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ABSTRACT
Increasing demand for high end masks with everemang specifications for critical dimension unifatyn(CDU), CD
linearity, etc. is the major driver for the furth@ocess development. Decreasing the main feaizgeand increasing
the complexity of sub-resolution assist featurd3AB) are restricted by the resolution limit of timask manufacturing
process, which is determined by the resolutiontlzhithe mask lithography process and the wideoirite clear
structures in etch processes — etch bias.
In order to be able to compare and develop newm@tesses, a reliable and well reproducible metbiodtch bias
estimation has to be established. Previous invastiy shown, that there is a gap between etchdsitimation by mean
of CD SEM and AFM methods. The measurement of the/&lde in resist was identified as the major probtdrthe
etch bias estimation for several reasons. We sedifcit a measurement method that minimized thelda#ages of
the resist CD measurement; ideally making the r€lsmeasurement obsolete. Since the wideningeofdhtures can
be observed at the Cr edge as well, our experifoenses on the measurement of the upper Cr edfjeasHunction of
time which provides the information about the di@s as well as the time evolution of the CD aulé svall angle. In
our work we present a method for measurement, anedopt as etch bias measurement and use it ag w
calibration of the easy to use etch bias measuremetinods like AFM, CD SEM and optical CD measuretnéhe
understanding of the process of structure widegiuags us a confidence, that the method suggestamtiisct and
explains well, what the limitations of the etchd&e. Last but not least the proof is given, thatd is no Cr etch
process with zero etch bias possible.
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INTRODUCTION

The current main stream technology, the half tond R&sk, includes 2 etch steps; the Cr and the M&Si processes.
The etch bias of the Cr etch process is signifigdnitiher than in case of the MoSi etch processtdwsggnificant resist
removal rate by the oxygen contained in the etch §ance the MoSi etch process uses the previetshed Cr layer as
hardmask and due to rather anisotropic ion driversigal process with high selectivity to the Crdaghows negligible
etch bias, which can be kept near 0 by appropciadéce of the etch conditions.
In order to estimate the etch bias for processldpweent or comparison of processes, a reliable ogefibr etch bias
(EB) estimation has to be found. There are 3 metfredsiently used for EB estimation:

e Optical CD measurement in reflective mode

» CD SEM measurement

* AFM measurement
Since the optical CD measurement and CD SEM measuntegme similar in the way they estimate the CBythave
the same advantage of high throughput. The disadgartdf these methods is the material and sideshogle dependent
reflectivity and secondary electron emission retpely.
The consequence is lower reliability in several saseshowh? The CD measurement by means of CD SEM on the
etched Cr layer can be easily correlated to the AlRddsurement. Obviously the less reliable measureisi¢he resist
measurement. To some degree are the not well destmguk of the very top part of the resist side eadl variation in
the radius of the edge measured. In addition tisane calibration for resist CD measurement avélab
Clear indication of this problem with resist measuent is negative etch bias reported by some aitNegative etch
bias gives a hint, that the resist CD doesn’t @poads to the side wall in resist, but to sometpatithe top of the
resist, most probably some rounding of the uppgeed the resist as illustrated in Fig.1.
However, there is a way to reduce the effect ofithge of the measured structure and correct thEEND
measurement in resist for estimation of the EB. Aitoad range of EB values reported by different ansthod our
recent experience comparing etch biases obtaioned different CD SEM tools and settings with AFM nadtforced
us to decide to search for a method which may teelis to clarify what is the “real” EB and identifye offset for
methods, frequently used for EB estimation.
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Fig.1 — schematics of CD measurement in resist kannoé AFM and CD SEM with 2 different settings. Tdrawing shows, that
there is chance for CDSEM measurement correlatifg-td measurement (CDSEM 2). Many different CDSEMirgH provides
CD value, not correlating to the AFM measured valuell.

