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S1 Substrate surface profiles

The dielectric constants of hybrid layers were calculated assuming a parallel plate capacitor. To check

the validity of this model, we compared the roughnesses of the substrates and the layers. We found smooth
surfaces with arithmetic average surface roughness values, R,, in the range of 0.8 nm to 1.0 nm, as mea-
sured over a surface area of 700 pm x 530 pm for the spin-coated samples. The surface profiles were nu-
merically analyzed using the MetroPro software after subtraction of a plane (for the rigid spin-coated
samples) or a cylinder (for the flexible inkjet printed sample) to obtain the roughness values listed in Ta-
ble S1. Figure Sla and Figure S1b show representative surface profiles of the spin-coated dielectric sam-
ples. We measured both the surface roughness of the aluminium/silicon substrate (R, = 3.0 nm, see Sup-
porting Information of [1]) and of the aluminium/PET substrate (R, = 4.0 nm, shown in Figure Slc)

over an area of 100 pm x 100 pm with atomic force microscopy (AFM).

Table S1: Average surface roughness R, of the hybrid dielectric layers (from white light interferometry) and of the alu-
minum electrode (from atomic force microscopy).

Sample label coating method R, [nm]
Aug'\Z{%@PSg,OOO sp%n coated 0.8
AuZ:\?OAZZ)]@PSHOOO Sp}n coated 0.8
Auz'\éor%@PSmoo sp¥n coated 1.0
Auéogvr?lln% @Psllooo Sp}n coated 1.0
Auiy o1 @PS5000 spin coated 1.1
AuS 2 @PS;1000 spin coated 1.0
Auf i @PS;1000 inkjet printed ~ 110.9
Al coated PET foil sputtered 4.0

Because the layer thickness of the spin-coated samples exceeded the roughness of the substrates and of
the dielectric layers by one order of magnitude, the sample can be treated as a parallel plate capacitor,
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Figure S1: Surface profile measurements. Surface profiles measured with white light interferometry (WLI) of a)

Aug 258 @PS 1000 and b) Au§225, QPS1000. ¢) Surface profile measured with atomic force microscopy of Al coated PET
foil.

which allowed the determination of the dielectric constants. We found a much larger surface roughness
of the inkjet printed sample; its effective thickness could only be estimated by the measured capacitance.

S2 Thermogravimetric analysis

We performed two thermogravimetric analysis (TGA) measurements for each prepared ink. Most of the

mass loss occurred below ~ 520 °C, therefore we assumed that that all residual mass at 520 °C was el-
emental gold; in further calculations, the mean values of the two measurements for each layer type that

can be found in Figure 52 were used as the measured gold weight fraction xy ay.

We assumed compact films when calculating the fraction of Au in the dry Au@PS samples from the resid-

ual Au mass. The density of bulk Au (pa, = 19.32gcem ™2 [2]) and the mean density of amorphous polystyrene
(pps = 1.05gcm™ [3]) were used to calculate the volume fraction of Au f, oy

Tw, Au
fv,Au = 7 (Sl)
Lw,Au + Z;%;(l - xw,Au)

Note that the assumption of a homogeneous polystyrene mass density is an approximation; it is possi-
ble that different ligand areal densities and ligand lengths or additional steps such as thermal annealing
change the actual density of the polymer shells.

We assumed that all organic molecules in the layer were bound as ligand molecules and that the organic
fraction was only made up by PS ligands when calculating the ligand density. The mass of the organic
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shell per nanoparticle morganic was calculated by

1 4 (dee\* [ 1
organic — u -1 = uy — —1 52
" & AP (xw,Au ) pA 37-[( 2 > (xw,Au ) ( )

where maunp is the mass of a single gold core, d.... the core diameter, pa, the gold bulk density, and
Tw Au the gold weight fraction. We calculated the number of PS ligands per nanoparticle npg using the
molecular mass Mpg of the used PS ligand:

nps = morganic/MPS (S3)

Finally, we obtained the ligand density pa 1igana by dividing the number of PS ligands per particle by the

surface of the gold core Axunp:
PA ligand = oS s (S4)
,l1gan AAuNP ATt (d°§’re ) 2
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Figure S2: TGA results for all dielectric layers prepared with variation of Au core size and ligand length. The mean value
of two measured samples is reported.

