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OFF-AXIS ILLUMINATION OVERLAY MEASUREMENT
USING TWO-DIFFRACTED ORDERS IMAGING

CROSS REFERENCE TORELATED APPLICATIONS
{0001} This application claims the benefit of U8, Provisional Patent Application No.
62,723,944 filed on August 28, 2018, which is incorporated herein by reference in s

entirety.

BACKGROUND OF THE INVENTION
{. TECHNICAL FIELD
{0002] The present invention relates to the field of metrology, and more particulady, to

hamination and measorement conligurations that enhanee meanirénent accurany.

2. DISCUSSION OF RELATED ART

(0883} Optical overlay measurement i3 usually classified into one of two types: imaging
or scatterometry. In inaging-based overlay (1BO), patterns of the target are printed side-
by-side in two separate layers, and their lateral shift is measured 1n the image plane with
respect to the optical system. In scafterometry, ‘of diffraction-based overlay (DBO),
patterns from different layers sre printed one above the other, and the overlay is obined
from the amplitndes of the diffracted orders of the stack. Detailed principles of this
measurement are bevond the scope of this docament.

{0804} Tmaging technelogies may be further categorized into two main configurations:
Bright and Dark ficld imaging. While in Bright field imaging, the image is composed of
all the diffracted orders that it within the numerical aperture of the systeny 1 Dark field
imaging, the Oth order is blocked. The latter 18 typically used for superior image
contrastprecision. As indicated fn previous works, one mRy improve meassrement
acouracy by crder selection, as taught, eg., by WIPO Publication No. 2007143056,
meorporated heremn by refercoce in s entirgty, For example, selecting only the Oth and
+ Istorders leads to inproved accuracy atbest contrast tocus, as taught, e.g., by ULS, Patent
Application Publication No. 200170146915, incorporated herein by reference in its entirety.

Farther improvement of accuracy and contrast within this configuration s possible via
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conirol of the amplitade and phase of the zero ovder, as lauehi, eg., by U8, Patent
Application Publication No. 20170146913, incorporated herein by reference in iis entirety.
i the prior axt, the best results may be achieved by selecting only the + st oxders, at the

expense of signal amplitude.

SUMMARY OF THE INVENTION

[0605] The following is a simplified summary providing an initial understanding of the
invention. The summary does not necessarily identify key eletnents nor Himils the scope of
the invention, but merely-serves ay anintroduction to the following deseription.

{0086} One aspect of the present invention provides a method of measuring a metrelogy
favget by a metrology tool having an illumination arm and a collection arm, the method
comprising: iHuminuting the target, by the iHlumination arm, o a Littrow configuration to
yield a first measurement signal comprising a -1% diffraction order and a 0% diffraction
order and a second measurement signal comprising a +1% diffraction order and a 0%
diffraction order, wherein the -1% diffraction order of the first measurement signal and the
+1* diffraction order of the second measurement signal are diffracted at 180° to a direction
of the ilhuuination, perforning, by the collection arm, 2 fivst measurement of the first
measuwrement signal and a second measurement of the second meastrement signal, and
deriving at least one metrology metric from the first and sccond measurements.

[8007] One aspeet of the present invention provides a method of messuring a metrology
target by & metrology tool having an Hlumination arm and 8 collection arm, the method
comprising: illuminating the target, by the illamination arm, to yield a reflected O©
diffraction order and -1 and +1 diffraction orders, spliting, in the collection arm, the
reflected 0% diffraction order into a first component which is captored with the -1¥
diffraction order and a sscond component which is captored with the +1¥ diffiaction order,
to vield corresponding first and second measurements, and deriving al least one metrology
melric from the firstand second measarements.

{8808} These, additional, and/or other aspeots and/or advantages of the present invention
are set forth in the detatled description which follows; possibly-inferable from the detaifed

desuription; andfor learnable by practice of the present invention.
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BRIEF DESCRIPTION OF THE DRAWINGS
{8069} For a better understanding of embodiments of the invention and o show how the
savae may be carried o effect, reference will now be made, purely by way of example,
to the accompanying drawings in which like numerals designate corresponding elements
or seetions throughont.
{6018} In the accompanying drawings:
{0011} Figure 1 iy a high-level schematic blook diagram Hustrating metrology tools and
targel measwrement methods, according to some embodiments of the invention.
{0012} Figure 2 iy a high-level schematic lustration of metrology tools and
measurements, implemented using variable Hlunination, according to some embodiments
of the invention.
{0013 Figree 3 15 a high-level schematic illostration of metrology tools and
measwrements, implomented  withowt using adaptive optics, according to some
embodiments of the invention.
[a614] Figure 4 is a high-level schematic Hustration of metrology tools and

igtration, aceording  to some

=

measwremenis, implemented in a sphit fmage con
smbadiments of the Invention,
{B015] Figure 5 s a high-level flowehart ilustrating 3 method, according to some

embodinents of the invention.

