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Rationale

In situ metrology is now being applied to
monitor and control a wide range of
phenomena associated with crystal growth
and semiconductor processing. Optically-
based techniques in particular are being used
to control stress, engineer alloy compositions,
and reduce dislocation densities during
epitaxial growth; real-time analysis of post-
CMP residue and control of birefringence in
CaF, crystal production are other notable
examples. Given the potential for added
process cost, in situ metrology is considered
only in cases where traditional “post-mortem”
analytical characterization fails. Where in situ
metrology is adopted in a manufacturing
environment, the economics of falling yields
must clearly justify the cost of process
disruption. While it is clear to most that EUV
projection optics simply do not last long
enough to meet specifications for high volume
manufacturing, what is unclear is how costly,
disruptive, and effective various candidate
metrologies might be for the in situ control and
monitoring of projection optics contamination.
The question is especially relevant given that
this is a research area where the failure of

current strategies is keenly felt; in other words,

some degree of process disruption might be
acceptable to lengthen the lifetime of the
short-lived projection optics.

Accordingly, the overall goal of this work is to
understand the minimal amount of information
required to monitor / control optics
contamination during actual exposures and to
determine the maximum amount of allowable
process disruption. As a first step toward
meeting this goal, candidate technologies are
reviewed in this context. Here we investigate
the ex situ detection limits of “thin” C and
oxide layers on multilayer EUV optics
samples. Where possible, data from EUV-
exposed SEMATECH Ru-capped benchmark
optics (ML1) samples are reported. These
data serve as the necessary first step towards
a feasibility assessment for in situ metrology
for controlling contamination of projection
optics.

SEMATECH

Accelerating the next technology revolution.
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Auger Electron Spectroscopy

>Mini 23
Minimum detectable thickness Auger Data obtained on Ru<:

submonolayer possible; >1 nm (for 0) Multiayer (ML) Benchmarking Sample

»Sampling area? 3e-19 cc (atoms per cubic
centimeter concentration)

>Sensitivity to bonding arrangement? no
»Special sample preparation i
requirements? information obtained by depth |
profiling .
»Chemical specificity? yes

>Inline capability? no

>Real-time control capability? no

>Destructive? yes

>Vacuum needed? yes; sample must be small e e oars ot
and compatible with high vacuum for 40 hours 5.0 42 and 2207

>Caveats? cannot detect H or He; non- Tor watervapor
conducting samples often charge & cannot be

analyzed; standards required, high resolution

detector needed o separate C and Ru peaks

X-ray Photoelectron Spectroscopy

»Minimum detectable thickness?
sub-monolayer detection in general; Cis 0 end 50,00 R0
diffcult for Ru capped MLs detecton o agsoroed O and & pecies
»Sampling area? Small spot - 262 -
microns possible for micro-XPS
capabilty

»Sensiviy to bonding
armangement? yes

»Special sample preparation
requirements? yes; UHV and small
samples required

»Chemical specificiy? yes
In-line capabilty? difficult, but not

impossible

»Real-ime control capability? no e
»Destructive? not for most XPSis sesive o thechemical
measurements e an o o chanorb O

rom OH. and 50, from 0 on Ru surfces
>Vacuum needed? yes

e
»Caveals? Ru 3d transition interferes
with C detection

X Ru (1010 P Ru-capped MLL sample
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Reflectance Difference Spectroscopy
>Minimum detectable thickness? ROS Specra: Ap Example From inGaAs?

submonolayer

»Sampling area? L um ! laser source

>Sensitivity to bonding arrangement? yes T

>Special sample preparation g P ~,

requirements? no At

»Chemical specificity? generally, no L

»inlne capablty? yes [

»Reak-ime control capabilty? yes

»Destruciive? 1o

»Vacuum needed? no

> Caveats? hence
works only anisotropic

materials and structures; however, these ““""z Uv'“;’:: ?‘hzr:sj;:":xg:‘?":ﬂ:‘k‘zi 1
anisotropiescan be used s badis O NSt o (o Py 0 i
semiconductor growth monitors (ternary (2 x4) like surfac reconstruction (typical for
compound composition, dopant levels, film InGaAs) caused by the decreasing P-io-AS
thickness, growh ate)and for in st ol s omaton o wed o eeblo e
monitoring of tress-induced birefringence for e alloys. (from LayTec GmbH, Applications

materials like BaF, and CaF, o
it perisson)

Ellipsometry .
»Minimum detectable thickness?

