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Abstract In this report amorphous, diamondlike, carbon and hydrocarbon films 

are investigated by two different methods, namely. X-ray scattering and a combi

nation of X-ray and neutron reflectivity 

As specular reflectivity probes the scattering length density profile of a sample 

perpendicular to its surface, the combination of X-ray and neutron reflectivity 

reveals the nuclei density of both carbon and hydrogen separately. This allows to 

calculate the concentration of hydrogen in the films, which varies in the presented 

experiments between 0 and 36 atomic %. This method is a new and nondestructive 

technique to determine the concentration of hydrogen within an error of about ±1 

at. % in samples with sharp interfaces. It is well suited for diamondlike carbon 

films. 

X-ray scattering is used to obtain structural information on the atomic scale, 

especially the average carbon-carbon distance and the average coordination num

ber of the carbon atoms. As grazing incidence diffraction experiments were not 

successful, free-standing films are used for the scattering experiments with syn

chrotron light. However, the scattered intensity for large scattering vectors is, in 

spit« of the intense primary beam, very weak, and therefore the accuracy of the 

obtained structural parameter is not sufficient to prove the diamondlike proper lies 

also on the atomic scale. 
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1 Introduction 

Diamondlike materials have aroused great interest in the recent years due to their 

unique properties. This introduction will discuss which properties make diamond 

and diamondlike material so interesting. The diflerent phases of carbon and their 

structure are introduced. Concerning diamondlike materials we distinguish be

tween amorphous carbon, a-C, and amorphous hydrocarbon, a-C:H. Finally in 

this chapter several characterization techniques of diamondlike tims are presented. 

This report fbcusses on two of these techniques. First, a combination of X-ray 

and neutron reflectivity (section 3) to measure the nuclei density of hydrogen 

and carbon and thereby revealing the concentration of hydrogen. Secondly, X-

ray scattering to obtain the distribution function of carbon on the atomic scale 

(section 4). 

1.1 Properties and applications of diamond 
The great interest in diamond and diamondlike material stems from their extreme 

properties (see Table 1). In the following some of the properties of diamond and 

corresponding applications are discussed [102]. Most of these applications are also 

suited to the diamondlike materials since their properties are similar to those of 

diamond. 

Hardness Diamond has the highest nuclei density of any material at terrestrial 

pressures. As a result of its high nuclei density and strong covalent bonding, dia

mond has the highest hardness and elastic modulus of any material and is the least 

compressible substance known. Therefore diamond is often used with well-defined 

cutting edges, as in turning or milling; as bonded grit in sawing and drilling; and 

as loose abrasive grit in polishing. There is growing interest in using high modulus 

coatings to protect brittle materials from contact and impact damage. 

Thermal conductivity Since the thermal conductivity of diamond at 300 K is 

higher than that of any other material, it is exceptionally efficient in use as a heat 

spreader. Molar heat capacity, however, is proportional to the atomic mass of the 

Table 1. Some properties of crystalline diamond and carbon in comparison to other 

materials. The references are. ' [13], » [8$J,' [S9J, * [38, p. 114], * (98, p. E-104], 

I [98, p. E-12], * [98, p. E-13], * [98, p. B-206], * [98, p. F-19], and' Table 10. 

diamond 

graphite 

Cu 
Si 

ØSiC 

vickers hardness 

(kg mm -2) 

10 000° 

12* 
160* 

1000* 

3500* 

compressibility 

( lO-^m'N" 1 ) 

2.3* 

7.1* 

3.1' 

bandgap 

(eV) 

5.5« 

-0.04a 

— 

1.1« 

3.0* 

nuclei density 

(A"3) 
0.176> 

0.114* 

0085 

0.050' 

0.097 

thermal conductivity 

atSOOKfWcm-'K-1) 

20e 

30-40 ( 1 c) and 1-2 (|| c)e 

4' 
1.5* 

5* 
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thine nis comprising the substance and being comprised solely of carbon, diamond 

is aot a good beat sink- The judicious application of diamond as a thumal ma

terial most, therefore, be as a heat exchanger, e.g. dissipating the heat from high 

performance electronics or as fuidk heat exchangers partkmlarly in spacecraft 

and aircraft, where decreased volume and weight arc required. The beat is con

ducted by phonons so that the rigidity of the lattice which gives diamond its great 

hardness also favours a high thermal conductivity. The high thermal conductivity 

also prevents diamond surfaces from graphitmng, when used in processes such as 

machining, grinding, cutting and polishing. 

Friction The friction coefficient of diamond is similar to teflon and half the value 

of lubricated metals and graphite. This low coefficient is believed to result from 

a hydrogen termination of the surface. At temperatures above which hydrogen 

desorbes, the coefficient increases by two orders of magnitude. The low coefficient 

of friction is particularly relevant in extending the tool life of diamond cutting 

tools by reducing the heat feneration. Moreover, applications abound for oil-less 

bearings requiring no maintenance and are especially suited for vacuum devices. 

Chemical inertness The extreme chemical inertness offers the use of diamond 

or diamondlike films as protective coatings. At temperatures below 700 K single 

crystalline diamond is virtually immune to chemical attack by all substances unless 

they are energetic (e.g. ion beams). Boiling KOH or similarly corrosive materials 

also do not attack diamond. Sodium nitrate is known to attack diamond at 700 K 

At temperatures above 900 K atomic oxygen is able to oxidize a diamond surface. 

Two other groups of materials are known to attack diamond at high temperatures 

(above 1300 K) and pressures. The first of these are the carbide formers such 

as tungsten, tantalum, zirconium, titanium, and silicon. The second group are 

solvents such as molten nickel, iron, cobalt, manganese, and platinum. Hence, 

diamond cutting tools are inappropriate for use with any of these materials 

1.2 Phases and structure of carbon 
Diamond If diamond is heated in a clean, inert environment, the onset of graphi-

tization begins at about 1800 K and the rate increases rapidly until 2400 K, where a 

0.1 carat octahedra is totally converted to graphite within 3 min [82]. At room tem

perature the free energy difference of diamond with respect to crystalline graphite 

is 0.03 eV per atom. However, due to the large activation energy barrier between 

the two phases, diamond is metastable. Btndf et ål. [15] announced in 1955 the 

first synthesis of diamond at high pressures, where it is the thermodynamkally 

stable phase. This kind of diamond is now a common place item of commerce. 

A parallel effort was directed to the synthesis of diamond at low pressures. The 

first successful synthesis was achieved by N. C EvcrsoU [3] in 1953. Recent devel

opments have succeeded in the growth of polycrystalline diamond at growth rates 

of tens of micrometers per hour. Metastable phases can form from precursors with 

high chemical potential if the activation barrier to more stable phases are suffi-
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Ftført J. Comrenhanot cm-

he cell øf tke Oømønd Isf-

tiet. Sttts tømsømndim§ fe 

••< øftkt rare nttrptuttrnt-

rae fmtt-cemtend cwméc fef-

rtces arv ømskméed. Sttrtst 

ntifkkømr kønds ere draw* 

øs thick fates. Tic /aer 

aeeresf actafcarars • / emek 

møimt førm tke vertices • / e 

reealer tetrmkeérøu. 

dcatly hick. As the precursors fall in energy, they can be trapped ia a metastabit 

conlgaratioa. 

Diamond has tetrahedral (sp3), covaleat bonds between each atom and its few 

nearest neighbours. The bond length is 1.54 Å. The structure of diamond is de

scribed by a face-centered cubic lattice with a two point basis (0 0 0) and (\ \ 

J) and a lattice constant, a = 3.5670 Å, as indicated in Fie. 1. Other element* 

crystallizing in the diamond structure are Si, Ge, and o-Sn. 

A rather rare crystalline allotrope of carbon, also formed completely from tetra-

hedrally bonded »p3 carbon » kmsdaleite. This structure has hexagonal symmetry 

and was lint found in meteorites. 

Graphite Graphite, the stable crystalline allotrope of carbon at atmospheric 

pressures, can be produced by the pyrolysb of many organic materials. Perfect 

graphite consist of layers of atoms in an ABAB stacking sequence with unit cell 

dimensions of « = 2.461 A and c = 6.708 A corresponding to a bond length 

of 1.4210 A and an interplanar spacing of 3-354 A. The carbon atoms are *p7 

hybridiied. Whik the covalent bonds within the layers are stronger than that of 

diamond, the bonds between the layers are far weaker. 

Ftfwrt S. In frmpkite tke 

cørkon atoms ørt tritionallw 

bonded vilkin tke lawers. 

Botk iørk ønd høkt emits 

indicate positions of carton 

øloms. Tke ktiafonal unit 

is outlined »y ktarw lines. 

Amorphous diamondlike carbon (a-C) Beside the crystalline allotropes of 

carbon, diamond and graphite, the field of disordered carbon covers a wide range 
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of materials and properties. A profound owiview about amorphous carbon and 

its atomic and electronic structure is given by JMertse« [73]. In the last lew 

yean considerable interest has been aroused in the preparation and investigation 

of amorphous carbon with diamondlike properties. This development is reviewed 

by Amjms el of. [3] and Dtskfmmdff el *L (29). The diamondlike properties of «-C 

arise from the local order of the carbon atoms, i.e. a large fraction of atoms being 

*»* hybridised. The major bey to understanding the structure and properties is 

therefore the ratio of sp3 to sp5 sites. 

Diamondlihe carbon films have ber:. prepared by sputtering of graphite [19, 75, 

77,76,74.87], by direct ion beam deposition from carbon ion beams [1,11, 62, 64, 

71] or by condensation of carbon plums produced by laser vaporisation (26, 67]. 

All of these techniques quench energetic carbon particles on a cold substrate to 

form diamondlike amorphous carbon Urns. The optimal diamondlike properties 

are obtained within an energy interval of incident particles which is similar for all 

techniques. For laser ablation the laser power at the graphite target has to exceed 

a threshold of about 5 x 10IS W c m - 1 in order to deposit diamondlike ilms [26]. 

Although even stripped ions are detected the majority species in the laser plume 

should be C*+ or C + with kinetic energies of the order of 50 eV per ion [26]. 

This is comparable to the kinetic energies needed for singly charged ions, C+ , 

to form diamondlike films from ion beam sources, e.g. A'«t el at. [50] report an 

optimal energy window from 30 eV to 175 eV. A molecular-dynamics simulation 

for the deposition of energetic neutral carbon atoms onto a diamond (100) surface 

reveals an optimal energy of 40 eV [51]. For this energy about half of the deposited 

carbon atoms are sp* hybridized and the film has a density of 95% with respect 

to crystalline diamond. 

A physical explanation of the growth mechanism and the role of the impact en

ergies of the carbon particles is given by McKenzie el ml. [63]. The key point in the 

process of quenching energetic carbon particles to room temperature is that the 

system is locally driven inside the sone of the phase diagram, where diamond is 

the stable phase [52]. This should allow the growth of entirely tetrahedral carbon, 

characterized as an amorphous form of diamond. Mch'tnzie et el. showed that 

such conditions exist in vacuum-arc growth. The induced local pressure can be 

obtained by measuring the compressive stress in the deposited films. Experiments 

reveal that the highest focal hydrostatic pressure is obtained for impact energies 

of about 20 eV. A molecular-dynamics study showed that for energies less than 

about 20 eV, the incident atom is reflected without any change to the structure 

of the deposited layers. For intermediate energies of 20-60 eV the incident atoms 

penetrate the subsurface layer and induce local compression. At higher energies 

(80-100 eV), the incident atoms penetrate more deeply and induce knock-on col

lisions which displace underlying atoms even deeper into the film. This value is 

consistent with the published value for the displacement ene*gy of carbon atoms 

in diamond of 80 eV [16]. The above described behaviour might be regarded as 

a "thermal spike" in which localized melting and rapid chilling of a small region 

occurs, leaving it in a stressed ttate. With further increasing energy the impact 

creates a region large enough to flow and thereby relieve strew. This proves that 
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the ft it a limited energy interval, where the incident particles induce the required 

Tto above description of the growth process is also consistent with the general 

ohstivatiua that the density of the films and the fraction of«*3 bonding increases 

as the temperature of the substrate decreases [6)r as quenching works best with 

colder snhstraUs. 

Becanse of the almost infinite bonding possibilities offered by the sp3 and sp* 

silts, an cnuiinuu* variety of three-dimensional carbon networks can be imagined. 

Several mow culsr-dynamics studies have been performed in order to simulate 

the amorphous stractnre. Some of these studies have already been mentioned 

(Si, 52, C3J. A'eeJteaca ef aL [51] surmlated neutral carbon atoms incident on a 

diamond (100) surface. They nsed the empirical interatomic many-body potential 

nssnggcsted by Tmøff[tA, S3]. The simulation by Acfrrvsof amorphous structures 

tanned by quenching the liquid is based on the same empirical potential. H B 

calcnlition reveal asnbstantinl energy difference of 0-3 eV between threefold (sp*) 

and fbnrfbki (sp3) atoms (compared to only 0.03 eV in the crystal). Gtlh tt *L 

[34,35] carried out molecular dynamics simulations with an interatomic potential 

const meted directly from the electronic ground state. The initial atomic positions 

were chosen by randomly displacing the atoms from the positions in a perfect 

diamond lattice. The simulations of Wmm§ cf ai [93, 92] quench high-density 

carbon from high temperatures using a tight-binding Hamiltonian. Some of the 

models are able to reproduce the main structural and electronic characteristics 

of crystalline graphite and diamond very well. However, applied to amorphous 

diamondlike carbon they reveal structural differences, which become obvious in 

the radial distribution functions and in the average coordination number of the 

carbon atoms. 

Amorphous dinmoudHke hydrocarbon (a-C:H) Diamondlike hydrocarbon 

phases [3] were apparently first noticed by Schmellenmeier in 1953 [78]; however, 

their unusual structure and properties have only been well understood recently. 

Diamondlike hydrocarbons are formed when hydrocarbon ions hit a substrate 

with impact energies in the range from fifty to several hundred electron volts. 

The properties of the film are independent to the type of hydrocarbon precursor 

and depend primarily on the impact energy and the elemental composition of the 

source gas. The simplest and most widely used method for growing the films is 

a radio frequency self bias method, which is a kind of plasma enhanced chemical 

vapour deposition. In this technique a capacitiveiy coupled electrode in a radio 

frequency plasma develops a negative bias because of the greatly different mobili

ties of the electrons and positive ions. Ions from the discharge region fall through 

the potential drop to the electrode. Because the gas pressures are high, from 1 to 

15 Pa, the ions undergo collisions and therefore acquire a distribution of energies 

with a mean energy lower than the self-bias potential. At the impact energies 

employed, of the order of 100 eV, molecular ions disintegrate upon hitting the 

surface. This disintegration explains the observed insensitivity of the properties 

of the films to the particular hydrocarbons used in the plasma. Simple range cal-
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culatioas sko« that a 100-eV carbon ion will b* stopped within 5 to 10 A of the 

surface of a carbon target. This energetic mobile surface layer will be quenched 

by the underlying cold substrate. It is obvious that there are some similarities 

concerning the growth mechanism of a-C and a-C:H However, the inluence of 

the hydrogen in the latter case marks a fundamental difference between the two 

Because these diamondlike materials are hydrocarbon, their composition and 

properties can be varied. Diamondlike antirelective coatings with precisely con

trolled refractive index and thickness have been deposited on germanium infrared 

optics. The a-C H films are inert to organic solvents aed inorganic acids, including 

HF. However, certain properties limit their usefulness, e. g. they have high com

pressive stress that limits the maximum film thickness. Their mkrohardness values 

rang* between 3000 and 5000 kg mm - 2 , compared to 10000 kg mm - 1 for crys

talline diamond. The hardness and wear resistance of a~C:H drops off markedly as 

the hydrogen content increases. The film become softer as the proportion of sp3 

sites increases, that is, as the local bonding environment becomes more diamond

like. This behaviour may occur because hydrogen, which is monovalent, can serve 

only as a terminating atom on the carbon skeletal network. However, the average 

coordination number of carbon to other carbon atoms changes only slightly as the 

hydrogen content increases, and remains close to the optimal value of 2.4 predicted 

by a theory from Angus et al. [4]. 

This theory assumes that the amorphous structure can be simulated by a ran

dom covalent network. The average coordination number has to balance the sta

bilization by increasing the number of bonds against the destabiluation caused by 

strain energy. The model is supposed to be valid for films with a hydrogen concen

tration between 38 to 62 at. %. Another computer-generated model with nearly 

ideal sp* bonding is described by Ttrsoff[$o]. He simulates the fast quenching of 

a molten C-H mixture to room temperature. For a hydrogen concentration of 25 

at. % he finds a carbon-carbon coordination number See - 3-62 and a carbon-

hydrogen coordination number \CH = 0.33- The total coordination number of 

3.95 indicates almost total »p3 bonding, which is caused by the choice of the em

pirical interatomic potential. There are several other approaches, too. Blanitck tt 

«/. present a molecular dynamic simulation of a-C:H using a scheme consisting 

of a linear combination of atomic orbitals with the local-density approximation. 

Tamer tt tl take graphite as their starting point and develop a defected graphite 

model, which also reproduces many properties of diamondlike i -CH. 

1.3 Characterization of amorphous diamondlike 
carbon 
X-ray absorption Excitation of the carbon Is core electrons into unoccupied 

conduction band states gives an absorption above 285 eV. The first 10 eV of 

this is called X-ray absorption near edge structure (XANES) and the subsequent 

oscillations beyond the edge are called extended X-ray absorption line structure 

(EXAFS). In principle EXAFS is an elegant method revealing the short range 

10 Risø-R-748(EN) 



order of a material, l o a m , the interpretation of EXAFS far ettmtats of low 

have been performed by »Tea« ri af. [95] and Yea« tt • / [101]. 

X - r a y , asntroa and oJactrosi scattering X-ray scattering experiments to 

reveal tW distribution fraction of diimondlifar carboa ba»e bee* carried oat by 

Jvruforf tt at (66]. Using the lug* brifliaace of synchrotron, radiation tbr scattering 

can be measured in grating incidence geometry. Tab allows an analyst« of the "as 

•re davassed ia section 4.2-J. 

Mot* rammon is neutron scattering as used by Li tt *L [57], Gmskttl tt «/. [3C] 

and nTnferr* er oL |9l]. Dee to the Was intense beam compared to synchrotron 

radiation, neatroa scattering experiments require a larger sample volume of about 

2 to 3 g of diamondlihe carboa. The advantage of neatrons is their sensitivity to 

both hydrogen and carbon, whereas X-ray and electron diffraction (49, 63] are 

mostly probing the carbon distribution. 

X-ray reflectivity experiments were used by Tracy tt at (86) to measure the 

density and film thickness of dismondlihi carbon films. 

NvrJnur anngaetk rcscmaace ( N M R ) The most direct method of measuring 

the spVsp2 content of diamondlfte carbon films is C " NMR (39J. The sp* and 

*p* sites give rise to two separate cbemicaUy shifted peaks, whose area » directly 

proportions! to their concentration. The presence of hydrogen is preferable for this 

technique as the peaks can then be sharpened by applying a proton decoupling 

signal. 

M u d absorption spectroscopy ( I R ) The C-H bond stretching modes 

produce a series of distinct infrared absorption peaks near 3000 cm' 1 . Each peak 

caa be assigned to a different C-H configuration, both in terms of the carbon 

configuration (»r1 and sp*) and the number of hydrogen neighbours. Duckltr tt 

af. [30) has assigned the peaks and used their intensities to deduce both the sp'/sp2 

ratio and the hydrogen content. The IR method has been a very popular method 

because of its wide availability and ease of use. However, it requires a uniform 

distribution of hydrogen over the »p3 and ay1 sites to give reliable concentration 

values, which might not be the case, as NMR measurements suggest. 

Raman spectroscopy The Raman scattering process involves inelastic light 

scattering from vibrational excitations in the sample. Because the wavelength of 

the light b long on the scale of phonon wavelengths, these requirements select only 

Brilbuin-ione-centre excitations. Crystalline diamond gives a single sharp line at 

1332 cm' 1 , whereas graphitic carbon causes two peaks at 1550 c m ' 1 and at 1350 

cm' 1 . A key point in discussing the Raman spectra of carbons » that the Raman 

Kattering cross section of the graphitic mode is 30 to 60 times that of diamond, 

which makes a quantitative analysb difficult (65, 80]. 

