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ABSTRACT

The continued shrink of integrated circuit patteimgeases the demand for reticle enhancementitpeds) (RET). The
application of_8b Resolution _Assist _Features (SRAFS) is pushing mask processes to gwut®n limit. Many
Chemically_ Amplified Resists (CAR) used in current photomask processamtibave the capability to fully meet the
current demand for SRAF resolution.

Often the resulting quality of small SRAFs sufféiem pattern fidelity limitations like ine End Shorting (LES) and

corner rounding. While small SRAFs might physicalygolve on the mask, these limitations cause mmssiisance

detections at defect inspections. In a productivérenment, high levels of nuisance detectionsrarteacceptable due to
the cycle time impact from classification and rewie

The AMTC systematically investigated the SRAF calitgtof different mask processes in order to bettederstand the
process limitations as well as to predict the mactirability of customer patterns. This investigatiuses high
sensitivity inspections of a specially designed pegttern to determine the SRAF capability limids overview of the
predicted SRAF capabilities for different resistal dlank substrates is provided along with vertfaa on customer
layouts.

Keywords: Reticle Enhancement Techniques (RET), Sub Resolufissist Features (SRAFs), Line End Shorting
(LES), Chemically Amplified Resist (CAR), inspeatio

1. INTRODUCTION

The continued shrink of circuit patterns towardsir22and 20nm design rules places aggressive SRARm#sNON
photomask manufacturers. SRAF sizes and lengthshaingking, in addition to customers demanding baphque and
clear SRAF tones on the same magkiten mask processes are incapable of meeting istbmer requirements with
SRAF limitations ranging from completely unresolvpdtterns, to collapsed opaque or unopened cle#&FSRto
reduced pattern fidelity and stability of small SRA driven mostly by LES and corner rounding effect

Usually there is little to no room for mask pro@s$o improve SRAF resolution and stability sirtcis mlmost entirely
determined by the CAR characteristics. Typicallglyathe application of special lithographic condiits can improve
SRAF capability, but even under these circumstatizesmprovement is rather limitédEven mask processes capable
of resolving small SRAFs often suffer from massBRAF nuisance detections during final inspections.

In the past photomask manufacturers circumventghd humbers of nuisance detections by a selectiveedse of the
inspection system for the SRAF patterns, suchhas Dine De-sense (TLD) on KLA systems, anénNable_Snsitivity
Detection (VSD) on NuFlare systerh&>°However with shrinking SRAF sizes and smaller dis&s to main patterns,
the effect of the SRAFs on printed CDs becomes raark more pronouncéedror this reason and the risk of missing
critical defects, customers might no longer aceepiask with selective de-sense inspection leaviagrtask maker with
the problem of massive nuisance detections.

In order to precisely predict the SRAF capabilityai productive environment, the AMTC has designegecial SRAF

test pattern and inspected this pattern using bagtsitivity settings already in development for nemask processes.
This new test pattern allows SRAF characterizaliprm systematic variation of SRAF size, lengtid its environment,

rather than using simple test pattefior outdated customer pattern cut outs. High seitgiinspections of this new
SRAF pattern facilitate adequate predictions otamer pattern performance for new design rulesn etesarly stages
in process development.



2. EXPERIMENTAL
2.1 Layout of the SRAF Cell

AMTC's newly designed SRAF test pattern consista afries of specially designed SRAF test cellshWieach test
cell the SRAF CD (width) is fixed, but the lengthtbe SRAF is varied from 50um down to sub 500niisTdesign
addresses the topic of variable SRAF lengths ofezuired on customer layouts. As a second varighke witing
density (WD) around the SRAF is varied to simuldte variation in pattern densities for differentkiaf masksge.g,
contact and VIA, metal, and gate/active layers. SRAF test cell contains simple straight SRAFs af as complex,
angled SRAFs with all four corner types to idensfystematic issues with these shapes. The sizesiobe SRAF test
cell is large enough so that the number of SRAFsaich cell ranges from ~200,000 to ~1 Million, degieg upon the
writing density.

