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ABSTRACT
Alternating Phase-Shifting masks (altPSM) are kndwprovide high contrast imaging combined withoas IMask
Error Enhancement Factor (MEEF) at low k1. At feassimes close to 60nm half-pitch and less the impéchask
topography effects increases. This applies in pddidor altPSM. This is due to the quartz etch Wwhig required for
every second mask aperture to obtain the 180 degtesse shift. It enlarges the mask profile hesigmificantly. The
influence of the quartz trench profile on the traission and phase balancing performance has alieeely studied
extensively. Basically it has been shown, thattéglquartz trench profile control, specifically feich depth and width,
is required with decreasing mask feature half pitch
The desired mask pattern geometry optimization iseotly based on an evaluation of the printed tgsigtern over
defocus. However, a mask process engineer camstsad only AIMS measurements of the mask featufégrefore
there is a mature interest to check, how good mgdisurements can replace resist pattern measugement
In the paper therefore it is evaluated how accubitéS measurements can describe the real printeaxppmance of an
alternating PSM in resist. Impact of differencesha image formation is investigated by use of @il expressions.
Furthermore, the influence of tool imperfectionsl dhe presence of resist are discussed. The themiredisults are
compared to experimental data taken from AIMS mesamants and wafer prints.
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1. INTRODUCTION

Alternating Phase-Shifting masks (altPSM) are oomroon approach to provide excellent imaging perforoe for
low k; applications [1]. This is achieved by imposing ® H&grees phase shift on the light transmittedutiimoevery
second mask opening. The desired phase shift cayaibed by etching into the quartz at those openiBgéng so
requires a high accuracy in achieving this etchitdepth a reasonable accuracy and uniformity oher éntire mask.
Also, due to scattering of the light in these opgsithere might be a difference in the transmissioneighboring
openings. This effect is usually taken into accalrdgady at design level. Here a biasing of the waftquartz etched
and non-quartz etched mask apertures is appliealddition an under-etch can be applied. In thie ¢he quartz is not
only etched vertically to gain the phase shift &lsb horizontally below the chromium. The qualitytioése correction
methodologies can be quantified by measuring teeraCDs formed by two neighboring openings. A miaskalled
balanced if the difference of these CDs vanisheslfdocus settings. In other words, if a diffecenin the clear CDs is
observed through-focus, the mask suffers from ianizihg. The amount of imbalancing and its lithogieinpact can
be determined from the functichCD(Zz), which describes the clear CD difference as famctif defocus, [2], [3].

This function is determined differently in a wafab or a maskshop. A wafer fab determines it fratimee wafer prints
or from measuring the width of the trenches aftehiag. These are the actual lithographically refeévaalues. In
contrast a maskshop usually does not have the npigr to obtain these data. As an alternative Alegial Image
Measurement System (AIMS) can be utilized to gasight in the printing behavior of the mask. Fas thurpose the
mask is illuminated with settings similar to thaseed at the scanner. The formed image is collegtead ®CD sensor.
From the intensity distribution obtained this wéne tfunction ACD(z) can be determined. However, there are some

obvious differences in the way the imbalancing easured. To get information on the quality of akmasto derive an
optimal correction scheme, one needs to make thaewafer prints and AIMS measurements can be egglielated.



Once a correlation like this is established sonter@sting options arise for the wafer fab as welthee maskshop. On
one side, a mask can be specified directly byrit#ipg behavior via AIMS measurements insteadusfently common
indirect measurements, like e.g. etch depth. Orother side, an engineer in the maskshop can thi®mask making
processes best to the customer needs based on BdSurements.

For these reasons there is an interest in invéstigshe differences in the imaging of the two tdgbes and their
impact on the measured imbalancing of the mask.pHper is organized as follows: firstly we desctite systematic
differences in the determination of imbalancing dsth®n wafer prints and AIMS measurements. The diffegs
concerning the image formation and their impactdescribed and quantified in the following sub-gettDiscussed
after that, is the impact of the resist on the @ation. In a following section we illustrate theadytically derived
results by experimental results.

