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Coefficient of thermal expansion and elastic modulus of thin films
M. M. de Lima, Jr.,a) R. G. Lacerda, J. Vilcarromero, and F. C. Marques
Universidade Estadual de Campinas, Unicamp, Instituto de Fı´sica ‘‘Gleb Wataghin,’’
13083-970 Campinas SP, Brazil

~Received 2 June 1998; accepted for publication 19 July 1999!

The coefficient of thermal expansion~CTE!, biaxial modulus, and stress of some amorphous
semiconductors~a-Si:H, a-C:H, a-Ge:H, anda-GeCx:H! and metallic~Ag and Al! thin films were
studied. The thermal expansion and the biaxial modulus were measured by the thermally induced
bending technique. The stress of the metallic films, deposited by thermal evaporation~Ag and Al!,
is tensile, while that of the amorphous films deposited by sputtering~a-Si:H, a-Ge:H, and
a-GeCx:H! and by glow discharge (a-C:H) is compressive. We observed that the coefficient of
thermal expansion of the tetrahedral amorphous thin films prepared in this work, as well as that of
the films reported in literature, depend on the network strain. The CTE of tensile films is smaller
than that of their corresponding crystalline semiconductors, but it is higher for compressive films.
On the other hand, we found out that the elastic biaxial modulus of the amorphous and metallic films
is systematically smaller than that of their crystalline counterparts. This behavior stands for other
films reported in the literature that were prepared by different techniques and deposition conditions.
These differences were attributed to the reduction of the coordination number and to the presence
of defects, such as voids and dangling bonds, in amorphous films. On the other hand, columnar
structure and microcrystallinity account for the reduced elasticity of the metallic films. ©1999
American Institute of Physics.@S0021-8979~99!01021-X#
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I. INTRODUCTION

Thin films have been used in a large variety of techn
logical applications such as solar cells, antireflective co
ings, field effect transistors, position sensors, opti
waveguides, optical memories, strain gauges, photo
graphic masks, protective coatings, and electric contacts.
knowledge about the mechanical properties of these ma
als, such as the stress, the elastic modulus, and the coeffi
of thermal expansion~CTE!, is of great interest since thes
parameters are important to determine the stability and
ability of the devices manufactured.

The stress developed in amorphous materials create
fects such as pinholes and cracks, which hinders its us
technological applications. For instance, diamond-like c
bon films with thickness higher than few tenths of micro
peel off the substrate with time due to their high stres1

There are different sources of stress:~1! in amorphous films
prepared at high temperature,thermal stressis generated due
to the difference in the CTE of the film and substrate.2 In
order to reduce the thermal stress a good match betwee
expansion coefficient of the film and substrate is requir
The intensity of the thermal stress also depends on the el
modulus;~2! the film1substrate interface is also a source
stress, known asinterfacial stress, which appears due to dif
ferences between structural properties of the film and s
strate; and~3! the growth mechanism generates stress in
bulk of the films, theintrinsic stress, which depends on the
technique used and on the preparation conditions.3,4 It is well

a!Author to whom correspondence should be addressed; electronic
mmlimajr@ifi.unicamp.br
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accepted that the intrinsic tensile stress is due to some so
defect, especially voids and columnar structures. The or
of the compressive stress, on the other hand, is not clear
but it is apparently associated with the presence of conta
nants, such as argon, oxygen, and hydrogen.5

The stress of amorphous thin films has been measu
by a number of techniques such as x-ray diffraction,4,6 Ra-
man spectroscopy,7 mechanical profilometry,5,8–10 and the
bending beam method.4 The elastic constants have been d
termined by nanoindentation,11,12 Brillouin scattering,13 and
acoustic microscopy.14 Since the Young’s modulus and th
Poisson ratio always appear combined, they cannot be
tained using just one of the above mentioned techniques
order to obtain these parameters one needs to use at leas
different techniques. For example, using nanoindentation
Brillouin scattering, Jianget al. determinedE and n sepa-
rately for a-C:H ~Ref. 8! and a-Si:H.9 The CTEs of
a-Si:H,15–17 a-Ge:H,5,15 a-C:H,18 a-Ge12xNx:H,19,20

a-Si12xOx:H,16 Al,21 and Cr,22 have been obtained using
technique, thermally induced bending~TIB!, based on the
determination of the curvature of the film1substrate com-
posite as a function of temperature. Recently, x-r
diffraction23 and dilatometry24 have also been used to dete
mine the thermal expansion coefficients of some meta
films.

