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~ Abstract—Fabricating defect-free mask blanks remains a ma- to change. Even &.5nm tall buried phase defect can easily
jor obstacle for the adoption of EUV lithography. We propose print on the wafer, causing a massive critical dimension YCD
a simulated annealing based gridded floorplanner for single change of20nm on the wafer [3]. Figure 1 illustrates the

project, multiple die reticles that minimizes the design impact . . .
of buried defects. Our results show a substantial improvement potential damage that a buried defect can cause by shorting

in mask yield with this approach. For a 60-defect mask, our two parallel lines.

approach can improve the mask yield from 0% to 26%. If Buried defects are caused by pits on the substrate surface,
additional design information is available, it can be exploited qr particles that get introduced either on the substrattasear

for more accurate yield computation and further improvement or during multi-layer deposition. Around5% of defects are

in mask yield to 99.6%. These improvements are achieved with a

limited area overhead of less thard.2% on the exposure field. Our caused due to substrate defects [4]. Curlfent technology has

simulation results also indicate that around10%—30% mask yield ~€nabled mask makers to reduce the density of buried defects
improvement is possible as a result of floorplanning compared to down to 0.005 defectgem? for defects wider tharb3nm

shifting the entire mask pattern. Our floorplanner can tolerate [4]. But these figures may be optimistic since most current

("’)‘ 2d5efe0t 9315'.“0? er;;! (dge t.o mask bll(?“_th'“sfpeCt'c;” ;Oé)'?) ?f generation mask inspection tools miss several printabletu
coprm WIT JUSE & 270 Teaucton in yield. 'he impact of CeeCt  defects [5]. Although these defects can be partially regghir

dimensions and multi-layer EUV patterning on the viability of ) ” ) ) )
floorplanning is also analyzed in this work. using an e-beam tool, there is considerable risk of damaging

Index Terms—EUV, Mask Defects, Buried Defects, DFM, CAD, the rtT)watl-Iayslr structu:je [6]. dBticaufs € OI;EtS\else Isskuﬁ‘ls'lgtk]m
Mask Manufacturing, Mask Floorplanning, Reticle Floorplan- not be teasible to produce defect-iree mas anks at a

ning, Semiconductor Manufacturing. reasonable cost.

No Defect Buried Particle Defect
|. INTRODUCTION

xtreme ultraviolet (EUV) lithography is considered one
E of the most promising next-generation lithography solu-
tions to replace the current deep ultraviolet (DUV) lithaghy
[1]. But the technology still faces several challenges teefo

can actually be used for volume production. In addition to ol
source and resist, fabricating defect-free mask blanksairesn
one of the major challenges that could delay the adoption of
EUV lithography [2].
High energy ultraviolet light used in EUV lithography is ]
absorbed by all materials, which prevents the use of reéfact
optics like DUV. As a consequence, EUV optics is reflective.
Creating reflective masks or mirrors for EUV uses the prilecip

of Bragg reflectors, which rely on constructive interfererat
the interface of materials with different absorbtion rateglVv Fig. 1. EUV masks along with the aerial image illustrating thepct of
mask blanks are constructed by stacking several molybdenugil:.q qerects o o g 0
silicon bilayer reflectors which can achieve a reflectivity o
approximately70%. The layout patterns that need to be printed
on wafer are then written on the multilayer mask blank as an S
absorber layer. A. EUV Defect Mitigation Approaches
A key problem associated with the fabrication of these Due to the defective and hard-to-repair nature of EUV mask
multilayer EUV mask blanks is buried defects. These defedwanks, the ability to tolerate some of these defects witlaoy
can propogate to the top of the multilayer stack as a buntppact on yield is an attractive proposition. Recently,esal/
on the surface causing the path of the reflected EUV ligkechniques have been proposed to mitigate these buriedtslefe
in EUV masks. Buried defect mitigation techniques can be
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The basic premise of compensating for EUV mask defeatptimal floorplanner’s solution space. If the field exposanea
after mask writing relies on comparing the aerial image ef thof the mask cannot accomodate more than one die, floorplan-
patterned mask to the target pattern. Any significant @iticning becomes equivalent to shifting the entire mask pattern
dimension (CD) changes that are caused by a buried def@ct alternative formulation of floorplanning that attempts t
can be compensated for by removing some absorber mateneximize the number of dies that can be safely placed on the
using a repair tool [8]. Note that this mask repair step i®ticle has been proposed recently by Du et. al. [19].
significantly less complicated than repairing the mulélay Although pattern shift or floorplanning may allow us to
stack, which we mentioned earlier. Clifford et. al. [7] damo mitigate bigger defects for a larger process window congbare
strated a simple notch shaped absorber removal compemsat® repair based approaches, a significant limitation is the
technique. Unfortunately such mask repair approaches aeed for accurate mask blank inspection. Current mask blank
limited due to their inability to repair large defects or Wor inspection tools suffer from serious limitations as theyssni
with focus variation [9]. More complicated repair approash several printable defects and the error in reported defect
include using a fast defect printability simulator itevaly position is large [5]. Hence, the applicability of any presk
to modify the absorber patterns based on the thresholdeatterning compensation relies on the improvement of blank
difference between target and simulated images [10], ergusiinspection tools.
conventional computational lithography based approastels
as proximity correction or inverse lithography [11], [1Zhese g oyr Work
approaches are also known to not work well in the presence_ . ) ) .
of defocus variation. In addition to this, the tedious psze This work is an extension of our earlier conference work

of repairing each defect separately may make this approdédl- The key contributions of this work are as follows:

infeasible for production. « We propose a comprehensive simulated annealing based
The second class of approaches that can be used to mitigate reticle floorplanning algorithm that can help alleviate the
buried defects require the inspection of the mask blanksitb fi ~ problem of buried defects in EUV masks. To the best of

the position and dimensions of defects before patternibgs T~ our knowledge, this is the first work on reticle floorplan-
information can then be exploited to adapt the design layout hing for EUV masks. The floorplanner can also utilize
pattern before it is written on the mask. This can be done by design information in the form of different tolerable CD
using the same absorber compensation based techniques we change for each absorber shape.