DETAILED DESCRIPTION OF THE INVENTION
{816} In the following description, various aspects of the present invention are described.
For purposes of explanation, specilie conligurations and details are set forth in order o
provide a thorough understanding of the present lnvention. However, it will alse be
apparent to one skilled in the art that the present invention may be practiced without the
specific details presented herein. Furthermore, well known features may have been omitted
or simplified i order not to obscure the present tnvention. With specific referense to the
drawings, I & stregsed that the particelars shown arg by wity of example gind for purposes
of dlustrative discussion of the presént invention only, and are presented in the cause of
providing what is believed to be the most nzelul and veadily wnderstood desoription of the

principles and conceptual aspécts of the invention. In this regard, no attempt 18 made o
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show structural details of the nvention in more detall than is necessary for a fundamental
understanding of the invention, the desoription taken with the drawings making apparent
to those skilled in the art how the several forms of the nvention may by anbodied i
practice.

{8617} Before at least one embodiment of the mvention is explained in detuil, it is to be
understoad that the Jnvention is not Hmited in its application to the details of construction
and the arrangement of the components set forth in the following description or illustrated
in the drawings. The ivention is applicable fo other embodiments that may be practiced
or carried out in varions wavs as well ag o combinations of the disclosed embodiments,
Also, it is to be onderstood that the phraseology and terminology employed herein are for
the purpose of description and should not be regarded as Hmiting,

{0018] Unless specificslly stated otherwise, as apparent from the following discussions, it
is appreciated that throughout the specifivation discussions utilizing ferms such as
"processing”, "computing™, "ecaleulating”, "determining”, “enhancing”™, “deriving” or the
like, refer to the action and/or processes of a computer or computing system, or similar
clectronie computing device, thal manipulates and/or tansforms data represented as
physical, such a3 electronic, quantities within the computing system’s registers amdfor
nremories indo other data similarly represented as physical guantities within the computing
systey's memories, registers or other such information storage, transnyssion or display
devices, In certain smbodiments, ilamination technology miay comprise, slediromagnetic
vadintion in the visual range, ultraviolet or even shorter wave radiation such as x rayvs, and
possibly even particle beams.

[8019] Meirology methods and tools are provided, which enhance the accuracy of the
measurements and enable simplification of the measurement process as well as improving
the correspondence between the metrology lwrgets and the semiconductor devices.
Methods comprise illuminating the farget in a Littow configuration to vield a first
measurement signal comprising # -1% diffraction order and a 0% diffraction order and a
second measurement signal comprising a +1% diffraction order and a 0% diffraction order,
wheretn the « 1% diffraction order of the first measurement signal and the 1% diffraction
order of the second measwromiont sighal are diffrgeted st 180° to a direction of the

Humination, performing a first measurement of the first measurement signal and a sccond
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measnrement of the second measwrement signal, and deriving metrology  metric(s)
therefrom. Alternatively or complementarily, a reflected 0% diffraction order may be split
to vield components which interact with the «1% and +1% diffraction orders.

{8020} Optical overlay tools measure overlay on representative fargets, the designof which
is optimized for measurabibity at optical wavelengths, and for compatibility with the
lithography and process steps. As device piteh is scaled down, these two opposing eriteria
lead to optimized targets being either less compatible with the device (thereby often leading
t an overlay biag), or more challenging to measure due to thelr reduced diffraction
efficiency, Advantagsously, disclosed cmbodiments provide waws 0 incrcase the
sensitivity of the messurament apparaius, and to facilitate measurement of targets with fow
diffraction efficiency, while not compromising measurement aCcuracy.

{0021} 1l is noted that the disclosed principles, iools 180 and methods 200 may be
implemented in current metrology platiormy andlor iIn metrclogy  platforms unler
development to improve the accuracy of the metrology measwrements {(e.g., overlay
meastrements} and to provide metrology meastrements which are more relevant to real
devices.

{8622} Disclosed embodiments overcome disadvantages of bright field imaging such as
the possibility for each pair of ordery to contibute a diffevent srvor tothe overlay, therehy
making it difficult 1o control the total error Disclosed order selection is adveniageous in
reducing the ervor, a3 illustrated in 2 non-limiting manner by Equation 1, including only
the fowest three diffraction orders (0 and +1), with P dencting the pitch of the periedic
target, a, denoting the diffraction amplitude of the n®® order, W denoting the average phase
difference between the 0% and the 1% diffraction orders, and 8¢ and Sa, denoting the
phase and amplitude differences, respectively, between the +1% and -1 orders. BF denotes
the applicability of Eguation 1 o brght ficld imaging, with the ferm
{atan{da, tan ¥)) denoting the amplification of the target asvmmetry error in bright field
ttaging. X denotes the postlion of target conter of synunetey.

e ” N o 2i{x — Xo.
Ige{x) = fagl® + 1oy +Ja.g|? + 4a,@; cos[¥] cos “i“”("“};m?““)"

+ 8¢ + atan{da, tan ¥

47y —xg}

+ gy COs B

+ 351}‘)}



WO 2020/046408 PCT/US2018/065579

{0023} The inventors note that while 8¢ canses an overlay error that may be assigned to
the geometrical ambiguity due to target asymumetry, the second phase tenm in the first
hamonic (atan{uay; tan ) may acquire any valoe in the range {~ g, +§} for arbitrary
values of W, and therefore overlay errors could be on the order of § For ghvious reasons,
tan W is often cotned the insccuracy magnification.

