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Preface 

Each year, started in 1995, we collected so called 'Mini Posters' on 'Surface and Interface 

Research and Engineering' at the Delft University of Technology, The Netherlands. Also this 

year the response to our eaU for Mini Posters was encouraging, as demonstrated by the 

contents of this booklet, which is now the third in a row. With this annual coUection and 

publication of Mini Posters we might say th at a tradition is being to establish. 

The Mini Posters are mainly composed by PhD Students (so-called AIO's and OIO's). We 

are grateful for their contributions and enthusiasm. This compilation hopefuUy provides a 

simple and attractive overview, in particular for graduate and PhD students, who are engaged 

in research devoted to surfaces, thin films and interfaces. 

The objective of this work would be to bring together and to realise mutual stimulation of, 

in particular young, scientists and at the same time to outline the research on the physics and 

chernistry of surfaces, thin films and interfaces at the Delft University of Technology. Major 

topics of interest are surface treatment and engineering, catalysis and corresponding analytical 

techniques. 

Of course, an ultimate goal is to realise contact between the various research groups 

recognising that our science wiU flourish by exchanges of ideas and information. From this 

perspective, a Mini Symposium on 'Surface and Interface Research and Engineering' was 

held at June 20t
\ 1997. At this symposium, all participants had the opportunity to present 

their work as a full-size poster and a selected number participants were invited to give an oral 

presentation. 

We do hope you will find reading the Mini Posters interesting and informative. 

W.G. Sloof 

A.D. van Langeveld. 
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Chemical Vapor Deposition of Silicon Carbide Coatings on Stainless Steel 

W.F.A. Besling, B. Meester, and J. Schoonman 
Laboratory for Applied Inorganic Chemistry, Delft University ofTechnology 

Sponsor: AKZO Nobel 

Introduction 
Silicon carbide (SiC) is an excellent 
candidate for structural applications due to 
its high re si stance against corrosion and 
outstanding mechanical properties. 
Low Pressure Chemical Vapor Deposition 
(LP-CVD) is one of the best techniques to 
deposit dense, uniform SiC. As aresult 
LPCVD SiC is on the verge ofbeing used in 
applications which require protective 
coatings for corrosive and abrasive 
environments. However, due to a large 
mismatch in thermal expansion coefficient 
between stainless steel and the SiC coating, 
cracks and delamination occurs resulting in 
bad quality films. Since most of the physical 
or chemical properties of SiC are strongly 
dependent on the processing conditions, 
knowledge of the deposition mechanism and 
surf ace reaction kinetics is desirabIe. 
Therefore silicon carbide deposition in a LP­
CVD reactor have been studied by analyzing 
deposition rates as a function of temperature, 
reactant partial pressures and reactant ratios 
and the resulting properties of the deposited 
layers. 

Experimental 
Tetramethyl silane (TMS) is used as a single 
source precursor. The depositions are carried 
out on duplex and 316 stainless steel 
substrates. Temperature is varied from 
800°C to 1000°C. Reactor pressure is around 
1.0 torr. 

Results 
The deposition rate is exponentially 
dependent on the deposition temperature. At 
900°C growth rates are obtained of 0.5 Ilmlh 
in areaction controlled regime. At 
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temperatures above 1000 °C the layers 
become rough indicating a diffusion 
controlled regime. EPMA showed a carbon 
rich SiC phase with, in some cases, some 
oxygen contamination (up to 2 at.%). Upon 
increasing the temperature from 900°C to 
1000°C, the free carbon content decreases 
from 23 at.% to 18 at. %. XPS analysis 
indicated Si-C bonding and the presence of 
free carbon. Cubic SiC is deposited above 
1000°C while an amorphous phase is formed 
at lower temperatures. 
Radial oriented V -shaped cracks are 
observed on duplex steel indicating large 
thermal stresses. Corrosion experiments in 
concentrated H3P04 revealed that SiC is not 
attacked, while the duplex steel is corroded 
very rapidly where bare steel was exposed 
under some cracks. 

Fig. 1: Side view of corrosion under SiC fayer. 

In some areas Cr/Fe rich SiC-phases are 
formed where SiC deposition has a totally 
different morphology. The Cr/Fe island 
formation could, up to now, not be 
connected to the formation of cracks but 
there are strong indications. Future research 
will be focused on elucidating the effect of 
the substrate on the initial growth process 
and preventing the formation of cracks. 
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In-situ Raman Spectroscopy During 
Laser-induced CVD of Silicon Thin Films 

W.F.A. Besling, A. Goossens, and J. Schoonman 
Laboratory for Applied Inorganic Chemistry, Delft University ofTechnology 

E-mail: Besling@stm.tudelft.nl 

Introduction 
In order to obtain a detailed understanding 
of gas phase reactions and, in particular, 
Chemical Vapor Deposition (CVD) 
processes, diagnostic techniques are 
required for in situ identification of the 
reacting gases and determination of their 
concentration and temperature. Raman 
scattering can meet these requirements and 
has been used to identify molecules and 
measure their concentration gradients and 
temperature with a high spatial resolution 
inside a Laser eVD reactor. 