However, very little is known about the CTE of thi
films, for both amorphous and polycrystalline. In additio
there are no theoretical or experimental systematic studie
explain the CTE of thin films. The reason is probably due
the lack of experimental data. For instance, there is onl
couple of data reported fora-Si:H and a-Ge:H which are
two of the most studied amorphous semiconductors.5,15–17
il:
6 © 1999 American Institute of Physics
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4937J. Appl. Phys., Vol. 86, No. 9, 1 November 1999 de Lima, Jr. et al.
Although it is well known that the thermomechanical pro
erties of thin films are strongly related to the film structu
such as defects, voids, network strain, and the mean coo
nation number, a complete study relating these properties
not yet been reported. Therefore, it is of fundamental imp
tance to determine the dependence of the biaxial mod
and CTE of amorphous semiconductors and metallic films
the film structure. The main purpose of this article is to p
vide an analysis of the biaxial modulus and the coefficien
thermal expansion of several amorphous semiconductors
metallic thin films.

II. EXPERIMENT

A. Sample preparation

The a-C:H films were deposited by methane plasm
decomposition.25 All the other amorphous semiconducto
were deposited in a Leybold–Heraeus Z-400 rf sputter
system. Argon plus hydrogen atmospheres were used fo
deposition of thea-Ge:H,26 a-Si:H,27 and a-Ge0.73C0.27:H
~Ref. 28! films by sputtering Ge, Si, and composed Ge
targets, respectively. The Ag and Al films were deposited
531026 mbar pressure, at room temperature, by conv
tional thermal evaporation. For a more detailed descript
concerning the preparation conditions of the above m
tioned amorphous semiconductors the readers are referr
the references cited. The structure of the Ag and Al films
not been checked. However, detailed descriptions of
structure of metallic films, including samples prepared un
similar conditions, are found in Refs. 29–33. The film thic
ness, measured by an Alfa Step profilometer, is in the 0
4.8 mm range. The typical deposition rates were from 0.5
2.0 Å/s, except for the silver and aluminum films, whic
were deposited at approximately 20 Å/s. The films were
posited on different substrate strips (2534 mm2), at the
same run. Table I shows the elastic properties, CTE,
thickness of the substrates adopted.34–38

TABLE I. Thickness, biaxial modulus, and coefficient of thermal expans
of the substrates used to determine the biaxial modulus and coefficie
thermal expansion of the thin films mentioned in Sec. II A.

Substrate

Biaxial
modulus
~GPa!

CTE
(1026 °C21)

Thickness
~mm!

Silicon
^111&

229a 2.6d 0.38

Germanium
^111&

184a 6.0e 0.37

7059
Corning Glass

95.7b 4.6b 0.41

211
Precision Glass

95.5c 7.4c 0.56

aSee Ref. 34.
bSee Ref. 37.
cSee Ref. 38.
dSee Ref. 35.
eSee Ref. 36.
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B. Coefficient of thermal expansion and biaxial
modulus measurements

In this work, several films have been prepared and m
sured by the TIB technique. Using only this technique, o
can determine simultaneously the stress, the biaxial mod
E/(12n), and the coefficient of thermal expansion of th
films.

The curvatures of the film1substrate structures were d
termined by the bending beam method using the sys
sketched in Fig. 1.39 The use of two laser beams allows sta
measurements, i.e., without any mechanical movem
which is not possible using a single laser beam. This i
great advantage over other reported apparatus in which
curvature is obtained by either scanning a laser beam ov
fixed sample or moving the sample while it is being scann
by a stationary laser beam.40–42In these kinds of systems, th
measurement of the curvature can be largely influenced
small deviations of either the laser beam or the sample p
tion. The use of two laser beams, as in Fig. 1, avoids
problem. In addition, it substantially reduces the time sp
in each measurement, making it possible to continuously
quire data as a function of temperature.

