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Abstract

Wrinkling patterns were used to investigate the mechanical properties of thin poly(styrene)
(PS)/poly(methylmethacrylate) (PMMA) and PS/gold (Au) bilayer films. Films were floated on
water with a water drop on the surface to induce wrinkling. The thicknesses and thickness ratios
of the films were varied over a broad range. The PS/PMMA bilayer was chosen to provide a
contrast in wetting properties, with equilibrium contact angles of Opmma = 68° and Ops = 88° with
water. The PS/Au bilayer was chosen to provide a large contrast in Young’s moduli, Eay,= 72 GPa
and Eps= 3.4 GPa. The stretching (Y) and bending (B) moduli of the bilayer films were obtained
from measurements of the length and the number of wrinkles in the wrinkle patterns. The

experimentally derived values of Y and B were in reasonable agreement with the values computed
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from the bulk Young’s moduli and the thicknesses of the two components in the bilayer. The values
of Y and B did not depend on which face of the film was exposed to the water droplet or bath when
the capillary stresses were considered. Thus, finite size effects from the film thicknesses were
unimportant over the range of thicknesses studied, and no relative displacement of the films was

found, with the films remaining well-bonded even with the deformation associated with wrinkling.



Introduction

Due to the rapid growth in demand for small-scale devices, multilayer nanoscale structures
have been used extensively as a key element in the design and performance of devices. Therefore,
accurate determination of mechanical properties of the multi-layer films is necessary. Elucidation
of the strength and the reliability of these devices with current nanotechnologies has been
extremely challenging. This is of importance for the design, processing, testing, and packaging of
flexible electronic devices, semi-conductors, photoresists, solar cells, and coatings. Different
organic, polymeric, polymer-metal, polymer-inorganic, or inorganic-metal hybrid materials have
been used in these devices to simultaneously enhance performance and rigidity; yet, understanding
which properties, e.g. surface energies or Young’s moduli, dictate the mechanical behavior is
limited. Numerous experiments using a wide range of techniques have been reported to study the
mechanical properties of films nanometers in thickness.'~ ¢ Most have focused on the variation in
glass transition temperature (Tg) or Young’s modulus as a function of film thickness.>!417.20.21.28.36
0 Experimental results on Ty are varied, and this is still a topic of debate.?+6!417.19404551.52
Experimental results on the Young’s moduli of single layer films have suggested a decrease in the
elastic modulus when the thickness of the film was below a critical value, dependent, though, on
the experimental technique used.?!-?4850.333 To remove the residual shear stresses from films on
solid substrates, studies have also been performed on liquid surfaces to measure compliance, Ty,
elastic modulus, strain, viscosity and dewetting.>**%>5% A recent review article discusses many
mechanical and rheological methods to determine the material properties of glassy polymers under
confinement.’® Mechanical properties have been determined by the wrinkling of thin films floating
on liquid surface, using an out-of-plane deformation. Consequently, tangential shear stresses in

the film from the substrate are removed, and the deformation is easily measured by non-contact
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probes. The reversibility of the deformation in the linear elasticity regime is simply confirmed by

removing the external perturbation.

Here, we investigated the stretching (Y) and bending (B) moduli of unconstrained, stress-relaxed
PS/PMMA and PS/Au bilayers using capillary wrinkling. Bilayer films were floated onto water
and a drop of water in the center of the film induced a wrinkle pattern. Y and B were determined
from the characteristics of the wrinkling pattern using a Far-from-Threshold (FT) analysis of the
wrinkling instability.®® From these two pairs of materials we investigated the influence of surface
energies and bulk moduli on the mechanical properties of the bilayer. The total thicknesses of the
bilayer films varied from 34 nm to 884 nm for PS/PMMA films, and from 49.6 nm to 495 nm for
PS/Au films. The ratio of the thickness of the two layers in the film was also varied over a large
range. For both types of films, capillary forces were generated with the PS or PMMA layer, in one
case, or the PS or Au layer, in the case, in contact with the underlying liquid. Y and B of the films,
determined from the length and number of wrinkles, compare well with those calculated from a
weighted average using the bulk Young’s moduli of the individual layers. This is meaningful since
the results show that the appropriately thickness-weighted averages of Y and B in equation (2) and (4) can
estimate the mechanical properties of bilayer thin films. In addition, this also shows that this metrology can
be a useful approach to understand the mechanical behaviors of bilayer thin films, broadening scopes of the

fin-thin film metrology.