Experimental setup 
A pulsed, frequency doubled (0.45 W, 
523 nm) Spectra Physics Nd-YLF laser has 
been used to generate the Raman effect. 

~~~==~--t~r-:t--Ibeamstop 

Fig. 1: Raman setup in backscatter configuration. 

The laser beam is focused in the reaction 
zone by a f/2.0, 150 mm lens. The back 
scattered light is collected with the same 
lens and focused on the entrance slit of a 
monochromator (Spex 340A f/5.9). In 
order to suppress background optical noise, 
a gated diode array detector is used (Fig 1). 
A 150 W tunable continuous wave CO2 

laser (Edinburgh PL6) is used to heat the 
reactants (99% silane ) and to initiate the 
reaction. The e02 laser beam is directed 
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parallel to the substrate and intersects the 
reactant gas flow perpendicularly. Nitrogen 
and hydrogen are used as shield gases. 

Results and Discussion 
Silicon thin films are obtained at reactor 
pressures of 20 torr and substrate 
temperatures of 200°C during e02 laser 
excitation. The growth rate is about 10 
nm/min. In Fig. 2 the Raman spectra are 
shown with and without e02 laser 
excitation. Switching on the e02 laser, the 

5000 
o. SIH. N. 

... '''' ISOO 200' ..., 
relatlve wavenumbers (cm-1) 

Fig. 2: Raman spectra of silane (20 seem), H2 

(20 seem), and N2 (1.3 slm), at 20 torr. 

silane peak height decreases due to a 
decrease in species number density. This 
can be explained by the increase in 
temperature or by decomposition of silane. 
However, no new Raman peaks are visible, 
so we must conclude that possible 
decomposition products (SiH2) have a 
concentration below the detection limit. 
The hydrogen peak at 587 cm-1 has 
disappear(;!d but the one at 1046 cm-1 has 
the same intensity indicating the presence 
of higher excited rotational levels. The gas 
temperature in the reaction zone is 
estimated to be between 6.102 K and 
1.103 K. Present research is directed 
towards improvement of the signal-to­
noise ratio in order to elucidate the 
chemistry of laser eVD processes. 





Morphology Control of Thin LiCo02 Films 
Fabricated Using Electrostatic Spray Deposition (ESD) Technique 

Chunhua Chen, Erik M. Kelder, Paul J.J.M. van der Put, and J. Schoonman 
Laboratory for Applied Inorganic Chemistry, Delft University of Technology, 

lulianalaan 136,2628 BL Delft, The Netherlands 

OBJECTIVE OF THIS STUDY 
Establishment of the relationship between the morphologies of 
ESD-deposited LiCo02 thin films and deposition conditions, 
including deposition duration, deposition temperature, precursor 
solution concentration, electric field strength, substrate, and 
solvent composition. 

EXPERIMENT AL 

Tabie. ESD conditions ofLiCo02 thin films 

Precursors Solvent Concen- Voltage Deposi- subs-
tration tion temp. trate 

Li(OAc)·2H,O. C,H,OH 0.003 M +8 kV 2000
( SS; 

Co(N0,), ' 6H,O orwith to to to AI; 
or butyl 0.05 M +15 kV 5000

( AI,O, 
Co(OAc),'4H,0 carbitol YSZ 

RESULTS 

• Four types of LiCo02 layer morphology (Fig. I ) 

< I"'"'" > 

Fig. I Four types of layer morphology obtained by ESD. I. dense layer: 11. dense 
layer with incorporated panicles: 111. porous top layer with dense bonom layer: IV. 
fractal-like porous layer. 

• Effect of deposition time (Fig.2) 

. ~... ,. ti 

: '., .'" ~:~ .. ':'.- .. ~ . 
w . '. J ',- . '; .. -.: .. ~ I'" . ". 

'7~ .. • ~} , ,," 
'" .; .. .. ' .' 

" ~~ - . . 
... • ~' • .o " • .a 

.oe • 'I' . 

. . i::":" .,: .~". 
(a) (b) (c) 

Fig. 2 Surface morphologies of layers deposited at 3400
( tar different deposition 

times : (a) I: (b) 3: (c) 6 h. Precursor solution. 0.04 M Li(OAc)'2H,0 + 
(0(NO,),'6H,0 ethanol solution: substrate. stainless steel: applied voltage. II kV. 
Witb increasing the deposition time. tbe Li(oO, layer becomes porous . 

• Effect of deposition temperature (Fig.3 ) 

•-' .. 
- - IB'· : '.- - ' . . ..... 

- . 

(a) (b) (c) (d) 

Fig.3 Surface morphologies of layers deposited at ditTerent temperatures tar 6 h: 
(a) 230; (b) 280; (c) 400; (d) 500°C. Otber conditions are the same as in Fig. 2 
ex cept that PI was used as substrate for (d). With increasing deposition 
temperature. the LiCoO, layer becomes porous . 
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• Effect of precursor solution concentration (Fig.4) 

•
• .. 

. '. -. . ,.' 
. . 
,0_ ,... . , -. . 

(al (b) 
FigA Surface morphologies of layers depos ited at 350°C for 2 h with so lut ions of 
different concentrations: (a) 0.0038; (b) 0.010 M. Other conditions are the same as 
in Fig.2. The layer morphology is slightly intluenced by the precursor solution 
concentration. 

• Effect of electric field strength (Fig.5) 

W (W 
Fig .5 Surface morphologies of layers deposited at 350°C for 4 h with applied 
voltages : (a) 8: (b) 15 kV. A lower voltage resulted in a more porous morpholog~ . 

• Effect of substrate (Fig.6) 

(al (bi (cl 
Fig .6 Surface morphologies of layers deposited at 350°C for 2 h on substrates: (a) 
AI (smooth); (b) AI,O, (rough): (c) YSZ (smooth) . The original roughness of a 
su bstrate affeclS markedly !he tinallayer morphology. 

• Effect of solvent (Fig.7) 

•. ~. - -
(a) (b) (cl (d) 

Fig .7 Surface morphologies of layers depos ited using precursor so lutions with 
so lvent compositions: (a) 100 vol% ethanol. at 450°C lar 2 h: (b) 67 vol% ethanol 
+ 33 vol% butyl carbitol. at 450°C for 2h. (c) 50 vol% ethanol .,. ~O volo·o but,,1 
carbitol at 250°C for 4 h: (d) 15 vol% ethanol + 85 vol% butyl carbitol (0 .005 !'vi 
Li(OAc)'2H,0 + Co(OAc),·~H,O). at 2300

( for 2 h . 

SUMMARY 

The electrostatic spray deposition (ESD) technique opens the 
opportunity to control the morphology of a layer. Many factors 
may influence the morphology. The substrate temperature and the 
solvent composition play the most important role. 

This study is financed by SON/NWO. 





Effects of Additives in Electrospraying for Materials Preparation 

CH Chen, E.M Kelder, and J Schoonman 
Laboratory for Applied Inorganic Chemistry, Delft University ofTechnology, 

Julianalaan 136, 2628 BL Delft, The Netherlands 

Sponsor: NWO-SON 

OBJECTIVE OF THE STUDY 
Investigation of the effects of additives in 
precursor solutions on the morphologies of 
ceramlC thin films and powders 
synthesized by electrostrospraying 
technique. 

EXPERIMENTAL 
• Materiais: 
IiQ2 thin films: . 
via O.005M Ti(OPr1)4 in ethanol (ET) + butyl 
carbitol (BC); deposited at 2400 Ç on Al 
substrate. 
ZrQ2 powders: 
via O.05M Zr(AcAc)4 in ET; collected on a 
heated Al plate (340°C). 

• Additives: 
Solution chemistry modifier: HAc. 
Conductivity enhancement additiye: NH4N03 

RESULTS 

• Ti02 thin-film deposition and solution 
chemistry modifier (Fig.1) 

(a) (b) 

Fig.1 Ti02 thin films from precursor solutions 
containing different amounts of HAc: (a) 0 vol%; 
and (b) 30 vol%. 
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• Zr02 powder production and 
conductivity enhancement additive (Fig.2) 

(a) (b) 

Fig.2 Zr02 powders from precursor solutions 
containing different amounts of NH4N03 : (a) 0 M; 
and (b) 0.03M. 

• Impedance spectra of Zr-precursor 
solutions (Fig.3) 

0. 

9.0.." 

~ 6.00+' 

0.01 Hz • 

... 
2UIIHz 

3.00+< j .. , '. . 'i' ·v· 0 M NH,NO, 

O.OO«l +--,-----,.----.---1 
0.0.+0 3.0.+4 6.0.+4 9.0e+4 1.2.+5 

Zreal{ohm) 

5000 .--------, 

.0.231 Hz 

o 1000 2000 3000 4000 5000 

Z,...I (ohm) 

(a) (b) 
Fig.3 Impedance spectra of Zr-precursor solutions 
containing 0 M (a) and 0.3 M (b) NH4N03, and 
their equivalent circuit. 

CONCLUSION 

By using different additives, the 
morphologies of electrospraying-derived 
ceramic materials can be tailored. 





Chemical gas sensor array for the detection of NOx and CO. 
M.H.J. Emond, R.e. van Landschoot and J. Schoonman 

Laboratory for Applied Inorganic Chemistry 
Faculty ofChemical Technology and Materials Science 

Introduction 
Taguchi-type gas sensors are based on 
semiconducting oxide films. Gas 
adsorption affects the electronic charge 
density and thereby changes the electrical 
properties of the oxide film. 
In our Laboratory we have successfuIly 
improved the selectivity by using two­
phase mixtures of n-type and p-type 
semiconducting oxides and inert 
nonconducting metal oxides. 
This concept is used to design an array of 
Taguchi-type gas sensors, based on 
different electrical composites, in order to 
analyse complex gas mixtures in a single 
measurement. 

Material selection 
In horticulture the CO2 from exhaust 
gases is introduced into greenhouses as a 
fertiliser. This requires the exhaust gases 
to be c1eaned from NOx' CO, and C2H4. 

Therefore, reliable gas sensors are 
required for the detection of these gases. 
In the present design study emphasis is 
put on the quantitative detection of NOx 

and CO. 
The sensitivities of Sn02 and several 
electrical composites are presented in 
Table 1. 

NO N02 CO 
Sn02 1.43 0.49 1.86 
Al2Or V2Os 1.54 1.71 0.09 
Al2Or ZnO 4.37 5.39 6.08 
SnOrZnO 0.53 0.54 5.04 
V2OS-ZnO 1.41 1.61 1.00 

Table 1: The sensitivity of composites to 
NOxandCO. 

The sensitivity is defined as the relative 
conductivity change with respect to the 
conductivity in air. 

19 

Tel: +31-15-2782670 
e-mail: M.H.J.Emond@STM.TUDelft.nl 

The following electrical composites have 
been selected: 
For NOx: ZnO-V20 S' a p-n composite. 
For CO: ZnO-Sn02' a n-n composite. 

Experimental 
Thin films of the active sensor 
components are deposited on non­
conducting ceramic substrates using 
Electrostatic Spray Deposition (ESD), a 
recently in our laboratory developed 
cheap and efficient deposition technique 
for electroceramics. With this technique it 
is very easy to control the microstructure 
and morphology of thin layers of 
electroceramics. 

Results andfuture research 
Zn(00CCH3)2.2H20 was used as a 
precursor, and dissolved in ethanol (0.1 
M). Figure 1 shows the surface 
morphology of ZnO layer on Al20 3 
deposited at 400°C. The films are porous 
with a grain size of about 5 ~m. 

Figure 1: SEM-micrograph 

Current research is focused on ESD of 
SnOb V 20S' and the composites, as weIl 
as on array structures. 





RUPTURE OF THIN LIQUID FILMS 

AIO : L.I. Evers 
Sponsor: TUD 

Investigations on the bursting of vertical 
thin liquid films stabilized by surfactants 
have been made. The use of high speed 
flash photography enables us to determine 
the bursting velocity. 
Because rapid flashes at constant intervals 
were used the evolution of the burst could 
be followed. This leads to the observation 
that Newton-black films of sodium dodecyl 
sulphate solutions (SDS) and some other 
liquids show retardation of the expansion 

This is in contradiction with the generally 
accepted idea (expressed in Culick's 
formula v=[(2y)/(p8)]112, where v is the rate 
of expansion, 8 is the thickness of the film, 
pits density and y its surf ace ten sion) that 
the rate of expansion of a hole in a thin 
liquid ' film must be constant due to 
conservation of momenturn. 
Indeed thick SDS films, including the 
common-black film show a constant 
bursting rate. The Newton-black film 
bursts in an anomalous, retarded fashion . 
The rim of the hole is not toroidal in these 
films. It has a scalloped appearance, small 
drop lets issuing trom the loci wh ere the 
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motion of the rim is the slowest. Liquid 
films drawn trom a visco-elastic liquid also 
show a retardation. Experiments show a 
smooth transition of bursting behaviour 
