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Abstract 
 

 In this project, thin films are being manufactured by different methods in a thin film deposition set-

up and subsequently characterized. This is done in order to determine if the set-up is capable of 

producing films of sufficient quality to be used for research purposes in the ion physics group of the 

division of applied nuclear physics at Uppsala University. Both copper and silver films are 

manufactured by magnetron sputtering deposition. Copper films are also manufactured by 

evaporation deposition. Deposition is made on Si(001) substrates. The films are analyzed with 

Rutherford Backscattering Spectrometry (RBS) and Time of Flight- Elastic Recoil Detection Analysis 

(ToF-ERDA). Results show that the deposition rate of the set-up is much faster compared to the one 

provided by the manufacturer of the set-up. The purity of the films i.e. the concentrations of the 

contaminants are found to be in an acceptable range for research applications with an average 

oxygen contamination of 1.53 ± 0.05 % and carbon contamination of 0.53 ± 0.02% for sputtered 

copper films. Sputtered silver films were found to have an oxygen contamination of 0.28 ± 0.012% 

and a carbon contamination of 0.41 ± 0.023%. Evaporated copper films were found to have an 

oxygen contamination of 0.45 ± 0.018% and carbon contamination of 0.31 ± 0.013 %. Traces of 

gold (< 0.5%) were found exclusively in the sputtered films. Trace amounts of hydrogen could also 

be detected in both sputtered and evaporated films. The evaporated films are found to show lower 

contamination by oxygen than the sputtered films, but the manufacturing process employed in this 

study of evaporated films is not suitable to use for producing thin films of specific thicknesses as 

there is insufficient data to find a deposition speed. Overall, the set-up is capable of producing thin 

films with a sufficient quality for it to be used by the department when producing thin films for 

research. 
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Sammanfattning 
 

 I det här projektet produceras tunnfilmer med olika metoder i en uppställning för 

tunnfilmsdeposition och karaktäriseras sedan för att bedöma om maskinen är kapabel att producera 

filmer av tillräckligt bra kvalitet för att kunna användas i forskningssyften inom jonfysikgruppen på 

avdelningen för tillämpad kärnfysik på Uppsala Universitet. Både koppar och silverfilmer produceras 

med magnetronsputtring. Kopparfilmer produceras också med resistiv förångning. Deposition sker på 

Si(001)-substrat. Filmerna analyseras med Rutherford Backscattering Spectrometry (RBS) och Time of 

Flight- Elastic Recoil Detection Analysis (ToF-ERDA). Resultaten visar att depositionshastigheten för 

maskinen är snabbare än det som angetts av företaget som producerar maskinen. Renheten hos 

filmerna, dvs. koncentrationen av föroreningar, finnes vara inom en acceptabel nivå för 

forskningstillämpningar med en genomsnittlig syrekontamination på 1.53 ± 0.05 % och 

kolkontamination på 0.53 ± 0.02% för sputtrade kopparfilmer. Sputtrade silverfilmer finnes ha en 

syrekontamination på 0.28 ± 0.012% och en kolkontamination på 0.41 ± 0.023%. Förångade 

kopparfilmer finnes att ha en syrekontamination på 0.45 ± 0.018% och en kolkontamination på 

0.31 ± 0.013 %. Spår av guld (< 0.5%) hittades enbart i sputtrade filmer. Spår av väte kunde också 

hittas i både sputtrade och förångade filmer. De förångade filmerna finnes ha lägre 

syrekontamination än de sputtrade filmerna, men tillverkningsprocessen som används i projektet vid 

tillverkning av förångade filmer är inte lämplig att använda i produktion av tunnfilmer med specifika 

tjocklekar då det saknas data för att kunna hitta en depositionshastighet. Totalt sett är 

uppställningen kapabel att producera filmer av adekvat kvalitet för att de ska kunna användas inom 

avdelningen för produktion av filmer för forskning. 
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Introduction 
 

Thin films play an important role in everyday life in form of optical coatings, for electronics and 

sensors or e.g. to increase wear resistance and are important model systems for upcoming 

technology. To be able to manufacture thin films with high purity and accurate thickness are 

important factors for applications. Thus, to study the growth of thin films and how deposition 

methods affect film quality is of both fundamental and technological interest.   

The ion physics group of the division of applied nuclear physics at Uppsala University has recently 

installed a thin film deposition set-up which is not yet sufficiently tested. Thus, the properties of the 

films the set-up produces are to a large extent unknown. The present project aims to manufacture 

and characterize films with this set-up to be able to make an evaluation of the set-up, as well as to 

produce some first films for fundamental research projects.  

By using particle accelerators it is possible, based on scattering of energetic ions, to probe the 

thickness and purity of thin films with thicknesses of nm to a few μm using different methods. When 

an ion is accelerated to MeV energies and is directed towards a thin film target, interaction with 

target electrons and nuclei is mainly via the Coulomb force. This interaction is very well understood, 

making it easy to draw conclusions on target composition from the energy of backscattered ions as 

well as recoiling target atoms. Two different ion-beam based methods based on ion scattering have 

been employed to assess thickness and quality of produced thin films.  

Using these tools, the project aims to answer some of the most important questions pertaining to 

the evaluation of the set-up and the films produced.  At first, the thickness of the films has to be 

determined in order to know how fast the machine deposits the thin films, in order to produce films 

of a specific thickness. It is also of importance to find out what contaminations are found in the films 

and, if possible, where in the film they are located. If the deposition set-up ends up being able to 

produce films of sufficient quality, the films can be employed for fundamental research related to 

thin film technology and ion-solid interaction and can also be used as reference films during 

accelerator testing. During the project, the potential difference in purity of films produced by two 

different methods, thermal evaporation and sputtering, will also be investigated. 

The questions to be answered during the project are: 

 What is the deposition rate of the set-up (for both Cu and Ag sources)? 

 What level of contamination do the films have, and are the levels acceptable for the films to 

be used by the department? 

 Is there a difference in film contamination between sputtered films and evaporated films? 

 Where are the contaminations located? 

 How big is the uncertainty in the physical quantities measured? 
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Background 

Thin films  
Thin films are thin layers of particles typically with a thickness in the order of 1 nm − 1 μm, in the 

context of this project (other definitions may apply to different contexts). The films can consist of a 

homogeneous layer of atoms or of compounds of several substances and have a wide range of uses, 

both in industrial applications as well as in fundamental science. The films can for instance be used to 

alter the optical properties of a material by making it more or less reflective. Films can also be 

applied to surfaces to increase or decrease the electrical conductivity, which may be of use in 

semiconductor electronics. The films can also be used as a shielding when applied to very sensitive 

materials (anti-scratch coatings). If the right material is chosen, then the film may protect against 

radiation or other chemical elements that would otherwise come into contact with and potentially 

harm the surface.  

