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ABSTRACT

Monitoring of pattern roughness for advanced technology nodes is crucial as thisessighn adversely affect device
yield and degrade device performance. The main industry work hoisdifee roughness measuremeistthe CD-SEM,
however, today no adequate reference metrology tools exist that allow tatevitdlroughness measurement sensitivity
and precisionTo bridge this gap, in this work the roughness measurempabitiies of different analytical techniques
are investigated. Different metrology methods are used to evaluate essghim a same set of samples and results are
compared and used in a holistic approach to better characterize and ghamntifyasured pattern roughness. To facilitate
the correlation between the various metrology techniques and the evalu&ZibfS&M sensitivity, an effective approach

is to induce pattern roughness in a controlled way by adding well déémeld of roughness to the designed patterns on
aEUV mask and to measure the response and sensitv@P«3EM and of the other techniques to these different pattern
roughness levels once printed on wafers. This paper presentsigimess measurement results obtained with various
metrology technologies includingD-SEM, OCD, S-TEM and XCD on EUV Lithography patterned wafers both post-
lithography and post-etch. The benefits of recently developed nmgr@lohancements are demonstrated as well;
automated TEM allows to generate accurate and rather precise reference rodgtaedachine Learning enables OCD
based roughness metrology with good correlation to CD-SEM and STENhamproved sensitivity of EUV and X-ray
scattering systems allows to extract roughness information that does caor&&teSEM.

Keywords: Pattern roughness, holistic metrology, EUV scattering, X-ray scatt@®i@®, STEM, CD-SEM, metrology
precision, metrology sensitivity.

1. INTRODUCTION

Due to the small physical dimensions of integrated circuit structpagern roughness characterization, i.e. the detection
of small random excursions from the mean geometrical parameters gpgigagficant metrology challenge. Particularly,
the measurement process may even change the structure geomethg ®egll-known electron beam induced resist-
shrinkage or carbon deposition during SEM and TEM measuremiEmse are, however, many more likgptical
EOHDFKLQJY LQ 2&' RU WLS ZH D Uhésehhfods\dirQlody) €pebifit \&fddis@edtd measurement
uncertainty and, therefore, a single measurement cannot provide goamsresults.
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While CD-SEM is used on a routine basis for pattern roughness monjtadaguate reference metrology is lacking to
verify its measurement sensitivity and uncertainty. Traditional TEM mdmoy has the ultimate resolution to measure
structural variations locally at the sub-nm scale, but TEM is consideredawdor generating any statistically relevant
data. However, recent advances in the development of automated TEM metsolddipws open new ways to do
statistically significant TEM analysis of line roughness in latest generagidgnedstructures. Other, more integrating and
faster techniques such as X-ray scattering or optical scatterometry can aepeestince of line roughness in the recorded
photon spectra, but the unknown sensitivity and the complex extradttbe line roughness information from the spectra
make quantification a non-trivial task. To leverage strengths and weaknesHes different metrology methods,
combining and correlating CD-SEM, TEM, optical scatterometry and Xaagd roughness analysis results may help to
better understand and to improve the capabilities of these roughness gydaolmiques in terms of sensitivity, precision
and efficiency.

Therefore, the purpose of this study is to evaluate the capabilitiesesd tifferent in-line and off-line metrology
techniques to measure roughness of different patterned structures, to cdrapaseilits obtained and to understand how
these technigues can be combined to arrive at best roughness characterizatidologgés. To explore pattern roughness
measurement sensitivity and uncertainty of these metrology te@snigumore details, test patterns were designed that
incorporate induced roughness with defined spatial frequencies and demlitd set of two EUV masks including these
patterns was designed, fabricated and used to transfer these patterns ostolvafdetails of the sample structures and
the experimental plan are described hereafter.

