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1. Introduction

Surface polarization, field homogeneity, and
dielectric breakdown in ordered and disordered
nanodielectrics based on gold—polystyrene
superlatticest

%a.b

Roman Buchheit, 2@ Bart-Jan Niebuur, (2@ Lola Gonzalez-Garcia and

Tobias Kraus (2 *2¢

Hybrid dielectrics were prepared from dispersions of nanoparticles with gold cores (diameters from
2.9 nm to 8.2 nm) and covalently bound thiol-terminated polystyrene shells (5000 Da and 11 000 Da) in
toluene. Their microstructure was investigated with small angle X-ray scattering and transmission electron
microscopy. The particles arranged in nanodielectric layers with either face-centered cubic or random
packing, depending on the ligand length and core diameter. Thin film capacitors were prepared by spin-
coating inks on silicon substrates, contacted with sputtered aluminum electrodes, and characterized with
impedance spectroscopy between 1 Hz and 1 MHz. The dielectric constants were dominated by polariz-
ation at the gold—polystyrene interfaces that we could precisely tune via the core diameter. There was no
difference in the dielectric constant between random and supercrystalline particle packings, but the
dielectric losses depended on the layer structure. A model that combines Maxwell-Wagner-Sillars theory
and percolation theory described the relationship of the specific interfacial area and the dielectric con-
stant quantitatively. The electric breakdown of the nanodielectric layers sensitively depended on particle
packing. A highest breakdown field strength of 158.7 MV m~! was found for the sample with 8.2 nm cores
and short ligands that had a face-centered cubic structure. Breakdown apparently is initiated at the micro-
scopic maxima of the electric field that depends on particle packing. The relevance of the results for
industrially produced devices was demonstrated on inkjet printed thin film capacitors with an area of
0.79 mm? on aluminum coated PET foils that retained their capacity of 1.24 + 0.01 nF@10 kHz during
3000 bending cycles.

that have liquid precursors and can be processed at moderate
temperatures, are useful when printing devices on flexible

Printed and flexible electronics increasingly complement
silicon-based electronics in specific use cases." Dielectric
layers are important components of printed flexible electronic
devices. They are required to insulate adjacent conductors or
semiconductors,” as dielectric layers in capacitors,” and as
gate dielectrics in thin film transistors,® for example.
Integration requires sufficient capacities, sub-micron thick-
nesses, and reliable insulating properties. Dielectric materials,
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substrates.

Polymer layers are common dielectrics in current printed
capacitors,”® but their limited polarizability implies low
capacities. Sol-gel layers of oxides like barium strontium tita-
nate, tantalum oxide, or aluminum oxide reach dielectric con-
stants up to 100 but require annealing temperatures of above
400 °C that exclude many substrates.” Polymer nano-
composites have thus been used to combine high dielectric
constants with mechanical flexibility. The first published
dielectric nanocomposites used polymers that were randomly
filled with insulating filler particles, we will call them “type 1”
nanodielectrics in the following." This type can be
printed"*™* but tends to suffer from heterogeneous electric
field distributions at high filling ratios that limit their
capacities."®"” Electrically conductive nanoscale fillers in insu-
lating polymers (“type II” composites), e.g., with silver nano-
particles (NPs)'®'® or gold NPs,>**' enable higher dielectric
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constants. Agglomerates of conductive fillers can lead to con-
ductive pathways and catastrophic failure, in particular at high
filling fractions. The latest “type III” composites are based on
core-shell nanoparticles with insulating polymer shells.
Covalently bound shells ensure that the material formed from
the particles (even without any additional unbound polymer)
remains insulating. Metal filling fractions of above 20% can
thus be obtained.'® The dielectric constants of type III nanodi-
electrics depend non-linearly on the metal volume fraction,
similar to type II dielectric composites.>>

The dielectric properties of type II and type III nanodielec-
trics are strongly affected by the conductor-insulator inter-
faces. Fredin et al. prepared aluminum nanoparticle/poly-
propylene  nanocomposites  with a  “grafting-from”
approach®*?* and found that the interfacial polarization of the
metal-polymer interface dominates dielectric responses. They
used Maxwell-Wagner-Sillars (MWS) theory to rationalize the
increase of the dielectric loss tangent at low frequencies that
they observed for increased volume fractions of aluminum par-
ticles.”* Aggregated particles affected the dielectric losses.
Linear aggregates aligned in the field direction acted as “joint
particles” that increased the dipole moment during polariz-
ation. Planar aggregates perpendicular to the polarization
direction acted as joint particles with larger interfaces. Both
increased the amount of polarization, and thus the dielectric
constant. Dielectric breakdown limits the maximum potential
difference (and thus the maximally stored energy) in dielectric
materials. In conventional dielectrics, the electric field
strength is homogeneous at small scales, and breakdown is
often caused by local heterogeneities such as inclusions or
mechanical cracks.>*>°

