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ABSTRACT: Through control of the temperature, T, and film thickness, A, the relative influence of forces
associated with crystallization, long-range van der Waals forces, and block-copolymer ordering were
manipulated to control the structure of films of asymmetric polyethylene-b-poly(styrene-r-ethylene-r-
butene) (E-b-SEB) diblock copolymers. The bulk equilibrium structure of this copolymer consists of spheres
of the crystallizable E block embedded in the amorphous SEB matrix. In thin films, the E component
resides at the free surface and the SEB block resides in contact with the substrate. Within the temperature
range T > Ty, where T\, is the melting temperature, yet below the order—disorder transition (ODT)
temperature, Topr, all films of thickness 2 > 12 nm were ordered throughout. The thickness of the brush
layer Ly, in contact with the substrate, of these films was 12 nm; this thickness is about one-half of the
intersphere spacing of the bulk copolymer. Films equal to or thinner than 12 nm dewet, forming droplets
on the substrate. However, at temperatures below the melting temperature but above the glass transition
temperature of the amorphous block, films in the same thickness range (A < 12 nm) were structurally
stable. While thicker films were stable as well, crystallization had a significant effect on the topography
of these films, particularly as the film thickness increased.

Introduction

Interfacial forces influence the morphological struc-
ture of thin films, regardless of chemical structure. The
topographies of thin films often are indicative of the
nature of the dominant interfacial forces. For example,
thin homopolymer (or simple) liquid films in the na-
nometer thickness range may be morphologically un-
stable or metastable because they are potentially subject
to destabilizing long-range intermolecular forces.1= The
stability is determined by an effective interface poten-
tial, ®(h), which has both long- and short-range contri-
butions. Such films may rupture and form patterns that
reflect the nature of the intermolecular forces. Meta-
stable films are destabilized by nucleation and growth
of holes, whereas unstable films form spinodal patterns.
Typically, these patterns evolve into droplets on an
underlying substrate over a sufficiently long time
interval.

In the case of an A-b-B diblock copolymer, the situ-
ation is often more interesting because these molecules
self-organize into various mesoscopic geometric ar-
rangements of A-rich and B-rich phases (spheres,
cylinders, and lamellae) below an order—disorder tran-
sition temperature (ODT).6~14 The ODT of an A-b-B
copolymer is determined by the total number of mono-
mers that compose the chain, N, the Flory—Huggins
interaction parameter, y, and by the fraction of A
monomers on the chain, £.57815 Interfaces influence the
structure and the orientation of the phases in diblock
copolymer thin films. Often, one block preferentially
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interacts with an interface (free surface or substrate),
and this interaction determines the local segmental
concentration profile.'’6 For lamellar structures, a
modulation of the concentration profile propagates
normal to boundaries because the dissimilar blocks are
connected. The effective interface potential of the co-
polymer is a periodic function of film thickness, where
locations of the minima in the potential, separated by
distance L, denote the stable film thicknesses.16 For the
case where a different block resides at the substrate and
at the free surface (asymmetric wetting), the minima
reside at locations (n + 1/2)L; hence, films of thickness
h = (n + 1/2)L remain stable, with uniform thicknesses.
In the symmetric wetting case, films of 4~ = nL remain
stable. When the film thickness deviates by an amount,
Oh, from the appropriate quantization criterion, the
excess material forms a discontinuous layer of thickness
L, provided the film is below the ODT. If 6h is small,
then the discontinuous layer forms islands, whereas as
Oh approaches L, the layer contains holes. In cases
where the attraction of one component to the substrate
occurs but the film is above the bulk ODT, then the
effective interface potential is a damped oscillatory
function of 4 and the undulations of the topographies,
away from the minima, bear no relation to L.}

In a third situation, the molecules may exhibit a
tendency to crystallize. If the molecules are homopoly-
mers and they exhibit a tendency to crystallize, then
crystallization may oppose structural destabilization
and could preserve the integrity of even very thin films.
In the case of an A—B diblock where one component
crystallizes, there is evidence that, depending on the yN,
the diblock copolymer domain structure may be de-
stroyed by crystallization.17—28

