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Film topograpby and thickness

• Film thickness 
– direct measurement by definition

• profilometer by using masked surface
• cross section profile + microscopy
• spectroscopy

• Contact profilometer
– diamond tip with 1 – 50 mN load
– tip radius 20 nm – 25 µm (12µm)
– depth sensitivity/range  0.5 nm/60 µm



Lift-off mask lithography and contact 
profilometry

• Simple and reliable step height
• Reflecting surfaces problematic



Optical profilometer

• Non contact 2D (3D surface map)
• Fast
• Reflecting surfaces problematic



Internal stress of thin film-
substrate curvature by profilometer

Sivu 8

Stoney equation
substrate modulus

radius of curvature after 
and intially



IN

OUT

Sivu 9

Scattering experiment

ion, atom, neutron

molecule

electron

photon

• particles èin vacuum !!
• elastic scattering

• mass, density
• diffraction

• inelastic scattering
• information on 
material 

• DOS
• bonding
• identification of 
elements
•…
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Composition

• What elements present in the film
• Depth distribution
• Interface
• Often a direct feedback for deposition parameters

– gas ratio, target composition etc.



SEM EDS and WDS

• Microanalysis EDS and WDS (material of an other 
course)

course%20slides/Charact%20appendises/10MT-0.3101-8+9_Mikroanalyysi.pdf


Excerpts from lectures in X-ray 
microanalysis

E. Heikinheimo
Aalto - Dept. of MS & E - 2011

Thin surface layer analysis by SEM + x-ray 
microanalysis (EDS or WDS)

https://www.youtube.com/watch?v=KfQ4V
NpWN4M

https://www.youtube.com/watch?v=KfQ4VNpWN4M


SEM EDS
Interaction volume

https://whatiscl.info/how/spatial-mapping/optimizing-maps



Thin-film analysis (I)

* Thickness of surface film df > rx, substrate does not influence

* Film can be processed as bulk, with normal matrix correction program

* df = 0.2…2 µm (e.g. by adjusting beam energy)

Excitation volume



Thin film analysis (II)

• df << rx, df > 1 nm
• Substrate signal is decisive
• There can be several films on top of each other: 

“sandwich structure”
• Thin-film software is needed, which is based on 

calculating F(rz)- function (amount of 
generated radiation) as function of depth; a 
hypothesis of studied film structure is needed

• In principle thickness and composition of film is 
obtained from both film and substrate signal 
(checking possibility).

• Non-destructive method, same sample can be 
analysed by other methods, e.g. RBS.



FIB focused ion beam

R. Wirth, Chemical Geology 261 (2009) 217–229



FIB

Figure 9. FIB/SEM analysis done on the hybrid PVD/ALD-coated steel after the LSV5-Wear4. Top 
view (a) of a major defect on a wear track. The black arrow denotes the location of the cross-
sectional image (b) prepared by FIB milling

J. Leppäniemi et al., ACS Omega 2018, 3, 2, 1791–
1800
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Scattering experiment – Ion in Ion out

ion, atom, neutron

molecule

electron

photon



Secondary Ion Mass Spectrometry - SIMS

Sivu 20

1. Cesium ion source
2. Duoplasmatron
3. Electrostatic lens
4. Sample
5. Electrostatic sector - ion 

energy analyser
6. Electromagnet - mass 

analyser
7. Electron multiplier / Faraday 

cup
8. Channel-plate / Fluorescent 

screen - ion image detector

SIMS by Leena-Sisko Johansson

Charact%20appendises/10MT-0.3101-12_pintatutkimus2.pdf


SIMS 



SIMS - also molecular ions  





Ion beam analysis
• Backscattering spectroscopy

Sivu 24

Ion beam accelerator 
with several beam lines 
and ion sources





Ion beam analysis
• Backscattering spectroscopy

Sivu 26

E1 = k * E0
recoil energy -> 
what element

atomic mass of 
element

Probability of recoil -> 
amount of element

Kinetic energy loss 
inside material –
stopping -> depth 
scale

E0 = 

E1



Ion beam analysis
• Backscattering spectroscopy

Sivu 27



Ion beam analysis
4 He+ ion



63 Cu+ ion
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Scattering experiment – ION 
SPECTORSCOPY

ion, atom, neutron

molecule

electron

photon



Ion beam analysis
• Nuclear Reaction Analysis NRA

Detection of hydrogen – depth distribution in surface

Sivu 32

1H(15N,αγ)12C

Eres = 6.385 MeV



GDOES

Sivu 33



GDOES

Sivu 34



GDOES

Sivu 35

Interesting also: https://wcnt.wisc.edu/wp-
content/uploads/sites/882/2018/11/GD_Profiler_2_GDOES_Brochu
re.pdf
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Microstructure