mentioned above for post-write mask repair. An alternative « Several improvements were made to the floorplanning
less intrusive solution would be to shift the location of the =~ methodology we proposed in [20]. Instead of starting
layout pattern relative to the mask coordinates. This optio  floorplanning by placing the mask pattern at the bottom
first suggested by Yan [13], is viable since the usable area on left corner of the field area, we place it at the center of
a mask blank is typically larger than the standard field size o the usable reticle area and first perform pattern shift. If
104mm x 132mm, as illustrated in Figure 2. Burns et. al. [14] ~ the mask does not work, we then perform floorplanning
proposed a simple enumerative technique to move the entire Using the result of pattern shifting as a starting point.
mask pattern to cover defects with absorbers. A more efficien In addition to this, our floorplanner allows the entire
approach for pattern shifting, based on prohibited redeang ~ Mask pattern to be rotated or flipped by enumerating the
construction, has been proposed recently by Zhang et.5l. [L  different scenarios and picking the best solution

The potential benefits of such pattern shift approachesdiav ¢ The CD impact of a buried defect is modeled by assuming

buried defects have been explored recently by Gallagher.et. @ Gaussian-shaped defect with impact proportional to the
[16] and Yan et. al. [17]. height of the defect at absorber edge, based on existing

work on EUV defect simulations.
Usable Reticle Area « In addition to the model used in [20], we have enhanced
the model to account for error in defect position due to
the limitations of current blank inspection tools. We also
corrected the model by accounting for the fact that an
absorber covered defect has less CD impact compared to
Field T an uncovered defect.
o Our cost estimation and floorplanning methodology is
enhanced to account for the scenario where multiple
layers of a particular design are patterned using defective

In this work, we propose a novel floorplanning based EUV masks. _
approach that allows greater flexibility compared to shiti « In constrast to the recently proposed approach in [19],
the entire mask pattern. Since most commercial masks contai We optimize a continuous CD impact metric for a fixed
patterns for multiple die copies, floorplanning allows addi ~ number of die copies on a mask. A continuous metric
tional degrees of freedom for improving mask yield with a  helps discover the minimum electrical impact solution,
limited overhead of wasting some scribe line space on theg _ _ , , ,

. . . . Note that rotating the entire mask pattern incurs little mantufring
wafer. On_e Important pOIDt to note here is tha.t the solutiem Soverhead compared to rotating individual die patterns, tvhi@s explored
of an optimal pattern shift based approach is a subset of eflier [20].

Fig. 2. Standard EUV mask form factor with dimensions obtaifredn
SEMATECH [18].



even if the tolerance target cannot be met. We do ndhese approaches typically study minimum pitch grating pat
change the number of die copies that can be placed on teens and look at printability and CD change caused by these
mask, since that can lead to large wasted scribe line spacask defects for different defect height, width and positio
on the mask, and consequently the wafer. In addition, orglative to the absorber pattern. Using their EUV lithodmap
approach is design-aware and results are shown for tsienulator, Clifford and Neureuther [3] proposed a simptesfir
multiple layer scenario as well. model to estimate the CD change of a grating pattern as a
This paper is organized as follows. Section Il discusses tfnction of defect height for a fixed width and position. Usin
formal problem definition. This is followed by the definitiofi this model as starting point, with the assumption that itaitsdv
CD impact and mask yield metrics which are optimized duringven for non-grating layout patterns, we make the following
floorplanning in Section Ill. Section IV then discusses tha@ssumptions to evaluate the CD impact of buried defects on a
algorithm used for solving the problem. Experimental resulgeneral layout pattern:

are covered in Section V, and Section VI concludes this paper_ 5 defects have a 3D symmetric Gaussian shape as

shown in Figure 3. The application of a smoothing
process during the multi-layer deposition [3] step for
EUV mask manufacturing makes this a fairly accurate

Il. PROBLEM FORMULATION
Floorplanning of dies on a mask is a well studied problem in

DUV lithography. The problem is typically solved for multi-
project reticles with dies of different dimensions, be@fs
a single-project scenario, a simple gridded floorplan sedfic

The earliest works focused on achieving the most compact
placement of rectangles in a given area [21]. B*-tree is ane

efficient data structure to solve the compact floorplan bl

[22]. Many later approaches looked at maximizing the number

of chips after dicing the wafer. Kahng et al [23] solved this

problem using quadrisection based simulated annealing. Th

problem was solved as a mixed-ILP in [24].

In this work, we tackle the reticle floorplanning problem
for EUV lithography. The need for reticle floorplanning in
EUV, even for single-project masks, stems from the yield

loss caused by buried defects in EUV mask blanks. We focus

only on single-project reticles because the likely adaptsr
EUV lithography will be high volume chips, that do not use
multi-project shuttle masks. Since multiple layers of aghn

assumption for defect modeling. As shown in Figure 3,
H is the maximum height of the Gaussian defect and full
width half maximum (FWHM) is the width of the defect
where the height ig1/2.

The CD impact of a defect on a particular absorber is
assumed to be proportional to the height of the defect at
the closest edge of the absorber. Hence as a defect moves
away from an absorber, it's effect reduces exponentially.
But, as shown in Figure 4, this assumption implies that
two defect locations D1 and D2 lead to the same CD
impact. In reality, intensity drop of an aerial image, and
hence CD impact, would be more when most of the defect
is not covered by the absorber. To correct for this, we
apply an additional correction factoR 4, to our model.

