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

CROSS REFERENCE TO RELATED APPLICATIONS
{6001} This application claims the benelit of UK. Provisional Patent Application No.
62,723,944 filed on August 28, 2018, which is ineorporated herein by reference in ifs

entirety.

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

dlumination and measorement configarations that enhance measurament accnracy,

2. DISCUSSION OF RELATED ARY

[G883] Optical overlay measurement i3 usually classified into one of two types: imaging
or scatterometey, In inaging-based overlay (1BO), patterns of the target are prionted side-
byeside in two separate layers, and their lateral shift iy measured 4n the tmage plane with
respect to the optical system. o scatterometry, of diffraction-based overlay (DBRO),
patterns frong different Jayers are printed one above the other, and the overlay is obtained
from the amplitades of the diffracted orders of the stack. Detatled principles of this
megstrement are beyvond the scope of this docament.

{9804} lmaging technelogies may be further vategorized 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 system, n Dark field
imaging, the Oth order is blocked. The latter i typically used for superior image
contrastiprecision, As indicated in previous works, one oy inprove measgrement
accuracy by order selection, as taught, e.g., by WIPO Publication No. 2007143036,
incorporaied herein by reference i ity entirety, For example, selecting only the Oth and
+istorders leads to improved accuracy at best contrast focus, as taught, ez, by ULS, Patent
Apphcation Publication No. 20170146915, incorporated herein by reforence in its entirety,

Farther improvement of accuraey and contrast within this configuration is possible via
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conirol of the amplitude and phase of the zero ovder, as taught, e.g., by TS, Patent
Application Publication No. 20170146913, incorporated herein by reference in s entirety.
I the prior axt, the best results may be achieved by selecting only the tist orders, al the
expense of signal amplitude.

SUMMARY OF THE INVENTION

(0005} The following is a simplified summary providing an initial understanding of the
invention. The summary does not necessartly identify key clements nor Limits the scope of
the invention, but merelyserves ag an introduction to the following description.

j0006] One aspect of the present invention provides a method of measuring 8 metrology
farget by a metrology tool having an llumination aom and a collection arm, the method
comprising: iluminating the target, by the llundnation arm, i a Littrow configuration to
yield a first measurement signal comprising a -1% diffraction order and a 0% diffraction
order and a second measwrement signal comprising a +1% diffraction order and a (%
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 1807 to a direction
of the tHumination, perfornting, by the collection arn, a fivst measurement of the fisst
measurement signal and & second measweement of the second measuroment signal, and
deriving at least one metrology metric from the first and second measurements.

[8607] Oune aspeet of the present invention provides a method of measuring a metrology
target by & metrology tool having an lumination arm and a collection arm, the method
comprising: illuminating the target, by the illumination anm, fo vield a reflected 08

diffraction order apd -1 and +1¥ diffraction oeders, splitting, in the collection arm, the

s

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 at least one metrology
metrie from the first and second measurements.

808} These, additonal, andfor other aspects and/or advantages of the present invention
are set forth in the detailed description which follows; possibly inferable from the detailed

description; andfor learnable by practice of the prosent invention,
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BRIEF DESCRIPTION OF THE DRAWINGS
[609] For a better understanding of embodiments of the invention and to show how the
savne may be carried into effedt, reference will now be made, purely by way of examnple,
o the accompanying drawings in which Hke mumerals designate corresponding elements
or seetions throughont.
{4010} In the accompanying drawings:
10611} Figure 1 is a high-level schematic bloek diagram Hlustrating metrology tools and
targel measwrement methods, according to some ewbodimnents of the invention.
0012} Figure 2 is a high-level schomatic ilustration of mewology tools and
measnrements, implemented using variable Hlumination, according to some embodiments
of the invention.
[0013] Figrmee 3 s a high-level schematic illustration of metrology tools and
measurements, mplomented  without using adaptive optics, according to some
embodiments of the invention.
0014} Figare 4 is a highdevel schematic illustration of metrology tools and
measurerenis, implementad in o sphit image confignration, according to some
embodiments of the invention.
[B015] Figure 5 s a high-level flowchart illustrating & method, according to some

embodinents of the nvention.

DETAILED DESCRIPTION OF THE INVENTION
[B016] In the following description, various aspects of the present invention are deseribed,
For parposes of explanstion, specific configurations and details are set forth 1n order {o
provide a thorough understanding of the present invention. However, it will also 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 in order not to obscure the present invention. With specific reference to the
drawings, i siressed that the particelars shown are by way of example and for porposes
of dlustrative discussion of the present invention only, and are presented in the cause of
providing what is believid to be the nwost uselul and readily vadesstood description of the

pringiples and conceptual aspects of the invention. In this regard, no attempt s made to
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show struciural details of the invention in more detail 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 invention may be anbodied in
practice.

