
Measuring Substrate-Independent 
Young’s Modulus of Hard Overcoats 
for Magnetic Media
Application Note

Introduction 
In hard disk drives, digital information 
is stored and retrieved magnetically 
by a “read head” which fl ies over the 
disk within tens of nanometers of its 
surface. Figure 1 is a photograph of a 
read head and hard disk together. To 
protect the magnetic material in which 
information is stored, a hard overcoat 
is applied to the surface which may be 
as thin as just a few nanometers. The 
hard overcoat protects the underlying 
material by acting both as a lubricant 
and a mechanical barrier. Hard-disk 
manufacturers are keenly interested in 
measuring the mechanical properties 
of such overcoats in order to gain 
knowledge for product improvement, 
and instrumented indentation has 
emerged as the technique of choice for 
making these measurements. However, 
indentation results for the overcoat are 
inevitably lower than the true values, 
because the coating is so thin. That 
is, some of the deformation from the 
indentation test is accommodated by the 
material under the coating of interest, 
which makes the coating appear more 
compliant than it actually is. 

Without any correction for infl uence 
of the underlying material, one faces a 
compromise between uncertainty and 
error. At very small displacements, the 
error due to the substrate infl uence may 
be small, but the uncertainty is greater 
due to surface roughness, tip variations, 
vibration, temperature variations, etc. 
As indentation depth increases, the 
uncertainty decreases, but the error due 
to substrate infl uence increases. Thus, 

the purpose of this work was to apply 
an analytic model to the analysis of 
hard coatings tested by instrumented 
indentation in order to obtain the 
Young’s modulus of the fi lm alone. In 
a previous application note, such a 
model was introduced and verifi ed by 
fi nite-element analysis [1]. Hereafter, 
this model will be called the “Hay-
Crawford” model.

The Hay-Crawford model provides 
an analytic means for accounting 
for substrate infl uence on measured 
modulus. The details of this model are 
explained in another application note 
[1]; here, we shall summarize by telling 
the inputs and output of the model. The 
inputs to the model are:

• The apparent (substrate-affected) 
Young’s modulus as measured by the 
method of Oliver and Pharr [2],

• Film thickness,

• Poisson’s ratio of the fi lm,

• Young’s modulus of the substrate, 
and

• Poisson’s ratio of the substrate.

The output of the model is the 
substrate-independent Young’s 
modulus of the fi lm. (Note: Although 
the Poisson’s ratios of fi lm and 
substrate are required inputs, the 
output of the model is rather insensitive 
to these parameters.) 

In this work, we tested and analyzed 
two samples provided by Seagate 
Technology, a major manufacturer of 
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Figure 1.  Interior of a hard-disk drive, 
copyright Matt Field (http://www.photography.
mattfi eld.com).  

hard disk drives. The samples were 
produced for the purpose of evaluating 
the Hay-Crawford model for substrate 
infl uence. As such, the coatings tested 
in this work were substantially thicker 
than overcoats for an actual hard disk. 
Also, the coatings were deposited on 
silicon rather than magnetic media. 
These simplifi cations allowed for 
a rigorous evaluation of the model, 
because substrate infl uence was slight 
at shallow depths, and because the 
substrate properties were well known.

Experimental Method
Samples
Two silicon-carbide (SiC) fi lms on silicon 
were tested; the thickness of the fi rst 
fi lm was 150nm and the thickness 
of the second fi lm was 300nm. The 
SiC fi lms were deposited onto prime 
silicon substrates using an industrial 
PVD system equipped with a planar 
magnetron sputter source and 99.99% 
pure silicon carbide target. For these 
samples, a value of 170GPa was used 
for the substrate Young’s modulus.  
 



Equipment and Procedure
The SiC fi lms were tested in an Agilent 
lab with an Agilent G200 NanoIndenter, 
utilizing the CSM option and a DCM 
head fi tted with a Berkovich indenter. 
Results were achieved using the 
NanoSuite test method “G-Series DCM 
CSM for Thin Films”. This test method 
implements the Hay-Crawford model 
to achieve substrate-independent 
measurements of Young’s modulus. It 
should be noted that this method does 
not correct measurements of hardness 
for substrate infl uence. However, 
hardness measurements are generally 
less sensitive to substrate infl uence, 
because the extent of the plastic fi eld 
is much smaller than the extent of 
the elastic fi eld. Even when there is a 
substantial difference between fi lm 
hardness and substrate hardness, the 
hardness measured at 20% of the fi lm 
thickness usually manifests negligible 
substrate infl uence.

