IEEE TRANSACTIONS ON SEMICONDUCTOR MANUFACTURING, VOL. 11, NO. 1, FEBRUARY 1998 129

Rapid Characterization and Modeling
of Pattern-Dependent Variation in
Chemical-Mechanical Polishing

Brian E. Stine, Dennis O. Oum#lember, IEEERajesh R. Divechaylember, IEEEDuane S. BoningMember, IEEE,
James E. Chungylember, IEEE Dale L. HetheringtonMember, IEEE,C. Randy Harwood,
O. Samuel Nakagawa, and Soo-Young ®fember, IEEE

Abstract— Pattern-dependent effects are a key concern in in underlying topography [2]-[4]. This problem has become
chemical-mechanical polishing (CMP) processes. In oxide CMP, especially acute as performance requirements have increased
variation in the interlevel dielectric (ILD) thickness across each 5n4 dimensions have scaled. Also. CMP has found wider

die and across the wafer can impact circuit performance and L . . .
reduce yield. In this work, we present new test mask designs application in the entire VLSI development and production

and associated measurement and analysis methods to efficientlyCycle serving as an enabling tool for shallow trench isolation
characterize and model polishing behavior as a function of layout [5]-[7], damescene technologies [8], and other novel process
pattern factors—specifically area, pattern density, pitch, and techniques.

perimeter/area effects. An important goal of this approach is 1 this paper, we present four masks for characterizing
rapid learning which requires rapid data collection. While the d deli 'tt d dent iation in CMP

masks are applicable to a variety of CMP applications including and modeling pattern eper_l ent variation in processes,
back-end, shallow-trench, or damascene processes, in this studyconsumables, and tools. Using these masks, we present meth-
we focus on a typical interconnect oxide planarization process, ods for the rapid characterization, empirical modeling, and
and compare the pattern-dependent variation models for two comparison of pattern dependencies as a function of processes,
different polishing pads. For the process and pads considered, ;,nsymables, or equipment options. This is achieved in two
we find that pattern density is a strongly dominant factor, while First h Kis t ted t d individual

structure area, pitch, and perimeter/area (aspect ratio) play only ways. FIrst, each mask 1S ?rge € Owa_r an indiviaual source
a minor role. of pattern dependent variation. To this end, four separate
single-layer masks have been designed to probe structure area,
pattern density, line pitch, and structure aspect ratio effects,
respectively. Second, the masks support simplified metrology
tools and techniques including optical film thickness and

l. INTRODUCTION profilometry measurements.

N RECENT years, chemical-mechanical polishing (CMP) Several masks have been developed for analyzing pattern

has emerged as the primary technique for planarizigpendent variation. Warnock [9] and Hayashéteal [10]
dielectrics [1], [2]. CMP is very effective at reducing featureused a simple mask composed of a set of lines and spaces
level or local step height and achieves a measure of globaried across the die. Renteét al [11] also used a set of
planarization not possible with spin-on and resist etch bagkatings but over very large feature scales (1-10 mm). SRAM
techniques [1]; however, CMP processes are hampered ®ygate array cells are sometimes used [12], [13]. Burke [3]
pattern sensitivities which cause regions on a chip to havéed a set of two test masks but does not describe their

thicker dielectric layers than other regions due to differenc@€sign or construction. With a few exceptions, these masks and