0017} Before at least one embodiment of the mvention is explained in detail, it is to be
understond that the invention is not lmited in its application to the details of construction
and the arrangement of the components set forth in the following deseription or illustrated
in the drawings. The invention is applicable {o other embodiments that may be practiced
or carried out i various wavs as well as to combinations of the disclosed embodiments,
Also, it is to be pnderstood that the phraseology and terminology employed herein are for

garded as Hmiting,

P

the purpose of description and should not be re
[0018] Unless specifically stated otherwise, as apparent from the following discussions, it
is appreciated that throughout the specification discussions utilizing ferms such as

LT SRS

“processing”, "vomputing®; "calonlating”, "determining”, “enhancing”, “deriviag” or the
like, refer to the action and/or processes of a computer or computing system, or similay
electronic computing devige, that manipulates andéor tansforms data represented as
physical, such as electronie, gquantiies within the computing svstem's registers andfor
momories o other data similardy represented as physical guantities within the computing
systey's memories, registers or other such information storage, transmission or display
dovices. In certain smbodiments, Hhwmingtion technology nwy comprise, eleciromagnetic
vadiation in the visual range, ultraviolet or even shorfer wave vadiation sach as x rays; and
possibly even particle beams.

[8819] Motrology 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 largets and the senticonductor deviees,
Methods comprise illuminating the target in a Littrow configuration 1o vield a first
measurement signal comprising # -1 diffraction order and a 0% diffraction order and a
second measurement signal comprising a +1% diffreetion order and a 0% diffraction order,
wherein the 1Y diffvaction order of the first measurement signal and the + P diffraction
ovder of the second measurement signal are diffracted at 180° o a dizection ‘of the

iHumination, porforming a first moasurement of the first méasurement signal and a seocond
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measurement of the second measwwement signal, and deriving metvology  metric(s)
therefrom. Alternatively or complementarily, a reflected 0 diffraction order may be split
to vield components which interact with the - 1% and +1°
{8020 Optieal overlay tools measure overlay on representative targets, the designof which
iy optimized for measorability at optical wavelengths, and for compatibility with the
Hithography aud process steps, As device piich 18 scaled down, these two opposing criteria
lead to optimized targets being either less compatible with the device (thereby often leading
to an overlay bias), of more challenging to measwre due to thelr reduced diffraction
efficiency. Advantageously, disclosed embodiments provide ways o increase the
sensitivity of the messurement apparsius, and to facilitale measurement of targets with low
diffraction efficiency, while not compromising measurement accuracy.

[0621] i is noted that the disclosed principles, tools 108 and methods 280 may be
implemented In current metrology platforms andior I metrology  platforms under
development o tprove the acouracy of the metrology measurcments {o.g., overlay
measurements} and to provide metrology meastrements which are more relevant to real
devices.

[B022] Disclosed embodiments overcome disadvantages of bright fiald imaging such as
the possibility for cach pair of orders to contribute a different error to the overlay, therehy
making 1t difficult to control the total error. Disclosed order selection is advantageous in
reducing the error, as fustrated in a non-limiting manner by Equation 1, including only
the fowest three diffraction orders (0 and %1), with P dencting the piteh of the periedic
taroet, a, denoting the diffraction amplitude of the n*® order, ¥ 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 Egquation 1 fo bright ficld imaging, with the ferm
{atan(fa, tan ¥%)) denoting the amphification of the target asymmetry error iy bright field
tmaging, Xo denotes the position of farget centér of symmetey.

2y ~ xg)

Toe () = lagiZ+ Jad® + Ja.1? + 4o, cos[W] cus{ 3 -+ 8¢p + atan{Ja, tan W)

iy — X ’
p JT{ 5 ﬂ} Ef,bj

+ dyflay €08 [m««. o2
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{6023} The inventors note that while 8¢ canses an overlay crror that may he assigned to

the geometrical ambiguity due o target asvoumetry, the second phase tenm in the first
harmonic (atan{duy tan W) may acquire any valoe in the range {_;f:f) : g«‘} for arbitary
valoes of ¥, and therefore overlay ervors could be on the order of »? For ghvious reasons,
tan ¥ is often cotned the ingccuracy magnification.

