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Disclaimers

Statements and responses to questions about advanced microelectronics
research and development programs in this presentation:
* Are informational, pre-decisional, and preliminary in nature.

* Do not constitute a commitment and are not binding on NIST or the Department of
Commerce.

* Are subject in their entirety to any final action by NIST or the Department of Commerce.

Nothing in this presentation is intended to contradict or supersede the
requirements published in any future policy documents or Notices of Funding
Opportunity.

Certain commercial equipment or instruments are identified in this presentation to foster understanding.
Such identification does not imply recommendation or endorsement by the National Institute of Standards
and Technology, nor does it imply that the materials or equipment identified are necessarily the best
available for the purpose.
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Motivation

3—-2nm 1 nm & beyond
nanosheet L CFET

4 2D atomic channels

Current optical
approaches to measuring
device dimensions are
barely adequate.

field effect transistor (FET)
complementary FET (CFET)

Han and Hao, Journal of Semiconductors, 2021, 42(2): 020301 (2021).
Samavedam et al., 2020 IEEE International Electron Devices Meeting (IEDM) pp. 1.1.1-1.1.10 5



“Scatterometry”

Five key features:

Scatterometry” in the pitch p

literature means —
Spectroscopic ellipsometry

e (visible or UV) #
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“EUV Scatterometry”

“Scatterometry” in the
literature means —

Spectroscopic ellipsometry
e (visible or UV)

Diffractometry

+ (EUV) =)

source, detector

wavelength A VACU U M

Angle : mA = p (sin6 + sin6,,,)
Profile for OCD : from modeling



Role of the EUV

0.15 —
= Si | nA)=1-6+if . Vacuum and extreme ultraviolet
O 2‘52 . 4| VUV(>50nm)to EUV (10 nm to 50 nm)
| e * Greater materials contrast
..-‘ o ' * Wavelength comparable to pitch
< 0.05- A |
° ,.-" _.-"'. A Soft-x-ray region
' " AA‘A Al SXR (0.1 nm to 10 nm range)
0.00- 4’&‘“‘“““ ] * Less materials contrast
_ >  Wavelength comparable to feature
Greater materials contrast . .
005 | | ' | . | ' dimensions
0 10 20 30 40

wavelength (nm)

B.L. Henke, et al. Atomic Data and Nuclear Data Tables Vol. 54, 181-342 (1993). Q
after C.-H. C. Tseng, Metrology, Inspection, and Process Control XL (2026).



Project Goals NIST

Our project at NIST is aiming for “EUV scatterometry” that....

Reduces Harnesses chemical Provides polarization
wavelengths sensitivity state controls

R

We are pursuing
EUV spectroscopic ellipsometry, and
EUV diffractometry.

polarizer +
compensator

Samavedam et al., False coloring
2020 IEDM for illustration



Project goals

* EUV Spectroscopic Ellipsometry (EUV SE)

* Implementing VUV/EUV phase retarders to
create a Mueller Matrix ellipsometer invented
by a team member.

* EUV Diffractometry

* Harnessing EUV diffraction-based metrology at
selectable orthogonal polarizations at these T.A. Germer, US Patent 12,352,687 (2025).
shorter wavelengths. 10°

Initial results through
a collaboration with
the Murnane Group at
CU-Boulder.

,10-1

©

We are building a novel proof-of-concept
EUV scatterometer to demonstrate its
feasibility in the 5 nm to 150 nm spectral
region.

,10-2

L52P104 107

6 =22.0° Barnes et al., Proc.

SPIE 134261V (2025).
10
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Selections from published prior work
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EUV Sources

Synchrotron radiation (SR)

* High brightness
* Linear polarization
é@
in plane of beam  %,%,

G[s —

Ultra-high vacuum

mc?/E,

SR for EUV scatterometry:

PTB, RIKEN

SR for ellipsometry in the EUV:
PTB, NIST

e

High-harmonic generation (HHG)

* Tabletop e High vacuum
e Polarization from IR laser
Y.-S. KU, et al CCD Camera

25fs 0.5mJ) 1kHz 800 nm 200 nm Al filters

ﬁa\ﬁ

mirror set

laser pulse : {
= —e=—{((
Ar gas \

Grating sample

HHG using HHG for EUV scatterometry:
RIKEN, ITRI, imec, CU-Boulder, ASML, NIST/CU

HHG for ellipsometry in the EUV:
ELI, Nat’l Tsing Hua Univ.

