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ABSTRACT

Experiments and full resist simulations of contaaitgrns using both infinetely thin masks (2D) ardirBensional mask
topography (3D) were performed to examine the guafi prediction by simulation. Experimental datarer acquired by
CD-SEM measurements of contact patterns in resigthmvere generated using a 193 nm scanner withngerioal
aperture of 0.75, circular illuminatiow£0.5), and an attenuated phase shifting mask Wihrénsmission. Analysis of
the data is performed in terms of dose to sizecgs® window, mask error enhancement factor (MEER), primted
critical dimension (CD) in resist. Furthermore, emor analysis is performed with respect to mask Dmination
source, dose and focus error.

A parabola like dependence of the mask contacthemg contact width was found by experiment andusation for the
same contact size in resist. Fair agreement bet@®eand 3D simulation was obtained above 180 nikr@&s whereas
a strong difference was observed below this redimpecially the location of the minimum at aroun@® tn mask CD
can be reasonably described only by 3D simulafitnus, the prediction of accurate mask biases ancdeps windows
below 120 nm mask CD is only possible by 3D sinafatSimple corrections of the 3D effect like themsideration of a
mask CD or dose offset fail. Apart from that, 2Dnglation in conjunction with a well calibrated ®simodel is
sufficient for delivering reliable predictions fprocess window, MEEF, and CD.
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1. INTRODUCTION

Due to increasing pressure on DRAM manufacturetis mispect to production cost, electronic deviaesetbeen scaled
down in order to reduce chip area resulting in ceducost per chip. Thus, lithographic structureshenwafer become
smaller and smaller. Knowledge about size andssizdl deviations of the CD of such structures sseatial for
improvement of lithographic processes in producton development. Despite the availability of modé&D-SEM
measurement tools, accurate measurement of smadtigtes in resist, especially contact patternsoisever difficult
and time consuming. This limits not only the optiatian of a specific lithographic process but als® tomparison of
processes with different illuminations and/or mgsthnologies by experiments. Consequently, theaegsowing trend
to apply simulation in order to get ideas how ttirajze the process and how to interpret experiniegatallts.

Recently it was shown that only full resist simidatmay predict the correct mask bias for contatés, in contrast to
aerial image and resist image simulations [1].Hat tstudy an infinitely thin mask (Kirchhoff appotg was applied.
However, such a simplified model cannot be usedeneral. From a recent study on mask topograplectsfin 2D
simulation of line-space patterns it is clear gighificant 3D mask effects can also be expecteddatact holes [2]. On
the other hand, full resist simulations requirargé simulation area, and are therefore very tiomswaming, in particular
when using a 3D mask topography. Therefore, the gfahiis study is to find out how to get reliabledictions in terms
of CD, MEEF, and process window by simulation. Thuss, investigated how resist simulations fit tqpeximental data
when using either 2D or 3D masks. Further on, figant differences between 2D and 3D simulationrarealed and
discussed. Analysis of the data is performed ims$eof dose to size, process window, MEEF, and oftgulilCD in
resist. In addition, an error analysis is done bwpsidering mask CD, illumination source, dose amcl$ errors in
simulation.
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2. DATA ACQUISITION

Silicon wafers were spin-coated using commerciaihgilable bottom antireflective coating (ARC), ApBsitive tone
resist, and top ARC. Exposures were performed uasm@93 nm scanner with a numerical aperture (NA).@5 and
circular illumination 6=0.5) . An attenuated phase shifting mask with &&smission was used which contains contact
patterns of different pitches and sizes. Contaé¢ Btructures in resist were developed using sththe-art bake and
development conditions of a pilot line. Experimer@d) data were then acquired by top-down CD-SEM ar&EX
measurements in resist. All experimental CD’s wargected by an constant value of 18 nm in ordexctmount for the
offset between top-down CD-SEM and X-SEM. Designxpfeziment (DOE) software (Design-Expéft has been used
to obtain interpolated dose to size and mask CDegafor which the CD in resist is perfectly on &irg

For error analysis of simulation, additional infation on the performance of the mask and illumarasource of the
exposure tool is required. Therefore, the illumioitisource distribution of the scanner was measwusdg a
commercially available sensor technique. Moreopetterns on mask were measured at Advanced Maskndledy
Center (AMTC) using CD-SEM and surface nanoprofiliiNP).

