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Preface 

An Advanced Light Source (ALS) workshop titled "Putting Synchrotron 
Radiation to Work for Technology: Analytic Methods" was held at the Lawrence 
Berkeley Laboratory on January 17, 1992. The ALS will be the world's brightest 
synchrotron-radiation source of soft x-ray and ultraviolet (XUV) radiation when it 
begins serving the industrial, academic, and government research and development 
communities in the spring of 1993. The purpose of the workshop was to reach out 
to the industrial research community and to determine the most effective way to 
make the advanced research capabilities of the ALS available to members of that 
community who require enhanced materials-analysis capabilities above and beyond 
those provided by commercially available instrumentation. 

Fred Schlachter (Lawrence Berkeley Laboratory) opened the workshop with an 
overview of the ALS and the research opportunities associated with it. The prime 
beneficiaries of high-brightness XUV radiation will include those who can make use 
of, either singly or in combination 

• high spectral resolution 
• high spatial resolution 
• the ability to probe nondestructively with depth below sample surfaces. 

X-ray photoelectron spectroscopy (XPS) is the experimental technique most suited to 
exploit the unique characteristics of the ALS in the context of materials analysis, in 
part because of its traditional chemical-state specificity, as reflected in the well
known alternate name electron spectroscopy for chemical analysis or ESCA. XPS 
was, therefore, the focus of attention for most of the workshop. Mike Kelly 
(Stanford University) provided a solid foundation for subsequent discussion with 
his summary of the capabilities and limitations of state-of-the-art commercial XPS 
instrumentation for the laboratory. Kelly also included examples of industrial uses 
of XPS ranging from urgent troubleshooting (about 50% of applications), to routine 
monitoring of production processes (about 30% of applications), to long-term R&D 
(about 20% of applications). He concluded by looking forward to areas of 
opportunity for the ALS and by pointing out the importance of economics. The 
information gained by materials analysis must be worth the cost of obtaining it. For 
example, it may be less expensive to throw out a plating bath than to determine 
what is contaminating the bath and understand how the contaminants got there. 
The ability to sample small areas 1 micron or less in diameter represents an 
opportunity for the ALS. The minimum spot size for commercial "small spot" XPS 
instrumentation is now about 20 microns. 

Deciding when to use synchrotron radiation is not always easy. The effort of 
traveling to a synchrotron radiation source must be balanced against the benefits of 
continuous photon-energy tunability, high brightness, high spectral resolution, and 
small spot size. Brian Tonner (UniverSity of Wisconsin) guided those attending the 

xi 



workshop through some of these features and provided some quantitative 
comparisons of count rates from laboratory instruments and synchrotron sources. 
Major benefits of photon-energy tunability include increasing elemental sensitivity 
and enhancing or reducing surface sensitivity, as appropriate. Specific elements or 
even chemical states can be selected by tuning the photon energy to the appropriate 
spectral features. In general, sensitivity is also improved by operating at low photon 
energies where photoionization cross sections are the highest. On the quantitative 
side, with the ALS, it is possible to achieve megahertz count rates from illuminated 
spots only 50 microns in diameter while maintaining a spectral resolution of 10,000 
(10 meV at 100 eV). 

One of the frontiers of XPS is achieving spatial resolution far beyond that 
suggested by a spot 50 microns in diameter. Spatially resolved XPS is sometime 
called spectromicroscopy or spectroscopic imaging. Maps of chemically specific 
spectral features of inhomogeneous surfaces can be made with a spatial resolution 
eventually approaching 200 A. Spectroscopic imaging techniques fall into two broad 
categories: direct imaging and scanning. Harald Ade (SUNY-Stony Brook) provided 
an overview of spectroscopic imaging techniques. In direct imaging, electron optics 
or a strong solenoidal magnetic field are used to collect photoelectrons and to 
preserve their spatial relationship on the way to an area detector. For scanning, it is 
necessary to focus the x-rays toa small spot, which is rastered across the sample (in 
practice, the sample is moved through the spot) to generate the image. There are 
several methods of focusing the x-rays with somewhat complementary strengths 
and weaknesses. An electron-energy analyzer gives chemical-state specificity 
because the image contains only electrons with kinetic energies corresponding to a 
specific spectral feature, such as a chemically-shifted peak. Omitting the energy 
analyzer and collecting all the photoelectrons while scanning the photon energy 
yields spatially resolved x-ray absorption spectroscopy. The ALS will be equipped 
with instruments of both types. 

Ron Jenkins (International Center for Diffraction Data) departed from the XPS 
theme of the workshop in his presentation on long-wavelength x-ray fluorescence 
analysis by means of wavelength-dispersive and energy-dispersive spectrometers. 
In fluorescence analysis, as the atomic number of the element to be analyzed 
decreases, the energy of the fluorescence photons also drops. At low photon 
energies, however, decreaSing fluorescent yield, increasing absorption by window 
materials, and increasing absorption by the specimen work together to reduce the 
detection sensitivity. The high flux of a synchrotron source counteracts this 
discouraging trend by dramatically raising the signal and hence the sensitivity. 
Jenkins also described the considerable interest in long-wavelength powder 
diffraction of materials with large d-spacings, such as organic materials with 
characteristic spacings of about 10 A. At high photon-energies, the peaks in a 
powder pattern for such a material are compressed into a narrow range at a low 
angle, making them difficult to resolve. At low photon energies, readily available at 
high intensities with a synchrotron source, the same peaks occur over a wider 
angular range at a higher angle. 

xu 



Given the limitations of commercial laboratory instrumentation for XPS and the 
advantages of synchrotron radiation, it remained for Richard Brundle (IBM 
Almaden Research Center) to examine the question: "Materials Analysis by 
Photoemission: Is it Practical at the ALs?" The focus was on "real world" problems 
presented to the materials analyst on a daily basis, as opposed to R&D projects. 
What is present, how much is present, and how is 'it distributed are questions to be 
answered for a wide range of materials in a variety of physical forms. To justify the 
use of synchrotron radiation, it is necessary to demonstrate that the information 
required is not obtainable with laboratory instrumentation or else is not obtainable 
in a practical way by XPS or some other analytical technique. 