It is evident from the foregoing discussion that the
structure of the molecule largely determines the nature
of the intermoleular forces that are active and that these
interactions determine the morphology of the film.
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Table 1. Characteristics of the Crystalline-Amorphous Diblock Copolymer E-b-SEB

bulk this study
molecular weight, M, 35.1(kg/mol)
volume fraction of E block, /i ¢ 0.16
weight fraction of E block, wg 0.14
glass transition temperature of SEB block, T, °C 25
crystallization temperature of E block, T, °C 57 76+ 1
melting temperature of E block, Ty, °C 103
order—disorder transition temperature, Topr °C 200
interaction parameter, y —0.052 + 52.9/T (K)
distance between microdomains, L (nm) 20 21.7+ 2.2
thickness of the brush layer, Lo (nm) 11.6 £1.8

@ Calculated using method from D. W. Van Krevelen’s Properties of Polymers (ref 31), ppg = 0.855 g/cm?, pps = 1.05 g/em?, ppp = 0.86

g/ecm?,

Because the morphology is intimately connected to
material performance, an understanding of these issues
is critical for the design and processing of thin film
polymeric materials for various applications. To this
end, it is important to learn how the relative strengths
of different forces, ordering, crystallization, and van der
Waals forces, determine the structure of a thin film. We
examine this question by considering an A.-b-B diblock
copolymer in which one component, A., is crystallizable.
Such a system is particularly attractive because the
microstructural details of the system can be controlled
through the temperature. This system exhibits an ODT,
a melting temperature, and a glass transition temper-
ature. We show that changing the temperature and film
thickness determines the relative influence of these
three types of molecular interactions on the structure
of the film.

Experimental Section

The polyethylene-b-poly(styrene-r-ethylene-r-butene) diblock
copolymer (E-b-SEB) contains a short polyethylene (E) block
connected to a longer styrene-ethylene-butene (70:14:16 by
weight) random terpolymer (SEB). The molecular weight of E
and SEB blocks are 5 and 30 kg/mol, respectively. The bulk
ODT of the copolymer is Topr = 200 °C, the T, of the
amorphous SEB component is T; = 25 °C, and the melting
point of the E block is Th = 103 °C. The diblock was
synthesized by sequential anionic polymerization of butadiene,
then of a styrene/butadiene mixture, followed by catalytic
hydrogenation. The E block contains 8 wt % butene because
of the microstructure of the precursor polybutadiene.?” The
properties of this copolymer are summarized in Table 1.

Thin films were prepared by dissolving E-b-SEB in toluene
and spin casting the solutions onto silicon wafers. By control-
ling spin rate and the concentration of polymer solution, we
obtained different thicknesses (ranging from 7 to 200 nm),
measured by spectroscopic ellipsometry. Analyses of the
topographies of the films were performed in contact mode using
an Autoprobe CP scanning force microscope (SFM) from Park
Instruments. In some cases, tapping-mode scanning force
microscopy measurements were performed using a Nanoscope
IV Dimension 3100 (Digital Instruments). Scanning force and
optical microscopy images of the films, quenched to room
temperature after undergoing heat treatments for specified
durations at elevated temperatures under vacuum conditions,
revealed the development of a range of topographies that
reflect the influence of various interfacial forces. The surfaces
of all spin cast films in the above thickness range were smooth
prior to annealing.

Results and Discussion

This section is divided into two parts. In the first,
topographies of thin films of varying thicknesses, 7 nm
< h < 178 nm, annealed at a temperature of 170 °C,
were examined. This temperature is above the melting
temperatures and below the order—disorder transition
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Figure 1. Topographical structure formed by annealing an
E/SEB film with 2~ = 14 nm at 170 °C for 24 h. The leftmost
point shows the position of a scratch and is used as a reference
point to measure the height of each layer.

temperatures of the films. This temperature enabled an
assessment of the relative influence of the structural
forces associated with block connectivity (ordering of the
copolymer) versus the long-range van der Waals forces
toward the structure of the film; the crystallization
forces are active at appreciably lower temperatures. In
the second, the effect of crystallization on the structure
of films in the thickness range 7 nm < A < 100 nm is
examined. While there is evidence of a small film
thickness dependence of the crystallization rate and
melting temperature, all samples were annealed at T
=176 + 1 °C as this temperature proved optimal for the
development of crystallization within the films (develop-
ment of crystallization below 70 °C was unreasonably
slow in thin films, whereas it is known to be relatively
fast in the bulk at this temperature). Our choice of this
temperature enabled examination of the relative influ-
ence of the three forces, the long-range van der Waals
forces, block connectivity, and crystallization, on the
structure of the films.