Ri*#-R-748(EN) I I 



2 Sample Preparation 

All diamond-like carbon films in this report were deposited onto silicon substrates, 

either Si(lll) or Si(100) wafers. Most of the samples have a size of 20 mm x 20 

mm. Before the deposition process the wafers were cleaned with ethanol in an 

ultra sonic bath. 

The samples EF14, EF15 and EF16 were prepared by laser ablation in ambient 

hydrogen (see section 2.1). In order to vary the amount of hydrogen in the films 

EF14, EF15 and EF16, each film is prepared at different partial pressure of hy

drogen in the HV-system, namely, EF14: p = 1.3 10 - 6 Pa, EF15: p = 1.9 10 - 4 

Pa and EF16. p = 1.9 • 10 - 3 Pa. The samples EF17 and EF20 were also prepared 

by laser ablation, but without any addition of hydrogen. The process parameters 

are given in section 2.1. The film thickness of sample EF17 is about 1000 Å, while 

EF20 is approximately 1 fim thick. 

The sample EF12 is prepared at Harwell Laboratory by evaporation of low 

pressure-oil onto a silicon wafer with subsequent nitrogen-ion bombardment. 

Sample EF21 was prepared by plasma enhanced chemical vapour deposition as 

described in section 2.2. The film thickness is about 4000 Å. The flow of the feed 

gas methane was 5 seem (standard cubic centimetres) with an additional flow of 

argon of 15 seem. The self bias was approximately 800 V and the pressure of 6.5 

Pa The sample serious FS01-FS30 were made under similar conditions, but with 

a different flow of methane for each sample, from 1 seem to 30 seem. 

12 Risø-R-748(EN) 



2.1 Laser ablation 
At NKT Research Center laser ablation from a graphite feedstock in an H V-system 

(base pressure less than 2 • 10~s Pa) is used to deposit diamond-like carbon onto 

silicon. The technique has been described by Collins et al. [23]. The experimental 

setup is sketched in Fig. 3. A Q-switched Nd-YAG laser (A = 355 nm) delivers 

100 mJ per pulse to a focus of 0.5 mm2 at a repetition rate of 10 Hz. This results 

in a peak power density of 4 • 109 W/cm2. The substrate is placed at a distance 

of 25 mm from the graphite feedstock. The laser beam is scanned, so that each 

ablation occurs from a new part of the graphite surface. 

The preparation of diamond-like carbon by laser ablation has been reported 

recently by Collins et al. [24], Davanloo tl al. [27] and Pappas ti al. [67]. The 

propagation of laser ablation plumes has been photographed with a fast CCD 

camera system by Geohegan [37]. 

T H 2 

r — * ~ < -

Is) 
1st 

substrate 
Si(ll l) 

high vacuum system 

Figure 3. Experimental setup for laser ablation. 

Risø-R-748(EN) 13 



2.2 Plasma enhanced chemical vapour deposi
tion 
Fig. 4 shows the system used for plasma enhanced chemical vapour deposition 

(PE-CVD) at NKT Research Center [%]. The growth chamber is a stainless steel 

vacuum cylinder of a volume >>f about 25 litres. The system is equipped with an 

oil diffusion pump, which is backed by a two stage mechanical pump. The base 

pressure, i.e. the pressure before the deposition, is less than 5 x 10~s Pa. During 

the deposition process the pressure reading is fed to an adaptive control unit that 

keeps the pressure within 1% of the set value of 6 Pa. The flow of pure methane 

gas CH4 is regulated by a mass flow controller. The achieved accuracy is 1% of the 

full scale value of 50 seem. The unit seem stands for standard cubic centimeters 

per minute and is based on the nitrogen equivalent. For the serious of samples 

FS01 to FS30 the flow was varied from 1 seem to 30 seem. 

The substrate is placed inside the chamber on a copper cathode, to which an 

AC voltage of radio frequency (13.56 MHz) is applied. The oscillating electrical 

field cracks the methane molecules into electrons and ions and thereby creates a 

plasma. Due to their smaller masses, the electrons have much greater mobility 

in a discharge than the ions. This leads to a self-bias between the sample and 

the chamber walls, by which an almost continuous energetic ion bombardment is 

achieved, provided high enough frequencies are used [18]. 

During the deposition the substrate typically heats up to approximately 120 °C 

Prior to deposition the substrates are cleaned for 10 min in an argon plasma at 

similar discharge conditions as used for the subsequent growth of the the film. 

flow 
controller 

330 mm 

CH4 

pressure 
gauge 

radio 
^V/) frequency 

13.56 MHz 

motor driven 
pressure regulation 

diffusion / r ^ ) 
pump 

mechanical pump 

Figure 4. Experimental setup for plasma enhanced chemical vapour deposition 
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2.3 Free-standing films 
The free-standing films are prepared by etching the silicon substrate after the 

deposition. A simple way is etching »he whole sample in KOH until the film peels 

off. Often the films breaks, but mostly large enough pieces remain, which can be 

mounted on aluminium holders. These holders are 20 mm x 20 mm x 1 mm 

aluminum plates with a hole of a diameter of 4 mm in the centre. With some 

patience the film pieces can be fished out of the water such as to cover the hole of 

the holder. Thin films up to several thousand angstrom thick stick permanently 

to the aluminium. Films of thicknesses above 1 pm tend to peel off, when they are 

dry. These films have to be mounted between two of such aluminum plates, that 

are glued together. 

Another more advanced technique, where the silicon substrate itself is used as 

holder was carried out at Jacques Chevalier's laboratory at the University of 

Århus. First some beeswax is heated up on a Teflon holder. The sample is lightly 

pressed into the fluid wax, with the film facing the holder, as shown in Fig. 5 (a). 

When the beeswax is stiff again the area of the substrate, that shall be etched, 

is covered with a paper label. The remaining part of the sample is then covered 

with wax. Then the sample is glued to the holder and all parts that should not be 

etched are protected by wax. After removing the paper label and cleaning the sub

strate surface with ethanol the actual etching takes place, as shown in Fig. 5 (b). 

The etching is performed in two steps. The first quick etching process uses a 

mixture of the following acids: 

50 ml nitric acid HNO3 65% 

5 ml perchloric acid HC104 70-72% 

5 ml acetic acid CH3COOH 100 % 

7 ml hydrofluoric acid HF. 

In order to assure a uniform etching the container with the sample and the acids 

is turned with about 80 revolutions per minute. With a thickness of the substrate 

of about 400 /im and the crystalline orientation of the silicon surface being Si(l l l) 

the first etching process takes about lh. When the remaining substrate gets very 

thin the centre becomes transparent, which is controlled by shining light through 

paper label 

etching 

Figure 5. Procedure used to 

prepare free standing films. 
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adding water to the acids. 

In the second step the cleaned sample, i.e. without holder and wax, is put into 

potassium hydroxide (KOH 35%) of a temperature of about 50 *C. This provides 

a slower etching than the first process and should prevent the film from bursting. 

However, this method could not been used to prepare free standing films from 

the PE-CVD samples. The stress in these films was so high, that they burst 

immediately when the supporting silicon substrate was removed. 
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3 X-ray and Neutron Reflectiv-

3.1 Theory 
The main difference between X-ray photons and neutrons is that neutrons can 

be treated in the non-relativistic limit, where their rest mass energy m<? is much 

larger than the kinetic energy E, whereas X-rays, due to their zero rest mass, have 

always to be treated relativistically. However, the following chapter stresses the 

similarities, where a monochromatic beam of both X-rays and thermal neutrons 

is treated as a plane wave of a wavelength of typical several Ångstrøm. 

3.1.1 Refractive index for X-rays 

In the classical picture of X-ray scattering we assume the electrical field to cause 

forced oscillations of the electrons in the solid. In most cases the energy of X-

rays is much higher than most of the resonance frequencies of the material. In 

analogy to the mechanical oscillator [38, p. 126] we therefore expect the electrons 

to oscillate with a phase difference of w compared to the incident wave. This leads 

to a phase velocity larger than c [13, p. 18] and correspondingly to a refractive 

index n slightly smaller than unity. The dielectric function for electromagnetic 

waves in an electron gas is [7, p. 18] 

w2 

£=„*=l- - f , (1) 
with the plasma frequency w* = f-^f-, the electron density n, and the mass of 

an electron mt. Introducing the classical radius of an electron r, = 4 „ e
m ei and 

u = *f c, we get 

„' = I _ TJHLX7. (2) 

As the last term is for X-rays of the order of magnitude of 10~6, the refractive 

index is approximately 

» = 1 - Ig iA ' . (3) 

A quantum mechanical derivation has been given by Parratt [68], which includes 

absorption and a term for the dispersion correction: 

« = 1 - £#ft(J(q) + A/'(g)) + i ^ A , (4) 

with iV — the nuclei density, f(q) — the atomic form factor, A/'(g) — the 

dispersion correction and fi — the linear absorption coefficient. For small values 

of the scattering vector g, as in the case of reflectivity measurements, the atomic 

form factor /(g) is close to the number of electrons per atom and for energies far 

above the resonance frequencies A/'(g) is negligible. 
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3.1.2 Refractive index for Neutrons 

For neutrons scattered by bound atoms of a coherent scattering length 6 and a 

nuclei density of N the effective potential is given by [56, p. 18] 

V = 4* ( i - ) Nb. (5) -<B 
As the refractive index for neutrons of energy E is V'l - V/E [56, p. 12], together 

with Eq. (5) this leads to 

2* (6) 

Absorption has only to be taken into account for strong absorbers such as cad

mium, samarium or gadolinium. In these cases the refractive index includes an 

imaginary component, which is related to the absorption cross section <ra [70], 

n = l - — A2 + t—^A. 
2JT 4JT 

(7) 

3.1.3 Total reflection 

At the interface air-material the beam of neutrons or photons is partly reflected 

and refracted as indicated in Fig. 6. Because of the homogeneity in the x-direction 

the x-component of the wave vector remains the same for all three waves shown 

in Fig. 6, i.e. 

*0x = * 0 . = *'lx = *0 COS(Qo), (8) 

where ko denotes the length of the wave vector in the air. However, there is a 

difference between photons and neutrons in how the wave vector is related to the 

refractive index. In the case of photons we have for the wave vector in the i/-th 

medium Jfc„ = f n , , whereas in the case of neutrons 

, 2m . _ . , . 
k„ = -p{E - V„). (9) 

As mentioned before this suggests to define the index of refraction for neutrons as 

n = y/1 - V/E. Thereby we obtain a relation between k and n which is similar 

to photons 

2mE 
k„ - $ n„. (10) 

If we assume that the beam is incident from air and we have in good approximation 

no = 1, then for both photons and neutrons we have 

(11) 

Figure 6. Reflection and re

fraction of a beam of pho-

* * Ions or neutrons at the sin

gle interface air-material. 

The wave vector is denoted 

by k and the angles of inci

dence and exit by a. 
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From kl; +klr = t | n j and Eq. (8) we can derive a formula Tor the z-components 

*t , = - * i , = W n 5 - c o s * ( a o ) . (12) 

which include the special case k'0l = -k{t = £0sin(u0) 

Eq. (8) together with Eq- (11) gives Snell's law 

cos(a0) = ni cos(ai). (13) 

As ni is smaller than unity we expect the beam to be totally reflected below a 

critical angle ae, which is determined by cos(of) = Re(nt). Neglecting absorption 

the refractive index is a real quantity and we can rewrite Eq. (12) 

i ' , = toN/cos»(a.)-cos*(oo). (14) 

This shows that k*tlvs real for a0 > ae, i.e. there is a transmitted beam, whereas 

k\ | is imaginary for Qo < ae, which indicates an exponentially damped field within 

the material and no transmission or, in other words, total external reflection. 

As »| is close to unity, ae is normally less than 1*. explicitly 

ac = \l—A and ac = y - ^ - ^ 

for neutrons and X-rays, respectively. In the case of silicon for example we have 

o e = 0.221° for X-rays of 8 keV (A = 1.54Å) and at = 0.220* for neutrons of 

a wavelength of 4.69Å. In order to be independent of the wavelength, we like to 

express these relations in terms of the scattering vector q — ^fsin(o), which leads 

to the critical scattering vector 

qe = 4y/*Nb and qe — 4y/xnere. (15) 

Moreover the wave vectors in the medium v can be written in terms of q and qc„. 

Using Eq. (14) we get 

*t., = 5V^-«*" (16) 

which includes the special case k'0t = ^q. 

3.1.4 Reflection and transmission amplitude 

In order to calculate the reflection and transmission amplitude of a single interface 

at z = 0, we have to consider the boundary conditions at the interface together 

with the appropriate wave equation. This paragraph follows an approach by Lekner 

[56], which stresses the similarity between photons and neutrons. 

For X-rays we consider a monochromatic, s-polarized wave, i.e. B = (0, £y, 0), 

with a time dependence e""' propagating in nonmagnetic media, i.e. fi = 1. 

Maxwell's equations in SI units have then the form 

VxB = iwB (17) 

and V x B = -ie%B. (18) 
c* 

The planar interface is supposed to lir in the xy plane. From the equations for the 

s-polarized wave we can then eliminate the B-components and obtain a second 

order partial differential equation for Ev 
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As the dielectric function e »only dependent on z this equation is then separable, 
«rith 

B,(*,z,t) = t*t'*-~*)E(z), (20) 

where E(z) satisfies 

0 + tj£ = O with *J = e!L.-**. (21) 

Note the relation between the dielectric function and the refractive index C = **. 
Our assumption of an s-polarised beam turns out not to be a restriction, because 
as long as we are dealing with small angles, as in our case, the reflectivity of s-
and p-polarised waves show approximately the same behaviour. 

The motion of neutrons of energy £ is determined by Schrodinger's equation 
for the probability amplitude • 

- £ - V 2 # + V* = £ * \ (22) 
2m 

We consider the same geometry as in the case of photons, i.e. a plane wave prop
agating in the xz plane and incident on a planar interface in the ry plane. As 
the potential V is only dependent on z and • is independent of y, Eq. (22) is 
separable by 

• (* ,*) s e " - * « * ) . (23) 

Substitution of (23) into (22) gives 

Thereby both the electric field, in the case of photons, and the probability am
plitude, in the case of neutrons, have to satisfy the same ordinary differential 
equation 

J ? + * ? / = 0 . (25) 

We now assume the wave passing from medium 0 to medium 1 - The interface 
between both media is characterized by a chang. of the dielectric function e or 
the potential V, which shall be given by a step profile 

= ( " I < 0 or mJV* 2 < l * ( * ) = < ; w : ; : « n*)={::~:0
0 (26) 

Although these quantities show a discontinuity at z = 0, the amplitude / and its 
derivative df/dz have to be continuous in order to satisfy Eq. (25). The solutions 
of this equation are 

yjei*..» + j/e-**„i aad ^ e it , .z (27) 

in medium 0 and 1, respectively, where *o» and k\, denote the length of the z-
component of the wave vector within the corresponding medium. The condition 
of continuity of / and df/dz at the origin gives 

fo + fé = A and t'M/S - fl) = ikufi. (28) 
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Combining these two equations we obtain the reflection and transmission ampli

tude for a single interface 

r = £ = *o,-*„ (29) 

As mentioned above fer angle* of incidence below the critical angle ku becomes 

imaginary (neglecting the small effect of absorption), while £*> a real. Under these 

conditions Eq. (29) shows the reflection amplitude to be unity, which proves the 

fact of total reflection. 

The solution for a single interface was extended by Pmmtt (68] to treat an 

arbitrary number of stratified homogeneous media. In this cast the reflection am

plitude is calculated recursively. We consider the boundary between medium v-\ 

and medium v of a sample consisting of several media as indicated in fig. 7. As 

there is also a reflected wave from the next boundary, there are four waves in vol ved 

for every interface. We define a coordination system for each medium r, where the 

origin of the z-axis is located at the boundary between medium » - 1 and v. The 

continuity conditions imply then 

* . - M ( £ . , e * — •'- - /;_,€-*—••'-) = k.Ar. - H), 

where 1, denotes the thickness of the f-th medium- The phase factors on the left 

side occur, because the coordination systems of the two media are shifted by t„. 

(30) 

(31) 

Fifmrt 7. Reflection and re

faction in a multilayer ift-

tem, where t, is the ihick-

ness of etch layer. 
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Solving the equation array for /"/_|//t-i P*** *•* recursion formula 

* , - « = 
/ /- i i.. + A»e -*k...U 

£_, 1+ r„_,.„*.*-»*-•'-' 

rr_i.r is the Presnd coefficient from Eq. (29) 

r»-i.r = r T I -

*r-I. i + *».* 

(32) 

(33) 

and a-,.* is given by Eq. (12). The calculation starts from the interface between 

the bottom layer I and the substrate / + 1 . assuming that there is no wave reflected 

bom the bottom of the substrate, i.e. R|+l = 0 and hence Ri = n,i+i • Using the 

let union formula (32), we car calculate the reflection amplitude Ae at the top 

interlace between air and layer 1. The measured intensity in a reflectivity scan is 

then proportional to |«ol* 

3.1.5 Some basic effects in reflectivity corves 

In order to illustrate the presented theory of reflectivity some of the occurring 

effects are discussed in this section. 

Pure substrate 

Let us first consider a pure substrate. The scattering length density is in this case a 

single step from 0 A"3 in air to n, in the substrate (see Fig. 9). The corresponding 

reflectivity, neglecting absorption and roughness, is shown in Fig. 8. The critical 

scattering vector ««,i coincides with a sharp drop in the reftectiv:ty. which is given 

by the Fresnel reflectivity 
•2 

(34) |H|2 = I * 0 - ' ~ * M 1 

Using Eq. 16, 

*u = j V ' 2 " ' ' 1 *nd **•* = 5f? 

to" 

•W~* 

to-» 

10" 

Figun 8. Tke solid line represents Ike reflecttv-

if« of a pure substrate, neglecting adsorption and 

roughness. Tke dashed line indicates the approxi

mation of Eq. (35). 
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Figure 9. Scattering density profile of a pure sub

strate 
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»•get 

|Æp _! * -> /» - ( * .» /« ) ' 
ji + y i -Wt ) 2 

for f > fc.t this leads to the approximation 

(35) 

of a single film the following 

( » ) 

(3T) 

Usuif the wcuraoa formula (32) we get in the 

1 + »».I»'|tIe-,i*•••,•' 

where rr_i_, is the Fresaet coefficient Trom Eq. (29) 

As Jt» is a periodic function of 2t*i xf i, we expect the reiectivity \R%{1 to oscillate 

corresponding to that period (see Fig. 10). These oscillations are also referred to as 

thickness oscillations. They are caused by the interference between the reflections 

from the top and the bottom of the film. If the scattering length density of the 

film »i is higher then the one of the substrate 113 (see Fig. II), then the minima 

of l/toj1 u * given by the condition 

S h a s t a ' (» = 0,1,2...). 

which leads to *i,, = v^. Substituting Eq. (14) 

*i 1 = koT/cos*(ot) - cos2(o0). 
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Fifure /0. Tic cnlcnloted reflectintg of a 700 >4 

faicft DLC-film OR *i/tcon. Tic reflectintg carves 

of pun silken ond pure DLC are indicated kg Me 

dosked and dotted line, respectively. The dosk-

dotted tine $hom ike tpper limit corresponding 

to Eg. (40). 

Ftfsrc II. Tke corresponding scottering lengtk 

densitg profile of 0 700 A thick DLC-film on sil

icon. 

Ris#-R-748(EN) 23 



and wsiaf • = 2i.si*(a«) u d *,., = |^<r*-f* , «*frt 

H K corresponding formula for the maxima is 

•-fa+wfe) + •*, (« s 0.1.2...). 

