A DOE Set for Normalization-Based Extraction of
Fill Impact on Capacitances

Abstract— Metall fills, which are used to reduce metal thickness boundary element equations. [2] has proposed an extraction
variations due to chemical-mechanical polishing (CMP), iorease method, where fills are eliminated one by one using a graph-
the capacitances in a circuit. Although current extraction tools based random walk algorithm while updating the coupling

are accurate in handling grounded fills and regular intercomects, it 31 h h that inter-| i b
for floating fills, these tools are based on certain approximeons, ~CcaPacitances. [3] has shown that inter-layer coupling @an

such as assuming the floating fills are grounded or each fill more important than intra-layer coupling. [4] has analyttes

is merged with neighboring ones. In order to reduce such impact of intra-layer fills on capacitances. [5] has prodide

inaccuracies, we provide a design of experiments (DOE), wth  design guidelines to reduce coupling. [6] has provided fill
will be used in addition to what is available in the extractin patterns to reduce interconnect coupling. [7] has presente

tools for regular interconnects. Through the proposed DOE st, . . .
a design or mask house can generate normalized fill tables to an exhaustive method to generate capacitance tables tor fill

remove the inaccuracies of the extraction tools in the presee [8] has presented a charge-based capacitance measurement
of floating fills. The capacitance values are updated using #gse method to analyze the impact of fills. [9] has analyzed the
normalized fill tables. The proposed DOE enables extensive impacts of fills using an effective permittivity model. Tler
analyses of the fill impacts on coupling capacitances. We sho g gtj|| g need for public algorithms for analyzing fills, gen

that the assumptions used in extractors result in significan . - ) . .
inaccuracies through extensive 3D field solver simulationsWe erating efficient DOE’s and incorporating the resultantadat

present analyses of fill impacts for an example technologysavell iNto extraction. In this paper, we are trying to achieve this
as provide analyses using the normalized fill tables to be udén and provide practical methods and parameterized DOE'’s for

the extraction flow for three different standard fill algorit hms. any design house or mask house for them to use on their

|. INTRODUCTION technology to understand, analyze and characterize thadmp
In order to reduce the metal height variations within &f fills in their flow.
die, (dummy) fills are added to the layout of metal layers. [1l. M OTIVATION

Addition of fills can be either handled by the design house, . . . .
mask house, or the foundry. As fills are inserted to reduce th_eCurrent e>_<trac_t|0_n tools hav_e known inaccuracies for inclu
thickness variations caused by chemical-mechanicallgiolis sion of floating fill impact on final coupling and total capac-
ideally, they should not alter the capacitances of and hmweitancesl. Most tools use simplifications to account for effects
interco’nnects. Although design rules help reduce the &szre of fills. Below, we presept simplif_ications used by e>.<tramio
in capacitances, these rules are by no means suﬁicienttqgls' Along with ea_ch simplification, we also underline how
eliminate the impact of fills on capacitances. For exampl@,UCh error can be introduced for a typical structure.

second neighboring layer coupling can be significant, yetAssum|hng ;‘]Ioafiltlng. f'”]f" as ground(jed(:js_lf)r:ne extractors
there are not explicit design rules to restrict such cou‘rplinassumet atthe floating fills are grounded. These extracsers

Furthermore, current extraction tools are not much aceurnat the slam-etcapacnantce tab Igts, wh|chT?]r_e also usetq t%eﬁtgctt
providing the impact of fills on capacitances. regular interconnect capacitances. This assumptiondn

The industry needs a way to incorporate the impact of fill§SUlts in up to 2x and 10x underestimation for first and sécon
during extraction. In this paper, we show a parameterizé‘&'ghbo”ng _'aYef _COUP"”Q capacitances, r_especnvesj_ygvall
DOE-based method to increase the accuracy of extractionm almqst eI|m|na-1t|ng the intra-layer COUP"”Q CaPaC'mc
the presence of fills. Following a motivation section, where Merging the Fills: A popular method is merging all the
we identify the inaccuracies introduced by current exteact _nelghbonng fills within a layer into one large fill. This rétsu

tools, we provide an insight on the keep-off design ruld up to 23x average overestimation of the intra-layer foakm

which is a very important design rule related to fills. w&eep-off distances and underestimation of second neigitor

then present the proposed flow in the methodology sectidRYer coupling capacitances up to 4x depending on the fill
In the following section, we provide the basic structure fgt9orithm. First neighboring-layer coupling capacitaran
our DOE and show how the DOE is implemented. Next, we over or underestimated up to 2x. Another extension of this

provide a means to include the height variations due to CMESSUMPtion is accounting for fill density only. Some exicact

In the experimental results section, we provide exhaustitRP!s take density of fills as input to their models. In thisea

simulation results for our experiments for three types of fififferent fill patterns yielding the same density is assureed

algorithms: standard (traditional), staggered and 2-pags Yi€ld the same results. However, different patterns yigdi

show how much inaccuracy we would have observed, have ¥ same fill density is known to yield different coupling

used approximations“such as merged fills or grounded fills €@Pacitances.

