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Abstract This work examines mechanical properties of

50–300 nm gold thin films deposited onto micrometer-

thick flexible polymer substrates by means of tensile test-

ing of the film–substrate system and modeling. The film

properties are extracted from mechanical testing of the

film–substrate system and modeling of the bimaterial.

Unlike materials in bulk geometry, the film elastic modulus

and yield strength present an important dependence with

film thickness, with modulus and yield strength of about

520 and 30 GPa, respectively, for the thinner films and

decreasing toward the bulk value as the film thickness

increases. The relation between grain size, film thickness,

and yield strength is examined. Finite element analysis

provides further insight into the stress distribution in the

film–substrate system.

Introduction

Given the fast growth and new challenges of nano-

technology, metallic and non-metallic thin films are

nowadays receiving renewed attention in the scientific and

technological community all over the world. Metallic films

are typically employed as coatings and interconnections in

microelectronics, solar cells, optical waveguides, photoli-

thographic masks, solid state devices, bioengineering, and

electronic textiles (E-textiles), among many others [1–5].

E-textiles, for example, are textiles that possess tiny

flexible electronic sensors and devices embedded into a

fabric to build human–device communication interfaces.

Those micro-circuits can be used, for example, to monitor

the steps of a jogger [6]. The new trends of nano-, micro-,

and macroelectronics demand portability and flexibility,

and flexible polymeric materials are ideal candidates for

such a task. Although mechanical properties of metallic

films have been studied to some extend, they are con-

ventionally deposited over rigid and brittle substrates (e.g.,

silicon). Experimental work as well as molecular dynam-

ics simulations point out that the elasto-plastic behavior of

thin metallic films with grain sizes in the nanometric range

can differ significantly to the mechanical behavior of

coarse grain materials [7–9]. As stated by Meyers et al.

[8], for ‘‘large’’ grain materials (d [ 1 lm) the mecha-

nisms governing plastic deformation are mostly work

hardening and unit dislocation grain. For very small grain

sizes (d \ 10 nm), intragranular dislocation activity

occurs and grain boundary shear may be the dominant

mechanism of deformation. The intermediate grain size

(10 nm \ d \ 1 lm), may possess contributions from

both regimes, and thus is the less understood. It has also

been observed that the substrate may play an important

role on the mechanical properties of the film, suggesting

that the film mechanical properties depend on the substrate

employed and thus further motivating the study of thin

metallic films over flexible polymer substrates [10, 11].

The most common methods employed for determination of

film mechanical properties are maybe those based on
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thermal bending, X-ray diffraction, and nanoindentation

[12–15]. Some research efforts have also been conducted

employing direct mechanical testing of the film–substrate

(bimaterial) system or free-standing films [16–19]. Yu and

Spaepen [19] investigated the behavior of yield strength in

0.25–2.85 lm Cu films over thin Kapton deposited by

electron beam evaporation. They found a strong depen-

dence of the yield strength with film thickness, which do

not follow the well-known Hall-Petch relation [20, 21].

The yield strength of the films examined in their work

showed a weak dependence with the grain size and the

increase in yield with decreased film thickness was

attributed to a ‘‘thickness effect’’. The film Young’s

modulus in Yu and Spaepen’s work, however, resulted

fairly independent of the film thickness, at least in the

thickness range examined. Macionzyk and Bruckner [22]

observed a Hall-Petch-type relation between the yield

strength and grain size by tensile testing 0.2–2 lm Al–Cu

films sputtered over a thin polyimide film, while the film

elastic modulus was close to the bulk value. Some other

works report that the elastic modulus of metallic nano-

structures increase with decreased thickness [23, 24].

Thus, it is clear that the mechanical properties of thin

films are overall dependent on the film thickness and

microstructure. The functional form of this relation

depends on several factors such as deposition technique,

amount of residual stresses, film texture, and grain size,

and thus they are still a matter of controversy.

