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Three-dimensional optical nanostructures have garnered significant interest in
photonics due to their extraordinary capabilities to manipulate the amplitude,
phase, and polarization states of light. However, achieving complex three-
dimensional optical nanostructures with bottom-up fabrication has remained
challenging, despite its nanoscale precision and cost-effectiveness, mainly due
to inherent limitations in structural controllability. Here, we report the optical
characteristics of intricate two- and three-dimensional nanoarchitectures
made of colloidal quantum dots fabricated with multi-dimensional transfer
printing. Our customizable fabrication platform, directed by tailored interface
polarity, enables flexible geometric control over a variety of one-, two-, and
three-dimensional quantum dot architectures, achieving tunable and
advanced optical features. For example, we demonstrate a two-dimensional
quantum dot nanomesh with tuned subwavelength square perforations
designed by finite-difference time-domain calculations, achieving an 8-fold
enhanced photoluminescence due to the maximized optical resonance.
Furthermore, a three-dimensional quantum dot chiral structure is also created
via asymmetric stacking of one-dimensional quantum dot layers, realizing a
pronounced circular dichroism intensity exceeding 20°.

Periodically arranged subwavelength photonic nanostructures offer
light manipulation capabilities beyond those of conventional optical
components. By harnessing enhanced light scattering within a unit cell
of photonic nanostructures and multiple scattering in a periodically
arranged ensemble, these structures allow for precise control over
amplitude, phase, and polarization of propagating light, enabling
various functionalities such as frequency-selective absorption’, wave-
front shaping’, and polarization modulation® based on light-matter
interactions. Recently, the exploration of three-dimensional (3D)

photonic nanostructures has gained momentum**, surpassing the
capabilities of their two-dimensional (2D) counterparts, due to their
unique potential for significantly enhanced optical properties through
intensified light confinement and versatile design possibilities.
Usually, 3D photonic nanostructures require designs that max-
imize light-matter interaction, which often entails the fabrication of
intricate 3D shapes. Therefore, top-down lithography has pre-
dominantly been utilized for creating 3D photonic nanostructures,
which come with complex processing requirements and limited
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scalability*'°. To address these issues, bottom-up fabrication approa-
ches have been suggested"”. For example, Liu et al. recently demon-
strated a high-resolution quantum dot (QD) pattern by using
photoexcitation-induced chemical bonding”. However, the light
manipulation capability of the 3D nanostructures produced by
bottom-up approaches has not yet reached the level of those fabri-
cated with top-down lithography. For example, circular dichroism
(CD)-the differential extinction of left- and right-handed circularly
polarized light (CPL)-is often restricted to a few degrees in the col-
loidal assembly method (Suppl. Fig. 1).

Here, we introduce a strategy for constructing multi-dimensional
photonic nanostructures using colloidal materials. These structures
were assembled using multilayer QD patterns through high-resolution
transfer printing (TP), as illustrated in Fig. 1a. This method offers the
flexibility of stacking angles and precise control over the structural
parameters, enabling customization of these structures for diverse
photonic applications. Specifically, we designed a 2D nanomesh for

2D mesh pattern

1D line pattern

Chiroptical
response

enhancing wavelength-selective absorption via optical resonance
(Fig. 1b). The resultant 2D QD nanomesh exhibited 8-fold photo-
luminescence (PL) enhancement compared to QD thin film. Further-
more, the asymmetric stacking of two layers of 1D QD patterns led to
effective polarization modulation (Fig. 1c). This resulted in a superior
chiroptical response, with a record-high CD intensity up to 20.5°,
suggesting a promising approach for designing polarization-sensitive
3D chiral configurations.

Results

Multi-dimensional transfer printing for 3D nanoarchitectures
In a conventional TP technique, multiple stacking of QD patterns is
challenging due to the collapse of structures. For the flexible control of
3D nano-architectures, we designed a new multi-dimensional transfer
printing (mTP) method via polarity modulation of consisting inter-
facial layers employed in each step of the process. mTP as illustrated in
Suppl. Fig. 2, the process consists of three key steps-coating, picking,
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Fig. 1| Design-driven multi-dimensional QD nano-architectures. a Schematic
representation of 1D QD pattern array (green-emitting) with mTP. b Design for 2D
QD nanostructure (red-emitting) for wavelength-selective absorption enhance-
ment through optical resonance effects. ¢ 3D Structural design of polarization-

Multiple stacking

sensitive chiral nano-configurations (black color) via structural parameter control.
Left- and right-handed CPL (LCP and RCP) are labeled with blue and red colors,
respectively.
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Fig. 2 | Customizable mTP process based on solubility parameters. The Hansen
solubility parameters of the interface components used in mTP (ligands, brush,

carrier, support polymers, and solvents) are plotted alongside the intrinsic colors of
the QDs: green for CdSe, red for InP, black for PbS, and white for ZnO. The volume
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ratios of PDMS/PS for the brush and of PS/PMMA for the carrier are adjusted. The
solubility limit of PMMA relative to PS for the carrier, marked by blue diagonal lines,
stands at a 70% volume fraction (V).

and stacking. First, a polymer brush is coated on a pre-designed Si
master template, which is composed of trench and mesa regions, to
modulate the surface polarity of the template. Then, the colloidal QDs
are spin-coated on the Si template. Since the QDs are coated on both
the trench and the mesa regions, we developed a process to selectively
remove the QDs on the mesa regions. For hydrophobic QDs, a flat
polydimethylsiloxane (PDMS) mold is stamped onto the Si template.
The low surface energy of PDMS favors the adhesion of the QDs over
the brush-treated template, resulting in the perfect stripping of the
QDs from the mesa domain (Suppl. Fig. 3). In the case of hydrophilic
QDs, the PDMS mold is treated with O, plasma before stamping,
thereby rendering the mold surface hydrophilic by forming silanol
groups” (Suppl. Fig. 4).