Experimental Methods

PMMA (M,, = 99.6 Kg/mol, with a syndio:hetero:isotactic content of 55:37:8) and

poly(acrylic acid) (PAA) solution (Mw ~ 100 Kg/mol, 35 wt% in water) were purchased from
4



Sigma-Aldrich. PS (M,,= 97 Kg/mol, M,./M, = 1.06) was purchased from Polymer Source. Gold
pellets (1/4" Diameter X 1/4" Length, purity 99.999%) were purchased from Kurt J. Lesker. PS
and PMMA were used without further purification. PS was dissolved in either toluene (anhydrous,
99.8%, Sigma-Aldrich) or 1-chloropentane (99%, Sigma-Aldrich) to produce concentrations
varying from 0.8 to 7 wt %. PMMA was dissolved in anisole (Anhydrous, 99.8%, Sigma-Aldrich)

to produce 0.8 to 6 wt%. solutions of PMMA.¢!

To construct PS(top)/PMMA (bottom) bilayers, a sequential spin-coating onto 3 cm X 3 cm
Si substrates with a 250 nm oxide layer was used, since 1-chloropentane is a good solvent for PS
and a non-solvent for PMMA. The Si substrates were cleaned using a carbon dioxide snow jet and
UV-Ozone (JElight, Model No.342) for 10 minutes before use. Solutions were filtered through
0.45 mm Whatman PTFE filters to remove impurities and then directly applied to the substrate.
Different spin-coating speeds (1200 to 4000 rpm) were used to vary the layer thicknesses (47.5
nm to 810.4 nm). The spin-coated films were dried under ambient conditions for 2 days to remove
residual solvent and stress. A water-transfer method was also used to produce PMMA/PS bilayer
films. PS and PMMA films were spin-coated on separate, pre-cleaned silica wafers. The spin-
coated and dried PMMA film were floated onto the surface of water and retrieved on a substrate
coated with the dried PS film. The bilayer films were dried under ambient conditions to remove
residual water.®* Various concentrations of solution (0.6 wt% ~ 5.5 wt%) and a wide range of
spinning speeds (1200 rpm ~ 4000 rpm) were used to vary the total thicknesses of the PMMA/PS

and PS/PMMA (33.6 nm to 884.3 nm) bilayer films.

PS/Au and Au/PS bilayer films were constructed using different methods. The Au
(Top)/PS (bottom) bilayer films were obtained by sequentially spin-coating and thermal

5



evaporation. Solutions with different PS concentrations in toluene (1.8 ~ 5.5 wt%) were filtered
and spin-coated onto pre-cleaned substrates at varying spinning speeds (1000 to 6000 RPM) to
control the thicknesses of the PS layer. The spin-coated PS films were then dried under ambient
conditions for 2 days to remove residual solvent and stress. Au films were thermally evaporated
onto spin-coated PS films. Under the evaporation conditions used, the Au at the surface of PS film
was consistently measured as 60 °C, avoiding annealing the films above the Tg of PS film. To
prepare a bilayer with PS (top)/Au (bottom), a 35 wt% solution of PAA in water was diluted to 5
wt% with deionized water. This was spin coated onto the 3x3 cm? substrate to produce a 100 nm
thick PAA film, then annealed at 140 °C for 1.5 mins to remove residual water. A 20 nm = 3.9 nm
layer of Au was thermally evaporated onto the PAA film to produce the bilayer. Absent the water-
soluble PAA layer, the poor adhesion between the silica substrate and thermally evaporated Au
film led to multiple fractures of the Au film when floated onto a water surface. PS solutions with
different concentrations (1 ~ 5.5 wt%) were dissolved in toluene. The PS solutions were spin-
coated onto the 20 & 3.9 nm thick Au films to produce PS/Au bilayer films with thicknesses from
49.6 nm to 452.3 nm. The PS/Au bilayer films were dried for 2 days to remove residual stress and

solvent.