REFERENCES )
. . . The type of fills of interest to this paper is floating fills, a®anded fills
[1] has proposed a field solver which can take into accouﬁg not versatile due to routing and increased total capast, and their

floating fills by using floating fill conditions in the directextraction is not a concern to current extraction tools.
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characterization of a process, as well as generating dapaei
tables.

Other Inaccuracies for Floating Fill Consideration of In order to reduce the run-time to a manageable amount,
Extraction Tools: Another important inaccuracy is related taye have designed one structure for all DOE’s, as shown in
first and second neighboring inter-layer coupling, i.euming  Figure 3, except the parallel neighboring layers DOE, which
between layersM and M + 1 and M — 1 and M + 1, yses a version where interconnects are parallel in each laye
respectively. Patterns of/ and M + 1 impact the coupling jnstead of orthogonal. We propose a 5 layer structure, with
between the interconnects in these layers. As fills on laygep and bottom plates grounded. Each layer consists of two
M are present, the coupling between interconnects on laygggallel interconnects facing each other. Parallel imtenects

Fig. 1. Traditional flow Proposed flow to incorporate floating fill impact

M —1andM +1 are impacted according to the patterniih

rotated 90 degrees to each other are used in layersl, M

So, assumptions such as merged or grounded fills will resgiid A7 + 1. Here, layerM refers to the layer in the middle.

in inaccuracies.
IV. METHODOLOGY

In layersM —1, M and M + 1, two parallel interconnects are
present, with fills in between placed according to pararseter

Current extraction tools do not contain accurate design afid a selected fill algorithm, the end results of which may
experiments for floating fills, although the DOE's for regulalook like the ones in Figure 1 of [3], i.e., standard, stagder
interconnects are sufficient. We provide an extensive DCEpass, etc. Layerd/ + 1 and M — 1 include orthogonally
set for the floating fills. Our proposed method consists of @iented interconnects with respect to layédr. Interconnects
parameterized field solver DOE and normalization of results layersiM — 1 and M + 1 overlap with each other, though
to enable a normalization-based extraction methodology fan additional parameter can be used to introduce shifting of
fills. To compare against the traditional flow, the tradiibn the overlapped interconnects. The simulated structueepar
flow is presented in Figure 1. Essentially, after interca®e rameterized according to the particular fill pattern (aion)
are designed and fills are automatically or manually insertef interest.
into the design, the extraction tool is run over the layows. A In the figure, interconnects on laygf are drawn vertically,
the extraction tools use one of the methods analyzed in tWbereas interconnects on laygf + 1 or M — 1 are drawn
previous section, the results will not be much accurate.  horizontally as dark rectangles. We have included in the

The proposed flow, on the other hand, is illustrated in Figusgmulation window, indicated by dashed lines, half width
2. According to the proposed flow, the results are normalizefl each interconnect to account for the Neumann boundary
to include the impact of fills. Furthermore, this flow makesonditions. These boundary conditions enable the mirgorin
it possible to compare impact of different fill algorithmsf each structure along the dashed lines. Hence, essgntiall
using results of the same extraction for interconnects with part of a large regular pattern is simulatéd.
fills in between. Essentially, we propose to run an extractio The DOE structure is able to provide all the coupling
tool over the interconnects with no fills first. This step isapacitances of interest. For intra-layer coupling, capaces
accurately handled by the current extraction tools. Theimgu between lines on layet/ are used in the proposed structure.
the fill DOE, we propose to update the impact of fills ofror neighboring-layer coupling, capacitances betweerlinae
coupling and total capacitances using a normalization. stem layerd/ andM +1 each are used in the proposed structure.
The normalization is done with respect to the same structufer second neighboring-layer coupling, capacitances dxtw
and interconnect parameters without any fills in betwedines on layersiM + 1 and M — 1 are used in the proposed
interconnects. The capacitances with the fills are normdlizstructure. For neighboring layer parallel line capaciemche
with respect to capacitances without the fills. This resints structure has been modified such that there are two parallel
normalized values close to and higher than 1, whenever firees on neighboring three layers.
capacitance increases due to fills. The normalized couplin

are all expected to be larger than 1, as fills increase cqw.pliﬁg' Basic Fill Algorithm for Intra-Layer Coupling

