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Preface to ”Nanoscale Self-Assembly:
Nanopatterning and Metrology”

The self-assembly process underlies a plethora of natural phenomena from the macro to the

nano scale. Often, technological development has found great inspiration in the natural world, as

evidenced by numerous fabrication techniques based on self-assembly (SA). One striking example

is given by epitaxial growths, in which atoms represent the building blocks. In lithography, the use

of self-assembling materials is considered an extremely promising patterning option to overcome

the size scale limitations imposed by the conventional photolithographic methods. To this purpose,

in the last two decades several supramolecular self-assembling materials have been investigated

and successfully applied to create patterns at a nanometric scale (e.g., spherical colloids, block

copolymers, nanotubes, and nanowires).

Although considerable progress has been made so far in the control of self-assembly processes

applied to nanolithography, a number of unresolved problems related to the reproducibility and

metrology of the self-assembled features are still open. Addressing these issues is mandatory

in order to allow the widespread diffusion of self-assembling materials for applications such as

microelectronics, photonics, or biology.

In this context, the aim of the present Special Issue is to gather original research papers

and comprehensive reviews covering various aspects of the self-assembly processes applied to

nanopatterning. Topics include the development of novel SA methods, the realization of nanometric

structures and devices, and the improvement of their long-range order. Moreover, metrology issues

related to the nanoscale characterization of self-assembled structures are addressed.

The directed self-assembly (DSA) is a process whereby the long-range ordering of a

self-assembling system is aided by the presence of chemical or physical directing agents, such as

periodic templates, surface functionalizations or external fields. In the first chapter, Tommaso Jacopo

Giammaria, Ahmed Gharbi, Anne Paquet, Paul Nealey and Raluca Tiron report a novel resist-free

chemo-epitaxy process allowing the DSA of symmetric block copolymers (BCPs). The chemical

pattern that permits the DSA is composed of polystyrene guides prepared by 193i lithography and a

grafted PS-r-PMMA brush layer. The reported process is fully compatible with 300 mm clean-room

facilities, and the performance in terms of roughness can be considered at the same level to the

state-of-the-art methods reported in the literature.

The DSA process is not exclusively linked to BCPs, but can easily be extended to other

self-assembling materials such as colloidal nanospheres. In this regard, Eleonora Cara and coworkers

performed a systematic study on the effect of the spin-coating conditions on the SA process of

colloidal nanospheres inside pre-patterned templates prepared by direct laser-writer lithography.

This study revealed that in the best deposition conditions, the SA leads to a well-ordered nanospheres

monolayer that extended for tens of micrometres.

ix



The mandatory reduction of the defects of SA nanostructures, which prompted the development

of the DSA techniques, is only one of the hurdles limiting the diffusion of SA materials for lithographic

purposes. Another important problem of self-assembling polymeric materials is linked to their

intrinsic fragility to the conventional etching processes, which limits the maximum aspect ratio

obtainable in the pattern transfer process. The development of new synthetic approaches for

large-scale SA materials with enhanced performances is therefore required in the pursuit of the

fabrication of next-generation devices. SA materials as BCPs are ideal candidates for the selective

incorporation of a variety of inorganic materials through the sequential infiltration synthesis (SIS)

technique. In the comprehensive review reported in the third chapter, Cara and coworkers report the

latest advances in nanostructured inorganic materials synthesized by infiltration of BCPs, and their

emerging electrical and optical properties.

The close link between technological development and advancement in measurement techniques

has been established for a very long time. This concept is best summed up in the sentence

“you cannot measure it, you cannot improve it”, expressed by Lord Kelvin i in the late 1800s [1].

The understanding of self-assembly phenomena is also subject to the continuous improvement of

metrology. In chapter four, Julius Bürger, Vinay S. Kunnathully, Daniel Kool, Jörg K. N. Lindner and

Katharina Brassat use advanced analytical (scanning) transmission electron microscopy ((S)TEM),

electron energy loss spectroscopy (EELS) and energy filtered TEM (EFTEM), to provide information

on cylinder- and lamellae-forming BCPs morphology and interfaces at highest resolution. This

methods allows correlating the internal structure of the SA nano-domains with line edge roughness,

interface widths, and domain sizes.

In recent years the SA of BCPs in aqueous solution is gaining considerable importance in

modern polymer science. In chapter 5, Noah Al Nakeeb, Ivo Nischang and Bernhard V.K.J. Schmidt

investigate the self-assembly properties of double hydrophilic block copolymers (DHBC) in aqueous

solution via dynamic light scattering (DLS) and cryogenic scanning electron microscopy (cryo-SEM).

This combination of measurement techniques allowed them to report on the self-assembly process

of completely hydrophilic structures in solution formed from fully biocompatible building entities in

water.

In chapter 6, AFM and photoluminescence (PL) spectroscopy are resorted to in order

demonstrate the correlation between deposition speed and photoluminescence quenching in

polyfullerenes microstructures and donor polymer films fabricated by convective self-assembly. The

precise control of deposition speed during the fabrication procedure leads to an optimized film

microstructure comprised of interconnected crystalline polymer domains comparable to molecular

dimensions intercalated with similar polyfullerene domains.

Differential centrifugal sedimentation (DCS) enables direct measurements of differential size

distributions of complex nanoparticle mixtures. This technique is also suitable for resolving particle

populations, which only slightly differ in size or density. Reliable data on nanoparticle agglomeration

state are crucial for hazard and risk assessment of nanomaterials and for grouping and read-across

of nanoforms. In the final chapter, Claudia Simone Plüisch, Rouven Stuckert and Alexander

Wittemann determine the sedimentation coefficient distributions supracolloidal assemblies by DCS.

Furthermore, the practical implementation of the analytical findings into preparative centrifugal

separations is explored.
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In the last decade several efforts have been focused on the realization of materials and

devices with nanometric feature size. The vast majority of them are conceived in a simple planar

configuration. However, the growing demand for more complex materials, useful for example for

the realization of micro- and nano-scale multifuctional devices or metamaterials, have pushed the

development of novel nanofabrication techniques, capable of removing challenges and limits of

traditional self-assembly techniques. In chapter 8, Fengqiang Zhang and coworkers demonstrate a

simple and effective 3D printing strategy to achieve the nano-resolution printing of multiple materials

via layer-by-layer deposition. In less than two hours, large-scale concentric ring arrays with minimum

feature size below 50 nm were printed, verifying the capacity of high-throughput, high-resolution,

and rapidity of the proposed technique.

Reference

[1] William Thomson Baron Kelvin, “Popular Lectures and Addresses: Constitution of matter I”

1891.
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Abstract: This work reports a novel, simple, and resist-free chemo-epitaxy process permitting the
directed self-assembly (DSA) of lamella polystyrene-block-polymethylmethacrylate (PS-b-PMMA)
block copolymers (BCPs) on a 300 mm wafer. 193i lithography is used to manufacture topographical
guiding silicon oxide line/space patterns. The critical dimension (CD) of the silicon oxide line obtained
can be easily trimmed by means of wet or dry etching: it allows a good control of the CD that
permits finely tuning the guideline and the background dimensions. The chemical pattern that
permits the DSA of the BCP is formed by a polystyrene (PS) guide and brush layers obtained with the
grafting of the neutral layer polystyrene-random-polymethylmethacrylate (PS-r-PMMA). Moreover,
data regarding the line edge roughness (LER) and line width roughness (LWR) are discussed with
reference to the literature and to the stringent requirements of semiconductor technology.

Keywords: directed self-assembly (DSA); block copolymers (BCPs); chemo-epitaxy; polystyrene-block-
polymethylmethacrylate (PS-b-PMMA); line/space patterning; line edge roughness (LER); line width
roughness (LWR)

1. Introduction

The block copolymers (BCPs) have attracted more and more attention because under suitable
conditions, they self-assemble in highly ordered polymeric templates with well-defined sub-20 nm
periodic features that could be extremely useful for a wide range of nanotechnology applications [1–4].
The morphology of the self-assembled nanostructures (spherical, cylindrical, gyroid, or lamellar)
is determined by the fraction of one of the blocks with respect to the other one that form the BCP
chain [5]. The directed self-assembly (DSA) of block copolymers (BCPs) permits obtaining well-ordered
nanostructures having high resolution [6]. In this context, the chemo-epitaxial process represents one
of the most used approaches to induce the long-range ordering of the BCPs nanostructures by means
of the chemical contrast between the guideline and background. In this case, it is possible to obtain a
long-range ordering when the dimension of the guideline and background are commensurate with
the intrinsic period of the BCP [7–10]. Numerous methods were developed for the DSA of lamellae
forming BCPs [11–14], but in the framework of 300 mm fab process manufacturing, where all the
fabrication processes are made on a 300 mm wafer, LiNe [15], SMART [16], and COOL [17] processes
are the most attractive.

The LiNe process is based on the trimming of chemical patterns obtained by argon fluoride (ArF)
immersion lithography. After the deposition and cross-link of the PS layer, positive-tone photoresist
patterns are created on top of it by ArF immersion lithography. At this point, the pattern consisting
of the photoresist lines is trimmed, transferred into the cross-linked PS layer, and stripped with a

Nanomaterials 2020, 10, 2443; doi:10.3390/nano10122443 www.mdpi.com/journal/nanomaterials1
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strong solvent. Subsequently, a neutral layer is deposited and grafted on the substrate. In this way,
the chemical patterns consisting of PS guidelines and a grafted neutral layer background are formed.
Finally, the BCP thin film is deposited on the chemical pattern and thermally treated in order to achieve
the phase separation in perpendicularly oriented lamellae [15].

Regarding the SMART process, a photo-resist layer is deposited on top of the PS-r-PMMA
cross-linked layer. On top of this photo-resist layer, a lithography process is performed in order to
transfer the pattern through the PS-r-PMMA layer by means of dry etching. After the stripping of the
photoresist, a pattern consisting of zones with a PS-r-PMMA layer and zones where the substrate is
exposed are formed. Subsequently, selective grafting of the functionalized polymer is performed in
order to create the guides affine to one of the two blocks of the PS-b-PMMA BCP in order to achieve
the DSA of the lamellae when the PS-b-PMMA layer is deposited on it [16].

Finally, for what concerns the COOL process, the guide pattern consists of line/space structures
obtained by ArF immersion lithography of a photoresist. Subsequently, the resist pattern is etched in
order to slim the guides and slightly etch the substrate. This etching step modifies the surface energy
of the resist guide, making it more affine to the PMMA block of the BCP. In this way, the resist guide
acts as a directional guide for the subsequent DSA of the lamellae BCP. At this point, the selective
grafting of functionalized PS-r-PMMA is performed. The grafting process takes place exclusively on
the substrate, leaving the properties of the guides unaltered. In the end, the BCP layer is deposited and
baked on the top of the chemical pattern. In this case, the resist guides act as directional guidelines for
the DSA [17].

The principal limitation of these methods in the integration of the DSA BCPs chemo-epitaxy
process in 300 mm fab is related to the use of polymeric pining materials to fabricate the guideline for
the DSA. This can limit the control of the surface free energy and the final critical dimension of the
guidelines [17,18].

This work reports a novel, simple, and resist-free chemo-epitaxy process permitting the DSA
of lamella forming BCPs on the 300 mm wafer. This process is called the “Trim-Ox approach”.
Here, conventional lithography is used to manufacture topographical tetraethyl orthosilicate (TEOS)
line/space patterns. The TEOS lines were exploited to create the PS guidelines that permit achieving
the DSA. The critical dimension (CD) of the obtained TEOS lines can be easily trimmed by means
of wet etching: it allows a good control of the CD that permits finely tuning the guideline and the
background dimensions. The evolution of key metrics—period (L), LER, LWR, and Orientational
Parameter—are evaluated as a function of the TEOS pitch size. The possibility of obtaining a sub-20 nm
critical dimension guideline allows the integration of BCPs having a period below 20 nm.

2. Experimental

2.1. Materials

The BCP studied was a lamella-forming poly(styrene-block-methylmethacrylate) (PS-b-PMMA)
formulated in propylene glycol methyl ether acetate (PGMEA) that was synthesized by ARKEMA
under the trend name Nanostrength® EO. The BCP has an intrinsic period of 32 nm [18], and it is
referred to as L32 in this work. The guideline was a functionalized PS that can graft the substrate to
form a compact brush layer. Four different polystyrene-random-methylmethacrylate (PS-r-PMMA)
backgrounds were used:

- Cross-linked PS-r-PMMA (NLa) layer
- Functionalized PS-r-PMMA (NLb) with high molar mass
- Functionalized PS-r-PMMA (NLc) with low molar mass
- Functionalized PS-r-PMMA (NLd) with low molar mass (comparable to NLc) and different

fractions of PS with respect to NLc.

All polymers were synthetized by the industrials partners, Arkema and Brewer Science, and used
as received.
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For the lithography stacks, silicon anti-reflective coatings (SiARC), spin-on-carbon (SOC),
and tetraethyl orthosilicate (TEOS) layers were employed. Additionally, a lithography step was
realized with a chemically amplified negative resist developed in the negative tone using TMAH.

All process steps presented thereafter were performed on the LETI’s 300 mm pilot line.
More precisely, coating, annealing, and wet treatment were carried out on the DSA-dedicated
SCREEN RF3 and Sokudo Duo tracks.

The etching process with hydrofluoric (HF) acid 1% was performed by using the RAIDER 4B tool
for 300 mm wafer.

2.2. Characterization

The top-view critical dimension scanning electron microscopy (CD-SEM) images were obtained
using a HCG4000 CD-SEM from Hitachi with an accelerating voltage of 500 V. The fraction of the
perpendicularly oriented lamellae and intrinsic period (L) of the BCP were obtained by means of
the analysis of the CD-SEM images with ImageJ software. LER, LWR, and Herman’s orientational
parameter (P) were obtained by means of ADAblock software [19].

The film thicknesses measurement was performed by ellipsometry methods with an Atlas XP+

tool from Nanometrics.

3. Results

Figure 1 summarized the process steps for the DSA of the lamellar PS-b-PMMA on patterned
300 mm wafers. A stack consisting of tetraethyl orthosilicate (TEOS)/spin-on carbon (SOC)/silicon
anti-reflective coating (SiARC)/lithography resist is deposited on 30 nm thick titanium nitride (TiN)
substrate (Figure 1a). Then, a 140 nm TEOS line/space pattern (Figure 1b) was obtained by means of
193i lithography on the TiN substrate. The pitch of the TEOS lines varies from 97.5 ± 1 nm to 200 ± 1 nm
with a step of 2.5 nm, while the CD of the lines can be easily optimized by means of HF etching at
1% (Figure 1c). At this point, the neutral layer PS-r-PMMA is deposited by means of the spin-coating
method (Figure 1d), TEOS lines are removed by HF etching at 1% (Figure 1e), and PGMEA rinsing is
performed. Subsequently, functionalized PS is selectively grafted to form the guideline and rinsed
with PGMEA (Figure 1f). Finally, the BCP L32 is deposited by spin-coating and annealed in order to
obtain the self-assembly (Figure 1h).

Figure 2 shows the lateral etching rate evolution of TEOS lines in line/space pattern having a
pitch of 120 ± 1 nm measured from top-view CD-SEM images where the CD of the TEOS lines pass
progressively from 82 ± 2 nm to 15 ± 1 nm as a function of the HF etching time. This process step is
referred to the lines trimming sketched in Figure 1c. The final etching rate is 0.25 nm/s (15 nm/min) on
300 mm wafer, which is three times faster than standard silicon dioxide (SiO2) [20].

The CD of the TEOS lines defines the CD of the PS guiding lines. In order to obtain a long-range
ordering of the BCP L32, the CD of the lines must be optimized at 15 nm, which represents the natural
half period (L0/2) of one BCP lamella [9]. For this reason, the HF etching time was fixed at 140 s.

At this point, the 300 mm wafers are spin coated with the selected neutral layers by using the
SCREEN RF3 track and then annealed by using the SCREEN Sokudo DUO track. Figure 3 shows a
representative plan view CD-SEM images of steps d, e, f, and g sketched in Figure 1.

3
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Figure 1. Schematic representation of trim-ox process flow. (a) Lithography step where the stack 
consists of, starting from the bottom: tetraethyl orthosilicate (TEOS) (140 nm)/titanium nitride (TiN) 
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Figure 1. Schematic representation of trim-ox process flow. (a) Lithography step where the stack
consists of, starting from the bottom: tetraethyl orthosilicate (TEOS) (140 nm)/titanium nitride
(TiN) (30 nm)/TEOS (140 nm)/spin-on-carbon (SOC) (140 nm)/silicon anti-reflective coatings (SiARC)
(35 nm)/lithography resist (100 nm); (b) line/space pattern (pitch 97.5 ± 1 nm to 200 ± 1 nm with a
step of 2.5 nm); (c) lines trimming with hydrofluoric (HF) 1% (critical dimension (CD) = 15 ± 1 nm);
(d) neutral layer spin coating (e,f) lines removal with HF 1% and rinsing with propylene glycol methyl
ether acetate (PGMEA); (g) selective grafting of polystyrene (PS); (h) directed self-assembly (DSA) of
BCP L32.
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The thicknesses of NLa, NLb, NLc, and NLd were adjusted optimizing the spin coating parameters.
For NLa, the thermal treatment achieves the cross-linking of the polymeric chains inside the polymeric film
while for NLb, NLc, and NLd, it promotes the grafting of the chains on the substrate. These experimental
parameters are summarized in Table 1.

Table 1. Experimental parameters used for the neutral layer deposition.

Neutral Layer Thickness Deposited
(nm) (±0.5)

Thickness after Rinse
(nm) (±0.5) Thermal Treatment

NLa 7 7 250 ◦C/300 s
NLb 30 7 200 ◦C/75 s
NLc 15 4 200 ◦C/75 s
NLd 15 4 200 ◦C/75 s

Subsequently, the removal of the TEOS lines is mandatory to graft the PS and form the guidelines.
In this context, the etching with HF 1% was optimized to 180 s to completely remove the TEOS lines
(Figure S1, supplementary information). Here, it is possible to notice that in the case of NLa (Figure 3b),
the guide left by the TEOS lines having the pitch of 120 nm is clearly visible and the edges are well
defined. On the other hand, the guide left by the TEOS lines with the brush NLb, NLc, and NLd are
not clearly visible in the pattern having a pitch of 120 nm. For this reason, the CD-SEM images are
representative for the patterns having the pitch of 180 nm (Figure 3f). The next step consists in the
PGMEA rinsing of the 300 mm wafer in order to remove the particles created during the etching of
the TEOS lines and to remove the ungrafted polymer chains in the case of NL brushes. Figure 3c,g
shows the effect of the PGMEA rinsing on the neutral layer. In the case of NLa (Figure 3c), the rinsing
causes the shrinkage of the guides, making problematic the analysis with CD-SEM. For the brushes
NLb, NLc, and NLd (Figure 3g) the guide is still visible, but the edges of the guides are not well
defined. Finally, the grafting of the PS (Figure 3d,h) permits creating the guide necessary to have a
chemo-epitaxy pattern for the subsequent DSA of the L32 BCP. The concentration of the PS solution
and the spin-coating parameters were adjusted in order to obtain a thickness of 15 nm.
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After the thermal treatment at 200 ◦C for 75 s and the subsequent PGMEA rinsing, the resulting
PS-grafted layer thickness was around 4 nm. In both cases, the contrast is not enough to measure
the CD of the PS guidelines, but the CD of these guidelines is defined by the CD of the TEOS lines
previously measured by CD-SEM.

The last step of the trim-ox approach regards the deposition of the BCP L32 on the chemical
pattern by using the Sokudo DUO track (Figure 1h). The concentration of the solution and the spin
coating parameters were adjusted to obtain a BCP film thickness of 33 nm. Then, the wafers were
thermally annealed at 240 ◦C for 900 s to achieve the self-assembly of the L32 film in perpendicularly
oriented lamellae.

Figure 4 represents the top-view CD-SEM images of the self-assembled films for the four neutral
layer employed (NLa, NLb, NLc, and NLd) for a TEOS lines pitch of 97.5 nm.
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Figure 4. Representative top-view CD-SEM images of the self-assembled films when using NLa (a),
NLb (b), NLc (c), and NLd (d) as neutral layers.

Here, it is possible to notice that in the case of NLa and NLb, as reported in Figure 4a,b, respectively,
the chemical pattern does not guide the lamellae of the BCP, and fingerprint morphology was observed.
On the other hand, when the neutral layers employed are the NLc and NLd, the perpendicular lamellae
starts to be guided by the chemical pattern, and in these cases, the DSA takes place. This is probably
due the low molar masses of NLc and NLd, which leads to the formation of a compact brush layer,
and it avoids the PS molecules to penetrate inside the brush neutral layer. By the analysis of the
CD-SEM images, the fraction of perpendicular lamellae for NLc and NLd was calculated to be about
77 ± 4% and 88.5 ± 4.4%, respectively. Considering the latest results, the NLd was selected as a
reference neutral layer, and the influence of pitch dimensions for fixed CD = 15 nm of the TEOS lines
were investigated, as shown in Figure 5.

Here, the dimension of the pitch varies from 97.5 ± 1 nm to 105 ± 1 nm corresponding to a MF
from 3.05 to 3.28. The dimension of the pitch influences the perpendicular orientation with respect to
the substrate (Figure 5a) and DSA (Figure 5b) of the BCP L32 lamellae. In the first case, it is possible to
notice the presence of dark zones on the patterns corresponding to the parallel alignment of the BCP
L32 lamellae with respect to the substrate. The area of these zones augments progressively passing
from a pitch of 97.5 ± 1 to 105 ± 1 nm. In the latest, the alignment of the lamellae perpendicularly
oriented passes from well-aligned (pitch 97.5 nm) to not aligned lamellae (pitch 105 nm) with respect
to the chemical pattern pitch.
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Figure 5. Representative CD-SEM images at low (a) et high (b) magnification, depicting the influence
of the pitch dimension on the morphology of the BCP L32 for fixed CD ≈15 nm of TEOS lines.
The multiplication factor (MF) is the result of Pitch/L0, where L0 = 32 nm is the period of L32 on a
flat substrate.

Figure 6 reports the fractions of the perpendicularly oriented lamellae with respect to the substrate
∆ (%) and the evolution of key metrics: period (L), Lines edge roughness (LER), Lines width roughness
(LWR), and Herman’s Orientational Parameter (P) as a function of TEOS lines pitch. These data are
the results of the analysis of the CD-SEM images reported in Figure 5. The first graph from the top
of the stack indicates the fraction of perpendicularly oriented lamellae (% ∆) as a function of the
pitch. In the case, the fraction of lamellae perpendicularly oriented with respect to the substrate
progressively decreases from 88.5 ± 4.4% to 28.9 ± 1.4% passing from a pitch of 97.5 ± 1 to 105 ± 1 nm
of the TEOS lines.

The second graph of the stack in Figure 6 reports the evolution of L as a function of the pitch.
Here, it is possible to notice that L remain constant around values of ≈32 ± 2 nm independently of the
pitch of the TEOS lines employed.

The third graph of each stack reports the LER (3σ) and LWR (3σ) evolution as a function of the
pitch considering the systems with lamellae perpendicularly oriented with respect to the substrate.
LER and LWR represent the deviation from a straight-line edge and the deviation from a uniform
line width, respectively [19,21]. In this case, the LER and LWR values fluctuate in the range of LER
≈2.7–4.2 nm and LWR ≈4.8–7 nm. In particular, for the pitch of 97.5 ± 1 and 100 ± 1 nm, respectively,
these values remain constant with nominal values of LER ≈2.7 nm and LWR ≈4.8 nm. For a pitch of
102.5 nm, the LER and LWR tend to increase to values of ≈4.2 nm and ≈7 nm, respectively. Finally,
for a pitch of 105 nm, the LER and LWR decrease, reaching values of 3.6 nm and 6.2 nm, respectively.
This morphological evolution is characteristic of non-commensurability between the chemical pattern
and the period of the BCP [9].
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Figure 6. Evolution of ∆ (%), period L, line edge roughness (LER) (stars), line width roughness
(LWR) (spheres), and Herman’s orientational (P) parameter as a function of the TEOS pitch size and
multiplication factor (MF) in L32 BCP thin films.

The fourth graph of each stack reports the Herman’s Orientational Parameter (P) evolution as a
function of TEOS pitch. The P parameters [22,23] gives a measure of the uniformity of the lamellae
within an image. In this case, the more the P parameter tends to 1, the more the lamellae are oriented
vertically following the chemical patterns created on the substrate [19,23].

The P values of the perpendicular lamellae decrease with the TEOS pitch size passing from
P = 0.879 ± 0.044 for a pitch of 97.5 ± 1 nm to P = 0.378 ± 0.019 for a pitch of 105 ± 1 nm.
These values of P indicate a progressive loss of the DSA with the increasing of the pitch size because
the P parameter tends to move away from the values of P = 1, which indicates the perfect ordering of
the lamellae nanostructures.

4. Discussions

The DSA of the lamella forming PS-b-PMMA is affected by the nature of the neutral layers
employed. In the case of cross-linkable (NLa) and highest molar mass brush (NLb) neutral layers,
the chemical contrast between the PS guidelines and the NL background is not enough to drive the
DSA of the BCP. In the first case, this is due to the shrinkage of the NLa after the PGMEA rinsing that
limits the possibility of having the PS guideline (Figure 3b,c). In the second case, this is probably due to
the higher molar mass of the brush neutral layer compared to the molar mass of the PS that forms the
guideline. This is probably because the interface between the polymeric chains of the PS guideline and
the NL brushes is not clear-cut because of an interpenetration between the polymeric chains of NL and
PS that does not permit obtaining the DSA of the perpendicular lamellae. In fact, for NLc and NLd,
the neutral layers have molar mass comparable to the one of the polymer that forms the PS guideline.
In this case, the chemical pattern created guides the perpendicular-oriented lamellae, achieving the
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DSA. As previously reported in the literature, experimental [24,25] and computational [26] studies
confirmed that the interpenetration region between systems consisting of polymeric films deposited
onto grafted brush layers increases with the molar mass of the brush layer by fixing the molar mass of
the polymer film. Although these previous studies investigated the interpenetration between layers
and not the lateral interpenetration, they can be useful to give a plausible explanation to the results
obtained in the present work.

The overall picture of the reported data demonstrate that the PS guideline of the chemo-epitaxial
pattern can be obtained exploiting the trimming and the following etching of TEOS L/S patterns without
the use of polymeric pinning materials, which is commonly exploited in the existing DSA methods.

In this context, considering the SMART process, the photoresist is deposited, etched, and stripped
on top of the cross-linked PS-r-PMMA layer to form the guidelines. The critical dimension (CD) of
the guidelines is defined by the photolithographic methods. Therefore, this introduces limitations in
terms of the CD range that is accessible. Moreover, the etching process to transfer the pattern into
the neutral layer and the stripping process to remove the photoresist could cause modifications in the
surface properties of the resulting neutral patterns. In a similar way, the LiNe process fabricated the
guideline, but in this case, the limits of the CD were overcome by means of the O2 plasma trimming
process of the resist to reduce its CD. On the other side, the trimming process introduces changing in
the affinity with respect to one block of the BCP. The COOL process is very similar to the LiNe process,
but the guideline is represented by the resist that is slimmed by means of the etching process. Thus,
there no need to strip the resist during the process. Nevertheless, the affinity of the resist guideline
with one of the BCP blocks is guaranteed by the etching process, and these can introduce limitations
regarding its univocal affinity with one of the BCP blocks.

According to the International Technology Roadmap for Semiconductor (ITRS) [27] and the
International Roadmap for Devices and Systems (IRDS) [28], the LER and LWR of nanostructures
that have dimensions below 15 nm are requested to be lower than 0.9 and 1.2 nm, respectively,
because higher values could afflict the performance of the final microelectronics devices. In particular,
high values are deleterious for circuit elements. For transistor gate structures, the roughness causes
significant variations in the off-current, as well as affecting threshold voltages. For nanometer-scale
interconnects, the roughness increases both resistance and capacitance [21,29–31]. Table 2 reports the
LER and LWR literature values for lamellae PS-b-PMMA nanostructures having a period L comparable
to the one reported in the following work by a different DSA approach. Although the experimental
LER and LWR values are almost 2–3 times higher than the limit values imposed by ITRS and IRDS,
it is possible to notice that the LER and LWR values obtained with the Trim-Ox approach presented in
this work are in line with the literature data of the most studied approach. Consequently, the Trim-Ox
approach could be considered as a competitor method for the integration of the DSA in the existing
conventional photolithography.

Table 2. LER and LWR values for various approaches that include LiNe, SMART, COOL, and the
Trim-Ox approach presented in the following work.

DSA Approach LER (3σ) (nm) LWR (3σ) (nm)

LiNe [32–35] 2.49–3.12 2.45–4.0
SMART [36,37] 3.5–4.0 2.9–5.0
COOL [17,38] 3.5–4.5 4.0–6.0

Trim-Ox 2.7–4.2 4.8–7

5. Conclusions

The Trim-Ox approach was implemented in order to obtain the DSA of BCP L32 having an intrinsic
period of 32 nm. It has demonstrated the possibility to finely tune the CD dimension of the TEOS
line with a simple etching in HF 1%, reaching the CD = 15 nm. Moreover, it has been demonstrated
that the integration of chemical patterns composed of grafted NLd and PS guide on a 300 mm wafer
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can be achieved exploiting the TEOS lines. The process developed is fully compatible with 300 mm
clean-room facilities, and the performance in terms of roughness can be considered at the same level to
the state-of-the-art methods reported in the literature.

6. Patents

Patent related to this work is pending, application number FR1911542.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/12/2443/s1,
Figure S1: Evolution of the TEOS lines etching as function of the HF etching time.
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Abstract: In this work, we performed a systematic study on the effect of the geometry of pre-patterned
templates and spin-coating conditions on the self-assembling process of colloidal nanospheres. To
achieve this goal, large-scale templates, with different size and shape, were generated by direct
laser-writer lithography over square millimetre areas. When deposited over patterned templates,
the ordering dynamics of the self-assembled nanospheres exhibits an inverse trend with respect to
that observed for the maximisation of the correlation length ξ on a flat surface. Furthermore, the
self-assembly process was found to be strongly dependent on the height (H) of the template sidewalls.
In particular, we observed that, when H is 0.6 times the nanospheres diameter and spinning speed
2500 rpm, the formation of a confined and well ordered monolayer is promoted. To unveil the defects
generation inside the templates, a systematic assessment of the directed self-assembly quality was
performed by a novel method based on Delaunay triangulation. As a result of this study, we found
that, in the best deposition conditions, the self-assembly process leads to well-ordered monolayer
that extended for tens of micrometres within the linear templates, where 96.2% of them is aligned
with the template sidewalls.

Keywords: directed self-assembly; nanospheres lithography; colloidal nanospheres; direct
laser-writing

1. Introduction

Nanospheres lithography (NSL) is a manufacturing technique based on the self-assembly (SA)
process of colloidal spheres [1]. Monodisperse suspensions of polystyrene (PS) nanospheres (NSs)
deposited on a substrate form colloidal crystals consisting in single or multiple layers, exhibiting
hexagonal close-packed (HCP) symmetry. In the last decades, NSL gained increasing attention in
nanotechnology due to the possibility to realise several periodic patterns over large area and at
reasonable cost, including photonic structures [2] or devices for nanoelectronics [3] and plasmonics [4].
However, the SA process exhibits intrinsic variability, resulting in the generation of lattice defects and
the formation of multiple domains. These irregularities hinder advanced applications in which precise
spatial positioning of the nanostructures is required. In this context, the design of an experimental
procedure with stable output is demanded for the fabrication of well-ordered single domains with
controlled size and regular shape.

Nanomaterials 2020, 10, 280; doi:10.3390/nano10020280 www.mdpi.com/journal/nanomaterials13
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An interesting solution to overcome this limitation is represented by the use of substrate
modifications to aid the formation of single-layered crystals of NSs. This approach, also called
directed self-assembly (DSA), has been successfully proposed for other self-assembling systems, such
as Block Copolymers (BCPs), receiving great consideration so far due to its wide applicability in
key technological sectors such as microelectronics [5–7]. The substrate can be modified either by a
chemical [8,9] or topographic templates generated prior the SA process [10]. In the latter case, the
bottom-up SA process is directed by the presence of confining structures such as linear or circular
gratings, defined by conventional top-down lithographic approaches [11]. The geometrical dimensions
of the topographic templates can be tailored to be commensurate to the characteristic dimensions of
the SA material (e.g., diameter of the NSs or center-to-center distance for BCPs).

The development of DSA processes applied to NSL has been mainly dedicated to the confinement
of few NSs [12–14] or to achieve size separation of polydispersed NSs [15]. The present work aims to
extend the DSA process over large area, to allow the formation of single-grain domains highly oriented
inside pre-patterned templates throughout a several square millimetre area. To meet this objective,
direct laser writing (DLW) lithography and reactive ion etching (RIE) were combined to fabricate
micrometric templates with different shapes and sizes. The deposition of the NSs in the templates
was performed by spin coating, and the dynamic parameters were varied starting from the insights of
our previous work [16]. In particular, we investigate the formation of the NSs monolayer through the
analysis of the confinement and the ordering processes. The former was carried out by means of atomic
force microscopy (AFM) and scanning electron microscopy (SEM), whereas the NSs ordering was
evaluated through an image-processing method measuring the domains orientation. These analyses
contribute to increase the repeatability of NSL and expand its applicability through DSA to address
the necessities of the development of novel devices for photonics [17], chemical sensing [18,19], data
storage [20], and optoelectronics [21].

2. Materials and Methods

2.1. Direct Laser-Writing Patterning

The DLW lithography (Heidelberg µPG101 laser writer, Heidelberg, Germany) was performed on
polished silicon wafers (MEMC Electronic Materials, Novara, Italy) covered by a thermal oxide layer
with thickness ranging between 50 nm and 200 nm. An optical resist (AZ 1505 Merck Performance
Materials GmbH, Darmstadt, Germany) was deposited over the SiO2 substrate (Figure 1a) and
exposed with a laser beam (λ = 375 nm, diameter of 800 nm and intensity of 10 mW). The resist
was afterward developed for 40 s in a 1:1 solution of the developer (AZ Developer Merck Performance
Materials GmbH) and H2O. The resulting pattern left the SiO2 layer exposed, as shown in Figure 1b.
The templates sizes were designed to confine an integer number of NSs, including hexagonal templates
with a diagonal length of 4.75 µm and linear ones with a width of 3 µm and length of 200 µm, while
Figure 1 only reports the hexagonal configuration as an example.