After identifying types of problems for which laboratory instrumentation is 
inadequate, Brundle opened the question of what a dedicated beamline at the ALS 
for materials analysis would include and how it would be administered. The 
roundtable discussion at the close of the day elicited considerable interest in an 
"ultra-EsCA" facility with a spot size of about I-micron that would be accessible to 
industrial users on short notice and would be adequately staffed to provide support 
services. The means of financing and running an ultra-ESC A facility at the ALs are 
under consideration. 

xiii 
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INTRODUCTION TO THE ADVANCED LIGHT S,QURCE 

----------------------------------------~------ALS 

_.i; 

The ALS will be the world's brightest synchrotron-radiation source in the extreme 
ultraviolet and soft x-ray regions of the spectrum when operation begins in fifteen 
months. .. 

l' 
I 

How can this facility serve as an analyti~,~tool-for industry? 

.-; a 

~ ,J 

, 1 

--

Fred Schlachter 
Scientific Program Coordinator 
Advanced Light Source 

FS: Ind, AppL Workllhop (1 /17/92) Pg. t 
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THE ALS: OUTLINE OF TALK 

------------------------------------------------ALS 

• X rays are a', useful probe of matter 

• The ALS is the first of a new generation of synchrotron 
radia tion sources 

• High hrightness is the main 'feature of the ALS 

• The ALS provides exciting new opportunities for research 

• The ALS is progressing on schedule 

• A diverse scientific program is in place 

• The ALS will be user friendly 

FS: NSF VI. It (V21/91) P 



WORKSHOP ON ANALYTIC METHODS FOR TECHNOLOGY: 
PURPOSE 

------------------------------------------------ALS 

• Tell about: opportunities and capabilities at the ALS 

• Learn about: current commercial capabilities 
~ 

• Listen to: needs of potential users in industry 

• Discuss: potential developments to meet these needs 

F5: Ind. Appl. Work!lhop (1 /17 /~2) p~ 2 
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X-RAYS ARE AN IMPORTANT PROBE OF MATTER 

-----------------------------------------------ALS 

• Interact with electrons in atoms ~ element selectivity (e.g., K, L 
edges) 

• Energy appropria-te for inner shells of atoms 

• Short wavelength ~ image small objects 

• Absorption coefficient appropriate ~ penetrate matter . 

• Relatively easy to produce and detect 

• Can be polarized (linear, circular) 

• Variable (tunable) energy 

• Short-pulse time structure 

FS: A,LSUA Mta .(t) (1II15-16if1) ~ •• '1 
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THE ADVANCED LIGHT SOURCE: OVERVIEW 

------------------------------------------------ALS 
• National user facility 

• Provides UV and soft x-ray beams of unprecedented brightness: 
«10eV to -10 keV) 

Broadly tunable with narrow spectral features (resolution 10,000) 
Partially coherent ( optics, interference) 
3S psec time structure ( life times, time of flight) 
Polarized Oinear, circular) 

• Utilized by researchers from industry, academic, and national 
'l laboratory communities: 

- MatertaJs and surfaat sdenm 
- .AtomJc and molecular physks 
- a.emtstry 
- IJfa sciences 
-Technology 

• Construction project began in late 1986 

• Begin operations in spring 1993 

• Construction cost - $99.5 million 

n: AIS1:1A MIl JG) (Wl5-1~t) PS.8 
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RELATIVISTIC ELECTRON IN CIRCULAR ORBIT RADIATES 
SYNCHROTRON RADIATION (CONT.) 

------------------------------------------------ALS 
---... ...... 

" , 

v=c 

Relativistic angular distribution of the radiation emitted by an electron 
circulating at a speed close to the speed of light. Notice the concentration 
to a narrow angular range. 

• For E = 1.5 GeV, 'Y - 3000 

1 _ 1 1 . 
'Y 3000 -3 mrad 

FS: NSF Visit (2121/91) Pg. 8 
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EVOLUTION OF SYNCHROTRON RADIATION 

------------------------------------------------ALS 
Todayi 
Synchrotrons: 

Continuous e
trajectory 
"bending" 

"Bending 
magnet 
radiation" 

p 

"X-ray 
light bulb" 

hv 

Tomorrows 
Synchrotrons: 

• Many straight 
sections 

Photons 
-.. 

(periodic magnets) 

"Undulator" 
and 

"wiggler" 
radiation 

p 
,-.... , 

hv 

• "Laser-lik." 
• Tooable 

• ....,7 

'5: NSf VI.lt (212V9t) . '8. 9 
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INSERTION DEVICES (UNDULATORS AND WIGGLERS) 
DRAMATICALLY IMPROVE X-RAY PRODUCTION 

---------------------------------------------ALS 
• Periodic magnetic structure 

• Usually array of alternating permanent magnets 

~ )i 
') .. 
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UNDULATORS AND WIGGLERS ENHANCE X-RAY PRODUCTION 

------------------------------------------~---ALS 

• Both are periodic magnetic structure 

• Radiation is emitted at each bend into angle 1/y 

(1/y - 1/3 milliradian for 1.5 Ge V electrons) 

• Wiggler produces high flux: 

Electrons deflected through large angles (a > 1Iy, or K > 1) 
Incoherent superposition of radiation 
Like a collection of bend magnets 

• Undulator produces high brightness: 

Electrons deflected through small angles (a < l/y, or K < 1) 
Coherent superposition of radiation leads to interference 
Produces small spot of nearly monochromatic radiation 

,/ 

/ '" £ ""X ~s ... -<: :> 

~ 

FS: NSF Vi~it (2J21/!11) ,Pg. 25 
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AN UNDULATOR PRODUCES A VERY BRIGHT ·BEAM OF VUV 
' ORX RAYS 

-----------------------------------------------------jiLS 

• Coherent superposition of radiation from electrons bent many 
times in periodic permanent-magnet structure 

• Properties ofundulator radiation: 

High brightness 
Tunable photon energy 
Partial coherence 
High linear polarization 
Picosecond time structure 

An undulator is a tu~able soft-x-ray picosecond strobe light With.J 
laser-like DroDerties 

FS: NSF visit (V2ii9i) 'Pg. 1 
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HIGH BRIGHTNESS IS THE MAIN FEATURE OF THE ALS 
-------------------------------------------------ALS 

• High flux onto a small spot 

• High resolution 

• Ease of focussing => microscopy 

• Element-specific sensitivity 

• Partial coherence 

• Broad tuning range 
« 10 eV to > 1 keY) 

• Short pulses · 

Brightnea: on Important 
measur. of quality 

ALS ~~Photon 

10"" A~~""" ...... ~ .--i-. ~ ~ ~ Afs 

!~
.. . =01101. 
~ rodaIIon lOWe .. 

