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ABSTRACT: Two strategies are envisioned to improve the thermal
stability of the grafted layer and to allow the processing of the random
copolymer/block copolymer (RCP/BCP) system at high temperature.
From one side, a high-temperature thermal treatment of a commercial a-
hydroxyl @-2,2,6,6-tetramethylpiperidinyloxy functional RCP, namely,
TRSS, leads to the formation of a stabilized layer able to induce the
perpendicular orientation of a symmetric BCP to temperatures higher
than 310 °C. On the other side, an a-hydroxyl w-Br functional RCP,
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namely, BrRS8, with the same molar mass and composition of TR58, was

prepared by activator regenerated by electron transfer atom transfer radical polymerization. The resulting brush layer can sustain
the self-assembly of the symmetric BCP for processing temperatures as high as 330 °C. In both systems, the disruption of the
BCP film, deposited on the grafted RCP layer, occurs because of the formation of bubbles, due to a low-temperature evolution of
monomers from the RCP layer. The extent of the low-temperature monomer evolution is higher for TRS8 than it is for BrR58
and starts at lower temperatures. For both copolymers, the thermal treatment offsets the low-temperature monomer evolution
while still maintaining surface characteristics suitable to induce the perpendicular orientation of the BCPs, thus ultimately
extending the range of processing temperatures of the BCP film and consequently speeding the self-organization process.
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Bl INTRODUCTION

Significant interest is currently focused on nanomanufacturing
processes based on block copolymer (BCP) thin films as a
viable solution to produce periodic and/or regular nanostruc-
tures at relatively low cost.' > Because of their inherent self-
assembly propensities, a diversity of morphologies, with
periodicities spanning few to hundreds of nanometers, are
available. These nanostructured thin films, employed as
nanoscale templates for pattern transfer applications, could be
exploited in several fields providing a key enabling technology
for the fabrication of nanostructured materials® and/or
functional features in several fields, for instance, photovoltaics,
microelectronics, and nanofiltration.

In this regard lamellae and cylinder-forming BCPs, with
nanodomains oriented perpendicularly to the underlying
substrate, have several advantages in pattern transfer because
of the high aspect ratio and sharp side walls of the resulting
template.” Consequently, the control of the domain orientation
represents a key success factor.” Preferential wetting of the
substrate by one of the blocks, due to the lower interfacial
energy, results in parallel orientation of the domains, whereas
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perpendicular orientation can be achieved with non-preferential
interactions at both the bottom and top interfaces. Although
modified alkyl chlorosilane®® or ethylene glycol'® self-
assembled monolayers (SAMs) have been used to control the
wetting behavior and hence the microdomain orientation of
thin films of BCPs, the most common strategy involves the use
of functional statistical copolymers, generally referred to as
RCP in the literature. Even if statistical would be the proper
term to identify this class of copolymers, in the following we
will refer to them as RCPs to be consistent with this
consolidated habit in the field. In this approach, the concept
design underlying the formation of a neutral surface was first
described by Mansky'' and consists in using end-functional
poly(A-r-B) RCPs to generate a self-assembled monolayer
chemically grafted at the substrate. By finely tuning the
composition of the RCP it is possible to prevent preferential
wetting and induce the perpendicular orientation of polyA-b-
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polyB diBCPs. Although this concept has been successively
extended,'>'® leading to a great variety of functional RCPs
able to promote not only end-chain but also side-chain grafting
reactions,'”'® the use of functional hydroxyl-terminated
poly(styrene-r-methyl methacrylate) (P(S--MMA)) RCPs is
by far the most common approach to induce perpendicular
orientation in polystyrene-b-poly(methyl methacrylate) (PS-b-
PMMA) BCPs. In turn, in spite of the relatively low values of
the Flory—Huggins interaction parameter y, which limits the
resolution of domains to ca. 11 nm,">*° this class of BCPs
represents the current industrial standard for the implementa-
tion of novel lithographic approaches based on the integration
of self-assembled BCP thin films in conventional photolitho-
graphic processes.

In the seminal study proposed by Mansky et al,'' the
functional P(S-r-MMA) copolymers, with low molar mass and
relatively narrow molar mass distribution, were prepared by
nitroxide mediated polymerization (NMP) using a hydroxyl
(OH) functional unimolecular initiator based on 2,2,6,6-
tetramethylpiperidinyloxy (TEMPO) as radical controller.
These P(S---MMA) copolymers, with tailor-made composi-
tions,”' ~** are terminated on the a-end with a hydroxyl group
and on the w-end with the TEMPO group. The “grafting to”
surface functionalization consists in a thermally activated
reaction of the hydroxyl group of the functional copolymer
with the HO-Si substrates.”**® This reaction is generally
performed at relatively mild temperatures (T < 200 °C) in
conventional furnaces/ovens and requires long annealing times
ranging from several hours to a few days."' Recently, it was
demonstrated that it is possible to carry out the grafting process
in a relatively short time”® by heating the samples on a hot plate
at 250 °C. Then, a very fast grafting procedure, involving the
use of a rapid thermal processing (RTP) apparatus, was
reported”’ with grafting temperatures up to 310 °C at a heating
rate of 20 °C-s™". Under these conditions, the time necessary to
produce the neutral layer is ~30 s. Interestingly, in the same
paper, the authors reported some hints of a thermally induced
stabilization of the neutral layer during the high-temperature
grafting process, suggesting the possibility to widen the
temperature range of the BCP self-assembly. Although the
use of solvent-assisted technologies to help the self-assembly of
BCPs is widely employed,”®*” there are several general and
specific reasons to process BCPs, and in particular PS-b-
PMMA, at high temperatures. In general, high-temperature
treatments are preferred because they offer the possibility to
considerably speed the self-assembly (SA) process and to
rapidly access thermodynamically favored morphologies,
orientations, and ali%nments on time scales compatible with
industrial processes.””>* Moreover at temperatures higher than
~225 °C, the interfacial interactions at the free surface of PS-b-
PMMA are balanced,® which enables a perpendicular
orientation of domains when annealed on a neutral substrate
surface. In addition, a film defectivity decrease was observed as
the processing temperature increases.”>

