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Abstract—Optical, electronical and structural properties
of thin films have been largely reported on liten@t On

the other hand, thermal properties have receivétieli
attention. Here we adopted two different technigtes
determine thermal and elastic constants of thimgil The
first was the bending beam technique, based on a
deflection of a laser beam, used to determine alléus of
curvature of the film/substrate composite, allowing
extracting the stress of thin films. By making ¢hes
measurements in substrates with different coefficad
thermal expansion we can also obtain a mixed elasti
constant (biaxial modulus) involving a combinatifrthe
Young's modulus and the Poisson’s ratio. Combining
these results with a second technique, i.e.,
nanoindentationmeasurements, we demonstrate that on
can obtaina total of 5 different thermal and elasti
properties of thin films: stress, hardness, cogffit of
thermal expansion, Young's modulus and Poissottia ra
The procedure was used to obtain these parameters o
hydrogenated diamond-like carbon (DLC) thin films.
Keywords—Coefficient of thermal expansion, Young’'s
modulus, Poisson’s ratio, stress, hardness.

l. INTRODUCTION
Mechanical and structural properties of amorphauban
are largely reported in literature. However, thare few
works reporting the thermal properties, such as the
coefficient of thermal expansion (CTE) [1-4]. It veell
known that amorphous carbon tends to have higlssstre
[5,6] that hinders the measurements of propertied t
require relatively thick material, such as the nueasient
of thermomechanical properties. The high stresidithe
production of stable thin films with thickness ofwf
microns, which is necessary for the measuremetiheéo
CTE using the bending beam technique.
Here we report on a combination of the measureroént
two properties, stress and nanoindentation
(nanohardness), that allow the determination of 3
additional thermal and elastic properties of tliimg, i.e.,
the coefficient of thermal expansion, Young's madul
andPoisson’sratio. This procedure was adopted to
determine those parametersofamorphous hydrogenated
diamond-like carbon (DLC), a-C:H.
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I. EXPERIMENTAL
The DLC films were prepared by plasma enhanced
chemical vapor deposition (PECVD) on the cathode
electrode at high bias (800V) following descriptiof
reference [7].The films were deposited at room
temperature using a flow of methane (ldnd keeping
the pressure constant at 1.0Pa.
The measurement of the stress was performed by the
thermally induced bending (TIB) technique, which
comprise of the deflection a double beam laserafeck
with two mirrors) from the surface of the film. Bhi
procedure allows the determination of the curvatiréne
film/substrate sample from which one can obtain the
stress of the film. By making the measurement as a
function of temperature one also determines thertak
expansion coefficient of the film. Detailed destiop is
found in reference [3]. The hardness of the films
deposited on a silicon substrate was measured wsing
Berkovich diamond tip from a NanoTest-100 system an
adopting the Oliver and Pharr method [8].

M. THEORY
The stress g of the films were determined using the
bending beam technique, which consist in deterrgitine
curvature of a film/substrate composite before aftdr
the film deposition using the Stoney equation (9,1

)

Es
1—

s = (/64 (= 1)

Vs
whereE;, v, andt, are the Young's modulus, Poisson’s
ratio and thickness of the substrate, respectivly,and

R, are the radius of curvature of the film/substrate
composite and the blank substrate, respectively,tais

the film thickness.

For the determination of the coefficient of thermal
expansion one needs to perform measurements of the
stress as a function of temperature, as illustratddgure

la. The slope of the stress withtemperature &edlto

the thermal expansion coefficient of the film ) and
substrated;) by the equation [9,10]:
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Fig.1: Schematic diagrams of (a) stress (s) of filim as a function of temperature, (b) variatiohstress with temperature
(ds/dT) as a function of the coefficient of thermal expam®f the substraten() and (c) load as a function of tip
displacement in typical nanoindentation measurement

& = (LY (as — ap) @)

ar = “-vg

wheret; and v, are respectively the Young's modulus
and Poisson’s ratio of film. Thus, if one performs
measurements of stress as a function of temperature
different substrates, eq. 2 shows that the/dT versusg;

is a linear relation, where the intersection witte t
abscissa axis is the coefficient of thermal expamgi,)
and the slopekK;) is the biaxial elastic modulus of the

films, i.e.:
&)

U0~ B 1 - v @)

S

E; =

The hardness of thin films has been usually detezchi
using nanoindentation techniques with Berkovich
diamond tips and adopting the Oliver and Pharr rhode
[8]. Figure 1c displays a sketch showing the main
characteristics of the indentation process. A lpited

on the indenter is measured as a function of tpe ti
penetration (displacement). The final load is dateed

by the user and kept constant for a short periaithan
the indenter is unloaded. The hardnesk, is then
determined by:

Pmax
H=—=%= 4
where P, is the maximum load applied to the film and
A is the indented area of the diamond tip. The
measurement also allows the determination of thsetiel
constant by using the slope (stiffneS,extracted from
the upper part of the unloading curve, which isegivy

[8]:

s=®_2gp Vi (5)
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whereg,, is the reduced modulus given by:

1 _ a-v?) + (1-v}) ©)
Ey Ef E;

Whereg; andv; are the Young's modulus and Poisson’s
ratio of the indenter (diamond tip).

