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Abstract

Self-assembled nanoparticle superlattices (NPSL) are an emergent class of self-
architected nanocomposite materials that possess promising properties arising from
precise nanoparticle ordering. Their multiple coupled properties make them desirable
as functional components in devices where mechanical robustness is critical. However,
questions remain about NPSL mechanical properties and how shaping them affects
their mechanical response. Here, we perform in situ nanomechanical experiments that
evidence up to an black eleven-fold increase in stiffness (black ~1.49 to 16.9 GPa) and
black five-fold increase in strength (black ~88 to 426 MPa) because of surface stiffen-

ing/strengthening from shaping these nanomaterials via focused-ion-beam milling. To



predict the mechanical properties of shaped NPSLs, we present discrete element method
(DEM) simulations and an analytical core-shell model that capture the FIB-induced
stiffening response. This work presents a route for tunable mechanical responses of self-
architected NPSLs, and provides two frameworks to predict their mechanical response

and guide the design of future NPSL-containing devices.

Keywords: nanoparticle superlattices, self-architected materials, in situ nanomechanics,

surface stiffening, FIB shaping

Nanoparticle superlattices (NPSLs), a type of nanocomposite material system composed
of ordered arrays of nanoparticles, have demonstrated unique properties that arise from the
ordering of their nanoparticle building blocks.! By tailoring the compositions of the inor-
ganic nanoparticle core, the organic ligands on their surface, and the superlattice crystal

symmetry, NPSLs constitute a family of nanocomposites that can be architected to exhibit

57 10,11

enhanced and/or emergent plasmonic,?* photonic,’” magnetic,®° and catalytic

prop-
erties. Owing to their multiple tunable parameters as well as their self-assembled nature,
NPSLs represent one of the most versatile types of nano-architected materials, surpassing
other emerging material systems such as truss-based nanolattices!'? in terms of minimum
feature size and fabrication yield. As a result, significant interest exists in using NPSLs to
develop new technologies or novel devices. However, there are still key challenges facing
their adoption, such as the lack of processing methods to shape these NPSLs! as well as
understanding of their process-property relations, especially in the mechanical realm. '3
Current state-of-the-art syntheses of NPSLs often result in either two-dimensional (2D)
thin films, **!® polycrystalline aggregates with no defined 3D geometry, or in single crystals

3,19-24

with thermodynamically defined 3D shapes, which limit their utility in combination

with other materials or as device elements. Consequently, a variety of top-down additive 227

28,29

or subtractive methods have been developed to shape these self-assembled nanocompos-

ites into form factors that could broaden their end-use cases. In particular, focused ion



beam (FIB) micro/nanomilling, a technique used extensively in the semiconductor indus-

30,31

try to make 3D nanostructures and devices, has shown potential for shaping NPSLs into

functional microscopic devices black as waveguides, ®? fresnel lenses for optical applications,??
and magnonic metamaterials for microwave antenna applications.?* Despite this progress,
questions remain about the impact of the FIB milling process on the mechanical properties
of the NPSLs, which is critical for their subsequent processing and integration into devices.

While a growing number of studies have focused on characterizing the mechanical proper-

ties of NPSLs, 338 the impact of patterning and shaping them remains unclear. Furthermore,

most studies on the mechanical behavior of NPSLs have largely been conducted using ex situ

36,38-43 37,44,45

nanoindentation and atomic force microscopy, which limit observation of mate-

rial behavior during deformation and under controlled stress states. Although measurement

46 or in situ X-ray scattering” can be used to obtain

techniques such as in situ compression
a holistic understanding of the mechanical behavior of polycrystalline NPSLs, fundamental
questions about the response of single crystals remain.

Here, we use in situ uniaxial compression on FIB-milled substrate-bound single-crystal
NPSLs to quantify the effect of shaping on their mechanical response. Through nanome-
chanical experiments conducted concurrently with scanning electron microscopy (SEM), we
systematically determine the effective stiffness and strength of the NPSLs, and we uncover
order-of-magnitude increases in their mechanical properties stemming from surface stiffening
effects. In addition, we provide analytical and numerical predictive tools, in the form of a
core-shell composite model and discrete element method (DEM) simulations, respectively,
to enable the design of NPSL-based architectures as components in devices.