The main limitation that often prevents the implementation
of high-temperature thermal treatments relies on the thermal
stability of the polymeric materials under investigation.>
Contrary to previous claims,®® it was recently demonstrated™
that the thermal stability in bulk and thin film of the P(S-r-
MMA) copolymers is definitely lower than that of the PS-b-
PMMA copolymers. Consequently, the range of accessible
temperatures in the processing is mainly limited by the
instability of the grafted RCP layer.*® In principle, the BCPs
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exhibit a much higher thermal stability that would allow an
increase in the processing temperature and achieve the desired
level of organization in a time scale well below the requirements
of the International Technology Roadmap for Semiconduc-
tors.>’

In this work, we aim to identify suitable strategies to increase
the thermal stability of the RCP layer to extend the range of
processing temperatures of the BCP film and consequently to
speed the self-organization process. For the present inves-
tigation, a symmetric BCP was selected because of its higher
order—disorder transition temperature than that of an
asymmetric BCPs with similar molar mass.>® This would span
a much broader range of processing temperatures and
extensively benefit from the increased thermal stability of the
RCP layer. Consequently, RCPs with styrene unit fraction of
58% (Figure 1) were employed. This RCP composition was
demonstrated as very well-suited”’ in promoting the
perpendicular orientation of lamellar-forming symmetric BCPs.
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Figure 1. Structures of the a-hydroxyl functional poly(styrene-r-
methyl methacrylate) (P(S--MMA)) RCPs TRS8 and BrRSS.

Two strategies are envisioned in this paper to improve the
thermal stability of the grafted layer and to allow the processing
of the RCP/BCP system at high temperature. A commercial a-
hydroxyl @-TEMPO functional RCP, namely, TRS58 is used as a
reference system, and an a-hydroxyl @-bromine functional
poly(styrene-r-methyl methacrylate) with the same composi-
tion of copolymer TRS8 was prepared by Activator
ReGenerated by Electron Transfer Atom Transfer Radical
Polymerization (ARGET ATRP),* namely, BrRS8, where the
TEMPO moiety is substituted by a bromine atom (Figure 1).
The two RCPs TRS8 and BrRS8 were subjected to several
distinct high-temperature thermal treatments to go deep into
the thermally induced stabilization mechanism. To probe the
effective thermal stability of the grafted RCP layer, symmetric
BCP thin films were spin-coated onto the brush layer and
subsequently annealed at high temperatures.

B EXPERIMENTAL SECTION

Materials. The a-hydroxyl @-TEMPO functional RCP P(S--
MMA) with styrene fraction of XS = 0.58 (Mn = 11400 g-mol™},
polydispersity index (PDI) = 1.64) and the symmetric BCP PS-b-
PMMA with styrene fraction of XS = 0.50 (Mn = 51 000 g'mol™' and
PDI = 1.06, PMMA syndiotactic-rich contents >78%) were purchased
from Polymer Source Inc. and used as received. The RCP and the BCP
were marked as TR58 and B50, where R and B stand for random and
block, respectively, T for TEMPO, and the number represents the
percent styrene unit. 2-Hydroxyethyl(2-bromoisobutyrate) (HEBIB),
tris(2-(dimethylamino)ethyl)amine (Me,TREN), copper(II) bromide
(CuBr,), tin(II)2-ethylhexanoate (Sn(EH),), and solvents were
purchased from Aldrich and used as received. Styrene and methyl
methacrylate were purchased from Aldrich and purified by passing
through an inhibitor removal column (Aldrich) before use. The a-
hydroxyl w-Br functional P(S--MMA) (BrRS8) was synthesized as
described in the following paragraph.