The stress of a thin film, deposited on a substrate, wh
has a length that is much greater than its width and thickn
is given by the modified Stoney equation:43,44

s5@Es /~12ns!#ts
2/6t f~1/R21/R0!, ~1!

whereE, v, andt are the Young’s modulus, Poisson’s rati
and thickness, respectively. The subscriptss and f refer to
substrate and film, respectively. 1/R0 is the curvature before
the film deposition and 1/R is the curvature after the depos
tion.

Before the curvature measurements a 2-h annea
140 °C was performed under vacuum to obtain a structu
relaxation of the samples. This is mainly important for m
tallic films in order to avoid problems related to yield an
flow plasticity. The data were taken during the cooling pr
cess~from 140 °C to room temperature! at a rate of about
1 °C/min. Figure 2 displays the results obtained for alum
num and silver films deposited on a 7059 Corning Gla

of

FIG. 1. Schematic diagram of the apparatus used to determine the curv
as a function of temperature.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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4938 J. Appl. Phys., Vol. 86, No. 9, 1 November 1999 de Lima, Jr. et al.
substrate. ‘‘Continuous’’ curves could be obtained due to
use of two laser beams adopted in our apparatus setup.
curves are reasonably linear from room temperature
100 °C ~a similar behavior was also obtained for the oth
substrates!.

The stress versus temperature dependence is give
the relation2

ds/dT5@Ef /~12n f !#~as2a f !. ~2!

This equation involves three unknown parameters;Ef , n f ,
and a f . The coefficient of thermal expansiona f and the
biaxial modulus Ef /(12n f) can be determined simulta
neously, since the temperature dependence on the stres
the same film deposited on two different substrates is kno
They can be readily obtained by solving tw
equations5,15,16,19,20of the form given in Eq.~2!, or by plot-
ting two Ef /(12n f) vs a f curves to find their
intersection.45,46 In this work, we used more than two sub
strates to improve the results.18,47,48

III. RESULTS

Figure 3 shows the stress as a function of temperatur
an a-Si:H film deposited on different substrates. The ne
tive sign means that the stress is compressive. It can be
ticed that the slope of thes vs T curve changes from nega
tive to positive, depending on the CTE of the substra
according to relation~2!. A negative slope means that th
thermal expansion of the film is higher than that of the s
strate. For instance, Fig. 3 shows that the thermal expan
of a-Si:H is higher than that ofc-Si. The slopesds/dT of
these curves were plotted againstas ~Fig. 4! in order to
evidence the linear regression used to obtain the best solu
for the set of four equations of the form given in Eq.~2!. The
slope of the solid curve is the biaxial modulus and the int
section between the solid curve and theas axis is the CTE of
the film.

Adopting this procedure, we determined the above
rameters for several semiconductors and metallic thin fi
~Table II!. The stress at room temperature and the film thi

FIG. 2. Temperature dependence of the stress of silver and aluminum
deposited onto 7059 Corning Glass.
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ness are also quoted in Table II. It also includes several d
reported by other laboratories, of thin films prepared a
measured by different methods. The works that used te
niques such as x-ray diffraction or dilatometry determin
only the CTE, since these techniques do not allow obtain
the biaxial modulus. The opposite occurs for nanoindenta
and Brillouin scattering measurements, which give only
elastic constants.

The biaxial modulus and the coefficient of thermal e
pansion are expected to depend on the hydrogen conce
tion of the hydrogenated amorphous films. In the case
a-Ge12xCx:H alloys that were prepared in this work, and
other alloys reported in literature, both the biaxial modu
and thermal expansion might also depend on the film co
position.

A comparison between the CTE and the biaxial modu
of amorphous and crystalline materials is shown in Figs

s

FIG. 3. Temperature dependence of the stress of ana-Si:H sample depos-
ited at different substrates:~a! ^111& silicon; ~b! 7059 corning glass;~c!
^111& germanium; and~d! 211 precision glass.

FIG. 4. ds/dT of ana-Si:H thin film as a function of the thermal expansio
coefficient of the substrates. The straight line is a linear fitting from wh
the biaxial modulus and thermal expansion coefficient are obtained.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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TABLE II. Biaxial modulus, coefficient of thermal expansion, and stress at room temperature of amorphous semiconductors and metallic thin filmed
in this work. The film thickness and the deposition technique are also included.

Material
Stress
~GPa!

Biaxial modulus
~GPa!

CTE
(1026 °C21)

Film thickness
~mm!

