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ABSTRACT 

The dewetting and ordering characteristics of a lamellae forming poly(styrene-block-methyl 

methacrylate) (PS-b-PMMA) block copolymer (BCP) either alone or blended with low molecular weight 

polystyrene (PS) and polymethylmethacrylate (PMMA) homopolymers were investigated. Although a 

significant reduction of the morphological stability is observed for the blend BCP compared to the neat 

BCP, an increase of one order of magnitude occurs in the correlation length of the lamellar nano-domains. 

Moreover, the morphological instability of blend BCP results in dewetting of relatively thick films with 

the formation of micrometric size areas consisting of highly ordered and defect free perpendicular 

lamellae monodomains. These results can be exploited for large-scale manufacturing of BCP-based 

plasmonic and optical structures featuring substantial thickness-modulation.

INTRODUCTION

Block copolymer self-assembly represents a most interesting tool in the preparation of nanostructures for 

optical applications. The self-assembly of BCP revealed highly efficient in the creation of a wide variety 

of photonic materials prepared from lamellar, cylinder as well as gyroid morphologies.1-2-3-4 However, the 

lack of  precise control over the intrinsically stochastic nature of the self-assembly process represents the 

bottleneck to large scale manufacturing of BCP-based optical devices. 

A technology based on the induction of dewetting in thin BCP films over patterned surfaces was recently 

proposed as an effective method to obtain highly ordered hierarchical structures, even with curved 

shapes.5-6-7 This approach took advantage from the extensive optimization of the key factors exploiting 

the block copolymer self-assembly for nanolithography.  For this application, an unpreceded level of 

control was achieved by developing surface tailoring approaches to control the block copolymer 

nanofeature orientation and by using patterned surfaces to precisely register the nanostructures, propagate 

the correlation over very long distances and suppress or reduce defect formation.8-9 Unfortunately, 
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dewetting based strategies rely on the intrinsic instability of very thin BCP films (i.e. thickness h < 10 

nm), thus limiting the preparation of high aspect-ratio self-assembled structures and thickness-modulated 

nanometric patterns.10-11 In addition, defects as disclinations and dislocations are observed inside the 

dewetted  structures.

On the other hand, strong alignment of nanometric structures was demonstrated also in thick BCP films in 

the presence of a local thickness gradient, naturally induced in near-edge regions12 or in films deposited 

under controlled casting conditions.13 In the latter case, the preferential alignment of the lamellar 

nanostructures along the thickness gradient, ascribed to the “geometric anchoring” phenomenon, is 

limited to BCP films with contact angles θ > 3°-5° and h > 500 nm.14 These geometric constraints are 

imposed by the reduced defect annihilation rate observed for values of h lower than 500 nm. 

In this perspective, the defect density annihilation rate is remarkably speed up in both cylindrical15-16 and 

lamellar17 binary or ternary blends of BCP with homopolymers18-19 as well as random20 or even block 

copolymers.21 In particular, the presence of homopolymers with molar mass (Mn) lower than Mn of the 

corresponding block in the BCP gives rise to a significant reduction of the energy barrier for the polymer 

chain diffusion and the morphological reorganization, leading to an appreciable reduction of defects by 

mutual annihilation.20,22  

According to the above considerations, the present study focuses on topography and nanoscale ordering in 

the stability and dewetting regions of ternary blends consisting of a lamellae forming poly(styrene-block-

methylmethacrylate) (PS-b-PMMA) BCP and low molar mass polystyrene (PS) and 

polymethylmethacrylate (PMMA) homopolymers. It can be anticipated that the presence of low molar 

mass homopolymers relaxes the geometric anchoring constraints and induces the dewetting of thicker 

films thus allowing the fabrication of defect free patterned structures featuring a substantial thickness-

modulation. This finding represents a novel and powerful tool for large-scale manufacturing of BCP-

based plasmonic and optical structures. 