The resulting volume contents of gold in dried layers are listed in Table S2; additionally the Au concen-
trations in the inks as measured by UV-Vis spectroscopy are listed.
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Table S2: Measured properties of the prepared Au@QPS hybrid nanoparticle inks with varying Au core sizes and ligand
length (dispersion medium toluene) with the diameter of the Au cores deore, the Au volume fraction in dried layers fy au,
the ligand density pa ligand, and the Au concentration in the inks cay.

Ink label deore [nm]  Ligand  pa tigana M 2] fyau [vOl%]  can [mgmL 7]
Aug'\zozli(rymﬁ@PS{,ooo 2.9 PSs000 1.2 4.8 19.8
AUZ.\%Orllﬁ@PSHOOO 2.9 PSIlOOO 0.3 9.2 24.7
Auz\éogﬁ@PS5000 4.7 PSs000 1.3 7.1 12.8
Aué%vr?ll][(]%@PSllooo 4.6 PSllOOO 0.4 9.7 34
Aué%Qvol%@PSm]OO 8.2 PS5()00 0.8 17.2 23
Au?’ivrglr(l%@P811000 8.2 PS11000 0.2 31.2 26.4

S3 Characterization of the synthesized inks by SAXS, DLS, and TEM

The synthesis of the inks was performed in a two step process: First, oleylamine (OAm) capped AuNPs
(Au@OAm NPs) were synthesized in different solvents. Then, the ligand exchange to thiol-terminated
polystyrene was performed via stirring at 60°C for one week (see Experimental Section of main paper

for details) to obtain the final inks with toluene solvent. We performed small angle X-ray scattering (SAXS,
see Figure S4 for small and large Au@PS particles and Supporting Information of our previous publi-
cation [1] for the SAXS patterns of the inks with medium-sized Au@PS particles) and dynamic light
scattering (DLS) to characterize the inks. The SAXS measurements revealed the core diameters of the
AuNPs d.oe and the width of their distribution ¢, the DLS measurements provided the hydrodynamic
diameters dy, of the particles; the values for all nanoparticles derived from the scattering experiments are
summarized in Table S3.

Table S3: Core size data with the mean and standard deviation of the core diameters dcope and o from SAXS, and the hy-
drodynamic diameters d;, from DLS.

Sample name deore [nm] o [%] dp [nm]
small Au@QOAm 15% batch 2.9 8.5 6.5+ 0.32
AuZ 258 @PSs5000 2.9 9 12 +0.23
small Au@OAm 2" batch 2.9 10 64 0.53
Aug 282 @PS; 1000 2.9 129  11.2+0.15
medium Au@OAm 4.7 6.7 7.7+ 0.05
Aur?ER@PS5000 4.7 7 16.340.09
Auf . @PS;1000 4.6 66 162=+0.1
Large Au@OAm 7 10 N/A
Large AuQOAm 1x overgrow 8.2 8.5 11.2 +0.62
Auf2 2 QPS5000 8.2 9.3 20.3+0.06
Aug s, @PS 11000 8.2 9 19.4+0.02

For Augfgg“@PSsogo and Au%‘%gu@PSHOOO, two batches of small oleylamine (OAm)-capped AuNPs (AuQOAm
NPs) were synthesized (Figure S3a and Figure S3b) in n-pentane; for Auz]aj%e@PS50()0 and Augéggf@Psmoo,
one batch of Au@OAm NPs synthesized in benzene (Figure S3c) was overgrown to reach a final core di-
ameter of 8.2nm (Figure S3d). The TEM images indicate a narrowly dispersed size distribution of all

the synthesized AuQOAm NPs. For Au‘%‘jol}f};@PSg,ooo and Au‘fbﬁv’gf% @PS11900 two batches of Au@QOAm