I. Films in the Temperature Range T, < T < T,.
In this temperature range, the long-range destabilizing
van der Waals forces determine the structure of films
of thickness & < 12 nm, whereas the structural forces
associated with block connectivity determine the struc-
ture of films with thickness A >12 nm. This critical
value of & is the thickness of the brush layer Ly = 12
nm, and it is also approximately one-half of the bulk
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Figure 2. Topographies of samples of varying thickness, annealed at 170 °C. (a) A~ = 30 nm, (b) 2~ = 28 nm, (¢) ~ = 25 nm, (d)
h =22nm, (e) h =19 nm, (f) A = 17 nm, (g) ~ = 14 nm. The edge of each sample contains a scratch made to bare the substrate.

intersphere spacing, Lo = L/2. Section I.a. discusses the
structure of films with A > Lo, while section ILb.
addresses the behavior of films with 2 < L.

I.a. Films with Thickness 2 > 12 nm (h > Ly). A
typical image of the topography of a film annealed at T
= 170 °C is shown in Figure 1. This sample, whose
initial thickness was A = 14 nm, was scratched prior to
annealing to expose the underlying substrate. Numer-
ous line scans of the sample topography, and of the
region containing the scratch, consistently showed that
the islands were of height L = 21.7 4+ 2.2 nm and that
the layer in contact with the substrate was Lo = 11.6 +
1.8 nm. A series of images of films ranging in thickness
from 30 to 14 nm are shown in Figure 2. The topogra-
phies are similar to those formed by symmetric diblock
copolymers, and it is well-known that they develop to
accommodate the excess material, 6k, needed to create
a complete layer.2? The topographies were observed in
films ranging in thickness from 30 to 178 nm (k ~ 8L).
In fact, the SFM tapping mode scans of the edge of the
thickest film (A = 178 nm) is shown in Figure 3;

this film was annealed at 180 °C for 25 h, and the
image reveals steps, evidence of order throughout the
film.30

The bulk phase structure of this diblock is body-
centered cubic, where the spheres of E blocks are
embedded in a matrix of SEB component.?’-28 In thin
films, an asymmetric wetting condition occurs wherein
the E component resides at the free surface and the
amorphous SEB component resides at the substrate.
The surface energies of polyethylene, polystyrene, and
polybutene are 36.7, 43.0, and 33.1 mJ/m? respec-
tively.31:32 On the basis of group contribution calcula-
tions, the surface energy of the SEB block is 39.4 mdJ/
m?, while that of the E block is 36.4 mJ/m?2. Clearly,
the E component possesses a lower surface energy than
that of the random block, which would indicate that this
component should reside at the free surface. The
interfacial tension between aromatic hydrocarbons (PS)
and polar native oxide is much less than that between
completely saturated alkane (PE) chains, so the SEB
block resides at the substrate.?3
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Figure 3. Topographical structure formed by annealing an E/SEB sample of 2 = 178 nm thick at 180 °C for 25 h. The black line
in the planar image shows the location of the line scan. Each layer is ~21 nm in height.
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Figure 4. (a) Schematic of the case where a lamellar structure is formed at both surfaces. (b) Schematic of the case where a

spherical layer is formed next to the substrate.

Interactions between the substrate and the copolymer
segments have been known to modify the structure of
the copolymer from hexagonal or spherical to lamellar.
Turner et al. examined conditions under which the
hexagonal phase of a bulk asymmetric diblock copoly-
mer would be suppressed in favor of a lamellar phase
in thin films.3* For the lamellar region to exist, the free
energy penalty associated with the formation of the
lamellar phase at the expense of the equilibrium phase,
as well as the distortion energy associated with the
transition from a lamellar to the equilibrium phase,
must be compensated elsewhere. Within a factor of order
unity, this occurs when the difference between the
surface energies of polymers A and B, Ay is