In the ion physics group, thin films are used e.g. as reference systems to study ion-solid interaction 

and to develop more advanced depth-profiling methods using ion beams. 

Thin film deposition techniques 

There are several methods that can be used to deposit a thin film onto a substrate. The categories of 

depositions techniques are broadly split into chemical deposition techniques and physical deposition 

techniques. The methods of interest for this project are the physical deposition techniques. These 

can be further split into several categories, with the ones studied in this project being evaporation 

techniques and sputtering techniques, and even more specifically magnetron sputtering deposition 

and resistive evaporation deposition.   

 

Resistive evaporation deposition 

This technique makes use of the heat development in resistive wires with a current running through 

them. The source material for the thin film is put into a resistive boat (see Fig. 4), often made out of 

molybdenum or some other element with a very high melting temperature. A current is then run 

through the resistive boat, causing it to heat up. The thin film source material will consequently melt 

and evaporate, forming a gas that will be dispersed in the vacuum chamber thus reaching the 

substrate that is located above the boat. A thin film will be grown as the gas molecules condense 

onto the (cold) surface of the substrate and stick to it and each other.  The faster the material is 

evaporated, the faster the film will grow. To make a faster deposition the temperature of the boat 

can be raised, causing a higher flux of atoms breaking loose from the metal [1]. 

 

 

Magnetron sputter deposition by gas flow 

To deposit atoms onto the substrate using sputter deposition by gas flow, one has to make use of a 

third agent (other than source and substrate), an ionized sputtering gas. This gas is used to form a 

plasma around the source of the material you want to deposit. In the sputtering chamber, a magnetic 

and an electric field are both directed in such a way that they confine the gas ions to the surface of 

the source, where they form a helical path due to the Lorentz force. The ions in the plasma collide 
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with the source, ejecting atoms from it due to the momentum transfer. Since many of the ejected 

atoms are neutral, they are not affected by the electromagnetic field of the magnetron, and can thus 

pass through the plasma and condense on the substrate (see Fig. 1). The speed of the growth will 

here be governed by the sputtering current and the gas pressure [1]. 

 

Figure 1: A schematic picture of a basic sputtering process, with ionized argon gas entering the chamber and sputtering 
out atoms from the source. 

 

 

Vacuum technology 
For all deposition techniques, a sufficient vacuum (low pressure) is necessary for the films to be 

sufficiently pure i.e. to avoid significant co-deposition from the residual gas. For sputtering, the 

vacuum is also needed to keep the argon gas pure enough to be able to form stable plasma. The 

vacuum required may differ between methods, but in general films will be cleaner with better 

vacuum.  If the vacuum is not of sufficiently high quality, chemical reactions may occur in the thin 

film during deposition. Also, for both sputtering and evaporation, transport of atoms between source 

and target should take place without collisions with residual gas particles. Therefore, one must 

consider what the mean free path is of the atoms travelling from the source to the substrate. For an 

ideal gas, the mean free path of a particle is: 

𝑙 =
𝑅𝑇

√2 ∙ 𝜋 ∙ 𝑑2 ∙ 𝑁𝐴 ∙ 𝑝
= 𝑐𝑜𝑛𝑠𝑡 ∙

𝑇

𝑝
                   𝐸𝑞. 1 

where 𝑅 is the ideal gas constant, 𝑑 is the diameter of the molecules, 𝑁𝐴 is Avogadro’s number, 𝑇 is 

the temperature and 𝑝 is the pressure [2]. As Eq. 1 shows, when temperature is constant the mean 

free path is inversely proportional to the pressure. Thus, lowering the pressure increases the mean 

free path. For example at a pressure of 10−3 mbar, the mean free path is about 0.1 m and there is a 

large chance that particles may collide inside even a small chamber. By lowering the pressure to a 

better working vacuum,10−5 mbar, the mean free path becomes around 1 m.  

The large mean free path at low pressures limits the vacuum achievable by conventional pumping. To 

get a sufficiently good vacuum, one can use turbomolecular pumps (TMPs). In TMPs, pairs of angled 
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turbines and stators are placed in a series. The blades are angled in such a way that, as they hit air 

molecules, they change the momentum of the molecules so that they are led through the system of 

turbines and stators until they reach the exhaust. The angle of the blades and the speed of the 

rotation make it impossible for the molecules to travel back the way they came, thus creating a 

vacuum. At the exhaust, a backing pump is used to pump away the gas buildup as more and more 

molecules are led through the system [3]. 

 

 

Ion-solid interaction and ion-beam based analysis techniques 
 

Rutherford Backscattering Spectrometry (RBS) 

This technique makes use of highly energetic, mainly low mass ions. The ions are accelerated to 

typically 200 keV − 2 MeV and are directed at the target. When entering the target, the ions will 

interact with the atoms in the target through the Coulomb force. The repulsive electrostatic potential 

of the nuclei is too high to allow any interaction via the strong nuclear force. The ions can thus only 

be ”elastically” scattered from target nuclei. When the ions scatter from the nuclei, they lose energy 

according to equation Eq. 3, since some of the energy goes towards the recoil of the typically much 

more massive atomic nucleus in the target. 

If a detector is placed in a certain backscattering angle > 90𝑜 with respect to the incoming beam, the 

energy spectrum of the detected particles can then be interpreted in order to get information on 

what type of atom the ion scattered from. One can also get information whether the ions are 

scattered from the surface of the target film or if they penetrated some length and then scattered 

etc. In the latter cases, the ion will lose energy due to ionization and excitations among the atoms 

that crosses the ions path. This fact can, for sufficient energy loss, be used to determine the thickness 

of films, as the detector can detect the energy difference of the ions that are scattered on the 

surface and those that are scattered at the very end of the film. For very thin films, the total amount 

of scattered particles is a measure of film thickness, i.e. available scattering centers.  

Since the accelerated ions have a low atomic number and a high energy, the Rutherford scattering 

cross section for interaction with another low atomic number atom becomes small since the cross 

section is calculated by: 

𝜎(𝜃) = (
1

4𝜋𝜖0
)

2

∙ (
𝑍𝑖𝑜𝑛𝑍𝑡𝑎𝑟𝑔𝑒𝑡𝑒2

4𝐸
)

2

∙
1

sin4 𝜃
2

                          𝐸𝑞. 2 

where 𝜖0 ≈ 8.85 ∙ 10−12  C2

Nm2, 𝑍𝑖𝑜𝑛 is the atomic number of the ion, 𝑍𝑡𝑎𝑟𝑔𝑒𝑡 is the atomic number of 

the target atom, 𝑒 is the elementary charge, 𝐸 is the energy of the ion and 𝜃 is the scattering angle. 