NPs were synthesized in n-hexane.
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After ligand exchange, SAXS of the Au@PS nanoparticles in dispersion showed that the ligand exchange
did not affect the Au cores for the 4.7 nm particles and 8.2 nm particles. The SAXS scattering pattern
from the large particles fits very well to the form factor of spheres (Figure S4); there is no sign of ag-
glomerates in the ink. The standard deviation o was below 10 % and the monodispersity of the Au@QPS
particles is also seen on TEM images (Figure 1c¢ in main paper). The same was found in our previous
publication in SAXS measurements of the 4.7nm Au@PS particles (see Supporting Information of [1]).
Therefore, there is no sign that the ligand exchange affected the large and medium-sized Au cores. The
hydrodynamic diameters increased for the 4.7 nm and 8.2nm AuNPs during ligand exchange. The DLS
data also show that there are no agglomerates in the inks composed of 4.7 nm and 8.2nm particles.

For the liquid inks with 2.9 nm particles, especially Aué'ﬁﬁ%@PSllogo, the SAXS data showed a devia-
tion of the measured scattering data from a form factor of spheres. The observed deviation was, how-
ever, not connected to the presence of large agglomerates, as DLS data did not indicate agglomerates.
For Auﬁfé{%@PSwoo the width of the core size distribution o stays below 10 % and also the TEM image

of the particles in Figure 1c in the main paper shows uniform particles. However, for Aug'goﬁ%‘@PSnooo
the width of the core size distribution was measured as 0 = 12.3% (see Table S3). Therefore, we in-

vestigated the change of the Aug 3 @PS;1590 in more details by TEM. Figure S5 shows that during the
ligand exchange at 60°C, some AuNPs grew. We assume that Ostwald ripening was the origin of the ap-
pearance of larger AuNPs after the ligand exchange of Aug'gorff};@PSlmoo. Two growth mechanisms, Ost-
wald ripening followed by coalescence of particles at longer ageing times, have been reported for alkanethiol-
capped AuNPs in PMMA layers, which were annealed at 150 °C [5]. When comparing the ligand densi-

ties of all particles that were derived from TGA (see Table S2), we see that the ligand density for
Aug‘gorff};@PSHOOO with only 0.3nm™?2 is much lower than for Au§~30‘}$0@PS5OOO. Consequently, it is pro-

posed that the low ligand density of the Aug 5 @PS;1090 particles combined with a large curvature of

the particles causing high surface energy could not protect the cores from degradation via Ostwald ripen-
ing during ligand exchange at 60 °C, while for all other inks, the polymer shells were dense enough to

prevent degradation of the Au cores during ligand exchange.
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(c) Large Au@QOAm NPs before overgrowth. (d) Large Au@OAm NPs after overgrowth.
Figure S3: TEM micrographs of synthesized Au@OAm NPs. a) The first batch of small AuQOAm NPs used for
Ausor_ragu@PSwOO. b) The second batch of small Au@OAm NPs used for Aug%gll@Psllgoo. ¢) The large Au@OAm NPs

before overgrowth. d) The large Au@OAm NPs after overgrowth used for Auf2°@PS5000 and AugE°@PS, 100
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Figure S4: SAXS patterns of 2.9nm Au@PS and 8.2nm Au@PS particles dispersed in toluene after ligand exchange. The
measurements were shifted in intensity by a multiplication factor. The black lines indicate fits using a form factor for
spheres with diameters deore and the widths of the core size distributions o [4].
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Figure S5: TEM images of a) small Au@OAm NPs and b) Aug 232 @QPS; g0 after ligand exchange show the formation of
large AuNPs in the ink.
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S4 Packing structure of small and large particles

