illustrate sensitivity and estimation errors for multiple

ilumination conditions according to an embodiment of the invention.

DETAILED DESCRIPTION

[0029] Methods and system for evaluating error sources of a mask are
provided. The mask is used during a photolithographic process. One or more
images of the mask can be obtained at one or more exposure conditions. The

exposure conditions can differ from each other. One or more functions of



prm——— . PanIn— P -

5 intensities of pixels of sub-franes of these one or
nore i mages are calculated. The results of the
calculation are referred to as cal cul ated val ues. These
cal cul ated val ues can provi de an indication about error
sources in the mask. [0030] It is noted that one or
nore i mages of a mask can be obtained as well as one
or nore inmages of portions of a mask can be obtai ned.
For sinplicity of explanation the "inage of mask" also
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and its contribution to an image of a mask.

{0035] Method 100 can start by stage 110, 120 or 130.

[0036] Stage 110 includes optically obtaining images of the mask, wherein the
images are obtained at different exposure conditions. Each image includes
sub-frames. The sub-frames of each image can be of the same size and
shape. Their size and shape can be selected in response to the shape and
size of patterns of interest. For example - a sub-frame can be selected to
include a multiple integer of features that form a repetitive pattern.

[0037] 1t is noted that one or more images can be obtained at the same
exposure condition while one or more other images can be obtained at

another exposure condition.




anot her exposure condition. 6 [0038] As a rule of

t hunb, by selecting |arger sub-frames can contribute to
the accuracy of a conputation of the function of an
intensity of the pixels of the sub-frame, especially
when perform ng averagi ng over |arger sub-franes.
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the function of the intensity integral of a sub-frane.
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image | s obtained at | ow nunerical aperture.
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ilumination conditions imposed by a lithographic manufacturing tool such as a
stepper.
[0043] According to another embodiment of the invention one of the images
can be obtained by applying an aerial imaging condition and at least one other
image is obtained at low numerical aperture.
[0044] According to a further embodiment of the invention multiple images can
be acquired under different optical imaging conditions.
[0045] Stage 120 includes pre-processing images of the mask.
[0046] Stage 120 outputs data representative of the images. Stage 120 of

processing can include generating gray level image, performing focus



[ 0045] Stage 120 includes pre-processing i mages of the
mask. [0046] Stage 120 outputs data representative of
the i mages. Stage 120 of processing can include
generating gray |evel imge, performng focus 7
corrections, aberration conpensation, transformation of
the inmages to a required data format and the |ike.
Stage 120 can be followed by stage 130. [0047] Stage
130 includes receiving data representative of nultiple
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t hQaridh¥@ N ia0Paramd@e ot 40pARFh", which is incorporated herein by its
entirety. It has been shown that changes of a characteristic (such as a critical
dimension) of an article generated by the mask can be estimated in view of
the average of the intensity integral of the sub-frame.

[0054] According to yet other embodiments of the invention stage 140 can
include calculating multiple functions of intensities of pixels of a sub-frame to
provide multiple calculated values.

[0055] The calculation of multiple functions can reduce the number of images
that should be obtained in order detect error sources and, additionally or
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include calculating nmultiple functions of intensities
of pixels of a sub-frane to provide nultiple
cal cul ated val ues. [0055] The cal culation of nultiple
functions can reduce the nunber of images that should
be obtained in order detect error sources and,
additionally or 8 wwd~ alternatively, can be used in
increase the reliability of the detection of the error
sources. [0056] Stage 140 is foll owed by stage 150 of
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mask, and the like.

[0060] Multiple error sources or more exactly the contribution of each error
source out of multiple error sources can be learnt from comparing multiple
values of the function of an intensity of pixels of each sub-frame integral that
are expected to be equal to each other without the presence of error sources.
[0061] This comparison can include comparing between cailculated values
associated with sub-frames positioned at the same location within different
frames.

[0062] These sensitivities can be fed to method 100 or can be calculated
during method 100.

[0063] Figure 2 illustrates method 200 for calculating sensitivities of the

function to each error source according to an embodiment of the invention.



[0061] This conparison can include conparing between
cal cul ated val ues associated with sub-franes
positioned at the sane |location within different

frames. [0062] These sensitivities can be fed to nethod
100 or can be cal culated during nethod 100. [0063]
Figure 2 illustrates nethod 200 for cal cul ating
sensitivities of the function to each error source
according to an enbodi nent of the invention. 9 [0064]
Met hod 200 repetitively sinulates changes in a
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known error sources can un1nate to pro
|nﬁ§‘€§ 2¢fhat are then processed in order to evaluate

t hmoszesmmte! WetHoﬁSZOOTmﬁﬁ%tésnﬁgﬁl‘ﬁulﬁ@Jh Bsséabléﬁblnﬁ%na&f the
di fferent on_conditjons. [0072] Referring

pacR S dhisehated dhelduesoeensiiips crdlRoadetibigd n otver

I esfaanats Eprie@ample - images of masks that have known error sources can
be illuminated to provide images that are then processed in order to evaluate
the sensitivities. These images can be obtained at different illumination
conditions.

[0072] Referring back to figure 1, stage 150 can be.foilowed by responding to
the detected error sources. This stage can include repairing the mask,
defining the mask as a faulty mask, defining the mask as functional,
generating a repair indication of the mask and the like.

[0073] Stage 160 can include determining how to respond to the detected
error sources by evaluating their printability or otherwise evaluating whether
these error sources will affect an article manufactured by illuminating the
mask. Stage 160 can include determining variations of a feature of an article
that is manufactured by utilizing the mask. If these variations are not
acceptable then the mask can be sent to be repaired or be rejected.
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the detected error sources. This stagé can incl ude
repairing the mask, defining the mask as a faulty
mask, defining the mask as functional, generating a
repair indication of the mask and the |ike. [0073]
Stage 160 can include determ ning how to respond to the
detected error sources by evaluating their
printability or otherw se eval uati ng whether these
error sources wll affect an article manufactured by
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oﬁ@gg@'@ewa% rﬁweb%@@alned by applylng an aenal |mag|ng condmon but

this is not necessarily so.
[0081] Stage 320 includes pre-processing the image of the mask, wherein the

images are obtained at different exposure conditions. Stage 320 outputs data
representative of the image.

[0082] Stage 330 includes receiving data representative of the image of the
mask.

[0083] Stage 330 is followed by stage 340 of calculating, for each sub-frame
out of multiple sub-frames of the image of the mask, multiple functions of
intensities of pixels of the sub-frame to provide multiple calculated values.
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[0080] The image can be obtained by applying an aeri al

i mgi ng condition but this is not necessarily so.