Simulations were performed by use of the comméycialailable lithography simulator SOLID-CTM (version 6.5.1)
in combination with SOLID-C batch language and ause scripts written in MATLAB". These scripts were developed
based on an algorithm which controls the case tsirhalated. This ensures a considerable reducfismwlation time
compared to simulations using simple batch prongser a graphical user interface. General simulafjiarameters,
which were kept constant during simulation, arevigled in Table 1. Either an infinitely thin mask or3® mask
topography has been used. In the following, thet fiase will be referred as “2D simulation”, and #econd one as “3D
simulation”. SOLID-CTM" uses a fast Finite Difference Time Domain (FDTD)oalltpm for rigorous calculation of
the EM field of 3D masks. Further details of thistiheel can be found elsewhere [3]. The resist modpliexp was
calibrated previously to line/space patterns usi2fp mask.

Simulation Parameter 2D simulation | 3D simulation
lllumination
Mode circular
NA 0.75
g 0.5
Wavelength 193 nm
Imaging
Model Transfer Matrix, Vector
Pupil Mesh Points 10
Normalization Open Frame
Flare constant (2%)
Mask
Stack n.a. MoSi / SiO,
Transmission / Phase 6% / 180°
Pattern regular contact array
Pitch-x / Pitch-y 300 nm /380 nm
Resolution x/y/z n.a. | 0.5/05/1nm
Resist
Stack 250 nm Resist / matched substrate*
Resolution x/y/z 1-2/1-4/4 nm

Table 1: General simulation parameters used inr&D3D SOLID-CTM™ simulation

*matched substrate: material with same optical ergs (n,k) as of the resist in order to suppstssding waves



3. RESULTSAND DISCUSSION

The pattern investigated in this study is a regotatact hole array of 11 x 5 contacts with alwdyes same pitches as
stated in Table 1. Nominal mask parameters and mmeesik CD’s calculated using CD-SEM and SNP data medsat
AMTC are given in Table 2. According to these CD-SERasurement results, small contacts were printednwadl on
mask, whereas the biggest one was almost on targes, the mask CD deviation decreases with inargasize, and is
almost zero for the biggest contact. This resuthalestrates a high quality of the attenuated phlhitng mask which
was previously manufactured by the mask shop d@fidoh Technologies in Munich.

Moreover, there is a CD offset between CD-SEM an® Si. the CD of the contact width obtained by S8lBlways
higher by about 3nm compared to CD-SEM (see Figuré/é believe that the CD obtained by CD-SEM iseldto the
real size of the contact since only the CD-SEM memamant tool was previously calibrated to requiretaaf Infineon
technologies.

nominal mask CD mean CD by CD-SEM mean CD by SNP
X (nm) Y (hm) X (nm) Y (hm) X (nm) Y (nm)
80 300 74.9 286.8 78.4 282.8
90 300 85.9 289.3 89.2 289.3
100 300 97.0 291.9 100.1 291.9
105 290 102.2 282.5 105.1 282.9
110 290 107.6 283.4 110.8 285.9
120 280 118.2 274.8 121.2 278.2
130 280 128.4 275.7 131.9 279.8
140 280 138.9 277.1 141.8 280.3
150 280 148.8 277.3 152.5 281.5
160 280 159.0 278.4 162.9 281.9
180 290 180.1 289.7 183.3 294.2

Table 2: Nominal and mean mask CD’s (1X) by CD-SEM &NP for contact array patterns used in thisystud

