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ABSTRACT: The interface between thin films of metal and
polymer materials play a significant role in modern flexible
microelectronics viz., metal contacts on polymer substrates,
printed electronics and prosthetic devices. The major emphasis
in metal−polymer interface is on studying how the externally
applied stress in the polymer substrate leads to the deformation
and cracks in metal film and vice versa. Usually, the deformation
process involves strains varying over large lateral dimensions
because of excessive stress at local imperfections. Here we show
that the seemingly random phenomena at macroscopic scales can
be rendered rather controllable at submicrometer length scales. Recently, we have created a metal−polymer interface system with
strains varying over periods of several hundred nanometers. This was achieved by exploiting the formation of surface relief
grating (SRG) within the azobenzene containing photosensitive polymer film upon irradiation with light interference pattern. Up
to a thickness of 60 nm, the adsorbed metal film adapts neatly to the forming relief, until it ultimately ruptures into an array of
stripes by formation of highly regular and uniform cracks along the maxima and minima of the polymer topography. This
surprising phenomenon has far-reaching implications. This is the first time a direct probe is available to estimate the forces
emerging in SRG formation in glassy polymers. Furthermore, crack formation in thin metal films can be studied literally in slow
motion, which could lead to substantial improvements in the design process of flexible electronics. Finally, cracks are produced
uniformly and at high density, contrary to common sense. This could offer new strategies for precise nanofabrication procedures
mechanical in character.
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■ INTRODUCTION

The phenomenon of surface relief grating (SRG) formation in
thin azo-benzene containing photosensitive polymer films is
known for more than 20 years.1,2 In this process, irradiation
with light interference patterns causes the topography of the
photosensitive polymer to follow the intensity distribution of
the impinging light beam. This is interesting, as a local change
of the molecular properties of the azo-benzene molecules
occurs, consisting of a photoisomerisation reaction from trans
to cis,3−10 but in turn also the structure of the whole polymer
matrix changes.11−21 This initiation of material flow by
absorption of light even occurs at room temperature in air,
i.e., in a glassy state when the polymer is supposed to be
solidlike. The optomechanical deformation of the azo-benzene
polymer layers is not only restricted to a thin film geometry, but
also takes place in a macroscopic piece of polymeric material.
This has, for instance, inspired the construction of light-driven
artificial muscles22,23 and light-powered electrical switch based
on cargo-lifting azobenzene monolayers.24 Intuitively, one may
expect fairly strong local forces that are able to deform an
otherwise glassy film.
Viscoplastic theory, for instance, would imply that in order to

cause polymer mass transport well below the glass transition

temperature, the light-induced stress within the polymer must
be far above the yield point of the azobenzene polymer.25 A
theoretical account of SRG formation in noncovalently attached
films proposed by Saphianikova et al. gives an estimation of
about 100 MPa for the striction stress that appears under
homogeneous illumination,26−28 far above the yield stress for
conventional polymers uniaxially stretched at small strain
rates.29

In fact, the forces are so strong that covalent bonds can be
broken. Recent research on photosensitive polymer brushes
reveals that during SRG formation, covalently tethered polymer
chains (decorated with azo-benzene containing side chains) are
ruptured locally from the areas of receding polymer materi-
al.30,31 The average strength of C−C covalent bond is about 2
nN, the corresponding stress needed for the scission of a
polymer chain in a brush of grafting density 1 nm−2 (one chain
per nm2) should therefore be about 2 GPa. A similar value was
inferred in the group of Prof. Barrett in a different context,
using a sophisticated experimental setup where the polymer
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film was put under uniaxial stress and the change in thickness of
the film was detected during irradiation with UV light as a
function of applied stress. It was found that up to a level of 1.2
GPa the photoisomerization of the azobenzene groups still
leads to a noticeable change in polymer thickness.32

The above-mentioned estimations indicate that forces
inscribing a topographical pattern into a thin film should be
fairly large, but are hard to assess directly. In the present work,
we probe the strength of the material transport by depositing
nanometer-thick gold layers on top of photosensitive polymer
films. The gold film is meant to be a probe, the deformation of
which along with the topographical changes in the polymer
could be used to characterize the magnitude of the forces
originating from the optically induced phase transitions.

