IEESAPPLIED MATERIALS

Research Article

INTERFACES

www.acsami.org

Thickness and Microdomain Orientation of Asymmetric PS-b-PMMA
Block Copolymer Films Inside Periodic Gratings

Federico Ferrarese Lupi,*’_}_ Giulia Aprile,_‘t’§ Tommaso Jacopo Giammaria,”® Gabriele Seguini,T
Giampaolo Zuccheri,” Natascia De Leo,i Luca Boarinoft Michele Laus,§ and Michele PeregoT

Laboratorio MDM, IMM-CNR, Via C. Olivetti 2, 20864 Agrate Brianza, Italy
iNanoFacility Piemonte, Istituto Nazionale Ricerca Metrologica, Strada delle Cacce 91, 10135 Torino, Italy
§Dipartimento di Scienze e Innovazione Tecnologica (DISIT), Universita del Piemonte Orientale “A. Avogadro”, INSTM, UdR

Alessandria, Viale T. Michel 11, 1512 Alessandria, Italy

||Dipartimento di Farmacia e Biotecnologie, INSTM, Centro S3, CNR-Istituto Nanoscienze, Via Irnerio 48, Bologna 40126, Italy

© Supporting Information

ABSTRACT: The ordering process of asymmetric PS-b-
PMMA block copolymers (BCPs) is investigated on flat SiO,
surfaces and on topographically patterned substrates. The
topographic patterns consist of periodic gratings of 10 trenches
defined by conventional top-down approaches and subse-
quently neutralized using a P(S--MMA) random copolymer
(RCP). When the ordering process is accomplished on a flat
surface at a temperature ranging between 180 and 230 °C,
cylindrical microdomains perpendicularly oriented with respect
to the substrate are observed irrespective of annealing
temperature. In contrast, when the ordering process occurs
on topographically patterned substrates, different phenomena
have to be considered. The simultaneous effect of the flow

around the gratings and the BCP flux from the zone located between adjacent trenches (mesa) into the inner part of the trenches
results in significant thickness variations of the confined BCP film. Therefore, the amount of BCP inside the trenches depends on
the width of the mesa region, which acts as a BCP reservoir. Moreover, within each trench group, the BCP thickness
progressively decreases from the external to the central trenches composing the periodic grating. The thickness variation of the
BCP film within the trenches strongly affects the ordering process, ultimately leading to different orientations of the
microdomains within the trenches. In particular, when the annealing temperature is 190 °C a precise confinement of the BCP
within the trenches featuring a perpendicular cylinder morphology is observed. At higher temperatures, mixed or parallel
orientations of the microdomains are obtained depending on the width of the trenches in the periodic grating.
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B INTRODUCTION

Because of the intrinsic limits of optical lithography, the
microelectronic industry is facing several technological and
fundamental bottlenecks to produce nanoscopic structures with
typical feature sizes below 15 nm. The identification of the
most reliable and cheap technology to obtain nanostructures
approaching the 10 nm node, as defined by the International
Technology Roadmap for Semiconductors (ITRS)," is still an
open issue. Block copolymer (BCP)-based nanolithography
represents an interesting option.z’3

BCPs are a particular class of macromolecules ideally
produced by joining two or more chemically distinct and
thermodynamically incompatible polymeric blocks. These
macromolecules are able to self-assemble in a variety of
periodic morphologies (i.e, cylinders, lamellae, spheres, and
gyroids) with characteristic lengths at the nanometer scale. The
registration of the BCP periodic microdomains in a predefined
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location of the substrate is a prerequisite for the integration of
these materials into a photolithographic process flow and
requires the control of the in-plane positioning of the periodic
features in the polymeric films. Several methods were proposed
to register the BCP microdomains to the substrate surface,
including chemical patterning of the substrate™ as well as
soft®” and hard graphoepitaxy techniques.*” In particular, hard
graphoepitaxy refers to the fabrication of topographic structures
on the substrate to confine the BCP film and direct the self-
assembly process.'””"* By topographically sectoring a surface
with standard lithographic processes, addressable arrays of
spherical,l‘?”14 cylindrical,15'16 or lamellar'”™"? elements can be
registered with the underlying substrate featuring a high degree
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of lateral order and correlation in the xy plane. However, few
studies”””" are focused on the arrangement and ordering
characteristics of the BCP features as a function of the thickness
of the confined polymeric film. Nevertheless, the flow of BCP
into the trenches from the zone adjacent to the periodic
grating'' (also known as the backwash effect) leads to
significant variations of the film thickness within the trenches,
affecting microdomain orientation and lateral ordering of the
BCP template. In particular, cooperative ordering mechanisms,
such as the orientation flipping of the cylindrical domains from
parallel to perpendicular with respect to the substrate,”>** need
be thoroughly investigated and understood to exploit BCP-
based lithography in large-scale production.

