MULTI-VARIABLE REGRESSION FOR METROLOGY FIELD OF THE
INVENTION [0001] The present invention relates generally to metrology
tools, and more particularly to an improved method for assessing metrology
tools. BACKGROUND OF THE INVENTION [0002] As semiconductor

process techhBIoh ) IMGYBEAS M BEEGIRESSHANERI RAEIR MO Yogy

requirements have become more stringent. Typical performance indicators of
a metrology tool include itd” FEbEa?anﬁ%‘ﬁ&Né’ %&)ﬁ) cibility (R&R), and/or

-term, reproducibility (or precision). Additionally, accuracy must also be
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in@;&g@g@{m FGF%%QJ&HQ%H&BR@‘T&SE?‘ metrology tool under test (MTUT)

with those from a reference metrology tool (RMT). For example, Fig. 1

shows a plot of critical gesgasiad(GD DReRUIRVERIBIGIRM @ MTUT, in this
case a scanning electron microscope (SEM), with CD measurements from an
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establish a relationship between the MTUT and the RMT. When performing
meeglesgicqyibotieia T b andnloe: RHEcare gsurngulitonmeliavellnearipf a

For example, the linear regression produces a best-fit straight line 110
mesisleg freldisjudsats sersatahilite and seprodirabdity (R &4 MITUIT l9asatea, X is

the RMT data set, and a and b are the linear regression slope and offset
repsepuhUER (ORI RY) KU AT AECHRSSBIE YPahs BusidHfihe is 1.2185,
m%;%e its ffesteti'ls 7.2768. This produces a regression residue (R2) of 0.9494,

h | s e &C glglﬁe ggléﬁ?g%s)?mg}(tlb ?ﬁ%too accuracy 1S by comparing measurement

data from a metrology tool under test (MTUT) with those from a reference metrology tool
(RMT). For example, Fig. 1 shows a plot of critical dimension (CD) measurements from a
MTUT, in this case a scanning electron microscope (SEM), with CD measurements from an
atomic force microscope (AFM), RMT. Linear regression can be used to establish a relationship
between the MTUT and the RMT. When performing regression, both the MTUT and the RMT
are assumed to behave linearly. For example, the linear regression produces a best-fit straight
line 110 represented by the equation y = a-x + b, where:

y is the MTUT data set,

x 1s the RMT data set, and

a and b are the linear regression slope and offset respectively.
[0004] As shown in Fig. 1, the slope of the best-fit line is 1.2185, while its offset is 7.2768.
This produces a regression residue (R?) of 0.9494, which is used as an accuracy index of the
MTUT. Alternatively, the total measurement uncertainty (TMU) approach described in, for
example, United States Patent No. 7,221,989 may be used to compare the measurements. In

such case, the TMU value is used as the accuracy index of the MTUT.



MTUT. Alternatively, the total measurement uncertainty (TMU) approach

described in, for example, United States Patent No. 7,221,989 may be used

to compare the measurements. In such case, the TMU value is used as the

accuracy index of the MTUT. 1 [0005] It is desirable to provide an improved
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INVENTION [0006] The present invention relates to an improved method for
t08].=?sessing metrology tools. In accordance with the invention, the method

includes performing mu%ﬁﬁﬁ%ﬁ{eﬁﬁgmlﬁ%ﬁg%me accuracy of a

metrology tool. In such case, interac erent measurement
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method comprises measuring a target parameter of a plurality of test
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set. A plurality of reference parameters from a plurality of test structures are
defieasired uatydaa tatenoetvottmalogh et (RiMh iongenesatal Epteiatiyaafrement
reference data sets. The data sets are then analyzed using multi-variable
pregregssioan [@008Jnmanstv@nembodiment, the invention relates to a method
of fabricating integrated circuits. The method comprises assessing a MTUT
[080Theadurig enthedimeqihrBxnexihest eompiali e rees fatselrparamptey the plurality
MTUT to generate a test data set. A plurality of reference parameters of the
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1r.efer nce data sets. A rEuIti-va iarb’e regression analysis is Eerf rmed on
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re ebrgﬁg‘g tnelgt%glg)g;!- po%li W(i)ogzrflg%pe tahf)alurality of reference data sets. The data sets are
then analyzed using multi-variable regression.