The cross section (Eq. 2) is related to the probability of a Coulomb interaction between the ions and 

the target atom, and since in the case of light target atoms both 𝑍𝑖𝑜𝑛 and 𝑍𝑡𝑎𝑟𝑔𝑒𝑡 are small, the 

probability for interaction is small. This method is for this reason particularly useful in determining 
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the thickness of the thin-films and contaminations from higher mass elements, and not as useful in 

determining the purity in terms of low mass elements. 

The energy of the backscattered ions 𝐸1 is calculated with the kinematic factor 𝐾 as follows: 

𝐾𝑠𝑐𝑎𝑡𝑡𝑒𝑟 =
𝐸1

𝐸0
= [

(𝑀2
2 − 𝑀1

2 sin(𝜃))
1
2 + 𝑀1 cos(𝜃)

𝑀2 + 𝑀1
]

2

       Eq. 3 

where 𝐸0 is the energy of the incoming ion, 𝑀1 and 𝑀2 are the masses of the backscattered ion and 

the target atom respectively and 𝜃 is the scattering angle. 𝐸1 is then equal to 𝐾 ∙ 𝐸0. The kinematic 

factor always has a value between 0 and 1 with the minimum value at 𝜃 = 𝜋/2, which corresponds 

to the incoming ion scattering back into the same trajectory it came from. The maximum value is 

achieved at 𝜃 = 0 which corresponds to the ion continuing in the same direction as its incoming 

trajectory. In the experiments, the detector is placed at a specific scattering angle 𝜃 and thus the 

expected energy of the detected particles is easily calculated using Eq.3 [4]. 

 

ToF-ERDA  

This method of evaluating thin films makes use of heavy accelerated ions. Like RBS, the main 

interaction between the ions and the atoms in the target is via the Coulomb force, thus producing 

elastic scattering. However, in difference from RBS, backscattered ions are not detected but rather 

atoms from the target are ”kicked” out by the heavy ion and detected in forward direction. The 

recoiling atoms then pass through two thin films of carbon on its way to the energy detector. When it 

passes through the first one, a small amount of energy is deposited in the film and a timer is started. 

When it passes through the second one, again it deposits some of its energy, and the time it took to 

travel from one film to another, the Time of Flight (ToF), is calculated. With an energy detector 

placed after the films, the system yields thus information about the energy and velocity of the 

particles passing through, also revealing the mass of the particles (see method). 

The energy of the recoiling atom in the target is calculated by using the kinematic factor: 

𝐾𝑟𝑒𝑐𝑜𝑖𝑙 =
𝐸2

𝐸0
=

4𝑀1𝑀2

(𝑀1 + 𝑀2)2
cos2 𝜙            Eq. 4 

where 𝐸2 is the energy of the recoiling atom, 𝑀1 and 𝑀2 are the masses of the ion and the recoiling 

atom respectively and 𝜙 is the angle between the trajectory of the ion and the trajectory of the 

recoiling atom, which is always < 𝜋/2 . The recoiling atom has its largest energy when 𝜙 

approaches 0𝑜, corresponding to the atom being kicked out in the same direction as the incoming 

ion. The minimum value is 0 and is found when the angle 𝜙 is approaching 𝜋/2, corresponding to the 

atom being kicked out perpendicularly to the ion trajectory. As with RBS, when the location of the 

detector is known (𝜙), the expected energies of the atoms are easily calculated using Eq.4 [4]. 

The recoil cross section is calculated with 

𝜎(𝜙) = (
1

4𝜋𝜖0
)

2

∙ (
𝑍1𝑍2𝑒2

4𝐸0
)

2

(
𝑀1 + 𝑀2

𝑀2
)

2

cos−3 𝜙          Eq. 5 
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where 𝜖0 ≈ 8.85 ∙ 10−12  C2

Nm2, 𝑍1 and 𝑍2 are the atomic numbers of the accelerated ion and the 

target atom respectively, 𝑀1 and 𝑀2 are the masses of the ion and the recoiling atom respectively 

and 𝜙 is the angle between the trajectory of the ion and the trajectory of the recoiling atom [4]. 

Detectors  
Commonly used energy detectors are semiconductor detectors, e.g. silicon detectors. These consist 

of diodes made out of doped silicon strips in a p-n junction. To widen the depletion region and 

increase the voltage barrier, the silicon is placed under a reverse bias. When charged particles pass 

through the silicon strips, the ionization will cause a small current pulse that is detected [5].   

The ToF detectors, as mentioned in the previous section, work on the basis that very thin foils of 

carbon are placed apart from each other and as a particle passes through, electrons are ejected from 

the foils and detected in a micro-channel plate detector. The time difference of the particle passing 

through the first and the second foil is calculated and thus gives information about the speed of the 

particle [11]. 
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Method 

Manufacturing thin films 
The thin films are produced in a MED-010 thin film deposition set-up from Balzers (Fig. 1). The 

machine has the option of producing thin films with either sputtering or evaporation deposition and 

it has two different detachable accessory units for these two methods. The machine is equipped with 

a two stage vacuum system: a membrane pump and a turbo molecular pump.  The set-up has a 

vacuum chamber with see-through glass walls in which the deposition of films takes place.  

 

 

Figure 2a: A MED-010 thin film deposition set-up 

           

 

All films are grown onto substrates of silicon with an area of 100 mm2 that are fastened onto a 

holder that is detachable and that is compatible with both modes of production (Fig.2b).   The 

substrate is carefully fastened to the holder using screws that peg down the corners in a clean 

environment using gloves.  

The substrate holder is placed inside the vacuum chamber and the accessory unit (for sputtering or 

evaporation) is closed tight. The vacuum pre-pump is then turned on. When reaching sufficient 

vacuum the turbo molecular pump is turned on. For most samples, both with sputtering and 

evaporation, a working vacuum of about 5 ∙ 10−5mbar is used. A pressure chamber with argon gas is 

attached to the vacuum chamber with several valves in between. The air is also evacuated from the 

tube connecting the argon pressure chamber and the vacuum chamber before every sputter 

deposition. The vacuum in the tube does not reach the same quality as the one in the chamber 

though (See Vacuum technology). This pressure is lowered by closing the valve on the argon pressure 

chamber and opening the needle valve that separates the vacuum chamber from the tube when the 

vacuum pumps are started. When sufficient vacuum is reached in the tube, the valve is closed and 

the valve to the argon gas tank is opened, filling the tube with more pure argon gas for the 

sputtering.  

 
Figure 2b: A silicon substrate fastened onto 
the holder 



Markus Back  Uppsala Universitet 
Kandidatprogrammet i fysik 

13 
 

The pressure meter on the set-up has a particularly high uncertainty as the pin tends to oscillate 

between values at pressures below 10−4 mbar. The problem seems to get worse the lower the 

pressure gets. For all measurements of the pressure, the average value of the oscillation has been 

used.  

