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ABSTRACT
Over the past 25 years, following the InternatisFethnology Roadmap for Semiconductptse main

feature size of integrated circuits has decreased &pproximately 3um to 70nm. With feature sizes
well below the exposure wavelength of the stepaiglution enhancement features such as serifs,
scatter-bars, and hammer heads are added to tlkedesign. Given a 4:1 reduction from mask to wafer
the resolution enhancement features, such asisbattg are roughly the same size as main features
the wafer.
Recently, with the reduction of mask feature smask manufacturing technology faces several prablem
in satisfying customer needs for resolution, CCfamiity, and CD linearity. The problems result, in
part, as the legacy of material and process chonzeie in the early days of mask making. For exampl
the use of chrome as an absorber was suitableiaiatieoice for wet etch binary mask processesthist
material is now seen as problematic current driy ptocess. Another general source of problemghtor
mask industry is its small size relative to wafemufacturing. As a result, vendors focus mateial
equipment development efforts on wafer, and thekenaalaptations to fit mask making requirements.
Nowadays the patterns of high end lithographic reask written by variable shaped beam 50kV
e-beam writers with minimum beam size of as léttefew nm. However the latent pattern after writing
differs significantly from the final pattern on theask due to interactions during post exposure ,bake
resist development, and etch processes so thepfati@rn is a convolution of these effects.
The parameters of interest are resolution, criti@ension uniformity (CDU), pattern fidelity, CD-
linearity, iso-dense as well as clear-dark bias)gmission of the transparent substrate and abisarik
birefringence. Besides these requirements, thereglicit not specified expectations the masktoas
fulfill. To this group of parameters belongs folaexple reflectivity of the surface, chemical and

environmental stability of the mask, and mecharpcaperties.



This paper will present some issues which must hedan order to satisfy future needs for lithodrap
masks. The focus of the presentation is to exastieetcomings of materials used in today’s technplog

and provide a description of the properties neddefliture materials.
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INTRODUCTION
The mask manufacturing process is historically coteteto Cr layer as absorber material for binary

masks and®llevel for half-tone phase shift masks. Reasonfiization of Cr can be found in its good
properties for the PVD Cr deposition process,dtismical and environmental stability, and its eldlity

by wet chemistry (cerium ammonium nitrate).

Resists used in mask manufacturing were developsatr@dingly to the exposure process, starting with
resists capable for g- and i-line exposure tootbwaet etch process only, proceeding to Novolakresi
based resists with higher plasma resistance atttefulo more complex resist types like ZEP-
poly(methyl-chloroacrylate-co-methyl-styrene) usaldlr e-beam writing and exhibiting high plasma
resistance. Recently the high end masks are maotgdousing one of widely used chemically amplified
resist families such as REAP, FEP, FEN, etc.

These resist types were, however, mainly developedse in waferfabs and are usually highly sensitiv
to environmental contamination by e.g. amines. Th@nimprovements expected by introducing
chemically amplified resists are the reductionhaf writer dose leading to a decrease of the pattern
generator relevant pattern misplacement (registigtiower resolution limit leading to small featar
manufacturable on the mask, and last but not ftedsiction of the writing time, which directly deases
costs of the writing process.

Wet etch was the only etch process for mask matwrfag until the end of the 1990s and is still coomm
for low end masks manufacturing. On top of thedayel a CrQ antireflective coating with gradient
composition towards Cr base material is deposReditive side effects of the approx. 1998 introduce
dry etch process were among others reduction oftle and higher process stability when compared to

the formerly used wet etch process.



RESOLUTION
Resolution limit is understood as the smallestlstatanufacturable feature. Since any photomask

contains several feature types, which differs sicgutly in their stability and manufacturabilitihe

resolution limit has to be estimated for each ehttseparately. We will discuss some of the feature

types:

isolated dark line (iso-dark)

isolated clear space (iso-clear)

dense-dark line + dense-clear space

contact hole + contact dot.

