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Abstract 
 

 
 

This thesis report is focused on the growth of Pt/Mg multilayers and the studies 
of the sputter yield amplification effect in these. The main application is to use the 
multilayers as X-ray mirrors reflecting an X-ray wavelength of 17 Å. This wavelength is 
important for astronomical applications in general, but solar imaging applications in 
particular.  

For periodic X-ray multilayer mirrors only a certain specific wavelength of X-
rays can be reflected. What wavelength that is reflected depends on the individual layer 
thicknesses of the materials that are constituting the multilayer. These thicknesses can 
be determined using modified Bragg’s law, and are approximately a quarter of the 
wavelength.  

In order to obtain the exact desired layer thickness of each individual layer it is 
necessary to understand the growth processes and the effects that are going on during 
deposition of such multilayer mirrors. It has been shown that when depositing 
multilayers consisting of one very light and one very heavy material, like e.g. Pt and 
Mg, the deposition rate of the light element is non-linear with deposition time for thin 
layers. This is because of backscattered energetic neutrals from the heavy target 
material, which affects the growing film. Furthermore, a sputter yield amplification is 
present for thin layers when a light element is grown on top of a heavy element, i.e. for 
Mg on top of Pt.  

Dual DC magnetron sputtering has been used to grow the Pt/Mg multilayers, and 
the influence of the backscattered energetic neutrals and the sputter yield amplification 
effect has been studied for Ar and Kr sputtering gases at pressures ranging up to 9 
mTorr. The individual layer thicknesses have been obtained from simulations of hard X-
ray reflectivity measurements using the IMD program. The number of backscattered 
energetic neutrals and their energies at the target has been calculated using the TRIM 
code.  

Using the results obtained it is now possible to predict and compensate for the 
non-linear deposition rate of Mg.  
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Chapter 1 
 

Multilayers for X-ray Mirrors 
 

 
 

1.1 Introduction 
 Multilayers are a unique class of materials composed of alternating layers of at 
least two different materials as thin as a few atoms. They exhibit extraordinary strength, 
hardness, and heat resistance. The number of these layers can vary from just a few to 
several thousands and individual layer thicknesses range from a few atoms to a few 
thousand atoms that are related to a maximum thickness of a few micro meters. The 
repeat distance i.e. thickness of two adjacent layers can be set to be identical to the 
interaction lengths that are related to important physical properties (e.g. magnetic 
interaction lengths) to obtain new properties.1  
 Multilayers are among the first materials that were designed and fabricated at 
the atomic level, they are built atom by atom and molecule by molecule, and it can be 
said that they are obtained by atomic engineering. The result of theses atomic level 
layers provides great understanding for enhancing the physical properties such as 
mechanical, magnetic, thermal etc that helps to improve performance of huge number of 
products.1 

 The first applications of the multilayer structure were demonstrated more than 
50 years ago as optical interference filters and reflection coatings. In the early 1970s, 
“macro” multilayer films became important for semiconductor industry to make 
computer chips and hard disk drives. In the late 1970s applications of multilayer mirrors 
in the X-ray region (soft, hard X-rays, and extreme ultraviolet (EUV) regions) of the 
electromagnetic wave had been pioneered by Barbee.1 These high reflectivity multilayer 
mirrors opened ways for a new class of telescope for solar physics and astronomical 
research. Today other applications of multilayer optics can be found in electron 
microprobes, scanning electron microscopes, X-rays lasers and particle beamlines in 
accelerators.1 

 One very important application of multilayer could be astronomical imaging 
because such high performance multilayer can be used as mirrors that focus light in the 



 
 

2 

X-ray region. In comparison standard imaging instruments that operate at longer 
wavelength can not be used in X-ray imaging devices because X-ray are substantially 
absorbed by the materials, therefore reflective optics is only possible in multilayer solid 
due to collective scattering from its individual layers. Such important features are 
possible in these mirrors; by changing the multilayer period desirable wavelength can be 
reflected. For a wavelength which is interesting for the astronomers. Then the surfaces 
need to be smooth and abrupt so that specular reflectance and not diffuse scattering can 
be achieved.1 
             In astronomy, microscopy and other scientific applications mirrors have been 
using since long time but until the last decade or so these have not been normal 
incidence mirrors. At normal incidence light strikes the surface mostly at right angles, as 
in an ordinary wall mirror; X-rays and extreme ultra-violet light (EUV) are mostly 
absorbed at these angles. However, at glancing or grazing incidence of such radiations, 
even materials which almost completely absorb radiation at normal incidence can be 
very good reflectors. Therefore to achieve normal incidence reflection at short 
wavelength, however requires a phenomenon of interference which is a fundamental 
consequence of wave nature of light. Waves that interfere out of phase interfere 
destructively and cancel each other while waves that are in phase interfere constructively 
and reinforce each other and the resulting wave is amplified.2  
 When material of different refraction and absorption properties are stacked 
together, then some of incident light is reflected at the interfaces and some is 
transmitted, therefore such layers are stacked together in such way to boost reflectivity 
instead of cancelling it, so that reflected light at each interface interfere constructively 
with the light reflected from other interfaces.2 

 For the first time the idea of multilayer mirrors that could reflect X-rays and 
EUV at normal incidence by using phenomena of constructive interference that amplify 
weak reflection was suggested in the early 1920s, long before their fabrication became 
practical. In 1940 finally a multilayer mirror was fabricated from gold, which is dense, 
and from less-dense copper, that had layers about 100 Å thick and suitable for X-rays 
with a wavelength of 70 Å.2  
 Then in the late 1970s, the scientists at Stanford University developed a precise 
method of depositing alternating layers of materials that are only a few atoms thick on a 
substrate. This technique is known as magnetron sputter deposition, and has now 
become one of the most common techniques for depositing multilayers.  

1.2 Material selection  
The best materials for multilayers are those that form smooth and 

compositionally abrupt interfaces and have a high optical contrast and minimal 
absorption. Therefore, it is important to take into account not only the optical properties 
of the materials but also their physical and chemical properties. The following criteria 
should be established for selection of best pair of multilayer materials: (a) the materials 
should have low extinction coefficients (k) for the increasing wavelength; (b) The 
materials should have a large difference in n and k (high interface reflectance); (c) the 
materials should have continuous and smooth layers during deposition; (d) the materials 
should have low interdiffusivity and low chemical reactivity, i.e. low miscibility; (e) the 
selection of materials should have a low chemical reactivity with common gas species 
for e.g. oxygen, nitrogen, water vapour, sulfur, and so on; (f) suitable materials should 
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be non toxic, non radioactive, and so on; and (g) it is also good to have materials that 
can be manufactured at low cost.3 

Normally, the optical principle, based on the refractive index, is used for material 
selection for soft X-ray multilayer mirrors.4 According to that principle the materials 
should have the highest possible optical contrast to each other, and both should have low 
absorption. To find these materials the real and imaginary part of their refractive index is 
plotted in the complex plane, see Fig. 1.1. For materials with low absorption possess 
small imaginary component of Fresnel coefficients, i.e. near the real axis, and the 
distance between any two materials on the complex plane represents their optical 
contrast. On the other hand it can also be defined using dispersion coefficient δ and 
absorption coefficient β, in this way materials that are close to δ-axis (i.e. low absorption 
β coefficient), and far apart from each other are considered for suitable candidate of 
multilayer for require X-rays wavelength. In this project, for 17 Å X-rays, Mg, Al, Si 
and Co all have both low dispersion δ and absorption β coefficients. Thus, any of them 
could be combined with Pt to have a large optical contrast at the wavelength of interest.  

 

 
    (a)                (b) 
 
Figure 1.1 a) Dispersion and absorption coefficients for different elemental materials at 17 Å wavelength. 

b) A magnification of the dashed area in a).  

 

1.3 Aim of the project 
The aim of the thesis is to study and determine the non-linear deposition rates, 

the effect of sputter yield amplification (SYA) which is a rapid enhancement of 
sputtering yield of light element grown on top of heavy element, and to study the 
influence of process parameters like gas pressure and different sputtering gases (Ar, Kr). 
To study these effects ultra short period X-ray multilayers that can work at normal 
incidence in the soft X-ray range for applications in both astronomical and solar imaging 
are developed. Such multilayers can be produced by magnetron sputtering. In magnetron 
sputtering the deposition rates depends upon several process parameters, such as 
sputtering gas, gas pressure, target element, plasma species, magnetron voltage, bias 
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voltage at substrate, solenoid coil current etc. In addition to these when depositing such 
multilayers having one very low atomic number element or low mass and one very high 
atomic mass material, such as Pt and Mg, the deposition rates are changing, i.e. they are 
not constant, with respect to deposition time for thin layers. I am particularly looking at 
multilayer X-ray mirrors for a wavelength λ=17 Å, and for this wavelength the required 
multilayer period is very small (8.51 Å), and the reflectance is extremely sensitive to the 
multilayer period as shown in Fig. 1.2. A slight deviation of only 0.1 Å reduces the 
reflectivity to almost zero, thus in this case it is very important to be able to determine 
accurate deposition rates.   
 

  
(a) (b) 

 
Figure 1.2 (a) Schematic illustration of a Pt/Mg multilayer. (b) Multilayer period vs reflectivity. 

 
To determine non-linear deposition rates accurately different sputtering gases (Ar 

and Kr) with different gas pressures (3 mTorr to 9 mTorr) have been used. The 
multilayers have been characterized mainly by hard X-ray reflectivity, and the 
magnetron sputtering process and reflectivity measurements have been modeled and 
compared by using the simulation softwares, SRIM18 and IMD,16 respectively. 
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Chapter 2 
 

Thinfilm Growth Processes  
 

 

2.1 Introduction 
Physical vapor deposition (PVD), which includes both evaporation and plasma 

assisted sputtering processes, and chemical vapor deposition (CVD) together with their 
entire variants and hybrid combinations are the basic thinfilm growth processes. In this 
chapter only the sputtering process with little comparison of evaporation and CVD 
processes will be discussed. 

In evaporation, atoms from a heated source transfer to a substrate located a 
distance away, by means of thermal energy that transfer to the target atoms such that 
their temperature is raised to the point where they either efficiently evaporate or 
sublime. In the sputtering process atoms are ejected from the target surface by 
bombarding the surface with ions. When the gas ions impact their momentums are 
transferred to the target atoms and forces them to leave the surface. 

Until the late 1960s the evaporation process was the most preferred thinfilm 
deposition technique, because of its higher deposition rates, better vacuum and cleaner 
environments for thinfilm formation and growth, and also its applicability to all classes 
of materials. However, the requirement for alloy films with stringent stoichiometry in 
microelectronics and magnetic applications enhanced the development of sputtering 
process. Besides these processes, chemical vapor deposition (CVD) was developed to 
deposit single crystal semiconductor thin films, nonmetallic hard coatings, and dielectric 
films. In the following some factors that distinguish PVD from CVD are8:    

1. PVD is based on solid or molten sources, instead of gaseous precursors in CVD. 
2. In PVD the source atoms enter the gas phase by means of physical mechanisms 

(evaporation or collisional impact). 
3. In PVD, the gas ions and sputtered atoms are transported in a reduced pressure 

environment.  
4. Except from reactive PVD, all other PVD techniques do not involve chemical 

reactions in the gas phase or on the substrate.   
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2.2 The sputtering process 
The sputtering process of thinfilm growth includes e.g.; DC Sputtering, AC or 

RF sputtering, reactive sputtering, magnetron sputtering, DC magnetron sputtering, 
pulsed power magnetron sputtering, and dual magnetron sputtering. In the following 
starting with DC sputtering only DC magnetron sputtering process will be discussed in 
detail. In the sputtering process atoms can be ejected or sputtered by bombarding 
energetic ions on the target surface at room temperature. The emitted atoms travel 
through a reduced pressure environment and are deposited on a substrate to form a film. 

2.2.1 DC sputtering 
A simplified sputtering system is shown in Fig. 2.1. In the chamber there is a pair 

of parallel electrodes. One of them is connected to the negative terminal of a DC power 
supply of several kilovolts and serves as a cathode. This is also the target material that is 
to be deposited. In front of the cathode there is substrate or anode, which may be 
grounded, positively or negatively biased, heated, cooled or a combination of these. 

 
Figure 2.1 Schematic illustration of a basic DC sputtering system.9 

 
When the air in the chamber has been evacuated, a working gas, typically argon, 

is introduced. This gas serves as the medium in which an electrical discharge is initiated 
and sustained. The gas pressure usually ranges from a few to hundred mTorr. When the 
discharge is initiated and maintained between the electrodes, it is observed that a current 
starts to flow, and metal from the target is deposited on the substrate.8 

At the atomic view, positive gas ions in the discharge strike the target (cathode) 
surface and sputter the target atoms by transferring their momentum to the target atoms 
during the impact collision. These sputtered atoms enter the discharge region and travel 
towards the substrate and are deposited on the substrate where they form the film. In 
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addition to these sputtered atoms, there are several other particles in the plasma, such as 
secondary electrons, desorbed gases, negative ions, backscattered gas neutrals etc. as 
well as radiation (X-rays and photons). The electric field between the electrodes 
accelerates negatively charged species (electrons and negative ions) towards the anode 
substrate where they impinge on the growing film. In DC sputtering, the relative film 
deposition rate depends on the sputtering pressure and discharge current, due to wide 
cathode sheath at low pressure, in this case produced ions are quite far from the target, 
and their probability of being lost to the walls is great. The mean free path is large 
between the collision events, and the collected electrons by the anode are not 
replenished by ion-impact-induced secondary-electron emission at the cathode. 
Therefore, ionization efficiencies are not sufficient or low and self-sustained discharges 
cannot be achieved at pressures lower than 10 mTorr. When the pressure is increased at 
a constant or fixed voltage, the electron mean free path decrease, and in this case more 
ions are generated, and high currents flow. However, at these very high pressures, the 
sputtered atoms do not deposit efficiently due to the increased collisional scattering in 
the plasma.8 Trade offs in these opposing trends are shown in Fig. 2.2.   