(38) 

(39) 

According to these two fbrawlas the extremes are indicated in Fig. 10. The re-

fectivity is calculated anuming the following values for the electron density of a 

DLC-fbn n, = 0.8862 A ° . the thickness of the film I, = TOO A~» and the elec

tron density of the silicon substrate w. = 0.7 Å"3. The first "mininwun", r = 0, 

coincides with the critical scattering vector of the DLG The cautions (38) and 

(39) prove that fatf > §,., the period of the oscillations Ac is approximately 

2s-/l|- The maxima take the values 

wriJ= 
! the minima 

| A f l , = |r»il,= 

*».«*>.* ~ *?.x 
( « ) 

* * . * - * * . * ! 
|*«.*+*J.*| 

The last equation proves that the minima of the single layer reflectivity (»j > 

*i) coincide with the Fresne! reflectivity of the substrate. For « > fc,i > fc.i 

the amplitude of the thickness oscillations remains approximately constant in the 

logarithmic presentation, which follows from 

|2 
I *?$*"* I 

| /Xj*"" ] (4-)" 
Hence, although the value of the scattering density of the substrate does not be

come visible with a sharp drop in the intensity at fc,}. the information is still there, 

but hidden in the amplitude of the oscillations. The larger the difference of the 

scattering length density between film and substrate, the larger is the amplitude 

of the oscillations. 

One film: nm« < iwtotrwe 

In this case the correspondence between the calculated values and the extrema is 

reversed. The minima have now the values 
i 

|/CT = 
to.,*,.,-*?. 
*0.«*J.» + *?., 

(41) 

and the maxima 

1*0,* +*2,» 

Neglecting the adsorption the reflectivity looks similar to Fig. 10 (see Fig 12 

and 13). However, if we include absorption, a new effect occurs, i.e. the critical 

scattering vector of the film becomes visible in the reflectivity (see Fig. 14). We 

have ft,/«« < «c.,«»,frSt< For scattering vectors within this range (««./«* < • < 

*>.«•»"'««) the beam penetrates through the air/film interface but is still totally 
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reflected «t the ilæ/sabstratr interface. Negtertiag absorptioa Uu* still reswlts ia 

» reflectivity of aaity. Bat if we take absorptioa iato accoawt thkkacss osrilUtioas 

appear- The miaima aow indicate where the coaditioa fer standing waves ia the 

ibn is fntftttrd and becanse of the absorptioa this leads to a weakening of the 

reflected beam, it Bøtr proves this correiatioa expcrimeatally by comparing the 

of a Mm with the reflectivity of the layered system (Fig. 2 ia [21]). 
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3.2 Experimental setup 
3.2.1 X-rays 

The reflectivity of x-rays is measured using a 12kW rotating anode generator with 

a copper target (CuKoi: X = 1.5405974Å [99, p. 168]). The white beam passes a 

slit of 8 mm height and 0.8 mm width and is then Bragg reflected by a Ge(lll) 

crystal as shown in Fig. 15. A second siit of 0-3 mm behind this monochromator 

crystal prevents CuKc<2 radiation from reaching the sample, which is mounted on 

a two-circle goniometer. A guard siit of 1 mm is placed just after the sample to 

lower the background. 

As the determination of the mass density relies on a precise determination of 

the critical angle of total reflection and because the critical angle is typically of 

the order of magnitude of about 0.3* for X-rays of 1.54 Å wavelength, a triple 

axis diffractometer setup is used with a detecting unit consisting of a Ge(lll) 

analyzer crystal and an X-ray scintillation counter. On the one hand an analyzer 

gives a higher resolution than can be achieved just by slits and on the other hand 

it allows a precise determination of the scattering angle, even if the optical surface 

of the substrates are macroscopically bent as in this case by up to 0.1s. Using an 

analyzer only the scattered X-rays from that part of the surface with the angle of 

incidence equal to half the scattering angle, are detected. 

The configuration of the two Ge-crystals and the sample is shown in Fig. 15. The 

beam is scattered from the monochromator in the counterclockwise direction, but 

from the sample and the analyser crystal it is scattered in the clockwise direction. 

Accordingly, this setup is called + . However, another conventional setup of 

a triple axis spectrometer is + — +. As the accuracy of the determination of the 

critical angle depends inherently on the resolution Aq± in the specular direction 

that is achieved in the reflectivity measurements, the advantage of the chosen 

H setup will be explained shortly. 

3.2.2 Resolution for X-rays in the case of the H and + - + setup 

Measurements of the reflectivity of the same sample with both setups, carried out 

by M. Vigild [88], prove that the resolution Aqi in the direction perpendicular 

sample 

Figure 15. Setup for reflectivity measurements of X-rays at the rotating anode. 
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Figure 16. Reflectivity of an 

850Å thick DLC-film on sil

icon measured with both the 

H setup (solid line) and 

the + — + setup (dashed 

line). 

to the surface of the sample is better in the case of the + setup. This is 

demonstrated in Fig. 16, where the better resolution corresponds to the curve with 

the more pronounced oscillations. The expected resolution can be estimated from 

the FWHM A(2a) of the direct beam profile, which is 8 mdeg and 18 mdeg in the 

-\ and H h setup, respectively. The width in 2o is related to an uncertainty 

in q = 2*sin(a) as *2a. This gives Aq± « it A (2a), i.e. Aox & 00006 A"1 

and Aqx « 0.0013 A - 1 for the two setups. Both reflectivities have been fitted 

with the model after Parratt [68]. The fitted values for the resolution (FWHM) 

are 0.0009 A - 1 and 0.0015 A - 1 (see Fig. 17 and Fig. 18). In the fitting procedure 

the original function f(x), calculated without any resolution effects, is convoluted 

with a Gaussian of a full width at half maximum Ajj. = 2.35 a 

/(*)=/3*/(r-r)-i=e-i(*)\ 

Both the calculation from the direct beam profile and the fit of the reflectivity 

show the + setup to have the better resolution and the agreement of the 

actual values is satisfactory as the comparison in Fig. 17 and 18 shows. 

10*L I I • • ) • 

0.030 0.035 0.040 0.049 0.090 0.055 COM 

" | > ' ' ' J 

0.030 0.039 0.040 0.045 0.050 
q CX"1) 

0.055 0.060 

Figure 17. The + setup: The experimen

tal data indicated by the circles are compared to 

both the fit with a resolution of 0.0009 A'1 (solid 

curve) and the calculation for Ajx = 0.0006 A'1 

(dashed line). 

Figure 18. The + - + setup: The experimen

tal data indicated by the circles are compared to 

both the fit with a resolution of 0.0015 A'1 (solid 

curve) and the calculation for AOJ. = 0.0013 A~l 

(dashed line). 
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R. Cowley [25} calculated the resolution of a triple-axis-spectrometer from the 

two basic parameters, the width of the CuKoi-line and the Darwin widths of the 

monochromator crystals, assuming that both are leading to a gaussian broadening 

of the beam profile. The calculation includes the presumption that the slits act just 

as guard slits, which have no influence on the resolution. The theoretical Darwin 

width of a Ge(lll)-crystal is (<rD)jwkm = 8-10~5 (see appendix A) and the width 

of the CuKoi-line is (AA/A) /tthm = 3.0 10"4, i.e. A £ = 2.39 eV [21] The result 

of the calculation is shown in Fig. 19, where the resolution A?j. of the + 

and -f - + setup is indicated by the dotted and dash-dotted lines, respectively. 

The calculation shows, that the + setup has the better resolution for small 

scattering vectors. Only for g-values in the neighborhood of qctiu — 1-92 Å - 1 

the -i 1- setup is more favourable. At q — 0 Cowley's equations can be simplified 

to 

A 9i = y/2kap •» the case of the + setup and 

AA 
Agi = 2 k tan(Øw)— in the case of the + - + setup. 

As long as AA/A is considerably larger than <ro the H setup provides a better 

resolution for reflectivity scans. 

However, there is a wide spread in the literature concerning the values used 

for the line width of CUKQI, which can be due to the influence of the out-of-

plane resolution on Ajj. [81, 45]. Therefore Cowley's calculation is in a second 

attempt also carried out for the value of AA/A obtained from the direct beam 

profile. As the H (- setup is dispersive the uncertainty in the wavelength shows 

up in the direct beam profile A(2a) = 18 mdeg. Neglecting any broadening due 

to the Darwin width, we get (AA/A) = A(2a)/2tan(0M), which is 6.5 • 10"4. 

Including the influence of O~D by using the expressions given by Cowley we obtain 

(AA/A) = 5.9 • 10 -4 . The calculated resolution based on this value is shown in 

Fig. 19 as dashed and solid lines in the case of the + and + - + setup, 

respectively. However, the comparison reveals that in particular the accuracy of 

the values obtained by fitting the reflectivity is not good enough to prove the 

Figure 19. Specular resolutton of a triple-axis 

spectrometer depending on the scattering vector q. 

The open and full symbols indicate values for the 

+ - + and -f setup, respectively. The circles 

represent the results from the direct beam profile 

and the triangles show the values obtained by fit

ting the reflectivity. The solid and the dash-dotted 

line correspond to the + - + setup, calculated 

with two different values for AA/A, 5.9 10~4 and 

3.0-10~\ respectively. The corresponding curves 

for the + — setup are drawn as dashed and dot

ted line. 

consistency between measurement and theory. 
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By visualizing the situation in the reciprocal space it is possible to understand 

the reasons for the differences in the resolution between the two setups. The inci

dent wave vector ft; and the reflected wave vector kj are depicted in Fig. 20. The 

scattering vector q = kj — *i is in our case perpendicular to the surface of the 

sample and small compared to the length of fc* and kj. Due to the finite resolu

tion the vectors are not precisely defined, but they are allowed to deviate from the 

nominal values, which are indicated by solid lines. The order of deviation is shown 

by the shaded half contour ellipses, i.e. the contours of the ellipses indicate where 

the intensity is down by a factor of two compared with the maximum intensity. 

An ellipse can be described by conjugate diameters Xt and X3, where the points 

on the ellipse are then given by 

r = c1
Xf + c2*f (42) 

with cf + c| = 1. The two main axes of an ellipse are just a special set of conjugate 

diameters. An introduction in the use of conjugate diameters for resolution prob

lems is given by J. Als-Nielsen [2]. The long diameter of the ellipses in Pig. 20 

is determined by the uncertainty of the wavelength Xt a k^ COS(0M) as shown 

by F. Christensen [20], whereas the short diameter X2 characterizes the sharp

ness of the reflection from the monochromator or analyser crystal. According to 

dynamical scattering theory perfect crystals reflect within a certain Darwin width 

(^D)jmhm, so we have Xt = hap [20] with X, perpendicular to the corresponding 

wave vector. As the angle between Jfe, and kj is very small in the case of reflec

tivity measurements X, is nearly parallel to the scattering vector q. The long 

diameters of the ellipses are orientated parallel to the scattering planes of the 

monochromator and analyser crystal. In the case of the + configuration for 

a = 0 both ellipses/crystals are parallel to each other and turned by 0M = 13.64° 

Figure 20. Resolution ellipses in the reciprocal space for the two setups, namely 

+ - + and + . X\ and X2 are the conjugate diameters of the ellipses. The 

incident and reflected wave vector are denoted by k, and kj. The nominal situation 

is depicted by solid lines and another possible arrangement within the uncertainty 

limits by dashed lines. 

R'wø-R-748(EN) 29 



with respect to the sample orientation. This situation is depicted at the bottom of 

Fig. 20. Whereas in the case of the + - + setup the ellipses/crystals are turned in 

different directions, -t-f M *nd -*«*, with respect to the orientation of the sample 

as shown at the top of Fig. 20. 

In order to estimate Aej., we notice that the scattering process is dastical, i.e. 

kt and fc/ have to have the same length. Possible solutions are indicated by dashed 

lines in Fig. 20. In our case aD < AA/A. Therefore the ellipses are longer than 

they are broad and it is clear, that the range of possible momentum transfer q is 

larger in the-I—r case than in the-i case due to the tilt of the two resolution 

ellipses with respect to each other. Even a quantitative estimation is possible. In 

the first setup (+ - +) the length of 9 is smallest, if it is pointing from the right 

end of the lower ellipse to the right end of the upper one, as indicated by the 

dashed lines in Fig. 20. The maximum 4 is realised in the corresponding case on 

the left side. The difference between both cases is an estimate for the variation 

in f and we get A«j. as 2sin(0jtf)Xi = 2*tan(*jf) A A/A. In the second setup 

(+ ) both ellipses are parallel and a simple folding enlarges the uncertainty by 

a factor V5, i.e. Afx « j2Xj = -yfikao- These results are in perfect agreement 

with the values obtained from Cowley's calculation. 

We conclude the best resolution Aoj. is achieved, when the monochromator and 

analyser crystal are as parallel as possible. This favours for large scattering angles 

the + —r setup and for small angles the ^ setup. 

3.2.3 Neutrons 

The reflectivity of neutrons was measured at the beamline TAS8 using the cold 

neutron source available at Risø. The neutrons are monochromized by an (002) 

pyrolytic graphite crystal to a wavelength A = 4.69Å and the higher order neutrons 

are stopped by a Be-filter. In order to increase the angular resolution, 0 5 mm slits 

are mounted after the monochromator, before the sample and before the detector 

(see Fig. 21). The sample size itself acts as an effective slit, because it reflects only 

a small part of the beam due to the small angle of incidence. Up to 9 values of 

0.05 Å"' the angle of incidence is below 1°, i.e. a sample of a size of 20 mm times 

20 mm reflects less than 0.4 mm out of the primary beam. Slit 3 of a width of 3.5 

mm stops most of the direct beam just behind the sample, in order to lower the 

background at low angles. The setup of the slits is approximately symmetrical. 

Slit 2 and 3 are mounted at a distance of r = 230 mm and slit 1 and 4 at R — 860 

sample 

/U4.69Å 

graphite _ 
tnooochrooiator 

Figure 21. Experimental setup of the neutron teamline TAS8 at Risø. 
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Fifurt 22. Tkt sohd hut indicates tke part of tke 

nentron team tktt passes tke /©ar slits under tke 

angle Aa. Tie shts are arranged symmetrically 

aronnd the ctnter of rotation at a distinct r and 

R, respectively. 

Fif re 23. Tkt width b of tke part of the beam 

tktt pusts tkt two slits nnder an angle Aa is 

determined by tke widtk d of tke slits and by tkeir 

distance R-r. 

mm from the sample position (see Fig. 22). The number of neutrons passing a slit 

system of width d under a given angle Aa is proportional to the width 6 of the 

beam consisting of these neutrons (see Fig. 23). As this width depends linearly on 

the angle Aa, namely 

• « r f - ( « - r ) A a , 

we expect the direct beam profile to have a triangular shape (see Fig. 24). If we 

denote the full width at half maximum of this triangle by A2a, then the intensity 

of the direct beam is limited to the range ± A 2a around the straight direction. 

The limiting situation is depicted in Fig. 22 and it is shown that the angle Aa is 

actually half of A2a. Hence we get 

A2a = 
2d 

R-r 
*0.09*, 

which agrees very well with the FWHM of 0.10° as obtained from the measurement 

(see Fig. 24). The influence of slit 4 on the direct beam profile results in convoluting 

the latter with a box function of a width of d/R « 0.03*. As this value is small 

compared to the original width of 0.09s, it does not change the triangular shape 

2900 

s-«2000 

S 
S 1900 
o 

| , 0 0 0 

I 9001. 

-OJ$ -0.10 -0.09 coo 0.09 o.io o.i9 Figure 24- Direct beam pro-
2 * {oao) fik 
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very much, apart from rounding the tip and the end of the wings. Moreover the 

FWHM remains the same. 

However, the resolution is different in the case of a reflectivity scan. We have 

to distinguish two different situations. For small angles the sample reflects only 

a small part of the beam and thereby acts as a very small slit. That means the 

resolution becomes approximately a box function of a width of Aa = d/R = 

0.033°. The corresponding value for Ag = 2* A a is 0.0016 Å"1. However, for 

large enough angles of incidence the sample reflects all of the primary beam. 

Assuming the sample to be a perfect mirror, the problem is back to that of the 

number of neutrons getting through a system of two slits. In this case the limiting 

slits are slit 1 and 4. Hence, we expect the resolution to have a triangular shape, 

as in the case of the direct beam, but in this case with a FWHM of Aa = j ^ , 

because the distance between slit 1 and 4 is 2R. This gives Aq = 0.0008 Å~ l . 

Looking at Fig. 25 we can calculate the correct resolution function also for 

values in between the two limiting cases. The angle a0 denotes the nominal angle 

of incidence. But because of the extension of the slits there are neutrons impinging 

onto the sample also under an angle a that differ from Qo- This beam of neutrons 

incident under a has a width b and the center of the beam is displaced from the 

center of the slit by the distance x. The width of the beam is now either limited 

by the width s of the sample, i.e. 6 = ssin(o) « so, or by the width of the slits. 

In the first case the edges of the slits do not cut the beam, because the sum of the 

displacement x and half of the maximum beam width is less than half of the slit 

width 

sa d 
* + T < 2 (43) 

The displacement can be written as x = R\a — oo| with R the distance between 

slit and sample. The slits 2 and 3 do not play any role in this situation. In the 

0.5 

r 
£> 0.3 

1 » 0 . 2 

L 
0 0 

•J-r—r—i—T-j i • i i | 

j ' ~ "' / / / / / 
r 

1 
1 

1 / / 

; 7 

qs - 0.01 A"'; 
q» - 0.03 A"'; 
qo - 0.05 A_1-

\ q0 - 0.07 A -1' 
\ \ \ \ \ 

\ \ \ \ \ 
A 
\ ; 

-0.0010 -0.0005 0.0000 0.0005 0.0010 

q - qo (*") 

Figure 25. The beam width b in a reflectivity scan. 

The nominal angle oftncidence is an. A different 

angle a is also possible as long as the correspond

ing displacement x does not exceed half of the slit 

width d. The distance between slits and sample is 

R and the width of the sample, s. 

Figure 26. The beam width b depending on the dif

ference between the actual scattering vector q and 

the nominal vector q0. The curves correspond to 

different values ofqo as indicated. The parameters 

used in the calculation are d = 0.5 mm, s = 20 

mm, R = 860 mm and A = 4.69 Å. 
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region where a fulfills Eq. (43) the whole sample is illuminated and hence b = sa. 

In the case of 

x + T > 2 - (44) 

the beam width is limited by the slits and no longer by the sample size and we 

have 6 = 2(0.5<f - i ) . If the displacement is larger than half of the slit width, 

b will vanish. The width b is proportional to the number of neutrons having a 

certain direction a. The relation between b and the deviation from the nominal q0 

value is shown in Pig. 26. Fcr 90-values above 0.067 Å - 1 the sample reflects the 

entire neutron beam for any scattering vector q and Fig. 26 shows the expected 

triangular shape. In the case of smaller 90 values the top of the triangle is cut 

away, because then the beam defined by the the slits is broader than the sample. 

Although the intensity increases slightly within this range the dependence on q is 

weak compared to the wings of the triangle, where the intensity is limited by the 

slit size. A rough approximation in the case of very small angles QO gives the above 

mentioned box function. We can conclude that the resolution in a reflectivity scan, 

i.e. for example the limit to which thickness oscillations can be resolved, is between 

0.0008 Å - 1 and 0.0016 Å - 1 . The shape of 6 depends on 90 as long as the sample 

does not reflect the entire beam, i.e. 90 < ^ - Below this limit a larger sample 

not only yields more intensity but also a better resolution. The fitting procedure 

applies a Gaussian resolution function, with a constant width over the entire 9-

range. Fitting the resolution leads to a value of about 0.0G2 Å - 1 for A9. This is 

worse than expected from the calculation. However, as in the case of X-rays the 

uncertainty in determining A9 by fitting is too large, especially for curves without 

thickness oscillations, to prove precisely the shape and width of the resolution 

function. 

