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UXFA beamline and multilayer laboratory

Discussion of the technical aspects of x-ray microscopy
(learn about applicationsin three weeks)

e Spatial resolution obtainable with different objectives based
e on reflection
e on diffraction
e on refraction ?
W.C. Roentgen: Thereareno refractive lenses
for x-rays!
» Refractive objectives uniqueto x-rays

Note: This presentation is neither historically correct asawhole nor complete for the singleitems.
It islimited to (often newer) experiments, which can explain the conceptsin the most instructive way.




Why microscopy with SR?

UXFA beamline and multilayer laboratory

A) use unconventional contrast mechanisms, e.g.
— absorption edge s (water window)
— dichroic respons e (helicity)

— coincidences more in 3 weeks

B) in visible: spatial resolution =light wavelength

will shorter wavelength SR reveal the yet unseen?




Why X-ray microscopy?

E = photon energy [eV]
100 109 108 108 1012

Synchrotron radiation

E A /[um eV] = 1.239852
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Why x-ray microscopy? l

UXFA beamline and multilayer laboratory

Question:
What isthe ultimately possible spatial resolution?

Please note:

here we would liketo seefeaturesin a single aggregate

X-ray crystallography instead reveals gructureswith very
high spatial reslution, however, only of crystalline ssmples
“Lendess or coherent x-ray diffraction imaging o intrinsically

I noncristalline objects promises high resolution (seeelsevhere). I
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FIGURE 3 Ray path in the microscope from object 1o (a) (b)
ohserver's eye (see text). _—T

Figure 2 NA = {n)sin(p)
(a)p=T7" NA=0D12
(b) p = 20°NA=0.34
 (c) p=E0°"NA=087
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The resolution of a microscope is given by
R = A(2NA) NA = numerical aperture

8 Figure 2 NA = (n)sin(p)
(@) p=7" NA=0.12

I (b) 4 = 20° NA = 0.34
(€) p = 60°NA = 0.87

AT A

" u
(a) (€)

—l‘—qh_i'

Have to focus x-rays with refraction, reflection or
diffraction with largest possible NA
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e wavelength of order of A=0.06 nm (E=20 keV)

 negligible absor ption in air

e large variation of absorption in material

o reflected with surface mirrorsonly at grazing incidence @
(rule of thumb for Pt coating: E* ®/[keV*mrad] = 80)

e r eflected/monochromatised at lattice planes of highly regular
crystal structures

Soft x-rayswith 0.6 nm <A <30nm (40 eV < E <2 keV)

e significant absorption in air (vacuum required) and material
e mirrorsfor reflection, gratings for monochromatisation
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e refractive index n=1-8+ip, 5:reA2Nef1
wherei=sgrt(-1) and 0o, <<1 21T

r.=2.810%3 m, N, = no. atoms/unit volume
f, = tabulated atomic scattering factor (e.g. www-cxro.lbl.gov)

* in X-ray range: O [0 A2 BOA
e total reflection angle ® = sgrt(20)
e deflection in a prism A = -20/tan(y)
e phaseretardation AP = 211/ CIA

e absorption length 1p O A3 n<l: xrays

n=1: in the visihle

e.g. for plexiglass at A=0.154 nm (8.05 keV): 0=4.210° /u=1.3mm
then @ =29 mrad (0.167°) A(y =45°) = -8.4 yrad
| =36.67 um provide 21 phase shift




X-ray microscope schemes

UXFA beamline and multilayer laboratory

Fullfield Microscope

Conventional x-ray microscope XM-1 at the ALS

Condenser
zone plate

ALS Bending

Micro zone
Magnet plate
-

Mutual Indexing System
with kinematic mounts

Instrumentation operated by Center for X-ray
Optics at ALS, Berkeley, CA (USA)

GO107003 B D 9802-00404. B



X-ray microscope schemes

UXFA beamline and multilayer laboratory

Transmission
detedor

F aster scanned

Scanning Microsaope

Exit slits
Spherical grating :
monochromator

Ni 3p and Ga 3d images (25x50 um?2) taken
| \I\_ at (a) 25° C and (b) after annealing to 300° C,

Hemispherical
electrar analyzer

the R-Gaimagein (b) manifests lateral varia-
tionsin theinterfadal readion (c) C 1simage
and entire spedrum measured in the C-rich
spots (bottom) and in the non-defect region

