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Abstract
Scanning probe microscopes have been used on the biological macromolecule spectrin
and on plasma-facing materials for fusion device applications. The scanning force
microscope has the potential to image free spectrins with molecular resolution in an
almost natural environment. The elongated spectrin molecule was determined to be
approximately 100 nm long and 5 nm in diameter. Indications of its substructure were
observed. The scanning showed that sample preparation and attachment are crucial for a
positive result. Image resolution is limited by virtual broadening of spectrins, due to
interactions between the sensor tip and the sample.
The plasma-facing materials were SiC/A1 coatings and graphite-silicon mixtures.
Surface characterization was performed before and after exposure to low-energy
deuterium plasmas and ions. Very initial stages of radiation damages were detected for
the coatings exposed under laboratory conditions. Bubbles or blisters were observed on
Al but not on SiC. The broad depth distribution of deuterium concentration (measured
by nuclear reaction analysis) was explained from scanning probe microscopy measurements of the surface roughness. C-Si mixtures (5-50 wt% Si), exposed to a tokamak
plasma in the TEXTOR facility in Jülich were also investigated. Initial stage
imperfections, covered by deposits from plasma impurities, were observed near the
plasma edge. Comparative studies from laboratory exposures of both the mixtures and
pure graphite, prove that blisters and bubbles appear on graphite. These results show
that the SiC/A1 coating is poor, but that C-Si mixtures should be considered as possible
materials for plasma-facing components in fusion devices.
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1 Introduction
This thesis covers experimental measurements with scanning tunneling and atomic
force microscopes' (STM and AFM). These give possibilities to measure surface
topography, morphology, local density of states, local friction, local adhesion and
hardness, as well as to modify surfaces - all on the microscopic level, down to atomic
resolution. This thesis reviews how these techniques have been applied on biological
samples and on so-called plasma-facing materials.
The first four sections give a brief insight into the field and some examples of
measurements. Where not indicated, figures throughout the text show results obtained
by the author.
The scanning tunneling microscope (STM) was developed in 1981 by G. Binnig,
H. Rohrer2 (Nobel prize in 1986) and co-workers at the IBM Zürich laboratories. The
original aim was to learn about the local structural, electronic and growth properties of
very thin layers. Electron tunneling appeared to be a promising approach, provided it
could be used locally on the nanometre scale. The electron tunneling gives strongly
distance-dependent interaction and requires close proximity of probe and object. Metal
tips for the tunneling electrode were at that time already used in the well-known fieldion microscope. The tip positioning must be controlled within a fraction of an
Ångström and was achieved with piezo drives made from commercially available
ceramics.
The principle of the STM is to scan the tip in a raster pattern close to the surface.
This is controlled by a feedback system. The corresponding feedback signal gives a
picture of the surface.
Most other microscopic techniques give two-dimensional information. The STM
gives three-dimensional information with a very high resolution, down to atomic scale,
i.e. about 1 Å laterally and 0.01 Å vertically. It also covers length scales up to hundreds
of gm.
From the STM has emerged several other probe microscopes. All use the same basic
technique but different local probes (scanning tip). The STM requires a conductive
sample, while the atomic force microscope (AFM), invented in 1986 by G. Binnig,
C. Gerber and C. F. Quate3, can be operated also on insulating surfaces. The AFM
senses forces between tip and sample and is most commonly operated with a repulsive
total force ("repulsive mode", "contact mode"). Forces of 10-14 to 10-4 N can be
measured, and a lateral resolution of the order of Ångströms can be achieved. They are
much smaller than the forces from tip-sample interaction in the STM. A common name
for the family of force sensing microscopes is scanning force microscopes (SFM). With
a slightly different probe this includes microscopes that monitor long-range, very weak,
attractive forces ("attractive mode", "non-contact mode").
The achievable resolution of all these scanning probe microscopes (SPM) depends on
the size of the probe, the tip-sample distance, the distance-dependence on the
interaction and, of course, on the sample itself. The measurements can be made in a lot
of different environments, such as liquids, gases, ultra-high vacuum (UHV) or directly
in air.

2 Scanning tunneling microscopy
This section presents the instrumentation, physical principles and operational modes of
the STM.
The piezoelectric scanners are normally arranged either in a tripod or as a cylindrical
single-tube piezo scanner. The microscope head holds the piezo-tube scanner and
includes a preamplifier. All these are mounted on the base, which also supports the
sample. The tunneling current between tip and sample is preamplified and sent via a
control unit (D/A, A/D converters) to the feedback system. The scanning and feedback
loop are controlled by a digital signal processor included in a computer workstation.
The tip-sample distance (4-15 A), or the current, is kept constant by the feedback
system, which controls the voltage over the z-piezo element. It is the feedback signal
that maps the surface and the plotting of this signal that gives the image. The so-called
coarse approach moves the tip and sample into microscopic distances by a stepper
motor. The smallest step in the coarse approach must be smaller than the z-scan range
of the piezo scanner (a few micrometres). Transition metals are used as tip material.
Sometimes the sharp tips are electrochemically etched4,5 tungsten or Pt-Ir6,7,8 wires.
Mechanically cut Pt-Ir or Au wires are often used. W wires are, above all, easy to etch,
while the Pt-Ir wires have the advantage of not oxidizing in air. On rough surfaces, an
enhanced resolution can be achieved by using sharp "supertips". These can be
manufactured by, for instance, electron-beam induced deposition9. Other candidates for
tip materials exist, one example being silver wirew.
Originally, the STM was introduced for topographic imaging, but many related
techniques have been developed. One of the simplest is the local spectroscopy, which is
often included in STM systems.
Imaging with our equipment is made in air, gas or liquid environments. In general, it
can be made also in ultra-high vacuum (UHV) or in an electrolyte.

2.1 Physical principles
When the sharp metal tip is brought close enough to the sample, surface electrons can
tunnel quantum-mechanically through the gap between the tip and sample. The two
most frequently used theories'1 to explain STM imaging from quantum mechanics are
the so-called scattering approach and the transfer (or tunneling) Hamiltonian approach.
Fig. 1 shows schematically, examples of barriers between metal electrodes, separated
by vacuum.
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Figure 1. Potential barriers between electrodes for vacuum tunneling. EF1 and E 2 are the Fermi
levels of the electrodes. (A) The two electrodes are not in contact with each other. (B) The electrodes are
brought together, and electrical equilibrium leads to a common Fermi level. The work-function
difference between the two gives rise to an electric field in the vacuum region. (C) When a voltage (+V)
is applied on the right electrode, the Fermi levels differ by eV. Now the field in the barrier includes both
the applied voltage and the work-function difference.
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In the scattering approach the aim is to find scattering solutions to the timeindependent Schrödinger equation for the actual junction. This includes computations
of transmission probabilities for a wave incident on the barrier. In fig. 2 is shown a
schematic potential energy profile for a planar metal-vacuum-metal tunnel junction.
The overlap of the electronic wave functions in the gap gives the tunnel current
(transmission).
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Figure 2. Schematic energy profile for a one-dimensional planar metal-vacuum-metal junction. V is
the applied bias voltage, EF are the Fermi levels and I) are the work functions for tip ("r) and sample

("S"). The T in Texp(ik'zz) is the transmission probability for the incident wave. The dashed line
represents a idealised trapezoidal barrier and the solid line the barrier with respect to some tip geometry.

In the fundamental approximation for a planar junction with a one-dimensional
square barrier between free electron metals, one assumes that the voltage V is small, the
tunneling probability constant, the work function cro » V and the temperature T = 0 K.
One gets12 for the current density h:

e2 x

h ir2s e-21(s = B e-21(5,
VT —

(1)

where s is the distance between tip and sample, VT is the applied bias voltage, and
where .K is given by:

2x = -2-V2mai =1.025-j, A-1.
h

(2)

Here m is the electron mass and IT the effective tunnel barrier height, i.e. the sum of
the barriers. When s grows (> 10 ik), 4:1:0 approaches the work function13.
The exponential dependence for the current on gap distance in equation (1) gives the
STM its unique resolution. B is often interpreted as proportional to the local density of
states (LDOS) near the Fermi level, at the tip position. The sign and magnitude of the
applied voltage determine how the atomic states are probed. The occupied (empty)
states are probed when the tunneling is out of (into) the sample. For real systems the
transmission coefficients can be very complex to calculate. Then the transferHamiltonian approach can provide a better description.
This method regards the tip and sample as independent systems with weak
interaction, and requires explicit expressions of the wave functions for each of them.
The Schrödinger equation is solved, often by perturbative methods, which gives the
current density. In the simplest case14, the equation is solved with first-order
perturbation theory (weak coupling between tip and sample). The tip is assumed to be a
point source of current (alternatively, spherically symmetric with an s-wave tip wave
function). The result is that constant-current contours in the STM image can be
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interpreted as contours of constant charge density from electronic states at the Fermi
level. This perturbation theory breaks down for small tip-surface separations.
Summarizing, in the simplistic view the tunneling current should be proportional to
the LDOS. This is a reasonable interpretation of the images in most, but not all, cases.
For example, on a closed-packed metal surface there are also other contributions to the
interaction than the electron tunneling. The force interaction (typically micronewtons)
from long-range van der Waals forces, adhesion and short-ranged Coulomb
interactions, plays an important role in all the different scanning probe methods. When
the force is strong (at small gap distances) the LDOS picture breaks down.

2.2 Modes of operation
With the STM it is possible to perform topographic imaging and spectroscopy.
Sometimes the barrier height imaging is considered an independent mode of operation.
Here it will be treated as a spectroscopic mode.
TOPOGRAPHY
The two ordinary topographic modes of operation are the so-called constant-current
mode (—"height mode") and constant-height mode (—"current mode").
The constant-current mode is the original way of imaging. The tip position in three
dimensions is controlled by the piezoelectric drivers. The tip is scanned in the two
lateral directions and the feedback circuit adjusts the tip height, as to keep the current
constant. A constant current yields roughly a constant tip height, so the shape of the
surface is reproduced by the path of the tip, i.e. the feedback voltage to the piezos. It is
possible to image conductive surface structures and measure various roughness
parameters. Fig. 3 shows "large-scale" topographic images of this kind. When scanning
with this extended scale, the images give a true reflection of the surface topography.

0

nrn

Figure 3. STM constant-current mode images of two different surfaces. The three-dimensional
illuminated plots show all axes in true distances (nanometres). A mechanically cut Pt-1r tip was used.
(A) A gold surface scanned with a bias voltage of -200 mV (sample negative, monitoring filled states)
and tunneling current 1.0 nA. (B) A sample of C-Si mixture (50 wt% of Si) showing terraces on graphite.
The bias voltage was +400 mV and the tunneling current 1.0 nA. This image is slightly low-pass filtered,
which reduces some of the "sticky" disturbances in the image.

In the constant-height mode the feedback system uses a slower response, so that the
tip height remains constant relative the average surface, and small features are reflected
in fluctuations of the current. This method is applicable only on very flat surfaces and
with small scan areas. The main advantage of this method is the possibility of a high
scan speed, which reduces effects from thermal drift and other distortions. Fig. 4 shows
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examples of scanning in current mode with atomic resolution. Atomic resolution can be
achieved on samples in which the atoms are arranged on an ordered lattice, i.e. (poly)
crystalline samples. Individual atoms have been observed on a variety of metals,
semiconductors and layered materials.
The vertical resolution of the STM is about 0.01 Ak, while the lateral resolution
depends strongly on the tip shape. Resolutions better than 2 Å can in many cases be
obtained with ordinary cut Pt-Ir tips. Such tips are satisfactory for scanning small areas,
while sharper, etched tips are sometimes required when scanning over "macroscopic"
dimensions.
One of the most popular materials for STM studies is graphite. It can be prepared to
provide clean, flat areas, and atomic-resolution is easily achieved. Fig. 4 shows atomic
resolution on highly ordered pyrolytic graphite (HOPG). The structure of the graphite is
the well-known hexagonal lattice. Within a layer of hexagonal rings, the atoms are
covalently bound to each other with strong it-bonds. The nearest-neighbour distance is
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Two DinenGional
Spe.etrurn
erectrel
deneity (rig eciverel
0.010

LO
trele

5f...red Per eeetere
Ti Per loci
n.
1' Per icid
R Per lad 0.21 rzrn
4,01e ),00
0.178
Fe I 0w

5

10

15
STM data
In

2

0

Nanoscope II
Parameters:
11.0 ml.)
Bias
0.60 nil
Setpoint
16.0 A/V
400/scan
Samples

>re

nm
2

4

STM current-mode images with atomic resolution on highly ordered pyrolytic graphite
(HOPG). The vertical (out-of-paper) scale is nanoampere. The images were taken without noise
reduction. A mechanically cut Pt-li tip was used. (A) The resolution of the images is 400x400 lines.
Every bright spot corresponds to one atom. The bias voltage was as low as +2.4 mV and the tunnel
current was 0.59 nA. (B) A two-dimensional fast fourier transform (WO of the image in A, showing the
frequency components of the image. The unit of the axis is nm/cycle and the frequency is increasing
along these axes. Assuming the image is showing a truly triangular lattice, the distance between the
visible atoms can be evaluated as 2.1 Å/cos 30, i.e. 2.4-25 A. (C) A smaller scan area. Observe that
only every second atom in the lattice is visible, giving a triangular lattice instead of the true hexagonal.

