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Region-Selective Deposition of Core-Shell Nanoparticles for 3D
Hierarchical Assemblies by the Huisgen 1,3-Dipolar Cycloaddition**

Sebastian H. Etschel, Luis Portilla, Johannes Kirschner, Martin Drost, Fan Tu,
Hubertus Marbach, Rik R. Tykwinski,* and Marcus Halik*

Abstract: A method for the region-selective deposition of
nanoparticles (NPs) by the Huisgen 1,3-dipolar cycloaddition
is presented. The approach enables defined stacking of various
oxide NPs in any order with control over layer thickness.
Thereby the reaction is performed between a substrate, func-
tionalized with a self-assembled monolayer of an azide-
bearing phosphonic acid (PA) and aluminum oxide (AlO,)
NPs functionalized with an alkyne bearing PA. The layer of
alkyne functionalized AlO, NPs is then used as substrate for
the deposition of azide-functionalized indium tin oxide (ITO)
NPs to provide a binary stack. This progression is then
conducted with alkyne-functionalized CeO, NPs, yielding
a ternary stack of NPs with three different NP cores. The
stacks are characterized by AFM and SEM, defining the
region-selectivity of the deposition technique. Finally, these
assemblies have been tested in devices as a dielectric to form
a capacitor resulting in a dramatic increase in the measured
capacitance.

The deposition of functional films and three-dimensional
(3D) stacks with precise control in thickness and region-
selectivity is a key enabler in smart processing for future thin-
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film electronics."! Thereby materials with different properties
(for example, conductor, semiconductor, and insulator) are
accessible as nanoparticles (NPs) but need to be carefully
arranged to create functional devices. Self-assembly is
a promising and elegant concept for the cost-effective,
highly reproducible, and exceptionally selective assembly of
materials in general.* The development of self-assembly of
nanoparticles as a universal concept for the formation of
hierarchical 3D structures would therefore represent a sig-
nificant advance in device formation.”! Since the Huisgen 1,3-
dipolar cycloaddition, also often referred to as copper-
catalyzed alkyne-azide cycloaddition (CuAAC) or simply
click reaction was first introduced in 2001 by the groups of
Sharpless and Médal, the reaction turned out to be a highly
versatile method in the field of materials science.**! In 2004,
it was demonstrated that the click reaction can be used for the
immobilization of functional materials on self-assembled
monolayer (SAM) substrates,”!% and this concept has been
quickly adapted to the field of surface chemistry."'™"
Recently the CuA AC was performed with NPs, capped with
a reactive organic monolayer of functionalized SAMs on flat
substrates.'*l These so-called core-shell NPs offer huge
potential regarding the ability to vary composition and
electronic properties."”) To our knowledge, however, the use
of the CuAAC with core-shell systems and flat substrates has
never been carried out region-selectively, or “location-
selectively”,™® and with defined multilayer formation. The
approach we present herein combines the universal applic-
ability of the CuA AC with the versatility of inorganic—organic
core—shell NPs to provide an efficient and region-selective
deposition technique. We demonstrate a concept for precise
region-selective film formation with control in film thickness
and full control of the order of the materials in the formed 3D
stacks, based on digital chemical selection of functionalized
NPs.

Our approach for the region-selective deposition of the
core-shell NPs is summarized in Figure 1. As the substrate,
a bare aluminum oxide (AlO,) surface i, grown on a Si wafer
by an atomic layer deposition (ALD) process, was pre-
patterned in the first step (step a, Figure 1; for details, see the
Supporting Information). Substrate ii now features defined
areas of two SAMs: the semi-fluorinated phosphonic acid
(PA) 1 (green) and the azide-terminated PA 2 (blue) in
a collinear, well-defined pattern. Whereas PA 2 promotes the
CuAAC to the core—shell NPs (Scheme 1), the fluorinated PA
1 provides an effective passivation for inhibiting undesired
aggregation of NPs next to the azide patterns. The strong
chemical contrast of the two PAs on the surface of substrate ii
is crucial for the region-selective deposition. The core-shell
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Figure 1. Outline for the region-selective deposition of NP assemblies
for substrates iii-v; step a) pre-patterning of atomic layer deposition
AlO, substrate i; steps b—d) CuAAC according to Scheme 1.
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Scheme 1. CuAAC for the fabrication of substrates iii-v by assembling
core-shell NPs 4-6.

