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ABSTRACT: Non-close-packed (NCP) two-dimensional (2D)
ordered nanoparticle (NP) arrays have attracted considerable
attention due to their unique properties; however, their efficient
and large-scale fabrication remains challenging. In this study,
we present a facile yet effective point-to-point adsorption method
for producing large-area NCP 2D ordered gold NP (AuNP)
arrays using a rapidly assembled block copolymer (BCP)
micelle monolayer as a template. By capitalizing on the inherent
monodispersity and soft corona characteristics of BCP micelles,

combined with the industrial compatibility of dip-coating technology, we achleved efficient and scalable fabrication of
ordered BCP micelle monolayers. Key processing parameters, including dip-coating speed, micelle concentration on
morphology of the templates, were systematically optimized. These micelle-monolayers serve as templates for the point-to-
point adsorption of AuNPs, resulting in well-defined NCP 2D arrays. Adsorption mechanism was revealed to be an

electrostatic interaction between protonated P4VP cores and
AuNP arrays demonstrate high performance in nano-floating-ga

size-matched AuNPs stabilized by citrate. The fabricated
te transistor memory devices, exhibiting a memory window

of 54 V, on/off ratio of 3.8 x 10°, and endurance stability over 110 write-read-erase-read cycles. These performance metrics
significantly surpass those of conventional BCP-only templates, which showing great promise for applications in

optoelectronic devices.

KEYWORDS: block copolymer (BCP), self-assembly, micelles, dip-coating, nanoparticle arrays, nano-floating-gate memory

1 Introduction

Ordered yet non-close-packed (NCP) two-dimensional (2D)
nanoparticle (NP) arrays are of significant functional importance
across multiple application domains [1], including charge-trapping
memory devices [2-8], anti-reflective coatings, biological sensing
[9-12], photodetectors [13]. For example, NCPs with relatively
wide photonic band gaps are highly suitable for optoelectronic
devices, such as light-emitting diodes and optical switches [14, 15].
The spatially isolated structural units effectively prevent crosstalk
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between individual functional components, a critical feature that
enhances their performance in high-density data storage [16].
Furthermore, the discrete arrangement of NPs not only facilitates
higher-density information storage but also helps suppress lateral
leakage currents, properties that have been extensively leveraged in
nanoscale floating-gate memory devices [17, 18]. Therefore,
developing efficient fabrication methods for large-area NCP 2D NP
arrays is of great desirability.

Compared to close-packed 2D architectures, NCP configurations
generally demand more intricate fabrication strategies [13, 19-21].
The primary challenge in constructing NCP 2D NP arrays lies in
the precise control of interparticle spacing and ensuring long-term
structural stability. The top-down techniques, such as electron
beam lithography [22] and dip-pen lithography [23], show high
precision in fabrication of NP arrays; however, these approaches
require special expensive equipment. The bottom-up assembly has
emerged as a promising solution, enabling the fabrication of arrays

11) Nano Research, 2026, 19, 94908645
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with tunable interparticle distance [24]. For example, we have
reported the preparation of AuNP arrays via interfacial assembly
[4, 5]. This approach is fundamentally based on particle close-
packing; however, by modifying the NP surfaces with polymeric
ligands, non-close-packed arrangements of the NP cores are
achieved indirectly. While these methods have led to notable
improvements in spatial ordering, they typically require the
modification of NP surfaces with polymer ligands at specific
molecular weights and grafting densities [25-28]. Such
functionalization may, however, compromise the intrinsic physical
and chemical properties of the NPs, potentially limiting their
performance in subsequent applications.

Employing templates featuring nanoscale chemical patterns or
topological grooves allows direct deposition of NPs into NCP 2D
NP arrays. Nevertheless, such techniques inevitably involve
additional nanolithography processes, which increase fabrication
complexity and cost [29-31]. Block copolymers (BCPs), composed
of two or more polymer chains with distinct chemical properties
linked by covalent bonds, are known for their ability to self-
assemble into periodic nanostructures due to the thermodynamic
incompatibility between their constituent segments [32-34].
Concurrently, the intrinsic properties of BCPs have been
extensively utilized in fabricating nanoscale patterns with various
microphase-separated architectures, including spherical, cylindrical,
and lamellar morphologies [35-41]. These pattern structures serve
as templates to guide the arrangement of NPs into ordered arrays
on solid substrates. The ability to produce highly ordered NP arrays
makes this method particularly appealing [40—43]. Nevertheless,
most BCP-mediated fabrication protocols still require sequential
pre- and post-processing steps to achieve patterned nanoparticle
arrays [44—46]. These procedures typically involve substrate surface
modifications to accommodate polymeric deposition, followed by
essential BCP template optimizations such as crosslinking, etching,
and thermal annealing [47-49]. Such multi-stage operations, while
effective for morphology control, inevitably introduce extended
processing  durations, substantially ~compromising overall
production efficiency. There remains a critical demand for
developing streamlined, efficient, and precisely controllable
fabrication strategies for NCP 2D NP arrays to holistically address
the tripartite industrial requirements of scalability, cost-
effectiveness, and manufacturing integration efficiency, thereby
bridging the gap between laboratory-scale precision and production-
line practicality.