* |n these efforts, the predominant source is HHG.

* Laser produced plasmas (LPP) will be discussed in the following talk.

13



Sample (Mounting)

Perpendicular to floor Parallel with the floor

M.D. Neumann, et al. V. Krasnov, et al. Y. Nagata, et al. S. Espinoza et al., Appl. Surf. Sci.
(a)

C Ni ] JT Highs
OnCave =1, hutt
miFrar Pinhole STHHET

mirror Sampla, e~ 3 l Mirror L Coherent
_ “ A < : | EUV light
- 95 mm [ Incidens Zr filter
e , . | angle
o EUVCaliera 6 deg.

EUY mask

Nanagrfeter stﬁgé.\ - | XY stape

Perpendicular, EUV scatterometry: Parallel mounting for EUV scatterometry:
PTB, ITRI, imec, CU-Boulder, NIST/CU RIKEN

for ellipsometry in the EUV: For ellipsometry in the EUV:
PTB, NIST ELI

 Most efforts have perpendicular mounting with little room for industrial
samples. 14



EUV Detectors

Charge-coupled devices (CCD)

Flange-mounted: . or in-vacuum:
5 S. Espinoza et al. JVSTB
Entrance Main Grating Chamber Multilayer Ellipsoidal Sample In-vacuum CCD camera

CCD
detector d
”"’
l,'

H45-H33

IR
Filter

Y. Esashi, et al., RSI
CCD for EUV scatterometry: M. TZ?,S.(;SEVZ et al.

RIKEN, ITRI, imec, CU-Boulder, ASML, NIST/CU

S | CCD for ellipsometry in the EUV:
oRnectun e s ceypein o PTB, ELI, Nat’l Tsing Hua Univ.

 CCD cameras are ubiquitous in these efforts.
15



PSG and PSA

Rotating reflective polarizers and analyzers

S. Espinoza et al. JVSTB

M.D. Neumann, et al. 100F 7T
5 . gold
RN i @ experiment | & @ fiimors ® o
. ~ ] c = N J
3xAu polarizer s e o 30 8
Iy q 3xAu polarizer 0
E %— calculated from Palik 420 % N
Q 85fF g
10
8o T P R
........................ 1 r)
248 124 83 62 50 41 35 3 I-H. |_|’ et al.

wavelength (nm)

X y’ X b

> Z | - : Z 4%
PSG, PSA for ellipsometry in the EUV: ‘ ‘ '

PTB, ELI, Nat’l Tsing Hua Univ.

Mod1 (Mo) Mod2 (Au)

Polarimeter

 EUV HHG sources have polarization control through the IR beam.
* PSG and PSA are features of EUV ellipsometric experiments. 16



EUV Modeling

Numerical Maxwell Egns. Solvers Analytic solutions (e.g., for n & k)
C. quter, etal. FCMN 2024 I-H. Li., et al.
Individual Nanosheet & Gap Thickness
V. Krasnov, et al. 15 — e ; (@) Nb2Os : UL 1
£ | ® Individual i sheet Sk o = = L > S
£ 1] aIndividual gap 0.8 08 08 A ToEs _ 0.8
% 0.6 —+-n (this work) 0.6 06" - f:g&g‘;rk} 0.6
a 0.5 o --n(CXRO) |7 T —nWerne) ||
£ — 02}~ 0.2 02wy, [TrkWemen ||,
MoSi ML © Color > 1= LI\H\X\%
*g-D.ﬁ ) Sheet/Gap 2 - o) S N i n 0 B e PN
Index I I 31 25 21 18 15 31 25 21 18 15
-1 Wavelength (nm) Wavelength (nm)

-1 -05 0 05 1 15
set nominal delta from POR [nm]

Numerical modeling, EUV Scatterometry: Analytic sol’n, ellipsometry in the EUV:

PTB, RIKEN, imec, CU-Boulder, ASML, NIST/CU PTB, ELI, Nat’l Tsing Hua Univ.

 Thus far, ellipsometry efforts in the EUV have yet to employ numerical
solutions. 17
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Results: EUV Scatterometry

Collaboration with CU-Boulder

Nick Clay Henry Yunzhe Margaret
Jenkins Klein Kapteyn Shao Murnane

Critical dimension small angle x-
ray scattering (CD-SAXS)

EUV diffractometry

* |In-laboratory .
e A=~30nm (E = 42eV) .

