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Ab stract
The me chan i cal prop er ties of var i ous types of amor phous
thin films pre pared by mag ne tron sput ter ing were mea -
sured us ing the nanoindentation tech nique. The in den ta tion 
hard ness and the elas tic modulus were de ter mined rang ing

from hun dreds of nm to ap prox i mately 1 mm max i mal
depth of pen e tra tion. Re sults ob tained from the films are
com pared with the re sults of mea sure ments on
monocrystalline Si (111) substrate.

Ex per i ments were con ducted on the NanoTestTM ap pa -
ra tus with a Berkovich in denter. It dif fers from oth ers with
an un tra di tional ar range ment of mea sur ing mode, which
ap plies load ing force in hor i zon tal di rec tion. The Ol i -
ver-Pharr method (as a part of user’s soft ware) for an a lyz -
ing in den ta tion load-depth data was used.

In tro duc tion

Chem i cal re sis tance and high hard ness of di a mond-like
car bon films pred i cate their tribological ap pli ca tions.
Amorphous car bon (a-C) films [1] show re sis tance against
abra sive and ad he sive wear, and the low co ef fi cient of fric -
tion. Spe cial thin films can en large the op er at ing life time of 
prod uct. Re search and de vel op ment of new and su pe rior
pro ce dures for such sur face coat ing of ma te rial can bring
sig nif i cant in crease of prod uct qual i ties more over its op er -
at ing ef fi ciency.

Amorphous sil i con films (a-Si) [2] are to this goal of in -
ves ti ga tion prototypical struc ture that can of fer in sight into
the me chan i cal prop er ties of dis or dered ma te ri als. Its me -
chan i cal prop er ties are readily be changed by pa ram e ters of 
de po si tion.

In ves ti ga tion of me chan i cal prop er ties tends to pro duc -
tion of lay ers and coat ings with ex actly de fined fea tures.

The depth sens ing in den ta tion (DSI) of fers ad vances in
sen si tiv ity, data ob tain ing and num ber of ma te rial char ac -
ter is tics that are can be de ter mined. The ben e fits are sig nif -
i cant in ma te ri als sci ence par tic u larly with ref er ence to
fun da men tal mech a nisms of me chan i cal be hav iour at mi -
crom e ter and sub-mi crom e ter vol ume. We used a com mer -
cial DSI in stru ment (the NanoTestTM NT600) plat form [3].
The ap pa ra tus has unique pen du lum de sign with the abil ity
to carry out mea sure ments in a wide range of ap plied load -
ings to the ma te rial un der ex am i na tion.

Thin films ob tained by mag ne tron sput ter ing

Studied amor phous (a-C, a-C:Si, a-Si) thin films were pre -
pared by the pulsed DC mag ne tron sput ter ing us ing com -
mer cial Leybold Z 550M vac uum plant (see fig ure 1) on Si
(111) sub strates. The films were de pos ited from car bon tar -
get (sil i con tar get respectively) in poor ar gon. A lit tle Si

sheet (in the case of the a-C:Si film) was ad her ent over ero -
sion zone of the tar get.

De tailed de scrip tion of the films prep a ra tion by mag ne -
tron sput ter ing was pub lished else where, e.g. [1]. There are 
main pa ram e ters of the de po si tion pro cess with the thick -
ness of in ves ti gated films in the Ta ble 1. The thick ness of
lay ers was mea sured by the ALPHA STEP 500 ap pa ra tus.

Depth sens ing in den ta tion tech nique

The depth sens ing in den ta tion tech nique is also known as
the in stru mented in den ta tion or the nanoindentation [4, 5].
It has been used in two re cent de cades to eval u ate me chan i -
cal prop er ties of ma te ri als hav ing very fine microstructure
such as thin films. In con trast to tra di tional hard ness test ers
the in stru mented in den ta tion sys tems al low ap pli ca tion of a 
spec i fied force or dis place ment course. More over, the ex -

tremely small dis place ment res o lu tions of ten < 1 mm are
pos si ble.

