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Abstract

Several well-established x-ray characterisation techniques have been developed to 

obtain high resolution for applications where high strain sensitivity and surface 

sensitivity are important X-ray methods are compared with other characterisation 

methods and a range of x-ray techniques is reviewed. The double-axis diffractometer 

and its capabilities are described. Dynamical x-ray diffraction theory for distorted 

crystals, and the theory of diffuse scattering from randomly distributed defects are 

reviewed. X-ray reflectivity theory is also covered.

Several complementary characterisation techniques have been developed: Double

axis diffiactometry using a four-reflection beam conditioner to measure surface scattering 

in the rocking-curve tails, topography using highly strain sensitive conditions at grazing 

incidence, with both a conventional x-ray source and synchrotron radiation, and energy 

dispersive reflectometry using a high-energy x-ray source. A range of samples has been 

characterised, including silicon wafers machined and polished under different conditions 

and from different manufacturers, silicon epiwafers, and ion implanted silicon.

In the rocking-curve analysis, modelling and simulation were used to determine the 

residual surface strain-depth profiles. Silicon wafers polished using a mechanical- 

chemical technique were found to have a lattice expansion of 4 to 8 parts per million near 

the surface, decreasing linearly to zero at up to one micron depth. Topography was used 

to detect strains of order 10-7 in polished silicon wafers. Strains were measured at the 

edges of polished areas which had been etched away, enabling strain relaxation. Energy 

dispersive reflectometry enabled determination of surface roughness of polished silicon 

wafers, down to Angstrom resolution.

The techniques developed can be used widely in the characterisation of 

semiconductor materials. Rocking-curve analysis in particular is an extremely useful tool 

for the assessment of wafer quality and monitoring and development of the wafer 

production process.
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Chapter 1

1. Introduction.

As semiconductor device technology develops, the processes involved require 

increasingly high quality of semiconductor wafers. It is therefore relevant to investigate 

even the highest-quality wafer production processes, to assess the resultant material 

quality and to determine paths for its further improvement. Electronic device 

performance depends on the quality and homogeneity of the semiconductor wafers used. 

The surface and sub-surface, where device fabrication takes place, are particularly 

important.

It is useful to have a number of complementary characterisation techniques 

available for the assessment of material quality. X-ray methods are non-destructive and 

may therefore be combined with other methods (optical, electrical, etc.) and used for 

quality control. It is possible to characterise a wide range of surface properties using 

several complementary techniques. X-ray diffractometry (rocking curve analysis) gives 

average strain-depth profiles, down to nanometre resolution, and an indication of 

dislocation density and damage. Defect type, size and concentration can be determined 

from diffuse scattering intensity. X-ray topography of the near-surface region enables 

determination o f  the distribution of strains, misorientations and defects. X-ray 

reflectometry can be used to determine surface layer density, thickness and interface 

roughness down to the Angstrom level.

In Chapter 2, the theory of the double-crystal diffractometer, and dynamical 

diffraction theory and its application to the study of distorted crystals are treated. Chapter 

3 is a review o f  diffuse scattering theory for crystals with randomly distributed defects. 

Chapter 4 covers x-ray reflectivity theory. Several techniques are applied to the 

characterisation of commercial silicon wafer surfaces. These are already of very high 

quality and require methods with extreme sensitivity to strain and surface properties. 

General experimental procedures are described in Chapter S. In Chapter 6, results of
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high resolution double-crystal rocking-curve analysis are reported. The rocking curves 

are analysed using simulations incorporating strain-depth profiles, and diffuse scattering, 

which is treated in detail in Chapter 3. Highly strain and surface sensitive topography, 

using both conventional and synchrotron radiation is described in Chapter 7. In Chapter 

8, an energy dispersive x-ray reflectometry technique is described.

The characterisation techniques proposed can be applied to a wide range of 

semiconductor materials, including Si, GaAs, InP, epitaxial layers, ion implanted and 

mechano-chemically polished wafers. Examples of several applications are given, but the 

main body of experimental work is concentrated on the detailed survey of residual 

surface strain or damage caused by polishing of silicon wafers. This includes the 

comparison of wafers in various stages of the polishing process and from a number of 

different manufacturers.

1.1 Semiconductor materials.

Silicon, used widely for VLSI integrated circuit memory chips for microprocessors, 

is now grown to a very high perfection. Most other bulk crystals grown for the 

electronics industry are much less perfect. These include III-V compounds such as GaAs, 

InP and InSb, II-VI compounds such as CdTe, and lithium niobate, garnets, sapphire and 

quartz. The growth of hétéroépitaxial layers can be used to obtain precisely controlled 

electrical or magnetic properties. These include electro-optic devices for use in fibre 

optic communication systems. Examples o f  epitaxial layers grown for laser structures, 

where the band gap is precisely engineered, are InGaAsP on InP, AlGaAs on GaAs and 

CdHgTe on CdTe.

The techniques developed in this thesis were tested on silicon, since highly perfect 

silicon crystals are the most widely available. Silicon is also used to make x-ray optical 

elements, such as beam conditioners for use with synchrotron radiation sources, and to 

make micromechanical devices, such as miniature cantilever beams in pressure 

transducers and accelerometers (Petersen, 1982; Angell, Terry and Barth, 1983). It is
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therefore important to investigate the processes by which silicon components and wafers 

are produced.

1.2 Machining and polishing processes.

Silicon single crystals are grown either by slow pulling from the melt (Czochralski) 

or by progressive melting and freezing of a small zone moving along a polycrystalline 

rod (float-zone). Crystals are now grown to 6" (15cm) diameter for use in the electronics 

industry.

Silicon is very strong but brittle and can be machined with diamond. A circular 

diamond saw, a band saw or a wire saw can be used, either with embedded diamond 

particles, or using an abrasive slurry. Material is removed under high loads by cracking 

and chipping (Stickler and Booker, 1963; Puttick and Shahid, 1977). In general, if 

material is removed by chipping, few partial cracks remain and the residual strain is low. 

This depends on the direction of abrasion. For (111) silicon, chip formation is greatest for 

[112] directions and least for [112) (Badrick et al, 1977). The resulting surface is 

plastically deformed and distorted and may contain cracks and dislocations. The 

mechanism for material removal and surface damage caused by diamond machining has 

been investigated by Smith (1990). Sawing damage is tens of microns thick and must be 

removed by lapping, polishing and etching. Ion beam milling can be used to give a 

virtually damage free surface.

Lapping is used to obtain a flat surface. A coarse abrasive such as 20 pm silicon 

carbide is used, in either free rolling or fixed particle abrasion. The resulting depth of 

damage is typically several microns. However, the residual strain after lapping may be 

greater than that after cutting (Chapter 6). Abrasion results in the formation of cracks or 

dislocations. This depends on the abrasive particle size, which determines whether 

material is removed by a brittle or ductile fracture mechanism (Puttick, Shahid, Hosseini, 

1979).
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Polishing uses smaller abrasive particles. Material is removed by the generation and 

movement of dislocations, leading to plastic deformation and shearing. Silicon can be 

polished by hand using diamond paste, down to 0.25 pm particle size, on a cloth-faced 

wheel, or alumina, down to 0.03 pm particle size. The damage depth is a few tens of 

nanometres (Johansson, Schweitz and Lagerlof, 1989).

Commercial silicon wafers are polished using alkaline (pH 8.3-11) colloidal silica 

(marketed under the tradenames Syton and Nalco), on a porous polyurethane pad. 

Colloidal silica polishing slurries are concentrated aqueous suspensions of silica with 

particle size about 0.0S pm. The addition of potassium hydroxide stabilises the 

suspension (preventing coagulation) and combines free abrasive lapping with chemical 

polishing so that the silica particles abrade the native oxide, the alkali attacks the silicon 

underneath, the oxide regrows and the cycle repeats itself until the surface becomes flat 

and highly reflective. This is called mechanical-chemical polishing and it results in a 

very low level of residual surface strain and damage. This is the main subject of 

investigation in Chapters 6 to 9.

If the silicon is cut into complex shapes, such as multiple reflection beam 

conditioners, it cannot be lapped or polished so easily. Machining damage in silicon can 

then be removed by etching in 5% hydrofluoric acid in nitric acid. GaAs and inP can be 

etched in bromine in methanol.

Silicon wafers go through a number of processes- cutting with an inside diameter 

saw; lapping flat; etching to remove damage and, finally, polishing and cleaning. (001) 

silicon wafers can be cleaved along (110) planes using a diamond scribe. There are two 

main stages in the polishing process- a rough polish for stock removal (a few tens of 

microns) and a final polish for surface finish (removal of about a micron). The wafers are 

typically polished on one side, using an alkaline colloidal silica on a polyurethane pad. 

Polishing removal rates range from 0.1 to 10 microns per minute, depending on the 

temperature, pressure, colloidal silica and polishing pad. These factors may also afreet
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the final residual strain and damage in the wafer surface. This is investigated in Chapter

6.

1.3 Review of characterisation techniques.

A range of x-ray techniques, including diffiactometry, topography and 

reflectometry, will be reviewed in application to surface characterisation of 

semiconductor materials. Several other (non x-ray) techniques will first be mentioned 

briefly, in order to give a general overview of characterisation methods.

Techniques for surface strain analysis include scattering of optical, x-ray, electron 

and ion beams. The penetration of a particular beam into a material depends on its 

interaction with the atoms and hence its absorption. Comparing x-ray and electron 

diffraction, x-rays have the lower absorption and hence higher penetration. X-ray 

diffraction (XRD) can be used non-destructively to characterise large, thick samples, 

such as semiconductor wafers up to several inches in diameter. For transmission electron 

microscopy (TEM), samples must be sectioned and thinned, as the penetration depth of 

electrons is less than a micron. The main advantage of using electrons is that they can be 

focussed to give a much higher spatial resolution than x-rays ( -  lnm for electrons 

compared to -  1pm for x-rays). X-ray topography can be used to image large-scale lattice 

distortions and deformations and long-range strain fields from defects. However, if the 

defect density is high, the images overlap. TEM can be used to image much smaller 

defects at higher defect densities, but with much lower strain sensitivity. X-ray and 

electron diffraction techniques are therefore complementary.

The strain sensitivity of a diffraction technique depends on the range of reflection or 

rocking curve width. Electron diffraction rocking curves are broad (-1°), while x-ray 

double-crystal rocking curves can be extremely narrow (-1 arc second), giving high 

strain sensitivities of 10“* to 10“*. The strain sensitivity is therefore much higher for 

XRD than for TEM, as shown in figure 1.1, which compares various techniques for 

surface strain analysis (after D.K. Bowen, unpublished).
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The techniques are x-ray diffraction (XRD), differential optical reflectometry (DOR), 

Rutherford back-scattering spectroscopy (RBS), medium energy ion scattering (MEIS) 

and transmission electron microscopy (TEM).

Rutherford back-scattering spectroscopy (RBS) and medium energy ion scattering 

(MEIS) are both techniques used to measure impurity depth profiles. The sample is 

bombarded with an ion beam and the energy distribution of back-scattered ions is 

measured. If the sample is aligned in a low index direction, channelling of ions occurs 

along lattice planes. The back-scattered intensity from lattice atoms in the direction of a 

lattice row is therefore a minimum due to ion blocking. An angular shift in the position 

of the minima gives a direct measure of lattice strain (Feldman, Mayer and Picraux, 

1982; Kavanagh et al, 1988). Channelling measurements enable determination of strain 

and damage depth profiles and lattice location of impurities. The strain sensitivity is 

relatively low.

Differential optical reflectometry (DOR) is a technique which can be used to 

characterise surface layers down to a thickness of nanometres. The strain sensitivity is 

relatively high (Kr'-Kri6). The difference between the reflectivities of two samples is 

measured using an oscillating light beam at near normal incidence, ranging through 

ultraviolet, visible and infrared light. This can be used to assess surface properties, 

including strain and damage (Hummel, 1983). Infra-red spectroscopy or imaging can be 

used to detect defects such as carbon and oxygen clusters, by absorption. Ellipsometry is 

an optical technique involving the measurement of polarisation of light reflected from a 

sample. It can be used to measure refractive index and hence electron density, giving 

information on surface properties. Optical techniques, like x-ray methods, are non

destructive.

Surface morphology can be measured by optical microscopy, scanning electron 

microscopy or engineering metrology.
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1 J . l  Double-crystal x-ray diffractometry.

Double-crystal diffractometry is widely used for the characterisation of epitaxial 

layers. A plot of the change in diffracted intensity with angle, called a rocking curve, is 

obtained by rocking a sample crystal through the Bragg angle with respect to a perfect 

reference crystal. Rocking curve profiles are highly sensitive to variations in lattice 

parameter with depth in the top few microns of the crystal.

The interpretation of rocking curves is now well understood. For simple layer 

structures, the lattice parameter mismatch or strain between layer and substrate can be 

determined directly from the angular separation of peaks in the rocking curve. If the 

structure is more complicated, comparison with simulated rocking curves becomes 

necessary. Several methods for calculating theoretical rocking curves have been used. 

For thin, weakly diffiacting layers, kinematical theory (Speriosu, 1981) may be used. 

Speriosu, Paine, Nicolet and Glass (1982) successfully modelled Si-implanted Si, Ge and 

GaAs with strained and damaged layers around 0.5 pm thick. Speriosu, Nicolet, Tandon 

and Yeh (1985) applied the theory to rocking curves of 0.25 pm AlGaAs layers on GaAs. 

Kyutt, Petrashen and Sorokin (1980) investigated boron-doped silicon using a semi- 

kinematical theory where diffraction in the bulk crystal was calculated using dynamical 

theory, and in the layer using kinematical theory. This has been applied by Tapfer and 

Ploog (1986) to m-V hétéroépitaxial structures.

If the layer thickness is a significant fraction of the extinction depth of x-rays 

(several microns), dynamical theory must be used (Takagi, 1969; Taupin, 1964), taking 

into account multiple scattering of x-rays. Burgeat and Taupin (1968) used dynamical 

theory to calculate rocking curve profiles of boron and phosphorus diffused silicon. This 

theory was also successfully applied to diffused and doped epitaxial silicon by Fukuhara 

and Takano (1977) and to ion-implanted silicon by Larson and Barhotst (1980). 

Halliwell, Lyons and Hill (1984) extended this method to interpret rocking curves from 

in -V  hétéroépitaxial structures. Hill, Tanner, Halliwell and Lyons (1985) applied it to
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single and multiple homogeneous layers, graded layers (with a lattice parameter 

gradient), and multilayers of alternating composition (superlattices).

Supplementary methods have also been used to verify the theoretical models. These 

include ion milling (Speriosu, 1981) and selective etching of surface layers (Bowen, 

Davies and Swaminathan, 1986), followed by engineering metrology of layer thickness.

1 J.2 Dislocation density and damage.

Crystals which are damaged or deformed contain dislocations which give rise to a 

mosaic crystal structure, composed of slightly misorientated crystal blocks. This causes a 

broadening of the rocking curve. X-ray line broadening has been treated by Stokes and 

Wilson (1944) and Warren and Averbach (1950). An estimate of an upper limit of the 

dislocation density is given by Hirsch (1956) as w2 /  9b1, where w is the rocking-curve 

width and b is the dislocation Burgers vector. Krivoglaz (1969) and Wilkens (1970) 

derived kinematical theories relating line broadening to dislocation size and density. 

Gani et al (1984) measured rocking-curve widths after successive etching to assess 

surface damage caused by diamond machining. Macrander et al (1986) and Brown et al 

(1989) measured dislocation density from rocking curve broadening and peak shift in 

epitaxial layers with large mismatches. Local changes in lattice strain and orientation 

cause peak shifts which can be mapped by taking rocking curves from different parts of 

the sample. A complete analysis of residual elastic strains is possible if a number of 

reflections from different lattice planes is measured (Mayo, Chaudhuri and Weissmann, 

1983).

In rocking-curve simulation, atomic disorder or damage may be modelled by a 

Debye-Waller factor. This takes into account random displacements of atoms from their 

lattice positions, and causes a decrease in the diffracted intensity. If the damage varies 

with depth, the model must have several layers, each with a different strain and Debye- 

Waller factor. This was used by Speriosu (1981) to model strain and damage 

distributions in ion-implanted garnets, and by Cembali et al (1985) for Si-implanted
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silicon. The Debye-Waller parameter was varied proportionally with strain. If the crystal 

is so damaged that it becomes completely amorphous, there is no diffraction from the 

damaged layer. Dislocation loop size and concentration may be related to strain and 

Debye-Waller parameter (Dederichs, 1973; Larson, 1974). This was used by Zaumseil et 

al (1987) to characterise dislocations in ion-implanted and annealed silicon. A number of 

ion-implantation processes causing lattice damage may be characterised by x-ray 

diffractometry (Servidori, 1987).

Etching can be used as a surface characterisation method, but it is destructive. 

Dislocation density can be measured by counting etch pits. Damage can also be assessed 

by measuring etching rates, which are sensitive to the state of polish of a surface (Ives 

and Leung, 1988). This method is described in Chapter 5.

1.3.3 Thin layer interference fringes.

Thin surface layers (less than a few microns thick) give rise to interference fringes 

in the tails o f the Bragg reflection peak, with fringe spacing depending on layer 

thickness. These Pendellosung fringes were first observed by Batterman and Hildebrandt 

(1968) in thin silicon crystals. They were used to measure the thickness of garnet 

epitaxial layers by Stacy and Janssen (1974), GaAlAs layers by Bartels and Nijman 

(1978) and InGaAs layers by Macrander and Strege (1985). Multiple layers give rise to 

more complex interference effects and require fitting of theoretical simulations with 

experimental curves. Rocking curves from multiple layer structures with very thin layers 

have been simulated using dynamical theory by Chu and Tanner (1986), Fewster and 

Curling (1987) and Tanner and Halliwell (1988). Tapfer, Ospelt and von Kanel (1990) 

were able to detect extremely thin layers of Ge on Si, down to a monolayer (Angstroms) 

thick. They used double crystal diffractometry and a beam conditioner with two 

successive asymmetric reflections to produce an incident beam with extremely low 

divergence.
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1 J.4  Asymmetric x-ray diffraction.

Symmetric reflections, where the Bragg planes are parallel to the surface, can be 

used to measure mismatch for layers thicker than 0.1 pm. For layers thinner than 0.1 pm, 

the layer peak intensity reduces and the peak broadens. Symmetric reflections only give 

information on strains petpendicular to the surface. Highly asymmetric reflections, 

where the Bragg planes are inclined at an angle to the surface, give enhanced layer 

intensity and narrower layer peaks (Tanner and Hill, 1986). Asymmetric reflections give 

information on strains both perpendicular and parallel to the surface. Lee, Bowen and 

Salerno (1987) measured rocking curves from GaAs on Si, with a misorientated 

substrate. They varied the glancing angle, and hence the penetration depth, by rotating a 

slightly miscut sample about its surface normal.

Epitaxial layers thinner than 200 Â have been measured using asymmetric 

reflections (Bates et al, 1988). T he grazing angle may be tuned to very low values by 

using synchrotron radiation (Tanner and Hill, 1986), or with characteristic radiation, by 

using skew asymmetric reflections and rotating about the diffraction vector (Miles et al, 

1989). Below 1° incidence, the specularly reflected wave becomes significant and the 

theory must be modified (Hartwig, 1978). Brühl, Pietsch and Lengeler (1988) used the 

semi-kinematical theory, taking account of refraction, to simulate rocking curves from 

single layers, with grazing angles down to 0.35°.

Several other grazing incidence techniques should also be mentioned here.

Grazing incidence x-ray diffraction.

Grazing incidence x-ray diffraction below the critical angle for total external 

reflection, in a plane parallel to the surface, is used to study surfaces and interfaces. X- 

ray total external reflection Bragg diffraction was first used by Marra, Eisenberger and 

Cho (1979) to measure variations in lattice parameter in thin layers of A1 on GaAs. The 

angle of incidence is below the critical angle and the incident beam is specularly
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reflected from the surface and simultaneously diffracted through an angle 28 from planes 

perpendicular to the surface. Aleksandrov et al (1985) used this technique to measure 

thin amorphous layers on silicon. The change in diffracted intensity with grazing angle 

was measured, enabling detection of surface layers down to Angstroms thick.

Grazing incidence asymmetric Bragg diffraction in a plane perpendicular to the 

surface has been used to analyse magnetic iron oxide thin films (Lim et al, 1987; Toney 

et al, 1988). Synchrotron radiation is used. The angle of incidence is fixed and the 

detector is scanned through 28 in a plane normal to the surface to measure diffraction 

from Bragg planes inclined to the surface. The penetration depth is varied by changing 

the grazing angle. A similar technique, using a position sensitive detector, was applied to 

the analysis of ion-implanted and worn surface films (Pons et al, 1988).

1.3.5 X-ray topography.

Introduction.

X-ray topography may be used to image many different types of defects in single 

crystals, for a wide range of materials. X-ray topographs give high strain sensitivity (10-5 

to 10"*) but low spatial resolution ( -  1pm). In transmission topography, the bulk crystal is 

imaged, while in reflection, only the surface region is imaged. Penetration depth depends 

on the grazing angle, reflection and wavelength of radiation used. If the sample is 

deformed or distorted, single crystal or white radiation topography using synchrotron 

radiation may be applied. This gives a strain sensitivity of 10- * or 10"s. For the study of 

near perfect crystals, a much higher strain sensitivity is required. This is possible using 

double-crystal plane-wave topography.

White radiation topography.

Synchrotron radiation can be used in a wide range of x-ray topography experiments 

(Hart, 1975). White radiation topography may be applied to survey experiments or 

dynamic experiments because of the short exposures, enabling a large number of
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topographs to be taken. Detailed strain analysis is possible, by using a number of 

different reflections. Interface dislocations in strained layers may be characterised using 

this method (Capano et al, 1990). While radiation topography can also be applied to the 

study of deformations in dynamic experiments (Dudley, Miltat and Bowen, 1984).

Section topography.

If a narrow slit is used in transmission topography, a section through the crystal can 

be mapped. If the crystal is perfect, interference fringes may be seen. If the crystal is 

strained or distorted, the interference fringes become more complex. These may be 

compared with theoretical simulations (Epelboin, 1988). Cui, Green and Tanner (1989) 

characterised precipitates in silicon using this method. If the crystal is highly defective 

or damaged, the fringes disappear (Patel, 1973). The thickness of a damaged surface 

layer may be measured using this method (Auleytner et al, 1980).

Anomalous Transmission.

In transmission, there are two waves in the crystal, the forward diffracted and 

diffracted beams, which interact to produce two wavefields, one with antinodes at the 

atomic planes, which is preferentially absorbed, and one with nodes at the atomic planes 

which is preferentially transmitted. This results in an increase in the transmitted intensity 

even if the crystal is relatively thick. If there are defects in the crystal, this anomalously 

transmitted intensity is reduced. This has been used by Patel (1973) for oxygen 

precipitates in heat-treated silicon and Kitano et al (1986) to show dislocations in GaAs.

Double-crystal topography.