2. SYSTEMATIC DIFFERENCESIN PHASE BALANCING MEASUREMENTSAT AIMS
AND STEPPER

As briefly outlined above there are several systenthifferences in the processes of determininB%M imbalancing
done by utilizing AIMS measurements compared todbeial results obtained by printing the mask weader fab.
These differences fall mainly into two classes: ¢heation of the intensity distribution by the imagisystem and the
“measurement” of it. This “measurement” at an AIM®Itis done by a direct measurement of the intgnsing a
CCD sensor. On the other hand, the intensity cddayehe stepper is “measured” by the developedtrdsor these two
ways of determining the intensity distribution taés no straightforward way of establishing a datien other than
directly comparing the measurement results. Everuting (not valid) assumption, that the image l@®yAHMS and the
Stepper optics were the same and it is correctlpasoned by the CCD sensor, the existence of thetrasd its
processing can lead to highly non-trivial deviatidoetween the CDs measured in resist and thosardesel from the
intensity. In order to correctly derive their cdation one needs a model for the resist and itegmsing which is
absolutely accurate and not based upon measurewfemask prints. Such a model is not available tharmore, the
correct relation between the developed resist lpofand the CD measured by, for example, a CD-SEMIdvbe
required. In sectioneBwe discuss in more detail the impact of resisfil@®and their modeling for altPSM.

A first step towards including the resist and iteqessing is to use a threshold model. For thipgee the image
created by stepper at the surface of the resisbfaan immersion liquid) needs to be calculatederTthe impact of
Fresnel loss at the incoupling of the intensityhet resist/surface interface, the propagation efwaves through the
resist to the desired depth and the contributioms fwaves reflected back from the underlying watack need to be
considered. In this paper we will simplify this kalsy considering the intensity in resist just belthe resist/surface
interface and assuming the resist to be infinitikigk to avoid the back-reflection from the wafeack.

On the other hand already the imaging processdrofitics of an AIMS tool shows several differenteghose by the
scanner. These differences are due to the differ@mtepts underlying the two tools. The AIMS toohisnicroscope
which magnifies the image created by some pati@ftask, whereas the scanner demagnifies the ionagted by the
entire mask. The two tools are constructed sudt, ttie diffraction pattern created by mask is dguahited at the
object side of the projection optics, thus, theeobgide NAs are identical. The image-side NAs,hlandther hand, are
not equal to achieve a magnification for one taat & demagnification for the other tool. The imagkeNA of an
AIMS tool is very small, which means that the prggigon of the emitted waves can be considered &g For a
scanner the image-side NA is large and, theretbeewaves here can be emitted under large anghés.r@quires a
vectorial treatment of these waves, whereas foAIMS tool the waves can be treated in scalar agpration. Also,
the impact of defocusing is different in the tweses. We derive analytical expressions for the indgemask formed
under these different conditions below and complhesimpact of these effects on the imbalancing measin the
intensity distribution.

In addition to the differences described so fagrehare tool imperfections, which can be diffefeotn tool to tool. To
name just a few, there are flare, aberrations,ceomnperfections and tool stability issues. We whiscthe impact on the
imbalancing measurement for some of them in se@tand 3.

3. IMAGING OF ALTERNATING PHASE-SHIFTING MASKS

The intensity distribution given by illuminating aitPSM containing a dense lines and spaces patecreated by
interference of 3 diffraction orders. Th& dnd the — orders create the desired image of the array fadonly for a



not balanced mask existing” @rder adds an additional sinusoidal with a petisite as large as the period of the
array. Use of incoherent illumination is not chamgthis but only leads to a reduction of the casttcd the image. The
principal way of image formation and a typical iredg shown in Fig. 1.

