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Abstract

A presentation of various configurations of focusing Seemann-Bohlin
diffractometer, parafocusing Bragg-Brentano diffractometer and parallel beam are
demonstrated. Equipped with different thin film attachments a comparison to
conventional measurements are given. The application of different detector types like
scintillation, gas proportional, electroluminiscence (LUX) and solid state are
described. Typical instrument set-ups for reflectometry, grazing incidence diffraction,
total reflection, high resolution X-ray diffraction are explained. Different elements like
slits, soller slits, pinhole collimators, crystal monochromators, monofiber (FOX) and
polycapillaries ( multifiber lens ,Kumakhov lens'), flat or curved multilayer with
constant or variable d-spacing, and their combinations are presented. The comparison
of different beam conditioners in peak-to-background ratios are given. Wavelength
dispersive scans show the energy discrimination possibilities of different beam optics.

1 - Instrumental set-up

In the field of X-ray diffraction technique different geometrical arrangements

are described for 2-circle diffractometers [1]. The goniometer set-up can be

configured principally in three ways, as fixed tube (FT), fixed sample (FS) or fixed

detector (FD). The common Bragg-Brentano arrangement use a fixed tube (FT) and

specimen and detector vary in thetai to 2-theta2 ratio. In cases where specimens are

fixed (FS ) in horizontal position, e.g. for temperature attachments, the X-ray tube

and detector each vary as theta ( 0 : 0 mode). In case of fixed detector (FD), e.g. for

solid state detector filled with liquid nitrogen, X-ray tube and specimen show angular

motions in 2-theta2 to thetai relation . In each case the distance of focal spot of X-

ray tube to the center of specimen is equal to distance of center of specimen to

detector receiving slit and fixed . A Seemann-Bohlin principle use a

— 371 —



focusing incident- or diffracted beam monochromator, stationary specimen, angular

motion and linear translation of the detector (receiving slit) to the specimen for

fullfilling the focusing condition in reflection, or in transmission. For a constant

irradiation area a small angle of the specimen to the beam direction can be selected,

especially useful for thin film measurements. For thin film investigations the Bragg-

Brentano geometry was modified into a new design of parallel beam geometry [2],

2 - Choice and types of detector

Several properties of X-ray detectors are important for thin film experiments:

quantum-counting efficiency, resolution, energy proportionality, linearity over a

high dynamic range and low noise [3]. Different types of detector can be used like

scintillation detector ( a special version as high count rate detector ), gas proportional

detector including position sensitive detector, electroluminiscence detector (LUX)and

solid state detectors. The choice of detector system and electronic depends on

specimen signal and X-ray beam optic.

3 - Methods of thin film investigation

3.1 - Total reflection

The effect of total external reflection of X-rays can be used for determination

of thin films, e.g. for Cr-Kot radiation is the penetration in silicon only 3 nm. Under

the critical angle of total reflection the X-ray beam is reflected parallel to the surface

of the specimen. The equation for the critical angle is

O c = [ r 0 peX
2 l%yh (1)

for r0 = radius of electron, pe = density of electrons, X = wavelength.In table 1 are

given for selected material and energies critical angles of total reflection.
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Material ( p )

Pt (21.44)

Mo ( 10.22)

SiO2 ( 2.65)

OK a

0.98

0.68

0.34

C u K a

0.66

0.46

0.21

M o K a

0.30

0.21

0.11

Table 1 Critical angles of total reflection of X-rays :

This method can be used for total reflection X-ray fluorescence analysis (SEIFERT

"EXTRA II" , first commercially equipment 1986) for the determination of elements

in trace analysis as well as for grazing incidence diffraction and reflectometry.

3.2 - Grazing incidence diffraction

For assymetric grazing geometry a line focus spot of a X-ray tube is used and

a fixed angle a between primary X-ray beam and specimen surface in the range of 0.2

- 5 deg. A diffracted beam is recorded in 2-theta2 movement with soller slits for

parallel beam geometry. X-ray diffraction on thin films with thickness of 10 - 20 nm

can be made with acceptable peak / background ratio. Depth- sensitive diffraction

profiling on surfaces and double or multilayer film stoichiometries ( phase analysis ),

textured and/or microstrain and residual stressed films are typically objects of

investigation.