Agilent NanoIndenters have been the 
industry choice for thin-fi lm testing 
precisely because of the continuous 
stiffness measurement (CSM) option, 
which measures elastic contact 
stiffness (S) dynamically. With the 
CSM option, every indentation test 
returns complete depth profi les of 
Young’s modulus and hardness. Using 
this option, ten tests were performed 
on each sample. Loading was controlled 
such that the loading rate divided by 
the load (P’/P) remained constant at 
0.05/sec; loading was terminated at a 
penetration depth of 200nm or greater. 
The excitation frequency was 75Hz, and 
the excitation amplitude was controlled 
such that the displacement amplitude 
remained constant at 1nm. 

Result and Discussion
Results are summarized in Table 1. 
Figure 2 shows the progression of 
elastic analysis for the two samples.  
Figure 2a shows the apparent Young’s 
modulus achieved by standard analysis 
as a function of indentation depth. 
As expected, the Young’s modulus for 
the thinner sample decays faster as a 
function of depth. Figure 2b shows both 
the apparent Young’s modulus (solid 
symbols) and the Young’s modulus of 
the fi lm alone (open symbols) plotted 
as a function of normalized indentation 

depth. The fact that the two samples 
look exactly the same when plotted this 
way tells us that substrate infl uence 
depends strongly on normalized 
indentation depth. The fi lm modulus 
calculated according to the Hay-
Crawford model is constant out to more 
than 30% of the fi lm thickness. Finally, 
Figure 2c shows moduli measured at 
20% of the fi lm thickness with error 
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bars spanning one standard deviation. 
At this normalized depth, the fi lm 
modulus is about 25% higher than the 
apparent modulus. 

Although these fi lms are thick relative 
to actual hard disk overcoats, they are 
not so thick as to nullify the usefulness 
of the Hay-Crawford model. That is, 
there is not a suffi ciently shallow 

Table 1.  Summary of experimental results for SiC coatings on silicon. The true Young’s modulus 
of the fi lm (Ef) is about 25% higher than the apparent Young’s modulus (Ea) when the indentation 
depth is 20% of the fi lm thickness. 

Figure 2.  Analytical sequence for the two samples of SiC on Si showing (a) Apparent (substrate-
affected) modulus as a function of indenter penetration, (b) Apparent modulus and fi lm modulus 
as a function of normalized indenter penetration, and (c) Values at 20% of fi lm thickness. Note: In 
(a) and (b), the trace for each sample represents the average of all tests on that sample. For clarity, 
error bars spanning one standard deviation are shown only on the bar chart (c).

 Thickness Ef �(Ef) Ea �(Ea) (Ef -Ea)/Ea Ef/Es H �(H)

 nm GPa GPa GPa GPa % — GPa GPa

 150 284 9.5 225 3.8 26.0 1.67 18.0 0.65  

 300 284 15.4 230 6.5 23.5 1.67 19.1 0.91
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indentation depth for which results 
match those returned by the Hay-
Crawford model at 20% of the fi lm 
thickness. In fact, within the top 5nm, 
these fi lms manifest a signifi cantly 
lower Young’s modulus. As a result, 
the apparent modulus never achieves 
the value returned by the Hay-Crawford 
model at 20% of the fi lm thickness. For 
the thinnest fi lm, the maximum value of 
apparent Young’s modulus of 249GPa 
occurs at a penetration depth of only 
9.8nm, whereas the Hay-Crawford 
model returns a Young’s modulus of 
284GPa at a penetration depth of 30nm. 

Even if these fi lms were perfectly 
uniform through their thickness, 
error and uncertainty increase with 
decreasing indentation depth due to the 

Figure 3.  Analytical sequence for the two samples of SiC on Si showing (a) Hardness as a function 
of indenter penetration, (b) Hardness as a function of normalized indenter penetration, and (c) 
Values at 20% of fi lm thickness. In these results, substrate infl uence has not been accounted, but 
such accounting seems unnecessary, because hardness reaches its plateau at about 20% of the fi lm 
thickness. Note: In (a) and (b), the trace for each sample represents the average of all tests on that 
sample. For clarity, error bars spanning one standard deviation are shown only on the bar chart (c).  

combined effects of surface roughness, 
tip anomalies, environmental noise, etc. 
Reliability and repeatability increase 
with indentation depth. Put simply, 
it is better to measure properties at 
30nm than at 10nm. The Hay-Crawford 
model increases the depths at which 
substrate-independent measurements 
of Young’s modulus can be made, thus 
decreasing error and uncertainty.

