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ABSTRACT

Tight control of intra-field CD variations become®re and more important as the pattern sizes oarvgaifink. For
intra-field CD uniformity improvement several tedipnes have been developed. A very effective methatianging the
local mask blank transmittance according to measimgra Field (IF) CD variations using Pixer's CBCtechnique.
This process is irreversible. For various practiegsons it would be helpful to have the opporjufor a second or
more mask blank treatments. A first applicationlddae to improve an unsatisfying CDU post firsatreent. A second
application can be the switch of the mask usagatther tool group. Furthermore, the opportunityse multiple CDC
treatments would allow the splitting of the coriestprocess for the mask and the tool separatdhigreas in a first
correction only the mask CDU errors will be coregtaind after the mask is supplied to the customethar correction
may be required to reduce the exposure tool carttabs to the CDU budget.

Therefore the intention of the paper is to evaltlageopportunities of a Multiple CDC (MCDC) corriget process, to
determine its accuracy and the corresponding limits

To do this two CDC tool projection lenses have belearacterized, which have been developed for réiffiefocus
positions. We will characterize their transmittati@sfer performance, stability and sensitivitiElse required multiple
layer distances will be determined. The linearifytioe multiple CDC treatment will be analyzed usiAgMS™
measurements and wafer prints. We will presenttesiisuccessful multiple CDC corrections for puotion masks.
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1. INTRODUCTION TO THE CDC PROCESS

Problem description

Intra-field CD Uniformity (CDU) is a growing prohte with decreasing CD design rules. The CD Unifoymit
problem is described in Figure 1.

Ideally Intra Field CDU should be perfectly uniform
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Figure 1: The intra-field CDU problem- CD non umifaty over the scan field




The CD on wafer is a function of dose. A potensialution for controlling CD Uniformity would be toontrol the
local dose to compensate for CD variations.

The CDC Process utilizes shading elements insidertask bulk to attenuate the light so as to congierfer CD
variations. It has been developed and is beingamphted for improving CDU in various technology eedThe basic
set-up of this process is described in Figure 2.
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Figure 2: CDC Process: At the focal point of theelabeam a pixel is created. Quartz density isealfeand so is the local index of
refraction. Each pixel acts as a scattering element

The CDC Process creates small pixels on the orfdgpim diameter. The pixels are elongated and cbo$iguartz
with a different morphology which creates a slightlifferent refractive index (delta n). This deltacauses a small
amount of scattering outside of the scanner objeqtupil and hence causes attenuation.

The solution
In order to improve intra-field CDU, shading elertsenf specific attenuation level or pixel densitg @applied to

each specific area in the mask. Figure 3 showsdallegant shading elements:
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Figure 3: Applying shading elements to the maskiced light transmission locally and effectivelyueds the local dose. This causes
all lines to print a CD closer to target

CDC Ratio
Sources of CDU data for the CDC Process can inclafer CD-SEM, wafer OCD or mask Aerial Imaging.

In order to convert a CDU map to an attenuation mvhjch should be applied to the mask a new termtrbas
introduced. We call this term the CDC Ratio. The CRatio defines the CD change in nm as a functibthe
attenuation in %. It is similar but not identicalthe CD/dose ratio in scanners. Typical CDC Rai@s~1.5""oo (This
means that for each 1% attenuation the CD printedafer will change by 1.5 nm).



The CDC Process flow

Figure 4 describes the CDC Process flow beginniitg & mask and Pre CDU map, generating a job féeige),
loading the mask to the CDC tool and processiagdt measuring the Post CDU map:
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Figure 4: The CDC Process flow

2. MOTIVATION

With respect to the explained CDC process it mesalso mentioned that the CDC treatment is irrévlersThat
means, any deviation for a process parameter wikifiplied to the mask and can only be optimized bgcond CDC
process. For various practical reasons it is necggs perform a second CDC treatment. For allehagplications the
ability to do Multiple CDC treatment is required.

The following experiments will illustrate the bowargt conditions for a multiple layer CDC treatmentgossible
application scenarios.

3. EXPERIMENTAL RESULTS

Comparison of different objective lenses for MCDC

When attempting to create a controllable predietaild repeatable CDC shading element in the vohfrtige mask
bulk one has to consider several variables:

1.

2.

3.

Pixel size should be small enough in order to mte\a large dynamic range of attenuation levels.tRisr
optimal diffraction limited focusing is desired.

Pixel size should be very uniform. Any sources ixkpsize non uniformity will contribute to attertian

non uniformity and as result to non optimal CD coht

Pixel size should be very stable and immune torenment sources of noise such as temperature and RH
fluctuations, mechanical vibrations, laser powactliations etc.