2.2. Template Fabrication

The DLW pattern was transferred to the oxide layer by reactive ion etching process (RIE)
(Figure 1c). The chemically reactive plasma was obtained by mixing CHF3 and Ar with a flow ratio of
54 sccm to 29 sccm. The plasma was generated with a residual pressure of 180 Pa and an applied RF
power of 300 W, with a typical reflected power of 25 W. Under these operating conditions, the etching
rate on SiO2 was 10 nm min−1 and the time was selected to reach different depths. After the etching
step, the excess resist was removed with acetone and the final patterned substrate was characterised by
a non-contact 3D surface profiler (Sensofar S Neox, Barcelona, Spain) (Figure 1e) and a field emission
gun (FEG) SEM (FEI Inspect-FTM, Hillsboro, OR, USA) (Figure 1f).
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Figure 1. (a) The silicon (grey) substrate with a SiO2 layer (blue) is covered with a layer of photosensitive
resist (purple). (b) The hexagonal pattern is designed on the resist by direct laser writing (DLW)
lithography and developed to expose the underlying SiO2 layer, (c) which is then etched by reactive
ion etching process (RIE). (d) The PS NSs are deposited inside the resulting template. (e) Optical
profilometry image and (f) SEM micrograph at low magnification showing the hexagonal templates
over large area after the etching.

2.3. Nanospheres Deposition

Despite the other NSs deposition methods that have been proposed so far, such as doctor
blading [22] or Langmuir–Blodgett coating [23], in this work, we used the spin coating technique. Such
choice was motivated by the aim to develop proper protocols to promote the applicability of DSA
processing in industrial nanomanufacturing already relying on this method. The patterned substrates
were cleaned in an ultrasonic bath of acetone and isopropyl alcohol. The surface was treated by O2
plasma for 6 minutes at 40 W with a residual pressure of 3 Pa to make it hydrophilic. The PS NSs were
synthesised using the emulsion polymerisation of styrene using sodium dodecyl sulfate as surfactant
and potassium persulfate as the initiator [19]. The NSs had diameter equal to (250 ± 4) nm and
presented negative charges at the surface, due to the decomposition of the initiator, thus stabilising the
aqueous suspension against aggregation. We drop coated all the samples with 60 µL of the suspension
and spread it by spin coating (WS-400B-6NPP/LITE Laurell Technologies, North Wales, PA, USA) in
two steps. In the first step, we set the speed and acceleration to 500 rpm and 410 rpm/s, respectively,
and the duration to 10 s. For the second step, we modified the spinning speed to test the confinement
process while keeping the duration at 30 s. An illustration of the result is shown in Figure 1d.

2.4. SEM Characterisation and Image Processing

The characterisation of NSs self-assembly inside the templates was performed by a systematic
analysis of the SEM micrographs. We set conditions for the SEM imaging with V = 10 kV, planar
configuration at the optimum working distance of 10 mm and magnification of 10,000. For a
quantitative analysis of the DSA process, we processed the images by means of a MATLAB routine
which operates by recognising the NSs inside the templates and by mapping the lattice according
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to Delaunay triangulation. Then, it identifies deviations from the ideal HCP lattice by counting the
number of nearest neighbours to each particle. The orientation of all the unit HCP cells is extrapolated
with an angular resolution of 1° in the range of possible orientations of the crystals between −30° and
30°. A complete description of the operating principle of the software is reported in reference 16.

2.5. Atomic Force Microscopy Characterisation

The surface topography on the NSs soft material was investigated by means of atomic
force microscopy (Bruker Corp. INNOVA microscope) by using etched Si probes (Bruker
RTESPA-300, Billerica, MA, USA) with nominal spring constant of 40 N m−1 and tip radius of 8 nm.
The measurements were performed in tapping mode with a resonance frequency of 230 kHz and
scanning rate of 0.5 Hz. The analysis of the AFM micrographs was carried out by the freeware
Gwyddion. The plane inclination was corrected by fitting a plane through three points on the optically
flat SiO2 mesas and by setting the scale zero position at the same level.

3. Results and Discussion

3.1. Nanospheres Ordering

The deposition of NSs over the patterned substrates was performed by spin-coating process. We
set the spinning speed and acceleration to 1250 rpm and 410 rpm/s, in agreement to our previous
experiments focused on the maximisation of the degree of order, expressed in terms of correlation
length ξ [16], on flat unpatterned substrates. Figure 2a shows a low-magnification SEM micrograph
of both flat and patterned areas on the substrate. On the flat portion of the sample, the formation of
large grains is preserved, as highlighted in Figure 2b by the overlapped colour map. Each coloured
region corresponds to a grain or domain in which the orientation of the HCP lattice is uniform,
whereas it varies randomly in the neighbouring domains separated by the grain boundaries. However,
the same spinning conditions were found inadequate for the SA inside the templates, leading to the
accumulation of NSs in multiple layers reported in Figure 2c.

Figure 2. (a) Low-magnification SEM micrograph preliminarily comparing the SA of NSs on the flat
and patterned area of the substrate. The blue and green frames correspond to the high-magnification
SEM image (b) of the self-assembled monolayer, where the domains are highlighted in different colours
showing a random change in the orientation from one to the other, and (c) inside the templates, where
multiple layers are formed.

This preliminary result highlights the differences of the SA induced on a flat substrate and
inside the templates. The SA process has been described in literature as the interaction of capillary
forces between two adjacent NSs, responsible for the hexagonal packing. In the presence of a
geometrical constraint, such capillary forces also act across the edges of the templates, which introduce
a perturbation of the conventional SA process [13,24,25]. To quantify the effect of the perturbation on
the long-range ordering and to optimise the confinement of the NSs, we realised a new set of samples

16



Nanomaterials 2020, 10, 280

by varying both the height of the sidewalls and the spinning conditions. In particular, the spinning
speed were set to 1250 rpm, 2000 rpm and 2500 rpm, whereas the selected heights H were 50 nm (H
= 0.2·D), 100 nm (H = 0.4·D), 150 nm (H = 0.6·D) and 200 nm (H = 0.8·D). The maximum value of H
(i.e., 200 nm) was chosen below the NSs diameter since excessive height would result in a physical
barrier promoting the stratification in multiple layers. Figure 3 reports a tabular comparison of the
SEM micrographs of the colloidal crystal, where the sidewalls height and spinning speed are varied
along the columns and rows, respectively. The structures were patterned with hexagonal shape for its
similarity to the characteristic packing symmetry of the NSs.

Figure 3. Tabular comparison of the SEM images of NSs assemblies inside hexagonal templates.
The height of the confining wall varies along the columns, column (a) H = 0.2·D, column (b) H = 0.4·D,
column (c) H = 0.6·D and column (d) H = 0.8·D. The spin-coating speed is varied in the rows from
1250 rpm to 2500 rpm. The SEM images highlighted in red and orange refer to unsuitable confinement
conditions, whereas those coloured in green display suitable confinement.

In the case of templates with H = 0.2·D (i.e., depth of 50 nm) shown in Figure 3a, the NSs
self-assemble into monolayers irrespective on spinning speed. However, under these particular
conditions, the orientation of the domains is not influenced by the presence of the template, as testified
by the formation of grains with same orientation across the edges. For this reason, these conditions are
not proper for NSs confinement and the corresponding images are coloured in orange.

On the contrary, in templates with H = 0.4·D and H = 0.6·D in Figure 3b,c, the arrangement of
the NSs presents a marked dependence on the spinning parameters. For depositions performed at
1250 rpm, we observed the formation of multiple layers inside the templates (red images in Figure 3),
preventing the lithographic use of the confined NSs. Such an issue can be solved by increasing the
spinning speed to 2000 rpm and 2500 rpm. In this case, the NSs arrange in a single layer confined
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inside the templates and, despite the presence of residual NSs on the mesas in between adjacent
templates, no domains are continuously ordered across the edges. In these conditions, the formation of
the monolayer is facilitated and visibly influenced by the presence of the templates, the corresponding
micrographs are coloured in green in Figure 3. Finally, when deposited in templates with H = 0.8·D
(i.e., depth of 200 nm), the NSs accumulate in multiple layers independently of the spin-coating speed
so that these conditions are not suitable for lithographic purposes (SEM images coloured in red in
Figure 3d). In light of this result, the structures with H/D ratios of 0.2 and 0.8 seems to be either too
shallow or too deep to produce proper confinement of the NSs. On the other hand, the structures
with H equal to 0.4 or 0.6 times the NSs diameter promote the formation of confined and ordered
monolayers at 2000 rpm and 2500 rpm.

So far, the selection of the optimal self-assembly parameters has been based on a qualitative
analysis of the SEM images. To establish the efficiency of the DSA of NSs inside the hexagonal
templates in a more rigorous way, the ordering process should be assessed quantitatively. To this
goal, the SEM micrographs were processed with a user-defined image-processing routine based on
Delaunay triangulation, measuring the orientation of HCP domains. The software recognises the
domains and classify them according to their rotations in the angular range between −30° and 30°.
The analysis was conducted on the hexagonal templates with H/D ratios of 0.4 and 0.6 highlighted
in green in Figure 3. The results are collected in Figure 4, and report the normalised distributions
of the orientation of the confined monolayer in different geometrical and dynamic conditions. Such
angular distributions are centred on 0° indicating an alignment to the templates edges, while slight
deviations in the orientation broaden the distributions. These can be accounted for by calculating the
integral of the curve which gives the percent occurrence of the domains in a given orientation range.
In the hexagonal templates with H/D ratio of 0.4 and 0.6, spinning speed of 2000 rpm lead to 43.5%
and 56.1% of domains with orientation comprised between −10° and 10°, as shown in Figure 4a,b,
respectively. In the graphs in Figure 4c,d, the percentage of aligned domains increases to 54.8% and
68.3% when the spin coating speed is set to 2500 rpm for H = 0.4·D and H = 0.6·D, respectively. This
quantitative result clearly highlights that templates with H = 0.6·D induce a better ordering of the NSs
when deposited at high spinning speed.

The confinement process was tested also inside linear templates, chosen for its simple realisation
by DLW lithography, using the same optimal spinning conditions. The SEM micrographs reported in
Figure 5a–d show the outcome of the SA process in the linear templates. Similarly to what was observed
for the hexagonal templates, the micrographs coloured in orange (Figure 5a) and red (Figure 5d)
correspond to unsuitable conditions for the DSA. Conversely, the templates with H/D ratio of 0.4
and 0.6 promote the formation of a confined self-assembled monolayer, as shown in Figure 5b,c.
Also, in this case, the SEM micrographs were processed by Delaunay triangulation to evaluate the
ordering process in terms of the domains orientation. The results of this study, reported in the graphs
in Figure 5e,f, outline an angular distributions centred on 0° with narrow peaks including 89% of
domains in the range from −10° to 10° for H = 0.4·D. This percentage rise up to 96.2% inside structures
with H = 0.6·D.

According to this result, the linear templates induce a finer orientation constraint than the
hexagonal ones, as they presented a regular shape and uniform width along their length as visible
in Figure 5. On the other hand, the hexagonal structures presented some rounded features that may
constitute a cause for the lower quality of the ordering process. Moreover, the dimension of the
templates may differ from the pattern design causing incommensurability and the generation of
defects in the colloidal lattice.
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Figure 4. Line graphs reporting the normalised distribution of the domains orientation in the NSs
monolayer confined in hexagonal graphoepitaxy structures with (a) H = 0.4·D at 2000 rpm, (b) H =
0.6·D at 2000 rpm, (c) H = 0.4·D at 2500 rpm and (d) H = 0.6·D at 2500 rpm. The orientation is evaluated
in the angular range between −30° and 30°. The percentage of domains aligned to the templates edges
is calculated through the integral of the curve in the range from −10° to 10° and the area and percent
value are reported for each curve.

Figure 5. (a–d) SEM images of the NSs assemblies inside linear templates. The height of the constraining
walls is varied from 0.2 to 0.8 times the diameter of the NSs across the images. (e,f) Line graphs
reporting the normalised distribution of the domains orientation. The highlighted area corresponds to
the percentage of domains aligned to the templates sidewalls within ±10°.

3.2. Nanospheres Confinement

Although the optimisation of the geometry and process parameters have led to a good result
in terms of NSs ordering within the templates, the confinement process can be further investigated
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by considering the defectivity at the edge of the templates and the presence of residual nanospheres
on the mesas, observed in Figures 3 and 5. We performed an AFM analysis of the confinement
process focusing our attention on the height profile of the confined nanospheres in the two studied
morphologies (i.e., hexagonal and linear) with H = 0.6·D.

Figure 6a reports an AFM map acquired on the hexagonal template. The height profile in Figure 6b
indicates that, when good confinement is achieved, the NSs are perfectly aligned inside the hexagonal
structure and exceed the mesa by ∆conf = (96 ± 4) nm. This value is quite similar to the one expected
for H = 0.6·D as the difference between the sidewalls height and the sphere diameter. The AFM maps
acquired in proximity of a defect (Figure 6c) and the corresponding height profile (Figure 6d) show an
irregular arrangement of NSs. The nanosphere #2, closest to the confining wall, is found at the level
∆hex = (167 ± 1) nm above the mesa structure, whereas the NSs #3 and #4 are correctly confined at the
level ∆conf = (90 ± 5) nm.

Figure 6. (a) AFM micrograph acquired on a hexagonal confining structure filled with a monolayer
of NSs. The blue line marks the height profile in the line graph (b), where the shadowed region
indicates the uncertainty of three repeated measurements. (c) The second AFM topographic image is
acquired in the framed area in (a) and the line profile and numbered nanospheres are indicated. (d) The
corresponding height profile reports nanosphere #2 is found at a higher level with respect from the
mesa, ∆hex = (167 ± 1) nm, with respect to NSs #3 and #4.

Figure 7a,b reports the AFM micrograph acquired on a linear template and the corresponding
height profile, respectively. When the NSs are well confined inside the template (e.g., the NSs labelled
as #4 and #5), they lay at the same level for which ∆conf = (86 ± 2) nm. By approaching the side
walls, the height of the nanospheres increases and NS #3 is separated from the top of the mesa by
∆lin = (136 ± 2) nm.

From this analysis, we observed the top of well-confined nanospheres to be at the level ∆conf
from the mesa, approximately equal to the difference between the diameter D and the sidewalls
height H. When the separation exceeded this quantity, such as for ∆hex and ∆lin larger than ∆conf, we
observed the onset of a defect and the accumulation of unconfined NSs on the mesas. Given that
∆lin was lower than the corresponding ∆hex, the linear templates offered a better confinement of the
nanospheres with respect to the hexagonal structures. In both templates, the observed distortions

20



Nanomaterials 2020, 10, 280

from the HCP symmetry can be due to several reasons, including local defectivity in the lithographic
template, incommensurability of the graphoepitaxy structures or polydispersity of the nanospheres.
These defects can be largely reduced by improving the combination of DLW lithography and RIE
to obtain high regularity of the templates and fidelity to the pattern design. A possible strategy to
limit the accumulation of excess NSs could be to graft hydrophobic polymer chains on the surface of
the mesa.

Figure 7. (a) AFM micrograph acquired on the NSs monolayer inside a linear template. The coloured
line indicates the height profile evaluated on the topographic image. (b) The corresponding line graph
presents the height variation as a function of lateral displacement. The value of the distance between
NSs #3 and the top of the mesa is reported as ∆lin = (136 ± 2) nm.

Despite some local defectivity, the use of DLW lithography and RIE makes it simple to tailor the
templates with H/D ratio fixed at 0.6 to confine NSs with different dimensions, as shown in Figure 8a,c
for NSs with a diameter of 200 nm and 400 nm, respectively.

One common application of NSL consists in the realisation of triangular metallic nanoparticles
as substrates for surface-enhanced Raman spectroscopy (SERS) applications, for the possibility to
tune their geometrical features to match different excitation wavelengths [26]. DSA-NSL constitute a
versatile solution to improve the uniformity and reproducibility in the fabrication of such substrates
to benefit their spectroscopic responses, as it can be employed in the production of these and other
metallic arrays with regular orientation and a high degree of order, as shown for example in Figure 8b,d.

Figure 8. NSs with different sizes—(a) 200 nm and (c) 400 nm—are confined in a monolayer inside
linear templates where the ratio H/D is kept constant at 0.6. This lithographic mask can be used for
the realisation of arrays of gold nanotriangles (b,d) with tunable dimensions to match the excitation
wavelengths for the sensing of different SERS-active analyte species.

4. Conclusions

In this work, we investigated the confinement and ordering process of the self-assembling NSs
by changing the deposition parameters and the height of the confining walls in templates with two

21



Nanomaterials 2020, 10, 280

different shapes. The most appropriate conditions for the DSA-NSL where highlighted by a systematic
SEM analysis correlated by the evaluation of the HCP orientation by image processing and atomic
force microscopy measurements. High spinning speed of 2500 rpm were found to be necessary to let
the NSs overcome the physical barriers of the templates. Sidewalls height H was found to provide
proper confinement conditions at 0.6 times the NSs diameter.

DSA-NSL inside linear templates, with the previously stated geometrical and dynamic conditions,
resulted in a confined monolayer aligned to the template for 96.2%. The knowledge on the DSA
process and the control over the geometry through DLW lithography and RIE, allow to direct the SA of
colloidal NSs to obtain single-grain crystals with uniform orientation and regular shape over large area.
The optimised fabrication protocol could extend the versatility of DSA-NSL for applications requiring
different geometries. The linear structures, for example, can be employed to confine the nanostructures
in microfluidic channels for multiplexed analysis [27]. Moreover, hexagonal and circular structures
with micrometric sizes can serve in site-specific incubation for different analytes in sensing applications,
where the templates are easily recognised by optical microscopy to find the area of analysis.
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Abstract: In the continuous downscaling of device features, the microelectronics industry is facing
the intrinsic limits of conventional lithographic techniques. The development of new synthetic
approaches for large-scale nanopatterned materials with enhanced performances is therefore required
in the pursuit of the fabrication of next-generation devices. Self-assembled materials as block
copolymers (BCPs) provide great control on the definition of nanopatterns, promising to be ideal
candidates as templates for the selective incorporation of a variety of inorganic materials when
combined with sequential infiltration synthesis (SIS). In this review, we report the latest advances in
nanostructured inorganic materials synthesized by infiltration of self-assembled BCPs. We report a
comprehensive description of the chemical and physical characterization techniques used for in situ
studies of the process mechanism and ex situ measurements of the resulting properties of infiltrated
polymers. Finally, emerging optical and electrical properties of such materials are discussed.

Keywords: sequential infiltration synthesis; block copolymer; self-assembly

1. Introduction

The seek for novel materials with tailored properties has been of great interest among
the scientific community over the last decades. The ability to fabricate nanostructured
inorganic materials with high degree of control on morphology and dimensions, led to
advanced materials with boosted performances in different research fields, such as nano-
lithography [1–4] , photonics [5], biomedicine [6,7] and energy [8,9]. The realization of
wide-area periodic nanopatterns is currently the subject of many efforts by the micro-
electronics industry, pushing the development of next-generation electronic and optical
devices. At the moment, conventional lithographic techniques (i.e., optical and electron
lithographies) represent the workhorse of micro and nanoscale manufacturing. Over the
last years, their technological improvements determined significant advances, approaching
the fundamental requirements demanded by the continuous downscale of device features.
However, conventional lithographic techniques are now facing their intrinsic technological
and economic limits [10] in terms of large-scale pattern definition and material deposition.

Among alternative nanopatterning methods, self-assembled materials such as block
copolymers (BCPs) demonstrated to be very valuable in the pursuit of the shrinkage of
electronic and optical devices, offering large scale scalability and a ready integration in
the manufacturing processes [10,11]. The self-assembly of BCPs, in particular, represents
a cost-effective bottom–up approach with high throughput, able to provide highly dense
periodic patterns at the nanoscale in the typical range of 10–100 nm. Compared to optical
and electron lithography, the self-assembly of BCPs relies on the in-parallel self-registration
of amphiphilic BCPs, driven by the chemical incompatibility between the constituent
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blocks. A high degree of control on self-assembled nanostructures, in terms of orienta-
tion [12,13], long-range ordering [14–16], morphology [17] and feature size [18,19] is related
to the ability to finely tune the substrate functionalization, annealing conditions and the
characteristic parameters of BCPs (i.e., molecular weight and composition). The potential
use of BCPs for several semiconductor industry technologies was recently assessed by
Liu et al. [10]. By a direct comparison of directed self-assembly (DSA) of BCPs with conven-
tional multi-step patterning approaches, such as self-aligned double/quadruple patterning
(SADP/SAQP); the authors demonstrated the feasibility of applying BCP nanopattern-
ing in the fabrication of 7 nm node fin field-effect transistors (FinFETs) in high-volume
manufacturing testing. In addition, the pattern quality of fabricated patterns, in terms of
critical dimension and pitch uniformity, was reported to be sufficient for integrated circuit
layer manufacturing. The overall lower processing cost and high scalability provided by
self-assembly of BCPs could also pave the way for the fabrication of self-assembled crossbar
arrays of memristive devices for the realization of next-generation computing architectures,
as also underlined in the roadmap on emerging hardware and technology for machine
learning [20]. The great flexibility provided by the BCPs offers the opportunity to employ
them as a nanopatterning tool for the design and fabrication of a wide range of functional
materials. In particular, when combined with emerging synthetic routes as sequential
infiltration synthesis (SIS), BCPs represent ideal templates for the synthesis of hybrid
organic/inorganic or all-inorganic nanostructured materials with potential applications
spanning from nanoelectronics [21] to photonics [22] and optics [23]. The SIS process is a
vapor-phase and solvent-free process based on atomic layer deposition (ALD), generally
used for the inclusion of inorganic materials into polymer templates. SIS consists of the
cyclic exposure of polymers to a vapor-phase metal–organic precursor and an oxidizing
agent (H2O, H2O2, O3), which leads to the formation of organic/inorganic hybrid materials.
When SIS is applied to self-assembled BCPs, the metal–organic precursors are selectively
entrapped inside the polar homopolymer composing the BCPs. Subsequent removal of
the polymeric species, obtained whether by polymer ashing [24] or plasma etching [25],
reveals a nanostructured metal oxide whose morphology perfectly replicates that of the
BCPs template [26], as schematized in Figure 1.

Figure 1. Schematic process flow of the sequential infiltration synthesis of block copolymers (BCPs). (a) ALD cycles
with gaseous precursors (for instance trimethyl aluminum (TMA) and water). (b) Removal of the uninfiltrated polymeric
component by plasma etching. (c) Inorganic replica of the BCPs template.

Although sharing the same equipment and metal–organic precursors, the processing
parameters of SIS substantially differ from that of conventional ALD processes, widely used
for the conformal deposition of inorganic thin films on solid substrates (Figure 2a). Indeed,
in conventional ALD, the cyclic exposures to the metal–organic precursors are typically
very short, at low partial pressure and aimed at saturating all the reactive sites on the
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substrate surface in a self-limiting fashion. By contrast, in SIS the goal is to dissolve, diffuse
and entrap the precursors throughout the entire BCPs film thickness (Figure 2b), thus
requiring higher exposure partial pressures and times [27–29]. The extensive research over
the last years has referred to SIS with different terminologies i.e., vapor phase infiltration
(VPI) [30], micro-dose infiltration synthesis (MDIS) [31] and multipulse vapor infiltration
(MPI) [32]. Although each process indicates a different precursor dosing sequence, they all
rely on the same fundamental phenomenology [30].

Figure 2. (a) Schematic comparison of conventional atomic layer deposition (ALD) and sequential
infiltration synthesis (SIS) protocols. Reproduced and adapted from reference [27]. Copyright
2019, AIP Publishing. (b) Schematic illustration of metal–organic precursor infiltration process into
polymers. Adapted with permission from reference [29]. Copyright 2019 American Chemical Society.

Here, we report recent advances and perspectives of the SIS process, with a specific
focus on the synthesis of nanostructured materials by BCPs templates. Great attention is
dedicated to the discussion of in situ and ex situ spectroscopic and microscopic character-
ization techniques adopted for an exhaustive comprehension of the process mechanism
and morphological, compositional and structural characterization. Subsequently, in this
review, we address the emerging optical and electrical properties of infiltrated materials
with potential technological impact on the development of novel devices.

2. SIS Processing and Mechanism

The SIS of BCPs follows a Lewis acid–base interaction between the metal–organic
precursors (Lewis acids) and functional groups of the polar domains (Lewis bases). Being
polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA) the prototypical BCPs, widely
used as reference material for the study of the self-assembly process, a lot of effort has
been dedicated to the understanding of the mechanism involved in the SIS [25,33,34]. Early
studies on the synthesis of aluminum oxide (AlOx) obtained after the cyclic exposure of
PS-b-PMMA to trimethylaluminum (TMA) and water, demonstrated that the TMA–PMMA
interaction follows a two-step adsorption [35]. The first step consists in the formation of a
Lewis adduct obtained by the reversible coordination of TMA to the carbonyl (C=O) of the
ester groups of PMMA, then followed by a slow conversion into covalent Al–O bond [36].
Subsequent exposure to water determines the formation of O–Al–OH species, due to the
oxidation of bonded TMA, that act as nucleation and growth sites for AlOx in the following
SIS cycles [31]. The lack of polar functional groups in PS implies the absence of any
interaction of the precursors with the aforementioned homopolymer. Consequently, PS acts
as a diffusive channel for the transport of the precursors to the reactive sites of PMMA [33].
A similar behavior is also found in the statistical copolymer polystyrene-stat-poly(methyl
methacrylate) (PS-stat-PMMA). However, the TMA diffusivity is affected as the MMA
unit content in the polymer film varies, reaching a maximum value for MMA fraction of
0.56 [37]. The inert properties of PS towards metal–organic precursors has been recently
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exploited for the uniform coating of freestanding nanoparticles. By applying the SIS on
resting nanoparticles on a PS layer, the precursors can diffuse through the underlying
PS and reach the reactive sites on the bottom part of the nanoparticles. This allows the
growth of the metal oxide on nanoparticles even on the side in contact with the substrate,
otherwise not possible with standard ALD process [38].

2.1. Polymer Selectivity

The search for a comprehensive insight into the SIS mechanism has also been extended
to polymers with amides and carboxylic acids functional groups, such as
poly(vinylpyrrolidone) (PVP) and poly(acrylic acid) (PAA), respectively. While PVP shows
similar reactivity to PMMA, forming a reversible Lewis adduct C O···Al (CH3)3, in PAA
the presence of an acidic proton determines the direct covalent Al–O bonding through a
pericyclic reaction [39] (Figure 3).

Figure 3. Proposed pericyclic mechanism for trimethylaluminum (TMA) and poly(acrylic acid) (PAA)
reaction. Adapted with permission from reference [39]. Copyright 2019 American Chemical Society.

Different polymers with carbonyl-containing functional groups, therefore, show
substantial differences in the interaction dynamics with the metal–organic precursors.
Biswas et al. [40] recently reported that, although sharing the same ester functional groups,
poly(ε-caprolactone) (PCL) interacts more strongly with TMA and TiCl4 compared to
PMMA, showing nearly total saturation of the available C=O sites for both precursors.
The higher reactivity of PCL is to be found in the polymer backbone positioning of the car-
bonyl groups that confers a higher nucleophilicity compared to the side chain C=O groups
in PMMA, resulting in a stronger Lewis acid–base interaction with
metal–organic precursors.

The increasing research on new polymers with oxygen-containing functional groups
pushes forward the achievement of direct selective growth of different nanostructured
metal oxides as ZnO, TiOx and VOx that otherwise would require pre-infiltration of
AlOx [41–43]. As an example, Yi et al. [44] reported how cyclic ether groups of polystyrene-
block-poly(epoxyisoprene) (PS-b-PIO) act as effective templates for the direct infiltration
synthesis with TMA, diethylzinc (DEZ), titanium isopropoxide (Ti(OiPr)4) and vanadyl
isopropoxide (VO(OiPr)3) thanks to a greater Lewis basicity of cyclic ether groups when
compared to the ester group of PMMA.

Surprisingly, the same authors found a selective growth of ZnO and AlOx in polyiso-
prene domains of polystyrene-block-poly(1,4-isoprene) (PS-b-PI) BCPs even though lacking
any polar ligand group, suggesting that the Lewis acid–base interaction alone is insufficient
to fully describe the precursor entrapment. A first attempt of explanation on how alkene
functional groups in PS-b-PI can play a role in entrapping metal–organic precursors was
given by attributing it to the high permeability of PI to a given precursor. Lately, a more
in-depth assessment of the mechanism involving SIS with DEZ in cis-polyisoprene, re-
vealed that pre-heating treatments play a key role in increasing the load of metal–organic
precursors by inducing chemical changes to cis-polyisoprene. Indeed, pre-heated films
undergo partial oxidation, which introduces new C=O functional groups responsible for
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the increased metal–organic entrapment [45]. A list of relevant references focusing on SIS
on different polymers and functional groups is presented in Table 1.

Table 1. Polymers sorted by functional groups, utilized as templates for sequential infiltration
synthesis (SIS) in the recent literature and the corresponding references.

Functional Groups Polymers References

Alkenes PS-b-PI [44,45]

Amides PVP [39]

Carboxylic acids PAA [39]

Esters
PS-b-PMMA

PCL
[25,33–36]

[40]

Epoxydes PS-b-PIO [44]

Pyridines
PS-b-P2VP
PS-b-P4VP

[31,40]
[46,47]

The extensive literature on SIS of nanostructured metals and metal oxides as AlOx [33],
SiOx, TiOx [48], ZnO [31], W [25] and WO3–x [42] proved self-assembled BCPs templates
as a promising tool for nanopatterning applications, thus pushing the research to the
development of SIS for new semiconducting materials such as In2O3, Ga2O3 [49] and
SnOx [43].

2.2. Diffusion

When comparing the phenomena involved in SIS (i.e., sorption, diffusion and entrap-
ment) to ALD, a higher complexity is determined by the larger number of experimental
design parameters that need to be taken into account, namely: temperature, pressure,
pre-treatments, precursor and oxidizing agent exposure times, purge time and polymer–
precursor interaction [30]. The ability to perform deep infiltration of inorganic materials
into polymers represents one of the fundamental aspects to expand the technological impact
of SIS on a wide range of applications. The diffusion of inorganic precursors into polymeric
templates, although being of critical importance, suffers from limitations in terms of depth
of penetration that affect the inorganic material mass incorporation and pattern quality [43].
Different strategies have been recently developed in order to increase the effective diffusion
of metal–organic precursors into polymer templates. Examples of infiltration of PS-b-P4VP
(polystyrene-block-poly(4-vinylpyridine)) in polar swelling solvents (i.e., ethanol), show a
more efficient infiltration thanks to the introduction of additional porosity channels [46].
The swelling-assisted SIS is a method based on the immersion of BCP films into a polar
solvent prior to the infiltration. The incorporation of polar organic solvents into the polar
domains of the BCP, upon subsequent drying, determines the formation of interconnected
pores in the typical range of 10–50 nm. These pores act as effective pathways for the
delivery of the metal–organic precursors throughout the BCP film thickness [50]. Thus,
they enable the access of the metal–organic precursors to all the available sites. This results
in a two-fold increase of the amount of synthesized AlOx, proving to be a valid approach
also for the synthesis of porous multicomponent heterostructures [47]. Higher amounts of
precursor molecules available for a more efficient diffusion into the polymer, can be deliv-
ered by modifying the conventional SIS process parameters. MDIS is a modified infiltration
synthesis protocol which consists in repeating the precursor dosing multiple times while
still maintaining static vacuum. The higher cumulative duration of precursor exposure in
MDIS, when compared to conventional SIS protocol, determines a higher concentration
of precursor molecules in the chamber. This translates into a higher number of molecules
available to diffuse into the polymer, allowing the growth of a superior amount of material
and a more uniform block-selective infiltration [31].

The control over precursors diffusion can also be exploited to expand the library of
new multicomponent materials that can be synthesized with SIS. As recently reported by
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Azoulay et al., by designing the diffusive time of TMA and DEZ into cylinder-forming
PS-b-PMMA, they were able to simultaneously grow different metal oxides at designated
locations. Short TMA exposure times determined a shallow infiltration of the PMMA
cylinder domains, whereas longer exposures of DEZ allowed a deeper diffusion into the
entire film depth leading to the synthesis of an inorganic nanorod array of AlOx ZnO
heterostructures [51]. The full comprehension of the synthetic process requires also to
consider the polymer–precursor interaction and its relation to the temperature, since their
significant influence on the precursor effective diffusion. A clear insight into the role of
temperature on the SIS was given by Weisbord et al. in a recent publication [52]. In a
temperature-dependent model, the authors predicted the existence of a balance point
temperature of thermodynamic equilibrium (∆G = 0) for each polymer–precursor pair.
At the balance point temperature, the forward and reverse polymer–precursor interactions
satisfy the thermodynamic conditions for maximum mass gain (Figure 4a,b).

Figure 4. (a) Balance point temperature calculations for TMA-PMMA (poly(methyl methacrylate))
and TMA-P2VP (poly(2-vinylpyridine)) pairs and (b) relative experimental mass gain as a function
of the temperature. Reproduced and adapted under the terms of Creative Commons Attribution 4.0
License from reference [52]. Copyright 2020 American Chemical Society.

The Lewis basicity of each polymer strongly influences the balance point temperature.
For strong Lewis base polymers such as poly(2-vinylpyridine) (P2VP), high tempera-
tures (≈210 °C) are desired for maximum mass gain. However, at these temperatures
self-assembled BCPs such as PS-b-P2VP cannot maintain their pattern and consequently
undergo morphology rearrangement that prevents the pattern quality of the infiltrated
material. To overcome this issue, a multi-temperature SIS process was proposed. By the
combination of a first low-temperature (80 °C) SIS cycle followed by four SIS cycles at a
higher temperature (150 °C) the authors were able to obtain a higher mass gain for PS-
b-P2VP when compared to single-temperature processes. Although being far from the
thermodynamic conditions of maximum mass gain, the mass of AlOx accumulated in
the first SIS cycle at (80 °C) prevents any BCP reconfiguration, preserving the vertically
oriented cylinders pattern. Then, the subsequent high-temperature SIS cycles (150 °C)
guarantee the highest mass growth (Figure 5).
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Figure 5. Top-down and cross-sectional scanning electron microscopy (SEM) images of AlOx nanopat-
terns obtained after SIS at 80 °C, 150 °C and multi-temperature processes. Scales bars are 100 nm.
Reproduced and adapted under the terms of Creative Commons Attribution 4.0 License from refer-
ence [52]. Copyright 2020 American Chemical Society.