10'· 

I 

I lOtO 

. L! 
:g 

~ 10' rT 
f 
! 

Conventional 
X-Ray Tube 

to'" • , 
1 ~ 10 ~ tOO fN 1 tIfN 10 MY tOO MY 

Photon energy 

FS: ALSUAMtt .(e) W1J.:16191) Pg . . 6 
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THIRD-GENERATION SYNCHROTRON-RADIATION SOURCES 
HAVE HIGH BRIGHTNESS 

------------------------------------------------ALS 

B.,:'J~tWlS s 

.-. 
o 
""-N 

E 10'8 

E 

" N 
"0 
o 
L... 10'5 
E 

""-

104 
Wavelength fA) 

103 102 10' 10° 

~ ~~to~ u [ ~10" ! It ,. 
(I) 

C 
o 

-+J 

o 
..c 
CL 1012 I , , I I , I I I I , , I • f \ I 

1 0° 1 0 ' 1 02 1 03 10· 
. Photon Energy (eV) 

105 

• ALS undulators produce a beam which is a factor of 10,000 
brighter than that from bend magnets 

FS: NS'F Visit (2121/91) Pg. 28 
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NEW CAPABILITIES, NEW RESEARCH 

Next-Generation VUV Synchrotron-Radiation Facility 
Optimized for Insertion Devices 

• INTENSITY, BRIGHTNESS 

• COHERENCE 

· pl)(~v"'1:~ 

• SHORT PULSES: 3S ps (JS 
trUll.",'" Df • "co,,~) 

• TUN AB ILITY 

=> 

• Biological imaging 

• Measurements on small or 
dilute samples 

• Studies of ultrafast 
processes 

• Studies of dynamic 
processes in biological 
systems 

• Bond-selective chemistry 

• High-spatial-resolution 
studies 

• Lithography for chip 
fabrication 

ALS 

ItS: ~:tSU~Wftg. 'Sln.~b rpg.3 
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l-'IlYIE STRUCTURE IS USEFUL FOR SOME EXPERIMENTS 

------------------------------------------------ALS 

• Time structure of storage ring is different from that of laser 

CW laser 
Pulsed laser 

Low repetition rate 
Pulsed length depends on laser (~s to fs) 

Storage ring (ALS) 

High repetition rate (500 MHz) 
35-ps pulse at 2-ns intervals standard 

1r\s ... 
~lrfs 

Variable filling pattern changes pulse spacing (e.g., single bunch with 650 ns between pulses; 
pseudo-random filling pattern) 

• Select physical problems on ps, or longer, time scale 

• Can use multiple photons with time delay (pump-probe) 

Laser synchronized with storage ring 
Photons from undulator and bend magnet 

• Energy per pulse is lower with SR than with laser 

Laser. high-pulse energy for harmonic generation 
SR: low-pulse energy; undulator output includes harmonic. 

PS: AL5UA{~) ~n5-16191P8. 1 
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Time Resolved Two-Color Photochemistry 
and Chemical Kinetics 

• High resolution intermediate state spectroscopy 

• Bond selective photodissociation 

• Selective two-step ionization 

Undulator 

e- ~~~~ 
~~~~~ 

Laser 

Tunable UV 
(---30 psec) 

e-

(==O~I+I~ ~ 
" 

[!ru 

Photoexcited 
or 

Reacting Molecules 

Tunable 
IR or visible 
(psec to fsec) 

XBL 882-8837 
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HIGH-RESOLUTION MEASUREMENTS PROVIDE DETAILED LOOK 
AT MOLECULES 

--------------------------------------------------ALS 

• Vibrational structure in N2 observed with high resolution (BL-VI 
at" SSRL) 

• Resolution of 60 meV at 400 eV (E/~E 7,000) 

1.0 

?:- 0.8 ~ 
.w; 
c: 
Q) 

• 
1s~ Jt - 0.6 .E 

CD 
> 

1:) 

!!l 0.4 
Q) 

a: 

0.2 

0.0 
400 401 402 

Photon energy (eV) 

X-ray absorption spectrum of gaseous molecular 
nitrogen, showing vibrational structure of ls-nt* 
electronic transition 

Ref: Heimann et aI., VUV Conference (1989) 5~ R. La 

FS: NSF Visit (2121/91) Pg. 31 
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ALS CAN ACCESS CORE LEVELS OF ESSENTIALLY ALL 
ELEMENTS: (200 - 1200 EV) 
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PHOTONS-MoTHER NATURE'S FINEST TEST PROBES . 
, " 

~~ C;h-."..... ALS 

• X-ray fluorescence excited by x rays has several beneficial 
features 

High 'spectral resolution 
Low background 
Easy to polarize photons 
Low damage to samples by photons 
Ultrahigh vacuum not required 
Can be bulk or surface sensitive 

e.g., photons are a perfect nondestructive probe for atoms buried in a substrate as illustrated 
by 10% ktypton implanted in aluminum, where the krypton forms little balls about 1000 A below 
the surface (Ref: D. Ederer, NIST, 1991) 

AIL en L 2,3 --c 
~ . 
..Q 
~ 

cu .-
~ -en 
c 
C» -C -
65 70 

Kr M4 ,s 

75 80 85 90 95 
Photon Energy (eV) 

FS: ALSUA(E] (~5-16191 PS.6 
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X-Ray Microprobe Using Synchrotron Radiation 

Synchrotron 
Source (white 

radiation) 

e 

Resolution 

Vertical 

Horizontal 

~Beam 
¥ aperture 

Multilayer 
coated mirrors 

Scanning 
stage 

[I] 

XBL 903-5796 
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SPATIALLY RESOLVED SPECTROSCOPIES FOR DILUTE IMPURITY 
AND DEFECT SYSTEMS _L 

Sro c;("v'blMk-v-osc..o r 1 ALS 

'" 

e-

hv 

~ 

~~~~~= =: 

~ 
Radiation focused 
to ~ 1000 A spot 

~ 
~r - ~ 

""s ~N 
• Mapping of ;mpurity distributions 

by fluorescence detection 

• Mapping of· bonding defects 
by photoemisslon 

FS: NSF Vhit (2121191) Pg. 29 
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SpectroMicroscopy Phase Space 

~ 
11~ony~~B'~LIIIIIIIIII I 11111111 I 1111.1111 
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Fresnel Zone Plate Lens for Diffractive [ I~ I 
Focusing of X-Rays: 

.. 