{3024} Figure 1 is a high-level schemstic block diagram illustrating 8 metrology tool 1460
aml A target measurement method 200 (see also Figure §), according to some embodiments
of the mvention, Metrology tool 109 has an ilumination avm 101 and a collection arm 18
associated with af {éast ope processing unit 99 {e.g., in a metrology module), which are
condigired o perform metrology messuremonts of 8 metrology trget 60 ondhe waler, e,
according to method 288,

[0025] Metrology tool 166 15 confignred to illominate (stage 210, sec Figure §) metrology
target 68, by ilumination arm 101, in & Littrow configoration, to yield, from a firstingcidem
iumination 116, ¢ first measurement signal (see 100A) comprising a - 1% diffraction order
1158 and a 0P diffraction order 118A and, from a second incident illumination 128, a
second measurement signal (see 100B) comprising a +1% diffraction order 1258 and a (®
diffraction order 1284, with -1 diffraction order 115B of the firsi measorement signal and
+1 diffraction order 125B of the second measurement signal are diffracted at 180° o a
direction of incident lomination 110 and 128, respectively,

{8826] Metrology tool 100 is further configured to perform (stage 238), by collection arm
108, a first measurement of the frst measurement signal (which includes <1% diffraction
order 1158 and O™ diffraction order 118A) and a second measurement of the second
measurement signal (which includes +1¥ diffraction order 125B and 0% dilfraction order
125A), e.g., using one or more camerals) and/or sensor(s) and from the first and second
mgasurements, to derive at least one metrelogy metric (stage 244, see fusther method stages
in Figure 5},

{8627} Certatn embediments comprise measuring the overlay in two ditferent ilhunination
conditions H0A, 1008, wherein in cach illomination condition, the image (the first and

the second measurement signals, respectivelyy is composed of only two arders: G041 and

0,-1. The ilomination angle may be sette satisfy sin 8, = + Py {Littrow configuration) and
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therefore, according to the standard grating equation, the angle of the n® diffracted order

A A
2

i o , . 1 e s . ‘
satisfics sinfd, = —sin§; + o (@; .2 ?3) in son-limiting embodiments, assuming

A= P provides that only two orders Bt within the numerical aperture, namely: for a8
negative angle lumination, the angles of the diffracted orders satisly sinf.y =
i, Ao . o . -
s Sin Gy = +;;; {Humioation and measwrement condition 180A), and for a positive

. o e A . A vl A
angle iHonvnation, theysatisfy sin8; = 550 Sin Hy = = Y {illomination wand measarement

yy

comiition T06B). It is noted that while Figure 1 illustrates o one~dimensiona] setting, the
same principles are applicable to two-dimetsional settings (see v.g., Figures 2-4).

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

Z?T(x o .}:{}}

1.00) = af + af + 2a50, C{)S( B + Y 4 Eiqb)

2r{x — xy)

10X) = af + a®y + 2aqa. cos (_. 5

R 5{53)
Fouations 2

{6029} Equation 3 expresses the overlay as a non-limiting example for the metrology
metrie that can be derived froin the signals expressed by Equations 2, obtained from the
derived from the signal measurements using Equations 2.

OVL = =(¢hy = $.) = X, +3=8¢ Equation3

(8030} Advantageously, disclosed metrology tools 108 and methods. 200 exlubit the
following heneficial characteristics {none of which lmiting the invention) (i) The
amplitude ssymmetey bas no effeet on the inaccuracy; (i) The average topographic phase
cangels ‘oot and therefore there is no addiional sowrce of inacewracy beyond the
geometrical ambiguity~ *%8(35 {iti} Symmetric aberrations are cancelled ot since both
orders go through the same optical path. Asa result; the depth of focus depends on the
itlumination numerical aperture, rather than on the collection aperture; (iv) There is only a

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

"R

~3
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are al least twice move distant than they are in normal Hhunination conditions; and (v) No

oy

blocking element is required in the collection pupil for accuracy purposes. Ceriain
cmbodiments may lack one or more of the characteristics Iisted herein, possibly due w0
specifie configuration and practical tradeoff issues.

(G031} In any of the disclosed embodiments, ¢ single grab oplion with corresponding
ithumination conditions {(e.g., only one of keffupper or vightbottom llumination poles
when referring e.g., to Figure 2) may replace two different ilumination 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 ilumination condition at both 0°
and [80° degrees of walker orientation ~ trading off ilumination condition modification for
wafer movements, Advantageously, certain embodiments do not require carrying out
thoreugh calibrationy between positions/sizes of lefl and right poles in differeamt
ilomination conditions 1684, 1868, while providing zero TIS (ool 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-acguire- measure} tine.
{0032} Certain embodiments firther comprise reducing target size (with the same farget
design}, ¢.g., by a fetor of two, reducing the pitch of the periodic structure by half] with
fespect 1o a given metrology target design, which is also made possibly using disclosed
metrology teols 188 and methods 200 becanse they extubit g reduced risk of side-lobes
clipping by apertures i the pupil. In certain embodiments, fasget piteh may be rediced by
a factor of two at the same wavelength, enhancing the compatibility of tareets 68 with the
devices.

10033} In cortain embodiments, metrology tools 108 and methods 200 may farther
comprise attenuating the zero orderin the collection pupil o inerease contrast with only o
moderate or minor impact on the signal amplitude.