3. Characterization Techniques

The development of the SIS process in terms of fabrication has progressed rapidly in
the latest years, implementing a wide choice of materials for precursors and polymers and
a large set of varying parameters regulating the infiltration process. However, the com-
plete comprehension of the process mechanism and the exhaustive characterization of the
materials’ properties have not yet followed through the expanding fabrication capabilities.
Recent developments of lithographic, optical, mechanical and electrical applications of the
SIS process require extensive characterization of the materials’ properties. A large set of
physical and chemical methods has been applied so far with the aim to characterize the
infiltrated polymeric nanostructures. The interest of the SIS community has been pointed
at both the chemistry of reactions involved among the gaseous precursors and the polymer
and the reconstruction of the morphology of the oxides nanostructures from a composi-
tional and dimensional point of view. In situ characterization techniques have been used
to unravel the phenomenology of the infiltration process inside the ALD chamber, while
ex situ methods have been dedicated to the characterization of the results of the process at
the end of different number of ALD cycles conducted under the same conditions. Given the
wide variety of precursors and polymeric species used in literature and different process
parameters, specific results of the characterization vary from study to study. Hereafter, we
discuss how the different characterization techniques have been adopted for the study of
SIS and we highlight the major achievements in understanding the process.

3.1. Phenomenology of the Infiltration Process

In the latest years, several in situ methodologies has been used and adapted inside the
infiltration process chamber to gain direct access to the steps of the precursors infiltration
in the polymeric matrix, i.e., the sorption of the gas-phase precursor, the diffusion and the
entrapment inside the polymer [53].

Fourier-transform infrared spectroscopy (FTIR) is a well-known spectroscopic method
based on the monitoring of adsorption peaks at different vibration frequencies in the
mid-infrared range, constituting a fingerprint spectrum and corresponding to the chemical
interactions among the reactants involved in a process. Integrated into the ALD chamber,
FTIR is used for the temporal evolution analysis of the reactions between the organometal-
lic precursor and the polymer functional groups at different stages of the ALD process.
Transmission and reflection FTIR allow identifying the relevant moieties and the specific
bonds that are formed (positive peaks) or consumed (negative peaks) or shifted in the
phases of the infiltration process when changing the reaction parameters [35]. The spectral
features are subtracted by a reference spectrum, acquired on a pristine substrate [27].
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A notable example of the information retrieved from such spectral analysis is found
in references [35,36], where some early results on in situ transmission FTIR measurements
on PMMA thin films infiltrated with TMA were presented. The authors hypothesized
and verified that the TMA reaction with PMMA occurs in a two-step process. The TMA
is quickly absorbed by carbonyl C=O and ester C–O–R moieties in PMMA, forming a
weakly-bound intermediate complex that is then slowly converted into a covalent bond,
generating Al–O [35]. The analysis of temperature, thickness and time-dependence of
the adsorption gave a deeper understanding of the process kinetics. The FTIR study
highlighted that the adsorption of TMA into the PMMA film is a diffusion-limited process
requiring long exposures to reach saturation with a quadratic functional dependence to
time. The same time-dependence was observed in the desorption of TMA during purge
time with desorption 10 times longer than adsorption [36].

Recently, another work on in situ FTIR measurements extended the analysis to different
combinations of precursors (i.e., TMA and TiCl4) and polymers (i.e., PMMA, P2VP and PCL)
to monitor the spectral changes of the reactive functional groups and kinetics of the
adsorption and desorption processes [40]. Figure 6a,b report the absorption spectra of PCL
acquired at the first and second SIS cycle at the two precursors’ exposure steps. Spectrum
3a.1 revealed a complete loss of C=O feature upon TMA interaction with the polymer,
a blue-shift of C–O–R peak corresponding to a modification of the bond length and the
formation of a AlCH3 complex. Upon the water dose, spectrum 3a.2 the C–O–R shift
and aluminum complex peak are reversed indicating a loss of the surface species and
complexed C–O–R. The C=O negative peak is not reversed indicating a unique irreversible
covalent bond with TMA. Similar but less pronounced features are visible in spectrum 3b.1
corresponding to the first dose of TiCl4 in PCL. The spectrum presents C=O and C–O–R
negative features, consistent with their consumption and a positive peak corresponding
to the formation of a C–Cl complex. In this case, a non-covalent complex formation can
be deduced from the spectrum 3b.2, where the reversed C=O peak suggests the partial
release of these groups interacting with Ti–Cl species. For both graphs, the second SIS
cycle is characterized by the same features, only with reduced intensities. The histogram
in Figure 6c summarizes the FTIR results for the analyzed homopolymers reporting the
percentage consumption of the reactive functional groups at different steps of the first SIS
cycle for the two used precursors. This graph highlights the strong and stable reactivity
of PCL to both TMA and TiCl4, allowing to identify PCL as a promising candidate for the
infiltration process both as homopolymer and copolymer, matched with a non-reactive
polymer such as PS.

Quartz crystal microbalance (QCM) gravimetry is quite often used in combination
with in situ FTIR or alone to monitor the SIS process in situ [30,33,43,51,52,54]. It consists
in employing a quartz crystal commonly used in deposition systems and modifying it
with a thermally-equilibrated polymeric coating matching the polymer which is being
infiltrated in the vacuum chamber of the ALD [54]. During the precursor adsorption
and diffusion inside the polymer, the changes in the oscillation frequency of the quartz
crystal are monitored and converted into the precursor mass uptake or loss of the polymer,
through the knowledge of the material density and acoustic impedance. These features
render QCM gravimetry a versatile technique, allowing to gain insights into the growth
kinetics for every oxide in the SIS library [27,43,51] in both molecular layer deposition and
etching processes [55].
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Figure 6. The adsorption spectra of poly(ε-caprolactone) (PCL) infiltrated with (a) TMA and (b) TiCl4 are shown. The spectra
from bottom to top are referred to the pristine polymer layer (black line), the first SIS cycle (red and blue lines) and the
second SIS cycle (pink and green lines). The histogram in panel (c) summarizes the percentage consumption of C=O
(for PMMA and PCL) and C=N (for P2VP) functional groups at different stages of the infiltration process. All panels are
reproduced and adapted with permission from reference [40]. Copyright 2020 American Chemical Society.

The time-dependent measurements usually present an increase in the mass gain of
the polymer during the exposure to the precursor, potentially reaching saturation with
zero slope, followed by a mass loss in the purging step, when the unreacted reactants and
byproducts are desorbed from the polymer. The slope of the mass gain in the different steps
can provide information on the diffusivity of the precursors in the polymer. In Figure 7a,
QCM gravimetric measurements are conducted on a PMMA thin film during the TiO2
SIS process using TiCl4 as precursor [33]. A large initial mass gain is displayed indicating
a great diffusivity of the TiCl4 precursor in the polymer, followed by a modest rate of
mass uptake in the following steps. The slope of the desorption step provides information
on the kinetics of the process. The steep mass loss during the exposure to H2O vapor
precursor in the TiO2 infiltration of PMMA suggests a fast kinetics between water and
the TiCl4–PMMA complex and the release of different byproducts of such reaction [33].
Analogously, gravimetric measurements of the infiltration of two precursors, TMA for
alumina and DEZ for zinc oxide growth, are reported in reference [51] for a self-assembled
PS-b-PMMA film, revealing a much more abrupt and steep adsorption for TMA than for
DEZ, thus indicating a faster diffusion for TMA. Gradual and long desorption of TMA
from PMMA domains (not shown here) evidences a slow release of the organometallic
precursor from the interaction with carbonyl groups in PMMA [27,35], as also highlighted
with FTIR results.

The analysis of cycle-dependent net mass gain can be used to highlight differences
in mass uptake under constant conditions. In the plot reported in Figure 7b for different
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polymers (PS, PMMA and PS-b-PMMA) a much smaller TiCl4 uptake was observed in PS
compared to PMMA and PS-b-PMMA layers at the first cycle of the SIS process, due to
the selective reaction of the precursors with PMMA carbonyl groups [33]. At the seventh
cycle, a steeper decrease of the mass gain is observed in PMMA rather than nanostructured
PS-b-PMMA layer imputable to the formation of a saturated layer and cross-linked polymer
inhibiting further diffusion in the PMMA layer. This analysis allowed to hypothesize that
the presence of inert polystyrene in the surrounding of the PMMA nanodomains allows
channeling the diffusion of TiCl4 precursor to the PMMA available reactive sites.

Figure 7. (a) Quartz crystal microbalance (QCM) gravimetry performed in situ during TiO2 SIS in
a PMMA thin film. The graph displays the mass gain as a function of processing time. (b) Net
mass gain on three different polymers (PS, PMMA and PS-b-PMMA) as a function of the cycle
number. The graph is reproduced with permission from reference [33]. Copyright 2017 American
Chemical Society.

Monitoring the results of a temperature-dependent QCM gravimetric analysis of
the infiltration of TMA inside PMMA and P2VP homopolymers and BCPs films allowed
the group of Segal-Peretz and coworkers to further shed light on the mechanism of the
infiltration of TMA in reference [52]. The authors implemented a quantum-mechanical
model to compute the changes in Gibbs free energy during the SIS growth and investigate
the reversible bond formation for each precursor–polymer pair, predicting the specific
temperature conditions at which the forward and reverse interaction occur at the same
rate. Such thermal conditions promote the in-depth diffusivity of the TMA. Experimental
verification through in situ monitoring of the mass gain in the predicted temperature range
proved the validity of their model. The prediction and control of such important process
parameters allowed the authors to grow alumina in P2VP self-assembled nanodomains,
previously inaccessible, while preserving their morphology and maximizing the mass gain.

Spectroscopic ellipsometry (SE), commonly adopted in studying the dimensional and
optical properties of thin films of various materials, consists of the measurement of the
elliptical polarization state of a light beam reflected on single or stacked thin films, with the
incident beam being linearly polarized. The incident and collection angle are set at the same
value and the ellipsometry spectrum is modeled to determine up to two parameters at a
time among refractive index, density, or thickness of the thin film. In the characterization of
the SIS process, SE can be used to monitor the polymer modifications during the different
steps of the infiltration process.

In reference [56], the authors reported time-dependent thickness and refractive index
measurement for PMMA and PS film infiltrated with Al2O3. The SE measurements (not
shown here) indicate a strong swelling of PMMA during the first TMA diffusion, followed
by a decrease in the purging step consistent with the out-diffusion of the physisorbed
precursor. The following thickness increase is ascribed to the water dose and the formation
of covalently bound Al–O species, already demonstrated in reference [36]. After the final
purging step in the first cycle, the thickness of the polymer has increased with respect
to its pristine state. After each of the following cycles the thickness slightly increased.
The refractive index shows no significant variation after 10 cycles, the authors explained
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this by considering that the loading of Al2O3, with higher n than PMMA, compensates for
the density reduction due to swelling, leaving the refractive index substantially unaltered.
The authors observed no significant variation of the PS thickness in the first cycle, but a
slight increase after ten cycles, due to the absence of C=O reactive groups and to the cyclical
loading and unloading of TMA in the film.

3.2. Characterization of the Infiltrated Materials’ Properties

After the infiltration is completed, ex situ characterization of the morphological and
dimensional distribution of the oxide component inside the polymeric nanostructures
is often carried with a plethora of methods, including several types of microscopic and
spectroscopic techniques, gravimetry and mass spectrometry. Special attention is addressed
at the diffusion of the gaseous precursors inside the polymer and in-depth distribution of
the oxide growth.

Electron microscopy family includes several imaging techniques which use a high-
energy electron beam to probe the surface or cross-section of a specimen. These include
scanning electron microscopy (SEM), scanning transmission electron microscopy (STEM)
and conventional transmission electron microscopy (TEM). These are by far the most
commonly utilized techniques for the dimensional characterization of nanomaterials,
requiring simple calibration of the magnification using calibration samples with features
in the same dimensional range as the analyzed ones [57]. Electron microscopy has been
widely reported for the morphological characterization of block copolymers nanopatterns
or polymeric films treated with SIS of inorganic compounds [31,35,51,56,58–61]. Electron
microscopy is often complemented by energy-dispersive X-ray (EDX) spectroscopy. It
is based on the detection of characteristic X-rays produced from the interaction of high-
energy electrons with the specimen atoms, allowing the univocal analysis of the elemental
composition. This technique has been used for both in-plane and in-depth chemical
characterization of the infiltrated polymer [31,43,51,59,61–63].

SEM enables the imaging of the topography of inorganic nanodomains in the BCPs
template, through the collection of secondary electrons produced by scanning a focused
beam of electrons on the surface. Detecting backscattered electrons adds information on
the contrast among features with different elemental composition (Z-contrast) seen in
the topographical image. This technique is broadly utilized since it does not require any
peculiar preparation, except metallization on insulating specimens, and its interpretation is
very straightforward.

TEM requires the transmission of the electron beam through the sample to form a
high-resolution image. This technique requires quite long and destructive preparation
to thin the sample below 100 nm, down to 5–20 nm, at which it is transparent to the
incident electron beam and to mount it on a specific TEM grid. A common method to
obtain a cross-sectional view of the sample is to cut lamellae using focused ion-beam
(FIB) precision milling, while top-view TEM images can be obtained by detaching a thin
layer of the specimen from the substrate. Figure 8a–d report TEM images of a thin BCPs
template, constituted of a PMMA matrix embedding PS cylinders. The BCPs nanopattern
was treated with 3 cycles (Figure 8a,b) or 10 cycles (Figure 8c,d) of SIS to infiltrate In2O3,
with trimethylindium (TMIn) and water as vapor precursors, and then annealed to remove
the polymeric component leaving its inorganic replica [64]. The indium oxide is infiltrated
preferentially in the PMMA matrix as revealed by the mesoporous structures in the figures.
TEM enabled the measurement of the average size of the indium oxide nanocrystals up
to (5.8± 0.9) nm after 3 cycles and up to (11.8± 1.4) nm after 10 cycles with reduction of
the pore diameter. Moreover, comparing the TEM images of as-grown inorganic layers
(images not shown) and after the annealing allowed the authors to investigate the struc-
tural modification of the inorganic template from amorphous InOxHy to In2O3 with cubic
crystalline phase, identified by measuring the lattice spacing. TEM is usually coupled with
EDX for compositional analysis and fast Fourier transform (FFT) for structural analysis on
the nanocrystals [31].
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Figure 8. (a–d) TEM images at two different magnifications of the inorganic BCPs template,
constituted of PS cylinders in a PMMA matrix infiltrated with (a,b) 3 cycles or (c,d) 10 cycles
of In2O3. (a–d) are reproduced with permission from reference [64]. Copyright 2019 American
Chemical Society.

STEM is a variation of conventional TEM in which a focused electron beam is raster
scanned across the sample, previously thinned to allow transmission. Several detection
modes are available giving STEM great versatility. On-axis detection of transmitted elec-
trons yields bright-field intensity imaging, while the detection of fore scattered electrons
complements it with annular dark-field (ADF) imaging, or high-angle annular dark-field
(HAADF) imaging, giving Z-contrast information. Reference [51] reports the realization of
heterostructure nanorod array through the simultaneous and spatially-controlled growth
of Al2O3 and ZnO with a single SIS process in a BCPs film of PMMA cylinders in a PS
matrix. HAADF STEM micrographs of the heterostructures acquired at different tilting
angles are presented by the authors, showing contrast variation along the nanorods’ length.
EDX maps revealed the distribution of the target elements, Al and Zn, mainly at the top
and bottom part of a nanostructure, respectively. In the same manuscript the authors also
report a cross-sectional 3D reconstruction of the heterostructures, obtained by EDX-STEM
tomography. Recently, HAAFD-STEM imaging was used to resolve the infiltrated ZnO at
the junction of vertical and horizontal PLA in a three-dimensional structure of poly(1,1-
dimethyl silacyclobutane-b-styrene-b-lactide) (PDMSB-b-PS-b-PLA) triblock terpolymer
with PS and PLA blocks domains [61].

Atomic force microscopy (AFM) and, more generally, scanning probe microscopy
(SPM) are microscopic methods for the topographic characterization of films and nanopat-
terned materials. The use of a scanning probe allows mapping the surface of the specimen
with lateral and vertical resolution in the nanometer range. The characterization of poly-
mers treated with SIS has been dedicated to monitoring the morphological evolution before
and after the infiltration at different cycles, mostly on resist films treated for increased
etch resistance in lithographic processes [65,66]. These measurements usually highlight an
increase of the lateral size of the nanostructure, with consecutive reduction of their pitch,
up to their complete merging, and rounded edges with increased number of cycles. Mor-
phological analysis on self-assembled PMMA cylindrical nanodomains revealed swelling
of the polymer and 25% increase in their lateral size after 5 SIS cycles, as reported in refer-
ence [67], consistently with SE observation in reference [56]. Additionally, compositional
information may be retrieved from phase signal in tapping mode AFM measurements
and nanomechanical properties may be investigated through force-distance measurements.
Reference [67] reports PeakForce tapping mode for quantitative nanomechanical mapping
(QNM) on SIS-treated homopolymers and self-assembled block copolymers. Young’s
modulus was monitored on the PMMA homopolymer layer and cylindrical nanodomains
revealing an increased value after 5 and 11 SIS cycles, respectively, consistent with the
incorporation of Al2O3 inside the polymer and increased stiffness. The results are reported
in Figure 9a. Force-distance measurements on PMMA exhibited a decrease in the adhesion
after infiltration with respect to the pristine polymer, as shown in Figure 9b. The same
measurements on PS revealed no change in the stiffness or adhesion forces of the polymer.
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Figure 9. (a) Increase of the Young’s modulus variation at 5, 8 and 11 SIS cycles in PMMA do-
mains. In the inset, the variation of the Young’s modulus for PMMA and PS phases is shown as a
function of the number of SIS cycles. (b) Distribution of the adhesion force measured on PMMA
nanodomains in before and after the infiltration process. All panels are reproduced with permission
from reference [67]. Copyright 2017 American Chemical Society.

Time-of-flight secondary ions mass spectrometry (ToF-SIMS) is a destructive technique
consisting in sputtering the material under study with a focused beam of primary ions.
This generates secondary ions that pass through a time-of-flight mass spectrometer. When
investigating polymeric samples, the use of bombarding ions clusters improves secondary
ions yield and reduces damaging and molecular fragmentation [30]. The resulting compo-
sition, corresponding to different depths of the sputtering process and planar position of
the rastering primary beam, is used to reconstruct the 3D cross section of the specimen,
complementing the results from STEM and EDX spectroscopy. However, appropriate
calibration standards are required for quantitative depth-profiling [68]. ToF-SIMS has been
used to understand the depth distribution of oxides after SIS treatment, usually adopted in
homopolymer layers such as PMMA [56,63] and PS [56], PET film and fibers [54], but also
in block copolymers layers such as PS-b-P2VP both as micellar films [58] and self-assembled
nanodomains infiltrated with SnOx [43].

Thermogravimetric analysis (TGA), similarly to QCM gravimetry, yields information
on the mass of infiltrated oxide in an ex situ process consisting in heating up the hybrid
material and monitoring the weight change due to the loss of the polymeric volatile
component. In reference [69], this technique confirmed the incorporation of alumina
in polyethersulfone (PES) membrane with intact nanostructuration enabling the growth
of laser-induced graphene (LIG). Among the techniques already mentioned for in situ
phenomenological studies, FTIR and SE are also used in ex situ characterization. Attenuated
total reflectance (ATR) FTIR, a variation of FTIR in reflection mode, has been reported in
several works [62,69], including grazing incidence configuration [65], as a useful analytical
method for cycle-dependent chemical characterization of the infiltrated polymer properties.
Spectroscopic ellipsometry is often used in ex situ studies to measure the thickness variation
of the polymer during the main processing steps (i.e., prior to SIS, after SIS, and after the
polymer ashing) [62]. It can also provide information on the modified refractive index
of the hybrid materials thus supporting application in optics and optoelectronics and
related fields.

The characterization of the hybrid materials’ properties after the SIS process is sup-
ported by several methods described so far, dedicated to chemical, morphological, me-
chanical, structural and optical analysis. Some of the most common techniques, such as
STEM and EDX and ToF-SIMS analysis, present time-consuming preparation or destructive
operations, compromising the functionality of the investigated materials. Another category
of analytical methods, not yet mentioned in this review, is constituted by X-ray techniques
allowing non-destructive versatile multidimensional investigation at high-resolution in
both laboratory settings and synchrotron facilities. Structural properties can be charac-
terized through X-ray diffraction (XRD), where the peaks’ intensity and position in the
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diffraction pattern identify the atomic arrangement univocally yielding information on
phase, crystallographic orientation, crystallinity, grain size, strain and defects. Local chemi-
cal and electronic structure around selected atomic species in a material can be retrieved
through element-specific measurements of the first and second shell coordination distances
by X-ray absorption spectroscopy (XAS) inner-shell methods. These rely on brilliant X-ray
beams to probe the material with energies near the target element’s adsorption edge or far
above it for near-edge X-ray absorption fine structure (NEXAFS), also known as XANES,
or extended X-ray absorption fine structure (EXAFS), respectively. Finally, morphological
properties at the nanoscale can be studied through X-ray scattering (XRS) methods that
display scattered photon intensities as a function of the momentum transfer Q (1/Å). Partic-
ularly, GISAXS, operated in grazing-incidence mode and analyzing small-angle scattering,
is not new to the BCPs community and has been largely applied to study the nanoscale
morphology of BCPs templates [70,71].

A notable multidimensional ex situ characterization using the former methods has
been recently presented in reference [64] to study the atomic-scale structure and the possible
mechanism of nucleation of TMIn precursor in PS-b-PMMA BCPs. Powder diffraction
(PXRD) analysis of the crystalline structure of as-grown hybrid InOxHy/PMMA thin film,
already shown in Figure 8a–d. The resulting XRD peaks exhibit high broadness indicating
randomly distributed inorganic phase domains without long-range crystallographic order,
compatible with an amorphous structure formed at low processing temperature (80 °C).
Concurrently, EXAFS analysis was carried out on as-grown and annealed infiltrated PS-b-
PMMA films showing a transition from InOxHy clusters to crystalline structures, whose
local coordination environment after annealing was compatible with cubic In2O3 and
In(OH)3. In addition, high-energy X-ray scattering (HEXS) measurements have been paired
with atomic pair distribution function analysis (PDF) and, in combination with EXAFS on
annealed samples, confirmed the formation of an inorganic mesoporous film with sub-6 nm
In2O3 cubic nanocrystals. HEXS-PDF analysis allows to retrieve the size of the inorganic
clusters at each SIS cycle as well as their possible atomic structures [64,72].

Another noteworthy X-ray analytical method is X-ray photoelectron spectroscopy
(XPS), also known as electron spectroscopy for chemical analysis (ESCA), is a common
technique for surface chemistry analysis, usually implemented with laboratory setup.
An X-ray beam impinges on the sample surface and generates photoelectrons at different
energies. The energy spectrum enables the identification of the surface composition,
chemical and electronic state. The characterization of infiltrated polymers is usually carried
out ex situ to determine the chemical state of the oxide growth or chemical modification
of the infiltrated polymer [33,43,58,65,69,73]. In reference [43], the authors report XPS
measurements on SnOx infiltrated in P2VP homopolymer films as shown in Figure 10a,b.
XPS enables the identification of Sn 3d5/2 and Sn 3d3/2 transitions visible in the spectrum,
indicating that both tin oxides with Sn(IV) and Sn(II) oxidation states can be grown in
the polymer layer. In reference [69], XPS was adopted as evidence of the incorporation of
alumina inside PES membranes through the identification of Al 2p intense peak after the
SIS process. Other works presenting X-ray-based characterization of the BCPs properties
include reference [74] where GISAXS has been implemented to characterize the time-
dependent morphological evolution of the BCPs matrix during the SIS process and reference
[73] combining XPS with GISAXS and X-ray reflectivity (XRR) to study surface active
polymer additives in BCP formulations.
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Figure 10. X-ray photoelectron spectroscopy (XPS) spectra recorded for Sn of SnOx grown by SIS
with (a) pre-treatment and (b) without pre-treatment processing showing both Sn 3d5/2 and Sn 3d3/2

(P transitions. Adapted with permission from reference [43]. Copyright 2019 Elsevier Inc.

With respect to other methods, such as FTIR, QCM or TEM analysis, characterization
through the previous and other X-ray methods has not yet reached a widespread diffusion
in the SIS community despite these could provide a better understanding of the process–
structure correlation. The encouraging straightforward and non-destructive acquisition is
still associated with some challenges with regards to separating the organic and inorganic
contributions of SIS complex and hybrid structures in X-ray scattering, reflectivity and
spectroscopic signals [27,64,72].

4. Control of the Materials’ Functional Properties by SIS
4.1. Optical Properties

The capability to selectively include metal oxide species inside self-assembled poly-
meric materials opened several opportunities in technological fields requiring the ma-
nipulation of light. A clear example is the realization of anti-reflective coatings (ARC)
covering flat-panel displays of electronic devices, solar cells, curved optical elements or
light-emitting diodes. To this goal, materials with refractive indices below 1.2 are required.
To date, the literature describes two distinct approaches useful for the realization of BCPs-
based ARC. The first approach relies on the increase of the absorption coefficient of incident
light, occurring as a consequence of multiple reflections and scattering inside free-standing
silicon nanopillars (SiNPs). In this context, the inclusion of metal oxides in ultrahigh
molecular weight BCPs and the use of conventional reactive ion etching (RIE) processes
allowed the formation of SiNPs with omnidirectional broadband anti-reflective capability
(R < 0.16% in a wavelength range between 400 and 900 nm at an angle of incidence of 30°)
[75]. A similar approach has been developed to obtain freestanding n-ZnO/p-Si nanotubes
with low reflectivity in the UV-to-green light wavelength range (Figure 11a) [76]. The main
drawback related to the use of SiNPs or nanotubes is the reduction of the transparency of
the ARC film, strongly limiting the range of applications.
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Figure 11. Broadband BCPs-based anti-reflective coatings (ARC) realized by (a) silicon nanopillars (b) TiO2 nanocrystals
inclusion inside poly(1,4-isoprene)-block-poly(ethylene oxide) (PI-b-PEO) micelles and (c) sequential infiltration synthesis of
Al2O3 in cylindrical phase PS-b-P4VP. With these techniques, refractive index values approaching to nARC ≈ 1.1 can be
achieved. (a) Adapted with permission from reference [75]. Copyright 2017 American Chemical Society. (b) Adapted with
permission from reference [77]. Copyright 2013 American Chemical Society. (c) Adapted with permission from reference
[78]. Copyright 2017 American Chemical Society.

To extend the use of BCPs-based ARC to transparent substrates, the anti-reflective
capabilities of an ARC can be tuned by adjusting its refractive index (nARC) and thick-
ness (hARC), in such a way to induce destructive interference in the light reflected by the
air/ARC and ARC/substrate interfaces. According to the Fresnel equations, for a given
wavelength λ0 and at a given angle of incidence, the best ARC conditions are accom-
plished for nARC =

√
nsub · nair (being nsub and nair the refractive of the substrate and air

respectively) and hARC ≈ λ0/4, in the so-called “quarter-wave coatings”. Following this
approach, Guldin and coworkers [77] realized one of the first examples of BCPs-based ARC,
exploiting a combination of silica-based sol-gel chemistry and preformed TiO2 nanocrys-
tals, selectively embedded inside poly(1,4-isoprene)-block-poly(ethylene oxide) (PI-b-PEO)
micelles (Figure 11b). This type of composite materials combine the possibility of obtaining
very low refractive index values (i.e., nARC = 1.13 at λ0 = 632 nm) with self-cleaning
properties. In fact, TiO2-based photocatalysis can be used to degrade the hydrocarbons
adsorbed on the ARC and restore its pristine anti-reflective properties.

In 2017 Berman et al. [78] proposed a novel method, the solvent-assisted SIS, as an
efficient approach to create conformal coatings with very low nARC (Figure 11c) over a
broad spectral range. With this method, the refractive index of inorganic coatings can be
finely tailored by tuning the geometric parameters of the BCPs template (i.e., film thickens,
swelling ratio, porosity, feature size and periodicity) as well as the deposition parameters
(i.e., type of infiltrated material, number of cycles). As a result, the authors demonstrated
that the refractive index of Al2O3 was lowered from 1.76 down to 1.10.

Beside the optical behavior linked to the change in refractive index, the nanostruc-
tured materials obtained by BCPs self-assembly and SIS exhibit interesting photoemission
properties. Particular attention was paid to the electro- and photo-luminescence of nanos-
tructures based on ZnO, a biocompatible and non-toxic material [79] with a wide range of
potential applications in photonics [48,80], solid-state devices [81], gas sensors [82], water
treatment [83] and biosensors [84].

The SIS process of zinc oxide is particularly complex, since the direct infiltration of
diethylzinc (DEZ) precursor inside the polymer matrix often results in the formation of
sparse ZnO nanoparticles [44,85]. For this reason a seeding treatment with a more reactive
metal oxide (e.g., Al2O3) is often required. Ocola et al. demonstrated that the seeding
treatment and the polymeric matrix strongly influence the emissive properties of the ZnO
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nanostructures [41]. Figure 12a,d show the variation of PL spectrum at the earlier stages of
the SIS (i.e., Al2O3 seeding, first half cycle of DEZ, second half cycle of H2O and second
half cycle of DEZ). Dimer Zn atoms (O–Zn–O–Zn and O–Zn–O–Zn–O) provide strong
UV and VIS photoluminescence emission, 20 times greater than that obtained from the
mono Zn atoms (O–Zn and O–Zn–O). For an increasing number of SIS cycles the authors
observed the formation of crystals and consequent suppression of the VIS component of
the PL emission (Figure 12e). It is worth noting that in the infiltration process of ZnO
inside the PMMA matrix, the polymer does not constitute a passive host matrix for the
DEZ precursor, but actively contributes to the PL of the nanostructures. Evidence of
energy transfer between the PMMA and ZnO were demonstrated, while micro- and nano-
patterning of the PMMA allows the manipulation of the PL spectrum of the infiltrated
ZnO [86]. The large variation of the luminescence spectrum of ZnO, as a function of the
deposition parameters, type and shape of the host matrix, represents a strong limiting
factor to its diffusion in photonic applications. In this context, the infiltration of ZnO inside
self-assembled BCPs matrices represent a viable way to obtain well-defined and periodic
arrays of nanoparticles or nanowires (NWs) with improved photoemission capabilities in
terms of spectral shape and intensity. In particular localized defects in ZnO nanoparticles,
randomly disposed by drop casting on a pre-patterned substrate, have been reported to
be efficient electrically driven single photon sources, working at room temperature [87].
The deterministic positioning and reduction of the dispersion in size of ZnO nanoparticles,
achieved by combining SIS and BCPs, allows for the integration in electro-optic devices,
such as electrically driven optical resonators.

Figure 12. PL spectra recorded at different SIS steps and for variable excitation wavelengths between 220 and 285 nm: (a)
Water terminated Al2O3 seed layer, (b) first half cycle of DEZ, (c) second half cycle of H2O and (d) second half cycle of
DEZ. The schematics on the right of all PL spectra illustrate the stage of ZnO growth that corresponds to each half cycle.
(e) Emission spectra components as a function of the number of SIS cycles (the scaling factors are shown on the right side).
All panels are adapted with permission from reference [41]. Copyright 2017 American Chemical Society.

4.2. Electrical Properties

The ability to control the level of doping of inorganic semiconductor materials has
always driven the development of electronics. The same concept holds for the development
of organic electronics where tailoring the doping level of organic functional materials is
a prerequisite to control their electrical properties. With the growing interest in organic
materials for printed and flexible electronics, light-emitting diodes (OLEDs), thin-film
transistors, photovoltaic cells and batteries [88–93], several techniques based on the inser-
tion of inorganic materials into polymers has been developed for the fabrication hybrid
organic–inorganic materials with tailored electrical properties. Many of these processes
alter polymer conductivity by doping with inorganic protonic acids, organic acids, Lewis
acids, alkali metal salts or transition metal salts. These processes usually rely on wet
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chemistry with inherent limitations related to the solubility, temperature and can affect
the polymer morphology, structure and purity [94–96]. In this scenario, SIS represents a
solvent-free viable alternative to control electrical characteristics of polymers since infil-
trated organometallic precursors lead to chemical reactions in the polymer to form hybrid
materials with modified electrical properties. In 2015, Yu et al. [97] demonstrated that SIS
represents a versatile doping strategy for engineering electrical properties of several func-
tional polymers including polydimethylsiloxane (PDMS), polyimide (Kapton) and PMMA.
The electrical properties of these polymers were tuned by infiltrating AlOx molecules by
SIS with TMA as a precursor. In the case of PDMS and Kapton, that always presents a
negatively charged surface when contacted to other materials, it was observed that the
AlOx doping can significantly reduce the electron affinity of polymers due to the strong
tendency of AlOx molecules of repulsing electrons. Instead, if the host polymer possesses
a strong tendency to repulse electrons as the AlOx doping, as the case of PMMA, the ef-
fect of AlOx doping is to enhance the positive charge density. By exploiting the different
electron affinities of undoped and doped polymers, authors demonstrated the realization
of triboelectric nanogenerators (TENGs) to convert mechanical energy into electricity. It
is important to remark that, in this case, SIS was exploited as a technique for tuning bulk
electrical properties since the diffusion of TMA was observed to be of ≈3 µm.

Among organic semiconductors, polyaniline (PANI) with its highly conjugated π
delocalized molecular backbone is one of the most prominent conductive polymers finding
applications in energy storage/conversion, supercapacitors, rechargeable batteries, fuel
cells and water hydrolysis [98]. For all these applications, controlling the conductivity of
PANI plays a crucial role. Besides depending on different oxidation states of the polymer
(fully reduced leucoemeraldine, half oxidized emeraldine base and fully oxidized perni-
graniline states) [98], the PANI conductivity can be modified through SIS doping. In 2017,
Wang et al. [99] reported doping of PANI with metal chlorides by considering MoCl5 and
SnCl4 precursors. In particular, it was observed that the conductivity of the infiltrated
polymer (measured by means of four-probe techniques to avoid the effect of contact resis-
tances) is correlated to the number of infiltration cycles and can be enhanced by up to six
orders of magnitude. In the case of PANI infiltrated with MoCl5, the highest conductivity
of 2.93 × 10−4 S cm−1 was observed after 100 infiltration cycles while in the case of PANI
infiltrated with SnCl4 the highest conductivity of 1.03× 10−5 S cm−1 was observed after 60
infiltration cycles (as a reference, untreated PANI shows conductivity ≤ 1× 10−10 S cm−1).
Despite the conductivity of traditional HCl-doped PANI outperforms these results (doping
with 1 M HCl results in conductivity of 8.23× 10−2 S cm−1), it was observed that metal
chloride doped samples exhibited chemical stabilization, due to a much lower impact of the
thermal treatments in vacuum on the doped polymer conductivity. In this case, the effect
of doping was ascribed to the oxidation of the PANI and complexation of metal chlorides
with the PANI nitrogen, with consequent enhancement of the electron mobility along the
polymer chain.