Bilayer films were cut into 15 mm diameter disks using a tungsten carbide scribe and floated onto
the surface of water. A 0.2~ 0.3 ul water droplet was placed at the center of the floating bilayer
film with a microsyringe (Hamilton, CAT#80383). The volume of the droplet was then increased
in 0.2 pl increments until a maximum volume of ~ 1 pl. Images of the resultant wrinkle pattern at
each droplet size were taken with a digital single-lens reflex camera (Nikon D7100) mounted on a

stereo microscope (Olympus SZ 40). The images were analyzed using ImageJ and MATLAB to



determine the length and number of wrinkles. After measurement, the bilayer films were retrieved
with a silicon substrate using a pre-cleaned 250 nm thick SiO» layer and dried for 2 ~ 3 days to
remove all the residual water for storage or future use. The film thicknesses of the dried bilayer

films were determined using a Filmetrics F20-UV spectral reflectance interferometer.

DATA ANALYSIS

Stretching (Y) and Bending (B) moduli of bilayer films

The mechanical moduli for bilayer films can be determined from those for single layer films.

For the stretching modulus, we have the expressions below>*:

YSingle = Et (1)
Ypi = Eqt; + Ext, (2)

where E is the Young’s modulus, and t is the film thickness. Subscripts 1 and 2 indicate top and
bottom layer s, respectively, of the floating bilayer. The physics behind the expression for the
bilayer stretching modulus is relatively transparent, representing the two layers as springs that are
in parallel. The in-plane stresses are different in the layers, but the displacement is continuous at
the boundary between the layers, if the two layers are in intimate contact. The bending moduli are

determined from:

Et3

BSingle = 12(1-1%) (3)
t1+t
_ EqtqExty(F2)? 1 [E1t13 E2t23] )
BU ™ (1-0,D)Ert1 +(1-01 D) Eat, 12 11-A42 7 14,2



where A is the Poisson ratio for the bulk material .%-% When a homogeneous film is bent through
a radius of curvature, then the outer surface of the film is under tension, while the inner surface is
under compression. In the interior of the film, there is an imaginary plane known as the neutral
plane, which is unstressed. Integrating through the thickness of the film yields the equation (3) for
the bending rigidity of a uniform film. Similar considerations apply to bending a double layer,
however, if there is a contrast in the Young’s modulus of the two layers, more of the strain resides
in the softer material, and the neutral plane is shifted accordingly. This leads to a non-trivial
weighting between bending rigidities of 1 and 2 in equation (4) for the bending rigidity of the
composite bilayer. Note that bending in either direction carries the same value of B, and this is a
considerable simplification as a wrinkle pattern involves alternating the sign of the curvature from
peak to valley and back to peak. These formulae assume that (i) there are no finite-thickness effects
due to the Ry of the polymer and that the bulk value of Young’s modulus can be used for the thin
films, (i1) the films are well-bonded to one another, with no relative displacement at the interface
between the films, and (iii) the surface on which the capillary force is applied can be accounted
for by using the appropriate wetting angles and surface energies. These assumptions will be tested

by comparing the predictions with experimentally determined values of Y and B.

The relevant bulk material properties obtained from the literature for our materials are Eps
= 3.4 GPa, Epmma = 3.0 GPa, Eau= 72 GPa, A ps orpmma = 0.34, Aay=0.42. The thicknesses of the

films were varied over a large range in our experiments.

Extracting bending and stretching modulus from wrinkling patterns

Whenever there is a large enough compressive stress in a thin film, wrinkles form

orthogonal to the compression direction. When a film is floating on the surface of water, it
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experiences a radial tension at its outer edge equal to the air-water tension (y), and independent of
the solid-liquid surface energy.®® When a drop of liquid is placed on top of the floating film, there
is an out-of-plane capillary force at the contact line, which leads to a boundary condition on the
radial stress at the outer edge of the drop. These differential radial tensions on the outside and
inside of the film can lead to a compressive tension ogg in the azimuthal, or hoop, direction.®” The
azimuthal compression leads to the formation of wrinkles along the radial direction. When the
scale of the capillary stresses (set by y) is much larger than the characteristic buckling thresholds
for the film, then it is no longer appropriate to use linear stability analysis to infer the size and
wave number of the wrinkling patten, but rather, a Far-from-Threshold (FT) analysis must be used.
The FT predictions for the wrinkle length shown in equation (5) below are based on the assumption
that, to first order, the wrinkles come at no energetic cost (B=0) and relax the compressive stress
completely (c00-0). Thus, the length of the wrinkles depends purely on Y in the limit of very thin
films. At the next level of approximation, the finite cost of wrinkling due to a finite B is balanced
against the energetic cost of deforming the subphase (gravitational potential energy of the water)
and pulling against the radial tension. Thus, the number of wrinkles depends on B, and on the

overall radial state of tension.