To obtain consistent mechanical properties of NPSLs under uniaxial compression, it is
necessary to examine single-crystal structures that have a uniform cross-sectional area along
the axis of compression. Therefore, we opted to examine single-crystal NPSLs assembled

via heterogeneous nucleation from a substrate, often referred to as Winterbottom (WB)

constructions. 449235 In particular, previous work by the authors has shown that face-



centered cubic (FCC) WB NPSLs form flat hexagonal platelets that have minimal variation
in their cross-sectional area, making them ideal for mechanical analysis.?® WB NPSLs were
synthesized using nanocomposite tectons (NCTs)5'5* and assembled via thymine (Thy)-
melamine interactions® (Fig. 1a), as described in the Supporting Information.

SEM imaging of the substrate revealed substrate-bound faceted NCT assemblies that
adopted the flat hexagonal platelet shape consistent with that of FCC WB constructions 23
(Fig. 1b). Further, FIB-milled internal cross-sections of the NPSLs, indicated that the
nanoparticles were arranged in a close-packed configuration (Fig. 1c), as expected for an FCC
crystal structure. As validation, fast Fourier transform (FFT) analysis of the SEM cross-
sectional images (Fig. lc, inset) produced arcs with 6-fold symmetry, which is consistent

with ordering of an FCC structure.
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Figure 1: Assembly of nanocomposite tectons and as-formed characterization. a) NCTs are
polymer-brush-coated nanoparticles with supramolecular recognition groups at their chain
ends. Melamine (brown) is used to mediate the association of thymine (green) functionalized
NCTs to form FCC Winterbottom assemblies from gold nanoparticles. b) SEM image of an
FCC Winterbottom on a Si substrate containing ~10° nanoparticles. c¢) Cross-section of
the Winterbottom assembly shows close-packing of the NCTs which is expected for an FCC
crystal structure. Inset shows the FFT pattern taken from the cross-section image.

To determine the mechanical properties of the as-prepared WB NCTs,we conducted uni-

axial compression experiments using an displacement-controlled nanoindenter (Alemnis AG)

4



at a quasi-static strain rate of 107 s™1, providing force-displacement measurements that
resulted in the stress-strain relations depicted in Fig. 2a. We performed systematic exper-
iments on different samples to terminal compression strains of ¢ = 20%, 30%, and 45%
(on as-synthesized samples that were not FIB-milled). As shown, the stress-strain plots are
characterized by an initially elastic region followed by the onset of nonlinearity at ~10%
strain, while initial nonlinearity at strains ¢ < 2% results from inevitable minor misalign-
ments between the NCT surface and the compression tip. The effective Young’s modulus
of the samples, determined from the slope of linear loading regime, was determined to be
black £* = 1.49 4+ 0.15 GPa. This effective stiffness of NCT assemblies, similar to that of
other NPSLs bonded by non-covalent interactions, is comparable to that of glassy polymers3?
which suggests that the mechanical properties of the NCT's are dominated by the interactions
between the polymer brushes. These compression experiments also allowed us to obtain the
effective yield strength of our NPSL assemblies, determined to be black o, = 88 & 21 MPa
via the 0.2% offset method, which is rarely reported in NPSL literature since this metric
cannot be directly obtained using classical nanoindentation.

Since the compression experiments were conducted in situ, this enabled observation of the
NCT assemblies’ deformation behavior (purpleSupporting Information Video S1). Images
of the compression sequence at ¢ = 10%, 25%, and 42%, as shown in Figs. 2b, 2¢, and 2d,
respectively, highlight the behavior of the WB NCTs under different deformation regimes.
At e = 10%, no significant inelastic deformation was observed, consistent with the primarily
linear-elastic regime observed to span beyond this strain measure for all the WB NCTs that
were compressed. At e = 25%, we observed a noticeable increase in the cross-sectional areas
of the WB NCTs, indicating deformation in a plastic flow regime. Finally, at ¢ = 42%,
vertically aligned cracks emerged on the lateral surfaces of the WB constructions, indicating
contributions of a fracture mechanism at large strains.