• Crystallinity
• crystal size
• orientation – texture
• Defects



Transmission electron microscopy TEM

Sivu 38

Atomic level 
resolution
0.7 Å



NiSi thin film

Sivu 39

Results from TEM analysis of 
NiSi thin films: (a) XTEM 
highlighting equiaxed grains in 
the NiSi film in which Moiré 
(interference) fringes due to 
orientation differences between 
grains can be observed; (b) 
notable features in the as-
obtained image (a) are indicated; 
(c) plan view, elastic hollow cone 
dark field image of the film, 
highlighting individual grains with 
diameters of 60–200 nm; and (d) 
plan view TEM image showing 
polygon  al NiSi grains.



Electron diffraction

Sivu 40

Measured diffraction pattern of a plan-view prepared ReSi1.75 
film on Si (100) (——— guiding line for orientation); (b) 
theoretical diffraction diagram of ReSi1.75 with zone axis [0 1 
0] and four superposed patterns, each turned around 45°. 



Electron energy loss spectroscopy EELS

Sivu 41

energy filtered



Electron energy loss spectroscopy EELS

Sivu 42

• Elemental analysis
• light elements C 
è 3d transition 
metals Sc, Zn

• chemical bonding e.g 
carbon sp2/sp3



Electron energy loss spectroscopy EELS

Sivu 43
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Scattering experiment – X-ray 
SPECTORSCOPY

ion, atom, neutron

molecule

electron

photon



www1.chm.colostate.edu/Files/GAXRD.pdf



www1.chm.colostate.edu/Files/GAXRD.pdf



www1.chm.colostate.edu/Files/GAXRD.pdf

m
m

degrees



www1.chm.colostate.edu/Files/GAXRD.pdf



X-Ray Reflectivity XRR 

• Thin Film
• thickness
• density
• roughness
• rougness of interface

Miho Yasaka,  The Rigaku Journal, 26(2), 2010



X-Ray Reflectivity XRR 

Miho Yasaka,  The Rigaku Journal, 26(2), 2010



X-Ray Reflectivity XRR 

Miho Yasaka,  The Rigaku Journal, 26(2), 2010



X-Ray Reflectivity XRR 

Miho Yasaka,  The Rigaku Journal, 26(2), 2010





J. Etula, N. Wester, S. Sainio, T. Laurila and J. Koskinen, , DOI:10.1039/c8ra04719g. T. Laurila, S. Sainio, H. Jiang, N. Isoaho, J. E. Koehne, J. Etula, J. Koskinen and M. 
Meyyappan, ACS Omega, 2017, 2, 496–507.

X-ray Reflectivity (XRR)
Fe-doped carbon films Platinum/ta-C/Ti/Si films



P. Sippola, A. P. Perros, O. M. E. Ylivaara, H. Ronkainen, J. Julin, X. 
Liu, T. Sajavaara, J. Etula, H. Lipsanen and R. L. Puurunen, Cit. J. Vac. 
Sci. Technol. A, 2018, 36, 51508.

In-situ XRD spectra of heated/LN2-cooled energy storage material:
Rapid freezing from +150C to -120C inhibits crystallization. Subsequent
warming from -120C to 0C induces crystallization and heat release.

Grazing angle (GIXRD) and normal theta/2theta X-ray
Diffraction using Rigaku Smartlab



T. Laurila, S. Sainio, H. Jiang, N. Isoaho, J. E. Koehne, J. Etula, J. 
Koskinen and M. Meyyappan, ACS Omega, 2017, 2, 496–507.