[B024] Figure 1 is a high-lovel schematic block dingram iHlustrating a metrology tool 108
andd 2 target measuraanent method 286 (sec also Figure §), sccording to some embodinments
of the invention. Metrology tool 100 has an iHumination arm 101 and a collection arm 108
associated with at least one processing it 99 (e, in a metrology module), which are
configured o perform metrology measuwrements of & metrology target 60 ot the waler, ez,
according to method 208,

{0825} Meirology tool 100 is configured to iltuminate (stage 210, see Figure §) metrology
target 68, by iHumination arm 101, in a Littrow configuration, to yield, from a fivst incident
iHumination 119, a first measurement signal (see 188A) comprising a -1 diffraction order
1158 and a 0P diffraction order 1154 and, from a second incident illumination 128, a
second measurement signal (see 100B) comprising a +1% diffraction order 1258 and a 0%
diffraction order 1234, with -1 diffraction order 115B of the first measurement signal and
+1® diffraction order 125B of the second measurement signal are diffracted at 180° to a
direction of ieident Hlomination 116 and 128, respectively,

{3826 Metrology tool 188 is further configured to perform {stage 238, by collection arm
108, a first measurement of the Hrst measurement signal {which includes <™ diffraction
order 1138 and O diffraction order 118A} and a second measurement of the second
measurement signal (which includes +1¥ diffraction order 125B and 0% diffraction order
125A), e.g., using one or more camera(s) and/or sensor(s) and from the frst and second
peasurements, o derive at least one metrelogy metric (stage 244, see further method stages
in Figure 5).

(8027} Cestain embodiments comprise measuring the overlay intwo different ilumination
conditions: 180A, 1068, wherein in-cach illomination condition, the image (the first and

the second measurement signals, respectively) is compuosed of only two arders: 0,41 and

0,-1. Theillomination angle may be setto satisfy sin 8, = ¢ P {Littrow conliguration) and
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therefore, according to the standard grating equation, the angle of the n*" diffracted order

o . . "A A 1 e . ;
satisfics sinf, = —sin 8; + s (¥ =+ n). In pon-limiting embodiments, assuming

A = P oprovides that aanly two orders it within the somerical apertors, namelyy for a
negative angle illumination, the angles of the diffracted orders satisfy sinf., =

—hs S 8y = oo {ithimination and measurement condition 180A). and for a positive

angle ilondnation, they satisfy sin§; = ﬁ;, Sin g = - é% fillomination and measarement
comtition T00B). It is noted that while Figure 1 illustrates o one~dimensional setting, the
same principles ave applicable to two-dimensional settings (see e, Figures 2-4),

{0028} Equations 2 express the signal intensities 1, {x) and /_{x) for conditions 1004,
1068, respectively,

1.0x) = af + af + 2aga, cos)

(271‘.(3{ - Xg) R §¢)

.. ( 2mix—x '
Fix) = a5+ as, + 2aga. 4 €08 ( mf......;.._}a........?.;); S ﬁcﬁ)

Fguations 2

{8029] Equation '3 expresses the overlay as a now-limiting exaniple for the metrology
metrie that can be derived trom the signals expressed by Equations 2, ebiained from the
phase difference (e — ¢.) belween the signals, which corrasponds to- 8¢ that can be
dertved from the signal measurements using Equations 2.

OVL ==y ~ $.) = Xy + =8¢ Equation3

[0830] Advantageousty, disclosed metrology tools 108 and methods 280 exbubit the
following beneficial characteristics {vone of which limiting the mvention): (1) The
amplitude asymmeiey has pe otfect on the naccuwracy; (i) The average topographic phase
cancels out and therefore there iz no sddiional sowrce of naccuracy beyond the
geometrical ambiguity- :f; de¢b: (it} Synmetric aberrations are cancelled out since both
orders go through the same optical path. As a result, the depth of focus depends on the
itllumination mumerical apertare, rather than on the collection aperture; (iv) There is only a

negligible contamination from higher diffraction orders at the pupil plane since the orders

w3
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are al least twice more distant than they are in normal Humination conditions; and {(v) No
blocking element is required in the collection pupil for accuracy purposes. Cerlain
gmbodiments may lack one or more of the characteristics Hsied herein, possibly due to
specifie configuration and practical tradeoff issues.