To characterize the type of permanent deformation that accumulated in the WB NCTs,

we performed post-mortem characterization by exposing cross-sections via FIB milling. As
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Figure 2: Large-strain in situ uniaxial compression of WB NCTs. (a) Stress-Strain plot of
three representative WB NCT structures, with insets showing a schematic of the compression
procedure. (b,c,d) SEM snapshots of the compression sequence for the sample compressed
to 50% strain at 10%, 25%, and 42% strain, respectively. Post-compression images, top
view (i), Cross-section view (ii), and FFT of internal structure (iii) after compression to (e)

25%,(f) 35% and (g) 50% strain, respectively.



depicted by the SEM cross-section and corresponding FFT for a sample compressed to
25% strain (Fig. 2e), indications of nanoparticle disorder and permanent deformation begin
to become evident in this compressed state. However, examination of their cross-sections
obtained via FIB milling after compression, revealed that the nanoparticle ordering was still
mostly preserved, as confirmed by their 2D FFT patterns. At a higher strain of 35% (Fig. 2f),
emergence of surface cracks was observed, along with a marked loss of long-range internal
order which translated to further blurring of the arcs in the FFT pattern. We also observe a
shortening in the vertical direction and a widening in the horizontal direction of the pattern
in the FFT indicating flow and permanent deformation of the crystal lattice (Supporting
Information (Fig. S5). Finally, for the samples subjected to 50% strain (Fig. 2g), we observed
significant crack formation and a extensive loss of order in the nanoparticle arrangement.
These results suggest that our self-assembled WB NCTs exhibit elasto-plastic behavior, with
plastic flow being accommodated by nanoparticle disorder followed by fracture events along
nanoparticle facets. As the particles move closer together, enabled by the compliance of
polymer brushes, a state of densification was reached, denoted by an increase in slope at
the e ~ 40% range likely due to interparticle contact. black While information about the
homogeneous deformation could be obtained from the FFTs of the SEM images, slip/failure
mechanisms could not be characterized due to the limitations in our microscopy resolution
and thus would warrant further studies.

Once we determined the baseline mechanical properties of the as-formed WB NCTs, we
proceeded to quantify the effect of FIB milling on the mechanical response of NCTs, since this
technique is an established tool for nanofabrication that has been demonstrated specifically

32734 To demonstrate the utility of FIB-milling in

to shape NPSLs into functional devices.
shaping our NCTs, we used it to shape our materials into a variety of structures as shown
in Fig. 3a. Importantly, we observed no loss in nanoparticle ordering, demonstrating that

complex structures retain this necessary key characteristic for NCT-based devices.

We selected the FIB-milled square NCT shape (Fig. 3a i) for subsequent in situ mechani-
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Figure 3: (a) Top view and 52° incline view of (i) square-, (ii) annulus-, (iii) star-, and (iv)
triangle-shaped NCTs obtained by FIB. (b) Compression of NCT pillars to 15%, 30% and
45% strain respectively. (i-viii) Snapshots of compression sequence at different strains for the

45% strain compression. Post-compression image of pillar subjected to a maximum strain of
(c) 15%, (d) 30% and (e) 45% strain.



cal testing, and fabricated pillars out of the WB NCTs with lateral dimensions ranging from
[ ~ 300 nm to 1 pm and heights of ~2 pm. Using the same compression protocols as with
the WB structures, we compressed these pillars (purpleSupporting Information Video S2)
to varying degrees of ultimate deformation, including ¢ = 15%, 30%, and 45%, as shown
in Fig. 3b. The stress-strain responses of these pillars evidenced a significantly different
response from their parent WB NCT structures (Fig. 2a); namely, the pillars exhibited a
more defined yield point followed by an increasing flow stress to a level at which fracture in
the lateral pillar surfaces took place. The effective stiffness of these pillars was determined
to be up to an order of magnitude larger than that of WB NCTs and to vary as a function
of the pillar aspect ratio, spanning a range from black E* = 4.9 to 16.9 GPa, corresponding
to pillars with lateral dimensions of [ =~ 1.1 pm and 320 nm, respectively. Similarly, the
yield strength of these pillars was higher than that of the WB NCTs, ranging from black
o, = 69.2 to 426.3 MPa, in some cases up to seven times higher than that of the parent WB
structures.

The deformation behavior of these pillars during compression also differed significantly,
with yielding and crack formation occurring at ¢ = 10% (Fig. 3b iii) and 25% (Fig. 3b
iv), respectively, approximately 10% strain lower than in WB NCTs. At higher strains, the
pillars started to petal, i.e., the external surface layer bent away from the bulk while the
internal domain continued to plastically flow as observed in the parent WB NCTs (Fig. 3b
v-viii).

