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ABSTRACT

In lithography, overlay control is getting increagly complex. Advanced Process Control (APC) isodticed to

minimize excursions from the process window for phesent exposure. APC uses metrology data of quelj exposed
wafers, hence, there is always a delay of tens iotes before the required information is availablbis paper
proposes the combination of a patterned expose l@aima patterned fluorescent marker on a waferetteigate a
fluorescent signal that carries real-time informatiof the focus and/or position error of the exppa#ern with the
pattern on the wafer. A practical realization regsisome changes to the exposure process, stepgign énd reticle
lay-out. Firstly, a matched pair of markers onweder and reticle is required. Secondly, the geeerfluorescent signal
must be measured, for example with a (spectrdtigréd) photon counter close to the expose are¢heoivafer. At last,
the markers from the previous lithography step Istadter development, be filled with fluorescent teréal. This

deposition requires an additional process steptdPhioudget calculations suggest an overlay measmeaccuracy of
less than a tenth of a nm (real-time).
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1. INTRODUCTION

In lithography, improving overlay (OVL) control ihaing process dependencies below a level of 5 s ¢omplex
challengé. As the IC industry is driven by pattern shrintke theed for accurate overlay control is ever moiteeal®.
Felix et al. identified five categories contribugito on-product overlay: scanner, process, retiletrology and APE
Mulkens et al. introduced a holistic lithographystgms architecture that maximizes the OVL improventhat is
obtainable with APE

This paper presents a method to sample OVL read;tira. during expose, aiming to tackle scannéicleeand process
contributions to on-product OVLIt is proposed to use fluorescent material ipraduct-pitch markers, e.g. positioned
in the scribe line, to generate real-time OVL signdhat fluorescent markers can indeed be usechdasure the
positioning and imaging performance of a lithogmapicanner is shown by Brunner et el. in the 80¢hefprecious
century®. Albeit addressing lens heating, Brunner's experita did not use at-product-pitch features in thzekers.
Multiple patterning was invented only some 20 ydatef, which, combined with the introduction of more rexbe
pupil filling patterns enhanced the need for bettartrol over pattern placement errors (PPE) and.OV

Here, we aim to show that signals from at-produtttipmarkers provide insight in expose-beam-induwegtlay errors,
as well as pattern placement errors, e.g. as cdugddns heating. The method is applicable to rpldtpatterning
lithography with DUV, EUV and even electron beamjpction exposuréd provided similar pupil illumination is used
in consecutive steps and a suitable fluorophoawaslable.

We foresee an accelerated yield-ramp, enableddytirre OVL data, since these could characterizeectable OVL
errors. Once the yield is at target level and thisreo need to measure OVL real-time, productionldaontinue
without the fluorescent markers. The proposed ntkthexpected to be most economical for the prodnaif small
series of ICs at latest patterning node, e.g. ASIC.
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1.1 Overlay markers

We briefly review the design and limitations of gentional OVL markers and then turn to the featuwiefuorescent

OVL markers. The term “overlay” is used to referth@ pattern-to-pattern alignment in a sequencmariufacturing

steps. The term “pattern placement error” (PPEreefo the displacement of a pattern feature velat its design

coordinates. In order for the final chip devicduaction correctly, OVL, focus and PPE should beusate enough such
that the various patterns of e.g. lines, contaatd,transistors are properly aligned and connected.

Historically, overlay markers are used with pitctoscritical dimensions in the order of 10 micrdrhese markers
allowed alignment of a projected pattern to pateom the wafer by either imaging of the markersnm@asuring
diffraction coming from the markers. Today's highdeoverlay measurement systems are based on thdtasieous
detection of refracted visible light in severalfdittion orders from the marker, see e.g. Fig. Midkens’s papér The

use of visible light and conventional optics makesnpossible to shrink the pitch of the markersthe pitch that
corresponds to the lithography node of the device.