going from thicker visco-elastic films to the 
thinnest, Newton-black film, whereas for a 
SDS solution the transition in mechanical 
behaviour is abrupt. 
This demonstrates that the thinnest SDS 
film, though formed from a Newtonian 
liquid, has a complex storage modulus 
which can be compared with that of visco­
elastic films . The bursting behaviour, which 
is observed in the Newton-black film, 
reflects non-Newtonian (visco-elastic) 
properties. It appears that very thin free 
liquid films of this kind are lyotropic liquid 
crystalline bilayers rather than a very thin 
film of liquid. 
We extended the existing Culick theory 
(describing 'Newtonian bursting 
behaviour') on the rather general case of 
visco-elastic liquid films . In the figure the 
result of this extended theory is showed for 
an SDS solution which shows Newtonian 
behaviour for films thicker than 10 nm. For 
thinner films (Newton-black films, see also 
photo) visco-elastic behaviour becomes 
clear; a decrease in rupture velocity for 
increasing hole size. 

The Rupture Velocîty as a Function of Hole Rltdius and Film ThJcL:n~s,) (SOS ~olution) 





Cuprisation of polyetherimide by Chemical Vapour Deposition 

M.L.H. ter Heerdt, P.J.J.M. van der Put, and J. Schoonman 
Laboratory for Applied Inorganic Chemistry 

Faculty ofChemical Technology and Materials Science 

Sponsor: lOP Surface Technology 

Introduction 
This study is performed in the 

framework of an IOP Surf ace Technology 
project, titled "Functional metallic layers 
on plastics". 

Metallisation of plastics nowadays is 
used in several applications like 
decoration and industrial products. One of 
the ways to metallise materials is 
Chemical Vapour Deposition (CVD), 
normally a too high temperature process 
for plastics. 

U sing the copper precursor 
copper(I)hexafluoroacety lacetonate 
viny ltrimethy lsilane (Cu(hfac) VTMS) 
plastics like polyetherimide (PEl) can be 
metallised at 130°C already. 

Experimental 
CVD experiments were carried out 

using UL TEM 1000 and UL TEM 2400, 
provided by GE Plastics, as substrates in a 
home-made cold-wall reactor. 

Experimental conditions are shown in 
table 1. Hydrogen is used as a coreactant, 
to enhance layer quality. 

Tab. 1 Process conditions 

T precursor 

Tsubstrate 

Pre actor 

<l> nitrogen,precursor 

<l>hydrogen 

45°C 
125-175°C 
5 Torr 
70 sccm 
90 sccm 

23 

Tel: + 31-15-2782637 
e-mail: M.L.H.terHeerdt@STM.TUDelft.NL 

Resistance measurements were 
performed according to the Van der Pauw 
method. From this sheet resistance, the 
bulk resistance could be calculated using 
the layer thickness measured with a 
Tencor P-IO Surface Profiler. 

Results 
The growth rates on UL TEM 1000 

show an Arrhenius like behaviour. Growth 
rates of up to 100 nmlmin were measured. 

According to the resistances calculated 
(P-5Pbulk) the copper layers were of good 
quality. 

In figure 1 a SEM picture of a typical 
copper layer is shown. The different stadia 
of layer growth can be seen. 

Fig. 1 SEM photograph of a copper layer 
on ULTEM 1000 

Conclusions 
Deposition of good quality copper 

layers onto PEl at low temperatures 
appears to be possible. Growth rates are 
acceptable. 





The Catalytic Sensor for Detection of Natural Gas 

L.N. van Rij, R.c. van Landschoot, and 1. Schoonman 
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Introduction 

The sensor consists of the solid proton 

conducting electrolyte SrCeO.95 YbO.050 3- , a 

catalytic electrode (Ni, Ru, or Rh), and a 

counter electrode (Au or Pt), which has a 

lower catalytic activity than the catalytic 

electrode (Figure 1) 

Catalytic plp(·trn.1p vvu" .. .." electrode 

CH. +CO, CH, + co, 

2H,+ 2CO 2H,+ 2CO 

Figure 1: Schematic representation of the 

Catalytic Asymmetrical Nernst­

type Methane sensor 

The difference in catalytic activity creates 

a chemical potential gradient in hydrogen 

across the solid electrolyte. This causes a 

potential difference across the cell, which 

IS a measure for the amount of methane 

present. 

This method of detection can also be used 

for ethane and probably also for other 

hydrocarbons, like propane. 
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Results 

A RulSrCeO.95 YbO.OS0 3- IPt cell is tested in 

a CH4/C02 mixture, with a constant CO2 

concentration of 5 vol. %, while the 

hydrocarbon concentration is varied. A 

current of 50 f.lA is placed across the cell, 

flowing from the catalytic electrode to the 

counter electrode, to create an extra driving 

force for proton conductance through the 

cello The operating temperature of the 

sensor is 500 °C. 

The results are given in Figure 2. 

CHiC02 [v/v] 
0.2 0,4 2.0 4.0 

-2..7 -+-,-~L...-~~~-'--'-L..LJ..J_--'-~.........., 

.2.8 

~ .2,9 

~ -3.0 

~ -3.1 
~ '--' -3.2 

~ -3.3 

-3,4 

• and. indicate 
duplo me asurtement 

-3,5 -+--~,---____ ,-.-.,-__ --.--J 

1000 10000 
log p(CH4) [Pa] 

Figure 2:The injluence of the methane 

parfial pressure on the potential 

of a Ru/SrCeO.95YbO.0503_alPt cel! 

at 500 °C 





Preparation of Zirconium Dioxide Powder by 
Flame-Assisted Ultrasonic Spray Pyrolysis (FAUSP) 

FL. Yuan, CH Chen, E.M Kelder, and J Schoonman 
Laboratory for Applied Inorganic Chemistry, Delft University ofTechnology, 

Julianalaan 136, 2628 BL Delft, The Netherlands 

Sponsor: NUFFIC 

Introduction 

A new technique, i.e. Flame­

Assisted Ultrasonic Spray Pyrolysis 

(F AUSP), has been developed recently 

in our laboratory to prepare ceramic 

powders. Zironia was selected as a 

model material in this study. 

The F AUSP has following 

advantages: 

• Simpie, inexpensive equipment 

• Easy to operation 

• Ambient atmosphere 

• Fine and narrow-distributed particle 

slzes. 

Experiment 

Schematic diagram of the 

experimental set-up is shown in Fig.l. 

Powders are produced by self-sustained 

buming of the aerosol at the outlet of 

the nozzle and collected on a stainless 

steel plate. Other details are: 

• Nebulizer:Ultra-bel2000 (l.63MHz) 

• Precursor: Zr(i-C3H70)4 

• Solvent: ethanol (96%) + H20 (4%) 

• Carrier gas : air 
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Results and conclusion 
SEM analysis of Zr02 powder 

shows that the particles were spherical. 

It has a narrow particle-size distribution 

in micron- or submicron- meter range, 

depending on the concentration of the 

precursor solutions. A smaller 

concentration leads to a smaller particle 

size. ASEM micrograph is shown in 

Fig.2. 

Exhaust 

' t' r--- ! L ____ , 

i l r Flame 
I 

Nebulizer 
~ 

T ~cam"gas Plate L __________ _ 

Fig. 1. Schematic diagram ofthe FAUSP set-up 

--5J.lm 

Fig. 2. SEM of zr02 powder (via 0.2 M sol) 
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Quasi In-Situ XPS Characterisation of Different Nickel Species in 
NiW/y-AI20 3 Hydrotreating Catalysts Upon Sulfiding. 

Hank Reinhoudt, Rafaël Mariscal, Dick van Langeveld and Jacob Moulijn 
Section of lndustrial Catalysis, Faculty afChemical Technology and Material Science 

Sponsor: NWO/SON 

Introduction 

This XPS study is part of a research 

program with aims to de fine design mIes 

for hydrotreating catalysts. These catalysts 

are used in oil refineries to upgrade oil 

fractions, for example by reducing the 

sulfur content of it. From earlier work it 

was found that NiW/y-AI20 3 catalysts are 

promising catalysts, especially in the de ep 

HDS of gasoil. Moreover, it appeared that 

for NiW/y-AI20 3 the activation, i.e. the 

temperature of sulfiding, plays a cmcial 

role in the final activity and selectivity. 

An extensive characterisation by TPS, 

FTIR (NO), and Raman was do ne to study 

the genesis of various Wand Ni species 

upon sulfiding. To acquire quantitative 

information on the behaviour of Ni, this 

quasi in-situ XPS study was done. 

Experimental 

A Ni(1.2 wt%)W(15.2 wt%)/y-AI20 3 

catalyst was prepared by pore-volume 

impregnation. Two batches were ca1cined 

at 673 and 823 K in air. The catalysts were 

sulfided in 10% H2S/H2 at various 

temperatures for 1 h and transferred into 
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the XPS machine without exposure to 

(wet) air. 

Results and discussion 

The peak position of the Ni 2p3/2 

emission line was corrected by referencing 

to the Al 2p line at 74.7 eV. From a 

systematic deconvolution of the Ni 2p3/2 

line in a series of sulfided NiW/y-AI20 3 

catalysts, combined with results from 

other techniques, it was found that six 

distinct Ni-species are present in different 

stages of sulfiding. The final results are 

collected in figure 1. for the 673 K 

calcined catalyst. 
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"E 
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300 400 500 600 700 800 

sulfi ding temperature [Kl 

Fig 1. The relative amounts of the various Ni 

species in NiW /y-AI20 3 calcined at 673 K as a 

function of the sulfiding temperatures. 



I t appears that three species are present in 

the oxidic catalyst precursor which can be 

identified as NiO, NiAl20 4 and NiW04. 

After sulfiding at room temperature a NiS 

species is present. After sulfiding at about 

500 K, an intermediate type of Ni appears 

which disappears again at higher sulfiding 

temperatures. The detailed nature of it is 

not yet clear. 

The binding energies of the Ni species 

in the catalyst ca1cined at 823 K upon 

different sulfiding temperatures are shown 

in figure 2. 

;;' 859 
823 K ~ NiW04 & 

;>, 
NiAl20 4 00 

"- 857 • IU 
c: 
IU 

NiO NiAlP4 00 interm c: • • • 'Ö 855 NiWS3 
c: 

:.ö 

853 NiS 

sulfiding temperature [K] 

Fig. 2. The binding energy of the Ni-species 

in NiW/y-AI20 3 calcined at 823 as a function 

ofthe sulfiding temperature. 
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Most important observation from figure 2 

is the distinct shift of the binding energy 

of the Ni-sulfide species upon sulfiding at 

temperatures above 673 K. This shift is 

interpreted as a redistribution of Ni along 

WS2 slabs which are formed during 

sulfiding at 673 K and higher 

temperatures. 

Conclusions 

The sulfiding behaviour of Ni in a 

NiW/y-AI20) catalyst has been studied by 

quaSI in-situ XPS analysis. By a 

systematic deconvolution of the Ni 2p3/2 

emission line of a series of sulfided 

NiW/y-AI20) catalysts, it appeared that six 

different Ni species are present in the 

various stages of sulfiding. 

Quasi in-situ XPS can be used to 

obtain quantitative information about the 

presence and the state of metal oxides and 

sulfides in heterogeneous catalysts which 

can contribute to a better understanding of 

their sulfiding behaviour. 
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Design of a Zeolite-based Pyroelectric Thin Film Calorimeter 

G.J. Klap"b, J.C Jansenb, H. van Bekkumb, M. Wübbenhorst', and J. van Turnhout' 
Laboratories of Polymer Technolog;!' and of Organic Chemistry & CatalysiS> 

Sponsor: FOM 

Introduction 
Thin (oriented) zeolite layers have been 
grown on a metallized pyroelectric support. 
Using the photopyroelectric technique1 this 
system acts as a micro calorimeter. In this 
configuration both the intrinsic thermal 
properties of the zeolite layer and thermal 
effects of an adsorbed phase can be 
determined. 

Zeolites 
Zeolites have well-defined pores with 
molecular dimensions which form an 
excellent host for catalytic reactions and 
specific adsorption of several molecules. E.g. 