 

Growth by magnetron sputtering 

For sputtering, an accessory unit is used into which the source material in the form of a disc is 

inserted. It is equipped with a shutter covering the source material, which can be removed or placed 

back from the top of the machine when it is operational in the vacuum chamber. A set of controls are 

used to let argon gas into the chamber, controls for varying the sputtering current and a timer for 

how long the sputtering should take place.  

As soon as the sputtering start button is pressed the sputtering starts, so the sputtering current 

control has to be predetermined and set to avoid unwanted sputtering at wrong currents while it is 

tuned in to the right current. This is done by first performing a blind execute where all the controls 

are set including the current, but the metal shutter is left covering the source. Since the metal 

shutter is covering the source, the sputtered atoms do not reach the substrate but rather only hit the 

backside of the shutter. When everything is calibrated, the metal shielding can be removed and the 

sputtering can commence with the correct current from the very start (see Fig. 5). However, in the 

moment that the sputtering is started, the current tends to not go directly to the current that was 

just tuned in, but rather start a little bit higher. This has to be adjusted immediately. The argon gas 

enters the chamber when the valve connecting the argon tank and the chamber is opened. During 

the sputtering, both the argon pressure and the sputtering current can start to vary at any time and 

have to be manually readjusted to stay stable at the selected values. This is done by looking at the 

analog meters and turning the gauges accordingly. Due to the low resolution of the analog meters 

this can prove to be quite challenging, resulting in at limited times quite high uncertainty. This is 

however easily averaged over the entire sputtering with lower uncertainty.   

When the sputtering is complete, that pressure in the vacuum chamber is brought back up to 

atmospheric pressure, and the sample can be retrieved from the chamber. 

 

Growth by resistive evaporation 

The preparation for this process is largely the same as for sputtering.  The holder for the substrate 

inside the vacuum chamber is now removed. This time, the sample is placed upside down and facing 

the molybdenum boat which is also located hanging from the head (see Fig. 4). Once the setup is 

correct, the air is evacuated from the chamber until sufficient vacuum is reached. The distance 

between the boat and the substrate is at all times fixed at 53 mm. 

When the desired pressure is reached, a gauge that controls the current through the boat can be 
used to bring the temperature of the boat sufficiently high so that the film substance melts and starts 
to evaporate.  
The meter that displays the current unfortunately has a low resolution which makes the uncertainty 

of what current is actually used fairly high. The current needed is also very low, making the relative 

error large. This makes it harder to investigate for example deposition rates at certain temperatures. 
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Unlike for sputtering there is also no timer for this feature, which also makes it harder to do precise 

experiments with low uncertainty.  

 

 

Figure 4: A molybdenum boat for evaporation deposition 

.  

 

Analysis of the thin-films 

Analysis of the spectra from RBS 

The analysis of the results from the RBS experiments are performed in a software program called 

SIMNRA [6]. The program plots energy channels against number of counts of backscattered ions 

which produces a histogram. Using two or more reference samples of thin films with known 

compositions, a linear regression can be performed to find the value of the energy per channel as 

well as the energy offset for the energy calibration. When the energy calibrations are complete, the 

program can be used to simulate the backscattering experiment in question, allowing the user to try 

to fit the simulated spectrum to the experimental values. The details of the scattering experiment 

have to be entered, including detector geometry, detector resolution, data on the incident ion etc. 

The program lets the user define the layer by layer composition of the target by entering what 

element or compound it consists of and how thick the layer is. SIMNRA can also be used for other 

measurements other than RBS such as Nuclear Reaction Detection Analysis (NRA), ERDA etc. 

If all parameters are entered correctly, the simulated function should match the data from the RBS 

measurement. If elemental composition, energy of ions, detector geometry and primary particle 

current multiplied with the solid angle etc. is known, this lets the user vary the areal density of the 

film until the correct density is found. The thickness of the films are found by using SIMNRAs built in 

converter of particle density (Atoms/cm2) to film thickness (nm), assuming bulk densities. If 

thicknesses are already known, SIMNRA can instead be used to find the elemental composition of the 

target. 

Figure 5: Silver sputtering in progress with argon plasma emitting a 
blue light. 
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When the simulation is complete, the simulation and the experimental values are exported into 

MATLAB, where they are plotted (Fig.6). 

 

Figure 6:  Example of a SIMNRA simulation together with experimental values of Rutherford Backscattering Spectroscopy 

   

 

 

Analysis of the spectra from ToF-ERDA 

The raw data from these measurements are recorded in a software program called MPANT (which is 

also used for the raw data from RBS measurements) [7]. The program can plot the ToF-channel 

against energy channel (see Fig. 7). The ToF-channel is inversely proportional to the velocity of the 

particle. This means that the plot can be seen as velocity against energy, and can be used to find the 

masses of the elements (for equal velocity, the element with higher energy has higher mass, and for 

equal energy, the element with higher velocity has lower mass). Using this information one can 

produce a energy-mass diagram (see Fig.8). MPANT plots a two dimensional histogram with number 

of yields recorded for every energy and time channel. The plots show very clearly the components in 

the sample, as contaminations and thin films are separate from each other spatially and is easily 

differentiated between. This makes it possible to isolate a collection of events recognized as 

belonging to a certain element, mark the region in question, and get the total number of counts from 

that region. This can then be used to make an estimate as to what the relative contents of the film 

are. If, for thin films, the yield of a certain element is divided by the recoil cross section between the 

primary ion and the target nucleus, it gives a number that is proportional to the number of atoms in 

the sample. The same is done for all components of the film. Their “number of atoms” are added up 
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to form a total sum of all components and then each component is divided by the total sum to get a 

relative content for this element.  

 

 

 

Figure 7: ToF-ERDA raw data. ToF channel (y-axis) is proportional to the speed of the particle. Groups of events 
correspond to different elements. 

 

The ToF-ERDA measurements can also be imported into the analysis program CONTES [8], which is a 

MATLAB program specifically written for analysis of ToF-ERDA measurements. For analysis, the 

program requires a fifth degree polynomial energy calibration, as well as a linear ToF-calibration that 

both can be carried out by making use of the mass-energy diagrams which allows the user to easily 

recognize the elements involved in the reference samples.   
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Figure 8: A mass-energy diagram produced in CONTES. The yields are concentrated at the respective masses of the 
elements. In this example, a copper film sits on a silicon substrate. Visible contaminations are oxygen and carbon. 