We choseD 4 = 0.5 if the center of the defect lies under
the absorber, and4 = 1.0 if the defect center lies
outside the absorber, based on simulation results in [27].

design may be patterned using EUV lithography, the methode To account for defocus, which can have a significant
needs to ensure that all the relevant layers can be patterned impact on CD change due to the phase nature of these
on different mask blanks simultaneously, such that none of buried defects [25], [26], we scale up the values obtained
them are affected by these mask defects. We consider four from the linear model by3x. This is a pessimistic

critical layers; polysilicon, active, contact and metal ifice
other less critical layers will most likely be patterned ngsi

conventional DUV lithography, where mask blanks do not

suffer from defects.
With these considerations in mind, the reticle floorplagnin

problem for defective EUV mask blanks can be formally stated

as follows:
Given a design of dimensions; x W, with K physical

layers that need to be patterned using EUV lithography, and e
K reticles, each with the same usable area of dimensions

L, x W, but a distinct defect map (location + size of buried
defects), find a floorplan such that the impact of buried dsfec
on mask yield is minimized.

IIl. METRICS FORDEFECTFAWARE RETICLE
FLOORPLANNING

A. CD Impact Metric

approximation based on existing simulation results for
defocus value oft:-75nm [27].

A single absorber pattern cannot be affected by more than
one defect. This assumption is reasonable, considering
that typical defects are randomly distributed across an
entire 6in. x 6in. mask. Unless defect density is very
high, two defects are unlikely to lie close to a single
absorber pattern, a situation illustrated in Figure 5.
Current mask blank inspection tools are unable to ac-
curately locate the position of the defect. In order to
make the mask floorplanner robust to positional error, we
consider a circular region of uncertainty around the most
likely defect center location (as per the blank inspection
tool). We then assume that the distance between the defect
and an absorber edge is equal to the smallest distance
between the uncertainty region and the absorber. This
assumption is illustrated in Figure 6.

Estimating the impact of buried defects on wafer has beenWith these assumptions, the CD impact for a buried defect,
extensively studied through experimental work (wafer expavhich is at a distance from an absorber edge as shown in
sure followed by inspection) [25] and lithography simubais Figure 7, can be calculated using Equations 1 « 3s the
[26] for different defect dimensions and optical condison positional error value ang. is the worst case distance between
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Fig. 3. A 3D, symmetric Gaussian defect on the left and its plangjection
with height H and full width at half maximum FWHM.

Fig. 6. Pessimistic approach to model a uncertainty in defesitipn.
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Fig. 7. A defect and absorber with r as distance between cefitdefect
and closest absorber edge.

Absorber Pattern

that each design shape can tolerate. This CD tolerance can be
computed using the method proposed in [28] if some design
information is available to mask manufacturers. If not,regke
conservative CD tolerance can be assigned to each shape in th
the defect and the absorbéhy,pe fect, Mdefects bdefeet @nd — design. Using a CD tolerance assignment and the CD impact of
I'mageSlope are constants whose values are taken fron?[3] of each defect on every absorber shape, we develop a concise
metric to estimate the overall design impact of buried mask
Te = m“x(?ﬂ —a,0) (1) gefects, which can then be optimized for by our floorplanner.
DefHeight = He™ e/ (FWHM/2)* (2)  Adesign is said to work iCDg.; < C Dy, for the all the
s . . defects and absorber shapes of each layer of the entire mask
3Da - v/ IoDe - (Maey - Def Height + bacy) pattern. This binary requirement can be treated as a camistra
3) to find a valid floorplan. But a better alternative is to miraeni
a continuous metric that minimizes the overall CD change of
the entire mask so that the impact of defects on the printed
B. Design Level Metrics patterns is minimized, even if the mask does yield. To do

To find out whether a buried defect will cause a design {§iS, We propose a simple cost metric that estimates thglesi

fail or not, we also need to know the acceptable CD deviatidfpact of all the buried defects on a mask for a particular
physical layer! of one died as shown in Equation 4, where

macfect = 0.191nm™ ! bgesecr = 0.094, Inopesect = 0.3 and  BD(I) is the set of buried defects on the mask aid) is the
I'mageSiope = 0.0471nm ™! set of absorber shapes in the corresponding layérthe die.
The net cost metric for the entire reticle, which we minimize
during floorplanning, is obtained by summing the cost fuorcti
of Equation 4 over all layers and dies on the reticle as shown
in Equation 5, whereD is the set of all dies on a reticle and
L is the set of physical layers that are patterned using EUV

Fig. 4. Two potential locations of a defect, D1 and D2 rekatio absorber
edge. We assume that D1 has twice the CD impact of D2.

CDyer =
def ImageSlope

Potential maximum, _ _>(‘, lithography.
CD change region U C’ost(d, l) _ Z Z echef(d,b,S)chtOl(d’s) (4)
beBD(l) seS(l)
Cost =Y > Cost(d,l) )
deD leLl

The runtime to compute this metric &(|D|- >, [BD(1)]-
|S(1)]). But instead of computing the cost for each polygon for
Fig. 5. A scenario with two defects changing CD of a singleoabsr. The .every d.efeCt We can consider Only those polygons_ Whl(?h lie
worst case CD change may not lie at minimum distance edge fragevhen n a region of mﬂuenge? from the defect center. This reg'_oln
either defect. R is taken as a function of defect FWHM and defect position

Absorber Pattern



error as shown in Equation 6. Finding all polygons which
lie within R can be done irD(log|S(1)]) using 2D region
guery tree data-structure to represent the entire die ipatte

[29]. Hence the runtime for computing the cost reduces to \
O(ID] - > i IBD()] - log|S(1)] - [Sr(1)]), where Sg(l) is T
the set of polygons inside the region of influeng€q((1)| << ! !
|S(1)| for typical defect size and alignment error). : ;»
R=3-FWHM +a (6) valid  Finvalid
Move Move

Note that this cost metric is not equivalent to yield but it is

indicative of the overall electrical impact of buried defeon Fig. 8. lllustration of valid and invalid moves

the design. For example, if a single die has multiple defects

moving the die may not improve yield at all, but it could ) . o )

still reduce this cost metric. Another important point istth @ny Vertical (horizontal) gridlineL}’ (L") has two possible
although we have used a closed form expression to calculf@ves:(Dzi(yi) = =i(yi) + 6:(2) wi(y:) = wi(yi) — 6. A
the CD impact of a buried defect, our floorplanner is agnostigoVve IS labeled as valid or invalid based on whether spatial
to the defect model. It is possible to use a fast simulatonssc Constraints are obeyed after the move is made. The three main

RADICAL [26] for layout snippets around each buried defedyP€S Of spatial constraints that must be obeyed by every
to evaluate the design impact more accurately. gridline are listed below, wher8/'r(Hp) is the usable reticle
width (height), W (Hp) is die width (height); € {1,2...n},
j€{1,2..m} and,z1(y1) and z,(y.,) are the smallest and
largest co-ordinates of the gridlines.