In this section we will use an analytical expressiwhich relates the intensity distribution to pedpes of a Kirchhoff
mask to derive an analytical expression for théedéhce in neighboring clear CDs. This will be ddae coherent
illumination. An extension to partially coherenturhination with perfect and imperfect sources iselty the use of

simulations.
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Figure 1: Image formation (left) and typical imagght) of an imbalanced altPSM.

a) maging with coherent light
The image formed by 3-beam interference &f df' and £' diffraction order can generally be written as:

1(,2) = B, + B,(2) co{z—g X+ a] +5, co{“—g xj, )

wherep is the pitch of the array creating the image. Aisdenotes the distance of the image plane to the fdane.
The parameter§8i depend on the duty cycle, the phase and the tiasism of the mask. Especially, if the mask is

balancedﬁlvanishes. Furthermore&y equals zero if there is no difference in phaseabsblute value of the'land the
—1% diffraction order.

As described previously, an imbalancing of the migsids to differences in the clear CD of neighlprintensity
maxima. This can be explained by the additional rfadthn given by the second term in equation (1). @lference
mainly depends on the defocus and on the intettsigghold chosen for the evaluation.

For a balanced mask the clear CD is identical & Hhlf-pitch of the array for an intensity thregh@qual to the

averaged intensityﬂo. If this threshold is chosen, one can approxittagedifference of neighboring clear CDs as:

Z
ACD(2) = —L& 2)
\/Eﬂ' :82
As can be seen this expression vanishes for allsf@ettings if ,81 is zero, thus, the mask is balanced. A similar
expression has been derived in [4].



The detailed form the expression depends on fornina.nf,Bi , Which themselves depend also on the way the sitten
distribution is created by the imaging system. As heen discussed previously, there are systediffecences in the
image formation by a scanner compared to an AlMfh fthese differences result in different expressitor the ,Bi .
For the calculations of prefactors we considereabjiimg in scalar approximation for the AIMS tool, ielinleads to:

po =2 +[E°T, ®
,31(2):4‘E1HE0‘C0 27” 1- 1—;]—22 Z+A@O , 4)
and:
B, =2y, ®

where B, E" are the amplitudes of thé"@nd ' diffraction orders and¢,, is the phase difference between these

order.
For image formation in a scanner the electric freldresenting the diffraction orders needs to batéd as a vector and
different polarization states have to be considebPeiing so one gets:

A =3E |+ [E. ©
B(2) = ZI{Elqu‘[H cosa|co ZTH 1- /1—?)—22 z+Aq, |, @)
and:
B, = 2E* ‘2[1+cosza—sinza], ®)
wherea is given by pitch:
sina :%. 9)

In both cases the assumption was made that'thed —1' diffraction orders have identical amplitudes ahdses. Also
no mask polarization effects were considered heoe.the amplitudes of the orders in TE and TM poltidrastate

were considered being equal. Furthermore, the plowy into the resist in the case of the scanner hat been

considered so far.

Under both imaging conditions the defocus depenelefthe CD difference is given by a cosine funtiihose period
is determined by ratio of the illumination wavel#ém@nd the pitch of the imaging array. At a constaavelength this
period decreases with the array pitch. In Fig. 2 @fferences obtained from AIMS measurements apevsh Each

curve corresponds to an array of dense lines amckspat a given pitch. One finds that over a fieedje of defocus the

function ACD(2) tends more to a cosine-like behavior as the pitciecreased.

