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ABSTRACT: The control of the self-assembly (SA) process
and nanostructure orientation in diblock copolymer (DBC)
thick films is a crucial technological issue. Perpendicular
orientation of the nanostructures in symmetric and asymmetric
poly(styrene)-b-poly(methyl methacrylate) (PS-b-PMMA)
block copolymer films obtained by means of simple thermal
treatments was demonstrated to occur in well-defined
thickness windows featuring modest maximum values, thus
resulting in low aspect ratio (h/d < 2) of the final lithographic
mask. In this manuscript, the thickness window corresponding
to the perpendicular orientation of the cylindrical structures in
asymmetric DBC is investigated at high temperatures (190 °C
< T < 310 °C) using a rapid thermal processing machine. A
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systematic study of the annealing conditions (temperature and time) of asymmetric PS-b-PMMA (M, = 67.1, polydispersity
index = 1.09) films, with thicknesses ranging from 10 to 400 nm, allowed ordered patterns, with a maximum value of
orientational correlation length of 350 nm, to be obtained for film thicknesses up to 200 nm. The complete propagation of the
cylindrical structures through the whole film thickness in a high aspect ratio PS template (h/d = 7) is probed by lift-off process.
Si nanopillars are obtained having the same lateral ordering and characteristic dimensions of the DBC lithographic mask as
further confirmed by grazing-incidence small-angle X-ray scattering experiments.
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1. INTRODUCTION

Among self-assembling (SA) systems, block copolymer thin
films have emerged as an attractive cost-effective nano-
fabrication technology in a number of technological applica-
tions, such as separation membranes, > photovoltaic materi-
als,** and masks for lithographic applications.’~” Because of
their inherent tendency to form high-resolution ordered
nanostructures, they are commonly used to generate polymeric
templates that are integrated in predefined topographical
structures, fabricated by means of standard top-down
processing techniques, performing a sort of subpatterning of
the lithographic structures.® The equilibrium structures of the
block copolymers are determined by molecular topology, block
sequence, composition, molecular size, and the interaction
parameters among the chemically distinct block units. In block
copolymers with relatively simple architectures, such as AB
diblocks and ABA triblocks, the structures include phases with
spherical, cylindrical, double gyroid, or lamellar nanostructures,
and the natural periodicity of these self-assembled structures is
mainly determined by the molar mass of the specific
macromolecule under investigation.”
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Poly(styrene)-b-poly(methyl methacrylate) (PS-b-PMMA)
block copolymers have been proposed as the material of
choice for lithographic applications. The possibility of
selectively removing one of the two blocks'® and finely tuning
the characteristic size of the nanostructures, up to ~12 nm,' '
allows these diblock copolymers (DBCs) to be used as positive
or negative lithographic resists for the patterning of the
underlying substrate. In this regard, PS-b-PMMA block
copolymer thin films, with lamellar and cylindrical structures
perpendicularly oriented with respect to the substrate, offer the
possibility to fabricate nanometric size wires and pillars having
aspect ratios higher than those obtained from parallel cylinders
and spheres. Many approaches to direct the orientation of the
nanostructures have been proposed so far, including the control
of the interfacial interactions between the DBC and the surface
through the grafting of homopolymer or random copolymer
(RCP) brushes,">'* the application of external fields," or by
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controlling the solvent evaporation rate from the thin film.'®
Among those methods, surface functionalization through the
grafting of a PS--PMMA RCP brush layer has been widely
explored in literature.'”~'® However, the perpendicular
orientation of both cylindrical and lamellar PS-b-PMMA
DBC structures, thermally treated at relatively low temperature
(170 °C), could be accomplished only in a very limited window
of thickness of the block copolymer film, depending on the
composition of the underlying random copolymer brush
layer.”® In the best case, the width of the thickness window is
restricted to 20 nm and is approximately centered at 30 and 20
nm for cylindrical and lamellar PS-b-PMMA block copolymers,
respectively. Such thickness constraints imply a significant
limitation on the use of the DBCs as lithographic masks, due to
the reduced aspect ratio (h/d & 1.5) of the resulting template.
To overcome such limitation, the possible solutions consist in
increasing the stiffness of the nanostructured matrix or the film
thickness. In the first case alternative approaches such as the
sequential infiltration synthesis of DBC*'™>® can guarantee a
higher etching contrast with respect to the original PS template.
This approach requires the use of the atomic layer deposition
(ALD) technique. The second possibility that has been
systematically addressed in a recent publication® is the
fabrication of very thick (h > 100 nm) DBC masks. In ref 24
the perpendicular orientation of PS-b-PMMA cylindrical
structures has been observed in quite wide thickness window
when thermally treating the samples at high temperatures (up
to 230 °C). For films thicker than # = 100 nm, the orientation
of the structures was observed to be highly dependent on both
the annealing temperature and the nature of the two interfaces
(ie, the substrate—polymer interface and the polymer-free
surface). It was also observed that the morphological evolution
during the thermal treatment of the spun samples depends on
the film thickness. In thin films, when & is comparable with the
periodicity (L,), the interaction between the two interfaces is
high, so the ordering propagates homogeneously along the film
thickness. On the other hand, in thick films (h > L,) the two
interfaces are decoupled, and the hexagonally packed cylinders
originate simultaneously from the top and bottom surfaces with
perpendicular orientation with respect to each of them. This
mechanism results in the mismatching of the two cylindrical
structures propagating independently from the two distinct
interfaces. The above interface decoupling occurs approx-
imately in films with & > 300 nm. Nevertheless, even in samples
with & < 300 nm, the cylinders appear bended forward with
respect to the axis normal to the surface of the film, thus
ultimately resulting in a poor propagation through the
polymeric mask.***