(8031} In any of the disclosed ombodiments, a single grab oplion with corresponding
ilhumination conditions {e.g., only one of keffupper or vightbottom lumination poles
when referring e.g., to Figure 2) may repluce two different illumination conditions 1004,
1808, and two measurements may be carried at 0° and 1807 degrees of waler ortentation,
For example, all cells may be measured under a single Hlumination condition at both 0°
and 180° degrees of waler orientation ~ trading ofT iHlumination condition modification for
wafer movements. Advantageously, certain embodiments do not require carrying out
thoreugh calibrations between positionsfsizes of left and right poles i different
Hhamination conditions 1664, 1868, while providing zero TIS (fool Induced shift)
measurements up to focus repeatability which Is not significant due to large DOF (depth
of fietd), compensating for the additional required MAM {move-acquire- measure} e,
{8632} Ceraln embodiments fiwther comprise reducing farget size (with the same target
design}, ¢.g., by a fetor of two, reducing the pitch of the periodic structure by ball] with
respect to @ given metrology tatget design, which s also made possibly using disclosed
metrology tools 180 and meothods 208 because they exbubit g reduced risk of side-lobes
cHpping by apertures in the pupil. In cortain embodiments, target pitel may be reduced by
a factor of two at the same wavelength, enhaneing the compatibility of targets 60 with the
devices,

{8033] In certain embodiments, metrelogy tools 180 and methods 208 may farther
comprise attenvating the zero order in the collection pupil fo increase contrast with only a
maoderate or minor impact on the signal amplitude.

{0034] Advantagenusly, in comparison fo prior art such as LS. Patent No, 7,528,953
which teaches simubtancous Humination of the target at opposite Littrow angles, and
obtsiniag the overlay from a single image that s composed of the sum of the two
interference terms: 0.+1 and 0.1, and may therefore have an amplitude difference between
the diffracted orders which is coupled to the topographic phase, possibly Iading to

inaccuracy magnification. In confrast, cerfain embodiments of disclosed metrology tools
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168 and methods 208 comprise nsing consecutive ilomination if the tavget, isolating and
removing the amplitude ditference as Hlustrated in Equations 2 and 3.

{00358] Figure 2 is a high'devel schematic Hlustration of metrology tool 180 and
measurements 108A, 1008, implemented using variable illumination, according to some
embodiments of the invention. Figare 2 provides a non-limiting tmplementation example
of a double-grab, Littrow illumination two-beam imaging measurement. In certain
embodiments, iHunination arm 181 way comprise a Hght source 78 and adaptive optics
glement(s) such as a digital lght processor (DLPY 78, and collection arm 103 may comprise
a sensing element such as camera(s) 90 and/or corresponding sensors and adaptive opties
element(s) such as a spatial Hght modulator (SLM) 95 - configured o implemnent flexible
Litrow angle illomination and collection for varying wavelengths, e.g., to switch between
the two Littrow configurations for the X and Y directions {see pupil plane illumination
diagrams 77, with full black circles illustrating the Hlumination spots in the pupil plane).
Hlumination and collectiorrarms 101, 195, respectively are assoviated by beam splitter 8%
and directed throngh objective 88, Hummation 118, 120 in measorements 1804, 100B
{also tormed grabs), respectively, (each llustrated lumination beam 118, 128 comprises
two beams, for corresponding divections X and Y} and diffraction orders -1 {g_,e¥-1)
V1SB, 0 (Ta,e'0) 1154 and +1 (g,2'9) 1258, 0 {Taye'®0) 1284, respectively, and in
each of measorement divections X, Y, with T being an optional alfenuation factor | 18
noted that embodiments of adaptive optics element(s) such as DLE, SLM or other are
interchangeable in various embodiments. Variable itHomination andfor collection may be
confisuredfo achiove improved contrast. For low diffraction efficiency targets 68, the xero
order may be attenuated {per illumination angle) with similar SLM andfor DLF elemeni(s),
depending on whether measuroment 1s carried oot by transmission or reflection.

{0036] Figure 3 i3 a high-devel schematic illustration of metrology tool 188 and
measurements 108A, 100B, implemented without using adaptive optics, according to some
smbodiments of the invention. Humination arm 11 may provide illunination 71 and
comprise a fixed mask 78 with, e g, four poles {indicated schematically by the white
cirelesy that ominate simultaneously at opposite Littrow angles (2.g., for corresponding
Xand Y periodic struciures of farget 68), A shutier assembly 138, e.g., comprising 8 pair

of knife-edge shutters mounted on fast motors, may be configured to block, alternately; the
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poles assoctated with the positivelnegative llumination angles, as illustrated in
measwrement. conditions 1804, 16808 (each illustrated iHlumination beam 116, 120
comprises lwo beamns, for corresponding directions X and Y). Collection arm 105 may
comprise corresponding coltection elements, illustrated schematically, In a non-limiting
manner, 88 two sub-atms each comprising camera 98A, 90B and a zeroth order sttenuator
1404, 1408 providing corresponding measurements 1884, 1008 (also tormed grabs) to
processing wait 9% Zeroth order attenuation, using fixed elements, may be achioved by
splitting the collected orders info fwo and placing two, semb-opague masks 1484, 1468 ot
the coliettion pupil, cach aticnuating a ditferent palr of orders: In cortain embodiments,
variable optical elements such as DLFP or SLM may be used for attenusting the zevoth order
without splitting collection arm 185, An additional beam splitter 88A may be used 1o split
the collected radiation to the two sub-arms of collection arm 105, Certain embodiments
may comprise optical manipulation in collgction arm that enables using a single camera 96
andfor a single veroth order attenuator 148 (not Hustrsted),