(top)

LInculator
sOUrCeE

Ga3g

ESCA-microscopy
beamline operated
at ELETTRA
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parabola: y 2 = " Achromatic objective
| x © =20, = 2sqrt(20) = NA
Ryt = M(4 sqrt(29)) = R4

(x"y") X,y




ultimate limit
practical limit

experimental limit

TR AR Fixed lower limit
O e S depends on Z:
T siozcapilary ] R =4 nm for platinum
I . : BUT
% o U Y - - Rexp = 10 Hm -
NN : figure error limited
| T—\___._ ] [|(Bilderback, CHESS)
) . HR?%\\ ******* ‘ Pticiap”'afy . no successive figure
e e correction possible
photon energy [eV]




ultimate limit
practical limit
experimental limit

Rd | ect| O  Beam compression in multibounce capillary

SCIENCE * VOL.263 * 14 JANUARY 1994

z Rexp =50 Nm
iy but
T ¥ e very low efficiency

Fig. 1. Profile of the inner diameter (ID) of a
capillary measured with an optical microscope.
e, T B A AT RO - - -
& Povalot iy S s 4 Ty sive better efficiency is routinely
goes 12 successive bounces with a net ] ]
prtoe iyttt ey B (commercially available)

the x-ray reflectance for each bounce. Ray 2

T T ot o e provided with

exceeds 95%, and the total deflection angles
are 2.3 and 2.2 mrad, respectively. Rexp =~ 5 Hm

Donald H. Bilderback, 201




ultimate limit

practical limit
experimental limit
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Rdl eCtl O Crossed mirror parr (Kirkpatrick-Bagz system)

Achromatic system
horizontal and vertical

focusing are separated:
“astigmatic” system

Source Focus Synchrotron radiation sou rces

a»h — 0 ——
or
o— = @




ultimate li mit

practicd limit

UXFA beamline and multilayer laboratory

Rdl eCtl On Crosseal mirror pair (Kirkpatrick-Baez system)

vertically focusing
elliptical mirror

image

Y

i

horiz. foc.

ellip. mirror

it

parabola: y

2 -px

o forx=x: Ay/Ax (X')=®
e then b=(2®_,,)? x’ and at x=x"":

experimental li mit

|deally elliptical mirrors needed

approximate as parabola
y=(bx)¥2 , Ay/Ax =0.5 (b/x)¥2

crit

Ay/AX (X”) = q)crit (X’/X”)llz

e deflection angle is 2 Ay/Ax
e and convergence angle in

focus Ay s =2 NA

=2 @ [1-(X"/x"")¥?]
Mirror size parameter:
g=I/r=|x""-x’|/r




ultimate limit

WI al resolution practical limit

experimental limit

UXFA beamline and multilayer laboratory

Rdl eCtl O Crossed mirror pair (Kirkpatrick-Baez system)

vertically focusing
elliptical mirror

o ~ ~ m image
NA = cDcrit (1 m) \ \ /“Hh+<

,.| horiz. foc.
e 2 mirrors just touch with

ellip. mirror
]
qp=I/r,=1/r,=aq,=9
r.+05qr,=r,-05qr,

OPERATIONAL example:
we putr, =mr,: ESRF (bendable flat mirror):
then g =2 (m-1)/(m+1) f=95 mm and 1=90 mm

Y

W

2 NA =0.8 @,
o at ELETTRA m=5: 9 =1.33 R =M/(0.8 sqrt(29)) = R4
Bpe=8,;=1.1d;=2NA =9*R

single bounce capillary

e more realistic2 NA=® exp: @ =2.2 mrad at 20.5 keV

crit




ultimate limit
practical limit

experimental limit

2 , S EEEIE

g | ESRF mirror () 2.2 mrad mirror practical lower limit
of SN e R, e = 35 nm for Pt
of | S 2.2 mrad mirror] P
= 4 - — | . Rexp =83 um
Sl LA figure error limited
C e ]
S \ (Hignette, ESRF)
% 10 _';'" NN '; """ - """ .
0 8N\ Y
= N >~ )
2r ] |
R=A \ Pt capillary
Th SRAAL W "
2 4 6 8 2 4 6 8 2
10° 10’ 10"
photon energy [eV]




ultimate limit

WI al resolution oractical limit

experimental limit

2 | | |
100 .-
2: “Schwarzschild -
A objective grazing mirror
E A
= , - multilayer \
5 coating 3
E o e i
o
@ N 1
4 Ry N )
A
2 — i
R=A" \ .
; Pt capillary
1 ~ N Y L
2 4 6 8 2 4 6 8 2
10° 10° 10°
photon energy [eV]