METHODOLOGY
For CD measurement by mean of AFM the questiowhsgch point on the resist side wall correspondsheoresist CD
value. Except ideal 90° side wall, the CD changiis the height on the resist side wall
Variation of the side wall shape along the heightéases further the uncertainty. Assuming 300nighbef the resist
and side wall angle 88°, the CD varies by 20.9nn8&5 the CD uncertainty is 26.2nm. This value imparable to the
etch bias expected for modern Cr etch process. &éfieled to exclude the resist CD measurement fremlaas
estimation and search for a method avoiding theertainty. Additional reason for this decisionhie tontribution of
the resist side wall shape and the AFM measuretigesihape, which is not negligible at 300 nm siag! Weight.
Closer look at the expected development of thestesid Cr edge during process offers an easy médhndide
measurement.
Following viewgraph (Fig.2) illustrates the devaimgnt of the side wall and will be used for explarabf the method

selected.
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Fig.2 — evolution of the Cr trench during main estép. Note the widening of the upper edge of thegdich ata, 0%b, 25%c, 60%
d, 90% endpoint time, described as4-0OD,s5, CDgg and CLQ.

Comparing pictures a, b, ¢ and d in Fig.2, oneseam that the widening of the Cr trench, more pedgi- the upper
edge of the Cr trench, is responsible for the btah. Measuring the CD as function of the etch tijives us very
precise idea about the lateral etch rate and tirebéas as the difference between the CD at timedlat the end of the
process.

Since there is none or less pronounced trencleatety beginning of the process, we have to extat@dhe CD value
at time 0 from the data measured later on duriegtiocess.

Due to change in the trench depth and side walkeslthe CD values has to be measured at seveggittzid
extrapolated to Cr surface by polynomial fit. Rielally small step is necessary at AFM in order teehprecise enough
data containing more data point at the side waCiofayer. The precision of the measurement is Sagmitly improved
by measurement after resist strip, which reducestattering caused by the tip contamination aad@ing resist
thickness.

RESISTLESSETCH BIASESTIMATION
We applied this method on the Cr etch process aad if to investigate the development of CD dutivegetch process.
In order to improve the precision, we measureadetal sites across the mask and proved the measnten
different masks with global clear field from 0.3 tap75%.
Figure 3 shows the evolution of the CD value inreteh. The CD value steadily increases as expetterslope and
so the etch bias increases with increasing gldkat ¢ield as expected.
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Fig.3 - CD change during overetch for global cléaldfof 0.3%, 12%, 38% and 75% measured by me#&#. The difference in
slope corresponds to the lateral etch rate. Theedtatuments the fact, that the etch bias is pripadtto the global clear field.

The etch bias estimated by extrapolation from thasmeement in overetch differs systematically in parison to the
value obtained as difference between Cr CD andtr€8 measured by mean of CDSEM. The discrepancpean
explained by following effects:

A, Nonlinearity of the CD as function of time

B, CD inresistis different from the CD extrapolafedtime=0s
Extension of the measurement into the main etchaégjfies the contribution of effect A. Assumirigédar resist side
wall slope, there is no reason for nonlinearityhaf CD as function of main etch time. We can, haaegxpect
difference in the lateral etch rate between maih ahd overetch. At the endpoint time, the areasreal with Cr at the
beginning of the process become free and the gsartace area increases. Thus the quartz surfawg etched, the
reactant consumption is dramatically reduced iretteas with high clear field. This leads to chanfggh@ resist and Cr
etch rates at the endpoint.
This effect can be documented on vertical resi$t gtte and the Cr etch rate respectively. Fig.4vshtbe relative etch
rates for resist and Cr layers for both main etuth @/eretch steps. Whereas the vertical resistratelremains high for
high local clear field during the whole procesg lteral etch rate and so the etch bias flip@mgarison to vertical Cr
etch rate in main etch step.
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Fig.4 — Comparison of the Cr and resist etch ratésglthe main etch and over etch. Lateral Cr ettdsrare assumed to equal to
the lateral resist etch rates, since the upper @& exddetermined by the resist side wall. Noti¢e taetween vertical and lateral
resist etch rates, which influence the etch biastival resist etch rates increase at the endgiaist and cause higher etch bias
contribution during overetch.