‘submonolayer sensitivity

»Sampling area? typically millimeters; for
‘microellipsometry, as small as 20 x 50 um
»Sensitity to bonding anangement? yes*
»Special sample preparation requirements?

Noj but specular surfaces required; optical ) e
functions of individual heterostructure layers e )

must be known for modeling

»Atomic specificity? Generally no. Only if
unique spectral features are generated g
»inline capabilty? yes fod
»Real-time control capability? yes. b
»Destructive? no

»Vacuum needed? no; any transparent
ambient vill do R o
»Caveats? *responds to polarizability; many s o)

aspects such as surface roughness, voids,
contamination therefore

Ellpsometric angls 4300 ¥ llstrating observed

may be correlated. Not always possible to (re)and unexpose (e) o, etured it
distinguishthese separately in a post-mortem, Rt oe o o s coset
it an cress 450t

model-dependent, static measurement,

Ellpsometric daa obiaine on e SEMATECH
enchmarking Ru-capped multlayer MLL sampl with
&N-2000% microspot llipsometer from the I
Wionlam Co.ith mapping capabilty. Messurements
were obiaied rom 370 o 1o 000, in mapping
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590, samples were ai-exposed prior o
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Secondary lon Mass Spectrometry
ToF SIMS TOF SIMS Data Obtained on & Ru-capped

Mulllayer (MLL) Sample.
>Minimum detectable thickness? sub-

Reflectometry

>Minimum detectable thickness?

FTIR IR Reflcton Spectra Obtaned on
»Minimum detectable thickness? possibleto ~ EUV-exposed Rucapped MLLsample
detect monolayers , though confidence is greater 100 o seech mode

- o EUV R’“’”W"V Map of Ru- for layers > 100A (for hydrocarbons)
-monolayer ped ML1 Sample
::::;?gl:ﬁ:vg:‘;:vl;z"sznriiige;;:n:m of flight e >Sampling area? 1 um w/ laser source >Sampling areg’ 1:0 um2 (round spoy)
>Sampling area? ~100nm spot size . »Sensitivity to bonding arrangement? for ’59"‘5‘“;”"/ to " onding arrangement? yes Y
7 Senstiviy to bonding arrangement? no & spectral measurements, as ellipsometry ;OSDema ‘sample preparation requirements’
»Special sample preparation ig > Specil sample preparation »Chemical specificity? yes; better detection on
requirements? yes; UHV and small samples 30 RuO, requirements? no: but specular surfaces e n .

: o Ru required teavy metal (€.g., on
'Eg“h':’:ma‘ specilcty? yes,butro o > Atomic specificity? as ellipsometry r\n-HnFeT cRapamhm yes for FTIR; not easily with
> 21 i 4 micro
sensitivity to bonding arrangement B puvvonoooonhooan ,:Qe'a"ﬁ,,ii"i:‘"‘?,g ﬁ;ammya yes >Real-time control capabilty? yes for FTIR; £ =
»In-fine capability? difficult, but not o > Destructive? no ot easily with micro FTIR e e
impossible N »Vacuum needed? not for wavelengths »Destructive? no Infrared (IR) reflection  spectra_for _the
»Real-time control capability? no d onger than VUV; VUV requires N, purging; 20 S0V reflecarce nap o e SENATECH »Vacuum needed? no SEMATECH benchmarking _ Ru-capped
7 Desiuciver s @ OV ety requies U g s g ZCaveais? TR (enuated Total Relcon) sy M, om0 207
»Vacuum needed? yes 20 »Caveats? very difficult to do accurately;  bewesn reasof he somple xposed 1 FTIR can characterize surface films on special iflrent ot it o ieren watr ressres
>Caveats? some ion sources leave deposits; | accuracy limited by and internally reflecting samples, like a Ge crystal with  and irracistion power. The spectra are all
cross contamination a serious issue if not M s detectar-sansitity variations, oo by Aol vt g resires 548 beveled edges. Though monolayer sensitvity can  ifererce pects, rferrce o  on-raiated
using a dedicated instrument; specira can be fei macroscopic roughness (scattering) ~ be achieved, the special sample prep requirements - (L 1 0'Gr ' i concuions, i he
complex to interpret Wass units with €= 12 amu render this technique unsuitable for real-time Samples were air-oxposed for several monthe
X-ray Reflectivity T laver ML) Wt Sampie Low Energy lon Scattering Raman Spectroscopy