The aim of this manuscript is to analyze the flow of the
polymeric film into random copolymer (RCP)-neutralized
periodic structures topographically defined into a SiO,
substrate and to correlate it with the final thickness of the
confined polymeric film upon annealing. The orientation of the
microdomains in cylinder-forming PS-b-PMMA films (M, = 54
kg:mol ™', styrene unit fraction of 0.71) confined inside gratings
of 10 trenches is investigated as a function of the geometrical
parameters of the trenches at different annealing temperatures
ranging from 180 to 230 °C.

B EXPERIMENTAL SECTION

Grating Fabrication. Periodic gratings of 10 trenches, with
different widths (W) between 70 and 600 nm and located at variable
distances (d) of 100, 200, 300, and 400 nm, were fabricated by e-beam
lithography in 100 nm thick SiO, films thermally grown on Si(100)
substrates (Figure 1). The depth of the trenches was fixed at 90 nm.

Figure 1. Scheme of the periodic gratings.

Nanolithography of the trenches was carried out by a FEI Quanta
3D dual-beam ESEM-FEG equipped with NPGS by J.C. Nabity
Systems on PMMA resist at 30 kV after an accurate exposure dose test

with a 6 pA current. The resist was developed in a standard MIBK/
IPA 1:3 solution for 60 s, stopped in IPA for 20 s, and rinsed in
deionized (DI) water for 20 s. Reactive ion etching (RIE) was carried
out in a Plasmalab 80 Plus at a pressure of 40 mTorr with a gas
mixture of CHF; (60 sccm) and Ar (25 sccm). The SiO, trench depth
of 90 nm was controlled by setting the power of the RF generator to
120 W and the bias voltage to 340 V, for an overall etching time of 240
s. The final depth of the periodic structures after the RIE process is
independent of the trench width W, as observed in the AFM profiles
reported in Figure S1.

Substrate Neutralization. To neutralize the substrate, a solution
with 18 mg of P(S---MMA) RCP (styrene fraction = 0.62, M,, = 1.7 kg-
mol™, and PDI = 1.19) in 2 mL of toluene was prepared in ultrasonic
bath. The —OH terminations of the RCP were used to promote the
grafting to the prepatterned silicon oxide substrate. The P(S-+-MMA)
solution was spun for 30 s at 3000 rpm. The 30 nm thick RCP film
provides a complete cover of the periodic gratings with a RCP film, as
reported in Figure S2. To induce the grafting of the RCP, the samples
were annealed in rapid thermal processing (RTP) machine for 60 s at
310 °C.>* The ungrafted chains were removed with a 300 s sonication
step in a toluene bath. The thickness of the resulting grafted layer was
~2 nm as detected by ellipsometry. In this particular combination of
spinning parameters, RCP thickness and trench depth as well as the
sidewalls of the trenches are neutralized by the RCP.**

Block Copolymer Deposition. The asymmetric PS-b-PMMA
block copolymer marked BS54, with styrene unit fraction of 0.71, M, =
54 kg-mol™", and PDI = 1.07, was purchased from Polymer Source Inc.
and used without further purification. A solution of PS-b-PMMA in
toluene was prepared (18 mg in 2 mL) and spun for 30 s at 3000 rpm
to obtain an ~30 nm thick layer on the flat surface. Block copolymer
ordering was carried out by RTP treating the sample in N, atmosphere
at annealing temperatures T, between 180 and 230 °C. In this
temperature range, the dependence of y on the annealing temperature
is quite weak for PS-b-PMMA block copolymers.”® The annealing time
was set at t, = 900 s. On the flat surface of the sample, the domain
period of such cylindrical features is length Ly = 28.8 nm and diameter
d = 13 nm.*®