 
 

Figure 2.2 Influence of working gas pressure and cathode current on film deposition rates in non-
magnetron sputtering.8 

 
In Fig. 2.2 above the optimum operating conditions are shown as a shaded region. 
Typically, the sputtering gas pressure is about 100 mTorr and the discharge current 
about 200 mA. During the DC sputtering the film growth rate, G, can be estimated by8: 
 

 
( )
d th

e

P x
G

g 1 Eρ γ
=

+
 (Eq. 2.1) 
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where Pd is the discharge power density (W/cm2), <xth> is the mean distance that 
sputtered atoms travel from the cathode before they are thermalized, g is the gap 
between the cathode and anode, ρ is the atomic density (atoms/cm3), γe is the Townsend 
secondary electron emission coefficient and E is the average sputtering energy (~1 keV). 
The above equation shows that deposition rate is directly proportion to the cathode 
power and inversely proportional to the spacing between the cathode and the anode 
(target-to-substrate distance) with fixed cathode voltage and pressure in the chamber.8 In 
DC diode sputtering the emitted atoms have energies of typically 5 eV, and when they 
pass through the plasma gas, they experience scattering events, that remain even at low 
pressures. After passing a distance <xth> they have, by repeated-energy collisions 
thermalized and reached the same kinetic energies as of the surrounding gas. In these 
cases due to decreased in the number of atoms that to be deposited, there is slight 
compaction or modification in the resulting deposited film structure. Also the deposition 
rate in DC sputtering is very low, typically a few Å/min for many metals, which cannot 
be raised by increasing operating pressures due to increased contamination level of O2 

and H2O in chamber gases that produced oxide on target that further reduced the current 
and deposition rates. These disadvantages can be overcome by lowering the operating 
pressure, which is done in DC magnetron sputtering.8  

2.2.2 DC magnetron sputtering 
Because of the disadvantages of DC sputtering as described above, a variant 

called DC magnetron sputtering is mostly used. It has several advantages over simple 
DC sputtering among them are the following; 1-2 orders of magnitude higher current for 
the same applied voltage can be drawn, the deposition rates are higher (~1 µm/min is 
possible), lower operating voltage, and reduced operating pressures (e.g. few mTorr). At 
the reduced pressures the gas phase collisions are fewer, and the sputtered atom flux at 
the substrate is high resulting high deposition rate. Therefore, at lower pressures, stable 
discharges can be maintained for the same electrode spacing and minimum target 
voltage.8 

Magnetron configurations  
There are mainly two types of magnetron sputtering with single magnetron and 

dual magnetron sputtering in both sputtering planar magnetron configurations is most 
common which is described in the following in detail. 

Planar magnetron 
In the planar magnetron geometry the target and the substrate are parallel and 

typical DC electric field of about 100 V/cm is applied between these electrodes (target 
as cathode and substrate as anode) plates. On the back of the target small but powerful 
permanent magnets (e.g. NdFeB magnets) in circular or elliptical shaped are arranged 
depending on whether the targets are rectangular or circular in shape. These magnets are 
capable of creating magnetic fields of about 0.5 Gauss on the front surface of the target. 
Together with strong central magnet plus soft-iron plates to complete the magnetic 
circuit, electron motion is confined to a so-called “racetrack”. There is strong and 
intense plasma in front of the racetrack due to efficient ionization of the working gas 
above it.8 The magnetron above described is schematically shown in Fig. 2.3. 
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Figure 2.3 Planar magnetron showing applied fields and electron motion.8 

 
It may be undesirable to confine the plasma too strong to the cathode. This could lead to 
a situation where there is not sufficient plasma available at the anode surface to activate 
reactive gases or to promote ion bombardment for modification of growing films. To 
overcome this problem selective strengthening of the magnetic field at the target to 
allow the secondary electrons to escape their confinement is done. This is a so called 
“type II” unbalanced magnetron. In a “type I” unbalanced magnetron the magnets are 
stronger in the middle relative to the outer part. Fig. 2.4 shows the unbalanced type-I, 
and type-II magnetic configurations and the intermediate balanced magnetron.8  
 

          
  Unbalanced type-I                   Balanced                           Unbalanced type-II 
 

Figure 2.4 Different magnet configurations used for magnetron sputtering.8 
 

Dual magnetron sputtering 
In dual magnetron sputtering two magnetrons that are powered (by DC or AC) 

separately and of different target compositions are typically used. In this case films with 
assorted material mixtures, graded composition, multilayers and superlattices can be 
produced. The present work was performed using DC dual magnetron sputtering 
schematically shown in Fig. 2.5. The magnets were arranged to have an N-S-N magnet 
array behind one target and an S-N-S magnet array behind the other target. Thus, the 
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magnetic fields in the magnetrons were coupled to each other. This allowed the plasma 
to extend further out into the chamber, and hence closer to the substrate.  

 
 

 
 

Figure 2.5 A schematic of the magnetrons illustrating the coupling of the magnetic field lines between the 
magnetrons. 

 

2.3 Thinfilm growth modes  
There are three basic growth modes of thinfilm formation: (1) island growth (or 

Volmer-Weber) (2) layer-by-layer growth (or Frank van der Merwe), and (3) S-K 
(Stranski – Krastanov). These growth modes are shown schematically in Fig. 2.6.  

In island growth the smallest stable clusters nucleate on the substrate and growth 
occurs in three dimensions to form islands. In this mode the atoms or molecules in the 
deposit are more tightly bound to each other than with the substrate. Examples of this 
mode involve metal and semiconductor films that are deposited on oxide substrates. In 
the layer-by-layer growth mode, the smallest stable nucleus extends overwhelmingly in 
two dimensions in order to form planar sheets. The atoms in this case are more tightly 
bound with substrate atoms than to each other. Among the examples, single crystal 
epitaxial growths of semiconductor thin films are most important. S-K growth mode 
describes intermediate of layer-by-layer and island growth modes, and it can be 
described as layer plus island growth. When one or more monolayers have formed the 
layer-by- layer growth mode becomes unfavorable and shifts to the island growth mode. 
This type of film growth can be found in e.g. metal–metal and metal–semiconductor 
systems.8 



 11 

 

 
Figure 2.6 The three basic growth modes for thin film growth.8 

 
During the film formation atoms or molecules in the vapor phase start impinging 

on the substrate and create nuclei of mean radius r. The free energy change, ∆G, during 
such formation of nuclei is given by: 

 
 3 2 2 2

3 v 1 fv 2 fs 2 svG a r G a r a r a rγ γ γ∆ = ∆ + + −  (Eq. 2.2) 
 

In the above equation there are several interfacial tensions, γ, identified by the subscripts 
f, s, and v which represents film, substrate, and vapor, respectively. While a pair of these 
subscripts defines interface between the indicated phases. A spherical cap-shaped solid 
nucleus involves the curve surface area (a1r2), the projected circular area on the substrate 
(a2r3), and the volume (a3r3) which is shown in Fig. 2.7. The respective geometric 
constants are a1=2π(1–cosθ), a2=πsin2θ, and a3=π/3(2–3cosθ+cos3θ).8 
 

 
Figure 2.7 Schematic of basic atomistic nucleation processes on the substrate surface during vapor 

deposition.8 
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Due to mechanical equilibrium among the horizontal components of the interfacial 
tensions or because of surrounding forces the nucleus yield the young’s equation, 
 
 sv fs fv cosγ γ γ θ= +  or ( )sv fs fvcosθ γ γ γ= −  (Eq. 2.3) 
 
where the wetting or contact angle θ, depends on surface properties of the involved 
materials. Using the Young’s equation in the form, 
 
 sv fs fv cosγ γ γ θ< +  (Eq. 2.4) 
 
the three growth modes can be distinguished and easily understood. For island growth, 
θ>0o, and therefore equation 2.2 implies,   
 
 sv fs fvγ γ γ< + . (Eq. 2.5) 
 
If γfs is neglected, the above relation tells that due to the increase in surface tension of 
the film than that of substrate, the island growth will occur. That is why deposited metals 
tend to cluster on ceramic or semiconductor substrates. In case of layer-by-layer growth 
θ=0°, because the deposited atoms “wet” the substrate leaving the equation: 
  
 sv fs fvγ γ γ≥ + . (Eq. 2.6) 
 
Finally, in the case of S-K mode equation 2.2 represents,  
 
 sv fs fvγ γ γ> + . (Eq. 2.7)  

 
It involves a large value of strain energy per unit area of the film overgrowth with 
respect to γfv allowing nuclei to form on top of the initial layers. The transition from two 
to three dimensional growths occurs typically after 5–6 monolayers.8  

 

2.4 Energetic backscattered gas neutrals 
In the gas discharge the two types of highly energetic species limits the quality of 

the growing film. In which one comes from the plasma and have bias energies of zero to 
a few ten of electron volts including the thermal spreads of less than a few electron volts, 
while the second one are produced by interactions at the cathode or targets with much 
higher energies, from tens to few hundred electron volts.20    

In sputtering, energetic particles accelerate away across the chamber to bombard 
the growing film. Secondary electrons from the cathode surface are most common 
particles bombarding the growing film in magnetron sputtering. A second source of 
energetic bombardment is negative ions that are produced from oxygen atom and 
molecules at the cathode surface during low work function materials sputtering and are 
known to those depositing oxides.20 A third type of energetic bombarding particle is 



 13 

produced during the sputtering at cathode and is known as energetic neutral gas atoms. 
During sputtering process an ion from plasma is accelerated toward cathode. As it 
approaches the cathode, it is neutralized and acts with the cathode and most probably 
reflected. It is reflected with appreciable fraction of energy of the initial energy when the 
cathode atoms are much heavier than the sputter gas atom. This flux of neutral gas 
particles is then directed across the chamber to bombard the growing film which limits 
the purity and thus quality of resulting film.20 In this thesis concentration has been made 
on third type of energetic bombarding particle “energetic neutral gas atoms”. In the 
following their role in the magnetron sputtering system is discussed in detail.20 

2.4.1 Role of backscattered gas neutrals 
 During measurement of backscattered gas neutrals the main problem is the 
detection of zero charge and high energy particles therefore detection is made indirectly 
but provides a good image of the processes that occurred inside the system. To 
understand the complete picture the following consideration must be significant. 
 
1. Theoretical approach 
 According to classical collision theories there is collision between energetic 
neutrals with the target surface which neutralize ions on the target surface and provide 
high reflected energy for light atoms on heavy atoms target. Assume that an atom has 
mass of m1 and energy E1 that collide elastically at zero impact parameter with a 
stationary atom of mass m2, the final energy E2 of mass m1 is given by 
 

 
( )

2 1 2
2

1 1 2

E 4m m
E m m

=
+

 (Eq. 2.8) 

 
Using this equation and by complex numerical treatments of the interaction of ions with 
solid, such as TRIM program which provide good agreement with experiment, the 
energies and angular distributions of these energetic neutrals can be estimated.20 

2. Energy deposited within the target  
 It has been investigated by Winters and co-workers20-22 that some of the energy is 
deposited within the target and the rest is carried away by the energetic neutrals. Their 
results provide good agreement to the general expectations of these backscattered 
neutrals energies and also their dependence on relative masses with slightly deviations 
between the results and model.20 

3. Energy deposited within the growing film 
 It would have been noticed some extra heating effect during sputtering of heavy 
atom material with argon sputtering gas by most workers on sputtering system. Thornton 
and Lamb23,20 quantified this extra heating effect using heat flux probe and shown a 
steadily increasing additional energy input as the mass of the atoms in the sputter 
increases.20  
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4. Resputtering of the growing film 
 It has been found during sputtering of metals to deposit thin films by using ion 
beam of 1 keV, Ne, Xe, Kr, or Ar, that the deposition rates are lowered on flat substrate 
compared with deep conical substrates.24 The reduction in deposition rates increases 
from a base of 3.5%, when the mass of inert gas atom is equal or greater than that of the 
target atom, to above 20% when the mass of the inert gas is much less than that of the 
target atom. For example, the resputtering of the combinations Au/Xe and Au/Ar were 
4% and 15% respectively.20 

5. Stresses in grown films 
 In metal film many compressive stresses have been report in many experiments 
the valid and acceptable reason for that is the “ion-peening process” by energetic species 
arriving at the growing film.25 In addition, high stresses have been found in the 
refractory films when heavy atoms are sputtered by light atoms and this is also attributed 
to ion peening by energetic neutrals.26-34 In fact, stress level increases as the mass 
difference between sputtering gas atom and target atom increases. For example in 
tungsten sputtered with argon, in this case stress level is so high which cause thin films 
to break up and delaminate from the substrate.20 

 

2.5 TRIM calculations 
TRIM (transport of ions in matter) is a group of programs that is used to 

calculate the stopping and range of ions (10 eV–2 GeV /amu) into matter using a 
quantum mechanical approach of ion atom interactions. The calculation is performed 
using statistical algorithms, which let the ion to jumps between calculated collisions 
initially and then finally averaging the collision results over the intervening gap. At the 
time of collisions, the ion and atom have a screened Coulomb collision, which includes 
exchange and correlation interactions between the overlapping electronic shells.17, 18 

2.5.1 TRIM at present work 
In the present work TRIM was mainly used to calculate the backscattered 

neutrals, sputtered atoms in case of Platinum (Pt) and Magnesium (Mg) targets while 
choosing different ions energies as described in appendix A, for argon (Ar) and krypton 
(Kr) which were used as sputtering gas. These targets and ions data was selected in 
TRIM setup window. The TRIM program calculates data for 99999 ions and gives 
information about the backscattered and sputtered ions among 99999. When the program 
run has completed, the data files such as backscattered, sputtered data files, TRIM out, 
etc. are saved in TRIM output folder in Program files. These data further used by IMD 
program to find out the energies of backscattered and sputtered ions specially to know 
how many of ions have same energy. In the following some of the examples of the 
present work are shown.   