Herein, we demonstrate a strategy for rapid fabrication of BCP
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pattern templates through self-assembly of spherical BCP micelles
by a single-step dip-coating process. The self-assembled monolayers
of micelles can serve as templates for NP arrays via point-to-point
adsorption (Fig. 1). Spherical micelles of polystyrene-b-poly (4-vinyl
pyridine) (PS-b-P4VP) spontaneously formed in tetrahydrofuran
(THF), which can self-assemble into ordered monolayers. Large
area ordered 2D AuNP arrays are fabricated through
electrostatically adsorbing with the protonated P4VP core of
micelles. Key processing parameters, including dip-coating speed,
micelle concentration, size matching of micelle core with NP, and
BCP molecular weight, were systematically optimized to ensure the
formation of high-quality ordered arrays. We fabricated AuNP
arrays exhibit exceptional performance as charge-trapping layers in
nano-floating-gate memory devices.

2 Results and discussion

21 Method and mechanism for AuNP arrays via Micelle
template

The self-assembled monolayer micellar templates were fabricated
via a one-step dip-coating process from THF solutions of PS-b-
P4VP with identical molecular weights. The solubility parameters
for THF, PS, and P4VP are 18.6, 17.6, and 22.5 (MPa®) [50],
respectively. This indicates that THF is a good solvent for the PS
block, while exhibiting relatively poor solvency for P4VP.
Consequently, in solutions containing BCP at specific
concentrations (e.g., 1 mg/mL, with the exact value dependent on
molecular weight), spherical micelles with collapsed P4VP cores
preferentially form. Dynamic light scattering (DLS) results
(Fig. 2(a)) confirm the presence of micelles in solution, revealing a
narrow size distribution with an average hydrodynamic diameter of
D = 63.1 + 0.029 nm, indicative of spherical morphology. This
spherical micelle structure was further corroborated by TEM
investigation (Fig. S1 in the Electronic Supplementary Material
(ESM)), which determined the P4VP core diameter as D, = 20.33
+ 0.14 nm. The observation of smaller aggregates suggests the
presence of free polymer chains in the solution. Critically, for the PS-
b-PAVP/THF system, a dynamic equilibrium exists between
unimers (free polymer chains) and spherical micelles. As the
solution concentration progressively approaches the critical micelle
concentration (CMC) from above, the fraction of free BCP chains
increases.

Dimensional compatibility

/

H* AuNP solution
Immersive

Figure1 Schematic image of the deposition of non-close-packed ordered AuNP array through point-to-point adsorption with BCP spherical micelle templating via

electrostatic interaction.
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Figure2 (a) The micelle diameter obtained by DLS. (b) The schematic diagram of BCP micelle template deposition, with the inset showing an optical micrograph of the
fabricated micelle templates. (c) AFM height image of the micelle template, the annotation in (c) quantifies the statical distribution of inter-micelle center-to-center

distance.

Figure 2(b) demonstrates the enhanced structural elucidation of
the micellar template fabricated via dip-coating on substrates.
Originating from the presence of free BCP chains in solution,
substrate surfaces become initially populated by unbound polymer
segments, with spherical micelles subsequently depositing during
the progressive withdrawal-induced drying process. The inset in
Fig. 2(b) displays photographic documentation of the macroscopic
film specimen, with substrate dimensions standardized at 1.5 cm x
1.5 cm. Figure 2(c) depicts the deposition morphology of self-
assembled micelles fabricated via the dip-coating process. These
were prepared from a 5 mg/mL THF solution at a withdrawal speed
of 40 mm/min onto Si substrates coated with a 300-nm-thick SiO,
layer. During substrate immersion and the subsequent dwell time in
the dip-coating solution, rapid adsorption of unimers (free polymer
chains) occurs [39]. This adsorption is driven by hydrogen bonding
between the pyridine groups of the P4VP chains and the hydroxyl
groups on the substrate surface. This results in the formation of a
brush layer structure anchored to the substrate by the P4VP block,
with the PS block extending into the solution. Subsequently, during
substrate withdrawal, deposited micelles can be understood as those
adsorbed onto the surface of this pre-formed brush layer because of
the same PS composition. This configuration facilitates the
adsorption of spherical micelles possessing a PS corona onto the
substrate surface. Owing to the uniform micelle size (Fig. 2(a) and
Fig. S1 in the ESM) and their close-packing arrangement, the self-
assembled micelles form an ordered patterning structure. Higher-
magnification AFM imaging (Fig. 2(c)) directly reveals the spherical
micelles exhibiting a two-dimensional short-range ordered
hexagonal arrangement on the surface, with a center-to-center
distance of approximately D.. = 34 nm. The dense, ordered
packing of these spherical micelles on the substrate thereby
provides an effective template fabrication of AuNP arrays.