To solve the single project, multiple die reticle floorplam® , Reticle Boundary Constraints(§) # 1):
problem formulated above, we consider only gridded sohstio 21(y1) = 0, o (ym) + Wp(Hp) < Wgr(Hg).

because they guarantee that no die is lost after side-&-sid, pje Overlap Constraints:

wafer dicing. A non-gridded solution can potentially be mor 2i(y;) — i1 (yj_1) > Wa(Hg)(i(§) # 1).
compact, but will usually lose some dies during dicing which | Maximum Allowed Field Size Constraints:
need to be accounted for during yield computation. Enfacin T (Ym) + Wp(Hp) — 21(y1) < fieldX (fieldY)

a gridded solution also limits the solution space and sifmegli Figure 8 graphically illustrates these moves and theirdval

the floorplanning algorithm. We cho_se_the_ simulated ann_gahity_ There are a total of + m + 2 % n_potential moves and
framework [30] to solve this optimization problem since

: K on fi lanning 1211, 123 s that iai 1+ (m—1+n—1)+ 2 spatial constraints which must be
previous work on floorpianning [21], [23] suggests that iais checked to determined which of the potential moves are valid
good heuristic for floorplanning problems.

) . S - Apart from moving dies, their orientation can also be
In simulated annealing based optimization, an initial so;

o S . changed. Each die can have four possible orientations as
lution is randomly chosen, which in our case is a floorpla

. . . :El?own in Figure 3 However, these orientation changes can
with no space between any die, starting from the centerﬁ - . S .
. . . . ave significant manufacturing overheads. Flipping the die
the usable reticle area. An appropriate perturbation oremsv

applied to the solution, which increases or decreases tlmiacmeWOUId lead to dies with different pin locations and hence
pp : require a different package. Rotation hg0° makes wafer

we wish to minimize. If a change or move reduces the cost 'tt' sting significantly harder (potentially requiring a difént

accepted. But the move increases the cost, it is acceptéd wi :
- . . ) . robe-card). Due to these manufacturing overheads, we have
a finite probability depending on the increase in cost and the . . : .
o . ) isallowed any orientation changes in our algorithm.
number of prior iterations. Temperature is usually used as a

parameter that reduces with each iteration of the optirtnat Although die level orientation changes are disalloweda-ot

: . A tion of the entire mask pattern (alt x n dies) will not suffer
n analogy to thermal annealing. SO’. initially when the st from any of the manufacturing issues discussed above. In
is hot, most moves, even those that increase cost, are adcepérder to allow this orientation change, we apply our simedat
As the system cools down, the optimizer behaves more like a . . -

. annealing based floorplanning described above to fouredtat
greedy algorithm.

) . . ) . versions (default] 80, flipX, flipY) of the entire mask pattern.
To deﬂne moves for g'ndded. splutlons, we first defmg e then choose the best solution among them.
set of horizontal and vertical gridlines. If we have an ailiti . S .
. . We noted earlier that floorplanning incurs an overhead in
compact floorplan withm rows andn columns of dies, .
. . . o the form of wasted scribe and consequently, wafer area. It
then we haven horizontal gridlines and: vertical gridlines.

Each horizontal(vertical) gridline has its correspondiy(@) ?S possjb_le Rl a b d_istribu.tign on the knas
coordinate linked to all die whose bottom (left) coordinate Just shifting the (_an'gre.mask pattern Is suff|C|en_t. In order

Co S . circumvent this limitation of floorplanning, we first perfor
the same. So, each die is linked to two gridlines, one Vémcaattern shift and then check if the mask works. If the mask
and one horizontal. Both horizontal and vertical gridlirses P . ‘ .
sorted by their respective coordinates. Each gridline dioaite does not work after pattern shift, we perform floorplanning.
(and all the linked dies) can be moved by a predefined ValueQO“/Q?O" rotation is not considered due to lithographic patterniog-c

+46. This is a move or perturbation for our optimization. Hencstraints.

IV. FLOORPLANNING ALGORITHM



Algorithm 1 Reticle floorplanning algorithm for EUV mask

J, Require: Width (IWp) and Height {p) of reticle, width{(1'z)

and height {) of each die, location/size of defects on
mask blankB D and all design layout shapeS)(with CD
tolerances.

Flip X FlipY  Rotate Ensure: Location of die such that number of defects in critical

Fig. 9. lllustration of various orientations for a die

2:
Additionally, the minimum CD impact position returned by
pattern shifting is used as a starting solution for reticle3:
floorplanning. 4

Algorithm 1 summarizes the complete algorithm. Lines®:
1 — 2 define an initial partition where dies are placed in®:
a compact grid on the reticle such that the mask patterrd:
is at the center of the usable reticle area. Lirges- 12 8
iterate over the four orientation options for the mask patte ©:
and performs floorplanning for each orientation and the be&:
orientation is chosen in Liné3. Lines4 — 7 incorporate the 11:
step of shifting the entire mask pattern by calling the fiowct 12:
PATTERNSHIFT(). Reticle floorplanning is then performed int3:
Line 11 by calling FLOORPLAN(), if the mask still fails.