SAXS of dried drop casted films yielded the nature of particle packing and inter-particle distances. In
our previous publication, we investigated the packing for 4.7 nm particles [1]. In this study, we measured
the packing of drop-casted layers with 2.9 nm and 8.2nm Au@PS particles. The SAXS patterns, acquired
in transmission mode, are shown in Figure S6, the corresponding structure factors in Figure S7.
The center-to-center distance d.. of the AuNPs in the drop casted samples follows from the position ¢*
of the primary structure factor peak, in a way depending on the underlying structure. In case of random
packing this reads [6]:

2

AP = = (S5)
while for face-centered cubic (fcc) ordered particles
i = YT (56)
q*
is obtained. The particles’ surface-to-surface distance dg follows in both cases as:
dss - dcc - dcore' (87)

The scattering curve obtained for Auz32@PSs00 (Figure S6a) features a pronounced primary structure
factor peak, ¢;, at 0.97nm™', and a very weak secondary one at ~ 2 - ¢;. It can be concluded that the
structure consist of randomly packed AuNPs with a surface-to-surface distance d.. of 3.5nm, calculated
using Equations S5 and S7. This finding agrees with results obtained from TEM (Figure S8a), where
also a random packing of AuNPs is observed.

Aug I @QPS; 190 (Figure S6a) shows two structure factor peaks at ¢ ~ 1.12nm~! and ¢} ~ 1.51nm™L.
Because their relative positions do not match with classical crystalline structures, we conclude that these
are two primary structure factor peaks, corresponding to two separate repeating structures at different
length scales. The corresponding surface-to-surface distances, calculated assuming random packing for
both separate structures, are 2.7nm and 1.3nm, respectively. As is shown by TEM (Figure S8b), the
shell consisting of long PS-chains does not cover the AuNPs homogeneously, leading to multiple surface-
to-surface distances. Furthermore, a very broad peak is visible at ¢ ~ 0.31nm~'. It would correspond
to a surface-to-surface distance of 17.6 nm, however such large spacings are not seen in the TEM (Fig-
ure S8b) and the exact origin of this peak is not completely clear to the authors.

The SAXS pattern of Au?fvff?%@PSg)ooo is shown in Figure S6b. Also here, a series of structure factor

peaks are visible. We identified a primary structure factor peak at ¢f = ¢<¢ ~ 0.52nm™!, and corre-

sponding secondary peaks at \/8/3 - ¢ = a3, V/11/3 - ¢i = ¢555, V/12/3 - @ = 455, /19/3 - @i = 4551,
20/3 - qf = ¢’ and \/24/3 - ¢; = ¢, pointing to an fcc arrangement of the AuNPs [7]. Only the ex-
pected secondary peaks at 1/4/3 - ¢} = ¢&¢ and \/16/3 - ¢f = ¢'¢, seem to be suppressed. According to
Equations S6 and S7, the surface-to-surface distance equals 6.6 nm. The corresponding TEM image (Fig-
ure S8e¢) shows a weakly ordered structure, but an fcc arrangement is not discernible, which may be due
to the small thickness of the sample measured by TEM.
The scattering pattern obtained for Au§?"5, @PS;100 (Figure S6b) is similar to that of Aug2ie@QPS ;000
It has a relatively sharp primary structure factor at ¢5 ~ 0.76 nm~!, indicating randomly packed AuNPs
with a surface-to-surface distance of 0.1 nm. Due to the large size of the particles and the small ligand
density, the van der Waals interaction is presumably strong enough to push aside the long PS ligands,

S8



Supplementary Information

leading to the very close surface-to-surface distance. At ¢f ~ 0.39nm™!, a second primary structure fac-
tor peak is observed, which may be attributed to very weakly ordered repeating structures with a repeat
distance of &~ 16 nm. These observations are in agreement with the results from TEM, shown in Fig-
ure S8f. The sample appears heterogeneous, with a few dense regions where AuNP cores almost touch,
and more sparely populated regions.

In Table S4, an overview of all surface-to-surface distances is given.