A strong improvement of conductivity was reported also in the case of PANI infiltrated
by ZnO using DEZ as a precursor, where mutual doping in between inorganic species and
polymer constituents was achieved [96]. Indeed, in this case, the process was responsible
for a reinforcement of the binding of ZnO to nitrogen of the polymer chain backbone
inducing a Lewis-acid type of doping and, at the same time, for doping ZnO with nitrogen
forming an interpenetrated network. As can be observed from Figure 13a, the number of
infiltration cycles can be tuned to alter the PANI conductivity. In all cases, the conductivity
is higher than the HCl-doped PANI. Also, since the exposure time is correlated with the
infiltration depth, better conductivity performances were observed in the case of extended
exposure times. Figure 13b reports conductivities of PANI doped with different infiltration
parameters calculated from slopes of I–V characteristics. A maximum conductivity of
18.42 S cm−1 was observed in the case of 600 infiltration cycles and 120 s of exposure
time. It is worth noticing that the conductivity of the hybrid PANI/ZnO is a result of a
synergy in between the involved materials since the conductivity is beyond the additive
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contribution of individual components. Indeed, lower conductivities were observed in the
case of ALD-deposited ZnO films (refer to the conductivity represented by the green box of
Figure 13b, where PANI was coated with an Al2O3 infiltration barrier before coating with an
ALD-deposited ZnO). Similarly, W. Wang et al. [100] reported a VPI process to dope poly(3-
hexyl)thiophene (P3HT) by means of the MoCl5 precursor. In this case, the incorporation
of Mo into the bulk polymer resulted in an increase of conductivity up to five order of
magnitudes (a maximum of 3.01 S cm−1 was observed in the case of 100 infiltration cycles).
In this case, changes in electrical conductivities are ascribed to a p-type doping related to
the formation of a Lewis acid–base adduct formation between P3HT and MoCl5, where
P3HT acts as a Lewis base in conjunction with MoCl5. In this framework, SIS results to
be a promising strategy for solvent-free doping of polymers, making possible a top-down
strategy to tune the electrical characteristics of pre-manufactured organic materials that
can be implemented in roll-to-roll production lines for more efficient device fabrication
of organic electronic devices. As a perspective, by properly selecting proper doping
precursors and by controlling the infiltration conditions, the SIS strategy can be further
explored for engineering electrical properties of a wide range of electrically conductive
organic materials, where electrical characterization can be combined with UV-Vis, Raman,
FTIR, XPS and XRD characterizations to understand chemical/structural changes of the
polymer leading to a modification of its conduction properties.

Figure 13. (a) I-V characteristics at room temperature of polyaniline (PANI) doped with different
numbers of infiltration cycles (time exposure of 120 s). (b) Comparison of the conductivity of HCl-
doped PANI (red box), atomic layer deposition (ALD)-deposited ZnO grown on PANI with an Al2O3
infiltration barrier (green box) and PANI infiltrated with ZnO by using different exposure time
and cycle numbers. All panels are adapted with permission from reference [96]. Copyright 2017,
American Chemical Society.

Infiltrated polymers can be exploited also for the realization of transparent and mul-
tifunctional sensors, as reported by Ocola et al. [101]. In particular, in their work it is
reported that the SU-8 (usually employed as negative resist for lithographic purposes)
infiltrated with ZnO can be exploited for the realization of highly sensitive UV sensors.
However, a detailed understanding of the sensing mechanism relying on volume interac-
tions of UV light with infiltrated polymers still needs further investigation. Also, SIS was
demonstrated as a versatile technique for the realization of electrochemically stable con-
ductive membranes. In their work, Bergsman et al. [69] reported that a SIS-based process
enables the realization of conductive LIG coatings on porous polymer substrates. Indeed,
the infiltration of PES membranes with alumina by using the TMA precursor is responsible
for stabilization against deformation above the glass transition temperature of the polymer.
This enables direct lasing of these polymeric membranes to form an LIG coating without
affecting the membrane pore structure, allowing the realization of permeable conductive
membranes (Figure 14a). Also, these membranes were observed to be electrochemically
stable. The sheet resistance of SIS-treated LIG membranes evaluated by the Van der Pauw
method was observed to be dependent on the laser power (Figure 14b) achieving the value
of (37.7± 0.7) Ω �−1, a value that is comparable to the sheet resistance of carbon-nanotube
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(CNT) composite materials. Note that without SIS treatment lased membranes exhibited
an order of magnitude higher sheet resistance.

Figure 14. (a) Permeability of polyethersulfone (PES) membranes with and without SIS treatment
before and after forming a laser-induced graphene (LIG) coating and (b) sheet resistance of lased
membranes with and without SIS treatment as a function of the used laser power. All panels
are reproduced and adapted under the terms of Creative Commons Attribution 4.0 License from
reference [69]. Copyright 2020, the authors, published by Springer Nature.

The SIS technique was reported also as a versatile technique to grow semiconductive
oxide thin films, as reported by Waldman et al. [49] that have synthesized In2O3 as a trans-
parent conductive metal oxide. In their work, a process for growing In2O3 by using TMIn as
a precursor and PMMA as substrate was established. After subsequent removal of PMMA
and annealing at 400 °C, the remaining SIS-derived film exhibited typical electrical charac-
teristics of undoped In2O3 thin films, as revealed by Hall effect measurements. Besides thin
films, Vapor-phase infiltration can be exploited also for the realization of nanostructures
based on metal oxides for the realization of electronic devices. For this purpose, the poly-
meric matrix can be patterned before the infiltration process in order to control position
and geometries of nanostructures. In this framework, electrical properties of ZnO wires re-
alized by means of SIS were investigated by Nam et al. [102]. As schematized in Figure 15a,
the realization of ZnO stripes was performed by patterning a SU-8 template, subsequently
infiltrated by ZnO and then removed by oxygen plasma. The resulting ZnO nanowires with
length of 5 µm and width of about 50 nm present a nanocrystalline structure with grain
sizes smaller than 5 nm. Subsequently, these nanostructures were contacted by means of
source and drain contacts (Ti/Au) to realize an NW field effect transistor (NW-FET) device,
exploiting the SiO2 substrate as gate dielectric and Si as gate electrode (schematization in
Figure 15b). Electrical characterization revealed that the ZnO NWs become semiconducting
only after an annealing process at 500 °C for 10 min in hydrogen (4% H2 with Ar balance) to
increase carrier concentration. After that, the ZnO NW exhibited a n-type semiconducting
behavior as can be observed from Figure 15c, where an increase of the gate voltage (VG)
resulted in an increase of the device conductivity. Similarly, an intrinsic n-type doping was
reported in a wide range of ZnO nanostructures. It is worth noticing that a similar uninten-
tional n-type doping was reported in a wide range of ZnO nanostructures and was ascribed
to the presence of intrinsic defects and/or impurities that act as shallow donors [103].
Assuming the cylinder-on-plate model and by considering the transfer characteristics re-
ported in Figure 15d, the carrier concentration was estimated to be at least 2.5× 1019 cm−3

while the electron mobility was estimated to be about 0.07 cm−3. It should be noticed that
the here reported charge density results to be much larger than the charge density observed
in the case of single-crystalline ZnO NWs grown with a bottom-up approach that was
reported to be in the order of 1017 − 1018 cm−3 [104,105]. In order to achieve new insights
into the electronic transport mechanism of ZnO NWs realized by means of SIS with a
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top-down approach and to compare results with single crystalline ZnO NWs realized with
a bottom-up approach, temperature-dependent electrical characterizations are required.

Recently, it has also been demonstrated that SIS represents an inexpensive and scalable
strategy for the realization of resistive switching memories (ReRAM) that is compatible
with existing semiconductor nanofabrication methods and materials. Indeed, Chakra-
batarti et al. [106] have shown that nanoporous AlOx grown by infiltration of PMMA
acts as a dielectric layer for ReRAM cells characterized by a high on/off ratio (>109),
low switching voltages (about 600 mV), retention up to 104 s and pulsed endurance up
to 1 million cycles. These characteristics make these cells promising for memory and
neuromorphic applications.

Metal-oxide thin film nanoarchitectures can be also realized by combining SIS with
self-assembled BCPs patterning exploited to generate nanomorphologies. By exploiting a
MDIS protocol in hierarchical BCPs thin films, Subramanian et al. [31] reported the realiza-
tion of three-dimensional ZnO nanomesh. Electrical conductivity across the multilayered
nanomesh was observed to depend on the number of patterned layers. If a sufficient
number of layers is realized, geometrical 3D charge percolation conduction is established
across overlapping and orthogonal staking of nanowire fingerprint layers. For this rea-
son, these systems represent percolative conduction networks where conductivity can be
controlled by properly tuning geometrical parameters of the metal-oxide nanostructures.
As a perspective, nanoarchitectures with tailored conductance properties can be realized
by exploiting and combining different BCPs patterning strategies.

Figure 15. (a) Schematic representation of the ZnO patterning process consisting in the deposition
of a SU-8 polymer, definition of SU-8 templates by lithography, infiltration synthesis with ZnO
and formation of ZnO nanostructures by removing the polymer template through oxygen plasma.
(b) Nanowire (NW) field effect transistor (NW-FET) transistor configuration where S, D and G repre-
sent source, drain and gate, respectively. (c) IDS vs VDS as a function of different VG. The inset in the
top left shows the dependence of the zero-bias conductance on VG while the inset in the bottom right
shows an SEM image of the NW-FET (scale bar of 500 nm). (d) IDS vs VG for different VDS. The inset
shows the dependence of the transconductance (d IDS / d VG) on VDS. All panels are reproduced
and adapted from reference [102]. Copyright 2015, AIP Publishing.

5. Conclusions and Perspectives

In recent years, a rapid expansion in SIS processing parameters has occurred [27].
Diverse vapor phase reactant combinations, pulses duration, purge duration, temperature
and number of cycles have been tested on diverse polymers functional groups and block
copolymers with varying Flory-Huggins parameter and molecular weight. The process
kinetics and hybrid materials’ properties have been probed through several analytical
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methods so far, constituting both a challenge and a push for progress. However, develop-
ing more and more reliable characterization methods is required to increase our knowledge
and control capability on SIS when moving in the expanding process space. The basic
metrological requirements must be met proceeding towards absolute quantitative methods
and interlaboratory comparability. A great deal of information on the chemical and struc-
tural properties of SIS-processed BCPs is to be found in complementary approaches using
in situ and ex situ optical, vibrational and X-ray spectroscopic methods in combination with
more straightforward information from electron and scanning probe microscopy methods.
The interpretation of characterization results may be supported through theoretical model-
ing and simulations, with density functional theory (DFT) being a prominent candidate
to investigate the mechanism of chemical reactions and predict suitable conditions and
reactants [52,107]. In this scenario, advancements in SIS are related to the development of
a high throughput metrology at the nanoscale.

The correct interpretation of the chemical/physical mechanisms and precise character-
ization of the infiltrated BCPs are fundamental characteristics for the realization of photonic
structures and electronic devices with improved functionalities. A clear example is the
fabrication of nanostructured materials with non-linear optical properties (e.g., ZnO nanos-
tructures) [108] or metamaterials (e.g., metal/dielectric hyperbolic metamaterials) [109].
Furthermore, advances in BCPs patterning and SIS techniques can be exploited for the
realization of either electrodes and/or active materials of next-generation electronic devices
to overcome obstacles of device downscaling and system integration. As an example,
BCPs in conjunction with SIS can offer an efficient way for fabricating crossbar arrays
of memristive devices for the realization of next-generation computing architectures for
neuromorphic-type of data processing, in accordance with the roadmap on emerging
hardware and technology for machine learning [20].

Artificial intelligence (AI) and machine learning techniques, already giving increasing
contribution to the field of physical chemistry [110], can support experimental and theoret-
ical work on SIS process parameters control and characterization [111] in order to design
functional materials with tailorable properties to be exploited in optical, mechanical and
electrical applications through a “materials by design” approach.
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Abstract: Block copolymer (BCP) self-assembly is a promising tool for next generation lithography as
microphase separated polymer domains in thin films can act as templates for surface nanopatterning
with sub-20 nm features. The replicated patterns can, however, only be as precise as their templates.
Thus, the investigation of the morphology of polymer domains is of great importance. Commonly used
analytical techniques (neutron scattering, scanning force microscopy) either lack spatial information
or nanoscale resolution. Using advanced analytical (scanning) transmission electron microscopy
((S)TEM), we provide real space information on polymer domain morphology and interfaces between
polystyrene (PS) and polymethylmethacrylate (PMMA) in cylinder- and lamellae-forming BCPs
at highest resolution. This allows us to correlate the internal structure of polymer domains with
line edge roughnesses, interface widths and domain sizes. STEM is employed for high-resolution
imaging, electron energy loss spectroscopy and energy filtered TEM (EFTEM) spectroscopic imaging
for material identification and EFTEM thickness mapping for visualisation of material densities at
defects. The volume fraction of non-phase separated polymer species can be analysed by EFTEM.
These methods give new insights into the morphology of polymer domains the exact knowledge of
which will allow to improve pattern quality for nanolithography.

Keywords: block copolymers; self-assembly; polymer interface; nanostructure metrology; line edge
roughness LER; (S)TEM; STEM-EELS of PS and PMMA

1. Introduction

The self-assembly of block copolymers (BCPs) in thin films is one of the most promising approaches
for next generation surface nanopatterning. A large variety of patterns with nanoscale features is
accessible and can be easily created on large areas [1–5]. Block copolymer self-assembly is mainly driven
by interfacial energies, i.e., polymer-polymer interactions of the BCP species and their interactions with
a substrate or gaseous environment. During microphase separation, periodical arrays of sub-20 nm
polymer domains are formed. The polymer domain shapes exhibit spherical, lamellar or cylindrical
geometries determined by the polymer block length ratio [6–10]. These self-assembled polymer domains
can then be used as templates for various purposes: removing one species selectively, one can create
shadow masks for further lithographical processing [11], membranes used in nanofiltration [12,13]
or versatile electrochemical devices [14]; Janus-type nanostructures can be created by microphase
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separation of terpolymers [15]; chemically functional polymers are exploited for domain specific
diffusion for battery applications [16,17] and photovoltaics [18] or in sequential infiltration synthesis
(SIS) processes [19,20]. For all these purposes the resulting pattern quality and device performance
is determined by the initial morphology of the self-assembled polymer domains, i.e., the domain
orientation within the film, the domain order and long range order as well as the accuracy of
domain shapes.

The domain morphology is largely determined by the interface between the phase separated
polymer domains. This interface between the polymer species is not sharp but interpenetration of
polymer chains leads to concentration gradients. The resulting width of this interface is not negligible
as it can easily exceed 40% of the actual domain size [21]. This interfacial width also strongly influences
e.g., nanopattern line edge and line width roughness, which are important parameters for technological
applications. The ratio between the equilibrium pattern periodicity L0 and interfacial width ∆ is
discussed in recent literature as being crucial to estimate the suitability of a certain BCP system for
sub-10 nm L0 nanopatterning applications [21]. Thus, efforts are made to investigate the morphology of
these interfaces and the origin of interfacial fluctuations in order to minimise interfacial widths [21–24].
New polymer species are, for instance, designed to reduce the interfacial width to <10% of L0 [21].

The importance of the interface morphology for understanding polymer (de)mixing is being
discussed since decades. The first model aiming to describe the interface between two polymer species
was introduced by Helfand [25]. He investigated the interfacial tension � and interfacial width ∆
by mean field theory for polymers within the strong segregation limit, showing that the interface is
basically determined by the Flory Huggins parameter χ and the statistical polymer segment length a:

�∞ = kBT a (χ/6)1/2/v (1)

∆∞ = 2a (6χ)−1/2 (2)

with v being the average monomeric volume. Similar to many other early predictions of the
domain and interface morphology, this estimate assumes sufficiently large polymerisation degrees.
By approximating infinite molecular weight (indicated by the subscribes ∞), effects of chain size
and chain ends can be neglected [6,7,26,27]. It is to note that the interfaces between domains
of block copolymers and respective blends of homopolymers are identical as was stated by the
narrow-interface-approximation theory by Helfand and Wasserman [28] and experimentally verified
by Shull et al. [29,30].

Later, finite-molecular weight and chain-end effects were found to decrease the interfacial tension
and, thus, to increase the interfacial width [31,32]. An extended model including the chain length
was proposed by Semenov in 1993 [33,34]. Since then, intensive further work on pitch scaling and
interfacial width scaling in dependence of the effective Flory Huggins parameter χN (with N the
degree of polymerisation) followed [35–40]. Simulations based on self-consistent field theory by C. T.
Black [34] as well as A. Hannon and J. Kline [41] describe the interface width in good agreement with
experimental observations

∆x = ∆∞ {1 + [24/(χNπ2)]1/3} (3)

The broadening of the experimentally observed interface morphology compared to the simple
thermodynamic model by Helfand is discussed to result from local fluctuations in the position
of interfaces, thermal fluctuations of the concentration profiles, local stretching of the polymer
chains [42,43] and polydispersity of polymer chains [44]. Semenov [33] describes these fluctuations as
the deviation of interface positions σ in dependence of the interfacial tension, interfacial width and the
polymer pattern periodicity L0:

σ2 = (2π�∞)−1 ln(L0∆∞−1) (4)

More recently, the interfacial width was found to be, in addition, dependent on the block
copolymer annealing method [22] and the annealing temperature. The origin of these connections is
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the temperature dependency of the Flory Huggins parameter. It was observed that annealing near the
order-disorder transition (ODT) temperature results in a larger interfacial width as the two blocks begin
to mix, while the interface is sharper at annealing temperatures far below ODT. Therefore, the interfacial
width is assumed to be a suitable measure for the progression of the phase separation [45].

The experimental observation and characterisation of the polymer domain morphology is
demanding. Reciprocal space methods are being used to analyse order and polymer domain
interfaces [45]. Measurements of X-ray and neutron reflectivity and evaluation of volume fraction
profiles of the polymer species [22,40–42,46–50] or secondary ion mass spectrometry [51] are most
common techniques. These methods, however, do not allow for acquisition of spatially resolved
information and, for instance, neutron scattering experiments require deuteration of polymers to
distinguish between the organic materials, which for many polymers is not easy in terms of synthesis
and might influence the polymer behaviour. More recently resonant soft X-ray reflectivity (RSoXR) was
introduced as a new method allowing for good contrast in unmodified organic materials [23,51–54].
For instance, recent work by Kline and coworkers [21] successfully applied RSoXR to determine domain
periodicity and interfacial widths in high-χ block copolymers.

Real space analysis of block copolymer thin films is most commonly performed by scanning
electron microscopy (SEM) and atomic force microscopy (AFM) [45]. These methods allow for the
investigation of pattern order, however, resolution is limited and the interface between domains
is not accessible. Transmission electron microscopy (TEM) of microphase separated BCPs is much
more rarely used even though it is particularly suitable to investigate the morphology and shape
of polymer domains at much higher resolution. Insightful works were published investigating
polymer domain morphologies [55–57] and concentration profiles at polymer interfaces [44]. Recently,
Segal-Peretz et al. [58,59] investigated morphologies and positional interface fluctuations of infiltrated
polymer domains employing TEM tomography. Staining of one polymer domain e.g., with RuO4 or
OsO4 [55–57] or infiltration of one polymer domain with e.g., Al2O3 [58] is most often used for contrast
enhancement in these TEM studies. However, the incorporation of material for contrast improvement
holds several disadvantages. It always leaves doubt on artefacts introduced with the foreign material
due to chemical (cross-linking or chain scission reactions) or physical modifications (contraction or
expansion of domains) [44]. It is also not fully understood how and where materials are infiltrated
at domain interfaces where polymer chains can interpenetrate or form a concentration gradient [58]:
Infiltration might reconstruct a material domain up to a certain threshold concentration or within
all material volume containing any fraction of the distinct material. This will largely influence the
apparent domain size and shape. In addition, selective staining is not easily available for all kinds
of polymers.

To our knowledge, no high-resolution real space imaging of unmodified self-assembled polymer
domains in block copolymer thin films has been published so far. This is probably due to many
factors, including the difficulty to obtain reasonable contrast between the polymer species at electron
energies above 100 keV where in the past TEMs used to have sufficient resolution, and the sensitivity
of polymers to irradiation with energetic electrons. Attempts have been made to exploit phase
contrasts induced between polymers by using a strong objective lens defocus, however, on the
expense of spatial resolution [60]. Current analytical electron microscopes, equipped with correctors
for spherical lens aberrations, and fast detectors can overcome these limits. Thus, in this work,
we investigate the domain morphology and interface of unmodified unstained microphase separated
polystyrene-b-polymethylmethacrylate (PS-b-PMMA) thin films by analytical (S)TEM. We investigate
PS-b-PMMA BCPs with different block length ratios forming PMMA cylinders in PS (PS:PMMA 70:30),
PS cylinders in PMMA (PS:PMMA 30:70) or alternating PS and PMMA lamellae (PS:PMMA 50:50).

We characterise the interface between PS and PMMA nanodomains in the block copolymers and
correlate data from theory and literature on domain size, interface position and interfacial width to
high resolution real space images. In particular, we image the polymer domain morphology and their
interface using STEM revealing the internal structure of polymer domains, the positional fluctuation of
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the interfaces as well as the occurrence of grains enlarging the line edge roughness—all features which
are not accessible by other techniques. STEM electron energy loss spectroscopy is used to investigate
the chemical composition of polymer domains exploiting plasmonic resonances of the polymers as
well as the near edge fine structure at their carbon K-edge. High-resolution imaging at the plasmon
resonance and zero loss imaging are applied using energy filtered TEM spectroscopic imaging. Finally,
energy filtered TEM thickness maps are shown to visualise the periodical density variations of the
polymer domains revealing e.g., the polymer composition at defects in the polymer pattern.

2. Materials and Methods

2.1. Materials and Sample Preparation

Three different polystyrene-b-polymethylmethacrylate (PS-b-PMMA) block copolymers with block
length ratios of PS:PMMA of 70:30, 30:70 and 50:50 were purchased from Polymer Source Inc. and
dissolved in toluene (analytical grade, C. Roth GmbH). The molecular weights of the different polymers
can be found in Table 1. The polydispersity indices are between 1.06–1.09. Thin films of the different
block copolymers were spin casted onto silicon wafers covered with a thermally grown 700 nm thick
silicon oxide sacrificial layer. For all BCPs, the oxide was functionalized with 5–7 nm thick PS-co-PMMA
random copolymer brushes (Mn = 5.2–8.5 kg/mol, 58–66 mol% PS content) from Polymer Source Inc.
BCP films with thicknesses of 35 nm for both, the PS:PMMA 70:30 and the PS:PMMA 30:70 BCP, and of
40 nm for the PS:PMMA 50:50 BCP were thermally annealed at 180 ◦C at a pressure of 10−7 mbar
for 24 h to enable microphase separation. The long annealing time was chosen to ensure complete
microphase separation. It was shown that the initial phase separation is an extremely rapid process
which is only followed by a slow pattern optimisation through defect annihilation [45]. The long
annealing of 24 h, thus, should allow for a terminated phase separation.

To obtain free-standing BCP membranes for TEM analysis, sample preparation was performed as
described previously [11]. Briefly, microphase separated BCP films were released from the substrate
by etching of the thick sacrificial silicon oxide layer in 10% HFaq at room temperature. The floating
BCP membrane was then skimmed off the etchant with a TEM grid. In this work, Quantifoil on Au
grids purchased from Plano GmbH were used. Comparison of AFM images taken from the BCP film
prior to and after HF dipping (not shown here) confirmed that the diluted HF solution of moderate
temperature does not affect the polymers.

Table 1. Overview of polymer specifics. Molecular weights Mn (PS-PMMA), polymerisation degrees
NPS-NPMMA, product of Flory Huggins parameter and polymerisation degree χN, domain size dSEM

and periodicity L0,SEM determined from SEM images, domain size dTEM determined by TEM, height
differences between polymer domains hAFM determined by atomic force microscopy (AFM) (with
polymethylmethacrylate (PMMA) domains exhibiting a larger thickness), interfacial widths ∆x after
Hannon/Kline and positional fluctuation of interface σ.

Polymer Mn (PS-PMMA)
[kg/mol] NPS-NPMMA χN dSEM [nm] L0,SEM [nm] dTEM [nm] hAFM [nm] ∆x [nm] σ [nm]

PS:PMMA 70:30 46.1–21.0 443–210 23.9 15.0± 2.6 a 35.0 ± 4.4 16.0 ± 0.9 a 1.12 ± 0.30 4.39 1.04
PS:PMMA 30:70 20.2–50.5 194–505 25.6 24.6± 4.5 b 35.6 ± 6.0 29.7 ± 0.6 b 1.15 ± 0.27 4.36 1.04
PS:PMMA 50:50 25.0–26.0 240–257 18.2 14.7 ± 2.4 c 24.3 ± 1.2 9.2 c 1.28 ± 0.28 4.53 0.93

a Diameter of PMMA cylinder; b diameter of PS cylinder; c width of PS lamella.

2.2. Characterisation Techniques

Scanning electron microscopy (SEM) images were taken with a Zeiss ultra plus at an acceleration
voltage of 2 kV with an in-lens detector. Atomic force microscopy (AFM) was performed using a Digital
Instruments Dimension 3100 in non-contact mode with 65 kHz Al-coated cantilevers (MikroMasch)
with nominally 8 nm tip diameter.

Analytical (scanning) transmission electron microscopy ((S)TEM) was performed using a JEOL
JEM-ARM200F equipped with a cold field emission electron gun (CFEG) and a probe-side mounted
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ASCOR Cs-corrector (CEOS GmbH) allowing for the correction of geometric aberrations up to the
5th order and therefore resolution in the STEM mode of better than 1 Å at an acceleration voltage as
low as 60 kV. All images shown in this work are acquired at this voltage where no beam damage, i.e.,
chemical or structural changes due to high-energy radiation, was observed. For comparison, images
obtained at 200 kV can be found in the Supplementary Information Figure S1. All TEM images are
acquired with 150 µm condenser lens aperture and captured on a 4 k × 4 k GATAN OneView camera.
STEM images are recorded with a convergence semi-angle of 16.6 mrad on an annular dark field (ADF)
detector, which collects scattered electrons at polar collection semi-angles of 69–147 mrad, using a
40 µm condenser lens aperture and a camera length of 12 cm.

Analytical methods such as energy filtered TEM (EFTEM) spectroscopic imaging (EFTEM-SI)
and electron energy loss spectroscopy (EELS) are applied for differentiation between PS and PMMA
domains. EFTEM and EELS are conducted with a GATAN GIF-Quantum ER image filter and are
captured on a 2 k × 2 k CCD camera (GATAN UltraScan). Operating the CFEG at maximum beam
current, the energy resolution as expressed by the zero-loss peak FWHM was 0.65–1.1 eV at 60 keV.
Overview EEL spectra are generated with a broad beam in TEM mode, for spatially resolved analysis
STEM-EELS line-scans were performed. EELS spectra are recorded in dual EELS mode with a dispersion
of 0.1 eV for low-loss (−20 eV to 184.8 eV) and high-loss (200 eV to 404.8 eV) parts of the spectra.
EFTEM thickness maps are obtained using the t/λ-method and mean free paths λ, calculated according
to Iakoubovskii et al. [61].

2.3. Calculation of Expected Interfacial Widths and Interface Position Fluctuation

The theoretically expected interfacial widths for the polymers used in this work were determined
using the models by Helfand and Kline, respectively. The Kuhn lengths, i.e., the statistical polymer
segment lengths, of PS and PMMA are both approximately a = 0.70 nm [34].

As stated above, the Flory Huggins parameter is temperature dependent following

χ(T) = χs + χH/T (5)

with χs and χH being the entropic and enthalpic terms of the Flory Huggins parameter. For PS-PMMA
these contributions were determined [62] to

χPS-PMMA = 0.028 + 3.9/T (6)

In this work, the Flory Huggins parameter for a temperature of 180 ◦C is used as this is the
annealing temperature enabling microphase separation in the presented experiments.

The minimum interfacial width for a PS-PMMA interface according to the model by Helfand
(Equation (2)) can be determined to

∆∞ = 2.99 nm

The interfacial widths according to the model by Kline et al. (Equation (3)) for the three PS-b-PMMA
block copolymers used in this work are collected in Table 1. This model takes the polymerisation
degree of the polymer blocks into account. Thus, the resulting interfacial width is larger than predicted
by Helfand. However, as the polymerisation degrees and molecular weights of the three polymers are
comparable, the expected interfacial widths only exhibit small differences. This is also in accordance
to experimental investigations applying neutron scattering by Anastadiadis [46] who found similar
interface widths at interfaces of polymers with molecular weights between Mn = 30–300 kg/mol.

The deviation of the interface position σ was determined according to Equation (4) with the
interfacial tension �∞ according to Equation (1) and the interfacial width ∆x after the model by
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Kline et al. (Equation (3). For simplification, the monomeric volume v was related to the statistical
segment length a assuming that the segments occupy a spherical volume:

v = 0.52 a3

The positional fluctuation σ is usually directly correlated to the line edge roughness (LER).
The results are assembled in Table 1.

3. Results

Figure 1 gives an overview of the three PS-b-PMMA block copolymers investigated in this work.
Each row shows a different polymer with a block length ratio of PS:PMMA 70:30 (a–c), PS:PMMA
30:70 (d–f) or PS:PMMA 50:50 (g–i), respectively, investigated by scanning electron microscopy (SEM,
left column), bright-field transmission electron microscopy (TEM, middle column) and atomic force
microscopy (AFM) (right column). In all images both microphase separated PS and PMMA domains
are shown after annealing, no polymer species was selectively removed or modified. SEM and AFM
images were recorded with the BCP films supported by the substrate, while for TEM free standing
membranes were used.
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Figure 1. SEM, AFM and TEM images of the three polystyrene (PS)-b-PMMA block copolymers (BCPs)
with block length ratios of (a–c) PS:PMMA 70:30, (d–f) PS:PMMA 30:70 and (g–i) PS:PMMA 50:50,
respectively. (a,d,g) show SEM images, (b,e,h) display bright field TEM images and (c,f,i) are AFM
height images with same height scales as in (c). In all images, both polymer species are apparent and
no staining or other sample treatment was used.
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SEM and AFM are the most commonly used techniques to analyse block copolymers. Domain size
d and pattern periodicity L0 are commonly determined from SEM images using grey scale thresholding
techniques and image analysis based on Delaunay triangulation [5,63]. For the polymers investigated
here, domain sizes and periodicities derived from SEM images are collected in Table 1. AFM imaging
allows to determine height differences between the polymer domains. Figure 1c,f,i shows elevated
PMMA domains with a difference of 1.1–1.3 nm to the PS domains.

TEM bright-field images of the three BCPs are shown for comparison. A contrast between PS
and PMMA domains is visible in these unstained polymers, even though chemical compositions and
densities of PS and PMMA are similar. While the resolution of SEM hardly allows to judge on the shape
and lateral extension of polymer interfaces and AFM imaging is limited by the cantilever dimension,
high-resolution TEM allows to investigate the polymer domain morphology close to the atomic scale.
Thus, the exact shape of polymer domains as well as the blurred interface between distinct polymer
domains become visible only here. This advantage will be employed in detail in the following using
analytical TEM as well as STEM.

3.1. Polymer Domain Morphology and Line Edge Roughness Investigated by STEM-ADF

Figure 2 presents scanning transmission electron microscopy (STEM) images of the three unstained
PS-b-PMMA block copolymers acquired with an annular dark field (ADF) detector. Dark areas
correspond to PMMA domains while PS gives a bright contrast. Figure 2a shows PMMA cylinders in a
PS matrix formed by BCP PS:PMMA 70:30, Figure 2b shows the inverse pattern, i.e., PS cylinders in
a PMMA matrix (BCP PS:PMMA 30:70) and Figure 2c displays alternating PS and PMMA lamellae
formed by the BCP PS:PMMA 50:50. It is to note that these contrasts, PS appearing brighter than
PMMA, are not as expected. Heavier atoms should appear bright in dark-field imaging, thus, PMMA
would be expected to give a brighter contrast compared to PS. The observed material assignment
was, however, also reported by others [58] and is further verified by EFTEM thickness and elemental
mapping (Sections 3.4 and 3.5).

The STEM-ADF images clearly show that the interface between PS and PMMA domains is not
sharp but exhibits a broad, blurred material contrast between polymer species. The absence of sharp
interfaces between polymer species in the STEM images is mainly due to the absence of sharp interfaces
in the BCP film. The crucial influence of the imaging technique on the interpretation and analysis of
the polymer domain morphology becomes apparent when comparing feature sizes determined from
SEM and STEM-ADF images. In order to highlight this difference sketches of the domain sizes as
measured from SEM images of these exact polymers are added in Figure 2a–c as white dashed lines
(the positions of these sketches are estimated, the rings were centred around the middle of cylinders).
These domain boundaries seem to cut the blurred broad interfaces at arbitrary positions, as no sharp
interface is visible.

Thus, the identification of the interface position and domain size from STEM images is not
obvious. One reasonable way to determine an average interface position is shown exemplarily for the
lamellae-forming BCP. Figure 2d shows a line plot of the contrast cutting perpendicularly through
three parallel lamellae of alternating PS and PMMA as in Figure 2c. The contrast distribution and thus
the composition profile follows a sinusoidal curve (red fit). This is in good agreement with resonant
soft X-ray reflectivity (RSoXR) observations by Sunday et al. [21] who found this sinusoidal material
distribution being specific for BCPs with a comparably low χ and χN . 23, as apparent in PS-b-PMMA
BCPs (Table 1). Figure 2d shows, that no plateau is formed in the composition profile, thus, no regime
of completely separated pure phases is apparent. Thus, an experimental determination of the width
of the domain interface is not feasible. Theoretical values of the interfacial width were determined
following Equation (4) (Table 1) to 4.4–4.5 nm and are marked in the STEM-ADF images in Figure 2
for illustration (white solid lines). In literature, the width of PS-PMMA interfaces in similar BCPs is
determined by neutron scattering to 5 nm [22]. If one considers the position of the domain interface at
50% concentration of one or the other polymer species, i.e., a locally predominant composition of either
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PS or PMMA, it is possible to estimate the position of the interface. The resulting average domain
sizes designating the 50% concentration threshold are listed in Table 1 and marked in Figure 2a–c by
yellow dotted lines. The resulting domain sizes differ from those determined by SEM showing that
SEM underestimates the PS domain sizes.
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Figure 2. STEM-annular dark field (ADF) images of PS-b-PMMA BCPs with block length ratios of
(a) PS:PMMA 70:30, (b) PS:PMMA 30:70 and (c) PS:PMMA 50:50 with bright contrast of PS and darker
contrast of PMMA. Sketches in these images mark the domain sizes as measured by SEM (white dashed
lines), domain sizes determined at 50% contrast in STEM ADF (yellow dotted lines) and theoretical
interfacial widths of 4.4 and 4.5 nm (white solid lines). (d) Contrast profile perpendicular to alternating
PS and PMMA lamellae as in (c) (black) superimposed by a sinusoidal fit (red). (e) Image section of BCP
PS:PMMA 50:50 at higher magnification. White arrows mark grains of opposite contrast which might
contain entrapped foreign polymer. (f) Image section of BCP PS:PMMA 50:50 with identified positions
of 50% contrast (white dots) and resulting line edge roughness (LER) (distance of red lines = 3.2 nm).