The function PATTERNSHIFT() in Line$4 — 20 of Algo- 14
rithm 1 essentially merges all the dies on the mask to create
a single larger pseudo-di€) fyunask. With this new die, it 16:
calls the existing simulated annealing based FLOORPLAN:
function. The final shifted position of the pseudo-die is rels:
turned. 19:

The function FLOORPLANY() in Lineg1 —41 of Algorithm 20
1 is the key function that actually performs the simulated
annealing based gridded floorplanning. In each iteratiohef 21:
while loop the best valid move (maximum cost reduction 02
minimum increase) is chosen in lin@9 — 31. The simulated 23
annealing criteria is then applied to determine if the mové#
should be accepted or not in Ling®2 — 37. To improve 25
runtime, we stop the annealing optimization as soon as tR&
mask yields, in Linef6 — 28. This helps reduce the runtime 27:
by stopping the optimization when a solution that yields i38:
found. 29:

The runtime of our approach summarized in Algorithm 30:
is dominated by the cost computation for each valid mov&l:
during the FLOORPLAN() function. Among thx (m +n) 32
potential moves, we first find the set of valid moves and3:
then evaluate the cost change of each valid move. Although:
this cost computation is done incrementally in the sens®:
that cost needs to be computed only for the dies whicH:
move, at worst it needs to be done for each defect off:
the mask. For a simulated annealing schedule with initi&f:
temperatureT;,itia;, final temperaturel’s;,,; and cooling 39
rate cr the overall complexity of this approach is therefore40:
O(l0ger (#2291 ) 5 (ky % (m + n) X feost)), Whereky is a 4L

areas is minimized.
m = Hgr/Hp rows of dies,n = Wg/Wp columns of
dies.
Placem x n dies on the reticle such that the reticle field
is at the center of the usable reticle area.
for all orientatione (default,180°, flipX, flipY) do
if Number of die> 1 then
(X;, Y;) «— PATTERNSHIFTQ, BD, S).
Shift all d € D by (X;, ;).
end if
if Mask worksthen
Exit for loop, choose current solution.
end if
Dy (orientation) —FLOORPLAND, BD, CD,y).
end for
Dyinar = argmin(Cost(Dyp)).

function PATTERNSHIFT(QD, BD, S).
Merge diesd € D into one large dieD ¢yinrask-
Dgpipe < FLOORPLAND fuiinsask, BD, S).
X = Dgpift— > left — Dywnnrask— > left.
Y = Dgpipi— > bottom — D pypinrask— > bottom.
Return (X, Y).

end function

function FLOORPLAN(D, BD, S)
Define vertical gridlines for each column of diesiin
Define horizontal gridlines for each row of dies in.
T = Tinitial, cr is cooling rate .
while T' > T';pq do
if Mask worksthen
Exit while loop, choose current solution.
end if
Find all valid gridline moves.
Compute cost chang&Cost for each valid move.
¢ = min(ACost), m* = argmin(ACost)
if ¢* <=0 then
Acceptm*®.
end if
if ¢* >0 then
Acceptm™ with probability P = exp(—c*/T).
end if
T =T x*cr.
end while
Return D with updated coordinates.
end function

Tinitial

constant and..; is the time to calculate the cost function of
Equation 5 for one die which i©(> ., |BD(1)| xlog|S(1)|)
where L layers patterned with EUV, and a particular physical



layer I has|S(l)| shapes and is patterned on a mask witimask defectivity levels that are acceptable after floonpitagn

|BD(1)| defects as described in Section II-B. Due to the absence of any industrial data on the spatial
distribution of buried defects on the mask we assume that

V. EXPERIMENTAL RESULTS they are uniformly distributed over the usable reticle anéa

142mm x 142mm. 500 different spatial distributions of defects
A. Setup on the mask are considered and all reported results are an

The entire floorplanning algorithm was implemented in C+average of these Monte Carlo simulations.
using the OpenAccess API [31]. The schedule for simulated
annealing is taken ag;,itiar = 10°, 7 = 0.995 and Tyina = . Impact of Design Information
10~°. Instead of using a single value of move distance, we
chose a range of values for move distances, restarting th . :
annealing iterations for each move distance value. We chg@! assign a fixed CD tolerance to each absorber shape and

the move distance values in a decreasing geometric seque & use that to perform floorplanning. In this work, we assig

with common ratio as0.5. The largest move distance wasa. conservative CD tolerance 0% of the minimum feature

taken as one-tenth of the biggest move that can be m Fze, which is.equa'l td"ln.m in allnm design (wafer scalg).
without causing a spatial constraint violation. The snsdlle € results with this design-unaware approach for polyili

move distance was taken 8$nm, which is close to the defect layer reticle is shown with different number of defects in

width considered in most experiments. This strategy aIIovgsablf. . bT r;e tabledhsftts t?ﬁ e?lleragle vglue olf propqtshed Colft
the optimizer to explore a large part of the solution spa gnetion betore and atter the floorplanning, along with mas

in a reasonable runtime. But an important point to note he¥éeld (fraction of masks with all die functionipgWe also

is that this approach is not optimal since the full contirﬂqueport the maximum scribe area among all the random defect

solution space is not explored. Hence all the reported msuﬁhstnbunons, which s the percentage of field area thaba |

in this section are a lower bound on what defect avoidang gto gap betwegn multiple die cop|.es. This ;cnbe area loss
can achieve. which we constrainted t0.2% as mentioned earlier, translates

We perform floorplanning with three different die sized® wasted space on the wafer and hence must be kept small.

which are shown in Table | along with the number of dies th?t Wlthouft ;n)gglgorplgnnlndg,faot-defect rstlthsz W'IIInOt yleld
can be fit inside a standard field size fmm x 132mm 4. o 2y 0! Ihe rancom getect maps, but floorpianning can

. . .improve the mask yield to more th&9% with scribe area of
All three benchmark designs are constructed by tiling mplénly 0.19% in the worst case scenarioNote that the initial

of a45nm MIPS design, which was placed and routed wit ield is not affected by the number of die copies per reticle
70% utilization in Cadence SoC Encounter [32] using Nanga%’é y PIes p '

45mm library [33]. Since EUV lithography, is unlikely to as expected.

be adopted before thélnm technology node, thelsnm If mask makers are provided with some design information,
design is scaled down tdlnm before tiling it. Hence, all they can exploit it to assign different CD tolerances toetit
reported results are valid for thdnm technology node unless absorber shapes based on their criticality. One approado to

én the absence of any design information, the mask maker

otherwise stated. this has been discussed in [28]. Assigning CD tolerancestbas
TABLE | on criticality reduces the pessimism in yield computation
DIFFERENT DIE SIZES CONSIDERED caL_Jsed by assigning a single CD tolerance to_ggch shape.
This can be clearly seen if we compare the initial mask
?_e%'gln ( Die Slze) # Die/reticle (F'e'd Slze) yield of Table Ill compared to Table Il. Design awareness
ape mm X mm mm X mm e .

