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Outline PI_B

X-ray and IR spectrometry

e analytical challenges for nanotechnologies
 reference-free x-ray spectrometry

e nanolayer characterization

« depth profiling at grazing incidence

e chemical speciation at buried interfaces



Analytical challenges for nanotechnologies PIB

X-ray and IR spectrometry

» dozens of new nanoscaled materials appear every month

e technology R&D cycles for new materials down to 4 months

e need for correlation of material properties with functionality

e requirements on sensitivity, selectivity and information depth

 most analytical methodologies rely on reference materials or

calibration standards but there are only few at the nanoscale

e usage of calibrated instrumentation and knowledge on atomic

data enables reference-free techniques such as SR based XRS



Challenges for nanotechnologies — PI_B
RMs and reference-free methodology

X-ray and IR spectrometry

Nanoscaled reference materials may be required when
o critical dimensions (CD) of specimens and / or

» the analytical information depths

are in the 1 nm to 100 nm range.

Applications:

e (buried) nanolayered systems to be analysed by GIXRF or XRF

* [ow energy ion implantations in silicon or advanced materials by GIXRF
» analysis of nano-scaled objects (SWNTs, MWNTSs, etc.) by GIXRF

» lateral resolution of XRF reaching 100 nm at 3" generation SR facilities

...and below 1 nm CD:
 analysis of surface contamination ( < 0.4 nm) by TXRF
 analysis of buried interfaces and contamination by GIXRF

www.ptb.de/cms/en/fachabteilungen/abt7/fb-72/ag-724.html



Challenges for nanotechnologies — PIB
nano-scaled reference materials

X-ray and IR spectrometry
Nanoscaled Reference Materials (inline with ISO/TC 229 Nanotechnologies)
,Reference materials are the key to guaranteeing realiability and correctness
for results of chemical analyses and technical measurements.

Cateqories: Every month several tens new
* flatness nanoscaled materials appear.
o film thickness

* single step , periodic step, step grating The number of nanoscaled

o [ateral X-Y-axis, 1-dim

o lateral X-Y-axis, +2-dim,

e critical dimensions

 3-dimensional

* nanoobjects/nanoparticles/nanomaterial
» nanocrystallite materials

* porosity
« depth profiling resolution www.nano-refmat.bam.de/en/

reference

materials is considerably lower.

Reference-free methodologies

can address this increasing gap.




Analytical challenges for nanotechnologies PIB

X-ray and IR spectrometry

» dozens of new nanoscaled materials appear every month
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X-ray spectrometry methodologies: F)I_B
X-ray and IR spectrometry

reference-based versus reference-free approaches

reference-based technique
based on well known calibration
specimens or reference materials

. unknown detection efficiency

unknown spectral ! unknown response functions

distribution and / or

unknown intensity

fluorescence
radiation

calibration
specimens

compensation for
missing knowledge



X-ray spectrometry methodologies: F)I_B
X-ray and IR spectrometry

reference-based versus reference-free approaches

reference-based technique reference-free technique
based on well known calibration based on calibrated instrumen-
specimens or reference materials tation and fundamental parameters

. unknown detection efficiency
unknown response functions

absolute detection efficiency
and response functions

unknown spectral :
known spectral

distribution and

known intensiity

distribution and / or

unknown intensity

fluorescence
radiation

fluorescence
radiation
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PTB laboratory at BESSY II: well-known synchrotron PI_B
radiation for x-ray radiometry and x-ray spectrometry

Metrology with SR
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PTB laboratory at BESSY Il: well-known synchrotron

radiation for the calibration of x-ray instrumentation

Source-based Radiometry:
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Synchrotron radiation based x-ray spectrometry PIB

X-ray and IR spectrometry

XRS excitation channdl: XRS detection channdl:

absol ute detection efficiency

well-known spectral distribution and response functions
+ well-known

and awell-known radiant power | solid angle dQ

fluorescence

PTB capabilities: radiation

— characterized beamlines fundamental parameters

— calibrated photodiodes knowledge of the parameters

— calibrated diaphragms ..
transmission measurements

— calibrated Si(Li) detectors absorption correction factors

JAAS 23, 845 (2008)



Tuning the analytical sensitivity and information depth

by means of appropriate operational parameters

excitation conditions

(I
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X-ray and IR spectrometry
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E, = photon energy of excitation radiation

E, = photon energy above absorption edge

= photon energy of fluorescence radiation

XSW = X-ray Standing Wave field

JAAS 23, 845 (2008)



Total-reflection X-Ray Fluorescence (TXRF) facility for PIB
200 and 300 mm Si wafers using synchrotron radiation