Copolymerization of styrene and methyl methacrylate. The
a-hydroxyl w-Br functional RCP BrRS8 (Mn = 13 200 g-mol™", PDI =
1.36, XS = 0.58) was obtained by ARGET ATRP of styrene and
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methyl methacrylate initiated by HEBIB and catalyzed by CuBr,/
Me,TREN complex in the presence of Sn(EH), as the reducing
agent.*

In detail, 2.40 mg of CuBr, (10.3 ymol) and 2.8 uL of Me,TREN
(10.3 pumol) were dissolved in 6.0 mL of degassed anisole and
transferred via degassed syringes to a dry Schlenk flask, purged by
flushing with nitrogen. Then 8.0 mL of degassed styrene (69.7 mmol),
4.0 mL of degassed methyl methacrylate (37.4 mmol), and 80.0 L of
HEBIB (0.55 mmol) were added, and the mixture was degassed by
three freeze—thaw cycles. Next, a purged solution of Sn(EH), (84.0
umol) and Me,TREN (84.0 ymol) in degassed anisole (1.0 mL) was
added, and the mixture was sealed under nitrogen. The polymerization
was carried out at 90 °C for 22 h, and then the reaction mixture was
cooled to room temperature and diluted with tetrahydrofuran (THF, §
mL). The copolymer was precipitated into methanol, washed with
methanol, and purified by precipitation from THF solution into
methanol. The copolymer composition was evaluated by "H NMR
spectroscopy, and the styrene unit fraction resulted in XS = 0.58. The
molar mass and first polydispersity index were determined by SEC and
resulted in Mn = 13200 g:mol™" and PDI = 1.36, respectively.

Random Copolymer Characterization. The copolymer compo-
sition was evaluated by 'H NMR employing a Jeol Eclipse ECP300
spectrometer. The SEC analysis was performed on THF solutions of
the RCPs using a 590 Waters chromatograph equipped with refractive
index and ultraviolet detectors and using a column set consisting of
Waters HSPgel HR3 and HR4 with a flow rate of 0.6 mL/min. The
column set was calibrated against standard PS samples.

Substrate Preparation. Substrates were obtained from (100)
oriented Si wafers with a 50 nm thick thermal silicon dioxide layer.
Samples with surface of 1 cm® were treated with Piranha solution
(conc. H,50,/30% H,0, with 3/1 v/v ratio) at 80 °C for 40 min to
remove residual organic material and to increase the density of
hydroxyl groups at the surface. Warning! Piranha solution reacts strongly
with organic compounds and should be handled with extreme caution. The
cleaning process of the substrates was completed by rinsing in H,O,
drying in N, flow, and then performing an ultrasonic bath in 2-
propanol.

Random Copolymer Grafting. Random copolymers BrR58 and
TRS8 (18.0 mg in solution with 2.00 mL of toluene) were spin-coated
on the substrates for 30 s at 4000 rpm. The samples were then RTP
thermally treated for 600 s at different temperatures from 170 to 350
°C in N, atmosphere to promote the grafting reaction. A further
ultrasonic bath in toluene was then performed to remove the
nongrafted fraction, and the grafted substrate was dried under N, flow.
To verify the effective grafting and the presence of unbounded chains,
we performed repeated washings in toluene, and we observed no
variation of the initial layer thickness. Similarly, we measured the
thickness of the grafted RCP layer after annealing the grafted layer at
310 °C for 10 min to simulate the thermal treatment that the layer will
experience during the processing of the BCP spun on top of it. No
variation of the RCP film was detected after this treatment.

Block Copolymer Deposition. The grafted substrates were spin-
coated with a solution of the BSO copolymer (16.0 mg in 2.00 mL of
toluene) to obtain polymeric films with a thickness of ~25 nm. Finally,
to promote the organization of BCPs, the resulting samples were
subjected to RTP treatment at 310 °C for 60 s.

Rapid Thermal Processing Treatments. The RTP treatments
were performed in a Jipelec, JetFirst Series system. The process
consists of a three-step treatment (a heating ramp, a plateau, and a
cooling ramp) in N, atmosphere. The temperature of the sample is
constantly monitored in real time by a thermocouple placed
underneath the sample. To reach the target temperature in the
shortest possible time without over- or under-shooting, the final
temperature was set ~10—20 °C higher than the target one, and as the
sample temperature approached the target temperature, the lamp
power was progressively reduced. In this way, over- or under-shooting
no higher than 1 °C was obtained. In all the thermal treatments, the
heating ramp was set at 18 °C-s™".

Film Characterization. The thicknesses of the random and BCP
films were measured by a M-200U spectroscopic ellipsometer (J. A.
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Wollam Co. Inc.) using a xenon lamp at 70° incident angle. The
morphological characterization of the self-assembled BCP films was
performed by means of scanning electron microscopy (SEM) in a
Zeiss Supra 40 system. To improve the contrast in the SEM images the
PMMA phase was selectively removed. The opening of the lamellar
patterns was obtained by degrading the PMMA blocks by UV radiation
exposure (5 mW-cm™2, A = 253.7 nm) for 15 min. The samples were
treated in oxygen plasma for 60 s at 40 W to remove the PMMA phase
and to promote the cross-link of the PS chains. Contact angle
measurements were performed using an Attension Theta Optical
Tensiometer

Atomic force microscopy characterization of the film surface
topography was performed on a Multimode NanoScope V with a J-
type piezo scanner (Bruker). Imaging was performed at ambient
temperature and humidity in Tapping-mode with NSCI1S5/AIBS
MikroMasch noncontact probes. The topography and the phase
signals were acquired simultaneously.