Add multilayer coating
(becomes chromatic)
R=2d=6nm

ESRF (bend mirror):
f=250 mm, |=170 mm
6.5 mrad,d =8 nm
Rorac =16 nm

Rexp = 86 pm

figure error limited
(Highette, ESRF)




ultimate limit

a)al al resolution oractical limit

experimental limit

elettra

UXFA beamline and multilayer laboratory

Diffraction- &

—_ = = = (=

Highly
chromatic

Werner Jark School on Synchrotron Radiation and Applications
ELETTRA In memory of J.C. Fuggleand L. Fonda, Trieste, 28/04/2004



ultimate limit

WI al resolution oractical limit

experimental limit

2F] I I -
For binary zoneplates
1 L0 A L — I
Ooszbinary zone-plate o (Opaque In soft x—rays)
of :
i / 7] r outermost period
SRR —— -] |R=E2
S ~
E 10 \N - EEREEH Rprac 20 nm
@ 2:’ """""" \\ . iﬁ'\ P ] ReXp 20 nm @ 2 nm
ab T 1 (CXRO, Berkeley)
Al \ 1 [Ihine width limit for
e\ . . .
R=A \ Pt capillary lithographic processes
1E— > 468 2 468 2
10° 10° 10°
photon energy [eV]




ultimate limit
practical limit

experimental limit

UXFA beamline and multilayer laboratory

Rings (thickness t) become
transparent for x-rays.
Need phase zoneplates:

rings retard by 1
t= A/(20) and for circular ZP
=t/8 R,,..=r/2=A\(320)

rmin prac

R..=90nm forr=206 nm

exp

t=4.4r @ A=0.154 nm

[min = t/50 but r;,> 40 nm
(Yun et al, RSI 1999) Rora= A(20038) > 20 nm




ultimate limit

practical limit
experimental limit

UXFA beamline and multilayer laboratory

2FT T T

phase zone-plate Phase zoneplates have
1008j' : blnary zone-plate R — better efficien Cy than
binary zone-plates

out-of-phase
zoneplates could
produce smaller focii

resolution [nm]

A

, \ | above 10 keV with
L, "7 O\ Preanilay | lreduced efficiency
2 4 6 8 2 [ éll |é]é“ 2
10° 10° 10*
photon energy [eV]




ultimate limit

a)al al resolution oractical limit

experimental limit

elettra

UXFA beamline and multilayer laboratory

. Compound refractive lenses (concave)
Refraction Snigirev et a, NATURE 1996

single lens

X-rays: n=1-90-if3 <1

need of concave and
parabolic lenses
f=Rad/d | = 1/(p*[/p])

lens transmission:

@SRI2003 T(y) = exp(-y2/2f3l)

www.accel.de

for d=0 Gaussian with
‘Chromatic lenses o = sqrt(fol)

Werner Jark School on Synchrotron Radiation and Applications
ELETTRA In memory of J.C. Fuggleand L. Fonda, Trieste, 28/04/2004



ultimate limit

WI al resolution oractical limit

experimental limit

100
E
£
c
S
>
2 10
%)
o

2FT

si — i S S
o f -
4 [ ]
W [ ]
Zﬁ Li CRL

A

2 X L2 'A'é*é'4 >
10 10 10

photon energy [eV]

Best material lithium
(more convenient
beryllium, aluminum)

taken for (2 NA):
fwhm opening =2.35 o
and f=200 mm

2 NA = 2.35 sqgrt(o I/f)
Ry ac=sart(f/1)A/sqrt(5.5 9)

problem is source size S




ultimate limit

practical limit
experimental limit

UXFA beamline and multilayer laboratory

Diffraction limited spot size is obtained with
spatially coherent incident radiation

A = lens aperture Q = source distance
S (A/Q) =A
=_==>
Q=SA/\

e.g. S=30 uym, A=1 mm, A =0.154 nm: Q=200 m!!