These newly designed SRAF test cells were incotpdranto a standard test mask pattern used to Gestal
Dimension (CD) capability of current processes. Hpproach couples SRAF characterization with aimeu€D check
to verify results are within the normal processatlity and not an atypical event. SRAF test celise arranged on this
standard test pattern in a multi die configuratiorallow characterization via inspections as a fiancof SRAF size,
length, WD and shape. Finally, these SRAF tessag#ire placed on this standard test pattern irrsev®ne, allowing
characterization of clear and opaque SRAFs onaghegnask.

2.2 Inspection setup and data analysis

A high end inspection system from NuFlare Technpl@g(NPI-5000+) was utilized for SRAF characteriaat This
tool inspects with a 199nm light in transmitted amdlected modes simultaneously. The SRAF test sagére
inspected in Die-to-Die (D2D) as well as in DieBataBase (D2DB) mode in order to qualitatively camep the
minimum SRAF size results. The selected defectwae 0.035um but in the case of massive detectionslaxation to
0.040pm was allowed.

A set of SRAF test masks using different CARs alachlb substrates (advanced PSM versus advanaeahBon_MSi
(BIM)) were manufactured and inspected to comphee dapability of mature and state of the art CARsS0keV
exposure. Table 1 gives an overview of this SRAF teask set.

Table 1. Overview of resist, blank types and intipaanodes used for SRAF characterization

Blank Type
Resist BIM PSM
advanced pCAR D2D/D2DB #N/A
mature pCAR D2D D2D

For determining SRAF capability limits, plots of AR detections versus size for each length/WD coatimn were
prepared. Images of the largest SRAF CD withoutsiwasdetections were reviewed in detail to sepabativeen
normal process related defects and SRAF detectfosBigle SRAF related detection out of >500,00(AERwas ruled
as a non complying SRAF for customer layout purpose

3. RESULTS AND DISCUSSIONS

3.1 Die-to-Die and Die-to-DataBase mode inspections fatear SRAFs on BIM mask using advanced 50kev CAR

After the SRAF test mask was manufactured it waffigd via CD measurements to adequately reprefenselected
process. In addition, single SRAFs for each contlinaof variables (CD, length, WD, tone, and comilg were
measured on a CD SEM system. A review of the topnd€D SEM images was performed to identify the SRAF
combinations with a gross failure such as visibkerruption, unopened pattern, etc. The areas itomgthese SRAF
failures were excluded from the following inspento



Figure 1. CD SEM top down images of SRAF patteRes(st on Chrome). The top two images show resaweldstable
clear (left) and opaque (right) SRAF patterns, @/fiile two bottom images show SRAFs with LES is¢ciesled).

After CD verification, the SRAF test mask was ingee on the NuFlare NPI-5000+ system in Die-to-&ie DataBase
modes using transmitted and reflected light sirmgétausly (T&R mode). The SRAF test mask was insplectatil
completion or until detection overflow was reachédhe CD SEM review indicated areas with potdhtigood SRAFs,

the inspection was restarted to capture these.afb@s process was repeated until all SRAF teds adlinterest were
inspected.

Figure 2 shows a typical inspection result forigttaclear SRAFs in Die-to-Die mode at 0.035um deféze, with the
SRAF CD on the x-axis and the number of defectdligies on the y-Axis. Every graph contains fourefin each
representing a different SRAF length (A to D: IdB@um) to short (<500nm)), while each of the fotaphs represents

a different writing density. The number of deteniancreases rapidly at a certain SRAF CD indigatimuality limit
for SRAF resolution.
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Figure 2. Defect inspection results at 0.035umatefize (Die-to-Die mode) for the different writiignsities and SRAF
lengths. The number of defect detections vs. SRBFsiZe indicates the quality limit of the SRAF.

Interestingly this quality limit shows hardly anggendency on the SRAF length, since the numbeetaictions for the
different SRAF lengths always start to increasthatsame CD size (except for the very long SRAskontrast, the
quality limit depends heavily on thweriting density The process tested in Figure 2 can produce goddsiable SRAFs
down to 40nm for low writing densities, while it isnited to 60-70nm SRAFs for high and extremelghiwriting
densities. This is an important finding because abkievable SRAFs for a contact mask (low WD) arghte mask
(high WD) are significantly different. This alsemionstrates why customer pattern cut outs candexjuately predict
the SRAF capability.