Copolymer Characterization. All the thermogravimetric analysis
(TGA) and TGA-gas chromatography (GC)-mass spectrometry (MS)
analyses were performed using a Mettler TGA/SDTA 85le purged
with a steady flow of inert gas at a scanning rate of 20 °C-min”~' from
room temperature to 1100 °C. For bulk materials, each sample was
placed in an open alumina crucible. The polymeric films on the
substrate were directly placed on the thermo-balance plate. The TGA
of samples TRS8 and BrR58 are included as Supporting Information.

The GC-MS analysis was performed using a FINNIGAN TRACE
GC-ULTRA and TRACE DSQ. The GC separation was carried out
using a Phenomenex DBS—S ms capillary column (30 m, 0.25 i.d., 0.25
thickness). The injector temperature was set at 250 °C in splitless
mode, and helium was used as carrier gas at a constant flow of 1.0 mL-
min~". The MS transfer line and the oven temperatures were set at 280
and 150 °C, respectively.

The evolved gas from TGA was transferred to the GC-MS using the
interface described in detail elsewhere.*® The transfer lines from the
TGA to the interface and from the interface to the GC were set at a
temperature of 200 °C, the temperature of the interface was 150 °C,
and the sampling frequency was 30 s™". The sampled gas from the loop
to the waste was switched after 10 s, and the capacity of the injection
loop was 2.5 mL. The MS signal was acquired in electron ionization
(EI+) mode with ionization energy of 70.0 eV and at the ion source
temperature of 250 °C. The acquisition was performed both in full-
scan mode, in the 20—350 m-z~' range and in single ion monitoring
(SIM) mode by acquiring the signals corresponding to styrene (S) at
m-z~" = 104 and methyl methacrylate (M) at m-z~' = 100.

Direct Exposure Probe Analysis. Direct mass spectrometric
analysis of RCPs was performed by the direct exposure probe (DEP)
hyphenated with a quadrupolar mass spectrometer (Finnigan TRACE
DSQ, Thermo Electron Corporation) that permits a rapid heating of
the sample and the collection of the mass signals of the evolved
products. Samples were deposited on a filament of rhenium, with a
loop at the end, inserted in a ceramic base. A solution was prepared by
dissolving the relevant copolymer (2.0 mg) in dichloromethane (10.00
mL). A single drop of 3 uL of this solution was deposited on the
filament using a calibrated microsyringe of 10 uL of volume. Then, the
solvent was eliminated by heating the filament for 60 s at 50 °C. The
filament temperature was regulated by properly adjusting the electric
current flowing in the filament.

Two distinct thermal treatments were performed as follows:

(i) simple temperature scan: the sample was subjected to a
conditioning step of 90 s at 25 °C followed by a thermal scan
from 25 to 800 °C with a heating rate of 1 °C-s™".

RCP grafting simulation: the sample was conditioned for 90 s at
25 °C, heated to the required temperature in the range between
225 and 325 °C at 20 °C-s™", maintained at this temperature for
a variable time period, and finally cooled to room temperature
by switching off the electric current in the filament. In some
experiments, this treatment was followed by a simple
temperature scan.

(i)
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Figure 2. TGA-GC-MS chromatograms for the bulk thermally untreated TRS8 (black curves) and BrRS8 (red curves) samples with specific
reference to the mass peaks at m-z~' 100 and at m-z™' 104, corresponding to methyl methacrylate and styrene, respectively.
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Figure 3. DEP-MS styrene and methyl methacrylate evolution profiles for bulk thermally untreated TRS8 (black curves) and BrRS8 (red curves).

The curves were extracted in selected ion monitoring mode by acquiring the signal corresponding to the typical m-z~

! values of styrene at 104 and

methyl methacrylate at 100 with the simple thermal treatment (1 °C-s™" heating rate).

MS analyses were performed in EI+ mode, with an ionization
energy of 70.0 eV and the ion source temperature of 250 °C. The
signal was acquired both in full scan (from 15 to 350 m-z™') and in
SIM by acquiring the signal corresponding to the typical m-z™" values
of styrene (S) at 104 and methyl methacrylate (M) at 100. TEMPO
signal was registered at 156 m-z~", whereas Br radical was registered at
79 mz ™\

B RESULTS AND DISCUSSION

Random Copolymer Stability in Bulk. Figure 2 illustrates
the TGA-GC-MS chromatograms of both TRS8 and BrR58 in
bulk under nitrogen atmosphere with specific reference to the
mass peaks at m-z~' 100 and 104, corresponding to methyl
methacrylate and styrene, respectively.

The TGA heating rate was 20 °C-min~}, the sampling of the
evolved gas occurred every 30 s, and the lines, joining the GC
peaks, mark and contour the entire loss profile. As the
sensitivity to styrene in the mass detector is definitely higher
than that for methyl methacrylate, for a direct comparison,
Figure 2 reports the relative peak intensity plots describing the
thermal evolution of the two monomers. Apart from TEMPO
molecules (not included), styrene and methyl methacrylate
monomers correspond to 95% of the released species. The
signal intensities corresponding to dimer or trimers, even
hybrid in character, are extremely low. This experimental
evidence suggests that the degradation of the macromolecules
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occurs mainly through an unzipping process that leads to the
progressive release of the monomers forming the RCP.