Couldn’t it be better to compress the beam?




ultimate limit
practical limit

experimental limit

X-ray waveguides Snell’s law:
(pext = Sqrt(cﬂntz_l_ (pcritz)

e o e e A els 62 N 63:
D= M(2 sqrt(25,))
b | Ryt = M(4sqrt(28)) =R,

Fwhm beam size at exit is D/2.

same for capillaries and
tapered waveguides

Beam to be reflected internally (Bergemann, PRL 2003)

_ _ (Hnt >q)(_:rit

Is standing wave with | equation is identical to
D=A/2sin @, single bounce capillary




ultimate limit
practical limit

experimental limit

resolution [nm]

2 | Ni Wavéguide
Pfeiffer et al
a Phys Rev B 2000
\
'&\ L 00 Y ! A — i
— N\ “ - i
U \ ]
ar \r ,_
, -
N —}-Ptwaveguide
R=A\ ~ Pt capillary
- I b
, 2 468 2 468 2
10 10 10

photon energy [eV]

Waveguides rather inef-
ficient with D=10 nm.
However, D=70 nm and
thus R=35 nm can be
provided “easily” with
high efficiency (Jark et
al, APL 2001)

2-dimensional version
was successfully
produc ed (Pfeiffer et al,
Science 2002)

R: 35 nm X 65 nm




ultimate limit

WI al resolution oractical limit

experimental limit

UXFA beamline and multilayer laboratory

‘ In scanning configurations, may be better in imaging ‘

e ellipsoids, toroids R > 5000 nm
e mono -capillaries R = 5000 nm
e Kirkpatrick-Baez mirror R =83 nm
pair (elliptical)
e Fresnel zone-plates R=20..50nm
e compound refractive
lenses CRL R =200 nm
e X-ray waveguides R=35nm
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Classical knife-edge test

Fluorescence from test pattern

@) ,‘iﬁtisiﬁﬁéh{é’%s?d’ A.C. Thomson et al, Proc. SPIE
1200 ’ 4145, 16 (2000)
E 10600 — is 1 El "] ' 1s =
= %00~
L.
g ‘“]— .
200 JLU N |
o ] i T T 80 -
I | I I | — <
=10 5 it} 5 . S experiment:
: ':::m p:sitiun [um] = % 60 // KBpopticst
L £ e okoxsmm
Fit to integrated data 2 40 o
-S" }/ ¢ —®— zoneplate
. . - 9__). 20 / Simulation: _
claimed knife-edge fwhm resolution: /{;f:‘..f 1 Gaussian 2 microf
KB mirrors:  1pm x 1 pum e  e—
; 1 10 100
zone-plate: 0.15 pm x 0.2 um spot size [microns]
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I n<l: x-raysl
AB = 2(1-n)/tanf

e

many

= —  — ——————
AN

== v w N

B. Cederstrom, R. N. Cahn, M.
Danielsson, M. Lundq vist, D. R.
Nygren:

Focusing x-rays with old LP’s

Nature 404, 951 (2000)




Get it amost for free
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Si(Li) detector
alligator lensin PMMA behind 0.01 mm dlit
X-ray tube 50 teeth over 50 mm expected beam size:
(35 kV white) vert. acc. 0.15 mm for 12 keV without lens: 0.3 mm
0.04 mm x 4 mm opening 0.2 mm (2 pm pitch) withlens.  0.04 mm
| y >
:@::::::::::::::: ————— - [:]
1 A
—-

940 mm + 940 mm P{

With an average transmission of 0.85 in the effective aperture
an intensity gainof g=0.85* 0.3/0.04 =6.3 isexpected




You get gain!

And you have an easily
tunable large bandpass
X-ray monochromator!

Interesting also as beam
collimator

gain

gain

Comparison to ray-tracing

\ — oh axis| |
\ — +30 pum|
+60 pm|H

r{lens tuned

\
e —0— g/N=1,
'( ' ray-tracing:

v —— g/N=2.0um
25 ur

Fa \ ideal comb = =
'f\m\ . [|real comb —— —

10

15 20 25
photon energy [keV]

30
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Effective aperture
similar to CRL'’s.
f=1m..2mfor
A=0.154 nm

Jark et al,
JSR 2004

Exp. focus 2.8 um!
At ELETTRA 15x
Intensity gain in
one dimension in
30 um spot!