Design A | 51.97 X 65.99 7 T04.05 x 13211 a]so allows t.he roorpIgnner more opportunities to improve

Design B | 51.97 x 43.94 6 104.05 x 131.96 yield by placing non-critical absorber shapes close toduliri
Design C | 34.60 x 32.99 12 103.90 x 132.11 defects. The post-floorplanning mask yields of Table Il and

Table Il illustrate this advantage of design awarenessoas p
We assume that the entire usable area of the mask bldlslerplanning mask yield is more thai? for a 60-defect
(142mm x 142mm), as described in Figure 2, can be utilizedeticle, compared t@6% in the design-unaware case.

for placing the mask pattern. Since the si;e of the maskrpatte The substantial improvement in yield as a result of design-
is approximatelyl04mmx132mm, total shift area 088mmx o areness stems from the fact that a significant fraction of

10mm is available. The maximum scribe area is constrained g, layout shapes are not timing-critical, allowing us tiaxe
Q.Q%. These spatial constraints are modified to evaluate thﬂ%reir CD tolerance. To validate this hypothesis, we inceelas
impact in Section V-G. , _ _the clock frequency of the design, which shifts the slack
For our experiments we chose a single size for all buriggl;oqram, as shown in Figure 10. As a result, the number
defects, with height/ = 2nm and width, FWHM = 50nm o timing-critical layout shapes increases slightly ane th
e_xcept n Sect|or! V-F, where we explore the _|mpact of de‘c_eﬁeld before and after floorplanning reduced by approxityate
size on mask yield. These values are typical defect siZg§ 1o, an important point to note here is that the benefit

currently being reported, as illustrated in [34]. We shogules of design-awareness depends strongly on the particulagries
with different number of defects on the mask to highlight

5These vyield values reflect the reality more accurately thanpoevious
4All dimensions in this section are mask scale unless explisithted work [20], where the mask yield was overestimated due to a soévoug.



TABLE Il
EXPERIMENTAL RESULTS FOR POLYSILICON LAYER RETICLE FLOORPANNING WITHOUT DESIGN INFORMATION

Design # Defects Initial Final
Label Cost Mask Yield(%) Cost Mask Yield(%) | Max. Scribe Area(%)
20 5370.72 1.0 4.49 100.0 0.11
40 11301.90 0.0 21.92 99.2 0.16
Design A 60 17332.90 0.0 5145.05 26.8 0.19
80 21575.60 0.0 10838.30 0.2 0.19
100 28008.60 0.0 15189.20 0.0 0.20
20 4975.88 1.2 4.36 100.0 0.16
40 11135.60 0.0 23.74 99.8 0.19
Design B 60 17003.80 0.0 5586.01 25.6 0.19
80 22618.80 0.0 10489.70 0.6 0.19
100 27370.20 0.0 15422.20 0.0 0.19
20 5144.43 1.6 4.25 100.0 0.00
40 11299.80 0.0 25.46 99.8 0.19
Design C 60 16351.00 0.0 5407.53 25.8 0.20
80 22327.70 0.0 10492.30 0.4 0.20
100 27336.60 0.0 14333.90 0.0 0.19
TABLE Il
EXPERIMENTAL RESULTS FOR POLYSILICON LAYER RETICLE FLOORPANNING WITH DESIGN INFORMATION
Design # Defects Initial Final
Label Cost Mask Yield(%) Cost Mask Yield(%) | Max. Scribe Area(%)
20 440.86 4.6 0.70 100.0 0.12
40 927.72 0.0 1.49 100.0 0.00
Design A 60 1422.77 0.0 8.07 99.4 0.18
80 1771.03 0.0 495.35 45.8 0.18
100 2299.09 0.0 1162.00 4.2 0.19
20 408.44 5.2 0.76 100.0 0.09
40 914.06 0.6 151 100.0 0.00
Design B 60 1395.76 0.0 9.78 99.2 0.18
80 1856.66 0.0 482.58 48.2 0.19
100 2246.69 0.0 1204.89 4.8 0.20
20 422.28 4.8 0.71 100.0 0.00
40 927.54 0.0 1.47 100.0 0.00
Design C 60 1342.17 0.0 5.67 99.6 0.20
80 1832.77 0.0 478.51 48.8 0.19
100 2243.92 0.0 1164.59 4.0 0.20

being analyzed and the power or delay optimization choic€& Comparison with Pattern Shift

made during architecture or physical design (retimingegat

sizing, V;;, assignment, etc.).
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Fig. 10.

Slack bins

Slack Histogram of MIPS design used as our testdalse)( and

the shifted histogram (red) after increasing the clock diestpy.

In this subsection, we empirically quantify the benefit of
floorplanning compared to pattern shift. In order to maks thi
comparison, we compute the mask yield after performing the
PATTERNSHIFT() step in Algorithm 1 to the mask yield after
floorplanning.

Figure 11 illustrates the mask yield benefit of floorplanning
compared to pattern shifting. If the defect density is lew40
defects/mask), the mask yield is comparable. But as thetdefe
density increases, there i) — 30% improvement in mask
yield due to floorplanning. This yield improvement came with
an area loss of less thar2% in all cases. These results clearly
show that for reticles which contain multiple die patterns,
the additional degrees of freedom that floorplanning plays a
significant role in EUV mask defect mitigation.