EXPERIMENTAL SECTION
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Materials. Tert-Butyl α bromoisobutyrate, tris (2- (dimethylamino) ethyl) amine (Me6TREN), tris (2-

pyridylmethyl) amine (TPMA), copper (II) bromide (CuBr2), tin (II) 2-ethylhexanoate (Sn (EH)2) were 

purchased from Sigma Aldrich and used as received. Styrene and methyl methacrylate monomers were 

purchased from Sigma Aldrich and purified by an inhibitor remover (Sigma Aldrich) before use. All 

solvents were purchased from Sigma Aldrich. A PS-b-PMMA (BCP) with styrene fraction of 0.50, 

polydispersity index Ð = 1.09 and numeral average molecular weight (Mn) of 66 kg/mol was purchased 

from Polymer Source Inc. and used without further purification.

Polymers synthesis. An α-hydroxy ω-Br poly (styrene-random-methyl methacrylate) copolymer (RCP), 

named P(S-r-MMA), characterized by a numerical average molecular weight Mn = 14.60 kg/mol, a 

styrene fraction (f) of 0.59 and a polydispersity index (Đ) = 1.30, was synthesized as previously 

described.

The low molecular weight unreactive polystyrene sample, named PS3.1, was synthesized by Activator 

ReGenerated by Electron Transfer-Atom Transfer Radical Polymerization (ARGET-ATRP), initiated by 

tert-Butyl α bromoisobutyrate and catalysed by CuBr2 complexed by Me6TREN ligand in presence of Sn 

(EH)2 as reducing agent. The molar ratios between monomer, initiator, CuBr2, Me6TREN and Sn (ET)2 

were 100/1/0.02/0.22/0.2. The polymerization reaction was conducted for 2 hours at 90° C. The obtained 

polystyrene was characterized by a Mn = 3.1 kg/mol and Ð = 1.09.

The low molecular weight unreactive polymethyl methacrylate sample, named PMMA3.9, was also 

synthesized by ARGET-ATRP employing the same initiator, catalyst and reducing agent of the 

polystyrene synthesis. The ligand was switched from Me6TREN to TPMA. The molar ratios between 

monomer, initiator, CuBr2, Me6TREN and Sn (ET)2 were 30/1/0.04/0.24/0.2. The polymerization reaction 

was conducted for 45 minutes at 70° C. The obtained polymethyl methacrylate was characterized by a Mn 

= 3.9 kg/mol and Ð = 1.18.

The synthesis of PMMA3.9 sample is now described in detail as a typical example. A solution of CuBr2 

(22.4 mg, 100 µmol) and TPMA (30 mg, 100 µmol) in 4 ml of anisole was mixed with methyl 
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methacrylate (8 ml, 75 mmol) and initiator (470 µl, 2.5 mmol) in to a Schlenk flask. The solution was 

degassed by two freeze-thaw cycles and then a solution of Sn (EH)2 (200 mg, 500 µmol) and TPMA (145 

mg, 500 µmol) in 1 ml of anisole was added. Next another freeze-thaw cycle was made. The reaction was 

conducted at 70° C for 45 minutes. The reaction temperature was then lowered to room temperature and 

the product was isolated by precipitation in cold methanol. 

Random copolymer and homopolymers molecular weights were determined by Size Exclusion 

Chromatography (SEC) using tetrahydrofuran as eluent. 

TGA-GC-MS Analysis. The TGA–GC–MS set-up was described in detail in ref. 23. Briefly, the 

polymeric films were located on the thermo-balance plate of a Mettler TGA851e TGA. GC–MS stage was 

performed by FINNIGAN TRACE GC-ULTRA and TRACE DSQ. The separation was obtained by a 

DB5-5ms capillary column (Phenomenex, 30 m, 0.25 mm i.d., 0.25 μm thickness). The injector was set in 

splitless mode at 250 °C (helium as carrier at 1.0 mL min-1). MS transfer line and oven were set at 280 

and 150 °C, respectively. The two transfer lines from TGA to the GC were at 200 °C and the interface 

was at 150 °C. The injection loop was 2.5 mL of volume and was filled after 10 s. EI+ mode with 

ionization energy of 70.0 eV were used to obtain mass spectra with 250 °C of ion source temperature. 

Full-scan mode from 20 to 350 m/z, and selected ion monitoring (SIM) mode (S at 104 m/z and MMA at 

100 m/z) were employed in the mass acquisition. The samples was heated at 20 °C min-1 from 25 to 600 

°C with TGA–GC–MS analyses accomplished by repetitive (every 30 s) injections in the GC of 1.0 mL of 

the gas evolved from the TGA furnace.