Morphology Characterization. The surface morphology of the
BCP samples was studied by scanning electron microscopy (SEM)
using a Zeiss InLens system and by atomic force microscopy (AFM)
with a Multimode 8 NanoScope V with a J-type piezo scanner
(Bruker). Imaging was carried out at ambient temperature and
humidity in peak-force tapping and in tapping-mode with ScanAsyst-
air (Bruker) and NSC15/AIBS (MikroMasch) probes, respectively,
acquiring simultaneously both the topography and the phase signals.
To enhance the contrast during the acquisition of the SEM images, the
PMMA cylinders were selectively removed. A 900 s exposure to UV
radiation (S mW-cm™%, 1 = 253.7 nm) allows degradation of PMMA
and cross-linking of the PS matrix. The degraded PMMA material was
then removed by immersion in acetic acid for 300 s. The samples were

Figure 2. (a—d) SEM micrographs of BS54 ordered on the flat surface
the annealing temperature for B54.
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Figure 3. AFM top-view images reporting the effect of the annealing temperature on the BCP film in the region near the grating, for (a) T, = 180 °C,
(b) 190 °C, (c) 210 °C, and (d) 230 °C. (e) AFM height profiles measured across the yellow dashed lines of a—d, describing the height profiles of

the BCP rims at the distinct annealing temperatures.

subsequently rinsed in DI water. Finally, O, plasma treatments were
carried out to remove the residual PMMA and the RCP at the bottom
of the pores.

B RESULTS AND DISCUSSION

BCP Ordering on Flat Surfaces. To characterize the
dependence of the correlation length £ on the annealing
temperature T, on the flat surface, a first set of samples was
prepared by spin coating ~30 nm thick B54 films on properly
neutralized SiO, surfaces. The ordering process was carried out
by heating at 18 °C/s™" to a temperature between 180 and 230
°C and maintaining the sample at this temperature for t, = 900
s. This particular t, was chosen as a trade-off between the
technological request of a short processing time and the
necessity to reach a long-range order degree within the self-
assembled domains. As discussed in our previous studies, when
operating at high temperatures, this particular annealing time
leads to the formation of the equilibrium morphology.””**
Negligible evolution of the lateral order was reported to occur
by further increasing the annealing time.

In Figure 2a—d are reported some representative SEM top-
view images of the BCP template at different annealing
temperatures. The formation of a homogeneous texture of
hexagonally packed cylinders perpendicularly oriented with
respect to the SiO, surface is observed over the entire sample,
irrespective of the annealing temperature. However, when T, is
230 °C, the occurrence of some disordered regions (not
shown) suggests that the order—disorder transition temper-
ature is close to 230 °C indicating that the processing window
of accessible annealing temperatures for this specific BCP
extends up to 230 °C. The & values were extracted from the
SEM images according to the previously described method.””*°
The ¢ value for the sample annealed at T, = 230 °C was
extracted taking into account only the zones of the sample with
the perpendicular PMMA cylinders. A monotonic increase in &
is observed in BCP template as the annealing temperature
increases, with correlation length values ranging from £ = 120
nm for T, = 180 °C to & = 375 nm for T, = 230 °C. This
progressive increase of the correlation length as a function of
annealing temperature on flat surfaces is consistent with
previously reported data for a BCP with M, = 67 kg-mol™".*
In this regard, it is worth noting that the two PS-b-PMMA
BCPs exhibit different T, values corresponding to the beginning
of inhomogeneity appearance; the processing window of

accessible T, values for the B54 BCP is limited to 230 °C.
This value is significantly lower than that in the case of the PS-
b-PMMA BCP with M, = 67 kg:mol™".%

Flow Mechanism into Periodic Trenches. The ordering
mechanism of B54 BCP thin films within topographically
defined structures was investigated as a function of the
geometrical parameters of the periodic gratings, operating at
T, values comprised within the processing window identified on
flat substrates. In Figure 3a—d are reported the AFM images
taken of a representative group of gratings (W = 260 nm, d =
100 nm) after BCP deposition and treatment at different T,
The AFM height profiles along the yellow dashed lines depicted
in Figure 3a—d are shown in Figure 3e.