 

 

If calibrations are performed correctly, the program can use tabulated values from SRIM (a program 

that simulates the stopping power and range of Ions in matter)[9] of the constituent elements’ 

respective energy loss data to produce a depth profile that shows the relative content of elements as 

a function of depth in the film. This can be used to see how much contaminants are present in the 

film or the substrate as well as where they are concentrated, for instance on the surface of the 

substrate.     
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Results and discussion 

Sputtered copper (Cu) films 
At first, a series of copper films were produced using sputtering. For the different films only the 

sputtering time was varied, while vacuum, gas pressure and sputtering current were held constant. 

The particle density (atoms/cm2) of the films was studied by RBS using 2 MeV helium ions (He+) and 

analyzed using SIMNRA (See “Analysis of spectra from RBS” under Method). The concentrations of 

impurities of the films were tested using ToF-ERDA and analyzed using CONTES and MPANT (See 

“Analysis of spectra from ToF-ERDA” under Method). 

The sputtering current used for this series was on average 15 mA with an estimated uncertainty of 

about 6.67% (15 ± 1), the pressure in the vacuum chamber before introducing argon was 

5 ∙ 10−5 mbar and the argon pressure during sputtering was averaging  5 ∙ 10−3 mbar.  Table 1 

below shows the results from the RBS measurements, where the progression of thickness is also 

visualized in Fig.9. The deposition rate is plotted in fig. 10. 

Table 1 

Thickness of sputtered Cu on Si 

Sputtering time [𝐬] 30 60 120 240 480 
Sputtering current [mA] 15 ± 1 15 ± 1 15 ± 1 15 ± 1 15 ± 1 

Particle density [𝟏𝟎𝟏𝟓 𝐀𝐭𝐨𝐦𝐬

𝐜𝐦𝟐  ] 30 ± 0.94 70 ± 2.2 110 ± 3.2 250 ± 7.23 597 ± 17.6 

Film thickness [𝐧𝐦] 3.5 8.54 12.97 29.5 70.4 
Uncertainty in thickness [%] 3.18 3.03 2.9 2.89 2.95 

 

 

Figure 9: The complete sputtered copper series plotted at the same time to show the relative height of the yield. 
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Figure 10: A comparison between the sputtering times recorded in the manual and the ones found during RBS. 

 

As seen in Fig. 10, the thicknesses at a sputtering current of 15 mA were found to be larger than 

expected by looking at the values in the manual, with values very close to those for a sputtering 

current of 30 mA instead of 15 mA. The deposition rate is clearly higher than recorded in the manual, 

and it needs to be updated accordingly.  

The fitted line 𝐴1 ∙ 𝑥 + 𝐴2, where 𝐴1 is the deposition rate, 𝑥 is the thickness and 𝐴2 is a small offset 

gives the results: 

𝐴1 = 0.12
nm

s
                         𝐴2 = 0.70 nm 

The results from the ToF-ERDA measurements for this series is recorded below in Table 2 and in a 

series of depth profiles, plotted together with the region containing the contaminants from the ToF-

ERDA raw data from MPANT. This is done to show if it is possible to validate the data from the depth 

profile or to clarify ambiguities in them. Also plotted is the yield of the contaminants as together with 

the yield from the copper in the film to compare the trends. Also plotted in fig. 11 is the yield of the 

contaminants together with the yield of the copper. 
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Table 2 

Purity of sputtered Cu on Si (all impurities assumed to be in film) 

Sputtering time [𝐬] 30 60 120 240 480 
Copper yield 3000 ± 55 6000 ± 78 11300 ± 106 26430 ± 163 69102 ± 263 
Oxygen yield 686 ± 26 622 ± 25 668 ± 26 893 ± 30 1238 ± 35 
Carbon yield 256 ± 16 162 ± 13 255 ± 16 234 ± 15 309 ± 18 
Relative O content*  [%] 20.6 ± 0.06 11.2 ± 0.38 6.75 ± 0.22 4.04 ± 0.11 2.2 ± 0.05 

Relative C content* [%] 7.99 ± 0.04 3.03 ± 0.19 2.68 ± 0.13 1.10 ± 0.06 0.57 ± 0.03 

* Values were calculated using raw data from ToF-ERDA via MPANT and the respective nuclear cross sections (see method). Given 

uncertainty for all content values is only statistical, additional systematic uncertainty for O is ±5% and for carbon ±10% [10]. 

 

Figure 11: Regression lines plotted together with normalized experimental data for the yield from Cu, O and C. 
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Figure 12: Depth profile for 30 second sputtering of Cu on Si together with O and C contamination from ToF-ERDA raw 
data. 

 

Figure 13: Depth profile for 60 second sputtering of Cu on Si together with O and C contamination from ToF-ERDA raw 
data. 
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Figure 14: Depth profile for 120 second sputtering of Cu on Si together with O and C contamination from ToF-ERDA raw 
data. 

 

 

 

Figure 15: Depth profile for 240 second sputtering of Cu on Si together with O and C contamination from ToF-ERDA raw 
data. 
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Figure 16: Depth profile for 480 second sputtering of Cu on Si together with O and C contamination from ToF-ERDA raw 
data. 

 

Figure 11 shows that the contamination yield regression lines appear to give a non-zero yield for zero 

thickness of Cu layer which might indicate that some of the contaminants are situated in or on the 

surface of the silicon substrate as opposed to in the film.  

The depth profiles for the films of these thicknesses appear not to be sufficiently resolved in depth to 

be able to show the location of the contamination. As Figure 11 shows, the location of the largest 

part of the contaminants could be located on the substrate and in the raw data it is possible to see a 

shift in intensity from the surface part to the bottom part, with the bottom part being more intense. 

Looking at the ToF-ERDA measurements from MPANT specifically, there is no visible separation 

between two different parts of the contamination yield, but there is a slight difference change in 

intensity between the most energetic and the least energetic measurements. 

Another indication that the contaminations are mainly not located in the films is the relative 

contamination percentages in table 2. The relative contamination appears to go down with thickness 

which could mean that thicker films are more pure, but perhaps more likely is that a large portion of 

the contaminants are located on the substrate. This trend of relative contamination based on table 2 

is shown below in fig. 17. 
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Figure 17: The percentage of contamination appears to decrease as a function of thickness. 

 

If the contaminants are assumed to be located in the film, Fig.17 shows that the percentages of the 

contaminants seem to decrease drastically with film thickness. By taking the logarithm of the 

thickness and the percentage, it becomes clearer, as Fig.18 shows below. 

 

Figure 18: A logarithmic diagram that shows that the percentage of contamination decreases as a function of thickness 
like a power function. 
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Fig.18 shows that when taking the logarithm of the thickness and the percentage of contamination, 

the trend becomes linear. This indicates that the relationship between level of contamination and 

film thickness is a power function 𝑦 = 𝐴 ∙ 𝑥𝐵, where 𝐵 is the slope of the graph in Figure 18. Since 

the slope is negative, the contamination is decreasing with thickness as a power function. This is also 

an indication the largest part of the contamination is not part of the film, but rather in the substrate. 

