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Structural order enhances charge carrier transport
in self-assembled Au-nanoclusters
Florian Fetzer1,5, Andre Maier2,3,5, Martin Hodas4, Olympia Geladari2,3, Kai Braun2,3, Alfred J. Meixner2,3,

Frank Schreiber 3,4, Andreas Schnepf 1✉ & Marcus Scheele 2,3✉

The collective properties of self-assembled nanoparticles with long-range order bear

immense potential for customized electronic materials by design. However, to mitigate the

shortcoming of the finite-size distribution of nanoparticles and thus, the inherent energetic

disorder within assemblies, atomically precise nanoclusters are the most promising building

blocks. We report an easy and broadly applicable method for the controlled self-assembly of

atomically precise Au32(nBu3P)12Cl8 nanoclusters into micro-crystals. This enables the

determination of emergent optoelectronic properties which resulted from long-range order in

such assemblies. Compared to the same nanoclusters in glassy, polycrystalline ensembles,

we find a 100-fold increase in the electric conductivity and charge carrier mobility as well as

additional optical transitions. We show that these effects are due to a vanishing energetic

disorder and a drastically reduced activation energy to charge transport in the highly ordered

assemblies. This first correlation of structure and electronic properties by comparing glassy

and crystalline self-assembled superstructures of atomically precise gold nanoclusters paves

the way towards functional materials with novel collective optoelectronic properties.
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Using the collective properties of self-assembled molecules
and particles as building blocks bears immense opportu-
nities for microelectronic applications1–3. Already imple-

mented applications of self-assembled thin films range from light-
emitting diodes (LED) over field-effect transistors (FET) to
optical sensors4. Inorganic nanoparticles, organic π-systems, and
conjugated polymers are the most widely used components for
such self-assembly5–8. For instance, previous studies have shown
the possibility to form three-dimensional assemblies with long-
range order using gold nanoparticles as building blocks9. How-
ever, these nanoparticles consist of a few hundred to thousands of
atoms, are not atomically precise, exhibit finite-size distributions,
and thus, an inherent energetic disorder in ensembles. To miti-
gate this shortcoming, atomically precise, inorganic molecular
clusters have been suggested as promising building blocks for
customized electronic materials by design of their structure10–13.
These materials exhibit larger dielectric constants than organic
semiconductors with profound consequences for their excited-
state properties, such as the ability to exploit quantum confine-
ment effects. A variety of such molecular clusters, often referred
to as superatoms, has already been used for the formation of
solid-state materials14–18. A special interest is thereby focused on
the influence of the structure of the assembled materials onto
their properties, possibly enabling the creation of materials with
desired properties by design19,20.

Atomically precise metalloid nanoclusters (NCs) form a sub-
group of this material class21,22. The exact knowledge of their
structure and composition along with usually smaller sizes,
enhanced quantum confinement and the prospect of single-
electron switching at room temperature promotes NCs as
building blocks for self-assembly23,24.

Previous studies on Au-NC ensembles have yet either reported
conductivity measurements of polycrystalline assemblies25, along
with the first observation of semiconducting properties26, or the
formation of highly ordered microcrystals20,24,27,28. However,
attempts to quantify the influence of perfect order on the elec-
tronic properties of such microcrystals have remained unsuc-
cessful29. Overcoming this challenge would allow exploiting the
distinct properties of perfectly ordered NC microcrystals, such as
superconductance in metalloid Ga84R20

4−/3− clusters18,30,31.
In this paper, we show that assemblies of Au32(nBu3P)12Cl8-

nanoclusters form idiomorphic microcrystals with high crystal-
lographic phase purity and a strongly preferred growth direction.
The crystals are semiconducting and exhibit p-type hopping
transport which is limited by Coulomb charging. Energetic dis-
order is negligible in these microcrystals. In contrast, disordered
assemblies of the same clusters show a decrease in the electric
conductivity by two orders of magnitude and an over 50% larger
activation energy for hopping transport due to the disorder.