Figure 2 shows SEM images of the smallest and biggedact used in this study. Images were takem fiee center of
the pattern. A significant corner rounding can &erswhich radius has been estimated as about 48mai £ontacts.
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Figure 1: Difference between mask CD measured by SNP Figure 2: SEM images of center contacts witiza ef
and mask CD measured by CD-SEM for contact hole width 80 nm x 300 nm and 180 nm x 290 nm, respectively

First of all, the CD of the contact array pattemreésist as a function of its corresponding CD asknhas been
investigated by experiment and simulation. Figuriiuatrates for the contact width an increase resist with
increasing mask CD while the contact length wag kepstant. There is a linear relation betweentpdrCD and mask



CD in the upper mask CD range, and a strong dewidtdm this behaviour in the lower mask CD range can also be
seen, there is a slight mismatch between experiamht2D simulation, especially at small contacttixgd This can be
explained by the fact that the resist used in stpeement was slightly different to the one useddtibration. Possible
causes might be differences in the chemical cortiposdf the resist, bake temperatures, thicknest#ise stack layers
etc. Figure 4 demonstrates the same behaviouhéotdntact length, except for the mismatch whidleiserally smaller
in the mask CD range investigated.

Since a 2D mask was used for resist model caldorati the past, the CD in resist obtained from 8Busation must be
smaller than the CD provided by 2D simulation. thes words, the dose to size must be higher forttsin for 2D

simulation. The reason is that interaction of lighith the side walls of the 3D mask decrease theuamof light

entering the projection lens system. Figure 3 astia that the CD as obtained from 3D simulatiomieed smaller
than the one resulted from 2D simulation when ughegsame dose as applied in the experiment. Meredve CD

offset between 2D and 3D simulation is not condvantincreases with decreasing mask CD.
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Figure 4: Printed CD of @mritlength in resist vs. mask CD
(width) using the same conditionsdigure 3

Figure 3: Printed CD of contact width in resist wesk CD (width)
using a constant mask CD for the length (270 nm)aacanstant
dose (19 mJ/chy

In general, 3D simulation should normally matchhaéxperiment. The question arises what can be domgett this
agreement, and what would be the consequence fairillation. This issue is of some academic nabeause resist
models are usually calibrated using 2D masks. Ehisdinly due to computer run time limitations wieatibrating the
model as well as when doing simulations for littagaity applications later on. Though a very fast Biukator is under
development, however, this tool was not availabtetliis study [4]. Nevertheless, an establishedetation between 2D
and 3D simulation would help to understand 3D n&ffécts when interpreting simulation results.

Under the assumption that the resist model has lsaBbrated to experiment by use of a 3D mask, woald
theoretically have the following possibilities tdtain the same CD by 2D simulation as in experimg@mt 3D
simulation):

1) decrease width and length on mask using indivigprabame) CD offsets

1)} decrease the exposure dose by an offset

To examine the first proposal, the mask CD diffeechetween 3D and 2D simulation has to be knowrarexample,
the offset for the contact width can be extractednfFigure 3 and 4 keeping in mind the assumptiated above. That
is, each point of the 3D simulation curve corredatéth one specific point of the 2D simulation caivhich belongs to
the same printed CD in resist (see arrows in FiGurad 4). Then the mask CD offset between 3D andi2Dlation for
the contact width on mask can be plotted as a fumctf 3D mask CD-x (see Figure 5). To close the lgejveen 2D
and 3D simulation with respect to the printed conteole width, at least the introduction of a m&iR offset for the
contact width is necessary when keeping mask Ceydose unchanged. However, this offset incredsglg with
decreasing contact width on mask. On the other ,htred same mask CD offset has to be reduced withedsing
contact width in order to match the contact hotegth in resist. Thus, it is not possible to matchvgith 3D simulation
just by changing one mask dimension (width or Iehginly. Instead, individual CD offsets for widtinchlength are