[ 0081] Stage 320 includes pre-processing the i mage of
the mask, wherein the inmages are obtained at different
exposure conditions. Stage 320 outputs data
representative of the image. [0082] Stage 330 incl udes
receiving data representative of the imge of the

nask [0083] Stage 330 is followed by stage 340 of
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g error rce. H%10085 St age 350 can be foll owed by
pingtiond 'é?‘p%‘ MRFEaUehe detected error sources.
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| [ | lgstrat s met hod 400 for evaluating error sources

'?: with a mask. [0087] Method 400 can include
st Bge7Mahaf 400%eca inclnde sfaga41®pf eseinhgdataerepiesentativei gdl e
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nuleprgseats eUkietionshy W@W‘@h@ﬁpf eyltiple fusities ef igensitirs of

SUFmél%@f‘ﬁe sLRRSPL Stage 420 can include cal cul at| ng
relationship values for sub-frames that bel ong
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baiped Bl e dnpien seurces fyimted | 79 iEARHER i on
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ratioc between an average of an intensity integral of the sub-frame and a
standard deviaticn of the intensity integral of the sub-frame.
System
[0092] Reference is made to Fig. 5 schematically showing, by way of a block
diagram, an example of system 500 according to an embodiment of the
invention.
[0093] System 500 includes interface 510 and processor 520. Fig. 5 also ‘
illustrated system 500 as including image obtainer 530 that obtains the
multiple images of the mask at different exposure conditions. Image obtainer
can include illumination source 531, optics 532, mask holder 533 and detector |
534. Image obtainer can be an Aerial inspection tool or can be included in '
such a tool. Optics 532 can include one or more optical element {such as a ’
\

lens, aperture 536, a spatial filter, and the like) located between illumination
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standard deviation of the intensity integral of the
sub-frame. System [0092] Reference is made to Fig. 5
schematical ly showi ng, by way of a block diagram an
exanpl e of system 500 according to an enbodi nent of the
i nvention. [0093] System 500 includes interface 510 and
processor 520. Fig. 5 also illustrated system 500 as

i ncludi ng i nage obtai ner 530 that obtains the nultiple
i mages of the mask at different exposure conditions.
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[ O%%%seﬁ%ra 8 ??gﬁn&) ﬁ?ﬁ?ég” ﬁue@ ?Fh%ﬁ %rfuéc%gnsc gﬂntgg% W gte
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affected the multiple images in response to relationship values of sub-frames
of different images.

Mathematical analysis - GDR mask

[00100] To treat the recovery of mask error sources, a TCC
(Transmission Cross Coefficient) approach for the computation of the images
obtained can be taken. The TCC approach is justified under the assumptions
that both the "thin" (i.e. Kirchhoff) mask approximation and the Hopkins
approximation hold. The TCC is has a particularly compact form for mask
patterns that have very well defined spectral content. indeed, a dense 1D
GDR mask pattern is essentiaily represented by a single spatial frequency.
[00101] The TCC approach can be used to derive expressions for the
response of the average intensity of the aerial image to smali perturbations
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represents a relationship between values of nultiple
functions of intensities of the sub-frame; and
conpensates for illum nation power variations that
affected the multiple inmages in response to
rel ati onshi p values of sub-franmes of different inmages.
Mat hemati cal anal ysis - GDR mask [00100] To treat the
recovery of mask error sources, a TCC (Transm ssion
Cross Coefficient) approach for the conputation of the
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paf SN exposure tTons:
napﬁ&w&tlcal analysis will illustrate that a

tio y average
IR, | Ot spetitn 8 4 TR RS W ARy ot
condltum):agecemugtwg,f%cm@mﬁJgamwmfegde (1)
strength of the mask error source. For concreteness,

the follow ng mat hemati cal analysis focus on
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spectrumo an aerial image is given by equat
1( plpasg) of the TEek.. sl the tllgegenotes the Fourier transform of a quantlty,
1 0
o LT 4 Sardsoh hord S E

i nfuaoiint of fomf vdrhbleae!ﬁeit&lommmede@nb& thef affaet biothe tdpdital
nsm ssion (including phase) of the

descse besdt %ef: eti?
waék TREHUHENPY @2 denot es the Fouri er transforn1of a
quant i 16 £, ¥ 7", g’%(:fjl{ﬂ)f:gﬁ@@%ﬂ)g g)@?“%&f)% S@j on

Cross coe fl cl ent function of four variab es

t ho10)np! etigrley 7 dﬁ@cﬁa&% tr@%c?tfvfeﬁcme%uttuhrem%btycai the

system and is defined )
J/ ﬂlﬁm@)atiqv(qaufoe P dye tiz(qsf}qr funﬁtugj‘l 9f(§feo<§)"e((t@p optics.

[00106] A function of the intensities of pixels of a sub-frame of an aerial
image provides an indication of an average intensity of these pixels),
correspondingto f=g=0:

100) = [[rcC(f. g:.2) |0(f g) drdg. (3)

[00107] Notice that in this case the TCC assumes a particularly simple

form:

CC(f g 1480 = [T | + g+ g df ds. )
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[00105] , Here Jand Tl denote, respectively, the nutual
intensity of the illumnation source and the transfer
function of the collection optics. [00106] A function
of the intensities of pixels of a sub-frame of an
aerial i1mage provides an indication of an average
intensity of these pixels), corresponding tof =g =
0: 1uv=1(0,0)=f JTCC(f,qg;f,qg) o(f,qg)l2dfdg. (3)

[00107] Notice that in this case the TCC assunes a
particularly sinple form TCC(f' ; f,9)=f

J2(do193) f (f Since awd)dell Soptic4) abelrﬂitl&%lgﬁg irmad¥ forfnBfon is

effect of optical aberratjons on inmage formation 1s
caseRtHed eatitelyr 1 the phaserns Jhes ¢4)dmpies, thaidhe dvirageniplensity

t had inddiRiioy & ARGalidgHsensity 1is insensitive to
ab erlpatl Iolns [0 %69] The TCC can be aPpI ied toalD

(1 i19H8%and- gb%c?s@ dashe apeliedetona 1let(ingstandtspeces) troask
an@aflerh Nt | J sesndbiinh and G e in@Mddth yAddﬂBﬂQIyedQ%té Qﬁrﬁ%es

tfg the transm ssion and phase of the patftern's

and, spdixesransmisspac tind efhase FOir trex pape®’'s Albsatahe Nusdcesd
| ow-transnmi ssion MoSIi (6% Phase Shift Mask (PSM
CorPsPSpiyAtis Feloexappie-a0. aiztsmmheﬁ Ipwgraﬂimlswm iMashi¢8%) Phase
def t S suc ter

Shik AR Pémﬁ@gﬁ%‘;"?‘g t g),,g 4 ?ﬁd Bl &Q{ﬁ&e
S| néﬁﬁltabhskhksr&bbﬂuﬁw@fsuim@ﬂét&}n ibfgwieﬁ b@.ot ed _that this
spectrumis co osed of harm)nl S at spati al
frequenci egkp me,, I cases, TCC(0,0)=1,
we may subs{ t'e ih (%))p amd o tal n d112 | av

Z1(0,0)-[thg + (tf g.) )dz(ﬁ)(
[ TE:CCD)JrT[c:ccgk] ]f(t@?.r,,; MZELJE | ypjg..w([}fo?%{ﬁ
pi

practice, in GDR pattef n&4 y Om and 1st
(Ofpdt by It is noted that this spectrum is composed of harmonics at
spatial frequenciesk/p. Since, in practical cases, 7CC(0,0)=1, we may

substitute in (3) and obtain:

= T(O’O) = |:tbg + (tfg '—tbg)gi:| +
P
a1 < | sin(zkd ! p) ok .o @
o] Z{(WJ et rec] 2. ;ﬂ}

[00111) In practice, in GDR patterns typically only the 0™ and 1% (or O'"
and -1%) diffraction orders contribute to image formation. This reflects the fact
that GDR is used deliberately to bring &, as close as practically possible to its
lowest theoretical limit, thereby benefiting from the advantages of two-beam
imaging in terms of MEEF and polarization, and, of course, die size (c.f. §2).
[00112) The formulation in egs. (5) and (6) is more general and
facilitates extensions to more general cases. The "selection" of the diffraction
orders that actually contribute to aerial image formation is implicit in the TCC
in eq. (6).