[0008] In another embodiment, the invention relates to a method of fabricating integrated
circuits. The method comprises assessing a MTUT by measuring a target parameter of a
plurality of test structures using the MTUT to generate a test data set. A plurality of reference
parameters of the plurality of test structures are measured using a RMT to generate a plurality of
reference data sets. A multi-variable regression analysis is performed on the data sets. Using the
assessed MTUT, a feature during processing is characterized. The information from the
characterized feature is used to determine processing parameters for a processing tool which is
used to process wafers to form ICs.

[0009] In yet another embodiment of the invention, a method for increasing accuracy of
assessing a metrology tool under test (MTUT) is provided. The method includes measuring a
target parameter of a plurality of test structures using the MTUT to generate a test data set. A
plurality of reference parameters of the plurality of test structures are measured using a reference

metrology tool (RMT) to generate a plurality of reference data sets. The method further includes



characterized feature is used to determine processing parameters for a
processing tool which is used to process wafers to form ICs. [0009] In yet
another embodiment of the invention, a method for increasing accuracy of
assessing a metrology tool under test (MTUT) is provided. The method '
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the MTUT to generate a test data set, A pqurjaél{t of reference parameters of

CRRI PN Al B TR S HOREE T e e S RBL Y SirGT S PR ARkt o B Yot

; eM(;I%)tﬁg igleiqjatf:ate a plurality of reference data sets. The method further
inclddes performing a multi-variable regression analysis of the test and
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coetficient of determination represents the accuracy index of the
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present invention herein disclosed, will become apparent through reference
adentheafgliondngytgscriptieraoct ks acbe nmdanyeod wrawingsires tiehsnaneout

is to be understood that the features of the various embodiments described
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permutations. BRIEF DESCRIPTION OF THE DRAWINGS [0011] In the
angk agyInRKStiReE reference characters generally refer to the same parts

throughout the different views. Also, the drawirégs are not necessarily to

scale, emphasis insFé%EEé?%?SWPE%%‘fa%‘é Q&ﬁﬂ%@iﬁaﬂng the
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being placed upon illustrating the principles of the invention. Various embodiments of the
present invention are described with reference to the following drawings, in which:
[0012] Fig. 1 shows a plot of CD measurement data for a MTUT versus that for a RMT;
[0013] Fig. 2 shows cross-sectional views of various profile features and their effective CDs
measured using a top-down CD-SEM;
[0014] Fig. 3 shows CD measurement data for a CD-SEM and an AFM for profiles having
different CDs and sidewall angles;
[0015] Fig. 4 shows a plot of sidewall angle measured using a MTUT in the form of a SCM
as against sidewall angle measured using a RMT in the form of a CD-AFM;
[0016] Fig. 5 shows a flow diagram of a method for assessing a metrology tool in accordance
with one embodiment of the invention; and
[0017] Fig. 6 shows a pareto plot of sidewall angle measured using a MTUT in the form of a

SCM as against sidewall angle and CD measured using a RMT in the form of a CD-AFM.



[0013] Fig. 2 shows cross-sectional views of various profile features and their
effective CDs measured using a top-down CD-SEM; [0014] Fig. 3 shows CD
measurement data for a CD-SEM and an AFM for profiles having different
CDs and sidewall angles; 0015% Fig. 4 shows a plot of sidewall angle
measured using anﬁ:?'ﬁﬁ: tREISAAIFHS OMTHE JJX TR wall angle
measured using a RMT in the form of a CD-AFM; [0016] Fig. 5 shows a flow
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emb diérn nt of the invention; d’\lﬁ()3017| Fig. 6 shows areto plot pf
par[1n ui)aél ,ﬁde Peresen% 1nven&on rbl%&:s Itr110§1% f'lgrchﬁsg}ggﬂpg C répcy OP metliology

siaewall angie measured using a as-‘agains

10Dl ;?‘Hﬁl‘ﬁ-%&%ﬁpr%?&%%e&h&i g ARMIELN Badorm.AaGRGEMe 3o
DETAILED DESCRIPTION OF THE INVENTION [0018] The present

cHEMRRIRR felates derAmeiheddocraseasing meticlaay $aelstdMeI& include, for
particularly, the present invention relates to a method of assessing the
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Metrology tools are used, for example, to characterize features during
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or hole features. The features can be formed from various types of materials
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tools commonly used in IC manufacture include CD-SEMs, scatterometers