To find out how much of the contamination is located in the substrate, table 2 can be studied 

further. The regression line in figure 11 based on data from table 2, 𝐴𝑖 ∙ 𝑥 + 𝐵𝑖 for 𝑖 = 𝑂, 𝐶 ,gives the 

following results for the parameters 𝐴𝑖  and 𝐵𝑖: 

𝐴𝑂 = 8.94 counts ∙ nm−1, 𝐵𝑂 = 593.8 counts 

𝐴𝐶 = 1.27 counts ∙ nm−1,          𝐵𝑂 = 211.0 counts 

By assuming that the value of the yield at 𝑥 = 0 is due to contamination in the silicon substrate, it 

may be of interest to subtract this value from the total yield of the contaminants and recalculate the 

relative content calculated in table 2.  Adjusted values are found in table 3 below. 

 

 

 

Table 3 

Adjusted purity of sputtered Cu on Si  

Sputtering time [𝐬] 30 60 120 240 480 
Adjusted copper yield 3000 ± 55 6000 ± 78 11300 ± 106 26430 ± 163 69102 ± 263 
Adjusted oxygen yield 92 ± 9.6 28 ± 5.3 74 ± 8.6 299 ± 17 644 ± 25 
Adjusted carbon yield 45 ± 6.7 0 44 ± 6.6 23 ± 4.8 98 ± 9.9 
Relative O content  [%] 3.66 ± 0.012 0.59 ± 0.08 0.815 ± 0.07 1.41 ± 0.06 1.16 ± 0.04 

Relative C content [%] 1.86 ± 0.02 0 0.503 ± 0.05 0.112 ± 0.02 0.183 ± 0.014 
Given uncertainty for all content values is only statistical, additional systematic uncertainty for O is ±5% and for carbon ±10% [10]. 

As seen in table 3, the relative content of the contaminants is much lower compared to in the 

previous calculation where all the contaminants were assumed to be in the film. For the adjusted 

values, the mean relative contamination 𝑛𝑖 for O and C respectively is 

𝑛𝑂 = 1.53 ± 0.05 % 

𝑛𝐶 = 0.53 ± 0.02 % 
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Silver (Ag) sputtering 
Next, a series of silver films were produced with the goal of producing a film with a thickness of 

about 15 − 20 nm. According to the MED-010 manual, this would require a sputtering time of about 

200 seconds for silver. First, only two films were produced to test the procedure. Tested was also if 

the quality of the vacuum in the chamber would affect the purity of the films, and so one of the films 

was produced with a lower base pressure than the other, requiring longer preparation time.  

Using the results from the two sputtered films, the deposition rate is for silver was estimated and an 

attempt to create 15 − 20 nm films was made.  The first two films were sputtered for 45 seconds, 

but the sputtering current had a particularly large oscillation which seemed to average slightly above 

the wanted value. This was accounted for by lowering the sputtering time for the third attempt 

to 40𝑠. A sixth film was also produced to fill in the rather large gap in film thickness between the two 

rounds of sputtering so that a better estimation for deposition rate could be approximated with 

linear regression. Results from the RBS measurements of the six films are listed below in table 4. 

 

Table 4 

Thickness of sputtered Ag on Si 

Sputtering time [𝐬] 40 45 45 100 200 200 
Sputtering current [mA] 15 ± 1 15 ± 1 15 ± 1 15 ± 1 15 ± 1 15 ± 1 

Particle density [𝟏𝟎𝟏𝟓  
𝐀𝐭𝐨𝐦𝐬

𝐜𝐦𝟐  ] 79 ± 2.34∗ 122.5
± 3.6∗ 

132 ± 3.9∗ 200 ± 5.9 500 ± 14 395 ± 11 

Film thickness [𝐧𝐦] 13.5∗ 20.95∗ 22.6∗ 34.2 85.6 67.6 
Uncertainty in thickness [%] 2.96 2.94 2.94 2.97 2.85 2.85 

* = average from two measurements 

An additional measurement of the thicknesses of the 40 second sputtered film and the two 45 

second sputtered films was made, and the results from the measurement was averaged with the 

result from the first one. The new measurements differed from the previous ones with about 1 nm in 

two cases and no difference for the third. 
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Figure 19: The deposition rate for silver at 15 mA is close to the value in the manual for 45 mA. 

Fig 19 shows the deposition rate of the silver sputtering compared to the values in the manual. The 

deposition rate is, like with copper, higher than expected with values closer to those for sputtering 

at 45 mA. 

The fitted line in figure 18, 𝐴1 ∙ 𝑥 + 𝐴2, where 𝐴1 is the deposition rate, 𝑥 is the thickness and 𝐴2 is a 

small offset, gives the results: 

𝐴1 = 0.41 
nm

s
                         𝐴2 = −3.1 nm 

The ToF-ERDA measurements for the contaminations of the silver films are listed below in table 5. 

Table 5 

Contamination of sputtered Ag on Si 

Sputtering time [𝐬] 40 45 45 100 200 200 
Sputtering current 
[mA] 

15 ± 1 15 ± 1 15 ± 1 15 ± 1 15 ± 1 15 ± 1 

Pressure [𝐦𝐛𝐚𝐫] 5 ∙ 10−5 5 ∙ 10−5 5 ∙ 10−5 5 ∙ 10−5 5 ∙ 10−5 7 ∙ 10−6 
Silver yield 10840

± 104 
18239
± 235 

16641
± 129 

27111
± 165 

35800
± 189 

29700
± 172 

Oxygen yield 634 ± 25 639 ± 25 785 ± 28 675 ± 26 389 ± 20 378 ± 19 
Carbon yield 149 ± 12 218 ± 15 179 ± 13 190 ± 14 165 ± 13 167 ± 13 
Relative O content  [%] 7.95

± 0.22 
4.93
± 0.13 

6.54 ± 0.16 3.58 ± 0.1 1.6 ± 0.05 1.87
± 0.06 

Relative C content [%] 1.94
± 0.1 

1.75
± 0.08 

1.55 ± 0.08 1.05 ± 0.05 0.7 ± 0.04 0.86
± 0.04 

Given uncertainty for all content values is only statistical, additional systematic uncertainty for O is ±5% and for carbon ±10% [10]. 



Markus Back  Uppsala Universitet 
Kandidatprogrammet i fysik 

28 
 

 

 

Figure 20: Yield from Ag, O and C plotted together. Trend on O and C indicating a large part of contamination is in Si 
substrate. 