[00113] It is evident from the general formula (8) that a function that is
an average of intensities of pixels of a sub-frame has two distinctive
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and -1St) diffraction orders contribute to i mage
formation. This reflects the fact that GDR is used
deliberately to bring k, as close as practically
possible to its |owest theoretical limt, thereby
benefiting fromthe advantages of two-beam inmaging in
terns of MEEF and pol arization, and, of course, die
size (c.f. 2). [00112] The formulation in eqs. (5) and
(6) is nore general and facilitates extensions to nore
general cases. The "selection" of the diffraction

or gentabutions. Fret firdl bontasutibh i-bhereafed Qer diéﬂendémglél on the
formation is inplicit in the TCC in eq. 50113

| t Magk aptta@n@nd iy peemietele indeagndent Authe Q@?”St hfatheaOptlcai

f uRehfigRratibM 81 thk fnadd bcaliSiigssfm:i ntensities of pixels
of a sub-franme has two distinctive 15 contributions.
The first contrlbutlgn hereaftew Zo - depends soIer
on the mask pattern;e d & T etely |ndependent 7ot
the details of the opt| configuration of the inmage
ac tif134lk i onThe seaond cpntthbutibm which depbsds ort thg pdriiPdladotié)l

[ 0Qdridhlond fRpBFELAICh GiPALAr ?Hﬁérﬁﬂam’{éﬂ?ﬂu ¢h depends on the

particular optica Fons, depends al so on hlgher

attern arnDnl sin kdi
pk ~ g BF (tE mﬁﬂ%}; %3%—%5'{—/%} C’%EﬁﬂW{ —/(Pw— jtfp (8)
+In; xber L[ 00116 it atl kP pdt

(e jsour par ters are manifested in eq. (6).
ﬁ@@% ratlﬁ@i%ﬁ”afﬁe tr&t'i ng phase shift mask Iine

p a{d(ﬁ H&s ( aSFnBﬁ%M@at%B P FASK patteh? (érbﬁfl’ Q8urals) peaﬁa&%

ur bati ons can be ISIn ul sh rom

el BETBREb ioBantb] onpariatngah alanyalyg:plavsrshiiaask ine

feﬁtattern&s (autpsmewasbatterr%)l o -ty y of dbddige HR®NEInhBon)
naLatva ue to mask writing

oni
er PeUbatiogsFerybe G'SWQHFK ‘8*3?’1“ 5?‘? Eerof the witing
bef8)i17]or dEirstnye ntatykoydiews tepeites onlihe radter L7y bng may
origi n_of hISS CIfICt pe of error inplies, then,
t hdfteg fram §k”°”B i vajug. Tk PRk ORRMF g1 tophpsWitha: etrors

I i (teuuvg dt\hdm\/\ahamﬁlsfdf ﬂ'l@ Whﬁhglﬁébﬁthﬁ@urlNgﬂhﬁgk déVeRdpmcAg
val ue i s snal

Zhe é? on ﬂro ¢

¢ na€ B4l Gro ALY @% WoRe ﬁ@?rt'vpl"%? thept hable myask

si pytteen Tay trar nmnalqﬂtcmwnmluhglwndtma’ vafids PEm ARG imdérdel

tecg&e SNJsLh?ne the-l_cyle\lla(ta rom ﬁgﬁmglelm%x\%lrd §§]9el? angI([e, the
effect on the average intensity is captured by a simple Taylor series (typically
the 1% or 2" order terms suffice). The effect can be expressed by the

following equation:

101
8 (Ady ““Ad A Y
+(Ad) oo M (9)

[00118] Here &1, =, 1. o)/ {m.n 18 the change in average

intensity relative to the nominal average intensity 7 that is obtained for a

nominal, defect free mask.
[00119] Second, a MoSi deposition error may occur, leading to a

variation in film's phase shiit ¢, that is coupled to a variation in transmission
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followi ng equation: z ,51q, (Ad) ali Ad + 1 a |2" 4dz
+... (9) ad 2 ad [00118] Here SI " (lw-Ip" ,,,)Illa

, is the change in average |ntenS|ty relative to the
nom nal average intensity Iwthat is obtained for a

nom nal , defect free mask. [00119] Second, a MS
deposition error may occur, leading to a variation in
films phase shift 0, that is coupled to a variation in
transm ssion 16 value. As the attenuation is an

expANEeNd aﬁé’rﬂ&hbr@@ aRfexpddemidi lﬂlrﬁ:ﬁ&?&?ﬂm WiknBsd, Dile the
phase shift proportional to the thickness, one can

sc HE%%S’tﬁhtf‘dP IPSPPWE“PP@ '@ g thighness, pge é%fpf@heaf@tlca”v ofite (10)
[00120] Whereto is awg@ap%gﬁx 9“:@9 depends on the ;4

refl ectance of the film whi eqlsapararretel)

t hggo1deiscr i m&mrat!gle sspaIsintter thay degents anstma sefleotancd of fhiel m
th| ckness and_ is proportional tox/(n-1), where icand n

ar MoShEim, Wﬁﬁegﬂ i paramater gt d‘fﬁ&f"?"ss tBF S?'F'?@“’%ST trgnsmission
r eftJ ‘ﬂ% It EknleBd Sng [so Ngafhon Qo gt, Wl dit tanre the

average intensity to roug
d e peagieny endreaMsis opﬂrasi\&:og(lamjrat:medn@x this onits

teaﬁdgytﬁl SSi OTPﬁe sKggﬁvi#aeRP %?ér‘%&e *%?{teh%@zftoo' NS {ﬁ%kness
2 éfFOlEQDOtEZEPemmS¢ de Mobgphasgdek thieagh this @mmmn\madm
boggn Bé(Q Ed bpg{etfgﬁm%%?h&t e. both mask line width

Mo Si |ckness devi romtheir intended
val ues) - a singl e, uBgR n 16ﬂ@th ,average intensjty
error i s not enougﬁﬁﬁogmecovgmwﬁhéﬁspecific error?4h
source. [00123] The error sources (and nore
specifically - the contribution of error sources to

t hepopmges) ceﬁad&mgeuahuat afati fs @hdvatee Withi me@peé fhe
mask are obtai ned fferent exEosure condi tj ons.

[ 08¢PUPaY90R Gt Hatht'ﬂ%'ikt'\% width gaq, MoStBichnessSieuias et their
an dlﬁ%ed vﬁmas)u BedRyM rr@éstﬂtmﬁérﬁgﬂ thendveRaget inefisifyodrdr e Ast
two o cal m):ii"I ;%pc olpon substitution in (9) and
(1f5‘° Aafe&;?"?f §7 E ﬁ 8h MGt der derivatives): Sl (VO
al §0128], ' Zhe error sources (and more specifically — the contribution of
error sources to the images) can be evaluated if different images of the mask
are obtained at different exposure conditions.
[00124] Denoting the two exposure conditions by E£C, andEC,,

measurement of average intensities for these two optical modes gives, upon
substitution in (9} and (11) (and by omitling higher order derivatives):

S U pg i Voo Ag +
ad s 06 .
ol af 2)
ST vl A g @ Ad4
od g, o¢ £,
[00125] With 87854, 8115) measured, and the sensitivities of the function

{also referred to as partial derivatives of 7, per eror source) and per

exposure condition computed, eqs. {12) can be solved for the unknown mask

error sources Ad, Ag . In some cases, a higher partial derivative (typically w.r.t

phase) may be required, but the principle is however the same.
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o " o G o o it

ad aC. ao cc, (12) ai" SI(VC/) - al"a 4d + - AO + ..
ad EC a$ E. C, [00125] Wth SIIVCl), 51, (Ec,)

neasured, and the sensitivities of the function (also
referred to as partial derivatives of lan per error
source) and per exposure condition conputed, eqgs. (12)
can be solved for the unknown mask error sources 4d,
AO. In sonme cases, a higher partial derivative
(typically wr.t phase) may be required, but the
Prigeebd e | $ChRURMR art BErist amBgind Coh &bk Glhe ESthercatbob@ean
aerial imging condition. The ot her exposure condition
ECRorgtitionbBC ¢ bavs b cliases Urcsuch anagy as tor maximiee the distigpancy