{0034] Advantageously, in comparison 1o prior art such as U.S, Patent No., 7,328,953
which teaches simultancous Hhumination of the farget at opposite Littrow angles, and
obtaining the overlay from a single image that s composed of the sum of the two
interference terms: G0+1 and 0.1, and may therefore have an smplitude difference between
the ditfracted orders which is coupled to the opographic phase, possibly leading to

inaccuracy magnification. In contrast, certain @mbodiments of disélosed metrology tools
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168 and methods 208 comprise nsing consecutive ilomination if the target, isolating and
removing the amplitide difference as lustrated in Equations 2 and 3.

{BO35] Figave 2 is o high-level scheématic Hlustration of metrology tool 1080 and
measurements 1084, 1008, inplemented using variable illumination, according o some
embodiments of the invention. Figare 2 provides a non-limiting implementation example
of a double-grab, Litrow llomdpation two-beam fmaging measurement. In certain
embodiments, illomination arm 101 may comprise a hght source 70 and adaptive optics
elefent(s) such as a digiial light processor {DLPY 78, and collection arm 103 may comprise
a sensing element such as camera(s) 98 and/or corresponding sensors and adaptive optics
elemeni(s) such as a spatial Hight modolator (SLM) 95 - configored to implerent flexible
Littrow angle llumination and collection for varying wavelengths, e.g., to switch between
the twe Littrow configurations for the X and Y directions {see pupil plane illumination
diagrams 77, with full black circles illustrating the flumination spots in the pupil plane).
Hiumination and collection arms 101, 105, rospectively are associated by beam splitter 88
and directed through objective 8. Hummation 118, 126 in mcaswrements 1004, 100B
{also tormed grabs), respectively, (each illastrated Hlumination beam 118, 128 comprises
two beams, for corresponding directions X and Y} and diffraction orders -1 {a_,e-1)
ISR, 0 (Ta,e'®e) 115A and +1 (@,e'91) 125B, 0 {Taye’Pe) 1284, respectively, and in
each of measorement divections X, Y, with T being an optional atfenuation factor. I is
noted that embodiments of adaptive optics element(s) such as DLP, SLM or other are
interchangeable in various embodiments. Variable illumination andfor collection may be
configured fo achiove improved contrast. For low diffraction efficiency tavgets 66, the xero
order may be attenuated {per ilhumination angle) with similar SLM andfor DLE elemeni(s),
depending on whether measorement s carvied out by transmission or reflection.

{0026} Figure 3 i3 a high-devel schematic illustration of mwetrology tool 188 and
measurements 180A, 100B, implemented without using adaptive optics; according 1o some
smbodiments of the invention. umination arm 11 may provide iumination 71 and
comprise a fixed mask 78 with, e, fowr poles {ndicated schematically by the whike
cireles) that Huminate simultaneously at opposite Littrow angles (2.g., for corresponding
X and Y periodic structures of target 603 A shutier assembly 138, e.g., comprising & pair

of knife~-edge shutters mounted on fast motors, may be configured to block, slternately, the
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poles assoctated with the positivelnegative llumination angles, as illustrated in
measwrement. conditions 1804, 16808 (each illustrated iHlumingtion beam 116, 128
comprises lwo beams, for corresponding directions X and Y), Collection arm 105 may
comprise corresponding collection clements, illustrated schematically, n a non-limiting
manmer, 88 two sub-anms cach comprising cumera 90A, 90B and a zeroth order attenusior
1404, 1408 providing corresponding measurements 188A, 1008 (also termed grabs) to
processing unit 9% Zeroth order attenuation, using fixed elements, may be achieved by
splitting the collected orders into two and placing tweo, semi-opagque masks 146A, 1408 at
the collection pupil, cach attenuating a different pair of orders. In cerfain embodiments,
variable optical elements such ag DLP or SLM may be used for attenuating the zevoth order
without splitting collection arm 108, An additional beam sphitter 83A may be used 1o split
the collected radiation 1o the two sub-grms of collection arm 18, Certaln embodiments
may comprise optical manipulation in collection arm that enables using a single camera 94
and/or a single zeroth order attenuator 140 (oot tlustrated).