The high-magnification STEM images show an additional internal structure of the polymers
indicating strong compositional fluctuations along the lamellae as well as within or around cylinders.
This internal structure is not accessible with SEM, AFM or other techniques. These fluctuations
most likely result from the interfacial width and positional fluctuations of the domain interface
along the long-axis of the lamella as well as along their through-film dimension. It was shown by
Segal-Peretz et al. [58,59] using TEM tomography on stained PS-b-PMMA cylinders that the domain
morphology through the polymer film is strongly distorted compared to a perfect cylinder. In all
(S)TEM images shown in this work one analyses the projection of all these positional fluctuations.

One more striking observation is the existence of sharply bordered grains of opposite contrast
within domains close to their 50%-interface. Such grains are shown in Figure 2e in higher magnification
and some are exemplarily marked by arrows. As contrasts are assigned to different materials and
as these grains appear in both polymer domains, it is likely that they contain the opposite material
trapped within the foreign domain. Such nanoscale domains could form when polymer chains are
trapped with contrariwise chain orientation not able to overcome the energy barrier to reorient during
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microphase separation, or with polymer chains being fully incorporated with both ends inside one
polymer domain. In order to minimise interfacial areas, the entrapped parts of chains will then form
polymer coils. This hypothesis is further supported by the observation that the frequency is much
lower at the polymer domain interfaces of cylinder-forming BCPs than at those of the lamellae-forming
BCP. From a geometrical point of view, the release of polymer ends within the wrong polymer domain,
i.e., the healing of such defects, is favoured at curved interfaces compared to planar interfaces as
the likelihood for the chains to reach an interface in close proximity is larger at curved than planar
interfaces. It is also possible that the grains are agglomerates of random copolymer chains which
were released from the functionalized SiO2 substrate during polymer membrane preparation by HF
etching. Such patches could adhere to the BCP film or be redeposited during the skimming of the
polymer membranes with the TEM grid. However, this interpretation cannot convincingly explain the
predominantly inverted contrast of these grains compared to their surroundings.

All these observed features at the polymer domain interfaces (interface width, positional
fluctuations, grains) are expected to contribute to in the line edge roughness (LER) of domains.
The LER was determined analysing the positional fluctuations of the 50% concentration threshold at
several positions along a domain boundary. If one identifies the midpoint between absolute minima
and maxima in several line scans, as in Figure 2d, along one domain one can determine the positional
interface fluctuation, i.e., the LER. In case of the lamellae (PS:PMMA 50:50), the LER amounts to
1.66 ± 0.46 nm. This value is of the same order of magnitude as the theoretically expected value of
0.93 nm (Table 1) determined using Equation (5). The larger value can be explained by the superposition
of interface fluctuations not only along one lamella but also along the domain interfaces through the
polymer film. As stated above, it was observed in Reference [59] that the polymer domains are not
perfectly cylindrically shaped but their morphology is irregular. It was also shown that the fluctuations
of the interface position become even stronger towards the substrate and towards the interface with
air/vacuum than they are within the polymer film. As our investigations are based on the projection of
the domain interfaces throughout the film, a larger LER is expected. However, an LER of 1.66 nm can
typically not be found on nanopatterns created using similar BCP lamellae as lithography template.
LER of replicated patterns are usually much larger and measure approximately 4.8 nm [64]. It is likely
that the larger LER results from the grains found close to the domain interfaces (Figure 2e). One can
include these grains into the determination of the LER by not measuring the midpoint between absolute
minima and maxima in the line plot (which neglects the existence of these grains), but defining the
transition from >50% to <50% intensity as interface position. These positions are marked by white dots
in Figure 2f. If one includes these grains in this way, the positional fluctuation doubles and measures
3.2 ± 1.9 nm. This observation also supports that the grains are no artefacts from sample preparation
but features within the microphase separated polymer film.

In case of cylinder-forming BCPs (PS:PMMA 70:30 and 30:70), the large grains occur to a
smaller extend, i.e., they poorly influence the line edge roughness of domains. The LER of these
cylinder-forming BCPs can be determined to 1.78 nm for the BCP PS:PMMA 70:30 in Figure 2a and
to 1.29 nm for the BCP PS:PMMA 30:70 in Figure 2b. Again, it is assumed that the curvature of the
domains allows for the formation of smoother domain interfaces.

3.2. Spatially Resolved Investigation of the Composition of the Polymer Film Using (S)TEM-EELS

Electron energy loss spectra (EELS) were measured in TEM mode as well as STEM mode to
investigate the chemical composition of assigned PS and PMMA domains. Spectra were collected using
dual-EELS detection allowing for high integration times as well as precise determination of energies.

Combined EEL spectra of PS and PMMA taken from the 50:50 PS:PMMA BCP in the low-loss
region and the high-loss region are shown in Figure 3a,b, respectively. These spectra were taken in
TEM mode at 60 kV, the zero loss peak having a FWHM of 0.65 eV. In the low-loss region (Figure 3a),
two distinct peaks are detected at 7 eV and at approximately 21 eV energy loss. The peak at 7 eV can
be assigned to a π–π* excitation of electrons in the aromatic ring of PS [65,66] verifying the existence of
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intact PS. The bulk plasmon peaks of PS and PMMA are found at 22 eV and 20 eV, respectively [67,68],
appearing as a broad peak around 21 eV loss in this spectrum. Figure 3b shows the high-loss region
of the EEL spectrum at the carbon K-edge. The near-edge fine structure of the C-K edge allows to
differentiate between carbon binding states. In particular, the distinct peak at 285 eV loss corresponding
to a C1s→π* (C=C) transition [65] again provides evidence of the presence of polystyrene, since a C=C
bond does not exist in PMMA and thus PMMA does not show such a peak [67], while C-H bonds and
C-C bonds can be found in both, PS and PMMA.
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Figure 3. TEM-electron energy loss (EEL) spectra of BCP PS:PMMA 50:50 showing (a) the low-loss region
and (b) high-loss at the carbon K-edge with assignment of peaks in (b) according to References [65–68].
(c) STEM-ADF image with marked positions of corresponding STEM-EELS spectra in (d). The spectra
are displayed after zero-loss peak alignment and background subtraction.

STEM-EELS was employed to investigate the local distribution of PS and PMMA in the phase
separated system. Figure 3c shows a STEM-ADF image with marked positions for the acquisition of
the STEM-EEL spectra in Figure 3d. Spectra are very similar, which supports the hypothesis that no
pure polymer domains are formed as already indicated by the sinusoidal contrast distribution found
in STEM-ADF images (Figure 2d). The spectra in Figure 3d show clearly that PS exists at each sample
position since the specific C1s→π* (C=C) transition at 285 eV can be found in both spectra of a PS
domain and a PMMA domain. This verifies that no pure PMMA domains are present.

3.3. EFTEM Spectroscopic Imaging of PS and PMMA Lamellae

EFTEM spectroscopic imaging was performed to identify energy windows particularly suitable
for the investigation of the PS and PMMA domains. Figure 4 displays a tableau of images collected
using energy windows between −5 eV and +115 eV. Each image was collected using a filter slit width
of 10 eV; the energy centre is noted in each image. While at higher electron energies typically smaller
slit widths are used in EFTEM-SI, at 60 keV the slit width of 10 eV allowed for images without visible
distortions. Two energy windows were found to be particularly suitable for high-resolution and
high-contrast imaging of the PS and PMMA domains:
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A. 0 eV. EFTEM zero loss imaging is known to increase contrasts in copolymers by removing
inelastically scattered electrons from the image. This technique was introduced by Kunz et al. [69]
and applied to copolymer blends [44]. Compared to conventional bright-field TEM images as
shown in Figure 1h, the contrast in this image is increased and the resolution is high allowing for
imaging of the internal structure of the polymer domains. This is also clearly visible in the zero
loss images of both cylinder-forming BCPs (Figures S2 and S3). It is to note that an inversion of
the contrasts between PS and PMMA in this zero-loss region occurs: PMMA appears brighter in
TEM bright-field and zero-loss filtered EFTEM images than PS. In energy filtered images with the
energy window centred at values between 10 and 110 eV PS rich domains appear brighter than
their PMMA rich surroundings. This contrast inversion most likely results from a comparatively
large plasmon excitation in PS compared to PMMA, since the low-loss region between 10 and
110 eV is dominated by the plasmon peak as visible in Figure 3a.

B. 20–60 eV. This energy region around and above the plasmon resonances of PS and PMMA [66–68]
gives the best material contrasts. The internal structure of polymer domains with grains of
inverse contrast, as discussed on the STEM-ADF images in Figure 2, become particularly visible
in images obtained at 25–44 eV. The presence of ‘bright’ grains in a darker PS surrounding can
be interpreted as the presence of PMMA inclusions leading to a locally enhanced plasmonic
energy loss. Vice versa, the presence of ‘darker’ grains in an environment of bright PMMA rich
surrounding would indicate a lack of PMMA material due to the inclusion of small PS grains.
However, it is not possible to exclude that such ‘inclusions’ are actually located at the surface
and are residuals of the random copolymer brush layer. In any case, it is likely that these grains
contain the opposite polymer species.
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Figure 4. Energy-filtered TEM spectroscopic imaging of lamellae-forming BCP PS:PMMA 50:50. Images
are collected from energy windows between −5 eV and +115 eV with an energy filter slit width of 10 eV.
Energies noted in each image refer to the window centre. All scale bars are 50 nm.
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Between the two regimes highlighted above a point of contrast inversion is found around 10 eV.
Here, the contrast between polymer domains is poor and the PS domains appear very broad. At higher
energies from 65 eV up to 115 eV contrasts are vanishing.

A video showing a series of images through the whole energy spectrum allows for direct
comparison of the contrasts and can be found in the Supplementary Information. Tableaus of images
of the two cylinder-forming block copolymers PS:PMMA 70:30 and PS:PMMA 30:70 obtained at these
energy windows can be found in the Supplementary Information Figures S2 and S3, respectively.

3.4. Determination of Material Density Distributions by EFTEM Thickness Mapping

Thickness maps determined by energy-filtered TEM (EFTEM) are shown in Figure 5 for the BCPs
(a) PS:PMMA 70:30, (b) PS:PMMA 30:70 and (c) PS:PMMA 50:50. Images were acquired at 60 kV with
an integration time of 1.2 s/frame. Maps of the thickness t were measured using the t/λ-method [70],
i.e., comparison of intensities in an unfiltered image and a filtered image with a 10 eV slit width at
zero energy loss allowing only elastically scattered electrons to be detected. Consequently, the maps
show the thickness in units of projected mean free paths λ (mfp) of electrons through the polymer
domains. Using the model by Iakoubovskii [61], one can estimate the mfp at a given material mass
density. The densities of PS and PMMA are assumed to 1.052 g/cm3 and 1.159 g/cm3, respectively [71].
The mean free paths then translate to 85.6 nm in PMMA and 87.6 nm in PS, i.e., they differ by 2.3%.
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70:30, (b) PS:PMMA 30:70 and (c) PS:PMMA 50:50. Colour coded maps display film thickness in units
of mean free path (mfp). Lateral scale bars are all 50 nm. The small gradient in (a) from the lower left to
the upper right corner is due to bending of the free polymer membrane close to a hole in the supporting
Quantifoil film. (d) Line plots across polymer domains (position normalised to L0 of each polymer).

In all three polymers, the PS domains exhibit a larger thickness than the PMMA domains (Figure 5).
Thus, for all three polymers thickness profiles across polymer domains show a periodical behaviour
(Figure 5d). For better comparison, the position axis is given in units of L0 and curves are shifted such
that the maxima match their positions. The local variation of t/λ along polymer domains follows a
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sinusoidal trend as was determined from contrast evaluation in STEM-ADF images in Figure 2d. If one
takes into account that the mean free path of electrons is slightly larger in PS than in PMMA it becomes
obvious that the thickness oscillations of block copolymer membranes are even more pronounced than
those of t/λ. The average film thicknesses differ for the three polymers and amount to 43, 17 and 28 nm
for the 70:30, 30:70 and 50:50 PS:PMMA films, compared to the targeted thicknesses of 35, 35 and 40 nm,
respectively. Height differences between PS and PMMA domains are similar in both cylinder-forming
BCPs, measuring 5.2 ± 0.2 nm. In case of the lamellae-forming BCP the height difference is with 3.5 nm
significantly smaller, which might result from its smaller χN compared to the cylinder-forming BCPs
(see Table 1) leading to a less efficient phase separation, thus, a stronger interpenetration of polymer
chains into the opposite domain, as well as a larger density of entrapped grains of opposite polymer
species (as shown in Figure 2e).

The local height differences between PS and PMMA domains appear inverted to those measured by
AFM, where PMMA exceeds the PS level. It was, however, shown by Pérez-Murano and coworkers [72]
that the larger elastic modulus of PMMA compared to PS can lead to such measurement artefacts during
tapping mode AFM analysis of thin polymer films. It is also to note that the mass densities ρ used
for the calculation of absolute polymer thicknesses are determined from bulk polymers. A different
material density in microphase separated domains compared to bulk material could be apparent
due to geometrical considerations of polymer chain configuration. According to the Iakoubovskii
model, the mean free path λ depends on the mass density ρ as λ ~ ρ−0.3, and therefore mass densities ρ
influence the conversion of measured maps to thickness maps.

Thus, assuming that the polymer film thickness is known, the EFTEM t/λmapping method allows
to visualise the density distribution within the phase separated polymer film and therefore gives
further insight into the polymer mixing behaviour.

The PS matrix of the PS:PMMA 70:30 in Figure 5a, for instance, reveals a homogeneous t/λ
distribution without any local variations. Due to geometrical considerations one could expect PS
chains being less dense at triple points between three PMMA cylinders compared to the area between
two neighbouring PMMA cylinders. This is, however, not found here, i.e., polymer chains most likely
stretch, bend and compress to form a homogeneous PS matrix with minimal density fluctuations of
less than 3.5%.

The image section of a PS:PMMA 30:70 BCP in Figure 5b shows a defect in the PS cylinder assembly:
One PS cylinder is missing in the lower left part. This missing cylinder has a 7-fold coordinated
environment to its nearest neighbours. The map reveals a slightly larger relative thickness t/λ at the
expected position of the missing cylinder than in the surrounding PMMA matrix. This refers to a
larger material density and/or thicker film at this exact position than in the PMMA matrix, indicating a
larger PS concentration than in the surrounding PMMA matrix. Additionally, regions of smaller t/λ
connect this spot to the neighbouring PS cylinders. Again, these connection lines are likely to contain
increased PS concentrations. This polymer distribution suggests an insufficient microphase separation
and a defect which is trapped in a metastable configuration within the process of forming distinct
polymer domains.

3.5. Fraction of Non-Separated Polymers

The projected amount of any elemental species (including carbon) present at each position in
a sample can be quantitatively determined using the EFTEM three-windows technique [73]. In this
technique, an elemental map is calculated from three images, of which two are taken at different
energies below a characteristic energy edge (for background calculation) and one in an energy window
above the characteristic energy edge. After subtracting the extrapolated background from the post-edge
image one obtains an image where the intensity is proportional to the number of atoms present in the
sample integrated over the specimen thickness. Figure 6a displays such an EFTEM carbon map of the
lamellae-forming BCP PS:PMMA 50:50 using the characteristic carbon K edge. Figure 6b shows a linear
carbon concentration profile measured perpendicularly to the polymer lamellae as indicated by the red
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box. Since the ratio of molar carbon concentrations in pure PS and PMMA is 2:1, one would assume the
concentration profile to exhibit oscillations with amplitudes of the same ratio, or more precisely with a
ratio of 2.27:1, if one takes the different thicknesses of PS and PMMA lamellae (see Section 3.4) into
account. Obviously, the projected carbon concentration oscillates by a much smaller amount, which
can be attributed to the intermixing between PS and PMMA. Assuming that the volume fractions ϕ of
PS inclusions in PMMA domains and of PMMA inclusions in PS domains are identical for the 50:50
BCP, one can calculate a volume fraction of ϕ = 20% of inclusions of the opposite polymer in the centre
of each polymer lamella. Details of the calculation are given in the Supplementary Information.
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4. Discussion

Self-assembled block copolymer nanostructures, which are widely used as templates for next
generation nanolithography, were analysed by analytical (scanning) transmission electron microscopy
((S)TEM). In this work, cylindrical and lamellar nanodomains of PS and PMMA in microphase separated
BCP thin films are imaged without staining at highest resolution using electrons at an energy as low
as 60 keV. In contrast to more commonly used reciprocal space methods, real space imaging using
analytical (S)TEM allows to correlate the internal structure of the polymer domains with characteristic
parameters of these polymer patterns such as domain size, interface width and line edge roughness.

In particular, STEM dark-field images are presented, which reveal the internal structure of PS and
PMMA domains. A sinusoidal contrast distribution along polymer domains allows to conclude that
no pure domains containing one single polymer species are present but that periodical concentration
gradients form the assigned PS or PMMA domains. This poor polymer separation might be due to the
small Flory-Huggins parameter of PS and PMMA as well as the presence of a thick random copolymer
brush locally promoting [74] and appearing like polymer intermixing. Thus, the term of an ‘interfacial
width’ must be used carefully for the popular PS-b-PMMA BCPs. Line edge roughnesses (LER)
were determined estimating the positional fluctuations of an interface at 50% polymer composition.
One might assume that the LER measured in the projections of STEM or TEM images are affected
by a possible tilting or wiggling of domain boundaries through the film. However, the isotropic
smearing of interfaces around cylindrical domains in all directions suggests that such wiggling
occurs only on a molecular level. Domain wiggling is observable in lamellar BCP films in in-plane
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directions, but on a wavelength which is large compared to the BCP film thickness. Therefore, such
wiggling should not add very much to the LER observed. It is shown, however, that polymer grains,
found particularly frequently in the lamellae-forming polymer, contribute largely to the line edge
roughness of nanodomains. Electron energy loss spectroscopy (EELS) and energy filtered TEM (EFTEM)
spectroscopic imaging were applied to investigate the chemical composition of the polymer domains.
Acquiring images of polymer domains using electrons with a particular energy loss close to the bulk
plasmon peak, allows for high-resolution imaging of the unstained polymers with strong material
contrasts. EFTEM thickness maps were acquired revealing the density and film thickness distribution
of phase separated BCPs giving insights into the spatial polymer distribution e.g., at defects in the
polymer pattern. For the lamellae-forming BCP it is shown that the degree of microphase separation
can be determined by analytical (S)TEM. It is found that even for the long-term annealing conditions
applied here, a minimum of 20% volume fraction of non-separated polymer species is contained in the
microphase separated lamellae, while in the case of cylinder-forming BCPs the fraction might be lower
due to geometrical advantages.

Our analytical (S)TEM investigations shed light on the internal structure of polymer domains
and polymer domain morphology, which impact pattern replication for lithography and infiltration
purposes directly. These insights help elucidate the origin of line edge roughnesses of replicated
nanopatterns and the limits in accuracy of selective infiltration as well as transport mechanisms
in functional BCPs. It will be interesting to apply analytical STEM to investigate the properties of
homopolymer blends or BCP-homopolymer blends which are often used to improve pattern order.
Promising findings can also be expected when investigating other BCP species than PS-b-PMMA,
such as high-χ polymers used to form sub-10 nm pitch patterns, where polymer segregation is more
efficient and thus pure polymer domains with a smaller interfacial width are expected. Such high-χ
polymer often include one Si-containing polymer species, thus, it can be anticipated that imaging with
the above shown techniques will be even more facile.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/1/141/s1,
Figure S1: Comparison of bright-field TEM at 200 kV and 60 kV acceleration voltage, Video S1: EFTEM-SI of
PS-PMMA 50:50, Figure S2: EFTEM-SI image series of 70:30 PS:PMMA BCP., Figure S3: EFTEM-SI image series of
30:70 PS:PMMA BCP.
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Abstract: The self-assembly of block copolymers in aqueous solution is an important field in
modern polymer science that has been extended to double hydrophilic block copolymers (DHBC)
in recent years. In here, a significant improvement of the self-assembly process of DHBC in
aqueous solution by utilizing a linear-brush macromolecular architecture is presented. The improved
self-assembly behavior of poly(N-vinylpyrrolidone)-b-poly(oligo(ethylene glycol) methyl ether
methacrylate) (PVP-b-P(OEGMA)) and its concentration dependency is investigated via dynamic
light scattering (DLS) (apparent hydrodynamic radii ≈ 100–120 nm). Moreover, the DHBC assemblies
can be non-covalently crosslinked with tannic acid via hydrogen bonding, which leads to the
formation of small aggregates as well (apparent hydrodynamic radius ≈ 15 nm). Non-covalent
crosslinking improves the self-assembly and stabilizes the aggregates upon dilution, reducing the
concentration dependency of aggregate self-assembly. Additionally, the non-covalent aggregates can
be disassembled in basic media. The presence of aggregates was studied via cryogenic scanning
electron microscopy (cryo-SEM) and DLS before and after non-covalent crosslinking. Furthermore,
analytical ultracentrifugation of the formed aggregate structures was performed, clearly showing the
existence of polymer assemblies, particularly after non-covalent crosslinking. In summary, we report
on the completely hydrophilic self-assembled structures in solution formed from fully biocompatible
building entities in water.

Keywords: block copolymer self-assembly; analytical ultracentrifugation; tannic acid

1. Introduction

Block copolymer self-assemblies play a prominent role in current polymer science [1,2].
Self-assemblies are applied in many fields of research such as (nano)-lithography [3,4], nanoparticle
formation [5,6], and catalysis [7,8], but also in the biomedical field, where applications such as imaging [9,10],
biological sensing [11,12], and drug delivery [13–15] are investigated. Amphiphilic block copolymers
are utilized frequently for these tasks in an aqueous environment, e.g., via self-assembly to micelles,
vesicles, or more complex structures [16,17]. Recently, the formation of amphiphilic self-assembled
structures was shifted to the polymerization process [18,19]. In such a way, the aforementioned and
more complex structures can be accessed in one step via the adjustment of monomer conversion.
Notwithstanding, self-assemblies of amphiphilic block copolymers in aqueous solution face some
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disadvantages, e.g., low permeability [20]. Particularly, in the prospected applications of nanoreactors,
permeability is a key property to enable efficient reaction progress. One solution to this problem
is the introduction of artificial protein channels [21,22]. Another option is the implementation of
stimuli-responsive blocks that allow selective swelling/deswelling of the hydrophobic domain [23,24].

Another way would be to switch from an amphiphilic block copolymer to a completely
water-soluble block copolymer. Frequently, one of the utilized blocks is stimuli-responsive,
which facilitates self-assembly. As the solubility changes after stimulus application in most cases,
the self-assembled structures are not purely hydrophilic anymore. In the case of self-assembly based
on the hydrophilic effect, no stimulus is employed to form self-assembled structures via a change
in solubility. The self-assembly process of double hydrophilic block copolymers (DHBCs) in water
can be related to the macroscopic two-phase formation of hydrophilic homopolymer mixtures [25],
e.g., poly(ethylene glycol) (PEG) and dextran—two water soluble polymers that were utilized to purify
proteins [26]—or in the formation of water-in-water emulsions [27,28]. As the blocks are connected
covalently in the DHBC, no macroscopic demixing is possible; rather, a microphase separation
occurs, which is termed the hydrophilic effect [29]. The process of demixing, and consequently weak
aggregation, is related to the difference in hydrophilicity that leads to non-symmetric solvation.
Therefore, a difference in osmotic pressure is present between the respective polymer domains,
which has to be compensated via the aggregation of the polymer domains. Certainly, the architecture
of the individual blocks has a significant effect as well due to interactions between the blocks
and their structure in space, which can also be related to varying solvation. Recently, several
examples of DHBC self-assembly were introduced, e.g., pullulan-b-poly(N,N-dimethylacrylamide) [30],
poly(2-ethyl-2-oxazoline)-b-poly(N-vinylpyrrolidone) (PEtOx-b-PVP) [31], PEG-b-glycopolymer [32],
poly(oligo(ethylene glycol) methyl ether methacrylate)-b-glycopolymer (POEGMA-b-glycopolymer) [33,34]
or PEtOx-b-PEG [35]. Moreover, the effect of DHBC architecture was investigated, and it could be
shown that a linear-brush DHBC showed significantly enhanced self-assembly behavior, i.e., the system
pullulan-b-P(OEGMA) [36]. In addition, DHBCs were utilized in the formation of inorganic and
metal–organic mesocrystals [37,38]. Considering the possible future application of DHBC in the
biomedical field, a focus is on the utilization of biocompatible polymers, namely PEG and (PVP as
a possible combination of particular interest [20,39]. For example, PVP is frequently used in drug
formulations [40]. However, the self-assembly of linear PEG-b-PVP showed rather limited success [41].
Therefore, exchanging PEG with P(OEGMA) is a useful alternative, as recently shown by our group [42].
Nevertheless, one of the major challenges for DHBC self-assembly is the highly dynamic and thus poor
stability of aggregates, especially under conditions of dilution. The stability of DHBC aggregates can
be expressed with an equilibrium-like state between assembled aggregates and unimers in aqueous
solution. The equilibrium strongly depends on concentration, and thus disassembly is observed in
diluted solution. An option to circumvent the dynamics of DHBC self-assembly is the crosslinking of
the formed structures at higher concentration, which renders the aggregates stable under dilution [41].
So far, covalent crosslinking was the focus of research, which essentially freezes the dynamics of the
DHBC self-assembly system without the option of disassembly. A triggered disassembly could be
achieved via dynamic covalent chemistry based on disulfide or imine bonds [43]. To obtain a true
adaptive system, non-covalent crosslinking chemistries have to be introduced, i.e., supramolecular
bonding, for example via hydrogen bonds.

The concept of supramolecular chemistry allows the introduction of dynamics into molecular
systems [44,45], e.g., via hydrogen bonding [46], host–guest complexes [47], or metal complexation [48].
Supramolecular interactions are particularly interesting for reversible crosslinking [49,50]. In that regard,
tannic acid (TA) is a very useful compound to non-covalently crosslink the formed self-assemblies
from PVP-b-P(OEGMA), as the interaction of tannic acid and PVP is well known not only from science,
but also from the fining of red wine. It readily forms hydrogen bonds due to its acidic phenolic
hydroxyls with a significant number of molecules, such as proteins and polymers, including PVP [51],
which can be exploited in the formation of nanostructures [52–54]. Moreover, TA belongs to the group
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of tannins and can be found in wine, beer, tea, and nuts. Therefore, TA represents a natural and
renewable product that is also approved by the Food and Drug Administration. Therefore, TA gained
a lot of attention recently, last but not least because of its utilization in biomedical applications [55,56].

Herein, the self-assembly of PVP-b-P(OEGMA) and crosslinking via biocompatible TA in aqueous
solution is described (Scheme 1). The DHBC is synthesized via a combination of reversible deactivation
radical polymerization and copper (I) catalyzed azide alkyne cycloaddition (CuAAc). Subsequently,
dynamic light scattering (DLS), cryogenic scanning electron microscopy (cryo-SEM), and analytical
ultracentrifugation (AUC) are utilized to investigate the desired aggregate formation. The selection of
these techniques was based on the different insights provided based on the physical principle of their
operation. Therefore, self-assembly efficiency and aggregate sizes are studied as well as the dynamics
of the formed aggregates before and after non-covalent crosslinking.
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2. Materials and Methods

Methods: 1H- and 13C-NMR spectra were recorded at ambient temperature at 400 MHz for 1H
and 100 MHz for 13C with a Bruker Ascend400 (Bruker, Billerica, MA, USA). Dynamic light scattering
(DLS) was performed using an ALV-7004 Multiple Tau Digital Correlator (ALV, Langen, Germany) in
combination with a CGS-3 Compact Goniometer (ALV, Langen, Germany) and a HeNe laser (Polytec,
34 mW, λ = 633 nm at θ = 90◦ setup for DLS). Sample temperatures were adjusted to 25 ◦C and
toluene was used as the immersion liquid. Apparent hydrodynamic radii (Rapp) were determined by
LV-Correlator Software Version 3.0. Autocorrelation functions measured at a scattering angle of 90◦
were analyzed using Constrained Regularization Method for Inverting Data (CONTIN). Cryogenic
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scanning electronic microscopy (cryo-SEM) was performed on a Jeol JSM 7500 F (Tokio, Japan) and the
Alto 2500 cryo-chamber from Gatan (Munich, Germany). Size exclusion chromatography (SEC) for PVP,
P(OEGMA), and PVP-b-P(OEGMA) were conducted in N-methyl pyrrolidone (NMP) (99%, Carl Roth)
with 0.05 mol L−1 of LiBr and methyl benzoate as internal standard at 70 ◦C using a column system
with a GRAM 100/1000 column (8 × 300 mm, 7-µ particle size) from PSS (Mainz, Germany), a GRAM
precolumn (8 × 50 mm) from PSS, a Shodex RI-71 detector, and a poly(methyl methacrylate) (PMMA)
calibration with standards from PSS. Fourier transform infrared (FT-IR) spectra were acquired on
a Nicolet iS 5 FT-IR spectrometer (Thermo Fisher Scientific, Schwerte, Germany).

Sedimentation velocity experiments were performed with a ProteomeLab XL-I analytical
ultracentrifuge (Beckman Coulter Instruments, Brea, CA, USA), using double-sector epon centerpieces
with a 12-mm optical path length. The cells were placed in an An-50 Ti eight-hole rotor. A rotor speed
of 42,000 rpm was used. The cells were filled with 420 µL of sample solution and with 440 µL of water
as the reference. The experiments were conducted for 24 h at a temperature of T = 20 ◦C. Sedimentation
profile scans were recorded with the interference optics (refractive index (RI)) detection system with
respect to time at 2-min intervals. A suitable selection of scans was used for data evaluation with
Sedfit using the ls-g*(s) model [57], i.e. by least squares boundary modeling with the implemented
Tikhonov-Phillips regularization procedure and by assuming non-diffusing species. This model results
in an apparent differential distribution of sedimentation coefficients, s.

Materials: Ammonium chloride (99%, Carl Roth, Karlsruhe, Germany), ascorbic acid (98%, Alfa
Aesar, Karlsruhe, Germany), 2-bromopropionyl bromide (97%, Sigma Aldrich, Steinheim, Germany),
t-butyl hydroperoxide (70% solution in water, Acros Organics, Geel, Belgium), chloromethyl polystyrene
resin (2.4 mmol g−1, TCI, Eschborn, Germany), copper (I) bromide (CuBr, 99.99%, Sigma Aldrich),
copper (II) sulfate (CuSO4, 99%, Carl Roth), dichloromethane (DCM, analytical grade, Acros Organics),
diethyl ether (ACS reagent, Sigma Aldrich), N,N-dimethylformamide (DMF, analytical grade, Sigma
Aldrich), dimethylsulfoxide (DMSO, analytical grade, VWR Chemicals, Darmstadt, Germany),
4,4′-dinonyl-2,2′-dipyridyl (dNBipy, 97%, Sigma Aldrich), ethyl acetate (EtOAc, analytical grade,
Chem Solute, Renningen, Germany), hexane (analytical grade, Fluka, Schwerte, Germany), hydrochloric
acid (fuming, Carl Roth), magnesium sulfate (dried, Fisher Scientific, Schwerte, Germany), methanol
(MeOH, analytical grade, Fisher Scientific), N,N,N′,N′′,N′′-pentamethyldiethylenetriamine (PMDETA,
98%, Sigma Aldrich), potassium-O-ethyl xanthate (98%, Alfa Aesar), propargyl alcohol (99%, Sigma
Aldrich), pyridine (99% extra dry, Acros Organics), sodium hydroxide (NaOH, 98%, Sigma Aldrich),
sodium azide (>99.5%, Fluka), sodium bicarbonate (>99%, Fluka), sodium sulfite (97%, Acros Organics),
tannic acid (Alfa Aesar), tetrahydrofuran (THF, analytical grade, Fisher Scientific), and triethylamine
(99.5%, Sigma Aldrich) were used as received. N-Vinylpyrrolidone (VP, 99%, Sigma Aldrich) was dried
over anhydrous magnesium sulfate and purified by distillation under reduced pressure. Oligo(ethylene
glycol) methyl ether methacrylate (OEGMA, 900 g mol−1, Sigma Aldrich) was first dissolved in THF,
and then passed over a basic aluminum oxide column (Brockmann I, Sigma Aldrich) and subsequently
precipitated in cold hexane, filtered, and dried under high vacuum for 24 h. Millipore water was obtained
from an Integra UV plus pure water system by SG Water (Hamburg, Germany). Azido functionalized
poly(styrene)-resin, prop-2-yn-1-yl 2-((ethoxycarbonothioyl)thio) propanoate (alkyne-CTA), alkyne
end-functionalized PVP (Figure S1), and azide end functionalized P(OEGMA) (Figure S2) were prepared
according to the literature [30,36,58]. Spectra/Por dialysis tubes with a molecular weight cut-off of
10,000 were purchased from Spectrum Labs (Los Angeles, CA, USA).

Procedure for the preparation of DHBC aqueous solutions for DLS investigation: For the DLS
measurements, 50.0 mg of DHBC were dissolved in 2.5 g of Millipore water in order to obtain a 2.0 wt.%
DHBC solution. Before conducting the DLS measurement, the solution was passed through a 1.2 µm
filter. The solutions containing 0.5 wt.% and 0.1 wt.% of DHBC were obtained by diluting the initial
2.0 wt.% DHBC solution with Millipore water accordingly.

Crosslinking of PVP-b-P(OEGMA) via TA: In order to crosslink the PVP-b-P(OEGMA) aggregates,
a 0.5 wt.% TA solution was added to a 10.0 wt.% PVP-b-P(OEGMA) solution to form a 2.0 wt.%
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PVP-b-P(OEGMA)-TA-solution. Then, the mixture of TA with the polymer was characterized via DLS,
cryo-SEM, and AUC. The 0.5 wt.% and 0.1 wt.% solutions were obtained by diluting the 2.0 wt.%
solutions accordingly.

Disassembly of PVP-b-P(OEGMA) TA crosslinking via NaOH: In order to induce a disassembly
of the PVP-b-P(OEGMA) aggregates, first, a crosslinking reaction was applied as reported in previous
sections receiving 2 g of a 2.0 wt.% crosslinked DHBC solution. Subsequently, 40 mg of NaOH was added
to the solution to obtain a 0.5-m NaOH solution. The solution was stirred for 1 h before it was passed
through a 1.2-µm filter followed by its investigation via DLS and cryo-SEM. The 0.5 wt.% and 0.1 wt.%
solutions for the DLS investigations were obtained by diluting the 2.0 wt.% solution accordingly.