Figure 4.
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1.42 A and the in-plane lattice constant is 246 Ä. The layers of hexagonal rings are
kept together by weak van der Waals forces and spread 3.35 ,AL apart Neighbouring
layers are shifted relative each other, forming an ABAB... stacking sequence. This
stacking gives non-equivalent atomic sites. Some carbon atoms have a neighbouring
carbon atom directly below in the next layer (a-site), while some do not (J3-site).
In fig. 4c only three of the six atoms of each carbon hexagon are visible. This is a
well-known feature of graphite STM-images15 and illustrates that the STM follows
contours of constant electron density of states. This density is not necessarily the same
as the positions of the atoms. The effect is normally attributed16 to the site-asymmetry,
so that the STM distinguishes between the a- and fl-sites. The asymmetry is nearly
independent of the polarity and decreases with increasing magnitude of the bias voltage.
It has been explained by the particular symmetry of the wave functions at the Fermi
surface. It can 1512 shown17 that at a-sites, bonding and antibonding interaction between
ir-orbitals from different layers gives new bonds, and the LDOS is swept away from the
Fermi level. When imaging with STM at low biases, the LDOS near the Fermi level is
probed. Therefore the tunneling current should be higher at the 0-sites.
In fact this triangular lattice observed by STM has also been explained18 in terms of
a charge density wave state without the interlayer interactions. It fuls also been observed
for rnonolayers of graphite.
The STM hence senses the features of the surface wave functions. Ry adjusting the
bias voltage, states at different distances in energy from the Fermi level are probed.
Anomalies observed on graphite are, for instance, the giant corrugation19 and the
unusually sharp resolution20. The amplitude of the atomic corrugation can be as big as
6-1() A and can be attributed to elastic deformations of the soft graphite due to
0.6
0.4
0.2
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Figure 5. STM constant-current mode image of HOPG, showing the atomic corrugation. The crosssection at the top is along the line in the image. The bias voltage was 6.7 mV and the setpoint current
1.0 nA. The image is 1-1.-1 filtered.

tip-sample interaction. It can also be attributed to imaging at lowest possible voltage,
only probing states at the band edge. This gives states that have the character of
standing waves on the surface, yielding an unusually good resolution. The corrugation
becomes anomalously large and does not decrease rapidly with increasing gap distance.
The easiness to resolve the carbon atoms and measure atomic spacings on HOPG is
used regularly for recalibration of the piezoelectric scanner.
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The STM is also very sensitive to isolated non-periodic surface structures, such as
point defects, steps, grain boundaries and other defects. One example is shown in fig. 6
for carbon atoms on a sample of oc-SiC. The edge of a ledge is seen to the left in the
image. A superimposed "superlattice" (-Vi x
R30°) is observed in the vicinity

A

B
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4

2

nm

Figure 6. STM current-mode image of HOPG, showing a superlattice. The bias voltage was 14.6 mV
and the setpoint current 1.3 nA. (A) The superlattice is clearly seen as brighter spots in the normal image.
(B) An FH of the image in A. The inner hexagon corresponds to the superlattice and the outer to the
unperturbed lattice of HOPG.

of the defect. It is caused by long-range electronic perturbations around the defect21.
The same kind of superstructure has been observed near steps on pyrolytic graphite.
TUNNELING SPECTROSCOPY
At moderate bias voltages the tunneling current is proportional to the LDOS (of the
sample and tip). Assuming constant density of states for the tip we write in a simple
approximation the tunneling current aS22,23:
EF +V

I(V) oc f p(E)T(E,V)dE ,

(3)

EF

where p(E) is the LDOS, T(E,V) the transmission coefficient, E the energy, EF the
Fermi energy and V the applied voltage.
Now, by measuring the detailed dependence of the tunneling current on the applied
voltage, the electronic density of states as function of energy (voltage) can be
determined. Scanning tunneling spectroscopy (STS), which is older than the STM, can
be performed in many different ways. The method used here is to measure how the
tunneling current depends on the applied voltage under constant sample-tip separation.
The feedback is momentarily interrupted and the applied voltage is ramped
simultaneously as the current is measured. The function I(V) and its derivatives can be
measured at different points of the surface. Average values of di/dV at different
locations can be monitored simultaneously as the topography, forming a threedimensional image. In fact, the differential conductivity dI/dV has no simple relation to
the DOS, but a sharp feature in the DOS obviously gives a feature in I(V) (or its
derivatives). The transmission coefficient depends strongly on V when V is an
appreciable part of the work function. This voltage dependence is usually not known.
When the voltage is not small, the data can be presented as normalized differential
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conductance24, (dl/dV)/(I/V) = d(lnI)/d(lnV), which eliminates a possible exponential
behaviour of T(E,V) on V. This procedure induces singularities at semiconductor band
edges. One gets rid of these by broadening V with Gaussian or exponential smearing
functions. In the exponential case by normalizing:
i I
I/V = --e
dV' ,
(4)
V'
where AV is the broadening.
STS data
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Figure 7. STM/STS image of graphite atoms on n-SiC, showing topography and differential
conductance in a three-dimensional image. The two images to the left show topography for two different
bias voltages. The differential conductance has been recorded simultaneously in the two images to the
right.

Figs. 8-9 show I(V) curves at different bias voltages (gap resistances, gap distances)
from points on HOPG and n-SiC, respectively. Positive voltage means positive voltage
on the sample, representing electrons tunneling into it. All these spectra, as well as
spectras presented later, were taken in air at room temperature, including effects of the
surface cleanness. The curves on HOPG are symmetric up to a bias voltage of 50 mV.
For larger gap-distances (higher biases) the curves are anti-symmetric around zero bias
(slightly rectifying). This effect may arise from the sensitivity of the barrier to the sign
of the applied bias. However, it is more probable that it arises from field intensification
due to tip geometry. The curves on SiC are remarkably symmetric. There are also
indications of a bandgap in them.
abc d ef ghi j k 1
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Figure 8.
Current versus sample voltage on
highly oriented pyrolytic graphite, for 13
different voltages. The bias voltages for the
curves from a to I are 0, 1, 2, 5, 10, 15, 25, 50,
100, 200, 300, 400 and 600 mV, respectively.

—3

—2

Sample voltage (V)

Figure 9.
Current versus sample voltage
on ß-SiC, for bias-voltages of -25, -50, -100,
-400, -1000, -2000 and -3000 mV, counted
from left to right in the upper half-plane.
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Numerically differentiated I-V data from the same samples are presented in fig. 10.
For HOPG they show characteristic V-shaped curves, non-ohmic and with a slight
offset from zero bias. The curves on SiC show some additional features. An inflection
point at 1.1-1.2 eV defines the conducting-band edge for the semiconducting material.
The Fermi level at 0 eV seems to have a very slight offset towards the p-side. Also the
shapes of the curves indicate25 a weak p-type semiconductor material. An estimate of
the bandgap at the surface yields approximately 2.1 eV.
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Figure 10. Normalised conductivity on a sample of HOPG and on SiC for different bias voltages. The

data have been low-pass filtered.

Figs. 11-12 show examples of measuring normalized differential conductances. The
STM just monitors states around the Fermi level and, for tunneling, the bias voltage
should not exceed the work function. Obviously, it is not possible with the STM to
monitor states far from the Fermi level.
A
B
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Figure 11. (A) Normalized conductivity at a point on a sample of HOPG. The data have been low-pass

filtered. The most striking feature in the curve is the peak above 1 eV corresponding to the rc*-antibonding state26 (1.3 eV) in graphite. (B-D) Normalized conductivity at four different tip-sample distances
from single points on a sample of ß-SiC. I/V has been exponentially broadened by 1 eV. These spectra
indicate a graphite layer on the SiC, since the peak at 1.2-1.3 eV corresponds to the ref-bonding state in
graphite. There are indications of peaks at 2.5 eV (and at -2.5 eV, not shown) for higher biases. These
could correspond to the ic-bonding state and to a surface-state in graphite. The smaller peak at around
-0.7 eV probably corresponds to some occupied midgap state in SiC.
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BARRIER HEIGHT AND WORK FUNCTION
By differentiation of equation (2) it is natural to define an apparent barrier height
("local effective work function") at constant bias with27:

(f)

h2 (dlnIf
8m L ds

O.

952(d1n1Y
ds ) •

(5)

Here s is the tip-sample distance and m is the electron mass. By modulating the voltage
applied to the z-piezo at constant bias, while monitoring I(s), one can measure 9. As in
the case of 1(V)-spectroscopy it is possible to image d(lnI)/ds on different points
forming an image, or monitoring 9-curves, at specific points. When the tip-sample
separation grows, 9 will approach the sample surface work function O. It should then
be possible to measure the work function at a specific location, by taking the large-s
value of 9 in the 9(s)-plot. However, this measurement is almost impossible to perform
in air, since "dirty" surfaces often lead to unphysically small barrier heights. This
simple model takes into consideration neither that the gap distance depends on barrier
height, nor the effect of tip and sample deformations. We can, nevertheless, get an
estimate of the effective average tunnel barrier height by adaptation of equation (1) to
the I(s)-data. That has been done in fig. 12.

Bias=300mV
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Figure 12. Current versus tip displacement on HOPG and on 13-SiC (with some admixture of graphite
and bor). The regression line gives the average effective barrier height according to equation (1).

3 Atomic force microscopy
The instrumentation of the AFM is almost the same as that of the STM. It does not
require conducting samples and can be operated in air, as well as in liquid and gases.
While the STM is probing electronic density of states near the Fermi level, the AFM
images are related to surface electronic energies up to the Fermi level, i.e. to the total
charge density. The main use of the AFM is for topographic studies, but it is sometimes
also used for measuring mechanical properties (friction, stiffness, viscoelasticity,
adhesion, tribological properties and for surface manipulations). In the AFM, the force
between a probing tip and the sample is measured. This force-sensing tip, together with
the cantilever on which it is mounted, is the heart of an AFM, responsible for the
sensitivity and resolution of the microscope. The force between tip and sample deflects
the cantilever in a measurable way. Therefore, if the cantilever spring constant k is
known, the force can be computed.
The most frequently used cantilevers are microfabricated28 silicon dioxide (Si02) or
silicon nitride (Si3N4) rectangular or triangular structures with pyramidal or conical
tips. We use triangular Si3N4-cantilevers with pyramidal or conical tips. The cantilevers
are 100-200 gm long, with tip-radius (R) 10-50 nm and aspect-ratio (a) from 1.5:1 to
3:1 (apex angles 72% 34°). The "sharpness" of the tip is crucial for the resolution.
Therefore it is a challenge to make "supertips"29,30. The tip is also characterized by the
cantilever spring constant k. Our cantilevers have k values from 0.03 to 0.58 Nm-1.
There are at least seven different methods to detect the deflection of the cantilever.
The most usual commercial method is the deflection detection system, used also in our
equipment. A laser beam is focused on, and reflected from, the cantilever into
Laser diod
Two-segment
photodiode
Mirror

Consol

Glass cantilever
mount

Sample

Sample

Y

Cantilever
Liquid
"0" ring

x-y-z piezo scanner

Figure 13. Schematic diagram of our AFM. The sample is mounted directly on the piezo scanner. A
small tip on the cantilever reveals the forces through the bending of the Si3N4-cantilever. The deflection
of the cantilever is measured with a laser and photodiodes. The laser light is focused on the cantilever
and reflected into the photodetectors. The photodetectors sense the position of the reflected beam and
hence the deflection. Tip radius and aspect-ratio of the tip are indicated in the figure by R and a. To the
right is shown the principle for operating in a liquid.
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photodetectors as in fig. 13. The movement of the reflected beam is a measure of the
deflection. A variation in height of the sample gives a difference signal due to a shift of
the laser beam on the photodiodes.
—8
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Figure 14. Example of a simple estimation of tip-radius Rt from a scan over a vertical step on graphite.
Under the assumption of a spherical tip and a small vertical step-height H compared with the tip-radius,
an upper value of Rt can be estimated as (L2+H2/2H). Here L is the measured length of the step in the
image. By taking twenty different cross-section profiles, like the one in the right figure, from different
locations in the left image, we get Rt = 15.8 ± 1.3 nm for this standard pyramidal tip. Typical values
found with this method on standard tips are 8-20 nm. Such estimates agree well with values found by, for
instance, scanning electron microscopy31.