Isolated dark line is typically the smallest stafglature type written on positive resist. The isise
resolution limit is given by the convolution of te&posure beam edge shape and the resist contrast —
resist development rate as function of writingedaad can be further influenced by post exposuke ba
settings and the resist development chemistry amceps. The resolution limit for isolated dark feasu

is shifted towards smaller values by etch procEls.thinning of the dark features is equal to tich e

bias. (Fig.1a)

Isolated clear space resolution limit is signifitamigher that the of isolated dark feature du¢hefact,
that the feature size is given by sum of the resmtlution limit and the etch bias, which is alway
positive for Cr etch proceddn addition the isolated clear feature on positegst has to be written by

higher dose in order to resolve the feature antssize is further increased. (Fig.1b)

Dense lines and spaces are structures connectedhoother in resolution limit by their nature. The
physical limits for resolution are given alreadyegist development, during which the capillar éopalls
the lines to each other leading to the collapgb®iines above the resolution limit for isolatextid
feature. This effect is, however, aspect ratio ddpat and so thinner resist leads to lower reswiuti

limit. After etch process the duty cycle — theadietween the line and space width is changing.iWhe



1:1 duty cycle is requested on the mask, the wafithe dark features in design has to be increbge
called process bias — the sum of biases of all faatwring steps. (Fig.1c)

Contact holes have the highest resolution limitsTaature type has the disadvantages of the clear
features. In addition the processes at contacstexRibit lower etch rates possibly due to highgr O
consumption at surrounding resist or slight sliftransport limited regime in comparison to othestéire
types, further decreasing the Cr/resist selectaitgt so shifting the resolution limit.

Contact dots behave comparably to isolated or déadelines, leading to lower resolution limitseith
pattern fidelity is slightly better than contactém

One important parameter influencing the resoluliimit is resist thickness; lower resists thickness
increases the resolution due to the reductionefidpect ratio, increases stability of the develope
structures (Fig.2), and reduces electron scattevitign the resist layer. Unfortunately the resist
thickness can not be easily reduced. The minimwistréhickness is given by the resist consumptton a
the absorber etch process. There is also limithrremaining resist thickness after the absortobr e
process preventing pinholes creation.

The usage of €CI, etch gas necessary to build the volatile Cr etokyct CrQCl, increases the resist
consumption especially in combination with highgptea power. In order to reduce the resist
consumption, either the Cr-to-resist selectivitg lmbe raised significantly or the Cr layer thieks has
to be reduced.

Improved selectivity as measure of the ratio betwwasrtical Cr and resist etch rate reduces sligthity
etch bias as well and further improves the resmtutHowever this parameter is strongly linked teesal
customer related criteria as CDU and CD lineatitgrease of selectivity by process change onlysand
reduction of the etch bias is typically conneceihtrease of CDU or some of its components (radial
footprint, loading effect etc.). Since the CDUhg tmost critical parameter with tightest specifimag,
this approach is not viable. The more promising teagolve the problem and get out of the tradesoff
design of new resist with higher plasma resistafbe.goal is significant reduction of the sensiyivf

resist to @ plasma and so significant increase of the Cr-sisteselectivity.



CD UNIFORMITY
CDU, The most critical factor directly affectingetperformance of the device manufactured using the

lithographic mask is specified as tightly as pdgsiBDU is understood as 3x standard deviatiomef t
feature measured across the mask. Since any indrgrecess contributes to and influences the final
CDU performance, the processes are optimized sipata provide minimum CDU and high CDU
stability. Particular processes contribute to défé CDU component accordingly to footprint, soithe
contributions have to be measured and evaluatéstelittly. Modern unit processes provide almost flat
CDU footprint and the final CDU contains a relatiwvlarge amount of non systematic scattering with
respect to spatial distribution, which can chamgenfmask to mask. The root cause of this scattésing
difficult to identify.
The main systematic effects identified and classifig their CDU footprint contribution are:

- radial effect — center slow or center fast circskammetrical footprint

- linear footprint — side to side or front to backeet

- loading effect — dependent on distribution of patensity averaged over particular range