The degradation process of sample TRS8 starts at ~140 °C
leading to the release of styrene (and TEMPO molecules®)
and, at ~10 °C more, methyl methacrylate, whereas the main
degradation process starts at ~240 °C and ends at ~460 °C
with the high-temperature volatilization profile of styrene being
similar to the one of methyl methacrylate. In contrast, in the
degradation profile of BrRS8, no low-temperature losses are
observed, whereas, in the main degradation process, the methyl
methacrylate and styrene evolutions occur in a closely parallel
fashion, at temperatures between 320 and 460 °C. These data
clearly indicate that the thermal stability of BrRS8 is definitely
higher than TRSS8, in agreement with existing literature
concerning the thermal stability of PMMA samples prepared
by ATRP***' and NMP.** The incidence of abnormal linkages,
such as head-to-head and vinylidene ends, is substantially
reduced in controlled radical polymerizations compared to
conventional free radical polymerizations, thus increasing the
thermal stability of the samples prepared by ATRP. The
reported TGA curves of bromine-terminated PMMA are very
similar to that observed in Figure 2 for BrRS8 in which the
thermal degradation occurs at ~375 °C, a temperature identical
to that reported in the present paper for the P(S-r-MMA)
copolymer prepared by ATRP. However, in the case of NMP,*
the homolytic cleavage of the C-radical controller bonding
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occurs at relatively low temperatures, thus initiating the
depolymerization.

The heating rates considered during the TGA analysis are
much slower than those commonly used during the RTP
processing of these macromolecules. For this reason, the
degradation profile was also studied by MS using the DEP tool,
which allows*>*+2¢ heating of the sample deposited on a
filament to be performed at heating rates comprised between 1
and 1000 °C-s~". Samples TRS8 and BrRS8 were subjected to
the simple temperature scan as described in the Experimental
Section. The resulting monomer evolution profiles, from room
temperature to 600 °C, are illustrated in Figure 3, and the result
is qualitatively similar to the one described in Figure 2 by TGA-
GC-MS, although the main losses are shifted to higher
temperatures because of the higher heating rate (60 °C-
min~"). This indicates that the fast heating rate of the RTP
technique moves the onset of the degradation of the RCPs to
higher temperature values, thus potentially extending the
processing window of the BCP.

Thermal Stability of Thin Random Copolymer Films
after the Grafting Treatment. The effect of the grafting
treatment was investigated by TGA-GC-MS under dynamic
conditions. The samples were prepared by spinning a thin film
(~30 nm) of TRS8 or BrRS8 on the Si substrate. Subsequently,
the samples were annealed in RTP by heating the samples at 20
°C-s™' from room temperature to a grafting temperature of
between 170 and 350 °C. They were maintained at this
temperature for 10 min and then cooled to room temperature
at the maximum speed. Finally, a washing step with toluene was
performed to remove all the nongrafted material. The relevant
film thicknesses are reported in Table 1. In this way, the sample
preparation procedure exactly mimics that employed to
produce the samples for the successive BCP deposition.

Table 1. TRS8 and BrRS58 Film Thicknesses after Grafting
for 600 s at Different Temperatures

grafting temperature (°C)  TRSS thickness (nm)  BrRS8 thickness (nm)

170 2.6 3.5
190 3.4 4.9
210 4.4 6.1
230 4.8 7.3
250 6.2 8.3
270 S.S 8.3
290 S4 8.4
310 5S4 8.8
330 42 8.8
350 8.7

The thermal stability of the grafted polymeric chains was
then investigated by TGA-GC-MS analysis. As typical examples,
Figure 4 reports the styrene evolution profiles for TR58 and
BrRS8 after RTP treatment at 230 and 330 °C. The methyl
methacrylate evolution parallels that of styrene and is not
reported. The same Figure reports the degradation contour
profile (dashed line) of TRS8 and BrRS8 in bulk, for
comparison purposes. The overall thermal degradation profile
of the two RCPs, monitored through the evolution of the
monomers, appears translated toward higher values along the
temperature scale in thin films>> compared to bulk, irrespective
of the temperature of the grafting process.

According to literature,* this effect is explained considering
that, because of the small thickness of the film, the residence
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Figure 4. TGA-GC-MS analysis of styrene on TR58 and BrRS8 films
after the grafting process performed at 230 or 330 °C. The dashed
curves represent the corresponding styrene profiles for the bulk
samples. The red lines at 450 °C were added as a visual guide.

time in the film of the radicals obtained from chain end scission
is too short to allow efficient radical transfer, thus reducing the
incidence of the radical transfer processes. As a result, the main
degradation moves toward higher temperatures. However,
when the layer thickness is between 3 and 8 nm, the
degradation curves are identical, within the experimental
Consequently, a direct comparison between the
degradation profiles of the various samples can be reliably
made irrespective of the minor thickness differences.

On the other side, the comparison between the samples
annealed at 230 and 330 °C reveals quite different behavior of
the two polymers. In particular, the degradation profile of the
BrRS8 sample is not significantly modified when increasing the
grafting temperature. Conversely the degradation peak of TRS8
samples has remarkably shifted toward high temperature values
when increasing the grafting temperature from 230 to 330 °C.