[4637] Figure 4 i3 a highdevel schematic illustration of metrology tool 188 and
measurements 100A, 1008, implemented in a split image configuration, according o some
smbodiments of the invention. Certain embodiments  comprise metrology tools 168
comprising Humination sem 181 confipured 1o flluntinating target 68 by Hlumination 122
{equivalent to illumination 110 plas 120) to vield a reflected 0% diffraction order 112
{equivalent to diffracted O orders 1154 plus 1284} and 1% and +1% diffraction orders
11SB, 1238, respectively. Disclosed metrology tools 108 further comprise a collection arm
105 comprising an image sphitter 150 {e.g.; a prism such as a prism mirror, possibly via
optical element(s) 86 such as a mirvor} conligured to split reflected 0 diffraction order
122 into first component 1184 which is captured with ~1¥ diffraction order 1138 and
second component 128A which Is captored with +1% diffraction order 1258, to yield
corresponding first aud second measurements, 1084, 1008, respectively. Metrology toels
108 firther comprise processing wait 99 {ep. associated with a metrology module)
comfigared to derive at least one metrology mwetrie from first and second measarements
106A, 1088, respectively. In varions embodiments, illumination arm 101 and collection
arm 188 tnay be conligured o carey out the iltuminating and the perfornting of the

megsurements shunltancously in two measuremisnt divectiony {e.g., X and Y1 In soms

10
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embodiments, collection arm 108 may comprise at least one 0% diffraction ovder attenuator
{not shown, seo aftenuatons 1404, 140B) configured o attenuate at Teast one of first and
second components 1154, 1254 of 0% diffraction order 122

{8038 Certain embodiments of metrology tools 108 eliminate the inaccuracy beyond the
ambiguity while not deteriorating the signal level by using splitamage configuration as
ifhustrated schematically in Figure 4. In certain embodiments, the collection pupil may be
split at the middle {or at a given propottion, possibly related to the illumination wavelength)
o two halves (or fowr quadrants when meastwing perodic stractures in two teasurement
direction, such as X and Y, for cxample using prisin mirror 150 or other embodiments
disclosed in U8, Patent No. 8,450,641, incorporated herein by reference in il entirety.
The +1% order (123B) may be made to interfere with the positive half (as first component
125A) of 0% order 122 to build one image 1004, and the -1% order (115B) may be made to
interfere with the negative part {as second component 1154) of (% order 122 to build
second image 180B. In cortain embodiments, the oveday differcnce between the two
fmages (1004, 100B) does not depend on the average topographic phase W (see Equation
1) and the amplitude of the signal decays only Hnearly with the diffraction efficiency,
similar to the Littrow method and Littrow configurations disclosed above,

{B8398] Certain embodiments further comprise calibrating fivst and second measurements
100A, 1008, respectively (2.g.. cotresponding images) for laycr-dependent telecentricity,
Certain embodiments further comprise dertving focus information from telecentricity
parameters of first and second measurements 1064, 100B (c.g., corresponding inmages),
&.g., obtaining the focal position of each laver from one (or more) grab(s), e.g., 198A andfor
100B. Certain embodiments comprise obtaining focus sensitivity without sphitting the pupil
at the collection path, by using g non-Liftrow, off-axis iumination and measuring the focus
from the shift in the grating andéor cell position on the expense of increased sensitivity to
symmetric aberrations.

{B840] Certain ewbodiments further comprise increasing contrast of low diffiaction
efficlency targets, by attenuating one or miore of the zere order components 11584, 125A.

ih

Alternatively or complenentarily, conirast loss caused by splitting 0% order 122 {to two
portions for each measuremont directions, g, o four portions when two measurement

divections are used) may be compensated for by various approaches, ag. for {wo
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measurement divections, by splitting original sipnal 122 into four identical copies and then
fram cach copy obtain a different image {not Hustrated), by order selection of each of the
combinations (0%, +155), (0%, ~18), (0", 41§ and (0%, —~139). Advantageously,
splitting the signal to use only pant of the zero order to create the respective signals with
the first order signals {or parts thereof), provide ¢ smaller amplitude of the zeroth order
signal while maintaining all Homingtion points to nterfere with the first orders (o.g., as
whole signals.

{8041} In any of the disclosed smwbodiments, the metrology metric{s} sich as overlay may
be-derived separately from the phases of the signals obtained from interference between
the respective O and &% orders,

{0042} Advantageousty, disclosed tools 106 and methods 200 may be configured o
provide superior acouracy and precision in IBO at low diffraction efficiency conditions,
without the need for phase control. For example, relating to phase and amplitude contrel
approaches, as taught eg., in U.S. Patent Application Publication No. 20170146915,
disclosed embodiments may be simpler o implement, easier to practice and present simpler
sysien requirements to fulfill Dy another example, disclosed tonls 108 and wmethods 208
may be configured to provide higher signal amplitudes than approsches seeking to
mintmize or slimingte the frst order ferm ap (see Equation 1), such as taught by WIPQ
Publication No. 2007143056 which leave the signal amplitude to be related to ¢f. The
higher signal amplitudes schioved by disclosed tools 106 and mcthods 208 also improves
the achieved sipnal to poise ratio.