X-ray and IR spectrometry
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PTB laboratory at BESSY Il: |

nanolayer speciation Analytical Chemistry 79, 7873 (2007)



Novel XRS instrumentation for advanced materials PI_B
characterizations with SR

X-ray and IR spectrometry

PTB XRS intrumentation at BESSY  9-axis manipulator and chamber ensuring
* the entire TXRF, GIXRF and XRF regime
* polarization-dependent speciation by XAFS
« combined GIXRF and XRR investigations

* movable aperture system for reference-free
XRF and atomic FP determinations

\.:\calibrated . . .
e Transfer of modified instrumentation to

&z«: « TU Berlin for a plasma source
* LNE/CEA-LNHB for SOLEIL
* IAEA (UN) for ELETTRA

o, = eV =T e Janin Lubeck et al.,

= gases Rev. Sci. Instrum. 84, 045106 (2013)

........
contamination nanolayer depth profile nanolayer speciation




Novel XRS instrumentation for advanced materials PI_B
characterizations with SR

X-ray and IR spectrometry

PTB XRS intrumentation at BESSY  9-axis manipulator and chamber ensuring
* the entire TXRF, GIXRF and XRF regime

energy—dlspersive 1
X-ray detector

load-lock with

incident sample transfer sy'rem

beam _

energy-dispersive” [
X-ray detector

energy-disparsive . 28 ¥
X-ray detector ™
L (with calibrated
photodiodes)
samples
(2x 2" wafer)

#¥ wheels for easy
# transportation

XSW E, E, XSWi‘ TE, .

Janin Lubeck et al.,
Rev. Sci. Instrum. 84, 045106 (2013)

contamination nanolayer



Novel XRS instrumentation for advanced materials PI_B
characterizations with SR

X-ray and IR spectrometry
PTB XRS intrumentation at BESSY Technology transfer to and together with

TU Berlin, to LNHB as well as to IAEA

» transferto TU Berlin completed

 Characterization and first

commissioning for IAEA and LNHB will
be completed by the end of 2013

X

Janin Lubeck et al.,

contamination nanolayer

o000 00OO
nanolayer speciation

Rev. Sci. Instrum. 84, 045106 (2013)

7 depth profile



Development of the novel XRS instrumentation for
IAEA to be operated at ELETTRA

PIB

X-ray and IR spectrometry

 UHV-chamber with load-lock

 moveable and motorized base frame (2x linear, 1x rotational)

e motorized 7-axis manipulator (4x linear, 3x rotational)
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Rev. Sci. Instrum. 84, 045106 (2013)
nanolayer speciation



X-Ray Fluorescence (XRF) analysis of various
Hf containing oxide nanolayers on Si substrate
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PIB

X-ray and IR spectrometry
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ECS Transact. 25 (3),293 and 349 (2009)



High-k nanolayers (Hf oxide / silicon oxide) layer thickness PIB

X-ray and IR spectrometry
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Quantitation in SR-TXRF routine analysis on Si wafers PIB

X-ray and IR spectrometry

TXRF spectradeconvolution spin-coated wafer with 102 cm of various transition metals

including Si(Li) detector o —r——
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X-ray and IR spectrometry

Reference-free quantitation in SR-TXRF analysis

mass deposition m / F, of the dement | with unit area F,

N
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EO photon energy of the incident (excitation) radiation

P,=S / O giode. €, radiant power of theincident radiation
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O Giode E, spectral responsitivity of the photodiode
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Analytical Chemistry 79, 7873 (2007)

contamination



Reference-free quantitation in SR-TXRF analysis PIB

X-ray and IR spectrometry

mass deposition m / F, of the dement | with unit area F,

( )

m = 1 In{1— i -

Qe
F Hio | OWsurfT Q dr smt//,n /utotl

\§ J

|WSu f relativeintensity of the X-ray standing wave field! at the wafer surface
r

POWsu . = PO | Weurf 1 software package IMD: D. Windt, Computers in Physics 12, 360-370 (1998)
Wsur r

Vi, angle of incidence with respect to the wafer surface

Ei photon energy of the fluorescence linel of the element i
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Analytical Chemistry 79, 7873 (2007)

contamination



Reference-free quantitation in SR-TXRF analysis PIB

X-ray and IR spectrometry

mass deposition m / F, of the dement | with unit area F,

m_ - 1 In<1— i -
Fio M, \ Poweurt Ti. Q [j,d; Sy utou )
Ri detected count rate of the fluorescencelinel of theelement i
€ detE detection efficiency of the Si(Li) detector at the photon energy E
P = R/ € det |
Q ot effective solid angle of detection
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Analytical Chemistry 79, 7873 (2007)

contamination



Reference-free quantitation in SR-TXRF analysis PIB

X-ray and IR spectrometry

mass deposition m / F, of the dement | with unit area F,
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W out angle of observation which equals 90 ° in atypical TXRF geometry
Ti g, photo electric cross section of the element i at the photon energy
Ui £ absorption cross section of the element i at the photon energy E
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XSW E TE .