- mask edge effect — CD change when approaching adgk

- fogging effect, proximity effect — effects conneatte exposure of neighbor area by forward

scattered /back scattered beam

Besides the systematic CDU effects listed above(U contains some “noise” like short range non
systematic variation of the CD across the mask. Géisbe partly introduced by the metrology tool
during the measurement as uncertainty of the singil®t measurement, however, a big part of the
scattering remains even when averaging severalurerasnts (Fig.3).
We assume the remaining scattering to originate fvae of following effects:

A, local CD variation (LCD)

B, pattern placement error from pattern generator wheasured on indirectly written features

C, line edge/ line width roughness introduced bysts$iER)
A, is caused by minor variation in the pattern gate process, possibly also due to resist thicknes

variation and misplacement during multiple pasgimgiwhen a feature is created by several shotiseof



writer. Slight improvement can be reached by inseeaf the settling time, however, the significapdtc
increase due to lower throughput has to be takenaiccount.

B, Placement Error increases significantly CDU daliriectly written features. Whereas the directly
written feature type for example space on positagist type is written by single shot, indirectlyitten
feature as dark line on positive resists type iftvr by at least 2 shots along the feature. THecefs
demonstrated in Fig.4 and is obvious reason faesyatic CDU difference between directly and
indirectly written features (E.g. clear featurepasitive resist type and dark features at negaésist

type exhibit better CDU performance than their iadily written counterpart).

The root cause for LER is not fully understood. Theeatftan be observed as line edge variation along
the line. The LER shows spectral properties and eaatelscribed as wave function by frequency/
wavelength and intensity spectrum. The origin of LERDst probably in the resist — the LER intensity
and spectrum is varying from resist to resist. Ohhe possible explanations is, that the LER istedka
during development process by washing out thetressromolecules, leaving the surface structure
formed by the shape and orientation of the not r@daesist macromolecules. Taking into account the
size of polymer macromolecules in current restkis,theory only partially explains the effect. Yer
obvious differences in LER can be observed betwearnd#R and CAR resists. A likely explanation for
higher LER at CAR resists may be the diffusion leraftthe photo-acid generated by the writing process
during the post exposure bake, when the temperakogeds 100°C. However the significant differences
in the processes do not allow us to reach thislasion. (Fig.5,6)

Another source of the LER can be found in the absartagerial itself. Polycrystalline material can be
etched away preferentially along the grain bouredaaind introduce roughness into the side wall
corresponding to the grain boundary shape. In dadelarify the absorber contribution to the LER,
detailed study of the structure of the absorbeenstas well as the variation of the LER in depergen
on the etch parameter is needed.

In case of single crystal preferential etch di@tttan be explained by anisotropy, but since thtemads

used in mask making process are not single crystalsvill not discuss this hypothesis.



In order to enable the study of LER, reliable andadpcible and very sensitive LER measurement has to
be establishéd Since the LER contribution to the overall CDU iamy cases exceeds the systematic
footprint, optimization for the factors influencihgR becomes necessary if future specifications
according to the ITRS roadmap are to be reachede $oprovements can be expected, when resists
without footing and minimum side wall variation e available.

LINEARITY
CD Linearity is measured by means of CD SEM as thiéaten of the feature size from the target,

plotted as function of the measured feature sizarget size for each feature type: isolated-clear,
isolated-dark, dense-clear, and dense-dark. An @@dinearity is flat across the whole featureesiz
range. The CD linearity measured on real masksrdiffem ideal one significantly especially at low
feature size as shown in Fig.7. The clear feataregetting smaller with decreasing feature sibe T
dense dark feature linearity is opposite to thdesfse clear feature and has the same amplitudee The
two features have to have numerically the samei@atity; otherwise the CD pitch is not correcteTh
mismatch can be caused by CD measurement as \melliriearity of isolated dark feature is typically
above the dense clear linearity curve, but is Hiighegative as well.

The shape of CD linearity curves has two main cbatars — lithography and absorber etch. After tesis
development the CD linearity is usually better thfter the etch process. The linearity of clearcitnes

is slightly negative, the linearity of dark struats is positive.

