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Abstract. Block copolymer (BCP) self-assembly in thin film is an elegant method to generate 

nanometric features with tunable geometrical configurations. By combining directed assembly and 

hybridization methods, advances in nano-manufacturing have been attested over the past decades 

with flagship applications in lithography and optics. Nevertheless, the range of geometrical 

configurations is limited by the accessible morphologies inherent to the energy minimization 

process involved in BCP self-assembly. Layering of nanostructured BCP thin films has been 

recently proposed in order to enrich the span of nanostructures derived from BCP self-assembly 

with the formation of non-native heterostructures such as double-layered arrays of nanowires or 

dots-on-line and dots-in-hole hierarchical structures. In this work, we further exploited the layer-

by-layer method for the generation of nano-mesh arrays using nanostructured BCP thin films. In 

particular, we leveraged a subtle combination of chemical and topographical fields in order to 

demonstrate design rules for the controlled registration of a BCP layer on top of an underneath 

immobilized one by the precise tuning of the interfacial chemical field between the two BCP 

layers.  
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1 Introduction 

Block copolymer (BCP) self-assembly in thin films is a powerful method to pattern surfaces at the 

nanometer scale with applications in optics, lithography and advanced nano-manufacturing.[1–4] 

Indeed, the thermodynamic incompatibility between the different chemical sequences in a BCP 

architecture leads to a phase separation that results in the formation of ordered nanostructures.[5] 

For the most common diblock architecture, the variation of the volume fraction of the blocks 

leverages the formation of spherical, cylindrical, gyroid and lamellar structures for which the 

domain spacing is primarily controlled by the degree of polymerization of the BCP chain. 

Application of block copolymer self-assembly in a thin film configuration further enabled surface 

texturation[6,7] which can be combined by hybridization methods generating hybrid patterns with 

exquisite symmetries.[8] Nevertheless, the geometric features inherent to BCP self-assembly are 

limited and methods to enrich the breadth of features achievable by BCP self-assembly in thin film 

are of tremendous interest. A promising method is based on the stacking of BCP layers for which 

an interplay between the stacked BCP layers based on chemical or topographical constraints is 

expected to enable a fine control the resulting patterns.[9–12] Several methodologies; i.e. use of a 

protective layer between the stacked nanostructured BCP films,[13,14] direct stacking of BCP 

structures leveraged by immobilization methods,[15–21] use of cross-linkable BCP materials,[22,23] 

and transfer printing of BCP films,[24,25] have been employed for the formation of customized 3D 

layered BCP structures. Among these methods, some capitalize on the topographical or chemical 

fields induced by an underlying (immobilized) BCP film in order to direct the self-assembly of a 

subsequent BCP layer. This so-called “responsive-layering” approach[17] further benefit from the 

“soft condensed matter” characteristics of BCP self-assembly which affords the formation of 

complex three-dimensional structures due to spatial confinement or interfacial effects.[1,26,27] In 
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particular, Rahman et al.[17] reported a large range of non-native BCP nanostructures derived from 

common diblock morphologies using a responsive layering approach based on topographical 

fields. Another demonstration of “responsive layering” by Jin et al.[18,28] leveraged the epitaxial 

registration of sphere-forming PS-b-PDMS monolayers for the formation of Moiré 

superstructures. 

Herein, we further developed the use of the layer-by-layer method for the generation of nano-mesh 

arrays using nanostructured polystyrene-b-poly(methyl methacrylate) (PS-b-PMMA) thin films. 

In particular, we leveraged a subtle combination of chemical and topographical fields in order to 

demonstrate design rules for the controlled registration of a BCP layer on top of an underneath 

immobilized one by the precise tuning of the interfacial chemical field between the two BCP 

layers. This study expands the breadth of control for the registration of stacked BCP layers by 

interplaying chemo-epitaxy and grapho-epitaxy approaches. 

 

2 Results and discussion 

In this section, we first discuss the phase behavior of nearly symmetric PS-b-PMMA in a thin film 

configuration in order to define the range of compositions of styrene and methyl methacrylate 

statistical copolymers, denoted PS-stat-PMMA, leading to an out-of-plane orientation of PS-b-

PMMA lamellae. Indeed, substrates modified by grafted PS-stat-PMMA chains enable the 

modification of the wetting properties of nanostructured PS-b-PMMA films by adjusting the 

interfacial energy of the substrate with respect to the BCP domains.[29] This, in turn, allows 

controlling the orientation of the BCP structure with respect to the substrate plane.[30,31] This 

systematic study is central for further iterative self-assembly as it allows the definition of “slightly” 