The AFM top-view images demonstrate that the annealing
process induces a significant redistribution of the polymeric film
in the region adjacent to the gratings. The BCP flows from the
mesa into the trenches, emptying the area between the
trenches. In the outer zone of the grating, the BCP film
reflows farther away with respect to the periodic grating,
forming a rim consisting in a local increase in the film thickness.
This leaves the substrate surface exposed because of the so-
called backwash effect."’ The progression of the backwash,
occurring along the short edge of the trenches at different
annealing temperatures, is represented in the AFM height
profiles shown in Figure 3e. At T, = 180 °C, the BCP film
extends continuously across the trenches, and an imperfect
confinement is obtained. In contrast, when the samples are
annealed at T, > 180 °C, the film fractures in correspondence
to the trench edges. The exposed area of the substrate and the
height of the rim progressively increase with T,. At T, = 230 °C,
the formation of the rims is observed at a distance higher than §
um away from the periodic gratings (Figure S4). Interestingly, a
few micrometers away from the rim, the film thickness stabilizes
to h = 30 nm as with the flat surface.

Similar effects were previously reported for symmetric PS-b-
PMMA deposited on a flat surface and annealed in vacuum at
170 °C for several hours.*** For a BCP thickness of ~30 nm,
the authors observed the formation of rims corresponding to
local discontinuities of the film. The formation of the rims and
their dynamics is probably connected to the relaxation of
molecular orientation previously induced by the spin-coating
process and frozen at room temperature. Once the film is
treated at high temperature and it breaks at the edge of the
trenches, the stress is no longer counterbalanced, and the
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relaxation of the molecular orientation causes a sliding of the
film over the substrate surface. The entity of this sliding
increases as the temperature increases because of the
concomitant decrease of the friction coefficient. In turn, the
higher the retraction distance and the temperature, the higher
the rim height.

BCP Microdomain Orientation within Periodic
Trenches. As already reported, BCP confinement within the
trenches is a prerequisite in order to control their lateral
ordering.'' Defect-free PS-b-PMMA templates were obtained in
perfectly confined thin BCP film,”* whereas extended defects
were observed in the case of partial confinement because of the
interference between the ordering process in the trenches and
that on the flat area surrounding the trenches.'! For this reason,
we restricted the processing window of the accessible
temperature to the range of 190—230 °C, corresponding to
the perfect confinement of the BCP film within the trenches.
The orientation and lateral ordering of the BCP microdomains
within the trenches was investigated in detail as a function of
the geometrical parameters of the gratings at different T..

When the ordering of the BCP is carried out at 190 °C, a
perpendicular orientation of the cylinders extending over the
entire trench length occurs, irrespective of the trench width W
(Figure 4a,d). However, an increase in the annealing temper-

190 °C 210 °C 230 °C
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Figure 4. SEM images representing the surface morphology of BCP
films confined inside a periodic structure with same mesa width d =
100 nm and variable trench width (a—c) W = 130 nm and (d—f) W =
600 nm, treated at T, = 190, 210, and 230 °C.

ature produces a substantial change in the orientation
characteristics within the trenches. In particular, when the
annealing is carried out at 210 °C, domains featuring
perpendicular or parallel orientation with respect to the
substrate coexist inside the trenches (Figure 4b,e). This effect
is even more evident on increasing the temperature to 230 °C
(Figure 4c,f). In addition, in the case of narrow trenches, the
parallel cylinders cross the whole trench area (Figure 4b,c),
whereas in wide trenches, a different domain arrangement is
observed (Figure 4e,f) consisting of a central zone of
perpendicular cylinders and two lateral areas symmetrically
placed to the central zone, featuring cylinders in the parallel
orientation to the substrate surface and perpendicularly
oriented with respect to the long side of the trenches. This is
due to the presence of RCP on the sidewalls of the trenches
that induces the PMMA cylinders to orient themselves parallel

to the substrate and perpendicular to the long sides of the
trenches.