Ay > yap (1)

where yap is the interfacial energy between the two

blocks, and Ay is the difference between the surface
energies of the two components of the copolymer. Such
a reconstruction from cylinders to lamellae has been
observed in the PS-6-PDMS system.?® It turns out that,
in this PS-5-PDMS system, the criterion specified by eq
1 does indeed predict such a substrate-induced transi-
tion, Ay > yap (Ay = 23 md/m?). For the E-b-SEB
system, Ay = ya — yg = 3 mJ/m? and an estimate of the
interfacial energy is yap ~ 1.7 mJ/m?2,3637 which sug-
gests the possibility of a surface-induced lamellar
structure. If an E-5-SEB film of & = Ly is layered, then
how far would the lamellar structure persist in thicker
films? If the lamellar structure extends beyond the
brush layer, then the structure in Figure 4a arises.
However, Figure 4b suggests an alternate possibility
that should be considered because eq 1 represents a
rough approximation.
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Figure 5. Topographical structure of a sample with ~ = 8
nm (<L), annealed at 170 °C.

To address this question, it is worthwhile to consider
the behavior of an asymmetric polystyrene-b-butadiene
(PS-6-PBD), 65 k:10 k, a diblock copolymer whose
interfacial characteristics and asymmetry are similar
to those of the E-6-SEB copolymer. For example, the
minority PBD block wets the free surface of PS-6-PBD
thin films. On the basis of eq 1, the criterion Ay > yap
(Ay = 7.6 mJ/m?2, yap = 0.84 mJ/m?, yps = 43 md/m?,
and yppp = 35.4 mJ/m?) would predict a spherical-to-
lamellar transition for PS-6-PBD thin films. However,
unlike the PS-6-PDMS copolymer, this transition does
not occur, as revealed by an assessment of the experi-
ments of Harrison et al.33 Spheres are observed beyond
the first layer. Therefore, on the basis of the relative
surface energies of the E-6-SEB copolymer compared to
those of the other two copolymers, we expect that Figure
4Db best describes the structure of the E-6-SEB thin film.
The critical issue for this current study is that the
samples are ordered in the vicinity of the substrate for
films thicker than Ly = 12 nm. This is of particular
importance in light of the findings of the next section
regarding the structure of thinner films at this temper-
ature.

Lb. Films with Thickness below 12 nm (h < Lg).
The morphology of films with thicknesses 2 < Ly at T
=170 °C (T, < T < Topr) is now discussed. The E-b-
SEB films in this thickness range dewet the substrate,
forming droplets, as illustrated in Figure 5 for a film of
thickness 8 nm. In fact, films of thicknesses 8, 10, and
12 nm dewet the substrate to form droplets. As men-
tioned earlier, thin liquid films may exist in a mor-
phologically stable, metastable, or unstable state, and
this behavior is determined by an effective interface
potential.1=® For an apolar homopolymer film, this
potential is determined by short-range interactions and,
more importantly, by long-range van der Waals forces.
For this sample, the dewetting is due to destabilizing
van der Waals interactions, which may be understood
as follows. If a net attraction exists between the
interfaces (liquid/vapor and liquid/substrate), then the
sample is unstable to local fluctuations of the film
thickness. The stability is determined by the curvature
of the effective interface potential, where the effective
interface potential is

(AairfpolyfsiOx - Aairfpolyfsi)

127(h + d)?

Aairfpolyf SiO,

127h>

dh)=—
(2)
where Aair—poly-sio, and Aair—poly-si are Hamaker con-

stants, A~ is the film thickness, and d ~ 15A is the
thickness of the SiOy layer on the surface of the Si wafer.
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Using Lifshitz theory, we estimate that Aai—poly-sio, =
1.89 x 10720 J and Aair—pgly—si = —4.92 x 10720 J.38 On
the basis of these values, the curvature of the effective
interface potential is negative (02®/0h2 < 0), indicating
that there is an attraction between the external inter-
faces that would lead to destabilization (dewetting) of
the film, provided it is sufficiently thin. Because both
components are nonwetting on the substrate (negative
spreading coefficient, S < 0) and the effective Hamaker
constant is positive, the final state of the original film
would be droplets, as observed.

The oscillatory profile associated with the effective
interface potential for the copolymer was not considered
explicitly for this calculation. However, it suffices to
mention that the first minimum of the potential, cor-
responding to a stable film thickness, would be at the
brush height, 12 nm. The stability of the film would in
principle be due to the competition between the desta-
bilizing van der Waals forces and the stability associated
with block connectivity that favors a stable film of
thickness Lo. If the ordering associated with block
connectivity dominated, then the film would have to
thicken, and this would happen only if holes developed
in the film, as observed in the polystyrene-b-poly(methyl
methacrylate) (PS-6-PMMA) system. The PS-6-PMMA
copolymer films in the thickness range 2 < 12 nm are
relatively more stable because the effective interface
potential for this system is different. Specifically, S >
0 and the minimum in the potential corresponding to
the stable film thickness is 7 nm for the copolymer
examined in that study.