, _ _ __accompanying analysis techniques are not discussed fully or
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features can be used and combinations of layout factors thdtich extends 1 mm from the edge of the 25 structures to
more closely mimic realistic circuits can be constructed. act as a buffer. Without the border, structures with the lowest
At a broader level, the characterization mask sets descrit@ghsity would contact structures with the highest density (on
in this paper represent an application of statistical metrologyneighboring die) and interact strongly.
[16], [17], which is concerned with assessing and modeling The fourth mask, or thaspect ratio (perimeter/areanask
both random and systematic variation and determining tffeig. 1(d)], is designed to explore the role of aspect ratio
impact of this variation on circuit performance and manufa¢the ratio of the length of the structure to the width of the
turability. The primary purpose of the mask sets presentedstructure) and the ratio of perimeter to area. This mask targets
this paper is characterizing and modeling CMP induced vagny systematic edge/corner effects which may be present. A
ation. Also, the analytical techniques developed and utilizeéotal of eight structures replicated twice are designed. The area
in this paper draw heavily on previous statistical metrologyf each structure is fixed at approximately 1 f@nd the
research efforts [18]-[20]. ratio of width to length is fixed at 1:1, 1:4, 1:14, 1:16, 1:50,
These characterization masks can be utilized to investigdté2, 1:82, and 1:100. Each set of 16 structures is replicated
pattern dependencies in a variety of CMP process applicatioss;, times across the die but with different spacings between
including traditional back-end [21], trench isolation [5]-[7]structures ranging linearly from 10 to om for a total of
[21], and damascene or inlaid metal processes [8], [286 structures.
Pattern-dependent issues include both “dishing” of features
being polished and “erosion” or regions with lower or higher
density of features. In this paper, we consider pattern depen- ll. M ETROLOGY TECHNIQUES

dencies in a traditional back-end interconnect process. In this section, the application of several metrology tools
In this paper, the CMP characterization masks are presenigflj techniques are discussed. Specifically, particular attention
in Section I, and the metrology tools and techniques f@s directed toward optical interferometry and profilometry
which the masks were designed are described in Section {iehniques as well as atomic force microscopy (AFM) and
An experimental application of the test masks is presentgganning electron microscopy (SEM).
in Section IV, in which the polishing performance of two OQptical interferometry is a commonly used technique [23]
different pads are evaluated. Simplified analysis and modelifig directly measuring film thicknesses. It offers reasonably
methods of pattern dependencies are presented and illustrafigeh throughput as well as an absolute thickness measurement
for this pad experiment in Section V. Finally, a summary angssuming the tool is properly calibrated. For the characteri-
future work are offered in Section VI. zation masks, either five-die, nine-die, or full-wafer sampling
schemes are useful. In a five die strategy, five-die near the
center of the wafer (which is typically more uniform than
elsewhere on the wafer) are measured. This is useful for quick
The CMP Characterization Mask Set (Fig. 1) is designexhalysis and initial model development, but does not provide
for rapid CMP consumable, process, and tool characterizatiany information about edge or spatial effects across the wafer.
and evaluation. Each mask is designed to produce a 1.2 cmn a nine-die sampling scheme, one die at each edge of the
1.2 cm die, but a larger die can be generated by scaling thefer (top, left, right, and bottom) and at the same radius are
layout. The first mask, tharea mask[Fig. 1(a)] has patterned sampled in addition to five die from the center of the wafer.
structures with areas ranging from ¥010m? to 3x 3 mn?  This technique can provide some information about edge
across a variety of pattern densities achieved by altering the éffects. Finally, a full-wafer scenario can be used in which
pattern inside each structure. In addition to the area structuregery die is sampled on the wafer. While the throughput of this
there are also structures to test the role of geometric orientatteshnique is quite low, more powerful analytic techniques such
(horizontal lines versus vertical lines). as those described in [18] can then be used. Automated optical
The pitch maskis the second mask [Fig. 1(b)]. The densitynetrology is limited to structures with linewidths greater than
of each structure is fixed at 50% (equal linewidth and line40 zm. For smaller structures (down to abouj:#), optical
pace), and the pitch is varied from@m to 1000:m for a metrology can still be used but only in manual model and
total of 36 structures for each die. With the exception of thaith less reliable results.
structures with a pitch less than 20n, each structure is 2 The center of each structure above the metal (or above the
mm x 2 mm in size. Features with a pitch of 20n or less field in the case of a trench process) is measured for the
are lumped into a single 2 mm 2 mm structure. There arespecified die, resulting in 20-30 measurements per die. The
also spatial replicates for many of the structures so that pitahpect ratio mask is an exception; in this case each structure
effects can be separated from spatial location effects. from only one of the six spacings regions is sampled (16
In the density maskthe third mask [Fig. 1(c)], the patternmeasurements), and then one structure from each spacing
density (the ratio of raised metal area in each structure to tlegion is also sampled across all spacings (five additional
total area of each structure) is varied systematically from 4édeasurements) for a total of 21 structures. If desired, the
to 100% from lowest in the lower left corner to greatest in thiickness in the field next to the metal lines can also be
upper right corner while the pitch of each structure is fixesheasured to provide planarization information, and knowledge
at 250 um. A total of 25 structures, each 2 mm 2 mm, about the polishing time can be used to compute removal and
are arranged in a X 5 grid, in addition to a border region planarization rates.