■ MATERIALS AND METHODS

Sample Preparation. The photosensitive polymer (poly{1-
[4-(3-carboxy-4-hydroxyphenylazo)benzenesulfonamido]-1,2-
ethanediyl,sodiumsalt}) (PAZO) with molecular weight of Mn

= 1.4 × 104 g/mol was purchased from Sigma-Aldrich. The
films were prepared by spin-casting on thin glass surface
(thickness of 130 - 160 μm from Carl Roth GmbH, Germany)
95% methoxyethanol and 5% ethyleneglycol solution at a
concentration of 250 mg/mL at 11 000 rpm for 1 min.33 The
gold films of a thickness varying between 5 to 60 nm were
deposited on the polymer layers by a metal evaporation process
(Leybold Oerlikon Univex 350) at a deposition rate of 0.25
nm/sec.

In Situ Interferometric AFM Setup. To inscribe the
surface relief grating, we used a continuous wave diode pumped
solid state laser operating in a single longitudinal mode with 50
mW output power at wavelength of 491 nm (Cobalt Calypso).
The laser beam was spatially expanded and collimated with a
pair of focusing and collimating lenses and a pinhole. The
collimated beam was split into two halves with equal intensities
using a nonpolarizing beam splitter and the two beams were
aligned to interfere at sample positioned in AFM for in situ
measurements of grating formation. The AFM measurements
were conducted in tapping mode using Pico equipment
(Agilent, USA) and cantilevers with resonance frequency of
∼130 kHz and the force constant of ∼27 N/m (Nanosensors).
The AFM scan speed was 1 Hz, so that each subsequent
micrograph was recorded with a time shift of 512 s. The grating
periodicity [Λ = λ/(2sin θ)] was controlled by the angle θ (see
Figure 1a). The linear polarizations of the two interfered beams
(I1 and I2) were fixed at ±45°, respectively, resulting in a
polarization interference pattern. We choose this polarization
combination of ±45° because during irradiation with this
interference pattern one achieves the largest change in SRG
height and thus in strain.34

■ RESULTS AND DISCUSSION
To record the process of SRG formation in situ during
irradiation and thus to gain insight into the kinetics of mass
transport and the related deformation of the adsorbed gold
layer, we designed a special setup combining the optical part for
the generation of interference patterns and the AFM for

Figure 1. (a) Scheme of the experimental setup combining two beam interferometry with AFM. The letters designate the shutter (S), mirrors (M),
beam splitter (BS), λ/2 plate (A), polarizer (B), and beam intensity (I), respectively. The laser beam of a diode pumped solid state laser (50 mW
input intensity, λ = 491 nm) is expanded and collimated with a pair of focusing and collimating lenses and a pinhole. The collimated beam is split
into two halves with equal intensities and the two beams are aligned to interfere at the sample positioned in the AFM for in situ measurement. The
grating periodicity, Λ = λ/(2sin θ), is controlled by the angle θ. (b) chemical structure and absorption spectrum of the PAZO photosensitive
polymer. (c) AFM micrograph of SRG growth recorded in situ during scanning from bottom to top with the interference pattern distribution is
showed on grating topography. (d) Dependence of the height of the topography grating on irradiation time for four different periodicities: 1, 2, 3,
and 4 μm. The insert shows the variation of the polarization along the grating vector (perpendicular to the grating formed). (e) Table summarizing
the maximal grating height and corresponding change in surface area of the polymer surface for different periodicities of the SRG.
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acquiring changes in topography during irradiation (Figure 1a).
Using the in situ inteferometric AFM setup, we studied the
evolution of the grating formation for different periodicities
(period lengths) of the interference patterns (1, 2, 3, and 4
μm), see Figure 1d. During scanning from bottom to top at a
certain point (marked by the arrow in Figure 1c), we switch on
the irradiation. This results in an immediate response of the
polymer topography. From the kinetics of the grating formation
(Figure 1d), it can be inferred that the height of the stripes
formed increases gradually with irradiation time and the stripe
height grows with increasing periodicity. In situ measurements
are continued until the growth of the grating height (the
vertical difference between grating maxima and minima)
saturates or when the grating growth rate is negligible. It is
observed that the maximum height of 850 nm (around 85% of
total polymer film thickness) was achieved at a periodicity of 4
μm after 12 h of irradiation
With respect to the deforming metal it is most important to

track the change in surface area during grating formation, as it
gives us the change in strain of the adsorbed film. To calculate
the change in the surface area, we assume sinusoidal profile of
the SRG:z(x) = Aosin((2πx)/(Λ)), where Ao, Λ are half of the
grating height and the periodicity of the SRG; we can then
calculate the arc length s for the one period as