In summary, in the temperature range T, < T <
Topr, the morphology of films of A > L is determined
by structural forces associated with chain connectivity,
leading to long-range order. For films of 4 thinner than
Ly, the dominance of the destabilizing influence of the
van der Waals forces is evident. The minimum of the
interface potential of the copolymer denoting a stable
film thickness is Ly = 12 nm, and coupled with the fact
that in this system S < 0, the film forms droplets on
the Si/SiO, substrate. A quantitative assessment of the
relative interactions would have to await computer
simulations of the entire potential for this system.

II1. Effect of Crystallization on the Structure. To
understand the effect of forces associated with crystal-
lization, two types of experiments were performed. In
the first, films in the thickness range 7 nm < 2 < 100
nm were isothermally annealed at 76 + 1 °C; this
temperature is above the glass transition of the amor-
phous component of the copolymer but below the melt-
ing temperature of the E block. The samples were
subsequently quenched to room temperature and ana-
lyzed using SFM. Crystallization is evident in all these
films. A second series of films was first isothermally
annealed at 170 °C to allow sufficient time for ordering
and subsequently quenched to 76 + 1 °C. At this
temperature, crystallization was shown to destroy the
topographies associated with copolymer ordering in
thicker films. These findings are discussed in parts IL.a.
and ILb. below.

Il.a. Morphology of Samples Annealed in the
Temperature Range Ty < T < Ty. The samples
discussed in this section were annealed at 76 + 1 °C
and allowed to undergo crystallization for various time
intervals. Figure 6 shows SFM images of two films, one
of thickness A = 8.5 nm and the other 2 = 11 nm, that
were annealed at 76 £+ 1 °C for 5 h. Both films remain
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Figure 6. SFM images: (a) a h = 8.5 nm E/SEB film crystallized at 77 °C for 5 h, (b) a ~ = 11 nm E/SEB film crystallized at 77

°C for 5 h.

structurally stable with no dewetting. Holes developed
throughout the 2~ = 8.5 nm sample and appear to be
the result of an attempt by the system to decrease its
free energy by adjusting its thickness (locally) to Lo, the
stable film thickness. This behavior contrasts with that
at 170 °C, where droplets developed on the substrate.
The thicker A ~ 11 nm film, on the other hand, did not
contain holes because its thickness is approximately A
~ Lo. The topographies of both films are indicative of
crystallization. The stabilizing effect on the structure
of the film due to crystallization is evident. Morphologi-
cal stability should not be particularly surprising be-
cause energies associated with crystallization are much
larger than those attributable to interfacial energies,
van der Waals forces, or attributable to phase separa-
tion. The energy associated with crystallization ~100
J/g1739 and for phase separation it is ~ 1 J/g.1740 An
estimate of the crystallization energy per unit volume
for a polymer with density 1 g/em?® is ~10% J/m3.
Considering that the Hamaker constant is ~10720 J and
the energy per unit area of interaction for a film of
thickness 10 nm is ~107% J/m?2, then it should be clear
that the film would be stable at this thickness at this
temperature largely because of the stabilizing effects
of crystallization. We are unable to predict the structure
of the film because the relative kinetics of these forces
are not well-known. Nevertheless, the topography of the
film reveals evidence of some degree of crystallization;
the holes in the film suggest evidence of the attempt of
the system to form a complete brush layer at the
substrate. The stability of the film at this temperature
and the absence of stability above T}, are clear indica-
tions of the influence of crystallization.