3.3 - Reflectometry

The method of reflectometry is described by Kiessig (1931), Parfatt (1954),

Nevot and Croce (1980) and Ender (1991). Using parallel primary X-ray beam, knife

edge diaphragm in center of large specimens and parallel beam on detector side,

reflectivity curves can be obtained by moving sample in thetai and detector in 2-theta2

The evaluation of reflectivity curves delivers the critical angle of total reflection,

roughness of surface, penetration depending from electron density of layer (5 ) and
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absorption ( $ ) and in case of thin layers maxima of interference of the reflected beam

at film interfaces. The equation of reflectivity from surface roughness is

Rrough^ Rsmooth exp [ - ( a 2 cos2 a ) / X1 ( 2 )

where Rsmooth is the reflectivity of the sample without roughness, a is the surface

roughness, a is the incidence angle of X-ray beam, X is the X-ray wavelength. The

positions of the maxima of oscillations amax in the reflectivity curve can be derived

from

a 2
m a x = a 2

c + [ A,2m2 /4D2] ( 3 )

where D is thickness, m is number of oscillations. Theoretical calculation and

simulation programs are nowadays available (e.g. SEIFERT 'RAYFLEX-HR' ).

3.4 - High resolution diffraction HRXRD

Single-crystalline layers on single crystal substrates are necessary because a

high intensity of the diffraction signal is needed. The differential equation of Bragg's

low

+ AX/X (4)

show that small deviations of lattice distances Ad have to be measured with highest

spectral purity AX for a precise measurement of change of Bragg angle A©.

Rocking curves ( Omega scans ) and reciprocal space maps (with channel cut

analyzer) are performed by primary channel-cut monochromator attachment and step

scans in the range of 0.001° step width . The primary Cu Kot parallel beam ,

4 times reflected on two channel cut Ge (022) crystals, delivers e.g. 1.5* 10"4 for AX/X

wavelength dispersion and a symmetric beam profile with a full width at half-

maximum of 12 arc seconds. The dynamical diffraction theory can be used for

calculations and simulations. The determination of thickness, layer composition,

roughness, layer mismatch, measurement of symmetrical and asymmetrical Bragg

— 374



reflections for strain state evaluation and investigation of structural perfection

(implantation damage ) are of general interest of high resolution diffraction.

4 - X-ray optical elements

4.1 - Selection of slits

The function of slits is to limit the horizontal and vertical divergence of the X-

ray beam. If a line focus of X-ray tube is selected, soller slits, fixed or variable

divergence slits are used. Pinhole collimators are chosen for point focus.

4.2 - Selection of crystal monochromators

Single crystals are used in flat, curved or channel cut form as monochromators

for primary or/and diffracted beam geometry.

4.3 - Selection of X-ray capillary (FOX)

The introduction of single- or poly-capillaries ( 'Kumakhov lens' ) in the field

of X-ray applications led to an improvement in intensity gain.

4.4 - Selection of multilayer optic

From the field of thin film preparations are received new products used in X-

ray spectroscopy and diffraction and presented as multilayer mirrors. The design can

be adapted to the experimental needs, flat or curved - constant or variable d-spacing.

5 - Comparison of different X-ray optical elements

Physical properties of the beam conditioner are compared in respect of diver-

gence, energy discrimination and peak-to-background ratio. A comparison of wave-

length dispersive scans is shown in Fig. 1 and in Tab. 2 is the K{3 / Ka referred [ 4 ].
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Figure 1: Wavelength dispersive scans ( rocking scans of Si (111) wafer
with scintillation detector) for different primary beam optics:
a) conventional slits
b) P -filter and conventional slits
c) planar multilayer
d) graded parabolic curved multilayer

The 2-theta range chosen corresponds to energies from 45 keV to 4.3 keV
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Primary beam optics

Slits

Beta filter + slits

Planar multilayer

Graded parabolically
curved multilayer

KJ3 intensity
(cps)

17,800

570

310

800

Ka intensity
(cps)

67,100

38,400

40,000

335,000

KP: Ka ratio

1:3,8

1 :67

1 : 129

1 :419

Table 2 Cu KP : Cu Ka intensity ratios for various primary beam conditioners.

An introduction to X-ray powder diffractometry including theory and aspects of the

diffractometer is published by Jenkins and Snyder [ 5 ].
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