The picking step, which involves the transfer of QD patterns from
the trench region to the carrier substrate, determines the overall yields
and dimensions of TP techniques. To securely detach the QDs from the
Si template, homopolymers such as poly(methyl methacrylate)
(PMMA) were spin-coated on the QDs as a carrier polymer. A polyimide
(PI) adhesive film (Kapton tape) was then laminated on the homo-
polymer layer followed by peeling of the QDs from the Si template.
However, as previously reported*”, our earlier TP techniques exhib-
ited a capability of transferring QDs with thicknesses of only a few tens
of nanometers (Suppl. Fig. 5¢). This is due to a limited QD picking yield,
as evidenced by the remaining QDs on the Si template after the picking

step (Suppl. Figs. 6a, b). We thus reasoned that unbalanced wetting
properties between the homopolymer and QDs resulted in the limited
picking yield.

To enhance the picking yield, we, therefore, introduced a com-
posite carrier polymer on the QDs to induce a favorable energetic
compatibility between the carrier polymer and QDs (Suppl. Fig. 6€).
This enabled the formation of conformal interface contact between
QDs and the carrier polymer (Suppl. Fig. 7), leading to the complete
removal of QDs on the Si template after the picking step (Suppl.
Figs. 6¢c, d). As a result, we achieved a significantly extended height of
transferred QDs, reaching up to 450 nm by employing mTP (Suppl.
Fig. 5b). More details on interfacial energy control will be discussed
subsequently with Fig. 2.

After the picking step, the QD patterns on the carrier polymer
were transferred onto the target substrate and then immersed in a
solvent. The immersion step promoted the dissolution of the carrier
polymer, resulting in the selective transfer of the QD patterns onto the
target substrate. To construct a 3D QD structure, layer-by-layer
stacking was employed (Suppl. Fig. 5a). We noted that direct stack-
ing of a thick 2D layer (over 100 nm) resulted in a collapsed structure,
as shown in Suppl. Fig. Se. To prevent this issue, an additional support
polymer layer was spin-coated on the first layer of QD patterns, fol-
lowed by O, plasma treatment to control the thickness of the support
polymer layer (Suppl. Fig. 8). This support polymer layer served as a
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robust framework, enabling the sequential stacking of patterns and
thus realizing the 3D building blocks of QD structures with symmetry
control. The resultant 3D architecture exhibited a fully suspended
structure with minimal structural defects, leading to a 5-fold
enhancement in PL compared to the single-layer structure (Suppl.
Fig. 9). In contrast, the collapsed structure demonstrated a less sig-
nificant increase (3-fold) in PL due to the structural degradation.

Interfacial energy matching in mTP

To verify the mTP technique as a universal platform, we studied dif-
ferent types of QDs, ranging from hydrophobic to hydrophilic. We
hypothesized that the customization of the interfacial energy between
the QDs and the interface layers (polymer brush, carrier polymer, and
support polymer) would play a critical role in the mTP process. To
quantify the surface energy of each interface component and to
represent the polarities of all intermediates, we used the Hansen
solubility parameters, as shown in Fig. 2. In the mTP, the overall pro-
cess window is defined by the Hansen solubility parameters. To max-
imize the efficiency of mTP, it is critical to tune the Hansen solubility
parameters for the polymer brush, carrier polymer, support polymer,
and immersion solvent depending on the polarity of the QDs. These
parameters should be precisely aligned within the process window to
ensure optimal mTP performance.

The polarity of the QDs is determined by their surface ligands,
which include oleic acid (OA) for hydrophobic CdSe QDs and InP QDs,
lead iodide (Pbl,) for amphiphilic PbS QDs, and ethanolamine (ETA) for
hydrophilic ZnO QDs. The polarity of different QDs was evaluated
using contact angle measurements, as provided in Suppl. Fig. 10. In
mTP, the polarity of the given QDs determines the material choice of
the subsequent layers, allowing the rest of the process to match their
interfacial energy with the QD patterns. The colored circles repre-
senting the intrinsic colors of corresponding QDs in Fig. 2 indicate the
interface layers that can be selected depending on the polarity of
the QDs.