∫

∫ π π

= + ′

= +
Λ Λ

Λ

Λ
⎜ ⎟
⎛
⎝

⎞
⎠

s z x dx

A
x

dx

1 [ ( )]

1
4

cos
2

0

2

0
0
2

2

2

2

By solving this integral numerically, we have found that a
maximum change in surface area of ca. 10% occurs for a
periodicity of 4 μm (Figure 1e). We consequently chose this
combination of the SRG parameter, i.e., Λ = 4 μm, and the
height, h = 850 nm, for the study of metal deformation.
With a gold layer on top of the polymer, the maximally

attainable stripe height reduces for the thicker gold layer
starting from 15 nm (Figure 2). In this case the change in the
surface area is 2.4%. In the case of thinner layer constrain of
rigid metal layer does not influence the change in polymer
topography, as it is seen from the kinetic of the grating growth
with, hAu = 7 nm, and without metal (Figure 2a).
Examining the gold film with scanning electron microscopy

reveals an interesting phenomenon: the gold layer is ruptured
all over the irradiation area (Figure 2b). This is quite surprising
as it shows that the forces induced during polymer film
deformation can do quite an amount of work per unit volume.
The rupturing is homogeneous along the stripes and appears
twice a period, i.e. at the topography maxima and minima
(Figure 2c, d). The shape and the size of the formed cracks
differ depending on their position on the SRG (Figure 2c).

Figure 2. (a) Dependence of the grating height on irradiation time for the polymer without (black curve), and with a gold layer on top. The thin
layer of 7 nm gold (red line) does not influence the SRG growth. At a thickness of roughly 15 nm (blue line), the rigid film slows the kinetics of
grating formation. The insets show the scheme of the measured samples. (b−d) SEM micrographs of the ruptured gold layer. In c, a scheme of the
SRG is inserted with indications of the location of the crack positions.
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Zigzag cracks appear at the maximum of each grating line on
the polymer topography and have characteristic orientations at
angles between 50° and 60° to a grating vector. In the valleys,
the cracks are confined along a line perpendicular to the grating
vector. The width differs as well, to be larger (up to 400 nm) at
maximum of the SRG. This indicates that different kinds of
stresses and strains are acting on the gold film, and may at some
point give a valuable hint how forces within the polymer layer
are generated.
It is well-known that the process of gold deposition (physical

vapor deposition or sputtering) significantly alters the film
quality and thus the mechanical response due to residual
stress.35 In our experiments, we tested metal films deposited by
both of the above-mentioned methods and observed no
significant contribution of residual stresses for crack formation.
Similar cracks appeared for these metal films (different
evaporation processes) under constant experimental parameters
such as intensity, interference pattern (±45), thickness of the
metal and polymer layers and irradiation time. We also analyzed
any possible contribution of heat generated at the metal/
polymer interface during long time exposure to light, causing
rupture of metal films due to thermal expansion coefficient
mismatch. Our experiments are performed in laboratory
atmosphere that ensures a constant temperature around the
sample of roughly 20 °C. At the sample surface we have stable
interfering beams of 20 mW power. Measurements showed
about a loss of 10% after transmission through the sample. We
also measured that most of the light that is not transmitted is
reflected by the glass/polymer/metal interfaces. So the actual
sample material absorbs roughly 1% of the incoming light
amounting to 0.2 mW. Assuming an air layer of 1 mm
thickness, above the sample surface, we can calculate the heat
being conducted away from the sample based up on the Fourier
law: ΔQ = k(A)/(b)ΔT, where, k is heat conductivity of air =
0.024 W/mK, A is the contact area = 0.3 cm2, b is the distance
over which the heat needs to be transferred, and ΔT is a
temperature difference of 10 K, which we chose arbitrarily as a
realistic value that is well below glass-transition temperature of
PAZO. Using these values, we determined a possible heat
transfer from the sample of 7.2 mW. Comparing to the input of
0.2 mW, we can exclude significant rise in temperature.
However, the process of gold deformation and the

development of cracks depend strongly on the thickness of
the gold layer. The periodic rupturing occurs up to a layer
thickness of 15 nm although the diagonal crack pattern at the