High resolution radiograph




UXFA beamline and multilayer laboratory

Two-dimensional focus 8
behind crossed lenses

I
|

Jark et al,
" ]| ISR 2004

T
it
.-

vertical position [mm]

CCD image:

lens shadow

focus gain 25x : 00 05 10 15 20 25

horizontal position [mm]
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Formation of Optical Images by X-Rays

Fare Kikpamwics axo A, V. Barz
Stanford ['micersuy, Stanford, California
{Received March 12, 1948,

Saveral conceivable methods for the formation of oprical
images by <-rays are considered, and 2 method employing
woncave mirrors is adupoed as the most promising. A con-
wave spherical mirror receiving radiation at grazing inci-
slence (A moressary arrangement with xeravs) images a
j=dmt into a fine in sccordance with a focal length f=Ri‘2
where & i« the radius of carvature and § the grazing angle.

Ihe image i« subject 1o an aberration such that a ray
ruflected at the periphery of the mirror misses the focal

INTRODUCTION

HE literature of x-rays contains many pas-

sages deploring the supposed impossibility
of focusing x-rays with lenses or mirrors. Both the
ditficulty and the regret are casily appreciated, A
satsfactory x-ray microscopy would open up
fields of investigation closed 1o the optical micro-
scope because of its restricted resolution, and to
the electron microscope because of the limited
penetrating power of clectrons. X-ray spectrome-
ters diffraction instruments woukl probably
have evolval along simpler or more advantageous
Bines hal their designers possassed the means of
optical control availalibe to workers with light in
othee speviral regions,

~

/
‘o

. Fic. 11, ﬂn’lw;nmo::?\'!m to produce real

point of contral ravs by a di-tance given approxinmtely
by S=13Ur /R, where M is the magnification of the
image and # is the radius of the mirror face. The theoreti-
cally possible resolving power is such as to resolve point
ohjects soparated by abost 70\, a Nmit which is inde-
peadent ol the wave-length usad. 'cint images of points
and therefore extended images of extended objects may
be produced by causing the radiation to reflect from two
concave mirTees in series. Sample results are presented.

X-RAY LENSES

Roentgen's' first experiments convinced him
that x-rays coukl not be concentrated by lenses;
thirty years later his successars understood why.
X-ray refractive indices are less than unity by an
amount & which for common salids and x.rays of
gencral practice has a value of the order of 10-%
It may readily be shown that 1he focal length f of
a single refracting surface of radius R is approxi-
mately R'§. For several surfaces in scrices, ar-
ranged cooperatively, wehave 1 f=8§(1 Ry+1 R:
+ete). To make a successful lens we require a
large 8 and slight alisorption. Unfortunately ma-

W, C. R itz der 1T
_ Plhpsibalischen- Medicinischen Gesellscha® (1895),

-
however
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Collection of historical documents

hwarz i i iv

suggested for use with multilayer coatings in the soft x-ray range at
DESY, Hamburg, Germany:

P.-P. Haelbich, W. Staehr and C. Kunz
Ann. N. Y. Acad. Sci., New York, 342, 148 (1980)

classical application: long distance objective for full field
microscopy

here it is used in the reversed (demagnifying) orientation

Fig. 11. Cross section of a Schwarzschild objective with two spherical mirrors (from Haelbich et al.

(1980)). Example for the actual parameters for a 10x objective with an aperture angle sin_i 6,=0.125:

diameter and radius of curvature for the big mirror, 4.4 and 13.409 ¢cm, for the small mirror, 1 and
5.205 ¢cm, mirror spacing 8.387 ¢cm. (Example by R. Tibbetts, IBM.)
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A compound refractive lens for
focusing high-energy X-rays
A. Snigirev*, V. Kohn, I. Snigireva® & B. Lengeler*

* European Synchrotron Radiation Facility, BP220, F-38043 Grenoble
Cedex, France
1 Hurchatow, 1 V., Institute of Atomic Energy, 123182 Moscow, Russia