O SRR oA R R R B

c h@iagtical Shdice i€ kocesann omagx i lswINBW-MNA o chraingtion for £C,,
conmbi nation for EC2 , that satisfies NA(1+c)>p (13)

[ 029U s choi ce renders 'higher = 0 in eq. (8), as
the collection optics does not subtend any of the
pattern harnonics (k>_ R il this case only "o (€19,
eq. [7]) contributes to |Frag formation. It is noted

t hgao1atiopt i fiys tchoise revideisck,,f o0 BER. (Banagpihecobizstian pplinsst
recovery of mask error sources. [00128] It is noted

t hdpes pet sibteadeany of theopaliery hamoaigs ((6122%’- ladhis 5@s¢ Qply her

ded |t i.pl j ti i of, .
SRS L bbb ., bERRRRL Rl 1R BBl
cashoitdfer @dyizen paividp@ssbust eecOwery sragekcired souroessk error

sources is larger (e, g., in order to accoynt for haze).
o 10035k o nitd Siry ot e sraghonit TawagyB Eagabeen free,
of egtebidedo aquitble og) (HsPectionandith eBei RErdAsent exposure

robus&iness of solutio

| AEURER TS g B ot PE P B Sbster et
notesdk t dradr sourdeseisc &sgerofe.c5i gniofdet ant acteuntatdrohazef. Mesk
PSBFARed D6 3R i AR BL B e Blleng B o
eq@aad ittem iBgeasesrohusthensgd solulioredie noise,i ¢.¢.) throughalpastivesan
Sostefa R o2} LY, U5, 7, TLNOCE shep a3 New o Faphson
sal01R8ly t his Wihennotesghatimiherrare of sigpificaptetaviption pfransk
KN QW75 s Font 08I TBRthaP PGS, B PdYibrisBReSIPEE YIB contains
higher order derivatives, and the equation set is no longer linear. Still, it may
be solved numerically using methods such as Newton-Raphson and the like.
[00130] it is also noted that in the same way that an average intensity
was derived from knowledge of the mask spectrum and the exposure
conditions (the information on which is captured by the TCC factors), one may
use eqds. (1), {2) and (5) in order to derive an expression for the amplitude of
image modulation.
Test case
[00131] Three different exposure conditions were numerically evaluated.
These exposure conditions differ by the aperture of an illumination system
that was simulated in order to provide simulated images of a mask. The

function that was calculated was an average intensity and its partial
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conditions (the informati on on which is captured by the
TCC factors), one may use egs. (1), (2) and (5) in
order to derive an expression for the anplitude of

i mage nodul ati on. Test case [00131] Three different
exposure conditions were nunerically evaluated. These
exposure conditions differ by the aperture of an
illumnation system that was simulated in order to
provi de sinulated i mages of a mask. The function that
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derivatives

S| er'lO@l 6%kpastern, with P@prlmmsm (enyvaies) end $0% \Wi\e ¢uty cycle.

ha &601@2} ch 498 st %deﬁfee&)ndltuaﬁ‘q’s 2%l ﬂﬁa&%dﬁdﬁ%ﬁ lRd is
132] The first exgosure condition 1s an aerial 1 mge
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0.337, 30 quadrupole wi'th = a0, ,

Ap@ﬂﬂulﬂleSl@li@mrﬁ:ﬂuﬁé% afibGt4 thahal’alpasltlememltamtﬁtﬂ.an ﬁ'ita@naﬁle

an I imaginary circle
%‘@%%&ggﬁécea aﬂ?B? g%bgd}g%e@{an %rfﬁ@earch ot her. [00133]

Th d0&d8bnd éﬁﬁ@gw expPrdire Cowitigh differssirdm emaarial doageadnd

. m%haaaeniea s{%ba%srszée.ﬁuéwefapﬁrfyaf@ 6820 [aJé'NAﬁgw ed

in figure
Ape[i”f’ln&ur-_é) @2@7 had . Apefturgyb0 keisrectinglg cisutgr sletzq21aat it center.

h hi d
etV rgd AN Pt R 18 Pl e g n 3ha s

apemanacbnmbby $naulster@()etlhstrateﬁ|ugﬁgwe 6C — Nidnuewaal aaérture of

TP 3t S0 ot il o e aia t i At gondlidt B annpier

633Idthes1 aiceeFomit 4r6 POSitiGHeaEsUrAan iFm inB@rdfrcl%lefn@'s?
space 80 d ot her 00135]

rt b grees from eac
NA 8part b ﬂg@f’?%e%w%?%% o&ferture of the collection
opto®Ie5] equav4, Ht.@/theoﬁumm;acapérﬁﬁ@@nmen@auﬁémﬂne@;tnb@rbdh}éi
(due to optlcal reduction by the stepper Wier eas the
| ove KIAOT theoopreesesistingu peiestioiN her tesenticel redugtionoky: the

no d Si.nG I 1+ ) | ausi bl e
oS8 oo T B R)cn i P A
[ wagfetlfatqot)ime](sm'c{é&tmm 005> wartee tenpadside fagrial’ leepdshrece
dlffer osur nditions, fromwhich parti al

der®} %f?'\?é Sggn f"ogmﬁ}eﬁ'ma%ﬁty cycl e and phase were
congatel. THECQ &datoes berowospusdrforzte thhe dﬂsneht Sxpdﬁh&

gﬂtcsﬁé{i%y{om vUr%h p!al}tiglegerogtn}es r a l ro%?y cyce an és%n
were computed. The table below summarizes the results. The intensity is

normalized to 1 for a large clear region on the mask:

[00137] Table 1 illustrates average intensities and sensitivities (partial
derivative) for the three mentioned above exposure conditions:

Exposure I, ol, léd | o1, /ed” | oI, /6¢ |8l /o¢°
condition [clear—1] | [nm™] nm?] [deg™] | [deg?
Aerial # 1 0.22 0.0117 55%x10° [ 2.55x107* [ 1.05%10™
(cquad)

Non-aerial {low- | 0.3 0.0117 55x10° | 1.25%x10™* | 1.0x10™*
NA/low-s)
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[00137] Table 1 illustrates average intensities and
sensitivities (partial derivative) for the three
nment i oned above exposure conditions: Exposure |",
&7,/ ad 0021, 2"/5d2 al"v/O a2lu,/a02 condition
[clear-*1] [nma] [nm2] [deg-'] [deg 2] Aerial #1
0.22 0.0117 5.5x10- 2.55x10- 1.05x10- (cquad)
Non-aerial (low 0.3 0.0117 5.5x10- 1.25x10" 1.Ox10-
NA/ I ows) 19 Aerial #2 (dipole) 0.14 0.0117 5.5x10 10-4
1 1.15X10" [00138] It is evident fromthe table that
WhideBalk3t(dipolder oder i valo e W]K.5x10”° diiBBseyE! B1 8680~

k feature

h t th D ind d—b
eneyeg o—frecov-er e err on L naLlce ”y s
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size variations, the 2nd derivative with respect to
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h f b ed
£ h B8 o RN FedVer il CIES BT dnuBpd BY bR roi e
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di f 401 T es a
I MR PRl BReab 041, T 2

meani n Ilow ng a robust
red@agly of Mesgivek theolableaignvestfates alaege disaiepantydetween

