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ABSTRACT

The measurementof layer-to-layerfeatureoverlay will, in the foreseeable Future,continue to be

a crit;calmetrologicalrequ;rementfor the semiconductorindustry.Meeting the image placement

: metrologydemandsofaccuracy,precision,andmeasurementspeedfavorstheuseof_lectrical

teststructures.In thispaper,a two-dimensional,modifiedvoltage-dividingpotentiometeris --

appliedtoashort-loopVL$1 processtomeasureimageplacement.Thecontributionsoffeature

placement on the reticleand overlay on the wafer to the overall measurementare analyzed and

separated. Addi_onal sources of uncertaintyare identified, and methods developed to monitor

and reduce them are described.
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Introduction

The projected requirements for the placement of features by lithography systems for coming

generations of VLSI processing require metrologi¢._l tools having precision and accuracy on the
,

order of several nanometer_ Earlier work [1,2] described improvements to the voltage-dividins

potentiometer test structure and test methodology [3,4] for this application. The precision of

measurements made using the modified voltage-dividing potentiometer teat structure (seen in

Figure I) was demonstrated to be better than 20 nm (3a) precision for a chrome-on-glass muk.

This result represented a substantial improvement over earlier c._oabilities. The goal of the

current work is a) to apply this metrological technique to CMOS process tools and b) to refine

the test structure design and associated measurement method to meet the metrological

requirements of future lithographic processes.

In this paper, we identify extensions to this test s'u'ucturethat are intended to improve its overall

precision for identifying and eliminating unintended process-related anomalies that can manifest

as registration errors. These apparent registration errors, which include the actual, physical

placement of the lines on the reticles and subsequent effect on the measurement of level-to-level

registration, can be large compared to the actual registration errorof an advanced stepper. In this

paper, the term net mask pattern mismatch or simply pattern mismatch refers to the placement

of features on the reticles by the primary pattern generator; the term registration refers to the

layer-to-layer alignment of s set of corresponding features on two photomask layers by the
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stepper 1o a predetermined reference coordinate.

A second issue addressed is the effect of the Io_al variation of the linewldth on the measured

registration. Initial models have suggested that this can cause an error in the determination of

registration. The newest designs provide for the measurement and elimination of this effect

• _

Modif'Le.d_Voltage-Djvidin__Po.t_orneter Tes_ Stm.ctur©

The modified voltage-dividing potentiometer* provides improved performance when compared

to previous potentiometer techniques by two enhancements: the systematic error in the length of

the bridge due to the presence of voltage taps. 6L, is measured and eliminated, and the taps that

make up the potentiometer are placed closely to minimize random error. 6L is given by

•._.'hereV_, F,, and L_ are defined as shown in Figure 1 and ,mis the number of "dummy tap"

pairs in segment 3 of Figure l. The overlay x is thus given by

+. -+_ Lv,+

where V:, V_, and L are defined as shown in Figure 1. Note that if any of the taps are defined

, +. ,, ,, :--.,. .....

A full discussion of the basic test struoture and measurement technique may be found in
reference [11.
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in different layers or different process _eps, such as was done for the current work, a 8/. must

be determined for each type of voltage tap.

Test Structure Design

• : A set of test structures was designed to be compatible with 2-wn CMOS design rules. Previous

• work [I] has shown thex the linewid'_s in the test structure are not factors which affect the

performanceof this measurementtechnique.

p_mary Deslem

The basic test structure usedin this work is a compact double-mask (voltage taps and b_dges

formed by the second mask step) seen in Figure 2. This test structure utilizes a sin81e

potentiometer bridge, as had been reported previously [1], but it includes the voltage taps needed

to incorporste three built-in design offsets (i.e., the spacing of the center tap from the design

n_i_point between the end taps). The built-in offsets chosen for this experiment were -0.5, 0.0,

and-0.5 tun.

Secondary_Desim_

Addition£ design modifications were made to extend the usefulness of the t=st structure _ well

as to reduce or elimin_e severs] second-order effects. These structures were configured in such
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a way as to include a van dcr Pauw resistor and elements of a linewidth bridge. These element:;

allow the measurement of the electrical linewidth of the actual alignment bridge as seen in Figure

2.

l:ive test s_ructures were arranged on • 14- by 14-rnm exposure field such that the pr/n¢ipal

diagonals of each exposure field were spanned. Each field was stepped it 73 site,von a 150-ram

wafer. This allowed for the feature placement and linewidlh to be determined along several

directions across the diameter of the entire wafer. Additional structures were also placed in the

test chip, including registration targets for the stepper and traditional optical alignment test

structures.

Sample Prepara_on and £1ectrio_l Testing

Two SX reticles were produced from be test structure design. The first level is a bright field

reticle and defines the basic bridge resistor. The second level is a dark field reticle and defines

the locations of the center taps.

A 300-rim-thick n-type (implanted with phosphorous,5x10" cm"3,at 130 keV) polysilicon film

was deposited on an insul_ng film on the test wafers. The first-level reticle was stepped across

the wafers using a g-line stepper wil_ a 0.42-NA lens into a positive photoresist layer. After
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development, the polysilicon was plasma-etchedusing CIVHe/HBrchemistry, The process was

basically repeatedwith the second-level reticle which was registeredrelative to the alignment

targetson the firstlevel andsteppedateach site on the wafer to revealthe complete test structure

features.