2. DESIGN OF EXPERIMENTS

A CAD layout was designed to form metrology targets with induced rouglomedge EUV reticlesin sinusoidal and
random, in-phase and oaf-phase arrangements with predefined (printed) wave leng®g20 nm) and amplitudes (O -

6 nm). In table 1, the different targets that have been used isttillig are listed. The EUV Masks were fabricated by
Toppan wafer patterning was done by imec @silicon layer and on a more complex BEOL Metal 1 stack of layers
(Fig. 1). Lithography was done in three different ways: at nominal exposonditions (POR), at nominal focus and
varying exposure dose conditions (EM) and at varying focus gmolsare dose conditions (FEM). The hard mask and
trench etch processes were done at nominal etch conditions (POR) bentiedich was also done with varying etch
times, to create trenches with varying depths and, potentially, diffespect ratios. Wafers were extracted and
characterized after EUV litho resist patterning, Hard Mask etch and M1 dielectric étehgbrocess steps. To correlate
the different metrology techniques, all wafers were measured by at leastrivaneometrology techniques: tHeSilicon
wafers by two different X-ray and EUV scattering tools and CD-SEMMthetack wafers after resist patterning by CD-
SEM and OCD, after hard mask etch by CD-SEM, OCD and STEM and, finadly didlectric trench etch by CD-SEM
and STEM. Below the experimental results are presented for each of these metrcioiyues.

Table 1.List of characterized BEOL target®6ilicon targets used by X-ray and EUV metrology tools are presented in table 2)

Target type Trench CD Induced Wave Length Amplitude
(EUV mask 1) (nm) Roughness (nm) (nm)

Natural Roughness None

Chirped Sinusoidal 30 100 Off Phase 30-20 6
Random Roughness 30 100 Random 100 (*) S
Natural Roughness 24 48 None - -
(*): correlation length
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Figure 1. ,PHFTV %(2/ 0 SDWWHUQLQJ WgeR bf\atruttirédReZif), THNJNard WSkl & Bielectric Trenclare
analyzed by CD-SEM, OCD and STEd FEM, EM and POR wafers fabricated for each.

CAD Layout

3. CD-SEM METROLOGY

The CD-SEM algorithm is designed to sensitively detect pattern edges. Pattern edge dpneaated in a form of
topographical points, that are processed to calculate the pattern CD as well as thequateress A common approach

to characterize roughness with CD-SEM is by transforming the 2D tayploigal points from the space domain into the
frequency domain and using Power Spectral Density (PSD) analysihjéJapproach enables to evaluate the dominance
(power) of specific spatial frequencies or frequency bamttee measured pattern edges. The various targets listed in table
1 have been measured with CD-SEM after the different process sttpsR8D analysis was done. From this full PSD
analysis, the roughness spread was integratetréss specified frequency bands, i.e. low frequency, LF < 1/200nmigh,
frequency , 1/200 < MF < 1/20 nm, and high frequency, HF > bh2@Roughness of low spatial frequency may indicate
overlay or wiggling distortions whereas mid and high frequelarylb can be related to the stoichiometry of materials, or
deviation of different process steps and can impact electron/hole mobitigyasitic capacitance.

Natural Roughness vs. Process steps Chirped Sinus Roughness vs. Process step Random roughness vs. Process steps
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Figure2. PSD charts for three different targets measured at three diffeometsp steps (litho-HM etch-trench etch)
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The PSD charts ( Fig. 2) indicate that for this M1 process the pattefmesgjcharacteristics are essentially the same for
the line patterns after lithography, hard mask and trench etch préepssis demonstrates that roughness is strongly
defined by EUV lithography and transferred via etch steps to the fitt@rp edges. One can see distinguished peaks in
the MF range of the chirped sinusoidal roughness target, these are well cowélathe at-of-phase sinus roughness
induced on this pattern. The area underneath the PSD curveseidgiheoughness calculated as 3 sigma deviations of
topographical points from a straight line (LER) or as CD 3 sigma devidtams rectangular line (LWR)Selecting thre
roughness bands enables to split LER or LWR roughness intmBens, automatically measured by the tool and to use
these numbers like CD measurements for process window characterization

To evaluate how roughness is affected by focus and exposure setti@edargets were measured aceBEM wafer.
Measurement results (Fig. 3 top) demonstrate that focus variations havedkeitapgct on EUV resist pattern roughness
egecially in the MF rangéVhen repeating the same measurements after hard mask and subseqreetdnesteps (Fig.