Nanodielectrics intrinsically have breakdown voltages that
are limited by the small length scales and large local field gra-
dients involved. Several strategies have been investigated to
improve  insulating molecules and  prevent local
breakdowns. M. A. Garner et al. investigated the insulating pro-
perties of single molecules and found destructive quantum
interference in the c-orbitals of bicyclic silanes with methyl
substituents that made them better insulators than
vacuum.>”*® Self-assembled monolayers with optimized mole-
cular interactions were investigated for tunneling junctions
with increased breakdown voltages. The stacking geometry of a
n-conjugated molecule 4-([2,2":5",2":5",2""-quaterthiophen]-5-y1)
butane-1-thiol strongly increased the breakdown voltage as
compared to alkanethiolates with weaker mechanical stabi-
lity.”* G. D. Kong et al. explored interstitially mixed self-
assembled monolayers consisting of 2,2-bipyridyl-terminated
n-undecanethiol and n-octanethiol to improve the packing
structure, which led to increased electrical stability.>*"

The electric field in heterogeneous dielectrics has many
local maxima, for example, at polarized interfaces.>* The
Bjerrum length, which indicates how rapidly such maxima
decay, is on the order of 20 nm for polystyrene, for example.
The heterogeneity of the electric field strength in nanodielec-
trics thus depends on the local arrangement of metal cores. It
is conceivable that the dielectric breakdown of nanodielectrics

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

depends on particle arrangement, but there are currently no
studies in the open literature that compare different composite
structures in terms of their breakdown voltages. The effect of
changing the interfaces between the metal cores and the insu-
lating polymer layer has only been investigated by changing
the metal volume fractions. In this study, we tailored the struc-
tures of type III nanodielectrics with gold cores and poly-
styrene shells (Au@PS hybrids) and studied the effect of the
structure at different hierarchical levels on the frequency-
dependent dielectric storage and loss and on the dielectric
breakdown. Metal cores with a narrow size distribution were
used to create composites with well-defined internal interfacial
areas. We varied the volume fraction, size, and arrangement of
the conductive metal component and correlated the nanoscale
structure with their dielectric response.

The paper is structured as follows: first, we describe the
preparation of dielectric layers from Au@PS nanoparticle inks
with three different core diameters in the range of 2.9 nm to
8.2 nm and shells of PS5yy0—-SH with 5000 Da or PS;;0o—SH
with 11 000 Da molecular weight. The particle packing is then
characterized as a function of core sizes and ligand molecular
weight using small angle X-ray scattering (SAXS) and trans-
mission electron microscopy (TEM). We correlate the structure
with the dielectric properties of the layers measured in spin-
coated thin film capacitors by impedance spectroscopy and
quantify both dielectric storage and losses as a function of fre-
quency. The results are interpreted using a combination of per-
colation theory and MWS theory. The dielectric breakdown
strength of the capacitors is characterized using high voltage
ramps. The fabrication of flexible thin film capacitors on
aluminum-coated PET by inkjet printing is introduced and the
functionality of the flexible devices is demonstrated by multi-
cycle bending tests.

2. Results and discussion

We prepared thin film capacitors by spin-coating dielectric
layers of hybrid Au@PS particles on silicon substrates.
Sputtered Al and evaporated Au films formed the bottom and
top contacts, respectively (Fig. 1a and b). The dielectric layers
are denoted Auj (7, @PS;, where x nm is the Au core diameter,
y vol% is the volume fraction of gold in the film, and z is the
molecular weight of the ligand. The structures of the films
were analyzed with TEM and SAXS (see Fig. 1 and the ESI{ for
details). They depended on both the gold core sizes and the
polymer shells. Small cores (2.9 nm diameter) with both PS5
and PSyy000 ligands yielded disordered randomly packed (rp)
films. Medium-sized cores of 4.7 nm with PSsq, yielded face-
centered-cubic (fcc) films, the same cores with PS;i000
(a system already studied in'®) yielded rp films. Large cores of
8.2 nm Au cores with PS50 ligands yielded fcc films, the same
cores with PS;;0q0 yielded rp films. All structures formed repro-
ducibly in drop-casted and spin-coated samples according to
TEM cross sections. White light interferometry indicated thick-
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(A) Hybrid Au@PS nanodielectrics spin-coated on silicon substrates and contacted with evaporated metal electrodes to form capacitors. (B)

Schematic structure of the nanodielectric film with its polarized metal particles. (C) Transmission electron micrographs of the self-assembled
Au@PS superlattices in drop-casted films. Depending on the core and shell geometry, they formed random packings (rp, orange) or face-centered

cubic (fcc, green) superlattices.

nesses between 16.0 + 1.0 nm and 135.0 = 7.4 nm, mainly
depending on the polymer fraction of the dielectric layers.

The size distributions of the gold cores provide an initial
insight into the nanodielectrics’ film structure. The syn-
thesised cores (capped with oleylamine) had monomodal size
distributions. After ligand exchange with thiol-terminated
polystyrene, the 4.7 nm and 8.2 nm diameter particles main-
tained their size distributions according to SAXS and TEM (see
the ESIf for details). This led to nanodielectrics with narrow
monomodal gold core distributions. The distribution of the
2.9 nm diameter particles with long polymer ligands changed
during ligand exchange, and the X-ray scattering intensity at
low g-values increased. The increase was too low to be
explained by agglomeration,®® and dynamic light scattering
did not indicate an increased agglomerate content (see the
ESIt). Electron microscopy indicated a broadened core dia-
meter distribution of 2.9 nm cores for AuZ 3 @PS; 1000 (With a
width of at least 13%) and the formation of a fraction of larger
particles with diameters up to 8 nm during ligand exchange
(Fig. S5 in the ESIt). Nanodielectrics with 2.9 nm cores and
PS11000 ligands thus had wider bimodal core size distributions.