Double-crystal topography can be used to measure very low lattice strains. Hart 

(1968) and Bonse and Hartmann (1981) measured lattice strains down to KT' in high 

quality float-zone crystals, using high order reflections and short wavelength radiation in 

the non-dispersive arrangement If good quality reference crystals of the same material 

as the sample are not available, high strain sensidvity can only be achieved by using
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multiple crystal beam conditioners to reduce the wavelength spread and angular 

divergence. Hashizume, Iida and Kohra (1975) used such a system to measure growth 

bands in garnets and lattice strains in lithium niobate crystals. Lattice tilts and dilations 

can be separated by taking topographs rotated by 180° (Kikuta, Kohra and Sugita, 1966; 

Tanner, Barnett and Hill, 1985). If the range of Bragg angles over the sample is greater 

than the rocking-curve width, only a narrow contour will be imaged. Multiple exposures 

can be taken at different angles to build up a Bragg angle contour map or zebra pattern 

(Renninger, 1962,1965; Hart, 1981). Jenichen et al (1985,1988) used a reference crystal 

of tuneable curvature for double-crystal topography of curved samples.

Synchrotron radiation has several advantages- high intensity, low divergence, and 

tuneable wavelength and polarisation. Reviews are given by Sauvage (1980) and Miltat 

and Sauvage (1984). Synchrotron radiation has been used to study misfit dislocations in a 

in-V epilayer and substrate (Petroff et al, 1980) and strains in GaAs crystals (Ishikawa, 

Kitano and Matsui, 1985). Ishikawa, Kitano and Matsui (1987) used triple-crystal 

topography to map areas of equal lattice spacing in Si-implanted GaAs wafers. Kitano et 

al (1987) used synchrotron radiation to take topographs of a 6" silicon crystal. They used 

grazing incidence below the critical angle to obtain high surface sensitivity.

In Chapter 7, the use of high order reflections in the non-dispersive geometry to 

obtain high strain sensitivity, together with grazing incidence for surface sensitivity is 

described. This is applied to the detection of residual surface strain in polished silicon 

wafers.

1.3.6 Triple-axis diffractometry.

X-ray scattering from very thin surface layers is found far from the Bragg peak, in 

the tails of the Bragg reflection curve (Afanas’ev et al, 1984). This may be measured 

using double or triple axis diffractometry. Triple axis techniques use either a slit or an 

analyser crystal in front of the detector to measure the diffracted intensity in a 8-26 scan. 

For the measurement of scattering from surfaces, triple-crystal diffractometry has several
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advantages over double-crystal. Much higher resolution and signal to noise may be 

obtained. This is necessary for the measurement of very thin surface layers. The lattice 

parameter variation, layer thickness and interface roughness may be determined using 

kinematical theory (Andrews and Cowley, 1985; Lucas et al, 1988). Interface roughness 

or atomic disorder is modelled using a Debye-Waller factor (Afanas’ev et al, 1986; 

Cowley and Ryan, 1987). Triple-ctystal diffractometry removes the effects of sample 

curvature. It is also possible to map the scattering intensity around the Bragg reflection 

in two dimensions in reciprocal space (Iida and Kohra, 1979; Ryan et al, 1987). The main 

advantage of triple-axis diffractometry is that it can be used to separate dynamical 

diffraction from incoherent diffuse scattering (Eisenberger et al, 1972; Iida and Kohra, 

1979). This can be used either to measure the dynamically diffracted intensity (Zaumseil 

et al, 1987) or to measure the diffuse scattering from defects (Lomov, Zaumsetl and 

Winter, 1985).

Triple-crystal diffractometry requires rather long data collection times. The x-ray 

source can be a conventional sealed tube (Fewster, 1989), a rotating anode (Cowley and 

Ryan, 1987) or synchrotron radiation (Stevenson et al, 1988). It is unnecessary to use this 

technique unless dynamical and diffuse scattering must be separated. Double-crystal 

diffractometry may be used to measure scattering from surfaces if a multiple reflection 

beam conditioner is used to obtain high angular resolution and good signal to noise. In 

Chapter 6, the use of double-ctystal diffractometry with a four-reflection beam 

conditioner, to characterise polished silicon wafers, doped epiwafers and ion-implanted 

silicon, is reported.

1.3.7 Diffuse scattering.

Diffuse scattering from randomly distributed defects may be measured using 

double- or triple- axis diffractometry. Diffuse scattering gives information on defect size, 

symmetry and concentration. This is especially useful when defects are too small to be 

resolved by topography. Diffuse scattering has been measured from defects in silicon
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crystals (Patel, 1975; lida, 1979) and lapped and polished silicon surfaces (lida and 

Kohra, 1979; Kashiwagura, Harada and Ogino, 1983). Diffuse scattering will be 

discussed in detail in Chapter 3 and used in the rocking-curve analysis in Chapter 6.

1.3.8 X-ray reflectivity.

Near the critical angle for total external reflection, the penetration depth is very low. 

A plot of the change in reflectivity with angle or energy will give information on the 

variation of electron density with depth near the surface. Thin surface layers give rise to 

interference fringes (Kiessig, 1931), with fringe spacing and amplitude depending on 

layer thickness and density. The reflected intensity is inversely proportional to the 

scattering angle to the fourth power. Surface or interface roughness, or small variations 

in density, will change the gradient of the curve and smear out any interference fringes. 

By comparing experimental reflectivity curves with theoretical simulations, surface layer 

thickness and roughness may be determined for both crystalline and amorphous layers. 

Segmiiller (1973) measured the thickness of amorphous silicon (a few thousand 

Angstroms thick) on sapphire, using a double-crystal diffractometer with a slit in front of 

the detector. Cowley and Ryan (1987) used a triple-crystal diffractometer to measure 

surface oxide layers on silicon wafers, down to tens of Angstroms thick. Lucas et al 

(1988) used triple-crystal reflectometry to characterise a heteroepitaxial single quantum 

well structure. They used a model with three layers of different thickness, density and 

interface roughness.

Most information on very thin surface layers is found a long way from the critical 

angle, where the intensity is low. Angle dispersive reflectometry therefore requires long 

data collection times. Naudon et al (1989) proposed an angle dispersive technique using a 

line source perpendicular to the sample and a position sensitive detector to measure the 

reflected intensity. The line source acts as a set of point sources at different angles of 

incidence, hence enabling measurement of the complete reflectivity curve, in a much 

shorter time.
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X-ray reflectivity curves can be measured in either angle dispersive or energy 

dispersive modes. Bilderback and Hubbard (1982) used standard x-ray sources and a 

solid state detector to measure energy dispersive reflectivity curves up to 50 keV, for a 

range of materials. An energy dispersive technique using a high-energy x-ray source to 

measure reflectivity curves up to 80 keV is described in Chapter 8.
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Chapter 2

2. X-ray diffraction theory.

2.1 Introduction.

X-rays are diffracted from planes of atoms in a crystal lattice according to Bragg’s

law

nk= 2< isin0  2.1

where A, is the wavelength, 8 is the Bragg angle and d is the interplanar spacing. 

For cubic crystals,

d  =  - i— a ---------
'lh2+k2 + l2

where a is the lattice parameter of the unit cell and h ,k J  are the Miller indices of the 

Bragg reflection planes.

Bragg’s law states that the condition for constructive interference to occur is that the 

path difference between rays diffracted from adjacent planes is equal to a whole number 

of wavelengths (equation 2.1).

incident beam diffracted beam

lattice planes

Figure 2.1 Bragg condition for constructive interference.

If a crystal is rocked through the Bragg angle and the diffracted intensity plotted, 

the shape of the resulting "rocking curve” will depend on the perfection of the crystal



- 2 4 -

lattice. Unfortunately, single ctystal rocking curves are broadened by source size, beam 

divergence and wavelength spread. The auto-correlation, a double crystal rocking curve, 

in the non-dispersive setting, can be used to overcome these effects and is easily 

measured. The x-rays are first reflected from a "perfect" reference crystal set at the 

Bragg angle and then from the sample crystal, which is rotated through the Bragg angle 

to obtain a rocking curve. This is called double-crystal difffactometry and is widely used 

for the characterisation of semiconductor epitaxial layers.

22  Theory of the double-crystal diffractometer.

The theory of the double-crystal diffractometer is given in Compton and Allison 

(1935) and Pinsker (1978). Some important results are presented here. A simple 

graphical representation of multiple-crystal diffraction is the DuMond diagram 

(DuMond, 1937).

2.2.1 The DuMond diagram.

The DuMond diagram is a plot of Bragg’s law (wavelength versus Bragg angle) 

over the range of Bragg reflection, as shown in figure 2.2(a). The plot is part of a sine 

curve with line width representing the rocking curve width. In double-crystal diffraction, 

by convention, the first crystal rotates the beam in a positive sense and if the second 

crystal rotates the beam in the opposite sense, this is called (+,-) geometry (figure 

2.3(a)). If the two crystals have identical Bragg plane spacings, the DuMond diagram is 

as shown in figure 2.2(b). As the second crystal is rotated, the second curve slides over 

the first. When the crystals are parallel, the curves overlap and the Bragg condition is 

satisfied for both crystals for all wavelengths simultaneously. If the second crystal is 

only slightly displaced, no wavelengths are diffracted. This setting is therefore non- 

dispersive in wavelength.

The intensity of the double-crystal rocking curve is the area under the overlap as the 

second crystal DuMond diagram slides over the first. This is the correlation of the two



(a) DuMond diagram for tirsi crystal. (b) (+,-) non-dispersive setting.

slits slits

e
(c) (+,-) dispersive setting. (d) (+,+) dispersive setting.

Figure 2.2 DuMond diagrams for double-crystal diffractometer.
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(a) (+,-) non-dispersive parallel setting.

Figure 2.3 Double-crystal diffractometer settings.

Bragg reflection curves calculated from dynamical diffraction theory (see section 2.4). 

For the parallel (+,-) geometry, the double-crystal rocking curve is given by

l(<o)=K j^R(.6)R (9-(0)d6  2.2

where R (0) is the Darwin-Prins reflection curve for a perfect crystal, 8 and to are angular 

deviations from the reflecting positions of the first and second crystals and AT is a
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constant proportional to the power of the incident x-ray beam, / (to) is about 1.4 times as 

wide as 11(8). (The correlation of two identical Gaussian curves would give a curve 

exacdy ^2 times wider.) The auto-correlation of R (0) is symmetric even if R(8) is 

asymmetric. In practice, separate contributions from both rt and o polarisation states are 

required.

Because the shape of the rocking curve is not affected by beam divergence or 

wavelength spread, rocking curves taken in the non-dispersive geometry can be very 

narrow (less than 1 arc second for perfect silicon using high order reflections and short 

wavelengths), giving high sensitivity to lattice strain. For this reason, all the experiments 

reported in this thesis were performed using the non-dispersive setting.

2.2.2 Wavelength dispersion.

If the two crystals are not identical, or have different Bragg plane spacings (figure 

2.3(b)), the DuMond diagrams will have different slopes, as shown in figure 2.2(c). As 

the second crystal is rotated, diffraction occurs at different wavelengths. This setting is 

therefore dispersive in wavelength. In practice, the collimation defines the angular range 

and both crystal curves must overlap with this for diffraction to occur. In experiments 

using characteristic wavelengths, the Kot| and Koç lines are sometimes resolved in the 

rocking curve.

If both first and second crystals rotate the beam in the positive sense, this is called 

the (+,+) setting (figure 2.3(c)). The DuMond diagram in figure 2.2(d) shows that this 

setting is also dispersive in wavelength.

Wavelength dispersion broadens the rocking curve. The broadening may be 

calculated as follows.

Differentiation of Bragg’s law (equation 2.1) gives the dispersion

$ c = x Iane
2.3



- 2 8 -

The dispersion for two crystals is given by the sum of the partial derivatives

1IT * ^  = X (ta,,e| * lan62) 24

where the upper sign corresponds to the (+,+) setting, the lower sign corresponds to the 

(+,-) setting and 9, and are Bragg angles for the first and second crystals.

Therefore, the rocking curve is broadened by

88 = ^  (tanOi ± tan82) 2.5

which, for the non-dispersive case, is zero if 8 i = 82.

2.2.3 Geometric broadening of the rocking curve.

Figure 2.4 shows the axes of rotation of a double-crystal diffractometer. The 

dispersion plane is the horizontal plane containing the incident and diffracted beams. The 

reference and sample crystals are mounted on the first and second rotation axes, to, 

perpendicular to the dispersion plane. The axes in the dispersion plane are the tilt, x. in 

the surface plane of the crystal (shown only for the sample crystal), and the azimuth, a, 

perpendicular to the surface plane of the crystal.

TUL

X-ray beams, in practice, have a finite angular divergence. If the Bragg planes in 

the first and second crystals are not parallel, divergent rays will be diffracted at different 

angles as the second crystal is rotated. This causes broadening of the rocking curve and a 

reduction in intensity. However, the integrated intensity (the area under the rocking 

curve) remains constant. The tilt angle must be adjusted to give maximum rocking curve 

intensity and minimum width. Several methods of tilt optimisation are described in 

Chapter 5.

An approximation to the tilt broadening for the non-dispersive setting is given by

Schwarzchild (1928)
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0)

Figure 2.4 Double-crystal diffractometer axes.

66 = x V 2*6

neglecting higher powers of x and \j/, where x is the angle of tilt between the two crystals 

and v  is the beam divergence perpendicular to the dispersion plane (usually called the 

vertical divergence if the dispersion plane is horizontal). Vertical divergence is defined as 

the height of the collimator slits divided by the distance between them. The effects of the 

approximation of equation 2.6 are explained by Schnopper (1965).

If the beam divergence is very low, such as with synchrotron radiation, the tilt 

broadening will be negligible. Tilt optimisation is then only necessary when measuring 

very narrow silicon rocking curves. In the dispersive setting, broadening due to tilt
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misalignment is small compared to broadening caused by wavelength dispersion.

Divergence.

Vertical divergence alone has a small effect on the rocking curve width, given by 

Yoshimura (1985) for the non-dispersive setting

W l - ( y 2/cos28)M
2.7

where w is the rocking curve half width and is the half width for zero divergence. 

Curvature.

Sample curvature broadens the rocking curve since the crystal will diffract over a 

wider angular range if the incident beam is wide compared to the sample curvature. A 

good approximation to the rocking curve can be obtained by correlating the theoretical 

curve with a rectangular function of width equal to the change in angle of incidence from 

one side of the beam to the other, given by

m = T r im  1 8

where x is the width of the beam in the dispersion plane, R is the radius of curvature of 

the sample and 0 is the angle of incidence (Bragg angle). The broadening can be reduced 

by using a small beam diameter (less than 1 mm) or, if possible, a thick sample which 

will have less curvature.

Surface unevenness.

Surface unevenness is modelled by dividing the surface into small regions with 

various inclinations, 9 to the Bragg planes. The crystal lattice remains perfect. 

Bubdkovi, Drahokoupil and Fingerland used an optical method to measure the 

unevenness of a ground and etched crystal surface. They found a Gaussian distribution of 

(>, with standard deviation depending on the degree of surface unevenness. The 

theoretical Bragg reflection curve is multiplied by the Gaussian surface unevenness
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curve. This results in a broadening of the rocking curve.

2.2.4 Interpretation of rocking curves.

Information on crystals with epitaxial layers may be obtained directly from the 

rocking curve. If there is a difference in diffraction angle between the surface layer and 

the substrate, caused either by mismatch (id )  or tilt (86), there will be two peaks in the 

rocking curve.

Mismatch.

A change in the lattice parameter normal to the Bragg planes, will produce a change 

in the Bragg angle,

^  = - 86cot6 2.9

This is the "experimental” mismatch,

The surface layer is constrained by the underlying crystal and can only be strained 

perpendicular to the surface, producing a tetragonal distortion. If the layer were removed 

from the substrate and allowed to relax, the mismatch would be

“i - a ,  m = ---------
a*

where ai and a, are the lattice parameters of the layer and substrate. This can be 

calculated lfom isotropic elasticity theory

where v is Poisson’s ratio. For most semiconductors, (l + v y ( l-v )  is approximately 

equal to 2. For silicon in the [001) direction, ( l+ v y (l -v )  = 1.77.

For a single layer, mismatch can be determined directly from the rocking curve,



- 3 2 -

provided the layer thickness is greater than 0.3 pm and less than about 3 pm. If the 

mismatch is very small, or if it changes with depth, computer simulation of the rocking 

curve becomes necessary.

For a solid solution, the lattice parameter is linearly proportional to the 

concentration (Vegard’s law).

If the mismatch is large, the strain will be relieved when the layer reaches a certain 

critical thickness, by the generation of misfit dislocations at the layer-substrate interface. 

This relaxation may be determined by measuring components of the strain parallel and 

perpendicular to the surface. An asymmetric reflection must therefore be used.

If the Bragg planes are misorientated with respect to the surface, the misorientation 

angle can be determined by rotating the sample through 180°, giving a shift in the Bragg 

peak position of twice the misorientation angle.

If the surface layer is tilted relative to the substrate, the layer peak will be shifted 

relative to the substrate peak. The mismatch may then be determined by rotating the 

sample through 180° and taking the average peak shift.

Tilt.

60 = (80o + 80igo)/ 2 2.10

To find the tilt, the sample must also be rotated through 90°.

800 -  80 = x cos a 2.11a

80«  -  80 = -  x sin o 2.11b

From equations 2.11 (a) and (b),

2.12

where a  is the angle of rotation about the surface normal from the position of zero tilt, 

and x is the angle of tilt between the layer and substrate. The tilt can be calculated by
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substitution o f equation 2.12 into equation 2.11 (a)or(b).

Layer thickness.

For a simple layer structure, the layer thickness may be determined from the relative 

integrated intensities (area under the peak) of the layer and substrate peaks.

If the layer is thin (less than a few microns), the outward going wave from the back 

surface of the layer is significant as well as the inward going wave, and interference 

occurs between the two wavefields in the crystal (section 2.4). Oscillations appear in the 

rocking curve tails as the angle of incidence changes. These are called Pendellosung 

fringes. For thick layers, the outward going wave is absorbed and there is no 

interference.

The thickness of the layer, t may be obtained from the angular separation of the 

Pendellosung fringes (Batterman and Hildebrandt, 1968).

66 = i f ^ 0 41 113

where 6 is the Bragg angle and $ is the angle between the Bragg planes and the surface. 

The fringe period is inversely proportional to the layer thickness. For very thin layers, the 

fringes appear a long way from the Bragg peak.

For multiple layers, the interference fringes from each layer are superimposed and 

more difficult to analyse. More complicated layer structures, such as graded layers 

(where the mismatch gradually changes with depth from the surface), produce complex 

interference patterns. Comparison with simulated rocking curves then becomes 

necessary.

2.2.5 Asymmetric reflections.

Symmetric reflections, where the Bragg planes are parallel to the surface, are only 

useful for measuring layers thicker than about 0.2 pm. Below this thickness, the layer 

peak becomes very broad and weak. If the mismatch is small, it may be difficult to
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distinguish the layer peak from the tail of the substrate peak and long counting times may 

be necessary. Symmetric reflections only measure strains perpendicular to the surface. 

Asymmetric reflections, where the Bragg planes are inclined at an angle to the surface, 

measure strains both perpendicular and parallel to the surface.

Figure 2 J  Asymmetric reflection.

If an asymmetric Bragg reflection is used, the extinction distance is reduced and the 

x-ray path length inside the crystal is increased, thus reducing the penetration depth by 

absorption. Diffiaction from the surface layers is therefore enhanced. The lower the 

glancing angle, the more enhanced the diffraction from the surface layer is. For (001) 

silicon and CuKa radiation, the 044, 244 and 113 asymmetric reflections may be used, 

giving glancing angles of 8.4°, 8.8° and 2.8°. The beam path may be reversed to give 

either glancing incidence or glancing exit (figure 2.6). Glancing exit gives narrower 

rocking curves than glancing incidence.

Extreme grazing angles floss than a few degrees) may be obtained by several 

different techniques.

If the Bragg planes are misoriented with respect to the surface, the grazing angle, 

and hence the penetration depth, may be tuned by rotation of the crystal about its surface
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Figure 2.6 Asymmetric reflections.

a.) Glancing incidence. b.) Glancing exit.

(0  + 6 ) X
normal (Lee, Bowen and Salerno, 1987).

By using skew reflections (where the incident and diffracted beams are in a plane 

inclined at an angle to the surface), the grazing angle may be tuned by rotation of the 

sample about the normal to the diffracting planes. If a reflection is used where the angle 

between the surface and the Bragg planes, 6, is greater than the Bragg angle, 6 , (0 > 6), 

the Bragg cone of possible incident and exit beams is embedded in the surface and it is 

possible to obtain grazing angles down to zero (Lyons and Halliwell, 1985; Miles, Green, 

Tanner, Halliwell and Lyons, 1988). However, as the grazing angle is reduced, the 

intensity decreases.

If synchrotron radiation is available, the wavelength may be tuned by choosing the 

Bragg angle to give a low angle o f incidence or exit. The penetration depth can then be 

easily varied by slightly changing the Bragg angle. The high intensity of synchrotron 

radiation is also an advantage when using grazing incidence down to the critical angle for 

total external reflection, where the diffracted intensity is low.

2.2.6 Selection of experimental conditions.

Penetration depth and hence surface sensitivity may be varied by choosing a 

particular wavelength and reflection. A strong (low order) reflection and long wavelength 

will give a low extinction depth of several microns.

Asymmetric reflections reduce the extinction depth and also increase the path length
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inside the crystal, thus reducing the penetration depth. Table 2.1 gives rocking curve 

widths, w for glancing incidence and exit (w,, and w ,,), extinction depths, and 

absorption lengths, sin(8- 4)/(i for (001) silicon and CuKcti radiation, calculated from 

dynamical theory (section 2.4). The structure factors used in the calculations include a 

Debye-Waller factor for silicon at room temperature (Aldred and Han, 1973).

Table 2.1 Plane wave rocking curve parameters for (001) silicon with CuKai radiation.

Si (001) CuKai

hkl e 6 w gi(") w ge(") Çh(pm) sin(0—<t»)/|i.

113 28.06 25.24 2.82 9.30 0.57 6.60 3.49

004* 34.56 0.00 34.56 2.30 2.30 16.77 40.21

224 44.01 35.26 8.75 3.66 0.57 17.09 10.78

115 47.47 15.79 31.68 1.12 0.66 51.03 37.22

044 53.35 45.00 8.35 2.36 0.35 27.76 10.29

♦(symmetric reflection)

Extreme grazing angles can only be obtained with characteristic radiation if skew 

reflections are used. The grazing angle can be tuned to very low if synchrotron radiation 

is available. If the angle of incidence is near the critical angle for total external reflection 

( 0.2° for silicon at 1.5 A wavelength ), the penetration depth may be extremely low 

(down to nanometres).

To obtain high strain sensitivity, a high order reflection and short wavelength can be 

used to give a narrow, steep-sided rocking curve. The non-dispersive geometry should 

also be used. Table 2.2 gives rocking curve widths, w, for (001) silicon and MoKai 

radiation.
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Table 2.2 Plane wave rocking curve parameters for (001) silicon with MoKai radiation.