[037] Figure 4 i3 a high-devel schematic illustration of metrology tool 180 and
measuremnents 100A, 1008, implemented in a split image configuration, according 10 some
smbodiments of the invention. Certain embodiments comprise metrology tools 108
comprising umination. aom 181 configured o Hlominating target 66 by Hlumination 122
{(equivalent to illumination 110 plas 120) to yvield a reflected 0® diffraction order 112
{equivalent to diffracted 0™ orders 118A plus 1254 and -1% and +1% diffraction orders
TISB, 1238, respectively. Disclosed metrology tools 100 frther comprise g collection anw
185 comprising an imags splitter 150 {e.g.; & prism such as a prism nyizor, possibly via
optical elemeni(s) 86 such as a mirvor) conligured to split reflected 0 diffraction order
122 into first component 1184 which i captured with ~1¥ diffraction order 1158 and
second component 1254 which is captared with +1% diffraction order 1258, to yield
corresponding first and second measurements, 1004, 1008, respectively. Metrology tools
100 further comprise processing wet 99 {e.n., associated with a metrolegy modale)
configared to derive at least one metrology metric from first and second measarements
1084, 1088, respectively. In varions embodiments, ithunination anm 1681 and collection
arm 185 way be configored to carry out the ilfumindting and the perforniing of the

measurements sinitdtancously in two measwrement dlrections {e.g., X and Y. In some

19
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enbodiments, collection avm 105 may comprise at least one 0% diffraction ovder attenuator
{not shown, see aftenuatons 1404, T40B) configured o altenuate at Teast one of first and
second components 1154, 1254 of 0% diffvaction order 122,

{8038} Certain embodiments of metrology tools 106 eliminate the inaceuracy beyond the
ambiguity while not deteriorating the signal level by using splitimage conliguration as
iustrated schematically in Figure 4. In certain embodiments, the collection pupit may be
split at the middle (or at a given proportion, possibly related to the iffumination wavelength)
into two halves {or four quadrants when meesuring periodic structures in two measurement
direction, such as X and Y, for cxample using prissa mirror 158 or other embodiments
disclosed in LS. Patent No. 8,456,641, incorporated herein by reference in iy ontivety.
The +1% order (123B) may be made to interfere with the positive half (as fixst component
125A) of 0% order 122 to build one image 1004, and the -1% order (1I5B) may be made to
interfere with the negative part {as second component 1154) of (% order 122 to build
second image 180B. In certain embodiments, the overlay difference between the two
images (1004, 160B) does not depend on the average topographic phase ¥ {see Equation
1) and the amplitude of the signal deecays only linearly with the diffraction efficiency,
stimtiar to the Littrow method and Littrow configurations disclosed above,

{3839] Certainy embodiments further comprise calibrating first and second measurements
1004, 100B, respectively (2.g.. corresponding inwges) for layer-dependent telecentricity.
Certain embodiments further comprise deriving focas information from telecentricity
parameters of first and second messurements 1004, 100B (e.u., corresponding images),
&.8., obtaining the focal position of ench laver from one (or more) grab(s), e, 188& andfor
1988, Certain embodiments comprise obtaining focus ssusitivity without splitting the pupil
at the collection path, by using 4 non-Littrow, offaxis ilumination and measuring the focus
from the shift in the grating anddor cell position on the expense of increased sensitivity to
symmetric aberrations.

[3640] Certain embodinents further comprise increasing contrast of low diffraction
efficiency targets, by attenuating one or more of the zere order components 1154, 1254,
Alternatively or complementarily, contrast loss caused by splitting 0 order 122 (to two
portions for each measurcinent directions, «.g., inte four portions when two measuremam

divections are used) moay be conpensated for by various approaches, eg., for fwo
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measurement divections, by splitting original signal 122 into four identical copies and then
framy each copy obtain a different image (not Hlustrated), by order selection of each of the
combinations (0%, +139), (0%, 1) (0%, 41§ and (0%, ~1§"). 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 a smaller amplitude of the zeroth order
signal while maintaining all tHomination points to mietfere with the first oaders (o.g., a8
whole signals.

4T Inany of the disclosed embodiments, the metralogy metric{s) such as overlay may
be derived separately from the phases of the signals obtained from interference between
the respective 0 and 1% orders.

(0042} Advantageously, disclosed tools 106 and methods 260 may be configured o
provide superior accuracy and precision in IBO at low diffraction efficiency conditions,
without the need for phase control. For example, relating 1o phase and amplitude conteal
approaches, as taught eg., 1 US. Patent Application Publication Noo 2017/0146915,
disclosed embodiments may be simpler to implement, sasier to practice and present simpler
systemt requirements to fulBlL In aonother example, disclosed tonls 108 and mcthods 200
may be configured to provide higher signal amplitudes than approsches seeking to
minimize or ¢limingte the frgt order term ao {see Equation 1), such as taught by WIPQ
Publication No. 2007143056 which leave the signal amplitude to be related to af. The
higher signal amplitudes schieved by disclosed tools 100 and methods 208 also improves
the achieved signal to noise ratio,

0843} It is noted that elements from Figures 1-4 may be combined in any operable
combination, and the illustration of vertain clements in certain figures and not o others
merely serves an explanatory purpose and is non-limiting.