Ease of reproducing the shading element in a ntayér scenario where the CDC process needs to be
repeated (The subject of this paper).



It has been found by Pixer that in order to fulfiie above requirements the optical design needxlaode the fused
silica itself as an optical element in the lasearbedelivery system. For this it is not sufficientdesign a flat field
telecentric objective, but also the focal depthdse® be compensated for by the objective. Forghipose Pixer has
developed a set of special optics which providdsra focusing at the desired writing depth.

The desired writing depth is dictated by severakotequirements such as spatial resolution whictatgs writing
the elements close to the absorber on one handesiigk to keep the pixels out of the focal planertter to homogenize
the shading effect and eliminate printing of theepshade on the wafer.

For the standard CDC process window the mask c€rte3175um) has been chosen as the preferred d€btb.
paper compares among other variables the use optn system compensated for mask center (“newctibgelens”)
compared to an older lens version which was congieddor Z=1500um depth.

When planning an MCDC process one has to maketBateach layer will behave independently in otdebe able
to predict and control the contribution of eachelayrhat means each layer must be written in diffez-positions. To
be able to control the MCDC process for both lerthesdependency of the applied attenuation inicglab used z-
position (depth) must be evaluated. For both objedenses squares of 3x3mm on uncoated quartkblaare created
by varying the z-position at which the shading edata were written. Before the experiment the CD& & the AMTC
was calibrated to achieve a certain attenuatioel lat mask center. During the experiment the tettirgys were kept
constant. After the CDC process the transmissiommaasured at the CDC treated squares.

In Figure 5 and Figure 6 the results of this expernit is illustrated for both objective lenses. Khaxis represents
the z-position at which the elements were writfEhe red line marks the mask center (Z=3175um). fidighbored
vertical orange colored lines are indicating pdssipositions for MCDC. The y-axis shows the meaduransmission
on the mask after applying a certain attenuatioallel he different graphs symbolize the differett¢mauation levels that
were applied.
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Figure 5: Dependency of applied attenuation onsitjpm on Figure 6: Dependency of applied attenuation onsitjpm on
mask for pattern side compensated lens mask for center compensated lens

For the old objective lens (Figure 5) it is cleavigible that the measured transmission changedlifterent z-
positions by applying the same attenuation le¥ehis objective lens is used for MCDC, a new aaltion of the tool is
needed to achieve the required attenuation lev@lcatrtain z-position. In addition, the z-caliboatiof the mask must be
very accurate to reduce the attenuation errorishedused by this z-position dependent attenuatiamge.

The new objective lens (Figure 6), which is compéed for mask center, shows a different behaviarpared to the
old objective lens. At mask center and the z-pmsgtithat will likely be used for MCDC, the measuteghsmission at
the mask is constant for the same applied attesudéivel. That means no recalibration is needearbedpplying
MCDC. Additionally, the influence of z-deviations1dhe applied attenuation is much smaller compaoethe old
objective lens.

In conclusion, we find that both lenses can be deedCDC. However, dependent on the z-positionvhich the
MCDC layers will be written, there are clear adeay@s in using the lens that is compensated to fihbeopriate z-
position. That means for the standard CDC proceswhiich the first layer is written at the mask &nthe new
objective lens is preferred for MCDC.



Determination of minimal distance between layers

As already explained, each layer for MCDC shoulddye independently, ideally as a neutral density gcale filter
and the superposition of several such filters shadibally obey the Beer-Lambert law. The Beer-Larnkmv roughly
states that the transmission of a stack of sevedalpendent neutral density filters should be lineathe product (not
the sum) of the transmission of the filters (Foample two filters with a transmission of 0.5 or 5@8¥%ould together
provide a transmission of 0.25 or 25%)

On the other hand one would want subsequent layfe@DC to be close to each other because of manuifag
considerations and the wish to work close to tlwalfplane of the focusing optics.

In order to define the optimal distance betweerlayve carried out an experiment to define the mmhidistance in
which the layers stop interacting with each other.

A base layer of 2% attenuation was written in ZZ31m height (mask center). 15 such base cells 2&ct2.5mm
where created. Above each base cell an additiesalcell of 2% attenuation was written. The fiestttcell was written
1.5um above the first base cell. The 2nd testwali written 3um above the second base cell anchamtil 22.5um
distance between the last test cell and its bdke ce

All CDC writing was done with a Pixer CDC200™ andJ attenuation measurements were performed with a
Galileo™ transmission measurement set up, bothixarRlemo lab in Israel. The experiment was per&non a
photomask production quality quartz uncoated blank.

