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Modeling and Model Validation for Electron Beam Nanometrology
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Example measurement: (1) The image is measured in an SEM. (2) Sample Secondary electron yield measured values: Spherical retarding field analyzer (RFA)
Abstract parameters (fin width, sidewall angles and rounding) are adjusted to produce _ e Reimer & Tolkamp, 1980
. . i 1 ; -metal Shield
Nanotechnology applications often require dimensional measurements with very low the b?St fit (black curve) to the measured er)fI|e (red error bars). The shape 1.5 _ Dione 1973 prlla ST
uncertainties. The scann@ng. electrqn microscope (SEM) beam scatt.ers by more than this described b\/ these parameters (blue curve) is the measurement result. The - Silicon —o— Czaja 1966
amount, so such uncertainties require accurate model-based signal interpretation. panel on the right overlays such results on a subsequent TEM of the sample. ' | -4 Dionne 1975
Schematically, I(x) = M(x; p) with I(x) the measured signal, x the lateral coordinate, p S = 1.0f " 1 -+ Kanaya & Kawakatsu 1972
the vector of sample and instrument parameters, and M the physics-based model function. f-i::.ii:‘;:g:z" o Ia‘ﬁ;%?_tc'}; . [ - | . Wittry 1966
. . . . . RN e o .Tc-zi .t".
ijnkrlljowtnflzargrtne.ters in the p-vector, including e.g., feature shape and size, are assigned ".'? A L .’{?"’ = | ‘ | = Rothwell & Russell 1988
Y & DEST L CHIETOn. ) X 0.5} N\ - Whetten 1962 \wnquadrant y
Models are approximate, there are many of them, and their differences are especially % [ _ e IJBror;t;m %;;?lman 1969 - - - A NS o
notable at low energies. The associated errors are difficult to estimate. Ideally, % . : i | TSIy . v
measurements would narrow the choice of models, but measured basic quantities like bt (UX0) S e N .~ Walkeretal. 2008 :
- - oy 50 100 500 1000 5000 10% RFA features:
secondary electron yield vary by factors of 2 to 4 among laboratories. = .
- « 5 spherical shells
. . : . : 2z E (V) - Outer shield keeps stray external electrons
We are constructing a yield measurement instrument to address this problem. It will be = ! e e e ol |Eaiarn
inside an ultra-high vacuum chamber with facilities for sample cleaning and 15 10 -5 0 5 10 There is considerable scatter in the measurements and very little existing - EallEsier reseuies e @rlied elecieirs
Ehaiacteﬂzatclloﬁ- A Sphef_lclzl fetzfdmg field analyzeff (RFA) Wﬂfléneasure Secondgry a111d ) * (M) data for yield vs. angle of incidence, rendering such measurements a blunt * 3 high-transparency wire-mesh grids extract or
: ac. scattered e ectrqn yle. S and energy s.pectra as .unctlons. ol beam gnergy and angle o | instrument for distinguishing among models. retard scattered electrons. | |
incidence. The RFA is designed to have high collection efficiency that is nearly constant Red = measured data Average cross sections of « Quter shells are also magnetic shields.
with angle. Black = best fit intensity the 3-D shape agree well _ _ _ _ « Sweep of retarding field permits measurement
Measured signal 2lie = iemee e s ipe with TEM cross-sections. The scatter may be due to differences in surface cleanliness or disorder. of spectra.
« Sample rotates to permit measurements vs. incident angle, 6.
« As 0 varies from 0° to 90°, scattered electrons are collected in 3 quadrants (shaded)
. . . . * The hidden quadrant will be used for sample transfer and grid support, leaving the
Ba ckground Model Uncertainties Our Model Validation Approa ch rest of the analyzer nearly invariant with angle for constant collection efficiency.
_ _ | _ | _ » Collector, sample, and grids will be independently biased and the currents
To perform a measurement, we interpret the measuring instrument’s To the extent that our models are approximate, our inferred measured We are constructing an ultra-high vacuum (UHV) system with cleaning independently measured.
signal with a simulator with an assumed interaction physics. Our simulator, values are also approximate. Potentially important approximations in the capabilities in a sample-prep chamber (left of the gate valve) and a spherical Collector  Retardingarids
JMONSEL?, can represent complex sample shapes. models: retarding field analyzer (RFA) in a measurement chamber (right). of] Potentialvariaton  , ] Calculated potential vs.
1. Elastic scattering: Mott theory is a binary scattering theory. We expect it Gate | Fcrossamesh Lsmpieaz-samn | POSItion in the RFA in the most
to break down at low energy (electron A close to nearest neighbor atomic Sample valve | ‘m - i J Vi extreme condition: maximum
JMORSEL s_ample_ representations distance). >ample heat w20 par T2V eV retarding field. Resolution and
;- gODSgtrUC“Ve solid geometry 2. Inelastic scattering with dielectric function theory: transfer eater . * | | 5Ky 5Ky [/ Spacerchargegrid | shift of spectral peaks
3 Teetlr%herggl)smesh a. Omits exchange and correlation or treats it in high-energy approx. T %j | Electron depends on potential

b. Has different versions depending on zero (Penn3) or non-zero
(Mermin®) plasmon damping

| uniformity (shown inset)