PMMA- or PS- affine and “fully” neutral interfacial layers while preserving the out-of-plane 
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orientation of the lamellar BCP features. A PS-b-PMMA BCP (Mn
PS = 27 kg.mol-1, Mn

PMMA = 22 

kg.mol-1, fPS = 0.55, Đ = 1.07, hereafter named L28) with a domain spacing, L0 = 28 nm, was self-

assembled on Si substrates modified by grafted PS-stat-PMMA chains with compositions, fPS, 

ranging from 0.47 to 0.86. After spin-coating, a thermal annealing treatment at 250 °C during 

10 min was performed using a rapid thermal annealing (RTA) process. The BCP film thickness 

evaluated after the spin-coating step, t, was varied between 0.5L0 ≈ 15 nm and 3L0 ≈ 82 nm, and 

representative AFM images are presented in Figure 1 for t/L0 ≈ 1.25 and various fPS (larger AFM 

phase images are provided in Figure S1). 
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Figure 1. (a-e) AFM images (top panel: height images, bottom panel: phase images) of 
nanostructured L28 thin films on Si substrates modified by grafted PS-stat-PMMA chains for 
t/L0 ≈ 1.25. Scale bars: 500 nm. (a, e) island/hole structures (fPS = 0.47 and 0.86), (b, c, d) out-of-
plane lamellae (fPS = 0.59, 0.68 and 0.77). (f) Experimental phase diagram and (g) mapping of the 
different lamellar configurations obtained following the theoretical treatment developed in 
Supporting information. Blue, red and green marks or regions correspond to out-of-plane, in-plane 
and island/hole configurations, respectively. 

 

The results were sorted in three different categories: out-of-plane lamellae (Figure 1.b-d), in-plane 

lamellae and island/hole structures with an in-plane lamellar orientation (Figure 1.a and e), and 

are summarized in Figure 1.f for the various PS-stat-PMMA compositions and film thicknesses. 

The domain spacing of the BCP structure was confirmed by FFT analysis of the fingerprint 

structure from out-of-plane lamellae and from the depth profile of the island/hole structure, 

confirming for each method a value close to 28 nm. It was demonstrated to be insensitive of the 

PS-stat-PMMA composition on the probed window. It is noteworthy that perforations at the free 

surface are visible on the AFM images of in-plane lamellar structures which could be attributed 

either to the rapid solvent evaporation during RTA or the formation of a metastable perforated 

lamellar structure. Overall, the reported phase diagram is in accordance with previous reports 

highlighting the importance of the interface boundary conditions (symmetric or asymmetric 

wetting) and the film thickness (in)commensurability with respect to the intrinsic BCP 

periodicity.[31–33] In particular, the lower surface energy of PMMA at high temperature leads to 

PMMA domains facing the air for in-plane configuration. This behavior determines in turn the 

asymmetric (PS-affine substrate) and symmetric (PMMA-affine substrate) wetting configurations 

which further dictate the incommensurability conditions for the formation of island/hole structures 

(i.e. asymmetric wetting t/L0 ≠ n and symmetric wetting t/L0 ≠ n + 0.5). Additionally, the 

experimental results are in agreement with the theoretical treatment developed in Supporting 
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information as shown in Figure 1.g. Note that for a given film thickness, the interplay between 

the wetting regimes and the BCP structure commensurability (e.g., t/L0 = 1 and symmetric 

(PMMA-affine grafted PS-stat-PMMA chains) or asymmetric (PS-affine grafted PS-stat-PMMA 

chains) wetting regimes) alternately favors or disfavors the in-plane lamellar configuration. This 

alternation of behaviors for every 0.5t/L0 results in the zig-zag shape of the boundaries between 

the in-plane and out-of-plane stability regions in Figure 1.g. A shift from the theoretical PS-stat-

PMMA neutral composition of fPS = 0.5 to higher fPS is experimentally observed, which is 

explained by a non-linearity between the brush composition and the surface coating energy (due 

to effects of the end-chain groups,[34] the slight gradient composition of PS-stat-PMMA chains[35] 

and the penetration of PS and PMMA sequences of the BCP chains inside the grafted layer[29]). 

Crucially, this preliminary study demonstrates that the out-of-plane lamellar orientation is 

achieved over a range of PS-stat-PMMA compositions (e.g. 0.59 ≤ fPS ≤ 0.77 for t/L0 ≈ 1.25) in 

line with previous studies.[36] This allows the definition of slightly PMMA- or PS- affine grafted 

PS-stat-PMMA layers (see Table 1 for details) for which an out-of-plane orientation of the 

lamellar structure is retained. 