Substrate neutralization. Substrate cleaning and activation were performed exposing the Si wafers with 

Silicon wafers covered by 1.5 nm thick native oxide layers were cleaned and activated by O2 plasma 

treatment at 130 W for 6 minutes. A solution of P(S-r-MMA) (18 mg in 2 ml of toluene) was spin-coated 

onto the Si wafers at 3000 rpm for 60 s.24 The grafting to process was induced by annealing in a rapid 

thermal processing (RTP) machine at high temperature (Ta = 290 °C) for an annealing time (ta) of 300 s. 
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Afterwards, the non-grafted chains were removed by sonication for 6 min in a toluene bath, obtaining a 

RCP grafted layer with thickness of ~ 7 nm, determined by ellipsometry (alpha-SE ellipsometer, J.A. 

Wollam Co.).

BCP deposition. A BCP solution (9 mg/ml in toluene) was spin-coated (3000 rpm, 60 s) over the RCP-

neutralized substrates to obtain the neat BCP series. A solution consisting of 4.5 mg of BCP, 1.12 mg of 

PS3.1 and 1.12 mg of PMMA3.9 in 1 ml of toluene was spin-coated (3000 rpm, 60 s) over the RCP-

neutralized substrates to obtain the blend BCP series. The thickness of the layers was measured by 

ellipsometry (alpha-SE ellipsometer, J.A. Wollam Co.). All thermal treatments were made by RTP 

machine changing both the Ta and ta. The lamellae opening process was performed by selective removal 

of the polymethyl methacrylate block from the polystyrene matrix obtained with an exposure of the 

samples to ultraviolet radiation (5 mW∙cm-2, λ = 253.7 nm) for 180 s followed by isotropic O2 plasma 

etching (40 W for 30 s). 

TiO2 nanowires were obtained by the selective infiltration of BCP films using the sequential infiltration 

synthesis (SIS) technique25,26 inside an atomic layer deposition (ALD) machine (BENEQ TFS 200) at 135 

°C. The timing sequence of the cyclical exposure of precursors consists on 600 s pulses of TiCl4 and H2O, 

followed by a 250 sccm N2 purge step for 300 s. The polymer removal was subsequently performed by Ar 

plasma treatment (100 W for 600 s). 

Graphoepitaxy patterns. Direct laser writer lithography (Heidelberg Laser Writer μPG101) is used in 

order to generate micrometric arrays of linear patterns with different size and periodicity over a 5 mm x 5 

mm area. With this method, a commercial optical resist (AZ 5214E MicroChemicals GmbH) with 1 μm 

thickness, previously spin coated on the Si wafers, is exposed at a laser beam with 15 mW power and 

wavelength of 375 nm. After the exposure, the samples are immersed for 40 s in a 1:1 solution of AZ 

Developer (Merck Performance Materials GmbH) and deionized H2O, and subsequently was rinsed in 
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H2O for 60 s. The pattern transfer into the Si wafer is obtained by reactive etching process (RIE) with 

fluorine-based chemistry (C4F8 and SF6). The final depth of the micrometric structures was set at 200 nm.

Morphology characterization. The homogeneity of the BCP films and the long-range ordering of the SA 

nanostructures were analyzed by a FEI Inspect-F field emission gun scanning electron microscope (FEG-

SEM). In order to extract the correlation length values (ξ) the SEM micrographs were processed with a 

software routine following the conventional procedure described elsewhere.27 

SEM micrographs were also used in order to classify the dewetted droplets in terms of area and 

circularity. To this goal SEM micrographs were binarized and the droplets were fitted with ellipses. The 

circularity was than calculated as the ratio between the minor and major axis of the resulting ellipses. 

The topography of samples treated at different annealing conditions was investigated with a non-contact 

3D surface profiler (S neox SENSOFAR) and a 150x confocal objective.

RESULTS AND DISCUSSION

To obtain the perpendicular lamellar morphology, an α-hydroxy poly(styrene-random-methyl 

methacrylate) random copolymer (RCP)24 (Mn = 14.60 kg/mol, styrene fraction (f) of 58.7 (wt/wt) and 

polydispersity index (Đ) = 1.30) was grafted to the Si substrates. The grafting reaction, carried out in 

RTP28-29 at 250°C for 900 s using the heating rate of 18 °C s−1, leads to a RCP brush layer thickness of 7.6 

nm.