The normalized data in the capacitance tables are then ased 8asic fill DOE algorithm for is given below. Assuming there
convert the result of extraction with no fills to accurateutess aré four parameters of interest, the algorithm looks like th
accounting for the presence of floating fills. We use accurd®ilowing:

3D field solutions for our DOE and hence the results will be 2yhile implementing the DOE structures, interconnect leagtre selected

much more accurate than known approximations_ long enough to enable a repetitive pattern according to Newnboundaries.
The given parameters otherwise define the simulation sireicinambigu-
V. FiLL DOE’s ously.
Basic DOE structure: In this section, we propose our parame- SWhile constructing the fill tables, the capacitances, anenatized with
respect to the interconnect length if the coupling is betwgarallel intercon-
terized DOE’s. These DOE'’s can both be used for analysis aﬂﬁﬁs. If orthogonal, we have recorded the capacitanceoutithormalization.



need to be tied to each other so that only one loop is executed
mmmememoeo—-o-os for both. If sensitivity of coupling to a parameter is knoven t
be low, then this parameter can be thrown out by setting it to a
constant. Similar to field solver setups with current exteac
tools, a careful selection at this step will be highly reviagd
in terms of run-time.

% 7
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B. Fill DOE for Neighboring Layer

There are two types of inter-layer couplings. The first one is
first neighboring layer coupling. For an interconnect orelay
, _ _ M, neighboring layer refers to interconnects on lay&fs-
Fig. 3. Basic DOE structure. The structure consists of 5 layers. Top1 dM + 1. On th ther hand d iahbori |
and bottom are ground planes. Three layers consist of phiaterconnects an + 1 - nthe o er_ and, second neighboring layer
orthogonal to others across each layer. The structure esattiservation of refers to coupling between interconnect on layér+ 1 and
intra-layer, first and second neighboring layer coupling®ne simulation.  jnterconnects on laye® — 1. Neighboring coupling is mainly
of fringing type, whereas second neighboring coupling is of
area overlap type, as the interconnects surfaces face #smh o

— apyMmiN . ,inc .o, max
;' ;oreacﬂwf [ e e { Neighboring layer interconnects are most of the time orthog
-foreachw, = w, "= : Wy & W, onal to each other to reduce coupling. A cross-over stractur
3. foreachcy = ¢ : ¢ - ¢ { in 3D simulation vyi i i
. . yields exact coupling between the intercon
4. foreachwy,, = wii™ s wyp® - wip®” nects. However, the addition of fills around the intercotsec
2. Run field solver over parameterized structure increases this coupling.

and add result to a table}}}}} . There are two extreme cases for the location of these fills.
In this algorithm, w; and w, refer to fill width and £, oet case coupling, the fill can be overlapping the next
spacing between fills, respecu\(elryf is the number of il layer interconnect from top view. This situation is shown in
columns between two paraIIe4I interconnects for each of gure d. In the figure, the shaded rectangles are the fills on
laﬁrSM -1, M and M,+ L wm refer; to metal Z‘thh' layer M. The least coupling occurs when the fills on laydr
wy corresponds to the increment and is equa(m?l_“ ~  are shifted. This is shown in Figureat®

wii"")/(num. of data points). Usually, four data points is * giniary fills on layersi + 1 or M — 1 also have worst-

sufficient to come up with reasonable data tables or COMPAGly pest-case coupling positions. This is illustrated GuFé
models.min and maz for the fill parameters refer to the a andb. In this figure, this time, fills on layersZ + 1 or

minimum and maximum values for a parameter, which usual / — 1 are shown as shaded from top view.

can be decided using the design manual. The corresponding DOE consists of evaluating all incre-

: The proposed fill DOE uses 3D. field solutions, and hen(fﬁ'ental configurations between these worst and best cases for
is accurate. The DOE above is given for a standard regular

rectangular pattern. If a different fill algorithm is usetmay tnheégf::lbgﬁirf]g layers. Hence, one parameter is added to ¢ealua
require different parameters as shown later in the paper. '
In order to enable updating the coupling and total capac- 7
itances of interconnects with fills added, the fill capadtan %
models need to be normalized with respect to the same con-
figuration including no fills. Hence, the same DOE structures
are run with no fills present between the interconnects and -
the results with fills are normalized with respect to the ltssu
without fills. During extraction, when interconnects arerse

in design, coupling capacitances between interconneeés ar %
multiplied with the normalized DOE results.
The run-time complexity of the algorithm is a function of (@) (b)

the number of parameters and number of data points for €36} 4. inter-layer coupling for neighboring layers. (a) Fills on layer M
parameter. So, it is highly recommended to look for ways tatersect minimally with interconnects on layers M-1 and Mb) Fills on
reduce these. Herein, we provide a couple of guidelines [fayer M shifted and intersect maximally with interconneatslayers M-1 and