For the focus region, which usually is of intergsthus, may has been sufficient to consid¥€D(z) as a linear
function. From this approach the imbalancing oBHRSM can be specified by the offset and slopedé&iined as:

offset = ACD(z =0) (10)
and
dACD
slope = : (11)
dZ z=0

This may no longer be sufficient for smaller pitclvdsere the focus region covers a large part ofcthgne’s period.
Then an extrapolation of the CD difference by usoftset and slope over the entire focus range lgadsn
overestimation of it. Also, offset and slope hawsranger dependence on the determination of bessf For example,



in Fig. 2 the slope for the array with pitch of 880 is constant. This is no longer the case for @ngitches where a
shift in best focus will lead to a different slofdis is important to notice as in cases like thtesedescription by offset
and slope is not sufficient and higher derivativeight be necessary to consider. Alternatively, dngplitude of the
cosine function or simply the maximal CD deviatmrer the focus range of interest can be investijate
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Figure 2: Differences in neighboring CDs of arrayth different pitches measured using the AIMS tool

Before we study in detail the correlation betwambalancing measured at the AIMS tool and at tharssa two other
systematic differences in imaging will be discusSHiese are the obliquity factor and the couplifithe intensity into
the resist. To correctly take into account energyseovation in the imaging systems the obliquityidameeds to be
considered [6]. This factor weighs diffraction oléifferently according to the angle under whicls iemitted by the
mask. In the present case of altPSM imaging ondyfitst diffract orders are affected. As can bensigeFig. 3 the
obliquity factor for the AIMS tool is almost equal one for all pitches, whereas for the scannirciteases with pitch.
This results in an increase of the amplitude offitst diffraction order. As the imbalancing is givey the ratio of the
amplitudes of B to the £ diffraction order this decreases the measured|anbang.

Another difference in the image creation is the im@din which the image is formed. For an AIMS tdbis is air
whereas for a scanner the image is formed in rd3edtpite the fact the actually resist profiles @ed to determine the
imbalancing which depend on several parameters,iifer stack, resist processing, exposure etcwidere limit
ourselves to the intensity distribution. If thiscisnsidered in resist one has to include the inbogf the diffraction
orders into resist and maybe even the propagationtie resist film. For sake of simplicity, we édocus on the first
aspect. For that purpose we define: the intensdlyibution is always measured directly under thsist surface. There
we also define the focal plane of the imaging syste be. Also we assume that the resist film imitdly thick, thus,
no energy is reflected back from the underlyinglst®nder these assumptions, the impact of thetrisgiven by the
Fresnel loss at the surface/resist interface. [Bisis is a damping of the amplitudes of the difiacbrders, depending
on its angle of incidence and its polarizationesfaetails on these damping factors can be fouf@]in

As is shown in Fig. 3, the main impacts of the Ret$oss on the measured imbalancing is due ttatiger damping of
the ' diffraction orders compared to th8 6rder. As the ratio between zero and first orderdases, the imbalancing is
also increased. Also the Fresnel losses damp theompanent stronger than the TM component which irsgedhe
vector effects.

Incorporating these two effects into the formul&®we one can now derive an expression for the letioe of the
imbalancing measured in the intensity distributiveated by an AIMS tool compared to one created bganner and
projected into the resist:

ACD (2) = Cpep [ACD yys(2) 12)

Scanner
where:

— OAIMS TO |,T1TE +T1TM COE(O’)J

CACD ) OScanner (TlTE )2 + [CO§ (a’) -sin? (O’)](TlTM )2 . =




Here the factorsl, TlTE and TlTM are the damping factors for the Fresnel loss ofélspective diffraction order and
polarization state. Again, this expression waswderiunder the assumption that no mask polarizaifetts are present.
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Figure 3: Oliquity factors (left) and strength akBnel loss (right) for different diffraction ordeand polarization states
for various pitches.

This result shows that effects considered so fay chhnge the amplitude of the functiddCD(Zz). Nevertheless,
offset and slope are, of course, also impactedilf®pffset the correlation factor between AIMS acdnner imaging
is identical toC,, . It is shown in Fig. 4 for various combinationsedfects, which were incorporated. It can be seen

that some effects increase the imbalancing measirde stepper compared to AIMS, like for exampéxtor effects
and Fresnel loss, whereas other effects, like litiguaty factor, decrease the imbalancing. As athese effects depend
on the angle under which light propagates throinghaptics or leaves it, the correlation factor aelseon the pitch of
array considered. In total the imbalancing measatestanner level will be larger than those meabwith the AIMS
as the pitch gets smaller and smaller. However, luee to bear in mind that for smaller pitches thmpdct of
polarization increases which has not been consideere. For the pitches investigated here the imp&anask
polarization can be neglected.
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Figure 4: Correlation factor for amplitude &CD(Z) and offset for various pitches. Also shown is theact of single
effects on the correlation factor.