Table 1. PS-stat-PMMA compositions used for the stacking process in order to tune the interfacial 
energy between the two L28 layers. 

PS-stat-PMMA composition, fPS 0.59 0.68 0.77 

Affinity PMMA (M) Neutral (N) PS (S) 

BCP domain orientation for t/L0 ≈ 1.25 Out-of-plane Out-of-plane Out-of-plane 

 

We subsequently studied the stacking of two L28 layers following a process derived from the 

“responsive layering” process pioneered by Rahman et al.[17] and summarized in Scheme 1. 
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Scheme 1. Process flow for the layering of two L28 layers taking advantage a both chemical and 
topographical registration fields. 

 

Shortly, a first BCP layer is deposited by spin coating on a Si substrate modified by “fully” neutral 

PS-stat-PMMA chains (fPS = 0.68) and thermally annealed at 250 °C during 10 min using a RTA 

oven to promote the self-assembly. Figure 2.a shows a AFM image of the resulting fingerprint 

pattern in line with the formation of an out-of-plane lamellar structure (t ≈ 35 nm, t/L0 ≈ 1.25). An 

immobilization step of the BCP structure by sequential infiltration synthesis (SIS) is then 

performed through the formation of Al2O3 in the PMMA domains followed by an O2 RIE plasma 

treatment which partially etched the PS domains.[37,38] Accordingly, a line & space pattern (Figure 

2.b) with a topographical amplitude around 8 nm is formed as deduced from the analysis of the 

AFM topographical profile (see Figure 2.c,d). Next, a 1 nm thick layer of Al2O3 is deposited on 

top of the immobilized pattern in order to facilitate a subsequent homogeneous grafting of PS-stat-

PMMA chains. Finally, a second BCP layer is casted onto the line & space pattern, thermally 

annealed at 250 °C during 10 min and immobilized using SIS. Critically, this process enables the 

fine tuning of the affinity of the PS-stat-PMMA layer (neutral, slightly PMMA- or PS- affine) with 
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respect to the second BCP layer which is of crucial importance to decipher the complex interplay 

between topographical and chemical fields on the resulting bilayered structures. 

 

Figure 2. (a) AFM phase image of the nanostructured L28 thin film after thermal annealing. (b) 
SEM image of the line & space pattern after SIS and O2 RIE plasma treatment. Scale bars: 500 
nm. Top right insets are the corresponding FFTs. (c, d) AFM height image and topographical 
profile taken along the arrow obtained after SIS and O2 RIE plasma treatment. Scale bar: 100 nm. 

 

Experimentally, we have studied the stacking of two L28 layers using the aforementioned process, 

with the three different interfacial configurations, i.e. “fully” neutral, PMMA-affine or PS-affine 

(compositions of the grafted interfacial layers are summarized in Table 1). After the ashing of the 

PS domains by a prolonged O2 RIE treatment, three different patterns were observed using SEM 

as shown in Figure 3.a-c, showing the top-view projections of the superimposed layers. The 

corresponding GISAXS 2D patterns are presented as well in Figure 3.d-e. 
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Figure 3. (top panel) SEM images and (bottom panel) corresponding GISAXS patterns of two 
stacked L28 layers with (a,d) neutral, (b,e) PMMA-affine and (c,f) PS-affine interfacial layers. Top 
right insets are the corresponding FFTs. Scale bars: 500 nm. 

 

The “fully” neutral configuration (Figure 3.a) shows a decent grid pattern with an angle close to 

90° between both layers as compared to a randomly computed one generated through the 

superposition of two SEM images of L28 layers (see Figure S2). However, due to the inherent 

defectivity of BCP self-assembly, the translational order of the underlying line & space pattern is 

poor, which results in multiple defects localized mainly at the grain boundaries.[39,40] The poor 

translational order of the first BCP layer inhibits thus the generation of a perfect orthogonal grid 

without further use of directed self-assembly methods (vide infra). The corresponding GISAXS 

pattern (Figure 3.d) is in accordance with the stacked configuration imaged by SEM. Intense 
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Bragg rods along 𝑞𝑞𝑦𝑦 positioned in the characteristic 𝑞𝑞𝑦𝑦 𝑞𝑞𝑦𝑦∗ = 1, 2, 3⁄  sequence confirmed the 

formation of a line & space pattern with a common periodicity (L0 = 28.7 nm) for the two 

superimposed layers which is identical to the neat L28 domain spacing. Accordingly, the 

characteristic size of the top self-assembled structure does not appear to be disturbed by the 

chemical and topographical fields induced by the underlying Al2O3 pattern. Unfortunately, the 

“polycrystalline” nature of the produced grid pattern (i.e. multiple angular orientations of the two 

grid arrays) does not permit to retrieve the angular configuration of the two superimposed line & 

space arrays. 