{88044} Figure 3 18 a high-level flowchart illustrating 8 method 200, according to some
embodiments of the invention. The method stages may be carried out with respect to
metrology fool 106 deseribed above, which may optionally be configured fo imploment
method 280, Method 288 may be at least partially implemented by at least one computer
PIOCESSOr, €8, it & melrology moedule. Certain smnbodiments coraprise compuler program
products comprising a computer readable storage medium having computer readable

program embodied therewith and configured to carry oot the relevant stages of methed
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208, Ceriain embodiments comprise favget design files of respective fargets designed by
embodiments of method 206, Method 200 may comprise the following stages, irrespective
of their order.

{8845] Mcethod 200 comprises measuring a metrology target by a metrology tool having an
illumination anm and a capturing arm (stage 208), nclading Hlununating the target in &
Littrow configuration {stage 2198), deriving a first mcasurement sigaal with 1% and O™
diffraction orders and a second measurement sigital comprising +1% and 0% diffraction
orders {stage 2207 by performing first and second messurements of the first and second
measurement signals {stage 230} and deriving metrelogy metrie(s) such as overlay from
the first and second measurements {stage 240). In any of the disclosed embodiments, the
first and second meastrements may be carried 5t 0° and 180° degrees of wafer orientation,
under the: same Hlumination conditions {stage 231}, trading off the modification of the
Hinmination comdittons for MAM time.

[8846] Methad 200 may Rother comprise confipuring the ilhumination arm o have the -1
and + 1% diffraction orders of the respective measurement signals diffracted at 189° to the
tomination dircction (stage 212). lo certain embodiments, method 200 may comprise
careying out the iHominatiog by spatial hight modalation andfor by digital light processing
{stage 314) anddor carrving out the Hluminating using a paiyof shutters apphicd alicrnately
{0 an ihenination source having four poles, corresponding to simoltancously Huminating
n two measurement divections (stage 216}, Cortain combodiments comprise attenuating at
teast one of the 0 diffraction orders (stage 217). Certain evabodiwents comprise carrying
out the dluminating at multiple wavelengths, boplementing a flexible Liltrow
configuration (stage 218).

{047} In certain embodiments, performing of the measurements may be carmied out by
spatial light modulation andior by digital light processng (stage 2323 Certain
embodiments comprise careying owt the illuminating and the performing of the
measutements simultaneously in two measurement directions (stage 234).

[6048] In certain embodiments, method 20€ may further comprise reducing larget size,
o.g., by half, by reducing the pitches of the periodic structures, e.g., by a factor of two
{stage 250), wtilizing the distlozed Littrow conligaration. In certain embodiments, wethod

200 may comprise illuminating the target, by the umination arm, to vield a reflected 0%
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diffraction order and ~1Y and +1% diftraction orders (stage 222}, splitting, in the collection
arm, the reflected 0% diffraction order into a first component which is captured with the -
¥ diffraction order and a second component which is captured with the +1* diffraction
order, to vield corresponding first and second measurements (stage 224), and deriving at
least one metrology metric from the first and second measurements (stage 240). In various
embodiments, Hluminating 222 and splitting 224 may be carried out stmultansously i1 two
mieasweement directions for each of the first and scoond measurements, In certain
gmbodiments, method 200 may further comprise attetnuating af least oneof first and second
components of the 0™ diffraction order (stage 227). The metrology metric(s) may comprise
anoverlay of the target, calculated from Equation 3.

[0049) Cortain  cmbodiments  further comprise calibvating the first and  second
measurements (g8, Corresponding mages), the images for liver-dependent telecentricity
{stage 242). Certain embodiments further comprise deriving foous information from
telecentricity parameters of the first and second measurements {e.g., corresponding
images), e.g., obtaining the focal position of each layer from one {or more) grab(s) {stage
244} Certaln crbodimends comprise obtaining foons sensitivity without splitting the pupil
at the collection path {stage 247), by wsing a non-Littrow, offtaxis iHlumination and
micasuring the focus from the shift in the grating anddor cell position on the expense of
increased sensitivily to symmetric aberrations.

[O050] Aspects of the present invention are deseribed above with reference to flowchart
ilustrations and/or portion diagrams of methods, spperatus (systems) and covputer
program producty according to embodiments of the invention. It will be understood that
gach portion of the flowehart Hlustrations and/or portion diagrams; gnd combinations of
portions in the Howchart illustrations andfor portion diagrams, can be jmplemented by
computer program nstructions. These computer program instractions may be provided to
a processor of 4 general-purpose computer, special purpose computer, or other
programmable data processing apparatus to produce a machine, such that the instructions,
which execute vig the processor of the compider or other programmable data prodessing
apparatus, create means for implementing the functions/acts spegified in the flowehart

andfor portion diagram of portions thereol
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{6051} These computer program instructions may also be stored in a compater readable
mediom that can divect a computer, other progranmable data processing apparatus, or ather
devices to function in s particular manner, such that the instructions stored in the computer
readable medivm produce an article of manufacture including  nstructions  which
implement the function/act specilied in the Howchart andfor portion disgram or portions
thereof.