{8043} 1t is noted that eloments from Figures 1.4 may be combined in any operable
combination, and the iflustration of certain elements in certain Higures and not o others
merely serves an explanatory purpose and is non-Hmiting.

{0844} Figure § is a high-level flowchart illustrating a method 208, according to some
embodiments of the invention. The method stages may be carried out with réspect 1o
metrology tool 186 described above, which may optionally be configured fo imploment
method 200, Method 280 may be at least partially implemented by at least one computer
PIOCESSOn, €. 8. 1 & melralogy module. Certain embodiments comprise compaier program
products comprising a computer weadable storage medinm having computer readable

program embodied therewith and configured to carry oot the relevant stages of method
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208, Ceriain embodiments comprise farget design files of respective targets designed by
embodiments of method 200, Method 200 may comprise the following stages, irrespective
of their order,

{B045] Method 200 comprises measuring a metrology target by a metrology tool having an
itlumination anm and a capturing anm (stage 208}, mclading Hurunating the target in a
Littrow configuration {stage 218), deriving a first measurement signal with -1% and 9%
diffraction orders and a second measwement signal comprising +1% and 0% diffraction
orders {stage 220Y by performing first and second messurements of the first and second
measurement signals (stage 230} and deriving metrology mictrie(s) such as overlay from
the first and second measurements (stage 340}, In any of the disclosed embodiments, the
first and second meastrements may be caried &t 0° and 1807 degrees of wafer orientation,
under the same Humination conditions (stage 231), trading off the modificalion of the
ithamination conditions for MAM time,

{8846} Method 200 may further comprise confipuring the ihunination arm to have the ~1¥
and + 1% diffraction orders of the respective measurement signals diffracted at 188° to the
Hinmination dircction (stage 212} o certadn smbodiments, method 200 may comprise
careying out the ilfominatiog by spatial Hght modolation and/or by digital light processing
{stage 314) andfor carrving out the Hluminating using a paty of shutters applied altcrnately
i an lumination source having foor poles, corresponding to simolancously Hunnating
in two messurement divections {stage 216). Certain embodiments cOomprise attenuating ot
teast one of the 0 diffraction orders (stage 217). Certain embodiments comprise carrying
out the Hluminating at multiple wavelengths, Implementing a  flexible  Littrow
configuration (stage 218},

{6847} In certain embodiments, performing of the measurements may be carried out by
spatial light modulation andior by digital light processing {stage 2323 Certaln
embodimenis comprise carying owt the luminating and the performing of the
measwrements simulisneously in two msasurement directions (stage 234),

{8848} In certain ombodiments, method 208 may further coniprise redicing larget sige,
a.g., by half, by reducing the pitches of the periodic structures, e.g., by a factor of two
{stage 280), wilizing the disclosed Littrow configoration. In certain embodiments, wethod

209 may comprise illuminating the target, by the illumination arm, to vield a reflected ¢©
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diffraction order and ~1M and +17 diffraction orders {stage 222), splitting, in the collection
arm, the reflected 0% diffraction arder into a first component which is captured with the -
I diffraction order and a second component which is captured with the +1" diffraction
order, to yield corresponding first and second measurements (stage 224), and deriving at
least one metrelogy metrie from the st and second measurements {stage 240}, In various
embodiments, ilwminating 222 and splitting 224 may be carried out simultancously i1 two
mwieaswrement directions for each of the first and sccond measurements. In certain
embadiments, method 200 may firther comprise atteniating at least oneof fitst and sécond
componenis of the 0™ diffraction order (stage 227). The metrology metric(s) may comprise
an overlay of the target, calerdated from Equation 3.

{0049 Cenain  embodiments  further  comprise calibvating the first and  second
measurements (e, Corresponding mages), the inages Tor layer-dependent telecentricity
(stage 242). Certain embodiments further comprise deriving focus information from
felecentricity parameters of the frst and second measurements {e.g., corresponding
images), e.g., obtaming the focal position of each layer from one {or more) grab(s) {stage
244}, Certain embodiments comprise obtaining focus sensitivity without splitting the pupil
at the collection path {stage 247), by wsing & non-Littrow, offtaxis Humination and
pieasuring the focug frony the shift in the grating andfor eell position on the expense of
increased sensitivity to symmetric aberrations.

(0630} Aspects of the present invention are deseribed above with reference to flowchart
tlustrations: and/or portion diagrams of methods, apperatus (systems) and computer
program products according 1o embodinments of the invention. It will be understood that
gach portion of the flowchart lustrations andfor portion diagrams, snd combinations of
portions in the flowchart illastrations andfor portion diagrams, can be implemented by
computer prograny instructions. These computer program instractions may be provided o
a processor of a general-purpose computer, special purpose computer, or other
programmable data processing apparatus 1o produce a machine, such that the instructions,
which execute vig the processor of the computer or other programmable data processing
apparatus, create means for implementing the functionsiacts spegified in the flowehart

and/or portion diggram or povtions thereol
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{8651} These computer program instructions may also be stored in 8 compaier readable
medinm that can divect a computer, other progranumable data processing apparatus, or ather
devices to function in o particular manner, such that the instructions stored inthe conmputer
readable medivm produce an artiele of mamfacture including instructions which
implement the function/act specified n the HBowchart andfor portion diagram or portions
thereof.