Si (001) MoKai

hkl e 9 M> wgi(”) w ge(") Çh(|im) sin(8- 9 )/n

004* 15.14 0.00 15.14 1.21 1.21 12.50 174.14

115 19.84 15.79 4.04 1.53 0.19 17.40 47.00

008* 31.49 0.00 31.49 0.25 0.25 68.06 348.27

088 47.63 45.00 2.63 0.31 0.01 93.68 30.58

884 51.59 48.19 3.40 0.21 0.01 143.91 39.57

•(symmetric reflections)

A topograph taken on the flank of the rocking curve will show high contrast for 

small strains or misorientations.

If both high strain sensitivity and surface sensitivity are required, a compromise 

must be made. Instead of using a strong reflection with low extinction depth, a highly 

asymmetric reflection may be used to obtain a low penetration depth. However, the 

diffiacted intensity then becomes rather weak, especially if the reflection is a high order 

one. If grazing incidence is used, a narrow, high intensity incident beam is required. This 

may be achieved by using the same reflection at the reference crystal, but in grazing exit.

2.3 Topography.

2.3.1 Introduction.

X-ray topography may be used to image defects in single crystals. This is similar to 

electron microscopy, but x-rays give much higher strain sensitivity (10-5 to 10"*) and 

much lower spatial resolution (-  1pm). An advantage of using x-rays is that they have a 

low absorption and can therefore be used non-destructively (without sectioning or 

thinning).
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A topograph is a map of the diffracted intensity over the surface of a crystal. The 

crystal is set at the diffracting position and a photographic plate is placed in the diffracted 

beam. Figure 2.7 shows single-crystal topography for both transmission and reflection. 

Figure 2.7 Single-crystal topography.

a.) Transmission. b.) Reflection.

Near a defect, the crystal planes arc slightly misorientated and the diffracted 

intensity changes. Several types of contrast occur in single crystal transmission 

topography, depending on the crystal thickness, r, and the linear absorption coefficient, 

(i, (Authier, 1970; Bowen and Hall, 1975).

For thin, weakly absorbing crystals ((ir« l), the divergent incident beam is 

kinematically (incoherently) scattered from the area around the defect and the intensity is 

increased. This is called a direct image.

For thick crystals ( |u » l) ,  the misorientation around the defect will cause a 

reduction in the dynamically diffracted intensity. This is called a dynamical image.

In the intermediate range (pr-1), two wavefields are present in the crystal and 

interference effects will occur. These are called intermediary images.

In reflection topography, the contrast is mainly from direct images. Topographs are 

usually shown as negatives, with high x-ray intensity giving dark images.
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Synchrotron radiation is used for white radiation topography, where several 

different reflections can be recorded simultaneously. For high strain sensitivity, the 

sample crystal can be compared with a reference crystal, in double-crystal topography. 

Details of interpretation of defect contrast in topographs may be found in Tanner (1976) 

and Tanner and Bowen (1980). A wide range of defects in crystals will give contrast on 

topographs, including dislocations, stacking faults, precipitates, growth bands and swirl.

2 J.2  White radiation topography.

White radiation topography is similar to Laue photography, except that each Laue 

spot is broadened so that the whole crystal is imaged. White beam synchrotron radiation 

is used and diffraction occurs simultaneously for all allowed reflections, at different 

wavelengths and Bragg angles. Each Laue spot may consist of several superimposed 

harmonic reflections, which occur at the same Bragg angle for different multiples of 

wavelength. The theory of white radiation topography is treated by Miltat (1980).

The advantages o f using white radiation topography are that exposures arc short and 

several different reflections can be recorded on one photographic plate. Strains down to 

Iff-1 or Iff5 can be detected. White radiation topography can be used for survey 

experiments, where large numbers of samples or a number of different reflections are 

required. It can also be used for dynamic experiments, such as in situ measurements of 

distortion in strained crystals (Bowen, 1988).

2J.3 Double-crystal topography.

In double-crystal topography, the sample crystal is compared with a reference 

crystal, which should be of the highest quality available. Double-crystal topography is 

sensitive to strains in the range 10"5 to Iff4  and can therefore be used for the study of 

high-quality semiconductor crystals. It can be used to map variations in lattice parameter 

and tilt over an area of the crystal. If a wide beam is required to image a large area of the 

sample, an asymmetric reflection can be used at the reference crystal. Experimental set
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ups for double-crystal topography with symmetric and asymmetric reference crystals arc 

shown in figure 2.8.

Figure 2.8 Double-crystal topography.

Grazing incidence may be used at the sample to increase the surface sensitivity and 

also to expand the beam to give better resolved images. Grazing exit cannot be used in 

topography because of the beam contraction it produces.

Both conventional x-ray sources and synchrotron radiation can be used for double- 

crystal topography. With synchrotron radiation, the exposures are much shorter and the 

divergence is low, giving high strain sensitivity. This also means that any defects in the 

reference crystal are imaged almost as well as those in the sample.

With conventional x-ray sources, images from defects in the reference crystal are 

blurred. The geometric resolution is given by d = hbla (figure 2.9), where A is the source
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height, a is the source-specimen distance and b is the specimen-film distance. To obtain 

high resolution, the specimen-film distance should be as small as possible. The film 

should be perpendicular to the diffracted beam.

Figure 2.9 Geometric resolution.

In the non-dispersive geometry, double images from the Kai and Kci2 lines are 

sometimes seen. This can be be avoided by using an asymmetric reflection at the 

reference crystal in order to decrease the divergence.

The spatial resolution on a topograph is also limited by the grain size of the film 

used. Ilford L4 nuclear plates give the highest resolution, of about 0.25 pm. Resolution 

decreases with increasing film speed.

Image contrast.

The main type of contrast observed in double-crystal topography is due to 

differences in orientation between the reference and sample crystals. Double-crystal 

topographs will show strain contrast and orientation contrast if there are local changes in 

lattice spacing or tilt. Contrast, or change in intensity is given by (Bonse, 1962)

a
source

2.14

where k = rocking curve slope 

0S = Bragg angle

^f-  = fractional change in Bragg plane spacing

50 = tilt
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n, = unit vector parallel to goniometer axis 

n, = unit vector parallel to tilt axis

If the crystal is set on the steepest part of the rocking curve flank, the intensity can 

go up or down, depending on the sign of the strain. Images on opposite sides of the peak 

will have opposite contrast. To distinguish between tilts and dilations, two topographs are 

taken, rotated by 180° about the surface normal (Kikuta, Kohra and Sugita, 1966). Tilt 

and dilation can also be separated using triple-crystal topography (Ishikawa, Kitano and 

Matsui, 1987). A third reference crystal is used to define the direction of the diffracted 

beam reaching the film. If the third crystal is fixed and the sample rotated, a map of pans 

of the crystal with equal lattice spacing will be obtained. The third crystal may be set at 

several different positions on the rocking curve to obtain several maps, each at a different 

lattice spacing (Bragg angle).

For high strain sensitivity, the rocking curve should be very narrow and steep-sided. 

This is obtained by using high order reflections at shon wavelengths. The highest strain 

sensitivity is obtained in the non-dispersive geometry, where the same reflection is used 

at the reference crystal and sample crystal. High order reflections are usually weak and, 

consequently the exposures are long (up to several days with a conventional x-ray 

source). Automatic servo control is then necessary to prevent drift off the flank of the 

rocking curve.

The tilt setting should be very carefully adjusted. If the sample is not correctly 

tilted with respect to the reference crystal, the sample may not diffract over the whole 

illuminated area and the image will be distorted.

If the sample curvature produces a range of Bragg angles larger than the rocking 

curve width, only a narrow contour the width of the rocking curve will diffract at a given 

Bragg angle. The sample may then be scanned or rotated in steps in order to build up a 

Bragg angle contour map or "zebra pattern" (Renninger, 1962,1965).
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In double-crystal topography, defect contrast is very high and defect images are 

broad. It can therefore be used to image individual dislocations in crystals with low 

dislocation densities. If the dislocation density is high, the images will overlap, but the 

tilts and dilations can soil be mapped. Defects in the epilayer and subsoate can be 

separated by taking topographs on each peak. However, the long range snain fields of 

dislocations may extend through both layer and subsoate.
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2.4 Dynamical theory o f x-ray diffraction.

Introduction.

There are two general theories used to explain diffracted x-ray intensities.

The kinematical theory may be used if the scattering from each small volume 

element can be considered as being independent. This is applicable to crystals which are 

small, thin, imperfect or mosaic (composed of small, slightly misorientated crystal 

blocks). The kinematical theory predicts an integrated intensity proportional to the square 

of the structure factor.

The dynamical theory is used for large, perfect or near-perfect crystals where it 

becomes necessary to account for multiple scattering. There is a continual exchange of 

energy between the incident and diffracted beams, which must be considered as 

components of a total wavefield. Within the range of total reflection, the incident beam is 

rapidly attenuated as it passes through the crystal and the penetration depth is much 

smaller than that normally caused by absorption. This is known as primary extinction, an 

effect of dynamical diffraction which produces an integrated intensity proportional to the 

structure factor, much lower than that predicted by the kinematical theory.

Darwin (1914) was the first to consider dynamical diffraction for the Bragg case. 

Ewald and von Laue further developed the dynamical theoiy to include the Laue 

(transmission) and Bragg (reflection) cases and to describe the total wavefield inside the 

crystal. Introductions to dynamical theory may be found in James (1948, 1963), 

Zachariasen (1945), Pinsker (1978) and reviews by Battemtan and Cole (1964), Authier 

(1970) and Hart (1971, 1980).

The basic problem is to solve simultaneously Bragg’s law and Maxwell’s equations 

in a periodic medium, the crystal. Bragg diffraction occurs when the Laue equation 

(2.15) is satisfied inside the crystal.

£o + 4 =£» 2.15
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where £o and Kj, are the forward diffracted and diffracted wave vectors, 0  is the origin of 

the reciprocal lattice and 4 is the reciprocal lattice vector. The Laue equation states that 

inside the crystal there are two waves with difference in wave vector equal to the 

reciprocal lattice vector. Therefore, a standing wavefield is set up inside the crystal with 

the same spacing and orientation as the Bragg planes. The relative phases and amplitudes 

of the two coherent waves must also satisfy Maxwell’s equations. When a set of solutions 

for possible waves in an infinite perfect crystal has been found, it is necessary to 

determine which of these are excited by the incident wave, and whether they are 

physically viable.

2.4.1 The periodic complex electric susceptibility.

The electron density at any point in the crystal, p(r) may be represented as a Fourier 

sum over the reciprocal lattice.

p(r) = Fh expt-2iu 4 .r) 2.16

where P is the volume of the unit cell and Fk is the Fourier coefficient, called the 

structure factor.

By inversion, the structure factor can be expressed as the Fourier transform of the 

electron density.

Fi, = Jp(r)exp(2iti h.r)dV  2.17

The refractive index, n , the dielectric constant, x and the electric susceptibility, x. 

are all related to the electron density.

„2-1 .  k-1  = x = Z^ - P < r ) 218

Since the electric susceptibility, x is proportional to the electron density, it can be 

expanded in the same way, as a Fourier sum over the reciprocal lattice.

X = £ X a exp(-2iu 4•£) 2.19
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By comparison of equations (2.16) and (2.19), the Fourier coefficient of the electric 

susceptibility, x* can be related to the structure factor.

2.20

where r, is the classical electron radius.

Calculation of yj, shows that the refractive index for x-rays in crystals is less than 

unity by several parts in 106. Xa appears in all the important results of dynamical theory, 

such as formulae for intensity, rocking curve width and extinction depth.

2.4.2 The structure factor.

The structure factor, Ft may be written as the sum of the atomic scattering 

amplitudes, / ,  over the n atoms in the unit cell.

F * = Z /.exp (2 iu fi.£ ,) 2.21
n

If the x-ray frequency is near a resonant frequency for electrons (at an absorption edge) 

or if the crystal is a strong absorber, corrections must be added to the atomic scattering 

factors, so that /  in equation (2.21) becomes ( f  + / '  + i/" ) , where / '  and f "  are the 

dispersion corrections due to resonance and absorption. The structure factor then 

becomes complex.

Fa = £ < / ,  + / ' , + i / " , )  exp(2m [fix, +ky„ + h , l )  2.22
n

where x , y and 2 are the coordinates of the atoms in the unit cell.

It can be shown that F» and Fa are complex conjugates and equal if the crystal 

structure is centrosymmetric.

For silicon, which has the diamond cubic structure, for example

f  111 = f  TIT = V tit+ / ’ + */”)
F<oo = Fjoo = -8 (ftm + / '  + if")

F«o = ̂ 440“  +8 ( f « o + / ' + i /" )
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2.4.3 The Debye-Waller factor.

If the atoms in the crystal lattice are displaced from the lattice sites, either 

dynamically by thermal vibration or statically by defects (point defects o r dislocations) 

or atomic disorder, the atomic scattering factors must be multiplied by a  Debye-Waller 

factor

reflecting planes. The mean square displacements are averaged over all the atoms in the 

crystal.

The thermal Debye parameter, B was measured by Aldred and Hart (1973) for 

silicon at room  temperature, B =0.46 A 1. For the silicon 004 reflection, this gives a 

Debye-Waller factor, exp (-8  (sin0/X)2 ) = 0.94. This is a significant correction factor, 

which is very often overlooked. Its effect is to slightly reduce the rocking curve width 

and intensity, as shown in figure 2.10. Thermal vibrations and static displacements also 

increase the intensity of diffuse scattering away from the Bragg peak. Thus, the total 

scattering remains constant. Diffuse scattering is treated in Chapter 3, using the 

kinematical theory.

2.4.4 Solution of Maxwell’s equations.

The fundamental problem of dynamical theory is to find wave vectors in a crystal 

which satisfy both Maxwell’s equations and Bragg’s law.

M axwell's equations are

( / + / '  + «/") exp (—B (sin0/X)2 ) 2.23

where B = 8it2 u}

u i  is the mean square displacement of a lattice point in a direction perpendicular to the

2.24a

2.24b
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Figure 2.10. Effect of thermal vibrations at room temperature.
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For Bragg reflection, the solutions are o f the form

D = £ D * ex p (-2 itik .r ) 225

These are known as Bloch waves, where Kj, are the wave vectors and D* are the 

amplitudes. When there is only one Bragg reflection, only two beams are considered, the 

forwaid diffracted and diffracted beams. Equation (2.25) then becomes

D = D0exp(-27ii K0.r) + £>* e*p(-2iu &  .r) 2.26

The solution of Maxwell’s equations under these conditions (Batterman and Cole, 1964) 

gives

0 = (*2(l + X o)-£oS o) Do + ( *2 C X* 1 D* 127a
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0 =  U 2 C x* ]D „  +  U j (1 + Xo) - &  £ a ] D„ 2.27b

where k = y

and C = 1 for o  polarisation (electric field perpendicular to incidence plane)

C =|cos26| for it polarisation (electric field parallel to  incidence plane)

For a non-trivial solution, the determinant of coefficients o f D 0 and £>* (terms in 

brackets) must equal zero.

K0 and &  are linked by the Laue equation (2.15). The differences between the 

wave vectors inside the crystal and the mean refracted incident beam are given by 

parameters cio and a* , where

a o = ^ l S o . i o - * 2 (l+Xii)l 2.28a

a* = - ^ [ & . k - * 2(l+Xo)l 2.28b

Substituting into the determinant of coefficients of equations (2.27),

a o a * = } * 2 C2x*X* 2.29

This is the fundamental equation of the dispersion surface which determines the possible 

wave vectors and amplitudes inside the crystal.

2.4.5 The dispersion surface.

The dispersion surface is shown geometrically in figure 2.11. Outside the crystal, 

the wave vectors So and S* meet at the Laue point, L, (in the Laue case) at the 

intersection between two reflection spheres of radius k around the reciprocal lattice 

points 0 and h. Inside the crystal, the wave vectors are corrected for the mean refractive 

index and the two spheres have radius k( 1 + Xof2). Near the intersection of the spheres, 

the wave vectors deviate from the mean refracted value and there is a range of possible 

solutions, all of which satisfy the Laue condition. For a particular position of an allowed
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Figure 2.11 Construction of the dispersion surface for wave vectors 

Ko and ICh inside the crystal.

pair of wave vectors, the amplitude ratio, R =DkIDo may be determined by

n _ O* _ 2 otp C Xh k y 30

or

R2 = iH X * . 2.31
o* X*

Each tie point on the dispersion surface determines both the wave vectors and the 

amplitude ratio of the component plane waves of the Bloch wave (equation 2.26). 

Therefore, any wave propagating in the crystal is totally characterised by the tie point. 

Figure 2.12 shows the two branches of the dispersion surface (there are in fact two 

branches for each polarisation state), oto and a* are the perpendicular distances from the 

tie point, T, to the spheres around 0 and li. The spheres may be approximated as planes 

and the dispersion surface is then a hyperboloid. The amplitude ratio, R is negative on 

branch 1 and positive on branch 2 .

2.4.6 Excitation by external incident waves.

Since the Bragg (reflection) case is more widely used in double-crystal 

difffactometry than the Laue (transmission) case, only the Bragg case will be considered
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Figure 2.12 The dispersion surface.

here.

When the crystal is excited by a plane wave, the wave vector and amplitude must be 

matched outside and inside the crystal. Since the refractive index for x-rays is so close to 

unity, external reflection may be ignored, provided the angle of incidence is not near the 

critical angle for total external reflection. Therefore, to a good approximation, all the 

field vectors are continuous across the crystal surface and, in the Bragg case, the incident 

and diffracted amplitudes are identical outside and inside the crystal.

Do1 = Dq 2.32a

Dk ‘ =Dh 2.32b

where D 0 1 and D*'  are the incident and exit amplitudes of the external wave.

The difference in wave vectors inside and outside the the crystal must lie along the 

surface normal.

So1 2.33a

2.33b

where ¡Co1 and Kj, • are the external incident and exit wave vectors, it is the surface
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normal and q depends on the particular pair of allowed wave vectors. The boundary

conditions imposed by the crystal surface govern the selection of tie points.

Figure 2.13 Dispetsion surface and boundary construction.
Symmetric Bragg case.

The boundary construction for the symmetric Bragg case is shown in figure 2.13. 

The crystal surface is perpendicular to the reciprocal lattice vector, 4 . For the symmetric 

Laue case, the crystal surface would be parallel to 4. The incident wave vectors, £ o 1 are 

drawn from the intersections with the surface normals, rf, of the external reflection sphere 

around 0. Similarly, the exit wave vectors, Kj,'  are drawn from the intersections with the 

sphere around h. As the tail of the incident wave vector moves away from L (the Laue
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point), the angle of incidence increases. It can be seen that the angle of incidence at the 

centre o f the reflection range is higher in the Bragg case than in the Laue case.

For an angle of incidence defined by point P\, the tie points, T i and Tz lie on the 

surface normal, rf, on the same branch of the dispersion surface. The direction of energy 

flow is perpendicular to the dispersion surface so, at T ,, the energy flow is directed out of 

the crystal and at Tz, it is directed into the crystal. For thick crystals, only the point T2 

represents a physically viable solution, since the energy flow out of the crystal at T\ is 

attenuated by absorption and would have to be impossibly large to reach the surface. 

Similarly, at point P3, the tie point r 3 is excited since the energy flow is directed into the 

crystal. Therefore, for thick crystals, only tie points where the energy flow is into the 

crystal are excited. These correspond to the low-angle side of branch 1 and the high- 

angle side of branch 2. There is only one wavefield in the crystal.

For thin crystals, however, there is reflection from the back surface of the crystal, 

and the energy flow out of the crystal is large. In this case, two wavefields are excited in 

the crystal and interference may occur. As the angle of incidence changes, the tie-points 

move along the dispersion surface and Bragg case Pendellosung oscillations may be 

observed.

A t point Pz, no tie points are selected and there are no propagating waves in the 

crystal since the energy flow is parallel to the Bragg planes. There is total reflection for 

the range of incident angles where the surface normal does not intersect the dispersion 

surface. The waves are then evanescent.

2.4.7 Bragg reflection curve for a perfect crystal.

The intensity of the diffracted beam, /* / /  0 , is given by

2.34

From equation (2.30) for the amplitude ratio, R , it can be shown (Batterman and Cole,
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Figure 2.14 Darwin-Prins Reflectivity Curve.
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Figure 2.15 Reflectivity curves for both polarisations. Si 004 CuKx,
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1964) that the intensity, /  is given by

/ = | « | J = | n ± V - i ) l l 2.35

where ri is the deviation parameter from the exact Bragg angle,

and jJpy is the asymmetry factor of the surface, 

where yb = -j (io-tf) and yt = -j- (& .4) .

The + sign in equation (2.35) is for branch 1 and the -  sign is for branch 2.

In the range - 1<T|<+1, there is total reflection. If  there is no absorption, the 

reflectivity is unity within this range, as shown in figure 2.14. This is the Darwin curve. 

With absorption, q becomes complex and anomalous dispersion occurs, where absorption 

is lower than usual for branch 1 of the dispersion surface and higher than usual for 

branch 2. The reflection curve becomes asymmetrical, as shown in figure 2.14 (the 

Darwin-Prins curve). This effect is explained in the following section. Figure 2.15 shows 

Bragg reflection curves for o and x polarisations, for the silicon 004 reflection with 

CuK ai radiation.

2.4.8 Anomalous dispersion.

From the Laue equation (2.15) and the equation for the Bloch wave (2.26), the 

intensity of the total wavefield in the crystal is

where R=DhlD o

This shows that the standing wavefield intensity is modulated with the lattice periodicity, 

d  = 1 / |A | , normal to the Bragg planes. The sign of R depends on whether the component 

plane waves D0 and Dk of the Bloch wave are in phase or rt out of phase. On branch 1 of

|D |2« ( l + R 2 + 2RCcos2x4.r) 2.36
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the dispersion surface, R is negative and there are antinodes between the planes of atoms. 

On branch 2, R is positive and the antinodes are in the planes of atoms. Therefore, the 

branch 1 wavefield is preferentially transmitted and the branch 2 wavefield is 

preferentially absorbed. These effects are greatest for o  polarisation, which is 

perpendicular to the dispersion plane.

2.4.9 Rocking-curve width and extinction depth.

The range of Bragg reflection and the extinction distance may be determined 

geometrically (figure 2.16).

Figure 2.16 Extinction distance and range of Bragg reflection.

Bragg reflection occurs only across the hyperbolic region of the dispersion surface. 

The angular range of reflection is proportional to the dispersion surface diameter and 

inversely proportional to the reciprocal lattice vector.

The plane wave rocking-curve width for a symmetric reflection is

w
_ 2£ V ^ U

sin26
2.37



where 6 is the Bragg angle 

and C is the polarisation factor

C = V4(1 + |cos26() for unpolarised radiation.

The double-crystal rocking-curve width is about 1.4 times w.

For an asymmetric reflection, w is multiplied by V  yp 1 wherc Tb “ d y* are the

cosines of the angles of the incident and diffracted beams with the inward surface 

normal, shown in figure 2.17.

Figure 2.17 Asymmetric Bragg reflection.
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y* = sin (8 + 4)
Tb=sin (6 -  ♦)

where 6 is the Bragg angle and 4 is the angle between the Bragg planes and the crystal 

surface.

The extinction distance, 5* is given by the reciprocal of the dispersion surface 

diameter.