An additional limitation to the use of thick DBC films as
lithographic masks is the long annealing time required to
complete the SA process. Thick films** are reported to be
annealed for 1.5 h at 230 °C to reach the thermodynamic
equilibrium. This annealing time is too long for the process to
be integrated in a production line.** However, the possibility of
completing the SA in thin films within few minutes has been
demonstrated by means of fast heating approaches includin:
hot plate*” and rapid thermal processing (RTP) machine.”®*
Consequently, the thickness dependence of the DBC ordering
using a fast heating technique is worthy of detailed
investigation. With this context, the present paper describes
the structural characteristics of PMMA cylinders, including the
connectivity at both interfaces, in PS-b-PMMA films with
different thicknesses (between S and 400 nm) once the SA

process is performed in RTP at different temperatures between
190 and 310 °C, in a reduced amount of time (300 s)
compatible with the technological requirements of the
production line. The propagation of the cylindrical arrangement
within the polymeric film are also delineated by evaporating Si
through DBC masks of different thickness.

2. EXPERIMENTAL DETAILS

Sample Preparation. Silicon substrates, with ~1.8 nm native
silicon dioxide (SiO,) layer, were used as a support for the block
copolymer SA. The substrates (~1 cm?” surface) were treated with the
Piranha solution (H,SO,/H,0, with 3/1 v/v ratio at 80 °C for 40
min) to increase the surface density of hydroxyl groups and eliminate
any residual organic material. The samples were then rinsed in H,O
and dried under N, flow. The hydroxyl end-functionalized P(S-r-
MMA) copolymer Br-terminated with styrene fraction XS = 0.61, M,
= 14500 g mol™' and polydispersity index (PDI) = 1.25 was
previously synthesized as described in ref 14. Afterward, a P(S-r-
MMA) solution (18 mg in 2 mL of toluene) was prepared and
sonicated in an ultrasonic bath for 300 s. The resulting solution was
then spun on the substrates at 3000 rpm for 30 s. The grafting reaction
of the P(S-~-MMA) chains on the substrate was promoted via thermal
treatment performed in RTP at 310 °C for 60 s in a N, atmosphere.
The nongrafted P(S-~-MMA) chains in excess were removed by
washing the samples with toluene using an ultrasonic bath. The
resultant P(S-~-MMA) film is characterized by a thickness of
approximately 7 nm.'*

The asymmetric PS-b-PMMA with styrene unit fraction 0.71,
average number molecular weight M, = 67 100 g mol™!, and PDI =
1.09 was purchase from Polymer Source. The PS-b-PMMA film
thickness was controlled by spin-coating dilute solutions in toluene
with different concentrations on the properly neutralized substrates.
The DBC thickness was measured by means of a M-200U
spectroscopic ellipsometer (J. A. Wollam Co., Inc.) using a xenon
lamp at 70° incident angle.