A similar picture unveils for the relation of thieges. The correlation factor is given by:

B 2p2 AZ
slope(scanner) = o 1- 1—F [C,cp [Hope(AIMS). (14)

It has a similar form as the correlation factor tfoe offset but with an additional prefactor. ThEslue to the derivative
with respect to defocus. The net impact of veefbects, obliquity factor and Fresnel loss on tberelation of the
slope can be seen in Fig. 5.

To conclude, the systematic differences in the vaayimage of an altPSM is created in a stepper maah iIAIMS tool
leads to differences in the imbalancing determimethe two systems. The correlation factors for thaximal CD
difference, offset and slope are close to one faya with pitches above 180nm but increase sicpnifily for smaller
pitches.
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Figure 5: Correlation factors for offset and slémevarious pitches.
b) Imaging with partially coherent Light

The calculations presented so far assumed thatrthgig is done with coherent light. For practigaplacations this
assumption is never satisfied and question arifd®w the results change as the incoherence ofilthmination is
increased. This will be investigated in this section

From a physics point of view the partially coherilomination leads to an incoherent addition deimsity distributions
formed by coherent light which is entering the masider certain angles. These angles range from (zetterent
illumination) to a maximum angle given by the carere ¢) and the NA of the imaging system. In principlagaan
perform similar calculations as described aboveaforarbitrary angle of incidence on the mask atepiate over all
angles to obtain the final image. Doing so leadartantegral expression for which no closed form ba found. An
alternative is the description of the image by sraission cross coefficients which can be computad fiked
illumination settings [6]. An approximate solutifer imaging of altPSM with partially coherent ligtdn found in [4].
We here use simulation results to illustrate thgpmeffects.

In Fig. 6 offset and slope as function of partiaherence are shown for a Kirchhoff mask with pittBénm and
transmission of 0.95 and phase of 175° in the pbhBtng area. On the left side (a) the mask Wasninated with
scanner conditions and the image projected intgnfamitely thick resist with n=1.7. The result fdfumination with
AIMS conditions and projection into air is showntte right side (b). The imaging was done using N/A&5.

One can see that in both cases the measured imbrajds increasing with increasimgused. This is due a reduction of
the contrast which is different for the two singkdiinvolved. The contrast loss is stronger for #ieusoidal
representing the actual array image which leadantceffective increase of the measured imbalanciimis effect

depends on the ratio ofand NA. It can be seen that the imbalancing staystant at an value calculated for coherent

imaging until a certain level of incoherence isctead and then increase drastically. This effecuis @ the limiting
NA. For coherent imaging the diffraction orders ¢@nseen as monopoles located within the circleradghed by the



image-side NA. As the incoherence of the illumioatincreases these monopoles become circles vathadsing radii.
For some value of the circles representing the first diffraction ersl hit the rim of the pupil and, d is increased
further, some light from these orders can not gas§NA of the system.

The contrast of the array image is determined byrttexference of the first diffraction orders, whiboth are affected
by the cut-out at the rim. The sinusoidal deterngrtime imbalancing is given by the first and theozér order, where
the later is not affected. This explains the diffex® in contrast loss for both sinusoidal and ttseiltimg increase of
measured imbalancing for increased incoherence.
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Figure 6: Offset (left) and slope (right) as fupatiof partial incoherence.