.. 

.. 
Spatial 

resolution: 

1.2Ar ~ 

+ ~ 

XBL 842-9405 
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500 A Fresnel' zone plate . . 
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1 mm focal length at 31 Ji. 
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ELEMENT-SENSITIVE DETECTION WITH SCANNING 
----------------------------------------------ALS 

• Object: diseased human tendon 

E < 350 eV E > 350 eV 

CaL-347eV 

Subtractive image 
shows calcium 
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ATOMIC-RESOLUTION ELECTRON HOLOGRAPHY 

------~-----------------------------------------ALS 

• Image near-neighbor environment of specific chemical species 
in three dimensions 

• Measure photoelectron diffraction pat.tern produced by x ray to 
select chemical species 

• High resolution needed to resolve chemical shifts 

100 I I 

~ >' -11101 

II I 0 I 
Holographic reconstruction of Cu (001) 
Ref: Harp et al., Phys. Rft1. utt. is, 1012 (1990); Phy •. Rn. B i2, 9199 (1990) 

FS: tJOESAR (5/14-15/91) Pg. 20 
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The ALS will have ten beamlines in 1994 

• 

• 
• • 

Surface 
& Waterlal 
Science Undulator 

~'. . ,,,,.,,:;,-;,.' CDr Undula'-r 

·Chemlltry 
& Atomic 

Phyaici 
.~.Sc.:.. * 
~~ 

.~. 

c' . . , '.', , 
" 

Chemll~ 
& Alomlc 

• PhYSics 

hysical 
Sciences 
-Wlaaler 



PARTICIPATING RESEARCH TEAMS (PRTs) 

ALS 

Insertion Device Teams 

Insertion Device Scientific Focus Spokesperson Date Ready 

UI0 Chemical dynamics Tomas Baer, U. of North Future 
Carolina 
Yuan Lee,LBL 

UB.O Atoms, molecules, ions Denise Caldwell, U. of Central 1993 
Florida 

VJ UB.O Pump-probe, timing, R. Stanley Williams, UCLA Future 
00 

dynamics experiments 

US.O Surfaces and interfaces B. Tonner, U. of Wisconsin 1993 

US.O Surfaces and interfaces Joachim StOhr, IBM Almaden 1993 
Research Center 

US.O Optics characterization Nate Ceglio, LLNL 1994 

U3.9 X-ray imaging and optics for Dave Attwood, LBL 1994 
the life and physical sciences Steve Rothman, UCSF 

W16 Atomic, molecular, optical Bernd Crasemann, U. of Oregon Future 
physics, materials science Phil Ross, LBL 

W16 Ufe sciences Stephen Cramer, UCD . Future 
Sung Hou Kim, LBL 

'5: 0f0 Sdfflt'8 Wi1c1h»' (12/1 S/lJ1) ·Pg. 1 

~ ~ ... 
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PARTICIPATING RESEARCH TEAM (PRTs) [CON'T] 

ALS 

Bend Magnet Teams 

Scientific Focus Spokesperson Date Ready 

EUV and soft x-ray spectroscopy; x-ray optics James H. Underwood, LBL 1994 

Infrared spectroscopy; fast IR detectors Gwyn P. Williams, Brookhaven Future 
National Laboratory 

VJ Polarized photon studies; biology Stephen Cramer, LBL Future \0 

Materials studies and optical component Marvin Weber, LLNL 19931 
characteriza tion 

" 

High-resolution studies in materials and Charles Fadley, LBL 1993 
chemical sciences 

Microprobe AI Thompson, LBL 1993 

Atomic and materials sciences Dennis Lindle, University of Nevada, Future 
Las Vegas 

FS: Oeo Stlmt'a w~ (12/1 5/!f1) I's. 2 
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ALS FEATURES 

------------------------------------------------ALS 

• High brightness 

Focus to small spot 

High resolution with high flux 

• Fast pulse (35 ps) 

• Tunable over wide range (VUX, loft X ray) 

• Partial coherence 

• Polarization (linear, circular) 

FS: Ind. A". Wrbhp. (111"192) P8' 1 

.. 



~ ...... 

.. 
~. 

THE ALS WILL ONLY BE USEFUL TO INDUSTRY IF:-

-----------------------------------------------ALS· 

• easily and quickly accessible 

• user friendly 

• appropriate support 

• runs reliably full time 

• facilities meet needs of users 

• appropriate management climate 

• available for proprietary research 

FS: Ind. Aplpt. Workshop (1/17/92) Pg. : 
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IO. 0 I N G It ~ SEA It C HAT THE A L S 
------------------------------------------------ALS 

• Research opportunities 

Join a PRT 

Forma PRT 

- Independent investigator i. 1. .. I 
- ~pA~ I ~SDVT. v-".... I~vlct ~.,~ 

• Additional information 

Fred Schlachter 
Scientific Program Coordinator 
MS 46-161 
Advanced Light Source 
Lawrence Berkeley Laboratory 
University of California 
Berkeley, CA 94720 

Phone: (510) 486-4892 
Fax: (510486-4873 
E-mail: fred@lbl.gov 

.. .. 



Ultra-ESCA: Advanced Capabilities of XPS 
with High-Brightness Synchrotron Radiation 

B. Tonner 

University of Wisconsin 

43 
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Materials Science and Technology 
at the 

Aladdin 1 GeV 
-

Synchrotron Radiation Center 

Brian Tonner 
Associate Director, Research 

UW Synchrotron Radiation Center 
Stoughton, WI 53589 

--- l SRC ~ 
.. 



:~ .. a 
iCD .. ~ 
JJ -
~I 

011 
~ Me • AIIIICD"-TCII - CftIt. UII 
113 
.." 

'I 

CIMC 
iii ..aGE 
0> 
~c 

SAC ... -
a~ 
>~ ... -r-

ei 
-(") 

:.~ 
Cool -.." 
S 
~ 

aUM .. 

-1\1-

* TG.IIM ... 

45 

-J 
HIE nil! 

