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These places will be the first where cracks and delamination will 
appear. Stress can be raised (or relieved) at oxidation. Imagine oxidation 
of a metal as: 

 Me + x/2 O2 → MeOx (6) 

The molar volume of the oxide and the metal will in general not be 
the same. If the oxide has a greater molar volume, oxidation will be 
accompanied by a compressive stress. The figure of merit is the Pilling-
Bedworth ratio 
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which is larger than 1 for compressive stress and smaller than 1 for 
tensile. The stress is inversely proportional to the radius of curvature R, 
and can be calculated by the Stoney formula 
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where df is the film thickness, and ds, Es and νs are the substrate 
thickness, Young's modulus and Poisson's ratio. The formula is valid 
provided the film is much thinner than the substrate. In this case the 
elastic constants of the film are not required, which are often not known. 
By measuring the radius of curvature one can relatively easily determine 
the stress (Fig. 33). An alternative way of measurement is through the 
lattice shift in X-ray diffraction (see sub-section  2.3). 
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Fig.  33. Profile of the silicon substrate and of the same sample after deposition of s 2 µm 
CrN film. 
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3.3.   Hardness 

Hardness is in one way the key property in machining of materials, well 
obvious in practical life, yet it is not a classical physical property. In 
materials science, it is defined as the resistance of a material to 
permanent penetration by another harder material.15 Perhaps the biggest 
obstacle in understanding is the fact that the well-known tools of 
elasticity theory apply only in a narrow area of elastic response, with 
typical strains in engineering materials below 0.1 %. The hardness 
experiments on the other hand are conducted well in the plastic regime.  

3.3.1.   Hard materials and hardening 

High hardness is generally associated with strong chemical bonds.16 The 
strongest bonds are encountered in covalent materials (nonmetal to 
nonmetal), to be followed by ionic bonds (metal to nonmetal). Materials 
with predominantly metallic bonds can be hard as well, but metals are 
relatively soft. The forthcoming discussion is limited to intrinsically hard 
materials – their hardness originates in the crystal structure and 
electronic structure. Afterwards, we will discuss how microstructural 
manipulation can alter hardness. Chemically, there are several groups of 
materials with high hardness: 

- diamond: the hardest material, composed of sp3 hybridized carbon 
with purely covalent bonds. Hardness is around 100 GPa. 

- compounds of boron, carbon, nitrogen and silicon: cubic BN (50 
GPa, second-hardest material), B4C, Si3N4, SiC. 

- diamond-like carbon: contains a wide range of amorphous carbon 
types, both hydrogenated or not, with a hardness up to 80 GPa in ta-C 
(tetrahedral amorphous carbon) 

- transition metal nitrides: applicable metals are the groups of 
titanium, vanadium and chromium, e.g. TiN, CrN 

- transition metal carbides, e.g. WC, Fe3C (cementite in steel) 
- transition metal borides, e.g. TiB2 
- oxides: limited application due to their brittleness, e.g. TiO2, Al2O3 
The hardness of the last four groups is up to 30 GPa. In comparison, 

high-speed steel has a hardness of 9 GPa, stainless steel about 2.5 GPa.  
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There are several ways to increase hardness, while keeping the 
overall chemical composition constant or minimally changed. The 
principal methods are: 

1) In solid solution hardening a small amount of another element is 
added. The solute atoms migrate to the dislocations and immobilise 
them. Basic example is alloying of iron with carbon in steel. Another 
mechanism is increased internal stress due to different atomic radii of the 
solute compared to the solvent. This is commonly used in coatings 
technology. An instructive case is TiN, which can be alloyed by another 
metal, e.g. (Ti,Al)N, or another nonmetal, e.g. Ti(C,N). 

2) In precipitation hardening, finely dispersed grains of another 
phase are introduced by alloying and consequent thermal treatment. 
Classical example is Duraluminium which contains aluminium matrix 
with finely dispersed grains of hard CuAl2. 

3) With decreasing grain size (down to about 20 nm) the hardness 
increases (Fig. 34). This is described by the Hall-Petch relation 

 
d

A
HH += 0  (9) 

where H0 is the hardness of a monocrystal and d the average grain size. 
In a material with a grain size around 3–10 nm the dislocations cannot 
propagate so there is a peak of hardness. By further reducing the grain 
size, a net softening appears because a larger fraction of the material is in 
the grain boundaries.  
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Fig. 34.  Schematic dependence of hardness on grain size. 