Results
Self-assembly of Au32-NC microcrystals. The atomically precise
building blocks of metalloid Au32(nBu3P)12Cl8 nanoclusters
(abbreviated as Au32-NCs) with an Au-core size of ~0.9 nm are
synthesized as previously described32. Including the full ligand
shell of twelve phosphine ligands and eight chlorine atoms, the
building block size is about 1.3 nm, displayed in Fig. 1a. Single-
crystal X-ray diffraction of macroscopic crystals of Au32-NCs
yields a triclinic unit cell containing two crystallographically
independent NCs (a= 1.91 nm, b= 1.93 nm, c= 3.32 nm; α=
73.2°, ß= 86.7°, γ= 63.4°, space group P�1)32.

The preparation process, where dispersed Au32-NCs self-
assemble into microcrystals at the liquid–air interface and sink
into the liquid subphase, is schematically illustrated in Fig. 1b–d.
This method allows the preparation of microcrystals onto any

substrate of interest (Further details on the preparation can be
found in Methods and Supplementary Information). By ‘micro-
crystals’ we understand micrometer-sized idiomorphic single
crystals of Au32-NCs with high crystallographic phase purity and
a strongly preferred growth direction, as detailed below. Figure 1e
shows a typical ensemble of self-assembled Au32-NC micro-
crystals with parallelogram shape on a silicon wafer. The crystal
shape can be quantified by its geometrical properties of long axis
A, short axis B, angle at the sharp edge Δ, and thickness h, as
illustrated in the SEM micrograph in Fig. 1f. The lateral
expansion (5–30 µm) is 2–3 orders of magnitude larger than
the thickness (50–600 nm, see Supplementary Fig. S1), indicating
a strongly preferred growth direction. An analysis of SEM
micrographs of individual microcrystals yields a distribution of
long and short axis, revealing a typical lateral size of A= 17.4 ±
4.2 µm and B= 10.6 ± 2.5 µm, as indicated in Fig. 1g. The lateral
size dispersion is calculated to 24%. Further, we observe an aspect
ratio of the long and short axis of A/B= 1.64 and a sharp edge
angle of Δ= 63° for all microcrystals. This aspect ratio
corresponds to the associated ratio found in the unit cell of
macroscopic Au32-NC crystals, and the angle Δ suits the γ-angle
of the unit cell of γ= 63.4°32. Hence, the shape of the
microcrystals strongly resembles the aforementioned unit cell
which renders the crystals idiomorphic. High-resolution SEM
images (see Supplementary Fig. S1) reveal perfectly defined edges
and extremely flat surfaces, indicating a high crystalline phase
purity. Different color impressions in Fig. 1e originate from
interference phenomena indicating different thicknesses.