16 I
I | —a—offset
1.5 H
F slope
[4) r
S 1.4 !
g r
@© v
w r
c 1.3
K=l L
ks :
2 12 ¢
8 —= = = = =
1.1 |
i
0 0.1 0.2 0.3 0.4 0.5
Sigma

Figure 7: Correlation factors for offset and slopeasured at scanner and AIMS vs incoherence aiiitlation.

Despite the discussed increase of absolute valie$fset and slope for increasing incoherence luniination the
correlation factors between scanner and AIMS ilhation remains almost unchanged. This is illustfatd=ig. 7.
Thus, the correlation derived for coherent imagiag still be used.

¢) Impact of Abberations

After having discussed systematic deviations in ithaging by the two different exposure tools, aosecclass of
differences will be considered now. The resultéasavere derived assuming an ideal imaging proCEsis. assumption
is also not valid for practical applications. Wdlythus, investigate the impact of two prominesdltimperfection, lens
aberrations and source inhomogeneity.



It is a well-known fact that every exposure tooergiing with high numerical apertures suffers frinv@ impact of lens
aberrations. The effect caused by them is a defawmaf the wave fronts leaving the optical systdihis deformation
leads to different positions of the points, whible wvaves finally converge to. The deformation Ugud¢pends on the
position at which the wave leaves the projectiarsleThe impact on the diffraction by deformed wéamts can be
described by changes of the phase of the waves|lygxpressed in terms of Zernike polynomials. ther purpose of
this study we will use aberrations which changerétative phase betweeff @nd first diffraction orders or between the
first diffraction orders themselves. Two represtwmea examples for such Zernikes are Z5 and Z7, alited
astigmatism and coma. The astigmatism Z5 changeshiige of the *1and ' identically while leaving the'®order
unchanged. As can be seen from equation (2) theeptiifference between these orders acts like aeptdaft on the

function ACD(Z) . Therefore, one expects the maximum CD differeodee unchanged but offset and slope to vary
due to a shift of the cosine function. This indead be seen in Fig. 8 where the simulated CD diffee vs defocus is

shown for various strengths of Z5 for AIMS illumiiat settings with NA=0.85 and=0.33. The mask considered was
again a Kirchhoff mask with pitch=130nm, phase=1T1&thsmission=0.95 for phase-shifting areas.
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Figure 8: Impact of aberration Z5 on the CD differeffior various defocus settings (AIMS tool).

The offsets and slopes determined from each cuevastaswn in Fig. 9. It can be seen that significdr@nges can be
found in the presence of this type of aberration.
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Figure 9: Impact of aberration Z5 on the offset aloghpe (AIMS tool).



As discussed, Z5 mainly acts as a focus shift fer @D differences. Whether this impact has a praktielevance
strongly depends on the way of how best focus tierdened. For example, if the best focus is deteethivia a contrast
optimization and Z5 is the only tool imperfectidhan this impact is not visible.

The other type of aberration, Z7, now changes thegshaf —1 and ' diffraction orders in a way that one diffraction
order experiences an increase in phase wheregshttee of the other is reduced by the same amoustGTlorder
again remains unchanged. The interpretation ofrtipact of these changes goes beyond the validiggahtion (2) as
it was derived under the assumption that the pbasd™ and ' diffraction order is identical. From the theoryeon
obtains, that a difference in the phases of theseorders results in a phase shift of the two seledn this equation.
The amount of the shift is proportional to the difiece in phase. The shift of the sinodials prevémis an easy
interpretation of the resulting difference in C3$mulation under the same conditions as for theroéierration type
were performed. One finds that this type of ab&amahas almost no impact on the measured imbalgncin

To conclude, it has been shown that aberrationdage a strong influence on the measured imbalanespecially as
typically the strength of aberrations are differorta scanner compared to an AIMS tool. To quarttifsir impact is
difficult, depending not only on the type of ab&ona but also on details of the exposure procespatticular the way
of how the best focus is determined is of high inguace.

d) Impact of Source Intensity Inhomogeneity

Another type of tool imperfection which has an iipan the measured imbalancing is the intensity dgameity of the
illumination source. It has been shown previoukbt strong inhomogeneity of the source can falkifymeasurements
done with an AIMS tool [7]. As for the aberratiotie source homogeneity is also of importance bec#ausill be
different for a stepper compared to an AIMS or elbetween two different scanners or AIMS tools.

