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Abstract 

We take advantage of the different chemical and mechanical properties of nanocrystal and bulk 

thin films to transform planar nanocrystal/bulk hetero-structures into three-dimensional 

architectures. Nanocrystal/bulk hetero-structures are fabricated via bottom-up assembly and 

top-down fabrication. Nanocrystals are capped by long ligands introduced in their synthesis and 

therefore their surfaces are chemically addressable and their assemblies are mechanically “soft”, 

in contrast to bulk films. Chemical modification of the nanocrystal surface, exchanging the long 

ligands for more compact chemistries, triggers a large volume shrinkage and drives bending of 

nanocrystal/bulk hetero-structures. Exploiting the differential chemo-mechanical properties of 

nanocrystal and bulk materials, we design and demonstrate the scalable fabrication of three-

dimensional nanocrystal/bulk superstructures that possess unique functions derived from 

nanocrystal building blocks. 

 

 



Solution-processable colloidal nanocrystals (NCs) are hybrid systems composed of inorganic cores 

and organic/inorganic ligand shells (1). The combination of their size-dependent physical 

properties and low-cost processability is driving exploration in using NCs as building blocks in the 

construction of various electronic, optical, and magnetic devices (2-6). To achieve targeted device 

performances, NC films are often assembled “bottom-up”, to define their nano- to meso-scale 

structure, and also patterned “top-down”, to control their micro- to macro-scale structure (7-9). 

However, commonly used bottom-up coating and printing and top-down electron-, photo-, or 

nanoimprint (NIL) lithographies are often only suitable in fabricating planar structures. The 

fabrication of NC assemblies ‘sculpted’ in three-dimensional (3D) configurations is largely 

unexplored, yet crucial in realizing functions such as guided propulsion in cargo capture and 

delivery for therapeutics and impurity scavenging, and optical chirality for enantiomer selective 

catalysis and sensing (10-13).   

Here, we exploit the distinct chemical addressability and “soft” mechanical properties of NC 

assemblies, inherited from the small size of NC cores and their ligand shells, to transform originally 

planar NC/bulk bilayer hetero-structures into 3D superstructures. As illustrated in Fig. 1A for a 

NC/bulk bilayer hetero-structure, the long organic ligands initially capping the NCs maintain a 

large inter-NC separation. Substituting the long ligands with small molecules through a room-

temperature ligand exchange (LE) process reduces the inter-NC spacing, shrinks the NC assembly 

size, and drives bending of the bilayer hetero-structure in the direction of the NC side. The large 

volume reduction upon LE and low elastic modulus of the NC layer facilitate large shape 

transformations typically only achievable in ‘soft’ organic hetero-structures (14-18). In contrast, 

there are very few existing examples of large shape transformations in ‘hard’ inorganic systems 

and they require either processing at an elevated temperature (19) or via high-energy ion beam 

bombardment (20,21). Using NC/bulk bilayer hetero-structures in the shape of a nanowire as a 



basic element, we construct design rules that allow us to demonstrate the versatility of this 

fabrication approach and to create multiple 3D superstructures incorporating magnetically (22,23) 

and optically (24) functional inorganic materials.  

The NC/bulk bilayer nanowire is fabricated by sequentially evaporating Ti and spin-coating Au NCs 

in a tri-layer resist template patterned via scalable NIL with 3-µm-long nanowire trenches (25). 

The nanowire trench is 60-nm wide in the top thermal resist layer (unless otherwise specified, 

noted as w), and has an undercut structure in the middle poly (methyl glutarimide) (PMGI) layer. 

Due to the different deposition characteristics, the evaporated Ti has a width defined by w, while 

the spincoated Au NCs occupy the entire PMGI undercut area, typically with a width 50-nm larger 

than w (Fig. 1B). A bottom resist layer of Durimide allows us to ultimately harvest the nanowires 

from the substrate surface. 

The Au NCs have an average core diameter of 4.9±0.3 nm and an oleylamine (OLA) shell thickness 

of 0.8 nm, leading to an OLA ligand/Au volume ratio of 1.33. After lift-off of the thermal resist, the 

long OLA ligands are replaced with compact SCN- ligands via a LE process in which the samples are 

immersed in a solution of the new ligand. Previous work has shown LE of similar size, OLA-capped 

Au NCs with SCN- ligands creates a 56% volume reduction in Au NC films (26) and nanowires (2). 