We investigated the structure of the polymer shells both in
the dispersion and in the dry films. Ligand exchange (with any
of the two polymers) increased the hydrodynamic diameters
determined with dynamic light scattering (DLS) (Table S3 in the
ESIt) by 5 nm to 6 nm for the 2.9 nm diameter cores and by
8 nm to 9 nm for the larger cores. The increase was slightly
larger for PSspgo than for PS;1000, indicating that PSsooo formed a
shell with a larger number of ligands per area, while the longer
polymer formed a sparser layer of collapsed polymers.
Thermogravimetric analysis (see the ESI{ for details) supported
this hypothesis and indicated 3-4 times lower ligand areal den-
sities for PS;1900 than for PSsgg. Apparently, the long polymers

7528 | Nanoscale, 2023, 15, 7526-7536

assume a collapsed “mushroom configuration” that reduces their
areal density on a surface as previously reported.**

The areal density increased by 50% to 60% when decreas-
ing the core diameter from 8.2 nm to 4.7 nm for both ligands,
a known effect of increasing curvature.®® The areal density on
2.9 nm cores was 8% lower than for 4.7 nm cores with the
same ligand. This unexpected decrease with increased curva-
ture may be due to the strong faceting of 2.9 nm cores.
Molecular dynamics simulations of alkanethiols on gold nano-
crystals indicate that weaker bonds form between thiols and
highly faceted spheres, reducing the areal density.>®

2.1. Metal content and dielectric properties

Table 1 provides an overview of the dielectric properties of
capacitors with different nanodielectrics. The exact gold con-
tents of the dry nanodielectric films were quantified by
thermogravimetric analysis of the reference samples and
found to be in the range of 5 vol%-31 vol%. Details of the cal-
culations and error estimations can be found in the ESL.T We
calculated the permittivity from the measured capacities using
a parallel plate capacitor model (eqn (4)). This neglects the
roughness of the sputtered aluminum electrodes (R, = 3.0 nm)
and of the dielectric films (R, = 1.1 nm), which is justified
because they were far below the thickness of the dielectric
layers in all cases (see the ESIY).

The dielectric constants and losses in the frequency range
of 1 Hz to 1 x 10° Hz are shown in Fig. 2a and b. The dielectric
losses were minimal around 10 kHz, with dielectric constants
that were larger for hybrid layers with PSii000 than PSsgg0
ligands at any given core diameter (Fig. 2c). The Au volume
fractions were always larger for layers with PS;i000 than for
PS5000, and the dielectric constants rose with Au volume frac-
tion. At low frequencies, the largest dielectric constant was

This journal is © The Royal Society of Chemistry 2023
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Table 1 Dielectric properties of thin film capacitors with nanodielectrics
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of thickness t at 10 kHz with different gold core sizes and polystyrene

shell molecular weights. Cj, is the real part of the capacitance. Dielectric constants ¢, and losses tan 5 were calculated and averaged from the dielec-

tric spectrograms of at least 11 spin-coated and 12 inkjet-printed capacitors

Sample label Preparation method ¢t [nm] Cp, [PF] & [—] tan 6 [—]

AuZ? S @PSs000 Spin coated 1354+ 7.1 165+ 3 3.2+0.2 0.010 + 0.003
AuZ ) MM @PS1 1000 Spin coated 68.2 +2.3 688 + 29 6.7+ 0.4 0.307 + 0.013
Au? B @PSs000 Spin coated 48.1+ 3.0 490 + 33 3.4+0.2 0.029 + 0.055
Aujp M @PS11000 Spin coated 51.1+1.4 654 + 16 4.8+0.1 0.068 + 0.004
Aud20 pg. o Spin coated 30.6 + 0.9 1107 + 55 49+0.3 0.023 + 0.003

17.vol% P

Aud? 0 @PS11000 Spin coated 15.7 £ 1.0 6039 + 677 13.6 £ 1.6 0.093 + 0.033
AufP 2 @PS11000 Inkjet printed ~25 1316 + 55 n.a. 0.071 + 0.006

98.3 for AuZ? M @PS;1000 at 1 Hz; at 10 kHz it was 15 for
Aud2 ™M™ @PS;1000- The plot in Fig. 2c includes dielectric con-
stants from reference thin film capacitors with PS-SH dielec-
tric layers and previously published data with different core
sizes.'® The dielectric constant increased non-linearly with
increasing Au volume fraction for all core sizes.

The dielectric losses of nanodielectrics at their minima
were smaller for PSsog than for PS;1990 (Fig. 2a and b). The
denser PS50 shells apparently decrease tunneling and
leakage currents. Such trade-offs between high dielectric con-
stants and low dielectric losses have been frequently described
for type II composites, too, 137710

We previously introduced a resistor-capacitor network
model as originally suggested by Efros and Shklovskii*' and
Dubrov et al.** for type III hybrid nanoelectrics.'® Capacitors
are formed between individual Au particles with the polymer
shell around the particles acting as the dielectric; the tunnel-
ling barrier between the Au cores is represented by parallel
resistors that define the leakage currents. The individually
attached polymer shells of Au@PS hybrids prevent percolation
and enable high metal filling ratios. The dashed lines in
Fig. 2c represent a fit to the percolation function*"**

€ro
) = g

(1)
where ¢, is a prefactor connected to the dielectric constant of
the insulating component, f. is the percolation threshold, and
q is a critical exponent that depends on the dimensionality of
the network.*!