The exact location of an on-product-pitch pattetrthea nanometer scale depends on the aberratiotiee grojecting

optics. These aberrations are temperature deperadehtence vary over time due to the expose-psedegendent lens
heating. For today’'s extreme pupil illuminationtses, the expose beam energy density can be wealized in the

Fourier plane. As a consequence, the lens-heatihgeed shift of conventional markers is no longgra to the shift of

structures printed at the device pitch. And becdhseprinting of an isolated line feature contaaaslitional frequency
components compared to a dense periodic strudtalefed lines at (or close to) product-pitch sHifferently as well.

As a result the conventional markers are not alweljable predictors for the location of the pracesructures. During
yield ramp, part of the time, effort and cost gvers on learning of and getting control over theffects.

This paper introduces a method (and sketches pareanvolved instrumentation) to measure OVL, R#PiE focus in a
lithographic process real-time, i.e. in-line. Theethod uses new markers that are based on at-prpilcictsized
feature3. Major advantage of the novel method is that dyicaand local deformations in wafer position andpshas
well as in the projected reticle pattern are messurhis unique information will add to the OVL aR&E data from
conventional metrology, and thus enable a fastdd yiamp.

Furthermore, potentially a real-time overlay sigoah be used as feed-back in the control loop ®ftbtion of reticle
and wafer stage for improved overlay during expesilihe current best-practice is based on feed-farwarrection of
positioning errors.

1.2 Real-time OVL measur ement

A practical realization requires some changes thadditions to the exposure process, stepper desigimeticle lay-out.
Firstly, a matched pair of markers on the wafer a@iicle is required. Secondly, the markers from firevious
lithography step shall, after development, be dilleith fluorescent material. At last, the generafle@drescent signal
must be measured.

To illustrate a possible process flow, Fig. 1 shansss-sectional images of a wafer that is patteurseng a modified
Litho-Etch-Litho-Etch double-patterning (DP) prose$he first lithographic step prints both the ousér part and (at-
product-pitch) markers in the scribe line. Aftevelpment and etch, the markers are filled witlofescent material.
During the second lithographic exposure, the flacemt signal measures OVL. PPE and focus. Typicafigre

fluorescence signal is generated when the oveslayt good. The exact implementation will be sligllifferent for

each variant of double patterning (e.g. Litho-LHBteh, Litho-Etch-Litho-Etch, etc.). Furthermoréhet real-time
metrology data can be related to a-posteriori mreasoverlay and focté.
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Figure 1. Simplified dual-patterning process-floar freal-time overlay measurement using fluoresaeatkers. The
fluorescent marker is exposed to a pattern thahiited over approximately a quarter pitch, wherfesghe customer part

the second expose pattern is shifted over halfptteh. The fluorescent signal is a direct and teaé measure of the
pattern placement error.
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Figure 2. lllustration suggesting a possible aresment of marker pairs in the scribe lanes. The saaction of the stages
is Y. The alternating marker orientation enablesgad measurements of the X- and Y-OVL.



1.3 Sketch of marker design on reticle pair

Figure 2 shows an arrangement of a set of markes pa the first and second mask, as well as thglting pattern after
both exposures. A matched pair of markers on thieleeand wafer is required to measure the oveofathe projected
image of the reticle relative to the pattern on weder. The marker on the reticle patterns the sgpmeam. On the
wafer, a fluorescent marker with a complementaritepa generates a fluorescent signal during exmgostlihe

fluorescence strength represents the (error indhedlay, as already shown by experimental data ft685. The slit of

the expose beam is a few mm wide. Hence the masgke be separated by at least the slit widthvimicacross-talk

between X- and Y-OVL signals. Consequently, foretdfsize of 33 mm, the number of marker pairsisted to about

ten.

1.4 Fluor escent markers

A suitable fluorophore should be compatible witle tithography step and all further processes, gdaephotons
efficiently, not bleach during the exposure andapelied in a relatively thin layer of less than BIB nm. Potential
inorganic candidates are CdSe quantum dots in genar matrix or (a mix of) Lanthanides (Th, Gd,d&Pr) in a sol-
gel matrix. Furthermore, also many organic fluorm@s have been developed during the last decadeadsers in
biology, and although a topic for further reseansh, anticipate that some of those will be suffitieibleach-resistant
against DUV and EUV and compatible with furthergessing in a semiconductor factory.