required. These offsets were determined by admistia mask parameters (width and length) in 2D kitimn to get the
same CD for width and length in resist as in 3Dutation. The calculated CD offsets are given inurég6. As can be
seen, the offset for the contact width increasgétyy with decreasing mask CD, however, the alisolalues are lower
compared to those provided in Figure 5. As for ¢batact length, not only the offset but also theantainty of its
determination increases with decreasing mask CDs #hin contrast to the contact width, which offgan be
determined with a significant smaller uncertairifhis is shown by the error bars illustrating the Gffset range for
which the difference between 2D and 3D in termanglan RMS error i€1 nm. In addition, contour plots of the
calculated RMS error show that the optimum CD daffiseery confined to a small mask CD region f@&amask CD of
160 nm, whereas this region is very elongated wetpect to the length for 110 nm mask CD (s. FigQreHence,
printing of small contacts in resist is much marseinsitive to the contact length on mask. The re&mothis behaviour
is given later on. To summarize the results, theduction of a mask CD correction in 2D simulationethod 1) may
give predictive results for the CD in a limited ganof proximity, mask biases, and imaging settitdmwever, some
calibration work is necessary to achieve this. @a ather hand, the second proposal, i.e. the inttomh of a dose
offset, does not work. In general it is not possiiol get the printed CD of both width and lengthudtaneously on target
just by correcting the exposure dose (not showa)hérshould be noted however that this method wank for squared
contact holes.
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Figure 7: Difference between target CD provided Bysgnulation and printed CD obtained by 2D simulatith adjusted mask CD
for width and length (in terms of mean RMS errorrakulated for a 3D mask CD-x of 160 nm (left) d&d® nm (right).

The mask error enhancement factor can be obtaistdbyucalculating the first derivative of the cusw&hown in Figure
3. It should be noted that this calculation doestake into account a variation of the length orskpa.e. MEEF is



defined here for the contact width while applying@nstant length. This simplifies work. As expectdte MEEF
increases with decreasing mask CD (see Figurel®teTis a good agreement between experiment arsir2lilation
except for small printed CD’s. The discrepancy an®can be explained by the high error of the topsd CD-SEM
measurement in resist. One reason could be trguleeshape of the contact hole seen in the SEMemélge applied
CD-SEM measurement algorithm fits an ellipse to #hape whose axis determine the CD for width angtke Thus, it
might be that the fitted ellipse covers a biggeraahan the contact actually has. ConsequentlyCihés over- and the
MEEF is underestimated. Another issue could be thstaat offset between top-down CD-SEM and X-SEM iapplt
is not unreasonable to assume that this offsetrakspen contact size, i.e. the CD offset is smdtlesmall contacts and
v.v. Following this argumentation, the X-SEM CD igeoestimated and therefore the MEEF also underegtihatthis
case.
In contrast to CD determination in resist, 3D

Kk : simulation yields almost the same result (MEEF) as
44 N\ —— Experiment 2D simulation, except for a medium CD range
| —e— 2D Simulation between 100 and 140 nm where the MEEF is slightly
W - -A-- 3D Simulation higher predicted by 3D simulation. It is not clear
L 34 " “\\ whether this is to be ascribed to a systematic
w N\\ difference between 2D and 3D simulation or to
% f\\\ deficiencies of the resist model. Further
2 N investigations are ongoing to clarify this issue. |
_ Qisi\ should be emphasized however, that the
i&,\ experimentally determined MEEF is well within the
14 o uncertainty of 2D simulation if illumination, focus
e e and dose errors are considered (see error bars in
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Figure 8: MEEF of contact hole width as a functadrthe
CD in resist (width) as derived from figure 3

2D and 3D Simulations were performed in order tizudate dose to size and mask CD necessary to {enCD for

width and length at best focus on target. Thatisafgiven contact width on mask the dose and cbfgagth on mask
were varied within an optimization loop until thedl CD in resist was, within a given tolerancet6f5 nm, on target.
As for the target CD, 115 nm and 142 nm were chdserontact width and length, respectively. Theafivalues for
dose to size and contact length on mask are platedfunction of contact width on mask (see Fi§jre
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Figure 9: Dose to size (width and length on targeta function of contact width on mask (left). Teeresponding contact lengths on
mask (mask CD-y) are displayed vs. contact widthsi@D-x) (right).