Analytical Chemistry 79, 7873 (2007)
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Reference-free quantitation in SR-TXRF analysis PIB

X-ray and Ir spectrometry

mass deposition m / F, of the dement | with unit area F,
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Wy fluorescence yield of the absorption edge Xi (of the element i)
U x transition probability of the fluorescence linel belonging to Xi
Jx jump ratio at the absorption edge Xi
Q — Oy gI,Xi (JXi '1) /JXi Analysis of contamination on novel materials

XEW E TE P 4 (Ge, SOI, InGaAs, ...) or of nanolayered

systems (buried interfaces — photovoltaics )
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PIB

X-ray and IR spectrometry

reference based TXRF - Ni surface contamination

Total-reflection X-ray Fluorescence (TXRF) analysis:
- non-consistent results from round robin tests (differences up to a factor of ten)

- reason: problems with employed calibration samples (droplet depositions)
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Assessment of TXRF calibration samples for

Ni surface contamination

PIB

X-ray and IR spectrometry

Ni droplets:

100 ng
10 ng
1 ng

only ,1 ng‘ thin-layer type

glancing angle /°

Reason for deviations in contamination results: inhomogeneities
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and absorption saturation of TXRF calibration droplets
- “dlicing” and “angular scanning” of calibration droplets by

reference-free TXRF asvalidation technique
Solid State Phenomena 187, 291 (2012)

M. Muller



Speciation of buried nanolayers by GIXRF-NEXAFS PIB

X-ray and IR spectrometry

total- GIXRF-NEXAFS at the Ti-L;; ;;edges

reflected

incident beam

beam //////%/

surface (@4,

layer
iINterface

substrate

- composition and speciation of buried nanolayers

- higher information depth (>> 5nm ) than XPS

CR(Ti-L(«, B)) / radiant power / (nWs)~ ! sr

—>parallel variation of incident angle and photon energy
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0000000000000 00000

sececcssscccscssee B. Pollakowski speciation of buried Ti oxide nanolayers

e 1113131 (the degree of oxidation scales with indices)

e00000000000000000 Phys. Rev. B 77, 235408 (2008)

nanolayer speciation Anal. Chem. 85, 193 (2013)



Reference-free XRF and grazing-incidence XRF PI_B
of buried nanolayers

X-ray and IR spectrometry

analyéLce?nlistry

Anal. Chem. 83, 8623 (2011) pubsacs.org/ac

Complementary Characterization of Buried Nanolayers by
Quantitative X-ray Fluorescence Spectrometry under Conventional
and Grazing Incidence Conditions

Rainer Unterumsberger,‘ Beatrix Pollakowski, Matthias Muller, and Burkhard Beckhoff

Physikalisch-Technische Bundesanstalt, Abbestrasse 2-12, 10587 Berlin, Germany
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GIXRF analysis of B and As implantation profiles PIB

depth profile

P. Honicke

0

X-ray and IR spectrometry
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GIXRF analysis of B and As implantation profiles

Comparison of GIXRF results on arsenic
samples to SIMS, MEIS and STEM
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PIB

X-ray and IR spectrometry

Comparison of GIXRF results to SIMS
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Characterisation of CIGS photovoltaics

Cu(ln,Ga)Se2 system

depth profile

Concentration (at.%)

PIB

X-ray and IR spectrometry
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GIXRF analysis of CIGS photovoltaics PIB

X-ray and IR spectrometry
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GIXRF-NEXAFS at thin-film Si photovoltaics: I_
probing the chemical state of buried interfaces P B

X-ray and IR spectrometry
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GIXRF-NEXAFS at thin-film Si photovoltaics: PIB
probing the chemical state of buried interfaces

X-ray and IR spectrometry
NEXAFS investigations at the Zn-L;; ; edges @ neLmmoLrz

fur Materialien und Energig . lE

ZENTRUM BERLIN
B o120 (e
o) j
E ' ”/A sample | treatment rough-
O . 8 L P‘ -"‘:‘.
3 [ ness
O |
-~ 0.6 I:"?:."I -
_Id /
E 04 / Z141 | annealed(1,67 | 3.2A
N [ K/min) up to
€ 02! JJ ! 600°C, 24h at
= I i constant
O b b temperature
1020 1030 1040 1050 1060 :

— M. Pagels,
TUB/ HZB

interface speciation NIMB 268, 370 (2010)