Two sample sets were prepared for the topography and morphology analysis once subjected to the 

appropriate thermal treatments.  The first set was obtained by spin coating, on the modified Si substrates, 

a PS-b-PMMA (Mn = 66 kg/mol, Đ = 1.09) block copolymer solution. The resulting set is marked as neat 

BCP. The second set was prepared by spin coating, on the modified Si substrates, a BCP/homopolymer 

blend solution prepared by mixing the same BCP with low molar mass polystyrene (Mn = 3.1 kg/mol, Đ = 

1.09) and polymethyl methacrylate (Mn = 3.9 kg/mol, Đ = 1.18) homopolymers. This set was marked as 

blend BCP. To keep the lamellar structure while avoiding the formation of microemulsions or microphase 
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separated morphologies,30 equal weights of BCP and homopolymers were employed and, in addition, the 

same weight of the two homopolymers was employed. For both sets, the spin-coating parameters were 

adjusted to obtain films with thickness h ~  40 nm

Both neat BCP and blend BCP sets were RTP treated with annealing time (ta) and temperature (Ta) 

ranging from 30 to 1200 s and from 210 to 330 °C, respectively. To avoid spurious effects related to 

minor differences in the thermal conditions, one neat BCP and one blend BCP sample were thermally 

treated in each run.

Once processed, all the samples were analysed by optical profilometry and scanning electron microscopy 

(SEM) and classified according to the surface topography and nanoscale self-assembly characteristics. 

For completeness, all the SEM micrographs describing the nanometric lamellar structure of neat BCP and 

blend BCP are included in Figures S1 and S2, respectively. 

Figure 1 reports the stability diagrams for neat BCP and blend BCP as a function of the annealing 

parameters (i.e. Ta and ta). When the surface topography after the annealing treatment is flat and 

homogeneous (Figure 1a) the thin polymeric film is defined as stable. This condition is indicated by the 

green triangles in Figures 1c and 1d. In contrast, when the surface topography includes discontinuities and 

holes (see for example Figure 1b), the corresponding condition is defined as unstable.

The unstable morphologies are further differentiated by considering the early formation of topographic 

inhomogeneities (yellow squares in Figures 1c and 1d), the dewetting of the film (blue full circles) and 

the disappearance of lamellar nanostructures (red empty circles). 
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Figure 1. Optical profilometry height maps describing the topography of the samples with stable (a) and unstable 

(b) conditions, respectively. Morphological and thermal stability diagram corresponding to the neat (c) and blend (d) 

BCP thin films as a function of the annealing temperature (Ta) and time (ta): stable films (green triangles), early 

formation of topographic inhomogeneities (yellow squares), dewetting of the film with self-assembled lamellar 

nanostructures (blue full circles), dewetting of the film and disappearance of lamellar nanostructures (red empty 

circles).

To preliminary check whether the thermal stability of the samples impairs the morphological stability of 

the films, a thermogravimetric analysis coupled with gas chromatography-mass spectrometer (TGA-GC-

MS) was carried out on neat BCP and blend BCP films.23 Such analysis allows detecting the onset of 

thermal degradation by monitoring the temperature evolution of styrene (S, mass peaks at m/z= 104) and 

methyl methacrylate (MMA, mass peaks at m/z= 100). Figure 2 reports the TGA-GC-MS chromatograms 
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at a heating rate of 20 °C/min under nitrogen atmosphere. The sampling of the evolved gas from the TGA 

occurs every 30 s and, in this way, the gas evolution profiles have a resolution of 10 °C. 

Figure 2. TGA-GC-MS chromatograms for neat BCP and blend BCP with reference to the mass peaks at m/z 100 

and m/z 104 corresponding to methyl methacrylate (MMA) (a and b) and styrene (S) (c and d)) respectively. The 

vertical dashed lines representing the maximum loss temperature of methyl methacrylate (blue line) and styrene 

(green line) are included to guide the eyes.

The evolution of methacrylate in the neat BCP (Figure 2a) is quite similar to the one of the blend system, 

with the onset of degradation at about 330 °C with a maximum at 380 °C (blue dashed line in Figure 2). 