Experimental dose to size and mask CD values cdrobtained with the same precision as in simulafitnis is due
to limited CD-SEM measurement accuracy at the omel lsad higher dose and mask CD stepwidths in exgeti on
the other hand, compared to simulation. Therefana] £xperimental values as plotted in the figusese obtained by
interpolating experimental data using standard xD&lysis. As expected, the dose to size is higheBD than for 2D
simulation. In addition, the ratio between dosesite for 2D and 3D simulation is not constant bhearges by about
15% in the mask CD range examined.

As can also be seen, the contact length on magleakss almost linearly with decreasing contactiwidtthe upper
mask CD range. With further decrease of the witléh length approaches a minimum until it increasggm This
behaviour is observed both in simulation and expenit

The existence of this minimum can be simply expldibg the fact that printing of contact holes, whigla smaller than
about 0.8/NA (~150nm in this study), is controlled by theiqtospread function of the optical system and nothe
mask dimension [5]. This implies that only the p&atiensity of light is reduced when reducing thateat size. At the
minimum of the curve, the light passing through tmntact is just sufficient to print width and I¢ingon target.
However, the length in resist cannot be kept ogetiaif the width on mask is further reduced. Theref the length has
to be increased when continously scaling down titghwAs for 2D simulation, the agreement betweienutation and
experiment is fair in the upper mask CD range, ratlder unsatisfactory in the lower range. Espeacifilé minimum is
predicted at a 35 nm smaller width and 9 nm smédlegth on mask. On the other hand, 3D simulatiedigts fairly
well the location of the minimum as well as the raletrend. However, there is still some improvempassible with
respect to quantitative agreement to the experiment

An error analysis was performed in order to examvhether measurement and simulation errors may aaignificant
impact on the curves shown in Figure 9. As forekperimental data, a CD-SEM measurement erraf3aim has been
taken into account. As for simulation, two pointerer again simulated applying real mask layouts @d corner
rounding) as obtained by CD-SEM, a real illuminatgmurce distribution (instead of a top hat distitm) as well as
dose and focus offsets. The result of this analggisovided in terms of error bars in Figure %&ly, the overall error
found in the upper mask CD range may, at leaslypactcount for the mismatch between 2D simulatiod experiment.
However, this is not the case for the lower maskr@iye. Thus, 2D simulation completely fails in pecédg the correct
mask bias for contact hole widths on mask well Wwel60 nm.
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Figure 10: EDL of the contact width as a functidrdepth of Figure 11: EDL of the contact width asiaction of depth
focus for 100 nm contact width on mask (length adjsisted to of focus for 140 nm contact width orskngength was ad-
match the target CD). justed to match the target CD).

Finally, process windows (PW), i.e. the exposureediatitudes (EDL) as a function of depth of fo¢D®F), were
calculated for several contact widths using measarel simulated CD data. A target of 115 nm arulead@nce o&10%

were applied for the CD of the contact width. M&skors were not included in simulation. As an exEnpW’s are
shown in Figure 10 and 11 for a contact width orsknaf 100 and 140 nm, respectively. Obviously, ¢hier a

discrepancy between simulation and experiment, wisiczery likely due to an inconsistent resist modlae interesting
fact is however, that 2D simulation almost coinsigéth 3D simulation in the higher mask CD rangedamonstrated
for 140 nm width. This implies here that the madk @fset between 2D and 3D simulation does not tmsanificant



