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Sammanfattning

Vid Tandemlabbet i Ångströmlaboratoriet, Uppsala, används bland annat
Rutherford backscattering spectrometry (RBS) för att undersöka egenskaper,
t.ex tjocklek och sammansättning, hos tunnfilmer som ofta är odlade på
kiselsubstrat. Kiselkristallernas struktur ger upphov till kanaliseringseffekter,
d.v.s starkt vinkelberoende intensitet, som i detta sammanhang kan ge
felaktiga resultat. För andra prover kan kanaliseringseffekter användas för att
få information om kristallstruktur och kvalitet. I det här arbetet demonstreras
nyskrivna funktioner till befintlig mjukvara med syfte att minimera dessa
effekter. De nya funktionerna har testats genom provtagningar i orienteringar
som är gynnsamma och icke gynnsamma för kanalisering. Vid jämförelse
med tidigare metoder ger de nya metoderna ett fel på i värsta fall ca. 80
%, med bättre parametrar sjunker felet till ca 20 % och med rätt val av
parametrar försvinner felet jämfört med tidigare metod. Värt att notera
är att ovanstående maximala fel uppstår vid test orienterat för maximal
kanalisering, där effekterna utan de nya metoderna ger ett fel på uppemot
en faktor 18.

Abstract

At the Tandem accelerator in the Ångström laboratory, Uppsala, Rutherford
backscattering spectrometry (RBS) is one of the methods used for thin film
analysis, providing information on thickness and composition. The films are
commonly grown on silicon substrates, whose crystal structure gives rise
to channelling effects (a strong angular dependence in the intensity of the
signal), which can cause faulty results. For other samples, channelling may
also be used to get information on crystal structure and quality. This work
demonstrates new functions to the existing software, aiming at minimizing
these effects. The new methods have been tested by measurements both in
channelling directions and in directions determined by the old method. In
comparison with the earlier method the worst-case error is of order 80 %,
commonly around 20 %, but it is possible to achieve an error which is not
detectable. It is worth to note that the stated errors appear in tests oriented
for maximum channelling, where effects without the new methods give an
error corresponding to an apparent thin-film thickness almost 18 times that
of the actual thickness.
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1 The Problem
Rutherford Backscattering Spectrometry (RBS) is a useful tool in materials
science. Ions are accelerated and directed onto a fixed target which contains
the material to be analysed. Ions can lose energy by elastic scattering
off nuclei on the target due to the repulsive Coulomb interaction. This
gives a way to analyse the target’s composition since the energy losses are
characteristic for the mass of involved scattering particles and the geometry.
They also lose energy gradually by interactions with electrons in the target,
and so the depth composition can be determined as well. These effects make
RBS a useful tool for thin-film analysis. [1]

Figure 1 shows a typical RBS spectrum, in this particular case a thin film
of HfO2 is grown on a silicon substrate. Hafnium is the heaviest of the three
elements, and therefore the incoming ions scattered from it will have higher
energy than those scattered from the other elements. Silicon and oxygen
are lighter elements, so the ions scattered from those atoms will thus have
a lower energy. Thus, one can decipher fig. 1 to see that the peak on the
right indicates hafnium, and the larger plateau on the left corresponds to
silicon. The oxygen signal is not visible here, since it is lighter than silicon;
it would be visible as a peak in left third of the image, if not for another
effect of the method. The cause of the peaks and plateaus is the differing
thicknesses of the layers of the elements. Since the Si substrate is thick, the
incoming ions will not hit all the Si atoms with the same energy; the ions
will gradually lose energy as they pass more Si atoms on their way deeper
in the substrate before they finally scatter off the atoms, this means that
one will see a scattering of ion energies. This explains the silicon plateau
to the left. The thin film is thin, so the incoming ions will either scatter
from the film atoms, or pass through, thus those elements will be seen as
peaks, like the Hf peak at right. Figure 1 should contain a small oxygen
peak, but the aforementioned plateau effect means that it is not seen in the
Si "noise", where incoming ions are scattered from deeper-laying Si atoms
with the same energy as they are scattered from the oxygen thin-film.