Tue development of techniques for focusing X-rays has occupied
physicists for more than a century. Refractive lenses, which are
used extensively in visible-light optics, are generally considered
inappropriate for focusing X-rays, because refraction effects are
extremely small and absorption is strong. This has lead to the
d P of all tive approaches™ based on bent crystals
and X-ray mirrors, Fresnel and Bragg-Fresnel zone plates, and
capillary optics (Kumakhov lenses). Here we describe a simple
procedure for fabricating refractive lenses that are effective for
focusing of X-rays in the energy range 5=40 keV. The problems
associated with are hy fa the
lenses from low.atomic-weight materials. Refraction of X-rays
by one such lens is still extremely smafll, but a compound lens
isting of tens or hundreds of individual lenses arranged in a
linear array) can readily focus X-rays in one or two dimensions.
We have fabricated a compound lens by drilling 30 closely spaced
holes (each having a radius of 0.3 mm) in an alumininm block,
and we demonstrate its effectiveness by focusing a 14-keV X-ray
beam to a spot size of 8 pm. -
The index of refraction for X-rays in matter can be written as
n=1-4+if, where § is the absorption index and & is the

b eent aodrem FOATH dacrmn, Gy

NATURE - VOL 384 - 7 NOVEMBER 1996

lqtest

i

cormpound

decrament of the refractive index), a collecting lers for X-rays must have a
concave shape. a, A simple concave lens fabricated as a cylinancal hole in
fthe matenal. b, A CRL consisting of 8 number [N) of cylindrical holes placed
close together in a row slong the optical ads, focuses The Xorays at a
dis that is N tir shorter 10 @ singe lens. R is the radhus of
the holes, d'is the spacing between the holes, J is the X-ray wavelength, and
F is the focal distance for a paraliel input beam.

refractive index decrement. Refraction being very small (§ is
typically between 10 and 10°7), all ale@mpls v Jeie to build
refractive lenses for X-rays have been unsuccessful. Recently, the
discussion about refractive lenses has been revived. Suehiro,
Miyaji and Hayashi' have proposed a refractive lens of high-
atomic-number (high-Z) material for focusing X-rays. Michette*

49
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, Fig 3. Schematic view of the parabolically shaped single and
compound refractive lenses: R, radius of curvature: A, aperture of

the lens; p. length of the single lens or the distance between the
centers of the two neighboring holes for a compound lens. 1a)
Single parabolic refractive lens, (b) compound refractive lens with
parabalically shaped holes, Ic) compound refractive lens with par-

abalically shaped half-holes.

Tabie 1. Calculated CRL Parameters for Boron and Alsminum”

Effective

.
Lens Material. Energy, Mumber Aperture, Resolution Real Length,
Hole Radius, R E of Holes, A o Gain, L

Focal Distance, F ke N {wm? ipmi E imm}

& 13 251 1 150 13
10 55 2n 0.6 186 55
20 222 177 0.4 168 224
30 501 160 0.3 166 506
40 Bgo2 149 0.2 176 201
10 45 116 1 [ 45
20 184 163 0.4 36 186
30 417 160 0.3 50 421
an 43 149 ne RO 750

“Calculations were made in the following conditions: source size, 50 um; source-lens distance, 50 m; lens focal d:slarm_e, F=1m;
spaving between holes,d = 10 um. G is the idea! gain in the intensily at the focus for a point source.  The real gain g wikes into account
the finite source size and the attenuation of the  rays owing to absorption in the material between the holes
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Nanometer Spatial Resolution Achieved in Hard
X-ray Imaging and Laue Diffraction Experimen
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Tapered glass capillaries have successfully condensed hard x-ray beams to
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Schematic diagram of X-rays passing through a perfect poly-
capillary concentrator. A device has been used to condense 6 keV

X-rays 10 a diameter of 68 pm wi

Journai of Synchrotron Radiation Figure 2
ISSN 0909-0495 © 1994

X-ray

An X-ray beam can efficiently be transmitted through 2 capillary
concentrator if reflection from the smooth walls takes place at
angles less than the critical angle of reflection. For hard X-rays and

typical borosilicate glasses, the critical angle for 10keV X-rays

15 about 3 mrad or 0.2°,

Figure 1

et al., 19945). Before pulling,
paraliel whbes of 18 um inner

hile enhancing the imensity

diameter and 2 um wall thickness (Gibson, 1994),

(flux/area) by a factor of § (Hoffman
the concentralor consisted of 330
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Non-destructive determination
of local strain with
100-nanometre spatial resolution
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Strwchine siees af — | B0 mm are now slandand in micrackecironics,
and state-of-the-art fabrication technigues can reduce these (o
fust a few tens of manometres (refl 1) Bat ab these beigth scales, the
strain induced @ interfaces can bocally distort the crysial lattice,
which may in turn affed device performance in an unprediciable
way A means of non-destructively characterizing such strain
fields with high spatial recolution and sensitivity s therefore
highly desirable. One approach is to use Raman spectroscopy’, but
this is limited by the intrinsic —0U5- jom resolution limil of visible
light probes. Techniques based on electron-beam diffraction can