The forces that are used to image surfaces non-destructively with the AFM are of the
order of 0.1-10 nN. Operated in the contact-mode, with the tip and sample atomically
close to each other and with a net repulsive force, it is possible to achieve atomic
resolution

0:1133

1231:13

103

2:0

400

Figure 15. Studies of one tip artifact. (A) Constant-force mode image of a-SiC + 20%(vol) TiB2
exposed to deuterium. The small spot in the middle of the image corresponds to a convolution between
the tip and a very sharp feature on the surface. (B) Error-signal mode image of the detail described in A.
(C) Another constant-force mode image of the same type of artifact (D) The same type of artifact observed on a surface of isotropic graphite exposed to deuterium at 80°C. Here the deposition is visible
only on the very top of each "tip".
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on some surfaces. Examples are layered materials, ionic crystals and LangmuirBlodgett films. When imaging with AFM, as in the STM, the tip is the crucial part.
Artifacts sometimes appear in the images. They could be caused by convolution
between tip and sample, images from multiple tips and damaging of the sample by the
tip. The latter is sometimes done on purpose (manipulation). Typical highlights for the
AFM are: force sensitivity 10-11 N (10-14 N for the non-contact SFM), displacement
sensitivity vertically 0.1 ik and laterally 1 A, contact area 10 nm2.

200
Horizontal distance[nm] 22.10 41.25

o

Vertical distance [nm]

46.74 40.81

Angle [deg]

64.7

50

100

44.7

100

150

F
200 nm
150

100

»--------------7
Horizontal distance [nm] 13.55 65.23
Vertical distance [nm]

31.68 64.86

Angle [deg]

66.8 44.8

50

200 nm
150
0
50
100
Figure 16. Calibration of the AFM piezo scanners can easily be done in the horizontal directions, on
known atomic spacings or on a grating. The vertical calibration is more crucial. Even though this
calibration is made by the manufacturer, it may drift in time. This image is an example of calibration, or
at least checking of calibration, of a piezo scanner. A scan is performed over a surface with very sharp
features to get an approximate image of the tip shape. This standard pyramidal Si3N4 tip is formed as a
film deposited opt_asi etched pit on a Si(100) surface. Therefore the tip is a nearly perfect pyramid with an
aspect ratio of 'V 2, i.e. an opening angle of 70.5°. The measured slope should then be 54.T, on both sides
of the tip. The tip is mounted at an angle of 10-11°. Taking this into account, the measured angles should
be 64-65° and 44-45° for a well-calibrated scanner. These images show the procedure applied on a
surface of isotropic graphite exposed to deuterium. (A) Cross-section along the line in the image for a
well-calibrated scanner. (B) Averaging of all the cross-sections inside the rectangular box from the same
scan.

3.1 Physical principles
The interaction between tip and sample can be a complex sum of different forces, like
van der Waals (vdW), capillary, magnetic, electrostatic and short-ranged Coulomb
forces. Long-range forces (vdW, adhesion...) can be either attractive or repulsive. Shortranged forces are repulsive and more difficult to treat theoretically. Here we discuss at
the simplest way to describe this interaction, by an empirical potential. If the distance
between two molecules is r and the dielectric constant e, the two-body Lennard-Jones
interaction energy is32 :
6
12
G
6
(6)
W(r) = 4[77
This simple model is applicable between a dielectric tip and a dielectric sample. Here
the energy has a minimal value of W = - e and is zero for a distance r = a. If Pl and p2
are the number densities for tip and sample, the force can be integrated across a
spherical tip and a plane-parallel sample. The result is:

14

Scanning Probe Microscopy - Applications

8
CY
2 2
CT
k(r — = —
3 Tr EPIP2G4R[7 30r81
2

(7)

Here k is the spring constant and u is the coordinate of the tip in the absence of forces.
A qualitative result from this equation is achieved graphically33. It shows bistable
behaviour with a hysteresis loop. Experimentally this is verified in fig. 17. The figure
shows a measurement of cantilever deflection versus z-piezo displacement. A positive
deflection means a repulsive force. We start at (1) with a large tip-sample separation in
the non-touching regime. The surface approaches the tip to the left in the curve. When
moving into the attractive zone the force-derivative gets bigger than the spring constant
and the cantilever jumps into contact with the sample (2). This small attractive force is
due to vdW interaction. Loading takes place in this touching regime (3). Retracting the
tip from the sample will at first move the tip with the sample, i.e. unloading (3-4-5).
Back in the attractive zone, the tip senses two extrema, and at (5) it jumps to the point
of minimal force. The difference between this minimal force and the non-touching line
is defined as the pull-out force.
Modelling the tip-surface interaction in the attractive zone can be complex. There
could be strong deformations of the sample and also contaminants on top. The clear
hysteresis indicates that the tip adheres strongly to the surface. Adhesive forces and
vdW forces can be lowered by scanning in a liquid34 with dielectric and refractive
indices close to those of tip and sample35. Si3N4 has refractive index n = 1.986 and
dielectric constant E = 6.34. Ethanol and propanol meet these conditions rather well.
The higher viscosity of these liquids also dampens the tip vibration36 and hence reduces
the noise. The imaging forces in a liquid are typically ten times lower than in air.
683.01
mU/div
—

0

7.79 mm/div

Figure 17. Example of a curve showing deflection versus z-displacement force. The sample is scanned
vertically and the deflection is measured.
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Figure 18. A force curve recorded in air on isotropic graphite. The long wavelength appearance of the
curve in the non-touching regime (to the right), is most probably due to interference between reflected
light from cantilever and sample. This can be seen from the fact that the interference wavelength should
be half that of the laser wavelength of 670 nm. From this figure we can estimate the wavelength A.49 to be
330-340 nm.

3 41or11c force mic
scopY

3.2
Modes of opera tion
Traditionally,
APAI is used for topographical imaging and for measurements of
Here
the topographic
mode
mechanical properties.
The force spectroscopy is a nevv mode with promising potential.
TOP RANEY

and measurement of friction will be covered.

The

(-constant-height
mmtwo basic topographic
mode)
modes of operation are the so-called force mode
the cantilever
and the height
modefor
(constant-force
mode).
in coon with the tvvo topographic
modes
the ST/e In the
firstThese
modehave
the much
is probed,
in the(difference
latter the z-piezo
is monitored.
The force is
controlled by keeping
thewhile
deflection
signal)signal
constant
with the feedback
force on
-ta.......
,

Figure 19. Ato
filtered
Q
image mically resolved force
the unit cells
hexagonal ringsofwith
-inode
a diameteron
AFM images. Scan
CalihratiOn
OfPieZ0 SeannerS
Withof 5.2
2d-FFT
filter.
muscovite
size
A. mica. The mica surface
found near (C) Non-filtered
c is equal to image
the University.
small
orerating
scan
sizes.
image
of Mica
SiO4 is suitable
size. (A)
°fatal:us
These
clearly onsists
resolved.
onhexagons are(B)
A nontetrahedra for
110PG. (D) Another mica
that form
The surface
image, now
of a sample of filtered by a
biotite mica

16

Scanning Probe Microscopy - Applications

system. The image is made from the z-piezo displacement signal and gives a true
vertical scale.
If the feedback is not active in the force mode, the tip is scanned at a constant height,
measuring the deflection of the cantilever (constant-height mode). This mode makes
higher scan rates possible and can be used only on rather flat surfaces. There exists a
third mode inbetween the two mentioned above: Scanning in the force mode with an
active feedback loop. This mode is often called the error-signal mode. It emphasises
changes in elevation of the surface.
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Figure 20. The left image shows a model of a single crystal of LiF, with face-centred-cubic structure.
The bigger atoms are the fluorine ions with a radius of 1.33 A, while the radius of the lithium ions is
0.68 A. From a simple model it is easy to understand that the corrugation in AFM imaging is smaller in
the [011] than in the [001] direction. The same effect is seen in the error-signal mode AFM image to the
right, where only the fluorine atoms are visible. This image is slightly low-pass filtered and was taken in
air with cantilever spring constant k = 0.58 Mir I and scan velocity 74 nm s*

FRICTION
The contrast in AFM images is often improved by microscopic friction forces. The tip
moves when the lateral force overcomes the static friction. This gives a stick-slip
behaviour and an image with asymmetric cross-section profiles. A simultaneous
measurement of lateral and normal forces on the tip can give important information
about the surface. Here we will just discuss measurements of normal forces, which aim
at finding sample areas with different friction in an image.
We separate the lateral forces (friction) by a bidirectional scanning. The bending of
the cantilever is different when scanning forward and backward due to these forces.
A measurement of the deflection then consists of contributions from both normal
displacements and lateral forces. We write for the total measured height:
zmeas = zreal + zpseudo,

where zreal is the real height.

(8)
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The pseudoheight zpseudo caused by lateral forces is derived37 as the difference of two
images scanned in reverse directions:
F
Az = 2 zpseudo — 2 K •
P

(9)

Here Fp is the force parallel to the scan-direction, and icp is the effective spring
constant parallel to the surface. Kp can be computed from the normal spring constant, k,
and geometrical considerations. Hence it is possible to calculate the absolute value of
the coefficient of friction between tip and sample.
In the same way the influence of lateral forces in a picture can be derived38 by adding
the two pictures.

Figure 21. Illustration of lateral forces during scanning. The sample consists of a-SiC with 20% TiB2.
The area shown is 1720 x 1720 nm2. Here k = 0.58 Nm-1, and all images were taken in the error-signal
mode. This mode directly monitors the cantilever deflection, but the results are difficult to interpret. The
two upper images show the same area, with a ridge structure on graphite, scanned in opposite directions.
The left image is scanned in the forward direction and the right one in the backward direction. The
monitored forces are clearly different in the two images, corresponding both to height differences and
lateral forces. There can also however, be non-negligible contributions, to image formation, from
twisting and horisontal bending of the cantilever. The lower left image shows the absolute value of the
difference between the upper two images. Dark areas then correspond to a lower friction than in brighter
areas. The last image is corrected for friction since it is the sum of the two upper images. The spring
constant was 0.58 Nin4, and the tilt (=11°) of the cantilever with respect to the sample is neglected.

4 Applications
4.1 Biomolecules
Scanning probe microscopy has obvious advantages when studying biomolecular
structures and molecules. It provides three-dimensional information with molecular, or
even submolecular, resolution. However, the best potential is the possibility to operate
in fluids. Thereby one can image the biological structure under physiological conditions
and monitor structural changes in real time. These biological applications of AFM are
perhaps the technically most challenging ones. So far, most efforts with AFM/STM in
the biological field have been explorations of the new possibilities they offer.

200

Figure 22. AFM images of spectrin molecules dehydrated in propanol and dried on mica. The spectrins
seem to aggregate with some kind of shell structure on top. A virtual broadening of the spectrins occur
due to geometric convolution and interactions between tip and sample. The first image is in the constantforce mode and the second is a magnified part in the error-signal mode. Scanning parameters were
The graph shows effects in the force-curves from
k = 0.38 Nm-1 and scan velocity 14 gm
dehydrating the samples. Both curves are recorded with Ultralever "supertips" (Park Scientific). The
imaging must be performed with a higher force on the non-dehydrated sample (k = 0.20 Nm-1). The
curve for the sample dehydrated in acetone exhibits a low operation force below 1.4 riN (k = 0.35 Nm-1).
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Figure 23. Constant-force mode images that demonstrate manipulation of dried spectrins with the AFM
tip. The first image is the original aggregate of spectrins. The tip-sample force was increased, and a
smaller 100 nm x 100 nm rectangular area in the middle was scanned. In the second image the original
area has been scanned with a low force again. The removal of spectrins is obvious. In the last image the
aggregate also has been cut, in the same manner, along a line. These images show a substantial broadening of the proteins, partly from the drying process but also due to tip effects. This is further discussed
in paper A.
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We have applied the technique to the erythrocyte human red blood cell and its
elements. The diameter of a blood cell is about 6-7 p.m.
The membrane of the cell is associated with a cytoskeleton which underlies the
membrane structure. The protein actin is a major constituent of the cytoskeleton. At the
boundary between the plasma membrane and cytoskeleton, proteins, for example,
control responses to external growth factors. They are probably also controlling the cell
shape.
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Figure 24. Drying is a difficult method for preparing a spectrin sample. This sequence of error-signal
mode scantlings show spectrins dried in air on a muscovite mica surface. The results are promising,
showing very narrow structures, 5-10 nm wide, and with the length expected for spectrins. It is possible
that these images show the two subunits of spectrin separated. We have not been able to reproduce these
conditions, which demonstrates how delicate the drying process is.