Measurement of backscattered sputtering gas atoms 
 As mentioned earlier this thesis work mainly focusing the behavior of 
backscattered gas neutrals, therefore their quantitative measurements, how many ions 
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are backscattered in case of Pt and Mg targets with different (Ar and Kr) sputtering gas, 
are very important. In this work this calculation were made using TRIM program. In Fig. 
2.8 the energy distribution of the backscattered neutrals are shown, together with the 
ratio of the number of backscattered neutrals per sputtered Pt atom. It can be seen that 
for Pt target there are large number of backscattered neutrals with high energy around 
250 eV for Ar case and around 150 eV for Kr case. There is slight less energy of the 
backscattered neutrals has been found by increasing the sputtering gas pressure (3–9 
mTorr) of Ar and Kr, but no significant change in their numbers has been found.  
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Figure 2.8 a)-f) Energy distributions of backscattered Ar and Kr sputtering gas neutrals at the Pt-target. In 

each plot also the average energy per backscattered neutral <E> and the ratio of the number of 
backscattered per sputtered Pt atom are shown. 
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In Fig. 2.9 the energy distribution of the backscattered neutrals from the Mg 
target are shown, together with the ratio of the number of backscattered neutrals per 
sputtered Mg atom. Here it can be seen that in the case of Mg target there are no 
backscattered neutrals at the Mg surface and thus no backscattered neutrals will arrive at 
the substrate to the growing film. 
 

 
Figure 2.9 a)-b) Energy distributions of backscattered Ar and Kr sputtering gas neutrals at the Mg-target. 
In each plot the average energy per backscattered neutral <E> and the ratio of the number of backscattered 

neutrals per sputtered Mg atom are shown. 

0 50 100 150 200 250 300
0

2

4

6

8

10

12

14

(a)

Energy distribution backscattered (3mtorr Ar+ on Mg)

<E> = 1.58 eV/atom
  Ar/Mg = 0.023%

 

 

dN
/d

E
 A

rb
. u

ni
ts

Energy, E(eV)

0 50 100 150 200 250 300
0.0

0.2

0.4

0.6

0.8

1.0

(b)

<E> = 0 eV/atom
    Kr/Mg = 0%

Energy distribution backscattered (3mtorr Kr+ on Mg)

 

 

dN
/d

E
 A

rb
. u

ni
ts

Energy, E(eV)



 17 

 
 
 
 
 
 
 
 
 
 

Chapter 3 
 

Plasmas and Ion-Surface Interactions 
 

 
 
This chapter focuses on the fundamental scientific issues common to thinfilm 

growth by sputtering process including, plasma processes, discharge systems, and the 
dynamical behavior of the charged and neutral species in the plasmas and discharges, 
also their interaction with the cathode (target) and the film (substrate) surfaces. 
Therefore, fundamental physics of sputtering, sputtering yield, sputter yield 
amplification, ion-surface interaction, and ion induced modification of growing films 
will be discussed in this chapter. 

3.1 Plasmas and discharges 

3.1.1 Plasmas 
A plasma can be defined as a quasineutral gas that represents a collective 

behavior in the presence of an applied electromagnetic field. Plasmas are weakly ionized 
gases consisting of a collection of electrons, ions, and neutral atomic and molecular 
species. Irving Langmuir first considered the plasma term in 1929 for the description of 
ionized gases in high vacuum tubes. In the beginning it was believed that plasmas 
exhibit the same behavior as ionized gases, un-ionized gases, condensed liquids and 
solid states of matter but sooner it was realized that its behavior deviate from these states 
of matters. Instead it was considered as a forth state of matter. It is claimed that 99% of 
matter of the universe consist of plasma form. Among the many applications, nitriding 
of steel surfaces in order to harden them, and fluorescent lighting based on mercury 
discharges, were the early widespread applications of plasma. The densities of plasma 
species ranges from very thin plasmas in space (~107 cm-3) to very dense plasmas 
created in laboratories (1020 cm-3). The glow discharges and arcs have plasma densities 
somewhere in between these extremes.8  

 



 
 

18 

3.1.2 Discharges 
A discharge is initiated when a high DC voltage is applied between the metal 

electrodes in a low-pressure gas. The process starts when a stray electron nears the 
cathode carrying an initial current io is accelerated toward the anode by the applied 
electric field (E) between the electrodes. The electron makes a collision with a neutral 
gas atom (A), and having gained sufficient amount of energy by the field, it can convert 
it into a positively charged (A+) ion. During this ionization process, due to charge 
conservation, two electrons are released i.e.,     
 
 e-+A→2e-+A+ (Eq. 3.1) 
 
These electrons are also accelerated and collide with other neutral gas atoms, creating 
more ions and more electrons, and so on. At the same time the electric field attract these 
positive ions toward the cathode where they collide and eject other particles (cathode 
atoms) and secondary electrons. These particles and electrons also take part in the 
ionization process, and ultimately a sufficiently large avalanche current has been built 
up, causing the gas to breakdown. The above-described regime of discharge is known as 
Townsend discharge. In the DC discharge there is a progression of alternating dark and 
bright luminous regions between the cathode and anode as is shown in Fig. 3.1. The 
Aston dark space region is very thin and contains both high-energy positive ions, and 
low energy electrons moving in opposite directions. Next to it the cathode glow region 
that is reflecting as a highly luminous layer due to the de-excitation of positive ions 
through neutralization that envelops and clings to the cathode. Beyond, appears the very 
important Crookes or cathode dark space in which some of the electrons have gained 
sufficiently enough energy to cause impact-ionization of neutral atoms, while other 
lower energy electrons impact neutrals without producing ions. Because of relatively 
little ionization in this region, the region is dark. This region is also called cathode 
sheath because most of the discharge voltage is dropped across the cathode dark space. 
Next to this region the negative glow appears in which visible light is emitted due to 
interactions between secondary electrons and neutrals with attendant excitation and de-
excitation. Next in line are the Faraday dark space, the positive column, and finally the 
anode dark space and anode. During sputtering the substrate is typically placed inside 
the negative glow before the Faraday dark space, so that the latter as well as the positive 
column do not normally appear.8 
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Figure 3.1 Structure of the DC glow discharge; the cathode potential, electric field, charge density, and 
current density distributions.8 

 

3.1.3 Plasma species  

If a gas is partially ionized then it composed of electron (ne), ions (ni), and 
neutral gas species (no) with their respective densities. The velocity distributions of 
electrons and ions are almost independent of each other, and electrons have far higher 
velocities than ions. Due to the collisions between the neutral gas atoms they execute a 
random Brownian motion. However, this random motion disrupts due to the applied 
electric field that produce the ionization. The degree of gas ionization (fi) is defined by:  

 e
i
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n n
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+
, (Eq. 3.2) 
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and typically has a magnitude of ~10-4 , i.e. a few percent ionization, in the glow 
discharges used in thinfilm growth processing.8  
 

3.1.4 Particle energies and temperatures 

Measured values of electron energies (Ee) on glow discharges range from 1 to 10 
eV with 2 eV is the typical average value. While the temperature T associated with the 
given energy E is simply given by T=E/kB, (where kB is Boltzmann constant) and is 
called effective or characteristic temperature. Neutral gas atoms and ions are much less 
energetic than electrons, and their energies are in the order of 0.025 eV (T0=293 K) for 
the neutral gas atoms, and about 0.04 eV (Ti=500 K) for the ions, respectively. The ions 
have higher energies than the neutrals because they can acquire energy by the electric 
field.8 

3.1.5 Collision processes in the plasma 

In the plasma, species collide elastically as well inelastically depending on 
whether the energy and momentum of colliding particles conserved or not. In elastic 
collisions only kinetic energy is exchanged and it is also said that translation kinetic 
energy and momentum are conserved this can be exemplified by the billiard ball analogy 
as shown in Fig. 3.2. The result for the binary collision between two particles of mass 
M1 and M2 where M2 is initially at rest and collision occurs at an angle θ which is 
defined by the initial trajectory of mass M1 and the line joining the mass centers at 
contact is given as:  
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 (Eq. 3.3) 

 
Now inelastic collision is the one in which the momentum of the colliding species is still 
conserved but the translational kinetic energy is not. The result for binary inelastic 
collision is given as:  
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 (Eq. 3.4) 

 
Where v1 is initial velocity of particle 1 and ∆U is the change in internal energy of the 
particle which is hit.8 The whole process is shown in Fig. 3.2. 
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Figure 3.2 Models of elastic and inelastic collisions between moving 1 and stationary 2 particles of 
masses M1 and M2 respectively.8 

 

3.2 Ion-Surface Interactions  

3.2.1 Plasma species interaction with surfaces 
When the growing films and surfaces are in contact with a plasma, several types 

of ion-surface interaction can occur. In Fig. 3.3 the most important processes during 
energetic ion bombardment are summarized. 

 
Figure3.3 Energetic particle bombardment effects on surfaces and growing films.8 

 



 
 

22 

During the bombardment these ions may be reflected back, scatter, stick or 
absorb, eject or sputter atoms from surfaces, or buried in substrate layer (ion 
implantation). Other possibilities include, surface heating, chemical reactions, atomic 
mixing, and alteration of surface topography. The energy of the ions play a critical role 
in defining the nature of the interaction with surfaces. The probability of surface sticking 
and reaction depends on the energy. Therefore at kinetic energies less than 10-2 eV the 
sticking probability is defined as ratio of the number of product or deposited atoms to 
the number of impinging ions, is usually unity, thus condensation as well as 
chemisorption occurs readily. Ion bombardment of surfaces can be achieved in two ways 
during the sputter deposition of thin films. Sputtering at the cathode starts because of 
ions transport through dark space and impact with the target. Simultaneously, ion 
bombardment can be used at the substrate to modify the properties of deposited film.8  

3.2.2 Sputtering yields 
According to theory of sputtering the sputtering yield for monoelemental targets 

are functions of the system parameters, such as ion atomic number, mass, energy and 
angle of incidence, target atomic number, mass, density, bulk and surface binding 
energy, and the crystallographic orientation of the surface. During sputtering, most of 
sputtered atoms come from a surface consist of first few upper atomic layers. Hence, 
according to the theory the sputtering yield would be proportional to the nuclear energy 
deposited in the near surface region. In addition, sputtering yield is also very sensitive 
(decreasing) function of the surface binging energy of the target material and thus it can 
not be correlated in a simple manner with the atomic density and the atomic number of 
the target.34 

Sputtering occurs by mean of the momentum transfer to the target surface 
resulting ejection of atoms from the target. The sputtering yield, S, of a sputtering event 
is defined as: 

 

 
Number of sputtered atoms

S
Number of incident particles

= , (Eq. 3.5) 

 
and is a measure of the efficiency of the sputtering event. Experiments show values of S 
ranging from 10-5 to high as 103. 