These data give us clear prove of the major factterchining the etch bias. Not the Cr etch rate tiheifateral resist
pull back, which strongly differs from the verticgtch rate, drives the etch bias. The only effethefCr etch rate is the
total etch time needed for etching the Cr layeicKér Cr layers and chemically more etch resistamiposition of the
layers lead to longer etch times and so to higher EB

Effect B is illustrated in Fig. 5 Extrapolation of CD measured as function of time during the pregesvides clear
idea of expected resist CD value. By subtractimgnteasured resist CD, “etch bias” can be calculategach point in
time. This, however, is not zero for process tinstwhich is in contrary to expected behavior; thisild mean, that
the etch bias at beginning of the etch proces#ferent from 0. Comparing the slope for the AFMia®D SEM

measurements, we find almost perfect match. ggteD— for AFM measurement is 0.077 nm/s; for CD SEM thkie is

0.073 nm/s. In this way resulting EB is proven tacbmparable for both measurement methods.
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Fig. 5 — comparison of CD evolution as functioniofé measured at upper Cr edge measured by mearf@wbAd CD SEM. There
is shift in absolute value, however, the slope smthe widening of clear structure is comparabteAfeM and CD SEM
measurement. The value extrapolated to t=0s repie®e discrepancy between resist CD measuredaarettresist CD expected
with the Cr CD measurement used.

ETCH BIASMODEL

The etch bias depends on several factors; we syrumarize the main factors we are able to exphaioun relatively
simple model:

A, Total etch time necessary for the Cr layer

B, Lateral resist etch rate

C, Resist side wall shape / slope

D, Vertical resist etch rate
The effects of factors A and B were discussed irptegious paragraph. The contribution of the renmgiwo factors
will be estimated as follows; hence the data meabkinclude all 4 effects and has to be separated.
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Fig.6 — lllustration of the effect of the side wsllape and vertical resists etch rate. Resist prafitime t is represented by white,
resist profile at time,tby grey colora, corresponds to the case, when resist side weltied vertically only. Notice change of
bottom of the resist side wall, represents the lateral resist etch only. This éapurely hypothetical,
¢, illustrates the real etch profile change causeldth the lateral and the vertical resist etcte @hawing shows EB/2 for all cases
as well, which helps us to understand the process.

Assuming 90° resist side wall angle, the effediasfor C and D is zero. When the resist side wadle differs from
90°, which is the case for all resists we examseéhr, the effect of C and D is not negligible moye. The drawing in
Fig.6 gives an idea about the contribution of thetdrs B, C and D in term of etch bias per second.

The lateral shift of the Cr edge measurement inipusvexperiment can be expressed as.

dCD _(dCD dcD
= + [1]
dt dat )y, at ),
dCD ER,
— = =" |+E 2
) e “
And so the total etch bias
to[ ER (1)
EB =2 +ER_ (t) [dt 3
N R g
Assuming linear side walls and constant etch rates
ER,
EB =2 +ER_ |0 4
[Etg(a) LJ tot [ ]
dcb dCD . . .. . .
Where ar and| —— | are vertical and lateral resist etch rate contiiimst to the etch bias respectively,
\Y L

ER, andER, are vertical and lateral resist etch rates,

a is the resist side wall slope at the Cr surface {ge8a) and

t,, IS the total process time.

Fig.7 illustrates the evolution of the resist sidal shape and checks etch bias model. The modetsto be valid for
processes with remaining 70 or more nm resisteaettd of the process. When the modified resist edgtehed,
additional term describing the resist height depahdhange has to be included. Assuming processiesemaining
>70nm resist, no additional correction is necesaad/the model proposed can be used.