The brush polymer must have a lower surface energy than the QDs
to facilitate the detachment of the QDs from the Si template. For
example, with OA-capped hydrophobic CdSe QDs, the polystyrene
(PS) brush resulted in an almost zero picking yield due to the similar
surface energy between the QDs and the PS brush (CdSe system in
Suppl. Figs. 11a, b). By decreasing the surface energy of the brush
polymer, the picking yield of the CdSe QDs increased, and almost 100%
picking yield was achieved with the use of a PDMS brush layer. In
contrast, hydrophilic ZnO QDs (ZnO system in Suppl. Figs. 11a, ¢) could
not be spin-coated on the PDMS brush substrate due to the much
higher surface energy of ZnO (Suppl. Fig. 11c). However, the incor-
poration of PS into the PDMS brush improved the wettability of col-
loidal QDs on the substrate by increasing the surface energy of the
customized brush, although too high surface energy of the brush can
hinder the picking of QD patterns. Both uniform coating of colloidal
ZnO QDs and a near 100% picking yield were achieved with a brush
composition of 25% PS volume fraction (V) in PDMS.

The carrier polymer is then selected to meet the following con-
ditions which are: (1) the surface energy difference between the carrier
polymer and the brush layer should be large enough to maximize the
picking yield of the QDs, (2) similar surface energy between the carrier
polymer and the QDs is required for strong adhesion between them
(Suppl. Figs. 11d, e). The systematic control of both interfacial energy
terms based on composite polymers is a prerequisite for the extensive
thickness control of mTP. However, when the surface energy between
the carrier polymer and the QDs was too similar, a solvent with a
similar Hansen solubility parameter had to be used for spin-coating.
This caused the QD pattern to re-dissolve during the spin-coating of
the carrier polymer. Thus, the carrier polymer of 30% PS in PMMA
provided the optimal mTP results for OA-capped hydrophobic CdSe
QDs (Suppl. Fig. 11e).

Integrity of 3D QD nano-architectures obtained by mTP

The enhanced transfer yield and controllability of mTP process allow
for the 3D stacking of QDs with a programmed angle, periodicity, and
structure width. As an example, the 3D QD architectures featuring
regularly arranged components exhibit wavelength-selective
enhancements, enabling precise control over light reflection and
absorption through trapping effects, as well as light extraction via
scattering effects (as indicated in the scheme of (Fig. 2). Figure 3
demonstrates 2D and 3D nanostructures achieved using mTP with
different types of QDs. To enable mTP to create QD structures that
interact effectively within the visible wavelengths, we used a Si master
template with a line pattern that has a pitch of 600 nm. The 3D QD
nanostructures were uniformly fabricated by mTP over an area of
several centimeters, as shown in the insets of Fig. 3. In addition, each
QD layer can be stacked at arbitrary angles, allowing for the tuning of
the 3D structural symmetry, as shown in the PbS QD nanostructures
(Fig. 3¢). Each QD layer can achieve thicknesses of several hundred
nanometers, which allows for the creation of 3D structures ranging
from nanometer to micrometer dimensions, marking a notable
improvement over traditional TP techniques.

The structural uniformity and defects of the QD structures fabri-
cated by mTP were investigated. SEM images in Suppl. Fig. 12 shows
that the two-layer (2 L) CdSe QD nanostructure exhibits extremely rare
vacancy defects in a large area over 400 um?, as evidenced by the clear
dot patterns in the Fast Fourier Transform (FFT) image. The minimal
structural defects in this structure can be attributed to the use of
minimum pressure and an etching-free fabrication process offered by
the mTP technique. Consequently, the high pattern quality of the Si
master template is preserved and accurately transferred to the printed
QD patterns, ensuring precise reproduction with minimal defects.

The transfer yield of the single-layer (1L) QD nanostructure was
calculated by counting the normal and defective pixels, utilizing the
distinctive contrast between normally transferred lines and defective
areas. Consequently, as shown in Suppl. Fig. 13a, the transfer yield for
1L nanostructures of various QDs under optimized conditions was
analyzed and confirmed to be close to 100%.

Furthermore, we compared QD structure constructed by mTP
with the structures fabricated by the conventional transfer printing
techniques: kinetics-assisted transfer printing'® and solvent vapor-
assisted transfer'. mTP structures exhibited significantly lower line-
width roughness (LWR) and line-edge roughness (LER) compared to
the structures fabricated by the conventional transfer printing meth-
ods (Suppl. Figs. 13b, c). The LWR and LER values obtained from mTP
structures were almost comparable to those of the Si template: the
LWR/width of the line (W}) and LER/W, were 2.4% and 1.7%, respec-
tively, for mTP structures, while the LWR/W, and LER/W, were 1.5% and
1.0%, respectively, for the Si master template. These LWR/W, and LER/
W, meet the requirements of the semiconductor industry (less than 8-
10% of LWR/W, and LER/W,), which suggests the potential of mTP
technique for applications in other established industry devices.

In contrast, the kinetics-assisted transfer printing produced the
QD structures only with thicknesses in the range of tens of nanometers
and exhibited collapsed structures after 3D stacking due to the high
pressure required during the printing (Suppl. Fig. 14). Similarly, the
conventional solvent vapor-assisted transfer method, which relies on
solvent swelling of carrier polymers with solvents, resulted in structure
deformation because the carrier polymer became mobile during the
swelling process (Suppl. Fig. 15).