The regression lines from Fig.20 indicate that the majority of the contamination is located on the 

substrate, as the values for the linear regression are non-zero at zero thickness of films.  The 

regression line in figure 20 based on data from table 5, 𝐴𝑖 ∙ 𝑥 + 𝐵𝑖 for 𝑖 = 𝑂, 𝐶 ,gives the following 

results for the parameters 𝐴𝑖  and 𝐵𝑖: 

𝐴𝑂 = 0.31 counts ∙ nm−1, 𝐵𝑂 = 758 counts 

𝐴𝐶 = 2.3 counts ∙ nm−1,          𝐵𝐶 = 157 counts 

𝐴𝑂 is found to be very small, with little growth of contamination as a function of thickness. 

The contamination is studied further below in the depth profiles. 
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Figure 21: Depth profile for 40 second Ag sputtering on Si together with ToF-ERDA raw data from contaminations of O 
and C. 

 

Figure 22: Depth profile for 45 second Ag sputtering on Si together with ToF-ERDA raw data from contaminations of O 
and C.  
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Figure 23: Depth profile for 40 second Ag sputtering on Si together with ToF-ERDA raw data from contaminations of O 
and C. 

 

Figure 24: Depth profile for 100 second Ag sputtering on Si together with ToF-ERDA raw data from contaminations of O 
and C. 
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Figure 25: Depth profile for 200 second Ag sputtering on Si together with ToF-ERDA raw data from contaminations of O 
and C. 

 

 

Figure 26: Depth profile for 200 second Ag sputtering on Si together with ToF-ERDA raw data from contaminations of O 
and C. 

 
Figure 21-24 consists of depth profiles of films that are too thin to be sufficiently resolved in depth, 

and it is thus hard to determine from looking at them where the contaminations are located. Fig.21 is 
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though particularly interesting as the oxygen yield seems to be continuous throughout the silicon 

substrate. There is however a small dip in intensity that could be interpreted as a divider of the yield 

from the film and the yield from unknown source. It is hard to know how reliable the relative values 

of contaminations are from these since they do not appear to match with the data from table 5. The 

last two films (2x200s) are thick enough for the depth profiles to be a little clearer. The depth profiles 

show a concentration of contamination centered only at the surface of the silicon substrate. The ToF-

ERDA raw data shows no clear separation of events, but appear to be continuous, and if the depth 

profile is correct this yield is then mostly due to contamination on the surface of the substrate. 

By assuming that the offset from the linear regression of the values from table 5 (see figure 20) is 

due to the contaminations in the substrate, the offset can be subtracted from the contamination 

yields and adjusted relative content can be calculated. See the adjusted values below in table 6. 

Table 6 

Adjusted contamination of sputtered Ag on Si 

Sputtering time [𝐬] 40 45 45 100 200 200 
Pressure [𝐦𝐛𝐚𝐫] 5 ∙ 10−5 5 ∙ 10−5 5 ∙ 10−5 5 ∙ 10−5 5 ∙ 10−5 7 ∙ 10−6 
Adjusted silver yield* 11745

± 108 
18239
± 135 

19662
± 140 

29754
± 172 

74472
± 273 

58812
± 242 

Adjusted oxygen yield* 0 0 168 ± 13 0 0 51 ± 7 
Adjusted carbon yield* 0 61 ± 8 54 ± 7 51 ± 7 186 ± 14 174 ± 13 
Relative O content  [%] 0 0 1.27 ± 0.06 0 0 0.13

± 0.01 

Relative C content [%] 0 0.52
± 0.04 

0.423
± 0.04 

0.268
± 0.02 

0.39
± 0.019 

0.46
± 0.02 

*= values are normalized with respect to ion flux at time of measurement. Given uncertainty for all content values is only statistical, 

additional systematic uncertainty for O is ±5% and for carbon ±10% [10]. 

 

Mean values for the relative content 𝑛𝑖 for 𝑖 = 𝑂, 𝐶 is 

𝑛𝑂 = 0.28 ± 0.012% 

𝑛𝐶 = 0.41 ± 0.023% 

These values are very low compared to the unadjusted values, but they should be more accurate.  

 

It does not appear to be a difference in purity between the two 200 second films due to the 

difference in pressure during growth, by looking at table 6. The film produced with better vacuum 

seems to have a little more contamination, but the difference is so small that it is not significant. 

 

Copper (Cu) evaporation deposition 
Next up, several copper films were made using evaporation. Two of them with varying amount of 

copper in the boat, being evaporated completely in one run. There was also one produced by having 

the boat reaching the melting point of copper and then remaining approximately at this temperature 

for 20 seconds to see if the small evaporation was enough to produce a film at all. At last a film was 
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produced with similar amount of copper as the second one, with the difference of this one having 

the copper first melted, and then the sample put in to see if it improves the purity of the film due to 

evaporation of impurities in the Cu to be evaporated. The results are shown in Table 7 below. During 

evaporation, a slight increase in pressure in the chamber was noticed as the evaporated copper 

forms a vapor pressure in the chamber. 

 

 

Table 7 

Melted first [𝒚𝒆𝒔/𝒏𝒐 ] 𝒏𝒐 𝒏𝒐 𝒏𝒐 𝒚𝒆𝒔 

Particle density [𝟏𝟎𝟏𝟓  
𝐀𝐭𝐨𝐦𝐬

𝐜𝐦𝟐  ] 780 ± 22 1325 ± 38 3.5 ± 0.18 1080 ± 31 

Film thickness [nm] 91.96 156.2 0.4 127.3 

Uncertainty in thickness [%] 2.86 2.85 5.3 2.85 

Pressure [𝐦𝐛𝐚𝐫] 5 ∙ 10−5 5 ∙ 10−5 5 ∙ 10−5 5 ∙ 10−5 

Copper yield 76265 ± 276 138147 ± 372 115 ± 11 105021 ± 324 

Oxygen yield 764 ± 28 937 ± 31 324 ± 18 822 ± 29 

Carbon yield 313 ± 18 435 ± 21 56 ± 7.5 457 ± 21 

Relative O content  [%] 1.24 ± 0.036 0.845 ± 0.022 68.5 ± 4.67 0.972 ± 0.03 

Relative C content [%] 0.528 ± 0.023 0.407 ± 0.015 12.3 ± 1.6 0.561 ± 0.02 
Given uncertainty for all content values is only statistical, additional systematic uncertainty for O is ±5% and for carbon ±10% [10]. 
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For films of this thickness, it is possible to see what appear to be two different localizations of 

contaminations by looking at the depth profiles: one at the surface of the film and one at the surface 

of the silicon substrate with a local minimum inside the film. This is also verified by looking at the 

ToF-ERDA raw data measurements from these films which also clearly indicates two different 

localizations of impurities. The contamination belonging to the thin films themselves appear to be 

much smaller than the ones at the surface of the substrate. When projecting the yield of the 

impurities on the energy axis, this distinction becomes quite clear for some thick films (Fig. 29). 
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Figure 29: A projection onto the energy axis of the ToF-ERDA raw data shows two different concentrations of oxygen 
contamination. 