Here an example will be used to illustrate the ictpd the source imperfection. The same mask athtoaberrations
was illuminated with a perfect source and with aswueed intensity distribution from an AIMS tool wisame nominal
illumination settings of NA=0.85 and a small The resulting CD differences are shown in Fig. TBe values for
offset and slope determined for these cases céoubd in Tab. 1.

Perfect Source Real Source
Offset [nm] 3.1 2.8
Slope [nm/um] | 72.8 68.6

Tabelle 1: Offset and Slope for imaging with a petrBource and a real source (AIMS).

One finds that in this example the imbalancing meas decreases for the real source. This will ndtumin general as
the detailed impact of the source imperfectionrgity depends on its characteristics. Neverthelgss,is an aspect
which needs to be considered for any attempt teetage scanner with AIMS measurement results.
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Figure 10: Differences in CD vs defocus simulateihg a perfect source and a real source with NA&=@r& smalb.



€) Impact of Resist

Beside the differences in the image formation aswlised so far there is another fundamental difterdetween the
way imbalancing is measured by wafer prints andieimg an AIMS tool. This is the presence of thastedt is the
developed resist image which is measured in a wafeto judge the printing performance of a maskfddtunately
there is no trivial correlation between the intgnglistribution projected into the resist film blyet scanner and the
developed resist profiles. This is due to the caxpgbrocesses which interact during the resist axgoand the
following development phase.

These processes and their interactions can hardiebgribed in simple analytical models. For thalsom numerical
models have been established that take them ictwuat In order to use them input needs to be ifl@edhe models to
determine their parameters. The accuracy and exidibdof the models predictions strongly dependthis input. For
the purpose of the present study this approacttisby not valid as we want to describe the impHdhe resist. If we
measure this impact and feed it into the model are anly extrapolate this input without guarantedimg accuracy.
One would actually need a resist processing madelis based on first principles. Due to the comipleof the process
such a model is not available. Thus, one can ordythes approach described above.

However, any calibrated resist model needs to bapsbased on data representing imbalanced masiduses as well
as balanced structures. This is to ensure the pabdity of the model for the case of imaging ofbiatanced masks.
Currently an investigation is on going to deterntime impact of the resist by the use of such a inode

4. EXPERIMENTAL RESULTS

For an experimental verification of the simulati@sults presented above an altPSM was manufacatited Advanced
Mask Technology Center Dresden. The mask was balans&g a combined dry and wet quartz etch procEss.
mask design consists of dense lines and spaceswaiibus pitches, chrom widths and biases of thenoms.
Furthermore, the depth of the quartz etch was dddestudy the impact of imbalancing. This masktheen extensively
measured at the AIMS tool and also wafer printlfiheon Dresden were done at the same locationd e AIMS
measurements. At each measurement the differentks tlear CDs for various focus settings wasrdeted.
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Figure 11: Differences in neighboring clear CDsdefocus at three different etch depths measuredliM& and
determined from wafer prints.

In Fig. 11 the CD differences at three differetthedepths are shown determined from AIMS measunésrend from
wafer prints. One finds, that the qualitative bebaghows good agreement but quantitatively difiees appear. These
differences can be explained by the systematicemiffces described above and also by the impacheofresist
processing.

One problem in the experimental verification istttiast of all the scanner image can only be exsadiby the resulting
resist image and also, obviously not all sourcesliiferences can be varied, e.g. strength of aliens. One therefore
always has to compare the resulting net effect. ¢él@n as one example were the a single effect eashbwn the



coherence of the illumination at the AIMS tool wasied to show its impact on the imbalancing. Fat purpose one
structure of the altPSM was illuminated with anréasing incoherence of the circular aperture asteort NA=0.85. As
predicted above, this leads to an increase of #msared imbalancing which can be seen in Fig. 12.
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Figure 12: AIMS-measured imbalancing of an altP3\partial coherence of the illumination.