. , LYy
relationship between a parameter and the impact is known to o )
be linear, then only two data points for that parameter shoul With respect to original defined DOE, we can change the
be selected, for example. Certain parameters change at HE Py adding the following line.

same time as other parameters. For example, dielectritheif: foreach shiftM = shiftM™" . shiftM™*

changes with the dielectric constant. These kinds of paensie shiftM™** {
Here,shiftM is short for the amount of shift for layev/
4An asymmetric DOE, where each layer could consist of differga- fills.
rameters would be impractical in terms of simulation timée3e kinds of
asymmetries are secondary effects. If these effects nedzb tmcluded, a 5The shifting will impact coupling even with staggered fill tigains,
statistical DOE needs to be considered. especially if fill widths are large.
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(@) (b)
Fig. 8. Inter-layer coupling for second neighboring layers. (a)Layer M
interconnect shifted to simulate for non-overlapping ricd@nects.(b) Fills
(a) (b) on layer M and layerM + 1 interconnect shifted.
Fig. 5. Inter-layer coupling for neighboring layers. (a) Fills on layer
M + 1 intersect maximally with fills on layeM . (b) Fills on layer M + 1

shifted and intersect minimally with interconnects on lay#/. E. On the Keep-Off Design Rule

C. Fill DOE for Parallel Neighboring-Layer Coupling One of the design rules most relevant to floating fills is

It is possible that two consecutive layers have paralledin the keep-off, or exclusion, distance. This distance is eefin
This condition is especially possible in lower layers ansbal @5 the minimum distance that a fill must be away from an
layers close to clock networks. In order to handle suchi&€rconnect. In this section, we provide some intuitionuth
configuration, we have used a modified simulation structufyS design rule.
as described above and illustrated in Figure 6 from side.view This design rule is usually selected such that the coupling
Worst- and best-case shifts again need to be implemented. Fapacitance to an intra-layer neighbor is negligible as-com

same DOE algorithm presented in the previous section is ugeafed to the total capacitance of a line. We have conducted an
with the pattern in Figure 6. experiment on a layer with the values in Table I. We have

changed the keep-off distance from @t to 0.9um and

7 7 . ’ 7 ~_ observed the change in coupling capacitance over the total
///% . ///% . capacitance. This plot is shown in Figure 9.
N |

The coupling over the total capacitance is crudely nedkgib
(3%) around 0.pm, hence 0.hm is likely to be selected as

. (@) . . . _(b) the keep-off distance for the layer for which this experiten
Fig. 6. Inter-layer coupling for parallel neighboring lines. (a) Layer M .
and M + 1 interconnects intersectb) Layer M —+ 1 shifted. has been conducted. As the fills are allowed to be closer to
interconnects, corresponding to a lower keep-off distatice
D. Fill DOE for Second Neighboring Layer Coupling coupling increases.

Having a large keep-off distance, although advantageous

ill i M -1 M+1 . L . .
co-LZOIﬁ\nacl:):ea(t:ri]tZr:iggﬂ{hzllsltrrTJFé?Srteoghown in ?:ri]dure J7r| dhotl terms of reducing intra-layer coupling, has other issuies
pling cap ' g hecomes difficult to insert fills into certain regions to shtia

be used. Practically, we have used the same structure frQm . . . .
Fi . . %Fnsny constraint, as the distance between two paraliet-in
igure 4 to reduce the number of simulations and hence handie

both DOE’s in one simulation. Similar to previous DOEconnects has to be larger than two times the keep-off distanc

positions for fills for best- and worst-case couplings Suoqunsequently, CM.P resul_ts In more variations. A se_condmssu
be identifiec® Also, lines in M — 1 and M + 1 may not be Is increased coupling of interconnects to neighboring rgye
' ' As keep-off distance is increased, less electric flux isgmes

overlapping. To account for these shiffg, + 1 lines should ) . .
. . . between interconnects of the same layer. However, this flux i
be shifted up to half the minimum spacing allowed betwee

: P . . Irected to interconnects on neighboring layers.
two interconnects as shown in Figure 8 from side view. In our _ i )
DOE’s, we have only shifted the fills. It is possible to have an edge over the design rule if accurate

extraction is available. Historically, design rules appeefore

any analysis and optimization technique. Similar examples
l . - have been seen in lithography. With aggressive techndpgie
there is an unavoidable need to be able to analyze the effects
7 of each interaction. In the context of keep-off design rale,
accurate extraction has not been possible, the solutiohdws
l l to restrict the proximity of fills to interconnects.