 

Figure 30: Impurities go up as thickness goes up, but there is a clear offset belonging to contaminations not in the film. 

 

By subtracting the offset in the linear regression based on table 4 (see Fig. 30) from the 

contamination yield, one gets adjusted values for the purity. These adjusted values are listed below 

in table 8. 
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Table 8 

Adjusted purity of evaporated Cu on Si 

Melted first [𝒚𝒆𝒔/𝒏𝒐 ] 𝑛𝑜 𝑛𝑜 𝑛𝑜 𝑦𝑒𝑠 

Particle density [𝟏𝟎𝟏𝟓  
𝐀𝐭𝐨𝐦𝐬

𝐜𝐦𝟐  ] 780 ± 22 1325 ± 38 3.5 ± 0.18 1080 ± 31 

Copper yield 76265 ± 276 138147 ± 371 0 105021 ± 324 

Oxygen yield 421 ± 21 594 ± 24 0 479 ± 22 

Carbon yield 247 ± 16 369 ± 19 0 391 ± 20 

Relative O content  [%] 0.689 ± 0.03 0.538 ± 0.02 0 0.569 ± 0.02 

Relative C content [%] 0.420 ± 0.02 0.347 ± 0.013 0 0.483 ± 0.02 
 

Given uncertainty for all content values is only statistical, additional systematic uncertainty for O is ±5% and for carbon ±10% [10]. 

The mean values of the adjusted relative content 𝑛𝑖 for these evaporated films are then 

𝑛𝑂 = 0.45 ± 0.02% 

𝑛𝐶 = 0.31 ± 0.013% 

From looking at table 8, there does not seem to be any difference in purity between the films that 

were evaporated in one run and the one that was melted first. All three films have roughly the same 

relative contamination, and thus it does not seem that it is necessary to melt the source first when 

growing films by evaporation deposition. 
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Comparison between evaporated and sputtered films 
By using the linear regression from the contamination yield of sputtered films and plotting it together 

with yields of evaporated films any difference in purity will result in a deviation from the linear 

regression. This is shown below in Fig. 31. 

 

 

Figure 31: Sputtered contaminants plotted together with evaporated ones. 

 

Fig. 31 shows that there is a large difference in the expected contamination for oxygen in the 

evaporated films based on the data from the sputtered films. The oxygen contaminations in the 

evaporated films appear to significantly lower than for the sputtered films.  For the carbon 

contamination, the contaminations appear to be slightly higher than expected, but the difference is 

not of the same size as for oxygen. By looking at the adjusted values for relative contamination for 

sputtered copper and evaporated copper, the difference can also be seen: 

𝑛𝑂,𝑆𝑝𝑢𝑡𝑡𝑒𝑟 = 1.526 + 0.05% 

𝑛𝐶,𝑆𝑝𝑢𝑡𝑡𝑒𝑟 = 0.5316 + 0.02% 

𝑛𝑂,𝐸𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛 = 0.449 ± 0.02 % 

𝑛𝐶,𝐸𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛 = 0.313 ± 0.013 % 
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The evaporated films appear to more pure both in terms of oxygen and carbon contamination. The 

difference in carbon contamination is around 0.2 percentage points while the difference in oxygen 

contamination is larger, with a difference of around one percentage point. 

 

Uncertainty calculations 
The uncertainty in the thickness of the films is calculated by taking both the statistical errors in the 

yields for the substrate and films. Since the yield is Poisson distributed, these errors are simply 

𝜎𝑆𝑖,𝐶𝑢,𝐴𝑔 = √𝑌𝑆𝑖,𝐶𝑢,𝐴𝑔 

where  𝑌𝑆𝑖,𝐶𝑢,𝐴𝑔 is the yield of the Si, Cu or Ag.  In addition to the statistical errors there is also a 

contribution from the uncertainty in the stopping power of 2% and a contribution from the 

channeling error at 2%. 

Using the simplified formula for propagation of errors  

𝜎𝑦 = √(
𝑑𝑓

𝑑𝑎
)

2

𝜎𝑎
2 + (

𝑑𝑓

𝑑𝑏
)

2

𝜎𝑏
2 …          𝑦 = 𝑓(𝑎, 𝑏, … ) 

the statistical error in the relative content from ToF-ERDA data can be calculated. For the relative 

content, the function used in the formula for propagation of error is  

𝑓(𝑌𝑂,𝐶 , 𝑌𝐶𝑢) =
𝑌𝑂,𝐶

(
𝑑𝜎
𝑑Ω

)
𝑂,𝐶

∙
(

𝑑𝜎
𝑑Ω

)
𝐶𝑢

𝑌𝐶𝑢
 

 

For the total uncertainty in the relative content, the systematic errors from ToF-ERDA measurements 

must also be added [10]. 
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Conclusion and outlook 
The results from both sputtered and evaporated films indicate that most of the contaminations 

measured during the ToF-ERDA experiments seem to come from the silicon substrate and not the 

films themselves. The films are found to be very pure and should thus be viable for use in 

fundamental research and as references in accelerator testing.  

The sputtered films are more contaminated than the evaporated films, particularly in terms of 

oxygen contamination although the difference is not very large, but around one percentage point. In 

this sense it does not really matter which method is chosen to produce films. However, the fact that 

the analogue gauges on the machine results in great uncertainty during evaporation leads to the 

conclusion that sputtering is preferable when wanting to control more parameters of the film during 

growth. The sputtering has also been tested for deposition rates for both silver and copper and it is 

therefore easy to determine how long the sputtering time is to grow a film of a particular thickness.  

Some of the produced films are at present used for experiments to study energy loss of keV He and 

Ne ions. The data obtained in these studies will be helpful to establish more accurate depth profiles 

for films at nm-length scales investigated by ion scattering.  Additionally, a more profound 

understanding of ion-solid interaction at keV energies will be obtained. The samples are furthermore 

regularly used for energy calibration purposes when running the tandem accelerator. 

 

Figure 32: Simulated and experimental energy spectra of 80 keV He scattered on a Ag film 

Fig. 32 shows an energy spectra and a fit to the experimental data recorded for 80 keV He scattered 

from film #1 in table 4. By adjusting simulations to the experiment, the amount of energy deposited 

due to excitation of electrons can be determined. 

Altogether the present project has shown the capability of the employed set-up to produce 

sufficiently clean films applicable for a number of different applications in the near future. 
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