In ion scattering the phenomenon of channelling describes a strong
dependence of the signal of scattered ion on the sample orientation when
crystalline samples are investigated. This phenomenon is linked to the
repulsive coulomb-interaction between ions and target nuclei and the fact,
that along low-index crystal direction deeper lying nuclei in a single crystal
can ”hide” behind surface atoms. The channelling phenomenon enables RBS
to be used as a tool for crystal structure investigations since the angular
intensity patterns are characteristic of the structure of the material. In
ion-scattering spectrometry channelling can however also be an unwanted
effect since the substrate signal is often used to calibrate the beam intensity.
Thus, ions lost in channels will lead to signals from the sample (e.g. thin
film) being represented as much more prominent than expected from the
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Figure 1: A typical RBS spectrum, featuring both experimental data as red
circles and a simulated spectrum as a solid blue line.

actual sample composition and thickness.
The advantages and disadvantages of the channelling phenomenon means

that it would be interesting

• To implement a way that improves alignment of samples for surface
analysis.

• To implement a solution that randomizes sample movements to prevent
unwanted channelling effects complicating thin-film analysis.

2 Impact
A successful solution to the alignment problem will have several beneficial
effects, primarily by improving the accuracy of the results achieved. These
effects will propagate to other investigations of the samples, where these
results are used in other analyses. A reduction in alignment time will also
increase the fraction of useful science of the total beam-time, i.e. higher
sample throughput, which will be of great importance for internal use.

A secondary result could be monetary savings for the individual research-
ers, as the billable beam-time is reduced due to the reduction in sample
alignment time. Further, one can simply multiply the average hourly salary
of the researchers by the time needed to align each sample to get an estimate
of savings.

A tertiary effect would be that an automation of a time-consuming and
tedious task will lead to improved researcher morale, and less waste of
workday time.
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3 Background

3.1 Theoretical background

One important point to note is that RBS can give a different type of result
than other methods of material analysis. Other methods, such as X-ray
diffraction, directly give the thickness of a thin film in e.g. Ångström, whereas
RBS provides an areal density (atoms/cm2). This distinction is important,
since it tells us how materials behave in thin films, as opposed to in bulk
where the density is not necessarily the same as for a thin film of the same
material. A combined study of optical methods and ion scattering can thus
yield this thin film density, in addition to sample composition and thickness.

3.1.1 Crystal structures

The effects of channelling are due to the structure of the crystal, which is
illustrated in figs. 2a, 2b, 3a, 3b and 4. Silicon forms a type of crystal known
as Face-Centred Cubic (FCC), meaning that the base structure of the crystal
is a cube with an atom in each corner and on the centre of each face of the
cube (like a die with ones on all sides). This cube is then duplicated and
placed on the sides of the original cube to form the whole crystal. Silicon
also has a secondary atom for each atom in the cube, translated 1

4 of the
lattice parameter in each direction (x, y, z).

In order to describe directions in the crystal, so called Miller indices are
used. For cubic crystals, the indices are defined as vectors oriented along
the edges of the cube, starting at some corner. In this way, we can write a
direction as e.g. (100), meaning that we pick a corner of the cube, and look
along one of the edges, holding the other two edges perpendicular to the line
of sight. Taking (110), we now keep one edge perpendicular to the line of
sight, and point the other two away from us.

For simplicity, figs. 2a, 2b, 3a, 3b and 4 contain the unit cell in yellow,
seen as a cube in the middle of the photographed model. From the images,
one can get a feel for what directions are suitable for channelling simply by
looking; if it is possible to see through, the beam can also pass through.

3.1.2 Channelling

For the remainder of this work, it will be helpful to be able to visualise the
orientation of the sample. Since the incoming beam as well as the sample
position is fixed in space, one only needs two angles to determine the sample’s
orientation. We call these angles tilt and azimuth. Imagine a beam in a
room, now place a Cartesian coordinate system with the x-axis parallel to
the incoming beam, and the z-axis pointing towards the ceiling. Then, the
tilt angle corresponds to rotation in the xz-plane, and azimuth is the same
in the xy-plane.
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(a) (100) direction. (b) (110) direction.

Figure 2: Examples of Si crystals viewed in the (100) and (110) directions.
Sets of channels are clearly visible. In fig. 2b, the channels are more pro-
nounced than in fig. 2a and are aligned slightly different.