Figure § reports collectively the maximum of the degradation
peak temperatures for both BrR58 and TRS8 samples, taken
from the relevant styrene evolution profiles, as a function of the
grafting temperature. For the former sample, the maximum of
the degradation peak displays a smooth shift toward high
temperatures as the grafting temperature increases, confirming
our previous observation. In contrast, for the latter sample, a
sigmoidal trend is observed with a steep increase, when the
grafting process is performed at temperatures higher than 230
°C. This abrupt variation is followed by a smoother increase
and an asymptotic stabilization at temperatures higher than 290
°C.

It is important to notice that the thickness of the samples
subjected to the above thermal treatment, even at the highest
temperatures, undergoes a negligible reduction (~0.3%). In
addition, the water contact angle of all these samples is not
influenced by the grafting temperature and results in ~82 +

46
error.
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Figure S. Maximum temperature of the degradation peak for BrRS8
and TRS8 in the TGA-GC-MS analysis of the styrene evolution as a
function of the grafting temperature. The horizontal lines indicate the
corresponding degradation temperatures for the bulk samples.

1.0° in all cases, supporting the idea that they can be used to
provide a proper neutralized surface for subsequent BCP
deposition.

Random Copolymer Grafting Simulation. To better
elucidate the effect of the thermal treatment to which the
polymers are subjected during the grafting process, a series of
analysis was performed by MS using the DEP probe, on
samples deposited to the filament and subjected to the RCP
grafting simulation treatment as detailed in the Experimental
Section. Both TRS8 and BrRS58 were first heated in the DEP
probe to 250 or 325 °C with a heating rate of 20 °C-s™/,
maintained at this temperature for different time periods
between 10 and 600 s, and then cooled to room temperature.
This treatment should simulate the thermal stress to which the
RCPs are subjected during the surface grafting process. Next,
the samples underwent a simple temperature scan treatment to
explore the effect of the thermal annealing at 250 or 325 °C
with particular attention paid to the temperature region where
the BCP ordering will be performed (250—350 °C). Figure 6
reports the DEP-MS styrene evolution of TRS8 and BrRS8
subjected to the above thermal treatments. For both copolymer

samples, after the treatment at 250 °C for 600 s, the lower-
temperature loss peaks are still present. In contrast, when the
treatment is performed at 325 °C, the intensities of the styrene
loss peaks progressively decrease and are no longer visible after
a grafting time of ~300 s. This result indicates that the thermal
degradation process, which causes a monomer loss in the low-
temperature region that precedes the main polymer degrada-
tion, can be efliciently offset by subjecting both TRS8 and
BrRS8 samples to a high-temperature thermal treatment for
relatively short time periods. In addition, combining this result
with the trend of the main degradation after the grafting
treatments at different temperatures, illustrated in Figures 4 and
S, it may be concluded that during the thermal treatment at
high temperatures, homolytic cleavage of the end groups
occurs. The resulting radicals, with high local concentration,
undergo bimolecular recombination or disproportionation
reactions leading to the formation of more stable carbon—
carbon bonds, thus in turn improving the overall thermal
stability of the RCP chains.

Effective Stability of the Random Copolymer Thin
Film after Block Copolymer Deposition. To test the
effective stability of the RCP layer, a symmetric BCP thin film
was deposited on top of the brush layer obtained by grafting the
TRS8 and BrR58 RCP thin films at temperatures ranging from
250 to 330 °C for 10 min. The thickness of the BCP films was
between 22 and 28 nm. The assembled stack was finally
annealed at 310 °C for 1 min to probe its capability to
withstand a severe thermal stress. As recently demonstrated,
this temperature represents a limiting processing value for the
TR58 RCP when not properly stabilized.>*

In Figure 7, the SEM plan view images of the self-assembled
BCP thin film, obtained at two different magnifications, are
reported as a function of the TR58 RCP grafting temperature.

When looking at a small scale area, a well-developed lamellar
morphology can be observed in all the samples irrespective of
the RCP grafting temperature. However, the observation of
larger sample areas reveals the occurrence of inhomogeneities
in the film. In particular, in the case of the RCP annealed at 250
°C, dark spots are randomly distributed over the entire film
indicating the occurrence of some film degradation.**
Interestingly, in the case of the RCP grafted at 290 °C, no

TR58

BrR58
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Figure 6. Styrene evolution profile for TR58 and BrRS8 subjected to the following thermal treatments. The samples were first heated, with a heating
rate of 20 °C-s™/, in the mass spectrometer to 250 °C and maintained at this temperature for 600 s (dashed line) or to 325 °C and maintained at this
temperature for different time periods and then cooled to room temperature. Finally the samples were analyzed with a heating rate of 1 °C-s™".
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290°C
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Figure 7. SEM plan view images of the self-assembled BCP thin film as a function of the TRS8 RCP grafting temperature obtained at two different

magnifications.

290°C
BrR58 Grafting Temperature

Figure 8. SEM plan view images of the self-assembled BCP thin film as a function of the BrR58 RCP grafting temperature obtained at two different

magnifications.

discontinuity in the film is observed. On a large area, local
variations in the contrast of the image are evident, representing
a warning sign of the degradation process, but no film
disruption occurred. The magnified SEM images indicate that
the lamellar morphology is preserved even on the dark spots of
the film. When the sample is annealed at 330 °C, the
homogeneity of the film further increases, and only very limited
modification of the contrast is visible in the large-area SEM
image. The depicted system evolution perfectly correlates with
the progressive stabilization of the TRS8 RCP when annealed
at high temperature as shown in Figure S. A similar SEM
investigation is reported in Figure 8 for the BrR58 RCP.