Wavelength-selective 2D light absorber

Subwavelength patterning can imbue a QD structure with desired
optical properties. For example, a nanopatterned QD color filter, which
downconverts high-energy photons into low-energy photons, can be
much more efficient in both the shorter-wavelength absorption and
the longer-wavelength emission and thus result in a substantial PL
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Fig. 3 | Fabrication of high-quality QD architectures. SEM images of nanos-
tructures fabricated by mTP, representing single- to multi-layer (1 L-3 L) structures
with different QDs: (a) CdSe, (b) InP, (c) PbS, and (d) ZnO. The SEM images

highlighted with blue solid lines indicate PbS nanostructures stacked at tilted and
inverted angles. Scale bars for the SEM images and the insets are 2 um and 5 mm,
respectively.

enhancement compared to conventional thin QD films'', In this work,
we sought to design an optimal photonic nanostructure that max-
imizes absorption at 450 nm of excitation light. Here, the optimization
process was performed for thick photonic nanostructure, which is
advantageous for effective light confinement (refer to Suppl. Fig. 16;
compared to the thin nanostructures prepared via conventional TP
methods, the thicker structures obtained by our mTP method are
advantageous for achieving effective light confinement, hence, for
high absorption enhancement).

Figure 4b presents the numerically calculated spectra of absorp-
tion enhancement factors (E450) depending on various pattern shapes
including square, triangular, and circular patterns. The highest
enhancement factor was observed for the inverted patch pattern,
exhibiting an £450 value of 2.7. The enhancement factor was calculated
as a function of the periodicity and the QD filling ratio of the inverted
patch structure (Fig. 4c). The results reveal that the highest absorption
enhancement can be achieved with a periodicity of 306 nm and a QD
filling ratio of 48%. Considering all the calculation results, we con-
cluded the optimal geometry of E,so for green and red CdSe QDs
illustrated in Fig. 4a. To reveal the origin of significant absorption
enhancement at 450 nm, we calculated the photonic band structure of
the optimized mesh array" (Fig. 4d). A degenerate band-edge mode at
the Gamma-point was observed with a normalized frequency of 0.68,
which is well matched to the resonance peak wavelength (450 nm) of
the optimized mesh structure. This Gamma-point band-edge mode
enhances light-matter interaction due to the slow group velocity at the
symmetry point®. The calculated out-of-plane electric field compo-
nent (£,) profile of the Gamma-point band-edge mode depicts that the

transverse magnetic (TM)-like electric field is tightly confined in the
QD area.

We then programmed the QD structures based on the theoretical
calculation results by using a mesh-patterned Si template (Suppl.
Fig. 17), resulting in high-quality QD mesh structures as shown in SEM
images (Fig. 4f, g). A significant PL enhancement was experimentally
observed in both green and red QD mesh structures compared to the
QD thin films, exhibiting enhancement factors of 7.8 and 5.6, respec-
tively (Fig. 4k). Inductively coupled plasma mass spectrometry (ICP-
MS) analysis revealed that both the QD mesh structures and the QD
thin films contain similar amounts of QDs, indicating that the PL
enhancements of the QD mesh structures originate from the effect of
photonic structures (Suppl. Table 1).

To understand the contributing factors to PL enhancement, we
examined absorption (Fig. 4i,1) and extraction (Fig. 4j, m) in the green
and red mesh patterns using finite-difference time-domain (FDTD)
calculations. The values for all these factors are included in Suppl.
Table 2. The calculated absorption spectra of the mesh patterns
(Fig. 4i, ) exhibit resonance peaks close to the blue color-frequency,
indicating enhanced absorption through light confinement effects.
The measured absorption spectra (Suppl. Fig. 17) closely match the
calculated spectra, with slightly lower maximum absorption at the
resonance frequencies, possibly due to rounded edges and small size
deviations in the template structures fabricated through e-beam
lithography (Suppl. Fig. 18).

Regarding extraction, despite the significant difference between
the emission wavelength of the QDs and the resonance wavelength of
the structure, the mesh pattern exhibits higher extraction efficiency
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compared to the thin film (Fig. 4j, m). This enhanced extraction in the
mesh pattern is attributed to the grating diffraction effect”, whereas
the thin film experiences hindered extraction due to total internal
reflection. Additionally, our mesh pattern shows significantly higher
emission at an angle of 45° compared to other angles due to structural
effects (Suppl. Fig. 19). The emission intensity at 45° is comparable to
the front 90° emission, which is crucial for practical display applica-
tions. These findings demonstrate the angle-dependent emission

Wavelength (nm) Wavelength (nm)

control capability for metamaterial applications using our tunable and
precise design tool.

We also investigated the degradation of the optical properties of
the QDs during mTP process. PL quantum yield (QY) of the QD solu-
tion, QD thin film, and the QD structure fabricated by mTP were
compared in the case of red CdSe QDs (Suppl. Fig. 20). This reveals that
the QDs retain their emission properties during mTP process, sug-
gesting that mTP process does not cause any physical and chemical
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Fig. 4 | Wavelength-selective 2D light absorber. a Design of a multilayer QD
nanomesh for enhanced absorption at 450 nm wavelength and improved extrac-
tion of emitted light. The illustration indicates green- and red-QD-mesh structures
(pitch 306 nm, width 86 nm, and height 150 nm). b Calculated E4s0 (enhancement
spectra for light absorption at 450 nm, compared to thin films) for different-shaped
nanopatterns. The insets below present the unit cells of each corresponding
nanostructure. ¢ Calculated E4so spectra for different-sized nanopatterns.