We hypothesized that the strengthening behavior in the pillars compared to the as-
assembled WB NCTs stemmed from a surface-stiffening effect caused by the interaction of
the ion beam with the polymer brush matrix, as previous studies have demonstrated that
FIB high-energy ions can strengthen polymers by inducing crosslinking. *%-%® black While the
precise mechanism of ion-induced crosslinking of polystyrene is complex, 5% it is likely that
ion irradiation caused chain scission of the polystyrene, and consequently the formation of

radicals. These radicals then induced crosslinking via the formation of new bonds between
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Figure 4: (a) Stress-strain plots for Winterbottom, and two circular pillars (images shown
in (b), (c), and (d) respectively). Variation of (e) stiffness and (f) strength with surface-
area-to-volume ratio for square pillars (square), circular pillars (circle) and winterbottoms

(hexagon)(error bars lie within data points).
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61 resulting in the stiffening of the polymer. This mechanism of

neighboring polymer chains,
stiffening would be consistent with the observation that the aspect ratio of the pillars had
a significant influence on their mechanical properties, as the high-energy ions would only
be expected to react with the outermost portions of the FIB-milled material. To test this
hypothesis, square pillars with systematically varying surface-area-to-volume (SA/V) ratios
were fabricated; compression of these pillars showed that they did indeed exhibit varying
degrees of stiffening and strengthening (Fig. 4a).

This surface effect can be clearly visualized when plotting the stiffness and strength of
all the milled pillars against their SA/V ratios (Fig. 4e,f). Increasing the SA/V ratio led
to a quasi-linear increase in the strength and stiffness black (slope of 1.57 GPa pm) of the
milled NCTs, explaining the size-dependent stiffnesses and strengths of the milled pillars.
Additionally, experiments of square and circular pillars (purpleSupporting Information Video
S3) at comparable SA /V ratios demonstrated that the shape of the pillars had minimal effect
on their mechanical properties (Fig. 4b,c).

To determine if the surface stiffening effect originated from the crosslinking of the polymer
brushes on the NCTs, we prepared a polymer film using the same polymer feedstock used
to form the polymer brushes on the NCTs (14kDa Thy-functionalized polystyrene) and
used a FIB to mill pillars out of this film. In situ compression of these polymer pillars
showed a similar strengthening effect, where increasing their SA/V ratio led to a similar
increase in their mechanical properties (Fig. S8), further supporting our hypothesis that the
strengthening of the NCT pillars arose due to crosslinking of the polymer brushes on the
surface of the NCTs.

The ability to use a FIB to tune the mechanical properties of the NCT assemblies has the
potential to vastly expand their end-use cases. Since each application requires a particular set
of mechanical properties, understanding how shaping these materials via FIB milling leads to
variable properties is crucial to precisely engineer NCT-containing devices. To that end, we

developed two models—one analytical and one computational—that allow us to predict the
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mechanical response of arbitrary NCT assemblies. First, we developed a core-shell model
that provides an analytical relation between the stiffnesses of our milled pillars and their
SA/V ratios, which assumes that the surface-particle domain has a higher stiffness than the
core-particle domain. The radius (or hydrodynamic radius for non-circular cross-sections)
and height of the pillar are taken as r and h, respectively, with the thickness of the surface
represented by ¢. Taking the core-particle domain to have a modulus £ (which is obtained
from our experiments on the as-formed WB NCTs) and the surface-particle domain to have
a modulus E;, the effective modulus E.s; of a core-shell structure can be represented as

black
E+ (Es—E) (at —2p)

1+5<EES—1>

: (1)

Eerr =

Here, o denotes the SA/V ratio and 5 = t/h is the ratio of the surface-layer thickness to
the height of the pillar (details in the Supporting Information). This expression presents a
linear relation between the effective stiffness and the surface-area-to-volume ratio, consistent
with our experiments (Fig. 4b,c).

Further, black we use multivariate optimization to obtain the values of E, and ¢ that
result in the best fit (least-squares sense) to our experiments, namely 44.77 GPa and 36.4
nm, respectively (details in Supporting Information). Using this stiffness value for the surface
domain, our model (Eq. 1) predicted the effective stiffness of our samples, as shown in Fig. 5a.

This core-shell model can be used to predict the stiffness of the surface particles and
is effective to determine the stiffness of pillars of other aspect ratios. Given its simplicity,
however, we restrict its use to the purely linear regime, prior to the onset of nonlinearity
emerging from plastic flow of nanoparticles.