-,.::.....,. ""I 
SAC 051 

IILTI-LAYER I0Il. 

uc;'J 
IGIIA ST.IfOfTAM ST. 

ISU 

tI5U 

.... 
IEIIC 

O'NEL
Lilli 



----'.4 ....... ............ 

46 



Relativistic 
electron 
beam, e. = ymoc2 

Diffraction
limited cone 
of x-rays 

A 
). ~ ~ 
x 2y2 

8~_1_ 
rVN 

Fig. 2-2. Schematic of a periodic magnet structure (an undulator) of period X. and 
with a number of periods. X. Thc oscillations of the electron beam (of energy -ym02) 
passing through the structure produce ultra,-iolet and soft x-ray radiation (photons) of 
high spectral brightness and high coherent power_ The radiation occurs at a wavelength 
).~ in a narrow spectral width ().~ / ~_.) == ,,'. and is propagated forward in a narrow 
cone of half-angle 6 == h v'X )-1. 
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Materials Science and Technology 
at the Aladdin 1 GeV 

Synchrotron Radiation Center 

• X-ray Lithography 

• X-ray ~licromachining 

• X-ray Assisted Chemical Processing 

• X-ray .\nalysis 

49 
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MICROMECHANICS & MICROMAGNETICS 

SOURCE: 

Henry Guckel, Todd Christenson, 
Ken Skrobis, Johnathon Klein 

Wisconsin Center for Applied 
Microelectronics 

Department of Electrical and Computer 
Engineering 

University of Wisconsin 
N \c.,,~et.. (O",ILA e ... s: a t1 AGp..J~T\C.) a£l\'E~ '~AtJ CS''''tc.o~ 

(e~\tr'-€, tJo .... • t1A6N""'~) 
~A~u£Tlc.. \)~,,~ 'Be t't sa. ,+'At-f E.\..~eTt2.0~\A.Ttc:.. 
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1) Pau.cm sacrificial (removable) layer 

!p,.;; p .. ,.: ..... , , __ sacrirlCi:a1laycr SO~, ~(..~""O£ 

I Po '-'ftot£A,. I., ~~c _ • 

I'OA 
2) Spuuer plating basc~1 ~ __ .:.y_, .. _. ;:.-.. ;.~-x ... ~~~"'!". -., /_ ... crJ 
~ _____ ._I~_~_c ______ I.~~ 

3) Casland anoca.I PMMA 

30- 500 

.1 , . '. . · .. ····;'"1 

I~· ..... ~. . .... ",. 

S) Develop PMMA and clecuopille Ni N \ '0", n.A~L-E" 

6) Remove PMMA and plating base to clear access to 
the sacrificial layer 

~~MCrir~laycr 
.... rae I 

7) Etch sacrilici:lliaycr thereby undercuuing and 
freeing Ni slrUaurc 

53 
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Frame #012103 This is an electrostatic stepping linear 

actuator and was fabricated using a patterned sacrificial 

layer. That is, a layer of material (polyimide in this case) 

was patterned in the areas where it was desired to have a 

free structure. This layer is then removed after forming the 

nickel structure. This requires alignment of an x-ray mask 

to a previously patterned substrate. The same actuator 

was fabricated from Si at NEG but required 5 masks and 

was limited to ;::: 1 a ~m height (compared to 2 masks (1 x

ray) and> 1 00 ~m). 

54 



Frame #211000 An example of assembly. AssembJy of 

completely freed components can be used to make more 

complicated structures. 

55 



Frame #611011 A nickel hose clamp. This particular 

clamp is used to hold a gear captive on its shaft by 

clamping it on the shaft above the gear. 

56 



Frame #035006 A magnetic micromotor coupled to a 3-

gear gear train. The operation of this micromotor was 

demonstrated in May 1991. The shape of the rotor allows 

operation of the motor as a reluctance motor (that is, it has 

a preferable magnetic axis which aligns to the stator pole 

pair carrying the magnetic flux. Operation was achieved by 

external excitation with mating electromagnets and also 

rotating permanent magnets. Such external excitation limits 

the performance of the motor, and, as a result, current 

effort is aimed at integrating windings on the stator. 

This was the first magnetic planar micromotor 

demonstrated, as well as the first planar micromotor to 

demonstrate the ability to couple motion out of the rotor. 

Previous planar micromotors turned only themselves. 

57 



Frame #411003 Band and pulleys. Two pulleys were 

assembled on the the shafts shown, which are permanently 

attached to the substrate. A nickel band, which was initially 

circular, was stretched over the pulleys, and thus coupling 

them. Turning one pulley does indeed turn the other pulley. 

The purpose of the structure was to show that large 

displacements may be obtained with micro-components. 

"BA.....,t> ~ £ ,G++ 'T ;. 4 ~~ 
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X-ray Analysis 
by 

Soft X-ray Spectroscopy 

• X-ray Photoemission Spectroscopy (SXPS, ultraESCA) 
Photon in, electron out. Binding energies of occupied or
bitals . 

• X-ray Absorption Spectroscopy (XAS, XANES, NEXAFS) 

Photon in. electron or photon out. Energies of unoccu
pied orbitals. 

59 



XPS 
with 

Synchrotron Radiation 

• Tunable energy: 
Enhance elernent.al sensitivity by orders of magnitude. 
Euhance surface sensitivity. 

• Highly collimated: 
Extremely high resolution (10:s of millivolts). 

• Small spot size: 
Less than 1 rnnl. 

• Polarized: 
Select ion rules. 

• High intensity: 
Tilne resolution, spin detE."Ction, microscopy. 
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SPECT~L RANGES OF PHYSICAL PROCESS 
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CuClOO) 
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Fig.. 2.1. Universal curve of electron mean free path: experiment 
(Rhodin & Gadzuk, 1979; Somorjai, J981); theory (Penn, 1976). 
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J. J. YEH and I. Ui'lOAU Subshcll Pholoionizoltion ens ScC'tions 

GRAPH I. Atomic Subshell Photoionization Cross Sections for 0-1500 eV. 1 .. Z .. 103 
See paae 6 for E.tpianation of G~phs 
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ultraESCA 

• Tunable energ~' to rnaxinlize elemental sensitivity. 

• Tunable energy to var:v surface sensitivity. 

• Spot size below 100 l11icron. 

• Valence hand and core level spectroscopy. 