b-c, Optimal values for shape-dependent and size-dependent absorption are
determined by varying the period and QD filling ratio while maintaining a constant
nanopattern thickness of 150 nm. d Calculated photonic diagram for the optimized
mesh structure. The frequency w is defined as the ratio of p/A (306 nm pitch/
wavelength). The wavevector k is defined as the ratio of kf /p. The lower inset
shows the calculated electric field (E,) profile of the I” (gamma) point band-edge

mode as depicted in the upper inset of the QD unit cell. e Optical images of the
printed green- and red-QD-mesh patterns. f, g The corresponding SEM images.

g The inset SEM image shows a tilt-view image of the pattern. f, g The printed
pattern has a 205 nm line width and a 102 nm space width on average, with a
deviation of only 7 nm from the fabricated template. h, k PL (Aexc. =442 nm)
comparison results for the thin films and (h) green- and (k) red-QD-mesh patterns.
The inset images show the emission color under UV light (Aexc. of 325 nm).

i, 1 Absorption spectra of thin films and (i) green- and (I) red-QD-mesh patterns. The
dotted lines indicate the resonance peaks of the mesh structures. j, m Emission
wavelength-dependent extraction efficiencies of (j) green- and (m) red-QD-mesh
patterns. The total extraction efficiencies of the mesh patterns were divided by
those of the films. The dotted lines indicate the emission wavelengths of the green-
and red-mesh structures.

damage to the transferred materials. In contrast, the degradation of PL
QY was observed without the use of the carrier polymer during mTP
process, implying the effective passivation against chemical degrada-
tion by the carrier polymers during the immersion process®.

CPL-sensitive 3D chiral nanoarchitecture

Optical chiral structures, characterized by their twisted or spiraled
configurations, selectively absorb one form of CPL, making them
highly useful in chiroptical biosensing and diagnostic tools—such as
chiral drug discrimination in the pharmaceutical industry?. A high CD,
denoting a substantial absorption disparity between LCP and RCP, is
vital for effective chiral discrimination in applications such as chiral
sensing, optical communications, and biomedical diagnostics. With a
proper designing and fabrication tool for the chiral structures, a sys-
tematic modulation of handedness and CD peak position®*%, is cru-
cial for quantitative analyzes. Advanced fabrication techniques,
including both bottom-up and top-down approaches, have been
employed to achieve tunable CD properties.

Fabricating a 3D configuration with a sufficiently high thickness
is of great importance for realizing highly responsive chiral nanos-
tructures. This is because CPL, which is intrinsically a 3D form, tends
to interact more effectively with 3D nanostructures. This explains
why metamaterials®® have been spotlighted in the aspects of high
response to CPL>*"°, However, despite diverse approaches such as
colloidal assembly****!, and nanosphere?/micellar’’/laser**/e-beam
lithography®***, technical challenges have hindered the achievement
of structural requirements for high-thickness (>hundreds of nan-
ometers) 3D chiral structures.

To this end, we designed simple chiral nanostructures composed
of cross-stacked QD grating patterns, as illustrated in the inset of
Fig. 5a. As already shown in Fig. 3c, mTP is capable of fabricating 3D
twisted nanoarchitectures made solely of PbS QDs, with layer thick-
nesses of up to 450 nm, thereby enabling a high CPL absorption
capacity. The flexible angle controllability between crossed QD grating
patterns offered by mTP can create various asymmetric geometries for
high chirality. Additionally, the extensive control over structural
parameters, such as symmetry, dimension, and thickness, allows for
tunable CD spectra as will be demonstrated below.

Imparting chirality with handedness inversion is crucial for uti-
lizing both LCP and RCP. The stacking angle can be freely controlled
using mTP, which allows for easy manipulation of the handedness
(Fig. 5a). In chiral media, the CD is proportional to the magnetoelectric
coupling coefficient, which measures the strength of the intercoupling
between electric field and magnetic field*. It is important to note that
the magnetoelectric coupling coefficient is closely related to the mir-
ror asymmetry of the structure. For samples stacked at a 90° angle, the
image of the structure is superimposed with their mirror images,
thereby lacking mirror asymmetry and resulting in minimal CD inten-
sity. In contrast, the samples with +45° and —45° stacking angles shown
in Fig. 5b exhibit mirror asymmetry, resulting in a nonzero magneto-
electric coupling coefficient. Therefore, they show significantly

enhanced CD intensity, and each has nearly identical but inverse
spectra. Furthermore, the +45° sample with in-plane rotation angles
displayed a negligible linear dichroism (LD) (Suppl. Fig. 21), suggesting
that the chirality at 45° originates from the asymmetric structure
effect. The CD is closely correlated with the intrinsic absorption
spectrum of PbS QDs*?*¢, and the maximum CD is found near the
intrinsic absorption peak at approximately 910 nm (Suppl. Fig. 22a).