a1igned p-nitroaniline molecules in A1P04-5 
show pyroelectric effects2

. 

/c 
Pore structure in a silicalite-J crystal. 

Preparation of the zeolite film 
A thin (l J.1m) silicalite-l film has been 
synthesized on one side of a Ni/Cr coated 
LiTa03 wafer (25 J.1m), As a result of the 
synthesis conditions the crystals are oriented 
with the straight channels perpendicular to 
the support3

. 

The layers were analyzed with AFM, SEM 
(morphology) and XRD, FTIR (type, 
orientation). 
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Photopyroelectric experiments 
Photopyroelectric measurements have been 
performed on the described two-Iayer system 
by heating from the detector side with 
modulated laser Iight4

. The frequency 
dependent pyroelectric current was measured 
and analyzed. 

.. .... _. _ .. --
IMnnmenlolthrt 
~ ....... 

Set-up for photopyroelectric measurements. 

F or an as-synthesized silicalite-l layer this 
results in a specific heat of 0.5 kJ/kgK 
(comparable with DSC results). The thermal 
conductivity is about 2 W /Km. As expected, 
this is significantly higher than values derived 
trom powder measurements. 

Conclusions 
Photopyroelectric analysis is a feasible 
method to determine the specific heat and 
thermal conductivity of thin zeolite films on a 
pyroelectric support. Measurements with 
adsorbed molecules are in progress. 
The described system mayalso be used as a 
calorimeter to study heats of reaction and 
adsorption in zeolite films. 
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Analyzing erystal surfaee roughness by Atomie Foree Mieroseopy 

JH Koegier, E.N. Coker, JC Jansen 
Laboratory of Organic Chemistry and Catalysis 

Delft University ofTechnology, Julianalaan 136, 2628 BL Delft, The Netherlands 

Atomic Force Microscopy (AFM) is a pow­
erful non-destructive technique to probe the 
physical external surf ace of catalysts. Im­
ages ranging in size from a few nanometer 
to several micrometers can be obtained. 
AFM measurements can be carried out un­
der ambient conditions or submerged in a 

Figure 1: 
SEM of a zeolite MFI 
crystal 

The effect ofmicrogravity on zeolite crystal­
lization was tested by preparing zeolite MFI 
on earth and in microgravity during Space 
Shuttle Flight STS-73 under otherwise iden-

412 nm 

tical conditions. Figure 1 shows a typical 
zeolite MFI crystal. The external surface of 
zeolite crystals grown on earth and in space 
are shown in Figure 2. The ground-based 
experiment shows a highly corrugated sur­
face. The crystal grown under microgravity 
conditions, on the other hand, is much 
smoother. The roughness of both samples 
has been analysed: 

terrestrial /l-gravity 

area Ra 36.67 8.92 

area RMS 49.59 11.17 

avg. height (nm) 98.04 45.63 

It may be speculated that the suppression of 
convection currents under microgravity 
conditions induces a smoother growth. 

7.21lm 

Ollm~ ________ ~~ ________ __ 

Figure 2: AFM image showing the surface roughness of MFI crystals grown on earth (left) and under 
microgravity conditions (right). 
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Adsorption and pore penetration of polymers 
at anodized aluminium 
PhD student: S.G.O. de Haas Ir 015-2787345 w S.de haas@lr.tudelft.nl 
Sponsor : IOP-Coatings/ Adhesion Institute TUD 

During the anodic pretreatment of 
aluminium, a porous oxide layer is formed. 
Ageing of this layer, before applying a 
coating, re duces the adhesion quality. 
E. Margarita observed that ageing of the 
aluminium results in a lower surface 
energy ('activity') and a different 
aluminium oxide structure (see elsewhere 
in this book). 
A lower surface activity is expected to 
decrease the polymer adsorption and the 
pore penetration on this surface. Polymer 
adsorption involves a loss of entropy 
caused by a less favorable polymer 
conformation. Interaction of the polymer 
with the activated aluminium surf ace 
involves an energy gain which has to 
compensate for the entropy loss for 
adsorption to occur. 

A polyvinylchloride/vinylacetate (87/13) 
melt is pressed against aluminium of 
different exposure times after 
pretreatement. Subsequently, the 
aluminium and the oxide are dissolved. 
Contact angle measurements on the 
polymer plate enable us to calculate the 
surf ace energy which is a measure of 
adsorption. SEM fractography is used for 
measuring the polymer penetration depth 
into pores ofthe oxide layer (see photo). 
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As we can see in figure 1 the polymer 
penetration decreases with an increasing 
exposure time of the bare substrate. 

figure 1: polymer penetration 
depth versus exposure time 
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There also seems to be a lower surface 
tension for a long er exposure time and at 
lower pressing temperatures (figure 2). 

figure 2: surface tension versus exposure 
time and pressing temperature 
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At the moment we are working on the 
reduction of the spreading in order to 
confirm these results and identify the 
parameters for optimal adhesion on 
aluminium. 

[1] A.-J. Scholten, Report, Delft 
University of Technology, Faculty of 
Chemical Technology and Material 
Science, July 1996. 





Adsorption and Oxidation of Formaldehyde on Various Metals 
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Introduction 

Electroless plating is a process in 

which metals may be deposited on a substrate 

by a suitable reducing agent. Applications of 

it for the filling of contact holes of VLSI 

structures depend on the kinetic control of 

the deposition process. The rate of exchange 

and oxidation of formaldehyde may rule the 

rate of met al deposition and is studied by 

both radiochemical and electrochemical 

methods. 

Methods and Results 

The rate of adsorption and exchange 

of formaldehyde is studied on various metals 

by pressing a flat electrode with adsorbed 

radioactive-Iabeled formaldehyde molecules 

onto a glass scintillator. A PMT detects 

converted signais, and fractional surf ace 

coverages are readily obtained by subtracting 

'background' signals, counted when no 

adsorption occurs (Figure 1). 

Adsorption is studied as a function of 

time, pH, concentration, temperature and 

potential and first measurements have shown 

that exchange of formaldehyde on silver is a 
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rapid process, likely being dependend on the 

potential applied and a range of system 

parameters. 

In addition, the rate of exchange and 

oxidation of formaldehyde on gold and silver 

has been studied by voltammetry, mass 

spectrometry 

spectroscopy. 

and AC impedance 

Fitting of the results is 

currently being done by equivalent-circuit 

analysis, transfer funtion procedures and 

compartimental analysis. The varlOUS 

complementary fitting procedures will yield 

the rateconstants of the exchange and 

oxidation processes. 

Fig.1 . Qualitative illustration of thin-gap 
method. 
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IMPROVEMENT OF COHESIVE AND ADHESIVE 
PROPERTIES OF WHEY PROTEINS 
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Introduction 
It is expected that on a short term the supply 
of whey proteins at the world market will 
increase. Therefore, it is essential to develop 
new applications ofwhey proteins. Non-food 
applications are preferred, because there is 
no competition with other proteins, but with 
synthetic polymers. Very interesting fields of 
application are adhesives and coating/films. 
The aim of tbis project is to gain knowledge 
about the adhesive and cohesive properties 
of whey proteins and their performance in 
tbis respect. 

Description of the project 
In tbis project the emphasis will be on p­
lactoglobulin because it is the most abundant 
protein in whey and much is known about its 
structure, wbich greatly facilitates the 
interpretation of the results in structural 
terms. In a later stage of the project other 
proteins and lactose will be included. 
For astrong adhesion between protein and 
substrate the di stance dependent Van der 
WaaIs attraction has to be strong, wbich 
requires adsorption of the protein molecules 
in a sufficiently flat conformation. Therefore, 
the globular p-Iactoglobulin molecules have 
to be (partly) unfolded, wbich we will 
realize by heating and by the use of certain 
organic solvents, water miscible or not. 
The natural tendency towards depletion of 
these unfolded molecules has to be 
compensated by polar interactions of 
functional groups in the protein chain with 
the substrate. These functional groups may 
be already present in the protein chain and 
become available by the unfolding process, 
or they may be introduced or amplified by 
modification. 
Functional properties, such as adsorption 
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behavior, film forming, adhesive strength and 
mechanical properties of the films, will be 
studied, as weil as the degree of 
denaturation, hydrophobicity and the 
aggregation behavior. These properties will 
be related to the polarity ofboth solvent and 
substrate. 

Experimental 
Globular proteins contain a certain amount 
of ordered structure, like a-helices and p­
sheets. These structures can be broken by 
organic solvents. We have used circular 
dichroism spectroscopy to determine the 
secondary structure of p-Iactoglobulin in 
water at different pH-values and in several 
organic solvents. A few of these results are 
represented in the figure below. 
We will try to relate the (in)stability ofthe 
protein to the solvents characteristics, like 
relative permittivity, dipole moment, electron 
donor and acceptor ability etc. But more 
important, we will try to find the relation 
between the secondary and tertiary structure 
of the protein and its ability to adsorb on a 
certain surf ace and the strength of tbis 
adsorption. 
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EFFECTIVITY OF DETERGENTS IN DYNAMIC SURFACE CLEANING 

A. Timmerman and G. Frens 
Laboratory for Physica/ Chemistry 

Delft University of Techn%gy 
Delft, The Nether/ands 

Sponsor: IR-TNO Tel:+31-152782638 

Introduction 

The washing of textile can be characterized 

empirically by the 'Sinner-factors': energy, 

temperature, chemistry and time. Oeparting 

from these factors the washing process can be 

optimized. If, however, the backgrounds of the 

Sinner factors are known, it will be possible to 

optimize the was hing process from a more 

fundamental point of view. From earl ier 

research it was concluded that a soiled textile 

could never be cleaned in anormal washing 

process if the most important mechanism 

governing the mass transfer from fabric to 

detergent solution were diffusion. Therefore, in 

this research it is supposed that there is a flow 

both along the fabric-surfactant solution 

interface and in the fabric yams. 

Theory 

At high surfactant concentrations a surfactant 

bilayer is formed between the flowing liquid 

and the surface of the hydrophilic yam. Ouring 

the washing process fabrics are moved and 

deformed continuously. By stretching the 

fabric, liquid (the surfactant solution) is 

squeezed from pores in the yams. This makes 

the second surfactant layer flow along the 

fabric-liquid interface. This flow along the 

interface may be advantageous for the 