This volume change is significantly larger than the 10% volume change of a NC assembly using LE 

with DNA chemistry (27) and thus drives a large bending effect in the NC/bulk bilayer nanowires, 

as seen in transmission electron microscopy (TEM) images (Fig. 1C). While LE of NC/bulk 

nanowires shows a large bending effect, without LE nanowires only have a slight curvature (Fig. 

1D), possibly due to the residual stress introduced by the deposition processes. Cross-sectional 

images constructed by electron tomography confirm the NC/bulk morphology and the large 

volume reduction in the NC layer upon LE (Fig. S1). 



Given that there is no relative sliding between the Au NC and the Ti bulk layers (Fig. 1C), the 

bending of the nanowires can be described using a well-established bilayer model (28). Here, we 

assume that LE has introduced an initial compressive strain of ε0 in the length direction of the Au 

NC layer, also known as the misfit strain between the Au NC/Ti layers, causing the nanowire to 

bend with a curvature 1/ρ (Fig. 2A). The ratio between the nanowire thickness h and ρ can be 

expressed as: 

ℎ
𝜌𝜌
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Here, k is the Young’s modulus ratio between the Au NC and the Ti bulk layers, and t is the ratio 

of the Ti layer thickness aTi to the total bilayer thickness h. While it is difficult to control the 

thickness of the Au NC layer deposited in the templates (Fig. S2), aTi can be tuned to modulate t 

and study the thickness dependence of the bending effect (Fig. S3). At least 5 nanowires are 

measured for each t point and their h/ρ values are plotted in Fig. 2B. We fit the average h/ρ values 

at different t points found experimentally to the classic bilayer model. More careful treatment 

can be conducted by taking into account the variation of measured h/ρ (Fig. S4), revealing a 

distribution of ε0 and k values as shown in Fig. 2C. Consequently, ε0 takes the value of 0.064±0.018, 

consistent with the earlier reported length reduction of 0.09 upon LE for single Au NC nanowires 

(2). For comparison, bending created by differential thermal expansion of an inorganic 

copper/steel bi-metallic strip only has a misfit strain of 0.005 with a 1000 K temperature change 

(29). The large misfit strain is consistent with the large Au NC volume reduction, providing a large 

driving force to bend the bilayer nanowire. 



The fitting process further yields a k value between 0.0019 and 0.0079 with 1σ significance, 

corresponding to a Au NC layer elastic modulus between 210 MPa and 870 MPa (the elastic 

modulus of bulk crystalline Ti is 110.3 GPa, ref. 29), orders of magnitude lower than the bulk Au 

modulus (79 GPa, ref. 29). The decrease in modulus for NC layers is consistent with other 

nanoporous Au systems formed by selective etching of Ag in a Au-Ag alloy (30). However, in those 

systems a larger modulus of 2.7-3.2 GPa is reported. The discrepancy cannot be explained by the 

different relative Au density, as our Au NC layers have an even higher Au density (2). However, 

unlike the other systems built from tens-of-micron-sized grains, our Au NC layer has a coherence 

length of only 15.8 nm (Fig. S5), suggesting limited grain growth during LE from the original 4.9-

nm NCs. Due to atomic disorder, grain boundaries typically have a reduced elastic modulus (31), 

and this is especially the case for the current Au NC system considering that it is constructed 

initially from randomly oriented NCs. Therefore, it suggests that the grain boundaries in our 

nanometer grain size Au NC systems play an essential role in determining the ensemble elastic 

modulus, and therefore contribute to its smaller value (32). Importantly, the orders-of-magnitude 

smaller Young’s modulus in the ‘soft’ Au NC layer facilitates the shape deformation of the bilayer.   

In the following discussion, the Ti layer thicknesses are maintained at 20 nm and unless otherwise 

noted, the same fabrication procedure is used. The nanowire trench width w is modulated to also 

control the bending effect. For example, scanning electron microscopy (SEM) images show that 

the 100-nm template yields nanowires with a similar bending curvature as does the 60-nm 

template (Fig. 2D and 2E). However, as w increases to 200 nm, the nanowires appear almost 

straight (Fig. 2F and 2G). Careful inspection reveals different cross-sectional profiles for these two 

samples that arise from interfacial, energetic differences in lift-off (Fig. S6). The large-w nanowires 

are found to be 2.5 times as thick as the low-w counterparts (100-nm thick), leading to their 

smaller curvature. 