Il. MASK DESCRIPTIONS
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Fig. 1. The CMP characterization masks: the area, pitch, density, and aspect ratio masks are shown in Fig. 1(a)—(d), respectively. Each diel& triimm

In profilometry, a sharp stylus is dragged across the surfadeee formed by the optically measured values; the difference
of interest and deviations in the stylus are measured [2Between these two surfaces is called the correction surface.
Profilometry can be used in three-dimensional (3-D) mode The effectiveness of this technique is dictated by the number
generate an entire die map with high throughput or in twaf measurements which make up the correction surface: using
dimensional (2-D) mode to generate planarization informatiamly five measurement sites to form the correction surface
over centimeter scale distances. In profilometry, measuremegnsibles correction for linear deviations.
are susceptible to stage tilt and bias as well as wafer bow andAFM and SEM [23] are also useful metrology tools for
warp. This problem can be compensated by using a combinek with the characterization masks. In each case, detailed
optical/profilometry technique: several points are selected orformation about planarization can be obtained, and small
the die which are measured using both optical interferomestructures which cannot be measured using optical interfer-
and profilometry measurements. The surface formed by tbmetry can also be examined. Since the effective throughput
measurements from profilometry is forced to match the swf these techniques is extremely low, the application of these
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PoLISHING PARAMETERS USED IN THE PAD COMPARISON STUDY

.r.lu-:l't-'llr-l'n .|'J':|'lr"|.'r1r'l| _
O bim PETEDS | Tool Settings
Down Force 7 PSI
Table Speed 32 RPM
| Medal Sk .|'-r.lr."||.'|.'|.-.l| _ P
Tgrm TiW Quill Speed 28 RPM
©.7%mm AUSLYS Cu | | Back Pressure 0.2 PSI
Sy ol Ti N
I Sturry Flow Rate 150 mL/min
Consumable Settings
L __N N W
Miter! Patterw and Eteh Slurry §S8-12
| | Carrier Flat
Carrier Insert R200 T3
1D Deposit L__I BN BN Conditioning Technique in-situ concurrent conditioning with
: MR | | a flat profile
FEE—— = L
T | CHF | - EE 05 Thickness vs. Area Thickness vs. Pitch
il T TN M iy W MR Pl I -~ ’
z o 1C1400 onoy o Iiaiieiniele
i x 1C2000 = oTERE
[ C T PT i ~ §_0.75
— 3 s
Chwical Thickmess Measiremenis § g o
] S o 400
- | WaleriPad Splic | S 5 o5 x 1C2000
mndomly Selkecred Wil - o :
5 Doz Mar Cemer Meassned A~ -
Q-0.25 N o025
Frvalitimiicrry Merivifetiitesiida E‘ q
= | WaleiFal Sp < S
& Faishiidy S2locted Walcr ~05
PR R TR o 2 4 6.8 10 0 250 500 750 1000
Area (mm”) Pitch (um)
(@) (b)

Fig. 2. The short-flow process flow used in the pad comparison study.
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Fig. 3. Average removal rate versus wafer number for the first few Wafe[23] can be used to roughly quantify thickness differences
on each pad type showing the break-in characteristics of each pad. Although simple this technique can be quite useful in identi-.

tools is limited to only a few key measurements. An additioneff(Ing gross differences associated with particular consumable,
drawback of SEM techniques is that they are destructive. process, and tool choices during rapid evaluation or optimiza-
tion.