4) A comparable dependence is also on layer thickness of multilayer 
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structures. The highest hardness is achieved in layer thickness around 10 
nm. 

5) Composites containing grains or fibres of a hard phase and a 
relatively soft matrix show a superior combination of properties, being 
hard yet tough. Nanocomposites, e.g. nanocrystalline TiN in amorphous 
Si3N4, have the highest hardness apart from the hardest intrinsically hard 
materials.17   

3.3.2.   Measurement of hardness 

The first semiquantitative hardness scale was defined by Mohs in the 
19th century and is still used today in mineralogy. However, the scale is 
highly nonlinear and most of the engineering hard materials fall between 
9 and 10. An extended Mohs scale has also been introduced but is 
seldom used.  

Most of today's measurement methods are based on making an 
indentation at predefined conditions and measurement of the indentation 
size, either lateral or depth (Fig. 35).  
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Fig. 35. Basic principle of hardness measurement using indentation. The result may be 
either the lateral size or the depth of the indentation. 

The general expression of hardness is  

 
A

F
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where F is the load and A the indentation area. The geometrical factor k 
depends on tip shape. The unit is Pascal (actually GPa is the appropriate 
scale), but it is often presented in specific engineering units. Though this 
measurement looks very elementary, there are many variations in 
experimental parameters which make the results obtained using different 
techniques non comparable. The parameters subject to change are: 

- indenter material: diamond (for very hard materials), corundum, 
steel 

- indenter geometry (Fig. 36): ball (Rockwell, Brinell: for steels), 
four-sided pyramid (Vickers: for thin films), elongated four-sided 
pyramid (Knoop: for thin films), three-sided pyramid (Berkovich: for 
very thin films) 

 

Fig. 36.  Top view of different indenter tips. 

- loading conditions: loading rate, maximum load, load application 
time 

- evaluation techniques: mechanically from indentation depth, 
visually from indentation size, by recording the stress-strain curve 

The result may be presented in a simple number, e.g. 20 GPa, or in a 
complex form which includes the loading conditions, e.g. 5000 HK 5/20 
(which means: 5000 units in Knoop hardness using a maximum load of 5 
N applied for 20 seconds). In the following text we will briefly describe 
the hardness scales used in thin film technology. 

-Rockwell hardness is the most common method used in industry, 
however, it is adapted for bulk samples. In thin films it is commonly 
used for semiquantitative evaluation of adhesion (see subchapter 3.2). 
The measurement is performed in three steps: applying a preload, adding 
the main load and holding it for about 5 s, removing the main load and 
reading the gauge. The gauge measures the depth while the hardness is 
presented in specific units. There are several different Rockwell scales, 
the most common one is Rockwell C (preload 100 N, main load 1500 N, 
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cone diamond tip radius 200 µm), designated as HRC.  
-Vickers hardness is the standard method for hard coatings. It uses a 

four-sided diamond pyramid in a load range of 1 mN – 10 N, more 
commonly in 10–100 mN. Classically, the evaluation is done visually, 
from the length of the two diagonals d1 and d2 (bottom picture in Fig. 
35). Hardness is calculated as 

 
21

22cos2
dd

F
HV °=  (11) 

where F is the load and 22° the angle of the pyramid tip plane. The ratio 
between the diagonal and the depth is almost exactly 7:1. 

-Berkovich hardness is similar to Vickers but uses a three-sided 
pyramid which has a better defined tip than a four-sided one. It is 
primarily used for nanoindentation at loads in µN range. 

-Depth-sensing indentation, alternatively called instrumented 
indentation, is a not a hardness scale but a technique of evaluation. It can 
be applied using different indenter geometries. The apparatus in-situ 
measures the pairs of points (load, depth) and an outcome is a chart 
rather than one sole number. A typical indentation experiment is 
presented in Fig. 37a: loading is followed by holding at maximum load, 
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Fig. 37. Measurements in depth-sensing indentations: load as a function of time (a), depth 
as a function of time (b), and depth-load curve (c). 
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and after that by unloading. The depth of the tip roughly follows the 
load, but in unloading does not return to zero due to permanent plastic 
deformation (Fig. 37b). The depth-load chart (Fig. 37c) is the main result 
of the experiment. Using these data several other quantities can be 
calculated: hardness (several types), indentation modulus, plastic and 
elastic deformation energy, and error of measurement for each of them.  