With the basic building blocks of an accurate extraction
@) (b) flow we are presenting in_ this paper, it will become ppssible
Fig. 7. Inter-layer coupling for second neighboring layers. (a)Fills on  tO accurately analyze the impact of reduced keep-off digtan
layer M intersect maximally with interconnects on layersiMind M+1.(b)  on coupling and total capacitances, as well. This will eaabl
II\:/:”i grr:(:ila,\)/ﬁrlM shifted and intersect minimally with intermects on layers more flexibility to fill algorithms in regions where coupling
' between lines are not critical. Reducing the keep-off dista

SFor staggered patterns, these shifts are only importariirferiengths on .enables tighter _metal den.Sity uniformity, as well as reduce
the order of the fill width. inter-layer coupling capacitances.
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Fig. 9. Intra-layer impact of keep-off distance 7.80E-17 ‘ ‘ ‘
0.6 0.8 1 1.2 1.4
TABLE |
PARAMETERSUSED IN KEEP-OFF DISTANCE EXPERIMENTS
metal height | dielectric height| dielectric constant Fig. 10. CMP-induced height impact on coupling capacitance shows
0.3um 0.3um 3.1 linear change.
keep-off distance| metal width fill spacing fill width
0.1-0.Qum 0.1um 0.1um 0.5um > 45E16
>
F. Implementation of Other Fill Patterns 2.40E-16 /
The proposed DOE can be extended to other common fill 2.35E-16

patterns, such as staggered, two-pass or alternatingiggesa

2.30E-16
In this section, we briefly describe how we have implemented
the DOE for staggered and two-pass methods. 2.25E-16 1

Staggered Fill Algorithm. Staggered fill algorithm produces 2.20E-16 -
a shape similar to the standard fill algorithm, except eaeh ro 215616 ] ‘ ‘ ;
and column isstaggeredby a fixed amount. 0.6 08 1 12 1.4

Two-Pass Algorithm. Two or three-pass algorithms insert

rectangles of two or three different sizes. Largest red@\gzi%nzt CMP-induced height impact on total capacitance shows linga

are inserted first. These are placed in the middle of two

interconnects to reduce first neighboring layer couplinge™

smaller fills are inserted in the following steps. field-solver Raphael. We have used a minimum grid size of
100000 nodes per each structure. We have used up to 10
licenses and 5 machines to further reduce the simulatiod.tim
We have parameterized the standard fill algorithm using the

CMP is known to result in copper height and hence di;jyes shown in Table II. Here, dielectric constant, metal a
electric height variations. CMP models exist which give ahet gje|ectric heights, changed at the same time, enable siioula

heights in a tile within a layer. Is is then necessary to @& of |ocal, medium and global interconnects in the back-end

heights to the final capacitance values. We have run a setspf{-x parameter names prepended with a sign (star or plus)

experiments to evaluate the effect of height variationsh@n tare changed at the same time to reduce number of simulations
coupling and total capacitances. The results are showngin Fjys described above.

ures 10 and 11, respectivelyaxis is the multiplication factor

we have used for the height. Valuesyraxis are normalized » - apaiysis of Intra-Layer Coupling DOE for Standard Fills
capacitances. We have observed a linear relationship batwe _ 2 and 13 sh he i | i :
height and coupling and total capacitances. The implicatio  '9ure 12 and 13 show the intra-layer coupling capacitance

this is, by just running simulations for two different heigh "’LS a :;L_Jf?cnon of f'tl)l W'?t?_”an? spacing, respe(l:)tlvely, frc:r
by linear interpolation or extrapolation; one can find the &M t ree |_eren_t number ot il columns. We can o serve that
impacted capacitance. To incorporate the CMP impact, A8 fill width increases or fill spacing decreases, intraflaye
have used two different heights per each simulation coupling increases. The increase is pronounced if there are

V1. EXPERIMENTAL RESULTS. DOE ANALYSES more columns.