The percolation exponent that we found for 8.2 nm particles
was ¢ = 1.2, close to the exponent g = 1 of a 3D-lattice’” and
similar to the exponent found for the 4.7 nm particles (g = 1.3).
The percolation thresholds f. for the 4.7 nm (f. = 0.24) and
8.2 nm (f, = 0.41) particles were clearly above f. = 0.16 predicted
for perfect spheres®> and measured by Fredin et al. for aluminum
nanoparticles (AINPs) in polypropylene (PP).>* The exponent for
2.9 nm particles was g = 0.3, and the percolation threshold f. =
0.10, smaller than the expected values for both 3-D lattices and
spheres. The deviation is probably due to polarization and relax-
ation effects not considered in the model.

We now focus on the dielectric effects of the metal core dia-
meter that go beyond the metal volume fraction. The dielectric
constant at 10 kHz was 6.7 for Au?? "M@PS;99o With 2.9 nm

9 vol%

This journal is © The Royal Society of Chemistry 2023

cores at a volume fraction of 9 vol% but only 4.8 for
Aujfim @PS;1000 With 4.6 nm cores at a volume fraction of 10
vol%, for example. Such strong non-linearities cannot be
reconciled with the Efros-Shklovskii model.

The Maxwell-Wagner-Sillars (MWS) polarization of conduc-
tor-insulator interfaces is an important mechanism in hetero-
geneous dielectrics.>**** Nanodielectrics have large interfaces
with areas that scale with the square of the metal volume frac-
tion. We calculated the specific interfacial areas of our

nanodielectrics,

Ainterface

Ve

Qs interface = (2)
as the ratio of the total metal-organic interfacial area Ajpterface
to the volume of the dielectric layer, Vg, from the capacitor
geometry and gold content using the known core diameter
(see the ESIf for details).

Fig. 2d shows the measured dielectric constants at 10 kHz
as a function of asinterface- The values for the dielectric con-
stants at 10 kHz, the Au volume fractions, and the specific
interfacial areas of Au@PS hybrids with varying core diameters
are summarized in Table S5 of the ESI.f Strong non-linear cor-
relations exist between the specific interfacial area and dielec-
tric constants. We propose that the overall dielectric properties
of our nanodielectrics are due to a combination of MWS polar-
ization and bulk polarization that is modulated by the inter-
actions between multiple polarized particles.

2.2. Dielectric losses

Fig. 2a and b show the dielectric losses of our Au@PS hybrid
nanodielectrics. All samples except AuZ?"™M@PS;;000 had
minimal dielectric losses of between 0.01 and 0.06 at frequen-

cies between 1 kHz (Auj/ @PSs009) and 61 kHz
(Auj i @PS11000)- The increase of dielectric losses towards

1 MHz and a concurrent decrease of the dielectric constant is
consistent with MWS relaxation.

Fredin et al. reported a comparable relaxation around
1 MHz for AINP/PP composites® with Al volume contents of
up to 12.4 vol% and explained it with the existence of
aggregates.”>** They modeled the losses using the Wagner
model of dielectric composites for conductive spheres in an
insulating medium*® that was later extended by Sillars.*®
These theories predict a maximal dielectric loss and a drop in

Nanoscale, 2023,15, 7526-7536 | 7529
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Fig. 2 Dielectric constants and losses of Au@PS hybrids with (a) the PSsggo ligand and (b) with the PSy10900 ligand. (c) Dielectric constants at 10 kHz
as a function of gold volume fractions from TGA. Reference data for f, o, = O were measured on pure PS;1000—SH layers (see our previous publi-
cation'?), and the dielectric constants for medium-sized particles with high and low ligand densities were taken from the values of the samples
Audisrdered@ps and Augis@ere?@Ps from ref. 10. The dashed lines are fits to the percolation function as stated in eqn (1). (d) Dielectric constants at 10
kHz as a function of the calculated specific interfacial area in thin film capacitors with small, medium, and large AuNPs.

the dielectric constant at a relaxation frequency that is set by
the shape of the filler particles, typically in the MHz range.
Conductive particles in close proximity, for example in aggre-
gates, can behave as single “joint particles”,** too.

Our samples did not contain aggregates in the dispersion
according to DLS. However, the AuZ) 5 @PS;1000 sample did
contain a fraction of larger particles after ligand exchange (see

above and Fig. S5b in the ESI{). The Wagner model of polariz-

7530 | Nanoscale, 2023,15, 7526-7536

ation®® and its extension by Sillars*® predict an increase of
interfacial polarization and a decrease of the frequency for
dielectric losses with increasing particle diameter. This is con-
sistent with the local maximum in the dielectric loss con-
nected with a strong decrease of the dielectric constant around
the frequency 100 Hz for the Aulif@PS 1000 sample. No
local maximum of the dielectric loss was observed for the
other samples within the measured frequency range.

This journal is © The Royal Society of Chemistry 2023
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Matavz et al. argued that limited conduction of the electro-
des can cause an additional decrease of the dielectric constant
connected with an increase of the dielectric loss at high fre-
quencies.® Our sputtered Al bottom electrodes had consider-
able contact resistivities of R, = 5 Q to 100 Q according to
impedance measurements. They are likely responsible for the
dielectric losses of 0.3 at high frequencies that increase to 30
when shifting to 1 Hz that we observed for all core sizes. These
losses were not connected with a decrease of the dielectric con-
stant and are probably not due to MWS polarization.

