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Characterization matrix (part of it)
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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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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 (typical 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



Optical Profilometer



Internal stress of thin film-
substrate curvature by profilometer
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Stoney equation
substrate modulus

radius of curvature after 
and intially
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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)



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.



Thin-film analysis (IV)
Detection limit (DL)

El. Line Substr
. 

E0 P/B B DL 
(nm) 

Cr K Si 20 268 90 0.20 
Ti K Si 20 400 54 0.33 
Ag L Si 20 186 25 0.46 
C K Fe 10 151 36 1.60 

Mg K Fe 20 1001 26 0.29 
Al K Fe 20 1786 24 0.18 
Si K Fe 20 1538 22 0.26 

 

Even single atom films (monolayers) can be observed!
NB. Detection limit ¹ analysable limit



Thin-film analysis (V)
Example 1

    6.3.2017      09:39    1(1) 

 
 

Layer Film thickness / 
nm (sample #1) 

Film thickness / nm 
(sample #2) 

Au 11.1 10.9 
SiO2 18.0 67.6 

 
 

Au
     SiO2

Si substrate

Measurements at 5, 7, 10 & 15 keV

k-ratio measurements with EPMA, 
calculations with PC-based software (StrataGem)

NB. Au-layers are equally thick in reality (were coated simultaneously)

Measuring k-ratios with 5, 7, 10 and 15 keV (to increase accuracy)
To define thickness measurement at one voltage is enough

2 samples



Thin-film analysis (VI)
Example 2

Simultaneous measurement of film thickness and composition

4 measurements at 12 keV for Au-M, W-M, Ti-K, Si-K (pure element
standards)

Au

W-Ti

Si

Simultaneous measurement of composition and thickness, two films on top of each 
other on Si-substrate

4 measurings 12 keV Au-M, W-M, Ti-K, Si-K, massive pure element standards 
à StrataGem

rz (Au) rz (W-Ti) Au wt.-
fract/

W wt.-
fract/

Ti wt.-
fract/

Si wt.-
fract/

22.7 120.3 1.0000 0.9520 0.0480 1.0000
20.3 122.8 1.0000 0.9492 0.0508 1.0000
25.9 119.7 1.0000 0.9484 0.0516 1.0000
20.7 118.5 1.0000 0.9474 0.0526 1.0000

Thicknesses of films: Au 11.6 nm (14), W-Ti 64.7 nm (60). In parentheses values from manufacturer 
who did not know the composition of W-Ti film. Reproducibility is good.



Thin-film analysis (VII) 
Example 3

Microcircuit: Contact pad of current pump
Layer configuration: Au-Pd/Al2O3/Al/SiO2/Si
Measurements  at 10, 9, 8, 7, 6 ja 5 kV à k-ratios for all 

elements present à StrataGem

StrataGem-software:

1. Au 79.0 p% (77 p%)

Pd 21.0 p% (23 p%)

Thickness = 14.3 nm 
(30 nm)

2. Al2O3 = 14.9 nm (1-2 
nm)

3. Al = 0.6 nm (20 nm)

4. SiO2 = 332 nm (?)

(supposed values in 
parentheses)



Thin film analysis (VIII)
Requirements for samples

• Planar
• Homogenous in lateral direction (0.5...5 µm)
• Endures effect of e-beam
• Endures light vacuum (10-5 mbar)
• Bulk matter can be used for standards; this is an advantage 

compared to others
• Preferably a conductive substrate (if not, experiment!)
• Combined thickness of surface layers < rx (»1 µm), i. e. 

substrate signal must be clearly seen



Thin-film analysis 
Hands-on difficulties

• Diffusion between layers, oxide layers, formation of compounds between 
layers = > difficulty of making correct hypothesis of real structure

• Unknown structure à very laborious, lots of measurements           
k =ƒ(Eo)

• Concentration gradient can be estimated by dividing structure into several 
films on top of each other

• Same element present in several films on top of each other
à measurements at several E0 values (is not always enough)

• Calculations require estimating density of film, which can be difficult and 
accuracy suffers

• (Requirement of conductivity of substrate) Try!
• Requires its own software, e.g. StrataGem (SAMx, F)



Comparing surface sensitive microanalysis 
methods

Methods complete each other, all have their strengths.

EPMA: combination of accuracy in quantification, detection limit and lateral 
resolution. In addition possibility to study “sandwich structure” without 
destroying the sample.

Erkki Heikinheimo           ~WRO2502.doc     04.01.1996    08:48am    1(1)

Method Depth
resol.

Lateral
resol.