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effectivity of the washing process by causing 

local supersaturation in the bilayer, which gives 

rise to instabilities. These instabilities can cause 

a motion perpendicular to the textile surface. 

Experimental 

It is envisaged that under certain temperature 

and pH conditions highly concentrated solutions 

(about 3 times the critical micelle 

concentration) can form bilayers at a 

hydrophilic surface of a capillary. If 

concentrated surfactant solutions will flow 

more quickly through this capillary than diluted 

solutions, this indicates a slip condition at the 

wall of the capillary. In order to find evidence 

for flow along the liquid-fabric interface, 

surfactant solutions of different concentrations 

are pushed through narrow glass capillaries of 

different lengths and diameters. The flow 

through the capillary is measured as a function 

of hydrostatic pressure. If non-linear effects in 

the pressure-flow curve are a function of 

concentration, instabilities at the fluid textile 

interface are present. At standard conditions 

(pH = 7, T=22°C) no obvious non-linear effects 

are found for SOS solutions up to 7 times the 

cmc. Future measurements are planned at 

higher temperature and pH values . 
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Defects in thin films produced by ion-beam assisted deposition 

Jan van der Kuur, Jacqeline van der Linden, Martin Pols, Bas Korevaar, Peter Klaver, and 
Barend Thijsse 

Materials Physics Division, Department of Chem is try and Materials Science 
Delft University ofTechnology 
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The goal of this project is to understand the initial 
growth process of thin solid state ftlms and the origins 
and properties of defects in the surf ace and near-surface 
regions. In addition we want to quantity on an atomic 
level the effects of concurrently impacting low-energy 
noble gas ions during the growth. This technique is 
called ion-beam assisted deposition. 

The significance of ion assistance during film 
growth is the controlled deposition of kinetic energy. 
This leads to various nanometer- and micrometer-scale 
defect phenomena which are interesting both from a 
fundamental and from an applied viewpoint. 

The defect state ofthe film is measured by 
bringing small ions (He +) into the film. Acting as 
atomic-scale diffusing probes, some ions (which have 
become atoms) will be trapped by defects. Ifthe sample 
temperature is then increased, the trapped atoms 
dissociate from the defects, desorb from the film, and 
are mass-detected in a UHV -system. Information about 
the defect state of the film is contained in the 
desorption signal as a function of temperature. 

In 1996 we have extensively studied Mo films 
deposited with and without Ar + assistance, both 
experimentally and by Molecular Dynamics computer 
simulations. Two figures illustrate in condensed form 
some ofthe potential ofthe current methods. 

Mo ftlm shortly after the impact of a 250 e V ArT ion (large 
sphere). Greyscale indicates kintic energy. The temporary 
disorder along the entrance path is clearly seen. This 
impact causes a 6-atom replacement collision leading up to 
the creation of a Mo adatom and substitutional trapping of 
the ArT ion. In other simulations the ion was found to 
create additional vacancies and vacancy clusters, in 
agreement with the experimental results. 
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(1) He desorbing from a deposited 5 Á Mo film, indicating 
weak traps just below the surf ace (desorption peak S). 
(2) Same spectrum as (1) but film was first covered by a 
5 Á overlayer before desorption: the coverage has fully 
transformed the surf ace traps into normal vacancies (peaks 
V7 and VI). (3) Same as (1) but film is 50 Á thick. (4) 
Same as (3) but film was flTst covered by a 20 Á overlayer: 
even an overlayer this thick can not fully cover the 50 Á 
film (the S peak is still visible), indicating a rougher 
surface ofthe 50 Á film than that ofthe 5 Á film. (5) Same 
as (4) but overlayer was grown with Ar+ assistance: in the 
overlayer vacancy clusters are produced in which He from 
the base layer is trapped before final desorption (peaks 
above 1300 K). (6) Same as (4) but overlayer thickness is 
500 Á: films this thick (no Ar+ assistance) contain large 
vacancy clus-ters in which He from the base layer is 
trapped before final desorption (peak at 1900 K). (7) Same 
film as (6) but He was implanted into the top 30 Á ofthe 
film after deposition, instead of into the 50 Á base layer 
under it before deposit-ion. The spectrum shows that the 
vacancy clusters mention-ed under (6) are not located in the 
top part of the film. 
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On the initia) oxidation of iron: quantification of growth kinetics 

P. C.]. Graat, M.A.]. Somers and K]. Mittemeijer 
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Sponsor: Delft University of Technology 

Introduction 
Knowledge of metal oxidation is important for 

understanding catalysis and corrosion. The 

most-comprehensive model for initial oxide­

fllm growth on metals is due to Fromhold & 

Cook1. So far, this model was hardly applied to 

experimental data. This work2 pro vides new 

data on the initial oxidation kinetics of pure iron 

and attempts to interpret the results in terms of 

the Frornhold-Cook model. 

Experimental 
Polycrystalline iron was, after sputter cleaning 

with 1.0 kV .Ar+ ions and annealing at 700 K, 

oxidised at P02= 1 0-4 Pa and at temperatures 

ranging from 300 K to 500 K. Ellipsometry 

was used for monitoring the oxide-fIlm 

thickness as a function of time. 

Results 
The experimental curves in Fig. 1 show the 

typical shape for initial oxidation of metals. 

To model these data, the most sensitive 

parameters in the Fromhold-Cook model, i.e. 

the energy barrier for cation diffusion, W, and 

the work functions, Xo and XL at the metal­

oxide and oxide-oxygen interface, respectively, 

were taken as fit parameters. This results in the 

dotted lines in Fig.1. 

Evidently, the assumption of stationary values 

for W, XO and XL during oxidation is not 

realistic. Particularly XL is likely to change 

during oxide-fIlm growth, due to a change of 

the surface oxygen content. Accordingly, the 

model was fitted with a time-dependent XL. The 
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curves thus obtained are represented by the 

dashed hnes in Fig. 1. The experimental and 

theoretical (dashed) curves agree very weU for 

thickness values below 3 nm. The critical value 

of 3 nm corresponds to the thickness where 

thermal emission govems electron transport 

rather than electron tunnelling 1 ,2. 

The calculated change of XL during oxidation2 

agrees qualitatively with published results on 

the change of the work function observed 

during oxidation of metals. 

References 
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2. p .e.J. Graat, M.A.J. Somers, A.M. Vredenberg and 

E.J. Mittemeijer, J. App!. Phys, accepted for pub!. 





Low-T dry oxidation on pure aluminium crystal grain surfaces as 
observed with photoelectron and auger electron spectroscopy 
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Introduction 

This research project focuses on the initial stages 
of oxidation as weB as on later stages of oxide 
growth of aluminium. In particular, the role of 
alloying elements on the oxidation mechanism, 
growth kinetics, and oxide structure, will be 
investigated. The final goal is to arrive at models 
describing the growth kinetics in relation to the 
developing microstructure both in the metal 
substrate and the oxide layer, and test its validity 
on the oxidation of AI-Mg and Al-Si alloys. 

Experimental 

Oxidation experiments were performed on a 
clean AI(llO) and AI(1l2) crystal grain surface 
as a function of total oxygen exposure Q at a 
constant oxygen pressure of lxlO·6 Torr and an 
oxidation temperature of 300 K and 673 K, resp. 
Each oxide layer grown was studied with XPS. 
The oxide growth kinetics were investigated by 
observing the change in oxide-film thickness d 
with increasing total oxygen exposure. Changes 
in the chemical state of Al as a function of 
substrate orientation, d, T, P(02) and oxidation 
time are studied in a Chemical State plot. This 
plot, as presented in Figure 1, is obtained by 
plotting the Al K~3~3 Auger kinetic energies EK 
of the oxidic K~3~3 peak component on the 
ordinate and the corresponding Al 2p binding 
energy EB of the oxidic 2p peak component, in 
reverse, on the abscissa. The metallic and oxidic 
peak components were resolved from the 
measured peak envelop by a fit procedure. In 
Fig.l, the Modified Auger Parameter 
a' = EK(KL/23~3) + EB(2p), which is independent 
upon charging, lies along axes with slope + 1. 

Discussion 

At T=305 K and Q=500 L, oxide growth is 
completed and a 0.25 nm thick oxide film has 
formed on both faces. At T=673 K and Q=lOOO 
L, an oxide film of 2.0 and 2.5 nm has formed on 
the Al (1 10) and AI(lI2) face, respectively, and 
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up to this point a significant decrease in 
oxidation rate is not yet observed. Moreover, at 
T=673 K, initial oxide growth proceeds much 
faster on the relative more open Al(112) than on 
the more rigid AI(llO) face. 
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Figure 1: Chemical state plot of Al-oxides grown 
on a pure Al(llO) and Al(112) substrate at T=305 
K and T=673 K by exposure to pure 0 2(g). 

If Al in the oxide layer is present in more than 
one chemical state as a result of e.g. a different 
surrounding of oxygen atoms, th en an Auger fine 
structure is expected. This is reflected in Fig.l by 
the difference in a' found between the three 
different K~3~3 oxidic peak components A, B 
and C. The relative peak intensity of each of 
these oxidic components is found to be strongly 
dependent upon T. Our next step will be to relate 
these possible different oxide phases with the 
crystallographic structure of the oxide layer as 
resolved in a HRTEM-cross section. A decrease 
in Al 2p binding energy of the oxidic peak 
component A with increasing total oxygen 
exposure is observed for T=673 K (See: Fig.I) . 
This trend possibly indicates a decrease in 
ionicity of the AI-O bond with increasing oxide­
film thickness as a result of a change in valence 
charge density around the Al nucleus. 





A model for stress in thin layers induced by misfitting particles 
An origin for growth stress 
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A model has been developed to describe the 
state of stress in thin layers, induced by 
misfitting particIes. 

Model 
A freestanding, hole containing layer with 
lateral dimensions equal to those of the 
substrate is considered. 

d'l' CY · O 

do 

I 
0 0 0 ol 0 0 0 

/- sin2 '1' 

d'l' cr a " 
Step I 

I ®;® 
0 ® ~ ® ® 

, 
I 

do 

Step 2 
sin1", 

® liD ® 
® liD ® ® ~ 

d'l' CY - cy' ; afix+ 0''' 

~ 
d2l.! 

,"-... 
1 1"-
I 1 

2v , 
sin1", 

I+v 3 

Step 1: Misfitting particIes are introduced 
into the holes leading to: 
• Isotropic expansion 
• Hydrostatic stress ah 

Step 2: Layer is matched to the substrate by 
a flx. Cooling down yields thermal stress a th

• 

• Planar stresses aflX, ath 

From the model it follows that a lix = -ISah 