The release of styrene in neat BCP (Figure 2c) occurs with a maximum centered at 450°C with the loss 

profile spreading over a temperature range of approximately 150 °C. In contrast, two main loss peaks are 

observed for blend BCP (Figure 2d) due to the different thermal stability of the PS homopolymer and the 

corresponding block in the BCP. 
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The above data are in agreement with literature31 where the thermal degradation of PS-b-PMMA as well 

as PS and PMMA is described to occur, in the same conditions adopted here, by an unzipping 

depolymerization mechanism. Since the thermal degradation of the neat BCP32 and blend BCP occurs at 

temperatures definitely higher than those selected for the present investigation, we conclude that the 

various morphologies are unaffected by the thermal stability of the materials.

Stable condition- Long-range ordering 

To outline the effect of blending BCP with homopolymers on the long-range ordering of the lamellar 

structures, the correlation length (ξ) was extracted from SEM micrographs of both neat BCP and blend 

BCP once subjected to various thermal treatments in the stable condition (green zone of Figures 1c and 

1d). Figures 3a and 3b report the ξ values for neat BCP (ξneat) and blend BCP (ξblend) at different 

temperatures as a function of time. At ta = 30 s, ξneat values comprised between 70 and 100 nm are 

obtained, depending on the annealing temperature. By increasing annealing time, a slight increase in ξneat 

is observed, reaching the maximum value of ξneat ≈ 130 nm corresponding to ta = 900 s and Ta = 270 °C.

Growth exponents () ranging from  = 0.02 (for Ta = 210 °C) to  = 0.06 (at Ta = 270 °C) are observed, 

indicating a slow coarsening kinetics. This smooth increase in ξneat with increasing time and temperature 

agrees with the behavior of several neat lamellar BCPs, thermally treated in RTP28-33-34 or furnace35-36 

where growth exponents lower than 0.1 are observed for annealing times longer than 100 s and annealing 

temperatures below 270 °C. 

The ξblend evolution is completely different from ξneat. At Ta of 230 and 250 °C (red circles and green 

triangles in Figure 3b respectively), even after short annealing times, ξblend of approximately 200 nm are 

observed (see also Figures 3c and 3d). Furthermore, a noticeable increase in ξblend occurs, reaching the 

maximum value of ξblend = 1120 nm for samples treated at Ta = 230 °C for ta = 600 s (Figures 3e and S3). 

This correlation length value results one order of magnitude higher than the maximum value obtained 

with neat BCP. However, a consistent reduction in the temperature range of the stable region is observed 
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thus in turn reducing the processing window for the blend BCP system. In addition, even at the relatively 

low temperature of 230°C, a consistent decrease of ξblend occurs for long annealing time accompanied by 

the appearance of dark areas localized in correspondence of the defects in the lamellar pattern (red circles 

in Figure 3f). A similar behaviour was previously observed37 and tentatively explained by the occurrence 

of a local order-disorder transition due to a change in the mass distribution of the homopolymers within 

the lamellar domains.

Figure 3. Correlation length as a function of annealing time (ta) at different annealing temperatures for (a) neat BCP 

and (b) blend BCP sets. The blue dashed line in (b) represents the maximum value of ξneat. SEM images of blend 

BCP at 230°C annealed for different time periods are reported in (c)-(f).

The propensity of long range ordering of blend BCP and neat BCP was tested by performing the self-

assembly process inside graphoepitaxy defined linear trenches, with variable width (W) between 0.9 m 

and 5 m, prepared by laser writer lithography (Figure 4). In neat BCP, the maximum correlation length 
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within graphoepitaxy defined trenches is equal to the one observed on the flat substrate (Figures 4a and 

4c) in agreement to the general finding38 that the maximum W useful to direct the self-assembly ordering 

of neat BCP is approximately equal to the correlation length measured on the flat surface (W ≈ ξ). In 

contrast, the correlation length of blend BCP within the patterned structure is much higher than the one on 

the flat substrate leading to a monodomain extending above 3500 nm (Figures 4b and 4d). In the latter 

case the lamellae are aligned perpendicular to the trenches due to the presence of RCP on the side walls of 

the trenches.39-40 However, it should be observed that several defects are present.