[0652] The computer program instructions may alse be loaded onto a conyuter, other
programmable data processing apparatus, or other devices to cause a series of operational
steps to be performed on the computer, other progranimable apparatas ov other devices {0
produce a computer implemented process such that the instructions which execnie on the
computer or other programumable apparatus provide processes for implementing the
functions/acts specified in the flowchart andior portion diagram or portions thereot.
[B053] The aforementioned flowechart amd  diagrams  illustrate  the  architecture,
fonctonality, and operationr of possible implementations of systoms, methods and
computer program products according to various embodiments of the present invention. In
this regard, cach portion in the flowchart or portion diagrams may represent a moduke,
segment, or portion of cody, which comprises one or more execotable instructions for
implementing the specified logical function(s). It should also be noted that, in some
alternniive implementations, the Ductions noted 1n the portion may oceur owt of the order
noted in the figures. For example, two portions shown in succession may, in fact, be
excouted substantially concurrently, or the portions may sometimes be executed in the
veverse order, depending upon the fimctionality fnvolved. It will also be noted that each
portion of the portion diagrams and/or flowchart Hlustration, and combinations of portions
in the portion disgrams andior Howchart illustration, can be mplemented by special
purpose hardware-based systems that perform the specified functions or scts, or
combinations of special purpoese hardware and compuler instructions.

{0034} 1n the above description, an embodiment is an example or implemenation of the
tvention: The various dppearances of "one cmbodinent™, "an embodiment”, "cartain
cmbodimenis” or "some cmbodiments” do not nccessanily” all refer to the same
embodiments. Although various feattres of the invention may be deseribed in the condext

of a single embudiment, the features may also be provided separately or in any suitable
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combination, Conversely, although the invention may be described herein in the confext of
separate embodimenis for clanty, the invention may alse be inplemented in a single
embodiment. Cerlain ambodiments of the invention may include Reatures from differomt
smbodiments disclosed above, and certain embodiments may incorporate elements from
other embodiments disclosed above, The disclosure of clements of the invenlion in the
context of a specific embodiment is not to be taken as Hmiting thelr use in the specific
embodiment slone. Farthermore, 1t 15 {0 be understood that the invention can be camied owt
or practiced in varions ‘wavs and that the invention can by implemented in cerain
embodiinents other than the ones outlined in the description above.

[0055] The invention is not limited o those diagrams or to the corresponding descriptions.
For example, flow need not move through ecach lustrated box or state, or in exactly the
same ovder as illustrated and described. Mesnings of technical and seientific fevms used
herein are 1o be commonly understood as by one of ordinary skill in the st to which the
invention belongs, unless otherwise defined. While the invention has been described with
respect to 8 limited number of embodinents, these should not be constrned as limitations
on the scope of the invention, but mither as exemplifications of some of the preferved
smbodiments, Other possible variations, modificetiony, and applications ave also within the
scope of the Invention. Accordingly, the scope of the invention should not be mited by

what has thus far been deseribed, but by the sppended claims and their legal equivalenis,
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Claims

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

illuminating the metrology target, by the illumination arm, in a Littrow configuration
to yield a first measurement signal comprising a -1% diffraction order and a first
component of a 0" diffraction order and a second measurement signal comprising
a +1t diffraction order and second component of the 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
illumination,

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

attenuating at least one of the first and second components of the 0" diffraction
orders, and

deriving at least one metrology metric from the first and second measurements.

2. The method of claim 1, wherein illuminating the metrology target is carried out by spatial
light modulation and/or by digital light processing.

3. The method of claim 1, wherein illuminating the metrology target is carried out at

multiple wavelengths, implementing a flexible Littrow configuration.

4. The method of claim 1, wherein performing the first measurement and the second

measurement is carried out by spatial light modulation and/or by digital light processing.

5. The method of claim 1, wherein illuminating the metrology target and performing the
first measurement and the second measurement are carried out simultaneously in two
measurement directions.

6. The method of claim 1, wherein illuminating the metrology target is carried out using a
pair of shutters applied alternately to an illumination source having four poles,

corresponding to simultaneously illuminating in two measurement directions.

17



7.

10.

11.

12.

13.

The method of claim 1, wherein the at least one metrology metric comprises an overlay

of the metrology target, calculated from an equation:

OVL—P( ) = +P6

wherein OVL denotes the overlay of the metrology target, P denotes a pitch of the
metrology target, (¢+ — ¢_) denotes a phase difference between the second
measurement signal and the first measurement signal, xo denotes a position of a
center of symmetry of the metrology target and d¢ denotes a difference between

the +1° diffraction order and the -1% diffraction order.