3.2.3 Sputter yield amplification 
As described above the sputtering yield for elemental targets depends on the ion 

type, energy and angle of incidence as well as target properties, but it is insensitive to 
the target temperature in general. It is expected that the partial sputtering yields from a 
composite target should be lower than the pure sputtering yields of the respective 
constituents, which is justified by noting down the fact that during sputtering of 
composite targets the ion energy would be distributed more or less proportionally among 
all constituents and therefore a specific constituent in general would receive slightly less 
energy than as compare to sputtering of pure elemental target. Fig. 3.4 shows the 
calculated sputtering yields of Al and Si when 500 eV Ar ions are striking on an initially 
100 Å thick Al layer on top of Si substrate. It shows the expected result, in which the Al 
yield initially, is equal to pure Al because the Si substrates are not in the range of Ar 
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ions. As the dose of Ar ions increases, more Al is sputtered away and eventually the 
interface to the substrate is reached. As a result the Si starts to be involved in the 
collision cascades and a steady increase in the partial sputtering yield of Si and a gradual 
decrease of the Al partial sputtering yield has started.34  

 

 
 

Figure 3.4 Evolution of the Al and Si partial sputtering yield when 500 eV Ar+ sputtering of a 
100 Å thick Al layer on top of a Si substrate.34  

 
There is a special case in which the Al partial sputter yield may not decline 

gradually from its initial value, but instead it goes up to its maximum value when the 
interface is open to the ion bombardment and then start to decline immediately. This is 
illustrated in Fig. 3.5 which is almost identical situation as in Fig. 3.4, except for W 
substrate instead of Si substrate. It is seen that the partial sputtering yield of Al at the 
Al/W interface is twice of the sputtering yield of pure Al. This enhancement effect in the 
partial sputtering yield of Al is known as the sputter yield amplification (SYA) effect. 
This effect is frequently observed during sputtering of composite targets, ion assisted 
deposition of composite material, sputter depth profiling, etc.34     

 

 
 

Figure 3.5 Evolution of the Al and W partial sputtering yield when 500 eV Ar+ sputtering of a 
100 Å thick Al layer on top of a W substrate.34  
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To understand the mechanism of (SYA) the following three results of three 

simulated situations are considered. In which partial sputtering yield of Al for different 
Al thickness onto different elemental bulk materials (Z) is calculated: 
 
1. In case of very small thickness of Al about 2 Å the partial sputtering yield found to 

be independent of the atomic number of the substrate but at the same time shows 
very strong relation with atomic density of the substrate, i.e. the higher the atomic 
density of the substrate the higher the Al partial yield. This result is obtained because 
of small thickness of the Al layer and therefore most of the collision cascade occurs 
in the substrate and not in the Al film and that is why the sputter erosion of Al 
strongly depends on the cascade density in the substrate which in turn is roughly 
proportional to atomic density of the substrate. It has been shown that the low 
absolute value of the Al partial sputtering yield are due to the very small thickness of 
the Al layer which limits the availability of Al atoms to be sputtered. 

 
2. For Al thicknesses of 10 Å the sputtering yield of Al increases with the atomic 

number, but there is no influence of the atomic density of the substrate. This is 
because of the collision cascade which now is located in the Al film and contributes 
to sputtering and also some Al cascading atoms colliding with the heavy substrate 
atom in the Al–Z collision, is reflected back towards the surface. Since reflection in 
atomic collisions occur at small impact parameters this mechanism is shown to be 
sensitive with the mass and not the density of the substrate. The net result shows that 
the collision cascades are densified (confined to the thin Al layer) with the increase 
of mass of substrate material that lead to increase of energy deposited in the vicinity 
of the surface and hence increases higher the sputtering yield.  

 
3. For intermediate thickness of about 4 Å there is a contribution from both 

mechanisms described above which results in a general increase of the Al sputtering 
yield (mechanism 2) that include pronounced oscillations which corresponds to 
substrates with high atomic density as (mechanism 1).  

 
The mechanisms 1–3 described above34 are shown in Fig. 3.6. 
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Atomic number Z of substrate 

 
Figure 3.6 TRIM calculations of the partial sputtering yield of thin Al films (2, 4 and 10 Å 

thickness) on top of substrates with different atomic number Z.34 

 
    Fig. 3.7 shows another calculation to illustrate the influence of the substrate 

and the sputter yield amplification. The partial sputtering yield of Al in this case is a 
function of Al film thickness onto a W substrate when 500 eV Ar ions are bombarded on 
it. As shown the Al sputtering yield goes up to a maximum at a particular thickness of 
the Al layer and then decreases to the sputtering yield of bulk Al. In another way, for 
thin layers of Al the above mechanism shows an increase of the Al sputtering yield 
which is diminished to the bulk value of Al as soon as the thickness is increased. In 
comparison, the Al partial yield from a thin Al film on top of a Si substrate also shown 
in Fig. 3.7 does not represent any amplification of the sputtering yield this is because of 
no such condition exist that trigger the above described amplification mechanisms.34  

 

 
Figure 3.7 TRIM simulation of the partial sputtering yield of thin Al films on top of a W 

substrate as a function of the thickness of the Al layer during 500 eV Ar+ bombardment.34 
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Fig. 3.7 can be divided into three different regions. In region 1, for thicknesses 
below 5 Å, the Al sputtering yield is low due to the very thin layer of Al (1-2 
monolayers). At this stage the ions either sputter the Al from the surface or are just 
reflected without any sputtering and thus the sputtering yield is low. In region 2, about 
5-10 Å thickness, the sputtering yield of Al is at its maximum value at a particular 
thickness of Al (more than 3-4 monolayers), at this stage the thickness of the Al is such 
that, ions sputter the Al while going into the Al film, being reflected at the Al–W 
interface and on the way back sputter more Al atoms from the surface. Because of the 
sputtering on the way in and on the way out the sputter yield of Al reaches its maximum 
value. This enhancement in sputtering yield is known as the sputter yield amplification. 
In region 3, when the Al layer is very thick (>20 Å), there is no sputter yield 
amplification effect because the ions sputter Al from the surface only on the way in. The 
ions might reach to the Al–W interface, but they do not have sufficient energy to travel 
to the Al surface again. Thus, the Al sputtering yield has reached a saturation value at 
this thickness. 

 The above discussion shows that the sputtering yield depends on the thickness, 
and also sputtering yield is proportional to deposition rates, higher sputtering yield 
implies higher deposition rates and thus it can be said that deposition rates are function 
of thickness of the film only when light element is deposited on top of heavy element. 
  In the present work Mg corresponds to the light element, and Pt corresponds to 
the heavy substrate. Thus, sputter yield amplification is expected when a thin Mg layer 
is grown on top of Pt. The sputter yield amplification effect on the thin Mg layer on Pt 
can be understood with the help of Fig. 3.8. 
 
1. In Fig. 3.8 a) the Mg layer is very thin (~1 monolayers). The backscattered neutrals 

either resputter the Mg or are just reflected of the Pt layer without any resputtering. 
No sputter yield amplification effect is observed, and thus the resputtering yield of 
Mg is very low at this stage.  

 
2. When the Mg has increased in thickness to at least 2 or more complete monolayers, 

as shown in Fig. 3.8 b), the backscattered neutrals resputter Mg from the surface of 
the Mg layer on the way in and on the way out after being reflected by the Pt layer 
below. Thus the resputtering yield of Mg is very high and SYA effect is observed at 
this stage. As a result, when the resputtering yield is very high the effective 
deposition rate is very low.  

 
3. Fig. 3.8 c) shows the case when Mg layer has become very thick. In this case the 

backscattered neutrals resputter Mg atoms from the surface on the way in only, but 
since the Mg layer is so thick the neutrals can either not reach the Pt layer or, if they 
are reflected, they can not reach the Mg surface again. Therefore no SYA effect is 
observed. As a result the resputtering yield is again low, corresponding to the 
resputtering yield of bulk Mg, and the effective deposition rates become very higher 
again.  
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Figure 3.8 Schematic description of the sputter yield amplification (SYA) effect of Mg grown on top of 

Pt. 

3.2.4 Sputtering regimes 
The sputtering process can be divided into three different regimes, shown in Fig. 

3.9, depending on the energy of the bombarding ions. In the single knock-on regime, the 
ion-surface collisions leave the target atoms in motion and simply give rise to separate 
knock-on events. If sufficient amount of energy is transferred to the target atoms, they 
overcome the energy threshold for sputtering (including e.g. the binding energy of the 
atoms) and sputter them. The minimum energy required to do this is typically ranging 
between 5 to 40 eV and depends on the nature of the incident ion as well as mass and 
atomic number of the target atoms. When the bombarding ions have higher energies a 
linear collision cascade can occur. In this case the density of recoils is sufficiently low 
so that most of the collisions involve one moving and one stationary particle instead of 
two moving particles. In last regime, where the incoming ions have very high energies, 
the majority of the atoms within the spike volume move during the collision cascade.8 
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Figure 3.9 Three different regimes of sputtering can be distinguished, depending on the energy of the 
bombarding ions; (a) the single knock-on regime (low energy), (b) the linear collision cascade regime, and 

(c) spike regime (high energy).8 
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Chapter 4 
 

Multilayer Growth  
 

 
 
Multilayer X-ray mirrors are a unique class of materials composed of alternating 

layers of two different materials as thin as a few atoms. These multilayer mirrors are 
based on the phenomena of reflection and constructive interference of X-rays. Fig. 4.1 
shows schematically such a multilayer mirror, describing the parameters that are used to 
describe different kinds of multilayer mirrors. The total number of bilayers is 
represented by N, i.e. 2N layers with 2N+1 interfaces, while the thicknesses of 
individual layers are dA, and dB, the multilayer period is Λ=dA+dB, and thickness ratio is 
Γ=dB/(dA+dB). Where A=Mg and B=Pt. 

 
Figure 4.1 Schematic of Pt/Mg multilayer X-ray mirrors. 
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Bragg’s law is used to describe the diffraction condition by these multilayers or ordered 
array of atoms. In its simple form it is described as: 
  
 m 2 sinλ θ= Λ , (Eq. 4.1) 
 
where λ is the wavelength, Λ=d(Pt)+d(Mg) is the multilayer period, m is the order of 
diffraction and θ is the angle between incident X-rays and the reflecting planes. When 
X-rays of wavelength of λ are incident on a multilayer structure as shown in Fig. 4.1, 
reflection at each interface occurs due to a sudden change in the electron density 
(complex refractive index, η), between the two multilayer materials. If the reflecting 
waves from each interface are in phase high reflectivity can be achieved. The complex 
refractive index η has a value, which is less than unity in the X-ray region, and can be 
defined as: 

 
                           1 iη δ β= − +   (Eq. 4.2)  
 
It is necessary to use “modified” Bragg’s law because it also takes into account the 
refraction effects. The modified Bragg’s law for total constructive interference can be 
defined as: 
 

 
2

2

1
m 2 sin 1

sin
ηλ θ

θ
−

= Λ +  (Eq. 4.3) 

 
For multilayers, the mean refractive index of the multilayer (η) should be used in 
equation 4.3. By mathematical manipulation the multilayer period Λ can be related to 
the grazing incidence angle θ and Bragg order m as:  
 

 ( )
2

2 2 2
2

4
m sin 1θ η

λ
Λ  = + −   (Eq. 4.4) 

 
This equation gives the straight line when plotted between m2 and sin2θ. The slope of the 
line is used to find out multilayer period Λ with the help of reflectivity measurement. 
For the case of normal incidence, θ = 90o equation 4.4 gives: 

 

 
m
2

λ
η

Λ =  (Eq. 4.5) 

 
This implies that the multilayer period is slightly smaller than half of the X-ray 
wavelength for the first reflection order (m=1) at normal incidence due to refraction 
effect. 
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4.1 Multilayer deposition 

4.1.1 Multilayer growth plan 
This thesis work mainly focused on the growth of Pt/Mg multilayers mirrors as 

mentioned in section 1.3, for very short wavelength of 17 Å applications. For this 
particular wavelength the required multilayer period is approximately half of the X-ray 
wavelength used and therefore to get accurate thickness of each layer measurement of 
deposition rates for Pt and Mg has become very important. For this purpose four plans 
were made to start the deposition for Pt/Mg multilayers so that by using multilayer 
period, deposition rates could be obtained. In first three plans constant deposition time 
for Pt and varying deposition time for Mg was considered to see the expected changing 
(non-constant) deposition rates and non-linear deposited thickness of Mg. In the fourth 
plan constant deposition time for Mg and varying deposition time for Pt were considered 
to make comparison between these two opposite cases. The details of these plans with 
experimental results of Pt/Mg multilayers have been described and discussed in chapter 
6.   

4.1.2 Experimental details 
A dual DC magnetron sputtering deposition system was used to grow the 

multilayers. The dimension of chamber is about 500 mm in diameter, 350 mm in height 
and the target-to-substrate distance is 120 mm.11 Fig. 4.2 shows schematically the 
systems with other accessories. The deposition of multilayers was done on Si(100) 
substrates with an area of 20×20 mm2 that was cleaned by a chemical method which is 
described in detail in appendix B. A base pressure of 10-7 Torr inside the chamber was 
achieved using a turbo molecular pump backed by a rotary vane pump. During 
sputtering, a gas (such as e.g. Ar or Kr) was introduced in the 3 to 9 mTorr pressure 
range, and controlled using a gas flow controller. The base pressure and sputtering gas 
pressure was measured using an ionization gauge and a capacitance manometer, 
respectively. The two magnetrons of 75 mm and 50 mm in diameter were mounted in 
the top of the chamber and titled 25o against the substrate surface normal. The 
configurations of the magnetrons are shown in Fig. 4.2. The discharges were established 
inside the chamber using constant-current power supplies, and discharge currents 
(voltages) of about 0.03 A (-400 V) was obtained between the cathode (target) and 
anode (substrate). Both magnetrons were continuously running, and to alternate the 
plasma flux to the substrate computer controlled fast moving shutters were used in front 
of the magnetrons.11 
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Figure 4.2 Schematic of DC Dual Magnetron Sputtering Chamber. 
 