{0652] The computer program instructions may also be loaded onto a conputer, cther
programomable data processing apparatus, or other devices to catse 8 series of operational
steps-to be performed on the computer, other progranunablé apparatus or-other devices fo
produce a computer mplemented process such that the instructions which exeenie on the
computer or other programmable apparatus provide processes for implementing the
functions/acis speeificd in the flowchart andior portion diagram or portions thergof,
[B833] The afuvrementioned fowchart. and  diagrams  Hlustrate  the  architecture,
fanctonality, and operation of possible implementations of systems, methods and
computer program products according to various embodiments of the present invention. In
this regard, each portion in the flowchart or portion diagrams may represent a module,
segment, or portion of code, which comprises one or more executable instructions for
inplementing the specified Togical function(s). It should alse be noted that, in some
alternative implementations, the functions noted in the portion may ocowr owtof the order
noted in the figures. For example, two portions shown in succession may, in fact, be
exceuted substantially concurrently, or the portions may sometimes be executed in the
veverse order, depending upon the finctionality fovolved. It will also be noted that each
portion of the portion diagrams andfor flowchart Hustration, and combinations of portions
in the portion diagrams andfor Howchart ilustration, can be implemented by special
purpose hardware-based  systems that perform the specified Rmctions or acts, or
combinations of special purpese hardware and compuier instructions.

18854} In the above description, an embodiment is an example or implementation of the
tventiony The vatiods appearances of "one embodunent™, "an embodiment”, "certain
crboditnents” or "some cmbodiments” do net necessardy all refer to the same
gmbodiments, Although various features of the invention may be deseribed in the context

of a single embudiment, the features may also be provided separately or in any suitable



WO 2020/046408 PCT/US2018/065579

combination. Conversely, although the fnvention may be described herein in the context of
separate embodimenis for clarity, the nvention may alse be inplemented in a single
gmbodiment. Cerlain embeodimnents of the fovention may include features from different
smbodiments disclosed above, and certain embodiments may lncorporate elements from
other embodiments disclosed above, The disclosure of clements of the invention in the

‘g

context of a specific embodiment is not to be taken as Hmiting thelr use in the specific
embodiment slone. Farthermiore, it is o be understood that the invention can be carvied out
or practiced i varipgs ways and that the invention can be implemented v centain
embodiinents other than the ones outlined in the description above.

{8055} The invention is not himited to those diagrams or to the corresponding descriptions.
For example, flow need not move through each lustrated box or state, or in exactly the
same ovder as illostrated and described. Meanings of technical and scientific tevms used
herein are o be commonly understood as by one of ordinary skill in the art to which the
fnvention belongs, vndess otherwise defined. While the mvention has been described with
respect to a limited number of embodiments, these should not be constroed as limitations
on the scope of the invention, but sather as esemplifications of semge of the preferred
embodiments, Other possible variations, modifications, and applications are also within the
scope of the invention. Accordingly, the scope of the invention should not be Hmited by

what has thus far been deseribed, but by the appended claims and their legal equivalents,

i6
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CLAIMS

What is claimed is:

o

G,

A method of measuring a metrology target by a metrology tool having an illumination
arm and a collection arm, the method comprising:

illuminating the target, by the illumination arm, in a Littrow configuration to yield
a first messurement signal comprising a - 1% diffraction erder and a 0" diffvaction order
and a second measutement signal comprising a +1Y difftaction order and a 0
diffraction order, wherein the -1¥ diffraction order of the first measurement signal and
the + 1Y diffraction order of the second measurement signal are diffracted at 180° o a
direction of the lumination,

performing, by the collection arm, a Hrst measurement of the first measnrement
signal and a second measurement of the second measurement signal, and

deriving at Jeast one motrology metrie from the frst and second megsorements.
The method of claim 1, wherein the illuminating is carvied out by spatial light
medolation andfar by digital hght processing.
The method of claim 1, wherein the hunminating is carrted out at multiple wavelengths,
implementing a Dexible Litrow configuration.
The method of clainy §, whercin the performing of the measarements is carried out by
spatial Hght wodulation and/or by digital tight processing.
The method of claim 1. wherein the lluminating and the performing of the
measurements are cartied out simultansously in two measursmont divections.
The method of claim §, wherein the iluminating i carried out using 8 pair of shutiers
applied alternately to an hunination sowce having four poles, corvesponding to
simultaneously Hluminating in two measurement diveclions.
The method of any one of claims 1-6, further comprising attenuating at least ong of the
0" diffraction orders.
The method of claim 1, wherein the at least one metrology metric comprises an overlay

of the target, calculated from Eguation 3.
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9. The method of claim 1, Ruther comprising reducing a size of the metrology target by
half, by reducing periadic structures pitches of the target by a factor of two with respeet
{0 a given metrology target design,

10, The method of claim 1, wherein the first and second measurements are carried out ag
0° and 1807 degrees of waler orfentation.