(a) (111) direction. (b) Planar channelling.

Figure 3: Figure 3a demonstrates axial channelling with yet another channel
distribution ((111) direction), and fig. 3b demonstrates planar channelling,
as the planes are aligned in the left-right direction.
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Figure 4: The Si crystal is aligned to demonstrate the lack of channels in a
random direction. In the centre of the crystal the background is not visible,
meaning that an incident beam would not experience channelling effects.
The background can be seen at the edges, this is an artefact of the limited
size of the model.

Channelling is dependent on the orientation of the crystal, an example
of how the beam intensity seen by the detector can be seen in fig. 5, which
shows the received intensity as a function of tilt and azimuth angles. The
origin of the image corresponds to the (100) direction (see fig. 2a). An image
obtained with the software-package for simulations of ion scattering from
crystalline materials tric [2] showing the same effects is seen in fig. 9.

When a beam of ions strikes a sample the majority of ions are not
backscattered, this is exaggerated when oriented in a channelling direction
so that almost none of the ions reach the detector since the ions get "stuck"
in the channels and are guided past deeper-lying nuclei. This removes most
of the substrate signal so that it can not be used for calibration of the film
peak, leading to different energy spectra for the same sample in different
orientations. The differences in energy distribution is shown in fig. 6 which is
taken from the measurements in section 6. The difference in overall shape of
the silicon signal can be seen, as well as a relative difference in height of the
hafnium peak compared to the Si substrate signal, seen as a plateau towards
lower energies. It should be noted that the hafnium peak shows a similar
number of counts in both orientations, while the Si signal shows a dramatic
decrease in counts in the channelling direction. This is an example of the fact
that this film signal does not have an angular dependence while the substrate
does, this complicates the thin-film analysis. When fitted to simulations,
this corresponds to the channelling direction giving a film thickness 18 times
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Figure 5: This image shows typical angular effects of channelling over a range
of angle combinations. The scale is in number of counts. One can clearly
see a channelling orientation with the sample at roughly 0.55 azimuth and
-0.6 tilt. In particular, this image was created with data from the testing in
section 6.

that which is seen in the non-channelling direction.

3.2 Practical background

For a detector placed in a specific geometry, the channelling effects may
give different signal strengths depending on the orientation of the sample.
This means that in order to get reproducible and reliable results in thin
film analysis, one needs to spend time to make sure that the sample under
investigation is not close to a channelling direction. Similarly, in crystal
structure analysis one might be interested in finding certain channelling
directions to compare samples that have undergone different preparation
routines or treatments. For instance, Azarov et al. used, among other
methods, RBS to characterize structural disorders due to ion implantation
in ZnO [3]. At present, the crystal structure analysis is accomplished at
Uppsala University’s tandem accelerator by taking several measurements
at different combinations of angles in tilt and azimuth directions. This
process is very time-consuming since a sample energy spectrum is taken
for each point in angle space. For example, consider a five-by-five degree
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(a) Non-channelling direction. (b) Channelling direction.

Figure 6: Here, the energy distribution effects of channelling (at right) are
compared to a spectrum taken away from a channelling direction (at left).
In this case, these effects correspond to a factor 18 in film thickness between
the cases. One can clearly see that not only the intensity of the Si substrate
signal is different, the shape of the spectrum also differs; at the same time, the
size and shape of the Hf peak remains the same for both cases. Experimental
data is shown as red circles, and a fit has been made to simulated data shown
as a solid blue line.

region with measurements taken at every half degree which would give 100
individual measurements; a ten-second measurement at each point gives a
thousand seconds in measuring time alone. This third of an hour (disregarding
overhead) is not used for any meaningful science, and also uses valuable
beam time.

3.2.1 The accelerator

The accelerator on which this work is performed is located at the Ångström
laboratory, Uppsala. A schematic view can be seen in fig. 7, which shows
the main details.

Ion source: In yellow, in the top-right of fig. 7, the ion sources can be
seen. A stream of negative ions is produced and pre-accelerated here. Gases
as well as solids can be used to feed the beam, meaning that several different
nuclei are available for use in analyses.