The selective opening of the pores was performed by exposing the
samples to UV radiation (5 mW cm™, exposure time = 900 s) and
removing the degraded PMMA in an acetic acid bath for 480 s. Then,
an oxygen plasma treatment for 180 s was performed to cross-link the
PS chains and remove the random copolymer at the bottom of the
pores.

The lift-off process was performed by evaporating a 10 nm thick
layer of Si on the nanoporous PS template. Afterward, the polymeric
mask was removed by dipping the samples in the Piranha solution at
80 °C for 20 min.

Morphological Analysis. SEM analysis (Zeiss Supra 40 SEM)
was performed to evaluate the degree of superficial morphology of the
samples. Cross-sectional SEM images were also taken to investigate
the complete propagation of the cylindrical structures along the whole
film. The calculation of the orientational correlation length (£) was
performed by processing the several SEM images of the surface of each
sample using a Matlab routine, following the process flow described in
refs 30 and 31. After a first step of image binarization, the Matlab
program localizes the centroids of every cylinder and performs a
Delaunay triangulation to determine the coordinates of the vertex of
the hexagons. Then the orientational order of the hexagons with
respect to the horizontal axis and the associated autocorrelation
function (ACF) are calculated. Finally the & values were calculated by
fitting the ACF with the following equation: ACF = exp(—#/£), where
7 is the coordinate vector.

The thickness of the cylindrical Si pillars was obtained by means of
grazing-incidence small-angle X-ray scattering (GISAXS) technique.
The measurements were carried out in the SAXS beamline of the
Elettra-Sincrotrone of Trieste (IT). Data were fitted to pillars of
circular cross-section assembled in two-dimensional hexagonal lattice.
All the samples were measured at 0.17° (grazing angle), chosen for the
strongest scattering intensity and because it is the critical angle of
incidence in our system.
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Figure 1. SEM images representing the evolution of the in-plane ordering taken at different magnifications for samples treated at T, = 190, 210, 230,
250, 270, 280, 290, and 310 °C. The effect of the thermal degradation at T, > 280 °C is shown in rows (a, b). In row (c) the color map overlapped
with the corresponding SEM images shows the dynamics of the domain coarsening as a function of T.

3. RESULTS AND DISCUSSION

Temperature Dependence of Domain Coarsening.
The dynamics of domain coarsening and nanostructure
orientation in self-assembled PS-b-PMMA thin films are
strongly influenced by the annealing temperature (T,) and
processing time (t,).””** High T, contributes to speed up the
kinetics of the system, resulting in a long-range orientational
correlation (£)** and in a significant scaling down of the overall
ordering time.>”~%° Nevertheless, there are intrinsic restrictions
to the maximum T, dictated by the degradation process of the
polymeric chains of both random copolymer”> and block
copolymer.'" Consequently, to identify the best processing
conditions, a first set of PS-b-PMMA films was prepared by
maintaining constant the thickness at & &~ 35 nm. Then, the
samples were processed in an RTP machine for the fixed
annealing time of £, = 900 s at different temperatures from T, =
190 to 310 °C. The SEM plan view images of representative
samples are reported in Figure lab at two different
magnification levels. The samples annealed at T, < 250 °C
exhibit a perfectly homogeneous morphology with PMMA
cylinders perpendicularly oriented with respect to the substrate.
For the sample treated at 270 °C, the SEM analysis shows some
relatively small areas in which cylindrical nanostructures are no
longer visible (dark areas in Figure la at T, = 270 °C). These
disorganized areas are highlighted by a different contrast (dark
region) in the SEM image of Figure 1la and cover less than 1%
of the total area of the sample. By further increasing the
annealing temperature (T, > 270 °C), the DBC films present
large disorganized regions over the whole surface of the
samples (dark zones in the SEM images of Figure la at 280,
290, and 310 °C). On the other hand, the brighter areas
represent quite small self-organized portions of the films.