Finally, a simple but effective approach should not be
neglected: visual inspection and interpretation of fabricated
wafers. In certain circumstances, differences between struc-
tures and wafers can be discerned visually by looking for In this section, a pad comparison experiment and raw data
subtle color variations between each case, and a color che¢ described to illustrate the use and application of the

IV. EXPERIMENTAL RESULTS
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Fig. 5. The 3-D profilometry measurements for each mask across each pad type. The profilometry measurements have been leveled using the combined
optical/profilometry techniques.

characterization mask set. The analysis and modeling of tkimbilize the removal rate of the pad. As Fig. 3 shows, the

data is discussed in the following section. For this experimem€-2000 pad has a much longer break-in period than the IC-
a back-end process is used in which field oxide is initiall§400 pad. Longer break-in periods are undesirable and costly
deposited followed by metal deposition, pattern, and etdhn. that they lead to excessive usage of monitor wafers and
After depositing the ILD (inter layer dielectric), the wafersslurry. Note, however, that the polishing process used in this
are polished to achieve uniform surface heights. A detailedperiment was not optimized for use with the 1C-2000 pad

process flow used in this study can be found in Fig. 2. and only slightly optimized for use with the 1C-1400 pad.

For the polishing process, the wafers are split on polishingFig. 4(a)—(d) show ILD thickness, measured on a Prometrix
pad type. Half of the wafers are polished with an IC-140BT-650—an optical thin film measurement tool, versus area,
polishing pad while the other half are polished with an IGpitch, density, and aspect ratio, respectively. Each data point
2000 polishing pad, both from Rodel, on an IPEC/Planam Fig. 4 represents the average of five die near the center
472 polishing tool. The polishing parameters for the paaf the wafer. Note that Fig. 4(a) and (d) are shownAdED
experiment can be found in Table I. Several dummy wafem$ickness versus area and aspect rafidl.D represents the
or wafers which contain only a thick blanket oxide layercomponent of ILD thickness variation that can be explained
are polished on each pad type to “break-in” the pad, i.e., iy area or aspect ratio alone. The component of ILD thickness
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variation which could be explained by differences in pattern . qm

density was removed prior to determination of the area o 20 e

aspect ratio contribution; this procedure is described in detail : —

in Section V. = .
Fig. 5(a)—(h) show the measured profilometry traces fdt —p , -

each mask measured using a Tencor P-22 profilometry for a Oxide -

die near the center. The leveling techniques discussed in the %°

previous section were used to remove wafer bow and warp and g4 yewl

stage bias. A linear correction surface was used as discussed in R T U T 0

Lateral Dimension (mm)

the previous section. In all cases, the origin of the profilometry
measurements was chosen as close as possible to the lowefigff- A simplified example to aid in the definition of pattern-density.
corner of each pattern. The differences between the two pads,

especially for the area mask, are discussed and explained in planarization
the next section. I bength 1
In addition to measuring the post-CMP ILD thickness, =1
we also selectively measured the pre-CMP (i.e., immediately i
after deposition) ILD thickness. From these measurements and ___.-”H-
based on the fact that we measured five die near the center of il

the wafer where incoming deposition variation is smallest, we
concluded that deposition variation is small (typicaiiyl0
nm); thus, post-CMP measured thicknesses did not have to be hxidle

corrected for incoming film deposition variation.
S /

Yleinl

\*

V. PATTERN-DEPENDENT VARIATION MODEL GENERATION

In this section, the use of the characterization masks for
pattern dependent variation modeling in CMP processes is —
presented. Several modeling methodologies, spanning a range
of applicability and sophistication, are presented for each
mask and applied to data obtained from the pad experiméitt 7. The definition of planarization length. Typical planarization lengths
described in Section IV. The resulting models are especiaflf °" & scale of several milimeters.
useful for verifying physical models, for process optimization,
or for studying the impact of variation on circuit performanceannot always be approximated by the metal profile; this is
or manufacturability. most evident in tight pitches or small spaces. For this reason,

In order to generate semi-empirical models, two wafetomputations of pattern density also depend upon accurate
were randomly selected for each mask—one from each paeposition profiles or models, and deposition parameters, tools,
split. Five die from the center of each wafer were averageshd materials are an important integration/modeling issue in
together to partially suppress within-wafer effects. Models @MP [26]. Fortunately, the linewidth and space (except for
ILD thickness variation were formed as a function of are#he pitch mask) are all greater than 4, and approximating