The major polypeptide protein spectrin (from spector, meaning ghost) comprises
20 - 25 % of all membrane proteins. Spectrin forms a filamentous coat on the inside of
the membrane. It is not a true membrane protein, but it is assumed to control the
location of membrane proteins. Spectrin interconnects actin in the cells and also binds
to another protein known as ankyrin. The spectrin molecule is highly flexible, elastic
and elongated. Due to its interaction with actin and other proteins it is assumed to be
responsible for the biconcave shape of the cell. It is probably composed of two subunits, with slightly different lengths, twisted around each other.
We have started studies of cells, focusing on spectrin. So far our work has, however,
been subjected mostly to imaging isolated spectrin molecules and to exploring the
potential of the AFM for biochemical research.
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Figure 25. Images from scanning spectrin in buffer solutions. The first image just shows how simple it
is to resolve the unit cell of mica, and hence to calibrate the scanner, even in a liquid. The other two
images are from scanning of spectrins bound to an epoxy-activated membrane. Both images are showing
the same area, the first in error-signal mode and the second in constant-force mode.

4.2 Plasma-facing materials for fusion reactor applications
Thermonuclear fusion in a deuterium-tritium (DT) fusion reactor is a promising largescale energy source for the future. The concept is to confine the plasma and heat it for
ignition. The basic reaction is D + T —> (4He + 3.57 MeV) + (n + 14.06) MeV.
The most common concept among experimental machines is magnetic confinement
in a toroidal tokamak. The next major step towards a working thermonuclear reactor,
the planned ITER machine, will also be based on this principle. In "limiter" tokamaks,
the plasma boundary is defined by the limiters, normally graphite tiles, which "push"
the plasma from the wall. The so called scrape-off layer (SOL) is the region between
the limiter and the inner tokamak wall.
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Figure 26. AFM constant-force mode images of isotropic graphite, before and after exposure in the
TEXTOR tokamak. The exposures were made after silicon-assisted operation of the tokamak. The flat
graphite layer is completely covered with an amorphous deposition as revealed by the right image. The
deposition layer has a clear structure. It is possible to estimate the deposition thickness directly from this
kind of topographical images.

No magnetic plasma confinement is perfect. High fluxes of neutrons, electrons,
photons and ions will escape the plasma and hit the wall material. The fusion power
also has to be transported through the wall, which gives a high thermal load. The
plasma-facing material (PFM) is therefore exposed to a lot of different plasma-wall
interactions, like physical sputtering, chemical erosion, desorption, evaporation, arcing,
ion implantation, chemical reactions, radiation damages, blistering and cracking. The
eroding and activating of wall material produce impurities and hydrogen retention and
release. Impurities in the plasma is a major problem for the whole operation of a
tokamak. The ignition of the plasma requires impurity concentrations lower than
0.01%, 0.1% and 3% for impurities with high, medium and low atomic numbers Z,
respectively. The heavy impurities contribute to high radiation losses, proportional to
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Z2. Fully stripped ions do not contribute to radiation losses as much, but heavy ions are

not fully stripped even at kinetic energies of 10 - 20 keV.
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Figure 27. Surface structures on exposed graphite observed with our AFM. The exposure was made on
a slit-plate to the scrape-off layer plasma at the TEXTOR tokamak. The AFM images show the deposit at
different distances from the last closed flux surface. The deposition is deepest and the surface smoothest
at 15 -27 mm. This is in agreement with the amount of deposited impurities, measured by other surfaceanalysis techniques. Traces of erosion-effects are also visible in the images close to the plasma. (A) 2
mm, (B) 10 mm, (C) 15 mm, (D) 18 mm, (E) 22 mm, (F) 27 mm, (G) 60 mm, (H) 73 mm.
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Ejection of surface atoms by nuclear collisions, i.e. sputtering, is always present in a
tokamak. The sputtering yield from a surface is defined as the number of sputtered
atoms per incident ion. In chemical erosion the chemical reaction between the particles
and the wall atoms depends strongly on temperature. The heat load in a tokamak can
give rise to substantial evaporation, especially at arc spots.
The choice of a suitable plasma-facing material for the devices is one of the most
difficult challenges to overcome in the construction of a working power plant. This
material should have a high thermal conductivity, a low sputtering and thermal
expansion, a high melting point, a low tritium inventory, a low swelling and
embrittlement etc. The high-Z materials have low sputtering yields, but give high
radiation losses. Only light elements are used as limiter materials. The light elements do
not radiate strongly in the plasma core, where they are fully stripped. The most widely
used first-wall material in the device is carbon. On wall materials close to the plasma
there is usually a net erosion, while at larger distances there is a net deposition. By
doping with B, Si or Ti one can lower the chemical sputtering yield.
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Figure 28. (A-B) AFM images of a surface of isotropic graphite after exposure to 150 - 170 eV D+ from
a magnetron plasma, with total dose - 1 x 1021 cm-2 and target temperature 700 °C. Radiation damages
like bubbles or blisters are clearly visible. These amorphous carbon bubbles can be removed by
"scraping" with the AFM tip, as has been done in B. (C) This peculiar reconstruction was observed by
STM, on a non-exposed sample of C-Si mixture, probing carbon atoms (bias voltage 12.8 mV). It may
arise from carbon atoms on top of the "invisible" silicon. (D) AFM image of a graphite grain from a C-Si
mixture (50 wt% Si) irradiated in a similar way as the graphite in A-B. The layer is amorphous with the
following microstructure of the blisters: diameters 5 - 25 nm and heights of around 10 nm. (E) The AFM
has been used in a "surface destructive" mode by applying a high repulsive tip-to-sample force
(>0.2 µN) on a smaller rectangular area (70x70 nmz) in order to scrape the deposit in D off the substrate.
(F) A cross-section profile, from the area in E, of the crater "dug out" in the blistered layer. The
measured thickness is in the range 15 - 30 nm. The validity of this measurement has been inferred also
from NRA depth profiling.
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The AFM offers new possibilities for surface structure studies in this field. It makes
it possible to trace very fine features on both non-exposed and plasma-eroded surfaces.
We have examined many carbon-based materials, as candidates for first-wall materials.
They have been exposed to plasmas both in laboratory facilities and in tokamak

4 Applications

23

reactors. They include carbon fibres, silicon carbides, graphite-silicon mixtures and
plasma-sprayed layers (Al/SiC). The surface properties have been examined with AFM
and other techniques. In particular we have studied: (i) The very initial stages of
radiation damages; (ii) The distinction of different kinds of radiation damages; (iii) The
surface roughness; (iv) The deposition thickness; (v) The structure of co-deposited
layers.
The limitations of the scanning probe microscopes are set by the sample cleanness,
tip-shape and sample deformation. The tip-sample force has to be kept sufficiently low,
in order not to destroy possible soft depositions. Sharp structures created by sputtering,
erosion and various radiation damaging are responsible for convolutions between tip
and sample.

Nonexposed ß-SIC

Exposed 13 -SIC

Exposed 13-SiC/AIN

Figure 29. Example of deuterium exposure to samples consisting of 13-S IC and ß-SiC with 10 wt% of

AIN. The recording was made in the constant-force mode. The non-exposed sample is shown to the left
as surface plots for two different scan sizes. The samples after exposure are shown to the right.

Figure 30. Constant-force mode images of deuterium-exposed samples consisting of a-SiC. (A) Non-

exposed original sample of a-SiC. (B) Exposed sample of a-SiC + 3.5% C. (C) Exposed sample of
a-SiC + 7% C.

5 Summary of the papers
PAPER A: Imaging human erythrocyte spectrin with atomic force microscopy
Studying the protein spectrin is of importance for understanding the human red blood
cell and its membrane. In this paper the main purpose is to study spectrin under near
physiological conditions. We also investigate the potential of the AFM as a tool for
high-resolution imaging of biological macromolecules.
The difficulty in imaging spectrin, besides just finding it, lies in its softness, shape
and sample attachment. The sample attachment, in buffer solution, was made in two
ways; directly incubated on mica, as well as covalently bound to an epoxy-activated
membrane. The latter method was more successful in keeping the proteins in place,
although the scanning had to be made with imaging forces as small as a tenth of a
nanonewton. For comparison, various dried samples were also scanned.
The most critical feature for achieving a high resolution was the tip shape and also, to
some extent, the sample deformation caused by the tip. We estimated the virtual
broadening of the spectrin molecules to be approximately 10 nm. The length and height
of spectrin molecules are around 100 nm and 5 nm, respectively. The true width was
estimated to be around 5 nm. A weak indication of the spectrin substructure is
discussed. Our results support results obtained with transmission electron microscopy.
The easiness of spectrin manipulation, even on dried samples, is demonstrated.

PAPER B: Behaviour of SiC/Al coatings under high-dose irradiation with
deuterium and helium ions
This paper deals with the rather exotic class of plasma-sprayed materials used as
plasma-facing materials . The material is made by vacuum plasma-spray co-deposition,
spraying molten Al and solid SiC particles. All of the exposures were made under
laboratory conditions with low-energy deuterium and 4He ions, simulating a D-T fusion
process. Our AFM studies showed the very initial stage of radiation damages after
deuterium exposure. The distributions of SiC and Al were homogenous both before and
after D irradiation. Bubbles and blisters were observed on Al but not on SiC after
irradiation. The observed broad deuterium depth-distribution is explained from the
surface roughness measurements made with the AFM. This study tends to rule out this
class of materials as possible plasma-facing materials.

PAPER C: Deuterium interaction with silicon - graphite materials exposed to
the tokamak plasma
In this paper we have tested graphite-silicon mixtures as possible candidates for
plasma-facing materials. The silicon and carbon exist as separate phases. Exposures
were made both under laboratory conditions and in the TEXTOR tokamak. Before