AUC measurements of PVP-b-P(OEGMA): For the AUC measurements, two stock solutions were
used. The 2.0 wt.% stock solution of pure DHBC in Millipore water was diluted further to afford
the following polymer concentrations: 2.0 wt.%, 1.0 wt.%, 0.5 wt.%, 0.2 wt.%, 0.1 wt.%, 0.05 wt.%,
and 0.03 wt.%. The diluted samples as well as the stock solutions were utilized for sedimentation
velocity experiments to investigate the sedimentation behavior of pure DHBC PVP-b-P(OEGMA). In the
case of TA crosslinked PVP-b-P(OEGMA), the stock solution is reported in the respective paragraph.

3. Results

3.1. Synthesis of PVP-b-P(OEGMA)

The synthesis of PVP-b-P(OEGMA) was conducted in two steps according to the literature [59].
First, the individual homopolymers were synthesized (Figures S1 and S2); then, the blocks were
coupled via CuAAc (Figure S3). Another option of block copolymer formation would be the utilization
of switchable chain transfer agents, as reported recently [60]. Although PVP is a widely used polymer
and is produced on a large scale, controlled polymerization is quite challenging [61]. Reversible
addition–fragmentation chain transfer polymerization employing tert-butylhydroperoxide and sodium
sulfite as redox initiators was performed at ambient temperature with an alkyne functionalized chain
transfer agent to obtain alkyne end-functionalized PVP (Ð = 1.25; Mn = 34,000 g mol−1, determined
via SEC utilizing a PMMA calibration). On the other hand, P(OEGMA) was synthesized via atom
transfer radical polymerization using 2-azidoethyl 2-bromoisobutyrate (Ð = 1.06; Mn = 21,000 g mol−1,
determined via SEC utilizing a PMMA calibration). Finally, the alkyne end-functionalized PVP block
and the azido end-functionalized P(OEGMA) brush were conjugated via CuAAc in a mixture of water
and DMSO according the literature [62]. To ensure full conversion, first, an excess of alkyne terminated
PVP was used, whereas after 3 days of reaction, an azido-methyl polystyrene resin was added to
the reaction mixture to capture the excess of PVP [30]. The presence of both blocks was verified via
1H-NMR (Figure S3b), which shows the characteristic signal of the proton assigned to the triazole
at 8.1 ppm, and thus demonstrates the success of the coupling reaction. Moreover, the successful
conversion to the desired DHBC could be shown by a clear shift in the SEC molar mass distribution
(Ð = 1.42; Mn = 59,000 g mol−1, determined via SEC utilizing a PMMA calibration) (Figure S3c).

3.2. PVP-b-P(OEGMA) Aggregate Formation

After synthesis of the PVP-b-P(OEGMA), intended self-assembly in aqueous solution was
investigated (Table S1). As known from the literature, the self-assembly of DHBCs in water is strongly
dependent on polymer concentration [25]. To study the self-assembly behavior of PVP-b-P(OEGMA),
DLS was conducted to identify the presence of aggregate formation on the one hand, and, on the
other hand, to qualitatively compare the fraction of the unimers to the fraction of aggregates formed
as a possible hint toward intended self-assembly. After dissolving PVP-b-P(OEGMA) in Millipore
water, DLS measurements in intensity mode clearly show the formation of aggregates with apparent
hydrodynamic radii in the range of 100 to 250 nm (Figure 1, Table S1), which is supported by cryo-SEM
images (Figure 1 and Figure S4). DLS data in intensity mode show not only the existent self-assembly
of PVP-b-P(OEGMA), but also the strong dependence on concentration in solution. While diluting the
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solution from 2.0 wt.% to 0.5 wt.%, and finally to 0.1 wt.%, the apparent fraction of the non-assembled
polymers increases pronouncedly. This indicates a highly dynamic aggregate formation, depending
on concentration. Furthermore, we note that the displayed intensity-weighted size distributions and
obtained abundances are overestimating larger structures, which is a well-known issue of DLS analysis
in solution. Thus, only a small fraction of self-assembled structures exists in solution, which can be
nonetheless observed clearly in the intensity distribution. Due to the small amount of aggregates
in solution, in the further course of the project, ways to improve the situation were studied. Hence,
non-covalent crosslinking and stabilization of the structures was performed subsequently to investigate
whether the equilibrium of aggregates and unimers can be shifted toward aggregates.
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Figure 1. Intensity-weighted size distribution of PVP-b-P(OEGMA) in Millipore water measured via
dynamic light scattering (DLS) at 25 ◦C and at concentrations between 0.1–2.0 wt.%. Inset: Cryogenic
scanning electron microscopy (cryo-SEM) imaging of PVP-b-P(OEGMA) DHBC at a concentration of
2.0 wt.%, indicating existence of larger structures.

Compared to the analogous linear–linear block copolymer PVP-b-PEO [41], a significant increase in
the apparent self-assembly efficiency, as probed by intensity-weighted DLS, can be observed (Figure 1).
While in the case of a 2.5 wt.% linear–linear DHBC, DLS shows the presence of double the free polymer
than of self-assembled aggregates [41]. Changing the polymer architecture to linear-brush DHBC shows
a three times higher presence of aggregates than unimers at 2.0 wt.% in the DLS intensity. Therefore,
a significant effect of polymer architecture on the properties can be concluded. This highlights the
importance of structure–property relationships in DHBC self-assembly and aggregate formation.

3.3. Crosslinking of DHBC Aggregates via Tannic Acid

In order to shift the equilibrium between unimers and aggregates toward aggregate formation
by an enhanced self-assembly stability, the aggregates were attempted to be crosslinked with TA
(Figure 2a). TA is well-known for its supramolecular complexation with PVP polymers [63]. Crosslinking
experiments via hydrogen bonding were conducted by diluting a 10 wt.% PVP-b-P(OEGMA) solution
to 2.0 wt.% via a 0.5 wt.% aqueous TA solution (see SI for details). The crosslinking reaction takes
place instantly, and is visually observed by a slight turbidity of the solution. Noteworthy, adding a TA
solution of higher concentration (0.6 wt.%) resulted in sedimentation of the polymer–TA aggregates.
This shows the strong supramolecular complexation of TA with the PVP of DHBC, while a diluted
TA solution (0.3 wt.%) does not show a significant promotion of large aggregate formation. Rather,
a disassembly is observed due to dilution after addition of the TA solution. Thus, a ratio of 1:7
(PVP-b-P(OEGMA):TA) indicates a strong non-covalent crosslinking. While diluting, the phenolic
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hydroxide groups undergo strong hydrogen bonding with the peptide-like functional groups of
PVP located within the DHBC. Complex formation appears not only fast, but also appears stable
up to the boiling point of water. This may qualify for a simple and straightforward technique to
stabilize the DHBC aggregates. Non-covalent crosslinking could also be followed via Fourier transform
infrared (FT-IR) spectroscopy (Figure S5). A clear broadening of the OH-stretching vibration of TA
after crosslinking indicates the existence of hydrogen bonds stabilizing aggregate formation.
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Figure 2. (a) Schematic overview of the non-covalent crosslinking reaction of PVP-b-P(OEGMA)
with tannic acid (TA). (b) Intensity-weighted aggregate size distribution of PVP-b-P(OEGMA) after
crosslinking with TA in Millipore water, measured via DLS at 25 ◦C (Inset: Cryo-SEM image of
PVP-b-P(OEGMA) at a concentration of 2.0 wt.% after crosslinking with TA). (c) Intensity-weighted
size distributions of PVP-b-P(OEGMA) measured via DLS at 25 ◦C before and after the non-covalent
crosslinking procedure via TA, and the subsequent disassembly of aggregates via the addition of NaOH
at 2.0 wt.%.

After the successful crosslinking of PVP-b-P(OEGMA) via TA, significant changes of the
self-assembly could be observed via DLS in intensity-weighted size distributions (Figure 2b).
Most notably, the intensity-weighted abundance of unimers decreases after the addition of
TA. The self-assembly process is a highly dynamic equilibrium which leads to an ongoing
self-assembly/disassembly of the unimers toward aggregates, as well as the possible exchange
of unimers in aggregates by unimers in solution. The addition of TA to the DHBC solution appears
to “freeze” the existent self-assembled aggregates via hydrogen bonding interactions. Moreover,
the formation of smaller aggregates in size is observed, which were apparently absent before the
addition of TA. The consolidated self-assembly after TA addition and stabilization of the formed
aggregates can be observed in two different manners. First, prior to crosslinking, aggregate stability
shows a strong concentration dependency resulting in a pronounced unimer fraction when diluted,
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which appears to not be the case after non-covalent crosslinking. For example, at 0.1 wt.% of polymer,
almost no unimer fraction can be detected after crosslinking, but the DHBC solution shows the presence
of free polymer with an apparent abundance of up to 84% according to the intensity-weighted particle
size distribution. Second, the stabilizing effect of TA can also be considered from the concentration
dependency of the apparent aggregate size. Before crosslinking, the particle size decreases with
decreasing concentration; a similar dynamic behavior cannot be observed after crosslinking. On first
sight, this may lead to a stabilized aggregate size upon dilution, indicating the non-covalent crosslinking
ability of TA. Furthermore, the cryo-SEM imaging appears to underline the intensity-weighted DLS
results by the presence of aggregates with apparent overall sizes around 300–400 nm (Figure 2b and
Figure S6). As well, small aggregates with a hydrodynamic radius of around 15 nm can be observed,
which may correspond to the smaller aggregates formed after crosslinking.

3.4. Base-Induced Disassembly of Crosslinked PVP-b-P(OEGMA) Aggregates

As TA is building hydrogen bonds with the lactam group within PVP, a change in the pH value
via the addition of base leads to the suppression of such interactions, as the deprotonated TA cannot
undergo hydrogen bonding with the lactam groups in PVP [64]. Nevertheless, it has been shown
that the PVP–TA complex can be stable up to a pH of 10 [65]. TA crosslinked PVP-b-P(OEGMA)
aggregates could be disassembled by the addition of sodium hydroxide (NaOH), as illustrated via
DLS (Figure 2c and Figure S7). The self-assembly behavior of pure and TA crosslinked aggregates
were compared to the self-assembly behavior of DHBC aggregates that were first crosslinked via
TA and afterwards disassembled via the addition of NaOH. The samples were diluted from their
initial polymer concentration (2.0 wt.%) to 0.5 wt.% and 0.1 wt.% in order to observe the re-introduced
dynamics of the aggregates (Figure S7). Notably, no aggregates of pure TA were observed via DLS
after deprotonation with NaOH.

While the solution of non-covalently crosslinked aggregates shows decreased amounts of unimers,
and only small aggregates with a hydrodynamic radius of around 15 nm as well as large aggregates with
a radius in the range of 100 nm, the addition of NaOH led to the disassembly of the small aggregates
and the appearance of unimers. Therefore, the increase in pH value directly resulted in a breakdown of
parts of the hydrogen bonds between TA and the PVP block. The existence of some reversibility of the
crosslinking can be observed particularly after diluting the sample from the initial 2.0 wt.% to 0.5 wt.%
(Figure S7) and 0.1 wt.% (Figure 2c). While the crosslinked DHBC does not show a major change in
the self-assembly during dilution (Figure 2b), pure DHBC shows substantial changes as the unimer
fraction is increased after each dilution step. Such dynamics are typical for non-crosslinked aggregates,
as the concentration directly affects the ratio of unimers and aggregates. Aggregates that were first
crosslinked via TA and afterwards treated with NaOH show a similar behavior as the unimer fraction
increased with each dilution step. However, the non-covalent crosslinking is not fully reversible, as the
initial fraction of unimers in pure DHBC is significantly higher than the unimer fraction after NaOH
treatment (Figure 2c).

3.5. PVP-b-P(OEGMA) Aggregate Characterization via Analytical Ultracentrifugation

Another solution-based analytical method to study colloidal structures is analytical
ultracentrifugation (AUC). AUC is a well-known method that enables following the sedimentation of
colloidal structures in the dispersed or dissolved state. The method can provide absolute information of
the colloid distribution based on typically employed concentration-sensitive detection. In recent reports,
AUC failed in the identification of aggregates that were observed by the utilization of other analytical
methods in studying pure DHBC and its aggregates so far [29,35]. In the present study, we utilized
concentration-sensitive RI detection for the observation of sedimentation boundaries in sedimentation
velocity experiments. Figure 3a clearly shows the apparent observation of a single boundary of aqueous
PVP-b-P(OEGMA) solutions at 2 wt.% concentration. Notwithstanding, after non-covalent crosslinking,
aggregates of DHBC were clearly identified via AUC at the same concentration (Figure 3c).
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Figure 3. (a) Selected sedimentation velocity profiles of aqueous PVP-b-P(OEGMA) solution at
2.0 wt.% concentration with highlighted profiles more close to the beginning of the experiment
(red), at an intermediate timescale (green), and close to the end (blue). (b) Sedimentation coefficient
distribution, ls-g*(s), of PVP-b-P(OEGMA) with varying concentrations (0.03 wt.% (black), 0.05 wt.%
(red), 0.1 wt.% (green), 0.2 wt.% (blue), 0.5 wt.% (magenta), 1.0 wt.% (brown), 2.0 wt.% (orange)).
(c) Sedimentation velocity profiles of aqueous PVP-b-P(OEGMA) solution after the non-covalent
crosslinking with TA was performed at 2.0 wt.% polymer concentration with highlighted profiles as
in (a). (d) Sedimentation coefficient distribution, ls-g*(s) of PVP-b-P(OEGMA) after the non-covalent
crosslinking reaction with various dilutions (0.03 wt.% (black), 0.05 wt.% (red), 0.1 wt.% (green), 0.2 wt.%
(blue), 0.5 wt.% (magenta), 1.0 wt.% (brown), 2.0 wt.% (orange)), inset: magnification for the range of
low sedimentation coefficients.

Again, the sedimentation velocity profiles of non-crosslinked PVP-b-P(OEGMA) has a one-step
profile, which roughly corresponds to a single population of species in solution (Figure 3a). Surprisingly,
we found the absence of larger structures. This could be explained by their overrepresentation in
DLS-derived intensity-weighted size distributions that over-express the abundance of larger structures
in solution. In most of the recent studies, intensity-weighted DLS investigations have been utilized
as well, demonstrating the necessity of other in-depth studies to reconcile the dynamics in solution;
most prominently, analytical ultracentrifugation failed [29,35]. The present study indicates the existence
of aggregates under certain conditions. Furthermore, considering the timescale of the sedimentation
velocity experiments, together with the dynamic nature and the weak hydrophilic–hydrophilic
interactions of the aggregates, may make the observation of a distinct population abundance in AUC
with RI detection impossible. Interestingly, decreased concentrations of the polymer (Figures 3b
and 4a) led to a shift of the sedimentation coefficient distribution toward larger values, which is
a strong indication of non-ideality observed at these rather high concentrations of the polymer in
solution (Figures 3b and 4b) [66,67]. However, the sedimentation profiles of non-covalently crosslinked
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aggregates with TA show a step in the sedimentation velocity profiles. This could only be the result of
two clearly distinct species moving at distinctly different speeds in the centrifugal field (Figure 3c).
The apparent sedimentation coefficient distribution of suspected “unimers” and the non-covalently
crosslinked aggregates is shown in Figure 3d. The first population at an apparent sedimentation
coefficient of 2.5 S (signal weight average), and being largely independent of concentration appears to
be the result of PVP-b-P(OEGMA) “unimers” (Figure 4b). The apparent second population located
at ca. 60 S (signal weight average) indicates the existence of non-covalently crosslinked aggregates
formed by the DHBC and TA (Figures 3d and 4b). In contrast to Figure 3b, the sedimentation coefficient
distributions of species located around 3 S shows less concentration dependency (as seen by the
magnification in the inset of Figure 3d and in Figure 4b). The population of species observed at higher
sedimentation coefficients indicates the existence of aggregates with increased abundance at increased
concentrations of polymer in solution (Figure 4a, empty circles versus half-filled circles). Interestingly,
the total amount of material observed in sedimentation velocity experiments appears readily similar
(Figure 4a, filled circles and filled squares), indicating the overall correctness of the mass balance.
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Figure 4. (a) Total refractive index (RI) intensities from peak areas of differential sedimentation coefficient
distributions, ls-g*(s), for DHBC at varying concentrations (filled squares: without TA; filled circles:
with TA) as well as RI peak areas of the population sedimenting at lower sedimentation coefficients
(half-filled circles, see Figure 3d) and the abundant larger species (empty circles, see Figure 3d)
appearing when non-covalent crosslinking with TA is performed. (b) Concentration dependence of
the weight-average sedimentation coefficients (filled squares: without TA) and the two populations
observed by non-covalent crosslinking with TA, sedimenting with lower sedimentation coefficients
(half-filled circles, see Figure 3d) and higher sedimentation coefficients (empty circles, see Figure 3d).

Apparently, comparison of the sedimentation velocity results via AUC with DLS-derived
intensity-weighted size distributions displays a modified picture of non-covalently crosslinked
structures, although both methods show the occurrence of DHBC unimers and aggregates. Experiments
at varying concentrations show that below 0.3 wt.%, no distinction between smaller and larger species
appears possible (Figure 4) in AUC experiments. However, above 0.3 wt.%, distinction is clearly
possible, with the aggregates increasing in abundance and the smaller colloid fraction decreasing in
abundance. The overall mass balance of material by summing both signals appears, on first sight,
only slightly affected, if at all (Figure 4a). Additionally, the apparent sedimentation velocity of the
crosslinked aggregates does not show a pronounced effect on concentration (Figure 4b, empty circles),
which clearly underlines their persistence, once observed in AUC. Translation of the signal (weight)
average sedimentation coefficients to an apparent size is possible via the hydrodynamic equivalent
sphere concept dh = 3

√
2
√
[s]υwith [s] = sη/(1− υρ0) with ρ0 being the solvent density, η being the

solvent viscosity, and υ being the partial specific volume of the objects in solution. υ was determined
via densimetry, resulting in values of υ = 0.81 cm3g−1 for the polymeric system without TA and
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υ = 0.72 cm3g−1 for the system containing TA (see Figure S8). Utilization of these values leads to
an apparent hydrodynamic radius of 2.5 nm for the unimers at 2 wt.% polymer without TA, 2.4 nm
for the unimers, and 11 nm for the aggregates of solutions containing TA. Here, we assume solid
spheres without hydration and modified friction when comparing to an ideal sphere under solution
conditions at the respective concentrations. We note that the solution conditions are far away from
high dilution, which is required for correct size estimations. Notwithstanding, AUC supports the
findings from DLS in terms of the presence of unimers and aggregates that are similar in size when
considering the volume-weighted DLS distribution (Figure S9). As indicated by DLS and cryo-SEM,
the small abundance of large aggregates (in size around 100 nm) occur only in low concentrations,
and thus are difficult to find in AUC measurements. This aspect is not surprising concerning the
physical methodology used for deriving apparent hydrodynamic sizes in non-ideal solutions based
on concentration-sensitive detection. The relatively small aggregates may also be gauged from the
cryo-SEM images (e.g., Figure 2b inset and Figures S4 and S6 at high magnification).

4. Conclusions

In the present work, we could show an apparent improvement in the self-assembly process
of double hydrophilic block copolymers in aqueous solution by non-covalent crosslinking with TA
and by utilizing a linear-brush macromolecular double hydrophilic architecture. The improved
self-assembly behavior of PVP-b-P(OEGMA) and its concentration dependency could be shown
by DLS-derived intensity-weighted size distributions (apparent hydrodynamic radii ≈ 100–120 nm).
Moreover, the DHBC assemblies could be non-covalently crosslinked via TA, which led to the additional
formation of small aggregates (apparent hydrodynamic radii ≈ 15 nm). The crosslinking improved the
self-assembly and apparently stabilized the aggregates upon dilution, diminishing the pronounced
concentration dependency of self-assembly of the initial DHBC polymer. The presence of the aggregates
could be observed via cryo-SEM before and after non-covalent crosslinking. Furthermore, particularly,
the DLS results could be supported with AUC results, showing the existence of both aggregates and
unimers, which was practically impossible in recent studies. Although the quantitative agreement
between analytical methods is difficult to grasp momentarily, our study as well hints toward the
necessity of the use of complementary analytical methods in solution to obtain a comprehensive picture
of non-covalent assemblies, as the different methods provide an orthogonal clue about the physical
chemistry in solution.
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Abstract: We show that a precise control of deposition speed during the fabrication of polyfullerenes
and donor polymer films by convective self-assembly leads to an optimized film microstructure
comprised of interconnected crystalline polymer domains comparable to molecular dimensions
intercalated with similar polyfullerene domains. Moreover, in blended films, we have found a
correlation between deposition speed, the resulting microstructure, and photoluminescence quenching.
The latter appeared more intense for lower deposition speeds due to a more favorable structuring at
the nanoscale of the two donor and acceptor systems in the resulting blend films.

Keywords: conjugated polymers; polyfullerenes; processing by convective self-assembly; thin films
and microstructure; photoluminescence quenching

1. Introduction

Nowadays, alternative renewable energy sources are becoming essential in our society, and organic
photovoltaics (OPVs) could become in the near future a viable technological solution for continuously
increasing societal energy needs. OPVs are based on semiconducting conjugated materials, and at the
moment, they can convert solar energy into electricity with a power conversion efficiency of about
16.5% [1]. Researchers have shown in this last decade that in order to make efficient OPVs, one has
to manipulate a series of internal fundamental phenomena that occur in the active layer such as
exciton diffusion and separation [2,3], charge transport and carrier migration [4,5], or exciton and
charge recombination [6] directly by controlling the microstructure of the active layer from nano- to
micro- and up to the macroscale [4,6–10]. Thus, a fine control over the microstructure in the active
layer is expected to tune the resulting optoelectronic properties, including the emission properties.
For instance, because photoluminescence (PL) quenching is a measure of excitons separation at the
donor–acceptor interfaces [11], it is important to maximize PL quenching between the donor and the
acceptor materials when fabricating OPVs.

In the literature, researchers have described many efficient techniques that can be used to
control more or less molecular conformations and microstructure in the active layer [12–20] and thus,
to efficiently tune the emission/quenching properties [21,22]. These techniques also include convective
self-assembly (CSA), which is a blade coating type technique [23] that can permit the specific control
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of the backbone/chain conformation by favoring more planarized polymer structures [24]. CSA is
a specific methodology that is used to deposit colloidal solutions onto solid substrates. With CSA,
by precisely controlling the deposition temperature and the specific tilt angle of the deposition ‘blade’
of the used coater, the forces acting at the triple air–substrate–solution interface can be manipulated
while the solution is cast onto a carrier moving with controlled speed. As a consequence, CSA can
allow us to control solvent evaporation rate and thus can be adapted to fabricate uniform, structured
films using both oligomeric and macromolecular species.

Here, we employ CSA technique at various deposition speeds to produce donor–acceptor
thin films of poly[(5,6-difluoro-2,1,3-benzothiadiazol-4,7-diyl)-alt-(3,3′-di(2-octyldodecyl)2,2′;5′,2′;
5′,2′-quaterthiophen-5,5′-diyl)] (PCE11; Figure 1a) and poly{[bispyrrolidino (phenyl-C61-butyric
acid methyl ester)]-alt-[2,5-bis(octyloxy)benzene]} (PPCBMB; Figure 1b) that exhibit much higher PL
quenching than their PCE11:PPCBMB analogues made by the spin-casting technique. As revealed by
atomic force microscopy (AFM), this higher PL quenching is related to the changes in film microstructure
induced upon film deposition using CSA. Our results are of importance in the OPVs field, as PCE11
and fullerenes are promising materials for organic solar cell fabrication [25–27].

Nanomaterials 2019, 9, x FOR PEER REVIEW 3 of 10 

 

and polyfullerenes and thus, under specific CSA casting conditions, to control the size of resulting 
alternating donor–acceptor domains. 

Indeed, the deposition of PCE11:PPCBMB blended films using the CSA technique led to a film 
microstructure that could be differentiated from that obtained in spin-cast analogue films (Figure 1). 
On the surface of the film prepared by CSA, brighter crystalline regions are alternating with wide 
darker regions (Figure 1c–e). We attribute these crystalline structures to the electron donor PCE11, 
which is a polymer system that is known for its high crystallinity and preferential face-on orientation 
of domains [25]. Note that generally, crystalline phases can be identified when using both AFM 
topographic (height mode) and viscoelastic (phase mode) images simultaneously [29–31]. 
Topography involves giving information about the surface profile/roughness while the phase is able 
to judge the structure of different material phases such as material softness/stiffness. As PCE11 is 
crystalline, i.e., stiffer material, it appears brighter in AFM phase images. Darker, most probably 
amorphous regions correspond to the electron acceptor PPCBMB. Moreover, these narrow crystalline 
domains displaying several tens of nanometers in lateral size are both randomly oriented and well-
interconnected, forming complex crystalline networks (an example of such a network is delimited by 
dotted lines in Figure 1c) surrounded by PPCBMB regions. Instead, when analyzing the spin-cast 
film, we have noticed the presence of crystalline structures of various sizes ranging from very small 
(~0.05 ± 0.02 µm2) to much bigger structures (~0.55 ± 0.2 µm2). No matter their size, these structures 
were separated from each other and surrounded by much narrower PPCBMB regions (Figure 1f–h). 
Therefore, they appeared rather disconnected, as indicated by the dotted lines in Figure 1f. 

 

Figure 1. (a,b) Chemical structure of poly[(5,6-difluoro-2,1,3-benzothiadiazol-4,7-diyl)-alt-(3,3′-di(2-
octyldodecyl)2,2′;5′,2′; 5′,2′-quaterthiophen-5,5′-diyl)] (PCE11) (a) and poly{[bispyrrolidino
(phenyl-C61-butyric acid methyl ester)]-alt-[2,5-bis(octyloxy)benzene]} (PPCBMB) (b) systems.
Topography (c) and phase (d) atomic force microscopy (AFM) images of a PCE11:PPCBMB thin
film prepared using convective self-assembly (CSA) at a casting speed of 10 µm/s. (e) Zoom-in of the
image shown in (d). Topography (f) and phase (g) AFM images of a PCE11:PPCBMB as spin cast film.
(h) Zoom-in of the image shown in (g). Dotted lines are for eye guiding only and are indicating various
PCE11 structures.
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2. Materials and Methods

PCE11 of a weight-average molecular weight Mw = 112.707 kg/mol, number-average molecular
weight Mn = 55.674 kg/mol, and polydispersity index PDI = 2.02 was purchased from Ossila Ltd.
(Sheffield, UK) PPCBMB of a weight-average molecular weight Mw ≈ 73.8 kg/mol, number-average
molecular weight Mn ≈ 24.6 kg/mol and poly dispersity index PDI = 3 was obtained from sterically
controlled azomethine ylide cycloaddition polymerization of the phenyl-C61-butyric acid methyl ester
(PCBM) as described elsewhere [28].

Thin films of PCE11 and PPCBMB were made by spin casting at 2000 rpm from 6 g/L chlorobenzene
solution (with the resulting film thickness of about 80 ± 8 nm) as well as by CSA at deposition speeds
of 1000 µm/s, 500 µm/s, 100 µm/s, 50 µm/s, 25 µm/s, and 10 µm/s respectively (with the resulting film
thickness varying between 30 ± 5 nm and 140 ± 15 nm, respectively). A 50/50 weight percentage ratio
was used to obtain solutions of PCE11:PPCBMB blend. Films of PCE11:PPCBMB were also made
employing the above described procedure. For all films, regular UV–ozone cleaned microscopy cover
glass was used as substrate.

The CSA coater was comprised of a motorized translation stage using a linear actuator from
Zaber Technologies and moving with speeds ranging between ~4.7 µm/s and 8 mm/s. A temperature
controller was placed on top of the translation stage, and the temperature of the substrate was regulated
between 17 ◦C and 24 ◦C using a water-controlled system (Accel 250 LC from Thermo Scientific).
A cover glass that acted as a blade was fixed in the near vicinity of the substrate at the desired
angle; the polymer solution was placed on the substrate, underneath and near the edge of the blade.
This configuration allowed us to precisely control both the deposition speed and the temperature of
the substrate.

For the acquisition of AFM images, an Alpha 300A microscope from Witec was used in tapping
mode. PL spectra were collected using an FP-6500 Spectrofluorometer from Jasco (excitation wavelength
range of 220–750 nm). All PL spectra were recorded using an excitation wavelength of 640 nm.

3. Results and Discussion

Most of the work performed on OPVs has focused on film microstructures resulted by blending
conjugated donor polymers with various fullerenes. Obtained microstructures most often were
characterized by the existence of randomly alternating donor and acceptor domains, each greatly
varying in size. Aiming to gain control over molecular packing at the nanoscale, we have decided
in this work to replace fullerenes with polyfullerenes and to blend them with a crystalline PCE11
polymer system. This way, we expected to stimulate the phase separation process between polymer
and polyfullerenes and thus, under specific CSA casting conditions, to control the size of resulting
alternating donor–acceptor domains.

Indeed, the deposition of PCE11:PPCBMB blended films using the CSA technique led to a film
microstructure that could be differentiated from that obtained in spin-cast analogue films (Figure 1).
On the surface of the film prepared by CSA, brighter crystalline regions are alternating with wide
darker regions (Figure 1c–e). We attribute these crystalline structures to the electron donor PCE11,
which is a polymer system that is known for its high crystallinity and preferential face-on orientation
of domains [25]. Note that generally, crystalline phases can be identified when using both AFM
topographic (height mode) and viscoelastic (phase mode) images simultaneously [29–31]. Topography
involves giving information about the surface profile/roughness while the phase is able to judge the
structure of different material phases such as material softness/stiffness. As PCE11 is crystalline, i.e.,
stiffer material, it appears brighter in AFM phase images. Darker, most probably amorphous regions
correspond to the electron acceptor PPCBMB. Moreover, these narrow crystalline domains displaying
several tens of nanometers in lateral size are both randomly oriented and well-interconnected, forming
complex crystalline networks (an example of such a network is delimited by dotted lines in Figure 1c)
surrounded by PPCBMB regions. Instead, when analyzing the spin-cast film, we have noticed the
presence of crystalline structures of various sizes ranging from very small (~0.05 ± 0.02 µm2) to much
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bigger structures (~0.55 ± 0.2 µm2). No matter their size, these structures were separated from each
other and surrounded by much narrower PPCBMB regions (Figure 1f–h). Therefore, they appeared
rather disconnected, as indicated by the dotted lines in Figure 1f.

Furthermore, the ratio between the area of crystalline PCE11 (~57% of the total surface) and the
area of amorphous PPCBMB (~43% of the total surface) regions was about 1.32 for the film produced
using CSA. In comparison, for the spin-cast film, this ratio was about 4 (with 80% of the surface
covered by crystalline regions and 20% of the surface covered by amorphous regions). Although
AFM measurements do not exclude the existence in both films of regions with intercalated PCE11 and
PPCBMB molecules, it appears that the microstructure optimized using CSA was roughly comprised
of interconnected, crystalline electron donating domains displaying a width comparable to molecular
dimensions that were intercalated with similar electron-accepting domains. The above described
microstructure could be much altered by increasing the CSA casting speed to, for example, 1000 µm/s.
In these conditions, micrometer large crystalline regions of pure PCE11 were formed, and they were
separated from intermixed regions containing small structures of both PCE11 and PPCBMB systems
(Figure 2).
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Since PL quenching is a measure of exciton separation at the donor–acceptor interfaces, we have
further compared the emission properties of the two films presented in Figure 1. We have found
that there was a 65% PL quenching in the film produced using CSA compared to only a 25% PL
quenching measured for the spin-cast film (Figure 3a). There are two reasons that could explain these
rather low PL quenching values measured for PCE11:PPCBMB films. One reason is related to the
lower unoccupied molecular orbital (LUMO) of PCE11 (−3.69 eV [25]) and of PPCBMB (−3.34 eV [28])
systems that are not necessarily favoring charge transfer (nonetheless, charge transfer conditions could
still be fulfilled, because LUMO levels could be slightly modified when blending the two systems [32]).
The other reason is related to the fact that long chains of polyfullerenes are more difficult to intercalate
in between PCE11 polymer chains to form PCE11:PPCBMB co-crystalline domains, which could favor
excitons generation/separation due to close molecular packing [32].

Moreover, PL quenching was dependent on the CSA deposition speed (and less dependent on
the temperature at which the substrate was kept during casting), i.e., on the type of the resulting
microstructure (Figure 3b). Thus, we attribute this improvement of PL quenching from 25% to
65% to the optimization of the film microstructure through the realization of alternating donor and
acceptor domains comparable to molecular dimensions and displaying a much larger interface area
that favors stronger polymer–polyfullerene quencher interactions. Similar results were obtained for
several other blends when replacing PCE11 with other conjugated polymer donor systems such as
poly[2,5-bis(3-alkylthiophen-2-yl)thieno(3,2-b)thiophene] (PBTTT), poly(3-(2′-ethyl)hexyl-thiophene)
(P3EHT), poly (3-hexylthiophene) (P3HT), or poly(3-hexyl)selenophene (P3HS) (Figure 3c), indicating
an extended applicability of the CSA technique in the processing of PPCBMB-based blends.
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In order to further point out the efficiency of the CSA technique to induce structural changes
in conjugated polymer/polyfullerene films, we have further investigated neat films of both PCE11
and PPCBMB. The results showed again that we can differentiate the microstructure of a PCE11 film
that was deposited using CSA (Figure 4a–c) with respect to a PCE11 film that was simply spin cast
(Figure 4d–f). The PCE11 film deposited using CSA at low casting speed displayed uniform granular
structures that were often interconnected into rather elongated superstructures (indicated in Figure 4c
by the broken lines) with a width of several tens of nanometers. Instead, the spin-cast film exhibited a
microstructure that was comprised of many aggregated structures (indicated by the broken shapes in
Figure 4f) randomly distributed on the surface along with much smaller granular structures.
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Figure 4. Topography (a) and phase (b) AFM images of a PCE11 thin film made by CSA at a low
deposition speed of 10 µm/s. (c) Zoom-in of the image shown in (b). Topography (d) and phase (e)
AFM images of a PCE11 as spin-cast film. (f) Zoom-in of the image shown in (e). Broken lines and
shapes are for eye guiding only.
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The microstructure obtained at low casting CSA speeds could again be altered when increasing
casting speed to, for instance, 500 µm/s (Figure 5). When we have looked into more details and
compared high magnification AFM images of the three PCE11 films deposited by spin casting and by
CSA at high and low deposition speeds respectively, we have noticed that the microstructure of PCE11
film deposited at high CSA speed was comprised of both bigger aggregates (indicated by dotted shapes)
and smaller granular structures (Figure 6b). In this latter case, the obtained microstructure was similar
to that observed for the as spin-cast PCE11 film (Figure 6a). In contrary, as already shown in Figure 4a–c,
the higher magnification AFM image of PCE11 film prepared at low CSA speed emphasized even
clearer the existence of a microstructure comprised of monomodal (interconnected) granular structures
(Figure 6c).
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The analysis of the PL spectra recorded for thin films of PCE11 deposited both by spin-casting
and CSA techniques have further emphasized the differences in the film microstructures (Figure 7).
We could notice the appearance of a red shift of ~10 nm in the main emission peak for films deposited
very slowly using CSA in comparison to films spin cast or deposited via CSA but using higher casting
speeds. According to the literature, these results are indicating at least that films deposited at higher
speeds are comprised of polymer chains adopting less planarized (displaying more torsional disorder,
i.e., shorter conjugation length) conformations of the backbone with excitons possibly experiencing a
more disordered energy landscape than those cast at lower speeds [24].
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A further comparison of the microstructure between two films of PPCBMB obtained using CSA at
low casting speed (Figure 8a–c) and spin casting (Figure 8d–f) also displayed structural differences.
The microstructure of film prepared using CSA was comprised of disk-like structures of an average
diameter of several tens of nanometers. Meanwhile, the microstructure of the spin-cast film was
comprised of randomly distributed linear or circular fiber-like structures, with the average fiber width
in the range of 20 ± 4 nm. When using CSA at higher casting speeds, a mixed microstructure comprised
of both aggregated fiber-like and disk-like structures was obtained (Figure 9). Thus, similarly to PCE11,
the PPCBMB system also exhibited differences in microstructure that were directly correlated to the
casting techniques and conditions used for the preparation of thin films. Therefore, the above results
indicate that the CSA technique is able to induce important microstructural changes in PCE11 and
PPCBMB containing films, and thus that it can be efficiently used to control, for instance, PL quenching.Nanomaterials 2019, 9, x FOR PEER REVIEW 8 of 10 
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Figure 8. Topography (a) and phase (b) AFM images of a PPCBMB thin film made using CSA at a low
deposition speed of 10 µm/s. (c) Zoom-in of the image shown in (b). Topography (d) and phase (e)
AFM images of a PPCBMB as spin cast film. (f) Zoom-in of the image shown in (e).
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Figure 9. Topography (a) and phase (b) AFM images of a PPCBMB thin film prepared by CSA at a
deposition speed of 1000 µm/s. (c) Zoom-in of the image shown in (b).