In this study, 50–300 nm gold thin films were deposited

over two flexible polymer substrates and their mechanical

properties were investigated through tensile testing of the

film–substrate bimaterial and modeling. The size-depen-

dence of the mechanical properties and their relation to

grain size and film thickness are investigated. Finite ele-

ment analysis is also conducted to shed some light on the

stress distribution in the film–substrate system.

Experimental

Polymer substrate manufacturing

A commercial thermoplastic, Polysulfone (PSF) [25], and a

home-synthesized isophthalic polyester based on the

reaction of 4,40-(1-hydroxyphenylidene) phenol and isoph-

thaloyl dichloride (hereon referred to as ‘‘BAP’’) [26] were

used as raw materials for substrate production. Both mate-

rials present excellent thermal properties, which permits the

substrate to withstand the temperatures achieved during

film deposition by PVD (thermal deposition). Films were

prepared by solution casting from solutions containing

0.9 g of the polymer dissolved in 14 mL of dichlorometh-

ane. After dissolving the polymer, the solution was poured

into prefabricated aluminum rings (molds) located on top of

a smooth glass plate and maintained under dichloromethane

atmosphere. After evaporating the chloroform, the polymer

films (about 80 lm thick) were taken out of the mold and

dried in an oven at 100 �C for 24 h, to eliminate possible

remaining solvent. Polymer substrates for film deposition

were then cut to rectangular shapes of nominal dimensions

30 mm 9 5 mm 9 80 lm.

Film deposition

High purity (99.999%) gold splatters from CERACTM were

used for film deposition. Prior to deposition, the substrates

were cleaned in steps with soap, isopropyl alcohol and

rinsed with distilled water between each step. Gold films

with thickness of 50, 100, 200, and 300 nm were deposited

onto PSF substrates by thermal evaporation inside a vac-

uum chamber at 3 9 10-5 Torr. The deposition rate was

0.5 nm/s, controlled with a Maxtek TM-400 thickness

monitor and a quartz crystal. The source-to-substrate

distance within the vacuum chamber was 25 cm. To

investigate a possible substrate effect, a group of films with

thicknesses of 100 nm were deposited over BAP substrates.

All films of the same thickness were deposited at the same

time using a four replicate testing program.

Tensile testing

Tensile testing of Au/PSF (film thicknesses, 50–300 nm)

and Au/BAP (film thickness, 100 nm) specimens was

conducted to investigate the mechanical properties of the

Au films. Tests of the as-fabricated PSF and BAP sub-

strates (6 replicates) were also conducted as a baseline.

Tensile testing was conducted in a small testing machine

with a load cell of 200 N and a cross-head speed of

0.05 mm/min. The strain was calculated from the cross-

head displacement of the testing machine. The substrate

and bimaterial specimens were nominally 30 mm long and

5 mm wide with a span length of 20 mm. The nominal

substrate thickness was 80 lm for both types of substrates

employed.

Determination of film properties

The film mechanical properties were extracted from the

tensile response of the film/substrate system, considered as

a bimaterial. A simple ‘‘strength of materials’’ formulation

based on sum of forces and strain compatibility was used to

extract the film stress from the stress applied to the bima-

terial and generate stress–strain curves for the film.

Iterative finite element analysis of the bimaterial, allowed

further verification of the film elastic modulus as well as
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determination of the stress distribution in the film–substrate

system. Details of both analyses are discussed below.

Strength of materials formulation

Consider a film(f)–substrate(s) bimaterial as that sketched

in Fig. 1. The bimaterial has a length L, total thickness t

(= tf ? ts), and width w (= wf = ws). When a total force P

is applied to the film–substrate bimaterial the force is

carried by the film and substrate such as,

P ¼ Pf þ Ps ð1Þ

The total strain applied (e), on the other hand, is the same

for both material, i.e.,

e ¼ ef ¼ es ð2Þ

Using the one-dimensional Hooke’s law for stress–strain

for each material component, along with Eqs. 1 and 2 we

obtain,

Ef ¼
1

Af

ABimEBim � AsEs½ � ¼ 1þ ts

tf

� �
EBim �

ts
tf

� �
Es

ð3Þ

where A = wt is the cross-sectional area and sub-index

‘‘Bim’’ corresponds to the film–substrate bimaterial ABim ¼ð
w ts þ tfð ÞÞ:

