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Bragg’s law: 2dsin ® = nA, sin® <1 i.e. d>n\/2

ABSTRACT

X-ray diffraction has been used over one hundred years to exploit the beauty of
symmetry in crystalline materials including minerals, inorganic substances, proteins and
many other's X-ray remains as the workhorse for crystallography where the

osition of the constltutlng atoms and molecules |n5|de a
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. Transmission small angle X-ray scattering (tSAXS)
. Grazing incident small angle X-ray scattering (GISAXS)

. X-ray reflectivity (XRR)

. CMS efforts to address/circumvent difficulty caused by the

insufficient brilliance of current laboratory based X-ray sources
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Introduction

Transmission small angle X-ray scatterlng (tSAXS) isa technlque to
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X-rays were discovered by Wilhelm Conrad Rontgen in 1895, just as the
studies of crystal symmetry were being concluded. Von Laue’s pioneer
work using X-rays on a copper sulfate crystal and record its diffraction
pattern on a photographic plate (Nobel Price in Physics 1914) marks the
beglnnlng of using X-ray diffraction to explore the beauty of symmetry of
| lattices, th4s |ncludes the work by Rosalind Franklln on the double-
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X-ray Beam

Nano-scale

Patterns on
Substrate

Transmission SAXS
« Silicon transparent for E > 13 keV
* Non-destructive / No sample prep

* Beam spot size (40x40) um
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|
Current State of The Art of tSAXS
* Since 2005 tSAXS (called CD-SAXS then) has been listed in
International Technology Roadmap for Semiconductors [1] as a
potential solution to many future metrology needs.
*  Excillum, Lyncean, Sigray and others have been working on new X-ray
sources.
* KLA-Tencor and Applied Materials have also started their efforts on X-
ray metrology.
* The current consensus is that the brilliance of Today’s laboratory based
X-ray source is still inadequate for in-line applications; at CMS there are
two ongoing efforts to address this brilliance issue.
|. The International Technology Roadmap for Semiconductors is a set of documents
produced by a group of semiconductor industry experts.These experts are representative of the
sponsoring organizations which include the Semiconductor Industry Associations of the US,
Europe, Japan, South Korea and Taiwan.
The documents represent best opinion on the directions of research into the following areas of
technology, including time-lines up to about 15 years into the future.
- ____________________________| |

Normal Incidence Scattering:
*Pitch

*Average line width
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The Advanced Photon Source

RADIO
FREQUENCY
EQUIPMENT

ACCUMULATOR

LOW-ENERGY ‘L

UNDULATOR
TEST LINE

)
N

4001

rES EXPERIMENT HALL

LAB/OFFICE
MODULES

Lab Scale tSAXS Prototype

Intel test grating with 400nm pitch
Cu seeded lines

2017/5/24



FinFET with high-k dielectric
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Six Trapezoids (Heights scaled to design value)

- SWA=32.4° x> =1858
Wafer 1,cell1 -
& SWA=85.0°

(... — |
Wafer 1, cell 1

Experimental Qx-Qz map

T T




inte

Spacer-Assisted Quadruple Patterning (SAQP)
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% . Cross-section TEM

+ Measurement goals
— Average 2D shape, pitch error, and edge roughness
+ Sample set with sub-nm controlled variation in pitch error and nominal 32 nm pitch

van Veenhuizen et al. Interconnect Technology Conference, 2012

+ Composite from 121 images
— 160° sample angle
— 10 s/image = ~30 min/scan
— Data highly oversampled
+ 32nm, 64 nm, and 128 nm
pitches clearly visible

— Non-integer peaks from pitch
quartering error
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Similer Semple Ceonpearisen

H 40.4 £ 0.6 nm 39.9+ 0.4 nm
Wy 125+ 0.2 nm 123 £0.1 nm

c 1.0 nm 1.1 nm

SL 128.7 £ 1.3 nm 128.7 £ 1.3 nm

e

Helght (nm)

Samples are on different die, but with same processing
X-ray scattering patterns are almost identical
Fits are identical within the uncertainty

Normal Incidence Scattering Pattern
from 2D Contact Hole Array
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Black = Simulated
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NIST: Daniel F. Sunday, R. Joseph Kline
CEA-LETI: Raluca Tiron, Florian Delachat
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Summary - tSAXS

OUTLINE

. Transmission small angle X-ray scattering (tSAXS)

. Grazing incident small angle X-ray scattering (GISAXS)

. X-ray reflectivity (XRR)
. CMS efforts to address/circumvent difficulty caused by the

insufficient brilliance in current laboratory based X-ray sources
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Griazingdlnciden PxSuayAScatteningy