The waters were tested using s parametric test system. The measured sheet resistance was

approximately50 D./i=IGeneralprooeduresfor testingthe structurewere similar to those found

in [1]. In orderto eliminale datafrom defectivetest structuresor measurements,two exolusion

criteriawere employed First,_y dataw/th a measuredoffset greaterthan 10 _tmwere excluded.

Second, any data that did not meet the i_llowing self-consistency check were removed: the

measured resistance of a bridge pair was compared with the sum of the resistances of the

individualbridges. If these sums were substantiallydifferent(>1 fl), the datawas presumed to

be corrupt From the dataon the remainingtest structures,the offsets x were calculated.

O_,erlay_Etror.pattern_MismatchError._d RegistrationEyror

Figure3 shows schematicallythe patterningof each of two maskswith four squarefeatures. To

simplify the discussion, features 1 and 2 on each of the two masks are assumed to be correctly

located relative to the coordinatesystems defined by the respective masks' alignment marks in

the lower left and the upperright of the exposurefields. Similarly the optics of the aligner tool

are assumed to image without distortion. Feature3 on the first mask is misplaged to the left by

two units. Feature4 on the second mask is misplacedto the rightby one unit. The features on
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the_qr_mask representtheend-tapp_ir_offourpote_tiometersoandthoseon thesecondmuk

represent their complementary center taps.

Figure 4 shows a die site on a substrate having four composite features, representing testable

potentiometers, defined sequentially by the two mask levels. Each of the four composite patterns

• ,, in each die site on the substrate have generally different local overlay errors, which are spatially

dependent measuresof the losses of the fidelity of the composite patterns, at each location within

the die site. The losses result from two independent mechanisms whose effects are additive.

The fir_ mechanism is the net projected feature fidelity loss, or pattern mismatch error, sustained

exclusively as a result of the drawn feature misplacement on each of the two separate mask

levels. At any fixed point within each die site the portion of the overlay error attributable to

pattern mismatch is the same at every die site on the substrate. The second contribution to

overlay error within a die site is the effect of net mask misregistrat/on and/or alignment error,

or registration error. Unlike the effect ofpattern mismatGh error, regib-_ratlonerror is generally

different at different die sites on the substrate but is constant within a given die site. The

following discusses both pattern mismatch and registration errors in terms of measurements of

overlay error at each composite pattern location within each die site.

It is convenient first to define patterning mismatch by considering the "best po_ible" overlay of

the two seta of features as illustrated in Figure $. Where_ no two complementary components

within the hypothetical die site.exactly register on the subs'irate shown in Figure 5, the relative
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alignment of the two masks is such that the sum of the squares of' the four overlay errorsis

minimized. This conditionof best possibleregistrationis a,t't'_ctedwhen the first momentsof the

two sets of individualprojectedimages about some point are equal. Such a condition is defined

here to be zero registration error. The four vector patterning mismatchesare then defined to be

the contributions to the respective overlay errors that prevail when zero registration error is

• . attained, as shown in Figure 5. Finally, overlay error is defined to be the vector sum of

registrationerrorand pattern mismatch error.

OverlayErr0rMeasu_exotn_t Al_on'_m for Extra_fio_nof Registtati_o.n_rrorandP.a_e_ Mismatch

grt_

Consistentwiththe previousdefinitions,measurementof overlayerrorextractedfroma particular

potentiometer is an estimate of the sum of registration errorand the pattern mismatch errorfor

that potontiometer. Ideally, measuredoverlay erroris the net differen_ between the ¢enter-tap

end-tap locations, adjusted for any design of_et.

Typically, residualerrorsoriginating in the tester and patterningimperfections are superposedon

the measurements. The dominant source observed is generally the processing-induced

imperfections in the film materials and in their patterning.

One objective of the current work is to separatethe contributionsto measuredoverlay which are
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producedby patternmismatch,registrationerrors,andresidualerrors. The approachused fits the

individually measuredoverlays, extractedfrom the same three potentiometers replicated on a

selection of die sites, to a model which superposes registration error to intrasite, location-

dependent,patternmismatcherror.

• , Specifically, if die site i, of a total of Ns sites, sustainsregistrationerrorM,, and the actual net

patterning mismatch for poteatiometer j, of a total of N. potentiometersper die site is ]Pj,then

the overlay error,Ou. is Mi + ]Pr However, due to the random errorsintroduced above, the

measured overlay error O', will generally differ fromthe actual overlay error,Or In orderto

estimate the desiredvalues of M_and l_j,the conventional practiceof minimizing the sum of the

squares _(O' I -Ou) _ with respect to M, and ]Pj results in the generation of N, + Ne

simultaneous linear equations. However. of these, only Ns + Ne- I are independent A

necessary additional relationshipis obtained by the previousdefinitionof zero registration error

when the overlay is minimized at each die site, i.e.. _.Pj=0. Use of this last relationship

effectively renders the determinantof the coefficients Mi and I'j of the simultaneous linear

equations non-singular,enabling them to be determined.