Taking advantage of the ‘rules’ to create bending upon LE of NC/bulk bilayer hetero-structures, 

3D structures can be designed with different curvatures at different locations through the 

modulation of w. As an example, we fabricated L-shaped structures with two orthogonally 

patterned nanowire segments Lw (w=150 nm, 4-µm long) and Lt (w=60 nm, 19-µm long), 

respectively, over large areas (Fig. 3A, S7 and S8). There is a 500-nm wide, smoothly curved 

transition region at the junction point to prevent excess stress at the corner. Consistently, the 

wider segment Lw appears to have a larger thickness than Lt (Fig S8C), in turn leading to different 

bending behavior once released. We suspend the initially L-shaped structures upon release in N-

methyl pyrrolidone (NMP) and study their 3D structures by bright-field optical microscopy. At an 

elevated temperature (90 ˚C), Brownian motion exceeds gravitational forces and the structures 

tumble frequently, revealing an unambiguous 3D morphology (Fig. 3B-3D and Movie S1). As 

expected the smaller-w Lt region curves and forms a loop whereas the larger-w Lw region remains 

a straight short tip. The loop has a radius of 2.6 µm, slightly larger than the average radius of 

curvature for nanowires with a 20-nm Ti layer (ρ=2.2 µm, Fig. 2B and S3C), due to the flat 

transition region on the junction side of Lt (Fig. S8D). 

Increasing in design complexity, Fig. 3E shows an example of a claw structure which is highly 

desirable as a gripper (33). A ‘+’ sign-shaped 2D pattern with four 5-µm-long arms is designed, 

with a similar smoothly curved transition region in the center (Fig. S7), and fabricated over large 

areas (Fig. S9A). Once released, the four arms curl up toward the NC side, forming a claw structure 

(Fig. 3F-3H and S9B and Movie S2). Owing to the large bending curvature, these claws are less 

than 10 µm in size, making them suitable to interact with similarly-sized micro-organisms, 

including some tumor cells and bacteria. As a demonstration, these claws can wrap around 2.5-

µm silica beads, with their arms following the curved bead surface (Fig. S9C,D). In the future, the 

surface chemistry of these claws could be modified to allow their transfer to physiologically 



benign media, to increase their binding affinity with cells, and to create a triggering process to 

realize a capturing motion. Another example is a helical structure, which is actively explored in 

realizing artificial motors (11) and chiral optical metamaterials (10,12). Here, five 60-nm-wide 4-

µm-long nanowires are aligned in the same direction, connected head-to-tail sequentially through 

junction rectangles (300-nm wide, 1-µm long) and each shifted by 240 nm from its predecessor in 

the transverse direction (Fig. 3I and S7). Consequently, all five nanowires bend and form arcs, 

which are arranged in a helical manner (Fig. 3J-3L and Movie S3). Among different 3D structure 

designs, more than 90% yields are achieved for both the L-shaped and claw structure, and 40% 

yield for the more complicated helical structure. Each of the L-shaped, claw, and helical patterns 

are fabricated using 2-cm-by-2-cm NIL stamps to yield ~107 3D structures (Fig. S8, S9). Further 

scaling-up can be achieved using even larger stamps (2,34). 

 The versatility of this technique also lies in the choice of different functional NC building blocks 

to create 3D structures with unique physical properties. For example, superparamagnetic NCs are 

widely used in biomedical research and their zero-remanence properties are crucial to prevent 

spontaneous magnetic-dipole-induced aggregation in solution (2). Here, a superparamagnetic 

claw is fabricated from 12.6±0.5 nm diameter Zn0.2Fe2.8O4 NCs (Fig. 4A), whose rotation can be 

magnetically actuated. The radius of curvature of the claw arms is 4.2 µm, larger than the Au-NC 

case, as the larger size Zn0.2Fe2.8O4 NCs lead to a smaller ligand/NC core volume ratio and therefore 

a reduced initial compressive strain ε0 upon LE. To demonstrate magnetic actuation, a permanent 

magnet is used to approach the claw suspension (starting at 0 s), generating a magnetic field of 

150 Oe. In response, the magnetic claw stabilizes with their arms facing down on the substrate, 

and one of the angular bisectors aligned with the external field. From 10 s to 30 s, the magnetic 

field is rotated clockwise and counter-clockwise alternately, and the claw motion follows 

synchronously. The experiment indicates the dominant role of magnetic interaction in the process. 