Using Eq. 1 and the common definition of stress

(r = P/A), the film stress can be obtained subtracting the

substrate contribution from the total (applied) force,

rf ¼
1

Af

P� Ps½ � ¼ 1þ ts
tf

� �
rBim �

ts

tf

� �
rs ð4Þ

where rf and rs are the film and substrate stresses,

respectively, and rBim is the total stress applied to the bi-

material rBim ¼ P=w ts þ tfð Þð Þ:
Notice the importance of the ts/tf ratio in the relative

contribution of the film and substrate to the mechanical

response of the bimaterial. Equations 3 and 4 can also be

derived in terms of forces.

Usually, the substrate thickness is much greater than the

film thickness. For cases where ts � tf, Eqs. 3 and 4 sim-

plify to,

Ef ¼
ts

tf

� �
EBim � Esð Þ ð5aÞ

rf ¼
ts

tf

� �
rBim � rsð Þ ð5bÞ

Thus, if the specimen geometry is known and the bimate-

rial and substrate are tested recording stress–strain curves,

Eqs. 3 and 4 (or Eqs. 5a and 5b, if ts � tf) allow deter-

mination of the film elastic modulus and construction of the

film stress–strain curve. In this sense, the film mechanical

properties are obtained by difference between the substrate

and bimaterial curves. It is worth to mention that this

simple model predicts the film mechanical response based

on the bimaterial one; thus, any localized effect which is

not transferred to the stress–strain bimaterial response

would not be detected by this macroscopic model.

Finite Element Analysis

Two-dimensional linear elastic finite element analysis

(FEA) was conducted to obtain the elastic modulus and

stress distribution of 50–300 nm gold (Au) films deposited

onto 80 lm PSF substrates. Four-node linear interpolation

elements configured in plane stress were used for the film

and substrate. Each node of the element possess two

translational degrees of freedom, viz. displacements in the x

and y directions. The actual specimens have a span length of

20 mm, a nominal width (w) of 5 mm, and a nominal

substrate thickness (ts) of 80 lm. Since the model is two-

dimensional, the specimen width is used solely to scale the

predicted (unit width) displacement. Taking advantage of

the specimen symmetry, only 1/40 of the actual span length

(0.50 mm) was modeled. This simplification greatly redu-

ces the number of elements without changing the results

respect to a full model. The modeled specimen length

(0.50 mm) was uniformly divided in the longitudinal (y)

direction into 500 (tf = 300 and 200 nm) or 1000 elements

(tf = 100 and 50 nm), depending on the film thickness. The

different number of divisions in the longitudinal direction

was necessary to keep the elements aspect ratio below 20.

Two elements were used for the film in the through-thick-

ness (x) direction and a graded mesh was used for the

through-thickness substrate elements. For the substrate, the

thinnest elements share nodes with the film ones and the

thicker elements are located at the free surface. The smallest

substrate elements were of identical width to the film ones

(tf/2), while the larger ones were about 3.5 lm wide. Thus, a

typical model (tf = 100 nm) employed about 32,000 ele-

ments. The actual FEA mesh is too dense to visualize in a

full picture of the model, and thus it is not shown. The

bottom of the film/substrate system was enforced to zero

displacements in the y direction, simulating the clamping
Fig. 1 Schematic representation of the film/substrate bimaterial

system examined
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action of a tensile test rig. The corner nodes at the top (load

introduction) and bottom (clamped) edges of the specimen

were constrained to zero displacements in the transverse (x)

direction. To simulate uniform load introduction, all nodes

located at the top edge were constrained to have equal

displacement in the y-direction. A unit load (P = 1 N/m)

was applied to the top edge of the model. The elastic

modulus and Poisson’s ratio of the PSF substrate used in the

FEA were 735 MPa (measured) and 0.37 [25]. The Pois-

son’s ratio of the film was fixed at 0.38, according to

previous publications for (111) gold [27]. Since the film

modulus is unknown, an iterative process was established

for its determination via FEA. The procedure followed is

detailed in Ref. [28] and thus it will only be briefly outlined

here. In this method, a value of Ef is first assumed, FEA is

conducted and the elastic modulus of the film/substrate bi-

material (EBim) is calculated from the predicted

displacement response of the bimaterial. The assumed value

of the film modulus is then changed and the process repe-

ated, generating an Ef versus EBim curve. The value of Ef

that produces a value of EBim equal to that measured during

the film/substrate bimaterial tensile test corresponds to the

film elastic modulus predicted by FEA.