The substrate was located at the center of chamber, and rotating during the 
depositions with a constant rate of 60 rpm to get uniform film properties. The substrate 
table was electrically isolated from the system, and in order to attract ions from the 
plasma, a negative bias voltage of (-30 V) was applied to the substrate. In order to grow 
smooth and dense layers a modulated ion assisted growth technique was applied. This 
growth technique has previously been developed for Cr/Sc multilayers39 and has in this 
work been adopted to the Pt/Mg multilayers. The technique is described in more detail in 
next section.11 

 The plasma species consists of ionized gas atoms, positive ions, sputtered target 
atoms, neutrals and electrons. The plasma is guided towards the substrate by attracting 
the electrons in the plasma by a magnetic field, which is provided by a solenoid placed 
around the substrate. The magnitude of the current in the solenoid was adjusted to ±5 A, 
producing a magnetic field of about (B=10 mT). By choosing the direction of the current 
in the solenoid the solenoid was coupled with one of the magnetrons while repelling the 
other. By reversing the direction of the current, the other magnetron could be coupled to 
the solenoid. By this secondary electrons produced in the sputtering process are guided 
by the coupled magnetron source and moving down towards the substrate where further 
ionization of sputtering gas atoms can take place. In this way, controlling the solenoid 
current, the strength of the magnetic coupling, the number of secondary electrons, and 
hence the number of sputtering gas ions near the substrate can be controlled. The 
solenoid used was made of ~220 turns capton insulated 2 mm diameter Cu wire on a 
stainless steel frame with an inner diameter of about 125 mm.11 Fig. 4.3 shows the 
plasma flux in the chamber with 0 A and 5 A solenoid current.11  
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Figure 4.3 Photograph of the plasma in the chamber when using 0 A (left) and 5 A (right) solenoid 
current.12 

4.1.3 Modulated ion assisted growth 
To achieve as dense and smooth multilayers as possible, the most important thing 

is the diffusivity of the adatoms on the growing film or multilayer surfaces. However, in 
ordinary sputtering deposition processes this is difficult to obtain due to the rather low 
ion fluxes (0.1 to 1 ion per deposited atom) that are achieved. To increase the diffusivity 
of the adatoms, the required energy transfer from the ions to each adatom must be as 
high as 50–500 eV. With such high energy the ions will cause intermixing of the 
film/substrate interface during the growth of a layer. Specifically, for the growth of X-
ray multilayers mirrors growth, where hundreds of sub-nanometer sized layers on top of 
each other are used, the end result is decreased roughness, but an increased intermixing. 
One way to overcome this problem is to use low energy ions, with a relatively high flux 
per deposited atom (~1 ion/deposited atom). This result is a compromise between 
intermixing and roughness. Similarly, by increasing the ion flux and using magnetic 
guidance of the plasma, even lower ion energies can be used to limit the intermixing, but 
with a subsistent surface flatness.11 

In another way, if both ion energies and fluxes are used, in such a way that only 
surface atoms are affected and not the bulk atoms, there is still mixing at the interface 
between the two layers. During ion-assistance and changing deposition from one 
material A to the other B, or vice versa, this provides stimulation between the top 
surface and the deposited adatoms. As a result, a mixing of the layer at the interface will 
take place as shown in Fig. 4.4 a). Such intermixing occurs in the first atomic layer in 
each material but for layer thickness of only few atomic thicknesses it must be omitted 
or prevented.11 
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Figure 4.4 Schematic illustrations showing a) intermixing when no ion assistance is used, and b) smooth 
interfaces when using the modulated ion assisted growth.13 

 
In order to have the necessary surface displacements, and simultaneously 

preventing the small intermixing due to the ion-induced mixing at the interfaces, a 
modulated ion assisted growth technique, illustrated in Fig. 4.4 b), has been used in this 
work. In this growth technique, the initial part of each layer is deposited using an ion 
energy lower than the threshold energy for surface displacements. In this way low 
surface mobility of the adatoms is achieved, causing an abrupt but low density, rough 
interface. In the final part of each layer the ion energy is increased in order to allow for 
surface displacements. At the point the initial layer acts as buffer layer that prevent 
intermixing. The increasing ion energy increases the density of the initial part and a 
smooth top surface is achieved for the growth of next layer. This modulated ion assisted 
growth is provided through out the entire multilayer and an abrupt interface with a 
smooth top surface/interface is achieved.11  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 35 

 
 
 
 
 
 
 
 
 
 

Chapter 5 
 

Multilayer characterization  
 

 
 
In present study the exact thickness of the multilayer period is very important to 

work the multilayer as mirror for 17 Å wavelength. In order to find out the thickness or 
the multilayer period, X-ray reflectivity is frequently used which is similar to XRD but 
in which the sample is scanned at small angles as compare to XRD scan. In the 
following XRR and XRD are described in detail.16 
 

5.1 X-ray reflectivity 
X-ray reflectivity, XRR, was mainly used to measure the thickness of thinfilms 

and multilayers. Depending on the energies of X-rays, reflectivity measurement can be 
categorized into, hard X-ray (from about 5 keV to few hundred keV) reflectivity and soft 
X-ray (<5 keV) reflectivity.15 

5.1.1 Hard X-ray reflectivity 
Hard x-ray reflectivity is a non-destructive characterization technique used to 

find out the structural array of atoms within a solid. Fig. 5.1 shows a conventional 
diffractometer used to measure XRR on thin solid film and also used in the present 
study.  
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Figure 5.1 Conventional diffractometer (Idefix) at IFM, Linköping. 

 
In Fig. 5.2, a schematic of the conventional Bragg Brentano (θ/2θ) geometry is 

shown with primary and secondary optics of the diffractometer. 
 

 
 

Figure 5.2 Schematic of a conventional diffractometer with a Bragg Brentano (θ/2θ) geometry. 
 
During the XRR measurement the incident monochromatic X-rays propagate into the 
sample with wave vector k (or Kin) and illuminate the sample (see Fig. 5.3). The 
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detector, then detect the intensity of reflected wave with wave vector k′ (or Kout). For 
elastic processes these two vectors must be equal in magnitude: 
 
 2π λ′= =k k  (Eq. 5.1) 
 
Where λ, is the wavelength of the X-rays used, further more the magnitude of scattering 
vector, q=k–k′, is defined as:  
 
 4 sinπ λ θ=q   (Eq. 5.2) 
 
The scattering geometry is shown in Fig. 5.3. 

 
Figure 5.3 Scattering vector normal to the sample surface while its magnitude is the difference of wave 

vector. 

 
Two different one dimensional scans in reciprocal space can be run depending 

upon the motion of the sample and goniometer. In the specular low angle ω-2θ 
measurement, the sample is scanned between 0o to 20o 2θ, and in non-specular, i.e. the 
diffuse scattering measurement, intensity for constant 2θ-values are obtained. By using 
specular reflectivity, the electron density depth profile, perpendicular to the surface of 
the sample can be probed. While using simulations of such measurements, information 
of layer thicknesses and root-mean-square interface roughness/intermixing can be 
obtained.11 In the specular reflectivity measurement it is not possible to distinguish 
between roughness and intermixing. In order to do that a measurement of the diffusely 
scattered intensity is necessary. 

In the present work a conventional diffractometer in a Bragg-Brentano focusing 
geometry having a copper source (Cu K∝, λ=1.54Å) operating at 40 kV and 40 mA, was 
used. The primary optics (between X-ray source and sample) consisted of a, Ni β-filter 
(to avoid Kβ radiation), a divergence silt (1/4o) and a brass mask (2 mm) was used to 
limit and collimate the X-rays spot on the sample. The secondary optics (i.e. between the 
sample and detector) includes, an anti-scatter slit (0.1 mm), a divergence silt (1/4o) 
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which is matched with the primary divergence slit, and a curved Ge(111)-crystal 
monochromator which is used to direct the X-rays into the Xe-gas proportional detector. 
The in-plane coherence length was about 250 Å.11,14  

The specular scans were used to determine the multilayer period from the 
position of the Bragg peaks and by using the modified Bragg law. The procedure is 
described in Appendix C. In Fig. 5.4 a low angle hard x-ray reflectivity curve for a 
Pt/Mg multilayer (PtMg030), with 20 bilayers (corresponding to 40 layers) is shown. 
The figure shows three first Bragg peaks (m=1,2,3). Using the modified Bragg equation 
and making a linear plot between sin2θ vs m2 as shown in Fig. 5.5 the multilayer period 
Λ can be obtained. Bragg’s modified equation can be written as: 

 

 ( )( )
2

2 2 2
2

4
m sin 1θ η

λ
Λ

= + −   (Eq. 5.3) 

 
These Bragg peaks are due to the interference of X-rays from each reflected 

wave from different interfaces, while the small peaks (in 20 bilayers case 18) in between 
Bragg peaks are known as Kiessig destructive interference fringes and are due to finite 
thickness of multilayer that is 20 times the multilayer period. The regularity of these 
fringes shows the uniformity of the multilayer thickness. The decrease in Bragg peaks 
reflectivity is defined by Porods law. According to this law, the reflectivity decreases as 
1/q4, i.e. 1/sin4θ, for an ideal multilayer. In case of rough boundaries this decrease 
becomes faster. Finally, from this reflectivity curve, the average thickness error and 
average interface width which the sum of the roughness and intermixing of the 
multilayer can be obtained by careful analysis.11  
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Figure 5.4 Reflectivity measurement of a Pt/Mg multilayer, having N=20 bilayers, characterized by Cu 
K∝ λ = 1.54 Å hard X-rays. 
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Figure 5.5 Linear regression of sin2θ versus m2. 
 

Fig. 5.6 shows XRR of two different samples (PtMg001 and PtMg028) that were 
deposited at 3 mTorr Ar and Kr sputtering gases. The distance between the Bragg peaks 
is related to the multilayer period – a large distance corresponds to a short multilayer 
period, and a short distance corresponds to a large period. It is shown that the multilayer 
which was deposited using Kr gas has a larger period and more peaks than the multilayer 
deposited using Ar gas. This is because of the large number of backscattered neutrals 
and a more pronounced sputter yield amplification effect in the case of Ar as compare to 
Kr.   
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Figure 5.6 Reflectivity measurement of a Pt/Mg multilayers grown using 3 mTorr Ar and Kr sputtering 

gas, having N=20 bilayers, characterized by Cu K∝ λ = 1.54 Å hard X-rays. 
 
 

In case of only one obtained Bragg peak it is not possible to make a linear 
regression. However, and then the simulation software IMD can be used to extract the 
multilayer period by comparing the peak position of the measurement with the peak 
position in a calculation. 

5.1.2 IMD  
IMD is a computer program used to measure the X-ray optical properties such as 

reflectance, transmittance, absorption, phase shifts and electric field intensities of 
multilayers. Experimental X-ray reflectivity data, XRR, can be fitted using IMD to 
determine thickness, roughness and density of a multilayer stack. Therefore IMD is a 
complete modeling and parameter-estimation tool 

IMD enables to compose layers of any material for which the optical constants 
are known or can be estimated. Furthermore, any number of such layers can be grouped 
to form periodic multilayers. In addition, imperfections (i.e. roughness or 
intermixing/diffuseness), which reduce the specular reflectance at an interface, can also 
be easily chosen.16 

 

Multilayer period measurement  
In case of one Bragg peak position (or one 2θ value) in experimentally measured 

XRR graph, it is difficult to find out the multilayer period using Bragg’s modified law 
that requires two or more 2θ values so that straight line between m2 vs sin2θ is obtained. 
In such cases IMD helps to find out multilayer period, for this purpose multilayer period 
“Λ” can be measured using plot between reflectivity versus multilayer period. To do this 

2θ 
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multilayer layer structure first created using IMD widget and different parameters such 
as number of multilayers, wavelength of X-rays, and incidence angle measured by 
experimental XRR (or Bragg peak position on XRR graph) is selected in independent 
variable, while the multilayer period is probed ranging 10Å to 50Å (or more if required) 
as shown in Fig.5.7. Then the value of x-axis in obtained graph at peak position will give 
the multilayer period. Fig. 5.8 shows reflectance for PtMg0451 measured using IMD.   

 

 
 

Figure 5.7 The main IMD widget, configured to measure multilayer period for a fixed incidence angle. 
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Figure 5.8.Reflectance of Pt/Mg multilayer versus multilayer period. 
 

5.1.3 Soft X-ray reflectivity 
Soft X-ray reflectivity is also a non-destructive and powerful characterization 

technique used to check the performance of the X-ray multilayer mirrors. For the soft X-
ray reflectivity analysis, a light source producing radiation of wavelengths >10 Å is 
required. X-rays with this wavelength is e.g. possible to generate at a synchrotron 
radiation source. That is a source of electromagnetic radiation which is produced by 
accelerating energetic electrons in bending magnets and insertion devices (undulators 
and wigglers) in a storage ring.19 The main advantage using synchrotron radiation is that 
reflectivity measurements can be performed as a function of energy and angle, and that 
higher X-ray intensities can be obtained.12 In this thesis work the synchrotron light 
source has not been used since it is not directly available at the department. Instead, soft 
X-ray reflectivity results were simulated using the IMD computer software.16 As an 
example, the reflectivity for an incidence angle of 85o, and a wavelength of 17 Å is 
calculated as a function of the multilayer period for a Pt/Mg multilayer containing 2000 
periods. This calculation is shown in Fig 5.9 and shows the sensitivity of the reflectance 
as a function of the multilayer period. 
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Figure 5.9 Reflectance of a Pt/Mg multilayer containing N=2000 periods as a function of the multilayer 

period for λ=17 Å wavelength. 