Figure 7 describes the design of this experimemhfside view of the mask.
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Figure 7: Arrangement of base cells and second tagé cells in the minimum distance between lagaperiment.

It was found that there is a variable interactietwizen the layers at close distances from 1.5 fonlBetween the
layers. At 16.5um distance and above the atteruatidue of the 2nd layer settles down to approxétys2% which is
the target attenuation value. Figure 8 shows thelt®of this experiment.
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Figure 8: Effect of distance between two layershmattenuation of the'®layer.

In conclusion of this experiment the minimal digtarbetween layers has been defined as 16.5um. Howev
provide a safety factor to account for positioroesrin Z a recommended minimum distance betweasrdayas defined

as 30um.



Attenuation effect of multiple layers

Assuming that repeat CDC processes will be neatlsdme circumstances, there is no reason to lminumber of
cycles to two. We therefore set out to test the lhoed effect of up to 4 additional layers over sal@ttenuation
values.

A base layer of 8 cells, 2.5x2.5mm size with vagahttenuation from 0.5% up to 4.0% with steps &0 was
written at Z= 3175um (mask center). Above each lwadle4d additional layers of 1.0% attenuation eacire written.
The distance between each layer was Z=50um. Afteffitst layer and after each additional layer dlttenuation was
measured. All CDC writing was done with Pixer CDO2hd DUV attenuation measurements were perfornigd av
Galileo™ transmission measurement set up, bothixerRlemo lab in Israel. The experiment was perfmnon a
photomask production quality quartz uncoated blank.

Figure 9 describes the design of this experimamhfside view of the mask.
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Figure 9: DOE of combined multiple layers attenoragffect. A series of base cells with attenuatib@.5% to 4.0% are written at
mask center. 4 additional layers of 1.0% attenoatich are written in steps of 50um between laydtenuation was measured after
writing of each layer.

We found a very linear and predictable combinedraihtion for each additional layer for all testedd cell layers
from 0.5 to 4.0% attenuation. This means that platiayers with a distance of 50um between layarshie used with
high accuracy and predictability and no interactmould be identified between the layers over theolehusable
attenuation range of 0.0 to 4.0%.

An interesting and yet unexplained finding is thfa¢ measured result deviates from the theoretiesr Baw by
approximately 0.1% for each additional layer.

Figure 10 shows the results in graphical formah be seen that the measured trend line for eaigs $& very linear
(R? >0.998), indicating a high predictability of atteion of additional layers. The dashed lines stiosvtheoretical
value.
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In conclusion of the combined attenuation multiplger experiment we can state that adding up t®€& Gyers will
provide a highly predictable attenuation level dimak each layer behaves independently. Each additi@dDC process
will behave independently of the previous CDC pesgend therefore up to at least 5 layers can erpeed without
risk of wrong CD correction.

Optimization of a non-optimal CDC process

The most important parameter for an optimal CD@ttreent is the CDCR. If this parameter is not chas@nectly an
under or over correction is the consequence. Thewimg experiment will show the outcome of a ngmtimal chosen
CDCR.

b0 7

Figure 11: Intra-field wafer CD map before CDC treant

Based on an intra-field wafer CD map (see Figuref@fa mask with a known CDCR two CDC treatmentyev
applied each with doubled CDCR. The consequeneedufubled CDCR is that the applied attenuatiorutdrchalf and
so an under correction for the first CDC treatmsmixpected.

Figure 12: Intra-field wafer CD map afte¥ CDC treatment

In Figure 12 you can see the intra-field wafer CBprafter the 3 CD treatment was applied. Compared to Figure 11,
it can be seen that the CD range has decreasdhlebsignature is still visible. That means the expe under correction
could be provoked. By calculating the CDCR for 1ifeCDC treatment based on the Delta CB Pbst CD — Pre CD)
the correct CDCR can be determined. That meanase of a wrong chosen CDCR for a production maskcthrect
CDCR can be determined based on the performed @&xthient.

Figure 13: Intra—field waer map aftdFZDC treatment



In this experiment the same attenuation map fraafitht CDC treatment was applied for the secondCGi2atment.
In Figure 13 the intra-field wafer CD map after #1€ CDC treatment is visible. You can recognize thhtlevthe full
CD range was corrected to almost zero, the Pre i@iature was eliminated. To achieve an optimaltineat with a
second layer it is recommended to use the Postai®ahd the calculated CDCR from the first CDCtiresant.