5 Summary of the papers

25

exposure, characterization with AFM /STM and X-ray photoelectron spectroscopy
verify the separate phases and an almost negligible content of SiC. The samples
exposed to the TEXTOR plasma exhibit changes into an amorphous surface structure,
as demonstrated by our AFM/STM. The characterization was done at different
distances from the plasma. Close to the plasma, bubble-like structures appear, which are
initial stages of imperfections covered by deposits from plasma impurities. The
laboratory exposures with deuterium gave amorphous surface layers with bubbles or
blisters. To verify that the blisters occur on graphite and not on silicon, comparable
studies were made on pure graphite exposed in the same way. This analysis points out
these materials as interesting enough for further studies.
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Abstract
Isolated spectrin covalently attached to a surface in a liquid environment as well
as dried on mica has been studied with a contact-mode atomic force microscope.
Both pyramidal and conical-type cantilever tip facets were used in the AFM. Our
images show structures and give dimensions that correlate well with previous
structural studies using transmission electron microscopy.
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INTRODUCTION
The atomic force microscope (AFM) (Binnig et al., 1986) has proven to be a
powerful tool for obtaining topographic images of, and even for manipulating,
biological structures (Blackford et al., 1991; Hoh and Hansma, 1992; Häberle et al.,
1991; Radmacher et al., 1992; Rugar and Hansma, 1990). A unique potential of the
AFM is that such structures can be imaged in solution without any fixation or
staining, making it possible to mimic their natural environment. The technique has,
for instance, been applied both to proteins (Henderson et al., 1992; Ohnesorge et al.,
1992; Weisenhorn et al., 1990) and DNA (Allen, 1993; Hansma et al., 1992;
Lyubchenko et al., 1993; Thundat et al., 1992) as well as to biological membranes
(Fritzsche et al., 1992; Kasper et al., 1992; Singh and Keller, 1991).
Studying biological macromolecules is a challenge to the AFM because of their
high flexibility, elasticity and lateral mobility. To obtain stable as well as highresolution images the specimen must be reasonably well kept in place. In addition,
the force from the AFM tip must be kept sufficiently low not to destroy the
macromolecule. A solution to the first problem is to bind the macromolecule either
electrostatically to a hydrophilic substrate, usually mica or glass, or covalently to a
surface. The scanning can then take place in air or in a suitable solution. Additional
problems can arise from sample movement due to thermal and Brownian motion and
often motivate a rather high scan velocity. Effort has also been made (Prater et al.,
1990) to use the AFM at low temperatures at which proteins freeze into a single
conformational state and the lateral diffusion is very low.
Imaging proteins in air, and thus allowing the specimen to dry, can be damaging to
the native molecular structure but might be necessary, and even useful, for achieving
structural information. When imaged in air by AFM, glucose oxidase deposited on a
lipid monolayer appeared as a roughly spherical structure, about 50 nm in diameter
(Fujiwara et al., 1992). Since glucose oxidase still was spherical but with a diameter
of only 8 nm when viewed by transmission electron microscopy, it was suggested
that the protein aggregated at the air-water interface when adsorbed to the lipid
monolayer. Arakawa et cd.(1992), attached oligomeric a-macroglobulin on a surface
of highly ordered pyrolytic graphite, glutaraldehyde-fixed the sample and dried it
before imaging with AFM as well as with scanning tunnelling and transmission
electron microscopes. In this case, the AFM images correlated well with those
obtained by the other techniques.
In solution, AFM has been used to follow the polymerization of fibrin in real time
(Drake et al., 1989). Actin filaments attached to mica and monovalent Fab'
fragments attached to a lipid layer have also been imaged in solution giving nearly
molecular resolution (Weisenhorn et al., 1990). Although the solution structure of
proteins and other biological macromolecules are preferred for several reasons it
should be noted that the choice of solvent is non-trivial. Water, for instance, may
severely screen the electrostatic forces holding the macromolecule to the surface
(i.e. mica), which may lead to reduced resolution.
Minimizing the force between the tip and sample is crucial for studies of proteins.
It has been estimated (Persson, 1987) that forces of the order 1041 N or less must
be used, when scanning with a diamond tip on globular protein molecules, to avoid
deformation fields bigger than 0.1 A. When operating in air there are, besides van
der Waals and Coulomb forces, strong adhesive forces from wetting films on the
surface, which can destroy the protein sample (Burnham et al., 1990). There can also
be a build-up of charges between tip and sample; a problem that does not arise in a
2
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fluid cell. In addition, the viscosity of the solvent will dampen the AFM tip motion
and hence reduce background noise. The tip force can also be reduced by using
narrower tips and/or tips with lower cantilever spring constants.
Spectrin is a large heterodimeric protein that has been studied extensively
(Bennett, 1990; Goodman et al., 1988; Pesacreta et al., 1989). Structural studies by
low-angle rotary shadowing and negative staining indicate that isolated spectrin is a
highly extended and flexible molecule about 100 nm long (Shotton et al., 1979; Cohen
et al., 1982). Sometimes it has even been possible to discern the individual spectrin
monomers in electron micrographs. However, when observed in whole cell
preparations or spread membrane skeletons, spectrin appears to be contracted as
the measured contour length usually is only 30-40 nm (Tsukita and Ishikawa, 1980;
Ursitti et al., 1991). It is unknown whether the apparent contraction of spectrin is
due to different preparation methods (fixing and/or staining) or to constraints caused
by the intact membrane skeleton. Since neither fixation nor staining are required in
AFM we have applied the technique for imaging and characterizing the structure of
spectrin. Previously, spectrin deposited on a gold film has been studied with
scanning tunnelling microscopy in air (Gaczynska et al., 1991).

MATERIAL AND METHODS
Spectrin was isolated from solubilized red blood cell membrane skeletons by gel
filtration as described previously (Lundberg et al., 1992). The specimens were
prepared in three different ways: (i) solutions of spectrin (0.5 mg/ml and lower) in 20
mM Tris-HCL, pH 7.5, 150 mM NaC1 were deposited on freshly cleaved mica. After
1 h incubation at room temperature, unattached spectrin was washed away and the
specimen was imaged in the same buffer; (ii) spectrin (0.5, 0.1 and 0.01 mg/me was
covalently bound to an epoxy-activated membrane (Glad and Irgum, 1992) in 50 mM
sodium borate buffer, pH 8.0. After 5-15 h incubation, unreacted epoxy-groups were
blocked by Tris and the membranes were transferred to Tris buffer solution; and (iii)
dried on mica. Before drying, the samples were fixed by glutaraldehyde, rinsed in
water and dehydrated in acetone or 2-propanol. We also scanned samples that had
been dried without chemical dehydration.
The imaging was carried out with a Nanoscope II AFM from Digital Instruments
and the best results were obtained with a 0.7 gm scanner. We used standard
cantilevers with spring constants 0.58, 0.38 and 0.06 Nm-1 (Digital Instruments) as
well as Ultralevers with spring constants 0.35 and 0.03 Nm-1 (Park Scientific). The
standard pyramidal tips have a tip radius of 20-50 nm (Oden et al., 1992), while the
conical Ultralever tips have a radius of 10 nm according to the manufacturer. The
aspect ratios (i.e. the narrowness) are given as 1.4:1 and 3:1, respectively. Some of
the image processing was done with the public domain software NIH IMAGE 1.49.

RESULTS AND DISCUSSION
When scanned in the fluid cell on a mica surface with a high cantilever spring
constant, spectrin moved continuously in the fast scan direction (from left to right).
During scan-up spectrin showed a tendency to line up diagonally from the upper-left
to the lower-right corner of the image, and conversely for scan-down. The mica
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surface could easily be studied with atomic resolution. Figure 1 shows images
obtained with different spring constants (lower in B than in A). The tip force used to
obtain Figure 1B was below 0.5 nN. A virtual broadening of spectrin is expected
from the convolution of the tip with the sample. The measured dimensions are of the
same magnitude as the dimensions of the tip. Therefore this effect can be associated
both with the aspect ratio of the tip and with the tip radius. The aspect-ratio effect
can be estimated from simple geometry. It gives a maximum virtual imaging width w
2r
of the spectrin as w x(1-4 1+A2 ). Here A is the aspect-ratio of the tip and r is
the true radius of an imaged object with circular cross-section. In the same way, the
tip-radius effect gives at maximum w = 4-\,FR-r-, where R is the tip radius. The second
effect dominates in imaging objects with characteristic dimensions up to 10-15 nm,
and the broadening can in our case be as large as 20 nm. The tip force might also
cause a minor indentation of the spectrin, which would decrease the height and
increase the width. Typical dimensions of spectrin measured from different samples
in this way are 90-100 nm (length), 13-15 nm (width) and 3-4 nm (height). This
information implies a true width and height of 3-6 nm.
300
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FIG. 1. Images of spectrin on mica in the AFM fluid cell. Different concentrations of spectrin in
20 mM Tris-HCL, pH 7.5, 150 mM NaC1 were deposited on freshly cleaved mica surfaces and
imaged in the same buffer solution. (A) Error-signal mode scanning with a cantilever spring
constant (k) of 0.38 Nm-1 and a scan rate of 19 pm s-1. The spectrin was not stable on the surfage,
which motivates the high scan rate. The virtual size 0( individual spectrin is around 100 x 13 nm.
(B) Constant-force mode scanning with k = 0.06 Nm-1 and a scan rate of 2.9 gm s-1. The
concentration of spectrin is 0.5 mg m1-1. The vertical (out-of-plape) scale is the true height. The
virtual spectrin dimensions are approximately 100 x 13 x 3.5 nm3. The image is not filtered, but a
slight noise-reduction was applied during scanning.

The spectrin adheres much better to the polymeric membrane than to mica,
although the images were not completely stable. When scanning back and forth the
spectrin showed a tendency to line up perpendicular to the fast scan direction, i.e.
vertically in the images. Scanning only down in the slow scan direction gave results
like that shown in Figure 2. The spectrin is now organized in diagonal strands from
the upper-right to the lower-left corner. By rotating the scan direction we could
conclude that it is the slow scan direction that influences the orientation of spectrin.
We did not observe any effect from the tip facet orientation as reported by Lea et al.
(1992). The images gave shorter lengths of spectrins than expected, probably due to
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protein movement. The polymeric membrane itself has height differences of about
1 nm.
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FIG. 2. Error-signal mode image of spectrin covalently bound to an epoxy-activated membrane ,
(Glad and Irgurn, 1992) in ,50 niM sodium borate buffer, pH 8.0. The spring constant is 0.58 Nm-1
and the scan rate 7.8 pm s-1. The image was not stable. After consecutive scans from up to down
the spectrins lined up in the diagonal strands seen in the picture. No filtering was applied.

More convincing images of spectrin on the polymeric membrane are shown in
Figure 3. Figure 3A shows some kind of spiral chains of spectrin but is a bit blurred
due to sample-instability during scanning. It is obvious that the imaged structure is
composed of several spectrin molecules. In a contour plot (Figure 3B) the individual
spectrin molecules appear more clearly and seems to be 10-13 nm wide and roughly
100 nm long. In Figure 3C, which was taken under almost stable conditions, there is
a clear aggregation of spectrin molecules. The length, width and height of spectrin in
this case are 100 x 17 x 5 nm3. Estimating the length is somewhat arbitrary. We
have assumed that individual spectrins start and end at typical impact points as
illustrated in Fig. 3B. In comparison with these scans we did not achieve any
noticeable improvement of the resolution when scanning with the Ultralever tip,
indicating that the virtual broadening is not fully explained by the geometrical
convolution. The measured width and height were about the same, 14 and 4 nm,
respectively.
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FIG. 3. (A) Error-signal moole image taken with the same conditions as in Fig. 2 but in a different
run. The scan rate is 10 µEn
(B) A contour plot of the structures in Figure 3a. The separation
between different spectrin macromolecules is chosen somewhat arbitrary, with emphasis on
geometrical impact points. (C) Constant-force mode image from yet another run and with a
minimized tip force. The height scale is in nm. This image was stable and looks the same in a
constant-height scan of the same area. The scan rate is 2.6 gm

When interpreting our images in terms of current knowledge of spectrin, one
should keep in mind that both subunits are composed of repetitive segments (22 and
17 repeats, respectively). Each segment of the dimeric structure is 106 amino acids
long and is believed to fold into a triple helical structure, about 5 nm long (Speicher
and Marchesi, 1984; Speicher et al., 1993). Even though such a model is attractive
and compatible with most biochemical analyses of spectrin, there are so far only
circumstantial evidence to support it. In electron microscopy the two subunits
appear, at least partly, twisted around each other. Sometimes only the ends seem to
be bound to each other whereas the rest of the subunits appear to be separated and
not in close contact with each other (Shotton et al., 1979), giving rise to structures
very similar to those seen in Figure 3. However, when considering binding
properties as well as dimensions of the spectrin subunits, it is not very likely that
the structures seen in Figure 3 represent individual subunits but rather intact
spectrin dimers. Maybe the twisted structure of these dimers is reflected in the
apparently wiggling spectrin contours in the figure.
Figure 4 shows results from scanning on dried samples. The spectrin often
aggregated into lumps that could easily be manipulated and cut into smaller pieces
by an increased cantilever force. This can be seen in Figure 4A, B. The spectrin in
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these lumps could even be lined up collectively like in the buffer solution by applying
a higher tip force. Figure 4C shows individual spectrin. A broadening is obvious. In
general, the measured heights (2.5 - 5 nm) were lower and the widths broader than
those determined in solution. It is not possible to analyse whether this "extra"
broadening is virtual or real. Anyway, it can be concluded that drying is a less
reliable method when measuring spectrin dimensions.
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FIG. 4. ,Constant-force mode images of dried spectrin on mica, scanned with spring constant k =
0.58 Nm-1, without image filtering. These samples were dried without chemical dehydration. These
images show large effects of broadening, which could be caused by a combination of the drying
procedure and the tip-sample interaction. (A and B) Illustration of manipulation of the spectrin. In
B the lump in A has been cut glong straight lines as well as, purposely removed on a smaller
(C) Individual spectrin imaged with a
rectangular area (100;100 nm L). The scan rate is 5.9 gm
scan rate of 2.1 pm s-1. The structure was completely stable against varying the scan direction.