GIXRF-NEXAFS at thin-film Si photovoltaics:

probing the chemical state of buried interfaces

NEXAFS investigations at the Zn-L; ;edges

ﬁ HELMHOLTZ

[ 7143 @ 2.0°

P p— 1 ©
@ 2.1

=
N

1.0

0.2

1020

interface speciation

Oilll.\lllllwln

P
1030
photon e

1040
ner eV

M. Pagels,
TUB/ HZB

PIB

X-ray and IR spectrometry

L

ZENTRUM BERLIN

fur Materialien und Energig

Shiftin line with
TXRF-NEXAFS
experiments at
10 nm Zn surface
layer and at ZnO
surface layer

NIMB 268, 370 (2010)



GIXRF-NEXAFS at thin-film Si photovoltaics: PI_B
probing the chemical state of buried interfaces

X-ray and IR spectrometry

NEXAFS mvestlgatlons at the Zn-L;; ;and Al-K edges # weLmHOLTZ

ZENTRUM BERLIN

fur Materialien und Energig

v

qﬁ?ﬂ
H iﬁjﬁ-fff’ EWDnm

fm,_/”fﬂﬁmmm

bAMoa” 10E0nm

Al K line fluorescence intensity (normalized)

Zn L lime fluorescence inlensily (normalized)

- IIIéllII -
!l_l
[il
| {ﬁ ; :
Y e
|§|I
oy
"
(! Iﬁ=ﬂ2
——
1010 1020 1030 1040 1050 1060 1660 1580 1570 1580 1580 1600
excitation energy /eV excitation energy leV

XSW E;—E, TE

M. Pagels, TUB / HZB
C. Becker, HZB J. Appl. Phys. 113, 044519 (2013)

|nterface spec:latlon



Analytical methods, measurement setups, PI_B
required components, and applications

X-ray and IR spectrometry

elemental (B-U) surface

TXRF 0-0.9 90,26 SDD, Diode .
contamination
GIXRF / XRF 0—30 90— 0,2 0 SDD, Diode depth profiling,
nanolayer analysis
XRR 0-30 26 Diode layer thickness
XRD 0-30 20 Diode crystal structure
GISAXS 0-2 20 CCD nanoparticles and

nanostructures on surfaces

Analyzer+

: 15* (standard setting) - layer thickness,
Ellipsometry 0— 25 (extended seiting) 26 Photomultiplier, CCD optical constants
sysem
Vacuum UV _— _
Reflectrometry Normal incidence -- UV&VIS spectrometer layer thickness

Ina Holfelder et al., J. Anal. At. Spectrom. 28, 549 (2013)



Typical characteristics and properties of
analytical and metrology techniques

PIB

X-ray and IR spectrometry
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How can a method (rows) help another method

(columns) to improve or complement the results

PIB

X-ray and IR spectrometry

M ethods TXRF GIXRF XRF XRR XRD GISAXS
information on information on information on .
surface nanoparticle
TXRF T . surface surface surface .
contamination L . . composition
contamination contamination contamination
GIXRE absolute angle vaidation near surface near surface depth nanoparticle
cdibration ‘ measurands depth profiles profiles composition
vaidation vaidation Information on Information on nanoparticle
XRF _T materid materid parth
measurands measurands .. .. composition
composition composition
layer thickness layer thickness | contaminations/ :
Y ¥ . layer thickness, | substrate surface
XRR |androughness for| androughness | spectrd diffrac- I rouchness. densit |l aver
modelling for modelling tion artefact J ’ y Y
information on information on information on information on information on
XRD materid morpho- | materid morpho- | materid morpho- materia | materia
logy, artefacts logy, artefacts logy, artefacts morphol ogy morphol ogy
particle size particle size particle size particle size
GISAXS distribution distribution - distribution distribution |
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CAD model of an analytical platform
for 450 mm wafer (design study)
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X-ray and IR spectrometry

www.EEMI450.0rg

Analytical platform design for 450 mm

wafers:

virtual engineering study to ensure
TXRF, GIXRF, XRF & XRR investigations

and wafer handling
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CAD model of an analytical platform PI_B
for 450 mm wafer (design study)

X-ray and IR spectrometry
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I
X-ray and IR spectrometry

Summary

* Reference-free analysis of contamination on Si and on novel materials

« Quantitative characterization of nanostructured and gradient systems

* Depth profiling (=500 nm) by XRS and interface speciation by XAFS

e Speciation and depth profiling of energy storage and conversion materials

e Novel XRS instrumentation for SR

Further information on reported activities and instrumentation

at www.ANNA-i3.org and www.EEMI450.0rg

and EMRP INDO7, IND15, HLT04 and NEWO1 at www.EURAMET.org
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