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Introduction

Template-directed self-organization of colloidal
PbTe nanocrystals into pillars, conformal coatings,
and self-supported membranesf

Marek Piotrowski, @2 Jérome Borme, 92 Enrique Carbo-Argibay,?
Deepanjan Sharma,? Nicoleta Nicoara,® Sascha Sadewasser, (22
Dmitri Y. Petrovykh,@ *@ Carlos Rodriguez-Abreu ©° and Yury V. Kolen'ko @ *2

We demonstrate the formation of three morphologies relevant for integration with miniaturized devices—
microscale pillars, conformal coatings, and self-supported membranes—via template-directed self-
organization of lead telluride (PbTe) colloidal nanocrystals (NCs). Optimizing the self-organization
process towards producing one of these morphologies typically involves adjusting the surface chemistry
of the particles, as a means of controlling the particle—particle and particle-template interactions. In
contrast, we have produced each of the three morphologies of close-packed NCs by adjusting only the
solvent and concentration of NCs, to ensure that the high quality of the ca. 10 nm PbTe NCs produced
by hot-injection colloidal synthesis, which we used as model “building blocks,” remains consistent across
all three configurations. For the first two morphologies, the NCs were deposited as colloidal suspensions
onto micropatterned silicon substrates. The microscale cuboid pillars (1 pm x 1 um x 0.6 pm) were
formed by depositing NC dispersions in toluene onto templates patterned with resist grid motifs,
followed by the resist removal after the slow evaporation of toluene and formation of the micropillars.
Conformal coatings were produced by switching the solvent from toluene to a faster drying hexane and
pouring NC dispersions onto silicon templates with topographically patterned microstructures. In
a similar process, self-supported NC membranes were formed from NC dispersions in hexane on the
surface of diethylene glycol and transferred onto the micropatterned templates. The demonstrated
combination of bottom-up self-organization with top-down micropatterned templates provides
a scalable route for design and fabrication of NC ensembles in morphologies and form-factors that are
compatible with their integration into miniaturized devices.

micro- and nanostructured surfaces have been successfully
used to direct self-organization of atomic,® molecular,” or

Self-organization of nanocrystals (NCs) has long been of interest
in materials science as one of the pathways to realizing the
promise of nanotechnology to use nanoparticles as “artificial
atoms” for building materials with novel properties." Thermo-
dynamically driven self-organization can produce highly
ordered two- or three-dimensional (3D) superlattices of densely
packed monodisperse NCs.>® Furthermore, template-directed
self-organization provides a pathway for integrating the self-
organized NC materials with microfabricated structures for
advanced applications in miniature devices.*® In particular,
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nanoscale®® structures via a broad range of interactions.

The medium also plays a critical role in controlling the self-
organization of colloidal particles. In a commonly employed
scenario, the process is driven by the evaporating solvent, or,
more specifically, by the evaporating and/or receding meniscus
and the associated capillary forces.'*** Conversely, in the limit
of a non-volatile medium, NCs can be embedded in stacked
alternating layers of oppositely charged polymers via the layer-
by-layer (LbL) technique,” whereby the interactions within
and with polymer matrix determine the arrangement of NCs.'*"”
The presence of the polymer matrix enables versatile modular
design strategies for such nanocomposites,'” however, the size
mismatch between the polymer molecules and NCs makes it
difficult to achieve high-density nearest-neighbor-proximity
packing of the NCs in LbL nanocomposites.*®

The mechanistic differences between the solvent- and LbL-
based formation of self-organized NC structures notwith-
standing, their use in applications typically is based on one of
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the three main morphologies: 3D shapes' (such as pillars®),
conformal coatings,” and self-supported membranes.”>** As
a consequence of their practical relevance, we are interested in
producing these three morphologies by template-directed self-
organization processes that satisfy two practical constraints
informed by our previous experience* with NC-based materials:
close packing of individual NCs and morphology control via
basic process parameters (solvent and NC concentration); while
the former is commonly targeted and addressed in device-
oriented self-organization of NCs,® the latter represents
a novel challenge. Versatility and complexity of self-organized
NC structures and morphologies are commonly achieved by
taking advantage of the controlled particle-particle and/or
particle-solvent interactions produced by surface modification
of the constituent NCs and/or the template.>'***** Producing
NC-based materials with novel or unique properties, however,
often requires maintaining the as-synthesized high quality of
the constituent NCs, e.g., in terms of monodispersity, internal
structure, or physicochemical characteristics,"*»***¢ all of
which, in general, may be compromised by post-synthesis
modifications. Accordingly, we are interested in achieving the
diversity of self-organized morphologies without requiring (or
assuming) specialized surface properties of NCs, beyond their
basic colloidal stability that is intrinsic to the colloidal NC
synthesis.