The large-area SEM images provide no evidence of
degradation phenomena occurring in the film. The enlarged
SEM images demonstrate the occurrence of phase separation in
the BCP layer and testify to the perpendicular orientation of
the lamellar nanodomains with respect to the substrate. The
comparison between the data illustrated in Figures 7 and 8
clearly indicates that the thermal stability of BrRS8 is definitely
higher than that of TRS8, in perfect agreement with the
degradation results discussed in the previous sections.

The collected data indicate that, when grafting the RCPs at
330 °C, the BCP thin films, deposited on top and thermally
treated at 310 °C for 60 s, are stable and homogeneous with a
high level of lateral order. It is worth mentioning that this
processing temperature of the BCP cannot be achieved when

3926

the RCP is grafted at lower temperatures due to the formation
of damaged areas randomly distributed on the surface of the
sample.**> This fact suggests that by treating the RCP at 330
°C, it could be possible to further increase the annealing
temperature of the BCP layer and to speed up the self-assembly
process achieving higher correlation length values.

Figure 9 compares the results obtained in the case of BCP
thin films deposited on a TR58 RCP brush layer grafted at 330
°C for 10 min. The BCPs were annealed for 1 min at
temperatures ranging from 310 to 350 °C. It is important to
notice that ordering of the BCP occurs also at this high
temperature because of the weak temperature dependence of
the Flory—Huggins parameter for PS-b-PMMA copolymers.*’
The SEM plan view images highlight a progressive disruption of
the polymeric film when increasing the annealing temperature
of the BCP. As it can be easily inferred from the SEM plan view
images reported in Figure 9, the degradation process of the
polymeric stack is similar to the one observed in the case of a
TRS8 RCP brush layer grafted at 250 °C with the formation of
dark spots, which gradually evolve when increasing the
annealing temperature and period of time.**

A detailed investigation of the degraded areas was performed
by AFM analysis. The AFM images, reported in Figure 10,
provide information about the morphology of the BCP film
after the high-temperature treatments. Upon annealing the
BCP film at 310 °C, few local inhomogeneities are evident as
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Figure 9. SEM plan view images of TRS8 samples treated for 10 min
at 330 °C and then processed at different temperatures for 1 min, once
BSO was spun. (right) An enlargement of a small area of the
corresponding images on the left.
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Figure 10. AFM analysis of BS0 film annealed at different
temperatures for 1 min. The BCP film was prepared on TRS8 treated
at 330 °C for 10 min. (A) Tapping-mode topographic image showing
the film after annealing at 310 °C for 1 min. (B) Tapping-mode
topographic image of BCP film annealed at 350 °C for 1 min. (C, D)
Traces of the height profiles along the sections marked in panels A and
B, respectively. (E) Detail of the AFM tapping-mode phase signal
showing the organization of lamellae in the proximity of the ruptured
area on the BCP film annealed at 350 °C.

raised point-like areas (Figure 10A). The copolymer layer starts
corrugating as highlighted by the height profiles (Figure 10C)
along the sections marked in panel A. The film does not break,
and the local arrangement of lamellae does not appear
significantly different in the flat areas.

Annealing at 330 °C produces a large number of relatively
small ruptured areas in the film with aligned lamellae arranged
perpendicularly to the edges of the rupture (data not shown).
When the film is annealed at 350 °C, ruptured areas appear
larger than those in the sample annealed at 330 °C (Figure
10B). These areas are ~25 nm higher than the nanostructured
flat copolymer film and present a very flat top portion (Figure
10D). Additionally, several raised pointlike inhomogeneities
arise in the flat areas of the copolymer film. Moreover, the
regions of the film rising to the degraded areas display an
increased level of structural order than the portions of the film
at a distance from these regions, often displaying lamellae
arranged perpendicularly to the edge of the cracks (Figure
10E).

The correlation length value measured in the BCP film
processed at 310 °C is 250.9 + 30.7 nm. Nevertheless, as
revealed by AFM analysis, this increase in the lateral order is
accompanied by a corrugation of the polymeric film that could
represent a severe limitation in the pattern transfer exploitation.

Figure 11 illustrates the results obtained for the analogous
experiment performed on the BrR58 RCP brush layer thermally
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Figure 11. (left) The SEM plan view images of BCP films deposited
on the BrRS8 brush layer (grafted at 330 °C for 10 min) and
subsequently processed at 310, 330, and 350° for 1 min. (right) The
color maps obtained from the SEM images corresponding to the same
samples are reported. (center) The enlargements of a small area of the
SEM images corresponding to the color maps reported in the right
column.

treated at 330 °C for 10 min. In the left column in Figure 11,
the SEM plan view images of the BCP thin films annealed at
310, 330, and 350 °C are reported. When the annealing
temperature of the BCP layer was raised from 310 to 330 °C,
no significant variations in the homogeneity of the BCP film are
observed. Conversely, the SEM image of the sample annealed
at 350 °C shows large areas of well-ordered lamellar pattern,
with several bright micrometer-size spots appearing. The color
maps obtained from the SEM images corresponding to these
samples are reported in the right column of Figure 11. The
images provide a direct visualization of the progressive grain
coarsening occurring when increasing the annealing process.
The central column collects the enlargements of the portion of
the SEM images [black rectangle] corresponding to the color
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Figure 12. AFM analysis of BSO films annealed at different temperatures for 1 min after being spun on BrRS8 treated at 330 °C for 10 min. (inset)
The heights of the topographic features and their sizes are coded according to the color tables and scale bars. The tapping-mode phase signal images
corresponding to the areas in the central column are outlined in the right column.

maps reported in the right column. The correlation length
values are reported in the central column of Figure 11.