The fabrication of AuNP arrays employs a facile one-step point-
to-point adsorption method. The substrate coated with the self-
assembled spherical micelle template is immersed in an aqueous
solution of citrate-stabilized AuNPs, enabling AuNP adsorption
onto the substrate. Turkevich-Frens [51, 52] method-synthesized
AuNPs exhibit an average dry-state diameter of D, = 1522 +
0.22 nm (Fig. S2(a) in the ESM), while their mean hydrodynamic
diameter in aqueous solution, measured by DLS, is D, = 32.11 +
0.12 nm (Fig. 3(a)). Upon immersion of the micelle-coated
substrate into the citrate-stabilized AuNP solution (pH = 5.7), the
P4VP domains undergo protonation and interact electrostatically
with the negatively charged AuNPs. Surface zeta potential
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measurements (—29.3 mV, Fig. S2(b) in the ESM) confirm the
negative surface charge of AuNPs, originating from citrate ions
used for stabilization during synthesis. In contrast, the PS corona of
the micelles hinders the electrostatically adsorption. The layered
structure of the spherical micelles ensures the thinnest PS coverage
at their top surface. Despite the inherent hydrophobicity of PS, local
rearrangement of the PS corona occurs in the acidic environment,
facilitating partial protonation of the P4VP core (usually occurs in
the upper part of the PAVP core) and thereby enabling AuNP
adsorption onto the partially protonated P4VP regions. Figure 3(b)
presents a schematic illustration delineating the point-to-point
adsorption mechanism inherent to this process. Kelvin probe force
microscopy (KPFM) measurements were conducted on both the
micelle template and the AuNP-adsorbed composite film. As
shown in Figs. 3(c) and 3(d), the surface potential of the film
decreased by 0.079 V after AuNP adsorption. This decrease is
attributed to the probable formation of ion pairs between the citrate
ligands stabilizing the AuNPs and the protonated P4VP cores,
which establishes a directional permanent dipole layer at the
interface [53, 54]. GISAXS (Fig. 3(e)) in-plane scans reveal that the
micelle template sample exhibits only one distinct peak at
approximately 0.0174 A, indicating an in-plane periodicity of
about 36.7 nm, which is consistent with the measured center-to-
center distance of micelles (34.4 nm) in Fig. 2(c). Compared to the
micelle template curve, the composite film curve exhibits two
additional diffraction peaks. The peak width at 0.0174 A~ shows
almost no change, indicating that the adsorption of AuNPs largely
preserves the original periodicity of the micelle template without
inducing significant lattice expansion or contraction, and that the
AuNPs have precisely replicated the periodicity of the template.
However, the newly emerged higher-order diffraction peak is
significantly broadened, suggesting the presence of structural
disorder on a smaller length scale. Scanning electron microscopy
(SEM) images (Fig. 3(f)) reveal the AuNP arrays possess high
density, minimal aggregation, and high surface coverage. Owing to
the size match between the AuNPs and the micelles (D, ~ 15 nm
V8. Dpyp ~ 20 nm, D, ~32 nm vs. D ¢ ~ 34 nm), the arrangement of
AuNPs closely replicates the template structure via point-to-point
adsorption, yielding a 2D short-range ordered hexagonal
configuration (Fig. 3(g)). Fast Fourier transform (FFT) processing
of the lower-magnification SEM results reveals a distinct diffuse
ring pattern, while the FFT of the high-magnification SEM image
shows clear diffraction spots. This further confirms the short-range
ordered structure of the AuNP array, which is largely consistent
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Figure3 (a) The hydrodynamic diameter distribution of AuNPs determined by DLS. (b) Scheme of the micelle template-guided adsorption mechanism of AuNPs. (c)
and (d) The surface potential test results of the spherical micelle template and the composite film after AuNP adsorption, respectively. (e) The GISAXS curves of the
spherical micelle template and the composite film after AuNP adsorption. (f) and (g) The SEM images of AuNP arrays. The inset in (e) shows the 2D GISAXS patterns of

the two films. The insets in (f) and (g) show the FFT results obtained using Image].

with the grazing incidence small-angle X-ray scattering (GISAXS)
results. Specifically, each 20-nm P4VP core accommodates a single
15-nm AuNP. Disruption of this size compatibility—for instance,
by employing larger AuNPs—results in loss of the short-range
ordered morphology, as demonstrated in Fig. S3 in the ESM.
Collectively, we have successfully fabricated a NCP short-range
ordered 2D AuNP array based on a BCP spherical micelle template
using this simple and rapid method.