The influence of crystallization on the final morphol-
ogy of the film increases with increasing film thickness.
Three images of the same general region of a film with
h = 33 nm that was annealed for 23 h at 77 °C are
shown in Figure 7. The optical micrograph (Figure 7a)
and the SFM image (Figure 7b) indicate that locally one
region of the surface is flat, whereas the other region
consists of a spherulite structure within a hole. Figure
7c reveals further details about the structure of the film
near a region where a scratch exposes the substrate.
These measurements show that a brush layer appears
close to the edge and its height is &;. The flat layer on
top is of thickness A9, and the maximum height of the
spherulite structure is 3. We took more than 20 images
of samples with an average thickness of 27—40 nm, and
for each image, 3 or 4 line scans were chosen. The
average values of hi, he, and hs obtained from these

measurements were compared with L and L. It is clear
that 21 (11.2 nm) ~ L and A9 (33.7 nm) ~ Lo + L. The
height A3 (61.0 nm) bears no relation to any intrinsic
morphological features. These results indicate that the
microdomain structure is retained near the substrate,
whereas the topography reflects evidence of crystallinity
at the free surface.

Optical microscope and SFM images of films of thicker
films, with A~ = 94 nm and 2 = 67 nm, annealed for 3 h
at 75 °C, are shown in Figure 8. The topography of 94
nm film reflects complete crystallization, whereas the
topography of the 67 nm film shows evidence of flat
regions, indicating incomplete crystallization. The influ-
ence of the substrate on crystallization of the film is
consistent with observations reported by others. For
example, Frank et al. showed that, because of the
polymer—substrate interfacial interactions, crystalliza-
tion of polymers is substantially hindered in thin PEO
films with thicknesses below a critical thickness of 15
nm 4142

IL.b. Morphology of Films Annealed in Temper-
ature Regime T, < T1 < Topr and Subsequently
in the Range Ty < Ty < T. Further insight into the
relative contributions of crystallization and micro-
domain formation to the structure of the film may be
obtained by first allowing a sample to form an ordered
structure at temperatures above T}, and quenching
below Ty, where it would crystallize. Figure 9a shows
an image of a film of thickness 2~ = 41 nm annealed at
170 °C for a sufficiently long time (24 h) to develop a
stable phase-separated morphology. The image in Fig-
ure 9b is of a sample of identical thickness. However,
this sample underwent an additional heat treatment;
it was quenched to T'= 76 °C, where it was allowed to
crystallize. It is evident from the images that nucleation
at the surface occurs preferentially at the edges of the
islands and alters the topography appreciably. This is
not surprising because, as mentioned earlier, the crys-
tallization energy is usually larger than the energy
associated with microphase separation.

Concluding Remarks

The influence of interfacial constraints and temper-
ature on the self-organization of an asymmetric E-b-
SEB diblock copolymer, for which the E component is
crystallizable, was examined. In the bulk, the equilib-
rium morphology of this copolymer exhibits bcc sym-
metry, with E spheres embedded in the SEB matrix.
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Figure 7. Optical microscopy (a), scanning force topographies (b), and line scans (c¢) of a film of thickness 2 = 33 nm annealed
(crystallized) at 77 °C for 23 h. The parameters identified in the diagram are A; = 11.2 + 1.5 nm (~Lo), he = 33.7 + 2.4 nm
(~L+Ly), and h3 = 61.0 & 3.0 nm.

Throughout the temperature range Ty, < T' < Topr, in the dominance of the driving forces for ordering as in a
thin films (2 > 12 nm) supported by SiO,/Si substrates, typical block copolymer. Films thinner than 12 nm were
an ordered, terraced structure is observed, indicating structurally unstable; they dewet, and formed droplets
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Figure 8. Optical microscopy (right) and SFM images (left) of samples crystallized at 76—77 °C: (a) h = 94 nm film crystallized

at 75 °C for 3 h, (b) A = 67 nm film crystallized at 75 °C for 3 h.
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Figure 9. SFM images: (a) a h = 41 nm E/SEB film annealed at 170 °C for 24 h, (b) a 2 = 41 nm E/SEB film annealed at 170
°C for 3 h and then crystallized at 75 °C for 3 h.

on the substrate. This instability was due to long-range
van der Waals forces. All films annealed within the
temperature range Ty < T' < Ty, remained structurally
stable, and the stability is largely associated with
crystallization (films of 2 < 12 nm were also stable).
Crystallization destroyed the microdomain morphology;
this was particularly evident in thicker films, where the
influence of the substrate is smaller than that for
thinner films. Specifically, the layered structure, steps,
was evident in films of thickness below or about 33 nm.

0 10 20 30 40 pm

In thicker films, they were completely eradicated by
crystallization. A more quantitative assessment of the
relative influence of interfacial forces on the structure
of thin films awaits simulations.
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