3 bottom) very similar results are obtained, again indicating that EUV lithography iddesgst pattern roughness is
transferred during the pattern transfer etch steps in the dielectric film p&terthe HF range though, the wafer maps
after litho and etch show a different center vs. periphery trend. Althinegbhange is within the precision range of the
CD-SEM, this clear trend is less likely to be formed by the CD-SEM toohaydbe related to the etch process.

Interestingly, when comparing the effects of focus and exposuee @loéine CD and roughness, different trends are
observed (Fig. 4): whereas the effect of focus is most significarddighness at mid frequency band, the opposite is true
for the CD for which exposure dose has the largest impact. Characteozgigqess at different frequency bands provides
additional perspective on each process step characteristics. Reflecting diifessiwafer trends, CD and roughness need
to be both measured to fully characterize the impact of these psmtéags on material characteristics, process window
and ultimate device performance.
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Figure 3. PSD analysis od EUV-lithography FEM wafer, with roughness separated iotg mid and high frequency bands. Top row
of wafer maps: roughness of the post-lithography EUV resist lines.rBotiev of wafer maps: roughness of the post-etch
low-K dielectric lines.
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Figure 4. EUV process window characterization: CD and Roughness measure diffeneist Roughness at MF, (lower right chart)
suggests smaller process window vs CD.

Roughness measurement uncertainty was evaluated from reprodutdsilityins using 10 consecutive measurements.
After slope removal, results indicate a 3-sigma roughness measitirenoertainty of ~3% for EUV resist and ~2% for
Etch. A CD-SEM noise suppression approach was applied to removeisheadded by the selected scan conditions and
beam spot size.

To evaluate the sensitivity of the CD-SEM to specific types of patteighraass, the correlation between LER and LWR
measurements has been checked. LWR is commonly calculatedhesiiojowing formula:

LWR? = (LERer)? + (LERign)? 2 x Correlation function (LER:, LERighi)

In case of stochastic roughness, no physical correlation is expected bitgvkdhand right edges, therefore the expected
UDWLR EHWZHHQ /:5TiEQER V§5LWR gkaph (Fig. 5) for the target of natural roeghrclearly reflects
this ratio with a calculated slope of ~ 1.41 for all three spatial frequamges When outef-phase chirped sinusoidal
roughness witim a0.01-0.03 nrt spatial frequency range is added to the natural pattern rougtnesssily detected in
the corresponding LWR vs. LER plot: the roughness data correspondimg t& and HF ranges still fall on a line with
slope ~1.41, but the data corresponding to the MF range that includes the@dgetess show a shift towards higher
roughness values and towards a higher LWR/LER ratio. Hereeaefults comply with the physical model and it
demonstrates that PSD analysis in combination with LER/LWR correlation @nadys provide further insights, in the
nature of the pattern roughness.

FEM EUV Litho Natural Roughness Target, LER vs. LWR FEM Etch Chirped Sinusoidal Target, LER vs. LWR 2
«HF  « MF e IF Linear (HF) * HE *LMP wlF Linear:(HF)
12 -y pomey — ¥ :: ;-,»‘.;W _;m.A -
£ P >
. T g -~
‘ o . :.-.-
' /" L
o
) ER (nm) i I['I:'u'l ) ‘ :

Figure 5. Correlations between LER and LWR for Litho FEM natural roughfiefty and for chirped sinusoidal roughness (right).
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4. OCD AND CD-SEM ROUGHNESS CHARACTERIZATION

Optical scatterometry (OCD) is widely used in semiconductor manufactasiimgline metrology technique: it is fast, non-
destructive and has a proven capability to measure all details of complex 3D egiucitiuding CDs, Side Wall Angles

(SWA), heights, layer thicknesses, foot/notch, residues etc. One of the adsaofta@€D for process control and
monitoring is its capability to measure average values of parameters ekimerthe measured target (on periodical
structures or gratings) with unmatched precision and accuracy. Netess, regular OCD was shown to be sensitive to

the roughness (LER/LWR) of the features. In the paper by A. 2jithfas shown, that measurements line profile (SWA)

of 2D EUV photoresist (PR) lines by multi-angle spectral reflectomeas enabled only by accounting for the LER. In

this SDSHU /(5 ZDV GHILQHG DV DQ 3:HIIHFWLDB®@EBEEEMHbridz&iyrHsohe@el wasK H 35 (
proposed to accurately measure the profile of PR lines [2]. Similar obsesvatoe published recently by R. Bonam [3],