At synchrotron
A<0.1nm (E > 10 keV)

Source:
Mounting: perpendicular

Detector: in-vacuum CCD camera
PSG, PSA: none
Modeling: pySCATMECH package by

T.A. Germer, NIST;
rigorous coupled-wave
approach (RCWA)

Thom
Germer

Daniel Joe
Sunday Kline Chew

an existing EUV HHG source

19



Results: EUV Scatterometry

L50P100 macro, die 0.0

0.1
oos & ° The brightest point is
5 the 0t order.
10.08 =
e 007 & * Above and below are
XSEM of a different wafer, 0. =0. 006 & the 15t orders.
| 00s = * Onlinearscale, 1
| ) - o
wwiw.amagnm.com . 0.04 & wavelength dominant.
Linear scale =
L50P100 003 5 * Onlogscale, 5+
0.02 5 wavelengths are visible
L52P104 “ O - st
001 & in the 15t orders.
L55P110 L52P104 . 2
L57P114

* Extract the total intensity from the ROl for each (m, A, 8).
* Normalize (m=%1, A4, ) by (m=0, A, 8).
20

B.M. Barnes, et al., Proc. SPIE 13426, 134261V (2025).



Results: EUV Scatterometry

L50P100 macro, die 0,0

10°
z  * The brightest point is
4 3 the Ot order.
110 =
— @ * Above and below are
XSEM of a different wafer, 0.0° 102 g the 15t orders.
= On linear scale, 1
www.amagnm.com 10° @ wavelength dominant.
g
L50P100 I_I_I_I g On log scale, 5+ .
. u-l-l ﬂ 10 o wavelengths are visible
b in the 1t orders.
e TITH - L52p104
10
* Extract the total intensity from the ROl for each (m, A, 8).

* Normalize (m=%1, A4, ) by (m=0, A, 8).
21

B.M. Barnes, et al., Proc. SPIE 13426, 134261V (2025).



Results: EUV Scatterometry

Normalized diffraction efficiencies with fits from a parallel regression

1.4

| ¥ +29th ¥ -29th , ¥ +29th ¥ -29th
10 L5OP1 OO i ® +27th ) -27th 12! L52P1 04 .} . ® +27th ) -27th
} i} B +25th I -25th ! s B + 25th (M -25th
0.81 FTOAN + 23rd - 23rd 1.0/ I ;f—-i‘ + 23rd -23rd
e H /§ 4 +21st A4 -21st | o [ \Y a4 + 21st 4 -21st
. i/ i .= 0.8 [ \ 1 1 1
% 0.61 ! .‘/ N E . [ ’.‘ i\\ i : : :
£ - A £06] [ | S S SR S .
5041 ) /:5 5 i If n 1/sio,\ 1 |/ sio i 1/ sio i1/ sio e
= "I = 0.41 H iﬁl \\. 1 2 wl= ! : wl: ! z wil : ! z wil : h
) i | 1 t
0.0 - = = 0.0 £ . - '
14 16 18 20 22 : ' ' J ‘ ° .
Nominal grazing angle (°) Nominal grazing angle (°) 8 per ta rgEt (X 4 ta rgets)‘
161 v +29th 7 -29th | 200 = v +20th 7 -29th * 4 dimensional parameters per target
1.4] L55P110 ’ 2 ® +2Tth ) -27th 175 L57P114 gi ® +27th ) -27th P p get,
,} i B +25th @ -25th TN B +25th @ -25th e 4 reIatlve Intensities per target.
1.21 " \ + 23rd - 23rd 1.50 : f' v + 23rd - 23rd
& R < 42t A st | e /| § < +21st A -21st
510 YA 512 3/ 4 common floated parameters:
0 0.8/ 'E i 0 1.00 '§ Y
- i \a 3 1 . .
£ oo i \ Sors & . 1 oxide thickness
] ﬂ-‘ \
0.4/ 0.50 2/ .
2 L\ e 3 tilt angles
0.2 ) s =
0.01 4 =
14 16 18 20 22 14 16 18 20 22
Nominal grazing angle (°) Nominal grazing angle (°)
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B.M. Barnes, et al., Proc. SPIE 13426, 134261V (2025).