Here, we use high-quality colloidal lead telluride (PbTe) NCs
as model “building blocks” to systematically develop and vali-
date protocols whereby varying only the solvent and concen-
tration of the colloidal dispersion results in close-packing these
NCs into one of the three distinct spatially confined morphol-
ogies: 3D micropillars, conformal coatings, and self-supported
membranes.

Experimental
Synthesis of the colloidal PbTe nanocrystals

We synthesized highly monodisperse 10 nm single-phase
oleate-capped PbTe NCs by colloidal hot-injection approach
characterized by moderately energy-intensive processing, in
comparison to many physical deposition techniques. Specifi-
cally, we adapted the protocol reported by Murphy et al.*” by
adjusting the growth temperature as well as concentrations of
the starting precursors and the capping ligand. The tellurium
precursor solution (1 M) was prepared by dissolving 12.76 g (100
mmol) of elemental Te (99.99%, Alfa Aesar) in 100 mL of tri-
octylphosphine (TOP, 97%, Sigma-Aldrich) at 100 °C for 12 h.
Then, 2.25 g (10.08 mmol) of lead(u) oxide (99.9%, Sigma-
Aldrich) and 12.5 mL of oleic acid (OA, 90%, Sigma-Aldrich)
were combined with 65 mL of 1-octadecene (ODE, 90%,
Sigma-Aldrich) in a 250 mL three-neck round-bottom flask,
placed in a heating mantle and attached to a Schlenk line
(Fig. S17). The continously stirred mixture was then degassed
under vacuum in two steps: at room temperature for 30 min,
and at 90 °C for 30 min. After switching to an argon atmosphere,
the flask was heated to 150 °C and held for 1 h to facilitate the
formation of the lead(u) oleate complex. The temperature then
was reduced to 90 °C and the reaction mixture was degassed
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under vacuum for 30 min. After switching again to an argon
atmosphere, the flask was heated to 165 °C, and then 10 mL of
the 1 M tellurium precursor solution were quickly injected into
the reaction mixture. The mixture was stirred for 5 min at
165 °C, and then the reaction was rapidly quenched by cooling
the flask in an ice-bath.

The NCs were precipitated by the addition of absolute
ethanol (99.8%, Honeywell) at the 1 : 3 ratio of reaction mixture
to ethanol and subsequent centrifugation at 9000 rpm for
10 min using a Universal 320 centrifuge (Hettich). The NCs were
redispersed in anhydrous hexane (99%, Sigma-Aldrich), washed
with ethanol again at the 1 : 3 ratio of NC dispersion to ethanol,
and collected by centrifugation at 9000 rpm for 10 min. After
drying in vacuo, the NCs were redispersed in anhydrous toluene
(99.8%, Sigma-Aldrich) and subjected to centrifugation at
3000 rpm for 10 min to remove large particles and clusters. The
final dispersion of PbTe NC in toluene was stored as a stock in
a glass vial at 4 °C.

Microscopy characterization

Transmission electron microscopy (TEM) was performed using
a JEM 2100 microscope (JEOL) operating at 200 kV (0.24 nm
point resolution). Scanning electron microscopy (SEM) was
performed using a Quanta 650 FEG ESEM microscope (FEI)
operating at 20 kV. Atomic force microscopy (AFM) was per-
formed using a Dimension Icon AFM (Bruker).

Fabrication of micropatterned silicon substrates

Silicon substrates for directing the self-organization of spatially
confined 3D micropillars were patterned by e-beam lithography.
A silicon wafer was spin-coated (1000 rpm) with an 800 nm thick
layer of negative tone resist AR-N 7520.18 and then baked at
85 °C for 60 s. A pattern of 5 x 5 mm® square areas (Fig. S2bt)
filled with the mesh (Fig. S2at) defining 1 x 1 um?® square
cavities was then exposed by e-beam lithography and developed
(Fig. S3b-dt), before being diced into 1 x 1 ecm” substrates
(Fig. S3aft).