2.3. Dielectric strength

The maximal field strength that the nanodielectric can sustain
without breakdown—its “dielectric strength”—is an important
parameter for devices because it limits the energy stored per
volume. The dielectric strength of our Au@PS hybrids was
measured by slowly increasing the DC bias until a non-linear
current increase indicated the breakdown voltage Viq (see
Fig. S9 in the ESI}). The breakdown strengths Eyq (average of
two measurements) were in the range of 71.1 MV m™" to 158.7
MV m™" (see Fig. 3b and Table S6 in the ESIT). We did not find
any sign of decreased breakdown strength at larger Au volume
fractions. The covalently attached PS shells apparently ensured
electric insulation even for the largest 8.2 nm particles with Au
volume fractions of up to 31 vol%.

We prepared drop-casted layers from 2.9 nm to 8.2 nm dia-
meter core particles on Kapton foil and analyzed their struc-
ture by SAXS in transmission mode (Fig. S6 in the ESI}) and
TEM (Fig. 1c). Cross sections of spin-coated layers were pre-

View Article Online

Paper

pared with a focus ion beam and investigated using TEM
(Fig. 3a and c for examples and Fig. S8 in the ESI}). Only layers
made form Aul’MM@PSsoe0 and AubZ™ @PSso, showed
regular fcc packings. All other nanodielectrics were composed
of random particle arrangements. Small gold cores were the
only to form layers with random packing for PSsooo ligands
(AuZ? MM @PS5000). We believe that the high curvature of these
cores resulted in a comparatively low ligand density of PS5q0o.
The sparse shells have heterogeneous structures that cause
complex anisotropic geometries and interactions between
neighboring particles, which impedes the order (see the ESIT
for a detailed discussion). The van der Waals interaction
between cores is too weak to create a clear free energy
minimum for the crystalline superlattice, leading to randomly
packed films.

The two samples with the largest dielectric breakdown
strength (by a factor of at least 1.6) had regular fcc packing. It
is conceivable that the regular particle spacings in supercrys-
tals reduce locally enhanced fields that provoke dielectric
breakdown. The structure factors from SAXS in Fig. S7 (see
analysis in the ESI}) imply that some particles in randomly
packed particles had surface-to-surface distances of only
0.1 nm (Aud2 ™ @PS;1000), While fcc packing assured inter-
particle spacings of at least 2.5 nm (Au37 MM @PSs500). Regular
particle spacing reduces the probability of random conductive
pathways that can cause losses and dielectric breakdown, e.g.,
via tunneling. Fig. 1c illustrates that some metallic cores are
more likely to be close to each other in the randomly packed
layers than in the fcc layers. Nanoscale pinholes can be at the
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origin of dielectric breakdown, too; they may form during pro-
cessing of the films due to the evaporation of the solvent. Both
the fcc packed samples had comparable breakdown voltages
despite the different core diameters of 4.7 nm and 8.2 nm.
The large surface-to-surface distances for these samples may
obscure the effect of core diameter. Nanodielectrics of ran-
domly packed particles with shorter polymers consistently had
larger breakdown strengths that exceeded 100 MV m™*, while
those with long polymers remained below 71 MV m™. It is
likely that the density and thickness of the ligand shell affect
both particle packing and breakdown strength. The homo-
geneous ligand shells with a high areal ligand density formed
by PSs000 aided self-assembly and prevented dielectric break-
down. Even in the case of AuZ)iM@PSs00, Where particle
packing was disordered, the large areal ligand density
increased the breakdown strength over particles with the long
polymer (see Table S2 in the ESIT for details).

2.4. Inkjet printed dielectric layers on flexible PET substrates

The nanodielectrics discussed here are particularly suitable for
inkjet printing. Nanoscale particles fit through the nozzles of
an inkjet printing cartridge. Their polymer shells provide
efficient stabilization and prevent agglomeration that would
lead to blockage of the nozzles. The viscosity of covalently
bound hybrid polymer-particle dispersions is lower than that
of polymer solutions at the same concentration. We, therefore,
were able to print a dispersion of Aujy ™22 @PS;1000 as dielec-
tric layers on aluminum coated PET substrates using a stan-
dard piezo-driven inkjet printer. Evaporated gold top contacts
with diameters of 1 mm formed thin film capacitors. Fig. 4b
shows a surface profile from white light interferometry (WLI)
of the dried ink droplets with a surface roughness of R, =
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110.9 nm over an area of 700 pm x 530 pum (see the ESIf for
comparison with spin-coated samples). The top layer has a
texture that is due to the print head moving in the y-direction
that is clearly seen.

The average capacitance of the flexible thin film capacitors
was (1.30 + 0.06) nF for an area of 0.79 mm?” with a dielectric
loss of 0.071 + 0.006 at 10 kHz. Both values were increasing
towards higher frequencies, similar to those of the spin-coated
samples. The thicknesses of the dielectric layers were esti-
mated by comparison of the dielectric constant to the spin
coated-samples to be ~25 nm.

Mechanical flexibility was tested by bending a printed
sample on a support to a radius of #8 mm in a bending
machine (see Fig. S10b in the ESIt) over 3500 bending cycles.
The capacitors maintained their functionality after these
bending cycles; the changes in dielectric properties were below
8% (details discussed in the ESIf).