2.2 Effect of withdrawal rate on the morphology of
deposited AuNPs

This morphological variance subsequently dictates the surface
topography of the final AuNP assemblies. The substrate withdrawal
speed exerts deterministic influences on the resultant micellar
template morphology. Published articles have established a V-
shaped relationship between withdrawal speed and polymer film
thickness in dip-coating processes, where film thickness transitions
from high to low and back to high as speed increases from slow to
fast [55—58]. This distribution corresponds to three distinct regimes
influenced by the interplay between withdrawal speed and solvent
evaporation rate [56]. Figure 4(a) displays the thickness variation of
self-assembled micelle template layers prepared from a 5 mg/mL
solution at different withdrawal speeds, measured by spectroscopic
ellipsometry. The template thickness still adheres to the V-shaped
distribution. At low withdrawal speed (0.5 mm/min in this work),
where the speed is significantly slower than the solvent evaporation
rate, film deposition is dominated by solvent evaporation. At this
slower withdrawal speed, rapid solvent evaporation at the three-
phase contact line leads to near-instantaneous film formation upon
substrate extraction. The abundance of spherical micelles in
solution undergoes deposition without sufficient time for structural
rearrangement due to the accelerated solvent evaporation, resulting

Nano Research, 2026, 19, 94908645
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in multilayered disordered packing morphology. Consequently, the
ordering of AuNP adsorption is compromised by the multilayer
micelle packing, exhibiting partially aggregated non-close-packed
configurations (Fig. 4(b)).

As withdrawal speed increases toward the solvent evaporation
rate (10 mm/min in this work, Fig. 4(c)), the liquid film thickness
decreases due to viscous effects, placing overall film thickness near
the minimum of the V-distribution. Here, withdrawal speed
approaches the evaporation rate, reducing deposited micelle density
below full surface coverage. Consequently, AuNP adsorption
exhibits two distinct features: (i) Micelle deposition zones exhibit
aggregated clusters with densely packed configurations, and (ii)
sparse configurations with low packing density emerge through
brush layer adsorption mediated by unassembled BCP chains.
(Fig. 4(c)). Notably, a critical speed theoretically exists where micelle
deposition ceases completely yielding minimal thickness
contributed solely by the brush layer. Our results suggest the 10
mm/min condition lies beyond this critical minimum point,
evidenced by sparse micelle deposition in AFM images (Figs. S4(a)
and S5(b) in the ESM at 20 mm/min). At 30 mm/min, micelle
deposition increases significantly (Fig. S4(b) in the ESM), with
localized domains exhibiting ordered close-packing. Corresponding
AuNP arrays display enhanced density and order (Fig. 4(d)). At
40 mm/min, near-optimal solvent evaporation-to-withdrawal speed
matching occurs. AFM confirms near-complete surface coverage
with large-area ordered close-packing (Fig. S4(c) in the ESM). This
transitional regime exhibits rising thickness due to increasing
micelle coverage. Crucially, the measured thickness (~ 20 nm)
matches the P4VP core dimensions, confirming monolayer micelle
deposition. At this velocity, solvent viscosity co-regulates micellar
template deposition morphology on substrates, defining a transition
regime. Monolayer micelle patterning is facilitated by kinetic
matching between solvent viscosity and evaporation rate at
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Figure4 (a) Film thickness data measured by spectroscopic ellipsometry for three typical withdrawal speeds, along with schematic diagrams of liquid film profiles on the
substrate surface during the withdrawal process at these speeds. (b)-(g) SEM micrographs of AuNPs on BCP micellar templats (prepared at the corresponding withdrawal
speeds). (h) Histograms of the coefficient of variation in area and the mean circularity obtained after Voronoi tessellation of the SEM images of AuNPs on BCP micellar
templates prepared at the corresponding withdrawal speeds. The inset images in (b)-(g) are FFT images processed using Image].