Structural investigation of self-assembled Au32-NC micro-
crystals. To verify the crystallinity of self-assembled micro-
crystals, grazing-incidence small-angle X-ray scattering (GISAXS)
measurements are performed, which is a common technique to
investigate the structural properties of nanoparticle assemblies in
thin films or at interfaces33–35. The GISAXS pattern of an
ensemble of hundreds of individual microcrystals with different
azimuthal orientation (Fig. 1e) is shown in Fig. 2a. Sharp peaks
are obtained (Fig. 2c), indicating the high crystallinity of the
sample. Doubled peaks in z direction can be observed, caused by a
peak splitting phenomenon as previously described36. The fit of
the obtained peaks yields a triclinic unit cell (a= 1.9 nm, b=
1.94 nm, c= 3.48 nm and α= 72°, β= 86°, γ= 59°), which is
simulated onto the diffraction pattern. The fit is in excellent
agreement with the previously determined unit cell of a macro-
scopic Au32-NC single crystal (a= 1.91 nm, b= 1.93 nm, c=
3.32 nm and α= 73.2°, β= 86.7°, γ= 63.4°)32. Considering the
GISAXS data together with the morphological appearance of self-
assembled Au32-NC microcrystals, the unit cell of the micro-
crystals can be described by a triclinic structure with axis ratios
and angles corresponding to a macroscopic single crystal of Au32
(Fig. 2d). Thus, microcrystals are µm-sized single crystals, built
from individual building blocks of Au32-NCs. A typical micro-
crystal consists of ~5000 unit-cells laterally along the long axis A
and ~15–200 unit-cells out-of-plane (~109 Au32-NCs per
microcrystal). Furthermore, the dominant first peak in z direction
at qz ≈ 0.37 Å−1 corresponds to a distance of about d= 1.7 nm.
Assuming this to be the {002}-peak (based on the bulk structure),
a unit cell edge of 3.4 nm can be calculated which is in good
agreement with the unit cell length c= 3.32 nm of the macro-
scopic NC crystal, indicating that the c axis of the unit cell is
aligned along the surface normal. In combination with the
missing peaks at {200} and {020}, we conclude that most
microcrystals lay flat on the substrate surface, with axis a and b
oriented parallel to the substrate, as it is observed by microscopy
techniques (Supplementary Fig. S2). Some peaks along the ring-
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Fig. 1 Au32-NC self-assembly into microcrystals. a Structural drawing of the Au32(nBu3P)12Cl8-NCs. The different colors represent the Au- (gold), Cl-
(green), P- (purple), and C- (gray) atoms, while hydrogens are omitted for clarity. The Au core has a diameter of ~0.9 nm, while the size of the entire NC is
about 1.3 nm. Scale bar: 0.4 nm. b–d Schematic illustration of the assembly process. An Au32-NC solution is injected onto the liquid subphase within a
Teflon chamber. The Au32-NCs self-assemble into microcrystals and sink down through the subphase onto the immersed substrate. Details are given in the
“Methods” section. e Optical micrograph of self-assembled Au32-NC microcrystals on a Si/SiOx substrate. The crystals are µm-sized and exhibit a
parallelogram shape. Different sizes and thicknesses (color) can be observed. Scale bar: 15 µm. f SEM micrograph of a microcrystal with indicated long axis
A, short axis B, and angle Δ. Scale bar: 2 µm. g Distribution of long and short axis revealing typical crystal sizes of A= 17.4 ± 4.2 µm, B= 10.6 ± 2.5 µm
(dispersity of Đ= 1.07, see Supplementary Information for details).
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Fig. 2 Structure of Au32-NC microcrystals. a Grazing-incidence small-angle X-ray scattering (GISAXS) pattern of an ensemble of hundreds of
microcrystals with different azimuthal orientation. Diffraction spots are simulated according to a triclinic unit cell (a= 1.90 nm, b= 1.94 nm, c= 3.48 nm,
and α= 72°, β= 86°, γ= 59°). b GISAXS pattern of a spin-coated thin film of Au32-NCs. Note that the images (a) and (b) in the chosen geometry (qy, qz)
exhibit a very small distortion of the Ewald sphere, which is neglected here. c Line scans along qz at qy= 0.37 Å−1 of the pattern in red (a) and blue (b),
respectively, highlighted by the rectangular boxes. The ensemble of microcrystals (a) show distinct sharp peaks, indicating the high crystallinity. The
polycrystalline sample (b) shows broad signals while lacking clear peaks, indicating the polycrystalline and defect-rich structure. Gaps correspond to
detector edges. d Schematic drawing of the triclinic unit cell with axis a, b, and c indicating the idiomorphic growth of the displayed microcrystal. The unit
cell contains two crystallographically independent NCs. Ligand spheres are omitted for clarity. The scale bar of the SEM micrograph of a microcrystal
corresponds to 3 µm.
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like features at q ≈ 0.37 Å−1 are observed and attributed to single
crystals which are not oriented flat on the surface and residual
agglomerations which are not Au32-NC microcrystals (see Sup-
plementary Fig. S2).

In comparison to microcrystals, the GISAXS pattern of a spin-
coated 30 ± 2 nm thin film is given in Fig. 2b. Instead of sharp
peaks, more ring-like and smeared peaks are observed, clearly
indicating the polycrystalline and defect-rich structure of the
sample. Throughout this work, we refer to these samples as
‘polycrystalline’ to indicate their low degree of crystallinity and
high angular disorder.