Arrays of stars, squares, and circles (Fig. S4a-ct) were
patterned by e-beam lithography on spin-coated PMMA AR-P
679.04 resist, developed in MIBK (4-methylpentan-2-one)
stopped by isopropyl alcohol, etched to ca. 200 nm depth by
two cycles of reactive ion etching [alternating 1.7 s of SFs
(etchant) and CH, (passivation)], and ashed in oxygen plasma,
before being diced into 5 x 5 mm? substrates (Fig. S4d7).

Protocol for template-directed self-organization of 3D
micropillars

Silicon substrates pre-patterned with a resist mesh were cleaned
by sequential sonication in acetone and isopropanol (5 min
each) and dried under a stream of N,. The cleaned substrates
were hydrophobized by immersing them into (3-mercapto-
propyl)trimethoxysilane (MPTS, 95%, Sigma-Aldrich) solution
(4 uL mL™") in toluene overnight. Before fabrication of micro-
pillars, the substrates were rinsed with neat toluene and dried
under a gentle stream of N,. The patterned areas were then
incubated with 10 pL of PbTe NCs dispersion (50 g L),

This journal is © The Royal Society of Chemistry 2019
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immediately covered by a Petri dish, and left until the slow
evaporation of the continuous phase completed at room
temperature. The micropillars were released by removing the
resist walls in Fujifilm Microstrip 3001 (based on N-ethyl pyr-
rolidone) for 5 min at 65 °C, rinsing with neat toluene, 2 s of
ultrasonication, and drying under a gentle stream of N,.

Protocol for preparing conformal NC coatings

A substrate patterned with arrays of etched microstructures
(Fig. S4dt) was cleaned by sequential sonication in acetone and
isopropanol (5 min each) and dried under a stream of N,. An
aliquot (15 pL) of the PbTe dispersion in hexane (10 g L") was
carefully deposited onto the clean micropatterned substrate,
immediately covered by a Petri dish, and left to slowly evaporate
at room temperature.

Protocol for preparing self-organized self-supported
membranes

A hydrophobic Teflon® well was filled with diethylene glycol
(DEG, 99.0%, Sigma-Aldrich) and a 15 pL aliquot of the NC
dispersion in hexane (10 g L") was carefully deposited onto the
DEG surface. The well was immediately covered with a glass
slide to obtain a floating layer of NCs upon the slow evaporation
of the hexane solvent.* A substrate patterned with arrays of
etched microstructures (Fig. S4df) was cleaned by sequential
sonication in acetone and isopropanol (5 min each) and dried
under a stream of N,. The clean substrate was placed under the
floating NC membrane and gently lifted to transfer the
membrane from the DEG surface to the substrate. To remove
the residual DEG, the substrate with the NC membrane was
dried at 70 °C overnight in an oven.

Results and discussion

Model NCs for self-organization protocols

Custom-synthesized PbTe NCs have been chosen as model
particles for development and demonstration of our self-
organization protocols. These NCs provide an excellent
example of the motivation and constraints for our protocols
that we have identified in the introduction: self-organization of
NCs into close-packed structures by adjusting only the solvent
and concentration of NCs. The nearly spherical shapes of these
PbTe NCs and their narrow size distribution* with diameters of
10 + 0.3 nm (Fig. 1a) have been chosen to enable the desired
close-packing® and self-organization,®® via protocols based on
solvent evaporation. Their well-defined crystalline structure
(Fig. 1b), in turn, provides an example of having to carefully
optimize the synthesis procedure,* including the surface
ligands, to achieve excellent material properties.”*>* Accord-
ingly, we are focusing on self-organization protocols that
require minimal chemical modification of the NCs, whether via
surface functionalization®'® or strong interactions with the
matrix.””** Furthermore, these PbTe NCs can be solution-
processed in large quantities, making them a realistic model
of NCs designed and produced for industrial applications.

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 TEM images of as-synthesized oleate-capped PbTe NCs,
illustrating their size distribution (a) and crystalline structure (b).

