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ABSTRACT

Line edge roughness (LER) has become a standarditotiie semiconductor industry for its possible gighpact on
wafer production. Recently a number of studies @sklits measurement process to increase the ligliafiresults.
Here, we investigated roughness on photolithogaptasks, which is the blue print for wafer produoictilt is shown
that LER influences feature uniformity and thus hasoasiderable impact on overall mask productioridyi@o
determine the roughness parameters we varied negasnt parameters on a scanning electron microgcopgtimize
reproducibility and repeatability of the obtainealues. Two parameters dominate the LER values. Tsiepg@arameter
is the length used to average the signal from¢harsng electron microscope and to obtain the ijposdf a single edge
point. Good results for this so called summing thngere obtained for values above 100 nm. The seauopdrtant
parameter is the total length of the investigatee that is used to calculate the LER. Here, we dahat the increase
of LER values with increasing investigation lengttsiisilar to the well established behavior on wafdérsvas found
that the average LER value calculated from variotes Saturates at investigation lengths larger fltapm, whereas
single LER results show no scattering within measergnprecision for investigation lengths larger tHzhh um
independently of mask position. In comparison toilsir investigation on wafer both the summing lénas well as the
investigation length has to be chosen about a rmadmiarger. It is suggested that the multi exppguocess of mask
creates roughness on length scales of the ordevefal micrometers.

Keywords: line-edge roughness, line-width roughness, measent algorithms, scanning electron microscopyi@ho
lithographic masks

1. INTRODUCTION

The ever decreasing feature sizes on photo maskwafieds demand the extension of the existing setedf accepted
norms to quantify refined feature parameters. Crthese emerging parameters is the line edge rasgh(LER) that
describes the uniformity of a single line alongiraited length. The parameter found its way to theernational

Roadmap for Semiconductors for its impact on clgbdy Currently it is part of the metrology of lifieatures on wafers
and has seen extensive investigations for methggadd measurements including strong standardizaidivities by

the international SEMATECH and the National Institoté&Standards and Technology.

The serious concerns regarding LER in the semicondirddastry spurs the desire to investigate itsuefice also on
photo lithographic mask the blue prints of any chigR is considered to be a significant contributoithe overall

feature uniformity on the mask and in particular $mall features it becomes a dominant contribu@re prominent
example is the increased feature uniformity on acintayers, which appear as rectangles on the raaskthus can be
measured by means of standard critical dimensidp) (©utines only with limited region of interest @®. Here a

typical result is that contact layer masks haveual2®% larger feature uniformity values than masith extended

features like line/space layers although both dhesage manufactured by absolutely identical praess
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Figure 1: CD uniformity results for 360 nm lines lwitarying measurement window size

To illustrate this behavior we investigated a lispate layer at different measurement window siiggire 1 depicts
the dependence of feature uniformity on the sizéhefROL.It is interesting to note that uniformity increasfe2 nm
from window size 2000 nm to 200 nm is identicaltie uniformity difference of line/space layers (s@@ment
window size 2000 nm) to contact layers (measuremna@ntiow size ~200 nm).This directly points to thetféhat
contact and line/space layers can be consideredicgdeexcept that the better overall uniformitylioe/space patterns
stems from suppression of LER effects due to avegagiith larger measurement windows. Therefore, LER &a
significant yield impact for the production of pbdithographic masks.

One challenging task is therefore to reliably deitee LER values on photo lithographic masks for tetbgy
development and statistical process control. Fumtbee, the special situation on mask requires #isonecessity to
evaluate mask where the boundary conditions ofrteasurement are not comply with the desired séégp length of
investigated line).

2. EXPERIMENTAL AND RESULTS

A scanning electron microscope (Holon EMU 220A) wébzed for the investigations. The field of vienaw set to 2
um. To increase the signal to noise ratio we sumt28dsingle scan images for the analysis givingnapdiag time of a
about 1 second. Each edge point is determined ageaage of a short edge part called summing lefsgih also Figure
2a). The distance between edge points and theibausets the total measurement length used to meeh&R. The
reproducibility of LER measurements was investigétedarying both the summing length of a single kgan and the
measurement length.



LER Repeatability o— Left (3s)
—m— Right (3s)
6.00
5.00 -\
_. 4.00
E, 3.00 +
@
1.00 = —
0.00 T T T T T
0 50 100 150 200 250 300
Summing L [nm]
LER Left Edge
247.50
247.00 ~
246.50 -
o 246.00 —e—repetition 1
$£ 24550 P o
a, 245.00 —m— repetition 1
24450
244.00
24350 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
— ™ Ln N~ (o)) — 2] [To) N~ [e2) i (%] [Te] N~ (2]
— — — i i N N N N N
Meas point

Figure 2: (a) summing length and total measureresgth (b) dependence of reproducibility on sungriength (c) two
separate runs at optimum summing length (d) diffeeeplot of (c).