Ó Krystalografická spoleènost

94 Ma te ri als Struc ture, vol. 13, no. 2 (2006)

Fig. 1.  Sche matic draw ing of a sput ter ing unit: 1 – cool ing wa ter,
2 – cath ode, 3 – in su la tor, 4 – vac uum gas ket, 5 – darkspace
shield, 6 – tar get, 7 – sub strates, 8 – vac uum cham ber, 9 –
high-vac uum valve, 10 – high-vac uum pump, 11 – sput ter ing
power sup ply, 12 – two-way valve, 13 – back ing vac uum pump.
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A a-C:Si 0,12 300 Ground 2,29

B a-C 0,17 960 Flo a ting 1,62

C a-Si 0,17 300 Ground 5,40

D a-Si 0,25 300 -80 6,58

Tab. 1. The de po si tion pa ram e ters of mea sured car bon and 
sil i con amor phous films.



Typ i cal DSI test is il lus trated in the fig ure 2. Load is ap -
plied to an in denter that is in con tact with a mea sured spec i -
men. Af ter reach ing a pre de fined max i mum value the load
is re duced and the pen e tra tion depth de creases due to elas -
tic re cov ery of the de formed ma te rial. Load or
displacement is con trolled and both are mea sured si mul ta -
neously and con tin u ously over the com plete load ing-un -
load ing cy cle (see fig ure 3). The course of load ver sus
dis place ment al lows both hard ness and elas tic modulus to
be de ter mined.

A residual impression left in the surface of the
specimen. The projected contact area [6] of the residual
impression is too small to measure by an optical method.
Therefore an indirect measure of the area of contact is
necessary.

De ter mi na tion of the nano-me chan i cal prop er ties 
from in den ta tion load-dis place ment data

Dif fer ent an a lyt i cal ap proaches were de vel oped to ex tract
me chan i cal prop er ties, gen er ally the hard ness H and the
elas tic modulus E.

The Ol i ver-Pharr method in tro duced in 1992 [6] and re -
fined in 2004 [7] co mes from for mer pub li ca tions such as
[8]. By this pro ce dure me chan i cal prop er ties can be de ter -
mined from in den ta tion load and dis place ment mea sure -
ments with out need to in ves ti gate the im pres sion im age.
For this rea son, the method has be come a pri mary tech -
nique for de ter min ing the nano-me chan i cal prop er ties of
thin films and fine struc tures. 

The method calculates the in den ta tion hard ness HIT and 
the effective modulus Er [7] of ma te rial from data ob tained
dur ing one cy cle of load ing and un load ing (see fig ure 3).
The method is es sen tially an ex ten sion of the method pro -
posed by Doerner and Nix [8], in which the con tact depth is 
de ter mined by lin ear fit ting of un load ing curve (hclf in
figure. 3). Ex per i ments have shown that un load ing curves
are dis tinctly curved and P-h raw data are usu ally well ap -

prox i mated by the power law re la tion (1), where a , hf and
m are constants.

P h h f
m= -a( ) (1)

From un load ing curve must be ob tained the max i mum
load Pmax, the max i mum dis place ment hmax and S the elas tic
un load ing stiff ness [7] de fined af ter (2) as a slope of un -
load ing curve at its ini tial point. An other im por tant quan -
tity is the fi nal depth hf (the per ma nent depth of pen e tra tion
af ter the in denter is fully un loaded - see fig ure 2).

S
P

h h

=
d

d
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. (2)

The con tact depth hc is the depth of in denter in con tact
with the sam ple un der max i mal load (3). The geo met ric

con stant for the Berkovich in denter e = 0,75. This value co -
mes from mod el ling [6] by paraboloid of rev o lu tion ge om -
e try

h h
P

S
c = -max

maxe . (3)

The pro jected con tact area Ap is de ter mined by ge om e -
try of the in denter and the con tact depth by area func tion
(4). This func tion must be es tab lished ex per i men tally prior
to anal y sis

A F hP c= ( ). (4)

The effective modulus Er is re lated to the pro jected con -
tact area and mea sured stiff ness by (5).
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-

+
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The equa tion (6) takes ac count ef fects of non-rigid in -

dent ers on the load-dis place ment be hav iour. Ei and ni are
Young´s modulus and Pois son´s ra tio for the in denter (di a -
mond) which can be taken as 1 141 GPa and 0,07 re spec -

tively [3], E and n are prop er ties of the sam ple.
The in den ta tion hard ness is de fined by equa tion (7)

H
P

A
IT

P

= max . (7)
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Fig. 2. Sche matic il lus tra tion of the DSI tech nique show ing spec -
i men sur face pro file un der max i mum load and af ter to tal un load -

 

Fig. 3. Load ing - un load ing cy cle with the con tact depth de ter mi -
na tion.