Accelerator: In green, top-centre of fig. 7, the tandem accelerator is
seen. The negative ions from the source are attracted to the positively-
charged centre of the accelerator, where a stripper removes electrons from
the ions in the beam causing it to become positive. The now positive ions are
repelled from the centre of the accelerator, and are thus accelerated further.
The "tandem" in the name refers to this process of accelerating ions twice
in the same field. Using this process, beam energies of several MeV can be
achieved at the Ångström laboratory.

Analysing magnet: In light blue, top-left of fig. 7, is the analysing
magnet. Ions travelling in a magnetic field will be deflected from their

10



Bachelor’s thesis Ludvig Svensson Sjöbom

Figure 7: A schematic drawing of the Tandem lab. Main parts are labelled
by colour. Image from the department of ion physics, Uppsala University

original path. The deflection is due to the well-known Lorentz force:

~F = q~v × ~B

where ~F is the force acting on the particle, q is the particle’s charge, ~v the
instantaneous velocity and ~B the magnetic field. Since

~F = m~a

the acceleration ~a of the particle is also dependent on its mass m. Knowing
the mass of the particle, this is used to select ions of a specific energy, which
can be chosen, for use in the beam lines later.

Switching magnet: On the left side of fig. 7 the switching magnet can
be seen in darker blue. It is used to select which of the available beam lines
shall receive the beam. The beam lines are shown in the bottom-left of fig. 7,
most in black, one in bright red and one in dark red.

RBS line: The RBS line is shown in bright red in the centre of the
beam lines in fig. 7. Here, the goniometer is positioned, and a few other
experiments are available if the goniometer is moved to a position that lets
the beam pass.

3.2.2 The goniometer

The goniometer consists of a sample selector wheel and pair of tilt and
azimuth gimbals, driven by stepper motors. A schematic view can be seen in
fig. 8, where the main parts are labelled.

The communication between the user and the goniometer is handled by
software on the same computer that runs the spectrum acquisition software
and is more thoroughly documented in [4], as it was part of that work.
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Figure 8: A schematic drawing of the goniometer, showing the main features.
Image from the department of ion physics, Uppsala University

For the purposes of this work, the goniometer set-up can mostly be
considered a "black box" where one simply sends commands and the sample
is moved to the desired position.

3.2.3 Existing software

The current control software was written by Per Petersson as a master’s
thesis [4]. It can handle communication with the goniometer, as well as
with the spectrum acquisition software. This means that my task consists of
adding features for the convenience of the users and testing under realistic
conditions.

The software is written for LabVIEW, a graphical interface designed
primarily for data flow analysis and user interfaces. Thus, it is simple to add
new windows with extra functions(here known as "VIs").

4 Solution
In order to minimize the sample alignment time, two methods are considered:

• Manual alignment with immediate feedback. This will be useful for
finding channelling orientations, when so desired, such as for surface
analysis.

• Automatic movement of the goniometer during spectrum acquisition.
This is intended to remove channelling effects for thin-film analysis.

The manual alignment method is based on that humans, in general, are
good at recognizing patterns, and thus, a system where the user directly
steers the sample with immediate feedback is planned. With this method, the
user is given some sort of feedback to be able to decide "Do I get more or less
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signal when moving the sample in this direction?", and it should therefore be
possible to select an orientation that gives a good (depending on intention)
signal.

The automatic method makes use of the fact that over the azimuth-
tilt-plane (az-tilt-plane), the channelling effect is seen as quite narrow lines
of lower signal in an otherwise rather homogeneous plane. This work will
test the hypothesis that movements over the az-tilt-plane while taking a
measurement will reduce the effects, based on the possible cases for a newly-
mounted sample:

1. The sample is placed in a channelling orientation.

2. The sample is not placed in a channelling orientation.

These cases are, of course, something of a simplification, but they are
convenient. For case 1, a movement from the starting position will bring the
sample out of the channelling geometry and for sufficiently large step-width it
is unlikely that the new orientation will also be suitable for channelling. If the
experiment starts in case 2, a movement across the az-tilt-plane may put the
sample in a channelling "pit", but another movement will most likely bring it
out again. If one would put it in simple terms: the possible combinations of
angles contain more of case 2 than of case 1, therefore random movements
are more likely to be unsuitable for channelling.