SEM images in Figure 1b depicted a significant variation of
the domain size in the block copolymer films depending on the
annealing temperature T,. The quantification of the lateral
order was performed by extracting the correlation length values
£ for all the samples, following the procedure reported in
literature.®® For the samples annealed at T, = 280 and 290 °C,
the £ values were calculated considering only the zones where
the nanostructures in the DBC film are perpendicularly
oriented with respect to the substrate and the hexagonal
arrangement of the PMMA cylinders is visible (brighter zones
in the corresponding SEM of Figure 1a). The evolution of the
domain coarsening as a function of the annealing temperature is
described in Figure lc, in which the color maps delimiting the
domain boundary are located in correspondence with the
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relevant SEM images. The domain boundaries are located in
correspondence with the formation of lattice defects in two-
dimensional hexagonal arrays, such as S5-fold or 7-fold
dislocations and disclinations.”*

Figure 2 reports the ¢ values as a function of the annealing
temperature. The domain size increases with temperature, with
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Figure 2. Temperature dependence of the & for samples annealed at
temperatures between T, = 190 and 290 °C.

£ raising from 145 (T, = 190 °C) to 400 nm (T, = 270 °C).
However, for T, > 270 °C, a drop of & occurs.

Time Evolution. At 270 °C, the polymeric film exhibits the
highest correlation length, but some relatively small regions,
where the polymer does not properly organize, are present. In
contrast, at 250 °C the polymeric film is homogeneously
organized, but the correlation length is lower than at 270 °C.
For these reasons, in the following experiments, the polymeric
films were processed at T, = 270 °C, corresponding to the
highest £ value, and at T, = 250 °C, corresponding to the
highest temperature at which the sample does not show any
sign of degradation of the order.

Once the annealing temperatures T, were selected, the effect
of the annealing time was investigated with the general
perspective of exploring a processing window compatible with
the technological requirements of a production line.*®
Consequently, two different sets of samples were processed at
250 and 270 °C with annealing time f, comprised between 10
and 900 5.8 Figure 3a,b illustrates the plan-view images of the
samples annealed for 10, 60, and 300 s at 250 and 270 °C,
respectively. Although the presence of perpendicularly organ-
ized hexagonally packed structures is evident, a very high

dx.doi.org/10.1021/am506391n | ACS Appl. Mater. Interfaces 2014, 6, 21389—21396



ACS Applied Materials & Interfaces

Research Article

(c)

$=0,38+0,09

¢=0,09%0,01

¢ =0,19.0,04

& (nm)

100 +

$¢=0,51+0,04 Q@ 270°C

@ 250°C

10 100 1000

Annealing Time (s)

Figure 3. Evolution of the lateral order for samples treated at 250 (a) and 270 °C (b) for different annealing times. (c) Time evolution of the
orientational correlation length for the two set of samples annealed at 250 °C (red points) and 270 °C (blue points).
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Figure 4. Suface morphology of the DBC samples having different thickness and treated at 270 °C (upper blue row) and 250 °C (lower red row).
Three different zones (microdroplets zone, highly ordered zone, and defective zone) are indicated as a function of the film thickness.

density of defects can be seen for the sample annealed at T, =
250 °C for t, = 10 s, and a very limited lateral order is observed
for the sample annealed at T, = 270 °C for t, = 10 s.
Conversely, the samples annealed for 60 and 300 s exhibit a
well-developed lateral organization with few or no defects in the
polymeric matrix. In addition, even operating at T = 270 °C,
corresponding to t, < 600 s, the DBC film does not show any
trace of nonorganized zones or inhomogeneity, at variance with
the previous observation for the sample prepared at 270 °C for
t, = 900 s.