As described above an altPSM with varying balanajoglity was made to study the correlation betwA&dS-
measured imbalancing and the results of wafer panthe similar position on the mask. The resarésshown in Fig.
13 were the offset and slope determined from théemparints and those measured with the AIMS to@ plotted
against each other. For the pitch of 130nm usedhirexperiment, theory predicts correlation fastoir ~1.14 for the
offset and ~1.4 for the slope. The experimentallasoeed factors are summarized in Tab. 2.

Scanner/AIMS Experiment Theory (w/o resist procegsing
Offset 0.68 1.14
Slope 1.33 1.4

Tabelle 2: Comparison of correlation factors foiseffand slope determined from experiments andyheor

One finds that the measured correlation factordaver than those predicted from theory. Howeves bas to bear in
mind that the predicted factors do not include @ffedue to the resist processing. The experimerat deem to
indicate that this impact tends to equalize the sueal values. As discussed in sub-secti@f the last section the
impact of the resist is only very little understosal far. Future investigations need to work claserthat subject to
establish this missing link.

Also one has to consider that offset and slopengtyodepend on the determination of best focusr&laee differences
in the way this is done for wafer prints and folM8 measurements. In order to determine best fatwaswafer fab
usually a focus-exposure matrix is recorded. Frois the isofocal point on the CD versus focus clawvéhe dose-to-
size is obtained and treated as best focus. Irraginthe best focus for an AIMS measurement isrgivy the focus
setting that yields maximum contrast of the ima§yestudy on what the difference in best focus valfresn these
definitions is a study is ongoing. To illustratee thossible impact, the best focus in the AIMS meaments was
artificially changed and the correlation factortt® unchanged wafer results was determined. Thesfsbift was
realized by fitting a cosine function to the expw&lly determined CD differences. Using this fumctoffset and slope
were determine at various focus positions. The t@suk shown in Fig. 14. One finds that a variab6®0nm in best
focus can change the factors by 10% and more. Thegefinition of best focus is another cruciainp¢o understand
the correlation of AIMS and wafer measured phasanoing.
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Figure 13: Correlation between offset (top) / si@ipattom) determined from wafer prints and AIMS s@w@&ments.
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Another important effect that has not been takém &tcount is flare. It has been shown that flae dn impact on the
measured phase balancing [8]. As it is very likbit the flare level is different for a scanner paned to an AIMS tool
flare can have an impact on the correlation too.

5. CONCLUSIONS

In this paper we investigated the systematic difiees in the imaging of altPSM between a scanreeaarAIMS tool.
Expressions were derived which describe the imagedtion in an AIMS tool and the image created lsganner in an
infinitely thick resist stack. These expressionsemesed to describe the differences of the cleas &Dthe defocus is
varied. To measure this CD variation one can uskicaeas offset/slope or maximum CD difference. Bem we
derived correlation factors between scanner and2AiMaging. An experimental verification of thesetéas showed
that only the differences in imaging cannot fullysdribe the correlation. Two other important factmesthe resist and
its processing and also the definition of best $odthe impact of these two could not be quantifiethe present work.
Further investigations are ongoing. However, tle@eemore differences which were not discussedgxtample flare.
Another important aspect discussed here is therdigpey of the slope on the definition of best fodtidas been
shown that for pitches less than 360nm the slopmecbange strongly if best focus is varied. Thugepiial focus
offsets between AIMS measurements and wafer pnexsl to be considered.

The authors consider the present study as a fiegi &twards a systematic understanding of phasendiatp
measurements done in a wafer fab or a mask shojcsTaere identified on which the authors suggestréustudies
should focus on.
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