CDCR Determination based on Intra-field wafer CD results
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Figure 14: Calculation of CDCR based on intra-fietafer CD results

In Figure 14 you can see the differences in inelfwafer CD for the 2 treatments over the applig¢nuation.
From this chart the CDCR can be determined by liygesof the linear interpolation of each graphisitlearly visible
that the slopes of the three graphs (Delta CD ftdrand 2¢ treatment and total CD difference) are almost bditze
applied attenuation for both CDC treatments togefhgeeen graph) are determined by the multiplicatid the applied
transmissions.

Conclusion of this experiment is that the intrdefierafer CD results can be used for the determonadif the optimal
CDCR. In case of a non-optimally chosen CDCR, ipassible to apply a second CDC treatment. Foraditional
treatment it is recommended to use the intra-fiedder CD map after the first CDC treatment with tiesv determined
CDCR.

Optimization of non-optimal CDC process based on t instabilities

To get an optimal CDC treatment a lot of parametaust be chosen correctly. It is also very impdrtaat the CDC
tool is optimally calibrated. This first experimestiall show the effect of laser instabilities dgrthe CDC process, the
ability to detect such a tool fluctuation with thgailable tool parameter and the possibility to pensate this non-
optimal CDC treatment.

In Figure 15 you can see the top part (along Y akihe field) of the intra-field wafer signaturénieh was used for
the CDC treatment. The parameters for the CDC rreat were optimally chosen, to be able to deternoinky the
influence of the laser instability.

igu 15: Intra—fiel afer CD rﬁap Figure 16: DUV result map (msr. att. — ire 17: Intra-field wafer CD m fter
before CDC treatment. target. att.) of 1st CDC treatment. 1st CDC treatment.

During the experiment the laser showed a stablealeh but at the end of the CDC process the lasdted
downwards (see blue line in Figure 18). To verHistlaser drift a transmission measurement withitiernal DUV



measurement system was performed. In Figure 16cgausee the attenuation deviation (measured atienuatarget

attenuation) as an X-Y-map. In the last top row dieeiation from target attenuation increased (yelted horizontal

line in Figure 16). The DUV dots in Figure 18 shthwe same attenuation deviation but in this cagelation to the y-
position on the mask. The blue line shows one efldser parameter of the CDC tool at the correspgngtposition on

the mask. Between the last two rows the laserestaid drift. This laser change caused a decreagheirapplied

attenuation which is visible in the negative ateginn deviation for the last row. The range for #iteenuation deviation
of the last row is bigger compared to the others;omhich is caused by the continuous drift of gel during the CDC
process of the last row. Figure 16 confirms thigmmenon because the attenuation deviation becemese for

increased x position which is equal to the CDCewpitocess.
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Figure 18: Correlation between attenuation dewiaffoeasured attenuation — target attenuation) amdsponding laser value
at a certain y position on mask.

In Figure 17 you can see an under correction inughiger area of the intra-field wafer CD signatufterathis non-
optimal CDC treatment. The comparison of the DUSuitemap (Figure 16) and the PostCDC wafer CD nkagufe
17) illustrates that the effect of laser instapiig more visible in the transmission measuremeritivis related to the
applied CDC Ratio. For a CDC Ratio ¥, the impact on wafer CD is smaller compared tairtiigact on the applied
attenuation on the mask.

Figure 19: DUV result map (ms. att. — target att.}™ CDC Figure 20: Intra-field wafer CD map aftéZDC treatment.
treatment.

The intra-field CD map after the first CDC treatrhésee Figure 17) was taken as a basis for a sexmmelction to
compensate for the tool fluctuation induced sigraaturor this second CDC treatment all parametene wlosen
optimally. Figure 19 shows the DUV Transmission rpast 2° CDC treatment and Figure 20 shows the correspgndin
wafer CDU map post™ treatment. It can be seen that both DUV Transmissind wafer CD have significantly
improved following the 2 correction which was applied to the area wereldser drift and attenuation error were
identified.

Switch of mask usage to different scanner

The opportunity to change the attenuation distidyubf a mask blank in a second CDC run allowsuber to swap
the usage of a corrected mask from one tool tohematith a theoretical option of a perfect CD cohtiThis might be
needed in case a concerning tool has not beendaasdi for the first mask correction due to changingduction-
organizational circumstances. The typical processnask correction for multi-tool usage is to balanihe tool
performance differences by using mean CDU datdefcbrresponding tools. Figure 21 shows the waf2t ©f two
193nm scanners for the same mask and its differgmeeand post “Dose Mappél* application. After “Dose
Mapper"™ application the CDU fingerprint becomesysimilar. The CDU difference of the tools dropswh by a
factor of 2 (3s values); the CD range is almosthamged. A perfect correction for one tool woulduiem a larger IF



CD range for the other. In case of a perfect ctiordo the mean CDU of both tools half of thisgarwould remain. In
case such a value would be still too large, a diog correction process for the tool of choice lddae needed and

possible.