Template-directed self-organized 3D micropillars

Conceptually, 3D micropillars can be produced via a straight-
forward process (Fig. 2a): deposition of concentrated NC
dispersions onto pre-patterned Si wafers with resist-grid motifs
and subsequent resist pattern removal. The result of a poor
deposition (Fig. S5T), however, serendipitously illustrates the
importance of carefully optimizing the corresponding protocol.
First, the clean pre-patterned Si surface needs to be modified to
promote the accumulation of PbTe NCs within the cavities of

a % PbTe NCs

J 000 (]
:o’o’o &{% L X XXX

pre-patterned substrate

XXX
U0
resist
removal

4 X XXY 8 2::.:.'.'.‘ Suseaees

Fig. 2 Template-directed self-organization of 3D micropillars. Sche-
matic illustration of the process (a); SEM images of micropillar arrays
with top (b and c¢) and 35°-tilted (d and e) views; high-magnification
close-up of the top surface of a micropillar (f).
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the resist grid: we found that MPTS modification provides
a good balance between the simplicity of the modification
procedure and the uniformity of the grid filling that it produces
(Fig. 2b). The second critical parameter for producing 3D
micropillars that have a uniform flat-top morphology is high-
lighted by observing various defective variants (concave,
cracked, and partially filled) as a function of the NC concen-
tration (Fig. S51).

The dense and stable packing of the NCs in the micropillar
structures (Fig. 2f) is confirmed by observing that their full 3D
shapes, including the 1 x 1 um? footprint (Fig. 3) and the flat-
top (Fig. 3c) or defective morphology (Fig. 3a, b and Séb, c¥),
are preserved after the resist pattern removal and sonication
(Fig. 3 and S61). In other words, despite using NCs with
a surface functionalization that explicitly only promotes their

Fig. 3 SEM images of individual micropillars after resist removal and
sonication. The 35°-tilted view reveals top surfaces with concave (a),
convex or “ragged edge” (b), or flat (c) morphologies.

3052 | Nanoscale Adv., 2019, 1, 3049-3055
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colloidal stability in suspension, the solvent evaporation
process produces close-packed structures without having to
modify the surface chemistry of the NCs.

The top surface morphologies of the micropillars are clearly
related to the “filling” of the resist-grid template by the NC
dispersion. To produce such 3D filling, i.e., deposition of more
than a few layers of NCs, the use of a slowly evaporating solvent
(toluene in our case) is critical. The exact filling of the 3D
templates, in turn, is controlled by a combination of the
substrate surface chemistry (and any modification thereof),
which enables the NC suspension to wet uniformly the 3D
cavities of the template, and the concentration of NCs, which
determines the total amount of NCs deposited into each 3D
cavity. When that amount is insufficient to fill the cavity, the
concave morphology of the top surface (Fig. 3a and S6b¥) is
produced. Conversely, an excessive amount of NCs “spills” over
the walls of the template and forms a thin film of NCs across
those walls: breaking of such “bridges” during the resist
removal and sonication then produces the roughly convex or
“ragged edge” morphology of the top surface (Fig. 3b and Sécf).

Finally, small alignment defects evident in both close-up
(Fig. 2c and e) and overview (Fig. 2d) SEM images are
primarily associated with the mechanical disruption during the
resist removal and sonication steps. In device applications
where a higher accuracy of alignment may be required, the 3D
template cavities will not be defined only by the photoresist, but
rather by the patterned solid substrate. Using such a model
template (e.g., Fig. S41), however, would not have allowed us to
inspect the quality of the lateral confinement of the 3D micro-
pillars, hence our choice of the resist grids for producing the
model structures in Fig. 2 and 3.

Conformal NC coatings

The micropatterned substrates (Fig. 4a-c) were used to
demonstrate the protocol for preparing conformal NC coatings,
using the same batch of model NCs as in the previous example
of 3D micropillars (Fig. 2 and 3). To produce thin conformal
coatings instead of 3D microstructures, we reduced the
concentration of NCs and switched to a faster evaporating
solvent (hexane). The high-resolution SEM images in Fig. 4d-f
clearly demonstrate that this protocol produces the desired
close-packed NC coatings that conform to the 3D shapes of the
micropatterned substrates. In particular, the continuous coat-
ings achieved across the pattern boundaries with a wide range
of radii of the curvature (from straight lines to sharp corners)
demonstrate that the submicron topographical features of the
template do not interfere with the formation of the conformal
coatings, e.g., via edge effects in the evaporating meniscus.
These close-packed thin layers of NCs should be suitable for
applications that rely on proximal interactions between the
NCs.>***% Uniform conformal coatings over the entire micro-
structured surface could be useful in optical®* or energy®
applications. Alternatively, the coating outside of the patterned
cavities could be removed, e.g., by using a strong tape, for
applications where a thin continuous NC coating is needed only
inside the micropatterned areas.