For the symmetric Bragg case,

2.38

For asymmetric reflections, 5* is multiplied by , to give the general formula
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2.39

The extinction distance, Ç* is the depth at which the intensity is reduced to e '2* of 

the incident intensity. The contribution to the diffracted intensity decreases 

exponentially away from the surface. The effect of absorption is to slightly decrease the 

penetration depth at glancing angles.

At low glancing angles and just below an absorption edge, absorption is the 

governing effect and the penetration depth at which the intensity is reduced to e"1 is

where p is the linear absorption coefficient.

At extreme grazing incidence (but not at grazing exit), below the critical angle for 

total external reflection (0 .2° for silicon at 1.5 A wavelength), the rocking curve becomes 

very weak and broad (Kishino and Kohra, 1971) and the penetration depth is given by 

(Vineyard, 1982)

where is the critical angle and v  is the angle of incidence, >y = (0 -  <t>).

2.5 Dynamical theory for distorted crystals.

Introduction.

If the crystal is distoned, for example, if it has epitaxial layers with different lattice 

parameters, the theory must be modified. If the scattering is weak (for thin layers far 

from the Bragg peak), the kinemadcal theory may be used. However, for thick or 

strongly absorbing crystals, this is unsatisfactory. Dynamical theory could be used to 

calculate the rocking curve from a layered crystal by matching the wave vectors at each 

interface, though this would be extremely complicated for multiple layers. It is much

d = sin(8- 9)
«■' Li 2.40

2.41
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simpler to use the differential equations of Takagi (1962,1969) and Taupin (1964).

2.5.1 Takagi’s theory.

Takagi's theory can be applied to both deformed and distorted crystals, and perfect 

crystals. It takes account of multiple scattering and assumes that x-rays propagate as a 

plane wave in the crystal, with scattering both into and out of the diffracted beam.

For a layered crystal, it is assumed that there is a single wave vector throughout, so 

that matching at each interface is unnecessary. The theory can therefore be used for 

calculating rocking curves from layered crystals, though it does not explain physically 

what occurs inside the crystal.

2.5.2 The Takagi-Taupln equations.

The Takagi-Taupin equations are two partial differential equations describing the 

total wave amplitudes. Do and D„, in the forward and diffracted beam directions, s0 and

4 ^  = ̂ D» + C « D‘  1423

£ % £ -  = (XD-a*)D>+Cx>D0 2.42b

A good approximation to the value of a* (Pinsker, 1978) is 

a* = -  2 46 sin28

where 40 is the deviation from the exact Bragg angle and is negative for deviations on 

the low-angle side of the Bragg peak.

If the variation of wave amplitudes is considered with respect to depth only, the Takagi- 

Taupin equations can be used to calculate the reflectivity of a layered crystal. The 

solution of the Takagi-Taupin equations describes the ratio of amplitudes of the 

diffracted and incident waves as a function of depth.
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The complex amplitude ratio, X is defined as

2.43

Differentiating with respect to depth, i  below the surface,

dX 1 3P* _ D» 3flp 
dz D o àz D j ~3z~

2.44

Substituting into the Takagi-Taupin equations, with z =Jo1b + *»Y*.

2.45

where to and y„ are the direction cosines of the incident and diffracted beams relative to 

the surface normal.

If the crystal is divided into a number of laminae of constant lattice parameter, 

equation (2.45) can be solved analytically for each lamina. If the amplitude ratio is 

known at a depth w , X (w) = k , then the amplitude ratio above this depth is given by

Y k ^B 2-EA + i(Rk + E)ian(D ^ B 2-EA  f r - w l )  2.46
VB 2-EA  -i(i4k + 8 )tan(D '^B1-EA  (z -w ))

where 4 = C x * .  f l « ( l - f i ) - ^  + o»-j-, ® =

and b ~ ^ T  (* = - l  for a symmetric reflection).

The amplitude ratio deep inside the crystal is ik = 0. The reflectivity of the thick substrate 

crystal is then

£  _  -B  +'Ib 2-EA  si^n(lmOte2-E 4  )) 2.47

The substrate reflectivity is first calculated using equation (2.47) and the change in 

reflectivity through the layers is then found. The amplitude ratios are matched at each 

boundary, starting at the substrate, and the reflectivity at each layer interface is calculated 

from equation (2.46), in order to obtain the reflectivity at the surface of the crystal. The
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A rocking-curve simulation program for layered crystals was developed by 

Halliwell, Lyons and Hill (1984) and Hill (1985), and further developed by Miles (1989). 

Full derivations of the solution to the Takagi-Taupin equations for layered crystals can be 

found in Hill’s and Miles’s theses (Durham University, 1985,1989).

For the simulations in this thesis, two implementations of the Takagi-Taupin 

equations were used. The Durham University program was used for the earlier work 

(courtesy of Prof. B.K.Tanner) and the Bede Scientific Instruments RADS (Rocking 

Curve Analysis by Dynamical Simulation) program was used for the majority of the 

simulations.
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Chapter 3

3. Diffuse scattering theory.

3.1 Scattering from thin surface layers.

Information on very thin sub-surface layers (down to a thickness of nanometres) 

may be found in the tails of the Bragg reflection curve.

Afanas’ev et al (1984) give the following approximation to the thickness, r of the 

layer contributing to the scattering in the tails of the rocking curve at an angular 

deviation, A8 from the exact Bragg position.

"■Hr "

where w is the rocking curve width and is the extinction length, calculated from 

dynamical theory (Chapter 2).

When the exact Bragg condition is satisfied, x-rays are diffracted and the 

penetration depth o f x-rays into the crystal, which is governed by extinction, is much 

smaller than the penetration depth away from the Bragg angle, which is governed by 

absorption. However, away from the Bragg peak, the reflected waves from the bulk 

crystal destructively interfere and most of the scattering comes from the surface and 

sub-surface layers. The further away from the Bragg peak, the thinner the layer 

contributing to to the scattered intensity becomes (equation 3.1).

This scattering is called a "surface truncation rod" (Andrews and Cowley, 1985; 

Robinson, 1986). This is because it forms a rod or streak in reciprocal space close to each 

Bragg reflection and perpendicular to the crystal surface. It contains information on how 

the crystal lattice terminates at the surface. Diffuse scattering from imperfections in the 

bulk crystal is not concentrated along a rod or streak, but is anisotropically distributed 

around the Bragg reflection, depending on the type of defect (Dederichs, 1971; 

Trinkhaus, 1972) (section 3.2). Thermal diffuse scattering from vibrations of the lattice
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is almost isotropically distributed around each reciprocal lattice point and can therefore 

be easily distinguished.

Diffuse scattering is caused by imperfections of the crystal lattice, including atomic 

disorder, point defects (vacancies and interstitials), dislocations and mosaicity. Surface 

imperfections can be characterised with respect to the depth below the surface, but it is 

more difficult to determine their distribution in three dimensions (other than by x-ray 

topography or transmission electron microscopy).

Scattering in a plane in reciprocal space may be measured using a triple-axis 

diffractometer, where the sample crystal and detector are rotated in a 8-20 scan (section 

3.1.2). Modelling and simulation of the resulting intensity distribution gives quantitative 

information on the surface and sub-surface regions, for example, disturbed layer 

thickness and surface or interface roughness (on an atomic scale).

Triple-axis measurements require long data collection times to map even a small 

area of reciprocal space. Double-axis measurements are much faster, but give only the 

integrated scatter along a line in reciprocal space. It is therefore more difficult to 

separate diffuse scattering from the dynamical diffraction peak and the information 

obtained is less quantitative. However, the angular resolution and signal-to-noise ratio 

may be greatly improved by the use of a multiple-reflection beam conditioner (section 

3.1.1). This makes double-axis diffractometry a feasible technique for the measurement 

of surface scattering.

3.1.1 Multiple-reflection beam conditioners.

Kirkpatrick and DuMond (1937) first proposed the use of mote than two successive 

reflections to obtain higher resolution. Angular resolution and signal-to-noise ratio may 

be greatly improved by the use of multiple-reflection beam conditioners (figure 3.1). 

Bonse and Hart (1965) first used grooved silicon and germanium crystals to obtain 

tailless multiple-reflection curves. The shape of a multiple-reflection curve is essentially



Figure 3.1 Bonse-Hart four-reflection beam conditioner.

a single-reflection curve raised to a power equal to the number of reflections. The 

resulting curve is not much narrower, but is considerably sharper due to the suppression 

of the tails and may therefore be used in double- or triple- axis diffractometry to obtain 

higher resolution. Theoretical double-axis rocking curves calculated for the silicon 004 

reflection with CuKoq radiation using pairs of single-reflection and four-reflection beam 

conditioners are shown in figure 3.2.

Spectral resolution may be improved by beam conditioners using two grooved 

crystals rotated in opposite directions in the (+,+) geometry (Beaumont and Hart, 1974; 

Bands, 1983).

3.1.2 The triple-axis diffractometer.

Triple-axis diffractometry may be used if very high resolution is required, such as in 

the measurement of surface scattering, where information would otherwise be lost in the 

background noise (Cowley and Ryan, 1987). The triple-axis diffractometer has a third 

axis to enable rotation o f the sample crystal and detector in a 0-28 scan. The direction of 

the beam reaching the detector is defined by a slit or analyser crystal in front of the 

detector. This enables separation of diffuse scatter from the dynamical Bragg diffraction 

peak. An analyser crystal is much preferable to a slit, which causes a reduction in the 

measured intensity and also measures any x-rays scattered at different angles, due to 

sample curvature or surface waviness. Alternatively, a position-sensitive detector may
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Figure 3.2. Four-reflection beam conditioner. Theoretical rocking curves.

be used without scanning. For triple-crystal difffactometry, the three crystals are 

positioned in the (+,-,+) geometry as shown in figure 3.3. The monochromator and 

analyser crystals may be replaced by multiple-reflection beam conditioners in order to 

increase the resolution (Zaumseil and Winter, 1982). The angle of the diffracted beam 

from the sample is defined by diffhtction from the analyser, which is scanned through 26 

for each position 6 of the sample. This extra information enables a map of the intensity 

distribution in reciprocal space to be obtained. Double-axis diffractometry gives only the 

integrated intensity along a line in reciprocal space.

If the sample is fixed and the analyser scanned, the intensity along a line in 

reciprocal space may be measured. Diffuse scattering can be separated from the 

dynamical diffraction peak by setting the sample slightly off the Bragg angle and
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Figure 3 J  Triple-axis diffractometer.

scanning the analyser (Iida and Kohra, 1979; Zaumseil and Winter, 1982). This is much 

faster than using a 0-28 scan. The analyser removes the effects of sample curvature and 

surface waviness which would otherwise broaden the rocking curve and smear out any 

surface layer interference fringes.

3.2 Diffuse scattering from defects.

Introduction.

Several types of defects exist in ctystal lattices. These include intrinsic defects 

(point defects- vacancies and interstitials; extended defects- dislocations, stacking faults) 

and extrinsic defects (impurity atoms- substitutional or interstitial; precipitates). Defects 

may be characterised by x-ray topography only if their strain fields are larger than the 

resolution of the topograph, about 1 pm (Kohler and Mohling, 1983). If the defect 

density is high, the strain fields overlap and cannot be resolved separately on an x-ray 

topograph. They can then only be distinguished if there is an inhomogeneous distribution 

of defects, such as that found in swirl and growth striations. However, it is possible to 

measure an averaged value of the diffracted intensity from a crystal with randomly 

distributed defects and to obtain from this, information quantitatively characterising the
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defects, such as their mean size, concentration and the strength and symmetry of their 

displacement fields. The intensity of diffuse x-ray scattering from defects may be 

measured using triple-axis difftactometry (Iida and Kohra, 1979; Iida, 1979; Lomov, 

Zaumseil and Winter, 1985) or by double-axis diffractometry (Thomas, Baldwin and 

Dederichs, 1971; Patel, 1975).

The theory of elastic x-ray scattering at static displacements of lattice atoms was 

first discussed by Huang (1947), who found that the Bragg peak intensity weakened and 

that diffusely scattered intensity appeared close to the Bragg peak. This is similar to the 

effects of diffuse scattering due to thermal vibrations of the crystal lattice. However, 

scattering from dynamic thermal displacements of lattice atoms is inelastic, as is 

scattering by electrons (Compton scattering), which is negligible close to a Bragg peak. 

This incoherent intensity can be readily subtracted from the dynamical diffraction peak.

Diffuse scattering is observed away from the Bragg peak, where the kinematical 

theory may be applied, even in nearly perfect crystals (Krivoglaz, 1969). However, it has 

been shown (Thomas, Baldwin and Dederichs, 1971) that in the range of total reflection 

for nearly perfect crystals, diffuse scattering is affected by dynamical theory. Outside this 

range, the difference between the results of the kinematical and dynamical theories is 

negligible (Holy, 1984). Scattering from randomly distributed defects and from the static 

displacements they introduce may be treated using the kinematical approximation in the 

theory of diffuse scattering (Krivoglaz, 1969; Dederichs, 1971, 1973; Trinkhaus, 1972; 

Peisl, 1976) or, if the crystal is nearly perfect, using dynamical theory by separating the 

coherent and incoherent intensities (Kato, 1980; Holy, 1984; Holy and Gabrielyan, 

1987). The coherent and incoherent intensities are often referred to as dynamical and 

kinematical components of the diffracted intensity. This is justifiable, since the 

incoherent scattering away from the Bragg peak may be treated kinematically to a very 

good approximation.

The diffuse scattering intensity depends on the concentration of defects and on the
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strength and symmetry of the displacement fields they create. Diffuse scattering will be 

treated first using the results of kinematical theory.

3.2.1 Kinematical theory of diffuse scattering.

Following the treatment of Peisl (1976), the scattering vector, 4 for elastic 

scattering of x-rays from atoms, is defined as

Ì ' É l* - ì ìo  3.2

w h e re |£ o l= l& l= x -

Figure 3.4 Scattering vector k in reciprocal space.

Ewald sphere

From the kinematical theory, the total scattered intensity (in election units) is the square 

of the sum of the scattering amplitudes, /  over the n atoms in the crystal, with 

appropriate phase shifts for atoms n at positions r , .

/ - I I / . e x p ( t i i ) | l  3.3
n

The scattering factor, /  includes a static Debye-Waller factor, e"i , which accounts for 

the weakening of the peak intensity due to static displacements of the lattice atoms.

In an ideal crystal lattice, the atoms scatter in phase when 4 = 4 , the reciprocal lattice 

vector. This is Bragg scattering. If there are defects introduced into the crystal, the 

lattice atoms are shifted to new positions, r, + u , .

The scattered intensity is then
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Figure 3 J  Displacement of lattice atoms by defect

O  O  0
ideal lattice

defect

n
atom

0 --------0 ~ 3 -

I -  I E / ,  exp« A-to. + * .) )  + I2 3.4

where d is the number of defects and fd  is the scattering amplitude for a defect atom. 

Defects generally have two effects on the Bragg peak.

1.) The Bragg peak is shifted owing to the change in lattice parameter of the

2.) The peak intensity decreases and diffuse scattering intensity appears close to the 

Bragg peak owing to deviations from the average lattice.

The diffuse scattering intensity is obtained by subtraction of the Bragg scattering 

intensity from the total intensity due to randomly distributed defects in an average lattice.

/  = N | / rf + £ / ,  exp(i 4.(£, + m» ) ) - E / .  exp(i i £ , ) |2 3.5
n n

where N is the number of defects (for small defect concentrations).

For small defects (point defects), equation (3.5) may be approximated to

"average" lattice, ^  -  A8 cote.

/  = N\fd  + « / (iiZ )l2 3.6

where (7 is the Fourier transform of the displacement field u(r),

3.7

which may be written as the sum of displacements over the n displaced atoms.
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U. = £ « »  expo i r . ) .  3.8
n

The square of the first term in equation 3.6, /  =N | / j  |2 is the scattering from the the 

defect, which appears far from the Bragg peak. The scattering amplitude is / j  = /  for a 

self-interstitial and f d = - /  for a vacancy.

The square of the second term, / =N / 3 |4 j / | 2 is the scattering from the distortion field 

of the defect (called Huang scattering), which appears close to the Bragg peak. This is 

coherent scattering from the displacement field at long distances from the defect, where 

the displacements are small. Information on the strength and symmetry of the 

displacement field and hence the defect, may be obtained from the diffuse scattering 

intensity distribution. The diffuse scattering is even closer to the Bragg peak for larger 

defects (or clusters of defects). The scattering intensity is is proportional to \lq2, where 

q is the distance from the reciprocal lattice point and i = k - h  (figure 3.4). Huang 

scattering is analogous to thermal diffuse scattering, which also appears close to the 

Bragg peak.

For large displacements (defect clusters with strong displacement fields), the diffuse 

scattering intensity distribution has an asymmetric component, proportional to 1 Iq 

(Dederichs, 1971). For defects in the bulk crystal, interstitial clusters give more intensity 

at higher Bragg angles and vacancy clusters give more intensity at lower Bragg angles. 

(See section 3.2.3 for surface defects).

The mixed squared term from equation 3.6 describes the interference between the 

scattering from the defect and from its displaced neighbouring atoms. This may also give 

rise to a shift of the diffuse scattering intensity with respect to the Bragg peak. Between 

Bragg reflections, both scattering intensities are of the same order of magnitude and 

information on the position of the defect atom and displacements of atoms close to the 

defect may be obtained (Haubold, 1975).

If the lattice distortion is very large, such as that near a cluster of defects or a
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dislocation loop, equation 3.6 is no longer valid. The scattering is incoherent and the 

intensities from small volume elements around the defect are added. This is called 

asymptotic scattering, since it comes from displacements close to the defect and therefore 

appears at some distance from the Bragg peak. Information on the defect size, strength 

and orientation may be obtained from this scattering intensity, which is proportional to 

1 Iq*. Dederichs (1971) gives intensity formulae for scattering from defect clusters and 

dislocation loops. Asymptotic scattering is useful in the case where there are different 

types of defect which expand and contract the lattice by the same amount. The overall 

change in lattice parameter is zero, but the asymptotic scattering still gives information 

on displacements close to the defects.

If the defects are infinitely extended (dislocation lines), the crystal becomes mosaic 

and there is broadening of the Bragg peak (Krivoglaz, 1969). This broadening is 

proportional to the square root of the dislocation density. The theory has been developed 

by Krivoglaz and Ryaboshapka (1962) and Wilkens (1970), but will not be discussed 

here.

3.2.2 Determination of defect properties.

The diffuse scattering intensity distribution close to the Bragg peak (Huang 

scattering) depends on the Fourier transform of the displacement field.

IHuang =N f 2\k ! Ì \2 3.9

Information on the displacement field enables determination of the defect type and 

orientation.

The displacement field g(r) at a long distance away from a point defect is, 

as r ->oo

a(r) “  J I
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This corresponds to a Fourier transform ¿(q)  close to the reciprocal lattice point, 

a s q  -» 0

Therefore, from equation 3.9, the Huang scattering intensity is proportional to k2l q 2.

If the defects all have the same orientation in the crystal, the elastic dipole tensor of 

the displacement field may be directly determined from the diffuse scattering intensity 

near one Bragg reflection. For example, totally uniform defects in a cubic lattice, in the 

simplest case, give a scattering intensity from (hOO) Bragg planes in the [qOO] direction 

o f

where F is the structure factor, V is the volume of the unit cell, F n is the component of 

the elastic dipole tensor and Ch is the elastic constant o f the crystal for the (100) 

orientation in the ( 100] direction (see appendix). The absolute concentration of defects, 

N  can be determined, since the Huang scattering intensity and the change in lattice 

parameter arc differently related to the dipole tensor, P .

If the defects have random orientations, three different Bragg reflections are 

required to totally characterise the defect structure (Trinkhaus, 1972; Peisl, 1976).

From equation 3.9, the Huang scattering intensity depends on so there should 

be zero intensity when k is perpendicular to ¿7 and maximum intensity when * is parallel 

to ¡¿. For an isotropic defect in an isotropic crystal, equal intensity contours will be in 

the form of spheres touching the reciprocal lattice point, with zero intensity in a plane 

perpendicular to to the reciprocal lattice vector. This is shown in figure 3.6.

{ /(« )« 1
1

3.10

“  n f 1



- 7 2 -

^ ^ ^ z e to  intensity plane 

k h

Figure 3.6 Isotropic distortion. Equal intensity contours in reciprocal space.

If the defect and its displacement field are anisotropic, averaging over different 

defect orientations results in the superposition of several differently orientated intensity 

distributions in reciprocal space. The zero intensity planes may intersect along one axis 

to produce scattering intensity distributions with zero intensity lines or, more generally, 

along several axes to produce scattering intensity in all directions. For example, a 

tetragonal distortion in an isotropic cubic crystal gives different diffuse scattering 

intensities around different reciprocal lattice points, as shown in figure 3.7 (after Peisl, 

1976). Elastically anisotropic crystals (such as silicon) produce distorted scattering 

intensity distributions.

Diffuse scattering intensity in reciprocal space can be measured using triple-axis 

difffactometry. The type of defect may be deduced from the symmetry of the scattering 

intensity distribution by comparison with theory. Lomov, Zaumseil and Winter (1985) 

measured diffuse scattering from [111) oriented stacking faults in annealed silicon 

wafers.

If the diffuse scattering is measured using double-axis diffractometry, the intensity 

is integrated along a line in reciprocal space. The deviation from the Bragg peak is given 

by A8 = qo / h cos8 , where q 0 is the minimum value of q , from figure 3.4, and the 

intensity is integrated over all q on the Ewald sphere. The information obtained from the
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rocking curve is less quantitative, but the symmetry of the scattering intensity can still be 

determined. The dependence of the scattering tails on Uq1 or Vq* can also be 

determined, giving information on the defect size and strength. Patel (1975) measured 

diffuse scattering from oxygen clusters in heat-treated silicon and Lai and 

Bhagavannarayana (1989) compared scattering from defects in Czochralski and float- 

zone silicon.

3 J .3  Surface difTuse scattering.

If defects are present only at the surface of the crystal, the diffuse scattering 

intensity is distributed along a rod or streak in reciprocal space, perpendicular to the 

surface, as discussed in section 3.1. This has been investigated only in the last few years 

(Andrews and Cowley, 1985; Robinson, 1986). The diffuse scattering may be shifted 

with respect to the Bragg peak due to lattice expansion or contraction by the defects. This 

depends on the size and concentration of the defects, and whether they are in the bulk 

crystal or only near the surface.

In the bulk crystal, the lattice is constrained in all directions by the surrounding
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crystal. Defects which expand the unit cell (interstitials and larger substitutional impurity 

atoms) will compress the surrounding lattice and the diffuse scattering near the Bragg 

peak will have higher intensity on the high-angle side of the peak. Conversely, defects 

which contract the unit cell (vacancies and smaller substitutional atoms) will expand the 

surrounding lattice and the intensity will be higher on the low-angle side of the Bragg 

peak.

Figure 3.8 Defects in bulk crystal: Lattice compression.

Surface defects will have a different effect, since the crystal is unconstrained in the 

direction normal to the surface and is therefore able to expand or contract freely in this 

direction, producing a tetragonal distortion (involving Poisson’s ratio). Defects which 

expand the unit cell will therefore give higher intensity on the low-angle side of the 

Bragg peak and vice versa. This is opposite to the shift of the diffuse scattering intensity 

caused by defects in the bulk crystal.