5 Results

5.1 Simulations

In order to get an estimate of the angular size of the expected channelling
artefacts, Monte Carlo simulations of backscattering events were simulated
using the tric software as described by Khodyrev et al. in [2], the results of
the simulations are shown in fig. 9; in which the effects of channelling are seen
as darker lines corresponding to fewer received ions for certain combinations
of tilt and azimuth.

5.2 Programming

The work resulted in two new VI’s, "Wiggling Front" and "Manual Front".
Each of these solves a separate, although related, problem.

The user interface of "Wiggling Front" can be seen in fig. 10. The available
controls are:

Timing Here the type of time limit is selected. The default is run time, other
options are live time and counts in ROI.

ADC The Analog-to-Digital Converter can be selected, corresponding to the
ADCs under the bench at the control computer.

13
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Figure 9: A plot of number of backscattered ions for different combinations
of azimuth and tilt of the sample, simulated using the tric software. Both
azimuth and tilt run from -5 to +5 degrees. The structures seen as a darker
cross and diagonal lines indicate that ions are lost due to channelling, which
illustrates the problem at hand.

Units (s/counts) The desired run or live time is set here in seconds.

Step length The desired step length is set here. The "3x3" option has this length
between the stationary points, and the "random" option uses this as a
maximum value. The length set here can be seen as a typical size of
the movements of the sample.

Number of laps/steps For "3x3", this is the number of times the goniometer moves the sample
in the full square pattern. For "random", this is the number of random
movements to be performed during the set time.

The options "3x3 square outline" and "Random" are the main point of this
VI. They perform a series of movements while a measurement is being taken
in order to minimize the aforementioned channelling effects. The pattern for
the "3x3" option is depicted in fig. 11. The initial position is considered to
be in the centre of a square in angle-space, and the sample is then moved a
chosen number of laps around the square. The "Random" option multiplies
the step size by a random fraction between -0.5 and +0.5, and does this with
different random numbers for azimuth and tilt in each iteration. Each step
therefore moves to a random position in a square with side length of "step
size" and the initial position in the centre.

In figs. 12 and 13, the interface for "Manual Front" is shown. Here, the
idea is to use direct feedback by means of the graph at the bottom in order to
manually adjust the alignment of the sample. As can be seen, the interface

14
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Figure 10: The front window of the "Wiggling Front" VI, showing the main
controls.

Start

Az

Tilt

Figure 11: The pattern used in the "3x3" option, the small squares indicate
the points where the sample is held stationary.
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Figure 12: The front window of the "Manual Front" VI, showing the main
controls. A dip in the graph can be seen, corresponding to a loss of signal due
to the fact that the goniometer was moved across a channelling orientation.

gives immediate feedback about the current position of the goniometer as
well as the amount of signal received over time. Also, the signal can be
normalized by the beam current measured directly from the sample, reducing
effects of fluctuations in beam current.

5.3 Known issues

In this section, "Manual" refers to the "Manual Front" VI, and similar for
"Wiggling".

Manual The measurement software assumes that "Manual Front" wants the
same time limit as the previous measurement. Often, this is not a
problem since the search for channelling directions is usually done
before the science measurements. A similar problem is also present
with the current set-up.

Manual Simply pressing "Return to main" will not have an effect unless the
measurement is stopped. This is mitigated by a note in direct proximity
of the button.

Manual The data from a measurement is saved in the default MPA3 directory,
and will eventually cause clutter. In order to avoid file name colli-
sions, the data is saved as "tempmanualXX" where XX is a random
number between 0 and 100. The default folder also contains several
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Figure 13: Similar to fig. 12, but the dip is even more pronounced. Here, the
goniometer was moved across the intersection of the channels, giving a more
dramatic effect.

old measurements of different origin, indicating that this is a general
problem.

Wiggling Under Timing, counts in ROI may be selected, however this is not fully
implemented and may lead to unexpected behaviour.