where it was shown that for lines with the same CD but diffengild-in artificial roughness it is required to account for
roughness to provide correct CD measurements. Direct infliifrmoeighness on CD measurements was also shown in

the work of Bilski [4] who proposed to use the CD differences medsat different polarizations as a measure of
LER/LWR. Simulations were used in [5] to visualize the influence ofhoess and to define best modeling and
measurement conditions for roughness assessment by MMSE. $/amoiels were used GHVFULEH BUDQGRP™ UR>
by periodic structuresW KDW DUH UHTXLUHG IRU ULJRURXV 2&' IRPBGHOWLQXKV RILGHAX
rectangular variations of CD, with varying amplitude/frequency/correlationul&tion results showed that in conical

diffraction mode off-diagonal elements of the Mueller Matrix do lewnformation about Silicon Fin roughness. Also,
limitations of the modelling of random effect of natural roughmasrepetitive structure were clearly shown. In addition,

the authors showed by simulations that measurements of natwgaihess in EUV PR lines, with small CDs and heights

will be more challenging for MMSE due to the reduced sensitivity.

In this study, multiple LER/LWR structures with natural and inducehness have been measured after EUV litho and
after low-K trench etch process steps with a Nova T600® MMSR (Multi Meamnt Spectral Reflectometry) OCD
system, that allows measurements at multiple azimuth angles with full cohtpolarization. Multiple wafers were
measured, including FEM, EM, and trench depth DOE wafers described b&farall wafers, all dies were measured,
with per die the 4 different target structures as listed in table 1, egditerns with just natural roughness and line patterns
with mask induced roughness.

As already mentioned before, it has been found experimentally thaEBe8EM and OCD measurements can affect the
sample structureglectron exposure in theD-SEM causes resist and Idwdielectric shrinkage (in resist this effect is
more pronounced), aidV radiation in the OCD system is modifying the optical propertieseoffrthterials. To decorrelate
the effects of these physical phenomen@MRSEM vs. OCD correlation studigs was decided to not measure the same
but identical structures at different locationgachfield.

Machne learning (ML) algorithms based on CD-SEM measurement results wdredapptrain and optimize the OCD
recipe for measuring and extracting the roughness parameters fronedseired spectra. Here we present the results
obtained with a ML based OCD recipe trained to measure CD and LWR of linéxebifapproaches for ML recipe
creation were used to check sensitivity to btiildroughness: we have created recipes per feature, and recipes for
combination of features, and played with the reduction of the traieitsghy using different combination of features to
test the recipes. For LWR measurements of similar Period/line CD featur@8/@d nm it was found that:

X Recipe trained for one of the features works best for the same featunéng sensitivity to the build-in roughness
components.

X Recipe trained at all features does not improve performance, comparedevijte per feature used for
corresponding feature.

These observations show that there is sensitivity to build-in rasghnhat is affecting different frequency domains.
Additional work is required to create recipes that are capable to measure frequemponents of LWR (LF, MF, HF).

OCD results are presented in Fig. 6 for CD and LWR measurements ofpestslitho) and dielectric (post-trench etch)
lines. Correlation to CD-SEM is good for all presented cases.
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Litho — Natural Roughness Litho- Chirped sinusoidal roughness Etch —Natural Roughness

ocD
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ocD
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CD SEM
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Pal nm| R’ Slope |STDEV, nm
o) 0.99 | 0.98 0.27
LWR | o09a | o9s 0.11 LWR 099 | 097 0.25

Figure 6. Correlation between CD-SEM and OCD roughness measurements. CD anah¢&8Red by OCD with the ML algorithms.
Left: post-litho EUV resist lines (70 nm, 100 nm pitch) with naltwoughness. Middle: post-litho EUV resist lines (70 nm,
100 nm pitch) with added chirped sinusoidal roughness. Rigbt:tpanch etch dielectric lines (70 nm, 100 nm pitch) with
natural roughness. Blue and red datapoints correspond to measurenfe®@R and FEM wafers, respectively.