Figure 3.9 Surface defects: Lattice expansion.

f i l m i l i• ♦♦♦ • • • • *• • • •• • • • • • • • • • ♦• ♦• •»• ♦♦♦• ♦♦♦♦♦• ♦♦«
♦• • • • • • • • • !»• • » *1
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Diffusc scattering from the surface of mechanochemically polished silicon has been 

measured by Kashiwagura, Harada and Ogino (1983) and Harada et al (1987). They 

found rod-shaped scattering near the reciprocal lattice point, which was shifted to the 

low-angle side. This disappeared on etching. Kashihara, Kawamura, Kashiwagura and 

Harada (1987) describe the rod-shaped scattering in terms of a lattice expansion and 

atomic density modulation at the crystal surface. Rocking-curve analysis of polished 

silicon wafers using a four-reflection beam conditioner (Hart, Bowen and Fisher, 1989) 

also gave a lattice expansion and defects or atomic disorder at the surface.

Iida and Kohra (1979) used triple-axis diffractometry with a five-reflection 

monochromator, by scanning the analyser at various sample positions, to measure diffuse 

scattering from surfaces of silicon crystals which had been mechanically damaged 

(lapped and scratched). They were able to separate the effects of lattice dilation, tilt and 

surface unevenness. The lapped crystal was successively etched and found to have 

heavily distorted, mosaic and strained layers. The etching treatment resulted in a highly 

uneven surface which broadened the rocking curve. The scratched crystals gave strong 

diffuse scattering and a weakening of the dynamical peak.

Zaumseil and Winter (1982) used one- and five-reflection monochromators and 

analysers to measure diffuse scattering from finely ground and mechanochemically 

polished silicon wafers. The ground wafer gave strong diffuse scattering which 

disappeared on etching. The diffuse scattering from the polished wafers remained after 

etching and was therefore deduced to be thermal diffuse scattering.

3.2.4 Dynamical theory for randomly disturbed crystals.

If the defects are small (not resolvable by topography) and the crystal is nearly 

perfect, it is necessary to use dynamical theory to calculate intensities close to or in the 

range of the Bragg reflection. Kato (1980) first introduced a general statistical theory of 

dynamical x-ray diffraction in randomly disturbed crystals, which involved separate 

consideration of coherent and incoherent parts of the total diffracted intensity. Holy
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(1983, 1984) derived formulae for the diffracted intensity from crystals with randomly 

distributed defects, based on the solution of the Takagi equations. Following the 

treatment of Holy and Gabrielyan (1987), the coherent and incoherent (or partially 

coherent) intensities will be considered.

Coherent intensity.

Assuming an incident plane wave, an averaged value for the amplitude of the 

wavefield in a crystal with randomly distributed defects is derived from the differential 

equations of Takagi (1969). A dispersion relation is formulated and the wave vectors of 

the coherent plane waves propagating in the crystal are determined from the boundary 

conditions at the crystal surface. The amplitude ratio and the coherent intensity can then 

be calculated. This is analogous to the dynamical theory for a perfect crystal described 

in Chapter 2.

To an approximation, if diffuse scattering is neglected, the coherent amplitude is 

equivalent to the amplitude from a perfect crystal multiplied by a static Debye-Waller 

factor, e~L, (called a "quasiperfect" crystal), where

= exp [ - 2iu h.u(r) ] 3.11

The intensity is multiplied by e_2i-.

For a random defect distribution, e -1 is statistically averaged over all defect 

configurations. For displacements u*, perpendicular to the reflecting planes, e~L reduces 

to

e '1 =  exp [ -8it2 (M id )1 u i  ] 3.12

since e '“ = e_'4“' and f i \= \ ld .

When diffuse scattering is not neglected, the dynamical theory predicts a decrease in the 

coherent intensity due to diffuse scattering of x-rays in other directions. This is called 

diffuse absorption and it takes effect only in the range of total reflection.
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Incoherent intensity.

The degree of coherence of the diffracted wave in a crystal with randomly 

distributed defects is described by an averaged coherence function (Holy, 1983) which 

depends on the correlation function of deformation fields of the defects. Diffusely 

scattered divergent waves arise in the disturbed crystal by diffraction of the incident 

plane wave. The diffracted intensities and their angular distributions can be determined 

from iterative solutions of the Takagi equations. Figure 3.10 shows the first and second 

iterations of the incoherent intensity, the coherent intensity for a quasiperfect crystal and 

the total intensity for silicon with a random distribution of spherical precipitates of radius 

24 nm and total volume 1% (after Holy, 1984). The incoherent (or partially coherent) 

intensity distribution is asymmetric in the range of total reflection, due to anomalous 

dispersion.

Figure 3.10 Incoherent and coherent intensities (CuKai, Si symmetric 422 reflection).
-- first iteration _ coherent intensity 
.. second iteration _. total intensity

reflectivity

005 

0

0 20 

arc seconds

Figure 3.11 is a comparison of the first iteration of the incoherent intensity with 

diffuse scattering computed from kinematical theory (Dederichs, 1971), for the same size 

and concentration of defects as above (after Holy, 1984). This shows that multiple 

diffuse scattering may be neglected in the tails of the reflection curve and the kinematical 

approximation in the diffuse scattering theory may therefore be used.
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Figure 3.11 Comparison of dynamical and kinematical theories (CuKalt Si 422). 
dynamical theory -- kinematical theory 

.. coherent intensity

reflectivity

0 05

0

0 20 

arc seconds

Defects can be characterised by their concentration, radius and the strength of the 

displacement field. The static Debye-Waller factor and correlation function of the 

displacement field depend on the volume taken up by the defects in the crystal. The 

diffuse scattering intensity increases linearly with the concentration of defects. Figure 

3.12 shows the effect of varying the defect radius, for a constant total volume of 1% 

(after Holy, 1983).

The diffuse scattering intensity increases and moves closer to the Bragg peak as the 

defect size increases. These results agree with those predicted by kinematical theory 

(section 3.2.1). It is therefore possible to characterise small, randomly distributed defects 

in nearly perfect ctystals by comparison of experimental and theoretical reflection 

curves.

Holy and Kubena (1987, 1989) used double- and triple- axis diffractometry with a 

three-reflection monochromator to measure Laue case reflection and transmission curves 

of annealed silicon with growth striations due to oxygen precipitates. The defects were 

modelled by amorphous spheres. The experimental rocking curves agreed quite well with 

theory, though the theory for randomly distributed defects does not account for 

inhomogeneously distributed defects or anisotropic defects with equivalent orientations. 

The theory would also have to be modified for crystals having only surface defects.
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Figure 3.12 Effect of varying the defect radius (CuKo,, Si symmetric 333 reflection). 
a)0.2(im, b) 0.4|im, c) 0.6|tm, d) 0.8(tm, e) l.Otim 
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Conclusion.

Diffuse scattering gives useful information on the concentration, size, type and 

orientation of defects in crystals, which is particularly useful when the defects are too 

small to be resolvable by topography. The kinematical or dynamical theories of diffuse 

scattering could eventually be incorporated into simulation programs for diffraction from 

crystals with strained surface layers.



Chapter 4

4. X-ray reflectivity theory.

4.1 Introduction.

The Fefractive index of x-rays in matter is less than one and there is total external 

reflection at angles of incidence less than the critical angle. The penetration depth is then 

greatly reduced and only the surface is probed, down to depths of a few nanometres to 

several hunded nanometres. The difference of the refractive index from unity depends on 

the electron density of the material. Analysis of the curve of reflected x-ray intensity 

versus either angle or energy gives information on the variation of electron density with 

depth near the surface. This enables determination of surface layer thickness, density and 

surface and interface roughness. Reflectivity measurements give information on both 

amorphous and crystalline layers.

In this chapter, reflectivity theory is summarised, with emphasis on energy 

dispersive reflectivity. This is a new technique which enables measurement o f a range of 

energies simultaneously reflected from a sample at a  fixed angle of incidence. The data 

collection time is therefore much shorter than in most angle dispersive techniques, where 

the sample is rotated step by step through a range of angles.

The refractive index, n is less than unity by

n = 1 — 5 — ip  4.1

where

6+iP = £ r , ( Z + / '  + i f" )N  4.2

where N is the number of atoms per unit volume, N =Nt  pi A 

Na is Avogadro’s number 

p is the density



A is the atomic weight 

Z is the atomic number
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/ '  is the dispersion correction to the atomic scattering factor

f "  is the absorption correction to the atomic scattering factor

and

4.3

where p is the linear absorption coefficient.

The critical angle for total external reflection, yc is given by

yc =cos“'n = V25 4.4

The critical angle depends only on the density of the medium and the wavelength or 

energy of radiation, according to the formula yt = 1.64xlO"3 k, where p is in g/cm3 and 

\  is in A

For energy dispersive reflectivity, where the angle of incidence, xp is fixed, the 

critical energy, £c is given by £c = 2.05xl0~2 Vp/y, where p is in g/cm3 and Ec is in keV. 

In this case, the deviation of the refractive index from unity (S + r p) changes with 

wavelength (equation 4.2). The dispersion corrections, / '  and / "  and linear absorption 

coefficient also change.

4.2 Reflectivity theory for layered structures.

The theory of x-ray reflectivity from a multi-layered structure was developed by 

Parratt (1954). A summary is given here.

For two homogeneous media, where medium 1 is air and medium 2 is the crystal, 

the ratio of the electric vector of the reflected beam, £ f  and the electric vector of the 

incident beam, £  1 is given by the Fresnel coefficient

r  _ _ 1 1 11
f l -2 " r r “ 7 n 7 7

E T - / 1 - / 2 4.5
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/ t » Y

/ j * ( y J -Vt!î)'4 4 6

y  is the angle of incidence and y c is the critical angle.

If absorption is taken into account, / ,  becomes complex.

/«  =(V2- 2 8 ,  - 2 iH ,) "  4.7

where

d . = lW2 [ (  (V 2 -  Vc2(,  ))2+4p,2 )»  +  (V 2 -  V<?(, >) l14 

and

B, = I/V21 ( (v2 -  )“  -  (v2 -  V2(»>> l14

For N homogeneous media, where medium 1 is air and medium N is the substrate, 

the reflectivity is given by the recursion formula for the reflectivity from the n-l,n  

interface

*«-1A “ ««-t
R l t A + i+ F * - \ J I  

R 'A tl F „-1 a  +  I
4.8

where

®»i*i = a»2
E!  
Ï 7

F . — ~fn

and a, is the amplitude factor for half the thickness d, of layer n . 

a . =exp<—in/X /.d ,) 4.9

Interface roughness can be modelled by multiplying each Fresnel coefficient,
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by a Gaussian function (Cowley and Ryan, 1987), given by

exp /X)siny]2 4.10

where o , is the root-mean-square roughness for layer n .

The recursion formula (4.8) is solved by starting at medium N, where is zero 

(since the substrate thickness is taken to be infinite), and ending at medium 1, where a , is 

unity, giving the reflectivity R = Ef lE t.

The ratio of the reflected to incident intensities is given by the product of R u  with 

its complex conjugate

For angle dispersive reflectivity, at a fixed wavelength, the dispersion corrections/' 

and / "  in equation 4.2 can be found in the International Tables for X-ray 

Crystallography, Volume IV (1974).

However, for energy dispersive reflectivity at a fixed angle, the dispersion 

corrections vary with the wavelength and can be calculated to a good approximation 

using Honl’s formulae (James, 1948).

A computer program to calculate reflectivities from a range of materials for both 

angle dispersive and energy dispersive modes was developed by S. Miles at Durham 

University (1989). This has been used to calculate the theoretical reflectivity curves in 

this chapter and in Chapter 8 .

4.2 Effect of layer density, thickness and roughness.

Angle dispersive reflectivity curves for silicon are shown in figure 4.1, for 

CuK<x,(1.54/i ), MoKa,(0.71 A ) and WKa,(0.21 A  ) radiation. The critical

angle increases with wavelength. This is also shown in figure 4.8 of penetration depths at 

the critical angle. The reflectivity decreases more rapidly for shorter wavelengths. The

4.11
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Figure. 4 .1 . A n g le  d ispers ive  reflec tiv ity  o f  s i l ic o n  fo r  various w aveleng ths .

Figure. 4.2. Energy dispersive reflectivity of silicon for a range of angles.
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longer wavelengths are therefore more useful for measuring a large angular range. 

Figure 4.2 shows energy dispersive reflectivity curves for silicon at 0.1°, 0.2° and 1.0°. 

The critical angle and reflectivity increase with decreasing angle of incidence. Low 

angles of incidence therefore give higher intensities. The Si K absorption edge can be 

seen at 1.84 keV.

Surface layers give interference fringes, with amplitude depending on the layer 

density and period on the layer thickness. Surface or interface roughness decreases the 

reflectivity and smears out any interference fringes. Surface layers give similar effects 

for angular and energy dispersive modes. The reflectivity curves shown in figures 4.2 to 

4.7 are energy dispersive (at 0.1° incidence) since this applies to the experiments 

described in Chapter 8. Figure 4.3 shows the effect of 10 A root-mean-square surface 

roughness. The gradient of the reflectivity curve decreases more rapidly. Figures 4.4 and

4.5 show the effect of 20  A interface roughness on 200 A layers of silicon dioxide on 

silicon and aluminium oxide (AI2O3) on aluminium. The interference fringes become 

smeared out further away from the critical energy. The effect of layer density on fringe 

amplitude can also be seen. Silicon dioxide has a density 5% less than that of silicon and 

results in shallow fringes with intensity lower than for silicon. The density of aluminium 

oxide is almost 50% greater than that of aluminium and the fringes have a large 

amplitude and higher intensity than the aluminium reflectivity curve. The A1 K 

absorption edge can be seen at 1.6 keV. The effect of varying the layer thickness is 

shown figures 4.6 and 4.7 for SiC>2 and AljO) layers ranging from 25 A to 200 A thick. 

Fringe period is inversely proportional to layer thickness.

For angle dispersive reflectivity, the fringe period is given by

A y = ,.  A . . =  A 4.12
™ It  cosy 17

where r is the layer thickness.



F igure . 4 .3 . E n e rg y  d isp e rs iv e  re f lec tiv ity  o f  s ilico n  w ith  su rface  ro u g h n ess . 0 .1 °  in cidence.
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Figure. 4.5. Energy dispersive reflectivity of 200 A A^Qj/Al. 0.1* incidence.
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F ig u re  4 .6 . E f fe c t  o f  v a ry in g  la y e r  th ic k n e s s  fo r  S iO ?  o n  Si.

Figure 4.7. Effect o f  varying layer thickness for AlzQ> on Al.
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For energy dispersive reflectivity, the fringe period is

= he _ he 
21 siny '  2ry 4.13

Most of the infoimation on thin surface layers is found away from the critical angle 

or energy. This is analogous to the surface scattering away from the Bragg diffraction 

peak discussed in Chapter 3.

For specular reflection, the penetration depth at which the  intensity is reduced to 1/e 

is given by (Parratt, 1954)

d.-, = V6/4«| ( (V2 -  -(y 2 -  v 2„  d i '4 4.14

Figure 4.8 shows plots of the variation of penetration depth with angle for several 

different wavelengths, CuKa,(1.54 A),  MoKa,(0.71 A  ) and WKa,(0.21 A  ).

Figure 4.8. Penetration depth near the critical angle for various wavelengths.
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Chapter 5

5. Experimental Techniques.

This chapter covers the practicalities of taking a rocking curve or a topograph, the 

design o f multiple-reflection beam conditioners and the experimental instrument function 

for the double-axis diffractometer used at Warwick University.

5.1 Practical aspects of double-axis diffractometry.

5.1.1 Instrumentation.

Double-axis diffiractometry experiments were performed at Warwick University on 

a Bede Scientific Instruments model 450 diffractometer (with 450 mm between the axes) 

shown in photograph 5.1. The first crystal axis was coaxial with the diffractometer 

rotation axis. The detector was mounted on an axis coaxial with the second crystal axis. 

The diffractometer was mounted to give a vertical dispersion plane. In this position, the 

axes are horizontal and samples can be mounted kinematically, eliminating unnecessary 

strains. The smallest obtainable step size of the diffractometer fine axes was 0.05 arc 

seconds, with a total range of about 10°. The diffractometer was controlled by an 

Amstrad PC 1640 using Bede software with a Bede Minicam interface. A Nuclear 

Enterprises DM1.1 scintillation counter was used. The x-ray generator was a 

Hiltonbrooks model DG2 with AEG fine-focus sealed x-ray tubes rated up to 3 kW, with 

Cu or Mo targets. The x-ray tube and diffractometer were mounted inside a steel 

enclosure with a lead perspex window and a safety-interlocked door.

Grazing incidence white radiation and double-crystal topography, requiring high 

intensity x-rays, were carried out at Daresbury Synchrotron Radiation Source (SRS). 

Comprehensive reviews of x-ray and synchrotron radiation sources are given by Bonse 

(1980) and Bowen (1988). Experiments were performed using the high-precision 

double-crystal diffractometer shown in photograph 5.2, described by Bowen and Davies



Photo 5.1. The Bede model 450 diffractometer at Warwick University.



Photo 5.2. The double-crystal diffractometer at Daresbury Synchrotron 
Radiation Source.

4
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(1983) in the topography station on beamline 7.6. The diffractometer was mounted to 

give a vertical dispersion plane. Alignmment to a high precision was possible with the 

use o f a laser set up along the same axis as the the synchrotron beam.

5.1.2 Alignment.

For double-crystal diffiactometry, the crystals must be aligned so that the incident 

and diffracted beams lie in a plane parallel to the difiactometer surface and intercept the 

diffractometer axes (defined in Chapter 2). The diffractometer and x-ray source must first 

be aligned so that the x-ray beam is parallel to the diffractometer surface and intercepts 

the first and second axes.

First crystal.

The diffractometer is set at 20 and the first (reference) crystal at 6 (where 0 is the 

Bragg angle). The detector is set at zero (or 20 relative to the incident beam). The first 

crystal is scanned to find the Bragg peak. The tilt and rotation of the first crystal must be 

set so that the diffracted beam is parallel to the diffractometer surface and intercepts the 

second axis. The tilt may be adjusted using a slit parallel to the diffractometer surface, 

mounted on the second axis, at the same distance from the diffractometer as the incident 

beam. The tilt is scanned to find the position where the intensity is maximum. The 

diffractometer rotation (20) must then be adjusted so that the diffracted beam passes 

exacdy over the second axis, using a slit perpendicular to the diffractometer surface. The 

diffractometer and first crystal are rotated in equal and opposite directions until the 

intensity is maximum. Alternatively, the alignment of the first crystal may be checked 

using a pointer of the correct length in the second axis and imaging the beam using x-ray 

film or an image intensifier.

If a multiple-reflection beam conditioner of the Bonse-Hart type (section 5.1.3) is 

used, the alignment is the same, except that there is a spatial offset between the incident 

and exit beams. This can be accommodated either by rotating the diffractometer so that
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Ihe exit beam again intercepts the second axis or, if the x-ray tube is moveable, by 

moving it so that the diffracted beam emerges along the diffractometer axis. If the 

number of reflections is odd, the diffractometer is set at 28 and if it is even, the 

diffractometer is set at zero (or at a small angle to accommodate the step).

Second crystal.

To align the second (sample) crystal, the detector is moved through -28  and the 

sample is set at - 8  and scanned to find the Bragg peak. The tilt must then be adjusted to 

bring the diffraction vector (Bragg plane normal) into the diffractometer plane, so that it 

is parallel with the diffraction vector of the reference crystal. Any tilt deviation will 

broaden the Bragg peak, though the integrated intensity remains constant. Hence the 

correct tilt position is where the Bragg peak intensity is maximum, corresponding to a 

minimum in peak width. If the crystal is tilted and the Bragg peak scanned, the direction 

in which the Bragg peak moves and the direction in which to tilt to increase the peak 

intensity may be determined. Further tilting and Bragg peak scanning until the intensity 

is maximised will result in the optimum tilt setting.

Fewster (1985) describes an iterative method of tilt alignment, where the tilt angle 

is scanned, giving a single peak if the crystal is on the low-angle side of the Bragg angle 

and two peaks if it is on the high-angle side, for which the contct tilt position is midway 

between. The optimum tilt setting may therefore be reached by rotating the crystal and 

scanning the tilt angle.

Tanner, Chu and Bowen (1986) describe a high-speed, high-precision method of tilt 

optimisation which may be used if a sample rotation stage is available. The crystal is 

rotated about an axis almost noimal to the Bragg planes. Provided the Bragg angle is 

within the misalignment angle of the Bragg planes, there will be two positions at which 

the Bragg condition is satisfied, and the optimum tilt is midway between these.

For rocking-curve measurements, the x-ray beam should be small (around 0.5 mm
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diameter) to minimise the effect of sample curvature, which broadens the rocking curve 

since each pan o f the illuminated area on the sample diffracts at a different angle. 

Background noise must be reduced as much as possible by using shielding around the 

first crystal and narrow slits between the two axes, taking care not to intercept the beam. 

This ensures that the detector "sees" only the diffracted beam from the sample, and is 

especially important in diffuse scattering measurements in the rocking-curve tails, where 

the count rate is very low (Chapter 6).

Effective shielding is also important in x-ray topography experiments, where 

background noise will fog the film. Extreme care must be taken when using synchrotron 

radiation, especially if weak reflections are used, which give low intensities compared to 

the background (Chapter 7).

5.1.3 Multiple-reflection beam-conditioner design.

The range o f angles of incidence accepted by a Bonse-Hart n-reflection beam 

conditioner decreases with increasing n.

tan Bnm _ n+1 
land™ ~ n-3

it >3 5.1

for symmetric reflections, where dm«, and d ^  are the maximum and minimum angles of 

incidence. If n S3, the range of angles is 0° to 90°, provided the crystals are large enough.

Beam conditioners should be mounted to give rotation about the point of 

intersection of the two limiting incident beams (figure 5.1), as first suggested by 

Rodrigues (1979). This enables them to be set to different Bragg angles simply by 

rotation.

Four-reflection channel-cut beam conditioners, designed for a range of wavelengths, 

from Mo 004 (15.14°) to Cu 004 (34.56°), were cut from a single block of silicon, with a 

strain-relief cut for mounting, and etched to remove sawing damage (photograph 5.3).
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Figure S.l Four-reflection beam conditioner. Range of reflection.

5.1.4 Experimental instrument functions.

A double-axis rocking curve of a polished and etched silicon wafer, taken using a 

silicon four-reflection beam conditioner with the 004 reflection and CuKa radiation is 

shown in figure 5.3. The auto-correlation instrument function was measured by placing 

an identical four-reflection beam conditioner in the sample position (figure 5.2). This 

gave a tailless rocking curve of width (FWHM) 4 arc seconds, which is close to the 

theoretical. The suppression of the tail intensity can clearly be see in figure 5.4.