Preparation
technique Reference

a-Si:H 20.69 130610 4.560.4 3.6 rf sputtering This work
a-Si:H 20.3 140610 3.060.3 ;1 rf sputtering 15
a-Si:H — 150 4.4 1–10 PECVD 16
a-Si:H 20.14 150 — 0.5 rf sputtering 8
a-Si — 130 — 0.27 ion implanted 14
a-Si 10.15 135 ;2.4 2.1 ion implanted 17
a-Ge:H 20.45 8367 8.060.7 3.0 rf sputtering This work
a-Ge:H 20.36 120610 7.960.7 ;1 rf sputtering 15
a-Ge:H ;20.3 110 7 ;2 PECVD 5
a-C:H 22.00 130610 3.060.2 0.84 PECVD This work
a-C:H 23 170 2.3 0.06–0.08 ion-assisted CVD 18
a-C:H 24 180 — .0.5 PECVD 8
a-C(;16%sp3 C–C) — 250a — 0.2–0.5 ion-beam-assisted

magnetron
11

ta-C(;75%sp3 C–C) — 550a — 0.11 pulsed laser 12
a-Ge0.73C0.27H 20.06 200620 5.560.5 1.0 rf cosputtering This work
Ag 10.27 50610 3366 4.8 thermal evaporation This work
Al 10.13 62610 3466 0.4 thermal evaporation This work
Al ;20.08 39 32 0.24 thermal evaporation 21
Al 10.18 — 22 0.72 sputtering 23
Cr 10.7–10.9 100–180 1–5 0.22 thermal evaporation 22
Fe40Ni40P14B6 — — 10.8 50 quenching 50
Fe32Ni36Cr14P12B6 — — 13.5 50 quenching 50
Fe78Mo2B20 — — 8.6 50 quenching 50
nc-Fe78B13Si9 — — 14.160.5 ;30 annealing quenched

sample
51

a-Fe78B13Si9 — — 7.460.5 ;30 quenching 51
nc-Ni–P — — 16–20 ;20 annealing quenched

sample
52

a-Ni–P — — 14.2 ;20 quenching 52
nc-Se — — 9.5–12.5 — annealing quenched

sample
53

aNanoindentation data (E/12n2).
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and 6, respectively. They show that the CTE of most films
higher than that of their corresponding crystalline, and
biaxial modulus is always smaller. In order to make it cle
that the biaxial modulus of the thin films are smaller th
those of the crystalline structures, we plotted Fig. 6 using

FIG. 5. Coefficient of thermal expansion of several amorphous semicon
tors and metallic thin films compared with their crystalline counterp
Circles are data from this work and squares are data obtained from
literature. The full points are amorphous semiconductors and the open p
are metallic films. The straight line~slope one! represents the situation in
which the CTE is equal to that of the crystalline. For additional informat
concerning the film properties shown, see Table II and references ther
Downloaded 28 Aug 2002 to 129.169.8.153. Redistribution subject to A
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crystalline orientation with the smallest biaxial modulus, i.
^100&.34 Data reported by other laboratories are also includ
in these figures.

For metallic films, yielding and plastic flow hinder th
determination of elastic constants by the TIB techniq
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FIG. 6. Biaxial modulus of several amorphous semiconductors and met
thin films compared with their crystalline counterparts. Circles are data f
this work and squares are data obtained from the literature. The full po
are amorphous semiconductors and the open points are metallic films.
straight line~slope one! represents the situation in which the biaxial mod
lus is equal to that of the crystalline. For additional information concern
the film properties shown, see Table II and references therein.
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4940 J. Appl. Phys., Vol. 86, No. 9, 1 November 1999 de Lima, Jr. et al.
which requires an elastic behavior. However, since we
nealed all the samples before the measurements, the stre
temperature dependence on the metallic films also shows
ear elastic behaviors~see Fig. 2!, allowing the use of the TIB
technique. In the range of low temperature adopted in
work ~from room temperature to 100 °C!, a linear behavior
has also been observed for other materials such as alum
composites49 and Fe alloys,24,50measured while the tempera
ture was cooling down, after an annealing step. And
same was observed for NiP,51 Fe78B13Si9,

52 and Se,53 synthe-
sized by the annealing of a melt-quenched amorph
sample.