and th at d2/3 (dij! at sin2
", = 2/3) does not 

depend on growth stress (ah, aftX) . 
Consequently sin2

", plots of a series of 
layers, having equal d h but different growth 
stresses, should intersect at d2/3 . 
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Experimental illustration 
TiN layers of various thicknesses were 
magnetron sputtered onto tooI steel at 
620 K, leading to a d h of about -1.5 GPa. 
X-ray diffraction measurements revealed 
additional growth stresses of -2 to -6 GPa, 
believed to be caused by interstitial atoms. 

A point of intersection for sin2
", plots at 

dm is expected. 

2v/( I +v) 
87.0 

g 
'" -0 ->< 
-d 2/3 

86.5 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 
2 

sin 'JI 

sin2 lf1 plots for TiN layers. 422 reflections were 
used. Fits (fulllines) were forced to interseet at 
sin2 lf1= 2/3. 

Conclusion 
Predictions of the model cIearly coincide 
with the results of X-ray diffraction stress 
measurements for magnetron sputtered TiN 
layers. 

X-ray diffraction stress measurements 
The lattice spacings d'll of lattice planes HKL 
making an angle 'JI with the specimen surface, are 
plotted versus sin2'J1. The planar stress in the layer 
follows from the slope of a linear fit through the 
data points. 
Actions of ah and d ix

, <J'h : 
• ah: Vertical shift 
• di" <J'h : Rotation at sin2'J1 =2v/( I +v) 





Quasi in situ sequential sulphidation of CoMo/ Al20 3 studied using 
High Resolution Electron Microscopy. 
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INTRODUCTION 

The sul phidation process can best be studied by 
examining exactly the same areas of a sample af ter 
sequential sulphidation steps. The formation and 
growth of the active phase can be followed by 
examining a sample af ter subsequent sulphidation 
steps without exposure to air during transport to and 
from the microscope and the sulphidation set-up. 

RESULTS 

EXPERIMENTAL 

HREM was performed llsing a Philips 
CM30ST-FEG at 300 kV. 

Sequential sulphidation was performed by 
sulphiding the sample holder containing the 
sample without exposure to air by transfer to 
and from the microscope via a specially 
developed vacuum transfer system. 

Thiophene HDS 350C 6vol%/H2 

conversion to C4 products 

28.4 % 

20.5% 

CONCLUSIONS 

* 10 bar ist step yields more stacIcing than i bar ist step 

* 2nd sulphidation step increases the lenght of the slabs 

* 2nd sulphidation step decreases thiophene HDS performance 

40.2 % 

23.7% 

* 10 bar 400C i st step then i bar 600C 2nd step leads to increased crystallinity and dramaticaJly decreased 
catalytic perfonnance 

* A defect slab structure is the active phase? 

Email: Patricia.Kooyman@STM.TUDelft.NL 
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Growth and annealing of Ag-Ni layers - stresses and twin densities 
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Introduction 
Thin sputtered layers can contain much 
higher stresses and twin densities than bulk 
materiaIs, due to the non-equilibrium 
conditions during deposition. It is known 
that impurities can enhance the formation of 
twins. Using TEM and XRD, the influence 
of a second element on the stress and the 
twin density in the layers is examined [1]. 

Samples 
Thin Ag-Ni layers (0.5 !lm thick with 0, 
14.7, 21.6 and 28.0 at.% Ni) were sputtered 
onto Si single crystal substrates. It was 
found that Ag and Ni in the as-prepared 
layers formed an (almost homogeneous) 
solid solution. 

Stress and twin density determination 
The stress can be obtained from the XRD 
lattice parameter as a function of \jI, the 
angle between the actually diffracting lattice 
planes and the layer surface (sin2

\j1 method). 
0.411 

Ê as prepared x 
.:. 2~ • 4i 311 X 
öi 111 
E 0 .408 E .. 
Cl. 11 
111 Ct=0 .032 

.~ 111 
0=912 MPa .!! 

0 .405 

0 0 .2 0.4 0.6 
sin ''1' 

0 .8 

0.411 

Ê 3 h 573 K 
.:. 
~ 

!! 
111 
E 0.408 E .. 11 Cl. 
111 Ct=0.010 .l.! 
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0.405 
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sin ''1' 
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Fig.1: As measured (x) and corrected (.) 
lattice parameter versus sin2 lj1 of the as 
prepared sample (15 at. % Ni) and af ter 3 h 
annealing at 573 K. a = twin probability. 
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The lattice parameter-sin2
\j1 plot exhibits in 

general a straight line, the slope of which is 
a measure for the stress. Deviations from 
this linear behaviour can occur due to the 
presence of twins. Twins introduce a peak 
shift, the magnitude of which is dependent 
on the twin density and the orientation of 
the diffracting lattice planes {HKL} wi th 
respect to the twin plane. 
In the present case, the sin2

\j1 plots show 
large, systematic deviations from a straight 
line (fig. 1 ), although a linear relation is 
expected due to the {lil} texture present 
[1]. These deviations increase with 
increasing Ni content and decrease with 
increasing annealing time. The twin density 
and the stress were determined by a fitting 
procedure in which a twin density was 
refined such that a shift of the data points 
towards a best straight line was obtained 
(see fig. 1). The twin densities determined 
this way are comparable with the values 
estimated from TEM images. 

Results 
Pure Ag layers contain no twins and Ag-Ni 
layers have a high density of twins. This 
twin density increases with increasing Ni 
content. Upon annealing spherical Ni-rich 
precipitates (crystallographically oriented 
parallel to the Ag-rich matrix) are formed 
and the twin density decreases. 
The calculated stresses are very high in the 
as prepared Ag-Ni layers (almost 1 GPa) 
and almost zero for pure Ag. Upon the 
precipitation of the Ni, the stresses 
decrease. 

Conclusion 
In sputtered Ag-Ni layers Ni is dissolved in 
Ag; it enhances twin formation and enables 
Ag to sustain high stresses. 

[I]L. Velterop et al. Mat. Res. Soc. Proc. 472 (1997) 
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CORROSION PROTECTION OF STEEL IN MOLTEN CARBONATES 
BY CERAMIC COATINGS 
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a Delft University ofTechnology, Laboratory for Applied Inorganic Chemistry, Julianalaan 
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Introduction 
Corrosion is a major lifetime-limiting 
factor in molten carbonate fuel cells 
(MCFCs). Cell components subject to 
corrosion are the separator plates and the 
current collectors, which are both made of 
stainless steel or nickel alloys. Our goal is 
to protect steel components against 
corrosion by a ceramic coating. In a 
previous studyl , we selected TiN, TiC and 
Ce-based ceramics as suitable coating 
materials because of their high electronic 
conductivity and corrosion resistance in 
preliminary exposure tests with molten 
carbonates. 

Experimental 
Stainless steel 304 substrates were coated 
with a dense TiN layer by thermally 
activated chemical vapour deposition 
(CVD). The corrosion of these TiN-coated 
samples was tested electrochemically in a 
MCFC environment, a melt of 62/38 
molar% Li2COiK2C03 at 650°C under 
MCFC-cathode gas or MCFC-anode gas. 

Results and discussion 
Corrosion layer thickness on samples was 
determined from cross-sections with light 
microscopy. After 30 days of exposure 
under anode gas, a corrosion layer of about 
2 /.lm was visible on the original coating. 
After 30 days of exposure under cathode 
gas, three corrosion layers were visible of 
about 20 /.lm in total as shown in Fig. 1. 

67 

Tel.: +31-15-278 2637 
E-mail: m.keijzer@stm.tudelft.nl 

The corrosion layer thickness on steel was 
comparabie after only one day of exposure. 

Cr-Fe-oxide 

substrate 
20IJm __ _ 

Fig. 1 Light microscopy cross-section of 

TiN-coated steel after 30 days of exposure 
under cathode gas 

Conc/usions 
The TiN-coating lowers corrosion in 
molten carbonates. Under cathode gas, the 
deposited layer is probably not lifetime 
protective, whereas under anode gas, the 
deposited layer might be suitable for 
corrosion reduction during long exposure 
times. 

Reference 
1. M. Keijzer, K. Hemmes, P. J. J. M. van 
der Put, J. H. W. de Wit, and 1. 
Schoonman, Corrosion Sci., 39, 183 
(1997) 
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Introduction 

This picture shows 
an example of 
filiform corrosion; 
a problem that 
needs intensive 
research in order 
to understand how 
and when it 
occurs. In this 
study electroche­
mical impedance 
measurements are 
performed 0 n 
anodized alumi-

Fig.l:Filiform corrosion nium panels. By 
on an aluminium window anodizing alu­

minium its corro-frame 
sion resistance is 

improved. This improvement is to a large 
extend due to the increase in thickness 0 f 
the barrier layer. 

Model anodized aluminium 

When aluminium is anodized in sulfuric acid 
aporous and a barrier oxide layer are 
formed, while in tartaric acid only a barrier 
layer will be formed. The presence of a 
porous layer in sulfuric acid anodized 
aluminium can be attributed to the solubility 
of the oxide in sulfuric acid. 

The barrier layer thickness db 

The thickness of the barrier layer depends 
linearlyon the anodizing voltage E; the 
proportionality factor ra lies in the range of 
1.0-1.4 nmIV. The thickness of the porous 
layer however depends on the anodizing 
time and the current density. 
The barrier layer thickness can be calculated 
usmg 
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where Er is the dielectric constant of the 
oxide layer, Eo the permittivity of vacuum, 
A the surface area of the working electrode 
and Cb the barrier layer capacitance. 

Results and conclusions 

The electrochemical behavior of aluminium 
oxide is represented by the following 
equivalent circuit: 

Cs 

Fig. 2: Electrical equivalent circuit 
of the aluminium oxide layer 

Rl represents the solution resistance, C2 the 
double layer capacitance, R3 the charge 
transfer resistance, R4 the barrier layer 
resistance and Cs the barrier layer 
capacitance. 

From the calculated values of db it can be 
concluded that the barrier layer thickness 
depends only on the anodizing voltage E. 
The proportionality factor ra is nearly 
independent of the anodizing conditions but 
its value of 0.53 nm!V does not correspond 
with literature values. This deviation could 
be the result of a non linear relationship 
between E and db or could be caused by the 
dielectric constant of the oxide which may 
vary with thickness. 

The Twente University of Technology (Dr.ir.VJ.Gadgil) and 
TNO Industry Delft (M.Hoeflaak) are participants in this 
project. 
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The effect of inhomogeneous nitriding on the fatigue strength of the 
nitriding steel En40B 
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Introduction: The phenomenon of 
non-nitridable surfaces is a common 
problem in industrial nitriding. In this 
research non-nitridable surfaces were 
prepared in a reproducible way and 
the effect of such non-nitridable spots 
on the fatigue strength of En40B was 
studied. 

'j 

Figure 1: Nitridable (left) and non­
nitridable En40B. 

Experimental: Droplets of a sodium­
metasilicate solution, an additive in 
machininglcleaning, were put in the 
notch of En40B steel fatigue testing 
specimens. After drying and nitriding 
this resulted in a complete absence of 
the diffusion zone and the compound 
layer (Fig. 1 ). The specimens, having 