The influence of the uncertainty of the wavelength on the resolution can be 

neglected, as the following estimation shows. From 9 = 2k sin a, we get in general 

Aq = 2k cos a A a + 2 sin o A Jfc. For small angles this expression can be simplified 

to 
Ao AQ AJt 
— * — + -7- . q a k 

The mosaic spread of the graphite crystal is A0A/ = 0.5°. This leads to an 

uncertainty in A of 

A A = 4 * C o s ( e M ) A e M = 0 0 2 A < 

? 

where the Bragg angle of the monochromator QM is 44.5° (002 reflection of 

graphite). Hence we have 

AA A t „ „_ ,„„. 
— = T * 0 . 8 % (45) 

Around the critical angle ac & 0.43s the relative uncertainty in the angles is 

considerably larger 

Act 0.021* c w 

By neglecting the influence of Afc on the resolution we get a constant resolution 

Aq of about 0.002 Å"1 over the measured region. This resolution is slightly worse 
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than in the case of X-rays ( A e , . ^ = 0.0006 A ' 1 ) . Although analysis of the 

data will show that it would be desirable to improve the resolution in the case of 

the neutron reflectivity measurements, there is no straightforward solution, as the 

limited neutron flux does not allow considerably smaller slits. 
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3.3 Measurements and analysis 
The reflectivity is measured while the angles of incidence and exit are increased 

simultaneously (OJ = a/). The raw data are shown in Fig. 27 to 34. Both X-

ray and neutron reflectivity are measured for each sample, namely EF14. EF15, 

EF16 and EF12. Up to the critical scattering vector et the intensity increases 

proportional to sin(a). This is a geometrical effect, which is included into the 

fit. Depending on the sixe of the sample only part of beam hits the surface of 

the sample at small angles. With increasing angles the sample reflects more and 

more of the beam, which leads to the characteristic increasing of intensity at the 

beginning of the curves. However, the reflectivity itself is more or less constant up 

to the critical angle. 

Another effect occurs in the case of neutrons at * -values below 0.0O4 A~'. There 

the primary beam hits the detector, which leads to the increased intensity. 

The critical scattering vector ec according to the fit b indicated by an arrow in 

each figure. As explained in more detail in section 3.3.4 no thickness oscillations 

occur in the reflectivities of Fig. 27-32. In the case of sample EFI2 the oscillations 

are visible (see Fig. 33 and 34). Moreover both critical scattering vectors, the one 

of the DLC-film and the one of the silicon substrate, can be seen in the X-ray 

reflectivity. The reason is that the electron density of the film (n, = 0.579 A"3) 

is lower than the one of the silicon substrate (n, = 0.699 A - 3 ) , which causes 

oscillations also in the range between fc.DLC and «,.$•. as described in section 

Fi§wn 11. X-ray reflectivity ofsample EFlj. Fifnrt 38. Neutron rtflecttntf of »ample EFI4 
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3JJ-1 Fit 

TW reflectivity curves are fitted by using tW recursion formula (32) based on the 

following parameters: 

• A seabag factor la is fitted for each carve. 

• TW resolution Af was fitted ia the beginning oa trial. Bat as the fitted values 

were m reasonable agreement with the valves obtained by the calculation ia 

tW previous section, the values were later on fixed to Af = 0.0006 A*1 and 

Af = 0.002 A - 1 in the case of X-rays and Matrons, respectively. 

Moreover each layer b described by its thickness t, by its electron or scattering 

length density, n, and Nk, respectively, by the roughness * of the interface to the 

next layer and by its linear absorption coefficient ». TW thickness » not fitted 

in tW case of sample EF14, EF15, EF16, where tW DLC-films are treated as a 

substrate. 

3J&J2 Absorption 

la tW case of X-rays the absorption is calculated from the tabulated values |»/# 

of tW corresponding material (for carbon « / • = 4-6 em'/g [SO, p. 162]) and is 

then scaled with tW mass density as obtained by tW fit. 

Ia the case of neutrons tW absorption has been neglected, which is generally 

possible except for strong absorbers such as cadmium, samarium or gadolinium. 

A special estimation n necessary for hydrogen, where the effective absorption 

o consists of tW true absorption cross section «-«, caused by a nuclear reaction 

Wtween tW absorbed neutron and a nucleus, and a large incoherent cross section 

»MK = etrtai-v<*ktrtnt, which takes into account tW reduction of tW beam due to 

the angularly isotropic scattering. For hydrogen the true absorption cross section 

is negligible compared to the incoherent cross section (79j 

9 = vint + <r. = (799 + 0.9) I0 - Mcm 2 = 80.8 I0_24cm2. 

With the nuclei density of hydrogen being less than 0.05 A~3 (see Table 3) we 

estimate the imaginary part of the refractive index, 

»—£*-'£*• <«> 
to W less than 1.5 • 10"*. This is at least two orders of magnitude smaller than 

the deviation from unity in the real part, and consequently has no influence on 

the reflectivity. Hence any effects of absorption can be neglected in the case of 

neutrons. 

3.3.3 Roughness 

A rough interface m is described by the distribution of its position in the height 

i(x, y). A Gaussian distribution 

'w-ac«-"' 
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leads to an average scattering length density 

i \ _ . /** " • » — • • i - i - 4 < H * J . n » + * i i » - i . "••* ~ Hm~i _, / * \ t„x 

with the error function 

Another possible distribution is 
#»<*) = 

1 

rv^vcosh1 

which is very similar to the Gaussian distribution. The integration of this distri

bution leads to a hyperbolic tangent profile of the scattering length density 

»(>) = , m + "* _ ' tanh 

( « ) • 

(48) 
2 2 

As expected the differences between the electron density of the two cases are small 

(see Fig 35). Because the hyperbolic tangent is faster to calculate in the computer 

routines, that profile is used in the following fitting procedures. Moreover for this 

profile the equation (25) can be solved analytically (see Ukntr [56, p. 176]) 

«nh[ ( i r / 2 ) 'M*« . . » - i - *« .» ) ] r , 4 0 . 

" smh[(ir/2)' *<r(**.m-i + *,.-»)] l ' 

For weakly absorbing materials as mostly in the case of X-rays, the amount of G is 

approximately 1 and hence G can be neglected for the calculation of the reflectivity 

[44]. In this work the hyperbolic tangent profile has been substituted by a staircase 

function as shown in Fig. 36. The hyperbolic tangent in the argument range -w 

to -fa* is approximated by 20 intermediate layers. This corresponds to a range of 

about ±394^ in i. The values used in Fig. 36 and 35 correspond to the X-ray 

reflectivity of sample EF14, i.e. nm s 0.886 Å - * , n*,_i s 0 A ' * and o = 8 I Å . 

Using the recursion formula (32) for each single layer, which corresponds to one 

step of the staircase, the coefficients of the whole interface was calculated. 
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the roughness could not be Sited, became its influence only becomes 

at lacfe f-values and the neutron data covtf & sin aller e-raage compared 

to X-rays. 

• A. 
of 

Section 3.1-5 describes the expected thirfcoeis oscittattoos in the case of a single 

fib*. Hoverer these oscitUtion arc not visible in the case of EF14. 15 and 16 

(see Pig. 27 to 32). These sample« show coloured fringes, which indicate inhomo-

generlies m the thkkaesacs of the Urns. Bccaasr the film thkkn-ss is not constant, 

there is no fixed condition for interference between reflections from the top and 

bom the bottom of the film, which explains why the measured reflectivities show 

The correlation between the colour and the thickness of the film was checked 

with a special test sample, called EF9, which coord be mounted in such a way, 

that the COMMIT changed only in the vertical direction (see Pig. 38). Because of the 

glancing angles, the X-ray beam illuminated the sample of course over the entire 

width. But by confining the height of the beam to 0.2 mm (BW2/H ASYLAB) it 

was possible to illuminate only a narrow horizontal strip of the sample of approxi

mately the same colour. By varying the height of the position of the samplr several 

reflectivity scam were performed, each corresponding to a different colour, due to 

a shift of 4 mm between two scans. Fig.(37) compares these scans in the large 

f-range. The oscillations indicate a fixed condition of interference, i.e. a rather 

constant film thickness over the stripe illuminated by the beam. As e > e< the 

period is twft, which gives a change in thickness from 2240 A in the upper part of 

the sample to 1330 A in the lower part. The following rough estimation will show 

whether the measured thicknesses are in reasonable agreement with the colours. 

The colours are due to interference between reflections from the top and bottom 
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Fianre 37. X-ng rtfltctmltes of sample EF9, 

each taken at a different height with a shift of 4 

mm between two seen. 

Fifare 39. Sample EF9 (tO mm x 20 mm) at 

moanted for the reflectiwttt measurements. The 

variation in colour u more or lest restricted to 

the vertical direction. 
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of the film (see Born and Wolf [13, p. 282]). If we look at the sample under a 

large angle and take into account that the refractive index n (for visible light) is 

rather large, we can assume that the wave vector of the light inside the film is 

nearly perpendicular to the surface. Hence the difference of the optical paths is 

approximately 2ni. The condition for constructive interference is then 

2nt=v\ (i/= 1,2,3...). (50) 

As the reflectivity scans cover a range of 16 mm in height corresponding to a 

variation in thickness of Ai « 900 Å and the yellow parts of the sample are 

approximately 20mm apart, the difference of thicknesses between the two yellow 

regions is estimated to At « 1200 Å. With A as 6000 Å for yellow light the 

refractive index is calculated 

A 
nas 2A< 

«2.5, (51) 

which is a plausible result, as the refractive index of crystalline diamond is 2.42 

[29]. In addition Pappas et al. [67] report refractive indices of laser ablated films 

between 2.2 and 2.8. 

3.3.5 Accuracy of the measured scattering length density 

X-rays In order to check the reliability of the determination of ne the X-ray 

reflectivity of pure silicon, magnesia (MgO) and sapphire (AI2O3) has been mea

sured. Fig. 39 shows the experimental data and the fitted reflectivities (solid lines). 

In Table 2 the values of the electron densities nejn, as obtained by the fit, are 

compared with those, calculated from the tabulated mass densities, nrco/, (see 

appendix B). The agreement between measured and calculated values is satisfac

tory, although the difference is larger than the statistical uncertainty givn by the 

fit apart from MgO. Fig. 40 illustrates that the calculated curve can indeed be 
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Figure 39, The measured X-ray reflectivity of St, 

AI2O3 and MgO is represented by the symbols. 

The solid line shows the fit. The arrows indicate 

the critical scattering vector on the bottom axis 

and the corresponding electron density on the top 

azii. 

0.038 0.039 0.040 0.041 0.042 0.043 0.044 

Figure 40. The circles represent the measured X-

ray reflectivity of AI2O3 The solid line shows the 

fit (ne = 1.187 Å~3) and the calculated curve 

corresponding to the tabulated value (ne = 1.177 

A"3) is indicated by the dashed line 
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sample 

Si 
MgO 

A1 20 3 

nejit (A"3) 

0.703 ±0 .001 

1.070 ± 0 . 0 0 2 

1.187 ±0 .002 

"e.cal ( A - 3 ) 

0.699 

1.069 

1.177 

««./••—">«.«•! 
n . l f . i 

0.6% 

0.1% 

0.8% 

Table 2. Comparison between electron densities calculated from tabulated values 

ne,c«i <">*' the ones obtained by fitting the X-ray reflectivities ne>/t/. 

distinguished from the measured data. Hence the deviation is either due to sys

tematic errors (uncertainty of the origin of the g-scale etc.) or the actual electron 

density differs from the tabulated values. We conclude that the electron density 

can be measured by X-ray reflectivity with an uncertainty of less than 1%, while 

the uncertainty due to statistics is below 0.2%. 

Neutrons The reflectivity of neutrons of a pure silicon wafer (see Fig. 41) gave 

a scattering length density Nb = 2.070 • 10"6 A - 2 , which differs only by 0.2% 

from the literature value Nb = 2.073. In order to compare X-ray and neutron 

data both scattering lengths are transformed to the corresponding nuclei density 

N - nt/14 = Nb/b, using bSi = 0.4149 10"12 cm: Wneutron = 0.0499 A"3, 

Nx- -r»y = 0.0502 A"3 and AT. literature = 00500 A"3. In the example shown the 

nuclei density measured with neutron reflectivity agrees well with the literature 

value. However, later measurements show [89] that the accuracy depends inher

ently on the correct alignment of the sample, which is more difficult than in the 

case of X-rays, where the sample is moved into the primary beam until it shadows 

half of it. Of course the sample has to be be parallel to the beam. Hence the ro

tation and translation of the sample have to be done iteratively. But anyway the 

sample can be positioned very precisely by this method. In the case of neutrons 

this method is not practicable, because of the low absorption of the neutrons, 

i.e. the shadowing effect is too weak to be detectable. Test measurements show 

that the misalignment of the sample can cause an error of up to 15% in the de

termination of the scattering length density. This problem can be solved by also 

measuring the reflectivity from the back of the sample, provided the scattering 

length density is constant within the film. This "twin reflectivity" then reveals 

two critical scattering vectors qe,jront and qc,iaek- Although both are shifted in 

Nb (10-,A'2) 
2 

0.020 

Figure jl. The measured 

neutron reflectivity of pure 

silicon is represented by the 

circles and the fit by the 

solid line. The arrow indi

cate the critical scattering 

vector qe on the bottom axis 

and the corresponding scat

tering length density on the 

top axis. 

Risø-R-748(EN) 41 



the case of a misalignment, the sum (qcjront + 9c,»ac*) remains constant, i.e. the 

distance between the two cutoffs. Hence, if the critical scattering vector of the 

pure substrate ?«,,«* is known, the correct critical scattering vector of the film 

icjront can be calculated independently of the alignment 

9e,/ron< = 
jU 

2($e,/ront + Qc.tack) 
(52) 

3.3.6 Calculation of the nuclei densities NH and Nc, the mass density 

p and the hydrogen content 7 

For the four samples EF14, EF15, EF16 and EF12 the values of the electron 

density n, and the scattering length density Nb, as obtained from the least square 

fits, are listed in Table 3. These are the two parameters that are experimentally 

accessible. Depending on these the other parameters are calculated. From the 

physical point of view the basic parameters are the number of hydrogen and carbon 

atoms per unit volume, NH and Nc, respectively. The combination of neutron 

and X-ray reflectivity measurements reveals the possibility to determine both 

variables, because the electron density nc, probed with X-rays, and the scattering 

length density Nb, probed with neutrons, depend on Nu and Nc in a different 

way: 

nt(N„,Nc) = NH + GNC (53) 

Nb(NH,Nc) = b„N„+bcNc, (54) 

where bu and 6c denote the scattering length of hydrogen and carbon, respectively. 

Inverting this equation array we can calculate the nuclei density of hydrogen and 

carbon separately 

NH(nt,Nb) = 6^ t
6~6fn ' « 0.2285ne- 0.02062- 106A_1JV6 (55) 

O&tf — be 

Table 3. The values of the tlectron density ne and the scattering length density N b 

are listed, as obtained from least square fits. Depending on these two parameters 

the others are calculated: the critical scattering vectors qe (Eq. 15), the hydrogen 

content 7 (Eq. 59), the mass density p (Eq. 60) and the nuclei density of hydrogen 

and carbon, NH (Eq. 55) and Nc (Eq. 56), respectively. The errors of ne and N 

are obtained from the fitting procedure. Depending on these the other errors are 

calculated. 

sample 

». (A"3) 
JV6(10-6 A"2) 

qe,X-raV (A - 1) 

Hc.neutron (A'1) 

T (at.%) 

P (g/cm3) 

NH (A'3) 
Nc (A"3) 

EF14 

0.886 ± 0.002 

9.72 ± 0.07 

0.0354 ±0.0001 

0.0221 ± 0.0001 

1.3±1.3 

2.942 ±0.008 

0.002 ±0.002 

0.147 ±0.001 

EF15 

0.891 ± 0.003 

9.43 ±0.12 

0.0355 ±0.0001 

0.0218 ±0.0002 

5.8 ±1.9 

2.947 ±0.013 

0.009 ±0.003 

0.147 ±0.001 

EF16 

0.894 ± 0.003 

9.42 ± 0.08 

0.0356 ±0.0001 

0.0218 ±0.0001 

6.4 ±1.4 

2.955 ±0.012 

0.010 ±0.002 

0.147 ±0.001 

EF12 

0.579 ±0.003 

4.78 ±0.07 

0.0286 ±0.0001 

0.0155 ±0.0001 

27.1 ±1.2 

1.869 ±0.011 

0.034 ±0.002 

0.091 ± 0.001 
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Nc{n..Nb) = ^ h"n' « 0.1286n, + 0.00344 106Å 'iV6. (56) 
bc — 00« 

The more practical variables are, however, the hydrogen concentration 7 and the 

mass density p 

* " " * > = W £ % <57> 
?(NH,NC) - NHmH + NcTnc, (58) 

with m« and mc the atomic mass of hydrogen and carbon, respectively. These two 

variables can be calculated directly from the experimentally accessible variables 

ne and Nb 
1 MK\ bcnt-6Nb 

l{n"Nb) = (bc-bH)nt-Wb m 

M B „ M ) = Nb(6mH-mc} + n,(mcblf~mHbc) (g(J) 

6fr/f — be 
Eq. 53 shows that the electron density n ( , which is the parameter probed by X-ray 

reflectivity, is mainly given by Nc, i.e. X-rays are mostly sensitive to the carbon. 

Whereas in the case of neutrons the region of total reflection is determined by the 

scattering length Nb, where b especially depends sensitively on the concentration 

of hydrogen 7, 

6 = ( l - 7 ) 6 c + 7*H, (61) 

with bc = 0.66484 • 10"12 cm and bH = -0.37409 10"12 cm (see Table 10). 

Because 6/f is negative, the critical scattering vector for neutrons qc is smaller the 

more hydrogen the films contain. This effect is illustrated in Pig. 42, where the 

scattering vector is normalized by the calculated value of qc for no hydrogen but 

the same mass density p, i.e. qc{i = 0) = \\fxbcpjrnc • The exact formula for 

the critical scattering vector depending on p and 7 is 

* c ( 7 , p ) - 4 ^ P 7 ( m # _ m c ) + m c . (62) 

For small 7 the shift in qe can be estimated to 

qc * , e ( 7 = 0) • ( l + \ (£ _ S £ j 7 ) = , e ( 7 = 0) (1 - 0.3237) 

Assuming qe(f = 0) « 0.02Å"1 we expect a shift in qc of about O.O00O6Å-1 per 

percent hydrogen. 

However, this effect is rather artificially created by the kind of normalization. 

In reality the mass density decreases with increasing hydrogen concentration. An

other way of representing the shift is by normalizing on the nuclei density, which 

seems to change less than the mass density according to Table 3. In this case we 

have 

qc(f,N) = VirAr(7(t.*-6c) + 6c) (63) 

« 9e(7 = 0)(1 - 0.7817)- (65) 

Assuming again qe{f = 0) = 0.02 A"1 we expect this time a shift in qe of about 

0.00016 Å"'. Both values for the shift are small compared to the instrumental 
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Figure 42. The measured neutron reflectivity of the four samples EF 14 O, EF 15 

A, EF 16 + and EF12 x. The scattering vector is normalized by qe(j — 0), which is 

the calculated value with no hydrogen but the same mass density. The dashed lines 

represent the fit and the arrows indicate the critical scattering vector qc, obtained 

by the fit. The solid line is the calculated reflectivity for no hydrogen and without 

taking instrumental resolution into account. The more hydrogen the films contain, 

the smaller the critical scattering vector: O 13%, A 5.8%, + 6.4%, x 27.1%. 

resolution Ag„cuir<m as 0.002 Å - 1 , which reveals the difficulties in measuring the 

hydrogen content with high accuracy. The uncertainty in qe is about 0.0001 A'1 

(see Table 3). Because of the normalization both the error in qcn and in qCix have 

to be taken into account, which gives an estimated error of about 0.0002 Å - 1 in 

the normalized qc,n According to a shift of 0.00016 Å"1 per percent hydrogen we 

then expect an uncertainty in the hydrogen content 7 of about 1.3 at.%, which 

agrees well with the uncertainties calculated in Table 3. 

The highest concentration of hydrogen we can detect is limited by the simple 

fact, that there has to be a region of total external reflection, i.e. qe > 0. From 

Eq. 63 we get as a limit 7 < be/{be - &w) = 64%. For practical reasons (influence 

of the direct beam and intensity decrease at low angles) qc should be larger than 

0.01Å"', which corresponds to 7 < 56%. 

There is also the possibility of preparing films with deuterium instead of hy

drogen. The corresponding scattering length is bp = 0.6674 • 10 - 1 2 cm, i.e. there 

is hardly a contrast between carbon and deuterium. Assuming a constant nuclei 

density qe„ would then be nearly independent of the hydrogen content. However, 

there would of course be a change in 

*.jr(T,tf)sVirAr(6-5T)r. I 

caused by the variation in the electron density. 