Results and discussion

Elasto-plastic properties of films

The mechanical response of the substrates was character-

ized first. Figure 2 shows representative stress–strain

curves of the PSF and BAP substrates. The average and

standard deviation values of strength, ultimate strain, and

elastic modulus are summarized in Table 1. The elastic

modulus was obtained from the initial slope (0.3–1.5%) of

the curves. Lower deformation levels (\0.3%) were not

used for modulus calculation since the difficulty to mount

such thin samples perfectly tautly in the test rig prohibited

extraction of meaningful data in that region. Both materials

show a linear elastic region at low attained strain followed

by a plastic region at large deformations. The BAP sub-

strate present markedly higher strength and slightly higher

modulus than the PSF one. The lower strength and modulus

of PSF with respect to BAP, however, may be beneficial to

extract the film properties from the bimaterial response,

since stiff and strong substrates may hinder the extraction

of mechanical properties of the film employing the method

proposed herein. Selected curves of the tensile response of

the film/substrate bimaterials examined are shown in

Fig. 3. The mechanical response of Au/PSF bimaterials of

different film thickness is shown in Fig. 3a, while the

response of the 100 nm Au film over a BAP substrate is

shown in Fig. 3b. The substrate curve is plotted as a

reference in Fig. 3. Failure occurred by film cracking and

loss of load bearing capacity, although the polymeric

substrate did not always fracture into two parts. A marked

increase in strength with respect to the substrate was

observed for all bimaterials, regardless of the substrate

employed and film thickness. As shown in Fig. 3, the

ultimate strain of the bimaterial (*4.5% for Au/PSF), is

substantially reduced with respect to that of the substrate

([10%), since the film ultimate strain is low and hampers

further deformation of the bimaterial. It is known that free-

standing films deform only a few percentage, typically

below 2% [17, 29]. The increased film ductility observed in

the film/substrate system is provided by the flexible sub-

strate, as discussed in previous publications [10, 11]. This

is a clear indication that the film mechanical properties are

substrate dependent. Furthermore, the Au/PSF (Fig. 3a)

and Au/BAP (Fig. 3b) curves for tf = 100 nm are some-

what different, with the BAP system providing improved

mechanical properties.

Stress–strain curves of Au films of different thicknesses

were extracted using the analytical method introduced

above, Eq. 5b. Figure 4 shows representative Au film

curves for each film thickness examined herein, extracted

from the curves of the Au/PSF bimaterials (tf = 50–

300 nm, solid lines) and from the Au/BAP ones

(tf = 100 nm, marked with empty circles). The curves

selected are the closer ones to the average values of all

replicates tested. From the curves extracted from the

Fig. 2 Tensile stress–strain curves for PSF and BAP substrates

Table 1 Mechanical properties of the examined substrates

Material E (MPa) rmax (MPa) eult (%)

PSF 735 ± 36.1 16.9 ± 2.76 27.6 ± 4.9

BAP 864 ± 30.4 24.5 ± 2.26 28.8 ± 2.5
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Au/PSF system, it is clear that the film thickness has a

marked influence on the strength and elastic modulus of the

film, with thinner films presenting superior mechanical

performance. Interestingly, the mechanical behavior of

films with tf = 100 nm extracted from the Au/PSF and Au/

BAP systems show important differences, with increased

strength and ultimate deformation (and thus toughness) for

the films deposited over the BAP substrates. The plastic

zone of the films deposited over the PSF substrates is very

much reduced, while a larger plastic zone is observed for

identical film thickness deposited over BAP. The increased

toughness of the Au film deposited over the BAP substrate

further suggests that the film mechanical properties are

substrate dependent.