• High intensity/ high resolution (below 0.1 eV throughout 
rangf' ). 

• Polarization to identif~' valence orbital syrmnetries. 

• .-\ll of this at the sam€' time in the same place. 
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uitraESCA vs. Laboratory ESCA 
I. Lab Source 

• Al K Q source into ~ 4 x 10 mm area. 

• Flux of 2 x 1013 photons/sec into 0.8 eV bandwidth. 

II. ALS U5 beamline 

• At 100 e\'. have 1.5 x 1013 photons/sec into 0.01 eV, and a 50 11m spot. 

• Assuming of orde 10- 7 yield, will have MegaHertz count rates from 50 
micron areas with 10 milli-eV resolution. 

• ComparabJt. ftm:ps ar.d resolutions at 1200 eV (1013 ), but possibility 
for better resolution (100 meV) at this energy, and better resolution at 
lower energie:-;. 

III. High intensity-time resolution experiment 

• ese 15 chaunel ESCA analyzer for parallel spectrum acquisition. 

• Get 1..5 x 1014 photons/sec into 0.1 eVat 100 eV. 

• Assume 10-; quantum yield, 1000 counts/channel. 

• Assume 10 bands of 15 channels are accumulated. 

• Get 150 points with 1000 counts in 1 milli-second. 

IV. Small-area experiment 

• Get 6x 1011 photons/second at 1000e\' intoO.l eV BW and 100 micron 
area. 

• Gi\'es 60 kilo-hertz count rates from this area. Implies analysis times 
of 10's of minute!' for high statistics spectra. 
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I x-ray Absorption Microscopy I 

• High sensitivity (S8OOildary yield) 

• Spectral resolution of order 0.1 eV 

• Spatial resolution limit near 10 rvn. 

• Compatible with non-UHV processing 

• XANES and SEXAFS 
(chemistry and atomic structural 

• Sampling depth is 8near ~ 
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Photoernission Microscopy 
Spatial Resolution over Time 
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Computer-clriyeD 
Manipulator 

Hemispberical /. 
Electron EneraJ h 
Analyzer 

Idealization of the experimental geometry, which maintains a fixed angle 
between the incident X-ray beam and the ejected electron (9"Mton+eelcctr_ = r = 
const). For each crystal azimuth (~), the electron polar a.ngle (eel) is scanned by 
rotating the sample normal (il). In practice, the incident X-ray beam illuminates 
the entire sample surface, and the detector accepts a small solid-angle (A9~~) 
around the emission direction (see text for details). 
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Photoemission Holography 
In 

Forward-scattering Geometry 
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Layout of the SpectroMicroscopy Facility, showing the Multilayer X-ray 
Multiplexer, Variable-focus Mirrors, and 5 Experimental Stations. This drawing is 
not to scale: the distances from the central axis to the focal point (sample) will be 
larger in the actual installation. 
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Advanced Light Source 
SpectroMicroscopy Facility 

Next Generation Source 
US 100-1500 eV Soft X-ray undulator 

Next Generation Monochromator 

Water-oooled optics small-spot SGM 

Next Generation Detectors 

Dual-stage diffraction limited microscopes. 
Ultra-ESCA XPS diffractometers 
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(Above) Structural model for the si02/Si(OOl) 
interface derived from core level spectroscopy. 
The amorphous si02 network (not shown) 
connects to the broken bonds. 

(Right) Distribution of oxidation states at the 
si02 /Si(lOO) interface. Annealing in hydrogen 
does not change the distribution but moves the 
Fermi level to an unpinned position. 
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- -- SGM Exit Slit 

Zone-plate 
Condensor 

Multilayer 
Mirror(s) Schwarzschild 

Objective(s) 

Scanning X -ray 
Microprobe 

-..... ..... 
I:::: ..... 
::::: 
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Posilionine 

~:::: 
------~=.;; ..... 

CCD 
Camera 

Kep 
Detector 

Projective 
Lens 

X-ray PEM 

X-ra,. Beam 

Objective 
Lens 

Schematics of two detectors for the SpedroMicroscopy Facility. A scanning 
X-ray microprobe using a two-s~e condenlins optical Iystem with zone-plates a.nd 
Schwarzchild objectives is shown, as well as a para.llel-imasin« electron optics based 
X-fi~y secondary-electron miuoacope. 
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High-Resolution (20 nm) XPS and XANES with the ALS 

H. Ade 

SUNY/Stony Brook 

'. 
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N ano XPS and XANES imaging 
with Synchrotron Radiation 

Harald Ade, Chen-Hao Ko, and Janos Kirz 

SUNY @ Stony Brook 

Steven L. Hulbert and Erik D. Johnson 

National Synchrotron Light Source, BNL 

Erik Anderson 

Center for X-Ray Optics, LBL 

Dieter Kern 

lBlvl, T.J. H'atson. Research Cen.ter 

C. Jacobsen, S. Williams, S. Lindaas, X.Zhang 

SUNY @ Stony Brook 
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Outline 

• Motivation: why tunable X-rays? 

• Approaches to Spectromicroscopy 

• First results with the Xl-SPEM 

• C-XANES imaging of polymers with Xl-STXM 

• Future at the ALS in context with lab instruments 
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Some issues. 

• damage (micro- and macroscopic): SIN, detection efficiency 

• Chemical sensitivity: energy resolution 

• Quantification 

• Matrix effects (BSF, edge enhancement in SAM) 

• Spatial resolution 

• Charging (always possitive with photons) 

• Control over surface sensitivity (tunable x-ray source) 
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What can we learn from XPS 

c -----------------

hv 

A 

B 

-------- ----

FERMI 
LEVEL 

CORE 
LEVE 

w 

ADSORBATE 
LEVEL 

102 

PHOTOELECTRON 
ENERGY 
SPECTRUM 

E 



Chemical Shifts 
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Why X-ray Spectro-Microscopy? 

• X-ray techniques promise to overcome the limitations of elec

tron probes (damage, limited spectroscopic information) and 

the STM (virtually no spectroscopic/chemical information) 

• Photoemission/Soft X-ray Absorption Spectroscopies are 

Very powerful techniques for studying 

- Chemistry at Surfaces 

- Geometric and Electronic Structure 

• Many interesting systems are inhomogeneous and/or e-beam 

sensitive 

- Oxides / Oxy hydroxides 

- Catalysts 

- Thin Films (growth nucleation) 

- Semiconductor devices 

- Interfaces 

• PEM contains more information than SAM: primary photoelec

tron peaks and Auger peaks (can use Auger parameter). 