The tip forces are analysed in Figure 5, which shows tip force as a function of the
distance between tip and sample for four different situations. It is obvious that the
force is lower and the pull-out step is less clear when scanning in buffer solution.
The sharp Ultralever tip gives very low forces on both dried samples and in buffer.
Even on the non-dehydrated dried samples (i.e. air dried), the force is below 4 nN
(curve D). Dehydrating the samples before drying decreased the imaging force
considerably. In one sample (not shown) the force curve showed nearly no pull-out
step and the force was as low as 1.4 nN.
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FIG. 5. Graphs of tip force (in nN) versus tip-sample distance (in nm), typical for this spectrin
study. For each sample the solid line is for the approach of the tip and the dotted line for the
withdrawal. Curves A and B are from scanning in buffer solution without large meniscus forces,
while C and D are from scanning in air on dried spectrin. The imaging force is the force between the
point of minimal force and the operating point (0 nN). Detailed descriptions of this kind of plots
have been presented by Weisenhom et al. (1992). The force is calculated as the cantilever deflection
times the spring constant divided by the ratio of cantilever deflection/distance. (A) Scanning in
buffer solution on spectrin (0.1 mg ml- L) bopnd to the polymeric film, with a Ultralever
cantilever with spring constant k = 0.03 Nin-1. The force is below 0.2 nN. (B) Same as in A but
with a standard cantilever with k = 0.06 Nm-1. The force can be lowered by decreasing the setpoint
and raising the point of minimal force. (C) Scanning in air with a standard cantilever
(k = 0.58 Nm- i) on spechins dehydratecl with acetone and dried on mica. (D) Scanning in air with
an Ultralever cantilever (k = 0.20 Nm-I) and without dehydrating the sample.

We have presented high-resolution AFM images of isolated spectrin. They
support results obtained from transmission electron microscopy, indicating that the
length of isolated spectrin is around 100 nm while the height is around 5 nm. The
virtual width of 10-15 nm determined in AFM images implies a true width of about 5
nm as well. The weak indications of a substructure seen in the images could be a
sign of the individual subunits or even the suggested triple helical fold of each
repetitive segment of spectrin.
AFM provides a very promising tool for studying spectrin as well as other
biological macromolecules in a non-destructive way, although it is apparent from our
studies that sample preparation is crucial also for this method.
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Abstract
Aluminium-silicon carbide coatings obtained by vacuum plasma spraying co-deposition are considered as a new class of plasma-facing materials (PFMs) for fusion devices.
The technical requirements for PFMs are stringent since they have to withstand severe
operation conditions, including bombardment by high fluxes of particles escaping the
plasma. A number of Al/SIC coatings (containing 20 or 50% SiC) deposited on copper,
stainless steel, or graphite substrates were irradiated under laboratory conditions with
high doses of deuterium or helium ions. The surface properties of the materials were
characterized before and after irradiation using several analytical techniques (RBS,
NRA, SIMS, AES, EDS, microscopic methods, and laser profilometry). Exposures to
low-energy deuterium ions or deuterium plasma resulted in the implantation of 7 9 x 1016 D cm-2 in the near-surface layer. The initial steps of blister formation were also
observed. Changes in the surface structure were noted following irradiation with 4He
ions (1.5 - 2 MeV). Damage in the surface layer of the materials was dependent on the
ion flux.
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1. INTRODUCTION
Materials surrounding the plasma in controlled-fusion machines undergo distinct
modification and deterioration, caused by high thermal loads and bombardment by
plasma particles [1]. The harmful effects of plasma-surface interaction are limiting factors
in the design and construction of an efficient thermonuclear reactor for energy production. Studies have been carried out to manufacture and select the most appropriate
materials for tokamak plasma-facing components (PFCs). Graphite has long been
extensively used as a protective material and there exists a vast database on its behavior
in tokamaks [2,3]. Recently, a lot of attention has been focussed on different classes of
composites and layered materials, including carbon-fibre composites [4-6], as being possibly suitable for PFC production. There is also increasing interest in the application of
silicon-containing materials: siliconized layers [7], silicon carbides [5,8,9], or
silicon-graphite mixtures [10]. Other candidate materials considered include metallic
layers with imbedded SiC, obtained by vacuum plasma-spray (VPS) co-deposition [11,12].
However, before being tested under real tokamak conditions, the selected candidate materials have to be extensively tested in the laboratory in order to evaluate their
properties.
This paper describes the characterization of vacuum plasma sprayed Al/SIC layers
in the initial state and after irradiation with low-energy deuterium (100 - 400 eV) or MeV
helium-4 ions. Both deuterium [1] and helium [1,13] ions are expected to interact with
PFCs in controlled-fusion devices. The aim of the investigation was to recognize i) the
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surface structure and composition of the layers; ii) the deuterium retention in the
materials after irradiation under different conditions; and iii) the radiation damage produced by deuterium and helium ions.
2. EXPERIMENTAL
The investigation was carried out with Al/SiC (20 or 50 wt. 50% of SiC) coatings
obtained using the VPS technique, which is based on the injection of Al and SiC solid
particles into argon plasma in order to form a spray of molten metal and solid ceramic
grains. The stream is directed onto a collecting surface or a shaped container where the
material solidifies and forms a composite deposit. The ceramic particles do not melt during co-deposition; therefore, the spraying process of premixed powders can be considered as a deposition in which the solid SiC impinges with high speed onto the
semi-solid layers of the materials already deposited, while the molten aluminum droplets
cover the solid particles, embedding them. The aim of co-deposition is to obtain uniformly distributed SiC grains in the matrix. The composite layers were deposited on different substrates including Cu, Al, graphite, and stainless steel. Deposits of up 1.5 - 2 mm
thickness were produced. Both nonpolished and polished surfaces of the coatings were
studied.
The materials were irradiated with deuterium or helium ions. Irradiation with lowenergy deuterium ions was performed using plasma generated in a glow-discharge facility. Some experiments were carried out with the direct implantation of 300 eV D ±, using
a low-energy accelerator (Danfysik). To bombard surfaces with 1.7 - 2 MeV 4He ± ions,
a Van de Graaff accelerator was used (AN 2000 High-Voltage Engineering Co.).
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Before and after irradiation, the coatings were characterized by a number of surface-sensitive techniques. The composition of the outermost layers was studied with
Auger electron spectroscopy (AES, Varian equipment) and secondary-ion mass
spectrometry (SIMS, Leybold-Heraur/Riber equipment), that of the near-surface layers
was determined by means of Rutherford backscattering spectroscopy (RBS) using a
4He + analyzing beam with energy of 1.7 or 1.8 MeV. The areal distribution of the components in the surface region was traced with energy dispersive x-ray spectroscopy (EDS,
Link Analytical), and changes in the surface topography were observed with scanning
electron (SEM, Jeol 5400) and atomic force microscopy (AFM, Nanoscope II). Images
were obtained operating the AFM in both constant force and constant height modes,
using 100-µm silicon nitride cantilevers with a spring constant of 0.58 Nnfl.
The surface roughness of the nonpolished, "as delivered", surfaces was measured
with a laser profilometer (Rodenstock). The deuterium concentration on surfaces
exposed to deuterium ions was determined by means of nuclear reaction analysis (NRA)
using a 3He ± analyzing beam at 770 keV and detecting the protons emitted in the
3He(d,p)4He process.
3. RESULTS AND DISCUSSIONS
A. Characterization of Nonexposed Layers
A scanning electron micrograph (Fig. 1) shows the surface topography of the nonpolished surface of Al/SiC 50% deposited on Cu. The micrograph is representative of all
the coatings under investigation. The as-delivered deposits are rough, which makes their
real surface area very large. Measurements of the surface roughness made with the laser
profilometer showed an average roughness (Ra) of approximately 3 p.m, but there were
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areas with the maximum amplitude (Rm) approaching 100 pm (distance from the tops of
a grain to the bottom of a pit). Removal of the outer rough layer of the deposit by polishing it with diamond paste revealed the microstructure of the Al/SiC coating (Fig. 2).
Irregular (5 - 15 gm). grains can be seen in the matrix. Details of the Al/SiC
microstructure and roughness are discussed further on. As detected with the EDS technique, the matrix consists of Al with admixtures of Cu contaminant from the copper substrate, whereas only silicon together with carbon are traced in the grains.
The SIMS, AES, and RBS measurements allowed characterization of the overall
composition of the surface and subsurface layers of the coatings. The SIMS analysis, performed in a few spots on the polished specimen (Al/SiC 20%), indicated a nearly homogeneous surface composition. Very small variations in the composition were found by
depth profiling, performed using a 5-keV Ar 4" ion gun with a current of 2.5 µA. These
results were qualitatively confirmed by sputter-assisted AES analysis. After 1 h of 5-keV
Ar + sputter erosion, the ratio of atomic concentrations Csi/CA1 was found to be in the
range of 0.11 - 0.12, corresponding well with the atomic ratio (Csi/CA1 = 0.09) inferred
from the nominal composition. Also, RBS analysis made in six to ten different spots on
several Al/SiC 20 or 50% samples showed only insignificant variations of the Csi/CAI
ratio characteristic for the surface and subsurface layers. Such small differences in the
local surface composition can be interpreted in terms of stochastic distribution of the SiC
particles during their deposition together with the molten aluminum. Fairly homogeneous composition and no segregation effects on a macroscale, as found using the three
analytical methods, indicate that the SiC particles probably remain in their original
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impact positions in the matrix after the complete solidification of the composite. However, impurity atoms were also detected in the deposits. In particular, rough, as-deposited
layers contained some light impurities (C, N, 0, S, Cl) together with copper or stainless
steel components, depending on the substrate of the coating. As confirmed by RBS, the
content of Cu on the rough surfaces was up to 4 x 1016 cm-2. In a few cases, small quantities of tungsten (up to 3 x 1014 cm-2) from the filament of the plasma generator were
detected. A much lower content of heavy (Cu up to 1 x 1015 cm-2) and light impurities
was typical for the polished specimen.

B. Irradiation with High-Enere 4He
Irradiation was performed with doses of 5 x 1016 _ 8 x 1017 cm-2 and fluxes of up to
3 x 1013 cm-2s-1. For low fluxes no significant changes in the surface structure and composition of the layers were found, independently of the ion dose, and the surface topography remained unchanged when compared with the initial dose. However, intensive
irradiation with fluxes exceeding 2 x 1013 induced morphological reconstruction in the
layers.
The morphological changes are shown in Figs. 3 and 4a for the nonpolished and the
polished surfaces, respectively. Comparison between Fig. 1 and Fig. 3 indicates that the
irradiated surface remains as rough as the initial surface, but the grains on the irradiated
target are turned into spherically shaped structures. No formation of large agglomerates
or blisters and flakes can be seen. Neither blistered nor flaked structures are found on
the helium-bombarded polished surface, but a cracked-mud structure appears after
irradiation. Distinct cracks and grooves are visible between the SiC grains and Al matrix.
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The most likely explanation for the surface rearrangement is the distinct temperature rise
(approx. 700 - 750°C) in the outer layers of the coating due to the energy deposition by
the incoming MeV 4He ± ions. The energy deposited within the lim range induces surface melting of the non-actively-cooled sample. However, the topographical changes are
not accompanied by any significant change in the distribution Al or SiC particles, as
exemplified by EDS micrographs in Figs. 4b and c. The positive/negative character of the
pattern generally proves that the separation of the Al and SiC phases is retained, and no
macrosegregation of the components is induced by the MeV 4He irradiation - at least
with the doses and fluxes applied in the experiments performed. Similar EDS patterns
have been recorded for the irradiated rough surface. In addition, RBS analysis of the
helium-bombarded layers has not shown any distinct changes in the composition of the
coatings, compared to the initial composition.