To overcome this limitation of predicting the response of NCT's beyond the linear regime,
our second model consisted of a discrete element method (DEM) model, where each numerical
particle represented the gold nanoparticles in the NCTs. The particles are connected to one

another with bonds that represent the polymer brushes in our system. Bonds effectively
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Figure 5: Analytical and numerical tools for predicting the effective stiffness of NCT samples.
(a) Stiffness vs. surface-area-to-volume ratio as obtained from the theoretical core-shell
model and experiments, with a schematic of core-shell model definitions. (b) Stress vs.
strain responses obtained from DEM (red) and experiments (blue). Plots of (¢) stiffness and
(e) strength vs surface-area-to-volume ratio obtained through DEM (red) and experiments
(blue). (d)(i,ii,iii) Snapshots of DEM simulations with progressive compression and failure.
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act like beams providing resisting force and moment to relative motion and rotation of
neighboring particles. Upon a selected failure criterion, bonds will break and provide no
further force and moment to the system. As shown in Fig. 5b, the particles are initially
arranged in an FCC structure with an inter-particle spacing defined as Ay ~ 35 + 5 nm
obtained from FFT analysis on the WB NCTs. To accurately capture any defects present in
our structure, Gaussian noise corresponding to the standard deviation in particle placement
is included.

To capture the surface stiffening effect, bonds are modeled with two stiffnesses, the
surface-domain elastic stiffness and the bulk-domain elastic stiffness, depending on the loca-
tion of the particles. The structure, comprised of 500 particles, is then subjected to uniaxial
compression applied as a prescribed displacement along the Z-axis with periodic boundary
conditions. The bulk-domain elastic stiffness of the bonds is tuned such that the elastic
modulus obtained from the simulation matches the stiffness of the WB NCTs. Next, to cap-
ture size effects, we generated pillars of different SA/V ratios and subject them to uniaxial
compression with free lateral boundary conditions. The surface-domain elastic stiffnesses
are then tuned such that the elastic modulus for pillars of different SA/V ratios matches
the stiffness obtained from compression of the NCT pillars for similar SA/V values. To
capture the non-linear behaviour up to yield of the NCTs, these bonds are modeled to have
a threshold stress beyond which they fail. The strength of the inter-particle bonds in the
bulk-domain were obtained by matching the strength of the periodic-boundary-condition
DEM simulation to that of the bulk NCT samples. Due to surface stiffening effects, the
bulk-domain bonds break first at the yield point of the NCTs. Hence, the bond strength
of the surface particles presumably have little effect on NCT yielding and are assumed to
preserve the same stiffening ratio of surface-domain bond stiffness to bulk-domain bond stiff-
ness. With the tuned bond behavior, the stress-strain responses from the DEM simulations
present a close match to our experiments for samples of similar surface-area-to-volume ratio

(Fig. 5c,d). Furthermore, on comparing the strength and stiffness obtained from the DEM
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simulations to those obtained experimentally, we see a similar trend for both indicating that
the model is able to predict the properties of the FIB-strengthened NCT pillars (Fig. 5e).
In conclusion, we have herein demonstrated that FIB-milling can be used to both shape
self-assembled NCT NPSLs and tune their mechanical properties. Our experiments revealed
that FIB-milling results in a surface stiffening effect, which can be exploited as a mechanism
to tune the mechanical properties of these NCT NPSLs via their surface-area-to-volume
ratios. We also developed an analytical core-shell model and a DEM representation that
can be used to efficiently predict the mechanical properties of these NPSLs, paving the way
towards the design of 3D NCT architectures with user-defined mechanical properties. Given
that the mesoscale architecture of NPSL-based materials plays an important role in dictating
their material properties, % the ability to use the FIB to precisely shape them and go
beyond their thermodynamically-defined shapes could represent a step forward in allowing
NPSLs to be used in a wider range of applications. In addition, the fundamental mechanical
insight developed in this study will be necessary for the processing and application of these
NPSL-based materials. Further explorations on the effect of crystal symmetry, particle size,
polymer brush composition, and interparticle interactions on their mechanical behavior will
advance our understanding and control of NPSL-based materials, and potentially make NPSL

materials one of the most versatile nano-architected material systems reported to date.
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Videos

e SIVideol WB_30pStrain x20.mp4: In situ uniaxial compression of an as-assembled
NCT Winterbottom construction to e = 30%, sample width in SEM image 5.95 pm,

playback speed x20.

e SIVideo2 SqPillar 30pStrain x20.mp4: In situ uniaxial compression of FIB-milled
NCT square pillar to ¢ = 30%, sample width in SEM image ~1 nm, playback speed
% 20.

e SIVideo3_CircPillar 44pStrain x20.mp4: In situ uniaxial compression of FIB-milled
NCT circular pillar to e = 44%, sample diameter in SEM image 1.2 pm, playback speed
% 20.
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