PeRteRald YaFvativbd Q14 Lnd oBULRiefs)] I)é H{%r{ a&lﬁ&% ﬁt gx osuS

&
sensi tivities of three exposure I ons
i neerdiiang. duty cycle and MS Iayer phase and

tr aoaRer ency*ms%aﬁgtaeﬁéaﬁﬁgerg&mnta tAE swpmd &ihg f

the invention. [0 Box | ustrates .
sefupt R?F‘?‘S?% o r@ﬂﬁé@g@ésqqrﬁeefﬁ@?\{ep SRE Mask Eerflékfﬂb"ﬁ@}r e

coqgbiion | Slgu@ﬂﬂdstrat&otﬁe %gﬁ)e.]tlvﬁtieg%f fh?é@&xp‘o@@re conditions
sensitivity to average inten he exposure

en t
cofiiAVeaae | '%*e“%HVpSF*éé"GVCBo%“CVMS’S.' ¥qv&gtp.hg g@nd, transparency
3 e fbﬁl‘afrﬂéférﬁ ¥cdobdify @ aGintodin®ms bit the Wwb@rmoh he exposure

T REREY s Bong M uliates e et iesaruatey vhen the
exeegasuee cowdiob iiorequad” BauddDd iluBeates B2 sdnisitisity @t Berddee
e el bR, SIS 2FR R, ORI,
cy@Bt@iﬁNﬂEm am@gexrnewv erhen thebi expogure sorditiowisNisw NaiNos's”.

[ Ofkkddy BOxadf rdol hisidiad @R ts@ﬁsuﬁ\ﬁt{?sfot LT b R the

| ayer thlckn osure’ con
" c gypasure @mﬁltm@ cnluagistlicact@@ Iﬂwﬁaeem gansitiviy toclulybSicle

| aWFan thid %ggtf)%ﬁl% EMh% |0F| hse"cﬁﬁ@é}S BB)‘? 768 MisthB8 &l sensitivity to

pol e". 790 | ['ustrates
duty cycle when the exposure condition is "Iow NA/ low s".

[0D144] Box 770 illustrates the sensitivity to MoSi layer thickness when
the exposure condition is "cquad". Box 780 iilustrates the sensitivity to MoSi
layer thickness when the expoasure condition is "dipole". Box 790 illustrates a
sensitivity to MoSi layer thickness when the exposure condition is "low NA/
low 8"

[00145] It is noted that the mentioned above equations can be extended
to recover mask error source also for sparse and semi-sparse patterns.

Indeed, the strong dependence of &7,/8¢ on the particular exposure

condition indicates that the coupled equations in (12) remain non-degenerate,

thus allowing a robust recovery of the sought mask error source (Ad, Ag).
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- a%@f;‘ge AR &dnhih d%ﬁé)ﬁw%éeschQ&ﬂa%Hffe&rbfes&p@rr&%ﬁes

ct one or re paraneters of the im such
a @rr@ppr@alnafmnn@‘r?spléﬁ@"%fof STPRSAUETSS QAD MEgP aéfaf ARy ti"ﬁe

[ nﬁggg imeRe obtaMidgSirb&edk. functi on (varl ance, nean val ue)
such a critical dinension, I nt ensi t%is()oa}rl ation

of [00f1]i mag@N eHPIPoHIE W?Vl?éfect[‘-‘(‘)‘ﬁféﬂ‘]oresi’%@e R MAgEs:
(I Sucht 89I& Sﬂtl’bapﬁln’feﬂﬁlﬁh \f g p@’@érh ueatremwdiabﬁ the image), a
resenéﬁtlve erenceggﬁttern and

GG Ao, Shoe agen VHw) AEBSheT fid i endaf o1

of [lﬁﬁswvaﬁu@ma&hé indgbeandehelilence pattern, wherein the
DO Y8 bS50 57y PSRy b e

evaépnﬁenmgvet htaseage df @i referayice tpademmakd images of perturbed
patterns that reflect an induction of error sources to the reference pattern,
wherein the perturbed patterns differ from each other by the error sources that
affected them; and (i) stage 812 of evaluating the sensitivity of the mask
image obtaining process to a plurality of error sources based on a relationship
between the received calibration data.
[00153] Stage 811 can include generating the calibration data.
[00154] If a first and second error sources are being evaluated then
stage 811 includes receiving an image a first perturbed pattern and an image
of a second perturbed pattern, wherein the first perturbed pattern reflects an
induction of the first error source to the reference pattern, wherein the second
perturbed pattern reflects an induction of the second error source to the

reference pattern. In this case stage 812 includes evaluating the sensitivity of
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I mage obtaining process to a plurality of error sources
based on a relationship between the received
calibration data. [00153] Stage 811 can i ncl ude
generating the calibration data. [00154] If a first and
second error sources are being evaluated then stage
811 includes receiving an inmage a first perturbed
pattern and an i mage of a second perturbed pattern,
wherein the first perturbed pattern reflects an

| NeHeGhasRNmAde Blﬁﬁlnfngrpﬁice% foQhe frotdescbond dforisBliRESHERd
pattern, wher second perturbed pattern reflects

an © Adeletignship Hetwesn thedeasiedsdliptin e to t he
r eto@nsﬂce pﬂtﬂﬁr@él’ﬂ)r mdie tehbs seLacs &b aggBdaluanal Hee stage

t t t f 21 th [ .
obBL Rioh s TS i mads o infde o e BB srlB S B P Bes
basag‘e stageaa’(rjkltlradludeagéuapmhm vutaaﬁrsehklmiuyeofeithaednask image

rati on dat.a ree or re error
S oaPBLB fRea B ekl ot I wlbe RERREe 3o B hifeg o
r eoeiatmnsigp beiveemipe raca]\teld@ellmathmmata perturbed patterns.
l nh ? Cagg o‘?‘c! ﬁ%ﬁ) §|"||'%m'b8(5|:|lnﬂgte§f tﬁé{%v\éﬁﬁdnntgetlmg e of the
sehsitivity of !

eaﬁﬁer@ﬂcq Iﬁéﬂ@mr @eoﬁﬁlnﬁ@)rl@/ ér I’ﬂé’Fk soege @@tammwr@esa that
eLanhasiulieh e nedapfiepsbuad calibration data

Accor to an enbodi nent of the invention the
| nﬂ@é5 f théccqf@'t‘%?céﬁ%@”}!?a@'ﬂ’éf’h‘)fl tge Wﬁﬁ'%@ewa@? rbR

| MAgEreRRY FHtRINE oBfa%@%? (;))Fd%%&ngC:ﬁﬂmﬁlé FRSgeSiofMdkallyl i@dhtied a
l'ithographi c process Accor di nggt 0 an

enBBtiTRe At 2 sraskiBat were Rbianed e iMmasldMege CR@INNgPaFRSSce
pgma;e rcempﬁseebcsmbm@duwnarn@qa@ Fha3g. wi& tuhﬁd]éi‘ of thegeferéice
| ae ntica atte S, O a SK.that were
b Patait o e kecpiisd 4R oBloR: Zlerdhon B4 it Biake B iaes that
commmaealy@mtanmldny ard hatpuredt basgd bineimmgikn. Thi s | mage
ref eren a ar
LIgae! T RS oo B SRRt 8RS BT ChAR S BG4
obsmgae&j Saridgearmtingp difforeaned wnawseWhenelrseMI difference image
C 0)
Lo SRt GRER G pbicth GERILTEN e Nerdrlifee DB B0 an

myrm Oi?\lfﬁelpéﬁwbeﬂédﬁﬁﬁmf fséa@l@é3|lﬁafgﬁﬂwﬂde|bVe§m $14 of

di fcél@ul&ﬂ%e oﬁ)@to\ﬁerﬁ&et Qgtlétlﬂagﬁar%ette&eo{ @gcﬁ{ %%%f%@tlﬁﬁbg

and an 1'nmage of a perturbed pattern. Stage 8
f olTheseaND YT STO8Y étaggt@abpara@ge& MaY i"Rlpch e spnsitiibe of the

st @fﬁdsﬁ%@@%ﬁuﬁ@ﬁk@éﬁ tobn@achodictbrssings. i mage. These
one or nore statistical Etarameters may reflect the

sefQ189Ni t y TolPr eXRPIgREst 376 Feseo RS HIM TG UISED Bk aligtedne
Or thEpr etagé rdl3 melibE &fenerating a first difference image that reflects

differences between the image of the first perturbed pattern and the image of
the reference pattern and generating a second difference image that reflects
differences between the image of the second perturbed pattern and the image
of the reference pattern.