3. Conclusions

We investigated the effect of the nanoscale structure on the
properties of Au@PS hybrid nanodielectrics. Gold cores with
diameters of 2.9 nm, 4.7 nm, and 8.2 nm were synthesized, co-
valently grafted with two different polystyrene shells, and de-
posited as dielectric layers using spin-coating and inkjet print-
ing. We found that the density and thickness of the shells
depended on the Au core size. Long polymers formed mush-
room coils that led to reduced areal densities.

The dielectric constants of the films increased with decreas-
ing core sizes for comparable Au volume fractions. For
example, films of Au2? *@PS;1000 had 40% larger dielectric
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constants than Auif "% @PS;1000 at 10 vol% Au. We rational-
ized this scaling using a model that combines a resistor-
capacitor network with Maxwell-Wagner-Sillars (MWS) polar-
ization. Qualitatively, a decrease of core sizes at constant Au
volume fractions led to an increase in the number of microca-
pacitors in the hybrid. Increasing specific interfacial areas
increased dielectric constants beyond the volumetric contri-
bution of the metal. Interfacial polarization dominates the
dielectric constants.

The dielectric breakdown strengths of the Au@PS hybrids
were in the range of 71.1 MV m™" to 158.7 MV m™". Particle
packing affected the breakdown strength. The highest break-
down strengths were found for Aul’3m@PS;1000 and
Aud2 ' @PS5000, where ordered particle packing reduced the
local enhancement of the electric field between nearby par-
ticles. Randomly packed AuZ? 2 @PSs0g films of 2.9 nm par-
ticles with comparatively high ligand areal densities of
1.2 nm > had higher breakdown strengths.

Flexible thin film capacitors were formed by inkjet printing
nanodielectrics on aluminum coated PET foils using
Auilim @PS;1000 particles. Those had capacitances of 1.30 +
0.06 nF over 0.79 mm* and were stable after 3500 bending
cycles over a radius of ~#8 mm. This makes them suitable for
dielectric layers in printed flexible electronics.

4. Materials and methods

4.1. Materials

All chemicals were used without purification as received from
the supplier and, unless stated otherwise, obtained from
Sigma Aldrich, Germany, among them thiol-functionalized
polystyrene with molecular weights of M,, = 5000 Da and M,, =
11 000 Da (both with polydispersity index <1.1).

4.2. Nanoparticle synthesis

Gold nanoparticles (Au NPs) with oleylamine (OAm) shells
(Au@OAm) were synthesized following a modified synthesis
protocol of Wu et al."’ as previously reported.'® For the syn-
thesis of a typical batch of Au@OAm NPs, a mixture of 20 mL
of filtered OAm (ACROS Organics, Germany, C18 content 80%
to 90%) and 20 mL of the solvent (n-pentane (99% purity) for
2.9 nm Au cores, n-hexane (abcr GmbH, Germany, 99% purity)
for 4.7 nm Au cores, and benzene (99% purity) for 7.0 nm Au
cores) was prepared. 200 mg of HAuCl;-3H,O (ACROS
Organics, Germany) were dissolved in 32 mL of the OAm-
solvent mixture. The solution turned immediately red and was
stirred at room temperature for the times of 90 min for the
2.9 nm sized Au cores, 20 min for 4.7 nm sized Au cores, and
45 s for 7.0 nm sized Au cores. Then, a solution of 100 mg of
tetrabutylammonium bromide in the remaining 8 mL of the
OAm-solvent mixture was added. The solution turned dark
blue and was stirred further for about 1 h at room
temperature.

Purification was performed by adding 50 mL of ethanol and
10 mL of methanol to 40 mL of the as-prepared Au@OAm NP
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dispersion and the mixture assumed a blue tinge due to par-
ticle agglomeration. It was distributed into two centrifuge
tubes of 50 mL and centrifuged (Rotanta 460 RS, Hettich,
Germany, 1550 rcf, ¢ = 5 min). Then, the clear supernatant was
decanted and the NPs were redispersed in 40 mL of cyclo-
hexane (Roth, Germany, 99.9% purity). The resulting particle
dispersion was again mixed with 40 mL of ethanol and 20 mL
of methanol, and the cycle was repeated. Finally, the Au@OAmM
NPs were redispersed in 40 mL of the final solvent toluene
(Roth, Germany, 99.8% purity).

Particles with 8.2 nm diameter were prepared by overgrow-
ing the 7.0 nm particles from above. 40 mL of the washed
7.0 nm AuUNP@OAm dispersed in toluene were stirred on a hot
plate at 63 °C. A mixture of 2 mL of filtered OAm and 2 mL of
toluene was prepared. 100 mg of HAuCl,-3H,0 (ACROS
Organics, Germany) were fast dissolved in the OAm-toluene
mixture by vigorous shaking and immediately added to the
AuNP@OAm dispersion. The stirring was continued for about
24 h at 63 °C. Purification was performed as stated above,
except the centrifuge was set to 5230 rcf for ¢ = 20 min in the
second centrifugation cycle. The overgrown 8.2 nm Au@OAm
particles were redispersed in 40 mL of the final solvent
toluene.