Table S4: Experimental results for layers of Au@PS hybrid particles from SAXS. deope is the Au core diameter, dl,, d2,,
and d3, are characteristic surface-to-surface distances of the AuNPs in the dielectric layers. Distances without mark are

calculated for random packing. Distances marked with (¢) are calculated for fcc packing.

1 2 3
Sample dcore [nm] dss [nm] dss [nm] dss [nm}
name
AuZ % @PS5000 2.9 3.5 _ B
Aud o2 @PS11000 2.9 17.6 2.7 1.3
Auz 712 @PS5000 4.7 4.5 9.5 (fcc) _
Auii 2% @PS11000 4.6 6.2 0.7 -
Aui % @PS5000 8.2 6.6(fcc) - _
Au3 %ty @PS11000 8.2 8.0 0.1 -

Figure S8 shows TEM images of cross sections of thin film capacitors with dielectric layers for small Au
cores with diameter of 2.9 nm, medium-sized cores with diameter of 4.7 nm, and large Au cores with di-
ameter of 8.2nm. The cross sections revealed that all packing types that were found in SAXS measure-
ments of drop casted samples were also valid for spin-coated layers.
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Figure S6: Transmission SAXS measurements of drop casted dielectric films on Kapton foil of Au@PS hybrid particles
with a) small and b) large core sizes. The measurements were shifted in intensity by a multiplication factor.
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Figure S7: Effective structure factors Seg(q), determined by dividing the recorded transmission spectrum by the form
factor of the particular nanoparticle in liquid dispersions, for the small and large Au@PS drop casted films measured in
SAXS. While for Auf:2 ™%, @PS5000 an fec packing was found, for the other samples only a random packing was found.
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Figure S8: Transmission electron micrographs of focus ion beam cross sections of thin film capacitors with the a)
AuZ7oi% @PS5000, b) Aug oo @PS11000, ©) Auz (ol @PSs000, d) Aufyveis, @PS11000, €) Autiols, @PSs000, and f)
Augfvréﬁ?%@PSlwoo layers.
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S5 Tabled data of thin film capacitors

Table S5: Overview of the dielectric constants e, at 10 kHz, the Au volume fractions f,, and the specific interfacial ar-

€as Us interface f0r Au@PS hybrids with different core sizes. Samples marked with * were shown as Aug?égrdere‘i@PS and
Aug_lzcl’rdere‘i@PS in our previous publication [1].
Name Er [7] fv [7} Qs interface [an nmi?’}
Auz D58 @PSs5000 32+02  0.05 0.10
Aug o @PS11000 6.7+04  0.09 0.19
Auz 5P @PS 5000 34402 007 0.09
Aujas, @PS11000 48401 0.10 0.13
Au@PSHOOO (dcore = 4.20m, pa ligana = 0.7 nm ™ 2)* 3.14+0.1 0.05 0.07
Au@PSHOOO (dcore = 4.4nm, pA ligand = 0.2 nm’z)* 34.34+0.7 0.21 0.29
Auf2 i QPS5000 49403 017 0.13
Aui?ni, @PS11000 13.6+1.6 0.31 0.23

S6 Calculation of specific interfacial area

For the calculation of the specific interfacial area of the AuNP cores with the PS shells, the cores were
assumed to be homogeneous spheres with a constant diameter. The interfacial area in the hybrid dielec-
tric material of the thin film capacitor is calculated as

VAu A o VCfv,Au
AuNP — />
VAuNP VAuNP

Ainterface = NAuNPAAuNP = (88)
with Naunp the number of the AuNP, Axynp = 4ﬂ(d“—§re)2 the AuNP surface area, and Vj, the volume of
the Au fraction

Vo = At (S9)
where A = 0.79 mm? is the area of the top contact and t the thickness of the respective dielectric layer.
The resulting values from Equations S8 and S9 were used in Equation 2 in the main paper.

S7 Dielectric breakthrough

The dielectric breakdown was measured by applying an increasing voltage on thin film capacitors until
an increase in the current was measured at the breakdown voltage V},q. The measurements for 2.9 nm
and 8.2nm Au@PS particles are shown in Figure S9, the measurements for the 4.7nm Au@PS particles
were shown in the Supporting Information of [1].