Ex per i mental de tails

Measured car bon sam ples were stuck on duralumin holder
by quick dry ing cyanoacrylate in dus trial glue “Perma -
bond”. The sil i con films were af fixed by wax on an other
duralumin holder. The melt ing tem per a ture of the wax is
ap prox i mately 60 °C.

The ex per i ment was pro grammed in the con trol
NanoTest soft ware. In di vid ual in dents (places where the
di a mond in denter is pen e trat ing into the film) were ar -
ranged to a ma trix. The ma trix con sisted from in den ta tion
ex per i ments. Each of in den ta tion ex per i ments con sists of
sev eral in dents in one col umn mea sured at iden ti cal load -
ing – un load ing course. Dis tance be tween in dents was

30 mm. The di men sion of the ma trix in hor i zon tal di rec tion
is given by num ber of in den ta tion ex per i ments with dif fer -
ent load ing – un load ing courses. There are pos si ble up to
100 in den ta tion ex per i ments each con tain ing up to 100 in -
dents to be sched uled in the NanoTest con trol soft ware [3].

The ex per i ment was con trolled by the elec tronic con -
trol unit and the com puter. Be fore the auto-run we left the
in stru ment and pre pared sam ples at the con stant tem per a -
ture 26 °C dur ing 6 hours.

Re sults and dis cus sion

The re sults are sum ma rized in three graphs (see fig. 4 -
fig. 6). Val ues ob tained from car bon and sil i con films are
grouped and com pleted with mea sure ments on
a nonocrystalline Si (111) - substrate. Me chan i cal char ac -
ter is tics of the sub strate were de ter mined over the same in -
ter val of peak in den ta tion loads as in the case of the sil i con
films. 

The max i mum depths of pen e tra tion at tained dur ing the 
in den ta tion at dif fer ent load ing – un load ing courses are
shown in fig ure 4. The deep est pen e tra tion of a-Si film
(Spec i men D) pre dicts its low in den ta tion hard ness (see
fig. 5). The ef fec tive modulus Er of films de ter mined from
in den ta tion load - dis place ment data by the Ol i ver-Pharr
method are sum ma rized in fig ure 6.

Con clu sion

There are eval u ated me chan i cal prop er ties of thin films ob -
tained by mag ne tron sput ter ing in the pa per. Shortly de -
scribed the Ol i ver-Pharr method is used for the ex trac tion
of elas tic modulus and in den ta tion hard ness from the
nanoindentation load–dis place ment data ob tained us ing
tri an gu lar Berkovich pyr a mid.

Pre sented re sults point out that it is pos si ble to mea sure
elas tic-plas tic prop er ties of ma te rial by the NanoTestTM in -
stru ment with the Ol i ver-Pharr anal y sis at sub-mi crom e ter
scale.

The films were pen e trated in the rel a tively wide in ter -
val of depths. The hard ness and the modulus of all amor -
phous sil i con films are al ways lower than for
monocrystalline Si (111). In the case of deeper mea sure -
ment of a-Si films val ues of hard ness are get ting near to
val ues of sub strate. The car bon films are harder than the
sil i con films and the in flu ence of the sub strate on hard ness
in the mea sured scales of depths was not ob served.
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   Fig. 4. The max i mum depths of pen e tra tion at tained at var i ous 
   in den ta tion loads.