A systematic analysis of SEM top-view images was carried
out in order to quantitatively address this phenomenon and to
correlate the orientation of the BCP microdomains with the
processing conditions and geometrical parameters of the
periodic gratings. In particular, Figure S reports the fraction

—m—190°C |
—@—210°C
—A—230°C

300 400 500 600
Trench Width [nm]
Figure 5. Fraction of the internal trench area containing perpendicular

oriented cylinders (f) as a function of the trench width W for samples
annealed at 190, 210, and 230 °C.

of the internal area of the trenches with perpendicular cylinders
as a function of the trench width W while still keeping the mesa
width constant at d = 100 nm. Data are collected for different
annealing temperatures corresponding to 190, 210, and 230 °C.
At 190 °C, perpendicularly oriented cylinders are always
observed irrespective of the trench width. In contrast, at 210
°C, the fraction of the perpendicularly oriented domains is zero
when W is between 50 and 100 nm but suddenly increases as
the trench width increases, reaching a plateaulike value of
approximately 0.9 for W = 170 nm. It is worth noting that even
in the case of large trenches (W > 200 nm) a small fraction of
the area within the trenches is characterized by parallel
orientation of the PMMA cylinders. At this temperature,
perpendicular orientation of the microdomains with respect to
the substrate cannot be achieved over the entire trench area.
Finally, at 230 °C the fraction of perpendicularly oriented
cylinders is 0 for W = 100 nm and then increases with
increasing the trench width, reaching the maximum value of 0.5
corresponding to the widest trench (W = 600 nm).

The film thickness and geometric boundary effects on the
cylinder orientation at 190 and 230 °C are illustrated in Figure
6. In this figure is reported the AFM peak-force tapping analysis
showing the organization of the BCP inside the trenches with
respect to the height profile of the nanostructured BCP film.
Note that in order to give an overall view of the topography
among and within the trenches it was necessary to set different
horizontal (um) and vertical (nm) size scales. The AFM
analysis was carried out inside a trench with W = 600 nm and d
= 100 nm for a sample treated at T, = 190 °C (Figure 6a—c)
and T, = 230 °C (Figure 6e—g) together with the thickness
profile within this group of trenches (Figure 6d,h, respectively).

At T, = 190 °C, in the longitudinal direction the orientation
of the cylinders is perpendicular over the entire trenches.
Conversely, at T, = 230 °C, in the central zone of each trench
annealed, the orientation of the cylinders is perpendicular,
whereas near the sidewalls, only parallel cylinders are present.
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Figure 6. (a) AFM phase image for the sample annealed at T, = 190 °C for ¢, = 900 s and geometrical parameters W = 600 nm and d = 100 nm. The
3D perspective renderings of the film architecture inside the trenches in the central portion and close to the trench end are also reported in b and ¢,
respectively. (d) AFM height profile across the trenches in a. (e) AFM phase image for the sample annealed at T, = 230 °C for £, = 900 s and
geometrical parameters W = 600 nm and d = 100 nm showing the structuring across the trenches. The corresponding 3D perspective rendering of
the film architecture inside the trenches treated at T, = 230 °C are also reported: (f) in the central portion and (g) close to the trench end (texture
mapping according to AFM phase data). (h) AFM height profiles across the trenches in e. The blue line indicates the thickness at which the

orientation transition between parallel and perpendicular appears.