To investigate the relationship between structural collapse and
CD spectra, we prepared three QD structures using different TP
methods: mTP, conventional TP, and conventional TP with a roll
laminator. Figure 5c, d present the representative QD structures and
their corresponding CD spectra, respectively. The QD structures pro-
duced using conventional TP exhibited structural collapse, which
worsened with the increased pressure induced by a roll laminator. In
contrast, the QD structure prepared by mTP showed no sign of col-
lapse. This structural collapse in QD structures led to a 70% reduction
in CD of the QD structure prepared by the conventional TP with a roll
laminator compared to those prepared by mTP. This is attributed to
the fact that the structural collapse reduces mirror asymmetry, which
in turn decreases magneto-electric coupling in the structure®. These
results emphasize the critical importance of maintaining the integrity
of a perfectly suspended 3D architecture to achieve a high CD.

In Fig. Se, f, the CD spectra of the structures, controlled in thick-
ness and maintaining the —45° stacking configuration, are presented.
The comparison between the measured and calculated CD spectra
confirms a gradual increase in the magnitude of the dominant peaks as
well as red-shifts of the peaks, as the thickness of the structures
increases. The observed increase in CD with thickness originates from
better optical mode confinement and the subsequent strong resonant
magnetoelectric effect in QD structures (see Suppl. Fig. 23). On the
other hand, the observed decrease in CD at the 480 nm is due to an
increase in background material absorption loss of thick QD struc-
tures. Consistent with the calculation results, the samples with a
grating thickness of 280 nm exhibit the maximum CD (= 20.5°), which
is one of the highest reported values for the UV to mid-IR range. The
red-shift trend can be attributed to the enhanced interaction of the 3D
nanostructure with longer wavelengths as its thickness increases, a
phenomenon observed in various chiral nanostructures®.

The CD peak is influenced by the interactions between the
intrinsic absorption of achiral PbS QDs and the extrinsic resonance
resulting from structural effects. Consequently, variations in the
resonance peak of the structure with the thickness (Suppl. Fig. 22a) can
lead to corresponding variations in the CD peak. The partial dis-
crepancy between the measured and calculated CD spectra can be
attributed to multiple factors. First, the systematic methods used to
calculate the CD may not perfectly align with the measurement setup,
as direct absorption measurement for each LCP and RCP is not feasible
in the CD spectrometer. Second, slight variations in the structural
orientations of the actual samples can contribute to the observed
discrepancies. As demonstrated in Suppl. Fig. 24, deviations in struc-
tural parameters such as width, thickness, penetration depth, and
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Fig. 5 | CPL-sensitive 3D chiral nanoarchitecture. a Symmetry-dependent CD
spectra of PbS nanostructures. The dotted line in the spectra indicates the wave-
length of maximum CD in the 45° samples. The inset of CD spectra depicts an
illustration for 3D chiral nanostructure exhibiting CPL-selective interaction. Four
illustrations in absorptive black color represent the geometric scheme for each
sample. b Top-view SEM images depict the fabricated PbS 2 L 45° structures with
the FFT images. A single layer of the structures has an average thickness of 65 nm.
¢ Dimension-dependent CD spectra of PbS nanostructures (2 L -45°) and d their
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Wavelength (nm)

1400

respective tilt-view SEM images. The absence of support polymers in conventional
TP samples results in gradual structural deformation under excess pressure. Each
layer of the structure has a thickness of 130 nm. e Thickness-dependent CD spectra
(measured and calculated) of PbS structures (2 L —45°) and (f) their respective tilt-
view SEM images. The dotted lines in each spectrum indicate the dominant peaks of
each sample. a-f A single layer of PbS nanostructures has an average width of
270 nm (580 nm pitch).

stacking angles have significant effects on both the smoothness and
positioning of resonance peaks in the CD spectra, which closely match
the experimentally measured CD spectra. This is further evidenced by
the FFT patterns of SEM images in Fig. 5b, where +45° and -45°
structures reveal average angles of 46.9° and 44.2°, respectively.

The gradual decrease in CD for thicknesses above 400 nm can be
explained by the diminished absorption selectivity between LCP and
RCP. The absorption spectra and g-factor (dissymmetry factor) with
the thickness modulation shown in Suppl. Fig. 22 confirms the exis-
tence of an optimum thickness for QD grating layers. Consequently, in
our PbS QD-based system, an optimal grating thickness of 280 nm has
been identified for achieving the highest CD. Moreover, the extensive
thickness control capability provided by mTP allows for modulation of
both the magnitude (up to 20.5°) and peak position (760-1150 nm) of
the CD spectrain this study. This is the highest CD attained through the

enhanced responsive interactions of the structure with polarized light
(Suppl. Fig. 1).

Discussion

We demonstrated a highly versatile patterning platform for the fabri-
cation of three-dimensional QD nanostructures. Owing to its adjus-
table construction parameters, including stacking angle, pattern
periodicity, and layer thickness, we were able to produce a tailored 3D
optical nanostructure exhibiting pronounced optical response. We
evaluated their optical performance by fabricating 2D nano-mesh
structure, which resulted in a PL enhancement of 6-8 times
greater than that of conventional thin-film samples. Most notably, our
3D QD chiral structures, achieved by the tilted stacking of QD patterns,
showed a CD of up to 20.5°, which is higher than the values reported
for the UV to mid-IR range. Our colloidal nanomaterial-based bottom-
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up approach offers a cost-effective and flexible pathway, with the
reusability of the master mold, to create complex 3D photonic struc-
tures with high optical response. We anticipate that our platform,
named mTP, will facilitate the development of diverse and innovative
3D optical nanostructures, providing practical and customizable
functionalities.