Since the plastic zone of the Au films deposited over

PSF substrates is very limited, the offset method [30] was

used to determine its yield strength. In this method, a strain

offset is fixed (typically 0.2%) and a straight line parallel to

the initial slope of the r–e curve is drawn starting from the

offset point. The yield point is determined as the point

where the straight line intersects the actual r–e curve. For

the case of the Au films extracted from the Au/PSF system

(solid curves in Fig. 4), the value of the yield strength and

strain determined in this manner are very close to the

maximum stress (strength) and ultimate strain, given the

reduced extension of the plastic zone. For the 100 nm Au

films extracted from the Au/BAP system (curve with empty

circles in Fig. 4), on the other hand, the film yield strength

occurs at about 85% of the maximum stress experienced by

the film.

Film elastic modulus (Eq. 5a) and yield strength (0.2%

offset) versus film thickness are plotted in Fig. 5. Both

curves were obtained from Au/PSF. The film elastic

modulus (Fig. 5a) is about 520 GPa for 50 nm thick films

and decreases as the film thickness increases, approaching

typical values of gold in bulk geometry (77 GPa [31]) for

film thickness of 300 nm. The dependence of film Young’s

modulus with film thickness is a nonlinear relation which

may be influenced by the film microstructure, confinement

effects, and deposition method. The yield strength also

shows a dependency with the film thickness, presenting

significantly larger values of yield strength for the thinner

(50 nm) films. The mean yield strength predicted for the

50 nm thick films is 30.2 GPa, while that for the 300 nm

thick film is 3.85 GPa. These values are substantially

higher than the bulk value of 205 MPa reported in the

literature [31–34]. The average elastic modulus, yield

strength, and maximum stress of the 100 nm thick Au films

deposited over the BAP substrate were 271, 13.7, and

15.4 GPa, respectively. The difference of these values with

the corresponding values for Au films of the same thick-

ness but deposited over PSF substrates (367, 9.47, and

9.55 GPa, respectively) further highlights the substrate

Fig. 3 Tensile stress–strain curves for (a) Au/PSF bimaterials, (b)

Au/BAP bimaterial (tf = 100 nm)

Fig. 4 Stress–strain curves for Au films extracted from the difference

between Au/PSF and PSF (substrate) curves, Eq. 5b
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effect on the film mechanical properties. Some previous

results for nanostructured gold [33, 35–37] also report high

values of elastic modulus and yield strength.

SEM images of the films surface after testing were

obtained to investigate their fracture characteristics.

Figure 6 shows images of the film fracture surface for film

thickness of 50 (Fig. 6a) and 200 nm (Fig. 6b) deposited

over PSF. Irrespective of film thickness and substrate, the

fracture lines were observed forming angles ranging

between 60� and 90� with the direction of the applied load

(horizontal direction in Fig. 6), typical from cracks induced

by tension stresses. For the thinner films (Fig. 6a, scale bar

10 lm), the observed cracks are very narrow and shallow

as compared to those cracks observed for 200 and 300 nm

thick films (Fig. 6b, scale bar 50 lm). As observed in

Fig. 6b, the thicker films show a large extend of film

delamination, evidenced by the bright branching markings

adjacent to the crack lines. The cause of these delamina-

tions may be residual stresses build up during film

deposition. It is likely that a large amount of through-

thickness residual stresses accumulate during film deposi-

tion, which tend to release during tensile loading of the

film. The residual stresses build up during deposition

should be more severe for thicker films, promoting

delamination and earlier failure for thicker films. Obvi-

ously, the amount of residual stresses depends on the

deposition method.