Figure 4. Neat BCP and blend BCP on the flat substrate (a and b) and inside the patterned structure (c and d). The 

samples were thermally treated at the annealing conditions that maximize the correlation length on the flat substrate 

(i.e. Ta = 270 °C and ta = 900 s for the neat BCP and Ta = 230 °C and ta = 600 s blend BCP). In Figures (a) and (b) 

the false colour map describing the orientation of lamellar structures are overlapped to the corresponding SEM 

micrographs.
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Unstable  condition - Nanoscale ordering 

The characterization of films in the unstable region described in Figure 1 was performed by SEM and 

AFM at different magnifications (Figure 5). In samples treated for ta ≤ 300 s, the formation of areas of 

uneven thickness are observed (Figure 5a). The lower thickness areas are due to film breaking that leads 

to holes over the RCP grafted layer on the SiO2 substrate. Starting from the edge of these holes, and 

proceeding for several micrometers, a continuous increase in the film thickness is generated. Finally, a 

thickness plateau region is reached, corresponding to the value of h = 70 nm (Figure 5b). 

Figure 5: (a) AFM micrograph representing the surface topography in uneven blend BCP sample treated at Ta = 290 

°C and ta = 30 s. (b) Height profiles extracted in correspondence of the black lines 1 and 2 in (a). 

In more detail, Figure 6a shows the AFM magnification of the zone straddling the thickens gradient and 

the swelling area, whereas Figure 6b reports the SEM image of the same zone in which the lines green 

and red define the parallel and perpendicular directions with respect to the lamellae. Starting from the 

middle of the hole, the film is almost flat (Figure 6c) in the perpendicular direction whereas a continuous 

increase in the film thickness is observed along the parallel direction (Figure 6d). In addition, on going 

from the edge of the hole to the plateau region, a peculiar morphological change occurs, as reported in the 

top right corner of Figure 6b. In the film region in which the thickness increases, a lamellar morphology is 
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observed, characterized by a very large correlation length due to the so-called “geometrical anchoring” 

phenomenon.13-14 However, once the thickness plateau region is reached, the lamellar morphology 

disappears and circular features are seen with approximately 28 nm diameter as measured by the 

corresponding AFM height map reported in Figure S4.

Figure 6: Geometric anchoring effect in of the SA lamellae in blend BCP described by (a) AFM and (b) SEM. The 

arrows in figure (a) and lines in figure (b) represent respectively the direction along (green) and across (red) the in-

plane orientation of the lamellae. The height profiles extracted in correspondence of the red and green lines of the 

AFM micrograph (b) are reported in graphics (c) and (d).

A further increase in Ta or ta induces a dewetting in both neat BCP and blend BCP samples and the 

morphology follows the typical phase sequence observed in the dewetting of thin polymer films, 

consisting in the formation of holes, bicontinuous patterns and droplets.41 Two types of dewetted 

morphologies are seen, as illustrated in Figure 7. The first type of dewetted morphology, seen in both neat 

and blend systems, is characterized by the absence of SA lamellae patterns (see Figure 7a) due to the 

occurrence of the order-disorder transition. This morphology is marked in Figures 1c and 1d by red 

circles and occurs in correspondence to high temperatures and long annealing times.

The second type of dewetted morphology, observed in the region marked by the blue circles in Figures 1c 

and 1d corresponding to relatively lower temperatures and times, consists of droplets in which the 

lamellar structure is preserved (Figure 7a). The lamellae propagate across the whole thickness of the 

Page 15 of 28

ACS Paragon Plus Environment

Submitted to Macromolecules

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



dewetted features as demonstrated by the perfect replication of the lamellar structure after sequential 

infiltration synthesis (SIS) of TiO2. These low temperature dewetted features are observed only in blend 

BCP, starting from films of 40 nm thickness, whereas for neat BCP the occurrence of low temperature 

dewetting process was observed only in films with h < 10 nm.42,43,44. As thermally activated dewetting 

typically occurs in the regime of confined thin films45 (i.e. h lower than two times the radius of gyration 

Rg of the unperturbed molecules), this experimental finding indicates that the presence of low molar mass 

homopolymers substantially reduces the stability of the films.