One potential reason for this behavior relates ndevexposed SRAFs in high writing densities dueattimited
Proximity Effect Correction (PEC). While 50keV exposure tools carrexirfor proximity effects in a range of ~10um,
the tool algorithms can not correct for short rapffects at <100nm, which is larger than the taadeSRAF size. As
long as the writing density is low, the total dasesufficient to properly expose the small SRARfiaugh the short
range proximity effect is not properly correctecovi¢ver with an increase in long range writing deesj the dose is
continuously reduced by the PEC algorithm makirgy thaccounted for, short range proximity effechigant. The
resulting SRAF dose thus becomes insufficient,itegatb imperfectly shaped patterns.



Figure 3. This figure shows the transmitted ligbp§ and reflected light (bottom) image of the défe (right) and
reference die (left). Since the SRAF is too snth#, contrast of the transmitted light image is atewllapsed and is
of no use for quality assessment. The reflectigietIpicture still images the SRAF with the defeetshortened SRAF
in the right image (circled).

Figure 3 shows a typical detection of the inspectgstem on a SRAF affected by increased LES. At small sizes
the contrast of the SRAF image in transmitted lightalmost collapsed, resulting in a very low stvisy of the
inspection tool for SRAFs in transmitted light. $eiffect has already been reported by Yamashak®¢towever, in the
reflected light image the SRAF is clearly visibées well as the line end error. This is a typicghature found in all
clear SRAFs defect detections: the reflected ligt#tge shows the error. Thus one should considegusiflected light
in production environment inspections in order togerly inspect clear SRAFs.

Figure 4. Comparison of the resulting defect déestof Die-to-Die inspections on clear SRAFs foraalvanced 50keV
CAR resist for straight (left) and angled (righi2/&Fs at extremely high WD.

Figure 4 shows the comparison of straight and ah§RAFs for the extreme high writing density. Thality limit for
small SRAFs is unchanged, regardless if the procadgo build straight or angled SRAFs with tinyreers. However,
for larger SRAFs, the angled type shows more dedet¢ctions compared to straight SRAFs. A detaitadew of
inspection images revealed these detections tmdstdd at the SRAF corners. In this case, thehiligyahas been
observed in transmitted light images, thereforerthmber of detections decreases with smaller SR2ésglue to the



above mentioned collapse of the transmitted lighttast. These defect detections correspond to hitdey nuisance

detections at the SRAF corners and are not dete¢t@d4um defect size and thus do not limit maskipction for this
targeted defect size.

Clear SRAFs were also inspected in DataBase mokiehveonfirm the capabilities derived from Die-taeDnspections
as shown in Figure 5. Although a lower number dbamce detections are observed in DataBase mogedtisns, the
quality limit remains unchanged, giving the maskarano resolution gain by the inspection mode sielec

Figure 5. Defect inspection results at 0.035umatefize for Die-to-Die (left) and DataBase modglit) for the high
writing density and SRAF length. Both inspectiondes indicate the same lower quality limit.

Since the SRAF quality limits for both inspectiodes were the same, all further results were obdaivith Die-to-Die
inspections which were easier to set up and condui@ss tool time.

The estimated clear SRAF capabilities for mask# lith the advanced pCAR process are summarizdabie 2.

Table 2. Estimated clear SRAF capabilities at Ori4jefect size in Die-to-Die and DataBase modes.

Mask Type D2D D2DB
Contact/VIA 40nm 40nm
Metal 50nm 50nm
Gate/Active 60nm 60nm

3.2 Die-to-Die mode inspections for opague SRAFs on Bllvhask using advanced 50kev CAR

Figure 6 shows Die-to-Die inspection results foaigiht opaque SRAFs. In this case the selectedtsifee was 0.04pm
due to massive LES detections at 0.035um sengit8imilar to the clear SRAFs, the writing dengifs a major impact
on the resulting SRAF capability, while the SRARdth has just a minor impact (except for very I&RAFS).