[00160] In this case stage 814 includes calculating one or more
statistical parameters of the first and second difference images. At least one
statistical parameter of the first difference image reflects the sensitivity of the
mask image obtaining process to the first error source. At least ane statistical
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[00159] If, for exanple, a first and a second error
sources are evaluated then stage 813 include
generating a first difference inmage that reflects

di fferences between the inmage of the first perturbed
pattern and the image of the reference pattern and
generating a second difference imge that reflects

di ff erences between the i nage of the second perturbed
pattern and the image of the reference pattern.

[ OQaRMetdrbr it SocBAS QiffefcRBE infk bt Sehdiity R idetdadne

or nore statistical paraneters of the first and second
di fPegeRRANNGRLEess tﬂtthq L4079 }FE SOWERt i stical paraneter

of [6d1e1f i r sht ;éh&tfcﬁk@tm@udamﬁmé@f besdch of IR &t tsk¥dridy
rogcess to the first error

I tal
B NCA e e oS P LU ItLA IO BaPSMibt er  of ¢ ho
se¢@n162]d| f f arfestaror sBgee raf loe el arikiish &%&idghé@stdf a0featthe
nma roce S e second error
So&ngéaye %8'196'1']36\50\% fms}ﬁge ?ﬁ\gqﬁt al paraneter of
eadon168] t he Afdecsid amna seecomcby b 4 fla’reanm:éh a dagesionwy tHee
as%%% §5ﬁéjmvm th a critical dinmension. [00162] A first

error source may be a variation of a thickness of at
| ed¥t164bne Pagwdingfto taheemipmslknent hif $hd dnyentiomastadre 841 MESi

| el QOUAR) YRR L BRULE r RE ARlE bERCT
t o refareasm paftan maulidle imagep m/eﬁtﬁhu nﬂﬁuép@dgvett@mputraw plurality
| NGk Héi'ﬁ:rﬁ&cﬁdtt\éhfégwﬁ&blh bﬁ@ﬁdl@uﬂqa@éé 8rd @ﬁﬁ@ﬁ&{mgﬂevo%taqﬁed

rrultlgelrm ges of ref erence pattern,
i magd er@f‘t'@ﬁﬁlﬂatfﬁ’@r@&‘?'m pattern out of a pI ur aI i ty of

pendoebed Pahé afifitsent WRTRILBn BehdilidisCcdmPRge enOferl AR
pattern are obtained at different illumnation

coﬁaﬁ1 #¥ns. [00165] The different illunination
cor[@tHBG]onS swgpr&memamd@erécaihing reagsitivitg itk iridativd 80 #@6]
Sta g % f@?e udes rece| ﬁ sensith}vi f%%data
i ndF Ml &F e PRE '@a&ﬁs?'%?'\‘/' 9 PrHFST P2 i i@nd ggand error
obtsaumemg process to a first and second error sources.
Sta [ Io t age. 830 of
| oQRGh ot efgd ¥a 3d oFF Brobliuied bl UGS O o leRS ol e
r ediatanrepfesetativensflan image rof gi regionfof theemaskaJkeiragibudé thea

3%%5?%&%&9 n[anggfﬁ% Stage 830 is foll owed by stage
84

tec east one
[00168] Stage 830 is followed by stage 840 of detecting at least one

error source in the mask pattern based on the image data and on a sensitivity
of a mask image obtaining process to a first and second error sources.
[00169] Stage 810 may include:

[00170] (a) simulating a region of a (periodic), unperturbed pattern of a

mask, to obtain the aerial image 7,(x,y);
[00171] {b) For each error source (each perturbation type) me[l...M]
simulating an image of a perturbed pattern (a pattern that is endowed with a

very small perturbation of the type m. These images are denoted 1™, (x,v).

smalf

[00172] () Calculating difference images

)

mra.’.'(x y) If;:ﬁ::(":)’)_]o(xs}")-
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error source in the mask pattern based on the inmage
data and on a sensitivity of a mask inmage obtaining
process to a first and second error sources. [00169]
Stage 810 may include: [00170] (a) simulating a region
of a (periodic), unperturbed pattern of a mask, to
obtain the aerial inmage I(x,y); [00171] (b) For each
error source (each perturbation type) ne[l... M

simul ating an image of a perturbed pattern (a pattern

thgd01'7§] endeypd. i t B o Meli%a ém}(l”) (%]er.t. ut b?lt ;Bﬂ tr%@t

These 1 mages are deno?ed patt

[ O@ké Dﬁrﬁénsﬁal\@Hgtﬁhlm(’dl fference i rrages Al nra]/ (xe
-1 small (xevy) - 18(xe vy) 23 [00173] Extracti ng,

y)
fonfoQééé]h i rrﬁga@elfﬂoomy ifcdydey) ,me [1...M, extract

a G nc@?ﬂtﬁf‘a%%%%’gf‘z?a%&@“?ﬁtenfa—g%%? He i °0°

maswome]t t er (b)Catheatibed dlfféventm)mag[daoélﬂﬁ]y):éb()x J@alfqul )@t i ng
a differential image: y) I(x, vy) - (x y) .
[ 00PPA7T] () (2al cGF"ﬁF'F‘H@ théthuarﬂU?ﬁthVE Evher e\iherem

1AI(x y)-Zf . AL gm)11(X,Y)1 M2 Elf

y...TM _ _
Whesein B0 3 ) £A5L) XZWa;;"ﬁ%Exéiﬁﬁ\éﬁeqeﬁé?ﬁs

perturbati on that led to Al (x, y) can be deconposed

| nimeahssdiare dtator” oaitit rsénsitivion fagtoml | 7t heasblip@gt tidpathieon
types. £00178] (d) D fferent| ating E(f, o.M owr.t

al Pefiyikation: dhat ped) 1o Af(r.) &Y RequieeomBosed Dty ndiyidyal

f . [00179
2ol B85l bRl soence), T o0 [00175]

ma [Q0(%8lY) 1 Diffsientiating (B(/Y). /ivirk wirthaliAhs , 5 ' (mEil hdMﬁg
the LM5 solution for the set of "best" fn,'s by solving
t hand pquaANAG tosd givess seof fhe,"besti(in the kiMS-sensd). /,rs:

[00179] Stage (d) may include:
1. Defining Ay Z[Ma(ﬁu(xd”) Mf::au(x Y)] :

Bk = Z [M(x’ y) M.vmafl (x= y)] '
¥
2. Finding the LMS solution for the set of "best" f‘m 's by solving the

M A
linear system Y 4, f, =B, , (k=1..M).

m=1
[00180] And (e) Estimating the variations in the critical dimension of the
mask of a object that is manufactured by utilizing the mask wafer CD:

é‘C'Dwaﬁr = Zf JC'D\(:::L)!H

el
[00181] Figure 9 illustrates an aerial illumination condition aperture 910
and a non-aerial illumination condition aperture 920 according to an
embodiment of the invention.