40 mm/min withdrawal speed. This dynamic balance creates a to-
be-evaporated zone with reduced thickness during substrate
retraction, geometrically constraining particle assembly to vertical
stacking of individual spherical micelles. Concurrently, PS-
dominated corona properties induce interfacial avoidance behavior
at solution-air interfaces, driving preferential adsorption near PS-
enriched domains of BCP brush layers. This dual mechanism
enables the formation of close-packed monolayer micellar arrays.
Consequently, AuNP adsorption replicates this template, generating
large-area, short-range ordered arrays with minimal aggregation
(Fig. 4(e) and Fig. S4(c) in the ESM). A gradual increase in the
withdrawal speed induces a morphological transition of micelles on
the substrate surface from a multilayer stacked structure to a
monolayer close-packed arrangement, accompanied by a
corresponding decrease in film thickness. When the withdrawal
speed matches the solvent evaporation rate, the micelles on the
substrate surface adopt a monolayer close-packed morphology. The
emergence of this close-packed configuration of spherical micelles
constitutes a critical factor enabling the subsequent formation of
short-range ordered arrangements in adsorbed AuNPs.

When the withdrawal speed further increases beyond the solvent
evaporation rate, the film thickness on the substrate surface does
not decrease further; instead, owing to the viscous effects of the

singhua University Press

94908645 (5 of 11)

solvent, the substrate surface retains a residual liquid film upon
emerging from the solution, resulting in an increase in film
thickness. At higher withdrawal speeds (60 and 180 mm/min in this
work), Fig. S4(d) in the ESM reveals the onset of partial micelle
stacking, indicating that the withdrawal speed now significantly
exceeds the solvent evaporation rate (Fig. S5(d) in the ESM and
Fig. 4(f)). This marks entry into the Landau-Levich regime, where
solvent viscosity becomes the dominant factor governing deposition
morphology [42]. Although increased withdrawal speed enhances
micelle deposition quantity, complete second-layer formation is
hindered. Secondary micelles adhere to the PS chain aggregation
zones on the first-layer corona via the minimum surface energy
principle, increasing overall film thickness. SEM images (Fig. 4(f))
show AuNP adsorption exhibiting dual morphologies: 2D short-
range ordered non-close-packed configuration and multiply
aggregated disordered packing. The main reasons for these two
different morphologies are as follows: (i) Deposition positions of
secondary micelles disrupt the ordered array guided by the
underlying template; (ii) low PS molecular weight enables
unstacked secondary micelles to undergo enhanced protonation of
P4VP cores, increasing adsorption sites and allowing AuNP
attachment beyond micelle tops. This effect intensifies at
180 mm/min (Fig. 4(g)), where the withdrawal speed far surpasses
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https://www.sciopen.com/article/10.26599/NR.2026.94908645
https://www.sciopen.com/article/10.26599/NR.2026.94908645
https://www.sciopen.com/article/10.26599/NR.2026.94908645
https://www.sciopen.com/article/10.26599/NR.2026.94908645
https://www.sciopen.com/article/10.26599/NR.2026.94908645
https://www.sciopen.com/article/10.26599/NR.2026.94908645
https://www.sciopen.com/article/10.26599/NR.2026.94908645
https://www.sciopen.com/article/10.26599/NR.2026.94908645

Liu et al.

Nano Research | Vol. 19, No. 8

evaporation, resulting in a fully wetted substrate upon withdrawal
with minimal solvent loss. This resembles classical drop-casting,
yielding highly irregular micelle templates devoid of large-area
uniform order. In addition, Voronoi tessellation was performed on
the SEM micrographs of the AuNP arrays in Fig. 4, and the
Voronoi polygon areas and mean circularity were statistically
analyzed to more intuitively reflect the orderliness of the AuNP
arrays. The analysis results revealed that the AuNP array fabricated
from the micellar template prepared at a withdrawal speed of
40 mm/min exhibited the lowest coefficient of variation in area and
the highest mean circularity, indicating significantly superior
orderliness compared to samples prepared at other withdrawal
speeds, as shown in Figs. S6 and S7 in the ESM and Fig. 4(h). For BCP
micelles, progressive solvent evaporation elevates residual solution
concentration, destabilizing spherical micelles that were stable at the
initial fixed concentration. Rod-like and amorphous micelle
morphologies become prevalent, leading to uncontrollable AuNP
adsorption patterns. It should be emphasized that adjusting the dip-
coating withdrawal speed must be matched to the solvent's real-time
evaporation rate under ambient conditions. While temperature and
humidity significantly affect the solvent's evaporation kinetics, they
do not influence the deposition of monolayer ordered micelle
templates. Instead, they shift the optimal speed window for
achieving such ordered monolayers earlier or later.