(66) 
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3.4 Discussion, conclusion and application 
3.4.1 Samples EF14, EF15, EF16 and EF12 

There is a large difference between the three laser-ablated samples (EF14, EF1S 

and EF16) and the CVD-sample EF12 (see table 3). 

The sample EF12 has a low mass density of 1.9 g/cm3, which is even lower than 

that of graphite 2.3 g/cm3, and it contains a considerable amount of hydrogen (2? 

atomic %). For films containing little or no hydrogen the mass density is supposed 

to be a good indicator of how graphitelike or diamondlike the films are. This 

is true for the laser ablated films. In the case of EF12, the hydrogen content is 

so high that the mass density is smaller than the one of graphite, whereas the 

nuclei density of 0.125 Å"3 (see table 3) is still larger than the corresponding 

value for graphite 0.114 A - 3 (see table 10). The value for diamond is 0.176 Å - 3 . 

This reveals that, because of the different atomic masses of hydrogen and carbon, 

the nuclei density indicates more reliable, whether the structure of a hydrocarbon 

film is more graphitelike or diamondlike. The fitted values for the thickness of the 

EFI2-film are 1170 A in the case of X-rays and 1300 A in the case of neutrons. 

The laser-ablated samples have all more or less the same mass density of about 

2.95 g/cm3, which is just between that of graphite and diamond (ptimmmd = 3.5 

g/cm3). Taking the uncertainty into account we have very little or no hydrogen 

in EF14. Although the partial pressure of hydrogen corresponding to EF15 and 

EF16 differs by an order of magnitude, the obtained values for 7 are (within the 

errorbars) the same. This can be interpreted to mean that the films are already 

saturated with hydrogen and that the limit of about 6 atomic % cannot be over

come by this particular method, namely laser ablation from a graphite target 

in combination with an additional hydrogen flow into the process chamber. The 

coloured fringes on the laser ablated samples indicate that the films are thicker 

in the center of the sample than on the edges. The lack of thickness oscillations 

in the reflectivity scans supports this conclusion. Accordingly no film thicknesses 

could be fitted for these films. 

The reflectivity measurements do not give any information about the kind of hy

drogen incorporated in the DLC, whether it is molecular, bonded to a carbon atom 

or interatitially trapped, as suggested by Angus et al. [5]. However, it has been 

shown by a combination of Fourier transform infrared absorption spectroscopy 

and forward recoil elastic scattering, that up to 50% of the hydrogen may be not 

bonded to a carbon atom [40]. 
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3.4.2 PE-CVD films prepared at a different flow of methane during 

the deposition 

As an application of the presented technique M Vigild measured the X-ray and 
neutron reflectivity of a series of samples prepared by plasma enhanced chemical 
vapour deposition (PE-CVD, see section 2.2) with a different flow of the feedgas 
methane for each sample, namely, 1, 1.5, 2, 3, 4, 5, 6, 7, 8, 9, 10, 14, 20 and 
30 seem. These 14 samples are called FS01, FS01.5, FS02 etc. Apart from the 
flow the other process parameters were the same for all samples. The total gas 
pressure during the deposition was 5 Pa and the established self bias 500 V. The 
deposition time changed from 8 min for the high flow samples to 20 min for the 
low flow samples, in order to counteract the decreasing growth rate and thus to 
hold the thickness of the films approximately constant. 

An example of the X-ray reflectivities is shown in Pig. 43. The oscillations 
correspond to a film thickness of 2432 Å. As discussed in section 3.1.5 there are 
also oscillations in the range between qc,DLC and qe,si, because the electron density 
of the DLC-film (ne = 0.574 Å - 3 ) is lower than the one of the silicon substrate 
(nt = 0.699 A - 3 ) . A comprehensive list of all obtained values is given in table 4. 

Fig. 44 shows an example of the neutron reflectivity scans. With neutrons both 
the reflectivity from the front and from the back of the sample is recorded ("twin 
reflectivity"). Because of the low absorption the neutrons can penetrate through 
the silicon substrate. The linear absorption coefficient of silicon is /i(A = 4.69 
Å) = 0.023 cm - 1 . As the beam penetrates into the 2 mm thick silicon wafer from 
the side the beam is damped over a length / = 20 mm, corresponding to the size 
of the sample. The loss in intensity is 1 - e - " ' as 37 %. The twin reflectivity allows 
a precise determination of the critical scattering vector even though the sample is 
slightly misaligned (see section 3.3.5). 

Having measured the X-ray and neutron reflectivity of all 14 samples the for-

104 

W 

\ 
o 

C 

0.025 0.030 0.035 0.040 

Figure 43. X-ray reflectivity from the sample FS08. The circles represent the raw 
data and the solid line shows the fit. 
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Figure 44- Neutron reflectivity from the front and back of sample FSSO. The circles 
represent the raw data and ike solid line shows the fit. 

mulas in section 3.3.6 are used to calculate the hydrogen content, mass density 
and related parameters from the measured scattering length densities.The ob
tained values are listed in table 4. The nuclei density is for all films larger than 
JVgr»phite = 0.114 A"3, but still clearly smaller than d̂iamond = 0176 Å - 3 . Ex
cept for the first two films prepared at low flow, the hydrogen content is between 
30 and 32 atomic % (see Fig 45). The difference in the hydrogen content between 
the samples FS02 to FS07 and FS08 to FS30 has its origin probably in the fact 
that FS02 to FS07 were prepared on one day and FS08 to FS30 on the day after. 
Our interpretation is that this temporal delay caused some uncontrolled changes 
in the experimental conditions. Hence, the hydrogen content is believed to be in
dependent of the methane flow in the range of 2 to 30 seem. However, the mass 
density p depends strongly on the methane flow as Fig. 46 shows. A complete 
interpretation of the observed dependence is still missing. However, optical emis
sion spectroscopy measurements [8] show that the 431 nm emission line depends 
similarly on the flow. 

38 
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Figure \b. The hydrogen 

content in dependence of the 

" " s " ' '10' ' ' 'is' ' ' '20' ' ' '2's" ' '30 methane flow during the de-
flow (seem) position process. 
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Figure 46- The mess density depending on the metkune /low during the deposition 

process. 

The intensity of this emission line is proportional to the concentration of CH in 

the plasma and indicates thereby the degree of dissociation of the methane. The 

similar dependence of both the mass density and the intensity of C-H 431 nm on 

the methane flow reveals that the higher the degree of of dissociation the higher 

is the mass density of the films (see Fig. 47). The same conclusion holds also for 

the growth rate [8]. 

1.80 -

T 1—i—r 1—'—r—"1—'—I 1 Ji i 

I exp. data 

—linear fit 

• 

0.0 0.5 1.0 1.5 2.0 
intensity of C - H 431 nm (a.u.) 

Figure 47. The mass density depending on the intensity of the C-H 491 nm emis
sion line during the deposition process. 

48 Risø-R-748(EN) 



Bow (seem) l^tc.x-«, (A - 1 ) 

1 | 0.02669(5) 

15 I 0 02711(5) 

2 1 002755(3) 

3 1 0.02804(3) 
4 I 0.02831(3) 
5 I 0.02826(3) 

6 | 0.02831(3) 

7 1 0.02844(2) 
8 

9 

10 

14 

20 

30 

0.02851(2) 

002844(2) 

0.02844(2) 

0.02844(2) 

0.02856(2) 

0.02846(2) 

Row (seem) | iV (A"3) 

1 | 0 1197(23) 

1.5 

2 

3 

4 

5 

6 

7 

8 

9 

10 

14 

20 

30 

01231(23) 

0.1218(9) 

0.1261(8) 

0 1290(8) 

0.1281(11) 

01280(9) 

0.1297(8) 

0.1278(16) 

0.1284(10) 

0.1276(7) 

0.1286(10) 

0.1287(13) 

0.1279(14) 

fc.Mvtraa ( A ~ ) 

001324(13) 

0.01350(12) 

0.01426(4) 

0.01452(3) 

001463(3) 

0.01464(5) 

0.01473(4) 

001473(3) 

0 01502(9) 

0.01486(4) 

0.01494(3) 

0.01484(4) 

001500(6) 

0.01495(7) 

«X-«y (A) 

475 

»5400 

2244 

2754 

3027 

2571 

2699 

2431 

2432 

2079 

1874 

1834 

1568 

1527 

7 (*-%) 

359(10) 

35.6(10) 

32.0(4) 

32.0(3) 

322(3) 

319(4) 

315(4) 

32.0(3) 

30.2(7) 

311(4) 

30.5(3) 

312(4) 

30 5(5) 

30.5(6) 

'•micron (A) 

2017 

2151 

2076 

1845 

1558 

1463 

p (t/em3) 

1.601(8) 

1653(8) 

1717(4) 

1.778(4) 

1813(4) 

1807(4) 

1815(4) 

1.830(4) 

1.844(5) 

1.832(4) 

1834(3) 

1832(4) 

1-850(4) 

1.837(4) 

t (min) 

20 

90 

20 

18 

16 

14 

13 

11 

10 

9 

6 

6 

6 

6 

AM (A-3) 

0.0430(18) 

0.0439(18) 

0.0390(7) 

00403(6) 

0-0416(6) 

0.0409(8) 

00404(7) 

0.0415(6) 

0.0386(13) 

00399(7) 

0.0390(5) 

0.0401(6) 

00393(10) 

00391(11) 

it, (A"3) 

0.503(2) 

0.519(2) 

0.536(1) 

0.555(1) 

0.566(1) 

0.564(1) 

0.566(1) 

0.571(1) 

0.574(1) 

0.571(1) 

0.571(1) 

0571(1) 

0.576(1) 

0.572(1) 

Ac (A"3) 

0.0767(5) 

0 0792(5) 

0.0828(2) 

0.0656(2) 

0-0874(2) 

0 0*72(2) 

0.0876(2) 

0.0883(2) 

0.0892(3) 

0.0885(2) 

0.0887(2) 

0.0885(2) 

00895(3) 

00888(3) 

M H O - « A-3) 

3.49(7) 

3.62(7) 

4.05(2) 

4.20(2) 

4.26(2) 

4.27(3) 

4.31(2) 

4.32(2) 

4.49(5) 

4 39(3) 

4.44(2) 

4.38(3) 

4.48(4) 

4.44(4) 

Table 4. The obtained values of the samples FS01-FS90 in relation to the flov 

of methane during the deposition, namely, the critical scattering rectors qt. the 

hydrogen content 7, the mass density p, the nuclei density of hydrogen and carbon 

— respectively NH and Nc, Ike total nuclei density N, the film thickness as ob

tained from the X-ray and neutron reflectivity, <*_,-«, and t„tu,r,n, respectively, 

the deposition time t and the scattering length density for X-rays and neutrons, 

n, and /VtV respectively. The uncertainties of the last or last two digits are writ

ten in brackets. The errors of nf and A' art obtained from the fitting procedure. 

Depending on these the other errors are calculated. 
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3.4-3 Other methods to measure the hydrogen content of thin films 

A* overview of the measured hydrogen content in different kinds of hydrocarbon 

films is given by Aerate rl ml. [72] However, hydrogen is a rather difficult atomic 

species to detect or profile. Because of its light mass the common technique of ion 

backscattering cannot be used. Neither is Auger electron spectroscopy available. 

As it has been shown the combination of X-ray and neutron reflectivity is a 

possible method to measure the hydrogen content in thin films. In order to evaluate 

the strength and shortcomings of the presented technique, it will be compared with 

other possible methods. 

As in the case of neutron and X-ray reflectivity the values of the scattering 

length densities as obtained by the fit are already on an absolute scale, no reference 

sample is needed to calibrate the experiment. Neither is the yield dependent on the 

thickness of the sample, because the critical angle (scattering vector) is already a 

function of the number of hydrogen atoms per volume, whereas in most of the other 

techniques the yield is proportional to the probed volume, which therefore has to 

be determined eventually by other means. In principle specular reflectivity probes 

the depth profile of the scattering length density of a material. Therefore it should 

reveal changes of the hydrogen content depending on the depth. However, a reliable 

profile can only be obtained from reflectivity scans that cover a larger e-range 

compared to the ones presented. Hence the analysis in this report is restricted to 

the average amount of hydrogen without considering any depth dependence. A 

rough estimate of the depth resolution is 2a-/emsx, provided a uniform thickness 

on a macroscopic scale. 

Forward-scattering elastic recoil detection (ERD) This method was in

troduced in 1978 by L'Ecmjtr et tl [55]. In ERD [32. p 29 and 59] the particles 

of the incident beam are heavier than the target atoms, which are going to be 

detected. Most commonly the incident beam consists of *He or more seldom of 
12C ions. In a recoil collision the incident energy is transferred primarily to the 

lighter target atom. The energy of the recoils can be measured by placing the 

target at a glancing angle (typically 15*) with respect to the beam direction and 

by moving the detector to a forward angle (30*)- A mylar or Al-foil is placed in 

front of the detector to block the penetration of the abundantly scattered helium 

ions while permitting the passage of the H ions. 

This scattering geometry allows detection of hydrogen and deuterium at con

centration levels of 0.1 atomic percent. 

This method is in general nondestructive apart from possible beam induced 

sample damage. Bomtard et «/. [14] report hydrogen depletion of soft polymerlike 

hydrocarbon films after bombardment with 4He+. 

The technique is also depth sensitive. For the mentioned geometry, hydrogen 

and deuterium concentration profiles in solid materials can be measured to depths 

of a few microns by using 4He ions at energies of a few MeV. Depth profiles are 

determined by the energy loss of the incident He ion along the inward path and the 

energy loss of the recoil' H or }H ion along the outward path. However, in order to 
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calculate the hydrogen content from the experimental data, the thickness I of the 

film have to be known, which can be calculated from the energy has of the detected 

protons. In this case, however, the stopping power of the hydrocarbon film has to 

be known, which is not trivial, as pointed out by BomUri tt «i_ [14]. Moreover a 

standard sample has to be used in order to receive the hydrogen content an an 

absolute scale [94]. 

DejJr and Ptertf (31] have used a 2.4-McV 4He and a 12-MeY , 2C analysis 

beam to profile hydrogen in S13N4- They report a sensitivity of 0.1 atomic % and 

a depth resolution of 700 Å and 300 Å in the case of 4Re and , SC. respectively. 

Bmnteri cl e l [14] investigated hydrocarbon films with a hydrogen content be

tween 30 atomic % and 60 atomic %. They used proton enhanced-cross-section 

scattering ("C(p.p)"C, 15 MeV) and elastic-recoil detection ('Hf'He+.p^He, 

2.6 BfleV) to detect the carbon and the hydrogen, respectively. 

Infrared absorption spectroscopy (IR) Dut kit r tt «/. [30] measured hydro

gen contents in polycrystalline diamond films in the range from 0.4 at.% to 20 

at.%. However, infra red spectroscopy is only sensitve to the bonds, which can be 

optically excited. By a comparison of ERD and IR Grill ti el [40] showed that up 

to 50% of the hydrogen is not bounded to a carbon atom. They conclude therefore 

that IR cannot be used to determine the total hydrogen content of diamond like 

carbon films and that useful application of IR is restricted to qualitative identifi

cation of changes in a film undergoing postdeposition treatments, such as thermal 

annealing. 

Secondary ion mass spectroscopy (SIMS) SIMS [32, p. 81] is commonly 

used to detect and measure low concentrations of foreign atoms in solids. The 

surface of the film is eroded by a sputtering process (e.g. 5 keV wAr+ or l33Cs+ 

ions) and hence the relative abundance of the sputtered species provide a direct 

measure of the composition of the layer that has been removed. In SIMS the 

ionized sputtered species — the secondary ions — enter an energy filter, usually 

an electrostatic analyser, and then are collected in a mass spectrometer. 

SIMS provides a sensitive depth profile but is of course a destructive method. 

It is best suited for low concentration, as in the case of a real multicomponent 

system, the influence of preferential sputtering and surface segregation must be 

included. SIMS was used by Busttsz [10] to measure a content of up to 28 at. % 

hydrogen in high-purity graphite. 

Combustion analysts Another destructive method is combustion analysis. For 

combustion, the film must be removed from the substrate. The free film is burned 

and the combustion products quantitated [43]. 

Nuclear reaction analysis (NRA) NRA [32, p. 305] is a method of deter

mining the absolute concentration per area (atoms/cm2) of light impurities in 

and on a solid. It thus provides, as does reflectivity, an absolute calibration for 

other techniques particularly SIMS. Reaction analysis is particularly useful for 
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hydrogen detection. When lor instance a beam of ISN was bombards the sample, 

one of the possible aoetear reetioas with the hydrogen in the sample is the traas-

fbrmilwa to a carboa atom, >3C. by the prompt miiiiioa of aa o particle aad a 

7 ouaat, with the commoa shorthaad aotatioa H(ISN.07)>IC The 7-ray yield of 

tiw reactioa exhibits a sharp peak or 'resoaaace" as a function of the bombard-

iag energy, ia this case 6.4 MeV for the ,S,V ioas Because of the sharpacss of the 

peak the depth scale is obtaiaed from the energy loss of the US ioas per aait path 

length, which can be determined from the sample deasity aad the stopping power-

Otherwise the thickness of the sample has to be measured by another techaiqv 

To determine the hydrogea coateat ia abaolate terms, it is accessary to make » 

comparison with the yield of 7 rays obtaiaed by bombarding layers of materials, 

ia which the hydrogen content » known (re. commercial materials like Kaptoa 

or Lexaa) [9J 

Graff tt e l [39J investigated hard-carboa films prepared by the rf-plasma de-

compositioa of acetylene with the H( l sN.07) iXC auJear resoacnt reactioa at $.4 

MeV. They measared hydrogen contents between 40 at % and 30 at.% with an 

accaracy of ±3 at.% aad a depth resolution of 40 A. They also report a hydrogen 

depletion ia some of the Sims under the ion bombardment. 

Øejtr cf ml [31] compare the profiles of 'H in Si3N< measured by ERD and NRA 

asiag the H( l ,F, O7) u 0 resonance at 6 4 MeV They report a depth resolution of 

140 Å and a sensitivity of about 002 at.%. 
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4 X-ray Scattering 

4.1 Theory 
A very dear and cohttsnt description of scattering phenomena based on the re

lationship between ordering in real space and diffraction peaks in the recipro

cal space via Fourier transform b given by Cncsspracjr [17). An introduction to 

Coanpton scattering is given by Gamier {41, p. 11] and Lømiøm [61, p. 275). A 

more comprehensive desription is presented by AVtttrr [46, p 211] and Jcmts [48, 

p 110) 

4.1.1 Free eJectroa 

In the classical approximation a free electron scattercrs polarised incident radia

tion cbstkaHy with a scattering cross section (Thomson scattering) 

(•L."**** (67) 

where r. is the classical electron radios and $ b the angle between the wave vector 

of the scattered radiation and the polarization vector of the incident radiation. 

The classical theory of scattering by free electrons breaks down when the photon 

energy Et becomes comparable with the rciativistic rest-mass energy mvc2 = 511 

keV of the electron. For such large valves of Ei. a significant amovat of energy can 

be transferred to the electron in the scattering process, which becomes inelastic 

with a scattered quantum E/ smaller than Ei. Conservation of relativistk energy 

and momentum gives 

fc + m.c1 = Ez + ^ m ^ + c*-?, (68) 

hk. = *«/ + »., (69) 

where IT, and kj are the wave vectors of the incident and scattered rays and p, 

is the recoil momentum of the electron. These relations lead to a shift in energy 

depending on the scattering vector q= kf -k,o( 

*-«'"",(^*(£),-')"5£- m 

as Af b in our case still small compared to TO, c. According to quantum theory, 

scattering from a free electron occurs only through the Compton effect. However, 

the scattered intensity b approximately given by the classical formula of Thomson 

(Eq. 67). Since the incident and the scattered radiations do not have the same 

wavelength, there b no definrte phase relation between them and they are therefore 

incoherent. In other words, the waves scattered by Compton effect by the various 

electrons in the scatter« never interfere and their intensities simply add. 