Methods

CdSe/ZnS synthesis

Red CdSe/CdS/ZnS™: In a 100 mL flask under an Ar condition, 1 mmol
of cadmium oxide (CdO, 99.5%), 4 mmol of OA(99.9%), and 20 mL of
1-octadecene (ODE, 90%) were added. The reactor’s temperature was
increased to 300 °C until the mixture turned transparent. The first
stock solution, containing selenium powder (Se) and trioctylpho-
sphine (TOP, 99.5%), was then injected into the reactor to grow the
CdSe core. The temperature was maintained at 300 °C for 90's, and
0.75 mmol of 1-dodecanethiol (DDT, 98%) was added to cover the CdS
shell on the cores. After 30 min, a second stock solution was added,
consisting of 4 mmol of zinc acetate (Zn(Ac),, 99.99%) and 2 mL of
tributylphosphine (TBP), dissolving 4 mmol of sulfur powder (S). The
mixture was reacted at the same temperature for 20 min.

Green CdSe/ZnS*’: A mixture of zinc oxide (ZnO) and cadmium
acetate (Cd(Ac),) was stirred vigorously and degassed before adding
7 mL of OA and heating the mixture at 150 °C for 30 min. Subsequently,
15mL of ODE was added, followed by an injection of 2.5 mmol of S,
1.5 mmol of Se, and 3 mL of trioctylphosphine (TOP) to grow the core.
To form a ZnS shell, 1.6 mmol of S in 2.4 mL of ODE was added to the
reactor, which was then heated to 310 °C under argon conditions. After
12 min, the temperature was lowered to 270 °C, and a solution con-
taining 3 mmol of zinc acetate dihydrate (Zn(Ac),, 98%), 1 mL of OA,
and 4 mL of ODE was rapidly injected. The reactor was maintained for
20 min with the injection of a mixture of 9 mmol of S and 5 mL of TOP.

InP/ZnSe/ZnS synthesis

Red InP/ZnSe/ZnS*: To prepare the In(PA); precursor, indium acetate
(In(OAc)s, 99.99%) and palmitic acid (PA) were dissolved in ODE to
obtain a 0.2 M solution. Tris(trimethylsilyl)phosphine in trioctylpho-
sphine (TMS3;P/TOP) solution, with a concentration of 0.2M, was
prepared separately. A 0.4 M zinc oleate (Zn(OA),) precursor was also
prepared. Additionally, Se and S precursors were prepared by dissol-
ving the Se pellet and S powder in TOP separately. To synthesize InP
cores, a flask containing In(OAc); and PA in ODE was heated, and
TMS;P/TOP was injected at 280 °C. The reaction mixture was main-
tained at 260 °C to obtain the desired core sizes. The InP core was then
precipitated, re-dispersed in toluene, and characterized. To synthesize
InP/ZnSe/ZnS QDs, we prepared a mixture of Zn(OAc), and OA in
trioctylamine (TOA, 98%). The solution was heated, and the InP core
was injected, followed by adding hydrofluoric acid (HF) in acetone. The
reaction mixture was further heated for the growth of ZnSe and ZnS
shells.

PbS synthesis and ligand exchange*
PbS synthesis: A solution was prepared by dissolving 11.38 g of lead
acetate (Pb(CH3;COO0),, 99.999%) in a mixture of 21 mL of OA and
300 mL of ODE at 100 °C. The solution was degassed overnight and
then heated to 150 °C under a nitrogen condition. Separately, the S
precursor was prepared by combining 3.15mL of hexamethyldisi-
lathiane with 150 mL of ODE. The reaction was initiated by rapidly
injecting the S precursor into the Pb precursor solution. Once the
synthesis was complete, the solution was transferred into a glovebox
filled with nitrogen. Methanol was added for the purification of the
QDs, followed by centrifugation. The purified QDs were then re-
dispersed in octane and stored within the glovebox.

PbS ligand exchange (Pbl, and PbBr, ligands): The precursor
solution was prepared by dissolving Pbl, (99.999%, 0.1M), PbBr,

(98%, 0.02M), and NH4Ac (0.055M) in 10 mL dimethylformamide
(DMF). To this solution, 5 mL of the QD solution dissolved in octane
(7mgmL™) was added. The resulting solution was vigorously mixed
for 1-2 min to facilitate the transfer of QDs to the DMF phase. The
octane phase was then discarded, and the DMF solution was washed
three times with octane. Next, the DMF solution was precipitated by
adding toluene and subsequently dried under a vacuum. We then re-
dispersed the resulting QD solids in butylamine (BTA) and spin-cast
them onto the template in the glove box under an argon atmosphere.

ZnO synthesis*. A stock solution was prepared by dissolving 3 mmol
of Zn(Ac), in 30mL of dimethyl sulfoxide (99.9%). A tetra-
methylammonium hydroxide (TMAH) solution was also prepared by
dissolving 5 mmol in 10 mL of ethanol. The TMAH solution was then
slowly injected dropwise into the stock solution at a rate of 5 mL min™,
followed by stirring for 1h at room temperature. For purification, we
precipitated the reactant solution by adding acetone. After cen-
trifugation, the solution was dispersed in 5mL of ethanol and sub-
jected to 5 min of sonication. The solution was then filtered through a
PVDF filters (200 nm pores). Finally, ethanolamine (ETA) was injected
into the solution with a volume of 80 pL.