C. Irradiation with Deuterium
Irradiation was performed using either a glow-discharge plasma facility or by means
of direct implantation of D ± ions from a low-energy accelerator. Bombardment of the
polished Al/SiC 50% substrate by the total dose of 5 x 1017 cm-2 of 300-eV deuterium
ions resulted in the saturation of the implanted layer by 3 x 1016cm-2. Furthermore,
NRA measurements performed immediately after irradiation showed that the implanted
deuterium was deposited in the near-surface layer of thickness not exceeding 100 mn,
which is in agreement with the range predicted theoretically by TRIM calculations.
During exposure of Al/SiC to the glow-discharge D plasma, the samples were
biased at 400 V, and the total dose estimated from current measurements was about
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3 x 1020 cm-2. Following exposure, several different points on each sample were analyzed by means of NRA. The deuterium content was in the range 7 - lo x 1016 cm-2 and 7
_ 9 x 1016 cm-2 for the coatings, with 20% and 50% of SiC, respectively. The results
indicate fairly uniform areal distributions of D atoms and the absence of distinct differences between the coatings containing different amounts of silicon carbide. Figures 7a
and 7b show the NRA spectrum and the depth profile of the deposited deuterium. The
profile is relatively narrow, proving that most of the deuterium occurs in the 100 150-nm-thick near-surface layer. However, there is also a contribution of deuterium from
deeper regions extending to 600 - 700 nm, which cannot be explained by the direct
implantation of low-energy D ± ions from the plasma. Therefore, the surface structure
on a nanoscale should be considered.
Detailed comparative studies of the surfaces were made with AFM for the polished
coatings, nonexposed and treated with glow-discharge D plasma. Figure 5a shows the SiC
grain (area 1) and the Al matrix (area 2) and a 100-nm step on the boundary between the
phases. The surface roughness can be inferred from Figs. 5b and c for SiC and Al,
respectively. The silicon grain is fairly smooth (within 20 nm top to valley) with only a few
10 - 15-nm spikes; whereas, the typical roughness of the Al matrix exceeds 150 - 200 nm.
Bombardment of the coating with low-energy D ± ions induces structural changes, which
are pronounced on the Al surface. The matrix (Fig. 6a, area 2, and Fig. 6b) is uniformly
covered with 20 - 50-nm-diameter bubbles or blisters; whereas the SiC-grain topography
(Fig. 6a, area 1) remains unchanged compared to the initial topography. However, there
are no flakes or open blisters on the Al surface. It indicates that the initial stage of radiation damage has been detected with AFM.
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On the basis of the AFM results, we can tentatively conclude that the broad deuterium distribution observed with NRA on the D plasma exposed coatings is partly caused
by the surface roughness and also, probably, by the penetration of deuterium into the
bulk of the material, along the Al-Al and Al-SiC grain boundaries.
4. CONCLUSIONS
Composites of Al/SIC, produced using the VPS technique, have been studied
before and after irradiation with deuterium and helium ions. To our knowledge this is the
first report concerning the investigation of D + or He -F stimulated radiation damage of
such composites. The most significant results obtained by means of complementary surface-sensitive spectroscopies and microscopies can be summarized as follows:
1.

Irradiation with MeV He -E induces rearrangement of the outer layers of the coating due to surface melting caused by energy deposition. The surface rearrangement
occurs for doses exceeding 5 x 1017 cm-2 and fluxes approaching 3 x 1013 cm-2s 4.
No blisters or flakes are formed on the coatings irradiated with high-energy helium.

2.

Exposure of the surfaces to glow-discharge D plasma results in the deposition of 7
-lox 1014 D at cm-2. Under such conditions, an initial stage of blistering is
observed on the Al matrix, whereas the SIC grains remain uneroded.

3.

Deposited deuterium is mostly retained in the 100 - 150-nm-thick surface layer, but
certain amounts of D are also found in deeper layers of up to 600 - 700 nm.

4.

Irradiation with D or He + does not stimulate macrosegregation of the Al and
SiC phases. The homogeneous distribution of the components of the coating
remains unchanged following ion irradiation.
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The results obtained can be considered preliminary, but they lead to rather unfavorable conclusions on Al/SiC coatings as candidate materials for PFCs. The coatings
undergo ion-induced erosion even under relatively mild conditions. In addition, the
deuterium deposited accumulates not only in blisters in the Al matrix but also penetrates
beneath the surface, probably along the Al-SiC grain boundaries. Such effects should be
taken into account when the tritium inventory in future fusion devices is expected.
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Fig. 1. Surface topography of nonpolished
("as delivered") Al/SiC 50%
coating.
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Fig. 2. Surface topography of polished
Al/SiC 20% coating.
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Fig. 3. Surface topography of heliumirradiated Al/SiC 50% coating
(dose of 1800 keV 41-1e+ ions =
5 x 1017 cm-2).

Fig. 4. Surface topography (a) and distribution
of Si (b) and Al (c) on the heliumirradiated Al/SiC 50% coating (dose of
1800 keV 4He+ ions = 8x 1017 cm-2).
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Fig. 5. Atomic force micrograph (a) and surface
roughness of Si grains (b) and Al matrix (c) of the
nonirradiated polished Al/SiC 50%.
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Fig. 6. Atomic force micrograph of the Al/SiC 50%
coating after exposure to deuterium plasma. a) Si grain in
the Al matrix; b) Al matrix.
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Deuterium interaction with silicon-graphite
materials exposed to the tokamak plasma
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Silicon-containing composites are considered as plasma facing materials in controlled fusion devices. Comparative
studies of deuterium interaction with carbon based substrates were performed for graphite-silicon mixtures (5-50
wt% of Si), carbon fibres and isotropic graphite. Both virgin and deuterium treated surfaces were characterized by
means of several surface sensitive techniques. The substrates were exposed to the deuterium plasma in the TEXTOR
tokamak, in a magnetron or in a hollow cathode. The uptake, retention and release of deuterium were investigated.
Migration of deuterium from the plasma deposited layer to the bulk of the substrates was found for the graphitesilicon mixtures. The structure of the deuterium-containing deposits was studied using atomic force microscopy.
The initial stage of bubble formation was observed on the surfaces exposed to the tokamak plasma.

1. Introduction

Plasma-wall interaction in fusion devices is accompanied by a
number of processes such as sputtering, implantation, deposition
and chemical erosion which distinctly modify wall surfaces and
contribute to the contamination of the plasma by impurity
atoms'. Graphite has become the most extensively used material
for plasma facing components (PFC) and there is a vast data base
on hydrogen behaviour in graphites and its impact on tokamak
operation'. However, composite materials (for example, carbon
fibres") and doped graphites (with B. Ti132) gather much attention as candidates for the production of PFC. Moreover, there
is increasing interest in the application of silicon-containing
materials: siliconized layers', silicon carbides' or graphites
doped with Si. This contribution brings a report on silicon-doped
graphites exposed to the deuterium plasma in a tokamak reactor
or in laboratory facilities. This is the first report on C-Si mixtures
as candidate materials for plasma facing components. For that
reason it was important both to characterize the composition
and structure of initial (non-exposed) and plasma treated C-Si
substrates and to determine the uptake and retention of deuterium by materials containing different amounts of Si. It was
also important to investigate if the deposited deuterium penetrated into the bulk of the substrates since such processes might
have a crucial impact on the tritium inventory in the walls of
machines operated with D-T mixtures'.
2. Experimental
The investigation was carried out with C-Si materials containing
5, 10, 15, 20 or 50 wt% of Si (FU 2224/1-5, Schunk GmbH).

The materials were produced by mixing graphite and silicon
powders, moulding them and heating gradually in vacuum or
under inert gas atmosphere to temperatures exceeding 2300=C.
Comparative studies were performed for isotropic graphite and
two-directional carbon fibre composites. The exposures of the
materials to the deuterium plasma were performed in the TEX TOR tokamak or under laboratory conditions in a magnetron
or in a hollow cathode device.
The samples exposed in TEXTOR (strips 60 x 10 x 3 mm) were
mounted side by side on a graphite block placed on the test
limiter holder. One set of samples was facing 27 ohmically heated
discharges in D2 during a total exposure time of 90 sand a second
set was exposed to 34 discharges (some of them were additionally
heated with neutral beams) for a total of 114 s.
In the hollow cathode the exposures were made at 60-70°C
with 100 eV D+ ions at a total fluence in the range 3 x
2.5 x 102' cm -2, whereas in the magnetron the substrates were
irradiated with 150-175 eV D at a total fiuence of 1 x 102' cm -2 ;
the target temperature was 700°C.
Following the exposure the samples were transported in air to
the surface analysis station and characterized by means of ion
beam techniques such as nuclear reaction analysis (NRA) for
the determination of deuterium (3He(d,p)41-le) and boron
("B(p,a)813e) content and Rutherford backscattering spectroscopy (RBS) for the determination of other species deposited
on surfaces. Several methods were applied in order to define
surface composition and structure: X-ray photoelectron spectroscopy (XPS), energy dispersive X-ray spectroscopy (EDS)
and scanning electron (SEM), atomic force (AFM) and scanning
tunnelling (STM) microscopies. Previously, it was found for car429
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Figure 1. (a) Topography and (b) composition of the non-exposed C-Si 20% surface.

bon fibre composites (CFC) that the deuterium deposited on
their surfaces had penetrated into the bulk' and the surface
concentration of D had been decreasing with time. Then, to check
the possible change in the deuterium concentration in the near
surface layer of C-Si. NRA measurements were performed shortly
after the exposure as well as 3 and 15 months later. The content
of deuterium inside the exposed materials was also investigated.
For that purpose the samples were cleaved and freshly opened
surfaces were analysed. Before such tests the deuterium background level was determined in the bulk of the non-exposed
materials.
3. Results and discussion
3.1. Characterization of non-exposed materials. The most important issue in the characterization of the non-exposed samples was
to recognize the microstructure of the mixtures and to determine
the chemical states of the components in the substrates. Figure
I presents scanning electron micrographs and EDS spectra recorded for the non-exposed surface of the C-Si 20% substrate.
The topography micrograph (Figure 1(a)) indicates that the surface is rather rough and single grains can be distinguished. In the
backscattered electron image (mass contrast image, Figure 1(b))
bright areas indicate the distribution of silicon grains whereas
the dark background corresponds to carbon. The point analysis
by means of EDS proves that silicon and carbon occur as separate
phases. Figure 2 shows the XPS spectra (C ls photoelectron line)
recorded for (a) isotropic graphite; (b) C-Si 50% mixture; and
(c) silicon carbide. For pure graphite and C-Si 50% the main C
Is line appears at 284.6 eV whereas in silicon carbide the C Is
feature is shifted by 1.2 eV to lower values of binding energy.
Comparison of the measured values with the literature data'
indicates that carbon occurs mainly in the elemental form in the
C-Si mixture. The substrate probably also contains a few per
cent of SiC since there is a small shoulder visible in the right side
of spectrum (b) in the position characteristic for the C Is line in
silicon carbide. The result has also been confirmed with STM
430

since patterns typical for graphite, but not for SiC, have been
recorded. On the other hand, pure elemental silicon has not been
detected (by XPS and STM) on the surfaces because of the
surface oxidation of silicon to Si-0 compounds. Apart from C
and Si there are also impurity atoms such as Cl, S and alkaline
metals. Their presence in the materials may partly be responsible
for the increased radioactivity following the irradiation of C-Si
with fission neutrons'.
In Table I are collected the NRA results of the deuterium
determination in the bulk of respective materials. The deuterium
background level was determined in the non-exposed substrates
which were cleaved and freshly opened surfaces were investigated. The measurements were made with 770 keV 'He beam
(information depth about 1.5 pm) and the surface concentrations
were converted to bulk concentrations. The lowest background
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Figure 2. XPS spectra of C Is photoelectron line in: (a) isotropic graphite;
(b) C-Si 50%; and (c) ß-SiC.
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Substrate
Graphite

CFC
C-Si 5%
C-Si 10%
C-Si 15%
C-Si 20%
C-Si 50%

hulk deuterium concentration
(ppm)
ID cm 't

4.0 x 10''
I.8)
5.5 x 10'
5.6 x 10'
9.8 x 10'
6.0 x 10' 4.0 x 10'

1
4
12
12
21
13

level is observed in isotropic graphite and C—Si 50% whereas
much higher concentrations are found inside other C—Si
mixtures. The differences in the deuterium content may be attributed to the porosity of the materials. The C—Si substrates are
rough and porous and, when stored in air, take up pronounced
amounts of water vapour (including also the naturally occurring
0.015% D-containing water) as checked by mass spectrometry
during outgassing of the materials in vacuum.
3.2. Plasma exposed substrates. Exposure of materials to the
TEXTOR plasma results in the formation of co-deposited layers'
containing deuterium together with plasma impurity species:
carbon, boron (up to 5 x 1017 cm') and metal atoms (Ni,
Fe. Cr) originating from the TEXTOR liner. Pronounced quantities of oxygen, partly gettered or taken up from the atmosphere
by the deposited boron' are also detected. NRA measurements
and optical analysis of coloured patterns of interference fringes'
developed on surfaces allow an estimate of the thickness of the
deposited layer: 130 or 240 nm (depending on the exposure
conditions) down to 15 nm. Even these relatively thin deposits
change the surface topography of the substrates. Atomic force
micrographs in Figure 3(a) and (b) show the C—Si 10% surface
exposed at 75 and 35 mm from the plasma edge in TEXTOR,
respectively. The area hidden 75 mm in the scrape-off layer contains 4 x 10 6 D cm' and crystallites are seen with fairly sharp
edges. The structure is similar to the one observed on the nonexposed sample. However, the surface exposed closer to the
plasma edge is tightly covered by an amorphous (proved by
STM) deposit of `soft' appearance which contains 4 x 10'7 D
cm". In the right part on the picture there are also perceived
small areas of bubble-like structure which may well be attributed