Grazing angle X-ray Diffraction (GIXRD) using Rigaku Smartlab
- Ultra-sensitive detection of 8.4 nm Pt film crystallinity



Small/Medium Angle X-ray Sca4ering (SAXS/MAXS) 
using 2D-detector (Rigaku Smartlab)

- Forma@on of periodic supramolecular lamellar
structures from polymers10 0 10
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Pentadecylphenol (PDP)

Polydimethylacrylamide (PDMA)

Iodoperfluoroalkane(IPF-)
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Scattering experiment ELECTRON 
SPECTROSCOPY

ion, atom, neutron

molecule

electron

photon
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Bonding

• Chemical reactions particularly on surface
• Cemical bonding in amorphous thin films (oxides, 

carbon, some metals)
• Contaminations
• Methods used also to determine composition



Photoelectron spectroscopy techniques

Sivu 61

X-ray photoelectron 
spectroscopy -
Electron Spectroscopy for 
Chemical Analysis ESCA

Auger electron 
spectroscopy

Ultraviolet 
phoelectron 
spectroscopy

XPS by Leena-Sisko Johansson

Charact%20appendises/10MT-0.3101-11_pintatutkimus1.pdf
Charact%20appendises/10MT-0.3101-11_pintatutkimus1.pdf


XPS

Sivu 62



XPS

Sivu 63



XPS

Sivu 64

•used for elemental analysis
•all elements Z > 2
•detection limit 1/1000
•1 – 10 nm depth
•x-ray beam 20 – 200 µm
• mapping



XPS

Sivu 65

sensitive to chemical bonding, e.g. type of bonding of carbon



X-ray Absorption 
Spectroscopy XAS

wikipedia

The Stanford Synchrotron Radiation Lightsource (SSRL)

https://lightsources.org/lightsources-of-the-
world/americas/stanford-synchrotron-radiation-lightsource-
ssrl/



N. Wester et al., ACS Appl. Nano Mater. 2020, 3, 1203−1212 



S. Sainio et al., J. Phys. Chem. C 2016, 120, 8298−8304 
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Scattering experiment - OPTICAL

ion, atom, neutron

molecule

electron

photon
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RAMAN

Sivu 75



RAMAN
example carbon

Sivu 76



RAMAN
example carbon

Sivu 77

• amorphous materials
• finger print of different bonds (materials)
• mapping



Mapping

Sivu 78
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Scattering experiment- Mechanical

ion, atom, neutron

molecule

electron

photon



Scanning Probe Microscopy

Sivu 81

nanoScience Inc.
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Indentation 

Sivu 84

• H = constant*load/(indentation area)
• Thin film/substrate: composite hardness
• Coating hardness: h< film thickness
• Very thin coatings: hardness by modelling (FEM, MD)  



Elastic modulus E from loading -
unloading curve

Sivu 85

• h < 1/10 film thickness
• Very thin coatings: E by modelling (FEM, MD)  
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Hardness and E as a function of 
indentation depth

Depth profiles of Er and H data from 200 μN partial-unload 
nanoindentation tests on 50 nm TiN thin film samples. 
www.hysitron.com



Indentation test

Sivu 87



Nano wear
TiO2 ALD, varying deposition temperature
°C

100 °C

200 °C

300 °C

J. Lyytinen et al. / Wear 342-343 (2015) 270–278272



Wear depth

J. Lyytinen et al. / Wear 342-343 (2015) 270–278272
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Optical coatings

• Control of reflectance and emission
– Lenses
– Photo voltaic
– Solar thermal

• Protective optical coatings
• Self-cleaning or easy to clean films on optical surfaces
• Measuring thin dielectric film properties 



Ellpsometry

Sivu 92



Ellpsometry

Sivu 93



Ellipsometry

Sivu 94

• real part (refractive index), n(λ)
• imaginary part (extinction coefficient), k(λ)
• complex refractive index, of a material, N(λ) = (n(λ)+ik(λ)),   
where λ

•If N(λ) known è film thickness 
• measure of phase shift è very thin films can be measured  < 
1nm – several µm
• multilayer films may be measured when using numerical 
models



Reflectometry

Sivu 95

• Film thickness
• 3 nm -> 200 µm

• n and k values
• multilayers



Reflectometry

Sivu 96



And there is whole lot more…But one 
can get an idea with simple methods:
• interference colors: thickness, absoption
• reflection: metals identification
• Scotts Tape Test: adhesion
• electrical conductivity
• scraching by a tip: hardness, adhesion, friction
• shine light tanget to surface: impurities, particles on film
• breathe moisture (no slime!): surface energy, 

hydrophilicity, adhesion (try only on your own samples)