PR

-

{=everal mmp

pitch, density, and perimeter/area (aspect ratio). the deposition profile with the metal profile is a reasonable
approximation.
A. Pattern Density Modeling According to the model proposed by Stieeal. [25], the

relationship between ILD thickness and pattern density can be

As reported in the literature [3], [4], [14], [15], [24] a expresse d as

apparent from a visual inspection of the data (Figs. 4 an
5), the ILD thickness is quite sensitive to pattern density. A r=z9— 2 — Kt+pz fort > _7 (1)
major obstacle to modeling pattern density dependencies in K
CMP rests with finding a suitable and compact definition forwaherez is the ILD thickness referenced from the top of metal
density metric which not only yields a good fit to the availableegions,z; is the amount of dielectric deposited before CMP,
data, but is also physically intuitive [25], [26]. z1 Is the as-deposited step heigli, is the removal rate of

An example helps to illustrate the definition of patterblanket or unpatterned wafers,is time, andp is pattern
density. Fig. 6 shows a simple cross section through a figensity.
titious test structure composed of two 1 mm wide metal lines In the literature, much discussion has been generated over
separated by 1 mm and a 5 mm line which is separated framhat is the planarization length for any particular CMP
the 1 mm lines by 3.5 mm. Since the lines are very wide, weocess. Fig. 7 illustrates a definition of planarization distance.
can assume that the deposition profile can be approximatédne seeks to planarize “vertical” oxide profiles (as shown in
by the metal profile. In this example, a 1A layer of Fig. 6) over two regions with a step change in pattern density
oxide was deposited. In many situations the deposition (s shown in Fig. 7), the low-density region will polish faster
conformal and not as shown in Fig. 6, and the oxide profithan the high-density region with a transition ramp in between
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ramp shape shown in Fig. 7, and the planarization length is& 075 X § 0.8
defined to be the width of this transition ramp. @ T
In _this paper, we _define pattern density at a pa_rtic_ular 05 ! 0.85
location («,y) on a die as the area of all polygons inside Known
a square region called tiiensity window(see Fig. 8) divided i s“"’(ff;‘ght L
by the area of the density window. We call the length of 025 35 P a5 98 a5 a a5
a side of the density window thimteraction distance (id) Interaction Distance (mm)  Interaction Distance (mm)
An intuitive physical interpretation of thiateraction distance © )

is the macroscopic distance over which the pad bends |§I. 9. Estimated slope of ILD thickness versus pattern density computed at

conforms to the wafer surface and is typically several mm. Hiterent interaction distances from 3 to 4.5 mm for (a) the density mask and
the pad experiment described in Section IV, the IC-2000 (g for the area mask. For comparison the maximutnniethod is shown in

a stiffer pad compared to the 1C-1400 and also has a |0né@rand (d) for the density mask and for the area mask, respectively.
interaction distance as revealed below. It can also be shown for

pattern density computed using a square density window thaka mask. The amount of dielectric depositad was known

the interaction distance is identical to the planarization lengifjith considerable certainty, but the as-deposited step height,
Regardless of the techniques used to compute pattern dgn-could only be estimated. Fortunately, data from a similar

sity, a procedure is needed for optimizing the choice of thgocess was available and the amount of pattern sensitivity in

interaction distance parameter. Three ways are available foris small. Based on this information, was estimated at 0.83

determining the interaction distance: pm} + 0.01um. As Fig. 9 shows, the estimated interaction
1) via direct measurement of the planarization length; distance is 3.2-3.4 mm for the IC-1400 pad and 4.2—-4.4 mm
2) via a slope regression method; or for the IC-2000 pad as measured from the density mask data.
3) via a maximum R method. The area mask data indicates that the interaction distance is

Direct measurement of the planarization length is by far tfe6 mm for the IC-1400 pad and 4.2 mm for the 1C-2000
quickest and most direct method of determining the interactig@d. Note that the area mask is more accurate in detecting the
distance. Unfortunately, none of the structures on any of th¥eraction distance compared to the density mask. Since the
characterization masks are large enough or contain a laggnsity mask was designed with gradual gradations in pattern
step change in density; thus, this technique was not useddignsity from one region to the next, this result is not surprising.
this experiment. The area mask has density values spread more randomly across