Figure 3.b shows the structure obtained for two superimposed line & space patterns separated by 

a PMMA-affine interfacial layer. From such top-view image, a unique line & space pattern is 

observed. As the prolonged ashing by RIE is expected to remove all organic materials (i.e. the 

non-hybridized PS domains), we concluded to a registration between the underlying Al2O3 lines 

and the PMMA domains of the top layer. Accordingly, a thicker Al2O3 line & space array is 

produced after the hybridization by SIS of the second BCP layer. The GISAXS data presented in 

Figure 3.e are in agreement with this assignation as a sequence of Bragg rods such as 

𝑞𝑞𝑦𝑦 𝑞𝑞𝑦𝑦∗ = 1, 2, 3⁄  is also retrieved. The periodicity of the thick line & space array was evaluated at 

L0 = 29.3 nm which is not significantly different with respect to the neat L28 domain spacing. 
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Finally, the structure obtained for a PS-affine interfacial layer (Figure 3.c) is harder to analyze 

since the top layer consists of “wavy” lines. From the top-view SEM image, the top line & space 

array is collinear to the bottom one, but the registration between the bottom and top arrays differs 

from the PMMA-affine case. As a PS-affine interfacial layer was inserted between the two arrays, 

this structure results from a registration between the bottom Al2O3 lines and the PS domains of 

the second BCP layer. The hybridization by SIS of the PMMA domains of the second BCP layer 

further results in Al2O3 lines positioned (at a different height) between the Al2O3 lines of the first 

layer. The ashing step leads to a collapse of the top layer structure induced by the removal of the 

PS domains. We hypothesize that the resulting “wavy” pattern is related to electrostatic or capillary 

forces during the plasma etching step which leads to a “stitching” of the top Al2O3 lines on the 

bottom Al2O3 array at various positions as observed in Figure 3.c. The 2D GISAXS pattern 

recorded for this sample shown in Figure 3.f is coherent with this configuration as only two Bragg 

rods, inherent to a weaker translational order of the overall structure, are visible. Nevertheless, a 

characteristic sequence 𝑞𝑞𝑦𝑦 𝑞𝑞𝑦𝑦∗ = 1, 2⁄  is retrieved which confirms the formation of line & space 

arrays with a common periodicity L0 = 29.3 nm. 

We further used grapho-epitaxy as a directed self-assembly method in order to fully highlight the 

complex registration of the second BCP layer with respect to the first immobilized one depending 

on the interfacial configuration. A thicker L28 first layer (t ≈ 160 nm) was cast onto grooved 

substrate previously modified with neutral PS-stat-PMMA chains (fPS = 0.68). After the promotion 
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of the self-assembly by thermal annealing, the L28 out-of-plane lamellae adopted an orthogonal 

configuration with respect to the topographical pattern as this particular arrangement is the 

configuration of minimal energy. This result is in accordance with previous reports evaluating the 

arrangement of out-of-plane lamellae in grooved substrate depending on the PS-stat-PMMA 

composition.[41,42] It is noteworthy that the use of a thicker BCP layer leads to a lamellar pattern 

showing a good translational order and prevents the formation of a topographical field inherent to 

the grooved substrate as shown in Figure S3 (i.e. the remaining topographical pattern has an 

amplitude smaller than 1 nm and was considered as negligible with respect to the topographical 

pattern created at the time of the BCP immobilization by the combined SIS and plasma treatments). 

The remaining part of the stacking process remained unchanged and Figure 4.a-c shows the 

resulting SEM images of the structures obtained after ashing the PS domains depending on the 

interfacial configuration. They validate the conclusions made in the previous paragraph; i.e. an 

orthogonal orientation of the second layer (see Figure 4.a) is observed if the interfacial energy 

between the layers is perfectly neutral (L28-N-L28), and a collinear one if this interfacial energy 

is slightly affine to one of the BCP domains. Additionally, the two line & space arrays are perfectly 

stacked (see Figure 4.b) when the surface is affine to PMMA (L28-M-L28), while an interfacial 

layer affine to PS (L28-S-L28) leads to a collapse of the top line & space array inside the spaces 

of the bottom array (see Figure 4.c). The results obtained using directed self-assembly methods 

are more robust than the previous ones, as they allow us to clearly distinguish the different stacking 
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configurations. In particular, three highly ordered configurations have been observed with a clear 

“responsive layering” mechanism depending of the interfacial energy between the two BCP layers. 

The next paragraph will propose different hypotheses regarding the registration mechanisms. 