[00182] Aerial illumination condition aperture 910 (also referred to as Al)
is characterized by a Numerical Aperture (NA) of 1.204, it has an annular
shape of 0.826 / 0.913 (sigma infout). Non-aerial illumination condition
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"=1 [00180] And (e) Estimating the variations in the
critical dinension of the mask of a object that is
manufactured by utilizing the mask wafer CD. M {{
SCOM~r =LIn, Darnall® n,=1 [00181] Figure 9
illustrates an aerial illumnation condition aperture
910 and a non-aerial illumnation condition aperture
920 according to an enbodi nent of the invention.
[00182] Aerial illumnnation condition aperture 910

(also referred to as Al) is_, characterized by a
Nuareriueead204plee refersed AP FC)is clouacterizedh iy NArpfd n iihas an

shapeiREhdheB46. d1290%3!§(4@+19mﬁau't yn/out) . Non-aeri al

ill'umnation condition aperture 920 (al so referred
t ol08%83bAC) These Hwpagresturese@ 1By O wereqused fq sipydate the
anguﬂsmmtys&mmeék ﬁ\a@é%b{aln@} Ace@§ ltcgém;hldﬂrﬁélé rrorll 2074831

These .t wo rture é t? used to simnul ate
t he"aréaé'ﬁgl ﬁt ?V‘?ffth H@Sﬁfa‘@ﬂa "ﬁ‘d’dé( Bt lahgth ﬁ‘@a ;5?%‘%"@?% 0
eambsmépettbrﬁ]dararuﬁtronsav ?raassength ofarreatam@?armaswa&rtdralyer
ar|at|ono X of a rectangul ar
Eolof ST M sitis ey e Eadh B e iHenerrs SuteeS 1ol ok
r emmmn%’mdn?dsorﬁﬁlsk (aghey tperidire gﬁ@easac} éFlaellLseated tasvihiiltigs
to of. t r eac - .
| BRI i iglrBE o{o B o0 B ebe Milsg S the, relaigpsnip
| I b&iweeraazedvaagenatansw @ cgﬁalpframem o1f $@hro@mid@,&irragei afdB.
Th il - ; ' '
2 ETErsARBED] In HEiRaPaefabF bl LR 1ol &l BB, )
i n&gieoéﬁdﬂgum 1IR3 rlmdratiop cuBitions t he critical di mension
[ng patfigrds A 1Ah fidfdndie @en%@ﬁ% rﬂpgst%oﬁférﬁ%r %r

i I'lum nation conditions. ?ur es 11A-1
[ I I"‘H%‘P'ﬁdt“@"f%'ﬁ%P@ﬂdﬁloﬂya@ﬁwl%@lﬂﬁﬁmt@ﬁ'”@n pirtge fﬂyﬁﬂtlon

mJ Obllﬁ e i [tHammad 'ePrBr condsd 'tr%'ﬂime@@%%fu%t%g W&edl) MoSi
odi rrent of the invention. 0186] The three error

so@Fé@%SSt%a?t%@éon@s(f%pﬁeé@efed Mrbéue W')kewbéi') aRSREKYTENS
vavariatmar%n@epaémeed( K\E Ridemaivbey ahy () Wonidysker or dolitcks

PSRl R kRl LI, U SBE 25 et o hnsousy
bocrépr%e‘ﬁltedtﬁylgrkmemsmamj CHy size are changed
2 BTS2 e ENLSPER Pl SRR b BB
Vaobtameabrﬁrom images of a mask obtained by applylng aperture 910 (Al
versus real critical dimensions of wafers manufactured by the mask.
[00188] Figure 11B illustrates the relative error of a critical dimension
estimation (relative to the true critical dimension variation of the wafer) under
Al conditions.
[00189] Figure 11C illustrates estimated Critical Dimension variation
obtained from images obtained of a mask by applying aperture 920 (OAC)
versus real critical dimensions variations of wafers manufactured by the mask.
[00190] Figure 11D illustrates the relative error of the critical dimension
estimation (relative to the true critical dimension variation of the wafer) under
OAC conditions.
[00191] Those skilled in the art will readily appreciate that various
modifications and changes can be applied to the embodiments of the
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obtai ned fromimges of a mask obtai ned by applying
aperture 910 (Al') versus real critical dinensions of
waf ers manufactured by the mask. [00188] Figure 11B
illustrates the relative error of a critical dinension
estimation (relative to the true critical dinension
variation of the wafer) under Al conditions. [00189]
Figure 11C illustrates estimated Critical Di nension
variation obtained frominages obtai ned of a mask by
a | r I

o TS, BPR oS esE R yins S ARhRor A bishe cptnec
madkand pygbe gppendpdiglpiansil D il ustrates the rel ative
error of the critical dinmension estimation (relative
to the true critical dinmension variation of the wafer)
under OAC conditions. [00191] Those skilled in the art
will readily appreciate that various nodifications and
changes can be applied to the enbodi nents of the 25

i nvention as herei nbefore described w thout departing
fromits scope defined in and by the appended cl ai ns.
26 CLAIMS What is clained is: 1. A nethod for

eval uating error sources associated with a mask, the
met hod conprising: receiving data representative of

mul tiple imges of the mask, the nultiple inmges were
obtai ned at different exposure conditions; calculating,
for each sub-frame out of a plurality of sub-franes of
the nmultiple inmages, a function of intensities of

pi xel s of the sub-franme to provide nultiple calculated
val ues; and detecting error sources based on the

cal cul ated val ues and based on sensitivities of the
function to each error source. 2. The nethod accordi ng
to claiml wherein the function is an intensity
integral. 3. The method according to claim1 conprising
calculating for at |east one sub-franme nultiple
functions of intensities of pixels the at |east one
sub-frame to provide multiple calcul ated val ues.
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4. The method according to claim3 wherein one function

is an intensity integral. 5. The nethod according to

claim 3 wherein one function is a variance of

intensities. 6. The nethod according to claiml

conpri sing conparing between cal cul ated val ues

associ ated with sub-franes positioned at the sane

location wthin different franes. 7. The nethod

according to claim1l wherein one imge set i s obtained

by cLampgyi ng an aerial imaging condition and at | east

one other image set is obtained at an exposure

condi t i Whattihatindidfifers from the aerial inmaging

condition. 8 The nethod according to claim1 wherein

ond. i nefyenatiead fos evblualingeerrdrysouaqep| assoxdatam vahr & ahask, the

[ j LLlon and at | east one other inmage set is

ogtﬂ%ﬂﬂ%cfgg‘[ﬂ)q#%' nunerical aperture. 27 9. The nethod

accordi i j [ S cal G i

sensi t irsig?\ihggsqg?d E%pllﬁ%éé? {l?rq?:ét ?E%I@ﬁéeg@%%r Eg}hesénl?rs lt(:’etht(?y

si mtRlg Inggehupgebtainedat diffpienbe>easyrasknditionsmul at i ng

i mges obt i,neolf froman illumnation of the sinulated
t

mask, COMEINAPHEANHDHATES P18 PT AoRIUrglithef sulefames of the
S Ulnultipienieige® aplufstiof @f Bt besixaiabUBg sub-ABfhe GO BRAIHeNT
bet ween cal cul ated val ues. 10. The nethod according to
cl gl p% C@W?@‘faﬁﬁsc%ﬂdcul ating sensitivities of the
functi [ i mul ating changes in
o mirei GRa AR A 8F R el Bl A PR o

i | bemitiviies ohthefunctien toicath eredoumsk at  nultiple

i I'Lum nation conditions, calculating the function for

si #ul at®@§ Beihod PEeHERg (Qclginblivwheraim theufuactio i§ anletensityd
Cofmadyraing between calculated values. it 11. The nethod
according to claim|l conprising determ ning variations

of 3. a fRetrmERoDACCORIIMIt icRing 1 thbridisy CElCUETAG tH=eRabbbne
ut i toclaim1l

lizing the mask. 12.. The nethod accordin
cofistFPR g BB R iann g nCESHET T BRERARE Shpediing subyiame
soto grevitldatlltiple aaleliategidraiues.changes in a thi ckness of an
attenuated phase shifting |ayer of the nask. 13. A
sy$t emThermethed aedardigg tr ¢claim 3 aher@sormsBiocticat ie dnvintehsity
rrag#egrgme system conprising: an interface that
recelves data representative of nultiple