Using the proposed DOE, we provide an analysis of r& Analysis of First Neighboring Inter-Layer Coupling
lationships we have observed. We have used three differenffo illustrate how much the shift can impact the coupling,
fill algorithms. For each algorithm, we have repeated thee have used the representation as shown in Figure 14. In the
simulations for merged fills and grounded assumptions féigure, each sample corresponds to a set of six simulations,
comparison. We have also simulated the structures with nhere the shift parameter is changed from 0 to 1 in 0.2
fills for normalization. Each simulation takes between licrements. These numbers are multiplicative constartshw
to 120 seconds, depending on the selected parameter, arelmultiplied by half the pitch. 125 samples are shown, cor-
all the DOE's take roughly 24 hours to 48 hours on eesponding to 750 field solver simulations. The correspugdi
2.4GHz quad-core server with 2GB of memory using 3Bample is computed as follows:

G. Incorporation of CMP Impacts
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Fig. 14. Normalized Data showing maximal change in coupling of

Fig. 12. Fill width dependency of intra-layer coupling for different neighboring lines.

number of fill columns.
4.5 T

—©- 1column

= Zeomn that we have used an almost best-case choice ofaKeep-

off distance. The data set with largest impact correspoods t
fill width, fill spacing and metal widths of Oi4n, 0.55um
and 0.2um, respectively.

Figure 15 is plot for various interconnects widths as a
function of the shift parameter for this DOE. For small shift
there is negligible impact. As shift is increased, field begw
interconnects on neighboring layers is blocked by a larder fi
which increases the coupling.

11

N w
o w @
T

Normalized Intra-layer Coupling

N
T

151

sfx (um)

Fig. 13. Fill spacing dependency of intra-layer coupling for different
number of fill columns.

s =maz (v;)/min (v;) —1 : Y €vr 1)

Here,I is a set of six experiments where the shift parameter
is changed while keeping other parameters fixedis the
corresponding sample value; and v; are values of the
experiments in set/. Essentially, the maximum over the ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
minimum of the values of a set give the maximal change due P
to the shift operation. A 1 is subtracted so that we can Sgg. 15 Neighboring-layer parallel line coupling dependency on araunt
the change clearer when plotted. Thexis values give the of M layer shift for various metal widths.
maximal change directly.

In Figure 14, we can see that the maximum of all thB. Analysis of Second Neighboring Inter-Layer Coupling
samples yields a 0.05, which corresponds to a 5% changeigures 16 and 17 show fill shift dependency. In Figure 16,
due to the shift of fills on layed/ only. We can say that fill width and spacing are kept at Quh, which corresponds
this amount is negligible, considering the fact that we hawe around 25% densityAt shiftM = 0, there is maximum
used an almost best-case choice of/3@0keep-off distance overlap between interconnects of layes — 1 and M + 1.
for this plot. The data set with largest impact correspords Hence, up to 1.55 times the coupling is seen with respect to
fill width, fill spacing and metal widths of 06n, 0.4um and  no fills. Shifting the layerM fills by changing theshi ftM

Neighboring Layer Coupling for Parallel Lines

0.4um, respectively, in our technology. parameter reduces the coupling significantly. When fill tidt
C. Analysis of First Neighboring-Layer Parallel Line Cou4S small, there is not much change due to the shift of fills, as
pling field lines between larger interconnects on laykfs+ 1 and

— 1 can find a direct path without going through the fills.
Figure 17, fill spacing is changed. Fill and metal widths
& kept at 0.4m and 0.2um, respectively. When the spacing

A similar analysis has shown that the maximum of all thJFzV[
samples yields a 0.028, which corresponds to 2.8% change
to parallel shifts of both interconnect and fills on layér+ 1.
We can say that this amount is negligible, considering tbe fa 7Exact density depends on the window in which the density lisutated.



between fills is small, the change in coupling due to the shift
in layer M fills is negligible. On the other hand, increasing the
spacing between fills (decreasing the metal density from 65%
down to 25%) on layeM results in a 35% change, which is

a significant change and needs to be modeled.

wm=0.2
—< wm=0.3
-o- wm=0.4

Inter-Layer

Second

125 . . . . .
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
shift (um)

Fig. 16. Fill shift dependency of second neighboring layer couplingor
different metal widths

TAB

LE Il

PARAMETERS FORSTANDARD FILL ALGORITHM

metal width

0.1,0.2,0.3,0.4 (um)

fill width 0.4,0.45,0.5,0.55 (um)
fill spacing 0.1,0.25,0.4,0.55 (um)
Fall shift 0.25,0.5,0.75,1 (2)
metal heightx 0.3,0.4 (um)
dielectric heightx 0.3,0.4 (um)
dielectric constant* 3.1,2.8
number of fill columns 1,2,3

keepof f distance

0.3,0.5,0.7 (um)

TABLE Il
PARAMETERS FORSTAGGEREDALGORITHM

metal width

0.1,0.2,0.3,0.4 (um)

fill width+

0.4,0.5,0.55 (um)

stagger amount-+

0.2,0.25,0.275 (um)

fill spacing

0.1,0.25,0.55 (um)

Till shift

0.25,0.5,0.75, 1 (z)

metal heightx 0.3,0.4 (um)

dielectric heightx 0.3,0.4 (um)
dielectric constantx 3.1,2.8
number of fill columns 2,3,4

keepof f distance

0.3,0.5,0.7 (um)
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Fig. 17. Fill shift dependency of second neighboring layer couplingor
different fill to fill spacings.