In contrast to clear SRAFs, the inspection tookdet pattern instabilities of opaque SRAFs (maltyS issues) in
transmitted light images, since the contrast of réfeective light image is podrTherefore the classical approach of
transmitted light inspections is sufficient for @ssing the quality of opaque SRAFs.

The estimated opaque SRAF capabilities for masKswith the advanced pCAR process are summariaethble 3.



Figure 6. Defect inspection results for straighhque SRAFs at 0.04pum defect size for two diffeveniting density
examples and SRAF length. The number of defecttete vs. SRAF CD size indicates the quality linfithe SRAF.

Table 3. Estimated opague SRAF capabilities atyih®defect size.

Mask Type D2D
Metal 70nm
Gate/Active 80nm

3.3 Impact of selected Defect size on capability of ogpae SRAFs

According to Table 3, the resulting capability ipaque SRAFs at a defect size of 0.04um is notingeite demand of
~60-65nm as predicted by ITRS detailed analysis of the defect detections shibthe estimated difference between
reference and test image was only slightly aboeethineshold value of the corresponding detectofi(sis indicates a
better capability can be achieved with a slightixation of the defect size which effects threshaltlie changes in the
inspection system.

Figure 7. Defect inspection results for 65nm opa§RAFs at various defect sizes for the two writilegsities and SRAF
length. The number of defect detections vs. SRAFsZP indicates the quality limit of the SRAF.

The test mask was re-inspected at different defezets, where the threshold value was adjusted &eptw meet
sensitivity settings of 0.045um, 0.05pum, 0.055um &d6um respectively. Since all opaque SRAFs on8@nd larger



already passed at 0.04um defect size, the focuschasged to 65nm SRAFs where the process was ¢stina be
incapable.

Figure 7 depicts the results of the de-sense tespaque SRAFs. As expected the number of detectienreases with
the increased relaxation of the sensitivity seftirtdowever, a significant change of 15nm in de$é&x is needed to gain
full capability for 65nm opaque SRAFs for the higheiting density.

Table 4. Estimated final SRAF capability for opa@RAFs at different defect sizes in Die-to-Die mode

Inspection Sensitivity

Mask Type
0.04pm 0.045pum 0.05um 0.055um
Metal 70nm 65nm 65nm 65nm
Gate/Active 80nm 75nm 70nm 65nm

3.4 Comparison of advanced vs. mature pCAR on BIM

A second SRAF test mask was manufactured using taren@CAR for 50keV exposure. This mask was ingubct
identically to the advanced pCAR except 0.04um cedize was used due to thousand of nuisance detegeven on
non SRAF patterns) at 0.035um.

Figure 8. Comparison of the resulting defect déestof Die-to-Die inspections on clear (top) apéague (bottom) SRAFs
for an advanced and mature 50keV CAR resist fordod high writing density.



Figure 8 illustrates the advanced resist has ad2Br3advantage in clear SRAF resolution and abot&0#Bn for opaque
SRAFs compared to the mature pCAR. In additionstmae writing density effect on SRAF capabilityiteris observed
with the mature pCAR, which lends further evidetcehe notion of PEC correction as a potential reaise for this
phenomenon.

3.5 Comparison of PSM vs. BIM for mature pCAR

A third SRAF mask was built and analyzed using rireture pCAR on an advanced PSM blank and compardukt
results obtained with the BIM blank. Figure 9 shdhet there is no difference in SRAF capabilityiztn the BIM and
PSM blanks for the mature pCAR. This is a strortidation that the final resolution is determinedtbg pCAR and not
by the etch process, assuming similar etch bigssgor BIM, the writing density impact on SRAF céjildies can be
seen for the PSM blank as well, assuming thereauetch process effects.

Since the etch bias for a PSM mask is usually higihe PSM process might resolve a smaller opadqrR@eFthan the
BIM process. Assuming the same CD targeting instesir both blank types, the higher etch bias f8MPrequires a
larger data bias, making opaque SRAF larger reguith a better capability. However, larger datasbgamake clear
SRAFs smaller, giving the lower etch bias BIM pregslight advantages.

Figure 9. Comparison of the resulting defect déestof Die-to-Die inspections on clear SRAFs fonature 50keV pCAR
on PSM and BIM blanks for low and high writing dities.