.... Exarnt_leof Extr_ti,on_ofOverlay,pattem_Misma_t_ch,and Regis_tralJonErron

The pattern mismatch and registrationerrorextraction algorithm describedabove was applied to

measurements of overlay error from 27 die sites having three potentiometers in each of two

........
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directions identified here as "vertical" and "horizontal."

Table 1. Initial Measured Values of Overlay

,, , al I II I i L II -_ I - l ii _ i l __

Overlay Error Measurement statistics (nm)

* i m | i| - i ii " I I i - i __

Horizontal Vertical

| i m i i

" xl x2 x3 xl x.2 x3

- . I Im i i ! i II [ . Ill I --

Drawn -500 0 500 -$00 0 $00

i i i ii i m ii III _- i ill I i m ii m -- -- _

Mean -473 30 545 -408 81 S$6
Measured

IIIII I i i w-- iii II "

STD 79 71 69 60 113 75

........ llt m _-

/

Table 1 lists the initial means and standard deviations of the two sets of g I overlay error values

of xl, x2, and x3, seen in Figure 2, for the vertical and horizontal potentiometers measured by

the parametric testing system. For both sets, _e means reflect the drawn offsets of.500 rim, 0,

and +500 nrn of the xl, x2, and x3 potentiometers, respectively. However, there exis_

substantial scatter in the initial measurement data which refleots the scatter in the registration

errors at the 27 die sites. The results which follow show how this scatter is resolved by

separating the measurement data into contributions deriving from pattern mismatch and

registrations errors, respectively, by using the algorithm described in the previous _¢t/on.
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Drawn (mean) 0 0

• , Mean 34 87

Measw_ .....

STD 43 41

Table 2 showsthe meanand standard deviationsof the reg|strationsextra_e,dfrom the inifi_!

vertical and horizontal measurement data sets. The magnitude of the extracted mean for

registration is somewhat arbitraryand is a function of the method used to determine "perfect"

registration. Other definitions of "perfect"registration result in a change in the mean value by

• co_t; however, the standard deviations of the registrations remain unchang_l.
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Table 3. ResultantPatternMismatchErrors

..........................

Net MaskP.ttemingMismatchStatistics(nm)
, l I IL ! II mll iiiii i i i II II

Horizontal Vertical

I _ i IIIII I I II l| Ill II .

xl x2 x3 xl x2 x3
• ,

i i i ,ll i .... , ,, ,m, ,, •

Drawn -500 0 500 -500 0 500

I I Illl " ,,,. ,, , , ..lli -- --- __ I II I I II

]3xtraotedMean -507 4 51! 494 -6 500

Table 3 shows results from patternmismatcherrors. These errorswere determinedto be less

than or equalto ! 1 nm whencomparedto the designvalues,for the 16samplestested.This

, value is in generalagreementwith resultspreviouslyreportedfor determiningpatternmismatch

errorsby directlyelectrical testing of photomasks[1]. The values representan upper limit on

the qualityof the photornaskand eny errorsintroduc_lby the fabricationproce_, test structure

design, and the measurementmethod.

Conclusions

Forthe first time, the modified voltage-dividingpotentiometermethodologyhas been applied to

the separationof on-waferoverlay errormeasurementsinto contributionsfrompatternmismatch



• . FEB-01-199416:49 FROM NISTEEEL SED TO 15058442991 P.15

i,
u

C:_I_94_,MWCV'BRB.IX)C l_e 14 4:28pmFc_aO, I. 1994

error and registration error. The test structures were fabricated using commercial materials and

tools. Although the raw data exhibited relatively high scatter, possibly due to the film's being

polysilicon of"relatively high sheet resistance, a straightforward algorithm for identification of

patterning mismatch and registration errors provided values of the mean and the standard

deviation of the registration error for the 27 die sites which were tested. These values were

• : nominally within the aligner-tool manufacturer's specifications, su_gc._ng that the measurement

technique contributed little if any error to the measurement datL

Furthermore, the values derived for the mask patterning mismatch substantially validate the

measurement technique for estimating the mask patterning mismatch errors. When these are

compared with the drawn values, the agreement is less than or equal to ! I nm in all cases. This

number bounds errors contributed by the mask patterning, the on-wafer pattern replication, and

the measurement technique itself.

As device geometries become smaller, overlay budgets will also correspondingly shrink. Pattern

mismatch and level-to-level registration, as well as the metrology asso_ated with measurement

of these parameters, will be of increased importance in manufacturing advanced semiconductor

products.
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Figure Captions:

Figure 1: The modified voltage-dividing potentiometer test structure.

Figure 2: The two.dimensional, two.layer modified voltage-dividing potentiometer test structure.

'

Figure 3: Features on two masks as drawn by the primary pattern generator

Figure 4: The relative placement of the features shown in Figure 3 with non.zero registration

error.

Figure $: The relative placement of the features shown in Figure 3 with zero registration error.
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