5.2 X-ray diffraction 
X-ray diffraction, XRD, is a power full and non-destructive technique to 

determine the structure of the thin films. The most common method is the θ-2θ scan, in 
which the sample is rotated with respect to its own axis by the angle θ while the detector 
is rotated with respect to the sample by the angle 2θ. In XRD, Bragg’s law describes the 
minimum requirement for constructive interference of X-rays scattered by a group of 
parallel planes. Bragg’s law is 
 
 m 2d sinλ θ=  (Eq. 5.4) 
 
where d is the distance between parallel planes, λ is the X-ray wavelength, θ is the 
diffracted beam angle and m is an integer, these parameters are shown in Fig. 5.10.  
 

 
Figure 5.10 Schematic of X-ray diffraction (XRD) of a crystal of atomic spacing d. 
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In order to have sharp peak from the sample, the scattered beam must fulfill 
Bragg’s law (then the X-rays can interfere constructively), and the structure factor of the 
sample must be non-zero. If both these conditions are satisfied a sharp and defined 
diffraction peak can be obtained. There are computer softwares that are used to predict 
the peak position for a particular element in the sample. One of these softwares is 
PCPDFWIN. This is used in this work to predict the peak position of Mg and Pt for the 
Pt/Mg multilayers. Using this program the predicted peak positions for Mg(100) and 
Pt(111) are 2θ=32.193° and 2θ=39.763°, respectively. Fig. 5.11 shows the XRD pattern 
of sample PtMg008, which has total of 20 thin layers of Pt and 20 thick layers of Mg 
(since Mg has longer deposition time of 200 s) on top of Si(100) substrate. The first 
peak, which is located at 2θ=34.95° could correspond to Mg since it is close to 32.193 
and the second peak could be related to Si substrate but there is no peak relating to Pt. 
Therefore it can be said that the Mg might have a crystalline structure, while Pt might 
have an X-ray amorphous structure since no diffraction peak is visible. 
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Figure 5.11 X-ray diffraction (XRD) of PtMg008 sample. 
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Chapter 6 
 

Results and Discussions 
 

 
 
 In this chapter all the results of the present work will be shown and discussed. 
The results section consists of the four plans that were made for the deposition of Pt/Mg 
multilayers. Each plan starts with a description of the experimental conditions together 
with an explanation of what is expected. Thereafter the results are presented in figures 
and discussed. Conclusions based on these results are summarized in chapter 7. 
 
6.1 Results 
 In order to find the exact deposition rates of Mg and Pt to achieve required 
multilayer period of Pt/Mg multilayers, different deposition plans were made that 
include deposition of multilayers with different sputtering gases (Ar or Kr) and using 
different gas pressures ranging from 3 to 9 mTorr. Each deposition was monitored 
carefully and all the parameters were noted in a deposition protocol. Below each 
deposition plan together with experimental detail and graphs are presented individually. 
The details of all multilayers grown in this work are given in appendix A.  

6.1.1 Plan I –3 mTorr Ar sputtering, Mg thickness varied  
In plan I, 8 multilayers (PtMg001 to PtMg08) were deposited using Ar as 

sputtering gas at 3 mTorr. During sputtering by Ar gas ions, TRIM calculation shows 
that there would be large number of backscattered neutrals with higher energies at the 
target because of large mass difference between (Pt–Ar) as compare to (Pt–Kr). Higher 
number of backscattered with higher energies also at low sputtering gas pressure of 3 
mTorr implies that there would be large mean free path of collision and large 
backscattered would come out through the plasma and end up at the substrate and thus 
large effect of backscattered neutrals. Furthermore at lower pressure due to large number 
and high energy of backscattered neutrals, sputter yield amplification (SYA) was 
expected when the Mg layer was thin (3–4 monolayers) on top of Pt, which is described 
in chapter 3. 
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 After deposition, X-ray reflectivity (XRR) were measured on these multilayers 
samples to find out the multilayer periods, Λ, using the method which was described in 
section 5.1.1. Using these multilayer periods calculations were performed to extract the 
deposition rates of Pt, r(Pt), and Mg, r(Mg), and the deposited thickness of Pt, d(Pt) and 
Mg, d(Mg). The data for these samples for 3 mTorr are presented in table 1 in appendix 
A.  

Graphs of t(Mg) vs multilayer period, Λ, t(Mg) vs effective deposition rate of 
Mg, r(Mg), d(Mg) vs resputtering rate of Mg, rresp(Mg), and d(Mg) vs effective 
deposition rate of Mg, r(Mg) for 3 mTorr Ar case are presented in figures, 6.1-6.4. 
 

 
Figure 6.1 Measured multilayer period as a function of the deposition time of Mg when using 3 mTorr Ar 

as a sputtering gas. 
 

In Fig. 6.1 the Mg deposition time is plotted versus the multilayer period. Each 
data point in the graph represents a unique multilayer that was grown with a specific Mg 
deposition time (shown on the x-axis). The Pt deposition time was kept the same for all 
multilayers. The nonlinear increasing thickness of multilayer period shows that the Mg 
thickness was not increasing linearly in the beginning and became linear for longer 
deposition times. This is because of the expected effect of backscattered neutrals and the 
sputter yield amplification described in section 2.4 and 3.2.3, respectively. During 
sputtering of the Pt target the number of backscattered neutrals is high and have high 
energies, as seen from the TRIM calculations in section 2.5. These neutrals start 
resputtering of the growing film and at a certain thickness of the Mg layer, the sputter 
yield amplification effect becomes more pronounced. At this time the effective 
deposition rate of the Mg is much lower because of resputtering. As soon as the sputter 
yield amplification effect is reduced for thick Mg layers, the effective deposition rate 
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become higher and the Mg thickness increases linearly, and thus the multilayer period 
also increases linearly. 

By calculating the deposition rate of Mg and displaying versus the deposition 
time of Mg, Fig. 6.2 is obtained. It is clear that the effective deposition rate of Mg is not 
constant with the deposition time. For very short deposition times, up to about 50 s of 
deposition, corresponding to very thin layers of Mg, the deposition rate is very low, 
about 0.18 Å/s. For longer deposition times, the deposition rate of Mg increases rapidly, 
and about 120 s it saturates at 0.5 Å/s.  

 
Figure 6.2 Effective deposition rate of Mg as a function of the Mg deposition time. 

 
In Fig. 6.2 the effective deposition rate for Mg is shown as a function of the Mg 

deposition time. As can be seen, the deposition rates are not constant with an increasing 
deposition time, which is expected because of the sputter yield amplification effect 
which is present. Instead, the deposition rate is low and constant in the beginning, then 
increases rapidly and reaches a constant value for longer deposition times. The lower 
deposition rate is because of the sputter yield amplification effect when the layer 
thickness of Mg is <2-3 monolayers. For thicker layers of Mg >3-4 monolayers, the 
effective deposition rate increases rapidly because of the reduced SYA effect. At thicker 
layers of Mg the sputter yield amplification effect is no more present and the effective 
deposition rate reached a constant value. 

The effect of the backscattered neutrals is similar as described above for Fig. 6.1. 
The SYA effect starts after about 2-3 monolayers have grown. When backscattered 
neutrals reach the growing film it sputter Mg atoms from the surface and goes into the 
thin layer of Mg and after being backreflected at the Pt/Mg interface they sputter Mg 
atoms again on the way out of the Mg layer. Furthermore, the constant behavior at 
longer deposition times is influenced only by these backscattered neutrals, since for 
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longer deposition times the SYA effect is absent. The deposition rate in Fig. 6.2 can be 
described by a sigmoidal function.  

 
Figure 6.3 Resputtering rate of Mg as a function of the Mg deposited thickness. 

 
Fig. 6.3 shows the resputtering rate plotted as a function of deposited thickness 

of Mg, dMg. The resputtering rate has been calculated by subtracting each value of the 
deposition rate by the constant value of the effective deposition rate which was achieved 
at longer deposition times (0.5 Å/s). This graph shows that for very thin layers of Mg up 
to 20 Å, the resputtering rate is very high because of the SYA effect. For thicker layers, 
>60 Å of Mg, the SYA effect is completely removed and the resputtering rate due to 
SYA becomes zero. The maximum resputtering rate is 0.33Å/s for thin Mg layers of 
about 5 Å. Using this, the deposition rate can be compensated for resputtering, and 
multilayers with a Mg layer thickness of 4.25 Å for the 17 Å wavelength can be 
fabricated. 
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Figure 6.4 Effective deposition rate of Mg as a function of the Mg deposited thickness. 
 
Fig. 6.4 shows effective deposition rate of Mg versus deposited thickness of Mg 

which can be used to find the deposition rates of Mg at a Mg layer thickness of 4.25 Å 
for 17 Å wavelength of X-ray mirror. It can be seen that the deposition rate found to be 
0.1865 Å/s corresponding to 5 Å thickness of Mg. The explanation about the behavior of 
the graph is same as described for Fig. 6.2. 

6.1.2 Plan II – 3mTorr Kr sputtering, Mg thickness varied  
In plan II, 8 multilayers (PtMg027–PtMg034) has been grown in which the Mg 

deposition time was varied between each multilayer, while the Pt deposition rate was 
kept constant. Here Kr was used as the sputtering gas, and the pressure was 3 mTorr. 
TRIM calculations show that there are less number of backscattered neutrals with less 
energy. By changing the sputtering gas to a higher atomic mass because of less mass 
difference between Kr–Pt than Ar–Pt, therefore in this case less energetic neutrals were 
expected reaching at substrate and thus less resputtering due to less SYA effect. The data 
for these samples are presented in table 4 in appendix A. The graph of t(Mg) versus 
multilayer period, t(Mg) versus effective Mg deposition rates, deposited thickness of Mg 
versus resputtering rate of Mg and deposited thickness of Mg versus effective Mg 
deposition rates are shown in Fig. 6.5, 6.6, 6.7 and 6.8, respectively. 
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Figure 6.5 Measured multilayer period as a function of the deposition time of Mg when using 3 mTorr Kr 

sputtering gas. 
 

In Fig. 6.5 the Mg deposition time is plotted versus the multilayer period. Each 
data point in the graph is representing a multilayer that was grown with a specific Mg 
deposition time. The Pt deposition time was kept the same for all multilayers. The same 
behavior as for the 3 mTorr Ar was also found for 3 mTorr Kr. However, the effect of 
backscattered neutrals is reduced. When using Kr as the sputtering gas the TRIM 
calculations show that there are less backscattered energetic neutrals with less energies 
reaching at the growing film, thus less resputtering rate due to less SYA effect. 
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Figure 6.6 Effective deposition rate of Mg as a function of the Mg deposition time. 

 
In Fig. 6.6 the effective deposition rate for Mg is plotted as a function of the Mg 

deposition time. As can be seen, the deposition rates are not constant with increasing 
deposition time, which shows the same behavior as for 3 mTorr Ar, although here the 
deposition rates are higher at lower deposition time of Mg as compared to the Ar case, 
and also sputter yield amplification effect reduced completely for longer deposition 
times of Mg (~200 s). The higher effective deposition rates are obvious, which was 
expected because of less influence of backscattered neutrals and the reduced sputter 
yield amplification effect for Kr gas.  
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Figure 6.7 Resputtering rate of Mg as a function of the Mg deposited thickness. 

 
In Fig. 6.7 the deposited thickness of Mg versus resputtering rate of Mg is 

shown. The resputtering rate was calculated in the same way as explained above for Fig. 
6.3. Here the constant value of the effective deposition rate, which was used to calculate 
resputtering rate, was 0.46 Å/s. This graph also shows that for very thin layers of Mg, ~5 
Å, the resputtering rate is about 0.25 Å/s, which is lower than observed in the Ar case, 
and this is because of the less SYA effect expected in the Kr case. For thicker Mg layers, 
>140 Å, the SYA effect is completely removed and the resputtering rate due to SYA 
becomes zero. The resputtering rate which is 0.25 Å/s for thin Mg layers of ~5 Å can be 
used to compensate the deposition rate of Mg to make multilayers with Mg layer 
thicknesses of 4.25 Å for the 17 Å X-ray wavelength. Furthermore, this graph shows that 
the effect of SYA in this case extends to rather thick layers of Mg of about 140 Å.  
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Figure 6.8 Deposition rate of Mg as a function of the Mg thickness. 
 

Fig. 6.8 shows effective deposition rate of Mg versus deposited thickness of Mg. 
This graph can be used for the same purpose explained for Fig. 6.4 and using the same 
procedure the deposition rate corresponding to Mg thickness of 5 Å, found to be 0.22 
Å/s. The explanation about the behavior of the graph is same as described for Fig. 6.2. 
 