>Minimum detectable thickness? >2.5nm

»Sampling area? tens of 4 area possible

with micro-focus x-ray source w =R

»Sensitwviy to bonding arrangement?no 5

»Special sample preparation ) |
requirements? no H

>Chemical specificity? no us T i\

>In-line capability? possible
»Real-time control capability? possible but

very expensive to develop
»Destructive? no

»Vacuum needed? no

»Caveats? impinging x-ray bea i spread
i one direction over a large area on the
sample due to geometry requirements (grazing
incidence); a micro-focus x-ray source is
required. Minimum detectable thickness of the
capping layer is dependent on the period
thickness of the ML. ire composiional varationa e nefoc.

R s on o g

»Minimum detectable thickness? fraction
of amonolayer—LEIS measures mainly the
top monolayer

»Sampling area? several mm?
Sensitivity to bonding arrangement? no
»Special sample preparation
requirements? UHV; conducting samples
preferred

>Chemical specificity? yes

>In-line capability? probably not
Real-time control capability? probably not A
>Destructive? yes~ He-+ ions sputer low

Detection of carbon on Ru surface

mass surface atoms

>Vacuum needed? UHV required Het onscatering — eficent ool
»Caveats? greatest sensitivity t0 higher for Gand O deecion onsuisce
mass atoms

Tangental C-C Stretching modes
»Minimurm detectable thickness? a few
hundred

»Sampling area? 05 microns
»Sensitivity to bonding amangement? yes;
detects non-polar bonds. E g, for C, can
distinguish between diamond or graphitic
bonding

»Special sample preparation
reqirements? no

>Chemical specificity?yes

>In-line capabilty? yes

>Real-time control capability? unknown
>Destructive? no

>Vacuum needed? no Raman scarring s gy s oot b
>Caveals? does nol detect IR active bonds; 3o (5, ) gy b i
only Raman active modes
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Backscattering Methods
Elastic Recoil Detection of Light Elements
>Minimum detectable thickness? ERD for ] fESkeVCaap
Hydrogen can detect 10 to 20A in a hydrocarbon \,ﬁ o i
layer (adventitious H makes it difficult to separate !
e rom e o e imey: ens o A or ’
C(eg. 30 A possible; 10 A lower limit) using
Carbon resonance analysis/ Nuclear resonance
analysis (NRA) 1
>Sampling area? on the order of mms (e.g.. ™
2mm x imm)
>Sensitvity to bonding arrangement? no NRA for Cin RuSIOX film
»Special sample preparation
no
>Chemical specificity?no
>In-ine capabiliy? no
>Real-ime control capabilty? no
> Destructve? Yes (piece is cleaved); however,
chamber can be modified to fit whole wafer
»Vacuum needed? yes, order of 10E-06 Torr 100 200 300
»Caveats? requires a small sample Channel no

Conclusions & Outlook
To assess the feasibility of in situ metrology, we need to
answer 4 basic questions:

1.What are we trying to measure, to what sensitivity do we
need to measure it, and how fast does it happen?

2.How do we insure that work on in situ metrology options
is of use to EUV exposure tool suppliers?

3.What are the various metrology options? What kind of
information can be obtained from these options? How
disruptive / invasive would these options be in the PO
Box of an EUVL tool?

4.What is the upper limit, in terms of cost, that could be
tolerated for any in situ optics metrology?

This work focused upon question #3.

What we have learned thus far:

+Optical techniques rather than electron /ion beam-based
techniques have real-time control capability because of their non-
destructive nature

+Among suitable candidates, those that yield the most detailed
information may also be the most expensive to develop for real-time
use (e.g., FTIR and Raman vs. reflectometry)

Next steps:

*Understand cap layer surface chemistry and the role of back ground
chamber contaminants (to answer question #1)

+Understand cost of ownership / extent of process disruption for each
of the candidate techniques; narrow options (question #3)

*Weigh information obtained with cost of process disruption (#2, #4)
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