Comparing these results to those of the advancekRp(ables 2 & 3) shows clearly the resist of clkofor SRAF
requirements of a given product and blank material.

Table 5. Estimated clear and opaque SRAF capaiiliti 0.04pum defect size for the mature 50keV pCAR.

Mask Type Clear SRAF Opaque SRAF
Contact/VIA 60 nm N/A
Metal 70nm 120nm
Gate/Active 80nm 150nm

3.6 Comparison of SRAF prediction vs. production resulé

In order to verify the accuracy of these clear SRAPabilities, the AMTC created a special SRAF t&gp with clear
SRAFs smaller than 80nm. This SRAF test chip wasea in two locations on a 32nm design rule retigkh a high
writing density and inspected in Die-to-Die modetbe NPI5000+ at 0.04um defect size. The SRAFs welectively
shrunk to 55nm to challenge the advanced pCAR 5Qkedess. This special test mask was inspecteadutiffroblems
thus verifying the predicted capability of ~60nm étear SRAFs on a high load pattern (see Figuje 10



Figure 10. Die-to-Die inspection result of the highd pattern featuring 55nm clear SRAFs. Onlyvadetections in the
test dies were observed.

The special SRAF test chip was placed in revense t;m the same 32nm design rule reticle with higking density to
verify the opaque SRAF capability. Opaque SRAFsewszlectively shrunk to 80nm and at 0.04um defeet the
inspection ran without any problems thus verifyihg predicted capability (see Figure 11).

Figure 11. Die-to-Die inspection result of a highd customer pattern featuring 80nm opaque SRARly. Dfew
detections in the test dies were observed.

Finally, the prediction for mature pCAR opaque SRABuld be verified with several production platésow and high
writing densities. While clear SRAFs on a low wrg@idensity mask did not show any issues, opaqueFSRA95nm
were below the 100% capability prediction. The ewton regularly triggered up to 100 nuisance d&tas on the line
end of these opaque SRAFs (Figure 12). This diddirectly verify the mature pCAR opaque SRAF calitidns, but
demonstrates that SRAFs of this size are indeedrukthe predicted capability.

Figure 12. A typical LES defect detection on anqpmaSRAF for the mature pCAR (left reference imagater defect
image, right difference image) taken from a reggntiuction plate built with the mature pCAR. It damseen that the
inner SRAF is shortened and therefore causing ect&igger.

4. CONCLUSIONS

In order to address historical gaps between SRAfalutity predictions and final capabilities achidven production
masks, the AMTC has designed a new test mask cimjaSRAF cells with a systematic variation of SR@B, length,



writing density, tone, and shape. By using a higth mspection system, a detailed prediction ofSRAF capability for
production masks could be derived. Verificationstloidse SRAF predictions with selected test or prodn masks
containing SRAFs in typical customer layouts warecgssfully demonstrated.

The AMTC observed a strong impact of writing dengé.g., mask layer) on the resulting SRAF capability, makit
impossible to state a single SRAF capability fa émtire process. This finding also explains wimgls clips taken from
customer patterns were not capable to fully pretietSRAF capability.

Another important outcome of these experimenthasinsensitivity of the inspection tool for cledRA&Fs in transmitted
light inspections. As a result, a reflective lighgépection must be performed at least once duliagrtask manufacturing
process in order to verify the compliance of srokdar SRAFs with customer demands.

The powerful utility of this new SRAF test pattdras allowed the AMTC to initiate SRAF capabilityecks as early as
possible in new process developments. This avaids fand cost intensive reworks to address unexpeSRAF
limitations and at the same time ensures a robngspaedictable process is achieved in a timely raann

As a next step, the estimation of negative tone ERApabilities with a comparison to the availab®@AR data is
planned. Writing density effects in the negativegmeed to be verified since the mechanisms oéefailure might be
different from pCAR ¢€.g.,0paque SRAFs built on nCARs tend to collapse rathen suffer from LES or line edge
roughness). Furthermore, an investigation of wtrart SRAF resolution capabilities (length09nm) should be started
in order to derive a proper prediction for suchhhygaggressive SRAF patterns which may be requibgdmnask
customers.
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