M easuring overlay, PPE and focusin a single direction

Figure 3 shows the normalized fluorescence intgrasta function of the relative displacement ofattgrned expose
beam (green rectangles in the insets) that is ghexleon a fluorescent marker (represented by tHeweectangles in
the insets) on a wafer. Maximum fluorescence intgr(400%) occurs when marker and patterned beave Hiall
overlap. This occurs for overlay errors equal ® timarker size, i.e. typically tens to hundredsafometers. The exact
pattern design is free, yet will typically contairgrating, if it were only to increase the sengitiof the measurement by
maximize the amount of (barely) overlapping eddg&s.advanced spatial design of the matched pair afkers can
create a fluorescent signal strength that is rélateeven proportional to the error in the overdiythe expose pattern
with the layer that contains the fluorescent marker
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Figure 3. The normalized fluorescence signal (‘istly in %”) as a function of overlay error (“pasit [nm]”). In the
insets, the fluorescent marker is schematicallyeggnted by the yellow rectangles, and the patieempose beam by the
green rectangles.
M easuring overlay, PPE and focusin all directions

The simple marker design of Figure 3 senses oveénlaynly one direction. Four markers are needednfonitoring
OVL in all directions. Care shall be taken in theofescence detection (as discussed in below) tddasross-talk



between the different signals. For example, a ceteppattern can consist of multiple smaller markéis each
addresses a direction of the overlay error in @ifipgart of the exposed die. Figure 4 shows tiffergnce signal from
a pair of fluorescent markers as a function of dkerlap in two directions. The response of therfisocence on the
relative position suggests a possible use of geasin feedback loop on stage position control.

In a practical embodiment, it is not trivial to rseee the signal from two markers simultaneouslguFé 2 shows a
possible solution: the markers for the +X and —kedion are arranged in opposite scribe lanes,naisguthat their
fluorescence can be detected independently. Anathletion could be to select a different emissicavelength of the
fluorescent material for each direction. In thédiatase, it seems preferred to add adequate apegtor filters to the
fluorescence detector for each direction. To monite OVL in all £X and Y directions, markers wititernating
orientation can be used either sequentially, dkistrated in Figure 2 by separating them by mibign the expose beam
slit width (which reducing the sampling frequenay) by using four flourophores, each having a défgremission
wavelength and a conjugated detector.

Optimizing marker design for overlay, PPE and focus accuracy and sensitivity

Next to their arrangement, also the exact pattérth® markers is related to the obtainable accuety sampling
frequency. The study after the impact of the 3Dkmatay out on the signal strength is outside tt@pe of this paper.
However, recently the design and performance oflayenarker designs for both diffraction and imapbased overlay
measurements targeting sub-20 nm patterning naddséussed recently by Blancqu&erBhattacharyya et al. show
that the stepper focus can be measured over arafge with an asymmetric marker that has a lamge-wiall anglé’.
The insights gained in marker design from theseepsawill be considered when optimizing the 3D shapffuorescent
markers for overlay, PPE and/or focus.

For today’s tight process windows, the contrasthie arial image, or equivalently the value of thk$| is strongly
dependent on the exact fouhe contrast of the projected grating of the raeskand hence the strength of the
fluorescent signal, depends on the NILS and hendeaus. At the moment of writing this paper, istil open how to
resolve the crosstalk between focus and overlahdps it is possible to design a marker with sigfidy low crosstalk,
perhaps experimental procedures can be developeddid or even use the mixing of these signalsjlariy to the
Yieldstar marker desigfs
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Figure 4. left panel: illustration of overlay falative positions d = -10, 0 and 10 nm of fluoregaearkers in —X and +X
direction with the expose beam. Right panel: THédince in fluorescence signal strength (“Diff@erin %") from a
marker pair, monitoring e.g. +X and —X , as a fiorcof overlay error (“position [nm]”).