We calculated the breakdown field strength Ey4q with the equation

Epg=— (510)
where t is the thickness of the dielectric layer in the thin film capacitor. The resulting breakdown field

strength are listed in Table S6.

S13



Supplementary Information

0.10 A —_ |
— Aug-eorllgg@PSS()oo : : :
— AU3 5 @PS11000 : | :
I
— Au¥7 @PSs000 I I I
008 ’ 8.2 nm | 1 1
—— AU5{ 5% @PS11000 I | |
= Solid line: sample 1 I | :
— == Dashed line: sample 2 : : |
< 0.06 A I 1 '
+ 1 1 |
3 ! , |
= ! 1 1
3 0.04 1 | : |
I I I
I I !
I |
| 1 |
0-02 7 | I I
I " I
I I I
| 1 :
1
0.00 X x X %= X % X
0 1 2 3 4 5 611 1215 16

Voltage [V]

Figure S9: Dielectric breakthrough for dielectric layers with small and large gold cores.

Table S6: Estimated breakdown strengths Fypq of the dielectric films with Au cores of various sizes. The mean value of two
measurements is reported.

Name of sample  Epq [MV m™1]

Aug 2 2 @PSs5000 100.9
Aud IR @PS11000 71.1
Aut 5% @PSs5000 154.3
Auti’ 2%, @PS11000 59.9
Aul? 5 @PSs000 158.7
Au§i? 2T, @PS 11000 71.1
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S8 Bending of inkjet printed samples

We bent the flexible thin film capacitor sample in a bending machine as shown in Figure S10b. After a
set of 500 bending cycles, we removed the sample and measured the dielectric properties. The dielectric
constant and the dielectric loss at 10 kHz and the yield of the functional thin film capacitors in depen-
dence on the number of bending cycles is shown Figure S10a. We observed a drop of the capacitance at
10kHz from 1.3nF to 1.2nF after the first 500 bending cycles, then the capacitance stayed constant un-
til 3500 bending cycles. We see a plausible explanation in nanoparticle rearrangement and phase separa-
tion in these first bending cycles. Such densification of the particle packing was assumed for AuQPEDOT:PSS
films, where an increase of conductivity was observed after bending of the films [8]. 20 % of the thin film
capacitors failed after 2000 bending cycles but the yield then stayed constant. According SEM images,
the capacitors did not fail in the dielectric layer (see Figure S11b,c). The sequential contacting and mea-
suring of the samples caused damage on the Au top contacts (see Figure S11a) and could cause short
circuits and failure. A detailed study of the failure mechanism would require more extensive statistical
data, because the SEM images show only small sections of the bent sample.

A
1.36 1 ® (C,@10kHz e Yield
® ® o ® tan6@10 kHz [ 1.0
1.34 A
¢ o
[ J - 0.8 o
— i J]
m 1.32 E
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o 13046 - 0.6 ©
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'g 1.28 A o
o F0.4 T
@] O
1.26 o
Q
a
1.24 A - 0.2
1.22{® 4
T T T T T T T - 00
0 500 1000 1500 2000 2500 3000 3500

Bending cycle [-]

Figure S10: Bending study of flexible thin film capacitors on aluminium coated PET foil with inkjet printed
Au‘f&’éﬁ’%@PSuooo dielectric layer. a) Dielectric constant, dielectric loss, and yield of functional thin film capacitors on
the sample measured after sets of 500 bending cycles until up to 3500 bending cycles. b) The inset shows a photograph of
the sample in the bending machine.
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——50.0ym—
InkJet 5

Figure S11: SEM micrographs of the inkjet printed Au‘f&‘é’f}%@PSnooo film after bending. a) The contacts showed damage

from sequential contacting with the contact pins. b) Low magnification and c¢) high magnification micrographs of the film
structure revealed no damage after bending.
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