By tracing the lines delimiting the zones with different
orientations (black dashed lines in Figure 6e) and referencing
them with the AFM profiles (Figure 6h), it is clear that at 230
°C the perpendicular orientation can be obtained only for film
thicknesses lower than 30 nm. Above this threshold thickness,
the confined cylinders are arranged parallel to the neutral
substrate. Because of the different thicknesses of the block
copolymer layer within the various trenches, the width of the
perpendicularly oriented area increases on from the center to
the periphery of the grating. It is also interesting to observe that
at T, = 230 °C an abrupt change from perpendicular to parallel
orientation is detected on moving from the inner trench region
to the trench edges including the head region (Figure 6fg).
Here, the perspective plot informs on the 3D shape of the film,
whereas the texture mapping of the rendering reports on the
surface nanostructuring as better evident from the AFM phase
data. Conversely, at 190 °C, the perpendicular orientation of
the cylinders is observed also in proximity of the sidewalls
(Figure 6b) or in the trench head region (Figure 6c) where the
film thickness changes and peculiar boundary geometries are
present.

Effect of Mesa Width on BCP Film Thickness and
Microdomain Orientation. On the basis of the results
reported in the previous sections, perpendicular orientation of
the PS-b-PMMA microdomains within the trenches can be
obtained by operating at 190 °C irrespective of W for a fixed
distance between the trenches (d = 100 nm), yet according to
collected data, a significant flow of polymeric material was
observed moving from the mesa into the trenches. In view of
the exploitation of this technology for lithographic application,
it is necessary to consider that in real processes the distance
between the different topographic features on the surface could
be very different. Consequently the polymer flow from the
mesa into the trenches could result in significant variations of
the thickness of the confined PS-b-PMMA film, eventually
affecting the orientation of the microdomains in the BCP layer.
From this point of view, it is necessary to understand how the
width of the mesa affects the BCP self-assembly process. Figure
7 reports some SEM images representative of the gratings with

| d=100nm | d=200nm | d=300nm | d=400nm |
(@ i (o) 4] (e i |

SRR

Figure 7. SEM images representing the surface morphology of BCP
films treated at T, of 190 °C and confined inside a periodic structure
with mesa width between 100 nm < d < 400 nm and variable trench
width (a—d) W = 160 nm (e—f), W = 260 nm, and (i—1) W = 600 nm.

different geometrical parameters annealed at T, = 190 °C. The
microdomains in the confined PS-b-PMMA films are
perpendicularly oriented with respect to the substrate for all
the d values. Interestingly, different amounts of residual
polymer are present on the mesa depending on the specific d
value. In particular, the mesa regions pertaining to periodic
gratings with d = 100 nm are almost completely free of BCP
residuals, irrespective of W (Figure 7a,e,i). Conversely, the
presence of BCP residuals on the mesa with d = 200, 300, and
400 nm is observed for all the analyzed gratings with W
between 130 and 600 nm.

In detail, the AFM images and thickness profiles correspond-
ing to the group of trenches with W = 260 nm but different
mesa width values (i.e., d = 100, 200, 300, and 400 nm) are
illustrated in Figure 8. For d = 100 nm, the mesa region is
empty (Figure 8a). As d increases to 200 nm (Figure 8b), only
the mesa regions corresponding to the outer trenches are
empty, whereas a substantial amount of BCP is located on the
mesa of the central trenches. On further increasing of d to 300
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Figure 8. (a—d) AFM micrograph and (e—h) transversal AFM profiles of the periodic grating for a sample treated at T, = 190 °C with trench width
W =260 nm and variable mesa width 100 nm < d < 400 nm, showing the different thicknesses of the film as a function of the trench position. The
dashed lines indicate the thickness difference Az observed between the more external trench and the central one.

and 400 nm, all the mesa regions are occupied by a BCP layer,
as shown in Figure 8c,d. The AFM profiles extracted in the
direction perpendicular to the long edge of the trenches (Figure
8e—h) revealed that the amount of BCP confined inside the
trenches increases as the width of the mesa region increases.
This result indicates that although the mesa regions are not
completely empty the amount of BCP that flows from the mesa
to the trenches increases as the width of the mesas increases.
Furthermore, in all the groups, a different BCP content was
detected in the various trenches, depending on the relative
position of the trench with respect to the center of the grating.
The thickness of the confined BCP is lower inside the central
trenches and progressively increases toward the external
trenches. Interestingly, such variation of thickness (Az)
between the central and external trenches is fairly constant
irrespective of the width of the mesa region. This is related to
the disposition of the BCP film over the periodic gratings
during the spinning process. The AFM profiles demonstrate
that prior to the RTP treatment the BCP film exhibits no
evidence of fracture in the region of the gratings. The
continuous BCP film assumes a sinusoidal shape over the
periodic grating and reported in Figure S3.