Within this framework, the length of wrinkles, L, in the Far-from-Threshold (FT) regime
was determined as described elsewhere.®>"¢  The hoop (cee) and radial (or) stresses were
calculated from the Lamé solution in a disc geometry under radial stress conditions, and from this,

the length L of the wrinkles is predicted as a function of the applied capillary stress

L=% (5)



where 7 is the confinement parameter given in equation (7) below and a is the radius of the water

droplet on the film.

As previously reported, the number of wrinkles can be approximated using a "local A" law
which estimates the wrinkle number as a function of the effective stiffness of the floating film
under tension.®** The theory, which incorporates both gravitational potential energy of the water
and the radial tension in the film as stiffness terms that oppose the deformation of the film, predicts

N(r), the number of wrinkles as a function of radial distance from the contact line as:

TV bath®\ (log(L/T)—-1\? 1/4
pg+
N(’I’) ~ r[ ( 413 2’( log(L/1) ) ] (6)
1
14 3 sin?0)\3 ,
Y barn \10 x|lnx| (7)

where p is the density of water (p = 1000 kg/m?), g is gravitational acceleration (g = 9.81 m/s?),
vrarn and y are both identical in our case, and equal to the surface tension of water since both the
bath and the drop contain the same liquid, a is the radius of water droplet, 0 is the contact angle of
the water droplet on the top surface of the film, and x = (y/Y) where Y is the stretching modulus

of the bilayer film. Physically, the confinement parameter, 7, is the ratio of the radial stresses at

(@)
the edge of the drop, and at the outer edge of the film: T = Orr / v

The theoretical prediction for N is a function of the radial distance from the edge of the drop,
however, as shown in Fig. 1, the number of wrinkles is uniform in the bulk of the wrinkle pattern.
We apply these predictions to the measured wrinkle number at a radial distance halfway through

the wrinkle pattern, i.e. at a radial distance given by r=(a+L)/2. The effective stretching modulus

10



obtained from the wrinkle length, Yefs, as a function of Y, and the effective bending modulus, Betr,
measured from the wrinkle number as a function of B were calculated for PS/PMMA, PMMA/PS,
PS/Au, and Au/PS bilayer films using equation (2) for Y, equation (5) and (7) with the Nsolve

function in Mathematica for Yesr,, equation (4) for B, and equation (6) and (7) for Besr, respectively.

Result and Discussion

11



Figure 1 (a-d)

(b) PS: 204.7 nm
PMMA:187.6 nm

Gold: 19.8 nm (d) PS: 429.8 nm
PS: 44.1 nm Gold: 23.9 nm

Figure 1. Wrinkle patterns on (a) a PMMA (top)/PS (bottom) thin bilayer film (t 1= 49.2 nm),
(b) a PS /PMMA bilayer film (t (o= 392.3 nm), (c) an Au /PS thin bilayer film (t (o= 63.9 nm),
(d) a PS/Au (PS/Au) bilayer film (t o= 453.7 nm). Only one quadrant of the film is shown in
each case. The drop is seen at the bottom right edge of each image, but the outer edges of the
floating film are outside the image. Scale bars are all 1 mm.
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Figure 1 shows optical micrographs of the wrinkle patterns of PMMA (Top)/PS (Bottom),
PS/PMMA, Au/PS and PS/Au bilayer films where it is seen that the number of wrinkles decreases,
and the length of wrinkles increases as the film becomes stiffer. The dominant effect on both
bending and in-plane rigidity comes from the thickness of the film. The bulk Young’s moduli of

the materials are important, and subtler effects appear via the contact angle.
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Figure 2 (a-b)

(a)

Figure 2. (a) Normalized length of wrinkles (L/a) versus stretching modulus (Y) of PS/PMMA
and PMMA/PS bilayer films. Lines are calculated from equation (1), (5) and (7) using Epsexp = 5.9
GPa and Ops, = 88° for a solid line, Epmma,exp = 4.06 GPa and 6pmma = 68° for a dash-dotted line,
Eps,iit = 3.4 GPa and Ops = 88° for a dashed line, and Epmma it = 3.0 GPa and Opmma = 68° for a
dotted line, respectively. (b) Number of wrinkles (N) versus bending modulus (B) of PS/PMMA
and PMMA/PS bilayer systems. Black solid and red dash-dotted lines are obtained from equation
(1), (3), (6) and (7) using Eps it = 3.4 GPa, Epmma,iit = 3.0 GPa, and 6ps = 88° for the black solid
line and Epsjit = 3.4 GPa, Epmmaic = 3.0 GPa and Opmma = 68° for the red dash-dotted line,

respectively.