Figure 7. (a) SEM micrograph showing the morphology of a droplet dewetted in blend BCP at high temperature (Ta 

= 310 °C and ta = 1200 s). (b) Nanoscale morphology of BCP films dewetted at low temperature (Ta = 250 °C and ta 

= 1200 s). (c) SEM micrograph showing the lamellar features after sequential infiltration synthesis of TiO2 inside a 

droplet dewetted at low temperature.  

Similar to what observed in inhomogenous samples, the remarkable ordering of the nanometric lamellae 

inside the dewetted droplets (Figures 7a and 7b) are ascribed to the geometric anchoring effect induced 

by the presence of a gradient thickness. Kim and co-workers observed that the spontaneous alignment 

along the gradient direction becomes efficient when the dewetted features reach a critical angle θ > 3-5° 

and thickness h > 500 nm.14 Within these geometric conditions, annihilation of linear defects, dislocations 

and disclinations, is favoured and reorientation of the lamellae along the thickness gradient occurs. On the 
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contrary, for h < 500 nm the geometric anchoring effect becomes inefficient and the lamellae are 

randomly oriented on the substrate. 

In the present case, AFM analysis (Figures 8a and S5) performed on blend BCP dewetted at low 

temperature (Ta = 250 °C and ta = 1200 s) reveals the formation of droplets with contact angle θblend = 6.5° 

and h < 100 nm (Figure 8b). 

To investigate the origin of these large deviations from literature data, linear trenches patterned by laser 

writing lithography (Figure 8c) were introduced at the substrate surface. This thickness discontinuity 

should induce dewetting in stable neat BCP films. In this case, although a similar critical angle of θneat = 

6.0° was found, the lamellar pattern assumes a random orientation inside the dewetted regions. This result 

clearly indicates that the presence of low molar mass homopolymers in blend BCP extends the efficiency 

of the geometric anchoring towards much smaller thicknesses than those reported in literature.

Figure 8. SEM micrographs and AFM height maps describing the geometric anchoring effect in neat (a and b) and 

blend (c and d) BCP films, thermally treated at Ta = 250 °C and ta = 900 s. The dewetting of neat BCP (c)-(d) was 
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induced by the presence of linear trenches. The false colour map representing the orientation of the lamellae are 

overlapped to the SEM micrograph (b).  

Mechanism of low and high temperature dewetting 

According to literature,45 the three main dewetting mechanisms, namely  heterogeneous nucleation, 

homogeneous nucleation or spinodal dewetting, can be distinguished by applying a two-dimensional 

Fourier transform (2D-FFT) to the SEM or optical profilometer micrographs representing the topography 

of the samples, and evaluating the appearance of intensity rings, associated to the presence of in-plane 

prominent lengths  (See figure S6). 

The heterogeneous nucleation mechanism occurs when impurities, such as dust or small particles, 

produce local changes in the film thickness, thus leading to the formation of randomly distributed patterns 

with similar lateral dimension (e.g. formation of holes with same diameter around the dust particles). The 

random nature of the pattern distribution suppresses the formation of intensity rings in the 2D-FFT and, 

accordingly, no prominent  is detectable. The other two mechanisms can be differentiated following the 

evolution of  as a function of time and film thickness h. 

In the present system, film initially in the stability region presents a flat surface. Dewetted areas only 

appear in correspondence of dust particles, as shown in the case of a blend BCP film treated at Ta = 250 

°C and ta = 300 s (Figure 9a). No prominent  is detected thus indicating the occurrence of dewetting via 

the heterogeneous nucleation mechanism.
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Figure 9. Optical microscopy images for blend BCP films treated at Ta = 250 °C (a and b) and Ta = 310 °C (c and d) 

for different ta between 300 and 1200 s. Trend of in-plane λ as a function of time at different temperatures for neat 

BCP and blend BCP (e).

When dewetting occurs at the low temperature dewetting conditions, as is the case of blend BCP at 250°C 

(Figure 9b), the 2D-FFT presents well-detectable  values comprised between 10 and 20 m (blue 

squares in Figure 9e). In contrast, at the high temperature dewetting condition (Ta ≥ 310 °C and ta ≤ 600), 

holes with different size appear (Figure 9c) for both neat BCP and blend BCP, indicating a homogeneous 

nucleation mechanism. Moreover, at ta ≥ 900 s (Figure 9d)  values three times higher than those for low 

temperature conditions are observed (red circles and triangles in Figure 9e).