NPs required for stepb were fabricated by a technique
previously reported by our group."” The method enables easy
access to azide- and alkyne-terminated NPs by choosing

9368

www.angewandte.de

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

corresponding PA molecules 2 or 3, respectively. Alkyne
terminated PA 3 was grafted onto the AlO, core, leading to
NPs 4. These NPs undergo the CuAAC with the azide
headgroup of PA 2 on substrate ii (stepb, Figure 1;
Scheme 1). The result is the region-selectively deposited
layer of NPs 4 on substrate ii to give iii. The second layer used
indium tin oxide (ITO) NPs 5 that had been functionalized
with azide terminated PA 2, that is, the reactive counterpart of
NP 4. As a result, deposition of NPs 5 subsequently resulted in
a click reaction with the unreacted alkyne groups of 4 from
the first NP layer of substrate iii (stepc, Figure 1). The
resulting substrate iv is thus composed of a layer of ITO NPs §
on top of the layer of AlO, NPs 4. The unreacted azide
headgroups in the layer of ITO NPs § of substrate iv were
subjected to a third CuA AC with again alkyne functionalized
CeO, NPs 6 (stepd, Figure 1, Scheme 1). The obtained
substrate v features a defined ternary layered stack of
selectively deposited core-shell NPs with three different
cores (AlO,, ITO, and CeO,). The respective cores were
chosen because they represent typical model systems
(A0, high-performance materials (ITOP!), or are
promising candidates for various possible applications rang-
ing from catalysis and optics, to electronics (CeO,*). To
establish the successful CuA AC under the applied conditions,
the decrease of the azide band in the infrared was monitored

by FTIR spectroscopy of dried NP powder (Supporting
Information).!* 11’
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Figure 2. AFM scans of substrates a) iii, b) iv, and c) v; d) extracted
height profiles of substrates iii-v plotted against each other and RMS
horizontal fits as dashed lines; €) SEM cross-section of substrate v
composed of AlO,, ITO, and CeO, layers.
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Atomic force microscopy (AFM) and scanning electron
microscopy (SEM) are used to characterize the functionalized
substrates. Figure 2a—c present the AFM scans of substrates
iii-v and a comparison of the corresponding height profiles
(Figure 2d). The mean diameter of the particles 4 (55 nm
+19nm), 5 (56 nm +16 nm), and 6 (66 nm +20 nm) was
determined by dynamic light scattering (DLS, see the
Supporting Information). Figure 2a shows substrate iii with
AlO, NPs 4 assembled as the first layer, revealing a nearly
perfect region-selectivity of the layer of the NPs. The reacted
area in the middle of Figure 2 a was prior patterned with azide
terminated PA 2. Only this activated region underwent the
CuAAC reaction with alkyne functionalized NPs 4. The areas
without particles to the left and the right of the stripe pattern
were passivized with semi-fluorinated PA 1, which prevented
the adsorption and precipitation of 4 to these spots. The
extracted height profile is indicated by the red bar in
Figure 2a and plotted as the red trace in Figure 2d. The
overall layer thickness is close to a monolayer, regarding the
mean NP diameter of about 55 nm for 4. Owing to the
homogeneous shell composition and the relatively dense
packaging of the first NP layer, the surface is now inverted
(according to CuAAC reaction mode) and supports the
reactive alkyne groups that are available to react with the
azide-terminated ITO NPs 5. Figure 2b shows the AFM scan
of substrate iv after functionalization with ITO NPs § as the
second layer. It can be clearly seen that the ITO NPs were
selectively deposited on top of the AlO, NPs from the first
layer. The blue bar indicates the point where the height
profile was extracted and is plotted as blue trace in Figure 2d.
The increase in layer thickness from the first (red trace) to the
second layer (blue trace) is again in accordance as to what is
expected from the mean diameter of ITO NPs 5, regarding
their polydispersity (56 nm + 16 nm). The surface is now
azide-terminated and again accessible for the alkyne compo-
nent of the CuAAC, provided by NPs 6. Figure 2¢ presents
the AFM measurement of substrate v, on which CeO, NPs 6
have been added as the third layer. The increase in layer
thickness is more than expected based on the NP mean
diameter of 6 (66 nm +20 nm). The thickness of the CeO,
layer can be explained by the pronounced aggregation of the
NPs under the reaction conditions, as observed empirically,
and reported by others.! Nevertheless, the region-selectivity
was admirably preserved during the entire assembly from the
first to the third layer. Figure 2e depicts the cross-section
(CS) SEM scan of substrate v, simply cleaved with a diamond
tip, showing a densely packed and well-defined layer of NPs.
The thickness based on the CS is in accordance to the AFM
scan in Figure 2¢ and the height profile in Figure 2d (green
trace). The SEM top view measurements of substrates iii—v
are summarized in the Supporting Information. Local Auger
electron spectroscopy (AES) was carried out on plain-view
samples and provided evidence for the presence of the AlO,,
ITO, and CeO, particles on the corresponding samples iii—v
(Supporting Information).