EUV Diffractometry CD-SAXS .
120 120 -g . . - - )
£ &/ weighted fit ’ ]
Paramet.rlc £ P, B f.] R?=0.996 1 1:1
geometries : g 2 g e
h1l g a4 - ",’I
20 A Wl 20 1 E ’f‘.-::k -
0 th 0 £ 42 Pt
-60 =40 ~—2OWidtr?mm}20 40 60 ) -60 =40 =20 40 60 g J’:” #
i 40 1 '_:_’:"
38 A
40 42 a4 46 48
CDSAXS widths (nm)
WV — _ L50P100 . L52P104 _ L55P110 _ L57P114
uncertainty 100, 7\ 100, 100 / \
envelope _.80 _. 80 _.80
i N I l/\ o [ |
CD-SAXS > 10 | > 10 > 10 . |
with o 20 J L 20 J L 20 | |
26 =+ 0.01 nm 0 0 O_J l_

B.M. Barnes, et al., Proc.

—-60—-40-20 0 20 40 60
x (nm)

SPIE 13426, 134261V (2025).

—60-40-20 0 20 40 60

-60-40-20 0 20 40 6(

X {(nm)

-60-40-20 0 20 40 60

X {(nm)
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Results: Ellipsometry in the EUV

Source:  SURF-IIl synchrotron
Mounting: perpendicular

Stephanie  Purnima - Steven - elen  ahem Detector: EUV photodiode

Moffitt Balakrishnan Grantham

PSG, PSA: (2) 4-bounce Si+ 1 Au

PSG Sample PSA




Results: Ellipsometry in the EUV

Polarization state Polarization state
generator analyzer
. — Polarizer
On the testbench: A =266 nm — —~ S

-~

Rotéting

Light Source 7

Quarter-wave plate at 4 rotation angles

Rotéting
“waveplate” “waveplate” N
(O8] 0 w3 %
N,C,S g:
N
c
> 1 —-N O 0
_|-N 1 0 0
M=1l0o o ¢ s
o o o o 0 0 -S —-C]
N=20
C=0

Angle NumberJ 25



Results: Ellipsometry in the EUV

Commissioning an EUV ellipsometer
v' Demonstrating polarization control

P. Balakrishnan, et al.

08 %o1T""T .T ° e ]
Polarization state Polarization state 50 % ¢ ® )L=60nm
generator analyzer ] fit (60 nm)
Polarizer ®
, o 4.5 % - ® _—
Polarized [ ; * e " b l 70 nm
Licht Sour DS _ . ‘ fit (70 nm)
'ght source I : Intensity 4.0 % v o
Rotating Rotating ratio ]
“waveplate” “waveplate” W] 3.5%1 L -
(0] -
5 3.0 % - % r
9 : » .
2.5 % - - -
: @
J Calculati ical s
alculating optical constants ] N .
. 15% d—__ ™ —
3 Au being measured now. M
50 -50

PSA angle (°) PSGangle °)  2g
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Goal: Scatterometry in the EUV

Commissioning an-eHipseometerinthe-EUJV

a scatterometer in the EUV
v’ Demonstrating polarization control
-1 Measuring a full Mueller Matrix in the EUV

(M1
M,

M12
M22

M3,
-M41

M3
M42

all off-diagonal elements non-zero

for 0° < azimuth angle < 90°

azimuth angle

28



Goal: Laboratory-based scatterometry

Utilizing NIST’s new EUV HHG Source

* Two beamlines : A=10nmto 150 nm
A=13.5nm
| , ._.- / u-_s- ,;': g8 eu

__ _lﬂ_‘-l--_ |/

Y T

* In-lab experiments will demonstrate in-fab feasibility and extensibility. 59



Harnessing the EUV for CD metrology

We are building a novel proof-of-concept EUV scatterometer to
demonstrate its feasibility in the 5 nm to 150 nm spectral region.

. Initiated EUV diffractometry (“EUV scatterometry”) work with CU-Boulder.
. Realizing ellipsometry into the VUV and EUV.

. Building towards “scatterometry in the EUV” using patterned samples.

0.15 T L e cletmctor —
Si oz 5555555555 [} A- 60 nm
Si02 Y 3 fit (60 nm)
0.10 Ge or 2 - ®m A=70nm
. H o 2 fit (70 nm)
9=220° o sity 4 .
_ o " g, _=0.0° = o 4
=< 005 o " w' e
< 0.05- R J g
o ..o'. .-'. LA %
o =" = A 102 -
s -
ooo-’fsf‘::::u AAAAAA | Log scale g
'
5 10 o
o o -50
0.05 T T T ) PSA angle (°) PSG angle (°)
0 10 20 30 40

10°°

wavelength (nm)
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