4. Conclusions

As revealed by AFM and PL spectroscopy, the quality of microstructure corresponding to thin
films of PCE11 and PPCBMB depended on the casting conditions and technique. Only using CSA at
low casting speed led to an optimized film microstructure that was comprised of crystalline domains
of PCE11 alternated with PPCBMB amorphous regions and that exhibited strong PL quenching.
These results indicate both that the microstructure of PCE11:PPCBMB films is highly sensitive to the
conditions under which such films are prepared and that by carefully controlling the conditions of film
preparation, we could finely tune the resulting optoelectronic properties as it is needed, for example,
in OPV applications.
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Abstract: Differential centrifugal sedimentation (DCS) is based on physical separation of nanoparti-
cles in a centrifugal field prior to their analysis. It is suitable for resolving particle populations, which
only slightly differ in size or density. Agglomeration presents a common problem in many natural
and engineered processes. Reliable data on the agglomeration state are also crucial for hazard and risk
assessment of nanomaterials and for grouping and read-across of nanoforms. Agglomeration results
in polydisperse mixtures of nanoparticle clusters with multimodal distributions in size, density,
and shape. These key parameters affect the sedimentation coefficient, which is the actual physical
quantity measured in DCS, although the method is better known for particle sizing. The conversion
into a particle size distribution is, however, based on the assumption of spherical shapes. The latter
disregards the influence of the actual shape on the sedimentation rate. Sizes obtained in this way
refer to equivalent diameters of spheres that sediment at the same velocity. This problem can be
circumvented by focusing on the sedimentation coefficient distribution of complex nanoparticle
mixtures. Knowledge of the latter is essential to implement and optimize preparative centrifugal
routines, enabling precise and efficient sorting of complex nanoparticle mixtures. The determination
of sedimentation coefficient distributions by DCS is demonstrated based on supracolloidal assemblies,
which are often referred to as “colloidal molecules”. The DCS results are compared with sedimen-
tation coefficients obtained from hydrodynamic bead-shell modeling. Furthermore, the practical
implementation of the analytical findings into preparative centrifugal separations is explored.

Keywords: nanoparticles; colloidal clusters; colloidal molecules; sedimentation; separation; classifica-
tion of nanoparticles; analytical centrifugation; differential centrifugal sedimentation; disk centrifuge;
density gradient centrifugation

1. Introduction

Pursuant to the International Union of Pure and Applied Chemistry, colloidal particles
are defined as objects that have “a dimension roughly between 1 nm and 1 µm” [1]. This
includes the nanoscale, which is associated to the size range of approximately 1 nm to
100 nm, in line with ISO/TS 80004-2:2015 specifications [2]. Colloidal particles underlie
Brownian motion. The latter prevails over sedimentation if the nanoparticles do not form
agglomerates with dimensions beyond the colloidal domain. However, agglomeration
and heteroaggregation of colloidal particles are major and common problems in many
natural and engineered processes [3]. Surface energy will promote the agglomeration
of small particles in the absence of kinetic stabilization. The latter is strongly influenced by
external parameters, such as pH, salinity, or the presence of depletants [4]. Furthermore,
heteroaggregation is observed when different types of colloidal particles attract each
other [5]. This can be mediated by opposite surface charges, but heteroaggregation may
also occur between charged and neutral particles [6]. Attachment of macromolecules
to their surface may result in bridging flocculation of colloidal particles [4,7]. In cases
like these, clusters of a limited number of constituent particles are formed at the onset of
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nanoparticle aggregation. At this early stage of aggregation, the suspension contains a
multimodal mixture of assemblies with dimensions still within the colloidal regime. An
accurate analytical tool to identify the onset of aggregation has thus to provide a high
resolving power for mixtures of different colloidal species.

Common particle sizing techniques such as scattering techniques permit only the pre-
cise measurement of average particle sizes of monomodal colloids or bimodal mixtures that
differ by at least an order of magnitude in particle size [8]. For example, static and dynamic
light scattering are inherently sensitive to larger species present in a colloidal suspen-
sion. Light scattering is thus an excellent tool to monitor the onset of aggregation because
the scattered light intensity is widely governed by the aggregates, while the precursor
particles only contribute slightly [9]. Other techniques, such as electron microscopy, have
their strength in mapping individual aggregates [10]. However, they provide poor statistics,
demand specific preparation requirements, and have harsh experimental conditions. In
particular, they do not permit in-situ studies.

Analytical centrifugal methods pave the way to direct studies of water-borne col-
loidal particles in aqueous suspension [11]. Moreover, centrifugal separation of colloidal
particles provides the extraordinary resolving power required for an in-depth analysis of
polydisperse nanoparticle mixtures. Two common sedimentation techniques have been
established: analytical ultracentrifugation (AUC) and differential centrifugal sedimentation
(DCS). AUC is a valuable tool for analyzing structural aspects of synthetic and biological
nanoparticles. It is based on integral sedimentation of colloidal particles, which means
that, during the analysis, the sum (the integral) of all particles smaller than a certain size is
being measured [12]. Mathematical differentiation with respect to diameter will yield the
(differential) particle size distribution.

Differential centrifugal sedimentation (DCS), which is also known as disk centrifuge
photosedimentometry (DCP) [13] or as analytical disk centrifugation [14], enables direct
measurements of differential size distributions [12]. The method combines centrifugal sepa-
ration of different nanoparticle populations with continuous light extinction measurement
at a fixed position. The centrifugal separation is carried out in a rotating disk (Figure 1a).
The latter contains a density gradient, whose densities increase in radial direction. The
gradient counteracts a higher apparent density in the sample than in layers underneath and
prevents the sample from behaving as a fluid of higher density [15]. This is necessary to
make the particles sediment as individual species at rates specified by their sedimentation
coefficients. A detector beam is passing the density gradient at a fixed position in the
vicinity of the heaviest end of the gradient. As a differential technique, only particles of
a specific sedimentation coefficient reach the detector beam and are quantified by the re-
duction of the detector beam resulting from light scattered by particles. The sedimentation
rate of a given particle population depends on its size, buoyant density, and, to a lesser
extent, also on its shape [16]. It is for this reason that DCS has been widely used as a highly
versatile method for particle sizing in colloid science (Figure 1c). Particle size distributions
can be precisely measured down to a few nanometers [12]. This allows for sizing of syn-
thetic and biological particles as diverse as polymer latexes [17], silica particles [13,18],
gold nanospheres [18] and nanorods [19], carbon nanotubes, [20], amyloid fibrils [21], and
influenza viruses [22], amongst many others.

DCS can be viewed as a complementary method to AUC, which, however, permits
fast particle sizing, likewise at excellent resolution, but without the need for solving com-
plicated equations [19]. Further refinement of the instrumentation by the manufacturer in
recent years, such as optically, virtually fully transparent disks resistant to organic solvents
paired with lower wavelengths of the detector beam, has made DCS a routine tool for
measuring particle size distributions at high quality. In addition, substantial scientific
progress was made, thereby paving the way for new directions. Armes and co-workers
pioneered the analysis of various nanocomposite particles, including sterically stabilized
nanoparticles [23] and raspberry-type heteroaggregates [14]. Moreover, the potential to
explore colloids with surface-bound proteins was demonstrated [24,25]. Such hybrid
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particles are characterized by size distributions, which are superimposed by density dis-
tributions [14]. Knowledge of the particle size obtained from complementary techniques
enables the determination of effective particle densities by DCS [17]. The latter are defined
as the difference between the actual particle density and the density of the dispersing
medium. DCS measurements thus carried out in density gradients of different composi-
tion permit simultaneous determination of particle size and density [13,22]. In the same
way, combination of centrifugal sedimentation and flotation triggered by the densities
of different dispersing fluids can be used for independent measurements of particle size
and density [17].
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high-resolving power of DCS: As an example, the analysis of a bimodal nanoparticle mixture dif-
fering by a few nanometers is shown. The latter contains spherical polystyrene latex particles with 
number-averaged diameters of 142 nm and 108 nm. It should be noted that the first particle popu-
lation is identical to the elementary units of the clusters studied in this work, whereas the smaller 
particles were obtained by increasing the emulsifier concentration during particle synthesis. (c) 
For spherical particles, a particle size distribution is obtained after (i) conversion of the light ex-
tinction into particle concentrations using Mie theory, and (ii) recalculation of sedimentation times 
according to Equation (4). 
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Figure 1. Differential centrifugal sedimentation (DCS) using a disk centrifuge: (a) A density gradient
capped with dodecane is built within a rotating hollow, optically transparent disk. The sample is
placed on top of the gradient via a central injection port. Different particle populations migrate
as discrete zones at rates specified by their respective sedimentation coefficients. Attenuation of
laser light is recorded continuously to quantify the scattering by particles arriving at a fixed detector
position as a function of the sedimentation time. (b) Raw data of a DCS run demonstrating the
high-resolving power of DCS: As an example, the analysis of a bimodal nanoparticle mixture differing
by a few nanometers is shown. The latter contains spherical polystyrene latex particles with number-
averaged diameters of 142 nm and 108 nm. It should be noted that the first particle population is
identical to the elementary units of the clusters studied in this work, whereas the smaller particles
were obtained by increasing the emulsifier concentration during particle synthesis. (c) For spherical
particles, a particle size distribution is obtained after (i) conversion of the light extinction into
particle concentrations using Mie theory, and (ii) recalculation of sedimentation times according to
Equation (4).

In this article, we will demonstrate that DCS is a straightforward method to directly
measure distributions of sedimentation coefficients in multimodal mixtures of nanopar-
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ticles. Colloidal clusters varying in their number of spherical constituent particles and,
closely related to this, their geometries will serve as a model system. Such supraparticles
are often referred to as “colloidal molecules” as their configurations resemble those of
true molecules [26–28]. They have well-defined shapes, which are defined by packing
criteria for uniform spheres, and can thus be regarded as prototypical for the organization
of matter into nanocomposites [27]. The exemplary case study can thus be easily trans-
ferred to many other practical problems, including microscopic mechanisms underlying
aggregation in aqueous nanoparticle dispersions. In this regard, DCS permits proper dis-
crimination among species differing in their number of constituent particles and provides
quick and precise access to sedimentation coefficients. The latter ones can be used to
optimize centrifugal routines, enabling effective separation of nanoparticle mixtures.

2. Materials and Methods
2.1. Chemicals

Ultra-pure D(+)-sucrose (≥99.9%, Proteomics Grade DNAse-, RNAse-free, VWR In-
ternational GmbH, Darmstadt, Germany) and deionized water (resistivity > 18 MΩ cm)
obtained from a reverse osmosis water purification system (Millipore Direct 8, Merck
Chemicals GmbH, Darmstadt, Germany) were used for making aqueous density gradi-
ents. n-Dodecane (≥99%) was purchased from Sigma-Aldrich Chemie GmbH, Steinheim,
Germany and used as received. A commercial polystyrene latex standard with a parti-
cle diameter of 251 nm (HS0025-20, BS-Partikel GmbH, Mainz, Germany) was used for
calibration during DCS experiments.

2.2. Colloidal Clusters

The particle clusters studied in this work were prepared by assembly of narrowly
dispersed cross-linked polystyrene latex particles while confined at the surface of evap-
orating emulsion droplets [29]. The polystyrene particles bearing a nanometer-thin hy-
drophilic surface were synthesized by emulsion polymerization of styrene, divinyl benzene,
and N-isopropylacrylamide in the presence of sodium dodecyl sulfate as the emulsifier
and potassium persulfate as the initiator. A detailed description of the synthesis of the
latex particles can be found in [16]. Their average diameter of 144 nm (as determined by
transmission electron microscopy) and very low polydispersity index of 1.001 (given by the
weight-average diameter divided by the number-average diameter) makes the spherical
polymer particles perfectly suited to assembly into well-defined clusters with dimensions in
the colloidal regime. The assembly into clusters was accomplished along the lines specified
in [16]. The nature of the assembly hinges on trapping a limited number of particles at
the surfaces of toluene droplets and packing them into clusters by strong capillary forces
that occur during evaporation of the droplet phase [30]. The binding of the particles to
the droplets is driven by minimization of surface energy and represents a variation of
the Pickering effect with strongly swollen particles at the oil–water interface [31]. The
random distribution of the polymer particles across the droplets results in a mixture of
clusters differing in the number of constituents, ranging mainly from 2 to 12. In addition,
the aqueous suspension of colloidal clusters also contains a fraction of single particles,
resulting from droplets bearing just one particle at the surface.

2.3. Differential Centrifugal Sedimentation

Sedimentation coefficient distributions were recorded on an analytical disk centrifuge
(DC24000 UHR, CPS Instruments, Inc., Prairieville, LA, USA) [12]. A density gradient
was built in situ from 8.0% to 2.0% (m/m) aqueous sucrose solutions by filling the hollow
disk rotating at 24,000 rpm. The gradient was covered with a thin layer of n-dodecane,
thus minimizing evaporation of water and extending the lifetime of the gradient. The step
gradient built from nine sucrose solutions (1.6 mL each) was allowed to equilibrate within
30 min, yielding a continuous gradient, which is virtually linear in volume [32].
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Diluted sample suspensions (0.02% (m/m)) were sonicated to eliminate any temporary
agglomerates and injected into the spinning disk (100 µL in total). The sedimentation
time scale of the DCS runs is calibrated with polystyrene nanospheres as a size standard. It
must be noted that this calibration is a necessary step in the software of the device before
the sample measurement can be performed. However, this calibration had no influence
on the actual sedimentation coefficient profiles studied in this work as the latter ones
are derived from the raw data (light attenuation at λ = 405 nm vs. sedimentation time,
cf. Figure 1b) and by using the single particles left in the cluster mixture as an internal
reference to determine the constant k in Equation (1). By going through this procedure,
the sedimentation time scale is finally defined by a component facing the same conditions
as the species being investigated in the same DCS run.

2.4. Nanoparticle Separation

Preparative separation of the clusters into fractions with the same number of con-
stituent particles was accomplished by rate-zonal density gradient centrifugation [33]. The
fundamental procedure corresponds to a large extent the one reported earlier in ref. [16].
However, the focus of the current work was on aligning optimized DCS routines with
preparative fractionation as tightly as possible. For this reason, several adjustments became
necessary. Sucrose density gradients (36 mL), linear in volume ranging from 2% (m/m) to
8% (m/m), were prepared using a simple gradient maker, originally used for biological sep-
arations [34]. The latter is based on two chambers filled with the heaviest and lightest part
of the gradient to be built. Gradual mixing of the two sucrose solutions is achieved by a
rotating stir bar located in the lighter solution. Gravity results in an outward flow, which
is assisted by a peristaltic pump (Masterflex L/S® Digital Miniflex® Pump, Cole-Parmer
GmbH, Wertheim, Germany), enabling flowrate (0.1 mL s−1)-controlled gradient forma-
tion. The latter was built inside a centrifuge tube (Ultra-Clear Centrifuge Tubes, Beckman
Instruments, Inc., Fullerton, CA, USA) from below using a drain tube. To facilitate the
evaluation of the preparative separation, the centrifuge tubes were equipped with a scale,
thus allowing precise allocation of zones of banded particle populations.

Next, 2 mL of cluster suspension (0.36% (m/m)) was carefully placed on top of
the density gradient. Centrifugation was performed on an Optima XPN-90 Ultracen-
trifuge equipped with an SW 32 Ti swinging-bucket rotor (Beckman Coulter GmbH,
Krefeld, Germany). Run conditions were 15 min at 24,000 rpm (relative centrifugal forces:
RCFav. = 70,963, RCFmax. = 98,703) and 25 ◦C.

The clusters separated into discrete zones were extracted from the top of the gradient
using a self-built fraction recovery system. The tip of a drain tube was directly positioned
into the center of the zone of banded particles to be collected. A slight negative pressure was
used for gentle extraction. The cluster fractions were dialyzed exhaustively to remove su-
crose prior to sample analysis (dialysis membrane: Spectra/Por® 7, MWCO 50,000 kD).

2.5. Further Methods

Transmission electron microscopy (TEM) on a Libra 120 microscope (Carl Zeiss AG,
Oberkochen, Germany) at an acceleration voltage of 120 kV was used to determine the
average size (144 nm) and polydispersity (1.001) of the cluster constituents based on
1000 individual particle counts. The hydrodynamic diameter of the latter is 145 nm, as
demonstrated by dynamic light scattering measurements at 25 ◦C on an ALV/CGS-3
Compact Goniometer System (ALV-Laser Vertriebsgesellschaft m-b.H, Langen Germany).
The particle density was derived by measuring the densities of a concentration series
using a DMA 5000 M density meter (Anton Paar GmbH, Graz, Austria). Extrapolation
of the reciprocal values of the measured densities (= specific volumes) to a solid content
of 100% (m/m) yielded a particle density of 1.057 g cm−3 at 25 ◦C. It should be noted
that the particle density measured by this method corresponds to the density of the bulk
material [35]. However, several studies demonstrated that polystyrene latex particles
have buoyant densities, which are identical within the limits of experimental errors to the
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density specified for the bulk material [36,37]. Fractions of colloidal clusters isolated after
centrifugal separation in a density gradient were investigated by field emission scanning
electron microscopy (FESEM) using a CrossBeam 1540 XB microscope (Carl Zeiss AG,
Oberkochen, Germany) operating at 3 kV.

3. Results and Discussion
3.1. Analysis of Sedimentation Coefficient Distributions

Figure 1a shows schematically the basic principle of DCS. A mixture of different
nanoparticle populations is physically separated into discrete zones of particles that migrate
at velocities u characteristic to their size, shape, and density. This is achieved within a disk
rotating at a constant angular velocity ω. Throughout the experiment, two quantities are
continuously recorded. One of these is the time t it takes distinct particles to travel up a
fluid density gradient from a starting position R0 until they pass a detector position RD.
Arrival of the particles is monitored by the extinction of light at a wavelength of 405 nm. For
non-absorbing materials such as polymer particles, the attenuation of a laser beam resulting
from light scattered by particles arriving at specified sedimentation times is monitored.

The sedimentation coefficient s of a distinct particle population i is the quotient of
the sedimentation velocity (u = dR/dt) and the product ω2R, where R is the actual radial
position with respect to the axis of rotation. s is inversely related to the sedimentation time
ti measured in a DCS experiment [19]:

si =
u

ω2R
=

ln
(

RD
R0

)

ω2ti
=

k
ti

, (1)

Run-specific parameters such as R0, RD, and ω can be summarized to one instrumen-
tal measurement constant k. It is recommended to determine this constant by using a
particle standard of known sedimentation coefficient. This has turned out to be beneficial
if compared with making measurements by quantifying R0, RD, and ω individually [8].

Polymer particles with spherical shapes are particularly suitable as particle standards
because their sedimentation is governed by Stokes’ law [14]. A narrow size distribution
will facilitate the calibration process as the local maximum of the distribution, which should
correspond to the Stokes diameter of the non-agglomerated particles, can be readily deter-
mined. The current work studies mixtures of supracolloidal assemblies built from spherical
constituent particles. Consequently, the latter have the same density as clusters based
on them. Moreover, these particles are virtually uniform, which is reflected by their low
polydispersity index of 1.001. These two conditions make the polymer nanospheres ideal
reference particles to precisely determine the constant k in Equation (1). To achieve this,
the sedimentation coefficient of the particles must be calculated first.

The sedimentation coefficient of a particle i is defined as the ratio of the effective
particle mass meff and the friction coefficient f :

si =
me f f

f
=

mp − m f

f
, (2)

where the effective mass results from the difference in the actual particle mass mp and the
mass of the fluid mf that is displaced by the particle. For spherical particles, the friction
coefficient is given by Stokes’ law and reads as follows:

fs = 3πηdh, (3)

where η is the viscosity of the fluid and dh denotes the hydrodynamic diameter of the
particles. The effective mass can be expressed by the corresponding volumes of a sphere
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with diameter dh and the densities of the particle ρp = 1.057 g cm−1 and the density of the
displaced fluid ρf (here: 0.997 g cm−3) [21]:

si =

(
ρp − ρ f

)
d2

h

18η
. (4)

The number-average diameter of the non-agglomerated particles was 142 nm, which
was determined by DCS measurement against the commercial polystyrene standard latex.
This value is close to the TEM diameter (144 nm) and the hydrodynamic diameter measured
by DLS (145 nm).

Due to the small differences related to the low polydispersity of the particles (right
peak in Figure 1c represents the size distribution), the values of any of three methods can
be used as a measure for the hydrodynamic particle size. The obvious approach would be
to use the DCS value of the non-agglomerated species as an internal reference to calculate
the sedimentation coefficients of other species present in the mixture (see below).

Alternatively, one might prefer to calculate the masses in Equation (2) from the
TEM radius characteristic for dry particles to account for the fact that the hydrodynamic
effective surface layer hardly contributes to the particle mass [16]. The friction coefficient
given in Equation (3) can be calculated from the hydrodynamic diameter as measured
by DCS or DLS. In this study, the DLS value was used to allow for a direct comparison
with sedimentation coefficients predicted earlier by hydrodynamic bead-shell modeling. In
that study, model building was based on the DLS diameter of the cluster constituents [16].

An important point to note is that by using the non-agglomerated particles as an
internal calibration standard, it is guaranteed that any particles present in the same DCS
run, whether those to be studied or those acting as a reference, face the same conditions
during their migration through the density gradient. This compensation captured in the
constant k goes beyond the parameters specified in Equation (1). It also considers varia-
tions in the density and viscosity of the dispersion medium during sedimentation. This is
particularly important when studying sedimentation in a density gradient. In other words,
a compensation for fluid densities and viscosities that differ from the actual conditions
during the experiment is achieved by using an internal reference. The sedimentation
characteristics within the gradient can thus be easily transferred to the sedimentation in
other dispersion media. In the following, calculation of the sedimentation coefficient of the
reference particles is based on the sedimentation in pure water at 25 ◦C (ρf = 0.997 g cm−3;
η = 0.891 g m−1 s−1). The latter is done not only for the sake of simplicity, but also to allow
for direct comparison to predicted values from hydrodynamic modeling that have been
reported previously [16]. Consequently, a sedimentation coefficient of sN=1 = 770 Sv is
calculated from Equation (4). The sedimentation time of the nanospheres assigned from
the DCS analysis of cluster mixtures is tN=1 = 401 s, which yields a k-value of 3.0877 × 10−8

according to Equation (1). This value is then used to calculate the sedimentation coefficients
of any non-spherical species present in the nanoparticle mixture from their respective sedi-
mentation times.

3.2. Particle Clusters as Model Systems for Nanoparticle Mixtures

Thanks to the seminal work by Pine and co-workers [30], it is known that evaporating
emulsion droplets are suitable physical templates to assist the assembly of colloidal particles
into an ensemble of stable clusters varying in their number of constituents. A mixture of
various species is obtained, resulting from a random distribution of the elementary particles
on the droplets [31]. The gradual increase in cluster mass follows directly from the number
of constituent particles N. A linear correlation does not apply to the increase in surface area
and, related to this, friction at the cluster surface. The growth in surface area is largest when
going from single particles to dimers, followed by increasingly smaller growth rates with
rising N. The latter is a direct consequence of the packing into dense cluster configurations.
It is obvious that the sedimentation coefficients of the clusters gradually increase with
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rising N in accordance with Equation (2). Moreover, based on the above, the increments for
the rising sedimentation coefficients are becoming increasingly smaller with rising N. This
fact underscores the suitability of particle clusters as model systems to explore the limits
of sorting nanoparticle mixtures by centrifugal sedimentation.

The following studies are based on a mixture of particle clusters built from 144 nm-
sized polymer nanospheres (Inset of Figure 2). Most of the clusters consist of up to
12 constituent particles and thus have spatial dimensions within the colloidal domain.
Hence, Brownian motion will prevail over sedimentation unless the assemblies are exposed
to a centrifugal field [38]. The morphology of the colloidal clusters in this work and of
related supraparticles was discussed in earlier works [16,28,30,31,39,40]. It should be noted
that clusters of more than four constituents may occur in different configurations. For
example, clusters of five and six particles have two different configurations. Figure 3 shows
common configurations that are observed experimentally and predicted by computer simu-
lations. The cluster mixture contains both isotropic and anisotropic species. Single particles,
tetrahedral, octahedral, and icosahedral clusters have isotropic geometries, whereas all
other species exhibit anisotropic shapes. The further studies will thus deliberately dispense
on any evaluations based on assuming a spherical particle geometry. The basic method-
ology is thus broadly applicable to particles of arbitrary shapes that do not have to obey
Stokes’ law.
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Figure 2. Sedimentation coefficient distribution of a mixture of colloidal clusters as measured by
DCS. Cluster species of more than 12 constituent particles are resolved separately as narrow bands.
DCS analysis thus enables a clear classification of nanoparticles according to their sedimentation
characteristics. The inset shows an FESEM micrograph of the cluster mixture studied by DCS.
The scale bar represents 400 nm.

3.3. DCS Analysis of Sedimentation Coefficient Distributions

DCS is now applied as an analytical tool to explore the distribution of sedimentation
coefficients of the mixture of colloidal clusters. The separation of the particles within the
disk centrifuge follows the basic principles of rate-zonal density gradient centrifugation [15].
The proper design of the density gradient is key for accurate results. The following criteria
must be considered when preparing the density gradient:

1. The density of the particles must exceed the highest density within the gradient.
2. The density of the sample suspension (particles + dispersion medium; here: 0.997 g cm−3)

has to be lower than the lowest density within the gradient.
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Figure 3. Sedimentation coefficients of the cluster species varying in the number of constituent spheres
N and, consequently, their configurations. Analytical values sDCS obtained from DCS are compared
with sedimentation coefficients SPC estimated from preparative separations by rate-zonal density
gradient centrifugation. In addition, sedimentation coefficients SBS predicted from hydrodynamic
bead-shell modeling, as taken from [16], are given for clusters with N ≤ 6. Model building considers
the exact geometries of the colloidal clusters. Notwithstanding the shortcomings in deriving sedi-
mentation coefficients from preparative centrifugations, the quantities thus obtained differ by less
than 8% from the analytical values and the theoretical predictions.

Compliance with the two criteria makes the particles settle individually at rates spec-
ified by their sedimentation coefficients. In the present case, clusters of a single set of
constituent particles were explored at 25 ◦C. Hence, the various species within the cluster
mixture have the same density, which is 1.057 g cm−3. Their separation during DCS analysis
was performed in an aqueous sucrose gradient ranging from 2% (m/m) to 8% (m/m). The
minimum density within the gradient equals 1.0052 g cm−3 and is thus, in accordance with
criterion 2, higher than the density of the highly diluted sample suspension (0.02% (m/m),
ρ = 0.997 g cm−3). This prevents streaming, i.e., a downstream of particle-laden fluid
following the centrifugal field [15]. In addition, the maximum density within the gradient
(1.0285 g cm−3) was kept lower than the actual particle density. This ensures that the
particles can travel though the complete gradient fluid and will thus reach the detector
position at a characteristic sedimentation time. The gradient design suitable for polystyrene
latex particles can be easily adapted for other types of nanoparticles, simply by following
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the two criteria. The densities of aqueous sucrose solutions as functions of weight fraction
and temperature can be found in the literature [41]. Figure S5 displays densities in the
concentration range up to 10% (m/m) sucrose.

The particle clusters do not absorb visible light, but light is scattered by the clusters,
as for any other colloidal objects. The colloidal clusters can be thus detected by attenuation
of a laser beam. The latter had a wavelength of 405 nm, which provides high sensitivity
because violet light is subject to the strongest scattering within the visible region. For this
reason, even marginal quantities of particles or particle agglomerates can still be detected.

During the DCS run, the light attenuation of the detector beam is continuously
recorded as the function of the sedimentation time. Routines in the device software
allow for conversion of the raw data into a particle size distribution. These routines are
based on the Mie theory to derive the particle concentration from the measured light
extinction [42]. Moreover, the device software assigns a distinct particle diameter to any
given sedimentation time. However, this correlation is only correct if the drag force act-
ing on the particles during sedimentation follows Stokes’ law. The latter applies only
to spherical particles and is thus not appropriate for accurately exploring particles with
complex shapes. The deviation between the friction coefficients of an anisotropic particle
and a spherical particle of the same mass can be at least partially compensated by the
introduction of a non-sphericity factor [12]. However, this can only work if all the particles
exhibit the same aspect ratio, which is rarely the case for mixtures of anisotropic particles.
Nanoparticle aggregates such as the colloidal clusters in this study have various geometries
(Figure 3), so that the assignment of a single non-sphericity factor that works for all species
is not possible.

It is exactly for this reason that the present evaluation explicitly avoids any assump-
tions of a spherical shape and is thus applicable to particles of arbitrary shapes. The
only exception is made when calculating the sedimentation coefficient of the spherical
particles used as an internal reference. In this specific case, making use of Equation (3) is
justified. Basically, it is also possible to replace the spherical particles by any other type of
particles given that their sedimentation coefficient is known. Precise knowledge of the sed-
imentation coefficient of at least one set of reference particles is required to determine the
instrumental measurement constant k in Equation (1). These reference particles can be
either measured independently of the sample particles, or, as in the present case, constitute
a distinct particle population within the nanoparticle mixture. The latter procedure is
advantageous as different particle populations are compared, which are subject to the same
experimental conditions. In case of nanoparticle aggregates, it makes sense to use the ele-
mentary particles as an internal reference. The k-value calculated from the sedimentation
time of the reference particles and their sedimentation coefficient can thus be transferred
to any other particle population within the same DCS run. Sedimentation coefficients of
the different particle populations are calculated from the respective sedimentation times
according to Equation (1).

Together with the profile of light extinction measured during DCS, a distribution of
the sedimentation coefficients of the nanoparticle mixture is obtained. This distribution is
weighted by the attenuation of light caused by the particle arriving at the detector position
and thus differs from the weight distribution c(s) obtained from AUC [43]. In principle,
conversion of the two contributions is possible if the scattering cross-sections of the various
particle populations are known. According to the authors’ opinion, this issue should be
treated in a purist way to allow for a broad application of the methodology.

Figure 2 shows the light extinction-weighted sedimentation coefficient distribution of a
mixture of colloidal clusters. As described above, the distribution is solely based on the raw
data of the DCS run and knowledge of the sedimentation coefficient of the single particles
used as an internal reference. The high resolution of the DCS run is immediately obvious.
Single particles and cluster species of 2 to 12 constituents are resolved as discrete bands,
which allows for a facile assignment of sedimentation coefficients according to the peak
maxima (Figure 3). Remarkably, species that deviate by less than 1% in their sedimentation
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coefficients can still be resolved. A more detailed discussion of the resolution of DCS is
found in ref. [12].

Zone widths in a DCS experiment are governed by several factors. Because DCS
detects particles arrive at a fixed position over time, the actual zone width of a given parti-
cle population is captured as a time interval within which all particles of this population
arrive at the detector position. A broad zone is thus reflected by a larger time interval.
This becomes apparent when the light extinction is plotted against the sedimentation time
(Figure S1). The peak-width at half-height is largest for the non-agglomerated particles
(25.2 s) and decrease systematically for the clusters with rising numbers of constituent par-
ticles N (13.0 s for dimers; 9.2 s for trimers; 7.3 s for tetramers; 6.0 s for pentamers; 5.4 s for
hexamers). The polydispersity of the cluster constituents (1.001) and, consequently, of the
clusters is rather low and virtually negligible compared to the broadening due to Brownian
motion. Band broadening due to diffusion is an important aspect. Translational diffusion
coefficients decrease with the number of constituent spheres [16,38] and, consequently,
facilitate band narrowing with rising numbers of constituent particles N (Figure S1). The
density gradient influences the band width as well. A steep gradient profile results in
lower sedimentation velocities in the leading edge of the zone, whereas the velocities are
higher at the trailing edge. The density gradient thus keeps the zone of a distinct particle
population together. The density gradient equally affects all particle populations because
the detector position is fixed in DCS measurement. This constitutes a difference from
preparative centrifugal separations, where different particle populations are harvested
from different sections of the density gradient (Figure 4).
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Figure 4. Centrifugal separation of colloidal clusters according to their sedimentation coefficients in
a sucrose density gradient ranging from 2% (m/m) to 8% (m/m). The fractionation was carried out
in a swing-out rotor at 24,000 rpm. Cluster populations of up to 12 constituent particles were isolated
as individual zones that could be harvested by using a self-built fraction recovery unit. FESEM
micrographs of fractions of particle monomers (N = 1), dimers (N = 2), trimers (N = 3), tetramers
(N = 4), pentamers (N = 5), and hexamers (N = 6) are grouped around the centrifuge tube hosting the
gradient and the particle zones. The scale bars represent 200 nm.
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According to Equation [2], there is an inverse relationship between sedimentation
time and sedimentation coefficient. This must be considered when comparing actual zone
widths during the DCS run with the widths of the individual peaks in the sedimentation
coefficient distribution (Figure 2). It follows that the non-agglomerated particles which form
the broadest zone (peak-width at half-height: 25.2 s) during the DCS run are presented by
the narrowest peak in the sedimentation coefficient distribution (peak-width at half-height:
48 Sv). In comparison, the tetramers form narrower zones (peak-width at half-height: 7.3 s)
but are represented by a broader peak in the sedimentation coefficient profile (peak-width
at half-height: 81 Sv).