4.1.2 Atomic electron 

In the case of a bound electron both elastic and inelastic Kattering occur simul

taneously. If the electron occupies the same slate after the collbion of the photon 
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on the atom, its energy is unchanged and the photon has therefore lost no energy; 

the photon has been scattered elastically. Whenever scattering is accompanied by 

an energy loss, the electron is ejected from the atom with a kinetic energy. This 

is the Compton effect for a bound electron. Because of the initial momentum of 

the electron the energy of the scattered radiation covers a band of finite width 

centered on the value given by Eq. (70). An atomic electron is described by a 

charge density distribution p(r). The Fourier transform of this density is called 

the scattering factor per electron 

/, = J piryr^iv. (71) 

Quantum mechanical calculations give the following relations. Neglecting polar

ization effects the coherent scattering cross section is given by 

The total cross section is still given by r*, as correctly described by the Thomson 

formula. Hence, the incoherent cross section is 

The scattering factor /« is always equal to unity for q — 0; it decreases with an 

increase in q, the decrease being more rapid if the electron cloud is more extended. 

Inversely, Compton scattering is always zero for q — 0 and it increases with q. Thus, 

when the electron is strongly bound, i.e. when the electron cloud is very small, 

coherent scattering remains important up to relatively large scattering vectors. 

However, for weakly bound electrons coherent scattering occurs mostly close to 

q = 0. As stated before only the elastically scattered photons interfere with each 

other and carry thereby the structural information about the scatterer. The fast 

decay of the coherent scattering component for light elements, e.g. carbon, makes 

structural investigations therefore more difficult as compared to heavier elements 

with more strongly bound electrons. 

4.1.3 Atom 

For a whole atom consisting of Z electrons we can again introduce a scattering 

factor this time called the atomic form factor 

/ = £ / « . » (74) 
u 

Neglecting polarization the coherent scattering cross section of an atom is then 

correctly described by 

( s O = r « / 2 = '-e
25Btom(g)^ (75) 

As indicated the right hand side may be interpreted as a product of essentially 

three parts: the square of the scattering length r\ takes into account the physical 

nature of the scattering process, the structure factor Sstom(ø) = P/Z allows for 

the effects of interference and depends an the structure of the system and finally 
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2—1 p{r)dr takes into account the amount of scattering material present. The 

structure factor of a system of scatterers is in general defined as 

and represents the ratio of the intensity actually scattered per particle to what 

would be scattered by one isolated particle. S(q) is thus greater or less than unity 

according to whether interference effects are on average constructive or destructive. 

Since the Compton scattering from different electrons is incoherent, the intensity 

of the Compton scattering per atom is the sum of the intensities of Compton 

scattering from the Z electrons: 

0£L=" (77) 
V u " / i „ c 

with 
z 

»atom = £ %.„ =Z-J2 H»- (78) 
v v = l 

4.1.4 Amorphous solid 

The next enlargement of the system is then a scatterer consisting of several atoms. 

The structure factor of the sample is again given by Eq. (76). However, the density 

p is now interpreted as the number of atoms per unit volume. 

In diffraction studies we measure S(q) experimentally and attempt to derive 

from it information on p(r). Two general problems arise. 

The first problem is that, as we measure intensities and not amplitudes, the Fourier 

inversion of S(q) gives only the density autocorrelation function P(r), through the 

relation 
f P(r)e-'9rdr 

where P(r), also called the Patterson function, is 

P(r) = Jp(r')p(r + r')dr. (80) 

The second problem is that a strict Fourier inversion of Eq. (79) requires a knowl

edge of S{q) for all values of q. A limited range in q can therefore cause truncation 

errors in P(r). 

In an assembly of N similar point scatterers it is useful to manipulate Eq. (79) 

to obtain 

S(q)=l + Jg{r)e-i1rdT and g(r) = JL J(S(q)- l)e'9rdg (81) 

g(r) is the pair correlation function and is defined as the average number of other 

particles per unit volume that can be found at a distance r from an arbitrary 

reference particle. In the case of amorphous materials the pair correlation function 

is sometimes also called the radial density and is then denoted by p(r), which might 

cause some confusion especially in connection with the definition of P(r). The pair 

correlation function and the autocorrelation function are directly related by 

P(r) = N6(r) + Ng(r). (82) 
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An amorphous solid is an isotropic material. Hence the functions g(r) and S(q) 

depend only on the modulus of r and q, respectively, and the three dimensional 

integrals in (81) can be reduced to single integrals in the following way [17, p. 46]: 

/ / / e±«' / (r)dr = £ / ( r ^ ^ r ' d r . (83) 

We obtain 

S{q) = 1 + — I"0 rS(r)sin(qr)dr, (84) 
? Jo 

Sir) = ^J"q(S(q)-l)sin(qr)<lq. (85) 

There occurs always an intense forward diffraction peak at scattering vectors 

less than q « 1/(specimen width), since all parts of the specimen scatter in phase. 

If we take the film thickness of about 1/im as the lower limit of the extension of 

the sample, we get a corresponding scattering vector of 10~4 Å - 1 , which is much 

lower than the experimentally accessible values. 

If we deal with the measured structure factor that lacks this intense forward 

peak, we obtain the following relations between the experimentally determined 

structure factor S'{q) and the pair correlation function [17, p. 193]: 

S'iq) = l+J(9(r)-po)e-iqrdr, (86) 

9(r) = P0 + j^J(S'(q)-l)^Tdq (87) 

or in the case of an isotropic material 

S'(q) = 1 + — lr(g{r)-p0)Sin(qr)dr, (88) 
9 J 

9(r) = p0 + ^rrJq(S'(q)-l)S\n(qr)dq, (89) 

where po denotes the average density. If not especially mentioned this measured 

structure factor S'(q) is meant in the following and the prime is usually omitted. 

The total scattering cross section of a system consisting of N atoms is 

= Nf2rlsm7(0)S(q)^NiMomrlsm,(0) (90) 

With an incident beam of h photons per unit time per unit area the number of 

photons per unit time / scattered into a detector, that covers a solid angle dfi, is 

given by 

/ &o \ , 8 m P , e 

1 = dQ {dfi j !° = Nf2l< S(l) + N '«•"• 7« - (91) 

where I, = dfir^ sin2(/?) /o denotes the Thomson scattering from Eq (67). Hence, 

the structure factor is obtained from the measured intensity by 

S(q) = / t u / J V
/ ;

, a t o m , (92) 

where ltu = I/Ie is the measured intensity in 'electron units'. 
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There are some other function apart from g(r) that are used to describe the 

structural order in real space. The radial distribution function RDF(r) is given 

by 

RDF{r) = 4*r2g(r). (93) 

RDF(r)dr is the average number of other atom centers between the distances r 

and r + dr from the center of an arbitrary reference atom. Hence, the integration 

of the first neighbor peak in the RDF reveals the average coordination number. 

The reduced radial distribution function 

G(r) = 4Tr( S (r) -po) (94) 

is sometimes also called the differential correlation function [100]. The data anal

ysis deals preferably with the total correlation function 

T(r) = G(r) + 4wrpo = 4*rg(r), (95) 

as the experimental broadening is symmetric in T(r). 
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4.2 Experimental setup 
The scattering experiments are carried out at the wiggler beamline BW2 at HA-

SYLAB in Hamburg and at the Troika beamline ID10 at the ESRF in Grenoble 

The use of synchrotron light instead of a rotating anode is necessary, because car

bon is a rather weak scatterer for X-rays and because the films are less than one 

/im thick. Therefore the measurements depend inherently on a very intense pri

mary beam. Neutron scattering experiments require much larger sample volumes 

[36, 57, 91], as the flux of a neutron beam at a reactor is commonly several orders 

of magnitude smaller than the flux of a wiggler beamline at asynchrotron-

4.2.1 Scattered intensity 

The following calculations give an estimate of how intense the beam has to be. 

The films are either mounted on aluminum frames with a centered hole of 2 mm to 

4 mm in diameter, or the silicon substrate is etched away as described in section 

2.3, which leads to about the same area of a free standing film. In order to avoid 

edge scattering from the aluminium or silicon the cross section of the X-ray beam 

is restricted by slit 1 and slit 2 to As = 0.3 x 0 3 mm2 (or As = 0 5 x 0 5 mm2) 

This is assumed to be the illuminated area of the sample. Edge scattering has to 

be taken seriously, as the scattering from the sample is very weak compared to the 

Bragg scattering from the aluminium or silicon Therefore edge scattering from 

the sample holder exceeds by far the scattering from the film at the corresponding 

Bragg angles if the illuminated area is considerably increased. This would make 

it impossible to interpret the measured intensity at large scattering vectors. With 

a film thickness t of 1 pm and a nuclei density of graphite jV = OU Å - 3 the 

number of electrons in the probed volume of the film is 

vt = Ast6N = b.9 1016. (96) 

The lower limit of the scattering per electron is given by the cross section of a 

single free electron (Thomson scattering) 

i £ = r 2 * 7.9 10-30m2 . 
ail 

The polarization factor is nearly unity in this case, as the beam is nearly totally 

linearly polarized, with the direction of the polarization being perpendicular to 

the scattering plane. A detector of area AD = 10 15 mm2 at distance R = 880 

mm from the sample collects the photons scattered into the solid angle dil = 

Ap/R2 » 19 10~4 The estimated power (number of photons per unit time) at 

the detector is then 

7 = dQ 55 "e h = W r'v*/o * 8'9 10~" mm2 /o' (97) 

where /Q is the number of photons per unit time and per unit area in the primary 

beam. This estimation reveals that under the given conditions a very intense beam 

of at least 10" counts s - 1 mm"2 is necessary. At BW2 the flux at the sample 

(photon energy 9 keV, band width 3 eV, storage ring current 70 mA, wiggler gap 

45 mm and a focussed beam) is 5• 10" s~l m m - 2 [42, p. 91). 
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As most of the experiments were carried out at a storage ring current between 

20 and 40 mA the expected intensity is /(22m .4) as 14 s~'. Measurements of 

sample LA support this value qualitatively by recording about 900 counts per 150 

s in the high f-range, i.e. I = 6 s - 1 . In order to achieve reasonable statistics the 

measuring time was about 3 h for a scan of 100 points (the usual value). 

4.2.2 Photon energy 

Moreover it is essential to measure the scattered intensity over a large f-range. 

This requires a high energetic beam as the limit for the largest possible scattering 

vector is f m „ = 2k, i.e. ?n,«x(A-1) as E(keV). The photon energies used in the 

different experiments are listed in table 5. Performing experiments at the Troika 

beamline was mainly motivated by the possibility of using higher energies. 

experiment 

E(keV) 

MA"1) 
A (A) 

BW2a 

8 
4.054 

1.550 

BW2b 

8.856 

4.488 

1.400 

BW2c 

10 
5.068 

1.240 

Troika 

23.89 

12.11 

0.519 

TMt 5. Tie photon energy E used in ike different experiments at the beamltnes 

BWt and Troika. The wave number k and the wave length A are calculated using 

formula (B 130) and (B.131). 

4.2.3 Grazing incidence 

In principle it should be possible to perform scattering experiments from films 

without removing the substrate by restricting the penetration depth of the X-rays 

through a grazing incidence geometry. Newport et al. [66] report preliminary X-

ray scattering experiments with 1 fim a-CH films on silicon substrates using the 

below described grazing incidence geometry. This technique of grazing incidence 

diffraction is based on the following principles [90, 33]. The electrical field inside 

the film is given by 

£ = TEoe*<fer-"), (98) 

where r is the transmission amplitude from Eq. (29) and EQ is the amplitude of 

the electric field of the incident wave. For angles of incidence a0 below the critical 

angle ac the • component of the wave vector inside the film becomes complex. If 

we neglect absorption iti,,, as given by Eq. (14) 

fci.i = fro\Aos2(a«) - cosI(o0), 

is purely imaginary, whereas k\ r and /tIt, remain real quantities. The intensity 

inside the film is then 

< \£\7 >= |r|2/oe-2 ,m( l"'" = l i f /oe" / ' , (99) 

where the penetration depth / is defined as 
1 

/ = 
2lm(kitY 
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For cto <£ Qc Eq. (16) leads to Im(klz) asgc/2, i.e., 

diamond 

sample EF15 (100) 

graphite. 

At the interface film/substrate the intensity is for a 1 fim thick DLC film down 

by a factor of e - ' / ' = 10~155, which ensures that no scattering from the substrate 

will occur. However, also the scattered intensity from the film will be reduced by 

a factor of l/t as 3 • 10 - 3 compared to the case of perpendicular incidence. On the 

other hand the asymmetrical grazing incidence geometry (only the incident beam 

is shallowing) allows to illuminate a larger area of the sample, in the best case 

As « 10 mm2. 

Moreover, varying the angle of incidence should allow the penetration depth to 

be raised much further, while still suppressing the scattering from the substrate. 

Fig. 49 shows the upper limit of the scattering from the substrate (dashed line) 

and the scattering from the film (solid line) depending of the angle of incidence. 

The scattering from the film is given by 

/fill , ( o < l ) = / h{z)ntAsrldSldz. 
Jo 

(101) 

This equation is the same as Eq. (97) except that the actual intensity inside the 

film is now I\{z) instead of /<> and that because of the depth dependence of the 

intensity an integral occurs instead of the simple multiplication with the thickness. 

Substituting Eq. (99) and performing the integration leads to 

W a < 1) = |r|2/0(l -e-'»)lneAsr
2

edn 

The values used in Fig. 49 and 48 are: 

(102) 
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Figure %8. Penetration depth of an X-ray beam 

(X = 1.5406 A) incident onto a graphite sur

face. The critical angle ae for this wave length 

is 0.2183". 

Figure 49. The estimated scattered intensity from 

a 1 pm thick film (solid line) depending on the 

angle of incidence a is calculated from Eq. (J02). 

The upper limit for the scattering from the sub

strate is indicated by the dashed line (Eg. 103). 

The dash-dotted line represents the scattering 

from a free-sianding film at perpendicular inci

dence (Eq. 97). 
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n( = 0.682 Å~ electron density of graphite, 

A = 1.5406 Å wave length, 

i = 10000 Å film thickness, 

/(a = 0) = 32 Å penetration length, 

Io— 157 • 10 u s _ I mm~ 2 primary intensity at a ring current of 22 mA, 

As = 10 mm2 illuminated area of the sample, 

ft = 1.9 • 10 - 4 solid angle of the detector window. 

An upper limit of the scattering from the substrate is given by 

/substrate = h (*) 20 sin(a) dfl = /0 e
_ , / l 20 sin(a) dft. (103) 

The last term, 20sin(a), describes the fraction of the primary beam that hits the 

sample at small angles, assuming a sample width of 20 mm. The exponential factor 

describes the damping of the incident beam within the film. Apart from these two 

effects it is assumed that the whole intensity is reflected. This is of course not a 

realistic assumption, but it serves well enough as an upper limit. 

Fig. 49 shows that the scattering from the film can indeed be increased consid

erably by choosing the angle of incidence just below ac = 0.2183*. At o = 0.2182*. 

i.e. a ten thousandth of a degree below ac is /substrate * 10 counts/s, while /fum is 

about 600 counts/s, which means a signal to background fraction of 60. The pen

etration length at o = 0.2182° is about 1000 Å. The enhancement of the intensity 

from /fiim(a « 90°) = 14 c/s (see section 4.2.1) to /fi|m(a = 0.2182') «s 600 c/s 

is determined by three factors, the transmission, the fraction of the penetration 

length and the film thickness, and finally the gain in the illuminated area of the 

sample 
7W„(o= 0-2182*) / As(a = 0.2182*) 1 = 

/mm(o«90°) ' ' * >1S(QW90») 10 v 

Depending on the increase of the illuminated area there is a possible gain in 

intensity of up to 40. These estimation indicate that grazing incidence experiments 

should be favourable in principle, if the demanding requirements can be fulfilled. 

However, the grazing incidence experiments performed in connection with this 

report were not successful. Two kinds of scattering geometries have been tried. 

With symmetrical grazing incidence diffraction (s-GID) both the angle of inci

dence and the exit angle are small and the scattering plane is parallel to the 

surface of the film, whereas in the case of asymmetrical grazing incidence diffrac

tion (a-GID) [58] only the angle of incidence is small and the normal of the film 

surface is lying in the scattering plane. In the case of s-GID the detected intensity 

was proved to be dependent on the rotation of the sample around the surface 

normal, which is a clear indication of scattering from the silicon substrate. This 

silicon scattering could arise from the edges of the sample. Another explanation 

for silicon scattering would be a bent sample surface. This would cause a local 

variation of the angle of incidence and thereby violate the strict requirements for 

the penetration length. Bientnslock tt al. [12] discuss the use of grazing incidence 

X-ray scattering and the emphasize the need of extremely high collimation and 

state that this precludes any strong focusing of the X-ray beam, which increases 

the angular divergence of the beam 
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Fifmrt 50. Experimental setup • / the X-ray scmtttnng experiments at tke beambme 
BWt at HASYLAB m Hambwtm. 

4.2.4 Setup BW2 

The setup of the beamline BW2 is shown in Pig. 50. A monochromatic X-ray 
beam (A = 1.24 - 1.55 A) is restricted by slit 1 and 2 to a cross section of 
0.3 x 0.3 mm3 or 0.5 x 0.5 mm2. A monitor just after these slits detects the primary 
intensity. All measurements are done in reference to monitor counts, in order to 
be independent of changes in the primary intensity, e.g. due to the decline of the 
storage ring current. Through a window of Kapton foil the X-rays penetrate into 
the vacuum cylinder, where the sample is mounted. The cylinder is pumped with 
a mechanical pump leading to a total pressure of approximately 6 x 10~3 Pa. The 
scattered intensity is detected depending on the Kattering angle 19. The scattering 
plane defined by the incident beam and the scattered beam is perpendicular to 
the plane defined by the storage ring. This minimizes polarization effects, as the 
beam is nearly totally linearly polarized in the horizontal direction. The detector 
unit consists of a flight tube, with two slits at each end, and a Nal-scintillation 
counter. The width of slit 3 is usually 2 mm (1.5 - 3 mm). Slit 4 is 10 mm wide 
in the direction in the scattering plane and 15 mm in the direction out of the 
scattering plane. This leads to a resolution of A20 = 10/880 = 0.65* or in terms 
of the scattering vector &a = k A 20cos(9) < 0058 A'1 with A = 507 A. 

4.2.5 Setup Troika 

The setup of the Troika beamline ID10 at the ESRF in Grenoble is shown in 
Fig. 51. The white, unmonochromized beam of the undulator (gap 21.7 mm) 
is confined by two water cooled slits to 0 5 x 0.5 mm3. The X-rays are then 
monochromized by a 002 Laue reflection from a beryllium crystal. The crystal 
has a (110) surface and a mosaic spread of 250 .trad, which leads to an energy 
resolution A £ / £ of about 1%. A plate of 1 mri thick aluminium damps the first 
order reflection {E = 11.95 keV) to about 1% of the intensity of the second order 
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Figmrt Si. Experimental sttmp of tkt A'-raj tcmlttrtrng exjtrimenls cf tkt Tnitm 

fcmiårae ID10 «(låc ESRF tn GnmoUt. 

reflection ( £ = 23.89 keV). Slit 1 confines the beam to 0 7 mm in the vertical 
direction. Slit 2 is a guard slit of 2 x 2 mm3, that prevents the X-rays scattered 
from the edges of the first slit, from hitting the sample bolder. Otherwise the 
aluminium Bragg peaks from these double scattered rays show up in addition to 
the amorphous features in the scan. The monitor behind the second slit consists 
of a Nal scintillation counter that detects the scattering of a Kapton foil, which 
b placed in the beam. The sample is mounted in a vacuum cylinder like at BW2. 
The slit settings for slit 3 and 4 are 6 x 4 mm3 and 10 x 6 mm3 — respectively in 
the vertical and horizontal direction. This results in an instrumental resolution of 
A20 = 6/510 = 067* or in terms of the scattering vector Af = k cos(0) AM < 0.14 
A " \ with k = 12.11 A - 1 The detector is different from BW2 in that it is an 
energy dispersive germanium counter with an energy resolution of about 260 eV, 
i.e. 2% at 12.9 keV. This energy resolution gives the possibility to separate the 
elastic and inelastic (Compton) scattering at large f-values- As the direction of 
the polarization lies in the scattering plane, polarization effects have to be taken 
into account in the data analysis. 