N

achieve ihe desired nanomeine-scale resoluthon. Bul elther they
require ¢ lex sample p ion procedures’ (which may alier
the ariginal strain ficld) or they are sensitive to distortional (bt
not dilational) strain within only the top few tens of nanometres
of the sample sarface. X-rays, on the other hamd, have a much
greater penetration depth, bt have nm Iilllm'ln achieved ur-ln
amahais with sob-micrometre . Here we
magnkfying diffracthon Imaging pu‘utd.m for X-rays Mﬂdl
achieves a !pnlll] resolution of 100 nm in one dimension and a
sensitivity of 107" for relative lattice varistions. We demonsirate
the suitahility of this for strain analysis by measuring
the strain depth profiles beneathoxidized lines on !-Ilimn erystals,

The crucial element of our set-up is a waveguide™ { WG in Fig. 1),
which constitutes an onusus] opiical element for medinm- and
high-energy X-rays {10=3 keV), Unlike diffracting optical cle-
ments it does not foows a collimated incident beam, bt insteasd
confines it (through o resonance effect®) in one direction o a
dimension of typically J00-150 nm, the distance between the
paralld imerfaces of the resonator”. Several resonator modes can
be excited: these modes can leave a1 the end of the waveguide, with a
liigh degree of spatial coherence in the pline perpendicular to the
WV mui.dg surface, which is here the vertical one, In this direction,
the beam profile of the first resonance mode—at distances of more
than | mm from the wavegnide end— ks well described bya ganssian
beam'™"; this maode then seems 1o originate from a virtl line
sounce inside the resonator. This has allved us to register an in-line
hologram with a spatial resolution of 140 mm in one direction®.

The idiea hehind the present diffraction imaging experiment is as
fllows: for highly monochromatic X-rays, a perfect orystal has a
Himided .Lll;pl]ar accepiance I:ﬂ.-pic.:l]y' a few tens of microradians )
in ifs diffraction plane, which in our geomstry in Fig | b the
horiaomnial plane. Bar in the verical plane, Bs angular scceprance is
Larger and can even exceed | mmmd. This acceptance can be matched
favourably with the characteristio of the wavegaided beam, which
is divergent (typically | mrad) in the vertical plane while maintain-
ing it enllintion in the horkeontal plane. Serain sensitivity is then
achieved with the collimated beam in the horzaal plane. High
spatial resalution i atilized in the vertieal direction, in which local
stractural variations a1 the sample are registered by projecting themn,
magnified, on a two-dimensonal detector placed far from the
sample. 3o spatial resolution and srain resalution are pot coTre-
Lited. as they are obtained in orthogonal directione: spatial resalu-
tin in the harizontal plane has to be mcrificed in order to obiain
good strain sensitivity.
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Figure 1 Défiraction imaging s-up. Tha beam shing on tha wivegudi (WE setce B
Aty COMmpisal by M waresuice i e worieal (isolion: U DeSm keaving he

warmguide i werically dhvergant. This laler team. impinging on the sampiesurtace st an
Incidkenll anghe o, i ik actsd in D horiontal plane Kwaids ihe beo-dimesional CCO

B8 2000 Macmillan Magazines Lied

delecior posfioned & & fuod scamering angie 3¢, Tha wivaguide dsporsas th beam in
e vt e prving &t the CODddetisr o maghilication M= (7, « 25 — 205,
for iy siructunl wriations coourTng S e sampls surace i ths plane. & i e Wi—
inmple dhetance. 7 i the smple—detecind disisnes: in & Bragg scan onfy e & varied
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Figune 2 Alamic kros micm ey scan of sampk hagh! pralile. The 30, svipes o
cill eveni widdh exdand — 170nm above e sample arboa