To investigate the general suitability of our process for the
fabrication of electronic devices, and particularly the incor-
poration/deposition of electrodes, the particle films of sub-
strates iii-v were integrated as dielectric layers in capacitor
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devices. Capacitors were chosen as a prototypical device
owing to their rather simple architecture. For device con-
struction, the NPs 4-6 need to be assembled between two
electrodes, an Al bottom and an Au top electrode. Thus,
SAMs 1 and 2 were applied to a substrate with lithograph-
ically patterned Al structures (see the Supporting Informa-
tion). The deposition of the NPs 4-6 followed the same
procedure according to the conditions stated in Scheme 1.
The capacitances (measured at 10 kHz) of the fabricated
devices were plotted versus the applied voltage (Figure 3).
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Figure 3. Capacitances of Cap 1-4 measured at 10 kHz switching
frequency plotted against the applied potential; the area for all
capacitors was 25 pmx25 um.

Values measured at 500 kHz and 5 MHz are provided in the
Supporting Information. Capacitor Cap 1 with a hybrid stack
of AlO, (created from O,-plasma treated Al bottom elec-
trode) and azide PA 2 SAM provides the reference (Figure 3,
black trace). Device Cap 2 features AlO, NPs 4, assembled
according to the CuAAC schematically shown in Scheme 1.
The capacitance of devices Cap 2 increased upon loading
them with AlO, NPs 4 (Figure 3, red trace). This trend is
further enhanced by the deposition of the ITO NPs § as the
second layer (Cap 3, blue trace) and CeO, NPs 6 as the third
layer (Cap 4, green trace). The increase in capacitance with
increasing layer-thickness of the dielectric material is not
expected for a typical plate capacitor (for a comparison, see
the Supporting Information). However, the encapsulation of
the inorganic core of the NPs 4-6 with a low-¢ organic shell
and the fact that NPs pack intrinsically less densely than the
bulk material dramatically changes the electronic properties
of the NP stacks, in comparison to the pristine material.*
Furthermore, the organic capping of the NP cores leads to
a strong frequency dependence of the measured capacitances
(see the Supporting Information). It was observed that the
capacitances dropped significantly by increasing the applied
frequency. This phenomenon has been previously observed
for particulate organic-inorganic hybrid materials.>* A
reason for the unexpected electronic behavior of the fabri-
cated stacks might be pronounced charging of the assembled
NP layers owing to the electronic shielding of the individual
NPs by the organic shell.””’ Neither fabrication nor the
performance of the capacitors has been optimized because
this is outside the goals of the current study. Nevertheless, the
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measured electronic characteristics are consistent over at
least 4-5 measured devices in two independent series
(Supporting Information). Thus, we demonstrate clearly that
the 3D region-selective NP assembly by the CuA AC can be
controlled, and the capacitors serve as a proof of concept for
the fabrication of prototypical electronic devices.

In summary, we have presented a highly versatile solution-
based process which allows the region-selective assembly of
defined 3D structures on solid substrates by the Huisgen 1,3-
dipolar cycloaddition. Specifically, core—shell NPs based on
three different metal oxide cores were used for the spatially
controlled assembly of a ternary stack of NPs. This general
approach enables the arrangement of various materials with
exquisite spatial resolution, and we demonstrate that this
process can be easily adapted to contraction of electrical
devices through the layer-by-layer formation of a capacitor.

Experimental Section

General Procedure for the CuAAC: Sodium ascorbate solution
(13mL, 5.0 mm in MeOH) was degassed with N, for 10 min. A
solution of CuSO,5H,0 (0.64 mL, 5.0 mm in MeOH) was added
under an N, inert atmosphere. The corresponding NPs 4-6 were then
added as a dispersion (1 mL, 0.2 wt % in MeOH). The pre-patterned
over the substrate for 5 h in the case of 4, and for 18 h in the case of 5
and 6 at 40°C under N, atmosphere. Afterwards, the substrate was
taken out of the mixture, washed with MeOH once and iPrOH three
times, and dried with N,.

Keywords: 1,3-dipolar cycloaddition - nanoparticles -
phosphonic acid - self-assembly - surface chemistry
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