different spot diameters, were fatigue 
tested at several stress levels. 
Furthermore, finite element 
calculations were performedbased on 
the model of local fatigue strength. 
The mesh and geometry are shown in 
Figure 2. 

73 

Tel.:+ 31-15-2782197 
E-mail: J.J.Braam@stm.tudelft.nl 

B .Pennings@stm.tudelft.nl 

Figure 2: Mesh and geometry 

Results: Figure 3 shows the results of 
the experiments and the calculations. 
Up to 3-4 mm, the fatigue limit 
decreases with increasing spot size. 
When the spots are larger than 4 mm 
(radius specimen: 7.5 mm) the fatigue 
limit after nitriding is not improved 
with respect to unnitrided specimens. 
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Figure 3: Fatigue strength vs. size of 
non-nitridable spot. 

Conclusions: Small non-nitridable 
spots have a large influence on the 
fatigue limit of En40B. The 
calculations are in agreement with the 
experimental results. 
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Introduction 
Filiform corrosion is a major point of concern when 
coated aluminium, iron or magnesium based alloys 
are exposed to a humid atmosphere. Most often this 
type of localised corrosion starts at defects in the 
coating such as cuning edges or local weak spots in 
the coating and is characterised by thread-like tracks. 
Filiform corrosion has been responsible for extensive 
damage, with extreme costs in various sectors of 
industry, such as building, automotive and aircraft. 
This type of localised corrosion is initially a 
cosmetic type of attack but depending on the 
application area of the a1loy, it may result in more 
serious damage to the construction when left 
unattended. 
Although several parameters influencing filiform 
corrosion behaviour have been discussed in the 
literature, the exact mechanism of filiform corrosion 
is still subject of discussion. 
The aim of the present investigation is the 
determination of the effect of the microstructure, in 
particular its composition and its morphology, of 
aluminium based substrate materials on filiform 
corrosion. 

HEAO TAll 

cathodic site poor1y defined oxide 

H,O environment 

coating 

0 , 

subltrate 

Figure I: Cross-sections of the anodic undennining 
mechanism on aluminium substrates 

Mechanism ofjiliform corrosion 
Filiform corrosion starts with the formation and 
growth of blisters. The factors influencing the 
initiation of blisters are also important for the 
initiation of filiform corrosion. The blisters may 
subsequently grow into uni-directional filaments. 
The factors which govern this transition are still 
unknown. 
The propagation of filiform corrosion on aluminium 
substrates occurs according to the anodic 
undermining mechanism (Figure I) . The oxygen 
supply to the active head takes place through the tail 
of the filament in case of anodic undermining. This 
diffusion process is rather fast and as a consequence 
the propagation rate is determined by the rate of the 
anodic reaction in the head of the filament. 
Experimental results clearly show that the 
propagation rate depends on the corrosion properties 
of the a1loy. 

Very important for the present investigation is the 
fact that the initiation of blisters and the general 
corrosion properties of the aluminium alloy are 
closely related. The initiation of corrosion on 
(uncoated) aluminium alloys may start at local 
irregularities of the thin naturally present oxide layer 
on aluminium. These irregularities are related to the 
presence of elements like Cu, Mg and Si in solid 
solution or as intermetallic phases in the alloy. These 
local differences in composition influence the quality 
of the oxide layer over these phases, and as a 
consequence the protective properties. In particular, 
when copper -rich phases are present, the cathodic 
reaction preferably occurs at these particles which 
may lead to local corrosion phenomena. 

Project Overview 
Generally, the influence of alloying elements can be 
investigated by determining the filiform corrosion 
properties of technical aluminium alloys, using a 
statistical analysis of the results. A disadvantage of 
this conventional procedure is the fact that it is 
impossible to characterise the initiallocal 
microstructure of the substrate af ter filiform 
corrosion attack. To obtain a clear insight into the 
mechanism of filiform corrosion and the substrate 
effects on a microstructural level, it is absolutely 
necessary to analyse the filiform corrosion properties 
of reproducable model substrates (figure 2), 
containing synthetic defects, which is the aim of the 
present investigation. 

Cu-ri eh track scratch aluminium 

Figure 2: Schematic representation of coated 
Al/Cu model substrates. used for 
accelerated exposure tests 

Figure 3: Example of cross-section of a diffusion zone of 
a Cu-rich track of an Al/Cu model substrate 
used for accelerated exposure tests 
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Experimental 
During the present investigation, filiform corrosion 
properties of model substrates are investigated on a 
laboratory scale by accelerated exposure tests. 
Corrosion experiments are performed on 
commercially pure aluminium sheet containing 
synthetic defects. These defects are generated by 
sputtering and consecutive diffusion treatment. A 
strict manufacturing procedure is inevitable to obtain 
reproducable model substrates. 
The present set of experiments involve AI/Cu model 
substrates, as iIlustrated in Figure 2. 
Copper -tracks are magnetron sputtered on 
commercially pure and chemically polished 
aluminium. Diffusion of copper into the base 
aluminium substrate is initiated by heat treating the 
specimens (Figure 3). Different sputter layer 
thicknesses and heat treatments are applied to 
compare different composJttons and temper 
conditions. For the present set of experiments no 
industrial pretreatment is applied and substrates are 
only solvent cleaned with ethanol prior to coating. 
After an organic coating is applied, line defects are 
scribed perpendicular to the copper direction, 
filiform corrosion is initiated by HCI-vapour and the 
specimens are exposed in a humidity cabinet at 40°C 
and 82 % RH, according to DIN65472. 

lmm . 

• ". .) •• 1 • , 

(a) 

( b) 

Figure 4: Filifonn corrosion patterns on reference aluminium 
substrates (a) and AI/Cu model substrates (b) 
af ter 45 days of exposure according to DlN65472 

Current observations show that mainly the filiform 
corrosion propagation is enhanced by the presence 
of Cu-rich artificial line defects and initiation and 
propagation is confined to the intermediate 
regions. 
Besides further evaluation, future research of the 
investigation into the microstructural effects on 
filiform corrosion behaviour of aluminium based 
substrates will include the appliance of industrial 
pretreatments and coati ngs as weil as local 
electrochemical mea~urements during filiform 
corrosion initiation and propagation. 
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Metallurgical control of filiform corrosion of aluminium rolled 
produets (FICARP) 
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Introduction 
Filiform cOITosion is a type of coITosion 
that can be found on coated aluminium, 
steel and magnesium. Filiform coITosion 
causes threadlike cOITosion traces between 
the surf ace of the aluminium and the 
coating. The coITosion principle for the 
filiform is equivalent to a differential 
aeration cello Oxygen is supplied through 
the tail of the filiform. Therefore the 
oxygen concentration decreases towards 
the head. 
The key need in this project is to 
understand how the metallurgy of the 
aluminium substrate as determined by 
metal source, aHoy composition, casting 
technique, processing and surf ace 
treatment influences filiform COITosion 
behaviour. The different aluminium 
substrates are characterised using 
electrochemical techniques, because this 
type of attack has an electrochemical 
ongm. The first electrochemical 
techniques which are used are the 
measurements of the Open COITosion 
Potential (OCP) versus time and 
polarisation curves. 

Electrochemical characterisation 
Before the OCP is measured as a function 
of time, aluminium sheet material is 
degreased with ethanol. The OCP and 
polarisation curves are recorded with an 
Schlumberger SI 1286 ECI. This is done in 
an Avesta cell to prevent crevice cOITosion 
on the aluminium. 
Two examples of OCP measurements can 
be seen in figure 1. The OCP is recorded 
in two different electrolytes. These are a 
5% NaCI acidic solution and a 0,5 % NaCl 
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neutral solution. The polarisation curves 
ean be seen in figure 2. 
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Figure 1. oep measurement of AA 3005 
versus time in different electrolytes. 
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Figure 2. Polarisation curves of AA 3005 in 
different electrolytes. 

In a 5% NaCI pH 3 solution the OCP 
stabilises mueh faster. This stabIe point is 
roughly at the pitting potential (see fig. 2). 
In a 0,5% NaCI solution the OCP 
deereases first to more eathodie potentials, 
then the OCP stabilises to almost the same 
potential as the 5% NaCI solution. This 
OCP is still below the pitting potential (see 
fig. 2). One ean conclude that the 
cOITosion CUITent is about 100 times 
smaller in the neutral 0,5% NaCI solution 
than in the acid ie 5% NaCl solution. 
There is still a lot that ean be done to fully 
understand the eOITosion meehanism of 
filiform eOITosion on aluminium. 
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A parallel detector for Auger spectroscopy in an electron microscope 

J.S. Faberl, C. Smit and P. Kruit 

Delft University of Technology, Department of Applied Physics, Lorentzweg 1, 2628 CJ Delft 
I Present adress: Philips Electron Opties, P.O. Box 218, NL-5600 MD Eindhoven 

Introduction. 

A Philips EM430 transmission electron 
microscope has been adapted to allow 
detection of both Auger and energy 
loss electrons. This opens the way for 

r--- --------------, , 
I 
I 

Transport Jt!ns 

nanometer resolution elemental 
mapping of surfaces and for 
coincidence spectroscopy. To 
overcome the low count rates 
normally associated with 
coincidence experiments we are 
developing a parallel detector for 
the Auger spectrometer. 
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Primary electrons from the gun excite the specimen. 
This results in the emission of Auger electrons which 
are directed upwards along the optical axis by the 
magnetic field ofthe objective lens and the 
parallellisor. The 900 deflector bends the Auger 
electrons towards the hemispherical analyzer. The 
settings of the transport lens and the analyzer determine 
the energy range and resolution on the strip anodes of 
the parallel detector. 

Parallel detector design 
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The Auger detector is a completely paraBel detector, 
consisting of a multi channel plate (MCP) followed by 
a multi strip anode. Each anode is connected to its own 
preamplifier and discriminator 

Result 

This is the unmounted detector. Normally a MCP is 
situated in front of the detector with the 96 anode 
strips. The connector has 96 spring contacts that will 
conneet the strips with the electronics when plugged in. 

Post spectrometer opties 
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Introduction 