23 Effect of BCP solution concentration on the

morphology of deposited AuNPs

In the following discussion, we demonstrated that effect of BCP
concentration on morphology of template and AuNP deposits. The
concentration of the BCP solution determines the morphology of
micelle templates. For the PS-b-P4VP/THF system, solution
concentration dictates micelle formation: Above the CMC, higher
concentrations yield greater micelle content. As shown in Fig. S8(a)
in the ESM, DLS measurements of solutions diluted from a
5 mg/mL stock confirm the CMC for PS,,-b-P4VP,,/THF is below
0.1 mg/mL, verifying spherical micelle presence even at our lowest
coating concentration. Decreasing solution concentration increases

the proportion of free unimers. The dynamic equilibrium between
free BCP chains and spherical micelles maintains a low
concentration of spherical micelles in solution. During substrate
withdrawal from the solution, only limited micellar deposition
occurred, yet this exhibited no measurable impact on subsequent
AuNP adsorption density (Fig. S9 in the ESM). The low molecular
weight of PS resulted in a relatively thin PS component within the
deposited brush layer, which permitted sustained electrostatic
adsorption of AuNPs by the underlying protonated P4VP layer.
This phenomenon is corroborated by the SEM characterization
presented in Fig. 5(a). The brush layer in this region also
demonstrates AuNP adsorption capability (not point-to-point
adsorption), though vyielding nanostructures with disordered
morphologies. Figures 5(a)—-5(d) compares AuNP morphologies on
templates prepared identically at 40 mm/min across four
concentrations. Statistical data of AuNP areal density in Fig. 5
showed no significant variation among samples prepared at 0.1, 1,
and 3 mg/mL concentrations. The observed effect is attributed to
the brush layer on the substrate surface maintaining its AuNP
adsorption capability even under conditions of diminished micellar
content. However, SEM images revealed distinct morphological
changes in AuNP arrangements, particularly when the
concentration increased from 1 to 3 mg/mL. The observed
structural evolution stems from distinct adsorption mechanisms
between the brush layer and micellar assembly. While the brush
layer facilitates stochastic AuNP adsorption, the micelle surface
enables site-specific binding. Progressive concentration elevation
induces denser micellar deposition, where closely packed micelles
self-organize into ordered arrays, thereby templating the AuNP
alignment toward enhanced positional regularity.

The mechanism of AuNP adsorption onto brush layers has been
described in published works [59, 60]. It is noteworthy that this
adsorption is closely related to the molecular weight of the PS block
in the BCP used. When the PS molecular weight exceeds 50k, an
excessively thick surface PS domain prevents most protons from
penetrating, resulting in very low AuNP adsorption [58]. Another
contributing factor may arise from the spatial isolation of

Low micellar content

431 =60
AuNPs/pm*

High micellar content

773 £ 11
AuNPs/pm?

417 £ 47
AuNPs/pm?

0.1 1

3 5

Concentration (mg/mL)

Figure5 The adsorption density of AuNPs automatically quantified by Image], with three measurements averaged per sample. (a)-(d) are the SEM micrographs of

AuNP adsorption morphologies under four distinct BCP concentrations.

Nano Research, 2026, 19, 94908645

94908645 (6 of 11)

(® 74 fuen | Sci@pen


https://www.sciopen.com/article/10.26599/NR.2026.94908645
https://www.sciopen.com/article/10.26599/NR.2026.94908645
https://www.sciopen.com/article/10.26599/NR.2026.94908645
https://www.sciopen.com/article/10.26599/NR.2026.94908645
https://www.sciopen.com/article/10.26599/NR.2026.94908645
https://www.sciopen.com/article/10.26599/NR.2026.94908645
https://www.sciopen.com/article/10.26599/NR.2026.94908645
https://www.sciopen.com/article/10.26599/NR.2026.94908645

Nano Research | Vol. 19, No. 8

Liu et al.

protonated, positively charged PAVP domains by thicker PS layers,
which necessitates stronger electrostatic driving forces for large-
scale AuNP adsorption. To test this hypothesis, we investigated
BCPs with higher PS molecular weights (PS;,-b-P4VP,y) using
identical experimental protocols. DLS data in Fig. S10(a) in the ESM
confirms that the THF solution of PS,-b-P4VP,, at 0.1 mg/mL
remains above the critical micelle concentration, indicating the
continued presence of a certain number of spherical micelles in the
solution. Figure 6 presents the AFM surface morphology of micelle
template layers prepared using THF solutions of PS;,-b-P4VP, at
different concentrations as the dip-coating solution with a
withdrawal speed of 40 mm/min, along with the surface
morphology after subsequent AuNP adsorption. The increase in PS
molecular weight significantly expanded the interparticle core-to-
core distance of spherical micellar templates.