Thiol-functionalized PS (PS-SH) was attached to the Au NPs
following the grafting-to approach of Corbierre et al*® and as
described before.'® Briefly, the respective amount of PS-SH
was weighted for a batch of Au@OAm NPs made of 200 mg
gold acid depending on the core size: for AuNPs capped with
PS5000-SH (M, = 5000 Da), the respective amounts of the
polymer were 480 mg for 2.9 nm sized Au cores, 350 mg for
4.7 nm sized Au cores, and 236 mg for 8.2 nm sized Au cores;
for AuNPs capped with PS;;000-SH (M,, = 11000 Dalton), the
respective amounts of the polymer were 500 mg for 2.9 nm
sized Au cores, 390 mg for 4.7 nm sized Au cores, and 237 mg
for 8.2 nm sized Au cores. This respective amount of the
polymer was dissolved in 6 mL of toluene with the aid of
3 min ultrasonication. The PS-SH solution was added to the
Au@OAm NP dispersion and stirred on a hot plate at 60 °C for
one week. To purify the dispersions, they were centrifuged in
an ultracentrifuge (Optima XE-90, Beckman Coulter, USA) with
a SW 32 Ti rotor (174900 rcf, ¢ = 165 min, 25 °C) for the
4.7 nm and 8.2 nm sized Au cores and with a SW 60 Ti rotor
(485 000 rcf, t = 210 min, 25 °C) for the 2.9 nm sized Au cores.
The light supernatant was removed with a pipette and the
Au@PS NPs were dispersed in toluene at the desired concen-
tration with the aid of an ultrasonic bath. The gold concen-
trations of the final dispersions were quantified by measuring
optical absorption at 400 nm.*®

4.3. Thermogravimetric analysis

The gold and polystyrene contents of AuNP@PS were quanti-
fied by drying approximately 250 pL of the respective dis-
persion in a TGA crucible on a hot plate at 60 °C and
additional drying in a vacuum oven at 30 °C overnight. The
solid samples (6 mg to 9 mg dry mass) were heated to 1000 °C
in a Netzsch STA 449 F3 TGA (Netzsch, Germany) under Ar at a
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heating rate of 10 K min™". At 1000 °C, the furnace gas was
switched to O, and held for 10 min for complete oxidation of
the organic part.

For each prepared ink, two measurements were performed;
we report the mean value of the final residual mass of elemen-
tal Au as explained in the ESL.}

4.4. Dielectric layer preparation

We prepared smooth dielectric layers on silicon (100) wafers
(Siegert Wafer, Germany) with an intrinsic SiO, layer that we
had coated with aluminum layers (thickness (60 + 14) nm)
through magnetron sputtering. We cleaved these rigid sub-
strates into square pieces of 18 mm x 18 mm. The liquid ink
was dispensed onto the pieces and they were accelerated to o =
1000 rpm with & = 1000rpms~' for 60 s to form homo-
geneous films. At one edge of the sample, a metallic bottom
contact was formed by removing the dielectric coating with a
toluene-soaked cotton bud. Residual solvent in the spin-coated
samples was evaporated overnight in a vacuum oven at 25 °C.
We used a shadow mask to evaporate the Au circular top con-
tacts of diameter 1 mm and thickness (157 + 4) nm on the
sample. Hence, at one sample there were 9 to 16 thin film
capacitors prepared which could be contacted for dielectric
measurement.

We measured the thickness of the spin-coated AuUNP@PS
layers on the reference samples spin-coated on glass micro-
scope cover slips. We prepared a cross-like scratch to create a
step that we then measured using a white light interferometer
(Zygo New View 5000 and Zygo New View 7300, Zygo
Corporation, USA) with a filtered white light source (tungsten
halogen lamp) and using the MetroPro software (Zygo
Corporation, USA).

4.5. Inkjet printing

We prepared flexible capacitors with inkjet printed dielectric
layers on polyethylene terephthalate (PET) foil (Melinex ST504,
Piitz Folien, Germany) that were covered with a sputtered
aluminum layer on the non-pre-treated side of the foil as
explained above for the rigid substrates. Square pieces of
18 mm x 18 mm were cut and cleaned as described above.
Dispersions based on 4.7 nm Au@PS;1490 particles in toluene
that were also used for spin-coating were used for printing (see
above for synthesis).

We filled the respective ink in the cartridges of a PIXDRO
LP50 inkjet printer (SUSS MicroTec SE, Germany) mounted on
a piezo print head (DMC-11610, Dimatix, USA) with a nozzle
diameter of 21.5 pm. We used a single nozzle for printing,
where the piezo actuator was driven with a pulse shape wave-
form (holding voltage 8 V, pulse voltage 29 V) at a pulse length
of 9 pus and an ejection frequency of 1000 Hz. We applied a
negative pressure of —1 mbar to the ink vessel in order to
stabilize droplet formation. The printing was performed in a
temperature and humidity-controlled laboratory (22 °C with
50% relative humidity). A camera and a stroboscope allowed
the observation of droplet formation before printing.
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We printed squares of 10 mm x 10 mm with two passes at a
droplet density of 500 DPI on an aluminum coated PET foil, where
the first pass was orthogonal to the second. We ensured the com-
plete evaporation of the solvent by drying in a vacuum oven at
25 °C and ~50 mbar over night. We used thermal evaporation to
deposit gold top contacts with circular shapes and diameters of
1 mm as described above for the rigid spin-coated samples.