Our results differ from recent works to determingiased values for LER on wafer. In that work theharg used
extremely short sampling times by dividing the shngptime in multiple single events and also dirshed the
summing range to several nm. Although it is vergiddle to apply these methods also in mask mejyolthe

measurement accuracy was found to be too poor smddhe image quality did not allow decreasingstmpling time.

Furthermore, the sharp decrease of repeatabilitgtfilmming length below 50 nm prevented to applysto@e methods
on photolithographic masks. It is suggested thi& ih caused by a significant different chargindhdgour. The

scanning electron microscope induces charges ioliserved structures and while wafer structuresdiesilicon with

enough electrical conductivity to discharge theasqul area the observed chrome structures on mesikie ron glass
with very limited electrical conductivity. Thus, theharge remains in the exposed region and inflierbe

measurement signal.

From our results we concluded that an optimal surgniength is 120 nm, because it allows the measemeof edge
points with a small summing length to avoid too mwyeraging of edge effects without a significaatréase of
reproducibility. With this fixed parameter the imfince of the total measurement length on LER wastigated.
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Figure 3: Influence of the total measurement leragt LER results. The increase of LER with largendeagths is well-
known and the LER seems to saturate already arodedgéh of 10 um, with negligible variations fordar
sizes.

In a rough estimate this behavior can be explamitid an autocorrelation wavelength in the rang&@J nm. Which is
also the dominant contribution in the power speutru

It is interesting to note that the lower value 6f dIm where the average of the mask saturates ishsmnin line by
scaling up reported wafer results. Investigationswafers revealed desirable investigation lengththé order of 8
times technology node that, considering the 4x dgnifigation process from mask to wafer, would regul32 times
technology node on the mask. Namely for 90 nm teldyy that would be only around 3 pm. However, isgalip the
proposed value of 2 um in the SEMI standard thisldvoesult in 8 pm on the mask which is in the rigatl park.
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Fig 4

Beside the average of LER results the uniformityhafse results were analyzed. Fig 4 depicts the rahd® LER
measurements at different measurement length dizeseals that the range decreases significdrgtween 10 and 40
pm although the mean value remains constant asirséigrB.

This behaviour points to another autocorrelatiors@né on the line edge roughness. From the significantribution

between 10 and 20 um we assume that it has to the iregion of several um. Here, the only releyaotess of that
range is the shot size of the electron beam pattenerators. Each mask structure is the resultubfipte exposures
and each exposure consists of a maximum shot lerigthout 2 um. Although this process is averagita multi parse

writes (which might be the root cause of the obs#éremaller wavelength roughness) it remains theirmh

contributor on this length scale.

A simple calculation shows that for an assumed etation length of 2 pm the expected LER differenoe f
measurement length of 300 nm to LER at infinity lénigtabout 50% and this value drops to about 20%3atm and
10% at 20 pm. Therefore, the significant improven@nt ER reproducibility can be understood with suckeaond
long range noise wavelength. However, further itigafons are necessary to distinguish between mdsR,
measurement tool noise and measurement routirtedefgluences.

An interesting by-product of these investigationshiat the value of LER averaged over the whole risaskmparable
to the measurement on a single feature if the neasnt is carried out over a length of 40 um witueming of 180
nm. Thus, by measuring one standard pattern witficerft length on the mask and the described paemeet, it
would allow for an easy method to standardize LERsuesmments for different designs and layers and¢hasles also
to obtain reliable LER results, even for layers Miithited feature sizes.



3. CONCLUSION

In this paper we described how different parameitgisence the measurement of LER on photolithogiapiasks.
With the optimal parameter set very good repeatgplilas achieved.

We found two major contributions to LER. First, a ghwsavelength noise in the range of 500 nm, thabams for the
most roughness observed on the masks. Secondgamavelength noise in the range of several umith&und to

significantly influence the reliability of LER ressltaken on different spots in the mask. While #@ad contribution
is most likely due to the shot accuracy of electbeam writers, the origin of the first noise is nawn. To account for
both contributions, the measurement window hastatbdeast 10 um to allow reliable averaged LER tesuid at least
40 um to allow reliable single measurement LER resililhese values are much larger than those fourldiR studies
on wafers.

We conclude that the different fabrication procesphotolithographic masks and wafers also requdifferent set ups

for reliable LER measurements. Here, standardizatftorts for wafer measurements can not be traresfesne to one
in to the mask world.
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