Compared to the spherical micellar templates fabricated from the
PS,,-b-P4VP,,, solution with equivalent close-packing at 5 mg/mL
concentration, the interparticle core-to-core distance increased
from 344 to 48 nm, whereas P4VP molecular weight variations
induced negligible differences in micelle core dimensions. This
spacing alteration led to reduced AuNP adsorption density and
compromised array pattern definition when using such templates
for subsequent nanoparticle deposition. SEM results clearly show
AuNP adsorption onto the micelles. At a concentration of
0.1 mg/mL, the deposited layer exhibits an extremely low density of
observable spherical micelles. At this stage, the deposit primarily
consists of a brush layer formed by the adsorption of molecular
chains. AuNP selective adsorption occurs only sporadically on top
of isolated micelles; the 51k PS molecular weight almost completely
blocks AuNP adsorption onto the brush layer (Figs. 6(a) and 6(e)).

2100,
i
~

E——
100nm § Z: 0-26 nm

0.1 1

The observed phenomenon likely originates from the deposition
mechanism of the brush layer. Free BCP chains forming the brush
layer undergo hydrogen bonding interactions between protonated
pyridyl N groups and the SiO, substrate, resulting in planar
deposition. When the substrate immersed in weakly acidic AuNP
aqueous solution, these loosely distributed protonated pyridyl N
groups fail to provide sufficient electrostatic attraction for negatively
charged AuNP adsorption [61, 62]. This limitation, however, is
overcome in spherical micelle architectures through highly
concentrated P4VP domains. The collapsed

P4VP core generates intense electrostatic forces upon
protonation, enabling AuNPs to penetrate the thick PS corona and
adhere to the micellar surface. When the solution concentration
rises to 1 mg/mlL, a noticeable increase in the number of surface
micelle structures is observed. However, the relatively low micelle
content still results in large inter-micelle spacing and relatively loose
packing (Figs. 6(b) and 6(f). The PS segments between micelle cores
do not collapse densely onto the P4VP core surfaces during
solution drying due to this loose arrangement, failing to form a
continuous, compact PS domain. Consequently, AFM reveals larger
apparent micelle sizes due to these two factors. AuNP adsorption at
this stage is entirely contributed by the spherical micelles. The
matching size between AuNPs and the P4VP cores results in a one-
to-one correspondence in adsorption. Virtually no AuNP
adsorption is observed on the brush layer. When the concentration
is increased to 5 mg/mL, we observe via AFM a closely packed two-
dimensional self-assembled micelle template structure similar to
that formed by the 24k molecular weight BCP. This template
achieves the highest AuNP adsorption density of 621 + 32 AuNPs/
pm’ (Figs. 6(d) and 6(h)). However, the larger PS molecular weight

High micellar content

621432
528+36 AuNPs/um?
AuNPs/um?

3 5

Concentration (mg/mL)

Figure6 (a)-(d) AFM height images of BCP micelle templates prepared from 0.1, 1, 3, and 5 mg/mL PS51k-b-P4VP18k THF solutions at a withdrawal speed of 40
mm/min. The annotations in (b), (c) and (d) represent the average center-to-center distances between adjacent spherical micelles, obtained by statistically analyzing over
50 datasets. (e)-(h) SEM micrographs illustrating the morphologies of in situ adsorbed AuNPs under corresponding concentration conditions. The adsorption density of
AuNPs was automatically quantified by Image], with three measurements averaged per sample.
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leads to significantly greater micelle core spacing compared to the
24k molecular weight BCP, resulting in lower AuNP adsorption
density and an indistinct array morphology.

24 The performance of AuNP arrays as nano-floating-
gates for transistor memory

AuNPs can serve as charge storage sites in organic nano-floating-
gate transistor memories due to their high work function and
discrete distribution characteristics. The high work function of
AuNPs enables the formation of deep potential wells, resulting in
stable charge retention capability [63, 64]. As shown in Fig. 7(a),
BCP spherical micelle@AuNP array was employed as the charge
trapping layer in a bottom-gate/top-contact nano-floating-gate
memory (NFGM) device. A Tips-pentacene/PS layer, fabricated
according to a previously reported preparation strategy [18], was
deposited atop the charge trapping layer to function as the
active/tunneling composite layer. For comparison, a control device
using only a monolayer of spherical micelles as the charge-trapping
layer was prepared using the same method, to test and contrast the
performance variations between the two device configurations.
Representative transfer and output characteristics of both devices
are presented in Fig. 7(d) and 7(e), which demonstrate typical p-
type field-effect behavior. Transfer curves reveals that the
BCP@AuNP device exhibits a threshold voltage of approximately
-9 V. This represents a leftward shift of about 9 V. This suggests
that the inherent trap density within its floating-gate layer is low,