Touching wife atx =2 5

— ceme oo at-217727 1 ACFOSS the grid in the circled

These permit realistic complex
shapes.

C. Treatsinterband transitions as though they are plasmons . _ @ * region.
d. Is based on a high-energy 15t Born approximation | " ~ % “
e. Isatheory of energy loss by the primary electron; Final energy and -
momentum of a generated secondary electron require more oo Actual 1 Expected resolution (change in line
1 assumptions regarding its initial state. \/ e 2% line 2’::;?6‘2 | shape) and shift of peaks (0.2%) in the
3. Inputs for models (e.g., energy loss function, plasmon lifetimes, barrier DR N ¢ | shape shape most extreme condition, based on a
width...) are uncertain. . ;[ and and ' method of images calculation. (Actual
JMONSEL simulation of a line with a JMONSEL simulation of an intentional defect 4. I ‘ N RFA 8 nz;- position position | fhei;fogr;:anucseeiuguég |23| :tliaé):tofn ];?SCLO;h?IhZe I?ientézrftgﬂl
prescribed roughness power spectrum pattern ) | Q mOlJnt W —— | — the ,grid to preserve the symmetry required for this
Different models predict different mean free paths: | e o kind of calculation.)
Below on the left we see simulated electron trajectories in a FinFET Optical I
fin/space array. The right is a generic trajector\/Jstep. ‘Nauven-Truong. J. Phys. & gyl /
_ " guyen-Truong, J. Phys. & J
(a) 10 nm (b) Material 1 ' Material 2 2 o é%ﬂ%‘;ﬂ%ﬂgﬁter 30 iggi%g:ﬁ;}ligg')omlg%) Gas . D?mensional uncertainty i.n SEM.is dominated. by model uncertainty.
| 10 9 Dingfelder 223"&33%(1999)-W;thout exchange inlet electron  Different models make widely divergent predictions of mean free paths
L - .+ Pimblots and Siebbeles (2002) o inie speciroratar and yields at electron energies below ~200 eV.
Reflected | /Transmittect F: |2 Rareta goog) T | 0 p | » A paucity of accurate and consistent measurement data render model
Scattered - |/ Refracted & v etar (018) EAL Sample cleaning capab|l|t|es_ will |ncIL_Jde. selection difficult.
o > Emfictsoglou et ol (2017) - with corrections * Neon and argon sputter-ion cleaning » This poster describes a new measurement system under construction. It
L L Thiswork O * Sample heating (to anneal surface damage) will use state of the art cleaning and sample characterization and be able
gl | T ] * Reactive gases, hydrogen or oxygen, to remove reactive contaminants to measure:
10° 10° 102 10° 10 from a heated sample * Absolute electron yields vs. energy
Primary Secondary Boundary | E-Ep. (eV) |  Ultra-high vacuum to maintain cleanliness - Absolute electron yields vs. angle of incidence
Inelastic mean free paths in water, different models * Electron irradiation cleaning « Energy spectra of emitted electrons
Start « Residual gas analyzer to characterize vacuum « Such measurements will be reference data useful to validate electron
Simulated trajectories Events that may occur in a trajectory step. There is limited measurement data for such small mean free paths, owing transport models, thereby improving SEM metrology.
partly to ;clr;ftfc:(r:?) lE:tomplexit\/ of multiple scattering. Yield predictions Sample cleanliness characterization will be by Auger electron spectroscopy
Electron-atom elastic scattering Mott theory, partial wave analysis, computed by ELSEPA? (yield — electrons in ) for secondar\/ (SEY) or backscattered (BSY) are also in the measurement chamber.

Secondary electron generation Dielectric function theory, Penn method3 model—dependent and are in principle measurable. Could \/IEld VS. energy References

Electron-optical phonon scattering Llacer & Garwin4, following Ganachaud & Mokrani® implementation or \/|e|d \/S. ang|e of incidence (tOpOgl’aphiC \/IEICI) help us choose
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