In the slope regression method, the slope of a line fit of ILEe mask. This unplanned design feature results in greater
thickness to pattern density for a particular mask is computdicrimination of the interaction distance.
over a wide range of interaction distances. Thus, if the patternin the maximum R method [26], [27], the interaction
density is computed at the proper interaction distance, the slajistance is determined by regressing a linear function of
of a regressed line of ILD thickness to pattern density shoupdttern density to ILD thickness for several different values
equal the as-deposited step height. If the regressed slope dufethe interaction distance. The?’Rsalue, a measure of the
not equal the measured as-deposited step height, the proceduiaity of the model, is computed for each value of interaction
continues on a different choice of interaction distance untlistance. The interaction distance which maximizes iR
convergence is obtained. selected. We have found that the maximum Rethod is

Fig. 9(a) and (c) shows a plot of the regressed slope versuweliable and imprecise and can yield misleading results.
interaction distance for data from the density mask and tRéy. 9(b) and (d) shows a plot of’Rrersus interaction distance
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for data from the density mask and the area mask. We Notepad rype = 1¢-1400
that the slope regression method is considerably more precise

in detecting the interaction distance, and for the area mask,

e
a

the interaction distance extracted using thé Rethod is — ;
significantly different than the slope regression method. This £ § 1
is due to the presence of an underlying design factor, in this\;}?075 \;?075
case area, confounding with density. In the density mask,§ §
there are no significant confounding design factors available to-z s 505
degrade the determination of the interaction distance; thus, the> oo &025
R? method can still be used albeit with diminished precision S @ '
compared to the slope regression method. 0 0

Table Il and Fig. 4 show the fitted model of ILD thickness
versus density. The slopes of the model for each pad are Oé
essentially identical by construction. The intercept for the 1C-
1400 pad data is less than the intercept for the 1C-2000 pad
data since the blanket removal rate of the 1C-1400 pad is
greater than the blanket removal rate for the 1C-2000 pad and

all wafers were polished for approximately the same amoufri@- 10. Profilometry measurements for a center die from (b) the area mask
versus (a) the predicted ILD thickness based on computed pattern density.

OT time. The interaction distance, howe\_/er' IS _S|gmf!cantlﬁ‘iscrepancies between the model and profilometry measurements are due to
different for each pad type. The larger interaction distanegk of knowledge about the window shape, uncorrected stage bias and wafer

for the IC-2000 pad compared to the 1C-1400 pad correlaté@ping, and second-order effects.
well with the physical stiffness/hardness of the 1C-2000 pad

versus the IC-1400 pad. _ within the measured die). The spatial dependence of the data
The difference in interaction distance between the two padn, pe estimated by generating a surface formed by replicated
types explains the differences in the data for the area magkctures with the same pitch, such as for the 1080pitch
shown in Fig. 5. For an interaction distance near 3 mm (IGgryctures which were replicated six times across the die. This
1400), the pattern density near the center of the larger featuggsrace as expressed as a function @indy coordinates, can
in Fig. 1(a) is nearly 100% while for an interaction distancgen pe used to estimate the contribution of spatial position
near 4 mm (IC-2000) and for the same structure, a substanfiglach observation. Table Il and Fig. 4 shows the model and
amount of low density regions surrounding the large featurgsyression line and data taken from a wafer from each pad split
are averaged together. Thus, transitions between high and E\Y@raged over five interior die and with spatial dependence
densities with the IC-2000 pad are substantially smoother angdnoved. A key observation is that the dependence of ILD
a smaller range in pattern density and ILD thickness variatigRickness on pitch, at least for pitches greater thap#) is
can be expected compared to the IC-1400 pad. . very slight. Also, the slope of the model does not appear to
Since the area mask set also has structures which sRaR, across pad type as indicated by the confidence intervals
different ranges of pattern density, the area mask set data ¢gnthe slope coefficient in Table II. As before, the intercept
also be used to check the predictive power of models generafggles are different because of unequal removal rates across
from the masks. Fig. 10 shows the predicted ILD thickneggmilar polishing times for each pad split. To compute the
variation and observed ILD thickness variation measurgdnfigence intervals, a simultaneous confidence interval at a
using the combined optical/profilometry technique on the argao,, |evel of confidence was used [28].
mask. The ILD thickness variation model in (1) was used
with an interaction distance of 3.4 mm (extracted from the
density mask). As the results show, the agreement is goéd. Minor Effects
Discrepancies between the prediction and the measured valuesince structure area and aspect ratio are confounded with
is due to lack of precise knowledge about the shape of thgttern density, a simple regression based approach, as in
density window, uncompensated metrology errors, and secof§k pitch mask, cannot be used. For data from these masks,
order effects. the portion of variation which can be attributed to pattern
density must be removed first by modeling the ILD thickness
. . variation for all structures as a function of density. The
B. Pitch Modeling interaction distance for this density model should also be
Unlike pattern density, pitch is a locally defined parametetletermined via one of the methods outlined in the previous
thus, relatively simple procedures can be used to develspbsection. Alternatively, the density model and interaction
a model for the dependence of ILD thickness variation atistance obtained from the density mask can be used. Once
pitch. A simple regression procedure, assuming a linear @ardensity model has been assembled, the contribution of area
polynomial model, to the available data can be performed. & aspect ratio to ILD thickness variation can be estimated by
slightly more accurate model can be generated by removisgbtracting the component which can be attributed to density
any spatial dependence (such spatial dependence may afieen the observed data. Finally, the remaining variation can be
for example due to any within-wafer nonuniformity localizeditted to a linear or polynomial function of area or aspect ratio.