This journal is © The Royal Society of Chemistry 2019
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Fig.4 SEM images of Si wafers with patterned microstructures of different shapes: stars (a), squares (b), and circles (c). High-magnification SEM
images of conformal coatings prepared on the respective micropatterned templates after deposition of PbTe NCs (d—f).

Self-supported NC membranes

In contrast to the conformal NC coatings in Fig. 4, producing
the self-supported membranes of the same NCs over the same
type of patterned substrates required an additional transfer
step. Specifically, membranes of PbTe NCs were first assembled
on the surface of diethylene glycol (DEG) (Fig. 5a) and then
transferred onto the micropatterned silicon substrates (Fig. 5b
and c). In this protocol, the surface of DEG effectively acted as
a flat substrate for forming a very thin NC membrane upon the
slow evaporation of the hexane solvent.?” The nearly dry char-
acter of the NC membrane formed on DEG is indicated by the

PbTe NCs

absence of drying artifacts, such as cracks or wrinkles, upon the
transfer of the membrane onto the micropatterned silicon
substrates (Fig. 5d and e), which was followed by an additional
overnight drying step at 70 °C to remove any residual DEG. The
interactions between the close-packed NCs in the membrane
that formed on the DEG surface thus produced a nearly dry but
not brittle membrane, which is able to maintain its integrity
during the transfer step: we did not observe any collapsed or
cracked NC membranes.

After the final oven-drying step on the substrate, the self-
supported NC membrane becomes more brittle and can be

Fig. 5 Fabrication of self-supported membranes: self-organization of PbTe NCs on DEG liquid surface (a); transfer of NCs onto micropatterned
Si substrate (b and c¢). SEM images of self-supported membranes on Si substrates patterned with squares (d) and stars (e).

This journal is © The Royal Society of Chemistry 2019
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ruptured (Fig. S71), confirming that these membranes are sus-
pended above the voids of the micropatterned substrate.

Template-directed self-organization of PbTe NCs

Our systematic investigation of template-directed self-
organization of model NCs into close-packed microstructured
morphologies has explored a phase space of solvent-induced
self-organization that fills the gap between the controlled
deposition of individual nanoparticles®** onto micro- or nano-
structured templates and formation of unstructured thin films
from NCs.>***** While some of the parameters, such as solvent
and evaporation rate, are shared between our work and the
template-directed deposition of individual nanoparticles, the
underlying mechanisms exploited in such protocols typically
are based on a match between the size of an individual particle,
template dimensions, and the range of interactions between the
particles and template features.®?® In contrast, our protocols
clearly rely on collective behavior of NCs interacting with the
template features that are much larger than the individual NCs.
This distinction is well illustrated by observing that the evapo-
rating meniscus in our protocol determines the microscale
shape of the resulting 3D solid (Fig. 3) rather than, for example,
the position of one or a few particles within a microscale feature
of a template.”*® In other words, rather than attempting to
control the positioning of individual particles, our protocols
focus on using the micropatterned templates and solvent
evaporation to direct the self-organization of NCs in a more
hierarchical sense, allowing us to switch the final morphology
from a rigid flat NC membrane (Fig. 5), to a conformal NC
coating of a comparable thickness of just a few NCs (Fig. 4), to
an accumulation of a much larger number of NCs into well-
defined 3D microstructures (Fig. 2 and 3c).

Conclusions

We have successfully demonstrated the fabrication of well-
defined 3D micropillars, conformal coatings, and self-
supported membranes from high-quality spherical 10 nm
PbTe NCs by employing self-organization of NCs directed by
micropatterned Si substrates. We have systematically investi-
gated solvent-induced template-directed self-organization of
NCs in a regime characterized by an unusual combination of
the template scale and NC size as well as the minimal control
parameters. The three distinct morphologies of the close-
packed NCs have been produced via adjustments of only two
process parameters—solvent and NC concentration—and
without requiring a fine-tuned surface functionalization of the
NCs, beyond their as-synthesized colloidal stability. The overall
simplicity and versatility of the protocols demonstrated in our
work suggest their use in device applications where bottom-up
self-organization of NCs needs to be integrated with top-down
micro- or nanofabricated structures. To further explore the
potential of the reported methodology, nanoimprinting onto
pre-patterned surfaces and fabrication of self-organized 3D
nanocrystal structures by co-deposition of two different types of
NCs is the focus of our ongoing research.
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