Mechanical Properties of Nanocrystal Supercrystals
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Colloidal nanocrystals attract significant interest due to their potential applications in electronic,
magnetic, and optical devices. Nanocrystal supercrystals (NCSCs) are particularly appealing for their
well ordered structure and homogeneity. The interactions between organic ligands that passivate the
inorganic nanocrystal cores critically influence their self-organization into supercrystals. By
investigating the mechanical properties of supercrystals, we can directly characterize the particle-
particle interactions in a well-defined geometry, and gain insight into both the self-assembly process and
the potential applications of nanocrystal supercrystals. Here we report nanoindentation studies of well
ordered lead-sulfide (PbS) nanocrystal supercrystals. Their modulus and hardness were found to be
similar to soft polymers at 1.7 GPa and 70 MPa respectively and the fracture toughness was 39

KPa/m™2, revealing the extremely brittle nature of these materials.
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Metallic and semiconductor nanocrystals are of considerable interest due to their versatile electronic
and optical properties™ # which can be tuned not only by changing material but also by modifying the
crystal size and shape.>® Similarly, mating specific properties of nanocrystals to surrounding materials
can lead to functional devices. For example, Watt et. al. enhanced the efficiency of solar cells made
from a PbS:MEH-PPV! by tuning the nanocrystal concentration and active layer thickness.® During
solution-phase nanocrystal synthesis the inorganic cores are passivated by organic ligands. Under
controlled conditions, solutions of uniform nanocrystals precipitate nanocrystal supercrystals with long-
range order.”*® This new class of material combines the unique properties of the inorganic nanocrystal
core with properties arising from the interaction between neighboring nanocrystals in the supercrystal.®
1 Controlling the properties of the constituent nanocrystals, ligand-particle, and ligand-ligand
interactions makes it possible to further tune, direct, and optimize the NCSL properties, making
supercrystals a very promising and unique material for potential applications in electronic, magnetic,
and optical devices.” 1213

While optical and electronic properties of nanocrystal supercrystals have been studied and improved
significantly, mechanical properties have received less attention. The range of applications of NCSL-
based devices depends on NCSL mechanical properties including hardness and modulus, residual stress
and strain, and fracture toughness, which underscores the importance of incorporating mechanical
characterization in the design process. These properties derive from the detailed interactions between
colloidal nanocrystals. These interactions are difficult to study at the single-nanocrystal level. Thus,
previous mechanical studies have been reported on aggregates such as disordered electrodeposited films
of colloidal CdSe nanocrystals,** cross-linked"® and drop-cast'® metal nanocrystals, and polymer-
nanocrystal composites.” * Atomic force microscopy has been used to investigate the mechanical

properties of ordered suspended nanocrystal sheets'® and disordered suspended nanocrystal-polymer

! MEH-PPV is composed of 2-methoxy-5-(2'-ethyl-hexyloxy)-p-phenylene vinylene.



layers.®® The long-range order of NCSLs provides a unique advantage. The measured bulk properties
can be directly related to particle-particle interactions just as the bulk properties of normal crystals arise
from the interactions between their constituent atoms.

In this letter, we report the first experimental results on the mechanical response of well-ordered
three-dimensional nanocrystal supercrystals and the elucidation of their properties. The NCSLs were
prepared by controllable oversaturation of a 1.5 ml chloroform solution of 7 nm PbS nanoparticles by

1.5 ml of isopropyl alcohol (a nonsolvent).?’ The nucleation of 3D colloidal crystals occurred mostly at

the ITO glass immersed in the crystallization tube due
to its slightly higher roughness as compared to glass
walls of the crystallization tube. The crystallization
process took ~3 weeks. After that, the supernatant

solution was discarded and the ITO substrate with

crystals was dried under house vacuum. NCSLs were
~10-200 microns in size with {111} planes parallel to
the substrate (figure 1). Nanoindentation experiments
were conducted with an Asylum MFP-3D™ atomic

force microscope (AFM) with the low force

Figure 1: (a) Optical image of the highly faceted lead ~ Nanoindentation accessory and Berkovich tip under
sulfide (PbS) nanocrystal supercrystals and (b) scanning
electron microscope image of a (111) surface. load control. The optical microscope of the AFM was
used to position the indenter tip over nanocrystals. The loading/unloading time was 4 seconds each, with
a holding time of 4 seconds applied at the maximum load allowing creep at the beginning of the
unloading phase to be less than 1 nm/s (near the drift rate of the instrument). After indentation the
supercrystal surface was imaged by high resolution SEM and AFM.

The indentation modulus and hardness were determined from the load-displacement curves by

applying Oliver and Pharr analysis.” This method assumes that, in the absence of creep, initial

unloading of the sample is elastic and the contact area stays constant, i.e. the slope of the beginning of



the unloading curve represents the stiffness of the indented material. The modulus is calculated from the
stiffness and the indentation contact area inferred by the projected penetration depth and the indenter
geometry. Hardness is a measure of the pressure which causes plastic deformation and is calculated by
dividing the peak load during deformation by the indentation contact area. The indenter geometry was

characterized by AFM imaging.

A typical load-displacement curve obtained during L
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penetration depth. This is likely due to the Figure 2: (a) Force vs displacement curve obtained
indenting in the lead sulfide (PbS) nanocrystal

supercrystals. (b) Modulus and hardness as a function

indentation strain-field interacting with the high-  ~% "= o o penetration depth,

stiffness substrate supporting the supercrystals (substrate effect). Typical practice limits the penetration
depth to ~10% of the film thickness to avoid the substrate affect.?> Nevertheless, the variation for both
modulus and hardness was found to be small for penetration depths up to 20% for these supercrystal
samples.