(b)
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TABLE I
ILD THICKNESS VARIATION MODELS FOR THE PAD EXPERIMENT

Model

ILD = 0.83p + 0.51 [um] (R? = 0.993) (id = 3.2-3.4mm)

e Coefficient Value Std. Err. t value Pr(ltl) Conf. Int.
% (intercept) 0.51 0.0078 64.7042 0.0000 +-0.0205
g p 0.83 0.0145 57.4407 0.0000 +-0.0382
& p .
%] ILD = 0.82p + 0.56 [um] (R* = 0.995) (id = 4.2-4.4mm)
s Coefficient Value Std. Err. t value Pr(Itl) Conf. Int.
Q (intercept) 0.56 0.0066 84.9305 0.0000 +-0.0174
p 0.82 0.0128 64.4719 0.0000 +-0.0337

ILD = 2.6932x10’6pitch +0.86 [um] (R? = 0.0088)

IC-2000 | IC-1400 | IC-2000 | IC-1 400

Coefficient Value Std. Err. t value Pr(>itl) Conf. Int.
E (intercept) 0.86 0.0027 316.4 0.0000 +/- 0.0069
g pitch [um] 0.00 0.0000 05373 0.5975 - 1.3x10°
S ILD = -5.3658x10%pitch + 0.91 [um] (R? = 0.0097)
E Coefficient Value Std. Err. t value Pr(>Ith) Conf. Int.
(intercept) 091 0.0028 320.5640 0.0000 +-0.0072
pitch [um] 0.00 0.0000 -0.5602 05793 - 14x10%

ILD = 0.8p + 0.54 + AILD [um] (R? = 0.89) (id = 3.6mm)

o AILD = -0.003582Area” + 0.0339Arca - 0.0312 [tm] (R? = 0.84)
§ Coefficient Value Std. Err. t value Pr(>ltl) Conf. Int.
L.) (intercept) -0.0349 0.0051 -6.9016 0.0000 +-0.0156
'ﬁ = 1 Arcamm3 0.0367 0.0036 10.0861 0.0000 +-0.0110
§ Arca? [mm?] -0.0038 0.0004 93123 0.0000 +-0.0012
s ILD = 0.8p + 0.60 + AILD [pm] (R? = 0.82) (id = 4.2mm)
; S AILD = -0.003182Area’ + 0.0335Area - 0.0365 [um] (R = 0.75)
(?] Coefficient Value Std. Err. t value Pr(itl) Conf. Int.
' (intercept) -0.0365 0.0065 -4.5949 0.0002 +/-0.0199
E Area [mm?] 0.0335 0.0047 7.1488 0.0000 +-0.0144
Arca? [mm?] -0.0032 0.0005 -6.0541 0.0000 +-0.0015
TLD = 0.80p + 0.63 + AILD [um] (id = 3.6mm)
e S AILD = -4.62056x107 AR - 0.00193 |um] (R? = 0.002)
g :l Coefficient Value Std. Err. t value Pr(>Itl) Conf. Int.
: O (intercept) -0.0019 0.0109 -0.1764 0.8619 +/- 0.0289
-§ = AR 4.6x107 0.0002 -0.1994 0.8441 +-0.0005
§ ILD = 0.80p + 0.63 + AILD [um] (id = 4.2mm)
§ § AILD = -2.38x10°*AR + 0.00576 [um] (R% = 0.037)
aq (\I] Coefficient Value Std. Err. t value Pr(>itl) Conf. Int.
< 8 (intercept) 0.0058 0.0132 0.4370 0.6670 +/- 0.0350
AR 2.4x10% 0.0003 -0.8555 0.4029 +- 0.0008