 

Figure 4. SEM images of (a) L28-N-L28, (b) L28-M-L28 and (c) L28-S-L28 immobilized bilayers 
produced on top of a grooved substrate (the initial trenches are vertically oriented on the SEM 
images). Top right insets are the idealized structures and FFTs of the corresponding SEM images. 
Scale bars: 500 nm. (d) Mapping of the different stacking configurations between the two line & 
space patterns obtained following the theoretical treatment developed in Supporting information. 
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The rationalization of these stacking configurations was pursued following two mechanisms: i) the 

formation of asymmetric surface areas due to the topographical field induced by the first 

immobilized layer; ii) the generation of chemo-epitaxy fields inherent to the disordering of PS-b-

PMMA chains induced by a strong spatial confinement inside the 1st line & space pattern. 

A first consideration is related to the increase of surface area inherent to the topography produced 

by the immobilization by SIS of the 1st BCP layer. Indeed, the line & space pattern is not sharp 

due to a gradient of composition at the interface related to the low segregation strength of the PS-

b-PMMA system under study and the non-isotropic plasma etching process.[43,44] It is rather 

composed of parallel trenches with curved walls, and the resulting topographical profile has been 

modeled with a rectangular box (𝑤𝑤 × ℎ) having rounded-shaped edges as shown in Figure S4.a. 

In the case of an interfacial treatment of the line & space pattern by PMMA- or PS- affine 

interfacial layer, an energetic gain is obtained when the affine domain registers on top of the 

trenches, due to an excess of affine area. However, this configuration generates chain perturbations 

in the vicinity of the topographical pattern as shown in Figure S4.b, resulting in an energy penalty. 

Interestingly, this penalty is completely relieved in the case of an orthogonal arrangement of the 

BCP domains of the 2nd layer (the substrate curvature is orthogonal to the BCP chains) which is 

experimentally obtained for a neutral interfacial treatment (formation of the orthogonal grid pattern 

after ashing). These two antagonistic energetic contributions were evaluated using a home-made 

code developed for the establishment of the orientational phase diagram of lamellar structures 
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taking into account the topographical field induced by the 1st immobilized BCP layer. It is 

noteworthy that the equations used to describe the lamellar structure do not take into account the 

perturbations of the lamellar domain shape induced by the rounded pattern. Here, we choose a 

patterned substrate close to the L28 experimental case, i.e. a line & space pattern with a 28 nm 

periodicity and a 5 nm bump height (with respect to the 8 nm experimentally probed by AFM). 

We further hypothesized that the effect of this topographical field is relieved for BCP layer height 

higher than 2h. Finally, all possible orientations of the two layers were probed leading to an 

orientational phase diagram shown in Figure 4.d The orientational phase diagram is composed of 

two in-plane regions for strongly PMMA- or PS- affine interfacial layer compositions (not 

experimentally studied) and one out-of-plane window divided in three different regions depending 

of the affinity of the interfacial layer, i.e. orthogonal to the topographical substrate (“fully” neutral 

case) or parallel to the topographical substrate with either PMMA or PS domains registered above 

the Al2O3 lines (“slightly” affine cases). The results are in complete agreement with the 

experimental observations previously reported in Figure 4.a-c. Interestingly, the overall structure 

of the phase diagram is not modified compared to the one obtained for a flat substrate (see Figure 

1.g), with the same localization of the transitions between the out-of-plane, in-plane and 

island/hole windows. This means that the substrate patterning has a strong impact only for out-of-

plane structures by orientating them orthogonally or collinearly, and does not modify the out-of-

plane stability region. This can be understood as the energetical costs for chain perturbation above 
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the gratings related to the in-plane configuration is lower than the interfacial energetical 

contribution for extreme values of fPS. It is noteworthy that the orthogonal configuration window 

between the two collinear ones is only retrieved by simulation if the bump height is below 5.5 nm. 

For higher values, the whole out-of-plane window has an orthogonal configuration (i.e. limiting 

thus chain stretching). 

A second consideration to rationalize the observed stacking behavior is related to the (dis-)ordering 

state of the PS-b-PMMA chains in the strongly confined spaces between the Al2O3 trenches. 