Skak vryd epnalipgreleeigsmeaierPSE MK RE RisTeHRlP sy iR A alsr tresiul

' . Other t f met tool | ful. [0019
BB R 0 e 4SS B

reJufiS Ar %Q?eer”mtin%%%g}té 5%\5/%19%8“%%? ehvR SingIg TREOHRLMRLIARIE S SUSL AR tha
. Aowever, we disco that
measurement results based on a single variable can lead to inaccuracies in assessment of
metrology tools. For example, measured CD can be influenced by line width, as well as sidewall
angle, top corner rounding, profile height and underneath film thickness. Inaccuracies in
accessing metrology tools can negatively impact yields.
[0020] Referring to Fig. 2, features 220 and 230 from which measurement data is acquired
are shown. The features have the same effective CD (CD; = CD,), but different sidewall angles
(8; > 0,). As aresult, different CD values are measured by a top-down CD-SEM (CDggpm,1 <
CDsgm,2). This is because a top-down CD-SEM is unable to detect the bottom of a re-entry
profile. Consequently, the measured CD value inevitably corresponds to the widest portion of
the profile, as shown in Fig. 2.
[0021] Fig. 3 shows a comparison of CD measurement data for a CD-SEM as MTUT, with
that for an AFM as RMT. Samples having different sidewall angles for the same CD are

measured. From Fig. 3, it can be observed that the difference between MTUT and RMT values

increases with the sidewall angle of the samples, for the same CD.



measurement results based on a single variable can lead to inaccuracies in
assessment of metrology tools. For example, measured CD can be
influenced by line width, as well as sidewall angle, top corner rounding,
profile height and underneath film thickness. Inaccuracies in _accessing
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features 220 and 230 from which measurement data is aeu?uwed are shown.
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the measured CD value inevitably corresponds to the widest portion of the
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measurement data for a CD-SEM as MTUT, with that for an AFM as RMT.
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From Fig. 3, it can be observed that the difference between MTUT and RMT
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[0022] Fig. 4 shows a plot of sidewall angle measured using a MTUT in the
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~RMT in the form of a CD-AFM (AFM- SWA). The SCM measurements
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model This cag be seen from tlﬁ:‘l age an%%m scatter around the best-fit
S e R &R gir (& ression is 0.87. The results
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by more thian one actor jnln accor nce with one e |me
ad YRR R B YRUARIE e @S SIRR I on. The accuracy of a metrology tool under test
(MTUT) is defined with respect to a reference metrology tool (RMT). The RMT can be any
metrology tool that can be trusted to determine the true value of the target measurement
parameter. In one embodiment, the MTUT and RMT are metrology tools for characterizing a
profile feature. The process begins at step 310 where the MTUT is used to measure a target
measurement parameter of a plurality of test structures to generate a MTUT data set. The test
structures can be incorporated on a substrate of a product wafer or a test wafer. Any useful
number or types of test structures can be provided. Preferably, the number of test structures is
sufficiently large to ensure reliability of the data collected. In one embodiment, the accuracy of
measurements of the target measurement parameter made using the MTUT depends not only on
the actual values of the target parameter, but also on other measurement parameters. For

example, where the MTUT is a SCM, measured CD values are also dependent on the sidewall

angle of the profile.



performed to improve accuracy assessment of a metrology tool under test. In
such case, the interaction between different measurement parameters can
be taken into account, providing a more accurate correlation between the
MTUT and the RMT. [0024] Fig. 5 shows a flow diagram 300 of a method for
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invention. The accuracy of a metrologﬁ%)ol under test (MTUT) is defined
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step 310 where the M is used to measure a target measurement
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test structures can be incorporated on a substrate of a product wafer or a
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Preferably, the number of test structures is sufficiently large to ensure
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measurements of the target measurement parameter made using the MTUT
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other measurement parameters. For example, where the MTUT is a SCM,
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. ﬁ’la%fgznr:ably, one of the parameters measured using the RMT is the target
arameter measured by the MTUT, while the other parameter(s) influence
the determination of the target paramegter by the MTUT. In one embodiment,

RMT data sets are y=D.a, x+b

i=1
where y is the MTUT data set, xj, X;... X, are the RMT data sets, while aj, a,... a, and b are the
multi-variable regression slope and offset respectively.