During the etch process the clear structures beseviter because of the etch bias; however, widening
of small structures is significantly smaller thatlening of big structures. This is valid for bosioliated
and dense clear structures. Small dense dark stescshrink less than big dense dark structuresadue
the fact that the small clear neighbor are widesiogver than the big clear neighbor of dense dark
structure. Isolated dark structures keep approxinale resist CD linearity.

In order to explain the effects described, we hawhink about the driving force of the etch praceghe
widening of the clear structures is caused by dhtetich of the resist trench. This process is lichiig the
reaction rate on the surface, but increasing asptos shift the process to diffusion limited,cas be

demonstrated by longer etch process for signiflgeamhaller feature sizes. Some contribution can be



expected from the difference in the resist shapedmn broad and narrow spaces. This effect is
illustrated in Fig.8. Small structure exhibits sfgrantly bigger resist footing, which further rechs the
widening of the structure when etched in paratiéhigy structures. As already mentioned, we asstime t
etch rate is limited by aspect ratio in resist.sTaict provides us additional benefit if the reflistkness
necessary for etch can be reduced significantly.

CONCLUSIONS
The presented work summarizes and illustrates talleciges of the mask manufacturing in the near

future. Performed analyses show that the custoeteted parameter of the mask cannot be optimized
independently, due to strong cross linking betwa®tess parameters. Some data identify interaction
between litho and etch processes as expected. i@blems which have to be solved during the proces
development for next technology node are resolutidU, etch bias and CD linearity of the mask.
CDU is linked to systematic and non systematicatéfsuch as loading effect and LER; some of these
effects are well understood and there is solutmssible, when material properties will be changed
appropriately. Few parameters are not well undedsy@t and a lot of effort needs to be spent ireotd
investigate them.

In order to get out of the trade off between trestehickness and many important parameters,reithe
change of the absorber material or improvement@fplasma resistance of the photo resist is negessa
Reduction of the resist film thickness may relaxagnaurrent critical issues of the photomask techgwl
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Fig.1 — shape of structures near resolution lionigf isolated lineb, isolated space, dense lines and spaces

Fig.2 — Comparison of resolution limit for differemisist thickness; on the left hand side the résoidimit at
standard productive resist thickness of 200nm tigimd side resolution limit at 30% increased tehiskness.
Upper row shows feature above the resolution k. 160 nm pitch for standard resist thicknesd,a. 240 nm
pitch for thicker resist.

@3 :49nm Range:8.2nm nm Range: 3.8 ni ©3 :370m Range:6.5nm

Fig.3 -a, CDU plot of a 132x132 mfrmask design — dark circles represent feature b@;m the mean, white
circles feature small than the mdarfit of the CDU footprint assuming linear, radialdaloading effect; the major
contributor to CDU is the loading effect expresasdigher CD value in the upper left corner of ttaskn

¢, residuals — spatial distribution of the differerietween CDU raw data and @i{.design of the mask. Please note
the difference between the raw CDU data, the CD#rfit the residuals. By optimization of the CDU foitpthe
overall CDU performance can be reduced from 4.97né 3.
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Fig.4 — demonstrates effect of directly-indireatlsitten feature - CDU comparison of directly (led)d indirectly
(right) written features on positive resist typeasgred in resist. The dark features (indirecthttem) exhibit slightly
higher CDU due to shot placement error.



Fig.5 — LER as observed in SEM cross sections. Lefup shows the LER in resist, right hand picture
demonstrates transformation of the resist LER Grtéayer.

Fig.6 - Footing observed at positive CAR resist sygae to poisoning of PAG on Cr surface - left. Bdike side
wall slope observed at negative CAR resists - right.
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Fig.7 — CD linearity curves for iso-clear, denseacléso-dark, and dense-dark features.

Fig.8 Comparison of the development of isolated sghging the etch process.for small featureb, for big
features. Pictures on the left hand side showitteevgall shape after resist development, picturéherright hand
side show the side wall shape after Cr etch.