Sampling frequency of the overlay measurement

In the expose tool, the patterned light beam istdichto a slit of only a few mm wide. The projeciethge size of the
reticle is 26x33 mm. If the markers are to be sajear by at least the slit width (estimated at 3 i number of
samples of OVL & focus is limited to about ten plé. Ergo, each direction can be sampled only atfenxes per field.
For an expose tool with a typical throughput of MW@H, exposing 300-mm wafers with 100 expose figdsh, the
sampling frequency is estimated at 50 Hz.



Embodiments for the fluor escence detection

The work by Brunner et al. showed that it is felestb detect the fluorescent signal from the maikex dry scannéf.
Since then, changes are made to the expose atiea stanner that block a direct line of sight. iRstance, immersion
lithography involves an immersion hood. For todagtanners, a few options for the integration of flberescence
detection somewhere in the projection system apfezeible. In this paper, we will not work out therformance of
these detectors in detail. In one embodiment thectiers are placed close to the wafer, e.g. integrim the immersion
hood. A potential advantage of having the detectorslose to the die is that the signal form thekers in opposing
scribe lanes can be recorded independently. Irhan@mbodiment use is made of the high collectffiniency of the
high-NA projection optics column. Options for deteg the collected fluorescence are available: bygintegrating
sensors on the reticle blades, close to the cotgdgalane of the focus, or e.g. in one of the m#rmof a catadioptric
projection column, provided the reflective coatiiog the 193 nm light can be made transparent ferflhorescence
wavelengths.

2. PREDICTIONSBY THE PHOTON BUDGET MODEL
2.1. Fluorescent overlay markersat product pitch & Measuring overlay and focus using at resolution markers

This paper proposes the use of markers filled wiintillating material, as those can be made egusatiall and at the
same pitch as the finest process structures. $héaabled by the readout of the markers with sinfdaeven the same)
optics and at the same wavelength during the nexosire as was used for the first exposure. Theotigeriodic
markers with a pitch equal to the (single patteleyice structures imposes some limitations to tleker design. The
preferred option is making the width of the sclatihg markers smaller than the halve pitch. Tlia be done by the
proper etching steps and doesn't conflict with rdeolution capabilities of the lithographic toohis reduction in the
width of the markers allows to be sensitive to ec#fir direction of misalignment as is illustratedFigure 5.

The width of the marker can be chosen to optimiteeethe measurement signal with a marker widgbreaching the
half pitch, or increasing the measurement rangmaking the marker as small as possible. In Figuael5 nm marker
is shown with a 20 nm half pitch structure. Thecfien of the illumination light as function of miggnment to the
marker is displayed in Figure 6 for a worst-caseNbf 1.6. As can be seen in both Figure 5 and6ua23% of the
illumination light is projected on the scintillajirmarker. The relative change as function of migatient is about 0.4%
per 0.1 mm misalignment. For a more practical NtfS, the sensitivity is about 1.7% per 0.1 nm taseerror.

At-product-pitch marker OVL accuracy estimate

A simple photon budget has been made to estimatddtection sensitivity in the shot noise limit.dbUV system at
expose dose of 20 mJ @the detector records ~1photons from a 5x5 pm marker with 15 nm linesGh# pitch, see
Figure 5. Hence, fluorescent markers enable re®-tDVL detection with accuracy of 0.02 nmw) Tor the best-case of
shot-noise-limited detectors in expose systems Nitls = 3.

1
Fy
‘= 0.8
S /\ y
0.6
2 0.4 —Illlumination AN V4
el
R atNILS = 1.6 \/
& 02 —Marker
0 T T 1}

0 10 20 30 40

Position [nm]

Figure 5. Example of one period of exposure lidiitué¢ line) with a NILS of 1.6 and the localized rgdlating marker
material (red line). The marker has the same fhitdte reduced width as compared to the expose bezdulation.
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Figure 6. The fraction of the illumination light thia 40 nm pitch that hits a 15 nm marker as fonctf misalignment
between illumination and marker for a NILS of 1.6.