In the NEXT -project we will study 

the physical properties of molecular and 
metallic structures of very weU controUed 
shape and high purity in a size regime 
where the quantization of the energy of the 
electrons is important. The development of 
the technology for the fabrication of very 
small metallic aluminum structures is the 
subject of this specific part of the project. 

Recent 
It has been demonstrated that 

alurninum can be selectively deposited onto 
silicon. This means that aluminum is 
deposited on silicon and not on silicon 
dioxide which is used to mask the silicon 
substrate. Aluminum deposited from 
dimethyl aluminum hydride (DMAH) is in 
addition deposited epitaxially onto silicon. 
By a careful choise of the silicon surface 
orientation one can prescribe the orientation 
of the aluminum. The crystals grown so far 

are in the I !lm range. We will use the same 
chernistry but improve on the lithography to 
arrive at patterns in the nanometer range. 

The chemical vapour deposition 
(eVD) experiments with DMAH will be 
performed in an ultra high vacuum (UHV) 
system in order to stabilize the small 
metallic structures. Over the past two years 
a large multichamber UHV system has been 
build which provides facilities for in situ 
substrate cleaning, structure preparation 
and manipulation on atomie scale, 
characterisation and measurements. 

Present 
In order to reduce the dimensions of 

the deposited aluminum structures, silicon 
with a 10 nm silicon dioxide toplayer wiU 
be covered with a standard resist af ter 
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which a pattern will be written by the 
Electron Beam Pattern Generator (EBPG) 
at DIMES. Af ter development the pattern 
will be transferred into the oxide by means 
of plasma-etching. On the thus prepared 
substrate aluminum will be deposited 
selectively. The typical resolution of this 
process is lirnited to about 20 nm. 

Future 
The dimensions of the deposited 

alurninum structures can be further reduced 
by using resists which permit higher 
resolutions: e.g. atomic hydrogen. Af ter 
dipping a silicon wafer in dilute fluoric acid 
the surface is hydrogen terminated. This 
surface can be used as a negative resist. 
Areas irradiated by electrons lose their 
hydrogen termination. During the 
subsequent eVD process, aluminum will 
only be deposited on surface are as where 
the hydrogen termination is still intact. The 
ultimate resolution is limited by the 
diameter of the electron beam. Lithography 
by electrons from a scanning tunneling 
microscope (STM) has already demon­
strated 5 nm resolution. 

In an other approach aluminum 
structures will be directly written by STM. 
For several precursors it has been 
demonstrated th at the adsorbed precursor 
molecules can be decomposed by electrons 
tunneling from the STM tip to the substrate. 
We expect that this will also to be the case 
forDMAH. 
The latter experiments will be performed 
with a new home-build STM, which is 
presently being developed. 
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Introduction 

CoSh forms atomically flat surfaces and 

interfaces with the Si (111) substrates. This 

makes it an ideal candidate for well defined 

mesoscopic structures and leads compatible 

with STM Lithography (STM = scanning 

tunneling microscope) . Therefore the 

formation and the thermal stability of such 

structures under UHV conditions is of 

growing interest. 

Experiment 

0.5 nm Co is evaporated on the clean 7x7 

reconstructed Si surface. The change of 

surface morphology after different heat 

treatments is monitored with in situ STM. 

Results 

After room temperature deposition the surface 

of the pure substrate is just altered by an 

additional surface corrugation of a few Á 

(Fig. 1) . After annealing at 6000 C all the Co 

has been consumed in the silicidation process 

and the whole surface is covered by the 

di silicide film (Fig.2). This film morphology 

changes drastically af ter an additional heat 

treatment at ca. 9000 C (Fig.3). Between the 

CoSh islands of upto 12 nm high the bare Si 

becomes visible. A further short annealing at 

1200
0 

leads to a disappearance of the silicide 

islands and the surface changes to a 

morphology similar to the clean Si substrate 

were the 7x7 reconstruction is replaced by the 

Co induced -J7x-J7 reconstruction (Fig.4). 
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Fig.1 
surface af ter deposition ; size 800 nm ; gray scale 1.3 nm 

Fig.2 
disilicide film ; size: 62 nm ; gray scale 0.34 nm 

Fig.3 
surface af ter island formation ; size: 2000 nm . gray scale 10 nm 

Fig.4 
Co induced reconstruct ion ; size: 16 nm; gray scale 0.19 nm 
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Introduction 
In 1994 a new method has been introduced 
to form high aspect ratio ULSI sub-micron 
diameter Al vias with high quality.i As an 
alternative to eliminate the poor step-co ver­
age of a conventional metallization process 
(sputter-deposition), high pressure extru­
sion ("force-fill") of aluminium provides 
improved via-fill. The method can be de­
sc ri bed as the extrusion of a bridging Al 
layer into a via opening using high pressure 
thus providing a connection to the lower 
level in the circuit. The process runs at ele­
vated temperature, driven by hydrostatic 
pressure (typically 400°C and 60 MPa). At 
DIMES this process is explored with 
silicone oil (polymethy l-siloxane) as 
pressure transducer. The mechanism and 
kinetics of the process are still unclear. The 
relation between pressure, temperature and 
filling rate of the process is investigated. 

Results 
Al-Cu (0.5 %) films (800 nm) have been 
sputter-deposited on patterned oxidised 
wafers [covered by TiN (100 nm)]. Fig. 1 
shows cross-section SEM images of vias as 
deposited (a) and force-filled at 280°C, 80 
MPa, 16 min. (b). --......... ~---< 

Fig. I a. SEM image of Al via (as dep.). 
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'" Fig. lb. SEM image of force-filled Al via. 

Fig. 2 shows the relation between pressure, 
temperature and via-fill. From Fig. 2 it is 
found that a threshold stress exists bel ow 
which no plastic deformation takes place (50 
MPa). In Fig. 2 astrong dependence on 
pressure and temperature is shown. At 
present, the process is being characterized 
by meanS of kinetic analysis. As yet, the 
results as shown here are described in a 
model of a stress-driven diffusion process. 
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Fig. 2. Relation between pressure, 
temperature and filling capability. 

I Dixit G.A., M.F. Chisholm, M.K. Jain, L.M . 
Ting, S. Poarch, K. Mizobuchi, R.H. Havemann. 
Proceedings ofIEDM 1994, P 105 - 108. 
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Origin of resistance changes due to electromigration in AI Hnes 

A.H. Verbruggen, M.l.C. van den Homberg, L.C. lacobs and S. Radelaar 
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High-resolution resistance measurements 
have been used to study fundamental 
aspects of electromigration in thin film pure 
Al conductors. The sample layout is shown 
in Fig.1. Passing a DC through one of the 
lines changes the resistance of the line due 
to electromigration. The other line serves as 
a reference. The lines are 2 Jlm wide and 
110-115 nm thick. The measurements were 
carried out between 150°C and 200 oe. 

... 
Fig.1. Sample layout for AC bridge 
resistance measurements (3 ::; L ::; 17 Jlm). 

An example of a measurement is shown in 
Fig.2. After a period of 20 to 60 minutes 
the DC stressing current is switched on and 
an immediate increase of the resistance is 
observed corresponding to Joule heating. 
This is followed by an increase of the 
resistance. Depending on DC current 
density and sample length the resistance 
saturates (Fig.2A) or increases linearly with 
time (Fig.2B). When the current is switched 
off after a few hours we see, following the 
immediate effect of removing the Joule 
heating, a complete relaxation of the resis­
tance to its original value (Fig.2A) or only a 
partial recovery (Fig.2B). Fig.3 is an AFM 
micrograph of a line that displayed a 
permanent resistance change. From many 
detailed studies we conclude that the 
recoverable resistance changes are due to 
the build-up of mechanical stress and the 
non-recoverable changes to the formation of 
a void or hillock. 
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Fig.2. Resistance changes induced by elec­
tromigration as function of time. A: j = -2 
MA/cm2, B: j = -4 MA/cm2. L = 8 Jlm; T = 
150°C. 

Fig.3. AFM picture of a sample after 
stressing at j = 3 MA/cm2 at 150°C for 6 
hours. 
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Introduction 
In last decade, the interest in thin organic fIlms 
is increasing strongly. Applications are found in 
a variety of research areas, such as integrated 
optics, sensors, organic solar cells, drug 
delivery and friction reducing coatings. In 
collaboration with the University of Wagenin­
gen, we developed a new self-assembly 
technique to produce organic multilayer 
systems, that may pro vide the desired control 
on the architecture at the molecular level. The 
multilayers are produced by alternately 
immersing a charged substrate (e.g. silicon or 
glass) into aqueous solutions of oppositely 
charged polyelectrolytes (see Fig.I). 

Fig.1 Self assembly of the multilayers 

The airn of our study is to characterise the 
structure of these fIlms , and to determine and 
understand the relation between this structure 
and the growth conditions (e.g. type, charge 
and size of polymers, concentration, ionic 
strength, pH). 
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Experiment 
We confmn the self-assembly process by in-situ 
determination of the adsorbed amounts, by op­
tical reflectometry. Using neutron reflectome­
try (NR), we determine the intern al structure of 
the fIlm. This technique yields the neutron 
refraction index depth profIle, in the range from 
1 to 300 nm. In principle, we obtain from NR 
information about monolayer densities and 
thicknesses, total fIlm thickness, and water 
contents. First experirnents were done at the 
IR! reflectometer ROG. The polyelectrolytes 
we used were PVP+ (poly(l-methyl-2-vinyl 
pyridine), M = 120k), and PSS' (poly(p-styrene 
sulphonate), M = 88k).The polymer concentra­
tions were as low as 100 ppm by weight. The 
substrate was silicon. We made systems 
consisting of up to 40 bilayers. 

Results 
The bilayer thickness depends on the ionic 
strength of the solutions during assembly, and 
of the water content of the fIlm. For a dry 
sample, grown at a low ionic strength (5 mM), 
the bilayer thickness is 0.65 nm, i.e. the 
polymers lie flat on the surface. By doubling 
the ionic strength, the bilayer is a factor 1.6 
thicker. The polymer density is approxirnately 1 
glcm3

, in both cases. The tilm appears to be 
rather hygroscopic, it can absorb up to 42% of 
water, swelling accordingly. 

Future 
We started to study the PVP-PSS stoichiome­
try, and the presence and amount of counteri­
ons built in, using NR and neutron activation 
analysis. Perforrning especially designed NR 
experirnents, using deuterated po lymers , will 
yield information of the interpenetration of the 
polymer layers. Furthermore, w.We will model 
the conformation of the polymers using self­
consistent fIeld calculations. 