Since pattern shift explores a smaller solution space for
mask yield enhancement, it is expected to have a better
runtime. This is illustrated in Figure 12, where the runtime
of pattern shift is compared to floorplanning for different

Incorporating design information during EUV mask manurumber of defects. Runtime is strongly related to the number
facturing can have significant benefits as shown above. Rut tf defects since it affects the time taken to compute our cost
current design to manufacturing handoff does not incluad sufunction. More importantly, in our approach, the optiminat
timing information. Hence we have chosen to report resulitgrations terminate as soon as a yielding solution is found
for both design-unaware and design-aware scenarios ihall This improves runtime significantly for lower defect degsit

analysis below.

cases.
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Fig. 11. Comparison of mask yield for Design C before any dedgotdance
techniques, after pattern shift and after floorplanningdiferent number of
defects (Defect heightnm, FWHM 50nm)
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Fig. 12. Comparison of runtime of pattern shift (PS) and floanping (FP)
for Design C (design-unaware case) for different number déats (Defect
height 2nm, FWHM 50nm). Note that our floorplanning implementation floorplanning over pattern shift is negligible for multipley-
utilizes the fact that our design comprises tiled copies ahalsMIPS design
to reduce runtime. Hence these runtime numbers only offer a c@
between pattern shift and floorplanning, and runtime for damdustrial
designs will be significantly larger.

D. Impact of Multiple Layers for Floorplanning

context of mask patterns that correspond to different aessig
with different production volumes. In our case, the problem
is slightly different since the focus is on different layarfsa
single design. Since developing a method to perform blank to
layer mapping is not the focus of this work, we chose a random
blank-to-layer mapping to illustrate the impact of pattegn
multiple layers of a design using EUV.

The need to keep multiple layers aligned during floor-
planning is a significant limitation that reduces the patnt
yield benefit. But pattern shift does not suffer from this
limitation, and each physical layer of a design can be placed
independently. This implies that a multi-layer floorplamai
solution must ensure that only the relative coordinates of
different die copies are aligned for different layers, nogit
absolute coordinates. This aspect of multi-layer floorpiag
has also been discussed recently by Du et. al. [19]. In oaler t
accoplish this, we first perform pattern shift for each layer
independently. Using those results, we perform multi-faye
floorplanning such that the relative die location for eagreta
is the same.

The results in Figure 13 highlight that adding more critical
layers lowers mask yield both before and after floorplanning
For example, with a 50-defect mask, if only the polysilicon
layer is patterned, mask yield &1% after floorplanning in
the design-unaware case. If the active layer is also pattiern
along with polysilicon on a 50-defect mask, the yield drops
to 56%. Patterning via and metal 1 layers on 50-defect masks
as well does not lead to any further drop in mask yield. This
suggests that contact and metal 1 layers are relativelyreasi
to pattern. These results clearly show that patterning ipelt
layers of a design on defective EUV masks is challenging.
It may benefit from smarter blank-to-layer mapping but that
remains to be investigatedNote here that the definition of
mask yield is slightly different compared to the single faye
case. Mask yield here refers to the fraction of designs which
work. A design works only if the mask corresponding to every
relevant layer works.

Figure 14 illustrates the additional benefit provided by
floorplanning compared to pattern shift when multiple layer
are patterned using EUV. Note that the mask yield after patte
shift corresponds to the product of yield of each layer atfter
pattern shift step. From the plot, it is clear that the benafit

ers. This can be explained by the fact that the “effectivééde
density seen by the floorplanner is significantly higher ia th
multiple layer scenario. For example, when polysilicon and
active layer are patterned on EUV masks with defects on
each mask, the pattern shift step attempts to agbidefects

on the two masks independently. But since the floorplanner

An important concern with floorplanning is that if multiplemust ensure that the polysilicon and active layer are atigne
layers of the design need to be patterned with EUV lithogré-must find a solution to effectively avoitl00 defects.
phy, then the mask shapes of all these layers must be alignedAnother observation from Figure 14 is that the pattern shift
In order to accomplish this, our cost function and estinmatioyield for multiple layers is very close to the pattern shifly
of mask yield must account for all the relevant layers. Ongf the single layer case. This shows that the polysilicoretay
important aspect of multiple-layer floorplanning is blaok- is the most challenging layer for pattern shift based defect
layer mapping, i.e. choosing the appropriate defectivekmaavoidance. It is comparatively easier for pattern shift\oia
blank to pattern each of th& layers of one design. Du et. defects for active, contact and metal 1 layers. This obsierva
al. [35] proposed one method to solve this problem in thbough, is strongly design-dependent and may not hold for a
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Fig. 13. Mask yield for Design C before and after floorplampfar different  Fig. 14. Comparison of mask yield for Design C after patterrft<dmd
number of layers patterned using EUV (defect heighin, FWHM 50nm)  after floorplanning for different number of layers patternesing EUV (defect
height2nm, FWHM 50nm)

different design, or even a different technology library.
floorplanner to find such empty regions for just defects. To
E. Defect Position Inaccuracy confirm this, we placed and routed the same MIPS design at

Floorplanning or pattern shifting based approaches to mi0% utilization and the yield' for that case is compared to our
igate EUV mask defects rely on the fact that mask blarfl€fault case. as shown in Figure 15(a). There 22.a% drop
inspection tools can accurately report the location of csfe N Post-floorplanning mask yield for this denser layout, evhi
Unfortunately, blank inspection technology is currenthable Validates our justification. Modern technologies often s
to achieve this. In fact, defect position misalignment of thStriCt density constraints as a result of which the emptyoregy
order of(0.25um are being considered as reasonable targets ¥ polys!llcon layer would be filled with dummy features.
future blank inspection tools [36]. In light of this limiiah, Information about such d_ummy patter_ns must be passed_ on
we evaluate our floorplanner at different position inaccyra © the mask shop, otherwise the benefit of mask floorplanning
values using the model described in Section IIl. with position inaccuracy will be limited. .