3. DISCUSSION

To realize the proposed method for real-time oyeita practice, several hurdles have to be takerstligi a IC
manufacturer has to embrace the idea. The nextistepexecute more advanced simulations of thainéble signal
strengths for a realistic marker design and rethtsse to the achievable OVL and focus accuraciegh \tthese
specifications, a decision can be made if it isttvdo implement the method. Foreseen next engingesteps would
comprise the identification of process-compatiblmufophores as well as all modifications that agquired to the
scanner, the track and the additional processing.tiis second phase, probably a consortium ofpegent and IC
manufactures is to be established.

4. CONCLUSIONS

A method for real-time overlay measurement is psggo The heart of the invention lies in the intrtchn of a

fluorescent marker that is patterned at produchpiin the wafer, and therefore is also sensitivevarlay shifts induced
by e.g. lens heating. Before practical implemeatatif the method, quite some engineering effostilsrequired. The
changes to the exposure process, stepper desigreticié lay-out for a practical realization of tpeoposed method
were briefly discussed. Photon budget calculatjgneslict a best-case overlay measurement accurattyeahethod of
better than 0.1 nm 3.

REFERENCES

[1] W.H. Arnold, “Metrology in times of shrinking budtg, Proc. SPIE 8681 (2013) 868102

[2] C.-M. Ke, G.-T. Huang, J. Huang, J. and R. Lee,c¥acy of diffraction-based and image-based ovérlasoc.
SPIE 7971 (2011) 79711E

[3] N.M. Felix, A.H. Gabor, V.C. Menon, P.P. Longo, SiBalle, C.S. Koay, M.E. Colburn, “Overlay Improvent
Roadmap: Strategies for Scanner Control and ProBiggosition for 5 nm overlay”, Proc. SPIE 7971 12D
79711D

[4] J. Mulkens, P. Hinnen, M. Kubis, A. Padiy, J. Bdrsge, “Holistic optimization architecture enablingbs14-nm
projection lithography”, J. Micro/Nanolith. MEMS MEMS. 13, 011006 (2014)

[5] A.S.Lexmond, E.J. van Zwet and D.J. Maas, “Systechmethod for overlay control”, EP2602663

[6] T.A.Brunner and S.D. Smith, “Moiré technique feeday metrology”, Proc. SPIE 480 (1984) 164-170

[7] T.A.Brunner and R.R. Allen, “In situ measuremefian image during lithographic exposure”, IEEE devietters
6 (1985) 329-331

[8] T.A. Brunner, S. Cheng and A.E. Norton, “A steppeage monitor for precise setup and characteriagtiBroc.
SPIE 922 (1988) 366-375



[9] M. Maenhoudt, J. Versluijs, H. Struyf, J. Van Olmreerd M. Van Hove, “Double patterning scheme for-eutb k1
single damascene structures at NA = 0A75,193 nm”, Proc. SPIE 5754 (2005) 1508

[LO]M.A. McCord, P. Petric, U. Ummethala, A. Carroll Kojima, L. Grella, S. Shriyan, C.T. Rettner, CBevis,
“REBL: design progress toward 16 nm half-pitch mies& projection electron beam lithography”, PraelES8323
(2012) 832311, http://dx.doi.org/10.1117/12.919744

[11]H. Butler, “Adaptive feed-forward for a wafer staigea lithographic tool”, IEEE Transactions on QahiSystems
Technology Volume 21 (2013), 6170573, P.875-881

[12]Y. Blancquaert, C. Dezauzier, “Diffraction baseday and image based overlay on production flomafivanced
technology node”, Proc. SPIE 8681 (2013) 868120

[13]K. Bhattacharyya, et. al., “New approaches for tecatetry-based metrology for critical distance averlay
measurement and process control”, J. Micro/NanditBMS MOEMS 10 (2011) 013013