[0027] The model fitting parameters, a; and b, are produced using linear regression. The
regression can be performed using the ordinary least squares (OLS) or the Mandel approaches.
Other techniques may also be useful. The R? value obtained from the multi-variable regression
represents the accuracy index of the MTUT.

[0028] Once the MTUT has been assessed, it is used to characterize features, such as line or
hole features. Processing parameters of a processing tool are determined based on the
characterized features. The processing tool is used to process wafers to form ICs based on the
processing parameters.

[0029] Fig. 6 shows a pareto plot of sidewall angle measured using a MTUT in the form of a
SCM (SCM-SWA), on a first (y) axis, as against sidewall angle measured using a RMT in the

form of a CD-AFM (AFM-SWA), on a second (x;) axis, and CD measured using the CD-AFM
6



obtained for two measurement parameters. For example, where the RMT is a
CD-AFM, RMT data sets are obtained for profile sidewall angle and CD. In
such case, the test structures comprise features having different CDs and
sidewall angles. Other numbers of measurement parameters are also useful.
WéYIé;Jammé thirehira) RNFT §hgsider el Anse obthme orprtansatyred yooede

At step 330, multi-variable regression is iji)aformed In accordance with one
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a; and b, are produced using linear regression. The regression can be
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Other techniques may also be useful. The R2 value obtained from the
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Once the MTUT has been assessed, it is used to characterize features, such
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determined based on the characterized features. The processing tool is used
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g. 6 shows a pareto plot of sidewall angle measured using a MTUT in the
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[0030] The invention may be embodied in other specific forms without departing from the
spirit or essential characteristics thereof. The foregoing embodiments, therefore, are to be
considered in all respects illustrative rather than limiting the invention described herein. Scope
of the invention is thus indicated by the appended claims, rather than by the foregoing
description, and all changes that come within the meaning and range of equivalency of the

claims are intended to be embraced therein.



(AFM-CD) on a third (x2) axis. The sidewall angle of the test structures
measured using the SCM varies with both the sidewall angle and the CD
measured using the RMT, as can be seen from the change in slope of the
best-fit plane with respect to both xi and x2 axes. This indicates that sidewall

Wikple sheaeditEments using the SCM are influenced, not only by the "actual”
sidewall angle of the test structures, but also their CD. It follows that if a
single-variable model were used, thg%%rg‘acy of the SCM for measuring
sidewall le.will not be accurately . reflected. A ingly, the better fit for
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the MTUT is calibrated with more than ohe parameter, the calibration

a acediacywill be higher than single parameter calibration. [0030] The
invention may be embodied in other specific forms without departing from the
spiritiaeRsaaptiglchiitacdsiteschenraafe dhe faieghingembedisa@bisies using a
therefore, are to be considered in all respects illustrative rather than limiting

refeenoventionode serliBM e teigerScope pbifrthey inferfitioncisdihaiseinthiodted by
the appended claims, rather than by the foregoing description, and all
chanpegomang ormbi withihlee gisespirmpaidsram e heydvelieaese dathaets.
claims are intended to be embraced therein. 7 What is claimed is: CLAIMS
1. A method for assessing a metrology tool under test (MTUT) comprising:

2 Measpfing.thiRreeliRaamMeiet AR Arahty Afpest SHHEIURR HRINAIEBE MT Wl the
to generate a test data set;

RMT comprises a second type metrology tool.

3. The method of claim 2 wherein the first and second types are selected from AFM, SCM,
SEM and TEM.

4. The method of claim 2 wherein the first and second types are different types.

5. The method of claim 4 wherein the first and second types are selected from AFM, SCM,
SEM and TEM.

6. The method of claim 1 wherein the multi-variable regression analysis determines a

coefficient of determination, wherein the coefficient of determination represents the accuracy

index of the MTUT.