Indeed, both theoretical and experimental works have reported a drastic increase of 𝜒𝜒𝜒𝜒 value for 

the order-disorder transition upon confinement for a ratio between the length scale of the spatial 

confinement and the polymer gyration radius, of 1.4~1.5.[45,46] In our case, the trench width is half 

the BCP period, i.e. 14 nm, and an rough estimate of the 𝑅𝑅𝑔𝑔 of the BCP chains is around 12.5 nm, 

giving a ratio effectively corresponding to a disordered state. It should be noted that the confined 

PS-b-PMMA chains could be in a non-homogenous disordered state for which local composition 

fluctuations with a characteristic length scale on the order of the radius of gyration of the BCP 

chain would prevail.[47,48] We believe that these composition fluctuations would still yield a 

“neutral” configuration with respect to the BCP nanostructure due to their isotropic spatial 

arrangement.[49] Accordingly, as shown in Scheme 2, we assumed that the confined PS-b-PMMA 

chains of the 2nd layer are trapped in a disordered state within the topographic spaces created by 

the line & space pattern from the 1st layer. This leads in turn to a “neutral” interface localized 
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between the Al2O3 trenches for the BCP chains.[13] In summary, a neutral interface toward the PS 

and PMMA domains is generated between the Al2O3 lines due to confinement, while the PS-stat-

PMMA coating is still present above the Al2O3 pattern. For PMMA- or PS- affine coatings, a self-

assembly mechanism driven by chemo-epitaxy occurs, leading to an energetical gain for the 

collinear configurations between the two line & space patterns (see Scheme 2), since a domain is 

facing an affine interface and the other a neutral one. Alternatively, the collinear orientation for a 

neutral interface does not generate an energetical gain since both domains wet neutral interfaces 

(either from the grafting of the PS-stat-PMMA on the top of the Al2O3 lines or from the 

disordering of the PS-b-PMMA inside the topographic pattern). Thus, the most stable 

configuration is the orthogonal orientation of the two line & space patterns, as no chain 

perturbation (compression or stretching) is involved in this configuration. 

 

Scheme 2. Schematics of the “responsive layering” mechanism based on the disordering of PS-b-
PMMA chains inside the topographic spaces created by the line & space pattern from the 1st layer. 
Self-assembled BCP layers after thermal annealing for (a) PMMA-affine, (b) “fully” neutral and 
(c) PS-affine interfacial layers. 
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In order to strengthen our analysis, dissipative particle dynamics (DPD) simulations of the iterative 

stacking of the two BCP layers were performed as a function of the interfacial energy of the PS-

stat-PMMA interfacial layer (see Table S1 for the list of interaction parameters, aij with i and j 

two DPD beads). We explored the out-of-plane self-assembly of A9B9 chains as described in 

Supporting Information. In our simulations, the 2nd BCP layer is constrained between a “air” 

layer and a patterned substrate of tunable surface energy (i.e. by grafting PS-stat-PMMA chains 

with different fPS) as depicted schematically on Figure 5.a (see Figure S5 for additional details 

and notations). For a neutral configuration between the BCP domains and the patterned substrate 

(i.e. 𝑎𝑎𝐴𝐴𝑠𝑠1 = 𝑎𝑎𝐵𝐵𝑠𝑠1 = 20.44), the A9B9 chains self-assembles in an out-of-plane lamellar structure 

oriented orthogonally with respect to the patterned substrate (representing the 1st immobilized BCP 

layer) in line with the experimental results (see Figure 5.b) This result is in sharp contrast with 

the fingerprint pattern obtained on a flat neutral substrate (see Figure S6) highlighting the 

responsiveness of A9B9 self-assembly to the chemical and topographic fields. 
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Figure 5. (a) Geometry of the patterned substrate corresponding to the experimental line & space 
pattern formed by the immobilization of the 1st BCP layer by SIS. (b) A9B9 self-assembly on top 
of a patterned substrate fully coated by neutral beads (dark and light grey beads). (c) A9B9 self-
assembly on top of a patterned substrate with lines coated with an A-affine beads (light grey beads). 
The A and “air” beads have been removed for clarity (see Figure S7 for the self-assembled patterns 
with A and B beads). 

 

When the surface of the lines corresponding to the Al2O3 lines produced by the immobilization of 

the 1st BCP layer (i.e. light grey beads) is described by A-affine beads (𝑎𝑎𝐴𝐴𝑠𝑠2 = 15, 𝑎𝑎𝐵𝐵𝑠𝑠2 = 25.9, 

and 𝑎𝑎𝑠𝑠2𝑤𝑤2 = 15), a collinear organization of the out-of-plane BCP lamellar structure is retrieved 

as shown in Figure 5.c. The A beads of the A9B9 chains are placed on top of the A-affine lines 

while the B beads are repulsed in the trenches. Thus, the B beads fill the space on the top the 

interstices, even though the substrate is neutral for both blocks (𝑎𝑎𝐴𝐴𝑠𝑠1 = 𝑎𝑎𝐵𝐵𝑠𝑠1 = 20.44). In case of 