The minimum lateral EB can be estimated by intégmnadf resist side wall slope and vertical etcle ratoduct over
process time for specific resist type and manufatguprocess as described in equation [5]. Thie cadlustrated in
Fig. 6a.
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Fig.7 — evolution of the resist side wal.illustrates the resist side wall shape at begigif the process, after 320s and 640s.
provides precise comparison of the side wall. Tiygen approx. 70nm of the resist seems to be etelteally faster then the
remaining side wall.

Assuming non linear resist side wall, the vaIuec—j%y:{B becomes non constant in time. For resist side avajle of 88°

with foot of 20 nm height and=60° the valuedfj:—tD changes as shown in Fig.8. The picture iIIustrti‘tes(f—tD as

function of resist side wall shape. The first temequation [1] is the contribution of the side lsdbpe and vertical
etch rate to the etch bias. Second part is thealag&ch rate contribution.

On that way we clarified the border conditions Edg:

- The etch bias cannot be equal 0, unées8 and ER=0, which is in our opinion not fulfilled for anyrqcess.

- The minimum etch bias for ERO is equal to:

ta [ ER (t)
EB =2 dt 5

qo (tg ait”] Bl
Unlessa=0 the etch bias is increased by the contributfathe side wall slope which is equal to the procafahe

vertical resist etch rate and the ¢9.(

- In simplest case the etch bias depends lineartptl etch time and vertical resist etch rate.
- Any nonlinearity in the etch bias as functiortiafe is caused by change of the side wall slopeggixthe endpoint
time, at which an change in the slope can be egggcme Fo cT‘halng? inl th(la Clr coverage gf trlwe rlnalsk.l
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Fig.8 - Transformation of resist side wall shapeddical etch bias contribution, represents the side wall slope with resist foiti w
height =20 nm and slopa=60°. The slope of the remaining side walltis88°and resist thickness d=300rnmshows the vertical
etch bias contribution EBaccording to equation [5] for vertical resist etate of 0.2, 0.5, 1 and 2 nm/s. The end of the lin
corresponds to the 300nm resist thickness.



Information about resist side wall shape as shawfig.7 allows us to estimate the lateral etch catgribution to EB
and split the total etch bias into lateral andieattEB components according to equation [1]. Rerdata presented in
Fig. 5 the result is shown in Fig.9. This figur@els that at the litho process used, the verticat&mribution is small
compared to lateral EB contribution.lThle mlain Ireailsdhle s:teerl) relsistlsidle vvlall.l
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Fig.9 — EB analysis by mean of AFM. The total et@stEB,; was identified to contain lateral and vertical &Bnponent as
described in text. The vertical component E8estimated as integral of resist side wall slape vertical etch rate product process
time. Difference between EBand ER, component is estimate for the lateral contribufidsy.

CALIBRATION OF THE ETCH BIASMODEL
Putting together the information about the vertresgist etch rate, side wall angle/shapeglgteD— from the

measurement done on partly etched Cr layer, wmami(dg—tD] = ER_ for our process. The value ({fdg—tDj can
L L

be estimated also as the Iowég%) assuming 90° side wall angle at least at part@ftte wall height. If the

assumption of linear side wall shape is corree atch bias measured by mean of AFM as differert@den Chrome

CD and resist CD can be calibrated to the numbirdd asZE-Id(C;—tD ., , also the calibration t@ IZEddC—tDj ot IS
L

possible on that way. We leave the decision whfdhese values is the correct one open for pulidicu$sion. The
decision depends on the approach of each expeemavtiether he makes the etch process accountattlesf effect of
resist side wall shape or not. There is good reémonoth decisions: The side wall effect is depardn the vertical
resist etch rate — which is property of the etatpss. On the other hand depends this effect osidrevall
angle/shape of the resist, which has nothing twittothe etch process.