Table 2. Deuterium deposition and retention on ai.ipuuti tnd I. Si
mixtures exposed to ohmic discharges for a total or 90 s. NIcasurements
made II) and 90 days follovs Mg the exposure to the plasma

Substrate
Graphite

CFC
C-Si 5%
C-Si 15%
C-Si 20%

Deuterium concentration ID cm
90 days after exposure
10 days after exposure

2.9x 10°
2.9 x 101 '
2.4x 10°
2.2x 10°
2.0 x 101 '

2.9x 10'
2.4x 10'
2.3 x 10"
2.1 x 10'
2.0 x 10'

to the presence of initial surface imperfections covered with the
deposit.
Table 2 presents concentrations of deuterium deposited on
graphite. CFC and C—Si surfaces (5-20% Si) exposed at
TEXTOR. The measurements were made in two time steps
namely, 10 and 90 days after exposure. The D content varies
for different substrates exposed under the same conditions. The
highest D concentration is observed on isotropic graphite and
the deuterium content decreases with the increase of Si content
in the substrates. The result is interesting but it is considered as
preliminary. Further exposures and investigations are necessary
to further elucidate the deuterium deposition/inventory on C—
Si surfaces. Moreover, the deuterium content remains nearly
constant on graphite and on all the C—Si substrates for at least
3 months after the exposure. The decrease in the D concentration
is observed for carbon fibres because of the migration of the
deposited deuterium into the bulk. The effect has been discussed
previously'.
Laboratory experiments were performed in order to compare
the deposition of deuterium on different surfaces. The exposures
in the hollow cathode discharge (60-C) resulted in the formation
of thick (2.5-4 kim) deposits containing deuterium. On the CFC
and C—Si 20% surfaces irradiated with a total dose of 2.5 x 1021
D+ cm -2 concentrations of 1.78 x 10" cm and 8.5 x 1018 cm'
were detected, respectively. These results show again that more
deuterium is retained on carbon substrates than on silicon-containing ones. The implantation experiments performed in the
magnetron with targets kept at elevated temperature (700'C) led
to a retention of 2-4 x 10" D cm' after irradiation with a total
dose of 1 x le D' cm'. However, there was no clear relation
of the amount retained as a function of the Si content in the

Figure 3. Atomic force micrographs of the C-Si 10% substrate exposed to the scrape-off layer plasma at TEXTOR: (a) 75 mm; and (b) 35 mm from
the plasma edge.
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Figure 4. Atomic force micrographs of the C—Si 50% substrate irradiated with deuterium (1 x 1021 cm', 700'C) in magnetron (a) general view of the
surface: (b) blistered area.

irradiated substrates. The deuterium implanted was detected in
thin layers not exceeding 100 nm. Surface changes were observed
as exemplified by the atomic force micrographs in Figure 4(a) and
(b). The outermost layer of the exposed samples is amorphous
(detected again with STM) but certain features can be distinguished: crystallites and vertically elongated bubbles or
blisters 5-15 nm in diameter. The AFM investigation does not
provide a definite answer whether the blisters occur on graphite
or silicon grains. However, we have an indirect indication that
blisters appear on graphite grains since similar, but somewhat
smaller, structures have been observed on the whole surface
of isotropic graphite exposed to the plasma under the same
conditions. Moreover, the blisters shown in Figure 4(b) are quite
similar to the ones detected by Niwase et al' on D irradiated
graphite (2.5 x 10'6 cm', 650°C) and by our group on the rf
antenna protection tiles from JET'''.
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3.3. In-depth penetration of deuterium. The bulk content of deuterium was investigated on fresh surfaces formed by cleaving the
samples exposed at TEXTOR or a hollow cathode discharge.
The measurements were made in order to check if deuterium
penetrated into the bulk of C—Si. No deuterium above background level was found inside the materials shortly (up to 3
months) following the exposure. The same kind of measurements
repeated 1 year later (15 months after the exposure) resulted in
the detection of deuterium which had migrated into the bulk of
the C—Si materials. In the bulk of the samples exposed at TEXTOR the concentrations were 3-5 times higher than the deuterium background level (see Table I). However, in the case of
thick deposits (large deuterium reservoir) formed during the
exposure in the hollow cathode discharge the bulk concentrations
were 6 x 10'9 and 3 x 10'9 cm' in the substrates containing 15
and 20% Si, respectively. These concentrations are 50-60 times

M Rubel et al . Deuterium interaction with silicon-graphite materials

Table 3.

Deuterium retention in carbon based materials after exposure
to the plasma and annealing for 1.5 11 in vacuum. Samples exposed to
ohmic and NBI heated discharges for totally 114 s

( C)

Graphite
(D cm)

20
300
550
800
1100

9.7 x 1017
7.1 x 10 7
2.5x 1017
3.0 x 1015
1.1 x 1015

Temperature

CFC

C-Si 5%

(D cm')

(D cm)

8.5 x 1017
6.6 x 10'
2.5 x 10'7
3.2 x 10 5

6.5 x 1017
2.4x 10'7
1.5x 10'5
0.8 x 10 5

higher than the initial background content. The results obtained
indicate that the deposited deuterium migrates from the surface
layer into the bulk of C-Si but the process is slower than in the
case of carbon fibres in which deuterium diffuses relatively easily ;
the diffusion coefficient in CFC is 6.1 x 10" cm' s at room
temperatures.
3.4. Thermal and ion induced release of deuterium. Thermal release
of deuterium from the deposits was studied at 300, 550, 800
and 1100°C for graphite and C-Si 5%. At a given temperature the
samples were heated in vacuum for 1.5 h and after cooling down
the NRA investigations were made. The results are shown in
Table 3. The deuterium concentration decreases gradually with
the increase of temperature from 20 to 550°C. Rapid desorption
of deuterium is observed when the temperature is increased to
800°C or higher. However, even at 1100°C some deuterium is
still detectable in the surface region of the samples.
Ion induced detrapping was studied with a 770 keV 'He beam
for deposits kept at room temperature or annealed to 550°C. The
results are exemplified in Figure 5 for the C-Si 20% sample. At
room temperature the most intensive release (27-33%) occurs at
the beginning of the process (dose up to 1 x 10'5 cm') when
weakly bound D-containing species are detrapped. At higher
doses the concentration decreases gradually by another 10-12%.
Thereafter a constant concentration is observed and prolonged
irradiation does not result in further detrapping under the experimental conditions. Very weak influence of the 41e± bombardment on the release of deuterium is noted for the annealed
substrate. As discussed previously', such differences in the

50
cc 4.5
0
Z 3 •5
0

3.0

b

2.5

z
C2

1.5

0

4. Summary
Graphite-silicon substrates containing up to 50 wt% of Si were
studied in order to define their initial state and the effects of
deuterium interaction with the materials; deposition, retention,
in-depth penetration and thermal or ion induced release. The
results indicate that the C-Si substrates contain mainly a mixture
of elemental silicon and carbon with a small admixture of silicon
carbide. Experiments performed at TEXTOR and in laboratory
apparatus show that under the same exposure conditions less
deuterium is accumulated on the C-Si substrates than on graphite. Exposures to the deuterium plasma result also in structural
changes of the surfaces, and the formation of small blisters is
observed. Certain amounts of deuterium migrate from the surface
layer into the bulk because of the porosity of the mixtures.
Annealing in vacuum (800°C and higher) leads to the release of
more than 99% of deposited deuterium. As mentioned in the
Introduction this was the first report concerning the interaction
of deuterium with C-Si substrates which are candidate first wall
materials. The results are promising and further laboratory and
tokamak experiments as well as thermal, mechanical and neutron
irradiation tests are underway in order to obtain the global
characteristics of the substrates.
Acknowledgements
The work was performed under the NFR Contract FF/Fu 4639311. We are very grateful to Dr B Schweer and other members
of the TEXTOR Team for their help and co-operation in the
exposure of substrates in the tokamak.

References
R A Langley, J Bohdansky, W Eckstain, P Mioduszewski, J Roth,
E Taglauer, E W Thomas, H Verbeek and K L Wilson, Nuclear Fusion
Special Issue Data Compendium for Plasma Surface Interactions, IAEA,

'E- 6.5
0

E 2.5

detrapping characteristic between the non-annealed and thermally treated samples are probably attributed to the presence of
chemical C-D bonds with differing bond strengths in the
deposits. Weakly bound deuterium is easily released from the
non-annealed deposit whereas such weakly bound species are not
present in the annealed deposit. This explanation is supported
by the fact that high energy detrapping of hydrogen isotopes is
mostly attributed to electronic excitations and is sensitive to the
composition of the irradiated layer'.

2

4

6

8

2.0

FLUENCE (1015 cm-2)
Figure 5. Detrapping characteristics of deuterium by a 770 keV 'He+
beam from the C-Si 20% substrate exposed at TEXTOR: (a) room
temperature; (b) after annealing at 550°C.

Vienna (1980).
2 R K Janev (Editor), Atomic and Plasma-Material Interaction Data for
Fusion, Supplement to Nuclear Fusion 1, IAEA, Vienna (1991).
3 W Möller, J Nucl Mater, 162 & 164, 138 (1989).
• Causey, J Nucl Mater, 162 & 164, 151 (1989).
Sagara, Y Hirooka, R W Conn, A Miyahara, G Chevalier, R Doemer,
M Khandagle and N Noda, Proc 16th Symp on Fusion Technol, London,
p 361 (1990).
• Koizlik, H Hoven, J Linke and E Wallura, Proc 16th Symp on Fusion
Technol, London, p419 (1990).
'B Emmoth, M Rubel and F Franconi, Nucl Fusion, 30, 1140 (1990).
8 1%4 Rubel, B Emmoth, H Bergsäker, P Wienhold, V Dunaev and
V Sukhornlinov, J Nucl Mater, 196 & 198, 285 (1992).
° J Winter et al, 20th Eur Conf on Controlled Fusion and Plasma Physics,
Lisboa, Portugal, July 1993, to be presented.
'° E Franconi, M Rubel and B Emmoth, Nucl Fusion, 29, 787 (1989).
' V Philipps et al, 6th Int Conf on Fusion Reactor Materials, Ispra, Italy,
September 1993, to be presented.
12 J F Moulder, W F Sticke, P E Sobol and K D Bomben (Editors),
Handbook of X-ray Spectroscopy. Perkin-Elmer Corp., Eden Prerie, MN,
USA (1992).
433

IW Rubel et al Deuterium interaction with silicon-graphite materials
B Emmoth et al.. to be published.
`1-1 Bergsaker. NI Rubel. B Emmoth and P Wienhold. J Nucl Mater. 162
& 164, 593 (1989).
P Wienhold, NI Rubel. J von Smern. 1Gudowska and H Künzli,
J Nucl Mater, 196 & 198, 647 (1992).
' 6 P Wienhold and U Littmark. Proc Synip Eur Mat Res Soc, 17, 441
(1987).
1-

434

' K Niwase. T Tanabe. M Sugimoto and F- F Fujita. J .Yucl Maier. 162
& 164, 856(l989).
H Bergsaker, M Rubel and B Emmoth, Workshop on Plasma Wall
Interactions at JET. Abingdon. Great Britain. September (1987).
"H Bergsåker. S Nagata,M Rubel and B Emmoth. Proc Symp Eur Mat
Res Soc. 17, 433 (1987).

ISBN

if HÖGSKOLAN I WLEil

,-7

ISSN

LULEÅ UNIVERSr587

ISRN

—

Institution/Department

—/ -

Upplaga /Number of copies

2/7/727/5-2Z/275 Avdelning /Division

Datum /Date

iecizi D34,9
Titel Title

Cra',5( //2y

/2/7/y

2

472/67747/75'

Författare/Author(s)

Uppdragsgivare /Commissioned by

Typ/Type

O Doktorsavhandling/Ph.D. thesis
/0 Licentiatuppsats/Licentiate thesis
O Forskningsrapport/Resarch report
O Teknisk rapport/Technical report
O Examensarbete/Final project report
O övrig rapport/Other report
Språk/Language

0 Svenska/Swedish

Engelska/English

0

Sammanfattning, högst 150 ord/Abstract, max 150 words

Nyckelord, högst 8/Keywords, max 8

5F14, STh1, AFH /

‘A-neu

copes iTEs

Pwr&-ziov

Underskrift av granskare/handledare / Signature of examiner/supervisor

tA4