11. The method of any one of claims 1-10, carded out ot least partially by at least one
QB!TXPU‘{Q}' PIOCLSSOT.

F2. A compuoter program product comprising o computer readable storage medium having
computer readabde program embodied therewith and configured o camry out at least
partially the method of any one of claims 1-10.

13, A metrology module comprising the computer program product of claim 12,

14, Metrolopy mieasurements performed by the method of any one of elaims 1-10

15, A metrology tool comprising:

an Hlumination srm configured to Hluminating a target in a Littrow configuration
to vield a first measurement signal comprising a 1% diffaction order and a O
diffraction order and a second measurement sigual comprising a +1% diffraction order
and a O diffraction order, wherein the -1 diffraction order of the first measurement
signal and the +1% diffraction order of the second measurement sipnal are diffracted at
1807 to g direction of the Hlumanation,
a collection arm configired 1o perform o first meiswrement of the first
nicasurement signal and a second messurement of the second measurement signal, and
a provessing wnit configurad to derive at least one metrology metric from the first
and second measyroments.

16, The metrology tool of claim 13, wherein at least one of the Hhwmination arms and the
collection arm comprises a spatial light modulator andfor a digital Hght processor
configured to implement a flexible Lattrow configuration corresponding to illumination

by mudtiphe wavelengths.

—
3

7. The metrology tool of eldim 13, wherein the hunination arm and the collection grm
are configured to carry out the Huminating and the performing of the measwrements

simaltapecusly in two measiemaent divections.
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18, The metrology tool of claim 15, wherein the Shenination arm comprises a pair of
shutters applied aliernstely to an iumination souree having four pales, corresponding
{0 simultancous tHumination fn two measurement directions.

19. The metrology tool of claim 15, wherein the collection arm comprises at least one 0%
diffraction order attenuaior,

20, The metrology tool of claim 15, whereln a size of the metrelogy target is reduced by
half and has periodic structures pitches of the target which are reduced by a factor of
g, with regpeet to 1 given metrology target desien.

21, The metrodogy tool of claim 15, wherein the first and second messurements are carried
out at 07 and 180" degrees of waler orientation.

22. A method of measuring a metrelogy target by & metrology tool having an iumination
s and a collection army the method comprising:

illuminating the target, by the iHlumination arm, to vield a reflected 0™ diffraction
order and <1 and +1¥ diffraction orders,

spliting, in the collection arm, the reflected O diffraction order into a first
component which is captured with the -1 diffraction erder and a second componest
wirich iy captored with the + 14 diffraction order, 1o vield corresponding fivst and second
megstroments, and

deriving at least onemetrology metrie from the Grst and second meastrements,

23, The method of claim 22, wherein the lluminating and the splitting are carried out
stimulaneously i {wo mweasorement divections for each of the first and second
TRASBYENIES.

24, The method of claims 22 or 23, further comprising attenuating at least one of first and

& diffraction order,

second components of the ¢

25, The method of claim 22, wherein the at least one metrology metie comprises an
overlay of the target, caleulated from Equation 3.

26. The methed of any one of claims 22-25, further conyprising calibrating the first and
second measurements for layver-dependent teleceniricity.

27 The method of any one of claims 22-26, further comprising deriving focus information

Trom telecentricity pavamaters of the fivst and scoond nicasurements,

i
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28, The method of any one of claims 22-27, further comprising obtaining focus sensitivily
data using a nen-Littrow, eff-axis tHumination and measuring the focus from a position
shift in the taveet,

29, The method of any one of claims 22-28, carried out at least partially by at Teast one
COMPULST Processor,

300A computer program product comprising a computer readabde storage mediun having
conmyner readable program embuodied therewith and configured. to carry outat least
partially the wethod of any oneof claims 22-2R.

31. A metrology module comprising the computer program product of claim 30,

32, Metrology measurements perforined by the method of any one of claims 22-28.

33, A metrology tool comprising:

an illumination arm configured to Hluminating a target to yield a reflected 8
diffraction order and ~1¥ and + 1 diffraction orders,

a collection srm comprising an image splitter configured to split the reflected 09
diffraction order into a first component which is captured with the - 1% diffraction order
and a second component which is captured with the +1* diffraction order, w yield
corresponding first and second measurements,; and

a processing unit configured to derive at least onemictrology metrie from the first
and second measurements.

34, The metrology tool of claim 33, wherein the llumination arm and the collection arm
are configured to carry out the illuminating and the performing of the measurements
simultancously in two measurement dirsctions.

35, The metrology tool of claim 33, wherein the collection arm comprises at least one 09
diffraction order attenuator configured to altenuate at least one of first and second
components of the 0% diffraction order.

36. The metrology tool of claim 33, wherein the processing unit is further configured to
carry out af least one off calibrating the first and second measurenents for layors
dependent telecentricity, deriving focus information from telecentricily parameters of
the first and second measurements and/or obtaiming focus seusitivity data using a non-
Littrow, offtaxis illumination and measuring the fotus from a position shiflt in the

target.