Figure 3 shows results for hardness. 
These results have not been adjusted 
for substrate infl uence, but as 
expected, no adjustment is necessary. 
The hardness reaches its plateau 
at about 20% of the fi lm thickness. 
For hard materials, it is important to 
remember that hardness is defi ned 
as the mean pressure of the contact, 

or load divided by contact area under 
load: H = pm = P/A. When the contact 
is substantial elastic, the Hertzian 
contact model tells us that the mean 
pressure (pm) goes as the square root 
of displacement. Therefore, we should 
not be surprised that the measured 
hardness (which we have defi ned as 
pm) goes to zero as the displacement 
goes to zero. This simply means that at 
these small displacements, the contact 
is substantially elastic, and so the 
reported “hardness” has little to do with 
the plastic properties of the fi lm. 

Conclusions
The Agilent G200 NanoIndenter with 
a DCM head is the industry choice for 
these measurements because of its 
high-precision, speed, ease of use, 
and the CSM option, which delivers 
properties as a continuous function 
of penetration depth. In this work, 
NanoSuite Explorer was used to 
implement an analytic model which 
accounts for substrate infl uence on 
the measurement of Young’s modulus. 
Test methods with this analysis are 
now available to customers with 
NanoSuite Professional.

Having a model which accounts for 
substrate infl uence on Young’s modulus 
affords several practical advantages:

• Reported moduli are for the fi lm alone,

• Less user infl uence, because depth 
range for calculating moduli does not 
have to be selected “by eye”, and

• Less uncertainty, because results 
are obtained at deeper penetration 
depths. 

Measurements of hardness were not 
adjusted for substrate infl uence, but 
no such adjustment was necessary; 
for these samples, hardness reaches 
its plateau at about 20% of the fi lm 
thickness. This is as expected, because 
the extent of the plastic fi eld is smaller 
than the extent of the elastic fi eld. 
Thus, when testing similar materials 
with a test method that implements the 
Hay-Crawford model, both the Young’s 
modulus and hardness should be 
obtained at an indentation depth that 
is 20% of the fi lm thickness. 



Nano Mechanical Systems from
Agilent Technologies

Agilent Technologies, the premier 
measurement company, offers high-
precision, modular nano-measurement 
solutions for research, industry, and 
education. Exceptional worldwide support 
is provided by experienced application 
scientists and technical service personnel. 
Agilent’s leading-edge R&D laboratories 
ensure the continued, timely introduction 
and optimization of innovative, easy-to-use 
nanomechanical system technologies.

www.agilent.com/find/nanoindenter

Americas

Canada  (877) 894 4414
Latin America  305 269 7500
United States  (800) 829 4444

Asia Pacifi c

Australia  1 800 629 485
China  800 810 0189
Hong Kong  800 938 693
India  1 800 112 929
Japan  0120 (421) 345
Korea  080 769 0800
Malaysia  1 800 888 848
Singapore  1 800 375 8100
Taiwan  0800 047 866
Thailand  1 800 226 008

Europe & Middle East

Austria  43 (0) 1 360 277 1571
Belgium  32 (0) 2 404 93 40
Denmark  45 70 13 15 15
Finland  358 (0) 10 855 2100
France  0825 010 700*
 *0.125 €/minute

Germany  49 (0) 7031 464 6333
Ireland  1890 924 204
Israel  972-3-9288-504/544
Italy  39 02 92 60 8484
Netherlands  31 (0) 20 547 2111
Spain  34 (91) 631 3300
Sweden  0200-88 22 55
Switzerland  0800 80 53 53
United Kingdom  44 (0) 118 9276201
Other European Countries:
                   www.agilent.com/fi nd/contactus

Product specifi cations and descriptions in this 
document subject to change without notice.

© Agilent Technologies, Inc. 2010
Printed in USA, September 22, 2010
5990-6612EN 

References

 1. J.L. Hay, “A new model for measuring 
substrate-independent Young’s 
modulus of thin fi lms by instrumented 
indentation,” Agilent Technologies 
application note (2010).  

 2. W.C. Oliver and G.M. Pharr, “An improved 
technique for determining hardness 
and elastic modulus using load and 
displacement sensing indentation 
experiments,” J. Mater. Res., 7(6): 
1564–1583 (1992). 

 3. J.L. Hay, “Introduction to instrumented 
indentation testing,” Experimental 
Techniques 33(6): 66-72 (2009).  

 4. J.L. Hay, P. Agee, and E.G. Herbert, 
“Continuous stiffness measurement 
during instrumented indentation 
testing,” Experimental Techniques 
34(3):86-94 (2010).  

 5. H. Gao, C.-H. Chiu, and J. Lee, “Elastic 
contact versus indentation modeling of 
multi-layered materials. Int. J. Solids 
Structures,” 29:2471-2492 (1992).