leading to a weaker screening effect and allowing the channel to be
more easily turned on by the gate voltage. The current on/off ratio
(3.8 x 10°) and subthreshold swing (2.0 V/dec) are both superior to
those of the BCP device (1.7 x 10° and 3.5 V/dec respectively).
Concurrently, the maximum transconductance shows an
approximate 3.5-fold enhancement, suggesting that the electrostatic
adsorption of AuNPs enables a higher drive current under an
equivalent gate bias while introducing fewer interfacial defects.
Furthermore, a comparison of the output curves indicates that the
BCP@AuNP device achieves an output current approximately 24%
higher than that of the BCP device, along with a 31% greater
transconductance in the linear region. This suggests more efficient
charge carrier transport within the channel.

Reversible threshold voltage (Vi) shifts were conducted to
evaluate the charge-trapping capability of the NFGM with an
ordered functional layer. The memory window is defined as the
difference in Vi between the programmed and erased states. For
the BCP@AuNP device, after applying a gate voltage of -80 V for
1 s, the transfer curve shifted toward the negative voltage direction
from its initial position, indicating hole trapping in the device.
Subsequently, upon illuminating the device (applying 5.314
mW/cm?® white light for 2 s), the transfer curve shifted back to its
initial position, yielding a hole-trapping memory window of 28 V.
Similarly, by applying 80 V under illumination for 2 s followed by a
—20 V gate voltage for 1 s, an electron-trapping memory window of
26 V was achieved. In contrast, the BCP-only device exhibited a
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Figure7 (a) Schematic diagram of the bottom-gate top-contact structured NFGM array. (b) SEM image of the source-drain electrodes and (c) microscope image of the
Tips-Pentacene/PS layer. (d) and (e) The transfer characteristics, output characteristics, and programming (Pro)/Erasing (Era) threshold voltage transfer characteristic
curves of the NFGM fabricated using two different floating-gate layers, respectively. The (I) marker above the images represents the device containing the AuNP array,

while the (IT) marker represents the device without AuNP.
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hole-trapping window of 14 V and an electron-trapping window of
30 V. Both devices demonstrated bipolar trapping behavior for both
holes and electrons. The introduction of AuNPs increased the
overall memory window of the device by 10 V, while enhancing
both hole- and electron-trapping capabilities. This phenomenon
can be explained by the acidic aqueous conditions introduced
during the AuNP adsorption process, which protonated the P4VP
and enabled its binding to AuNPs via coordination interaction. The
presence of this coordination structure provides additional active
sites for charge trapping, which can act as electron donors or form
local dipoles, thereby modulating the interfacial energy levels and
stabilizing the trapped charges. Figure S11 in the ESM presents the
write-read—erase-read (WRER) cycling curves under both hole-
trapping and electron-trapping modes. For the device with
adsorbed AuNPs, both hole and electron trapping remained stable
(on/off ratio = 10°) even after 110 cycles. In comparison, the BCP-
only device exhibited a slightly lower on/off ratio for hole trapping,
while effective WRER cycling could not be achieved in electron-
trapping mode.

3 Conclusion

In summary, we have developed a straightforward single-step dip-
coating strategy to fabricate ordered 2D self-assembled BCP micelle
templates on substrates and successfully generated 2D non-close-
packed short-range ordered AuNP arrays through a point-to-point
adsorption on these templates. Critical processing parameters, such
as dip-coating speed and micelle concentration on the morphology
of templates, and the effect of NP size and micelle shell thickness on
electrostatic adsorption, were clarified to achieve large-area 2D non-
close-packed NP arrays. The BCP@AuNP composite array
demonstrates superior performance as a nano-floating-gate in non-
volatile memory devices. Compared to the pure BCP micelle
template layer, the incorporation of AuNPs leads to significantly
enhanced memory window and improved operational stability.
This strategy features simplicity, efficiency, versatility, and low cost,
requiring no additional pretreatment or post-treatment steps. The
entire process demonstrates significant potential for industrial-scale
fabrication of controllable non-close-packed NP arrays.

Electronic Supplementary Material: Supplementary material
(additional ~experimental details and characterization data:
TEM/SEM/AFM images, DLS, zeta potential, Voronoi tessellation,
and electrochemical cycling curves) is available in the online

version of this article at https://doi.org/10.26599/NR.2026.
94908645.
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