4.2.6 Air scattering 

The sample has to be mounted in a vacuum surrounding, because otherwise air-
scattering would be the dominant signal in the detector. The following calculation 
reveals the order of magnitude of scattering from air molecules in the case of no 
vacuum surrounding in the situation at BW2. In order to calculate the number 
of air molecules contributing to the scattered intensity we need to know how 
long the section of the primary beam 2x is, we are looking at with the detector 
unit (see Fig. 52). The following geometrical relation, /1 + /j = 700 mm and 
*m{0) = *3/(2/j) = s«/(2'i) lead to l7 = 770/(1 + s4/i3) With 

x _ /j + HOmm 
sin/J~sin( 1 8 0 - 0 - 2 0 ) 
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Fi§*rt 5t. Sketch to Uhu-
tnte tkt m n i t of air sral-
tertnf- The section of the X-
r»f bernm seem om the detec
tor is 2x 

we get 

z — 
(/2 +110 ram) sin/7 

(105) 
sin(0 + 2*) 

This equation shows that there is a limit at low angles, where scattering from the 
KaptOR foil would hit the detector, because x exceeds the radius of the vacuum 
cylinder of A = 80 mm. For «3 = 2 mm and s4 = 10 mm this limit lies at 2# = 0.9*. 
For large scattering angles we have 

' ** ( ' ! + 110mm)sin/?S51.86 mm, 

with 0 = 0.446* and U = 128 mm. The air volume seen by the detector u then 

V = 0.5 0.5 2 1.86mm3 = 0.93mm3 

Assuming the air to be an ideal gas consisting exclusively of nitrogen molecules 
the number of scattering electrons is 

vV 1 013 -10* 0 93 10 - ' ,-r 

* * £ ? " - JT*» " - " • * " • 
which would exceed the number of electrons in the probed volume of a free
standing carbon film by a factor of 5.6 (see Eq. 96), proving thereby the necessity 
of an evacuated sample surrounding. For small angles the air scattering is even 
more dominant. Fig. 53 shows the decline of the air scattering at 28 = 4.38* after 
having started the vacuum pump. The intensity decreases exponentially until it 
reaches a constant value of about 2 counts/s after 50 s. 

• • • I I I I I I I I . 

Ftgurt 53. Decline of tkt *ir 
icmtterine dependent on the 

40 ' so" 'w' "'too77!« '»•»« •/*«**•»«»# iUriti iht 

6m9 (») wenm pump alt - 0. 
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4.3 Measurements and analysis 
4-3.1 Corrections 

Background Each measurement of a free standing film is accompanied by a 
'background' measurement of the empty sample bolder without the film. This 
background is subtracted from the intensity scattered by the film. The increased 
background at small scattering vectors can be scattering from residual air in the 
vacuum cylinder. As explained in section 4.2.6 the length of the beam seen by 
the detector is larger for smaller angles, which would increase the scattering from 
residual air in the vacuum chamber. However, the increased background can be 
removed (see Fig. 57} Ly using a lead mask at the place where the incident beam 
enters the vacuum cylinder. This indicates that the increased background is more 
likely due to secondary scattering (e.g. from the Kapton window), which is shielded 
by the lead mask. 

Polarisation For the experiments performed at the Troika beamline the polar
ization has to be taken into account. As the incident field is nearly totally linearly 
polarised with the polarization vector lying in the scattering plane, the correction 

is 

7 ~ = c o s W 0 0 6 ) 

At BW2 the polarization vector is perpendicular to the scattering plane and there

fore a correction is not necessary. 

Other corrections Because the films are very thin and the cross section of 
carbon is rather st tall any effects of absorption and multiple scattering can be 
neglected. The absorption in a i = 1 pm thick film of a linear absorption coefficient 
JI = 13 cm"1 is 

1-e-"'ssO.1% 

4.3.2 Atomic form factor and incoherent scattering function 

For the normalization of the measured intensities we need the atomic form factor 
and the Compton scattering of carbon. 

Atomic form factor The atomic form factor is calculated as 

/o(?) = £ > e x p ( - * ( £ ) ' ) + c (107) 

with the parameters a,, b, and c for bound carbon as tabulated in the International 
Tables for Crystallography [99, p. 500]. Including dispersion corrections the atomic 
form factor is more accurately described by 

/(«) = /o(fl)+r(«)+«r (io8) 
However, in the case of carbon these corrections are negligible for the photon 

energies used in this work. The values are [99, p. 219]: 

/*(A=1.54Å,«sO) = 00181, 

/"(A = 1.54 A) = 0.0091. 
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: scattering function Fig. 54 shows the incoherent scattering fane
for carbon as tabulated by JiaMe/i tt «/ [47]. For Urge scattering vec

tors the recoil movement of the scattering electron has to be taken into accovct 
by multiplying the tabulated values with the Breit-Dirac factor [48, p. 463] 

(§)' • (••£-»)-• 

( ' • '••£) 
- 3 

(109) 

In between the tabulated values i^tom is interpolated as shown in Fig. 54. In the 
following t»om denotes the value corrected by the Breit Dirac factor 

4.3.3 Normalization 

The aim of the normalization is to find a factor #c, SO that KI equab the scattering 

per single atom in electron units 

(110) 

As there is no long range order in amorphous materiab, the observed oscillations 
vanish at large e-values, which means K I ss / * + iMom or using Eq. (92) 5(c) * 
1. This can be used to get an estimate for the factor K. However, in the scans 
presented in this work this procedure is because of the limited f-range not accurate 
enough. The amplitude of the oscillations at the maximum scattering vector is still 
considerably large. 

A more precise method has been introduced by h'rvfk-Mot [54]. It uses that 
f{r) has to be zero at r = 0. From Eq. (89) we get 

1 
l im( l + „ , r »(Sfa)-l)sin(or)df H (in) 

K = (112) 

With the definition of the structure factor in Eq. (92) and using Eq. (110) this 
leads to 

= Jo"" I7 (/* + »worn)//7 df - 2 ** ft 

The average atomic density po has been determined by a reflectivity measurement 
of the same sample before removing the substrate or of a sample prepared under 
sim'ar conditions. 
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4-5-4 Modificacioa faset -V(f) 

TW relationship bttwwa j(r) and the experimental structure factor 5(f) b com

plicated by the fact that the experimental daU are limited to a Sail* range of 

f < faiw- Hekce, a modification function Af(f) b introduced into the Fourier 

transformation such that [100. p. 237] [97] 

f t ^ ( r ) = * 2*W. f (S l«) - l )<V( . )s in<«r)« l f (113) 

-W(f) heme 2 r r o b r f > f—»- The experimentally obtained differential correlation 

function is then 

C^{r) = ( j ( r ) - * ) 4 * r = ^ , (S(«) - 1) tf («) sm(fr)df. (1 U ) 

and is related to the true one (fan. = x ) through the following convolution 

pT.1001 

C^r) = f G„«(r') P[r - r')dr'. (115) 

where the peak function P(r) b the Fourier cosine transfbrm of Af(f) 

» ) = - / " Mil) <«<¥r) df (116) 

As £4(q) b an even function a cosine transform b involved rather then the sine 

In the ideal case of qmaM — x the peak function is the ^-function Whereas 

a limited f -range leads to a peak function of finite width, which then causes a 

smearing out of the features in the true Gfnt(r). Fig. $$ illustrates the peak 

functions for fmu = 9.9 A"1 according to different modification functions. A 

simple truncation of the data at f = «mM 

•W(f) = 1 *<*m» 

Mil) = 0 f > , m „ (117) 

leads to pronounced termination ripples in the peak function and hence also in 

the pair correlation function. In order to achieve a more gradual cutoff the exper

imental data are commonly multiplicated with a smooth declining function like 

e.g. the Lorrh function [60] 

sinlxf / f , *«) 
Mil) = 

* • / * . 
f <9m&* (118) 
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This reduces the satellite oscillations but at the expense of an additional loss in 

real space resolution. Another common form is an exponential cutoff given by 

M(q) = exp I -ln(10) ( ^ - ) J (119) 

4.3.5 Atomic distances and coordination number 

The further data analysis deals preferably with the total correlation function 

T(r) = 4*rg(r), as the experimental broadening is asymmetric in both g{r) and 

RDF(r). With T(r) = 4*rp0 + G(r) we deduce from Eq. (115) 

T„p(r) = I" T I ru ,(r ')P(r - r')dr' (120) 
J-oo 

by using the symmetry of the peak function. It is assumed that the first two 

neighbor peaks have a Gaussian shape in the presentation of the total correlation 

function. The true correlation function 

W » 0 = 7 i + r , (121) 

with 

( -
7V = a„exP -41n(2) — - f 0 » > 

is then obtained by fitting the experimental correlation function using Eq. (120). 

Because of the convolution with /°(r) the real space resolution is correctly included 

and therefore it does not really matter which modification function is used. The 

first neighbor distance is given by the midpoint r t of the first Gaussian of T true. 

The coordination number Nt is defined as the area under the first peak in RDF(r). 

Due to the symmetry of T\[r) we have 

N\ = / RDF(r)dr = n / Ti(r)dr = n ax fwhm, , / ^ S - (123) 
JI peak J-oo V qln(i) 

A corresponding formula holds for the number JV2 of second neighbors. Hence 

both the coordination numbers and the atomic distances are directly obtained 

from Tlrut(r). 

4.3.6 Sample EF17 

Sample EF17, prepared by laser ablation (see section 2), has been measured twice 

at HASYLAB (BW2a and BW2c) and once at the Troika beamline. The raw data 

are shown in Fig. 56 - 58. The scattering from the film is indicated by circles 

and the background measurements (sample holder without film) by triangles. The 

very low background in Fig. 57 also at small scattering vectors is achieved by a 

lead mask at the place, where the incident beam enters the vacuum cylinder. The 

Troika data (Fig. 58) are also corrected for polarization. The corrected data are 

then normalized as described in section 4.3.3. The normalized data representing 

the scattering per atom in electron units from BW2c are shown in Fig. 59. 

For comparison the compton scattering i»t0m is shown by the dashed line. The 

scattering from a random distribution of carbon atoms is given by / 2 + ttttom , 

which is indicated by the solid line. As there is only a short range order present 

in the DLC the experimental data approach the solid line for large ^-values. 
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Figure 56. Raw data (sample and background) from BW2a depending on the scat

tering vector q up to qmAX = 8.9 A~l. The intensity is normalized to a ring current 

of SO mA. The cross section of the incident beam is limited by slit 1 and 2 to 

0.5 x 0.5 mm2. The measure time per point is approximately 65 s. 
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Figure 57. Raw data (sample and background) from BW2c depending on the scat

tering vector q up to gmax — 9.9 A~[. The intensity is normalized to a ring current 

of SO mA. The cross section of the incident beam is limited by slit 1 and 2 to 

0.3 x 0.3 mm2. The measure time per point is approximately 96 s. 
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Figure 58. Raw data (sample and background) from Troika depending on the scaU 

tering vector q up to qmMX = 12 Å'1. The intensity is normalized to a ring current 

of 100 mA. The cross section of the incident beam is limited by slit 1 and S to 

0.5 x 0.5 mm2. The measure time per point is approximately 30 s. 
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Figure 59. Intensity scattered per atom in electron units. The Compton scattering 

'atom oncf Iht scattering from a random distribution f1 + i*tom ore shown for 

comparison. 
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Figure 60. The structure factor S(q) represented as q(S{q) - 1) depending on 

the scattering vector q. The comparison shows the three measurements of sample 

EF17. 
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Figure 61. The experimentally obtained 7ixP(r) from then measurement BW2c 

is indicated by circles and triangles. The triangles show the range that is fitted 

according to Eq. 120. The peak function P(r) from a sharp cutoff at gmax = 9.9 

Å~l is given by the dashed line. 
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The lack of any Bragg peaks neither from graphite (9002 = 1.88 Å l and 9100 = 

2.95 A"1) or diamond tøm = 3.05 A"1 and qno = 4 98 A - 1 ) proves that the 

sample is truly amorphous. 

The structure factors 

SM = -p 

of all three measurements are compared in Fig. 60. the data are represented as 

(5(f) - l)?, because this term has to be Fourier transformed to receive the pair 

correlation function. The first two peaks are well reproduced. However, above 8 

A - 1 the agreement becomes worse. From the fluctuations of the data it is obvious 

that the statistical error of the data is too large to resolve the features in this 

range of q. This is of course caused by the multiplication of [S(q) — 1) with the 

scattering factor. The high frequency noise on the curve is of minor importance, 

because it corresponds to distances on the length scale above 20 A. However, it 

is very important to normalize the data correctly, which depends on the precise 

calculation of 

f 
Jo 

q(S(q)-l)dq. (124) 

In Eq. ( I l l ) the upper limit of this integral is substituted by qm„. However, 

Fig. 60 shows that it is doubtful that this still allows a correct normalization. The 

total correlation function is derived from the structure factor using Eq. (114) 

Te,P(r) = 4*rpo + \ f* «(S(») - l)M(q)sm(qr)dq. 
" J—00 

(125) 

Fig. 61 shows Ttxp(r) for the measurements BW2c. The modification function is 

that of a sharp cutoff at qmmx = 9.9, which causes the pronounced oscillations up to 

1.2 A. In the fit using Eq. (120) it is assumed that Ttrue can be approximated in the 

range from zero to about 2.5 A by two Gaussians (see Fig. 62) representing the first 

and second n*"ghbors of the reference atom. Although Ttru* >s convoluted with the 

correct peak function, the fit agrees only qualitatively with the experimental data 

in the range from zero to 1.2 A. The obtained values for the peak positions r, and 

r2 as well as the full width at half maximum fwhmi and fwhm2 are listed in Table 6. 

The atomic distances for graphite are rt = a/y/3 and rj = a with a lattice constant 

o = 2.4612 A. For diamond we have r, = ay/3/4, r2 = afy/2 and a = 35670 

A. The width of the first peak in TtK?(R) is determined by the experimental 

7 is • 

; Figvrt 62. The fitted 

4 TiMt(r) for the data from 

BWSc. 
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II r, (A) 
— n. __: 

BW2a (EF17) 

BW2c (EF1T) 

Troika (EF17) 

graphite 

diamond 

1 1.629(10) 

1.547 (6) 

1601(49) 

1 4210(1) 

I 1.5446(1) 

r j ( Å ) 

2.493(13) 

2.549(24) 

2.466(10) 

2.4612(1) 

2.5222(1) 

fwhmi (Å) 

0 08(26) 

0.08 (8) 

0.04(20) 

fwhm; (A) 

020(6) 

0.54(6) 

026(4) 

Ar. 

3.4(1) 

33(1) 

2.8(4) 

3 

4 

A2 

8.5 (20) 

119(15) 

8.6 (20) 

6 

12 

Takle 6. Tkt true (od/pair correlation functions obtained from tkt measurements 

BW2a, BW2c and Troika art represented i f tke sum of two Gausstans. Tke fit 

reveals tke atomic distances to tke first neighbor rt and to tke second neighbor 

rj, tkt FWHM of both peaks and tke corresponding coordination numbers Ni and 

AV Tkt values are compared to tke ones of crystalline graphite and diamond. Tke 

atomic distancts of the crystals are calculated from the tabulated lattice parameters 

Or**«. = 2.4612(1) and a<iaunoB<i = 3.5670(1) at 298 K [98, p. B188] 

broadening fwhmp = 3.791/amU(, which is in our case between 0 34 and 0.43 Å. 

This is reflected by the large uncertainties in determining fwhmi. However, we can 

conclude that the distribution of the first neighbors is considerably sharper than 

0.4 Å. The distribution of the second neighbor is broader and can therefore be 

fitted. The coordination numbers are calculated using Eq. (123) and their errors 

are obtained by fixing fwhmi and fwhm; in the fitting procedure. 

The data from B\V2c are the most reliable as they cover a larger g-range than 

B\V2a and have better statistics than the Troika data. These two facts should 

result in a better normalization compared to the two other data sets. The atomic 

distances obtained from B\V2c are very close to the ones of diamond. And the 

statistical uncertainties given by the fitting routine are small enough to distinguish 

from the graphitic bond length of 1.42 Å. However, the comparison with the results 

from BVV2a and Troika shows that the systematic error caused e.g. by a wrong 

normalization or by the truncation of the 9-range can be much larger. 

Vp to now the measured intensity has only been represented depending on 0. The 

use of an energy dispersive detector at Troika reveals also the energy dependence 

of the scattered radiation (see Fig. 63). It is proved that the inelastic scattering is 

shifted in energy according to the theoretical predictions of Eq. (70) 

£,(keV) a Ej(keV) - 0.00381g2(A~2). (126) 

In Fig. 63 the energy spectra at different values of the scattering vector q are 

shown. For q = 0.8 A"1 only the elastic peak at Ei = 23.89 keV is visible. For 

higher a-values the intensity of the inelastic scattering increases. The solid lines 

indicate the fit by two Gaussians. The center of the elastic peak is always fixed 

to to Ei - 23.89 keV. The center of the inelastic peak Ej is calculated from 

Eq. (126). The width of the elastic peak is given by the energy resolution of the 

detector being 026 keV. And the fraction of the area under the inelastic and 

the elastic peak Jaiom//2 is fixed according to the tabulated values as cited in 

section 4.1.1. The only free fitting parameters are therefore the width of the in

elastic peak and an overall proportional factor. The measuring time per spectrum 

is 30 min. As the intensity is not normalized to monitor counts, the proportional 
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23.0 23.5 24.0 
E (keV) 

Figure 63. Energy spectra of the scattered radiation (Troika) at different scattering 

vectors q. The measured data are represented by symboh. Each spectrum is fitted 

by two Gaussians indicated by the solid line. The measuring time is 30 min per 

spectrum except the one at q = 0-8 A~~x, which has been measured in 4 min. 

factor is fitted for each spectrum separately. Although the correct shape of the 

inelastic peak is according to theory not Gaussian-like, Fig. 63 reveals that the 

main features can be reproduced satisfactorily within this simple model. The cor

responding parameters are listed in Table 7. We conclude that the energy spectra 

of the scattered radiation agree well with the predictions, i.e. the normalization of 

the raw intensities using tabulated values for f2 and iatom is proved to be appro

priate. The energy dispersive measurements were motivated by the idea that the 

structure factor could be determined more accurately by measuring directly the 

elastically scattered intensity. However, as the predicted intensity ratio istom//2 is 

reproduced within the statistical errors, there is no gain of accuracy in this case. 

Fig. 63 reveals once more the difficulty of determining the correct structure factor 

at large scattering vectors, namely because of the severe decline of the elastical 

scattering, which bears all the structural information. 

i (A"1) 

0.8 
10.0 

12.0 

14.0 

E, (keV) 

23.89 

23.51 

23.34 

2314 

Ei - Ef (keV) 

0.002 

0.381 

0.548 

0.746 

»stem//2 

0.015 

2.763 

3.766 

5.226 

LEj (keV) 

0.26(fixed) 

0.43(1) 

0.51(2) 

0.63(2) 

Table 7. Depending on the scattering vector the parameters used for the fit of the 

energy spectra in Fig. 63 are listed, namely, the mean energy of the inelastic peak 

E), the Compton shift Et-Ej , the ratio of both intensities (inelastic and elastic) 

'•tom//3, and the width A £ / of the inelastic peak. 
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4.3.7 Sample EF20 

Sample EP20, prepared by laser ablation (see section 2), has been measured twice 

(BW2c and Troika). The raw data are presented in Fig. 64 and 65 in the same 

way as before. The Troika data are measured up to ?ni»* = 14 Å - 1 {2dmtx % 70*) 

and have to be corrected for polarization. A linear fit of the intensity in the range 

from 10 Å"1 to 14 A"1 to f2 + t,tom leads to a polarization of 93-3 %. The 

normalized data are shown in Fig. 66 and 67. The extended 9-range in the Troika 

measurement is not a great improvement, as we can see from the representation 

of the structure factor (Fig. 68). The statistical errors are too high to resolve 

any structural features above 10 A~'. The influence of these problems onto the 

correlation function is demonstrated in Fig. 69. There the total correlation function 

is calculated for four diffe/ent cases: 

• from the structure factor measured at BW2c including all data points up to 

fcn«=99Å-1, 

• from the structure factor measured at B\V2c but using only data points up 

to 9mu = 8.6 Å"' (This is the range where the structure factors from B\V2c 

and Troika are in good agreement), 

• from the structure factor measured at Troika including all data points up to 

9m« = 10.2Å- ,
t 

• and from the Troika data truncated at qmax = 8.6 A - 1 

Even though the peak function is slightly different depending on qmlx it is obvious 

that the differences in the correlation functions T„p are too large to obtain reliable 

structural parameters. As described in section 4.3.6, two Gaussians are fitted to 

Ttrue- The obtained values are listed in Table 8. 