5.1.5 Double-crystal topography.

To image a large area of a crystal, it may be necessary to use either a broad source 

or an asymmetrically-cut first crystal. A line source may be used, either from a sealed 

tube or a rotating anode. Synchrotron radiation has the advantages of high intensity, 

giving very short exposures (of the order of minutes, unless a very weak reflection is 

used), low divergence, giving high strain sensitivity, and tuneable wavelength, allowing 

experiments at grazing incidence or near absorption edges.

An asymmetrically-cut first crystal can be used to expand the beam. This causes a 

reduction in intensity but decreases the divergence, giving higher strain sensitivity. In 

grazing-incidence topography it is more important to have a narrow, high-intensity
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Figure 5.2 Double-axis diffractometry.

Measurement of instrument functions.

four reflection 
beam conditioner

incident beam since this will illuminate a large area o f the sample. This can be achieved 

by using the first crystal in grazing exit to contract the beam.

Alignment for double-crystal topography is the same as described in section 5.1.2. 

The crystal is set on the rocking curve peak and a photographic plate is placed in the 

diffracted beam, in front of the detector. Maximum strain sensitivity may be obtained by 

setting the crystal at the steepest part of the rocking curve flank, where the change in 

intensity with orientation is greatest The tilt setting is important, otherwise the crystal 

will not diffract over the whole illuminated area. If the crystal curvature gives rise to a 

range of Bragg angles greater than the rocking-curve width, only a narrow strip will be 

imaged. The crystal can then be rotated in steps so that each part diffracts in turn to build 

up a Bragg angle contour map (Renninger, 1962,1965). A topograph is taken by placing 

a film close to the sample and perpendicular to the diffracted beam. Exposures are up to
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several days with a sealed-tube source. Such long exposures require monitoring of the 

signal through the photographic plate to ensure that the crystal does not drift off the peak.

If the strain sensitivity is high, images of defects are broad and high spatial 

resolution is not necessary. Faster, lower resolution films can therefore be used. Ilford 

nuclear emulsion type G5 is considerably faster than L4, but gives about 1pm resolution, 

compared to 0.25pm for L4. Thick emulsions of 50-100 pm are necessary to absorb short 

wavelengths and decrease the exposure time. Agfa D2, D4 and D7 can also be used, 

where the number signifies the grain size in microns and the film speed increases with 

grain size.

To obtain high strain sensitivity, great care must be taken with stability. The x-ray 

tube and diffractometer should be isolated from any vibration and the temperature should 

be kept stable. The samples should be mounted kinematically, or with a small amount of 

wax at one point only, to avoid unnecessary strains.
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5.2 Determination of damage depth by etching.

5.2.1 Introduction.

Damage depth profiles may be determined by measuring etch rate as a function of 

depth (Tuck, 1975; Ives and Leung, 1988). Strained or damaged material etches at a 

higher rate than damage-free material, due to the larger surface area and the favourable 

release of strain energy. If the surface is damaged and the bulk is relatively damage-free, 

the etch rate decreases until all damaged material is removed and a constant etch rate is 

achieved. The depth at which the etch rate becomes constant gives an indication of 

damage depth.

Etching has been called an "art" since it is so sensitive to small changes in the 

conditions and results may vary even between two different people using the same 

etching technique. Various methods for etching and measurement of depth etched have 

been used. Schwartz and Robbins (1959) used a micrometer screw gauge to measure the 

decrease in thickness of silicon etched in HF-HNOy Ives and Leung (1988) initially used 

the measurement of weight loss to determine depth etched, and later developed a method 

using laser interferometry for measuring the depth of gallium arsenide removed while 

etching with bromine-methanol in an optical flow cell.

In order to determine etch rates for removal of damaged material and for sub

surface characterisation of machined and polished silicon, several experiments were 

necessary, involving the measurement of etched depths down to less than a micron. A 

widely used etchant for silicon is HF-HNO\ (Schwartz and Robbins, 1976; Kent, 1978), 

which etches at room temperature. Etching rates for various etchants at different 

concentrations are given in the EMIS review of properties of silicon (1988). The above 

techniques for measurement of depth etched were unsuitable for application to silicon 

etched in HF-HNOi with etched steps of less than a micron. Interferometry methods 

would require an etching cell made of a transparent material, such as glass or perspex, 

both of which react with HF-HNOy A micrometer would not have a high enough
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precision for the measurement of such small etched steps, so a Rank Taylor Hobson 

Form Talysurf was used. The possibility of using a capacitative flow etching technique 

for measurement of thickness change was considered, but it was found to have too low a 

sensitivity for this application.

5.2.2 Etching experiments.

Machined and polished (001) silicon was etched in steps using hydrofluoric acid 

(40% HF) and nitric acid (70% HNOj), in the proportions 1:99, 5:95 and 10:90. The 

machined silicon was cut using a diamond saw and the polished silicon was 

commercially polished using a mechanical-chemical process. Etching was performed in a 

Teflon beaker and the reaction was stopped by immersing the sample in a beaker of cold 

water. After etching each step, the silicon was rinsed in distilled water and dried and a 

strip was masked using stopping off lacquer. Etch rate is extremely sensitive to rapidity 

o f agitation and quite sensitive to temperature, so every attempt was made to keep these 

constant. The silicon was held with tweezers and vigourously agitated and the beaker of 

etchant was placed in a constant temperature water bath. Etching generates heat and 

because of the low thermal conductivity of the Teflon beaker, it was difficult to maintain 

a steady etchant temperature. Each experiment was repeated to check the reliability of 

the results. The step sizes were measured using a Rank Taylor Hobson Form Talysurf 

and the etch rate for each step was plotted against the total depth etched.

5.2.3 Results.

All samples gave an initial etch rate which was much higher than the final, steady 

etch rate. The depth at which the etch rate became steady was greater for the as-sawn 

sample than for the polished sample, implying a greater depth of damage, as expected. 

Etch steps of less than a micron and etching times of less than a few seconds were 

difficult to measure accurately and gave spurious results. The graphs of etch rate against 

depth are shown in figure 5.5, for HF concentrations of 10%, 5% and 1% at temperatures
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of 18°, 15° and 20° .

Fig.5.5. Etch rate against depth etched. HF(40%):HN03(70%).

The final, steady etch rates are 6.4,2.5 and 0.2 pm/minute respectively.

5% HF is the optimum concentration to use for removal of damaged material from 

as-sawn silicon. It gives a smooth, specular surface with few etch pits, after several hours 

etching. Higher concentrations (10% HF) give a pitted, "orange-peel" surface texture. 

1% HF may be used to remove very small amounts of material in a controlled manner, 

useful for characterisation of sub-surface damage. Generally, the lower the concentration 

of HF, the slower the reaction and the smoother the surface generated.

5.2.4 Discussion.

In the HF-HNO] system, the HNOy oxidises the silicon and the HF attacks the 

oxide. When the concentration of HF is low (less than 50%), a decrease in HF causes a
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decrease in the rate of reacnon, implying that the etch rate is controlled by the diffusion 

of HF to the silicon surface (Schwartz and Robbins, 1959; Tuck, 1975; Kent, 1978). 

Diffusion limited reactions etch all crystallographic planes at the same rate and therefore 

give flat, planar surfaces. If there is greater access to the surface for the diffusion of HF, 

the etch rate will increase. This effect may be seen at edges and comers, which etch 

preferentially, giving surfaces which are far from flat. If the reaction becomes violent, 

such as when there is a concentration of HF greater than 10%, bubbles of gas form and 

some points on the surface will have a higher dissolution rate, creating pits or holes. If 

there are dislocations at the surface, these will form etch pits.

Damage produced by abrasion on silicon, such as that caused by diamond sawing, 

comprises a combination of plastic deformation, dislocations and cracks. (Puttick and 

Shahid, 1977). These defects are surrounded by strain fields, which cause an increase in 

etch rate, due to the favourable release of strain energy. Damaged surfaces also present a 

larger surface area to the etchant, where the reaction can proceed at a higher rate. 

Mechanical-chemical polishing is a combination of abrasion and etching used to produce 

surfaces which are both flat and specularly smooth. This process may result in a low level 

of strain or damage in the surface.

Referring to the results obtained for the as-sawn silicon, the damage depth is 

estimated, from the point at which the etch rate becomes steady, to be about 10 pm. For 

the polished silicon, the high initial etch rate shows that there must be strain or damage in 

the top micron below the surface.
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Chapter 6

6. Double-axis x-ray rocking-curve analysis.

6.1 Introduction.

Double-axis x-ray diffractometry may be used to detect strains of the order Kri6, 

with depth resolution down to around 50 nm, near the surface of single-crystal 

semiconductor materials.

It is well known (Afanas'ev, 1984) that information on very thin sub-surface layers 

(down to 10 nm) may be found in the tails o f the Bragg reflection curve (Chapter 3). By 

using a four-reflection, non-dispersive beam conditioner to give a tailless reflection curve 

(Bonse and Hart, 1965), information on surface scattering from the sample may be 

obtained from the tails of the double-axis locking curve. A strong reflection must be 

used to give enough intensity in the tails (with a conventional x-ray source), and a long 

wavelength for low extinction depth and surface sensitivity.

Surface symmetric reflections give information on strains petpendicular to the 

surface, while asymmetric reflections also give information on strains parallel to the 

surface. However, the surface of the crystal is constrained by the underlying bulk crystal 

so that strain is only in a direction perpendicular to the crystal surface. This introduces a 

Poisson effect. If the strain exceeds the elastic limit, misfit dislocations are introduced in 

the layer-bulk interface, producing strain parallel to the surface. In the following 

experiments, it was expected that the strains would be very small, in the elastic range. A 

surface symmetric reflection was therefore chosen, which measured strain perpendicular 

to the surface only.

X-ray double-axis rocking-curve analysis was used to characterise the residual 

surface strain or damage left by the mechanical-chemical polishing process by which 

high-quality silicon wafers are produced. To demonstrate the range of applications of 

this technique, silicon epiwafers (heavily doped wafers with more lightly doped epitaxial
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layers) and ion implanted silicon wafers were also investigated.

6.2 Experiments.

The samples were (001) silicon wafers which had been polished using the 

mechanical-chemical process described in Chapter 1. To determine whether there was 

significant strain or damage induced in the polishing process, rough-polished and fully- 

polished wafers were compared before and after etching in steps of 1 pm (a 5 minute etch 

in 1% HF (40%): 99% HNO3 (70%) ). To find whether any improvement could be made, 

silicon wafers which had been polished using different processes, or under different 

conditions were investigated. Silicon wafers with homoépitaxial layers were also 

investigated to compare as-grown surfaces with polished surfaces. To demonstrate the 

sensitivity of the technique, commercially polished wafers from a number of different 

vendors were compared.

The experiments were performed using the diffractometer and instrumentation 

described in Chapter 5. The experimental set-up is shown in fig 6.1.

Figure 6.1 Double-axis diffractometiy. Experimental set-up.

The 004 reflection was used with CuKa, radiation, giving a surface symmetric
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reflection with Bragg angle 8 = 34.36° . The extinction depth was 16.8 pm, though the 

scattering intensity in the tails 20 rocking-curve widths away from the Bragg peak was 

mainly from the the top 0.8 pm. The four-reflection beam conditioner was channel cut 

from a single block of silicon, with a strain-relief cut for mounting, and etched to remove 

sawing damage. The experiment was set up in the parallel geometry which is

non-dispersive in wavelength. A 0.5 mm diameter collimator was used, which gave a 

beam size of 0.5x4 mm2 at the sample, due to horizontal beam divergence. The x-ray 

generator was run at 45 kV, 35 mA. The background was reduced as much as possible 

without intercepting the beam, by placing narrow (5 mm) tungsten carbide slits and lead 

perspex shielding between the two axes. The background noise was measured with no 

sample or sample mount and found to be 0.1 counts per second, compared with peak 

intensities of 45,000 counts per second. The temperature in the laboratory was kept stable 

at 23°C.

The samples were mounted kinematically to prevent them from being strained. 

Rocking curves were taken along the [110] and [100] directions, and at 90° and 180° 

rotations. The Bragg peak was scanned up to 150 arc seconds on either side, in steps of 

0.5 arc seconds, with total data collection times up to 8 hours to give good counting 

statistics in the tails.

63 Results.

The results presented in this section have not been normalised. Theoretically, by 

conservation of energy, the total scattering remains constant (a decrease in peak intensity 

plus an increase in diffuse scattering intensity) and the rocking curve can be normalised 

by dividing by the integrated intensity (the area under the peak). However, some of the 

diffuse scattering intensity appears far from the Bragg peak (Chapter 3). It was therefore 

decided that the rocking curves should not be normalised, since the range in most cases 

was only 100 arc seconds on either side of the peak. It was found in any case that 

normalising had little effect on the results.



F igure  6.2. R o u g h  p o lished  and e tch ed  s ilic o n  w afe r.

Figure 6.3. Fully polished and etched silicon wafer.
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6.3.1 Mechano-chemically polished silicon.

The silicon wafers characterised were p-type (boron doped) with resistivity in the 

range 11 to 16 ficm  (7.8xl0u  to 1.4xl013 atoms/cm2) and a typical oxygen concentration 

of 14 ppm (7xl017 atoms/cm2). The wafers were (001) orientation, to within about 0.2° 

(unless stated otherwise). Figure 6.2 shows rocking curves from a rough-polished wafer 

which was then etched to depths of 1 pm and 2 pm to remove strain and damage. There 

was no significant difference in the rocking-curve tail intensities produced by the 1 pm 

and 2 pm etching treatments, which implies that most of the residual strain is in the top 

micron below the surface. Topographs of this wafer are shown in Chapter 7. The 

scattering in the rocking-curve tails is greatly reduced in fully polished wafers. A rocking 

curve from such a wafer is shown in figure 6.3, which compares rough-polished, fully 

polished and etched wafer rocking curves.

The plots are shown on a log-linear scale. Most of the scattering in the tails appears 

between 5 and 75 arc seconds, or approximately 1 to 15 rocking-curve widths from the 

Bragg peak maximum, with more intensity on the low angle side of the peak, implying a 

lattice expansion at the surface.

For comparison, rocking curves from severely damaged (as-sawn and lapped) 

wafers are shown in figures 6.4 and 6.5 (linear and log-linear plots), compared with an 

etched wafer. The full widths at half maximum (FWHM) of these rocking curves are 9" 

for the as-sawn, 24" for the lapped and 5" for the etched wafer.

Comparison o f commercially polished wafers.

Figures 6 .6 , 6.7 and 6.8 are comparisons of rocking curves from wafers from 

different vendors. The wafers were 6 inch (150 mm), except for those from vendors C 

and D, which were 4 inch (100 mm). Wafers B1 and B2 come from two different batches 

from the same manufacturer. These and wafers D and E have all been polished by 

nominally the same process but at different sites. The wafer from vendor E was found to
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Figure 6.7. Commercially polished silicon wafers.
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be orientated approximately 3° from the other wafers. This caused an increase in the 

angle of incidence of x-rays and hence a decrease in the rocking curve width and tail 

intensity. Wafers B2 and D gave the lowest overall scattering intensities in the tails (apart 

from wafer E). The wafer from vendor A gave the highest tail intensity and is shown for 

comparison in each figure. In figure 6.9, wafer A is compared with the etched wafer from 

figure 6.2 (etched 2 pm). It should be noted that, although the etched wafer rocking curve 

in figure 6.9 has a greater FWHM than wafers A and D (possibly due to an incorrect tilt 

adjustment, sample curvature or surface roughness), the scattering intensity in the tails 

decreases to less than or equal that o f the polished wafers.

The rocking curves in figures 6.6  to 6.9, recorded in January 1990 have greater 

intensities and widths than those in figures 6.2 and 6.3, recorded in June 1989. This 

might have been caused by an increase in the x-ray power (due to repair of the previously 

faulty x-ray generator) and possible detector saturation. Therefore, the later rocking 

curves cannot be directly compared with the earlier ones. The rocking curve of the 2 pm 

etched sample in figure 6.2 was repeated for comparison in figures 6.9 and 6 .11.

Effects of changing the polishing conditions.

Figure 6.10 shows rocking curves from silicon wafers which had been polished 

using deliberately varied polishing processes. A very small difference in scattering 

intensity in both tails of the rocking curves is observed between 20 and 60 arc seconds 

from the rocking-curve peak. Polish 2 gives a slightly lower tail intensity than polish 1. 

In figure 6.11, the rocking curves in figure 6.10 are compared with the rocking curves 

from the 2 pm etched wafer. A difference in scattering intensity can be seen in the low- 

angle tail, of magnitude similar to that observed in other fully polished wafers (above).

Evaluation of similar polishing processes was performed by Dr. G.R. Fisher (1988) 

by measurement of etch pit density from oxidation induced stacking faults at the surface 

of wafers polished by the different techniques. It was found that polish 2 produced fewer 

etch pits after oxidation than polish 1. Etching for 1 minute or 10 minutes in 1:100



co
un

ts
 p

er
 se

co
nd

 
co

un
ts

 p
er

 se
co

nd

F ig u re  6 .10 . C om parison  o f  d iffe re n t p o lish in g  p rocesses.

Figure 6.11. Comparison of polished wafers with etched wafer.
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HF:HNC>3 before oxidation resulted in an even greater reduction in stacking fault density. 

This is in agreement with the rocking curve results presented above, since stacking faults 

are more likely to form on strained or damaged surfaces.

Figures 6.12 and 6.13 show rocking curves from wafers polished under different 

conditions, including different polishing pressures, temperatures and polishing pads. A 

new pad was used to polish the wafers in figure 6.12 and a used pad for those in figure 

6.13. The rocking curves have large differences in the tail intensities (particularly in 

figure 6.12), showing that the polishing conditions do affect the wafer surface. The 

results obtained indicate that the polishing pressure is the most important factor, with 

higher pressures giving better results. However, there were not enough wafers available 

to carry out an extensive survey.

Float-zone silicon.

Float-zone silicon has a lower oxygen concentration than Czochralski silicon, from 

which most wafers are made. To reduce the scattering from oxygen-related defects so 

that most of the scattering intensity in the rocking curve tails would result from polishing 

strain or damage, rocking curves were measured from slices cut from float-zone silicon. 

These slices were etched and polished using the same method as ord inal commercial 

wafers. However, the slices were 3 mm thick, compared to around 0.6 mm for 

commercial wafers, and the polishing conditions were therefore different. Grazing 

incidence topographs of these silicon slices are shown in Chapter 7.

Figure 6.14 shows a comparison of an etched silicon wafer with float-zone silicon. 

The scattering intensity in the tails is reduced, particularly on the high-angle side. This is 

due to a decrease in diffuse scattering from oxygen-related defects which cause local 

lattice expansions in the bulk silicon (Chapter 3). Rocking curves of rough-polished and 

fully polished float-zone wafers arc shown in figure 6.15. Slices of the same orientation 

were not available. An increase in miscut angle (and incidence angle) produces a 

decrease in rocking curve width and tail intensity. It is therefore difficult to distinguish
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Figure 6 .14 . C o m p ariso n  o f  e tc h e d  w a fe r  w ith  f lo a t-zo n e  s ilico n .

Figure 6.15 . Polished float-zone silicon with different miscut angles.
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thc effects of polishing from miscut, though it appears that the rough-polished wafer has 

higher intensity in the tails than the fully polished wafers.

6.3.2 Silicon epiwafers.

Rocking curves o f p-type (boron doped) and n-type (phosphorus doped) silicon 

epitaxial layers grown on more heavily doped substrates are shown in figures 6.16 and 

6.17. The resistivities were 10.3 / .017 ilcm and 9.3 / .015 ilcm for the P/P* and N/N* 

wafers respectively. The corresponding boron and phosphorus concentrations are 

approximately 1015 /  1021 atoms/cm2 and 5xl014 /  5X1020 atoms/cm2. Lattice strain is 

proportional to impurity concentration.

To check whether the layers were tilted relative to the substrate, four rocking curves 

were measured from each sample, at 90° rotations, shown in figures 6.18 and 6.19. The 

p-type epiwafer rocking curves (figure 6.18) are the same for all rotations, showing that 

there is no relative tilt. The upper left and lower right rocking curves in figure 6.19 have 

slightly different layer peak shifts (in the low-angle tail), showing that the n-type epilayer 

is slightly tilted in one direction. The n-type epilayer is thin and the peak is not resolved 

from the substrate peak, but can be seen in the low-angle tail. The p-type epilayer is 

relatively thick, and gives a peak of higher intensity than the substrate peak. Both layers 

are positively mismatched from the substrate. The sign of the mismatch depends on the 

size of the dopant atoms, and whether they are substitutional or interstitial. The layer 

thicknesses were determined, using fourier transform infra red measurements, to be 10.72 

pm for the p-type and 9.9 pm for the n-type silicon.

6.3.3 Ion implanted silicon.

The ion implanted silicon was supplied by Prof. B.K. Tanner and implanted by T.A. 

Woods of Whickham Ion Beam Systems. There were two samples, implanted with 

nitrogen at 110 keV, one with a dose of 2xl013 N*/cm2 and the other with a dose of 2xl014 

N+/cm2. The rocking curves are shown in figure 6.20. The higher intensity rocking curve



co
un

is 
pe

r s
ec

on
d 

co
ur

es
 p

er
 se

co
nd

,1 0 «  F ig u re  6 .16 . P-type  s i l ic o n  ep iw afer.

xlo< Figure 6.17. N-type silicon epiwafer.

arc  s e c o n d s





ilis
ed

 in
te

ns
ity

 
co

um
s 

pe
r s

ec
on

d

F ig u re  6 .2 0 .  Io n  im p la n te d  s ilic o n  w afers.

Figure 6.21. Comparison of experiment with theory (+ .00035 background).
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is from the lower dose sample (2xlOIJ N*/cm2) and the lower curve is from the higher 

dose sample (2xl014 N*/cm2). The decrease in intensity is due to the increase in damage 

caused by the higher dose implantation. Lattice strain and damage is proportional to 

dose. There could also be a buried amorphous layer which would not diffract x-rays. 

Pendellosung fringes can be seen away from the Bragg peak, showing that there is a thin 

strained surface layer introduced by the implantation. This was estimated from the fringe 

spacing to be about 0.2 pm.

6.4 Simulations.

Initial rocking-curve simulations were made using the program at Durham 

University, based on the solution of the Takagi-Taupin equations (Chapter 2). All 

subsequent simulations were made using the Bede Scientific Instruments RADS program. 

To simulate the reflection curve from the four-reflection beam conditioner, a perfect- 

crystal curve was raised to the fourth power. This was then cross-correlated with the 

reflection curve from the model sample to give a simulation of the rocking curve.

Experimental data from an etched silicon wafer were compared with a theoretical 

simulation of a perfect silicon crystal rocking curve, shown in figure 6.21. The 

difference in intensity in the tails could be due to sample curvature, thermal diffuse 

scattering and diffuse scattering from dopants or oxygen in the bulk silicon. A 

background of 12 counts per second, chosen by matching the background at 100 arc 

seconds away from the peak, has been added to the theoretical simulation. This is 

ascribed to background noise, including noise from the detector and electronics, 

scattering of stray x-rays and inelastic Compton scattering.