Figure 15 illustrates the impact of defect position inaecyr 1 he significant drop in post-floorplanning mask yield of the
on mask yield for al0-defect mask in the design-unaware casé€sign-aware, 60-defect case compared to the design-tmawa
and a 60-defect mask in the design-aware case. The resfifisdefect case in Figure 15 can be the explained due to the
show that although mask yield post floorplanning reduces g_%ﬂerence in defect density. With 60 mask defects, the gmpt
2% in the design-unaware cases@ in the design-aware filler cgl_l regions are not sufficient in preventing yield $odue
case) for a position inaccuracy df.25um, floorplanning ! Position inaccuracy.
still offers substantial improvement compared to maskdyiel
without floorplanning, which is close t6% in all the cases E Impact of Defect Dimensions
shown in Figure 15. This suggests that even with a large tefec P
position error, mask floorplanning can still be used to inero  Because the size of a buried defect can have a significant
mask yield. impact on CD change and consequently mask yield, we need

The surprisingly low yield loss of jus2% in the design- to validate our approach for different defect dimensions as
unaware case fob.25um position error in allnm design is well. In order to do this, we first assume that all the masks
due to the availability of ample empty regions in the layouhave exactly40 defects for the design-unaware case, &fd
For a design with70% core utilization, it is easy for the defects in the design-aware case. Defect alignment ersmstis
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Fig. 16. Mask yield for Design C (single layer) before an@aftoorplanning
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Fig. 15. Mask yield for Design C (single layer0% utilization) after

floorplanning versus defect position inaccuracy with defeeight 2nm,

FWHM 50nm. Mask yield for a highei90% utilization implementation of Case.

the same MIPS design is also shown for comparison. Modifying the scribe area constraint provides additional

freedom to mask floorplanning at the expense of wasted scribe

grea on the wafer. To illustrate the impact of scribe area

constraint on mask yield, we plot the post-floorplanning knas
'&eld versus scribe area constraint for a single-layer avat t

to Onm. We analyze only the polysilicon layer and compar
the yield before and after floorplanning.
Figure 16 shows a plot of mask yield versus defect heig ayer case in Figure 18. For the single layer case, incrgasin
with FWHM kept fixed at50nm, and Figure 17 shows the Y : 9 A 9 Y » Incrg
. - . the scribe area can significantly improve mask yield. But
mask yield versus defect FWHM f@mnm high buried defects. . . ) . )
S : - R in the two layer case, there is no benefit of increasing the
The results highlight that defects with height more t scribe area constraint up #%. This is consistent with our
or FWHM more tharb0nm would lead to unacceptable mask p WA

yield even after floorplanning. A key observation here igarller observation that multiple layer scenarios do noivde

the sudden drop i K viel — any additional benefit from floorplanning after pattern shif
p in mask yield for both design-unaware agmce attern shift mask yield i ffected by th il

design-aware cases as the defect height changes2fnemto P yleld IS unaflected by the scrieaar
4nm, and the FWHM changes from0nm to 100nm. This constraint, post-floorplanning yield in the multiple layease
sudden drop can be explained by the fact that the mask scagans unchanged.
half pitch for 117m is a little less tharl00nm. Hence defects ~ 5ased on the SEMATECH mask standard [18], our current
for which the radius of influence is larger than this valuel wiEXPeriments assume a usable reticle arealdfrm x 142mm,
suffer from significant mask yield loss due to limited spac¥Nich translates to a shift area oimm x 34mm for placing
for placing such defects. the mask p.attern. But recent studle_s on pattern shift stigges
that the shift area may be constrained to aro@d@um x
200pm by exposure tool vendors [17]. In addition, choosing
a usable reticle area value closer to the field size makes it

In all our experiments so far, the total area available faasier to meet defect density and flatness specificatiorjs [37
placing the entire mask pattern has been kept4@&mm x Hence, we analyze the impact of reducing the total shift area
142mm and the scribe area constraint has been kept fixadFigure 19. The figure shows that pattern shift mask yield is
at 0.2%. In this subsection, we shall analyze the impact afignificantly impacted by the reduction in usable mask area.
change in these constraints on mask yield. Since the trendBist a significant portion of this loss can be made up by
expected to be similar for both design-unaware and desigioorplanning. As a result, for a scenario where the totaft shi
aware scenarios, we shall focus only on the design-unawarea is reduced t60um x 50um, pattern shift mask yield

G. Impact of Adjusting Spatial Constraints
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Fig. 18. Post-floorplanning mask yield versus scribe areatcaimt for 60-
defect masks with defect heigBtvm, FWHM 50nm (design-unaware case)

reduces byl7%, but the drop in yield after floorplanning isin the design-unaware case. The gap worsens with increasing

only 2%. defectivity. These results suggest that although floorptamis
effective in improving mask yield as designs scale, deféyti
H. Impact of Technology Scaling Ine(;/de:_}s.,S will need to be controlled better at future technglog

The persistent delay in adoption of EUV lithography has
meant that it might be be adopted &aim instead ofllnm
technology node, which is assumed in all our results so far. Vl. CONCLUSIONS ANDFUTURE WORK
In order to verify if the benefits of floorplanning hold after In this work, we proposed a novel reticle floorplanning
scaling, we scale the same layout appropriately to analyzased approach to mitigate the impact of buried defects
mask yield after floorplanning fol4nm, 11nm and 7nm on EUV mask yield. We first proposed a simple model to
technology nodes. estimate the CD impact of Gaussian shaped buried defects
Figure 20 shows the result of our floorplanner for Design Gn the presence of absorber patterns, utilizing the exstin
The results show that for é0-defect mask with defect heightliterature pertaining to EUV defect simulations. Usingsthi
2nm and FWHM50nm, mask yield after floorplanning dropsmodel, we implemented a simulated annealing based gridded
from 90% for 14nm to 26% for 11nm and 0.00% for 7nm floorplanning algorithm for multiple die, single projectiges.
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