4.6. Transmission electron microscopy

Individual AuNP@PS nanoparticles were imaged using a
JEM-2011 LaBs TEM and a JEM-2100 LaBs TEM (JOEL,
Germany), both with high-resolution pole pieces at 200 kv
acceleration voltage, and bright field electron micrographs
were obtained with an Orius SC1000 CCD camera (Gatan,
USA). We prepared samples by diluting the AuNP@PS inks
with toluene and dropping on a carbon TEM grid. In order to
identify the order in the AuNP arrangement, fast Fourier trans-
form (FFT) of the binary TEM images (using an auto threshold
filter) was performed with the Fiji software.

We prepared cross sections of thin film capacitors by covering
the samples with a conducting carbon layer (to prevent charging
of the samples) and two protecting platinum layers via electron
and ion beam deposition. Then, we cut thin lamellae using a
focused ion beam (FIB) of a combined FIB/SEM - a dual beam
scanning microscope (Versa 3D Low Vac, FEI Company, USA).
For fast cutting, the ion current was 7 nA; for fine cutting, the
ion current was 0.3 nA with a beam spot diameter of 0.8 nm. The
FIB lamellae were connected to an Omniprobe nanomanipulator,
mounted on a TEM sample holder, and analyzed using TEM (see
above for the instrument).

4.7. Dynamic light scattering

The dynamic light scattering measurements were performed
on diluted inks with an ALV/CGS-3 goniometer system (ALV
GmbH, Germany) using a laser wavelength 1 of 632.8 nm,
acquisition times of 180 s (600 s for the 2.9 nm Au cores), and
scattering angles 6 between 30° and 150° in steps of 10°.
Plotting of the inverse correlation times 7" vs. the square of
the wavenumbers ¢> that were calculated at each scattering

angle as (n is the refractive index of the solvent toluene)*® g =

4nn ., 0 . . . .
Tsmi resulted the translational diffusion coefficient D4,

as the slope of the plot.”" D,,s was transferred to the hydro-

dynamic diameter using the Stokes-Einstein relationship:>'>?
kgT
dy=2— (3)
611 Derans

where kg = 1.381 x 1072 J K™! is the Boltzmann constant,** T
is the temperature, and 7 is the viscosity of the solvent toluene.
Values for the refractive index and viscosity of toluene were
taken from the literature.”>>*

4.8. Small angle X-ray scattering

We recorded small angle X-ray scattering (SAXS) patterns from
the AUNP@PS dispersion and drop-casted films in a Xenocs
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Xeuss 2.0 laboratory set-up. X-rays at the copper K,-line with a
wavelength of 1 = 0.154 nm were provided by a Genix 3D
source (Xenocs SAS, France). Scattered intensities were
detected using a Dectris Pilatus 3R 1 M detector (DECTRIS,
USA) of scattering vectors g = 4n4~" sin § between 0.1 nm™" and
10 nm ™, with the scattering angle 26.

All synthesized Au@OAm and Au@PS NPs were analyzed in
transmission SAXS experiments using borosilicate capillaries
sealed by epoxy (see Fig. S4 in the ESIt). The spectra were azi-
muthally integrated with the Foxtrot software (Soleil, France),
pure solvent scattering was subtracted as the background from
the data, and the spectra were fitted by a polydisperse spheri-
cal form factor model using a Schulz-Zimm distribution to
obtain the average particle diameter d.. and the width of the
particle size distribution ¢ with the SASfit software (Paul
Scherrer Institute, Switzerland>®).

We prepared films of AuNP@PS for SAXS by drop-casting
particle dispersions on Kapton foil and evaporation at room
temperature. Transmission SAXS was recorded as above, the
Kapton foil’s scattering from reference measurements was sub-
tracted, and the spectra were evaluated by means of an
effective structure factor. Details are provided in the ESL{

4.9. Dielectric spectroscopy

Impedance spectrometry using an Alpha Analyzer spectro-
meter (Novocontrol Technologies, Germany) in the frequency
range of 1 x 10° Hz to 1 Hz at room temperature with a voltage
amplitude of 50 mV was employed to characterize the
AuNP®@PS thin film capacitors. The bottom and top contacts
of the samples were contacted to the ZG4 test interface of the
alpha analyzer via contact pins mounted on micro manipula-
tors during the measurements; the resistance of the Al bottom
contacts was determined by coming in contact with both
contact pins on the Al bottom electrode in a short circuit. A
parallel equivalent circuit model was used to determine the
capacitance in parallel C,, the resistance in parallel R,, and
the dielectric loss tané from the measured data using the
WInDETA software (Novocontrol Technologies, Germany).
Several thin film capacitors were measured per layer type. If
the analysis did not indicate dielectric behavior (e.g., because
of the dielectric losses tan § way above 1), we assumed damage
such as pin holes and discarded the sample. The yield of the
functional samples ranged between 40% (for 15 measured
thin film capacitors) and 86% (for 28 measured thin film
capacitors) for the spin-coated samples and was 80% (for
15 measured thin film capacitors) for the flexible inkjet
printed sample.

The dielectric constant ¢, was extracted from the capaci-
tance in parallel C,, which was measured during the impe-
dance spectroscopy experiment using the following equation:

1
&=%g§ (a)
with &, being the vacuum permittivity, ¢ is the layer thickness
and A is the area of the top Au contact. For each type of
sample, we report the arithmetic mean value and the standard
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deviation of the measured thin film capacitors for each sample
type for ¢, and the loss tangent tan é.
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