a B-affine pattern, a mirror organization of the A-affine model is obtained, due to the similar 

parametrization of the BCP beads, i.e. the B beads are placed on top of B-affine lines while the A 
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beads fill the interstices. Interestingly, the DPD simulation supports the rationalization based on 

the disordering of PS-b-PMMA chains in the voids created by the Al2O3 line & space array. As 

shown in Figure S7.c for an A-affine pattern, some A beads can be observed in the confined spaces 

on the side-view of the A9B9 self-assembled structure. Figure S8 displays a representative 

horizontal cut at a height corresponding to the 1st Al2O3 line & space array of the self-assembly 

of A9B9 chains in the A-affine configuration. It is evident that both A and B beads are positioned 

in the strongly confined spaces between the Al2O3 trenches even if the coarse-grained nature of 

DPD limits the extent of mixing. Such results clearly strengthen the rationalization based on a 

chemo-epitaxy field induced by the disordering of the PS-b-PMMA chains in the confined 

interstices between the Al2O3 lines. 

 

3 Conclusion 

We have investigated the complex interplay between chemical and topographical constraints for 

the precise control of the registration between two stacked out-of-plane lamellar BCP layers in 

order to produce nano-mesh arrays. We demonstrated that the change of the interfacial energy 

between the nanostructured BCP films, associated to the topography inherent to the immobilization 

of the underneath BCP layer, leads to either an orthogonal or a collinear arrangement of the upper 

BCP layer with respect to the underlying one. More precisely, the definition of “slightly” affine or 

“fully” neutral configurations using different PS-stat-PMMA compositions generates three 

different nano-mesh arrays for which the registration of the BCP domains of the upper layer is 
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dictated by the conjunction of both chemical and topographical fields. These experimental results 

were rationalized using a free-energy model evaluating the various stacking configurations and a 

simple mechanism based on the disordering of PS-b-PMMA chains due to the strong confinement 

induced by the immobilized pattern was also proposed to better apprehend the observed self-

assembly behavior. The various experimental configurations were further confirmed by DPD 

simulations using similar interfacial and topographical parametrizations, further highlighting the 

responsiveness of BCP self-assembly to both chemical and topographic fields. We believe this 

work expands the breadth of control for the directed self-assembly of stacked BCP layers by 

interplaying chemo-epitaxy, grapho-epitaxy and immobilization methods. 
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4 Experimental Section 

Materials. The statistical- and block- copolymers (PS-stat-PMMA and PS-b-PMMA) were kindly 

provided by Arkema. The PS-stat-PMMA copolymers, synthesized by nitroxide-mediated radical 

polymerization using a BlocBuilder® MA-HEA-SG1 alkoxyamine, are characterized by Mn = 

11.2-13.6 kg/mol and Đ = 1.2-1.4 as determined by size exclusion chromatography using PS 

standards for calibration. Accordingly, the PS-stat-PMMA copolymers are functionalized with a 

hydroxyl group at one end of the chain and the SG1 moiety at the other end, resulting in a grafting 

process involving both end-groups.[50,51] Propylene Glycol Methyl Ether Acetate (PGMEA) was 

purchased from Merck and used as received. Trimethylaluminium (TMA) was purchased from 

Strem Chemicals and used as received. Flat (100) silicon wafers were purchased from Si-Mat 

Materials. The patterned Si substrates (lines and spaces pattern with 60 nm depth, 70 nm width 

and 140 nm periodicity) were fabricated in the LTM / CEA-LETI facilities in Grenoble on 300 

mm wafers. A three-layer lithography stack (193 nm lithography resist on silicon-containing 

antireflective coating (SiARC) and spin-on carbon (SOC) layers) was exposed in a projection 

photo-lithography tool and dry-etched using different plasma mixtures. SiARC was opened using 

a combination of CHF4 and Ar gases, SOC was etched using a combination of HBr, O2, and N2 

gases and Si was etched using a combination of HBr, Cl2, and O2 gases. Finally, organic resist 

residues were removed in an oxygen containing plasma. Wafers were cut to approximately 1 x 1 

cm2 samples. 