topography maxima are increasingly suppressed as the metal
thickness grows (Figure 3a), while the cracks at the minima
become more pronounced. Even for much thicker films cracks
occur, though not evenly spaced, as can be inferred from the
SEM micrographs of a 25 nm Au film (Figure 3b) ruptured
irregularly. Similar cracks were observed for a thickness of up to
60 nm. The crack runs vertically through the whole metal film
as it can be seen from the cross-sectional AFM analysis (Figure
3b). The characteristic crack observed here is similar to the
results reported previously36 for cracking a 100 nm thin metal
film adhered to the polymer substrate. However, the
mechanism of stress applied here is completely different, as
the polymer film was exposed to a tensile stress.
We should emphasize that at this stage of investigation, we

can only speculate about the mechanisms of crack formation
and rupture. We may of course use standard models that are
frequently employed in material science to estimate the stresses
that the polymer exerts on the metal film. In fact, there are
plenty of fundamental studies on the deformation and stability
of hybrid materials consisting of metal film deposited on a
flexible polymer substrate, as it is of fundamental importance
for industrial applications such as flexible electronics. A
mechanism of fast fracture would imply that the elastic energy
stored in the deformed metal sheet is released into the
formation of cracks.37 According to this approach the stress
needed to form a crack is σ = ((EGc)/(πa))

1/2 ≈ 0.4GPa, where
E, Gc, (EGc)

1/2, and a are the Young modulus, toughness,
fracture toughness, and crack length, respectively. For a typical
value of fracture toughness of gold thin films38 (EGc)

1/2 = 0.7
MN/m3/2 and a crack length of 1.0 ± 0.1 μm as measured from
SEM images, the stress exerted from the photosensitive
polymer film on a gold layer evaluates to ∼0.4 ± 0.1 GPa.
On the other hand, one might apply a model frequently used
for metal laminated polymer substrates that are put under
tensile strain. In this model, transverse cracks form by a local
rupturing of the metal sheet as a result of necking, i.e., local
thinning.39 From a standard equation: σ = KεN, we may
estimate local stress to be σ = 0.1 GPa. Here we use values for
the strain, ε = 0.024 calculated as described above; for the
prefactor, K = 114 MPa and the hardening exponent, N = 0.02,
which are typical for a weakly hardening metal.40

The phenomenon reported in this study should be much
more complicated to model because in contrast to a global
transverse load the strains in our system occur locally as can be
seen from the different shape and size of the cracks formed at

Figure 3. (a) SEM image of a 15 nm thick gold film ruptured during SRG formation. The position of the cracks relative to the topography maxima
and minima is marked by the white arrows. (b) SEM image of a 25 nm thick gold layer ruptured during SRG formation. In the right upper corner, a
SEM micrograph of the side view of a glass/polymer/metal sample is inserted. The inserts in both micrographs show cracks of 350 and 200 nm
width for a 15 and 25 nm thick gold layer, respectively.
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the valleys and ridges of the polymer topography. Also, bending
of the metal film and thus its stiffness should play a role.
However, even the rough estimations put forward above give
reasonable values of the stresses exerted by the polymer on the
adsorbed metal film during mass transport. These values are in
the range of several hundreds of MPa, and are in good
agreement with the theoretically predicted stress.27 The forces
inscribing a topographical pattern into a thin film are hard to
assess experimentally and this work could be a starting point for
the use of thin metal films to probe and characterize the extent
and strength of material flow locally.

■ CONCLUSION
In this paper we discuss the mechanical forces that arise during
irradiation of azo-benzene containing photosensitive polymer
films. It was shown that the flow of polymer material in these
films can exert significant stresses on adsorbed metal films
resulting in the formation of elongated cracks. We have found
that the rupturing occurs regularly along maxima and minima of
polymer topography up to the metal thickness of around 15
nm. For higher values of the thickness, cracking still takes
places but the process is no longer homogeneous along the
extrema of the topography, resulting in randomly distributed
cracks. The shape and size of the cracks varies depending on
whether they occur at the maxima or minima of the polymer
topography, clearly indicating local variations of the strain and
stress within the polymer film.
Summarizing, in this paper, we have suggested that the

response of a metal layer on top of photosensitive polymer
upon deformation of the latter might constitute a test of the
forces generated within the polymer film. In combination with
suitable simulations combining continuum mechanics with
molecular dynamics, this might be developed into a method to
probe and quantify forces developed during the mass transport
of the photosensitive polymer films on molecular scales. In
particular, we might ultimately address the question how a
polymer film in its glassy state can deform so drastically without
significant softening, at the same time doing significant work
rupturing the adsorbed metal film.
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