Fig.10 clarifies the difference between the AFM &idl SEM measurement. The pict@andb show the correlations
between resist CD and Cr CD measurement respectavitlustrates that the resist CD SEM measuremendsist
correlates well with the AFM measurement for sgiinsed, however, there is an offset caused bg BIigEM
calibration as mentioned befokeindicates that the Cr CD measurements match vetlyand the results expected are
comparable for methods usedtompares etch bias measured and proves, thaifiiedce is caused by the resist CD
measurement only.

Since the correlation is proved and the EB resmstsnated by suggested method are identical fdr imgttrology tools
as shown in Fig.5, the only difference is the octing factor. The correcting factor is equal to tffiiset of linear fit

over main etch as shown in Fig.5. For AFM measurgmsed the correction factor is +3.44 nm, for CEVBthe
correction factor is +54 nm. This fact explains whg EB measured common way by mean of CD-SEM éxhib
significantly smaller numbers than the AFM measured



305 1 1 1 - 290 1 1 1 1 1
P 280 D . L
E . % *
£ 300 . - g . I
s £ 270 ° - ° L
L o . s /O,
a “ oo 7 .
[a) _ [ ] ) | . _ P |
g 295 b . A 260 e °
[a) ® o0 ° o e e
o *e® 8 250 o
- . 1 2 ° -
2 290 s G >
- 7 e o - 1 .
= P %o o 240 +
- () - [ -
. o % $ e
°
285 T T T 230 T T T T T
235 240 245 250 255 240 250 260 270 280 290 300
a resist CD AFM [nm] b Cr CD AFM [nm]
e 1
10 n 1 1 1 1 1 1 -
0 - / - e -
L7 °
— -10 'y -
= ° 2 °
= e "¢
s -20 - -
z i
2 30 > - ¢
30 4 P L
@) | . .®
& o %
40 4 o [ L
- ./ i
.50 - ‘., o ® L
-60 T T T T T T T T T
-10 0 10 20 30 40 50 60
C EB AFM [nm]

Fig.10 — CD and EB correlations between AFM and CD-Sadasurements, The resist CD correlation exhibits approx. 50nm
difference between CD estimated by means AFM and EM.®, Cr CD measurements correlate well with scatterirgbout £5nm
¢, Correlation between the resulting etch biases staffget of about 50nm.

ROLE OF SELECTIVITY
SelectivitySin following text is understood as vertical Crré&sist etch rate ratio. For Cr etch process wigi thias

is a significant part of the total etch bias. Thyeation for side wall
\%

effect’s contribution to the overall etch bias ¢eneasily derived from Eq. [5], since the totahdime as well the
vertical resist etch rate are related to the sgigct
ER, (Cr)
EB, =2 CEP 6
B, Eﬁ—ﬂ—tg " sz [6]
So the contribution of the vertical resist etcleriatproportional to 1/S; Cr etch rate \#8r) and the Endpoint time EP.
The Cr thickness influences the EB, since theggstime is given by the Cr etch rate,/ER).

power and so high resist consumptiég%]

CONCLUSIONS
The investigations have shown, that the etch thashe precisely estimated without the resist CDsumeanent. This
fact improves the precision in case of AFM meas@m@nand gives and idea of the true resist CD forSHM, since
there are no resist CD standards available.
The model suggested is valid as long as the rentanaisist thickness is higher that ca. 70 nm. Tpeaach used

allows us to confirm difference in t}{e(f—tD) term estimated for main etch and overetch stelpstelare 2 root causes

possible as already mentioned. With respect tdirtearity of the lateral EB shown in Fig.9 we expt® etch rates
differences to be the root cause of this effece fraquency and precision of data taken, howevVlerys also the



nonlinearity of the resist side wall as alternaiiverpretation. To draw more precise conclusiooutltinearity of the
lateral etch rate due to varying resist side wadlpge and/or etch rate variation is the goal ohfrinvestigations.
The resistless etch bias estimation method waseapta 2 different etch processes using identiélaRd Litho
process. On that way the etch bias correction f2ISEM measurement and the “resist CD correspori#nght” for
AFM measurement were estimated.
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