6 Evaluation
Tests were carried out using a 2-MeV 4He+-beam directed on a Si(001)-
substrate with a thin film of HfO2. Measured spectra were then fitted to
ones simulated with simnra [5] to get an estimate of what film thickness
would correspond to the achieved hafnium peak.

In the beginning of the measurements, the manual method was used to
find the main channelling orientation, around which a survey using the old
method was taken. The results of the survey can be seen in fig. 5, which
corresponded very well to the orientation found manually. Tests show that
it is quite easy to find the channels, if desired, using the "Manual Front"
method. The channels can usually be found in 10-15 minutes instead of doing
a complete survey of the sample which takes on the order of an hour. The
method is expected to be particularly useful for samples grown on off-axis
cut substrates, whose main channelling axes can be found several degrees
away from the surface normal.

17
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Table 1: The results from the testing in and outside of channelling orientations.
For reference, the results from stationary measurements are included as "In
channel" and "Prev. Method". "3x3" refers to the "3x3 square" method with
one degree step size, and "Rand." refers to the random movements method.

Method Thickness (atoms/cm2)

In channel, high estimate 2,50E+17
In channel, low estimate 8E+16

Prev. Method 1,40E+16
3x3, no channel 1,65E+16

3x3, channel 1,90E+16
Rand. Channel, 1 deg 2,50E+16
Rand. Channel, 2 deg 1,50E+16
Rand. Channel, 3 deg 1,40E+16

Rand. No channel, 1 deg 1,40E+16
Rand. No channel, 2 deg 1,40E+16
Rand. No channel, 3 deg 1,25E+16

In order to test the wiggling method, a set of measurements were taken
both in and outside a channel with stationary measurements taken for
comparison. The orientations were chosen using fig. 5, the orientations
selected were 0.55 az, -0.6 tilt for channelling, and 1 az, 0.4 tilt for non-
channelling. The results for the channelling orientation can be seen in fig. 15,
and for non-channelling in fig. 16 along with fitted simulated spectra following
the plot conventions in fig. 6.

The film results for the different methods can be seen in table 1 and
fig. 14. The results indicate that the effects of channelling may be removed
when using the wiggling measurement, set to random movements with 2-3
degree step size. The 3x3 square also showed promising results, but a slight
(20-80 %) overestimate of the film thickness was seen, this is however quite a
bit better than the previous worst-case scenario which may give results on
the order of 18 times the actual thickness.

6.1 Error estimates

6.1.1 Systematic errors

Since all the measurements were taken with the existing infrastructure under
realistic conditions, the most likely cause of errors in this regard is poor
fitting of simulations to experimental data. With regards to poor simulation
fitting, the biggest risk lies in the test spectrum taken in a channel, where
a high estimate of the film thickness is on the order of 2,5E+17 atoms per
square centimetre, while on the lower side of estimates it is possible to get
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(a) A bar plot of the results from the different tests.

(b) The same data, but without the data from the stationary
measurement in the channelling orientation.

Figure 14: The same data as table 1, presented in bar chart form. fig. 14a
shows data for all tests, while fig. 14b has removed the channelling measure-
ment, for ease of comparison.
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(a) (b)

(c) (d)

Figure 15: The results of tests in the main channel. (a): random movements,
1 degree; (b): random movements, 2 degrees; (c): random movements, 3
degrees; (d): 3x3 square, 1 degree.
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(a) (b)

(c) (d)

Figure 16: The results of tests in a direction chosen for an absence of
channelling. (a): random movements, 1 degree; (b): random movements, 2
degrees; (c): random movements, 3 degrees; (d): 3x3 square, 1 degree.
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(a) Fit to right edge. (b) Fit to plateau average.