Element
s

DL
(ppm)

Depth
profiling

Quant.
accuracy

XRF > 10 µm > 5 mm Z = 9+ > 10 ___ 1...3 %

EPMA 0.1...2 µm > 0.5 µm Z = 4+ > 10 nondestr. 2...5 %

SEM+EDS 0.5...2 µm > 0.5 µm Z = 5+ > 1000 ___ 3...10 %

AES 1 nm > 0.1 µm Z = 3+ > 1000 sputter. 10...20 %

XPS 2 nm > 100 µm Z = 2+ > 1000 sputter. 10...20 %

RBS 2...20 nm > 100 µm Z = 6+ > 1000 nondestr. < 5 %

SIMS 2 nm > 0.1 µm all < 1 sputter. difficult
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Scattering experiment – Ion in Ion out

ion, atom, neutron

molecule

electron

photon



Secondary Ion Mass Spectrometry - SIMS

Sivu 26

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


Secondary Ion Mass Spectrometry -
SIMS

Sivu 27

Static SIMS Dynamic SIMS



Secondary Ion Mass Spectrometry -
SIMS

Sivu 28

• Vacuum roughly  10-6 mbar
• Ions: Ar+, O2+, Cs+ (M 133) 1 – 30 keV
• sensitivity 1012 – 1016 atoms/cm3

• beam focus down to 1 µm
• mapping of elements
• Depth profiling by sputter etching
• seconday ion yield depends on chemical 

composition of sample
• reference samples with known 

composition necessary for quantitative 
analysis

• Sputtering - > mixing of composition
• depth resolution decreases when 

sputtering deeper

• http://www.youtube.com/watch?v=-
7gSbaslRCU&feature=related

http://www.youtube.com/watch?v=-7gSbaslRCU&feature=related
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Surface roughening



Ion beam analysis
• Backscattering spectroscopy

Sivu 31

Ion beam accelerator 
with several beam lines 
and ion sources

http://www.youtube.com/watch?v=Vu-JBGP_Xzk

http://www.youtube.com/watch?v=Vu-JBGP_Xzk


Ion beam analysis
• Backscattering spectroscopy

Sivu 32

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 33



Ion beam analysis

http://www.youtube.com/watch?v=K7O3FLpXL7A&feature=related

http://www.youtube.com/watch?v=K7O3FLpXL7A&feature=related


Ion beam analysis

Forward recoil with heavy ions 
with time-of-flight detector
(energy and velocity 
measured)

-> depth distribution of many 
elements in one run

(~ 100nm) lithium niobate film LiNbO3 
deposited on a silicon wafer
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OUT
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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 37

1H(15N,αγ)12C

Eres = 6.385 MeV



GDOES - Glow Discharge Optical 
Emission Spectroscopy

Sivu 38



GDOES

Sivu 39



GDOES
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GDOES

Sivu 41
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Microstructure

• Crystallinity
• crystal size
• orientation – texture
• Defects



Transmission electron microscopy TEM
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Atomic level 
resolution
0.7 Å



NiSi thin film
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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 46

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 47

energy filtered



Electron energy loss spectroscopy EELS

Sivu 48

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

• chemical bonding e.g 
carbon sp2/sp3



Electron energy loss spectroscopy EELS

Sivu 49



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
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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



IN

OUT
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Scattering experiment ELECTRON 
SPECTROSCOPY

ion, atom, neutron

molecule

electron

photon



Photoelectron spectroscopy techniques
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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
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XPS
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XPS
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•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



UPS Ultraviolet phoelectron spectroscopy

Sivu 66

• typical energy 20 eV
• more surface sensitive than XPS



AES Auger electron emission 
spectroscopy

Sivu 67

Ekin = ECore State − EB − EC'



AES
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used to analyze chemical composition
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Scattering experiment - OPTICAL

ion, atom, neutron

molecule

electron

photon
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RAMAN

Sivu 74



RAMAN
example carbon

Sivu 75



RAMAN
example carbon

Sivu 76

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



Mapping

Sivu 77
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Scattering experiment- Mechanical

ion, atom, neutron

molecule

electron

photon



Scanning Probe Microscopy

Sivu 80

nanoScience Inc.



Magnetic Force Microscopy

Sivu 81

nanoScience Inc.



Atomic force microscope AFM
atomic resolution in UHV

Sivu 82
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Indentation test

Sivu 84



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



E from loading - unloading curve

Sivu 86

• 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
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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 



Ellipsometry

Sivu 90



Ellipsometry
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Ellipsometry

Sivu 92

• 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 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 93

• Film thickness
• 3 nm -> 200 µm

• n and k values
• multilayers



Reflectometry
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SAW Surface acoustic wave

Sivu 95

Pulsed laser
generates
shock waves

Surface wave dispersion velocity related to 
elastic modulus of coating substrate 
system (Efilm and Esubstrate)
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Microstructural changes in DLC films due to tribological contact 
J. Koskinen,  D. Schneider, H. Ronkainen, T. Muukkonen, S. Varjus, P. Burck, K. Holmberg and H. -J. Scheibe 
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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)