IV. DISCUSSIONS

The stress of thin films has been associated with
structural properties.4,10,54,55Films with tensile stress usuall
have a high density of defects, such as voids and colum
structures. This is probably the case of the tensile silver
aluminum films prepared by thermal evaporation~see Table
II !. It is well known that films deposited by this techniqu
are usually tensile.4 On the other hand, films with compres
sive stress have better structural properties. For exam
electronic qualitya-Si:H and a-Ge:H films prepared by
glow discharge are compressive,42,54 and a rough empirica
relation between stress and electronic properties has alr
been observed fora-Ge:H.56 Even though no systemati
study of a-Si:H had been performed, a relation similar
that reported fora-Ge:H is expected, judging by some parti
results reported in the literature.10,57–59Thus, the compres
sive stress obtained in our films prepared by sputter
~Table II! is an indication that they have good structu
properties. That is also supported by infrared spectrosc
which does not show any absorption bands associated
contamination of the films several months after depositio

The coefficient of thermal expansion of all films pr
pared in this work is higher than that of their crystallin
counterparts~see Fig. 5, circles!. For amorphous semicon
ductors, this trend stands for many other data reported in
literature, except for onea-Si:H reported by Volkert17 with a
CTE smaller than that ofc-Si. These differences are relate
to variations in the interatomic potential between the crys
line and amorphous phase, and between films with differ
structures. It is well known that amorphous semiconduct
have structural defects such as dangling bonds, hydro
and voids, which alter the interatomic potential. In additio
after deposition, these kinds of materials frequently pres
internal stress that modifies the interatomic equilibrium p
sition. Figure 7 shows the difference between the CTE
a-Si:H ~or a-Ge:H! CTE of its correspondent in the crysta
line phase, normalized by the CTE of the crystalline ph
(Da/as), as a function of the stress of the sample. The
havior of both films is very similar, probably because th
have very similar structures. It is interesting to observe t
both materials show a clear tendency to reduce the CTE
the stress changes from compressive to tensile. Moreo
the CTEs of compressive films are higher than those of t
corresponding crystalline semiconductors, but they
smaller for tensile films. This may explain why most r
Downloaded 28 Aug 2002 to 129.169.8.153. Redistribution subject to A
-
s vs
n-

is

um

e

s

s

ar
d

le,

dy

g,
l
y,
ith

he

l-
nt
rs
n,
,
nt
-
f

e
-

t
as
er,
ir
e

ported CTEs are higher than those of their correspond
crystalline~Fig. 5! since these measurements have been
formed in good quality materials, most of them with com
pressive stress. The data also suggest another impo
property, i.e., unstressed amorphous silicon and german
films have CTEs that are approximately equal to those
crystalline silicon and germanium, respectively. In oth
words, the changing from crystalline to amorphous struct
does not significantly affect the thermal expansion coe
cient. The deviation observed here is attributed mainly to
strain of the film network, rather than to the structur
changes such as void-like defects, dangling bonds, and
drogen concentration.

The dependence of the CTE on the stress is some
expected. When a film has compressive stress, for instanc
means that the film expands itself along the substrate un
reaches equilibrium. In this case the film bonds are tens
and their lengths become longer than those of their co
sponding crystalline semiconductors. Thus, the interato
potential is modified and the CTE is expected to change
tension strain tends to make the interatomic potential m
asymmetric around the minimum, such that an increase
the CTE is expected. The opposite should occur for fil
with tensile stress. In fact, a recent theoretical work by F
bian and Allen,60 using the Stillinger–Weber potential, pre
dicted that the application of some strain in amorphous s
con bonds modifies its expansion coefficient. Even thou
they do not propose a specific model for its variation cau
by the presence of macroscopic stress, the results show
Fig. 7 for amorphous silicon films are in qualitative agre
ment with their prediction. The data for amorphous germ
nium have the same behavior, and should follow the sa
model, sincea-Ge:H anda-Si:H have similar structures
both being tetrahedral covalent amorphous semiconduc
To better establish these finds of amorphous semiconduc
more data are necessary, and a theoretical model to exp
them is still needed.