Figure 9a shows the AFM profiles acquired in the
longitudinal direction of the central trenches with W = 260
nm and different values of d. Similar to Figure 6, to give a
significant overview of trench height profile, different horizontal
and vertical scales are adopted. Because the trenches are 90 nm
deep, the resultant film thicknesses of the central trenches are
between h = 30 nm, for the grating with d = 100 nm, and h =
60 nm, for the grating with d = 400 nm, consistent with those
of the AFM profiles in Figure 8. The film thickness along the
trench is quite constant.

These results point out that the mesa acts as a BCP reservoir
that empties during the annealing treatment. Combination of
the AFM images and profiles indicate the presence of a
polymeric film of uniform thickness within each trench, but
significant variations of thickness are observed as a function of
the position of the trench within the periodic grating and of the
mesa width. From a technological point of view, this is an
interesting result because the geometrical parameters of the
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Figure 9. (a) Longitudinal AFM profiles inside central trenches with
the same width W = 260 nm and different mesa widths 100 nm < d <
400 nm. (b) Aspect ratio of the confined BCP film calculated for the
central trench (black squares) and the external trench (red dots) as a
function of d.

grating strongly affect the BCP thickness inside the trenches
and consequently the aspect ratio (AR) of the cylinders in the
polymeric mask. The cylinder AR values corresponding to the
central trenches (black squares) and lateral trenches (red dots)
as a function of d are illustrated in Figure 9b, which takes into
consideration that the cylinders have a diameter of 13 nm. AR
in the central trenches ranges from 2.3 for d = 100 nm to 4.2
for d = 400 nm, and the AR further increases in the external
trenches, up to values of ~5.5, thus indicating a substantial
spreading of the ARs. However, despite this AR variation, the
confined BCP films self-assemble in hexagonally packed PMMA
cylinders within the PS matrix, preserving the perpendicular
orientation of the microdomains with respect to the substrate,
irrespective of the geometrical constrains. This intrinsic
robustness of the process represents an important output of
this study because it provides a high level of flexibility in the
design of the topographically defined pattern that is used to
register the BCP template with the underlying substrate.
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B CONCLUSIONS

Extensive investigation was reported about the confinement
and ordering process of cylinder forming PS-b-PMMA BCP
thin film within periodic structures, composed by several
topographically defined trenches within a SiO, matrix. The flow
of polymer from the flat areas adjacent to the trenches was
studied in detail, showing a variation of the thickness of the
confined polymeric film as a function of the processing
temperature (180—230 °C) and of the geometrical parameters,
i.e., the width of the trenches and the distance between the
trenches within the periodic structure. The thickness variation
of the BCP film in the trenches strongly affects the ordering
process, ultimately leading to different orientation of the
microdomains within the trenches. Processing the samples at
230 and 210 °C, a mixed morphology is observed within the
trenches with the appearance of either a multidomain structure
with parallel and perpendicular cylinders coexisting along the
trench or a peculiar morphology with a central zone of
perpendicular cylinders and two lateral areas symmetrically
placed relative to the central zone featuring cylinders in the
parallel orientation to the substrate surface and in the
perpendicular oriented with respect to the long side of the
trench walls. Conversely, on annealing the samples at 190 °C
for 900 s, a precise confinement of the BCP film within the
trenches is observed, with a perpendicular orientation of the
microdomains irrespective of the trench width and distance.
Further lowering the annealing temperature (T, = 180 °C)
results in a continuous polymeric film with no confinement of
the BCP within the trenches. The combination of these effects
results in a narrow window of temperatures for the processing
of this PS-b-PMMA BCP. However, operating at 190 °C, the
intrinsic robustness of the self-assembly process guarantees the
possibility to design the topographically defined template in the
SiO, without any detrimental effect on the final arrangement of
the BCP within the guiding structures.
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