Number of

6 :
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5. Bilayer
4— "
g s
of HEE [ PMMA(Top)(exp)
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6's —PS (FT 5.94 GPa)
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---PS (FT 3.4 GPa)
0 . ‘ __""PMMA (FT 3 GPa)
0 500 1 QOO 1500 2000 2500 3000
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180, T
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160+ () PMMA (Bottom)(exp)-
—PS (Local A law)
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1
Bending Modulus, B [N m]
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Figure 3 (a-b)

()

6 T
Au/PS
Bilayer
5 -
4+
@©
-
- 3F
2 E
¥ Au 20 nm (Top-exp)
¢ Au 20 nm (Bottom-exp)
1t —Au 20 nm (Top-theory)
- -Au 20 nm (Bottom-theory)
1500 2000 2500 3000 3500
(b) Stretching modulus, Y [N/m]
120k Au/PS ¥ Au 20 nm (Top)(exp)
= “Bilayer ¢ Au 20 nm (Bottom)(exp)
o = -Au 20 nm (Top) (theory)
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@ \ —PS (theory)
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o ..
g 80+
‘S 60
| -
8
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=
=)
Z 20t

10‘—13 10‘—12 10‘—11 10110
Bending Modulus, B [N m]

Figure 3. (a) Normalized length of wrinkles (L/a) versus stretching modulus (Y) of PS/Au and
Au/PS bilayer films. Lines are calculated from equation (2), (5) and (7) using Epsit = 3.4 GPa,
Eaujit = 72 GPa, and 04, = 60° for a red solid line, Eps jit = 3.4 GPa, Eaujit = 72 GPa, and Ops = 88°
for a red dash-dotted line, respectively. (b) Number of wrinkles (N) versus bending modulus (B)
of PS/Au and Au/PS bilayer systems. Black solid and dash-dotted lines are obtained from equation
(1), (3), (6) and (7) using Eps it = 3.4 GPa and 6ps = 88°, and Eay,iit = 72 GPa and 0a, = 60°, while
red dashed and dotted lines are calculated using equation (2), (4), (6) and (7) with Eps it = 3.4 GPa,
Eauic = 72 GPa, and 0ps = 88°, and Eps,iit = 3.4 GPa, Eauit = 72 GPa and 644 = 60°, respectively.
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In Figure 2 (a) and 3 (a) we plot the normalized length (L/a) of the wrinkles in PS/PMMA
and PS/Au bilayers, respectively. These are plotted against the expected effective stretching
modulus Y, as calculated from the known elastic moduli and the chosen thicknesses of each of the
two components in the bilayer, using equation (2). Apart from the thicknesses of the film layers,
the other experimental control variable is the drop radius, a. We confirmed that, as in previous
work, the length L scales linearly with a, so the normalization in terms of L/a leaves no further
dependence on a to account for.”® Both in Figure 2 (a) and 3 (a), within the error of the
measurement, there is no noticeable difference between when one or the other of the two materials
is on top. Thus, the dependence that enters through the contact angle does not make a strong
difference. The lines in Figures 2 (a) and 3 (a) are theoretical curves from equation (1), (5) and
(7) for Figure 2 (a) and equation (2), (5) and (7) for Figure 3 (a), calculated with Eps experiment (exp) =
5.94 GPa, Eps jiterature (ity = 3.4 GPa, Ops = 88°; Epmma.exp = 4.06 GPa, Epmma,iic= 3.0 GPa, Opmma =
68°, Eaulit = 72 GPa, and 04, = 60° ®*7° Note that there are two curves for each bilayer system,
corresponding to different experiments with different surfaces of the bilayer facing up, so that
different values of the Young-Dupré angle 0 need to be inserted in equation (5) and (7). In Figure
2 (a), we show two values of the Young’s moduli for both PS and PMMA, one taken from literature
on the bulk value, and another determined by us from measurements on single layer films made
by the same spin-coating protocols.®® As can be seen, there is reasonable agreement between the
prediction of equation (5) and the observations in Fig 2(a) and 3(a). The largest disagreements are
in Figure 2(a) at large values of Y, where the normalized wrinkle length (L/a) increases initially
with thickness as expected but saturates for thicker films. We suggest that the saturation arises
from a finite size effect, where the length of the wrinkle approaches the size of the bilayer film,