The metallic films studied in this work, aluminum an
silver, and almost all films reported in literature have CT
higher than those of their crystalline counterpart. There
some exceptions, such as the series of chromium films

FIG. 7. The difference between the CTE of tetrahedral amorphous semi
ductors and their crystalline counterparts normalized by the crystalline v
(Da/acryst) as a function of the stress, which changes from compres
~positive values! to tensile~negative values!. Full points are silicon samples
and open points are germanium films~data from literature are included!.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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4941J. Appl. Phys., Vol. 86, No. 9, 1 November 1999 de Lima, Jr. et al.
ported by Janda,22 and aluminum reported by Kraft an
Nix,23 see Fig. 5. No clear dependence of the CTE on
stress was observed. There must be other contributions to
change in the CTE of metallic films. A possible one could
the crystallinity of the films, as has been suggested in a st
of Se, NiP, and Pd films51,53,61 ~also included in Fig. 5!.
These works relate the CTE~measured by x ray! to the nano-
crystal sizes. The CTE tends to increase when the grain
decreases.61 So, as the structure changes from monocrys
line ~infinite grain size! to polycrystalline~the usual structure
of thin metallic films! one should expect the expansion c
efficient to increase, which is the case of most films. T
amorphous phase~zero grain size!, on the other hand, ha
been found to have a thermal expansion smaller than tha
the nanocrystalline phase,51,52 but which is still higher than
that of the crystalline phase. The chromium data do not fi
that explanation~see Fig. 5!. However, even though thes
data have also been determined using the TIB technique
samples were deposited on only one anisotropic subst
and the curvature measurements were obtained only a
deposition ~in some cases above 250 °C! and room
temperature.22 Thus, it is not clear whether or not they hav
been measured in the elastic regime. In addition, they h
very high tensile stress, which suggests that they may h
suffered plastic deformation during the measurements.
course the grain size is not the only feature contributing
the behavior of the thermal expansion. Crystallographic
entation and elastic anisotropy can also contribute to cha
the thermal expansion. More systematic studies need to
performed to clarify the behavior of the thermal expansion
metallic films.

The biaxial modulus of all films reported in this wor
and by other laboratories,~see Fig. 6! are smaller than thos
of their crystalline counterparts, which must be related
structural defects. One may think that the residual str
could also induce some changes in the elastic constant
was observed in the CTE of the amorphous semiconduc
Figure 8 displays the reduction in the biaxial modulus n
malized by their crystalline counterpart values, as a funct
of the stress. No clear dependence on the stress was obs

FIG. 8. The difference between the biaxial modulus of the amorphous
polycrystalline films and their crystalline counterparts normalized by
crystalline value as a function of the stress, which changes from comp
sive ~positive values! to tensile~negative values!. Full points are semicon-
ductors and open points are polycrystalline films~data from literature are
included!.
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for each series of films, although a rough trend is obser
when we consider all films. However, this may not be as
ciated with the network strain, but with the concentration
structural defects. As stated above, the stress is strongly
lated to defects, and tensile films are more defective t
compressive films. Of course, the nature of the defects
polycrystalline metals is different from the one in amorpho
semiconductors, but they both contribute to weaken the
work rigidity.

The carbon films were not included in Fig. 8, since, as
is well known,a-C:H films have different structures~poly-
meric, graphitic, and diamond-like! due to the carbon ability
to make bonds withsp3, sp2, and sp hybridization. How-
ever, their elastic constant can be explained by the chang
the coordination number as modeled by He and Thorp62

and observed experimentally by Robertson.63 It is observed
~Fig. 6! that the biaxial modulus ofa-C:H films increases
toward that of diamond, as thesp3 concentration increase
~i.e., as the coordination number increases!. The elastic
modulus ofa-C:H films is also affected by the hydroge
concentration, which contributes to the reduction in the
erage coordination number.

V. CONCLUSION

The coefficient of thermal expansion ofa-Si:H and
a-Ge:H films seems not to be affected by the structu
changes, from the crystalline to the amorphous phase. It
observed that it is much more influenced by the netw
strain, being higher than that of their corresponding crys
line semiconductors for films with compressive stress, a
smaller for tensile films. The biaxial modulus of all film
developed here and of all those reported in the literature
smaller than those of their crystalline counterpart. In orde
understand better these properties of amorphous and me
films, more data are necessary, and besides that, theore
models to explain the finds of this work are still needed.
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