Clearly, the increase in the annealing temperature of the BCP
films results in a significant improvement of the lateral order,
with correlation length values that are 2—3 times higher than
those previously reported on the same BCP system.**
Nevertheless, AFM analysis of the annealed BCP surface,
reported in Figure 12, shows that two kinds of surface
inhomogeneities arise after increasing the annealing temper-
ature from 310 to 330 and 350 °C. The BCP film annealed at
310 °C shows an unperturbed flat surface with only very
moderate long-range corrugations (Figure 12, last row).
Occasionally, raised pointlike inhomogeneities are found at
isolated locations on the surface. Annealing the films at 330 °C
for 1 min results in a significant increase in the number of
raised pointlike localized inhomogeneities, while the large-scale
appearance of the film is still relatively flat and unperturbed
(Figure 12 central row), confirming the enhanced stability of
the BSO film when spun on the BrRS8 brush layer. Annealing at
350 °C for 1 min generates a number of micrometer-sized film
inhomogeneities (Figure 12 first row), as already evidenced by
SEM analysis (Figure 11).

AFM images indicate that the nature of these inhomogene-
ities is significantly different from the film ruptures observed in
the case of the BSO BCP film spun on TBS8 brush layer. Upon
annealing at 350 °C, the BS50 film deposited on the BrRS8
brush layer exhibits large concavities without any evidence of
film rupture. The lamellar nanoscale structure is preserved, and
no significant discontinuities in the lamellar organization are
observed along the concavities. Even the film annealed at 350
°C presents small raised pointlike film inhomogeneities, albeit
in an apparently smaller number than on the film annealed at
330 °C.

3928

The high-resolution AFM images in Figure 13 revealed that
the pointlike inhomogeneities are sharply shaped points with

Figure 13. AFM perspective view of a detail of the surface of the BS0
film annealed at 330 °C for 1 min on BrR58 and showing a pointlike
inhomogeneity.

heights of ~20—30 nm on the surface of the film and form
localized imperfections of the lamellar pattern, corresponding
to an abrupt local variation in the number of lamellae. We can
hypothesize that, during annealing, the BCP film undergoes
some thermal expansion, and the lamellae tend to lengthen.
When a lamella interrupts, its local expansion cannot be spread
over the entire length of the lamella to accommodate the
elongated structure within the network. Consequently, the
lamella bumps on top of other lamellae, giving rise to a local
“eruption” of the polymeric film that expands above the layer
and cannot then relax back in the film upon the subsequent
reduction of the temperature. As these inhomogeneities derive
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from a variation in the number of lamellae converging on and
diverging from the defect point, their formation should be
inhibited in topographically registered structures where the
number of lamellae is kept constant due to the external
constraints imposed by the prepatterned substrate.

Bl CONCLUSIONS

To increase the thermal stability of the RCP grafted layer, two
converging strategies were described. From one side, a high-
temperature thermal treatment of a commercial a-hydroxyl -
TEMPO functional RCP TRS8 leads to the formation of a
stabilized layer able to induce the perpendicular orientation of a
homogeneous BCP thin film to temperatures as high as 310 °C.
On the other side, an a-hydroxyl w-Br functional RCP BrRSS,
with the same molar mass and composition of TRS8, was
prepared and studied. The thermal stability of BrRS8 was found
inherently higher than TRS8. In addition, once subjected to
high temperature thermal treatment, the thin copolymer layer
deriving from BrRS58 was demonstrated to be able to efficiently
support the BCP ordering up to 330 °C. Comparison of the
thermal analyses and the morphology data clearly reveals that
the disruption of the BCP layer, deposited on the grafted RCP
layer, occurs because of the formation of bubbles, due to a low-
temperature evolution of monomers from the RCP layer.
During their growth, these bubbles first start detaching the BCP
from the random layer and then break the BCP layer. Both
TRS8 and BrR58 share the same behavior although the extent
of the low-temperature monomer evolution is higher for the
former sample and starts at lower temperatures. For both
copolymers, the thermal treatment offsets the low-temperature
monomer evolution while still maintaining surface character-
istics suitable to induce the perpendicular orientation of the
BCPs. As the grafting reaction of the RCPs to the silicon wafer
can occur in parallel with the stabilizing thermal treatment, this
process does not represent an additional step in the processing
workflow of the BCPs to obtain nanomanufactured surfaces.
This process can be easily integrated into a production line,
thus ultimately extending the range of processing temperatures
of the BCP film and consequently speeding the self-
organization process.
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