The & values obtained at 250 and 270 °C are reported as a
function of annealing time in Figure 3c. The time evolution of £
presents two distinct coarsening regimes. At both annealing
temperatures, the correlation length £ increases, steeply at first,
and then more gradually, with a well-defined threshold at ~60
s. These two regimes are characterized by power laws with
markedly different growth exponent ¢. For the samples
annealed at T, = 270 °C (blue circles in Figure 3c) the growth
exponent of the fast coarsening regime is ¢ = 0.38 + 0.09,
while in the slow coarsening regime it is ¢ = 0.09 + 0.01. At T,
= 250 °C the two growth exponents of the fast and slow
regimes are ¢ = 0.51 + 0.04 and ¢s = 0.19 + 0.04,

respectively. The ¢ values that are measured during the fast
coarsening regime are significantly higher than those reported
in the literature in the case of cylinder-forming PS-b-PMMA
block copolymers.*® The origin of the two distinct ordering
regimes is probably related to the presence of some residual
solvent retained inside the films during the initial stages of the
annealing process, as reported elsewhere.”****"** These results
demonstrate that in asymmetric PS-b-PMMA films the ordering
kinetic is significantly enhanced when the self-assembly process
is performed at high temperature in an RTP system.
Thickness Dependence. On the basis of the results
illustrated in the previous sections, the annealing time £, = 300 s
is assumed to represent a reasonable trade-off between the
needs of minimum processing time and maximum degree of
lateral order. Consequently, several DBC films with thickness h
ranging from S to 400 nm were prepared to study the
evolution, as a function of h, of the lateral ordering of the
nanostructures and the propagation of the PMMA cylinders in
the perpendicular direction with respect to the substrate.
Figure 4 reports the SEM plan view images of the samples
annealed at 250 (red row) and 270 °C (blue row), as a function
of the thickness of the DBC film. Three well-defined thickness
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regions are observed. For /i < 10 nm, the formation of droplets
with diameters in the micrometer range occurs, whereas for film
thicknesses between 10 and 200 nm, the polymeric film is
homogeneously distributed on the substrate, and wide domains
featuring a noticeable level of lateral order are observed. Finally,
corresponding to & > 200 nm, the films are still homogeneous,
but several defects start to appear at the surface, thus decreasing
the average domain size.

In more details, corresponding to thickness & < 10 nm, the
surface tension of the DBC is so high that when the film is
heated over the glass transition temperature, the microdroplet
formation process takes place leading to the formation of
polymer droplets on the SiO, substrate (Figure S). For T, =

Figure 5. Microdroplet formation from thin DBC films (h ~ S nm)
treated for 300 s at T, = 270 °C (a, b) and T, = 250 °C (c, d).
Whereas lateral ordering of the cylindrical nanostructures is perfect
inside the droplets of the sample annealed at T, = 250 °C, the
formation of some defects in the sample annealed at T, = 270 °C is
observed.

250 °C, the coupling of the circular geometry of the
microdroplets with the DBC cylinder structure leads to the
formation of a domain in which the hexagonally packed
nanostructures own a single orientation (Figure Sd). These
well-organized microdroplets can be integrated in a lithographic
process flow™ leading to interesting nanopattern structures. On
the other hand, in samples annealed at T, = 270 °C, the central
part of the droplets presents defects, consisting of PMMA
bridges among adjacent cylinders or even small parallel
cylinders (Figure Sb).

The trend of the correlation length as a function of the film
thickness at 250 and 270 °C, is illustrated in Figure 6 for
samples with thickness # > 10 nm. The correlation length is
practically constant over a wide thickness region with £ ~ 180
nm when the annealing temperature is 250 °C and £ ~ 350 nm
when the annealing temperature is 270 °C. For thickness higher
than 200 nm, an abrupt decrease in the correlation length
occurs at both annealing temperatures. The correlation length
reaches a minimum value of £ ~ 50 nm for thick film with h ~
400 nm irrespective of the annealing temperature.

hid
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Figure 6. Correlation length £ as a function of the film thickness for
two different sets of samples, annealed at 250 °C (red symbols) and
270 °C (blue symbols). The upper axis reports the aspect ratio h/d
corresponding to the film thickness.