3.3.3.   Influences on hardness measurement 

Finally, we will have a look at phenomena which influence the hardness 
measurement. With minor modification, the same considerations are 
applicable in other thin-film characterization techniques, or have already 
been mentioned above. Care has to be taken to evaluate, if and to what 
extent such a phenomenon can influence the measurement result. 

-Roughness is an issue in smaller loads where it causes a larger 
scattering of the results (Fig. 38). Standard15 requires that the indentation 
depth should be at least 20-times higher than the roughness Ra. Let us 
take a typical example of a TiN coating (hardness 2300 HV) on a 
polished steel (Ra=10 nm). The indentation depth should be at least 200 
nm, which requires a minimal load of 25 mN (Eq. 11). If for some reason 
this criterion cannot be met, a sufficient number of indentations should 
be made to overcome scattering.  

 
Fig. 38. Scattering of results due to roughness. 

-Microstructure does not have an influence in higher loads (1 N 
range) because the result is an average over a large number of grains. In 
smaller loads, however, there is a difference if the indenter strikes a 
grain, a grain boundary or an inclusion (e.g. a carbide in steel, Fig. 39). 
These values can be considerably off and it is not correct to simply make 
an average. A consistent analysis is necessary to figure out what is the 
correct result we are looking for. A sufficient number of indentations are 
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necessary too. 

A B CA B C

 

Fig. 39. Scattering of results due to microstructure, when the indenter strikes: A – an 
inclusion, B – a grain, C – a grain boundary. 

- interfaces can absorb part of the deformation energy by cracking, 
decohesion or delamination (Fig. 40a). In the depth-load curve these 
phenomena are visible as steps or kinks (Fig. 40b). They may support 
additional information on adhesion and internal stress but are difficult to 
interpret. This is an issue in higher loads and at brittle materials. Results 
in these occasions have to be treated with care, 

 

Fig. 40. Influence of interfaces on the indentation measurement: (a) scheme, (b) curve. 

-Film thickness is the major issue in measurement of film hardness. In 
cross-section, the indentation is encircled by a plastic deformation zone, 
which is hard to observe. It generally has a semicircular form but can 
have great variations in boundaries between two dissimilar materials. If 
the plastic deformation zone is limited to the film, the result is a correct 
hardness of the film only (Fig. 41a). If the plastic deformation zone 
extends into the substrate (Fig. 41b) the result is a composite hardness of 
both the film and the substrate. Standard15 requires that the indentation 
depth should be at most 1/10 of the film thickness. 
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Fig. 41. Size of the plastic deformation zone: (a) no substrate influence, (b) with substrate 
influence. 

Let us recall the previous example of TiN film (2300 HV) having a 
thickness of 3 µm. The indentation depth should be at most 300 nm 
which requires a maximum load of 55 mN. In the discussion on 
roughness the minimum load was calculated as 25 mN. So the "window" 
for correct measurement is in this case between 25 and 55 mN. If we 
cannot meet these criteria we should at least measure using the same load 
on the samples with the same thickness and the same substrate material. 
In this way we will be able to compare the results, at least. 

One might suggest that from known substrate hardness, film 
thickness and composite thickness, it would be possible to calculate film 
hardness. Though models have been developed, they are valid for a 
limited scope of materials and not generally applicable.  

4. Conclusions 

After having made an overview of thin film properties and 
characterization, we might summarize in a few guidelines, how to 
perform a proper characterization:  

1) Choose the correct method, 
2) Choose proper characterization parameters, 
3) Use standardized procedures and proper documentation, 
4) The result should be a number rather than a picture or a spectrum, 
5) Estimate the measurement error, 
Beside these guidelines, which are applicable for bulk 

characterization too, there is an additional one for thin films only, which 
might read as: "evaluate thin-film specific effects". Often this can be 
interpreted as: "evaluate substrate influence". If possible, it is advisable 
to measure the bare substrate only, in addition to the measurements on 
thin films. 
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