As the occurrence of prominent lengths  suggests a spinodal dewetting mechanism, blend BCP samples 

with thickness h comprised between 10 and 43 nm were prepared and annealed at Ta = 250 or 310 °C for 

900 s. Figure 10 reports λ as a function of h for both temperatures whereas the corresponding intensity 

profiles obtained after radial averaging of the 2D-FFT are reported in Figures S7a and S7b. A significant 

increase in λ is observed as the annealing temperature increases with growth exponent  of 1.26 at 250 °C 

and 1.24 at 310 °C. The nearly identical   values suggest that the dewetting mechanism is the same at 
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both temperatures irrespective from the presence (at 250°C) and absence (at 310°C) of the nanometric 

lamellar structure. 

Previous literature reports growth exponents  ~ 1 for films of blends consisting of deuterated PS and 

polyparamethylstyrene, with thickness exceeding h > 2∙Rg, while in the confined regime h < 2∙Rg the 

instability was described as governed by spinodal dewetting with  ~ 2.46 In case of block copolymers 

treated at Ta below the ODT, stable films not subjected to rupture process are observed when h > 2∙Rg. In 

contrast, when h < 2∙Rg dewetting processes occurs with  ~ 1.47,48 This behaviour suggested the 

occurrence of an additional stabilizing effect of the BCP nanometric morphology for h > 2∙ Rg.

Figure 10: Characteristic λ as a function of the blend BCP thickness treated at 250 °C (blue squares) and 310 °C 

(red dots).

In the present blend BCP system, the presence of low Mn homopolymers reduces the stabilizing effect of 

the SA lamellae leading to instability for h > 2∙Rg with a growth exponent not depending on h and at the 

same time inhibits the spinodal behavior in the confined regime h < 2∙Rg.  The observation that the same 

dewetting mechanism is operating in presence (250 °C) and absence (310 °C) of the BCP lamellar 

structure further confirms the reduced stabilization brought about by the BCP supramolecular structure 

when low molar mass homopolymers are present.
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Low temperature dewetting of unstable blend BCPs represents an intriguing solution to generate 

plasmonics and photonics structures. A fundamental requirement is the control over the position and size 

of the dewetted features. However, when low temperature dewetting is induced over a flat unpatterned 

surface, the obtained features randomly arrange on the substrate (left zone in Figure 11a). To overcome 

such limitation, the dewetting process can be replicated over periodic chemical or topographic 

patterns.11,47,42 Accordingly, BCP/homopolymer ternary blend solutions were spin coated over periodic 

patterns consisting in an array of micrometric squares (Figure 11b), previously neutralized with a RCP 

layer. The samples were then thermally treated at Ta = 270 °C and ta = 600 s to induce low temperature 

dewetting. After the thermal treatment, the formation of droplets periodically distributed within the pre-

patterned structures is observed (Figures 11b and 11c). As previously reported, the height of the droplets 

linearly scales with their diameter,47 thus the maximum height reached by the droplet shown in Figure 11c 

is ~ 95 nm. 

Figure 11: SEM micrographs at different magnifications describing the hierarchical assembly of lamellar structure 

obtained over squared graphoepitaxy patterns of 5 μm side. The micrograph (a) represents a zone across the border 

between the flat part of the sample (left zone) and the periodic pattern (right zone).

CONCLUSIONS 

The morphological stability and ordering characteristics of a lamellae forming poly(styrene-block-methyl 

methacrylate) (PS-b-PMMA) block copolymer (BCP), either alone or blended with low molar mass 
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polystyrene (PS) and polymethylmethacrylate (PMMA) homopolymers, were investigated.  An increase 

of one order of magnitude occurs in the correlation length of the lamellar nano-domains of blend BCP 

with respect to neat BCP. Moreover, a morphological instability of blend BCP is observed and results in 

dewetting of relatively thick films with the formation of micrometric size areas.  Consequently, the 

dewetting of blend BCP within a periodic pattern leads to highly ordered hierarchical structures featuring 

substantial thickness-modulation. These may find applications in fields requiring a discrete number of 

highly ordered nanowires periodically arranged in a thickness-modulated nanometric pattern for the 

realization of  plasmonic surfaces50-51-52 or photonic structures.53-54-55
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