E. Analysis of Other Fill Patterns

We have parameterized the staggered fill algorithm using

Table V contains a summary of all the simulations for stan-
dard, staggered and 2-pass algorithms. In order to compare t
proposed results, we have repeated the field solver sirookti
for the merged and grounded fills in addition to the proposed
DOE. For merged fills, all neighboring fills on the same layer
are lumped into one big fill using the outer boundary of the
fills on the outer edge as the new outer edge. For the grounded
fills, the same fill pattern as the DOE is used, except each
floating fill is connected to ground. Results for DOE, merged
and grounded fills are all normalized with respect to the case
with all fills removed. In the table, the columns from left to

TABLE IV
PARAMETERS FORTWO-PASSALGORITHM
0.1,0.2,0.3,0.4 (um)

metal width

Till widih 0.4,0.45,0.4,0.55 (urm)
fill spacing 0.1,0.25,0.4,0.55 (um)
Fall shift 0.25,0.5,0.75,1 (2)
metal heightx 0.3,0.4 (um)
dielectric heightx 0.3,0.4 (um)
dielectric constant* 3.1,2.8
two pass ratio 2,3

the variables in Table Ill. We have parameterized the 2-
pass algorithm using the variables in Table IV. Two-pass
ratio parameter is used to define the larger fill width in this
algorithm with respect to the narrower width, which is irniedr

in the second step.

VII. COMPARISON OFDOE RESULTS

Results for DOE, merged fill and grounded fill as metal
width is changed is shown in Figure 18 for a particular subset
of the 2-pass algorithm. DOE results sit in between the nterge
and grounded fill results. Grounded fills are almost nedlygib
Merged fills result in an overestimation, which is much more
than this particular plot on the average. We will analyze thi
overestimation in detail next.

Fig. 18.
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COMPARISON OFDOE, MERGED AND GROUNDED EXTRACTION FOR STANDARD, STAGGERED AND 2-PASSALGORITHMS

TABLE V

STANDARD DOE Merged | Grounded| Max. Coupling/Total | Min. Coupling/Total
intra-layer 2.377 | 10.336 0.002 15.91% 0%
first-layer 1.083 1.123 0.492 22.25% 17.11%

second-layer | 1.126 0.726 0.094 6.84% 2.38%

STAGGERED | DOE Merged | Grounded | Max. Coupling/Total | Min. Coupling/Total
intra-layer 2.579 | 25.9308| 0.0021 23.33% 0%
first-layer 1.131 1.155 0.578 20% 16.32%

second-layer | 1.153 0.559 0.107 6.870% 0%

2-PASS DOE Merged | Grounded| Max. Coupling/Total | Min. Coupling/Total
intra-layer 5.308 | 34.607 | 5.998e-6 3.607% 0.909%
first-layer 1.110 0.531 0.546 19.562% 15.913%
second-layer | 1.0160 | 0.284 0.147 7.776% 3.566%

right are the means of normalized DOE, merged and groundeatameters, the results will be highly accurate with resfiec
fill results. These columns indicate the normalized inageas known approximations. The run-time is kept reasonably low
coupling capacitances due to fills. The normalization ishwitusing the proposed guidelines.

respect to the original interconnect structure with no.fillee VIIl. CONCLUSIONS

last two columns are put to indicate how much each coupling .
. ; We have proposed a DOE set for extraction tools to generate
term is as a percentage of the total capacitd&née have . : . L
.normalize fill tables which can be used on top of existing

included both the maximum and minimum for this ratio. This

. : . . L extraction tools for accurate extraction of capacitancethé
ratio shows how much this coupling capacitance is importan s . .
. . . presence of floating fills. We have provided the parametérize
The rows of the table are for intra-layer, first layer neig

: _ ) . .2 design of experiments, which each design or mask house can
boring and second layer neighboring coupling, respegtive