Scanner A Scanner B Scanner A—B

Figure 21: Intra-field CD Map for different scanser

Separate correction for mask and exposure tool sigiure

Another way of applying CDC treatment is to sepathe correction of the mask CD signature fromcitieection of
the exposure tool signature. The advantage ofajication is that the first CDC treatment candoee directly after
the mask was built. In case of a sufficient coitecthe mask can immediately be used in the wader If it is necessary
to further improve the wafer CDU map after thisiCDC treatment a second CDC treatment can béeapphsed on
the wafer CDU map. An experiment was done to prawglicability of this approach. In addition to daténation of
CDU from a printed wafer, an aerial image based Gizs determined for a mask using the AIMS¥5ool. In a first
step, CDC treatment was applied to achieve a fmtahimage CDU. The correction was verified usiAgMS
measurements. After this correction the mask wadegat on wafer again in order to determine thedwsdi wafer CDU
which was then compensated by a second applicati@DC.



In Figure 22 the aerial image based CDU beforeadtet CDC treatment is shown. The CDC treatmenticed the
signature by more than 50% to a value of less 1imemn (range).

Figure 22: Aerial image CDU before (left) and afigght) CDC treatment.

In Figure 23 the printed wafer CDU of the maskhswn before any CDC treatment, after the CDC treatnused
for compensation of the aerial image CD signatune after a second treatment using the wafer CD afftéa the first
treatment.

Figure 23: Wafer CDU before CDC treatment (leffleml™ (middle) and after® CDC treatment (right). All plots are done using
the same color scale.

One finds that the aerial image based CD compeamséithough successful based on AIMS measurembasshot
yielded a significant improvement of the wafer COW.numbers: the AIMS based compensation reducednidifer
CDU range by 10% whereas the wafer based CDC tezdtyielded more than 50% improvement.

The reason for this difference in improvement iattthe aerial image CDU in this particular case wat well
correlated with the wafer CDU, probably becausensea contribution to CD error was more significaiman mask
contribution. This can be seen by comparing thesigfdatures measured by AIMS tool and on wafer lgefoe CDC
treatment. In Figure4 the correlation of SEM measurements of the magictstres with the AIMS CDs is shown as
well as the correlation of the CDs measured on mafth AIMS measured CDs. Whereas the aerial imgigeature is
well correlated with the structure sizes on thekmasasured by SEM the wafer CD is not well coreslatith the aerial
image signature. Hence, the AIMS can well charamethe mask structures but is not sufficient tediet the printed
wafer signature. This means that the exposure psoadds a significant contribution to the wafer Cidt is not
predictable by AIMS (and SEM) measurements of tlaskn

In conclusion, an AIMS based CDC treatment is pmesand yields signature reductions comparablehtsd
corrections based on wafer data. However, puralaenage based signature compensation might nauffecient as
contributions to the wafer CDU arising during wadeposure process are not captured. The actual iGiptbvement of
AIMS based corrections depends on the specificritmriton of the mask and the scanner to the CDréaudget in each



specific mask- scanner combination. It is worthimgpthat other cases where mask contribution tcewetrafield CD
error as high as 40% have been seen. In such séeEe mask signature is relatively high and thenseasignature is
relatively flat, correcting CD based on AIMS maysficient to bring the process CDU into spec.

AIMS CDO
Wafer CDO

Mask SEM CDO AIMS CDO

Figure24: Correlation of AIMS CDU vs. mask-SEM CDU(lefthd wafer CDU vs. AIMS CDU (right)

4. SUMMARY AND CONCLUSIONS

A multi-layer CDC correction process has been dsyedl and its successful application by wafer prints
demonstrated. For this a specifically optimized rlems was characterized regarding attenuation &haegsus depth
within the quartz bulk. It gives a much more staprformance for position variations around theiroptn focus
position. The minimum distance between the pixgéta have been determined and the linearity of rpgséion of the
attenuations has been demonstrated by tool tratasioi measurements and wafer prints. The appligabflthe multi-
layer CDC has been discussed for multi-scannerection, AIMS or mask CD based pre-correction arildifa of the
CDC tool during the pixel writing process. Basedtba obtained results it can be concluded the raytr CDC is
possible and can be applied with success for vafiwactical circumstances.
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