7. The method of claim 1 wherein the multi-variable regression analysis comprises ordinary

least squares or Mandel.



measuring a plurality of reference parameters of the plurality of test
structures using a reference metrology tool (RMT) to generate a plurality of
reference data sets; and performing multi-variable regression analysis on the
test and reference data sets. 2. The method of claim 1 wherein the MTUT
comprises a first type metrology tool and the RMT comprises a second type
metrology tool. 3, The method of claim 2 wherein the first and second types

8-are sLIECRS DA AEM,/SERICISER MU PERR Ao IR B Bt CHifATes 8
wherein the first and second types arg.differ es. 5. The method of claim
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ind&EMs e Mg RELhod of claim 1 wherein the multi-variable regression analysis
determines a coefficient of determination, wherein the coefficient of
determination represents the accuracy index of the MTUT. 7. The method of
claim 1 wherein the multi-variable regression analysis comprises ordinary

9 east Befuaesod oistitet. whgreThdamathbrropiaise s ] e comprises ordinary
multi-variable regression analysis determines a coefficient of determination,

e Sparea s %‘é‘%’&ient of determination represents the accuracy index of the
MTUT. 9. The method of claim 4 wherein the multi-variable regression
analysis comprises ordinary least squares or Mandel. 10. The method of
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coefficient of determination, wherein the coefficient of determination represents the accuracy

index of the MTUT.

11. The method of claim 1 wherein the target and reference parameters are selected from CD,
sidewall angles, top corner rounding, profile height, underneath film thickness or a combination

thereof.

12. The method of claim 1 wherein the target parameter comprises CD of the test structures

and the reference parameters comprise CD and sidewall angle of the test structures.

13. A method of fabricating integrated circuits comprising:
assessing a metrology tool under test (MTUT) by
measuring a target prameter of a plurality of test structures using the MTUT to
generate a test data set,
measuring a plurality of reference parameters of the plurality of test structures
using a reference metrology tool (RMT) to generate a plurality of reference data sets, and

performing a multi-variable regression analysis of the test and reference data sets;



coefficient of determination, wherein the coefficient of determination
represents the accuracy index of the MTUT. 11. The method of claim 1
wherein the target and reference parameters are selected from CD, sidewall
angles, top corner rounding, profile height, underneath film thickness or a
comBiraadhe rsreet MBUTHe dhensbdist tfani e dhdsenicgiestagyet parameter
comprises CD of the test structures_and the reference parameters comprise
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f i%(%grgrtlgd circuits comprising: assessing a metrology tool under test (MTUT)
eﬁy measuring a target prameter of a plurality of test structures using the
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parameters of the plurality of test structures using a reference metrology tool
(RMT) to generate a plurality of reference data sets, and performing a
multi-variable regression analysis of the test and reference data sets; 9 using
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rocessing parameters for a processing tool based on the characterized
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processing parameters. 14. The method of claim 13 wherein the MTUT

comprises a first type metrology tool and the RMT comprises a second type
15netrahgméaaidseal ecied BomeAdMhSaiki-Skiband gf&shibnlinalks teetividaafa

claim 13 wherein the multi-variable regression analysis determines a
coefficient of determination, wherein the coefficient of determination represents the accuracy

index of the MTUT.

16. The method of claim 13 wherein the multi-variable regression analysis comprises

ordinary least squares or Mandel.

17. The method of claim 13 wherein the target and reference parameters are selected from
CD, sidewall angles, top corner rounding, profile height, underneath film thickness or a

combination thereof.

18. The method of claim 13 wherein the target parameter comprises CD of the test structures

and the reference parameters comprise CD and sidewall angle of the test structures.

19. A method for increasing accuracy of assessing a metrology tool under test (MTUT)
comprising:
measuring a target parameter of a plurality of test structures using the MTUT to generate

a test data set;

10



coefficient of determination, wherein the coefficient of determination
represents the accuracy index of the MTUT. 16. The method of claim 13
wherein the multi-variable regression analysis comprises ordinary least
squares or Mandel. 17. The method of claim 13 wherein the targetand
refer8ifeaUFarshibIEI b pé SETEREIPREMCED OSBRI AN GIES St UuHe sing 2
rounding, profile hei?&ht, underneath film thickness or a combination thereof.
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target parameter of a plurality of test structures using the MTUT to generate
acdest dadasatinkOvmegsuring a plurality of reference parameters of the
plurality of test structures using a reference metrology tool (RMT) to
generate a plurality of reference data sets; and performing a multi-variable
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comprises a second type metrology tool selected from AFM, SCM, SEM and
TEM. 11
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