Preparation of the BCP bilayers. Si wafers or grooved substrates were cleaned in a PGMEA bath 

followed by a drying step with a N2 flow. The grafted PS-stat-PMMA layers were produced by 

spin-coating (1500 rpm) a 2 wt% solution in PGEMA onto the Si wafers or the grooved substrates 

followed by a thermal annealing step at 250 °C for 5 min. The ungrafted PS-stat-PMMA chains 
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were subsequently rinsed in a PGEMA bath. Thereafter, a PS-b-PMMA solution in PGEMA (1.5 

wt% for t/L0 = 1.25) was deposited at 1500 rpm and thermally annealed at 250 °C for 10 min using 

a rapid thermal annealing (RTA) system (Jipelec ECM JetLight) under N2 atmosphere. Sequential 

Infiltration Synthesis (SIS) was then performed uing an ALD tool (Ultratech SAVANNAH G2) in 

exposure mode. The sequence used in this study consists of two infiltration cycles composed of 

two exposures of TMA vapor at 85 °C during 60 s followed by two exposures of H2O vapor at 

85 °C during 60 s. Each exposure was followed by 10 sec N2 flow purge to remove the excess of 

precursors. After SIS, the etching of the PS domains was performed with an O2 Reactive Ion 

Etching (RIE) plasma (Plasmionique Flarion RF-Series) (40 sccm O2, 40 W, 40 sec). The 

immobilization process of this first nanostructured BCP film also yields to the generation of a 

stable platform for the subsequent tuning of interfacial energy between the stacked layers. A 

passivation of the immobilized Al2O3 pattern was conducted after the plasma etching step in order 

to deposit a thin Al2O3 layer on top of the first layer. It further allows the modification of the 

surface energy by grafting a PS-stat-PMMA layer onto this continuous oxide layer. 

Experimentally, we opted to perform 10 ALD cycles using sequential TMA and H2O exposures at 

85 °C leading to the formation of a ≈ 1 nm thick Al2O3 layer.[52] The surface modification via the 

grafting of PS-stat-PMMA chains was subsequently performed on the passivated surface using the 

same protocol as the one reported for the Si wafers. A second BCP layer was then spin-coated on 

top of the Al2O3 pattern, annealed at 250 °C for 10 min using the RTA system and treated by SIS 

using the same protocol as the 1st BCP layer. Finally, a ashing step using a prolonged RIE treatment 

(40 sccm O2, 20 W, 180 sec) was used to remove the PS domains without deteriorating the overall 

Al2O3 structure. 
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Atomic Force Microscope (AFM). AFM images in tapping mode were obtained using a Dimension 

FastScan (Bruker). Silicon cantilevers (Fastscan-A) with a nominal tip radius of 5 nm, a spring 

constant about 18 N.m-1 and a resonance frequency of about 1.4 kHz were used. 

Scanning Electron Microscope (SEM). SEM images were obtained using a Jeol 7800-E Prime at a 

high acceleration voltage (15 kV) in the super high resolution gentle beam (GBSH) mode. 

Grazing incidence small X-ray scattering (GISAXS). The GISAXS measurements were carried out 

on SIRIUS station (Soft Interfaces and Resonant Investigation on Undulator Source) at the 

SOLEIL synchrotron in Gif-sur-Yvette (France) using a beam energy of 8 keV.[53] The sample-to-

detector distance was set to 4445 mm. The incidence angle was fixed at 0.18° for all measurements. 

2D scattering patterns were collected with a PILATUS 1M Dectris detector with a vertical beam 

stop in front of the detector and were reduced using a home-made code, where 𝑞𝑞𝑦𝑦 =

2𝜋𝜋/𝜆𝜆�sin (2𝜃𝜃𝑓𝑓) cos�𝛼𝛼𝑓𝑓�� and 𝑞𝑞𝑧𝑧 = 2𝜋𝜋/𝜆𝜆�sin�𝛼𝛼𝑓𝑓� + sin (𝛼𝛼𝑖𝑖)� are the modulus of the scattering 

vectors in the direction parallel and perpendicular to the substrate plane and 𝛼𝛼𝑖𝑖, 2𝜃𝜃𝑓𝑓 and 𝛼𝛼𝑓𝑓 are the 

incident and scattering angles in the horizontal and vertical directions, respectively. 

Mapping of the configurations of lamellar structures in thin films. A simple predictive treatment 

has been developed to map out the configurations of lamellar BCP structures with respect to the 

film thickness and interface wetting.[54,55] The energetical aspects considered in this treatment are: 

i) the substrate interfacial energy, corresponding to the interaction between the BCP film and the 

substrate surface; ii) the free surface interfacial energy, which represents the interactions between 

the BCP film and air; iii) the conformational constraints of the BCP chains (i.e. stretching or 

compression due to the chain distortion away from its equilibrium length, and repulsive 

interactions between the chains due to the chemical difference between each block). The details of 

the treatment are available in Supporting Information. 
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Dissipative particle dynamics (DPD). The DPD simulation method used in this study is based on 

the DPD method reported by Huang and Alexander-Katz for BCP directed self-assembly.[56] The 

treatment developed for this study is further detailed in Supporting Information. 
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