Grain size dependence

In order to investigate a possible correlation between the

film microstructure and its yield strength, AFM images of

the film surface of as-grown samples were taken. Larger

grain sizes were observed for thicker films. Figure 7 shows

representative images (1 lm 9 1 lm) of the surface

topography for films of 50 (Fig. 7a) and 300 nm thickness

(Fig. 7b), where larger grains are observed for the thickest

film. The dependence of grain size with film thickness is

shown in Fig. 8a. The average grain size increases from 83

to 133 nm when the film thickness is increased from 50 to

300 nm. Although Fig. 8a evidences a dependence of the

grain size with film thickness, the observed dependence

seems to be relatively weak to justify the steep increase in

yield strength with decreased film thickness, see Fig. 5b.

For bulk materials, the relation between grain size (d) and

yield strength (ry) typically follows the well-known Hall-

Petch relation [20, 21],

0
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Fig. 5 Film elastic modulus (a) and 0.2% offset yield strength

(b) versus film thickness

Fig. 6 Fracture surfaces of Au films over PSF substrates. (a) tf =

50 nm, (b) tf = 200 nm
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ry ¼ ro þ k1d�n ð6Þ

where ro is the stress required to activate the gliding

process, k1 is the Hall-Petch coefficient of the material, and

n = 0.5 is the Hall-Petch exponent, as originally proposed

by these two authors. The first term in Eq. 6 represents the

bulk yield strength for large grained polycrystals, while the

second one represents the contribution from the grain

boundaries. It has been proposed that for thin films with

very fine grains (df � tf) the Hall-Petch exponent (n) may

differ to 0.5 [19]. It is also argued that for thin films, the

film thickness (film–substrate interface) may cause

confinement effects which affect the yield strength of the

film. Thus, it has been proposed that the grain size and

film-thickness contributions to the film yield strength may

be expressed as a generalization of the Hall-Petch relation,

i.e., [19],

ry ¼ ro þ k1d�n
f þ k2t�m

f ð7Þ

where the exponent ‘‘n’’ may divert from 0.5 and the

parameters ‘‘m’’ and k2 quantify the thickness contribution.

In reality, unless the grain size is independent of film

thickness, both effects are intrinsically related and may be

difficult to isolate. The dependence of the yield strength with

grain size for the Au films over PSF substrates examined

herein is shown in Fig. 8b. For our particular case, the yield

strength of the Au films cannot be fitted to a Hall-Petch-type

relation, Eq. 6, irrespective of the coefficient n used

(0 \ n B 1). The values of ry produced using Eq. 6 are

overly low, indicating that grain size is not the microstruc-

tural parameter governing yield strength in this case, and

Fig. 7 AFM micrographies of as-deposited Au films over a PSF

substrate. Image size is 1 lm 9 1 lm. (a) tf = 50 nm, (b) tf = 300 nm

Fig. 8 Relation between film thickness, grain size, and yield strength

for Au films over PSF substrates. (a) Film thickness vs. grain size,

(b) grain size vs. yield strength
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additional effects should account for the dependence of yield

strength with film thickness. A better fit to the experimen-

tally determined values was achieved by fixing ro =

205 MPa and n = 0.5, and varying the parameters k1, k2,

and m in Eq. 7. The best fit obtained (solid line in Fig. 8b)

corresponds to k1 = 150 MPa lm0.5 (0.15 9 106 Nm-3/2),

k2 = 1.26 GPa lm (1.26 9 103 Nm-1), and m = 1.

Reasonable variations in the values chosen for ro and n

did not produce further improvements in the fit. The values

found for these parameters are in the range of those found

for other material systems, where the film thickness

exponent m was found to be 1 [19, 38, 39]. This indicates

that, for our case, the confinement effect caused by the free

surface of the thin film and film/substrate interface influ-

ence the film yield strength much stronger than the grain

size. As observed in Figs. 5 and 8 this effect is particularly

important for the thinner (50 nm) films. As mentioned

previously, residual stresses in the film arising from film

deposition may considerably affect the film yield strength.

The increase in yield strength for thin films has also been

explained using crystal plasticity models by variations in

the grain orientations through the film thickness, as well as

surface hardness due to oxidation [40].