6.1.3 Plan III – Ar – Kr sputtering gas (3, 6, 9 mTorr), Mg 
thickness varied 

In plan III, 34 multilayers have been grown in which (PtMg009–PtMg026) were 
grown with Ar as sputtering gas while (PtMg035–PtMg050) were grown with Kr 
sputtering gas at two different pressures of 6 and 9 mTorr. In case of Ar sputtering gas, 
TRIM calculations shows that there are large numbers of backscattered neutrals with 
high energy at the target surface because of high mass difference between the Pt and Ar. 
While in case of Kr, there are less number of backscattered neutrals with less energies. 
Therefore fewer backscattered with lower energy would have less resputtering effect on 
the growing film as compare to Ar backscattered neutrals. In addition, by increasing the 
sputtering gas pressure the mean free path will be reduced and there would be more 
collisions in the plasma that would further reduce the number of backscattered neutrals 
coming from the target. At the same time, increasing the gas pressure allows for more 
ions to come towards the substrate. As a whole, less resputtering effect due to SYA was 
expected for both Ar and Kr when increasing the gas pressure from 3 mTorr to 6 and 9 
mTorr.   
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Figure 6.9 Resputtering rate of Mg as a function of the Mg deposited thickness for when using Ar as the 

sputtering gas at 3, 6 and 9 mTorr pressures. 
 

In Fig. 6.9 resputtering rates of Mg versus Mg deposited thickness has been 
plotted for 3, 6 and 9 mTorr Ar as sputtering gas. It is clearly shown that by increasing 
the gas pressure due to increase in gas scattering within the plasma less backscattered 
gas neutrals reached the growing film and thus less effect of SYA, which reduced the 
resputtering rates which is found to be 0.33 Å/s, 0.26 Å/s and 0.18 Å/s for 3, 6 and 9 
mTorr gas pressures, respectively. Another difference which is quite prominent is that a 
thicker layer is necessary to reduce the SYA effect completely. At higher pressures, 
although there is reduction of backscattered energetic neutrals, but also more ions are 
allowed in the chamber, which increase the collisions in the plasma and also more ions 
now reach at the growing film and may have effect of SYA for thicker layer. 
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Figure 6.10 Resputtering rate of Mg as a function of the deposited Mg thickness when using Kr as the 

sputtering gas at 3, 6 and 9 mTorr pressures. 
 

Fig. 6.10 shows resputtering rate versus thickness of Mg when 3, 6 and 9 mTorr 
Kr was used as sputtering gas. In case of Kr it is clear that by increasing the gas pressure 
less resputtering rate was observed since less backscattered gas neutrals were coming 
through the plasma and thus less SYA effect on the growing film. Also, at higher 
pressures the effect of SYA is reduced completely for thin layers of Mg. The reason is 
that at higher pressures not only the number of backscattered neutrals is reduced, but 
also their energies are reduced significantly, and thus the SYA effect is reduced at thin 
layers of Mg. 

6.1.4 Plan IV – Ar and Kr sputtering gas at 3 mTorr, Pt thickness 
varied 

In plan IV, 12 multilayers (PtMg051–PtMg062) were grown in which the Pt 
deposition time was varied (reverse case) for each multilayer, while the Mg deposition 
time was kept the same for each multilayer. Two different sputtering gases, Ar and Kr, 
were used at 3 mTorr pressure. In case of Pt varying deposition time, TRIM calculation 
shows that there are almost zero backscattered and there would be no resputtering of the 
Pt growing film and no SYA effect expected when Pt is grown on top of Mg, because in 
this case there is no backscattered neutrals coming out from the plasma and also if there 
are ions from the plasma coming at the growing Pt film they will not be reflected by the 
Mg/Pt interface so there will be no SYA effect in any case.  
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Figure 6.11 Measured multilayer period as a function of the deposition time of Pt when using 3 mTorr Ar 

as a sputtering gas. 
 

Fig. 6.11 shows that multilayer period is constant with respect to deposition time 
of Pt. This was not the case for different thicknesses of Mg, and it is due to the fact that 
for Pt growth there is sputtering of Mg and there are almost zero backscattered with zero 
energy coming out through the plasma and could not resputter the Pt during it growth at 
substrate and therefore linear behavior between multilayer thickness and deposition 
time. 
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Figure 6.12 Deposition rate of Pt as a function of the Pt deposition time. 

 
Fig. 6.12 shows that the deposition rate of Pt is constant with deposition time, 

which was not the case for the Mg deposition rate. This is due to the negligible amount 
of backscattered neutrals when sputtering Mg, and also because there is no SYA effect 
when Pt is deposited on top of Mg since no neutrals or ions are reflected back from the 
Pt-Mg interface. 

 
Figure 6.13 Resputtering rate of Mg as a function of the Mg deposition time. 
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Fig. 6.13 shows that the resputtering rate of Pt is zero because Pt deposition rate 
is constant which further shows that there is not resputtering at the time of Pt film 
growth. 
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Chapter 7 
 

Conclusions and Suggestions 
 

 

 

7.1 Conclusions  
In the present work the following conclusion has been made: 

 
1. The lower and non-constant effective deposition rates in case of thin Mg layer 

and higher and constant rates for thick layer of Mg were found. 
2. Sputtering yield amplification effect was found when thin layer of Mg deposited 

on top of Pt. SYA effect reduced completely at thicker layer of Mg. 
3. The resputtering rates of Mg at approx 5Å thin layer of Mg were found to be 

0.33 Å/s at 3mTorr Ar pressure, which become lower and lower at higher 
pressure and also by switching the sputtering gas from Ar to Kr. 

4. It has been found that by increasing the Ar sputtering gas pressure the SYA 
effect was completely removed at thicker Mg layers. 

5. There is significant difference has been found in reduction time of SYA effect 
while increasing the pressure of the Kr sputtering gas. 

6. There is significant difference (approx. 0.33 Å/s to 0.26 Å/s) in resputtering rates 
of Mg was found by switching the sputtering gas (Ar to Kr). This difference 
increases more significantly if the pressure is increased. 

7. Now the deposition rates are known for Mg thin layer of 4.25 Å that can be used 
to grow the multilayer for 17 Å wavelengths. 

8. One clear diffraction peak was found in XRD that could correspond to 
diffraction from Mg(100) planes, while no peak was found for Pt. This shows 
that Mg might have a crystalline structure while Pt at least has an X-ray 
amorphous structure. 

9. There is no sputtering yield amplification has been found when Pt is grown on 
top of Mg. 

10. The deposition rate of Pt was found to be constant with deposition time. 
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11. Increasing the sputtering gas pressure, lowering the sputtering voltage or ions 
energy has been found. 

12. The main vacuum pump trip when sputtering gas of Kr at 9 mTorr was used. It 
may be due to large number of heavy ions (Kr+) introduced at 9 mTorr pressure 
and this load can not be afforded by pump and it would have tripped.  

 

7.2 Suggestions for future work 
There are in the following some suggestions that would be helpful for the future work in 
this connection of Pt/Mg multilayers. 
 

1. In this work only Ar and Kr was used as sputtering gas, it will be good to use Xe, 
Ne and He to see the backscattered behavior in these cases. 

2. Although the layers thicknesses of multilayer in this work are very thin (only 
about 4.25 Å), it will be good also to look on the structure of the film when 
switch from one sputtering gas to other also by changing gas pressures. 

3. In this work, the simulation gave only backscattered neutrals coming out at the 
target, but can not give any thing out from the plasma, therefore if Langmuir 
probe measurement is done near the substrate then it will provide backscattered 
plus other specie’s energies and flux coming out through the plasma and reach to 
the growing film on substrate.  

4. In this work, target to substrate distance is constant, but it is good to see the 
difference of number of backscattered coming to the substrate by changing the 
target to substrate distance, may be backscattered effect can be avoided by doing 
so.  

5. Soft X-ray reflectivity measurement will be very important since the Pt/Mg 
multilayer mirror are made for 17 Å wavelength. 

6. There is a need for a resputtering model on the growing film, so it is good to 
develop a model. 
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Appendix A 
 

 
 

Experimental and calculated data 
In the following all the experimental and calculated data is presented. 

 
 

Table 1. Experimental data for 3 mTorr Ar case. 
 

S.N0 Sample 

Time 
t(Mg) 

(s) 

Multilayer 
period Λ 

(Å) 
Rate r(Mg) 

Å/s 

Resp. rate 
resp(Mg) 

(Å/s) 

Thickness 
d(Mg) 

Å 

Thickness 
d(Pt) 

Å 
        
  0 9.4892 0.18641 0.31359 0 9.4892 
1 PtMg007 20 13.27982 0.1895 0.3105 3.79 9.48982 
2 PtMg001 40 26.44 0.18641 0.31359 7.4564 18.98 
3 PtMg002 40 16.9457 0.18641 0.31359 7.4564 9.4893 
4 PtMg003 60 22.81 0.222 0.278 13.32 9.49 
5 PtMg004 80 37.52 0.3504 0.1496 28.032 9.488 
6 PtMg006 100 54.43982 0.4495 0.0505 44.95 9.48982 
7 PtMg005 120 69.6 0.5009 0 60.108 9.492 
8 PtMg008 200 108.8898 0.497 0.006 99.4 9.48982 

 
Table 2. Experimental data for 6 mTorr Ar case. 

 

S.N0 Sample 

Time 
t(Mg) 

(s) 

Multilayer 
Period Λ 

(Å) 
Rate r(Mg) 

(Å/s) 

Resp. rate 
resp(Mg) 

(Å/s) 

Thickness 
d(Mg) 

(Å) 

Thickness 
d(Pt) 
(Å) 

        
  0 8.55 0.49608 0 0 8.55 
9 PtMg009 20 12.9 0.2175 0.27858 4.35 8.55 
10 PtMg010 40 27.22 0.46675 0.0275 8.58 18.67 
11 PtMg011 40 18.67 0.253 0.24308 10.12 8.55 
12 PtMg012 60 25 0.27417 0.22191 16.45 8.55 
13 PtMg015 80 38 0.36812 0.12796 29.45 8.55 
14 PtMg013 100 50 0.4145 0.08158 41.45 8.55 
15 PtMg014 120 62 0.44542 0.05066 53.45 8.55 
16 PtMg016 200 108 0.49725 0 99.45 8.55 
17 PtMg025 300 157.375 0.49608 0 148.825 8.55 
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Table 3. Experimental data for 9 mTorr Ar case. 
 

S.N0 Sample 

Time 
t(Mg) 

(s) 

Multilayer 
Period Λ 

(Å) 
Rate r(Mg) 

(Å/s) 

Resp. rate 
resp(Mg) 

(Å/s) 

Thickness 
d(Mg) 

(Å) 

Thickness 
d(Pt) 
(Å) 

        
  0 8.6 0.40033 0 0 8.6 

18 PtMg017 20 12.81 0.2105 0.1895 4.21 8.6 
19 PtMg018 40 25.66 0.2028 0.1975 8.29 17.37 
20 PtMg019 40 16.89 0.20725 0.19275 8.29 8.6 
21 PtMg020 60 22.31 0.2285 0.1715 13.71 8.6 
22 PtMg021 80 31.435 0.285 0.115 22.8 8.6 
23 PtMg022 100 38.50 0.299 0.101 29.9 8.6 
24 PtMg023 120 44.45 0.29875 0.10125 35.85 8.6 
25 PtMg024 200 77 0.342 0.058 68.4 8.6 
26 PtMg026 300 128.74 0.40033 0 120.1 8.6 

 
Table 4. Experimental data for 3 mTorr Kr case. 

 

S.N0 Sample 

Time 
t(Mg)      

(s) 

Multilayer 
Period Λ 

(Å) 
Rate r(Mg) 

Å/s 

Resp. rate 
resp(Mg) 

(Å/s) 
Thickness 

d(Mg) Å 
Thickness 

dPt) Å 
        
  0 13.8 0 0.4575 1.78E-15 13.8 
1 PtMg027 20 18.2 0.22 0.2375 4.4 13.8 
2 PtMg028 40 37.5 0.5925 -0.135 9.9 23.7 
3 PtMg029 40 23.7 0.2475 0.21 9.9 13.8 
4 PtMg030 60 30.8 0.28333 0.1742 17 13.8 
5 PtMg031 80 39.68 0.3235 0.134 25.88 13.8 
6 PtMg032 100 51.3 0.375 0.082 37.5 13.8 
7 PtMg033 120 62.8 0.40833 0.0449 49 13.8 
8 PtMg034 200 105.3 0.4575 0 91.5 13.8 

 
Table 5. Experimental data for 6 mTorr Kr case. 

 

S.N0 Sample 

Time 
t(Mg)      

(s) 

Multilayer 
period Λ 

(Å) 

Rate r(Mg) 
(Å/s) 

Resp. rate 
resp(Mg) 

(Å/s) 
Thickness 

d(Mg) Å 
Thickness 

d(Pt) Å 
        
  0 12.1 0.3705 0 0 12.1 
9 PtMg035 20 16.65 0.2275 0.1425 4.55 12.1 
10 PtMg036 40 34.6 0.26 0.1105 10.4 24.2 
11 PtMg037 40 22.5 0.26 0.1105 10.4 12.1 
12 PtMg038 60 28.85 0.27917 0.0913 16.75 12.1 
13 PtMg039 80 36.6 0.30625 0.0642 24.5 12.1 
14 PtMg040 100 44.5 0.324 0.0297 32.4 12.1 
15 PtMg041 120 53 0.34083 0.0296 40.9 12.1 
16 PtMg042 200 86.2 0.3705 0 74.1 12.1 
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Table 6. Experimental data for 9 mTorr Kr case. 
 