A number of different strain profiles was simulated in order to find any possible 

agreements with the experimental data. In the simulations, lattice mismatch was varied 

between 1 and 20 parts per million, with total layer thicknesses from 0.1 to 10 microns, 

assuming maximum strain at or near the surface. The strains reported here are relaxed 

strains, that is, if the layer were removed from the substrate and allowed to relax. The
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F igure  6 .22 . S im ula tions. S ing le  u n ifo rm  la y e r . 0 .2  p m  th ick .

Figure 6.23. Simulations. Single uniform layer. 10 ppm.
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F ig u re  6 .2 4 . S im ula tions. L inearly  g rad ed  layer. 1 p m  th ick .

Figure 6.25. Comparison of linear and quadratic grading. 1 pm, 20 ppm max.
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actual measured strains, of the layer on the substrate, are 1.77 times the values given.

Initial simulations are shown in Agues 6.22 to 6.25. The strain-profile models used 

in figures 6.22 and 6.23 are single, uniformly strained layers. Figure 6.22 shows the 

effect of varying the lattice parameter of a 0.2 pm layer with 20 ppm and 10 ppm lattice 

strains. The strained layer produces an asymmetrical rocking curve, with an increase in 

intensity on the low-angle side and a decrease in intensity on the high-angle side, for a 

positive mismatch. A negative mismatch would give the opposite effect. The difference 

between the strained and perfect crystal simulations increases with mismatch. Figure 6.3 

shows the effect of varying the layer thickness, for a lattice mismatch of 10 ppm. 0.5 pm 

and 1.0 pm give Pendellosung fringe spacings of 38.6 and 19.3 arc seconds. The fringes 

are smoothed out if a strain gradient is introduced. Figure 6.24 shows simulations from 

graded layers of 20 ppm and 10 ppm at the surface, decreasing linearly to zero at 1 pm 

depth. The strain-depth profiles are shown in figures 6.24a and b. The layer is divided 

into 20 laminae, each with a constant lattice parameter.

The difference between a linear grading and a quadratic grading is shown in the 

simulations in figure 6.25, of the strain profiles in figures 6.25a and b. A quadratic 

grading, with lattice parameter increasing as the square of the distance from the layer- 

substrate interface, gives a greater smoothing of interference fringes.

Figures 6.26 to 6.29 show simulations approaching the experimental rocking curve



re
fle

ct
iv

ity

Figure 6 .2 6 . S im ula tions. G ra d e d  lay er. 10 p p m  a t su rface .

arc seco n d s



str
ai

n 
(p

pm
) 

str
ai

n 
(p

pm
)

- 106-

profiles. The strained layer is modelled by a positively mismatched graded layer, with 

lattice parameter increasing as the square of the distance from the layer-substrate 

interface and maximum strain at or near the surface. Figure 6.26 shows simulations from

2.5 pm and 1 pm layers with lattice strains of 10 ppm at the surface, compared with a 

perfect crystal. The strain profiles are shown in figures 6.26a and b.

The difference in the tails of the strained and perfect crystal simulations decreases away 

from the rocking curve peak. The decrease in strained layer thickness from 2.5 pm to 1 

pm causes the difference in intensity to move further down the tails, away from the 

rocking curve peak. This effect can also be seen in figure 6.27, which shows 0.5 pm and 

0.25 pm strained layer simulations. The differences in intensity between the strained and 

perfect crystal simulations can now only be seen much further down in the tails. The
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F ig u re  6 .28 . S im u la tio n s . G raded  layer. 1 pm  th ick .

Figure 6.29. Effect of strain-free surface layer. Graded layer 1 pm, 10 ppm max.
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thickness of a strained surface layer can therefore be determined from the distance from 

the rocking curve peak of the extra tail intensity (see Chapter 3, equation 3.1). The sign 

of the mismatch depends on which tail has higher intensity.

Figure 6.28 shows simulations for a 1 pm layer with maximum strains of 5 and 10 

ppm at the surface. These are similar to the experimental rocking curves from rough and 

fully polished wafers. The strain profiles are shown in figures 6.28a and b.

The effect of adding a surface layer of zero strain to the model was also investigated. 

Figure 6.29 shows simulations from a 1 pm strained layer with maximum strain of 10 

ppm at SO nm or 100 nm below the surface, as in figures 6.29a and b. As the thickness of 

the strain-free surface layer increases, the difference in tail intensity between the strained 

and perfect crystal simulations decreases to zero more rapidly. The thicker the surface 

layer, the closer to the rocking curve peak is its effect. Models with maximum strain 

below the surface consistently showed better agreement with experiment than models 

with maximum strain at the surface itself. An explanation for this is given in Chapter 9.

Several other strain-depth profiles were also tried in the simulations. Figure 6.30a 

and b shows strain profiles with positive strain up to 0.2S pm from the surface and 

negative strain between 0.25 pm and 0.5 pm depth. These are termed "Z" distributions. 

The resulting simulations are shown in figure 6.30. The simulation of 6.30a has 

Pendellosung fringes with a spacing of about 40 arc seconds. In the simulation of 6.30b,
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depth (pm) depth (pm)

only the fringe nearest the rocking curve peak is observed.

Figure 6.31 shows the effect of cutting the wafer off (001) orientation. Commercial 

wafers intended for the growth of epitaxial layers are often cut about 4° off. The effect on 

the rocking curve depends on whether the angle of incidence is increased or decreased. 

Figure 6.31 shows simulations with increased angles of incidence. This causes a 

narrowing of the peak and a decrease in intensity in the tails. In the experiments, the 

angle of misait could be measured from the shift in the angular position of rocking curve 

from one sample to the next. The kinematic mounting made this measurement quite 

accurate.

Other effects which change the peak shape include sample curvature and surface 

roughness (Chapter 2). These effects were eliminated by comparing rocking curves from
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Figure  6.32 . S im ula tions  for rough  and  fu lly  p o l is h e d  w afers.
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the same point on the sample before and after etching. However, the rocking curves of 

wafers from different manufacturers may be affected by differences in surface orientation 

and roughness, as well as differences in the strain-depth profiles.

By comparison of experimental with simulated rocking curves, as described above, 

strain-depth profiles for the rough and fully polished wafers were determined. A positive 

mismatch was assumed, due to the asymmetrically increased intensity on the low angle 

side of the rocking curve. For the rough-polished wafer, the best fit was given by a very 

low strain at the surface, a maximum strain of 10 ppm at SO nm below the surface, 

decreasing gradually to zero at 1 pm below the surface. For the fully polished wafer, the 

depth profile was similar, but with a maximum strain of only 4 ppm, decreasing to zero at 

0.8 pm below the surface. The strain-depth profiles are shown in figure 6.32a and b.

Table 6.1 gives the values of maximum strain, depth below the surface and total strained 

layer thickness for the rough and fully polished wafers. The resulting simulations are 

shown in figure 6.32, compared with a perfect crystal simulation.
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Table 6.1 Values of strain and layer thickness for polished silicon wafers.

Wafer max. strain (ppm) depth of max. (pm) layer thickness (pm)

rough polish 10 0.05 1.0

full polish 1 4 0.05 0.8

full polish 2 4 0.15 0.6

Values of strain and layer thickness for the commercially polished wafers were 

estimated by comparison of experimental with simulated rocking curves. The results are 

given in table 6.2. These values are accurate to within 0.5 ppm and 0.05 pm.

Table 6.2 Comparison of silicon wafers from different manufacturers.

Wafer max. strain (ppm) depth of max. (pm) layer thickness (pm)

A 8 0.0 0.9

B1 6 0.05 0.8

B2 4 0.05 0.7

C 5 0.05 0.8

D 6 0.1 0.8

E* 4 0.1 0.6

*(3° off)

A better fit to the experimental data may be obtained by adding intensity to both 

tails of the theoretical strained-layer curve. This could be explained by diffuse scattering 

from atomic disorder or defects near the surface, which would increase the intensity at 

the rocking curve tails on both sides of the peak (Huang scattering). The diffuse 

scattering intensity distribution would be shifted towards the low-angle side for surface 

defects which expand the lattice (Chapter 3). Such defects include impurity and self

interstitials, and substitutional atoms with a larger radius than that of silicon atoms. 

Clusters of defects and dislocation loops could also be present.
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It was therefore concluded that a combination of lattice dilation and atomic disorder 

or defects must be present near the surface in order to give an asymmetric peak shape 

with both tails higher in intensity than for a perfect crystal.

Similar conclusions have been made by several other workers. Kashiwagura et al 

(1983) measured diffuse scattering from polished (111) silicon wafers. They found rod

shaped scattering in reciprocal space which was shifted to the low-angle side of the 

Bragg peak. This disappeared after etching. Harada et al (1987) showed that the rod

shaped scattering was perpendicular to the crystal surface and not to the crystallographic 

planes. Kashihara et al (1987) explained the asymmetry by comparing the tails of the 

scattering intensity distribution with calculations using a model of the lattice plane at the 

surface, with a lattice expansion of 3% and only 30% of the Si atoms at the surface. 

However, the rocking curve simulations in this chapter have shown that the strained layer 

extends far below the surface, to depths up to a micron. Possible explanations of the 

cause of the strain are given in the discussion in Chapter 9.

Simulations for the epiwafers are shown in figures 6.33 and 6.34. The p-type 

epilayer is modelled by an 8 pm layer with a 25 ppm mismatch, and the n-type by a 1.5 

pm layer with a 20 ppm mismatch. Both layers are positively mismatched (on the low 

angle side of the Bragg peak). Substitutional boron atoms give a larger lattice 

contraction than phosphorus atoms, hence the difference in mismatch between the p- and 

n-type epilayers. The layer thicknesses, particularly of the n-type epilayer are 

surprisingly less than those determined by fourier transform infra ted measurements.

Figure 6.35 shows a simulation for the higher dose ion implanted silicon sample 

(2xl0MN+/cm2, 110 keV). The strain-depth profile used in the simulation was similar to 

the Z-distribution in figure 6.30b, but with a mismatch of ±30 ppm and a total depth of 

0.4 pm. The experimental rocking curve has a high diffuse scattering intensity, probably 

due to damage and amorphisation. The lattice expansion at the surface is produced by 

vacancies and the contraction by interstitials. The lattice strain is propoitional to the
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number of displaced atoms.

These simulations show that this technique can be used to characterise a range of 

material processes resulting in widely varying degrees of strain and damage.

arc seconds
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C hapter 7

7. Double-crystal x-ray topography.

7.1 Introduction.

Double-crystal topography was carried out using both a sealed-tube x-ray source 

and synchrotron radiation. The experimental conditions were carefully chosen to give 

both high strain senstivity and surface sensitivity.

Non-dispersive settings were used, with high order reflections (088 and 488) at short 

wavelengths of around 0.7 Â . These conditions give very narrow, steep-sided rocking 

curves with intrinsic widths less than 0.5 seconds of arc. Topographs taken on the 

steepest part of the rocking curve flank give high strain sensitivities, enabling detection 

o f strains as low as 10“8 (Hart, 1968; Bonse and Hartmann, 1981).

Surface sensitivity was enhanced by using grazing incidence, which increases the 

path length of the x-rays inside the crystal. At low angles of incidence or exit, the 

extinction distance is reduced and absorption has a greater effect, causing a reduction in 

the penetration depth. As the angle of incidence approaches the critical angle for total 

external reflection, the diffracted beam becomes weaker, the specularly reflected beam 

becomes stronger and the penetration depth decreases rapidly. Below the critical angle, 

the diffracted beam is very weak and topography would be difficult unless synchrotron 

radiation and a strong reflection at the monochromator were used (Kitano et al, 1987).

It was deduced from the rocking curves in Chapter 6 that most of the polishing 

damage was in the top micron below the surface of polished silicon wafers. To enable 

comparison of polished and etched areas on the same topograph, rough polished and fully 

polished silicon wafers were partially masked using stopping-off lacquer, and etched in 

1% HF(40%): 99% WNO3(70%) for 5 or 10 minutes. The depth etched was measured 

using a Rank Taylor Hobson Form Talysurf and found to be 1.0pm for a 5 minute etch 

and 2.0pm for a 10 minute etch. Boundaries between etched and unetched areas were
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approximately parallel to the (110) flats on each wafer.

7.2 Experiments using a conventional x-ray source.

The samples were 5 inch (001) silicon wafers which had been polished using the 

mechanical-chemical method described in Chapter 1.

The experiments were performed using the diffractometer and instrumentation 

described in Chapter 5. The 088 reflection was used with MoKoti radiation (0.71 A ), 

giving an asymmetric reflection at the sample, with a 2.6° angle of incidence and a 

narrow intrinsic rocking-curve width of 0.3 arc seconds. This gave high strain sensitivity 

and also surface sensitivity. Because of the low angle of incidence, absorption had more 

effect than extinction, giving an absorption length of 31 pm and an extinction depth of 94 

pm. The experimental set-up in the non-dispersive, (+,-) geometry, is shown in figure 

7.1. An asymmetrically cut beam conditioner with a (113) surface and (088) Bragg 

planes was used to expand the beam by a factor of 3.5 in order to illuminate the whole of 

the sample. The beam was expanded again at the sample by a factor of 22. The azimuthal 

angles of incidence were 18.4° from [110], in the [210] direction at the beam conditioner 

and 45° from [110], in the [100] direction at the sample. A 3 kW long fine focus (12x0.4 

mm2) sealed-tube x-ray source was used at 58 kV, 36 mA, with a wide collimator, giving 

a beam size of about 100x65 mm2 at the sample. The geometric resolution was 

calculated, from the source size and the specimen-film distance (20 mm), to be about 10 

pm. The film used was Ilford G5 nuclear emulsion, 50pm and 100pm thick on glass 

plates. This gives a resolution of about a micron. Exposure times were up to several 

days, requiring automatic servo control to stay on the rocking curve flank.

Results.

Plates 7.1 to 7.4 show topographs of a rough-polished silicon wafer, etched in steps 

of lpm as shown in figure 7.1. Rocking curves from this wafer are shown in figure 6.2 of 

Chapter 6. The etched depth is lpm between the double lines and 2pm on either side of
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Fig. 7.1. Double-crystal topography using an asymmetric first crystal. 

088 reflection

the wafer. The top and bottom areas of the wafer are as polished. Plates 7.1 and 7.2 are 

topographs taken on the low-angle and high-angle flanks of the rocking curve. Plates 7.3 

and 7.4 are double exposures taken on opposite flanks o f the rocking curve. The exact 

positions are shown in the figures. The rocking curves were taken with the photographic 

plate in position in front of the detector.
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The topographs show light swirl towards the edges of the wafer, probably due to 

oxygen-related defects in the silicon (see Chapter 9). The bluned vertical streaks and 

"dents", visible on plates 7.3 and 7.4, are from the reference crystal. The diagonal lines 

are etched steps. Plates 7.5 to 7.9 are magnifications of plates 7.1 to 7.4. There appears to 

be little, if any, surface damage. A few defects, possibly due to handling damage, can be 

seen on the polished areas. These defects are not visible to the eye on the wafer surface. 

Areas with defects (shown by arrows) are further magnified in plates 7.9 and 7.10.

The rocking curves (without the plate in position) had full widths at half maximum 

(FWHM) of 4 arc seconds. This broadening was due to sample curvature. The strain 

sensitivity was calculated from equation 2.14 (Chapter 2), with lattice tilt, 69 = 0. 

Contrasts of 5% and 1% give lattice strains of ^  = +4.0xl0“7 and +8.0x10“'  on the low- 

angle flank, with the opposite signs on the high-angle flank.
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Plate 7.1. Low-angle flank. Plate 7.2. High-angle flank.

62 hours exposure. 48 hours exposure.
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Double-crysta) topographs. MoKo radiation. 880 reflection. 
Rough polished silicon wafer. Etched 1 pm and 2pm. 

Wafer routed 180° from figure 7.1.

Plate 7.3. Double exposure.

48 hours on high-angle flank. 

24 hours on low-angle flank.

Plate 7.4. Double exposure. 

48 hours on high-angle flank. 

16 hours on low-angle flank.
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Double-crystal topographs. MoKa radiation. 880 reflection. 
Rough polished silicon wafer. Etched 1 pm and 2pm. 

Plates 7.1 and 7.2 magnified.

[1001

Plate 7.5. i------i 5 mm Plate 7.6. 5 mm



Double-crystal topographs. MoKa radiation. 880 reflection. 
Rough polished silicon wafer. Etched I pm and 2pm. 

Plates 7.3 and 7.4 magnified.



Double-crystal topographs. MoKa radiation. 880 reflection.
Rough polished silicon wafer. Etched 2pm top left and 1pm between lines. 

Magnifications showing handling damage and defects.
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13 Experiments using synchrotron radiation.

The samples and reference crystal were 3 inch diameter [001] grown float-zone 

silicon cut into 3 mm slices using a diamond saw and polished using the mechanical- 

chemical method described in Chapter 1. Because of the thickness of the slices, the 

polishing conditions were slightly different from those used for ordinary silicon wafers. 

The silicon was Bond oriented before cutting and a a notch cut in the [110] direction. 

Samples were cut either on (001) orientation or 1° or 4° off in the direction of the notch, 

so that the (001) planes tilted out of the surface at the notch. The orientation of each 

sample was checked by Laue photography, and the notch was found to be 12° off [110].

The reason for using thick samples, free from strain and curvature, was to facilitate 

experiments at extreme grazing incidence, down to the critical angle, where the 

penetration depth is very low. The samples were mounted kinematically to avoid 

unnecessary strains.

The experiments were performed at Daresbury Synchrotron Radiation Source (SRS) 

using the double-axis diffractometer described in Chapter 5. The experimental conditions 

were selected very carefully to give extreme surface sensitivity and high strain 

sensitivity. The wavelength was tuned to give grazing incidence of 0.5° to 1.5° at the 

sample, using the 488 reflection (0.68 to 0.69 A ) . This gives high surface sensitivities, 

with penetration depths of 6.0 pm at 0.5° and 0.1 pm at 0.1° incidence. The lower order 

122 and 244 reflections are absent, so the 488 reflection has only weaker harmonics at 

shorter wavelengths. If there are harmonics, the images from the different orders of 

reflection are superimposed and more difficult to interpret. The 488 reflection has an 

intrinsic rocking-curve width of 0.5 arc seconds at 0.68 A . This reflection was used at 

both the reference and sample crystals, giving high Spain sensitivity, but rather low 

intensity. The setting was non-dispersive, with grazing exit at the reference crystal and 

grazing incidence at the sample, as shown in figure 7.2. The azimuthal angle of incidence 

was 18.4° from (110], in the [210] direction.
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Rg. 7.2. Double crystal topography using grazing incidence. 

488 reflection

The critical angle for silicon at 0.7 Â wavelength is 0.1° . In order to determine the 

angle of incidence at the sample, the wavelength was tuned down until the rocking curve 

disappeared at 0° incidence. The wavelength of radiation could then be estimated. The 

angles of incidence and exit were accurately determined from the observed beam widths. 

Rocking curves taken at different wavelengths, with grazing incidence from 0.325° to
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Figure 7.3. Rocking curves taken with incidence angles from 0.325° to 
0° to determine the angle of incidence and wavelength.
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zero are shown in figure 7.3. The rocking curve becomes broader and weaker and finally 

disappears when the angle of incidence is zero. It was also noticed that the Bragg angle 

increased as the angle of incidence decreased towards the critical angle. A beam 

expansion at the sample was observed, due to the small surface misorientation of both the 

sample and reference crystals (estimated to be 0.5°, measured in the [210) direction). 

This misorientation caused an increase in exit angle at the reference ciystal and a 

decrease in incidence angle at the sample, which had the desirable effects of increasing 

the surface sensitivity at the sample and broadening the image. This was the reason for 

cutting some of the samples 1° off (001), to allow a larger area of the sample to be 

imaged (the maximum vertical beam width was 22 mm, which could be increased by a 

factor of 3 with a 1° misorientation of the sample).

The film used was Agfa D4 and D7 and exposure times were as long as 8 hours 1

Results.

Plate 7.11 is a white radiation topograph of a fully polished wafer, taken at grazing 

incidence (0.025°), for comparison with the double crystal topographs. The diagonal 

lines are 1pm etch steps. The upper area is etched 1pm.

Plates 7.12 and 7.13 are topographs of a fully polished silicon sample, taken at 0.8° 

and 0.5° incidence. The enhanced surface sensitivity in the 0.5° incidence topograph can 

clearly be seen. This is further magnified in plate 7.16. The rocking curve, taken with the 

film in position, is also shown. The topograph was taken on the low-angle flank. The 

upper and lower areas are etched 1pm and show small etch pits. The white vertical 

streaks are shadows of dust on the sample. The main region of interest (shown by 

arrows) is the dark contrast on the lower edge o f the polished area. This appears to be 

residual strain relaxation at the edge of the polished area, where it has been etched 1pm 

and is no longer constrained by the surrounding crystal. The strain may have components 

of lattice dilation and tilt. The contrast is positive, indicating that the strain is positive (on 

the low-angle flank). The rest of the polished area, away from the edge.
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appears slightly mottled.

The rocking-curve width (FWHM) was 4.4 arc seconds. Contrasts of 5%  and 1% 

give lattice dilations of - ^  = 7.1xlO"7 and 1.4xlO"7, or lattice tilts of 0.17 and 0.03 arc

seconds. Figures 7.4 to 7.7 show densitometer traces along the etched edge. Figure 7.4 is 

furthest away from the edge and figure 7.7 is closest. Three distinct minima can be seen, 

corresponding to the three dark areas along the etched edge in plate 7.16. The sharp 

spikes are due to scratches on the film or dust on the sample. The contrasts o f the three 

minima range from 20% to 40%. The strains measured are therefore between 

=2.8x10"* and 5.6x10*, or between 88=0.7 and 1.4 arc seconds.

Plates 7.14 and 7.15 are topographs o f a rough-polished silicon sample, taken at 

1.5° and 0.5° incidence. The increase in surface sensitivity can again be seen. The 

polished area is on the right. On plate 7.15, the edge of the sample can be seen at the top 

right. The sample is leaning forward on to an aluminium mount at the top left, which may 

account for the narrow imaged area and broad rocking curve, due to sample curvature. 

Plate 7.15 is further magnified in plate 7.17. The rocking curve is also shown. The 

topograph was taken on the high-angle flank. The surface appears mottled and there is a 

small linear defect at the top of the polished area, which disappears at the etch boundary.

The rocking curve width (FWHM) for this sample is 9 arc seconds. The large 

broadening is due to the sample curvature. 5% and 1% contrasts give strains of 

^  = 1.3x10* and 2.6X10"1 or 88=0.3 and 0.1 arc seconds.



150 Figure 7.4 D ensitom eter trace along etched edge in plate 7.16



Plate 7.11. White radiation topograph. 220 reflection. 
Polished silicon wafer. Top etched 1 pm. 

0.025° grazing incidence. 75 minute exposure.

[1001
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Double-crystal topographs. Synchrotron radiation. 0.69 Â. 488 reflection. 
Float-zone silicon. Fully polished. Etched 1 Mm top and bottom.

[210]

Plate 7.12. 0.8° incidence. Plate 7.13. 0.5° incidence.

2  h o u r  e x p o s u re .  8  h o u r  e x p o su re .
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Double-crystal topographs. Synchrotron radiation. 0.69 Â. 48S reflection. 
Float-zone silicon. 1° misorientation.