Computing a model of density and area or density and aspeuatdel form and order, a leave-one-out/add-one-term stepwise
ratio (perimeter/area) simultaneously is inappropriate since tlegression technique based on Mallow® statistic was
area, and aspect ratio are correlated with pattern density arsgd [28], [29]. From the stepwise procedure, a second-order
the ILD thickness variation model (1) does not consider thepelynomial model emerged as the best choice for each pad split
effects simultaneously; thus, the model must be constructesl shown in Table Il. From the 95% simultaneous confidence
hierarchically (i.e., the density dependence removed prior itdervals and visual inspection of the data, the effect due to
any model development based on area or aspect ratio). area for the two pad types is small.

Table Il and Fig. 4 shows the resulting area model for The aspect ratio model for a representative wafer from
a wafer from each pad split. The density model used @ach pad split is shown in Table Il and Fig. 4. Again, any
remove any underlying density dependence for the area maskierlying density dependence had to be removed; however,
is also shown in Table Il. In order to determine the appropriabecause the range of pattern density spanned by the aspect
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Thickness ve. Aspect Ratio and models generated using the test masks can serve as
Em an important base for evaluating and verifying physically
T based models and in investigating manufacturability/yield is-
777777 sues associated with CMP—especially for process integration,
development, or implementation issues. Finally, the resulting
characterization models for ILD polishing as a function of
B R key layout pattern dependencies have the potential for use in
** Aspect Ratio i ' layout-specific evaluation of circuit performance degradation
due to thickness variation.
@ " o .
In addition to contributing new mask designs for explo-
Thickness vs: Aspect Ratio ration of pattern-dependencies, several metrology tools and
E{SA@ techniques have been presented, as well as analysis tools and
methods, for generating ILD thickness models using rela-
% , tively simple procedures. A simple pad comparison experiment
has been described. For the process and pads studied in
o= ' this experiment, we find that density is the dominant layout
o e factor contributing to pattern-dependent variation, and that
Perimeter/Area area, pitch, and aspect ratio represent a second-order or no
(b) measurable effect.
Fig. 11. A comparison of the dependence of ILD thickness on (b) perime- Several extensions and applications of this work can be
ter/area versus () aspect ratio for sample wafers from each pad type. jd@ntified. The masks and analysis procedures detailed in this
effect of pattern density has been removed to show only the perimeter/area . ] ; ] ]
or aspect ratio dependence. paper are being applied to extensive pad comparison studies
and experiments to understand at both an empirical and phys-
ratio mask is small (on the order of 20%), the estimation @fal level the role of conditioning and pad properties on ILD
the interaction distance directly from the data for the aspagfickness variation. Investigation is also underway to evaluate
ratio mask via the slope regression technique was not usggyvel process techniques such as silicon nitride capping layers
Instead, the density dependence for the area mask was assugegbducing intra-die ILD thickness variation using the masks.
to apply to the aspect ratio mask data as well since all wafgtgally, models extracted from characterization mask data are
were polished with the same polishing conditions and at thuse to study the impact of intra-die ILD thickness variation
same time except for the split on pad type. As the data show$, circuit performance for a number of representative circuit
an aspect ratio effect is essentially nonexistent as measuggehitectures (e.g. SRAM arrays, standard logic cells) through
by the 95% simultaneous confidence intervals. In fact, gRodified layout parasitic extraction procedures.
examination of thet-statistic for each coefficient and the
overall model R value indicates the best model should be ACKNOWLEDGMENT
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