Accurate assessment of the sedimentation coefficients obtained from the DCS strategy
can be based on a comparison with values obtained from theoretical modeling. García de la
Torre and co-workers have established model building and calculation routines, which can
be applied to rigid particles of arbitrary shapes. Recently, we reported on sedimentation
coefficients of colloidal clusters calculated along these lines [16]. The clusters studied are
identical to those in the present studies but limited to a maximum of six constituent particles.
Nonetheless, a direct comparison can be made (Figure 3). The sedimentation coefficients
obtained by DCS are in excellent correlation to the values predicted for clusters with
the same spatial dimensions and geometries. Deviations are negligible for single particles
and even for dimers, which are the geometries with the highest aspect ratio. Although the
deviations increase with the number of constituents, they are less than 6% for six-particle
clusters with octahedral symmetry. This underscores the suitability of DCS to directly
measure sedimentation coefficient distributions of complex nanoparticle mixtures.

3.4. Application for Preparative Nanoparticle Separations

The separation quality accomplished during the DCS analysis should now serve as a
basis to optimize preparative centrifugal separations. To this end, separations according to
the sedimentation coefficients were carried out in a swinging-bucket rotor. The buckets
host clear centrifuge tubes with a capacity of 38.5 mL. Compared to a fixed-angle centrifuge
rotor, swing-out rotors significantly reduce collisions of the particles with the wall of the
tube and help to reduce wall effects on sedimentation (see below). More importantly, the
fluid layers and the particle zones follow the centrifugal field throughout the whole run,
including acceleration and deceleration intervals, which is the prerequisite for excellent se-
lectivity during fractionation. The orientation of the layers with respect to the axis of
rotation is a feature which DCS analysis and separations carried out in a swing-out rotor
have in common. In this context, the spinning hollow disk in DCS can be considered as an
extension of the centrifuge tube in a swing-out rotor by 360 ◦C (Figure 1).

Nevertheless, there are two important differences that should be kept in mind. The
first one is related to the geometry of the disk, which has some similarities to a zonal rotor
used for preparative separations at larger scales [32]. A density gradient linear in volume
will be also linear along the sedimentation path if placed in a centrifuge tube. However,
if prepared within the rotating hollow disk, a concave profile of the density gradient is
obtained across the sedimentation path. The second difference to be considered relates to
the substantial difference between an analytical technique and a preparative method. DCS
probes the different particle populations after having reached a fixed position. This means
that all particles have migrated along the same path, but they have reached their destination
at different times according to their sedimentation coefficient. In preparative separations,
the principle of operation is reversed. The centrifugal run and thus the sedimentation
are terminated for all particle populations at the same time. At precisely this time, they
have traveled different distances, which are determined by their sedimentation coefficients.
Hence, the two methods offer the opportunity to complement each other if aligned at
the same experimental problem.

Parallel to the above-mentioned DCS analysis, sucrose density gradients ranging
also from 2% (m/m) to 8% (m/m) were prepared in centrifuge tubes. In line with the
DCS analysis, the centrifugation was performed at 24,000 rpm. Centrifugation times were
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chosen based on the sedimentation coefficients measured by DCS. In doing so, the time
required to maximize the sedimentation path of a 12-particle cluster was estimated. This
ensured maximum separation of the cluster populations.

Figure 4 shows the separation achieved in the centrifugal run. A total of twelve
discrete zones, each of them corresponding to a particle population settling at the same
rate, are observed. Classification of the zones to specific clusters follows the number of
constituent particles N. This is in full accord with the sequence of sedimentation coefficients
obtained from DCS (Figure 3). Verification of zone allocation was achieved by FESEM after
extraction of the cluster fractions (Figure 4).

The separation of the cluster mixture into discrete zones within the centrifuge tube
paved the way for a quantitative evaluation. There are a number of reports in the literature
on the calculation of sedimentation coefficients from separations of biomacromolecules
performed in a centrifuge tube [15,44,45]. According to Equation (1), it is possible to
calculate sedimentation coefficients from the radial locations of the various zones once
the centrifugal run is terminated. To this end, a centrifugal separation of the cluster
mixture was carried out in a graduated test tube. The RD values in Equation (1) are taken
from the center of mass of the zones. The initial position R0 is assumed as the interface
between sample zone and density gradient (Figure S3). The effective time of centrifugation
was determined along the lines given by Schumaker [15]. To this end, the course of the
rpm values during the entire centrifugal run was recorded. Periods of acceleration and
deceleration are considered by plotting the angular velocity-squared ω2 with the course of
the centrifugation time (Figure S2). Integration of ω2 over the entire time span and division
by the maximum value of ω2

max gave an effective centrifugation time of 470.4 s at maximum
angular velocity ωmax (here: 2513.4 s−1).

The calculation according to Equation (1) will yield the actual sedimentation coeffi-
cients of the different nanoparticle populations within the density gradient. The latter can
be considered as dispersion medium with a gradual change not only in density but also in
viscosity. In DCS, the impact of the medium is considered by the measurement constant k.
Hence, sedimentation coefficients determined by DCS reflect experimental conditions iden-
tical to those assumed for the particles used as a calibration standard. The data gathered
in Figure 3 refer to the sedimentation in pure water at 25 ◦C. To allow for a comparison
with the DCS values, it is necessary to correct the values determined from preparative sep-
arations by the mean viscosities and densities, which the particles experience during
their sedimentation. This correction can be made by using the following expression [44]:

sPC = sG·
ρp − ρW

ρp − ρG
· ηG
ηW

, (5)

where sPC and sG denote the sedimentation coefficients of a given particle population at
25 ◦C in pure water and in the gradient. ρW = 0.997 g cm−3 and ηw = 0.891 g m s−1 are the
density and viscosity of water at 25 ◦C.

The mean density and viscosity of the gradient, ρG and ηG, were determined as follows:
first, the sucrose concentrations at the zone centers were calculated based on the linear
profile of the gradient (Figure S3). Densities and viscosities of aqueous sucrose solutions
given in ref. [41] were plotted against the weight proportion of sucrose and subjected
to a polynomial fitting (Figures S4 and S5). The fitting functions were integrated from
the minimal concentration of sucrose in the gradient (2% (m/m)) to the concentration
of sucrose at the zone center (Figure S3). Division by the difference in the two sucrose
concentrations yields the mean density and viscosity during the sedimentation of a given
particle population. In the concentration range considered, the densities and viscosities
increase virtually on a linear scale (Figures S4 and S5). Hence, the derivation of the
quantities ρG and ηG could be also simplified by averaging the respective quantities at the
beginning and at the end of the sedimentation path.

Figure 5 shows a comparison of the sedimentation coefficients sPC calculated from
the radial positions of the zone centers within the centrifuge tube with the quantities
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determined by DCS. Notably, the sedimentation coefficients obtained by the two strate-
gies deviate by less than 8%. This is remarkable, inasmuch as there are a number of
uncertainties in the calculation of accurate sedimentation coefficients from the results of
rate-zonal separations carried out in centrifuge tubes [46]. The following issues must
be considered:

1. uncertainty in the particle density;
2. uncertainties in the profile of the density gradient;
3. uncertainties in the positions of the zones;
4. temperature variations inside the rotor chamber;
5. wall effects.
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Figure 5. Cross-comparison of sedimentation coefficients shows excellent agreement between the
quantities determined by DCS and those estimated from preparative centrifugal separation. The
bisecting red line is added for ease of classification and to indicate deviations from full convergence.

This study has shown that deviations in comparison to other methods can be kept low.
It is briefly outlined how this was achieved despite the uncertainties listed above.

This study is centered on the determination of the sedimentation of solid nanoparticles.
In contrast to most biological particles or synthetic micro- or nanogels, solid particles do
not vary their density while migrating through a density gradient. Uncertainty in particle
density is thus limited to experimental errors in the determination of particle densities. The
latter can be precisely measured with an uncertainty of less than 0.005 g cm−3.

Considerable uncertainties in the density gradient profile shown in Figure S3 are to
be expected in the top layer of the gradient underneath the sample zone. Diffusion of
gradient material (here: sucrose) into the sample zone may cause strong deviations from
the expected gradient profile [32,46]. However, it turned out that this phenomenon had
little effect on the calculated values of the sedimentation coefficients. This was achieved
by setting an effective sedimentation time, allowing the zones of migrating particles to
reach positions far from the first layers of the gradient (Figure S3).

Uncertainties in radial positions relate to both the starting zone and the final positions
of the zones of banded particles. Precise allocation of the beginning of the sedimentation
path is challenging inasmuch as the profile of density gradient is not well known at the
interface between the sample zone and the top layer of the gradient. It may thus be justified
to define the starting position either by the interface itself or as the center of mass within
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the sample zone. In the present case, the two positions differed by 2.1 mm. This value
can be reduced by smaller sample volumes at the expense of the number of particles that
can be separated in a single run. In this work, the nanoparticles were dispersed in pure
water. For this reason, streaming is to be expected within the sample zone. This is why
the diverse nanoparticle populations rapidly accumulate near the interface of sample and
gradient during acceleration of the centrifuge. It is exactly for this reason that the radial
position of the beginning of the gradient (R = 70.14 mm) was chosen as the beginning of
the sedimentation path for all nanoparticle populations. This definition was corroborated
by the agreement with the values from DCS and hydrodynamic modeling.

The sedimentation coefficients were calculated from the radial positions of the centers
of mass of the zones, which are affected by the centrifugal field. As a result, the particle
distributions deviate from Gaussian profiles. In the present case, uncertainty of the zone
position had little effect because of the low bandwidths resulting from the narrow size
distributions of the particle populations. Nonetheless, further refinement could be achieved
by taking into account the interplay of sedimentation and diffusion along the lines given
by Schumaker [15].

Variation in the temperature inside the rotor chamber may have a marked effect on
the sedimentation of the particles. An uncertainty of 1 ◦C will cause an error of over
2.5% in the determination of sedimentation coefficients [46]. Variations in temperature
affect both the density and viscosity of the gradient and can become a major problem
when calculating sedimentation coefficients from centrifugal separations. In the DCS
measurements shown above, this problem was circumvented by using an internal calibra-
tion standard of known sedimentation coefficient. It is also possible to use the same strategy
in preparative centrifugal separations. Alternatively, values obtained from preparative sep-
arations can be corrected by DCS analysis of at least one component. In the present case,
this was not done to identify deviations among the methods.

Collisions of nanoparticles with the walls of cylindrically shaped centrifuge tubes may
occur. Particles that hit the wall may stick to it or accumulate near the wall and then settle
down as an ensemble at modified sedimentation velocities [15,47]. Only those particles
that escape from collision with the side wall, exhibit ideal sedimentation behavior. The
latter fraction is larger if the centrifuge tube is placed in a swinging bucket following the
direction of the centrifugal field. Further improvement can be achieved by using either
radially shaped centrifuge tubes [15] or zonal rotors that avoid wall effects by allowing
the sedimentation to proceed within a bowl-shaped chamber [32].

Notwithstanding these uncertainties, the present results have shown that close agree-
ment with sedimentation coefficients, either experimentally measured by DCS or predicted
by theoretical modeling, can be achieved. Consequently, the three rather different ap-
proaches in determining sedimentation coefficients complement each other very well.
Sedimentation coefficient distributions, which are readily accessible by DCS, have proven
a valuable tool to optimize the centrifugal separation of nanoparticle mixtures.

4. Conclusions

The agglomeration of nanoparticles yields a large variety of supraparticles, which
differ in their aggregation numbers, their compositions, their spatial dimensions, and,
finally, their shapes. Clusters of a limited number of nanoscale constituents underlie
Brownian motion and have well-defined geometries if prepared by a template-based
assembling strategy. This makes the latter ideal model systems for testing analytical tools
that are suitable for exploring multimodal mixtures of complex nanoparticles. The latter
is challenging and time-consuming with common analytical methods. This is because
they provide either poor statistics, such as electron microscopy, or require separation into
monomodal fractions prior to their use. The strength of DCS to investigate multimodal
mixtures lies in the fact that DCS performs the analytics online, while the nanoparticle
mixture is being separated into its individual components. The application of DCS was
demonstrated by the analysis of mixtures of colloidal clusters. Nanoparticle clusters of
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more than 12 constituent particles could be resolved as discrete bands. This, in turn,
allowed for an immediate allocation of the observed bands to distinct species. Without
any sophisticated mathematical deconvolution, DCS gave access to accurate sedimentation
coefficient distributions, simply by using the elementary units of the assemblies as an
internal reference. In this way, DCS facilitates an easy-to-use and efficient analysis of
colloids with anisotropic shapes, which do not obey Stokes’ law. This was verified by
comparison with theoretical predictions of sedimentation coefficients for various species of
the multimodal mixture by hydrodynamic bead-shell modeling, which considers the exact
geometry of the species.

The sedimentation coefficient distributions determined by DCS can be used to opti-
mize routines for preparative centrifugal separations. This study has shown the separation
of a total of 11 different populations of colloidal molecules into defined zones within
a sucrose density gradient. In addition, the estimation of sedimentation coefficients from
the locations of the zones was demonstrated. In this context, the present work could extend
an approach, originally established in biological separations, to synthetic nanoparticles.

The feasibility of DCS analysis and its practical application to optimize centrifugal sep-
arations suggests the broad applicability of DCS to other nanoparticle systems, including
irregularly shaped colloids or mixtures of compositionally heterogeneous nanoparticles.
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Figure S3: Profile of the sucrose density gradient built in the centrifuge tube, Figure S4: Viscosities
of aqueous sucrose solutions as functions of temperature and concentration; Figure S5: Densities of
aqueous sucrose solutions as functions of temperature and concentration.
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Abstract: At the core of additive manufacturing (3D printing) is the ability to rapidly print with
multiple materials for arbitrary distribution with high resolution, which can remove challenges and
limits of traditional assembly and enable us to make increasingly complex objects, especially exciting
meta-materials. Here we demonstrate a simple and effective strategy to achieve nano-resolution
printing of multiple materials for arbitrary distribution via layer-by-layer deposition on a special
deposition surface. The established physical model reveals that complex distribution on a section can
be achieved by vertical deformation of simple lamination of multiple materials. The deformation
is controlled by a special surface of the mold and a contour-by-contour (instead of point-by-point)
printing mode is revealed in the actual process. A large-scale concentric ring array with a minimum
feature size below 50 nm is printed within less than two hours, verifying the capacity of
high-throughput, high-resolution and rapidity of printing. The proposed printing method opens the
way towards the programming of internal compositions of object (such as functional microdevices
with multiple materials).

Keywords: 3D printing; nano-resolution; arbitrary distribution; multimaterials; deposition surface;
rapidity; large scale

1. Introduction

Three-dimensional printing is well-known as one of the disruptive technologies affecting the
future, which may bring about the third industrial revolution. Due to its capacity of rapid prototyping
for arbitrary shape, it is widely applied in aerospace [1], medical health [2,3], structural electronics [4],
and mold [5]. The traditional 3D printing technologies including stereolithography [6,7], selective laser
sintering [8,9], fused deposition modeling [10,11] have consistently been improved, however they are
still subject to the low-throughput and low-resolution fundamentally resulting from point-by-point
printing and large printing unit size, in which the optimum printing resolution of approximately
20–50 µm is available [12]. Therefore, as an extension of 3D printing, continuous liquid interface
production is developed with higher efficiency [13–15], as well as femtosecond laser direct writing
based on two-photon polymerization with higher resolution of up to 100 nm [16–21]. Nevertheless,
a trade-off of efficiency and resolution is still difficult to realize.

In addition, without an effective and precise controlling strategy of position of multiple materials,
the state-of-the-art 3D printing technology still faces enormous challenges to achieve real printing of
multiple materials for arbitrary distribution [22–28]. The study of 3D printing has been stagnating at
the primary stage of controlling object shape for a long time [6] and a serious breakthrough is needed
for the senior stage of programming internal compositions [29], despite some achievements such as the
printing with hybrid multimaterials [22], printing via multiple nozzles with different materials [23,30],
simple and imprecise controlling of compositions by the assisted physical morphology [24–26],
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magnetism [27], chemical reaction [28], etc. Three-dimensional printing of multiple materials with
nano-resolution can create further applications in micro- and nano-scale multifuctional device [31,32]
and high-level biological tissues [33]. Therefore, how to control multiple materials with high resolution
and efficiency to construct objects has attracted more interest from the researchers. As mentioned by
American scientist Hod Lipson, the core of real 3D printing was the capacity of achieving arbitrary
distribution of multiple materials [29], which is what we have been doing.

In this study, we demonstrate the precise control of the position of multiple materials for arbitrary
distribution by means of the morphological characteristics. The established physical model shows
that a complex distribution on a section can be achieved by the vertical deformation of multimaterial
lamination. The deformation is controlled by a special surface of the mold and a contour-by-contour
printing mode is revealed in the actual process. A large-scale concentric ring array with a minimum
feature size below 50 nm is printed within less than two hours, demonstrating the nano-resolution and
rapidity of printing. Simultaneous improvement of resolution and efficiency considered as a pair of
contradictions is realized. The proposed printing strategy makes a great extension of function and
application of 3D printing technologies.

2. Experimental Details

2.1. Fabrication of Concentric Ring Array

A 2-inch patterned sapphire substrate (PSS, Zhejiang Bolant Semiconductor Technology Co., Ltd.,
Zhejiang, China.) with conical structure array (Figure S1) was used as the deposition substrate and
cleaned by argon (Ar) plasma before deposition of materials. Then the alternative depositions of
tungsten and aluminium (99.99% purity, Beijing Goodwill Metal, Co., Ltd., Beijing, China) on the PSS
were implemented in the argon atmosphere of 0.45 Pa using a high vacuum multiple target magnetron
sputtering coating machine (JCP-350M2, Beijing Technol Science Co., Ltd., Beijing, China). Deposition
thickness of W and Al was set at 120 nm except the first layer with thickness of 240 nm, and the
total number of deposition layers was twenty-three (See Table S1 for details). To achieve uniform
thickness of deposition film, the substrate holder was simultaneously cooled with circular liquid
nitrogen and rotated during deposition. Finally, the required lamination was obtained (Figure S2)
and the concentric ring array on the section z = 1.83 µm of lamination was further revealed after
removing the upside materials using ultra-precision lathing and polishing paste (Al2O3, 10–50 nm,
Microspectrum Technology Co., Ltd., Shanghai, China.). The whole process took less than 2 h.

2.2. Characterization

The scanning electron microscope (SEM) images were collected from the field emission scanning
electron microscope (Supra 55 Sapphire, Carl Zeiss, Oberkochen, Germany) at an acceleration voltage
of 20 kV. The morphology of microstructures array was measured by the atomic force microscope
(AFM, dimension fastscan, Bruker, Billerica, MA, USA). The transmission electron microscopy (TEM)
specimen was prepared by using Helios NanoLab 600i FIB/SEM Dual-Beam system (FEI, Hillsboro,
OR, USA). The TEM, high-resolution TEM (HRTEM), energy-dispersive X-ray (EDX) and high-angle
annular dark field-scanning transmission electron microscopy (HAADF-STEM) images were taken
from in-situ multifunctional transmission electron microscopy (Talos F200X, FEI, Hillsboro, OR, USA)
at an acceleration voltage of 200 kV.

3. Results and Discussion

3.1. 3D Printing Strategy for an Arbitrary Distribution of Multiple Materials

Figure 1 illustrates the 3D printing strategy for an arbitrary distribution of multiple materials.
The principle diagram of achieving arbitrary distribution is shown in Figure 1a–d. The lamination
S is composed of materials W(i) (i = 1 . . . n) in a certain order, in which an arbitrary curved surface
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z = f (x, y) and datum z = g are given (Figure 1a). Deformation from the surface z = f (x, y) to the datum
z = g is implemented (Figure 1b). For instance, these points I–VII on the surface z = f (x, y) move
vertically hI–hVII to the datum, respectively. Correspondingly, the transformation from the lamination
S to lamination V is forced as well as the bottom plane z = k to the surface z = F(x, y) by the same rule.
The distribution of multiple materials is obtained by intercepting the section z = g in the lamination V
(Figure 1c). In addition, the curved surface z = f (x, y) is endowed with corresponding materials and
projected vertically onto a plane, resulting in the transverse distribution (Figure 1d). The comparison
reveals that the distribution on the section z = g is absolutely the same with the transverse distribution of
the curved surface z = f (x, y) within the lamination S. Therefore, an arbitrary and complex distribution
on a plane can be programmed and achieved via the designing of corresponding curved surface
z = f (x, y) and longitudinal deforming of lamination S of multiple materials. The core of the strategy
lies in the realizing of transformation from simply longitudinal laminating of multiple materials to
complex transverse distribution via longitudinal deformation.
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Figure 1. Three-dimensional printing strategy for arbitrary distribution of multiple materials.
(a–d) Principle diagram of achieving arbitrary distribution of multiple materials. Arbitrary curved
surface z = f (x, y) and datum z = g are given within lamination S of multiple materials W(i) (a).
The deformation (b) from the surface z = f (x, y) to the datum z = g is implemented. For instance,
the points I–VII of surface z = f (x, y) move vertically hI–hVII to the datum, respectively. Correspondingly,
the transformation from lamination S to lamination V is forced by the same rule. Then the section z = g
(c) is intercepted from lamination V, on which the multimaterial distribution can be obtained. That the
distribution on the section z = g is exactly the same with transverse distribution of surface z = f (x, y)
(d) is observed. (e–l) Schematic diagram of 3D printing process for arbitrary distribution of multiple
materials. The deposition surface of the mold is prepared and source materials W(i) (i = 1 . . . n) are
designed for printing (e). Materials W(1) . . . W(i) . . . W(n) are successively deposited on the deposition
surface of the mold to further print corresponding material on the section z = g (f–k). The section z = g
can be obtained by machining deposition body (l).

Based on the principle, the schematic diagram of 3D printing process for arbitrary distribution of
multiple materials is revealed, in which the longitudinal deformation is controlled by the morphology
(Figure 1e–l). According to the bottom surface z = F(x, y) of lamination V (Figure 1b), the deposition
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surface z = F(x, y) of the mold is prepared and source materials is given for 3D printing (Figure 1e).
Then the deposition on the deposition surface is conducted in order of W(1) . . . W(i) . . . W(n) through
atomic deposition technology such as magnetron sputtering (Figure 1f–k, top), resulting in controllable
printing of corresponding material on the section z = g (Figure 1f–k, bottom) and the lamination V can
be achieved (Figure 1k). Finally, the designed distribution of multiple materials is obtained by removing
these materials upon the section z = g (Figure 1l). Notably, deposition on the deposition surface is
obviously the process of printing multiple materials for the distribution on the section z = g, and the
deposition rate determines the printing speed. Contour-by-contour printing of materials is conducted
according to these section contours of deposition surface from top to bottom (Figure 1f–k, bottom),
in which the dependence of printing direction is on the height of morphology. The contour-by-contour
(rather than point-by-point) printing brings about the rapidity of 3D printing of multiple materials.

Figure 2 illustrates the analysis of the printing resolution. The lamination V is achieved via
multimaterial deposition on a conical structure with triangular contour, in which the slope of the mold
and the thickness of deposition layer W(i) are α and h, respectively (Figure 2a). Then the width w of
W(i) on the section z = g in the lamination V is investigated. There is an equation w = h/tan(α) resulting
in the width w of W(i) decreasing with the decrease of the thickness h of W(i) or the increase of the
slope α of the mold. The width w1 and w2 of W(i) on the section z = g are obtained by decreasing the
thickness (h1 < h) of deposition layer W(i) and increasing the slope (α2 > α) of the mold, resulting in
the inequalities w1 < w and w2 < w, respectively (Figure 2b,c). From Figure 2, the width w of W(i) on
the section z = g can theoretically reach nanoscale and even atomic level, when the thickness h of W(i)
is small enough or the slope α of the mold is lager enough. Notably, the thickness of the monolayer
atoms can be easily fabricated by the atomic deposition. Therefore, nanoscale resolution printing is
feasible and suitable for the substrate with a complex structure. At this time, a good trade-off between
the resolution and throughput is realized.
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Figure 2. Analysis of the printing resolution. (a) The width w of W(i) on the section z = g in the lamination
V under the conditions of the slope α of the mold and the thickness h of deposition layer W(i). There is
an equation w = h/tan(α) resulting in the width w of W(i) decreasing with the decrease of the thickness of
W(i) or the increase of the slope of the mold. (b) The width w1 of W(i) on the section z = g by decreasing
the thickness (h1 < h) of deposition layer W(i). There is an inequality w1 < w. (c) The width w2 of W(i) on
the section z = g by increasing the slope (α2 > α) of the mold. There is an inequality w2 < w.

In the process of 3D printing, the deposition surface acts as a series of masks,
and contour-by-contour printing of same-material on the section z = g is conducted to further
achieve self-assembly of multiple materials. The distribution on the section z = g is actually a mapping
of the deposition surface and mapped by laminating multiple materials on the deposition surface.
Therefore, this is a new method of 3D printing for rapidly achieving an arbitrary nano-resolution
distribution of multiple materials on a large scale, which is called Morphology-Guided Printing (MGP).

3.2. Concentric Ring Array Fabricated by MGP Method

Figure 3a–f schematically illustrates the MGP process of multiple materials on the printing section
z=g based on the PSS with conical structure array (Figure S1). Half of a single conical structure is used
for observing and has a like-parabola contour. The pattern on the section z = g is printed circle by circle
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from center to edge via the deposition of multiple materials. Using the MGP method, a concentric ring
array is fabricated via alternative deposition of tungsten and aluminium within less than two hours
for investigation (Figure 3g–j and Table S1). Figure 3g,h presents top and side view SEM images of
pre-processing multimaterial lamination with a thickness of 4.32 µm, respectively. Honeycomb contour
and good uniformity of microstructures (Figure S2) of lamination are observed, and uniformity of
thickness of deposition layer and alternative laminating of tungsten (white) and aluminium (black) are
demonstrated by the internal structure of lamination (red dotted box in Figure 3h). This demonstrates
good capacity of deposition of materials and provides strong support for high-solution printing of
multiple materials on a certain section. However, some bubbles on the lamination are observed, which
may be the result of atomic aggregation in the process of deposition and affect printing accuracy of
materials. Figure 3i,j reveals top and side SEM images of post-processing lamination of materials,
respectively. The section z = 1.83 µm is obtained via removing upper materials, and the uniform
concentric ring array is further developed. However, the insert of Figure 3i shows tortuous boundary
of rings, resulting from these bubbles. For the section z = 1.83 µm of single microstructure, sequential
same-material rings are printed circle by circle from center to edge and at the center of the section is
just aluminum (red dotted circle shown in Figure 3j). Generally, a large-scale distribution of multiple
materials can be rapidly printed on the specified section.
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Figure 3. Morphology-Guided Printing (MGP) of multiple materials on printing section z = g based on
patterned sapphire substrate (PSS). (a–f) Schematic diagram of MGP process. PSS and source materials
W(i) (i = 1 . . . n) for printing are given (a). Materials W(1) . . . W(i) . . . W(n) are successively printed
circle by circle on the section z = g (b–e). The section z = g is obtained by machining (f). (g–j) MGP of
concentric circle array. Top (g) and side (h) view SEM images of pre-processing multimaterial lamination
with a thickness of 4.32 µm are revealed on the PSS. Lamination is formed via alternative depositing of
tungsten and aluminum. Honeycomb contour of lamination and good uniformity of microstructures of
lamination is demonstrated in (g) and a single microstructure is revealed in the insert. W (white)-and-Al
(black) alternating lamination (red dotted box) and bulges on the surface of lamination (red dotted circle)
are observed in (h). Top (i) and side (j) view SEM images of post-processing lamination are shown.
The section z = 1.83 µm is obtained via removing materials. Uniform concentric circle array is shown,
and a single concentric circle is revealed in the insert. At the center of the section is just aluminum.
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To further investigate the printing capacity of MGP method for arbitrary distribution of multiple
materials, the section z = 1.83 µm with a thickness of less than 100 nm is intercepted by focused
ion beam (FIB) and characterized by TEM (Figure 4a–f). Figure 4b shows HAADF-STEM image of
single concentric rings unit (red dotted box of Figure 4a), which demonstrates W (white)-and-Al
(black) alternative concentric rings. Figure 4c–e exhibits the EDX elemental mapping images of Al,
W and their overlap, respectively, which further verify W-and-Al alternative concentric distribution.
Figure 4f reveals Al/W component distribution curves along the purple line shown (shown in Figure 4b),
in which the position of zero coordinate presents the center of the concentric ring. The transforming of
like-rectangle to triangle wave is accompanied by the decreasing of the period in the radial direction.
This indicates the widths of the concentric rings have a decreasing trend with increasing in radius,
which is caused by the increasing slope of the conical structure (Figure S1). And the W content of less
than 100% indicates the doping in W region. Notably, the doping may be caused by atomic diffusion or
environmental pollution in the process of deposition. For quantifying the distribution size of materials,
the TEM image of specimen is processed using MATLAB software to get ten concentric nanorings with
clear and tortuous boundaries (Figure 4g). Then the mean radii and width of distribution of materials
are calculated (Table 1), further verifying the decreasing trend of the ring widths. The emphasis is on
that the smallest feature size of 41.8nm demonstrates the nanoscale resolution of MGP method.
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Figure 4. Elemental analysis of single concentric ring unit. (a) TEM image of specimen. The section
z = 1.83 µm with W-and-Al alternating rings printed is intercepted by FIB and the thickness of
specimen is less than 100 nm. (b) HAADF-STEM image of single concentric ring unit shown in red
dotted box of (a). EDX elemental mapping images of Al (c), W (d), and their overlap (e) are shown.
(f) Material distribution curves along the purple dotted line shown in (b). Scale bar: 500 nm in
(b–e). (g) Post-processing material distribution including ten concentric rings using MATLAB software.
Material distribution is extracted from TEM image of specimen (a) using image processing technology
and clearer boundaries are shown. Al (white)-and-W (black) alternative concentric rings are labeled
1 to 10 in turn.
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Table 1. Radius and width of distribution of multiple materials in Figure 4g.

Concentric rings a 1 2 3 4 5 6 7 8 9 10

Circle radius b (nm)
65.7 ±

9.5
228.3 ±

8.6
372.3 ±

12.4
424.9 ±

11.4
524.4 ±

16.5
578.2 ±

14.7
623.9 ±

16.0
668.4 ±

12.7
710.6 ±

14.4
752.4 ±

13.7

Ring width c (nm) 65.7 162.6 144 52.6 99.5 53.8 45.7 44.5 42.2 41.8
a The concentric rings marked 1 to 10 are shown in Figure 4g. b Presenting the mean radius and error of outer circle
of each ring calculated by MATLAB software. c Determined by the difference between outer and inner radius of
each ring.

Then the crystal analysis on the section z = 1.83 µm is conducted (Figure 5). Figure 5a shows
the TEM image of specimen, where the white and black regions represent the materials of Al and W,
respectively. Then the corresponding HRTEM images of these regions marked with red boxes shown
in Figure 5a and their selected area electron diffraction (SAED) patterns are exhibited in Figure 5b–i
top and bottom, respectively. The evolution of crystal state is shown in Figure 5b–e, in which Figure 5b
displays the good single crystal nature of Al in the pure Al region, the crystals of W begin to appear
with the doping of W in the transition region (Figure 5c,d) and Figure 5e exhibits the amorphous
nature of W in pure W region. Additionally, the red curves (shown in Figure 5c,d) are the boundaries
between pure Al, transition and pure W regions. It is worth noting that the single crystals nature
of Al is not destroyed by a small amount of doped W in transition region (Figure 5c,d). However,
the poly-crystallization occurs in other regions such as transition (Figure 5f,h), pure Al (Figure 5g),
and W (Figure 5i) regions, induced by the doping of other elements. This further results in refinement of
crystals, low crystallinity and diversification of crystal orientation. Generally, a small amount of doping
in the process of printing is further revealed by the crystal analysis, and the same-material printing
region of small enough size is vulnerable to contamination. Meanwhile, the doping can be eliminated
by some measures, such as using the targets of higher purity, prevention of mutual contamination
of targets, improved cooling system for restraining atomic diffusion, and maintaining the adequate
cleanliness of the sputtering chamber by cleaning up impurities and an improved vacuum system.
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In addition, using the same substrate (such as PSS), other distributions are available by
programming the material type, sequence and thickness of each deposition layer. For instance,
the radial gradient circle can be printed by depositing gradient materials on the PSS (Figure 3a–f).
Furthermore, when the substrate with a different morphology is used as the substrate, the corresponding
distribution can be achieved via the design and depositing of multiple materials. Figure S3 exhibits
a printed distribution on the specified section via depositing gradient materials on the morphology
of monolayer cells. By comparison, a high consistency between SEM image of the distribution and
optical image of the morphology is observed. Therefore, the feasibility and high resolution of MGP
method is further validated as well as the diversity of distribution of multiple materials.

4. Summary

In summary, a new method of nano-resolution 3D printing for rapidly achieving arbitrary
distribution of multiple materials on a large scale is proposed. The designed distribution of
multiple materials on the specified section can be obtained by the corresponding deformation
of lamination of multiple materials. In fact, the deformation of lamination can be realized via the
corresponding morphology. Based on atomic deposition on PSS, a concentric ring array with nanoscale
resolution on a large scale is printed verifying the rapidity and nanoscale resolution of MGP method.
The improvement of atomic deposition including collimation and secondary deposition, and the
decreasing of thickness of each layer, will contribute to higher and even atomic resolution of MGP.
In addition, almost all materials can be used and are mutually compatible for MGP due to the abundant
deposition methods including physical vapor deposition (PVD) and chemical vapor deposition
(CVD). Versatile MGP method is also suitable for particle deposition to print macro-scale architecture.
More importantly, these sections with the designed distribution can be isolated by micro–nano
processing technology such as FIB and further laminated to form an arbitrary distribution of multiple
materials in three-dimensional space. Therefore, MGP method makes a great extension of function
and application of additive manufacturing and opens the way towards the programming internal
components of objects such as transistors.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/8/1108/s1,
Figure S1: Patterned sapphire substrate (PSS), Table S1: Parameters of magnetron sputtering, Figure S2: AFM image
of lamination of multimaterials. Good uniformity of microstructures of lamination is demonstrated. Figure S3:
Comparison of the morphology of monolayer cells and the distribution of multiple materials.
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