Rough polished. Etched 1 pm top and bottom.

[2101

Plate 7.14. 1.5° incidence. Plate 7.15. 0.5° incidence.

4  h o u r  e x p o s u re .  8  h o u r  e x p o su re .



Plate 7.16. Magnification of 7.13.
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Chapter 8

8. Energy dispersive reflectometry.

Reflectometry is a powerful technique which can be used to measure surface 

roughness, layer thickness and density, for both amorphous and crystalline layers 

(Chapter 4). It therefore complements diffraction techniques, which can only be used to 

characterise crystalline materials.

Angle dispersive reflectometry, where the sample is rotated through a range of 

angles, requires extremely long counting times because of the rapid decrease in the 

reflected intensity above the critical angle. If a method could be found to reduce the data 

collection time, reflectometry could be used more routinely, for example, for quality 

control and assessment. Energy dispersive reflectometry is a solution to this problem. 

The complete reflectivity curve can be obtained in several minutes, by simultaneously 

measuring a range of energies reflected from the sample at a fixed angle of incidence. A 

solid state detector is used to give a large dynamic range.

8.1 Experiments.

The high-energy x-ray source at Manchester University (Holy, Cummings and Hart, 

1988) was used for a series of reflectivity experiments on polished silicon wafers. The 

samples were silicon wafers which had been polished using different polishing processes, 

wafers which had been etched and wafers from several different manufacturers. Ion 

implanted silicon and aluminium were also investigated.

The experimental set-up is shown in figure 8.1. The x-ray source was a standard 

sealed-off microfocus tube with a tungsten target and 4x0.4 mm2 source size. The x-ray 

tube was shielded and had a 2 mm diameter tungsten collimator. The beam was defined 

by molybdenum slits 250 mm long, with a spacing of 4 pm. These were used to obtain a 

low horizontal beam divergence of 3.3 arc sec (16 (trad) and, hence, high resolution. The 

sample was mounted vertically on one axis of a diffractometer, using vacuum grease on a
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manual translation stage which enabled horizontal translation o f the sample in or out of 

the beam. A second pair of molybdenum slits, spaced 0.1 mm apart, was mounted on the 

diffractometer between the sample and the Ge(Li) solid state detector. Two silicon 

wafers were positioned in the beam to act as a filter in the low-energy region below the 

critical angle, thus enhancing the high-energy region of interest far from the critical 

angle. A Canberra spectroscopy amplifier and multi-channel analyser were used to record 

the energy spectra.

Fig. 8.1 Energy dispersive reflectometry.

The diffractometer and slits were carefully aligned with the beam to give maximum 

intensity at the zero position with no sample. The sample was then translated into the 

beam until the intensity was reduced by half. To set the sample parallel to the beam, it 

was rotated and set half-way between the two positions at which the beam was cut off. 

The sample was then moved to an angle of between 0.1° and 0.15° and again rotated and 

translated to obtain the maximum intensity possible. The sample position was checked 

using a laser reflected from the sample to the far wall 6.3 m away. After the initial setting 

up, samples could be changed relatively easily. The x-ray generator was set at 150 kV,

3.5 mA and the reflected beam recorded over a period of thirty minutes to several hours. 

Reflectivity data was also collected at 55 kV, 4.2 mA. The direct beam was recorded at 

lower currents o f 0.3 mA at 150 kV and 1.5 mA at 55 kV, to prevent detector saturation.
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An angle of incidence of 8 = 0.1° was chosen to give a spectrum with the critical 

angle at the low-energy end of the range, with the region of interest, far from the critical 

angle, at the high-energy end. The width of the beam on the sample at 0.1° was estimated 

to be 2.3 mm. Several different angles were tried, ranging from 0 = 0.1° to 0.15°. Angles 

of incidence greater than 0 .2° required very long counting times because of the low 

reflected intensity. Angles less than 0.1° would result in a possible reduction in intensity 

from small samples, due to the increase in the projected beam width. It would also be 

more difficult to separate the direct and reflected beams.

8.2 Results.

All the results shown were measured at 150 kV. The 55 kV data showed similar 

results but covered a smaller range (50 keV). Figure 8.2 shows the direct beam spectra 

with and without the silicon filter. The tungsten K and L lines can be seen, and also the 

Mo K absorption edge. These lines were used to calibrate the energy spectra. The range 

was 80 keV, with a spectral resolution of 0.02 keV. All the reflected beam spectra were 

divided by the direct spectrum. However, this did not completely remove the 

characteristic lines. The reason for this is not understood, but it is likely to be an effect 

of the different set-ups used for measuring the direct and reflected beams. One 

explanaton is multiple scattering in the Mo slits, which would enhance the absorption of 

x-rays.

Figure 8.3 shows reflectivity curves from a polished silicon wafer at several 

different angles of incidence. The data has been divided by the direct spectrum, 

normalised and smoothed. The critical energy for total external reflection decreases as 

the angle of incidence increases (Chapter 4). The critical energies in figure 8.3 are close 

to the Mo K absorption edge (20 keV). The actual angles of incidence were estimated 

from the critical energies to be 0.08°, 0.105° and 0.13°.

Reflectivity curves from silicon wafers which had been polished using several 

different processes are shown in figures 8.4 and 8.5. These curves were obtained after 30
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F igure  8.2. D irec t b e a m  sp ectra . 150  kV , 0 .3  m A .

Figure 8.3. Energy dispersive reflectivity for silicon ai various angles of incidence.
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F ig u re  8.4 . R efle c tiv ity . S ilic o n  w afers  p o lish e d  by d iffe re n t p ro ce sse s .

Figure 8.5. Reflectivity. Silicon wafers polished by different processes.
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minutes of data collection time. However, most of the information could be determined 

from the reflectivity curves after the first five minutes of counting time.

The different gradients of the curves are due to surface roughness. As the surface 

roughness increases, the reflectivity decreases and the curve becomes steeper. The 

progressive improvement in surface smoothness of wafers produced by polish 2 and 

polish 3, compared to polish 1, can clearly be seen in figures 8.4 and 8.5. Measurement 

of oxidation induced stacking faults by Dr. G.R. Fisher (1988) showed that, compared to 

polish 1, polish 2 greatly reduced the stacking fault density, but polish 3 resulted in only 

a small reduction.

The angles of incidence vary slightly, probably due to differences in wafer 

curvature and mounting. A shallow fringe can be seen between 30 and 40 keV. This 

could be an interference fringe from a thin layer on the surface.

Figure 8.6 shows reflectivity curves from polished and etched wafers. The etching 

appears to produce a greater surface roughness, but there is a smaller difference than that 

between wafers polished by different techniques. The interference fringe can again be 

seen between 30 and 40 keV.

Reflectivity curves from silicon wafers from different manufacturers are shown in 

figure 8.7. The variations in the gradient can be determined, even though the angles of 

incidence are slightly different. The wafer from vendor D (also see Chapter 6) has the 

least rough surface, followed by vendor G and vendor F in order of increasing surface 

roughness.

Figures 8.8 to 8.11 show reflectivity data from silicon and aluminium samples 

supplied by Prof. B.K. Tanner and ion implanted with nitrogen by T.A. Woods of 

Whickham Ion Beam Systems. The silicon samples were implanted at 110 keV with 

doses of 2xl01J and 2xl014 NVcm2. Data was collected for 4 'A hours for the lower dose, 

6 1/« hours for the higher dose. The aluminium sample was implanted at 90 keV with a 

dose of 3xl017 NVcm2 on one side and unimplanted on the other side. The data
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F ig u re  8 .6 . R eflec tiv ity . P o lish e d  a n d  e tc h e d  s il ic o n  w afe is .

Figure 8.7. Reflectivity. Silicon wafeis from different manufacturers.
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F ig u re  8.8. R eflec tiv ity . Io n  im p la n te d  s il ic o n . R aw  d a ta .

Energy (keV)

Figure 8.9. Reflectivity. Ion implanted silicon.
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F ig u re  8.10. R e flec tiv ity . Ion  im p lan ted  alum in ium . R a w  d a ta .

Figure 8.11. Reflectivity. Ion implanted aluminium.
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collection time was 2 horns for either side.

8J  Simulations.

Simulations could not be compared direcdy with experimental data because of the 

characteristic lines which could not be completely removed from the data, as described 

above. The Mo K absorption edge, in particular, caused problems since it was near the 

critical energy for silicon at 0.09° incidence (20 keV) and therefore affected all the 

curves taken at 0 .1° incidence.

Figure 8.12 shows energy dispersive reflectivity simulations for silicon at a range of 

angles of incidence. The critical energies correspond roughly to those in figure 8.3. 

Reflectivity curves for silicon with varying surface roughness are shown in figure 8.13. It 

can therefore be deduced that the different polishing processes used in figures 8.4 and 8.5 

produce surface roughnesses varying by 3 to 8 A rms . Silicon wafers from different 

manufactureres (figure 8.7) also vary in surface roughness by around 5 A rms. The 

etched wafer in figure 8.6 has about 3 A rms roughness more than the polished wafer. 

This shows that very small surface roughnesses can be measured using this technique.

Native oxides on silicon normally grow to thicknesses in the range 5 to 25 A. Figure 

8.14 is a comparison of silicon wafers with 0  A, 25 A and 50 A surface oxide layers. The 

oxide density is 5% less than that of silicon and the interference fringes are therefore of 

low amplitude. The differences between the reflectivity curves from wafers from 

different manufacturers in figure 8.7 could be due to variations in both the surface oxide 

thickness and roughness. The interference fringe seen between 30 and 40 keV in all the 

silicon wafer curves cannot be explained by the presence of an oxide layer, and is 

probably due to a thin, dense layer of contamination, such as a water or oil film (from 

vacuum pumps in the vicinity of the x-ray lab).

The ion implanted silicon in figures 8.8 and 8.9 appears to have a surface layer, 

several hundred Angstroms thick, of up to 50% lower density than silicon. The two
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different doses give displaced interference fringes of slightly different amplitudes. The 

lower dose fringes have the larger amplitude and are nearer the critical energy, indicating 

a slightly thicker surface layer than that produced by the higher dose. The decrease in 

fringe amplitude at the higher dose could be explained by an increase in interface 

roughness. The surface and interface roughnesses are high (estimated to be up to 20 A 

rms), producing reflectivities lower than 10"* above 50 keV.

Aluminium oxide has a density of almost 50% greater than aluminium. A 

comparison of 0 A, 50 A and 100 A layers of oxide on aluminium is shown in figure 

8.15. The fringes have a much greater amplitude than those from oxide layers on silicon. 

A difference can be seen between the unimplanted and implanted aluminium in figures 

8.10 and 8.11. The fringes, possibly due to a surface oxide layer, have a much smaller 

amplitude after implantation. This could be due to an increase in interface roughness. 

The surface roughness is high (more than 40 A rms).

Despite a few experimental difficulties, energy dispersive reflectometry has been 

shown to be a powerful technique, enabling measurement of surface layer thickness and 

roughness down to Angstrom resoluton in a relatively short time.
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Chapter 9

9. Discussion and Conclusions.

9.1 Discussion.

Mechano-chemically polished silicon.

Possible explanations for the lattice expansion and diffuse scattering measured from 

the surface of polished silicon wafers include the presence of point defects or extended 

defects, or disorder of atoms at the surface caused by amorphous smearing in the 

polishing process. If line dislocations were present, the crystal would be slightly mosaic 

and micro tilts between mosaic blocks would result in broadening (that is, an increase in 

the full width at half maximum) of the rocking curve. This is observed in as-sawn and 

lapped wafers but not in polished wafers. It can therefore be deduced that any defects 

present are likely to be point defects or clusters of point defects. Amorphous smearing of 

atoms at the surface would produce diffuse scattering, but does not explain the lattice 

expansion at the surface. The difference between the rocking curves from the as-sawn 

and lapped wafers can be explained as follows. If material is removed by cracking and 

chipping under high loads, such as in diamond sawing, the damage depth is high (tens of 

microns) but the residual strain is low (Puttick and Shahid, 1977). However, if material is 

removed by smaller abrasive particles under lower loads, such as in lapping, ductile 

fracture occurs by the generation of dislocations and movement in slip planes and 

directions (Stickler and Booker, 1963). The damage depth is low (several microns) but 

the residual strain, due to the high concentration of dislocations, is high. The dislocations 

cause broadening of the rocking curve but are too closely spaced (-0 .1pm) to be resolved 

in an x-ray topograph.

In the mechano-chemical polishing process, the silicon wafer surface is repeatedly 

etched and re-oxidised. Oxidation occurs by diffusion of oxygen to the oxide-silicon 

interface, where it reacts with the silicon to form Si0 2 . The extra oxygen at the interface
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can either occupy a silicon vacancy, or displace a silicon atom, which forms a silicon 

self-interstitial (Ravi, 1981). For p-type silicon, the self-interstitials occupy tetrahedral 

positions in the lattice.

Continued oxidation results in diffusion of silicon interstitials away from the 

interface. The rate of diffusion depends on whether vacancies or self-interstitials 

dominate the diffusion process. At high temperatures (1100-1300°C), there exists a 

dynamical equilibrium between vacancies and self-interstitials. At lower temperatures, 

under non-equilibrium conditions, self-interstitials move independendy of vacancies. The 

diffusivity is then gready enhanced. Tan and Gosele (1985) give a diffusion coefficient, 

D * 10“5 exp(-0.4(eV)/lcT) cm2/s for diffusion of silicon self-interstitials. This is accurate 

only to one or more orders of magnitude and is probably rather high. Calculations of the 

depth o f  silicon interstitials from the diffusion length, x = '¡Dt after a time, t of 60 

seconds gives 300 nm at 80°C and 100 nm at 25°C. Injection of self-interstitials by 

repeated oxidation of silicon is therefore a plausible explanation for the lattice expansion 

and diffuse scattering measured by rocking curve analysis in Chapter 6. The measured 

strain-depth profile shows a maximum lattice expansion at about 50 nm, decreasing to 

zero at up to 1 pm from the surface. The theoretical diffuson profile of concentration 

against depth is similar to the measured strain-depth profile.

The oxidation and diffusion process during polishing is further complicated by the 

continuous removal of the surface layer. Rough polishing produces greater strains 

because o f the higher material removal rates and, hence greater number of etching- 

oxidation cycles, producing higher concentrations of self-interstitials. After polishing, 

the rate o f surface oxidation rapidly decreases when the oxide layer reaches a thickness 

of about 1.5 nm. The interstitials at the surface may then be annihilated by diffusion into 

the surface oxide at room temperature. This would result in a lower lattice strain at the 

surface, as determined from the rocking curves in Chapter 6 . Substitutional oxygen may 

also be present at the oxide-silicon interface, causing a slight lattice contraction. This
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would cancel the expansion caused by the silicon interstitials to produce a lower overall 

strain at the surface. Etching removes the strained surface layer, though subsequent 

oxidation at room temperature could result in the formation of a low concentration of 

silicon interstitials at the interface.

If the concentration o f point defects exceeds the equilibrium value at a particular 

temperature, the defects condense into clusters, dislocation loops or stacking faults. 

Calculation of the extra volume due to a 5ppm lattice expansion, and hence the total 

extra volume of silicon atoms gives a silicon interstitial concentration of be 2.2x10'® 

atoms/cm3. Microdefects are most likely to form where there is residual strain or damage 

at the crystal surface, or at impurities in the silicon. Microdefects with strain fields 

smaller than 1 pm cannot be resolved by topography, though inhomogeneous 

distributions of defects, such as swirl, can be imaged. Surface strains can be imaged if 

part of the surface is etched away, allowing the strain to relax at the edge (Chapter 7). 

Lattice tilts and dilations both give contrast.

Impurities in silicon include carbon and oxygen, which are dissolved in the melt 

during Czochralski growth from the silica crucible. The oxygen content of Czochralski 

silicon is 10'7-1 0 "  atoms/cm3, while float-zone silicon contains 1015-1016 atoms/cm3. The 

oxygen atoms are interstitial, causing a local lattice expansion of about 3ppm for 

Czochralski silicon. The carbon atoms (-10l7/cm3) are substitutional, producing lattice 

contractions of -0.3 to -1 .0  ppm. Swirl is caused during crystal growth, by thermal 

convection currents in the liquid silicon. The type of microdefect formed depends on the 

growth rate and the temperature gradient near the crystal-liquid interface. There are two 

main types of swirl defects observed in silicon. A-defects are small (-1pm) dislocation 

loops formed from excess silicon interstitials and oxygen. B-defects are thought to be 

even smaller clusters of silicon atoms, nucleated by an impurity such as carbon. In the 

topographs in Chapter 7, swirl could be seen near the edges of the commercial silicon 

wafers, but not in the float-zone silicon. The rocking curve comparison in Chapter 6



- 1 4 0 -

showed diffuse scattering from defects in silicon wafers causing local lattice expansions, 

thought to be oxygen-related.

Silicon self-interstitials have little effect on the density of the silicon, below 

concentrations of 10" atoms/cm5. This is due to the extra volume occupied by the 

interstitials, which counteracts the effect of the extra mass. Surface layers will give 

interference fringes in reflectivity curves only if the density differs from that of the 

substrate by more than a few percent. However, surface and interface roughnesses of 

only a few Angstroms can be measured from the difference in the gradient of the curves. 

Polished silicon surfaces were found to vary by about 5 A root-mean-square roughness.

Silicon dioxide is about 5% less dense than silicon and gives fringes which, though 

detectable, are not of very large amplitude. Even so, the oxide layer density and thickness 

can be determined by comparison with theoretical reflectivity curves.

9.2 Applications.

The techniques developed can be applied either in the semiconductor and 

electronics industry, or used in research. Applications in industry include incoming wafer 

inspection, quality control and process development. Rocking-curve analysis may be 

used in the monitoring and evaluation of wafer manufacturing processes. It enables 

qualitative and quantitative assessment of wafer surfaces and is therefore an extremely 

useful tool. This also applies to energy dispersive reflectometry, although the 

methodology of this technique is not as well established. Reflectometry is extremely 

sensitive to very small differences in surface properties, and can therefore give detailed 

information on the quality of polished wafer surfaces.

In x-ray topography, the achievement of both high strain sensitivity and surface 

sensitivity is difficult and is therefore useful only in research, if it is necessary to map 

very low surface strains.

All the techniques developed are sensitive enough to be used in research, for the
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determination of surface strains produced by new processes and surface properties of 

new materials. The methods can be applied to a wide range of materials, including GaAs, 

InP, epitaxial layers and ion implanted samples.

9.3 Suggestions for further work.

Triple-crystal difffactometry can be used to separate diffuse scattering from 

dynamical diffraction and also to separate the effects of lattice dilation, tilt and surface 

unevenness. This is therefore the next step in the detailed characterisation of surface 

strains. Diffuse scattering measurements can be made by setting the sample at various 

angles away from the Bragg position and scanning the analyser. In order to measure the 

symmetry of the diffuse scattering, it is necessary to map the intensity distribution in 

reciprocal space. The type and orientation of defects can then be determined. If the 

defects are randomly orientated, three different reflections are required. However, triple- 

crystal diffractometry is difficult to set up and takes a long time. Double-crystal 

diffractometry is fast and versatile and, with the use of multiple reflection beam 

conditioners, can be used to measure low strains and thin layers. Diffuse scattering theory 

could be incorporated into rocking-curve simulation programs to enable determination of 

defect size and concentration, as well as strain and layer thickness.

Triple-crystal topography can be used to separate lattice tilts and dilations. This is 

especially useful if the sample is curved. Anomalous transmission and section 

topography can be used to characterise defects larger than about a micron. Smaller 

defects require transmission electron microscopy for imaging.

Energy dispersive reflectometry is a powerful technique, and therefore worth 

developing further. It gives information on very thin surface layers and the data 

collection times are not long. Both standard and high energy x-ray sources can be used. 

Angle dispersive reflectometry is also very powerful, although it takes a long tim e if the 

information required is far from the critical angle, or if the surface layers are thin. 

Extremely high angular resolution may be obtained if multiple-reflection beam
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conditioners are used.

A range of non-x-ray techniques could be used to supplement the results obtained 

here. Useful techniques include TEM and SEM, light scattering and ellipsometry, infra

red spectroscopy or imaging of impurity clusters and ion channelling to determine strain 

and damage depth and lattice location of defects.

9.4 Conclusions.

Double-axis x-ray diffractometry may be used to detect very small strains 

(mismatches of a few parts per million) down to a resolution of 50 nm below the surface.

The mechanical-chemical polishing process used to produce high-quality silicon 

wafers leaves residual strain at the surface, which may be removed by etching. 

Comparison with theoretical simulations enables strain-depth profiles to be determined. 

A probable strain profile is a very low lattice mismatch just at the surface, rising to 

between 4 and 8 ppm at about 50 nm depth and falling gradually to zero at 1 pm below 

the surface. There is also disorder or defects, near the surface, which give extra diffuse 

scattering in the rocking-curve tails. The defects are thought to be silicon self-interstitials 

injected into the silicon during oxidation in the polishing process.

This technique may be used to monitor the silicon wafer polishing process, or to 

determine paths for improvement of the wafer surface quality. It is sensitive enough to 

detect differences between silicon wafers from different vendors, even with nominally 

the same polishing process, and enables a qualitative and quantitative assessment of 

surface strains.

Double-crystal topography can be used to map strains of the order ID*7. Light swirl 

and handling damage can be detected in high quality mechano-chemically polished 

silicon wafers using high order reflections and short wavelengths with a conventional x- 

ray source. If synchrotron radiation is used, the grazing incidence can be tuned to very 

low angles. The surface sensitivity increases with decreasing angle of incidence.
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surface strains due to polishing of between 2.8 and 3.6 ppm have been measured at the 

edges of areas etched to a 1 pm depth.

Energy dispersive rcflectometry with a high energy x-ray source can be used to 

characterise surface layers (crystalline or amorphous) of thickness down to the Angstrom 

level. The surface roughness of polished silicon wafers can be measured to a resolution 

of several A and thin surface oxide layers can be detected. Ion implanted samples with 

amorphous layers can also be characterised. The main advantage of energy dispersive 

over angle dispersive reflectometry is the much shorter data collection time.

The techniques which have been developed arc powerful tools for use either in 

industry, or in research. X-ray diffractometry and reflectometry arc complementary 

techniques which can be successfully applied to the surface characterisation of 

semiconductor materials.
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Appendix

Elastic constants for silicon.

The components of elastic strain and stress in a cubic, anisotropic crystal are related 

by a set of six equations with three independent constants (Nye, 1957).

Oi C \ \  C 12 C 12 0  0  0 «1
0 2 C* 12 ¿*11 C* 12 0  0  0 C2
0 3 C 12 C12 C11 0  0  0 Ej
O4 ” 0  0  0  C44 0  0 u

0 5 0  0  0  0  C44 0 E5
o 6 0  0  0  0  0  C44 Ee

where o is stress, e is strain and C is the elastic constant of proportionality.

Elastic constants for silicon at 25°C and ambient pressure, from the EM1S review of 

properties of silicon (1988) are

Cn = 165.64 GN/ta2 

C, 2= 63.94 GN/m2 

C « =  79.51 GN/tn2

The error in these values is 0.02%.
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