Table 8. The true total pair correlation functions obtained from the measurements 

BW2c ana Troika truncated at different fmax are represented by the sum of txco 

Gaussians. The fit reveals the atomic distances to the first neighbor r\ and to the 

second neighbor r2, the FWHM of both peaks and the corresponding coordination 

numbers Ni and N^. The values are compared to the ones of crystalline graphite 

and diamond. The atomic distances of the crystals are calculated from the tabulated 

lattice parameters agraph,te = 2.4612(1) and adi»mond = 3.5670(1) at 298 K [98, 

p. B188]. 

BW2c 

Troika 

BW2c 

Troika 

graphite 

diamond 

9max (A"1 

99 
10.2 

8.6 

8.6 

n ( A ) 

1.517(1) 

1.530(4) 

1.507(2) 

1.491(1) 

14210(1) 

1.5446(1) 

r2(A) 

2.517(1) 

2.390(10) 

2.523(5) 

2.563(3) 

2.4612(1) 

2.5222(1) 

fwhmj (A) 

0.24(1) 

0.10(1) 

0.16(1) 

0.23(1) 

fwhm2 (A) 

0.20(2) 

0.16(2) 

027(1) 

0.29(1) 

JV*i 

4.3(1) 

3.9(10) 

3.8(3) 

4.4(1) 

3 
4 

N7 

104(2) 

6.8(13) 

11.6(5) 

12.4(2) 

6 
12 
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Fifmre 65. Raw data (sample and background) from Troika depending on ike scat
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4LXS Sample EF21 

Sample EF21, prepared by PE-CVD (see section 2). has also been measured twice 
(B\V2c and Troika). The raw data are presented in Fif. 70 and 72. The Troika 
data are measured up to «mu = 12 A - 1 (2i> % 60*) and have to be corrected for 
polarisation. For the normalization the data are truncated at 8.4 A - 1 , because 
the statistical errors at higher «-values do not allow to deduce any structural 
information from that part of the e-range. The structure factors of both measure
ments are compared in Fig. 74. Although the structure factors agree concerning 
their main features, they obviously lead to different total correlation functions 
as shown in Fig. 75. Accordingly also the structural parameters obtained by the 
fitting procedure differ considerably (see Table 9). As this film is prepared by 
plasma enhanced vapour deposition with methane as precursor, it is supposed to 
contain a considerable amount of hydrogen. Reflectivity measurements of similar 
films reveal hydrogen concentrations of about 32 *t.% (see section 3.4.2). However, 
as the X-rays are scattered much stronger by the carbon than by the hydrogen, 
the contribution from the hydrogen is neglected in the data analysts. The accurate 
total structure factor of an amorphous binary alloy b [69] 

5( f ) = l - r W A ' - ^ / - ; < / I > (127) 

with 

< / * > = 7 / £ + 0 - 7 ) / c . 0 » ) 

< / > = 7 / « + ( l - 7 ) / c (129) 

and 7 b the concentration of hydrogen. However thb does not change the main 
features of the structure factor in our case. The total distribution function T„?(r) 
b therefore dominated by the carbon-carbon dbtances. A careful analysb based on 
a better data set could eventually also reveal smaller contributions corresponding 
to H-H dbtances (0.734 A in molecular hydrogen) and C-H dbtances (1.094 A 
in methane). However, a separation of the three different contributions C-C, C-
H and H-H is on the basb of a single measurement not possible. Thb would 
require three independent measurements, e.g. X-ray and neutron scattering from 
an a-C:H film combined with neutron scattering from a deuterated film (a-C:D). 
Anomalous dispersion using the tunability of the photon energy at a synchrotron 

Table 9. Tkt true total pair correlation functions obtained from tht measurements 
BWtt and Troikm are represented • • the sum of two Gaussians. The fit rttcals 
tkt atomic distances to the first neighbor r( and to tkt second neighbor r2, tht 
FWHM of both peaks and tke corresponding coordination numbers A'I and Sj. 
Tkt ttlmes art compartd to tkt outs of crystalline graphite and diamond. Tkt 
atomic distances of tke crystals art calculated from Ike tabulated lattice parameters 
'er**.!* = 2.4612(1) and o„>Mnow, = 35670(1) at t98 K (9$, p. Bl$$J. 

BW2c 
Troika 
graphite 
diamond 

r, (A) 

1.557(4) 
1.4*2(2) 

1.4210(1) 
1.5446(1) 

r3(A) 

2.510(25) 
2.498(6) 
2.4612(1) 
2.5222(1) 

fwhmi (A) 

0.06(2) 
0.19(1) 

fwhmj (A) 

0.34(3) 
019(1) 

•V, 
21(14) 
2.8(1) 
3 
4 

s, 
7.0(4) 
5.4(5) 
6 
12 
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is Mi applicable, as the energy of the absorption edges of carbon and hydrogen 
arc far to low (for carbon 280 *V). 
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4.4 Discussion and conclusion 
Measurements of the same sample performed at both beamlines, Troika and BW2, 

reproduce the main features in the structure factor very well. This indicates that 

the background problem is handled with sufficient care and that spurious inten

sities have been avoided successfully. The normalized intensities of the samples 

EF17, EF20 and EF21 are compared in Fig. 76. AH three curves show intensity 

peaks around 3, 5.5 and 8.5 Å - 1 . The peaks are weakest for the CVD sample, 

EF21, and more pronounced for the laser ablated samples, EF17 and EF20. More

over there is apeak around 1.8 Å"1, which appears only as a shoulder of the 3 Å - 1 

peak in the case of EF17, whereas it is rather pronounced in the curves of EF20 

and EF21. This first peak might indicate graphitelike structure, as the 002 Bragg 

reflection of a graphite crystal occurs at ?graphite(002) = 1.88 Å"1, while the first 

diamond Bragg reflection is at gdiamond(Hl) = 3.05 Å - 1 . The general agreement 

of the peak positions from the different samples reveals already similarities in the 

structure, as can be seen in the distribution functions, too. However, the very weak 

oscillations of the CVD sample, EF21, indicate less structural order compared to 

the laser ablated samples. The varying shape of the first peak around 1.8 Å - 1 also 

points to structural differences between the three films. 

The quality of the experimental data ran most easily be gauged by the behaviour 

of the distribution function at low r, below the first true peak [100, p. 254]. If the 

function is well behaved in this region, i.e. Texp(r) is close to zero exhibiting only 

small oscillations due to the truncation at <?max, then the data are of reasonable 

quality. However, the experimental distribution functions show pronounced peaks 

q (A"1) 

Figure 76. Comparison of the normalized intensities from the samples EF17, EF20 

and EF21 (BW2c) given in electron units. For clarity the two upper curves are 

shifted by 4 and 8. The Compton scattering i^om oni the scattering from a random 

distribution / 2 + iatom o.re shown, too. The intensity peaks are indicated by arrows. 
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also below 1 Å - 1 with an amplitude much larger than the oscillations caused by the 

truncation. This indicates, as well as the comparison of the various measurements 

of the same sample, that the data quality is not sufficient, to obtain structural 

parameter of high enough accuracy in order to distinguish unambiguously between 

diamondlike and graphitelike structure 

In the case of the PE-CVD sample, EF21, the carbon-carbon coordination 

number is apparently lower than for the laser ablated samples. The obtained values 

of 2.1 and 2.8 agree qualitatively with the value of 2.4 as predicted by Angus [4] 

for a fully constraint random covalent network. This model is supposed to be 

applicable for diamondlike carbon films with hydrogen contents between 38 and 

62 at.%, while sample EF21 contains approximately 32 at % hydrogen (see section 

3.4.2). 
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5 Summary 

In this thesis diamondlike carbon films are investigated by two different methods, 

namely, X-ray scattering and a combination of X-ray and neutron reflectivity. 

X-ray and neutron reflectivity Specular reflectivity measures the scattering 

length density profile of a sample perpendicular to its surface. In the case of neu

trons it probes the depth dependence of the product between the nuclear density 

N and the scattering length 6. Whereas in the case of X-rays the scattering length 

density is given by the product of the electron density n, and the classical radius 

of an electron re. For samples consisting of only one element both reflectivity mea

surements simply probe the nuclei density, as all other parameters are known. For 

compounds consisting of two elements, as in our case hydrogen and carbon, the 

scattering length densities for X-rays and neutrons are likely to depend differently 

on the nuclei density of each element — respectively NH and Nc- Hence, a combi

nation of X-ray and neutron reflectivity provides two linear independent equations 

for Nu and Nc, which can therefore be determined, even without any preliminary 

knowledge about their relative concentration. As the nuclei densities are needed 

for the determination of the distribution function, the reflectivity measurements 

represent a necessary complement to the scattering experiments. 

Another more practical pair of variables, but equivalent to NH and Nc, is the 

hydrogen concentration 7 and the mass density p. It is shown in this thesis that 

the combination of X-ray and neutron reflectivity enables the measurement of 

the hydrogen concentration in an amorphous hydrocarbon film with an accuracy 

of about ±1 atomic %, where the uncertainty is mainly given by the resolution 

in the neutron reflectivity experiment. Hydrogen concentration between zero and 

56 at. % are in practice detectable. However, the reflectivity measurements do 

not give any information about the kind of hydrogen incorporated in the carbon 

film, whether it is molecular, bonded to a carbon atom or interstitialiy trapped, 

as discussed in section 3.4.1. 

Moreover, the technique reveals the mass density. In the case of films with little 

or no hydrogen the mass density or the nuclei density of carbon are good indi

cators, how graphitelike (pgr»Phite = 2.3 g/cm3 and jVc.graphite = 0.11 Å"3) or 

diamondlike (pdiamond = 3.5 g/cm3 and ^Vc,di»mond = 0.18 A ' 3 ) the films are. 

However, the mass density of an amorphous hydrocarbon film with a consider

able content of hydrogen is usually less than 2.2 g/cm3 and does not reveal any 

straightforward structural information on the atomic scale, because of the differ

ent atomic masses of hydrogen and carbon. In this case the total nuclei density is 

a more reliable structural indicator. 

The first series of samples (EF14, EF15, EF16 and EF12) provides films, cov

ering a wide range of hydrogen concentration, namely from zero to 30 at. %. The 

corresponding measurements were a first test of the practicability of the described 

technique. They are therefore not especially designed to give structural expla

nations on the basis of the preparation process. This purpose is served by the 
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measurements of the sample series FSOl to FS30, which are prepared by plasma 

enhanced chemical vapour deposition, each sample with a different flow of the feed 

gas methane. The results described in section 3.4.2 reveal the relation between the 

methane flow during the deposition process and the hydrogen concentration and 

mass density in the amorphous film. 

As it is pointed out in section 3.4.3 hydrogen is a rather difficult atomic species 

to detect or profile. Consequently the presented technique reveals an interesting 

alternative ideally suited to the measurement of the hydrogen content in thin films 

with sharp interfaces. As the reflectivity depends directly on the nuclei densities, 

the determination of the hydrogen content is independent of the knowledge of any 

macroscopic quantities like film thickness etc., which is a major advantage com

pared to most other methods. In order to check the accuracy of this technique, a 

comparative investigation including one of the other methods mentioned in section 

3.4.3 would be of great use. 

X-ray scattering was used to obtain structural information on the atomic 

scale. The scattered intensity is detected for scattering vectors between zero and 

14 Å - 1 . The absence of any Bragg reflections proves that the investigated films 

are indeed amorphous. Normalization and correction of the measured intensities 

leads to the structure factor. The distribution function r mainly given by the 

Fourier transform of the structure factor. The positions of the first two peaks in 

the distribution function, rj and r2, reveal the average distances from one carbon 

atom to the first or second neighbour atom. The area under the first peak of 

the distribution function also provides the average coordination number iVt. The 

purpose of this investigation was to determine these structural parameters with 

such an accuracy that it is possible to judge how diamondlike (rt = 1.54 Å and 

JVi = 4) or graphitelike (n = 1.42 Å and N\ - 3) the films are. 

Although the measurements repeated at different beam fines reproduce the main 

features of the structure factor very well, the determination of the distribution 

function is not precise enough to distinguish clearly between graphitelike and di

amondlike structure. The main reason is that it was not possible to measure the 

intensities in the high <j-range with sufficient accuracy. In the case of BVV2 scat

tering vectors larger than 10 A - 1 are, due to instrumental reasons, simply not ac

cessible. At the Troika beamline scattering vectors up to 14 Å"1 could be reached. 

However, because of the decline of the atomic form factor from f2(0k~ ) = 36 to 

/2(14 Å ) % 1, the intensity of the elastic scattering declines, too. The problem 

is then that the statistical errors are of the same size as 'he amplitude of the 

structural oscillations, which makes it impossible to deduce any structural infor

mation from that g-range. Dealing with this problem the following points have to 

be considered. 

• By measuring the elastic scattering directly with an energy dispersive de

tector, it is in principle possible to lower the errors caused by the statistics 

However, it is not sufficient to use these energy dispersive measurements only 

for the normalization of the raw intensities. The example in section 4.3.6 

shows that the energy dispersive measurements are in good agreement with 
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the tabulated values for the elastic and inelastic scattering, but this does not 

provide an improvement in the analysis of the structural information. In order 

to achieve that, an energy spectrum has to be measured for each scattering 

vector. Moreover the intensities have to be high enough to make it possible 

to separate the elastic from the inelastic scattering by fitting the two cor

responding peaks. The example in section 4.36 shows that at q = 14 Å - 1 

a measuring time of half an hour provides under the given conditions just 

enough scattered intensity for this purpose. 

• As the measuring time per difTraction curve is already between one and three 

hours, the intensity problem can not be solved by increasing the measuring 

time considerably. 

• Neither can the flux of the primary beam be further increased on current 

instruments, as Troika and BW2 are already some of the brightest X-ray 

radiation sources available. 

• Therefore the only method to increase the scattered intensity by more than 

an order of magnitude is an enlargement of the illuminated sample volume. 

- This can be achieved for example by thicker free-standing films. How

ever, due to the large strain in the films, it is difficult to deposit films 

much thicker than 1 /im. The strain also causes difficulties in preparing 

large pieces of free-standing films, which limited the area illuminated by 

the beam to approximately 0-25 mm'. 

- Another possible solution is grazing incidence diffraction (GID), which 

would increase the illuminated area to approximately 10 mm2. This 

method requires very flat samples (no bending), a good collimation of 

the primary beam (no strong focussing) and a very careful avoidance of 

any scattering from the substrate (edge scattering) The combination of 

these requirements foiled attempts to perform successful GID measure

ments (see section 4.2.3). 

The conclusions that can be drawn from the performed scattering experiments 

are: 

• The investigated films are amorphous. 

• A detailed structural analysis requires a solution for the intensity problem at 

high 7-values. 

• There is obviously a different kind of order in laser ablated films compared 

to the films prepared by plasma enhanced chemical vapour deposition, as can 

be deduced from the differences of the scattered intensity 
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A Darwin Width 

In order to calculate the resolution in section 3.2.2 I used the Darwin width, 

which is the width of the Bragg reflection of a perfect crystal. The lattice constant 

a of the Ge monochromator crystals is assumed to be 5.65745 Å [98, p. E-106]. 

Hence the scattering vector of the 111 reflection is q(Gelll) = ,/$&• = 1.92362 

Å"1, which leads to a Bragg angle d = 13.6406* considering the wavelength of 

the CuKcn-line A = 15405974 Å [99, p. 168]. The atomic form factor for this 

reflection is JGt(q = 1.92) = 27.64 [96, p. 370]. As Ge has a diamond lattice the 

structure factor F per Ge atom is 

Fc«m = - ^ / c « = 19.544[7,p. 106]. 

The number of Ge atoms per volume JV is obtained from the mass density p — 

5323.4 kg/m3 [98, p. E-102] and the atomic mass m = 7259 u 

N = -£-= 4.416 10*8nr3. 
m 

Based on these quantities Warren [96, p. 329] derived a formula to calculate the 

Darwin width (FVVHM) 

rtN#\F\ l + |cos(2i>)| 
D = 2.12 

D = 2.12 

x sin(2t?) 2 

(2.82 10-,5)(4.416-102*)(1.54 • 10-lo)2(19.544)(0.9444) 
7 0.458 

= 8.03 10~5 rad = 4.6 mdeg. 

The factor 2.12 relates the region of total reflection to the full width at half 

maximum value taking into account the special shape of the reflection curve. The 

classical electron radius is denoted by rt. The factor 0.5(1 +cos(2t?)) describes the 

effect of polariz juon. 
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B Literature Values 

The mass densities are taken from the Handbook ofCkem. and Phgs. [98. p B104. 

B68, B18S] as well as the atomic masses [98, p. B5] The masses are given in 

atomic mass units u = c s f o wiUi NA = 6022045(31) 10s* kmol 1 [22] The 

ekctron density is calculated using 

« -tL n* — — -
m 

The scattering lengths are tabulated by Koester and Stegerl [53] [79]. The linear 

absorption coefficient p. b calculated from the mass absorption coefficient p/p (59, 

p. 162]. The nuclei density is given by A' = p/m The critical scattering vectors 

are obtained from eq. 15 
1t,x = 4,/*ncr, and qtn = W*Nb, 

with r, = 2.8179328(93) 10"IS m [22]. The absorption cross sections <r [79] are 

calculated from the true absorption cross section <r. and the incoherent cross 

section oint. 

9 = <r,r,c + -r-«r«(Ao) 
XQ 

The linear absorption cross section for neutrons is then given by p. — So 

Telle 10. Literature teints of the mess density p, atomic numotr (sum) Z, atomic 

mess (smm)m, electron density n,, muss absorption coefficient for X-rags (CuKa) 

p/pr linear absorption coefficient for X-rays (CnKa) p. nuclei density S, scatter

ing length b, scattering length density Nb, the critical scattering ttctor for X-rag 

and neutrons qt x ais' <le.fi «rf the absorption cross section a for neutrons The 

trror m the last or the last fire digits ts shown tn brackets. 

p(g/cm3) 

Z 

"»(") 
nt (A-3) 

fi/p (em'/g) 

p(cm~') 

N (A-3) 

b (10- , a cm) 

q<x (A-1) 

fr.» (A-1) 
v (10-Mcm2) 

MgO 

0.0389 

3.9869(11) 

50 

1019613(9) 

1.1774(4) 

3113 

12411 

0.11774(4) 

0.0408 

Si 

2.3296(4) 

14 

28.0855(3) 

0.6993(2) 

60.6 

141.2 

004995(1) 

0.41491(10) 

20725(9) 

0.0315 

00102 

0 461(10) 

H 

1 

1.00794(7) 

-0.37409(11) 

8077(4) 

C (diamond) 

3.5155(3) 

6 

12.011 

10576(1) 

4 60 

16.2 

0.17626(2) 

0.66484(13) 

11.718(3) 

00387 

00243 

0.010(4) 

C (graphite) 

22670(4) 

6 

12011 

0.6820(1) 

4 60 

10 4 

011366(2) 

0.66484(13) 

7.557(1) 

00311 

00195 

0010(4) 

#6(10"« A"2) 

3.5837(13) 

20 

40.3044(10) 

1.0709(4) 

27.85 

99.80 

0.10709(4) 
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The transformation between photon energy, wavelength and wave vector follows 
the following formulas: 

£ = kck E(ta-) = 19753JHÅ) (B130) 

£ • T '^'^W' ,B'3" 
with [22] 

c = 299792458(1.2) ros" \ 

e = 1.6021892(46) 10" l*C. 

k = 6 626176(36) 10"94 J s, 

k = 10545887(57) lO"34 J s. 
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