To understand the propagation efficiency of cylinders
through the film after PMMA removal and to check the
effective perpendicular and lateral ordering at the substrate
surface, cross-sectional SEM analysis was performed on the
samples with thicknesses between 10 and 200 nm. A
representative image of the top view and the complementary
cross-section of a sample annealed at 270 °C with thickness h =
206 nm is reported in Figure 7a,b, respectively. This sample was
chosen since it is the thicker sample in the constant correlation
length region. Clear evidence of the propagation of the
cylinders along the whole film thickness is given by SEM
analysis performed in a zone of the sample in which the film is
peeled. In these zones the DBC layer is detached from the
SiO,, forming a sort of spatial undulation over the substrate
under which the substrate—DBC interface is exposed
(represented in Figure 7c). SEM analysis performed under
the peeled DBC film revealed the same hexagonal arrangement
of the cylinders perpendicular to the interface between the
DBC and the free surface also in the bottom part of the film
(see Figure 7d). The main problem preventing a systematic use
of this approach to investigate the organization of the film
through the entire thickness of the film is that cross-sectional
SEM imaging allows studying the perpendicular orientation of
the nanostructures only at a local scale. To prove the vertical
orientation of the nanostructures on a large scale an alternative
approach is required.

Therefore, the propagation of the hexagonal pattern through
the whole film thickness can be effectively probed by a lift-off
process. After selective removal of the PMMA phase, a 10 nm
thick layer of Si was evaporated on the remaining nanoporous
PS template and through the nanopores. Figure 8 reports the
SEM plan view images of the Si pillars that are formed on the
SiO, substrate after the complete removal of the DBC mask.
For films with thicknesses between 20 and 170 nm (Figures
8a—c), the formation of hexagonally packed Si pillars that
perfectly replicate the original PS template is observed. As
reported by other authors,”” the presence on the surface of Si
pillars having widely different diameter and of small pillars with
elliptical shape in the sample having h = 206 nm (Figure 8d)
could be ascribed to the bending of the cylinders with respect
to the vertical axes observed in the SEM images (Figure 7d).

dx.doi.org/10.1021/am506391n | ACS Appl. Mater. Interfaces 2014, 6, 21389—21396
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Sio,

Figure 7. SEM images representing the top view (a) and the cross-section (b) of 206 nm thick sample. (c) The peeled zone of the sample is
represented. (d) A zoomed view of the inferior part of the peeled zone, corresponding to the dashed rectangle indicated in (c).
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Figure 8. SEM images representing the Si pillars obtained by lift-off process through DBC mask annealed at 270 °C of thickness h = 35 nm (a), 77
nm (b), 163 nm (c), and 206 nm (d). (e) GISAXS pattern corresponding to Si pillars of 10 nm height. (f) Horizontal intensity profiles measured

along ¢, = 0.22 nm™" at an incidence angle @; = 0.17°.

To provide additional information on the height of the
nanometric pillars and their characteristic dimensions (diameter
d and lattice spacing L), GISAXS experiments were performed

on a representative set of samples. In Figure 8e is reported the

GISAXS pattern corresponding to the sample in Figure 8b. The
measured height of the Si pillars (h = 11 + 3) is compatible
with the nominal value of Si evaporated through the DBC
mask, that is, 10 nm. The lattice spacing extracted from the

dx.doi.org/10.1021/am506391n | ACS Appl. Mater. Interfaces 2014, 6, 21389—21396
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GISAXS spectrum (L, = 37 + 2 nm), calculated from the
position of the g;, vector (Figure 8f) following the relation L, =
471'\/ 39,0 and the diameter of the pillars d = 24 + 3 nm are in
good agreement with the characteristic dimensions of the initial
DBC mask calculated by the SEM analysis (L, = 35 + 1 nm and
d = 23.8 + 1.4 nm), further confirming the good quality of the
polymeric mask and the effective propagation of the PMMA
cylinders through the entire thickness of the polymeric film.