Fig. 5. The in den ta tion hard ness of dif fer ent thin films and
monocrystalline Si (111) mea sured in var i ous con tact depths (cal -

Fig. 6. The ef fec tive modulus of dif fer ent thin films and
monocrystalline Si (111) mea sured in var i ous con tact depths (cal -
cu lated by the Ol i ver-Pharr method).
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Measurement of Elastic Constants of Thin Films by the Law Method

MÌØENÍ ELASTICKÝCH KONSTANT TENKÝCH VRSTEV METODOU LAW
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films; Sil i con-carbid films

Ab stract
One of pos si ble ap pli ca tions of thin films is coat ing of con -
tact load ing com po nents and tools for im prov ing their sur -
face prop er ties. Me chan i cal fea tures of films are cru cial for 
their ap pli ca bil ity in prac tice. They are par tially char ac ter -
ized by elas tic con stants (Young modulus, Pois son ra tio).
De ter mi na tion of these quan ti ties through clas si cal meth -
ods which are known from mea sure ment of bulk ma te ri als
is not pos si ble. There fore new ways of iden ti fi ca tions of
elas tic con stants has been de vel oped. One of them is
method LAW (la ser acous tic waves) which elic its the con -
stants from acous tic wave prop a ga tion. In this ar ti cle prin -
ci ple of LAW is ex plained in sim pli fied form. Con di tions
for ap pli ca tions and com par i son with other meth ods are
pre sented. The mea sure ment of thin Si and SiC films de -
pos ited on sil i con wa fer by mag ne tron sput ter ing was car -
ried out. Some prob lems and dis ad van tages of this method
were dis cussed. Their fea si ble so lu tion is out lined at the
end of the ar ti cle.

Abstrakt
Jednou z možných aplikací tenkých vrstev v praxi je
povlakování kontaktnì namáhaných souèástí a nástrojù pro 
zlepšení jejich povrchových vlastností. O vhodnosti
použití konkrétní tenké vrstvy rozhodují její mechanické
vlastnosti, charakterizované z èásti také elastickými kons -
tantami (Youngùv modul a Poissonovo èíslo). Zjiš•ování
tìchto velièin klasickými metodami známými z mìøení
kompaktních objemových vzorkù však není možné. Pro

stanovování elastických velièin v tenkých vrstvách proto
vznikly nové metody. Jednou z perspektivních je tzv.
metoda LAW (La ser Acous tic Waves), založena na
kalkulaci elastických konstant ze šíøení povrchového
akustického vlnìní. V èlánku je tato metoda blíže charak -
teri zována. Je vysvìtlen její princip, jsou uvedeny pod -
mínky jejího užití a je porovnána s nìkterými dalšími
metodami. Byla provedena mìøení na tenkých vrstvách
amorfního køemíku (aSi) a karbidu køemíku (SiC), nane -
sených magnetronovým naprašováním na substrát z
køemíkového monokrystalu. Pøi praktickém užití se též
ukázaly jisté problémy a nevýhody této metodiky mìøení.
V závìru èlánku je nastínìno jejich možné øešení.

1.  Úvod

Jako vìtšina velièin charakterizujících daný materiál je
i hodnota modulu pružnosti urèena jeho vnitøní stavbou.
Podle namìøených hodnot a díky znalosti velikostí
elastických konstant kompaktního materiálu, lze usuzovat
na vnitøní uspoøádání materiálu tenké vrstvy. Napø.
v uhlíkových vrstvách se mùže Youngùv modul pružnosti
pohybovat v rozmezí hodnot 100 GPa až po 1000 GPa.
Široký rozsah hodnot této velièiny je zpùsoben rùznými
modifikacemi uhlíku, jež mohou být ve vrstvì zastoupeny
v libovolném pomìru. Ze znalosti složení, modulu
pruž nosti v tenké vrstvì a složek v kompaktním tvaru, které 
se v povlaku vyskytují, je možno ve vrstvì odhadnout
jejich pomìrné zastoupení.

Youngùv modul a Poissonovo èíslo charakterizují
tuhost materiálu a patøí k dùležitým velièinám popisující
mecha nické vlastnosti tìlesa. U látek, které obsahují
kovalentní vazbu, tj. u vìtšiny tvrdých povlakù, existuje
pøímá souvislost mezi hodnotou Youngova modulu