S.N0 Sample 

Time 
t(Mg)      

(s) 

Multilayer 
period Λ 

(Å) 

Rate r(Mg) 
(Å/s) 

Resp. rate 
resp(Mg) 

(Å/s) 
Thickness 

d(Mg) Å 
Thickness 

d(Pt) Å 
        
  0 10 0.2645 0 0 10 

17 PtMg043 20 17.86 0.2625 0.002 7.86 10 
18 PtMg044 40 29.1 0.2275 0.037 9.1 20 
19 PtMg045 40 19.1 0.2275 0.037 9.1 10 
20 PtMg046 60 23.5 0.225 0.0395 13.5 10 
21 PtMg047 80 28.5 0.23125 0.03325 18.5 10 
22 PtMg048 100 32.4 0.224 0.0405 22.4 10 
23 PtMg049 120 38.6 0.23833 0.02617 28.6 10 
24 PtMg050 200 62.9 0.2645 0 52.9 10 

 
 

Table 7. Experimental data for 3 mTorr Kr (reverse) case. 
 

S.N0 Sample 

Time 
t(Pt)     
(s) 

Multilayer 
period Λ 

(Å) 

Rate r(Pt) 
(Å/s) 

Resp. rate 
resp(Pt) 

(Å/s) 
Thickness 

d(Pt) Å 
Thickness 

d(Mg) Å 
        
1 PtMg027 20 18.2 0.56 0.067 11.2 7 
2 PtMg028 40 37.5 0.587 0.04 23.5 14 
3 PtMg051 40 29.9 0.572 0.055 22.9 7 
4 PtMg052 60 45 0.633 -0.006 38 7 
5 PtMg053 80 57.2 0.63 -0.003 50.2 7 
6 PtMg054 100 69.3 0.623 0.004 62.3 7 
7 PtMg055 120 82.1 0.626 0.001 75.1 7 
8 PtMg056 200 132.4 0.627 0 125.4 7 

 
 

Table 8. Experimental data for 3 mTorr Ar (reverse) case. 
 

S.N0 Sample 

Time 
t(Pt)     
(s) 

Multilayer 
period Λ 

(Å) 

Rate r(Pt) 
(Å/s) 

Resp. rate 
resp(Pt) 

(Å/s) 
Thickness 

d(Pt) Å 
Thickness 

d(Mg) Å 
        
9 PtMg007 20 13.28 0.625 0.015 12.5 0.78 
10 PtMg001 40 26.44 0.622 0.005 24.88 1.56 
11 PtMg057 40 25.66 0.622 0.005 24.88 0.78 
12 PtMg058 60 38.5 0.628 0.045 37.72 0.78 
13 PtMg059 80 54.44 0.67 0 53.66 0.78 
14 PtMg060 100 54.44 0.67 0 53.66 0.78 
15 PtMg061 120 77 0.635 0.035 76.22 0.78 
16 PtMg062 200 108.89 0.54 0.13 108.11 0.78 
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Table 9. Sample details for 3 mTorr Ar case. 
 

Mg Voltage Pt voltage 

Sample name Details 
249 365 PtMg007 t(Pt)= 20s, t(Mg)=20s 
248 365 PtMg001 t(Pt)= 40s, t(Mg)=40s 
247 361 PtMg002 t(Pt)= 20s, t(Mg)=40s 
249 363 PtMg003 t(Pt)= 20s, t(Mg)=60s 
248 365 PtMg004 t(Pt)= 20s, t(Mg)=80s 
249 367 PtMg006 t(Pt)= 20s, t(Mg)=100s 
249 364 PtMg005 t(Pt)= 20s, t(Mg)=120s 
250 366 PtMg008 t(Pt)= 20s, t(Mg)=200s 
247 371 PtMg057 t(Pt)= 40s, t(Mg)=20s 
246 366 PtMg058 t(Pt)= 60s, t(Mg)=20s 
248 369 PtMg059 t(Pt)= 80s, t(Mg)=20s 
248 371 PtMg060 t(Pt)= 100s, t(Mg)=20s 
247 372 PtMg061 t(Pt)= 120s, t(Mg)=20s 
249 369 PtMg062 t(Pt)= 200s, t(Mg)=20s 
250 372 

PtMg063 
r(Mg) = 0.501 Å/s,  r(Pt)  = 0.4755 Å/s 

t(Mg) = 4.25 + 23.7 =27.95Å , t(Pt) =4.25Å 
Vav= 247.9 V Vav= 370 V   

 
Table 10. Sample details for 6 mTorr Ar case. 

 
Mg Voltage Pt voltage 

Samples name Details 
216 325 PtMg009 t(Pt)= 20s, t(Mg)=20s 
216 323 PtMg010 t(Pt)= 40s, t(Mg)=40s 
218 324 PtMg011 t(Pt)= 20s, t(Mg)=40s 
218 324 PtMg012 t(Pt)= 20s, t(Mg)=60s 
219 325 PtMg015 t(Pt)= 20s, t(Mg)=80s 
220 325 PtMg013 t(Pt)= 20s, t(Mg)=100s 
220 324 PtMg014 t(Pt)= 20s, t(Mg)=120s 
221 326 PtMg016 t(Pt)= 20s, t(Mg)=200s 
225 329 PtMg025 t(Pt)= 20s, t(Mg)=300s 

Vav= 219.222V Vav= 325V   
 

Table 11. Sample details for 9 mTorr Ar case. 
 

Mg voltage Pt voltage 

Sample name Details 
206 314 PtMg017 t(Pt)= 20s, t(Mg)=20s 
205 314 PtMg018 t(Pt)= 40s, t(Mg)=40s 
204 313 PtMg019 t(Pt)= 20s, t(Mg)=40s 
201 313 PtMg020 t(Pt)= 20s, t(Mg)=60s 
209 314 PtMg021 t(Pt)= 20s, t(Mg)=80s 
209 315 PtMg022 t(Pt)= 20s, t(Mg)=100s 
206 314 PtMg023 t(Pt)= 20s, t(Mg)=120s 
207 314 PtMg024 t(Pt)= 20s, t(Mg)=200s 
206 314 PtMg026 t(Pt)= 20s, t(Mg)=300s 

Vav= 205.888V Vav=313.888 V   
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Table 12. Sample details for 3 mTorr Kr case. 
 

Mg Voltage Pt voltage 

Sample name Details 
228 406 PtMg027 t(Pt)= 20s, t(Mg)=20s 
224 407 PtMg028 t(Pt)= 40s, t(Mg)=40s 
225 408 PtMg029 t(Pt)= 20s, t(Mg)=40s 
225 408 PtMg030 t(Pt)= 20s, t(Mg)=60s 
226 404 PtMg031 t(Pt)= 20s, t(Mg)=80s 
224 406 PtMg032 t(Pt)= 20s, t(Mg)=100s 
225 406 PtMg033 t(Pt)= 20s, t(Mg)=120s 
222 407 PtMg034 t(Pt)= 20s, t(Mg)=200s 
229 405 PtMg051 t(Pt)= 40s, t(Mg)=20s 
227 401 PtMg052 t(Pt)= 60s, t(Mg)=20s 
227 400 PtMg053 t(Pt)= 80s, t(Mg)=20s 
226 397 PtMg054 t(Pt)= 100s, t(Mg)=20s 
225 392 PtMg055 t(Pt)= 120s, t(Mg)=20s 
224 394 PtMg056 t(Pt)= 200s, t(Mg)=20s 

Vav= 226.33 V Vav=398.16 V   
 

 
Table 13. Sample details for 6 mTorr Kr case. 

 
Mg Voltage Pt voltage 

Sample name Details 
201 376 PtMg035 t(Pt)= 20s, t(Mg)=20s 
202 378 PtMg036 t(Pt)= 40s, t(Mg)=40s 
202 377 PtMg037 t(Pt)= 20s, t(Mg)=40s 
201 378 PtMg038 t(Pt)= 20s, t(Mg)=60s 
201 379 PtMg039 t(Pt)= 20s, t(Mg)=80s 
201 380 PtMg040 t(Pt)= 20s, t(Mg)=100s 
201 381 PtMg041 t(Pt)= 20s, t(Mg)=120s 
198 382 PtMg042 t(Pt)= 20s, t(Mg)=200s 

Vav= 200.875V Vav= 378.875V   
 
 

Table 14. Sample details for 9 mTorr Kr case. 
 

Mg Voltage Pt voltage 

Sample name Details 
192 358 PtMg043 t(Pt)= 20s, t(Mg)=20s 
192 358 PtMg044 t(Pt)= 40s, t(Mg)=40s 
193 354 PtMg045 t(Pt)= 20s, t(Mg)=40s 
193 355 PtMg046 t(Pt)= 20s, t(Mg)=60s 
192 359 PtMg047 t(Pt)= 20s, t(Mg)=80s 
193 355 PtMg048 t(Pt)= 20s, t(Mg)=100s 
192 351 PtMg049 t(Pt)= 20s, t(Mg)=120s 
192 350 PtMg050 t(Pt)= 20s, t(Mg)=200s 

Vav= 192.375V Vav= 355V   
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Appendix B 
 

 
 

Substrate preparation 
 In the present work silicon, Si(100), was used as a substrate having dimensions 
of 20x20x0.5 mm3. The choice of silicon as substrate is because of its very flat surface 
or low roughness. The substrates were cleaned in chemical solutions to remove grease 
and oil from the substrate and dried in pure nitrogen gas (N2) before depositing the 
multilayer. In the following steps for cleaning the substrate are described. 

1. Initially silicon (100), 3 inches wafer is cut into 20x20 mm2 small pieces using 
silicon wafer cutting tool available in the department (IFM). 

2. The substrate then put into a beaker having Trichloroethylene to remove oil and 
grease. 

3. The beaker then put into an ultrasonic bath at 50oC till 10 minutes. 
4. The beaker then cleaned from Trichloroethylene and filled with Acetone and 

again put into the ultrasonic bath for 10 minutes at the same temperature. The 
Acetone is used to remove Trichloroethylene on the substrate surface. 

5. Finally, having removed Acetone the beaker is filled with Propanol and put for 
10 minutes again in ultrasonic bath. The Propanol used to remove Acetone from 
substrate surface. 

6. In the end, the substrate was dried with nitrogen (N2) and then it was ready for 
deposition multilayers.    
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Appendix C 
 

 
 
This appendix C describes the methods used to calculate the multilayer periods and 
deposition rates.  
 

Multilayer period calculation using X-ray reflectivity 
 In the following the XRR measurement of multilayer sample PtMg028 is shown 
and with the help of this graph measured values of 2θ are shown in table A.  
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Figure C.1. X-ray reflectivity measured on the PtMg028 sample. 
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Table C.1 Measured values from Fig. C.1. 

 
S. No m m2 2θ θ sin2 θ 

1 1 1 2.547 1.2735 4.939E-4 
2 2 4 4.779 2.3895 17.38E-4 
3 3 9 7.095 3.5475 38.286E-4 
4 4 16 9.453 4.7265 67.896E-4 
5 5 25 11.749 5.8745 104.75E-4 
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Figure C.2. Linear regression of sin2θ versus m2. 

 
Now by plotting graph between sin2θ versus m2, a straight line with a certain slope can 
be achieved. The slope can be used to find the multilayer period using the following 
modified Bragg’s law: 
 
 m2=4Λ2/λ2[sin2θ+{η2–1} (Eq. C.1) 
 
or 

 
 sin2θ=(λ2/4Λ2)m2-{η2–1} (Eq. C.2) 
 
which implies 

 
 Slope=(λ2/4Λ2) or Λ=λ/2(slope)1/2 (Eq. C.3) 
 
Thus by using slope from the following graph we have 
 

Λ=λ/2(slope)1/2=1.54/2(0.0004)1/2=38.5 Å 
 

Λ=38.5 Å 
 

Si
n2 θ 
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Thus in the similar way all the multilayer period have been calculated in this work. This 
multilayer period then further used to find out the deposition rates which have also been 
defined in the following. 
 

Deposition rate calculation method 
 To calculate the deposition rates of Pt and Mg, two multilayers with different 
multilayer periods (Λ1 and Λ2) are used. For these two multilayers two linear equations, 
where the only the deposition rates are unknown, can be written as: 
 
 Λ1=d1Pt+d1Mg=t1Pt rPt+t1Mg rMg (Eq. C.4) 
 Λ2=d2Pt+d2Mg=t2Pt rPt+t2Mg rMg (Eq. C.5) 
 
In equation C.4 and C.5 “d” and “r” are the thickness and deposition rate, respectively, 
and “t” is the deposition time, which is known for each deposition. The subscripts 1 and 
2 denote the two different multilayers. 
 
As an example, for sample PtMg028 and PtMg029 the linear equations are written as: 
 

38.50=40 rPt+40 rMg 

31.62=20 rPt+40 rMg 
 

By solving this linear equation system, the deposition rates for Pt and Mg found to be 
rPt=0.344 Å/s and rMg=0.618 Å/s. The above equations were also used to find out the dMg 
and dPt  as: 

 
38.50=2dPt+d1Mg 

31.62=dPt+d2Mg 

 
Where d1Mg=d2Mg=dMg  and d1Pt=2d2Pt=2dPt. 
 
By solving this equation system dPt and dMg are found to be dPt=6.878 Å and dMg=24.744 
Å. 
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