The method of claim 1, further comprising reducing a size of the metrology target by
half, by reducing a periodic structure pitch of the metrology target by a factor of two with

respect to a given metrology target design.

The method of claim 1, wherein the first and second measurements are carried out at 0°

and 180° degrees of wafer orientation.

The method of claim 1, wherein the deriving is carried out by at least one computer

processor.

A computer program product comprising a non-transitory computer readable storage
medium having a computer readable program embodied therewith and configured to

carry out the method of claim 1.
A metrology module comprising the computer program product of claim 11.

A metrology tool comprising:
an illumination arm configured to illuminate a metrology target in a Littrow
configuration to yield a first measurement signal comprising a -1% diffraction
order and a first component of a 0™" diffraction order and a second measurement
signal comprising a +1°t diffraction order and a second component of the 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 illumination,

18



14.

15.

16.

17.

18.

a collection arm configured to perform a first measurement of the first measurement
signal and a second measurement of the second measurement signal, wherein the
collection arm comprises at least one 0" diffraction order attenuator, and

a processing unit configured to derive at least one metrology metric from the first and
second measurements.

The metrology tool of claim 13, wherein at least one of the illumination arms and the
collection arm comprises a spatial light modulator and/or a digital light processor
configured to implement a flexible Littrow configuration corresponding to illumination

by multiple wavelengths.

The metrology tool of claim 13, wherein the illumination arm and the collection arm are
configured to illuminate the metrology target and perform the first and second

measurements simultaneously in two measurement directions.

The metrology tool of claim 13, wherein the illumination arm comprises a pair of shutters
applied alternately to an illumination source having four poles, corresponding to

simultaneous illumination in two measurement directions.

The metrology tool of claim 13, wherein the first and second measurements are carried

out at 0° and 180° degrees of wafer orientation.

A method of measuring a metrology target by a metrology tool having an illumination
arm and a collection arm, the method comprising:
illuminating the metrology target, by the illumination arm, to yield a reflected 0"
diffraction order and -1% and +1°% diffraction orders,
splitting, in the collection arm, the reflected 0™ diffraction order into a first
component which is captured with the -1% diffraction order to yield a first
measurement and a second component which is captured with the +1% diffraction
order to yield a second measurement,
attenuating at least one of first and second components of the 0" diffraction order,
and

deriving at least one metrology metric from the first and second measurements.
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19.

20.

21.

22.

23.

24.

25.

26.

217.

The method of claim 18, wherein illuminating the metrology target and the splitting the
reflected 0™ diffraction order are carried out simultaneously in two measurement

directions for each of the first and second measurements.

The method of claim 18, wherein the at least one metrology metric comprises an overlay

of the metrology target, calculated from an equation:

OVL = %(du —¢-) =% +%5¢,
wherein OVL denotes the overlay of the metrology target, P denotes a pitch of the
metrology target, (¢+ — ¢_) denotes a phase difference between a second
measurement signal and a first measurement signal, Xo denotes a position of a
center of symmetry of the metrology target and ¢ denotes a difference between

the +1°% diffraction order and the -1% diffraction order.

The method of claim 18, further comprising calibrating the first and second

measurements for layer-dependent telecentricity.

The method of claim 18, further comprising deriving focus information from

telecentricity parameters of the first and second measurements.

The method of claim 18, further comprising obtaining focus sensitivity data using a non-
Littrow, off-axis illumination and measuring the focus from a position shift in the

metrology target.

The method of claim 18, wherein the deriving is carried out by at least one computer

processor.

A computer program product comprising a non-transitory computer readable storage
medium having a computer readable program embodied therewith and configured to

carry out the method of claim 18.
A metrology module comprising the computer program product of claim 25.

A metrology tool comprising:
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28.

29.

an illumination arm configured to illuminating a metrology target to yield a reflected
0" diffraction order and -1% and +1% diffraction orders,

a collection arm comprising an image splitter configured to split the reflected 0™
diffraction order into a first component which is captured with the -1% diffraction
order to yield a first measurement and a second component which is captured with
the +1% diffraction order to yield a second measurement, wherein the collection
arm comprises at least one 0" diffraction order attenuator configured to attenuate
at least one of first and second components of the 0" diffraction order, and

a processing unit configured to derive at least one metrology metric from the first and

second measurements.

The metrology tool of claim 27, wherein the illumination arm and the collection arm are
configured to illuminate the metrology target and perform the first and second

measurements simultaneously in two measurement directions.

The metrology tool of claim 27, wherein the processing unit is further configured to carry
out at least one of: calibrating the first and second measurements for layer-dependent
telecentricity, deriving focus information from telecentricity parameters of the first and
second measurements, and/or obtaining focus sensitivity data using a non-Littrow, off-

axis illumination and measuring the focus from a position shift in the metrology target.
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