¢ h fill algorithm. Using the data f 5 lorith mplement in their flow to analyze and extract capacitanges i
or each Til algorithm. 1ising the data Trom <-pass algoninty, presence of fills. This field solver DOE set will complete

as an ex_ample, looking "?lt the last two c_olumns, we can S DOE set that comes with the extractors, which is not
that the intra-layer coupling shows less impact as compargimal for floating fills. We have shown that the proposed

to second-layer and first layer couplings. In terms of addgiely solver-based DOE’s provide significant accuracy im-

we can see that for mtra-_layer, the Increase n cou_pll ovements over methods and assumptions used by current
due to fills can be 13.73 times more using merged fill

. . traction tools. We believe that this work will enable atbet
compared to the DOE results, whereas this ratio can be alm8

i . i Verall analysis and extraction possibility of the impatctilés
negligibly small for the grounded fills.The DOE results in a on capacitances in interconnect technologies with the aklp

way show the actual result§ as compared to the approximgle,, +«<ive and parameterized nature.
methods such as merged fill or grounded fill. Hence, merged
fills result in an overestimation of coupling capacitances, REFERENCES
whereas grounded fills results in a significant underesiimat [1] W. Yu, M. Zhang and Z. WangEfficient 3-D extraction of interconnect
Although this overestimation could have been thought asgei ‘r’;"eptﬁg'éagfaen considering Moating S’;Si;ari]sf"'\slol"vgg boundaterment
advantageous, there are two reasons why it is not an adeantag pp 12-18 T '
The first reason is, the overestimation is significantly higie  [2] S. Batterywala, R. Ananthakrishna, Y. Luo and A. Gyukestatistical
second reason is, as we observe the next two rows, we see thatMethod for fast and accurate capacitance extraction in tresgnce of
. . . . floating dummy fillsVLSI Design, 2006

the overestimation for the intra-layer coupling has reglilt (3] A, kurokawa, T. Kanamoto, A. Kasebe, Y. Inoue and H. Masud
in an underestimation for both first and second neighboring Efficient capacitance extraction method for interconnestth dummy
layer couplings due to the fact that merged fills attract moia] ]llltlesljn(-:lllgcllezeqoji’n-plgluzl?fe;llf'sYoung-Nam Yoon: Dai-Hyun grda
of the flux which would otherwise go to the interconnects on " pij shin; Young-Kwan Park: Jeong-Taek Kongnalyzing the effects
the neighboring layers. Observing the first—lay(_ar coupﬁmg, g;t:scatlit(i)r:]gl éigr’\r)lm%/(-)f(i)lllsz fronglfgaltugi 3szale analysis to fillp RC
although we \.NOUId.eXpeCt "?m increase in coupling _Capamncﬁ] A. B. Kahng, K. ’Samaéjipgnd P. Sharm@tudy of Floating Fill Impact
due to the insertion of fills, we see a reduction for th€ ~ on Interconnect CapacitancéSQED, 2006, pp.691 - 696
merged and grounded fills as indicated by normalized valud§] A. Kurokawa, T. Kanamoto, T. Ibe, A. Kasebe, C.W. Fong,Kage,
lower than 1. This happens due to the flux reasoning above. Za:)r;‘(’:‘ljtgn o gﬁjﬁﬁé’gg’gmg%gtggg; fg;)r%%“e‘fg‘gl'”tem"””ed
Considering the fact that these coupling capacitancesaage | (7] 3.-k. Park, K.-H. Lee, J.-H. Lee, Y.-K. Park, J.-T. Koniyn exhaustive
portions of the total capacitance, inaccuracies will behlyig method for characterizing the interconnect capacitancesagering the
important. Standard and staggered algorithms also hawensho fs"l’gtF',’AgDdzuorgomy:g'sgg}’lginp'oy'”g an efficient field solvingosthm,
similar inaccuracies, especially for the intra-layer aadosd-  [g] yw. Chang, H.W. Chang, T.C. Lu, Y. King, W. Ting, J. Ku, C.
layer couplings. As the proposed DOE uses accurate field Lu, A novel CBCM method free from charge injection induced atror
solutons which take ino consideraton the pattern shiapess (22102001 16 e bt o Toatn sy fle o omnect

235-238
[9] W.-S. Lee, K.-H. Lee, J.-K. Park, T.-K. Kim, Y.-K. Park,-J. Kong,

Investigation of the capacitance deviation due to metll-find the
effective interconnect geometry modelit§QED 2004, pp. 373-376

8Default settings for most extractors is to neglect couplaapacitances
below 1%.

9Some of the high increase is due to allowing small keep-cdtadices,
which can be helpful in achieving high density fills.