Finite element investigation

The film elastic modulus was determined by FEA using the

iterative process described previously. FEA predictions of

the film modulus for each film thickness of the Au/PSF

system examined herein are presented in Table 2, along

with the predictions of the strength of materials formula-

tion, Eq. 5a. Remarkable agreement between FEA

predictions and those from the strength of materials for-

mulation are observed. It is important to highlight that both

formulations rely on determination of the substrate and

bimaterial modulus from separate tensile testing. The film

elastic modulus increases as the film thickness decreases,

which may be caused by thickness confinement effects that

create strain gradients within the thin film which modify

the elastic response of the material.

In order to investigate the stress distribution in the film

and substrate, the film elastic modulus determined from

FEA (Table 2) was fed into the model along with the

substrate modulus (Es = 735 MPa). A unit stress r0 was

applied by means of a unit tensile load (P = 1 N/m)

applied to the bimaterial and the stress distribution was

extracted by mapping the nodal stresses into a predefined

path, located at a cross section at the mid-length (y = L/2).

Figure 9 presents the longitudinal (ry) and transverse shear

(sxy) stress distribution normalized by the applied (unit)

stress r0, for the four film thicknesses examined in this

study. As shown in Fig. 1, the x-coordinate here represents

the through-thickness (transverse) direction, with x = 0

corresponding to the free surface of the film, and

x = 80 lm ? tf corresponding to the free surface of the

substrate. Since the coordinate x is the through-thickness

direction, sxy represents an interlaminar stress. The longi-

tudinal stress distribution, Fig. 9a, evidences that a large

amount of the applied stress is carried by the thin film,

which decays rapidly to a plateau region of constant stress

within the substrate. Thus a large amount of the applied

stress is carried by a thin region of high modulus (film)

while the remaining stress is more evenly distributed

Table 2 Au film elastic

modulus predicted using FEA

and Eq. 5a

tf (nm) Ef (GPa)

FEA Eq. 5a

50 519 522

100 354 367

200 189 191

300 102 102

Fig. 9 Stress distribution in Au/PSF bimaterials as a function of the

thickness coordinate (x). (a) Longitudinal stress (ry), (b) transverse

shear stress (sxy)
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within the thicker and more compliant substrate. The peak

stress reached in the film increases as the film thickness

decreases, as a consequence of the higher elastic modulus

employed for the thinner films. For the transverse shear

stress, Fig. 9b, the symmetric parabolic distribution

expected for a homogeneous material is disrupted by the

presence of the thin and stiff film, causing a steep jump in

stress followed by a smoother parabolic distribution within

the substrate. As for the longitudinal stress, the peak stress

is larger for thinner films due to their higher modulus.

Although transverse shear stresses certainly promote film

delamination, the low magnitude of sxy attained with

respect to the applied stress (sxy/r0 * 10-9) suggests that

this stress by itself is not the one triggering film delami-

nation. Therefore, additional effects such as residual

stresses build up during film deposition should be the ones

causing film delamination of the thicker films, Fig. 6b, as

pointed out previously.

Conclusions

Mechanical properties of 50–300 nm thick Au films over

two different flexible polymer substrates (PSF and BAP)

have been examined experimentally and numerically.

Contrary to large grained bulk materials, the film elastic

modulus and yield strength were found to depend on the

film thickness, with thinner films presenting stiffer and

stronger behavior. The stress distribution predicted by FEA

confirm the larger load bearing capacity of thinner films.

The film elasto-plastic properties were somewhat different

depending on the polymer substrate employed, suggesting

that the substrate mechanical properties influence the film

ones. Thus, the mechanical properties of thin films are

believed to be substrate dependent, at least to certain

extend. The relation between film yield strength and grain

size did not follow the Hall-Petch relation, and additional

effects such as film thickness seem to play a more impor-

tant role on the film yield strength. Several reasons such as

deposition method, substrate type, processing parameters,

thermal history, intrinsic (residual) stresses, thickness

confinement, grain size, and maybe other microstructrual

parameters can strongly affect the elasto-plastic behavior

of thin metallic films. Determination of each individual

contribution demands further investigation.
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