The described experiment demonstrates the possibility of
controlling the self-assembly of DBC film on RCP neutralized
substrates to fabricate hexagonally packed PMMA cylinders in a
PS templates, having h values lying well outside the thickness
window reported in refs 17—19. Interestingly, these results are
obtained using an extremely simple thermal treatment, without
any further constraint to direct the orientation of the cylindrical
structures, such as the application of a DC electric field,"® the
addition of PMMA homopolymer to the DBC,*® or the
deposition of the DBC on indium tin oxide substrates having
random roughness.”*** However, in spite of the high aspect
ratio obtainable with those alternative methods, the excessive
bending of the nanostructures showed by the cross-sectional
SEM and TEM images, which are reported in the aforecited
works, prevents the effective use of these thick PS-b-PMMA
films as lithographic mask.

Very few data on the orientation of PS-b-PMMA
nanostructures in thick films exclusively by thermal treatments
are reported in literature.”® In this specific case, the experiments
were carried out at T, < 230 °C and showed a decoupling
between the two interfaces of the thick polymeric films with the
substrate and the air, respectively, leading to the formation of
two independent and disconnected fronts of PMMA cylinders
propagating from the two interfaces and exhibiting extremely
high & values. Even in this case, the use of the thick nanoporous
PS template as nanolithographic tool was excluded due to the
bending of the PMMA cylinders within the film and to the
formation of the discontinuities between the two propagating
fronts. For this reason the authors exploited the molecular
transfer printing technique to replicate the highly ordered
pattern.

The experimental procedure reported by Ji et al. and the one
adopted in the present manuscript exhibit significant differ-
ences, consisting in the high annealing temperature (T, = 250
or 270 °C), the controlled N, atmosphere, and the overall
duration of the annealing treatment. Under the present
experimental conditions, the perpendicular orientation of the
cylinders through the whole film for sample with & < 170 nm is
promoted in short (ie, 300 s), which is compatible with
requirements. The direct consequence of such achievement is
the possibility of tuning the aspect ratio of the resulting PS
mask over a quite broad range of values, providing the
opportunity to optimize the thickness of the polymeric mask as
a function of the requirements of the specific process under
development. In particular, the range of the accessible aspect
ratios is extended from the value h/d < 2, which is commonly
reported for DBC films annealed in conventional furnaces/
ovens, to h/d = 7, for samples annealed in RTP, reducing at the
same time the duration of the thermal treatment. This result
represents an important breakthrough in the exploitation of
DBC-based lithography, increasing the flexibility of this self-
assembly lithographic strategy and removing one of the
bottlenecks that limit the integration of these materials in
conventional nanofabrication process flow.

4. CONCLUSIONS

The lateral ordering and vertical orientation of the PMMA
cylinders in PS-b-PMMA films with different thicknesses
(between S and 400 nm) when annealed at high temperature
(190 °C < T, < 310 °C) have been systematically investigated.
After identification of the highest processing temperature for
this specific polymeric system (T, = 270 °C), it has been
demonstrated that, in a limited temporal scale (¢, < 300 s), the
lateral ordering of the cylindrical structures remains constant in
the whole window of thickness under investigation (10 < h <
200 nm), resulting in hexagonally packed PMMA cylinders
embedded in a PS matrix. A lift-off process performed by
evaporating Si through the high aspect ratio DBC masks
confirmed the effective propagation of the perpendicular
orientation of the PMMA cylinders through the entire film
until & < 170 nm. As a result of this study, the thickness
window for the perpendicular orientation of the nanostructures
has been extended, fabricating PS template having an aspect
ratio having a maximum aspect ratio of h/d = 7 and with
orientational correlation length as high as £ ~ 350 nm.
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