• tunable x-ray source: XANES, controlled surface sensitivity 
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Approaches to Spp,(.!tromicroscopy 

Image e- (Electron Optical Instrlliltents): 
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Focus X-rays (Micropr.ohp. Instruments): 

• normal inridence multiIayel'- C;chwau.sc-hild (F .. Cerrina) 

U-Uj L...:I- S"fA-h°AI .e..Sc~.J.,o~ 

cL..-U ~:~ ~ (3~_) ~ 6 "'""--

. ~ ~~ ~ Dio -:l:w 
~k..A- ~'li; I-

O~l M.A. Sc:hvaruc:hild objec:t1.. &-

• grazing incidence,-~ll~psoidJKUD2) 

r~% ili/YiA.c.~d. (~~-~C) 
~ 

.·1tone pJ..te.(SPEM} "'" tOo "v ~ "'4 J- 000 4. V 
...f(A.kA~ ~"'" IS" % ~ (i~ f~) 
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CMA. tuned to AI 2p 

eno~----r-----r-----~----~----~----~ 

AI 

no ~----~----~~--~----~----~----~ 
o 20 60 80 100 120 

Number of steps ~.15 wn] 

CMA tuned to 0 KVV 
225.0 

200.0 

1 
115.0 

U50.o 

I 
AI AI 

125.0 

Il: 100.0 

75.0 

50.0 
0 20 .0 60 80 100 120 

Number of steps ~.15 urn] 

118 



....... 

....... 
\0 

4500.0 o.~ It o.t~ I" .. - ..rl'0~ 

4000.0 
C-ls 

OKVV 

3500.0 4- ... '1. +Wf'1t 

3000.0 

2 2500.0 
~ . 

;j o 2000.0 
U 

1500.0 

1000.0 

500.0 

0.0' 
300 350 400 450 500 

Al-2s 
y 

.A1-2p 

550 

Electron energy (eV) 

600 



Instrumental improvements of the Xl .. SPEM 

• Add XANES mode with 0.3-1.0 eV photon energy resolution 

• Higher spatial resolution (few months: sub 100nm, one year: 50 

nm, few years: 20 nm) . 

• more efficient grating (gain of 2-5 in flux) 

• Ni phase zone plates (gain of factor 2 in flux) 

• commercial spectrometer (gain of > 10 peak countrate, simulta

neously factor 2 in energy resolution, or < 1 e V energy resolution) 

• multiple energy (16 channel) detection over 5-20 eV window 

• Alternate signals (PSD, fluoresceilce[ALS], scattering) 
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Photoelectron Spectroscopy in Industry: 
Current Capabilities, Needs, and Possible Roles for the ALS 

M.A. Kelly 

Stanford University 
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Capabilities of Modern XPS 
Instruments 

How XPS is Used in Industry 
--Examples 

Some Possible Roles 
for the ALS 
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XPS .in Industry 

~ it'5 . /I,S~ -' 

f> Elemental or Chemica.l Info 
e. Useful for. Insulators., Conductors, Powders, 

etc. . . 163 A~$ 
• Low Sample Damage ~ 
(9 Grood Quantitation, Easy Interpretation 

~ :t 10% 

f 
'iIO' 

K" 
o • Trace elements: Use SIMS 

S()()J1 

@ High Spatial Resolution: Use Aug::'or SIMS 

G Hydrogen Detection: Use SIMS 
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"Standard" 
Research Grade XPS Instruments 

(Much Improved in the ust Decade). 

$400K -- $600K 

Perkin Elmer 
Fisons (VG, SSI) 

Kratos 
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Key Instrumental Parameterus. 

• Energy Resolution: . 
Better Chemicallbfo. 

.•• Count Rate:: . 1t61 
Time/Cost Effe~~V{~ness~~~it;()~s 
Elemental SensltlV1ty Ftr«l1el Dt~ 

• Spatial Resoju~tion 
Point AnaJysis/Imaging 
t.1'stL~" t "sf€~'4/" 

o Other Important Features 
Char:ge NeutraiizaJion 

-+- Sample LoadIng lManipulation 
Depth Profiling 
l1lcuum 
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P,..diuil Spedalff.--

efls) SRectrum of Myla~ 

Small area ESCA spectrum of PET sample. 
PET.32 CARBON UPPSALA 1989-02-09 22:56 
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Idine Scan 
(Spatial Information/Minimum Time) 
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Spatial ResoIutioI\: 
An E"xample, 
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File: COPMAP10 Date: Feb 18. 1991 Operator: rIg 

Description: Elemental map of letters on paper, 6um steps, M-Probe. 
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Special SysteDls 

Scienta: Superior Spectroscopy 

VG ESCAScope: New Imaging Technique 

(VG?): Photoelectron Spectro-. 
mIcroscope 
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ESCA-300 

SCIENTA 
SCIENTA INSTRUMENT AS 

Seminariegatan 33 H S-752 28 Uppsala. Sweden 

144 

• 



30 em diameter rotating anode 

30 em radius e1ecuoslatic analyzer 

CCDcamcra , 

Cou~t/~-' Rd~ . 
,.. X 24-0 

h1gh-powedinefocus 
electron gun 

}(40 
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EDerey Resolution 
Scienta ESCA-300 

from Fermi Edge of Cleaned Pt 
(Corrected for kT) 
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~l 
t 

................... 

... 
......... ........ . 

t 
Linear area analyzed 

through the spectrometer 
entrance slit 

x 

-
E 

ESCA-ima~jne with hieh spatial and enerey resolution is demonstrated in this photograph of the color-coded 
intensity distribution on the detector. The sample is a silicon wafer with evaporated gold stripes. The wide gold 
stripes are 130 ~ and the narrow stripes are 32 ~ wide, with a periodicity of 400 and 200 ~, respectively. 
The pass energy of the spectrometer was in this recording 150 eY, and a 10 eY wide region around the Si 2p 
energy is detected simultaneously. With the analyzer slit width chosen, 0.5 mm, and a lens magnification of 
15x, the observed area on the sample is 35 ~m x 2.3 mm, with the long direction perpendicular to the gold 
stripes, as shown schematically to the left. The backgrounds from the gold spectra extend throughout the 
displayed energy region. In the intervening silicon regions, the Si 2p doublet is seen clearly resolved, and the 
SiOx signal is also very evident. The intensities are high enough to allow the simultaneous collection of high 
resolution ESCA spectra from 100 separated surface elements along the observed line, with a spatial resolution 
of about 25 ~m . ~. /euc 
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Superconducting 
Magnet 
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Radiation 
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Imaging Detector 

Sample D~;::tE--

II 
II 
II 
II 
II ... 
1'i· 
II 
II ... 