Figure 17: A comparison of two different fits of the channelling reference
data. This shows the difficulties of making a good fit to simulations when
the shape of the spectrum is distorted by channelling effects. Cf. fig. 6.

to around 0,8E+17 atoms/cm2. This is due to the shape of the experimental
spectrum for channelling orientations (see, for instance, fig. 6). A spectrum
taken in such an orientation will not have the well-defined Si plateau of a non-
channelling spectrum, and hence will not be easy to fit to simulations which
assume an absence of channelling. In that case one will have to select a region
of the plateau to calibrate the signal for an estimate of the film thickness.
Figure 17 illustrates the two different channelling fits as seen in table 1,
fig. 17a is a fit to the right edge of the Si plateau giving a film thickness of
2,5E+17 atoms/cm2, while fig. 17b is calibrated to an average of the plateau
which gives a thickness of 0,8E+17 atoms/cm2. Indeed, this ties directly to
the basis of this work and gives a striking example of the difficulties one might
encounter when working with channelling. Nevertheless, for all other spectra
one achieves negligible differences in thickness for high and low estimates
since the well-defined plateau is clearly visible in the experimental data. A
comparison with the best-case scenario for the channelling measurements
shows that there is still a distinct difference between the new methods and
keeping the sample in place. Therefore, it is unlikely that any noticeable
errors in thickness come from poor fitting.

6.1.2 Statistical errors

Because the process of scattering into the detector occurs with a known
average rate and each event is independent of those before, the number of
counts follow a Poisson distribution. This means that the standard deviation
of the number of counts is simply σ =

√
n where n is the number of counts.

In order to get an estimate for the statistical errors, one can integrate the
number of counts over the Hf peak in the spectra (for example, one can use
the Integrate function of simnra) and see what a corresponding number
of added or removed counts would do to the estimated thickness. Testing
shows that the number of counts in the Hf peak is on the order of 690-770
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counts which gives σ ≈
√

770 ≈ 28. For 3σ coverage, one should therefore see
how thick the film should be to give an integral of roughly ±100 counts. By
simnra experimentation, it was found that film thicknesses of 1, 4pm0, 2E16
atoms/cm2 gives the desired 3σ coverage. Since the experimental results
(table 1) are found in this interval (except the 3x3 and one degree random
movements) one can conclude that the random pattern with sufficient step
size is enough to remove the channelling effects from the experiment.

7 Recommendations
When using the wiggling measurement, I recommend using the random
pattern and a step size of 2-3 degrees, as this has shown possible to remove
channelling effects, and the geometric error from seeing the sample slightly
from the side is small, since cos 3 degrees is just over 0.998.

Further work would include correcting the known errors, as well as testing
with several other substrates.

8 Summary and conclusions
A look back to section 1 gives us the questions:

• Do we have an easy way to find channels for surface analysis?

• Is it possible to counter channelling effects for a randomly oriented
sample?

to which the answers are yes to both.
The "Manual Front" VI gives the user a good tool for finding channels

with a large graph of the signal strength plus a short history, as well as a
way of manually moving the goniometer in small (selectable) increments in
both azimuth and tilt directions.

The "Wiggling Front" VI can remove channelling effects by a series of small
random movements around a starting point during which the measurements
is taken. A movement size between two and three degrees is recommended,
since smaller movements may not always get rid of the channelling effects,
and movements larger than three degrees are unnecessarily large. When used
with the proper movement size, this method can fully remove the channelling
effects. This has been shown via testing in a maximally unfavourable direction,
this shows that the starting orientation need not be chosen carefully.

Further work with this approach to channelling problems would most
likely include a way to incorporate the random movements into the existing
batch measurement infrastructure and correcting the list of known issues
(section 5.3).
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9 Thanks
Thanks to my supervisor, Daniel Primetzhofer, for quick answers and needed
help. Per Petersson, who wrote the original software [4] also helped figure
out practical problems such as "Why is this window hidden? It shouldn’t
be!".
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A Front window

New

Figure 18: The main window of the program with the new additions high-
lighted.

Figure 18 shows the newly added buttons in the main window of the
program. The new routines are called in exactly the same way as the
"channelling" and "batch" routines, and thus, the code for the front window
is not shown.
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B Wiggling front

Enter file name here

Pick one of these

Figure 19: Some explanations of the "Wiggling front" VI.
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A simple for loop handles the movements

The measurement is outside the movement loop in
order to execute it at the same time as the
movements.

Figure 20: An overview of the block diagram for "Wiggling front".
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C Manual front

Use these to adjust the position

Step size in degrees

Optional

Figure 21: Some explanations of the "Manual front" VI.
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This sequential structure ensures that everything happens in the correct order

This loop handles user input

Figure 22: An overview of the block diagram for "Manual front".
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