Since the properties of the diamond tip are knonah the
area can be determined by the tip geometry and
indentation depth, one can obtain the reduced mosdul
determined by the nanoindentation prodgssas [6]:

1 -vp?) 1 (1—1:?)(7)
Ey  Ef  Er E;

or

_ _Er
EH - (1—1;}) (8)

In summary, from stress as a function of tempeeatund
nanohardness measurements one obtains 5 thermal and
elastic properties of thin films: stress),(hardnessH),
coefficient of thermal expansiomy), and two reduced
elastic modulus, one obtained from stress vs. testpe
measurementsE( = Ef /(1 — vf), eq. (3) and the second
from hardness measureme#y,; (= E;/(1 — v}), eq. (8).
Note that both reduced elastic modulus are diffeirethe
exponent of the Poisson’s ratio, which is 1 forrdauced
modulus obtained from stress and 2 for hardness
measurement. That is an interesting result sineetwo
equations are independents, so they allow us taext
separately both the Young’'s modulug)( and the
Poisson’s ratio) of the film by solving the system of
equations (3) and (8). A similar procedure for detaing
separately the Young's modulus and Poisson’s hatie
also been proposed by Ferrai al [11], but using
Brillouin scattering in place of the bending beam
technique used here.
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V. RESULTS AND DISCUSISION
The above procedure was adopted to determine the
thermal and elastic properties of diamond-like (DLC
film. Figure 2 displays the stress)(as a function of
temperature of a DLC film deposited in 2 different
substrates: Precision glass 211 and Corning glass
7059.The negative value of the stress indicatestitess
is compressive, which has usually been observed in
amorphous carbon film [5,6]. The value is relatywkw
since the film was prepared at high bias produdng
material with high concentration of %Spbonds. The
positive slope ds/dTpf those curves indicates that the
thermal expansion coefficient of the film is smaltkan
those of the substrates, and the higher the difteréhe
higher the slope.

a-C:H

-0,82
Precision glass 211
P
o -0,844 ;
e gs
2 ar |
g :
big} '

-0,86 . B
Corning glass 7059

-0,88

20 40 60 80 100 120

Temperature (°C)

Fig.2: Stress as a function of temperature of a-@tis
deposited in two different substrates (Precisicsgl211
and Corning glass 7059).

The slope of the measurements displayed in Figin2he
plotted as a function of the coefficient of thermal
expansion of the substrates. In Fig. 3 we showxamele

of this procedure using a-C:H films deposited on 5
different substrates (silicon and germanium (111),
sapphire, Precision glass 211 and Corning glas®)705
One can observe that it follows a linear relatiathvthe
coefficient of thermal expansion of the substratdinear
fitting of the data gives a slopé& (= d(ds/dT)/dag =
E¢/(1 — vs) equal to 95GPa, and the intersection with the
abscissa gives the coefficient of thermal expansiotine
film (as)equal t02.2x10 C*, according to equation (2).
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Fig.3: Slope of stress versus temperature as atifumof
the coefficient of thermal expansion of the sulbetra

Table 1 presents the results obtained for the staesl
hardness measurementsof a-CH films deposited ob) (11
silicon substrates. The reduced biaxial modulus
determined by stress w&s=95GPa (Fig. 2), whereas the
reduced elastic modulus determined by
nanoindentationw&$,=GPa. The difference is due to the
fact that these reduced elastic moduli are differ&y
adopting the procedure described in the theoryisegct
one can use this difference to extract separatalyptire
Young's modulus E=77GPa) and the Poisson’s ratio
(»=0.19) of the a-CH film using equations (3) and (8)

Table.1: Thermal and elastic properties determined
through stress as a function of temperature and
nonoindentation and using the procedure describetthé

text.

Stress 0.87GPa
Hardness 14 GPa
Thermal expansion coefficient 2.2x1¢?
Biaxial modulusE/(1-v) 95 GPa
Reduced modulu€&/(1-V) 80 GPa
Young’s modulus 77 GPa
Poisson’s ratio 0.19

V. CONCLUSION

Measurements of stress as a function of temperatiire
thin films deposited on substrates with different
coefficient of thermal expansion supply an elastic
modulus different from the one obtained by
nanohardnessmeasurements. In this work we present a
procedure using these two techniques to obtainratga

the Young’s modulus and the Poisson’s ratio of thin
films.Thus, by adopting these two techniques one ca
determine 5 thermal and elastic properties of fhims:
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stress, hardness, coefficient of thermal expansion, Brillouin scattering”, Appl. Phys. Lett. 75, pp. 93
Young’s modulus and Poisson’s ratio. The procedae 1898.July 1999.

adopted to obtain those data from hydrogenatedatidm
like (DLC) carbon films, a-C:H.
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