Master template fabrications. The template of 600 P line pattern
(300 nm line, 300nm space width) was fabricated by photo-
lithography process with a KrF scanner (Nikon S-204B), and the tem-
plate of the 306 P mesh pattern (220 nm line, 86 nm space width) was
fabricated by e-beam lithography with NanoBeam-nB5 followed by
plasma etching.

mTP for 3D QD nanostructures. Each QD solution was cast on the
template by a spin-coater, and the as-cast PbS films on the template
were annealed on a hot plate at 70 °C for 5min to ensure structural
stability. The PDMS mold for the stamping was prepared with pre-
polymers and curing agent (Sylgard 184 from Dow Corning Co. Ltd.)
which were mixed at a 10:1 weight ratio and degassed under vacuum to
remove air bubbles. The mixture was then poured onto a glass mold
and annealed at 140 °C for 30 min in a convection oven. The Hansen
solubility parameters for various materials were obtained from the
refs. 44,45. The parameters of ligands were used as the Hansen values
for the corresponding QDs. We modulated the surface energy of the
composite polymers corresponding to the QDs by adjusting the
volume ratio of the following solutions. The brush polymers were
prepared by blending a 4 wt.% hydroxyl-terminated PDMS (PDMS-OH,
My 5 kg mol™) solution in heptane and a 4 wt.% hydroxyl-terminated
PS (PS-OH, My, 130 kg mol™) solution in toluene. The blended solution
initially appeared opaque due to the phase separation of PS in heptane.
Upon the addition of =50 vol.% toluene to the total solution, it
underwent a transition to a transparent state. The blended solution
was spin-coated on the template, and thermally treated in an oven
under a vacuum for 60 min twice. The carrier polymers were made by
blending a 4 wt.% PS (My, 280 kg mol™) solution in toluene and a 4 wt.%
PMMA (My, 350 kg mol™) solution in acetone. The blended solution was
spin-coated on the QD-coated template. To peel off the carrier poly-
mer and patterns from the template, Pl adhesive tape was used. The
transferred patterns on the target substrate were immersed in acetone
(99.9%, HPLC-grade) or toluene (99.5%) in a beaker for at least 2 h. For
3D nanostructures, the support polymers were used with either 6 wt.%
PMMA (350K) in acetone or 6 wt.% PS (280K) in toluene. The O,
plasma treatment was conducted with a power source of 100 W, bias
power of 100 W, and duration of 165-200 s, depending on the thick-
ness of the pattern. Subsequently, after the removal of the support
polymer layer, on the previously transferred QD patterns, newly
delaminated patterns attached to Pl tape can be oriented controllably,
as illustrated by the stacking of two-layer structures with an alignment
angle of 45° or 90°.

Nature Communications | (2024)15:6996



Article

https://doi.org/10.1038/s41467-024-51179-y

Characterization of QD nanostructures. Cross-sectional, tilt-view,
and top-view SEM images of QD nanostructures were obtained using a
field emission (FE)-SEM (S4800, Hitachi). The relative degree of sur-
face energy in PDMS mold and various QDs was compared using a
contact angle analyzer (Phoenix, SEO). Quantitative analysis of critical
dimensions (CD), pitch, LWR, and LER was performed using com-
mercial image analysis software (SUMMIT) based on SEM images. PL
spectra of visible-emitting QDs were measured using photo-
luminescence spectroscopy (MPT, PSI and Hitachi, F-7000). Diffuse
transmittance and reflectance of the QD structures were measured
using UV-vis spectroscopy (Solid Spec-3700, Shimadzu) to obtain
absorption spectra. We measured the PL QY of QD solutions and films
using a UV-NIR absolute PL QY spectrometer (C13534-11, HAMA-
MATSU). The compositions of QDs in the nanostructures were quan-
tified using ICP-MS (7700, Agilent). An acid solution of 70% HNO;
7mL and 35% HCI 3mL was used to selectively dissolve the glass
substrate from the film. We utilized the J-1700 CD spectrophotometer
(JASCO company) to measure the CD spectra of two-layer PbS struc-
tures over a wavelength range of 200-1600 nm.

Optical simulation. A commercial software, Lumerical FDTD, was
employed to calculate light absorption, extraction, and CD. Total
extraction efficiencies were calculated by averaging the ratio of out-
coupled power to dipole-emitted power for orthogonally polarized
electric dipole sets. The dipole sets are evenly distributed at 18 points
within the region of QD materials corresponding to the irreducible first
Brillouin zone. The CPL response of a thickness-dependent PbS
structure was obtained by calculating the absorption for incident LCP
and RCP light. The complex refractive indices of CdSe and PbS QDs
were obtained from ellipsometry measurement (ALPHA-SE).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data that support the findings of this study are available from the
corresponding authors upon request. Data access is subject to insti-
tutional approval and compliance with the ethical guidelines of the
corresponding institutions. Data can only be shared for non-
commercial purposes and requires a data use agreement.
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