The measured modulus and hardness of the nanocrystal supercrystals are more similar to organic
polymers than inorganic materials. Polystyrene (PS) has a modulus of 4.3 GPa measured by

nanoindentation’” while polymethylmethacrylate (PMMA) has a modulus of 3.75 GPa and hardness of



51 MPa,? and different polyethelenes (PE) have modulus and hardness of 0.3-1.3 GPa and 7-18 MPa
respectively.? Polymer nanocrystal composites are expected to show increased modulus and hardness if
uniform mixing is achieved however, magnetite (FesO,4) and alumina (Al,O3) nanoparticles did not bind
well to the polymer and flocculated compromising the film’s mechanical properties.t”  Cadmium
Selenide (CdSe) nanocrystals using trioctylphosphineoxide (TOPO) and trioctylphosphine (TOP) as
capping agents and electrodeposited into amorphous films showed a modulus of 9 GPa and hardness of
400 MPa."

While the oleic acid capping agent is most similar to polyethylene chemically, the modulus and
hardness of the supercrystals are like the harder plastics polystyrene and polymethylmethacrylate. The
oleic acid is ~15-17 weight percent by thermogravimetric analysis (TGA) which corresponds to 40%
volume fraction of oleic acid in these fcc supercrystals of PbS nanoparticles. The space filling factor for
fcc crystals is 0.74 leaving 26% of the volume available to be filled by the capping agent beyond the
molecules which immediately surround the inorganic cores. Assuming the inorganic core is less
compliant than the organic matrix, we would expect the overall crystal stiffness to be around a factor of
two greater than for pure organic material, making the polyethylene/supercrystal comparison more
appropriate. The relatively high hardness may be due to the perfect packing of the supercrystal. Greater
energy is required to nucleate defects than to propagate already existing defects to the boundary of the

crystal.?*

Also, jamming may play an important role in this granular material. Polyethylene shows
strain-hardening as the long polymer chains reorder and stretch*’, while the NCSLs with short organic
ligands, as expected, do not show strain hardening.

An SEM image of a 600 uN indent (figure 3a) reveals the presence of significant cracking. Radial
cracks emanate from the corners of the residual impression and lateral cracks run parallel to the edges.

The relationship between the length of the radial cracks and fracture toughness for a Berkovich indenter

is



1 2
Kc=1.076-x, GJZ (5)3 o (1)
where K is the fracture toughness, a is the distance
from the center of the indent to the corner, | is the
length of the cracks that emanate from the corners, c is
the total length of the cracks, E is the modulus, H is

the hardness and x, is an empirical constant 0.015. %

The measured fracture toughness was 39+3 KPa/m*?.
Many ceramics, pure crystals,”® and brittle polymers®
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have fracture toughness near 1 MPa/m"? while clays®

measure near 20 KPa/m*?

. emphasizing the extremely
brittle character of the nanocrystal supercrystals. Other
brittle materials also show significant subsurface
lateral crack formation during unloading. Crack
propagation to the surface, as seen in figure 3a, could
lead to “chipping”.®** The tendency toward lateral
crack formation may be accentuated by the adhesion
observed between the indenter and supercrystal
material. Pop-in events are associated with median

crack formation as radial cracks join together under
the indent.*®  Although the supercrystals are very
brittle, we did not observe pop-in events. This may be
due to the relatively shallow indentations, since the
low hardness and fracture toughness show that the

material has low dissipation and surface energy. Like
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Figure 3: (a) SEM image of the residual imprint of an
indentation made at a maximum load of 600uN. Radial
cracks propagate from the corners of the indent and
lateral cracks are parallel to the edges. (b) Atomic
Force Microscopy image of a residual impression and
two cross sections showing elastic recovery and no
pileup.



the modulus and hardness data, the fracture toughness implicates the capping agents as the most
significant factor in determining the supercrystal material properties. The extremely low fracture
toughness is a result of the very weak intermolecular forces between the aliphatic capping agents and
their short length which minimizes the dissipation associated with their displacement. The ease of crack
propagation suggests that nanocrystal ligands are not significantly inter-digitated.

AFM and SEM images of the residual indent impression show no pile-up of displaced material at the
edges of the indent (Figure 3b) thus plastic deformation significantly increases the crystal packing
density. Also, stresses have been observed to grow with aging and the supercrystals tend to crack and
fracture, as do amorphous nanocrystal films.®* The development of stresses may be due to evaporation
of trapped solvent or annealing of the supercrystals. Supercrystal growth requires delicate balancing of
interparticle energies to avoid amorphous film formation. The local structure of the capping ligands may
be in an extended, kinetically-trapped state resulting from condensation into the supercrystal followed
by solvent evaporation. The existence of such metastable states is consistent with the significant creep
observed during the holding period after loading, as well as the densification of the NCSL during
indentation. The values of modulus, hardness, and fracture toughness presented herein could be
underrepresented due to these stresses compared to the relaxed material's properties. The error is
unlikely to be significant and does not influence the scientific conclusions of our analysis.

The chemical composition of the capping agents clearly determines the mechanical properties of the
supercrystals. Oleic acid's short chain length and mostly-saturated character lead to very weak
intermolecular forces which result in marked plasticity and brittleness. The very low fracture toughness
causes the NCSL to fracture under their own or with slight stress. To improve the supercrystal
mechanical properties requires different capping agents with stronger intermolecular forces or posts-
preparative modifications such as annealing or plasma treatment.®

This work constitutes the first measurement of the mechanical properties of PbS nanocrystal
supercrystals. Elastic modulus and hardness measured 1.7+0.1 and 0.07+0.01, respectively which is
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quite similar to soft polymers. The weak fracture toughness of ~ 39+3 KPa/m™“ gives colloidal crystal



clay-like behavior. The capping molecules seems to significantly impact the mechanical properties and

hence their smart design is required to improve the material strength.
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