whereas our expressions assume a film size much larger than the size of the wrinkle pattern.
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In Figure 2 (b) and Figure 3 (b), we plot the measured wrinkled number N(r), evaluated at
the middle of the wrinkle pattern, against the expected value of the effective bending modulus B
for the bilayer, calculated using equation (4). Once again, the smooth curves in each of the figures
correspond to predictions from equation (1), (3), (6) and (7) for Figure 2 (b) and equation (1), (2),
(3), (4), (6) and (7) for Figure 3 (b). The predictions for the measured wrinkle number N, match
the measurements reasonably well over a very large range of B (4 orders of magnitude for
PS/PMMA and PMMA/PS bilayer films and 3 orders of magnitude for the PS/Au and Au/PS films).
There are small, but systematic differences between the PS/Au and Au/PS bilayers, which we note

were made by entirely different protocols.
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Figure 4 (a-b)

(a)
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Figure 4. (a) Theoretical stretching modulus, Y, dependence of the effective stretching modulus,
Yefr, obtained from Au/PS and PS/Au bilayer films. Y was determined with equation (2) and Yesr
was quantified utilizing the experimental wrinkle lengths with equation (5) and (7). (b) Theoretical
bending modulus, B, dependence of the effective bending modulus, Besr, measured with Au/PS and
PS/Au bilayer films. The B and Besr values were computed using equation (4) for B and equation
(6) and (7) for Betr, respectively. Epsic = 3.4 GPa, Eaylic= 72 GPa, tay = 20 nm and a tps, 29.6 nm

5000

10" 10" 107 102 10" 1070 10
B [N m]

<tps <475.2 nm, were used to calculate Y, Yefr, B, and Ber.
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As an example, Figure 4 (a) and (b) we show the comparison in a different way for the
polymer-gold system. Here we compare the experimentally measured values of the effective
stretching moduli (Yefr) and bending moduli (Befr) (i.e. by using experimentally measured L and
N, and numerically inverting equation (5) and (7) for Yefr and equation (6) and (7) for Besr) to the
ones calculated from equation (2) and (4) based on the known Young’s moduli of PS and Au and
film thicknesses. The experimental Yt and Befr are comparable to the calculated values, Yesr is
higher than Y, yet, Best is systematically lower for Au/PS bilayer films where B<~ 10711 N-m.”"72
The calculation that results in equation (5), (6) and (7) which enable our ability to determine Y
and B from L and N(r), ignores some details that can have quantitative effects: first, the
displacement boundary conditions at r=a are quite complex in the experiment. Second, there is a
boundary layer at the tip of the wrinkle where the curved portion meets the planar part of the film;
this can contribute to the observed length of the wrinkle but is not included in equation (5), (6) and

(7).68
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Conclusion

Our results show that the bending and stretching moduli of bilayer films, both
polymer/polymer and polymer/Au, can be correctly determined knowing the individual
thicknesses and Young’s moduli of the two layers. The moduli estimated from equations 1 and 2
agree well with the moduli determined in our experimental data for the size and wave number of
wrinkle patterns generated by capillary stresses. We have explicitly tested this agreement over a
broad range of total film thickness for PMMA/PS and PS/PMMA (33.6 nm to 884.3 nm), and for
PS/Au and Au/PS (49.6 nm to 495.2 nm) and ratios of the individual layer thicknesses. We account
for the contrasts in wetting properties with different contact angles of Opmma = 68 °, Ops = 88 ° and
Bau = 60 ° mechanical properties accompanied by different Young’s moduli of Eps = 3.4 GPa and
Eau = 72 GPa. Stretching and bending moduli for the PMMA/PS and PS/PMMA bilayer films
responded like a single elastic object, with no slippage at the interface between the two layers.
This was also found to be true for PS/Au and Au/PS bilayer films, we do however, see a small but
systematic difference between these two types of film possibly because they were synthesized by
entirely different protocols. From these results, we show that the combination of a classic bilayer
model with classic formulae (Y and B) can be used to determine the mechanical properties of the
bilayer films. In addition, these findings can be useful in cases where non-bulk effects are

anticipated, widening perspectives beyond thin-film metrology.
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