impact on PW. However, this behaviour changes wbeking at smaller contact widths. 3D simulatiorivkrs a lower
PW for 100 nm width than 2D simulation. So far,frdiftion effects on the small mask pattern areebeli to be
responsible for the loss in PW. Moreover, an add#l contribution may arise from deficiencies a thsist model used.
The question is whether 2D simulation can be appliEdg a mask CD correction in order to get theesassults as in
3D simulation. Thus, 2D simulations were repeatddguthe mask CD offsets as given above. As for dd0contact
width, the result matches perfectly with the ontaoted by 3D simulation. In case of 100 nm contédth however, the
discrepancy between 3D and 2D (with adjusted meskyen higher than before. This is probably dua gystematic
difference between 3D and 2D simulation which carseen more clearly in Figure 12. It shows theutaled DoF at
5% exposure dose latitude as a function of mask\@Ben looking at results obtained without consiagninask errors
first, the DoF calculated by 2D simulation increasteadily with decreasing mask CD, and is venjlaino the one
obtained by 3D simulation for mask CD’s above 12@ Below this value however, agreement is ho marerg The
difference in DoF increases when further decrealiegnask CD. This cannot be avoided by a mask CGEection in
2D simulation, as also shown in Figure 12.
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Figure 12: Process window (depth of focus at 5%osmpe
dose latitude) of the contact width, with and wiiho
considering a mask CD error (ME) @2 nm (1X), as a
function of mask CD (width). A target CD of 115 nndam
CD tolerance o£10% were applied.

4. CONCLUSIONS

Full resist simulations of contact patterns usitoghb2D and 3D attenuated phase shifting masks wamnged out to
examine the quality of prediction with respect tinfgd CD in resist, MEEF, and PW in comparison tpegimental
results. It has been demonstrated that there gnifisant differences between 2D and 3D simulatiorierms of the
printed CD in resist in dependence on mask CD aqmbsure dose. The behaviour observed in 3D simulatam
however be described by 2D simulation if a maskd&@rection is applied for both contact width andgth. In case of
rectangular contact holes, the CD offset betweera® 3D simulation is different for width and lehgand exhibits a
non-linear function on 3D mask CD, i.e. increaséth wWecreasing mask CD. As for the prediction of MERFgood
agreement has been found between simulation aretiemgnt. In particular, only minor differences beesm 2D and 3D
simulation were observed in the mask CD range 6f-1040 nm which can be resolved by applying threesenask CD
correction in 2D simulation. As for the predictiohPW'’s, 2D and 3D simulation deliver very simitasults above 120
nm mask CD independent of the mask error includesimulation. With decreasing mask CD below thisitihowever,
PW'’s are more and more overestimated by 2D sinmath comparison to 3D simulation. Furthermore, asknCD
correction does not help to bring 2D simulatioragtordance with 3D simulation in the lower mask @Bbge. It has
been shown by experiment and simulation that fersime contact size in resist there is a minimutheotontact length
on mask in dependence on the width. Fair agreebwimteen 2D and 3D simulation was obtained aboveni8@nask
CD whereas a strong difference was observed bdimsarégion. Especially the location of the experitaliy observed



minimum at 145 nm mask CD is reasonably describeyg loy 3D simulation. Thus, 2D simulation fails poedict the
correct mask bias in the lower mask CD region.ddition, a mask CD correction would not help irstbase.
Summarizing, the prediction of realistic mask bsasad PW'’s in the lower mask CD range is only fassby 3D
simulation, and not by introducing mask CD offsats2D simulation. 2D simulation in conjunction wii well
calibrated resist model is sufficiently reliabletire higher mask CD range. It would be interestimgther the mask CD
limits given above will change with pitch, mask éy@nd imaging settings. It is, for example, expé¢hat the impact of
a 3D mask on the simulation result increases wibrehsing pitch. Since the mask CD for small pichg future
technology nodes cannot be as large as the CDtclfigs of current nodes, the 3D effect will becormenemore
important.
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