-------.. I -------- . 

Diverging 
Magnetic Field 

.~ 
.i 

.t·1 
II 

Retarding Grid 
Energy Analyzer 

-Photoelectrons projected - _ •• - > Imaging 
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Resolution vs. kinetic energy at various skimming angles 
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c 10 Oeg Resolution 

• 30 Oeg Resolution 
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Summary of... 
Comillercial Instruments 

• Wide Variety of Uses 

• Resolution adequate 

• Pressure for more speed, 
Spatial Resolution 

8 Limited Use of Angular Info; 
Other Photon Energies 
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Industrial Uses of XPS 

o Troubleshooting: 
Finding the 
Unexpected 

o Process Fingerprinting: 
Monitoring 
Deviations 
From a Standard 

o ResearchIDeve]opment: 

156 

Tracking Theory 
With Experiment 
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Trouble- Finger- Research/ 
shooting printing Develop. 

Time 

Task 
Definition 

Urgent 

Low 

Analysis Broad 

Looking Clues 
For 

Important Breadth 
Features 
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Routine Planned 

High Complex 

Specific Custom 

Devi- Under-
ations standing 

Rep eat- Flexibility 
ability 
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A Research Application: 
Development of a 
Polymeric Implant 
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Econolllics 

Equipment Depreciation ......... . 
Operator + Overhead ............ . 
Facility, Services, Supplies ...... . 

Total: 

$ lOOK 
$120K 
$ lOOK 

$320K 

2000 hrs/yr $160/hr 

Simple Problem: 
3hrs 

Research Problem: 
6 weeks 

$480 

$38,400 

Informa tion has to be worth 
its cost 
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Areas Q[ Opportunity. 

• Variable Photon Energy 
--Diffraction Effects 
--Deep Depth Profiles 

• Sub-micron Imaging 

• Valence band Characterization 
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Relating Surface Meas,urements· 
to Comme:rcial: .Problems 
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Materials Analysis by Photo emission: 
Is This Practical at ALS? 

R. Brundle 

IBM Almaden Research Center 
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Counting rates and detection limits for various elements in plant materials 

Element Atomic number m(c/s per %) ~b (cis) Ib (sees) Detection 1 imit (%) 

Sodium 11 16.5 17 200 0.053 

Magnesium 12 36 10 100 0.026 

Aluminum 13 480 3 100 0.0011 

Phosphorus 15 520 6 20 0.0031 

Potassium 19 5400 50 4 0.0020 

Calcium 20 35,000 100 4 0.0004 

Titanium 22 57,000 90 10 0.0002 

Manganese 25 20,000 90 20 0.0002 

Iron 26 43,000 90 20 0.0001 

Nickel 28 138,000 800 10 0.0002 

Copper 29 60,000 900 10 0.0005 

Zinc 30 100,000 900 10 0.0003 
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Wavelength Range and Sensitivity 
of the Wavelength Dispersive Spectrometer 
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The Wavelength Dispersive Spectrometer and the Energy Dispersive Spectrometer 

]
28 

Crystal "--.: 
Source 

28-7 

a) Single crystal of fixed '2d acts as a spectrum analyzer. 

b) Scanning 28 range allows the complete spectrum to be acquired. 

c) Selection of single wavelength is achieved by selection of equivalent 2e value. 

Specimen 
Wjll@I7!(11!l 

c5 
Source Si{U) Detector 

Multichannel 
Analyzer 

a) Proportional Si(Li) detector gives a distribution of voltage pulses proportional 
to the spectrum of X-ray photons. 

b) A multichannel analyzer is used to isolate the voltage pulses into discrete 
intervals. Consecutive output of the MCA intervals allows complete spectrum 
to be displayed. 

c) Selection of a single energy interval is obtained by selection of appropriate 
voltage window (i.e .• range of channels) on the MCA. 

198 



~ 

~ 

... 
>
~ 

II> 
Z 
W 
~ 
Z ... 

,. 

o 

U 
,1 

I 

0.1 

.. '" 

Vb Eu Ce Cs Sb Cd Pd KEDGES 

~"'''~''''!,''~''~ "';,,"i/'~ -
" ..... ,·','1 , .. ~,'I 

I I I I' ,-:"",- I 
o 0 I 
o I I 

0.2 

, , , , , 
~I -'I. \ mOl 21\mln 

0.6 0.1 

(19) Excitation by the continuum. 

~ 

>
l
v; 
Z 
W 
I
Z .... 

wba, 

WbP, 

). I max _3/2 ). min 

u 

(, ~ 

Cr~a 

SPECTRA FOR 50kV 

V Ti Co 

2 

WAVELENGTH )., A 

K 

KEDGES 

4 

(20) Excitation by x-ray tube target lines. 

o 

(~ 

C\ 



Bragg-Brentano Parafocusing Geometry 

........................ 

... 
.... 

• 
~ . . ........ ~ ......................... . 
\ ............. . 

· · · · · · · · 
\ rc . 

Goniometer Circle Radius 

200 

C 

'

" rm/ 
. .... .... 



., 

4000 

3500 

(J) 3000 
c 
'-
Q) 

~ 2500 
a. 
15 2000 
'-
Q) 

~ 1500 
::J 

z 1000 

500 

Distribution of d-Spacings 
Inorganic & Organic Files 

Inorganic 
o Organic 
44.0 9.0 4.6 3.5 3.0 2.7 2.2 1.4 

15.0 6.0 3.9 3.1 2.8 2.4 2.0 
d-value 

201 



100 
90 
80 
70 

as 60 
CD .c. 50 .... 

I 

40 C\I 

30 
20 
10 
0 

Distribution of Organic Patterns 
as a function of wavelength 
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Prototype Long Wavelength Diffractometer. 
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