The wafer map data presented in Fig. 7 clearly show excellent matchimg ©CD and CD-SEM LWR wafer maps for
FEM wafers with large within wafer variations, while for POR wafers LyWi&> matching is less pronounced (average
values and within wafer range matching is good). It is believadiahger training sets will improve the measurement
accuracy of single measurements of LWR, which is supportéuelgbservation that reduction of the current training sets
(less dies, single wafer) leads to a performance degradation.

FEM POR Litho, POR FEM POR

oCcD
0oCD

10000

4= Contour Plot for LWR Bottom Actusl Wafer-POR

CD SEM
CD SEM

BeRRuRy
H

Etch, POR

Figure 7. LWR wafer maps measured by CD-SEM and by OCD with ML algorithef. post-litho EUV resist lines (70 nm, 100 nm
pitch) with natural roughness measured on FEM and POR waferd: Bagit-trench etch dielectric lines (70 nm, 100 nm
pitch) with natural roughness measured on FEM and POR wafers.
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5. TRANSMISSION ELECTRON MICROSCOPY BASED ROUGHNESS CHARACTERIZATION

Recent developments in automation now enable metrology TEM syst@eigdom statistically significant TEM analysis
of line roughness. The automation of the TEM workflow, inclgdiample preparation, TEM image acquisition and image
based metrology, brings TEM based metrology to a new level of efficiencgaatrol [6]. The approach chosen here is
illustrated in Fig. 8. Instead of making a top-down image of the [iaees structure and measuring CDs across one line
(the CD-SEM methodology), a lamella is extracted from the wafer andsir th um wide lamella at least 60 lines and
spaces (with pitch 48 nm) are contained. These lines are imaged in cross aedtfor each line and space the CD and
pitch are measured. If it is assumed that the roughness is randsinilyuded across one line and across multiple lines,
the LWR can be calculated from the distribution of the individual Width CD measurements. As the cross-sectional
STEM imaging method does not allow to determine the center of rhaastoline it is not possible to determine the LER
as is done with CD-SEM. However, the LER can be determined from thiplmpitch measurements. If no line edge
roughness exists the distance between two adjacent line equals the natomdE48.00 nm for the selected test
structures). However, with line edge roughness, each individualmp#elsurement will have some variability:

Pitch; = line + space = Pitghn + LER (linel) + LER (line2) (1)
Var(Pitch;) = Var(LER) + Var(LER) or 3Veiechn A OT £ > Z (2)
Hence, LER can be calculated from the distribution of individual pitch uneaents.

The advantage of the STEM methodology is that apart from being able tatgegeantitative numbers for both LWR
and LER, it also allows to know exactly how the line profiles lok& &nd to what exact part of the feature the LWR and
LER relate to. In Fig. 8 this is illustrated in the middle image: thetmpbottom images show different TiN lines in the
same lamella. The variation in CD but also in Pitch is immediately seen iniriegpes.

This STEM based methodology is applied first on the STEM metrology detimeth on 5 Trench etched wafers that each
were etched with a different etch time. In Figh® STEM results are presented and compared to CD-SEM roughness data
obtained on these same wafers and at identical Die locations. In the righth@aljelectric lines are shown from wafers
#03 and #21 that have shortest and longest etch times, respectively.

The correlation between CD-SEM and STEM roughness values has béen &sdessed on a post TiN Hard Mask wafer
that because of the applied Focus-Exposure-Matrix has more pimahessd variation in line widths and in line roughness.
The average TiN line width varies significantly as a function of exposse(@ee image in Fig0) but not as a function

of focus setting. For the line roughness this trend is invergedtrongest variations in LER and LWR occur when the
focus settings are varied.

From the data presented it is concluded that for both LER and LWR the STE®DaB&EM measurements are in good
agreement and both methods are able to detect the same process trend.

LWR = 3¢ Distribution (CD,) SEM roughness analysis

LWR  : many line widths of one line
LER . : many left side 1/2 line widths of one line
LER ;4 - many right side 1/2 line widths of one line

l

TEM roughness analysis
LWR : one line width of many lines
LER . : one left side pitch between many adjacent lines
LER ;g - one right side pitch between many adjacent lines

LER = 3¢ Distribution (Pitch; ;,,)/v2

Figure 8. STEM based roughness analysis, the methodology.
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