Further evidence lies in the magnetic simulation, where the total magnetic energy is calculated 

for different external field orientations (Fig. 4B and 4C) with respect to the claw structure 

(Configurations 1-3). The highest energy occurs when the field is along two of the arms 

horizontally (Config. 3), as here the field is transverse to the other two arms, forcing their 

magnetizations to align unfavorably (Fig. S10). Local energy minimum occur at Config. 1 (field 

along the central axis) and Config. 2 (field aligned horizontally and at 45˚ to all the arms). Config. 

1 has an energy 58.4 eV higher than Config. 2, which can again be understood by the energy 

penalty of the transverse magnetization at the junction point (Fig. S10). Transformation between 

these two configurations requires overcoming an energy barrier of 103 eV at the midpoint (θ=45˚, 

φ=45˚). Consistent with the experimental results, the simulation predicts that the claw will take 

Config. 2 to minimize the system energy, and that the energy barrier, which is much higher than 

the thermal fluctuation energy at room temperature (of order a few kT, k is the Boltzmann 

constant), locks the claw in the stable state and forces it to move synchronously with the rotating 

magnetic field. 

In summary, we report a room-temperature, solution-based LE process that can chemo-

mechanically transform planar NC/bulk hetero-structures into 3D configurations. This 3D 

nanofabrication method features flexibility in both structural design and NC selection, providing 

accessibility to the unique physical properties of inorganic NCs and expands the functionalities of 

existing organic natural/artificial 3D counterparts. Combined with NIL, the process is cost-

effective and readily scalable. We expect this technique will facilitate new designs of 3D structures, 

which have already shown their leading roles in a variety of fields including artificial motors, nano-

robots, and chiral optical metasurfaces. 
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Fig. 1. Fabrication of Au NC/Ti bilayer nanowire and their bending. (A) Schematic of an 
initially OLA-capped Au NC/Ti bilayer nanowire bending upon LE with NH4SCN. The LE process 
replaces the long organic chains separating neighboring NCs, causing neighboring NCs to 
touch, and the bilayer nanowire to bend. (B) Schematic of the bilayer nanowire fabrication 
through sequential Ti evaporation and Au NC spin-coating onto a tri-layer resist film patterned 
by NIL. (C,D) TEM images of the bilayer nanowire (C) with LE and (D) without LE (scale bar: 
500 nm). In both images, the nanowires lie on substrates on their sides.  



 

Fig. 2. Dependence of the bending effect on the nanowire’s geometrical parameters. (A) 
Illustration of misfit strain ε0 and for nanowires of thickness h bending upon LE, creating 
curvature 1/ρ. (B) Experimental (black dots) dependence of the bending effect, characterized 
by the normalized curvature h/ρ, on the relative Ti layer thickness to the overall nanowire 
thickness. Fitting (red curve) of the average experimental value of h/ρ to a stressed bilayer 
model. (C) Distribution of the fitted misfit strain ε0 (red) and the Young’s modulus ratio 
between the Au NC layer and Ti layer (blue) by assigning a normal distribution on the 
measured h/ρ data in (B). (D-G) SEM images of bilayer nanowires fabricated from (D,E) w=100 
nm and (F,G) w=200 nm templates. Nanowires (D,F) as fabricated on a Durimide layer and 
(E,G) upon release and deposition on a lacey carbon grid  (scale bar: 500 nm). 



 

Fig.3. Various 3D NC/bulk bilayer structures created by bending. (A,E,I) Schematics of 
transformations from planar to 3D structures and (B-D,F-H,J-L) optical microscope images of 
3D structures suspended in solution captured at different times for (A-D) L-shaped structures, 
(E-H) claw structures and (I-L) helical structures. Scale bar: 10 µm. 



 

Fig. 4. Magnetic claw in response to an external magnetic field. (A) Optical microscope 
images capturing the evolution of a magnetic claw with a permanent magnet approaching 
and aligned in the horizontal direction (0-10 s), rotating clockwise (10-15 s), counter-clockwise 
(15-25 s) and clockwise again (25-30 s). (B) Schematic of a magnetic claw with central axis 
oriented in the z-direction, and the xy-projection of the arms in x- and y-directions. The 
direction of the external field Hex is defined by the angle θ with respect to the z-axis and the 
azimuthal angle φ. (C) The total magnetic system energy of the claw with different Hex 
orientations. From left to right, the plots show the energy in situations of different θ at φ=45˚; 
different φ at θ=90˚; and different θ at φ=0˚. The numbers in the plots label Config. 1 (field 
aligned with the central axis), Config. 2 (horizontal field aligned 45˚ with respect to the arms) 
and Config. 3 (horizontal field aligned with one pair of the arms), respectively. 