5. The method according to claim 3 wherein one function is a variance of
intensities.
6. The method according to claim 1 comprising comparing between

calculated values associated with sub-frames positioned at the same location

within different frames.

7. The method according to claim 1 wherein one image set is obtained by
applying an aerial imaging condition and at least one other image set is
obtained at an exposure condition that differs from the aerial imaging
condition.

8. The methad according to claim 1 wherein one image set is obtained by
applying an aerial imaging condition and at least one other image set is
obtained at low numerical aperture.
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“images, the nmultiple images were obtained at different

exposure conditions; and a processor that is
configured to calculate, for each sub-frame out of a
function of intensities of pixels plurality of
sub-frames of the multiple imges, a of the sub-frane
to provide nmultiple cal culated val ues; and detect error
sour ces based on cal cul ated val ues and in response to
sensitivities of the function to each error source.
14. The system according to claim13 wherein the

fugcti afeinferhdd @d&él‘dﬁdg% clairily Q:Gﬁ'@hSlnéLéalcuTﬁ%gss\éﬁ%l@\ﬁﬁes of

accordi ng toclaim1 wher ei n processor
cotrifgintianito eash @10 §pueRbY 15'6\”'38'&‘9 F'@é‘QPS Wn%smh‘b'“?dr PR

MulikduRtify firR SJ @B@ln@ﬁ frdth s iiluim@tied of Rh& &diBuiefedt asiat
| east one su ame to grov e cal c

vafeatng 4% g e i ed SHETAES: & WPar FaE iR P

ongnd steiarAg bétivedm calnil®Bs vdlyes. i ntegral . 28 17. The
system according to claim215 wherein one function is a
v an b.an craemﬁethdmac&nsiirtgi te<laini 8. colripesisy salevtatingcxensliiviiipst o

ﬁ]ﬁrﬂl%c%gﬁ'& Wéagc!hr%r g?ﬁ%$ ngiﬁﬂratii\ cl?aﬂ@%% ?g% §ﬂ1ulatt&11mask
submmtamn@smpw ohitained! fropt an Hkimiratien |opdke isoniated mask at
di Fn ﬁt%%nﬁiurﬁlﬁmsconﬁﬁmn I NGictl gﬁ%'fﬂeaﬁiﬁ&fdﬁ' 9 Lithufhed Hﬂxb13

n one tal ne % an aeri al
[ nﬁgme@ te opravide mlcﬁlﬁéﬁdaﬁ’m%%ﬂ"d o‘FFé“Rﬂ"'H@rb qiyegje cpigulated
obtaified at an exposure condition that differs from
aerial imging condition. 20. The system according to

cl 3k m FheWnath&d Be@ifing fP@&M ‘Sc@ﬁ;ﬁr&lr@&ﬁatebhnu@ﬁdrﬁhm@ @n
condi tion _and one ci(ther i mage

|
?ggg%t‘éflfarﬁr’gg %‘P'e|”b%'5dﬂﬂ%if?cé%{?3§bgﬂﬁ'€'ﬂp e B3k The system

di
o90" 308 ) BB IR BohbE Y 867Ny Sormavien
t o otar krrer scorcestbar isaelbipd 30 wbdrwes iga tmﬁmeg% of amatenuated
SI mHaSaetS &@gﬁrfo?h%%ﬁ(l ng i mages obtai ned from an

PURTnA st mul at ed mask, cal culating the

f qut ' OA‘ sg%teﬁwl'\%r 'e{r‘él@cﬂﬁb tdn@$ sOfircdd é@slo%laﬂsfd Rith SUbndskatme
for nul e sinmul at ed” sub-franes,

betswé@m CORWIiging: ANeiteriase st reseivesriigla é%???f‘?%‘&% 8? gufige: o
Cl §hMyek3tenBuIBHIB ihBgesPhére &b&Mied & dRMdrt@utp&dlire conditions;

and a processor that is configured to calculate, for each sub-frame out of a
plurality of sub-frames of the multiple images, a function of intensities of pixels
of the sub-frame to provide multiple calculated values; and detect error
sources based on calculated values and in response to sensitivities of the

function to each error source.

14. The system according to claim 13 wherein the function is intensities

integral.

15.  The system according to claim 13 wherein the processor is configured
to calculate, for at least one sub-frame, multiple functions of intensities of

pixels of the at least one sub-frame to provide multiple calculated values.

16.  The system according to claim 15 wherein one function is an intensity

integral.
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to calculate sensitivities of the function to each
error source by sinmulating changes in a sinulated
mask, simulating images obtained froman illum nation
of the sinulated mask at nultiple illumnation
conditions, calculating the function of the
intensities of pixels of a sub-frane for nultiple

simul ated sub- frames, and conparing between cal cul at ed
val ues. 23. The system according to claim13 wherein

t hazpr Uﬁﬁssﬁ@,ferrﬂﬁicﬁd’ﬂfgﬁg%lam\( 45 \nﬁgﬂeme%nd’ﬁoﬁ Esaé %r%agg o2

article that is manufactured by utilizing t
24 ’”@Wg'%yst em according to claimi13 wherein the

es determn ontrihution of an error source
3? i s effysfeghaﬁ%mﬁwaalﬂg M3 wherein thejueeesser ig sonfigured
at teceragare hefpleas ealstibtet ivalged aysetiattl vilhasubdisikes 2B sitioned
at the same location within different frames.

19.  The system according to claim 13 wherein one image is obtained by
applying an aerial imaging condition and at least one other image is cbtained

at an exposure condition that differs from aerial imaging condition.

20.  The system according to claim 13 wherein one image is obtained by
applying an aerial imaging condition and at least one other image is obtained
at low numerical aperture.

21.  The system according to claim 13 wherein the processor is configured
to calculate sensitivities of the function to each error source by simuiating
changes in a simulated mask, simulating images obtained from an illumination
of the simulated mask, caiculating the function of the intensities of pixels of a
sub-frame for multiple simulated sub-frames, and comparing between
calculated values.

22.  The system according to claim 13 wherein the processor is configured
to calculate sensitivities of the function to each error source by simulating
changes in a simulated mask, simulating images obtained from an illumination
of the simulated mask at multiple illumination conditions, calcuiating the
function of the intensities of pixels of a sub-frame for multiple simulated sub-
frames, and comparing between calculated values.

23.  The system according to claim 13 wherein the processor determines
variations of a feature of an article that is manufactured by utilizing the mask.

24.  The system according to claim 13 wherein the processor determines a
contribution of an error source that is related to changes in a thickness of an
attenuating phase shifting fayer of the mask.

29