Advantage: (1) high
Z scattering intensities
due to large beam path
of the incident beam,
(2) depth resolution
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. ______________________ |
Quantitative information on pitch
and line height can be
straightforward; Line gratings with
88nm pitch and ~ 45nm line height

Aq,:Ag, = 88:45

GISAXS result from an Intel line gratings made of

low-k materials; Aqg,>Aq, or pitch is larger than the line

height? In fact, the pitch (399nm) and the line height (400nm)

is almost identical

(2) Scattering of

the surface
enhanced beam

(1) Scattering
of the reflected
beam

21
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tSAXS data from the same Intel sample

New Data Analysis Effort

Calculate reflected scattering based on an arbitrary reference function V, =
V(z), the xy-averaged potential:

R(k;, k) = R(-k,,~k;) +

1 ~
mm (v =Vo)yydv
0w [ Vs 5

By inputting the x-ray reflectivity curve, we account for reflection effects
(including multiple internal reflections)

We can fit data for pitch, orientation, order/disorder, etc.

L

Wen-li Wu, J. Chem. Phys., 1993, 98, 1687
Wen-li Wu, J. Chem. Phys., 1994, 101, 4198
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Evolution of Order

|

*Additional information exists in the GISAXS data due
to its complex and multiple origins of scattering.

*This poses challenge on quantitative data analysis

2017/5/24
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Summery = CISAXS

o Grazing incident X-ray scattering enables data

OUTLINE

. Grazing incident small angle X-ray scattering (GISAXS)
. X-ray reflectivity (XRR)

. CMS efforts to address/circumvent difficulty caused by the

insufficient brilliance in current laboratory based X-ray sources
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Reflectivity.

Why X-ray reflectivity (SXR)

Extending applicability from planar films to line gratings

\ / High resolution X-ray reflectometer

'

o Sample——— =
chamber
D
_’etectoi MO - ap ¥

-
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Principle of Specular X-ray Reflectivity (SXR)

Information

2N\ .  density (p)
— ZIng angje o thickness (D)
- ~ e roughness

O'i”be/ Specular Condition : 6 = Q 1<l

— Experimental
—— Calculation

Samples preparation: line-space gratings via nanoimprint

e
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SXR of Mold

SXR of Imprinted Resist
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|
Line to space ratio

Comparing SLD in the patterned region to the fully dense material

[ Pitch |

SLD: 0.635

Sio, SLD: 1.02

|
X-ray Scattering Length Density Profiles

SRS ——

1.0x10°

pattern heighté residual
L layer |

= imprint
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Profiling real pattern Structure

594 A 1373 A

1731 A mold
11720 A imprint

Summary - XRR

average line widths

mold = 1120 A
imprint= 777 A

* XRR is utilized as a powerful methodology to quantify
relative line-to-space ratio as a function of pattern height in

2017/5/24
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Conclusion

OUTLINE

. Grazing incident small angle X-ray scattering (GISAXS)
. X-ray reflectivity (XRR)

. Efforts at CMS to address/circumvent the difficulty caused

by the insufficient brilliance in current laboratory based X-

ray sources
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To enhance the tSAXS signal by 10x -100x

Enhancement Module (EM) for CD & Overlay

Current achievement

| a-Shift -1 0m
« Shift 0nm
4 Shift +44 nm
v Shift +47 nm
+ Shift +85 nm
< Shift 100 nm
| » Shift +103 nm
o

Intensity

Q (llnm)

Within X-ray longitudinal
coherent length
10x to 100x in signal

0 am

47.nm

100.am
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Wiy Simell Angle Eectron
- Seatering (SAS)

Small Angle e-beam Scattering
(SAES)
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A=h/\2meV (1 + eV /2m,c%)

Short wavelength of e-beam =——— a great spatial resolution

Nonrel. Rel r/ mx v/ 108
A/ pm pm Mo m/s

V/kV

100 3.86 3.70 1.20 1.64
200 2.73 2.51 1.39 2.09
300 2.23 1.97 1.59 2.33

400 1.93 1.64 1.78 2.48

1000 1.22 0.87 2.96 2.82

Table 1: Properties of electrons depending on the
acceleration voltage.

0.8 n
g
= 06 E=10keV A=0.012nm N
E V=10V
5]
C 0.4F f
0.2r n
00 2 4 6 8
,(deg)

Figure 4.4 Reflectivity vs external incident angle from the Fresnel equation.
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Multiple lenses are needed after sample for

SAES measurements

110

detector 108

Electron
projection optics

107
Scattered electrons

102
electron
source

104
electron A
Collimation optics

0\

0\ 105 incident electrons

N

A preliminary SAES results from a Copper

line grating (CAp100 w/o ObjAp)
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wide angle

Lawrence Friedman,

W.L.Wu

Line Width Sensitivity

Line Width: 5.0 nm
slit / theta-scan
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