Optical properties of Au32-NC microcrystals. The comprehen-
sive characterization of the microcrystals is concluded by optical
and electronic investigations. Figure 3a displays the energy-
corrected absorbance spectra of an Au32-NCs dispersion, a thin
film, and a microcrystal. Dispersed Au32-NCs in solution exhibit
several distinct peaks and shoulders, attributed to molecular-like
transitions (full spectrum in Supplementary Fig. S3). While the
most prominent absorption peak is observed at 2.58 eV (481 nm),
the first absorption peak at 1.55 eV (800 nm) corresponds to the
HOMO-LUMO transition37,38. Most strikingly, only in micro-
crystals of Au32-NCs this peak is strongly enhanced as shown in
Fig. 3a (additional spectra of individual microcrystals are given in
Supplementary Fig. S4). Further, the absorption onset as well as
the most prominent peak at 2.57 eV are red-shifted by ~100 and
10 meV, respectively. A generally enhanced absorption at lower
energies and a broadening/shoulder formation at 2.48 eV (500
nm) are observed in microcrystals and thin films of Au32-NCs.
We attribute these findings to a gradual progression from vir-
tually no electronic coupling between the Au32-NCs in solution to
weak coupling in thin films and enhanced electronic interactions
in the highly ordered microcrystals2,29,39,40.

While no emission of the Au32-NCs is observed in solution,
Au32-NC microcrystals exhibit photoluminescence resulting in a
broad emission peak at 670 nm (1.85 eV) after excitation at λex=
488 nm, as shown in Fig. 3b.

Electronic properties of Au32-NC microcrystals. To study the
possible electronic coupling between individual Au32-NCs

observed via optical spectroscopy, we perform (temperature-
dependent) conductivity and field-effect transistor (FET) mea-
surements on single Au32-NC microcrystals. Most remarkably, we
find that the conductivity of highly ordered Au32-NCs within
microcrystals exceeds that of polycrystalline assemblies by two
orders of magnitude, corroborating our hypothesis of enhanced
electronic coupling.

We designed electrode devices, in which deposited micro-
crystals bridge adjacent electrodes to be addressed and probed
individually. Details on the device layout are given in the
Supplementary Information (Supplementary Figs. S5 and S6).
Figure 4a shows an SEM micrograph of a 120-nm-thick
microcrystal deposited on two Au electrodes with a gap of L=
2.8 µm on a Si/SiOx device. Figure 4b displays a typical I–V curve
of an individual microcrystal in the range of ±200 mV. Ohmic
behavior (at room temperature) in the low-field regime (up to ±1
V) is observed. Electrical conductivity values with typical
uncertainties of <10% are calculated from these measurements
for 54 individual microcrystal channels on different devices.
Figure 4c displays the narrow distribution of conductivity values,
showing a mean conductivity of σ= 1.56 × 10−4 S/m with a
standard deviation of ± 0.90 × 10−4 S/m. In contrast, the mean
conductivity of polycrystalline thin films of Au32-NCs is only σ ≈
1 × 10−6 S/m (Supplementary Fig. S7). These devices are obtained
by spin-coating on substrates with interdigitated electrodes of
channel length L= 2.5 µm and width W= 1 cm. The film
thicknesses are in the range of 30 ± 2 nm to 47 ± 4 nm
(Supplementary Figs. S8 and S9).

To shed light on the charge-transfer mechanism of electronic
transport within microcrystals and polycrystalline films of Au32-
NCs, we perform temperature-dependent conductivity measure-
ments at T= 340–170 K (Fig. 4d). Below this range, the measured
current approaches the noise level. The measured temperature
dependence can be described by an Arrhenius-type temperature-
activated hopping (Supplementary Fig. S10)41. Fitting the
conductivity data accordingly, we obtain activation energies of
EA= 227 ± 17 meV for individual microcrystals and EA= 366 ±
62 meV for the spin-coated polycrystalline Au32-NCs thin films.

To further characterize the electronic properties of self-
assembled Au32-NC microcrystals and polycrystalline films,
FET measurements are performed. Strikingly, a field-effect can
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Fig. 3 Optical properties of Au32-NCs and microcrystals. a Absorbance spectra of Au32-NCs dispersed in hexane (green), in a thin film (blue), and in
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be observed, indicating semiconducting behavior of the metal NC
assemblies. The tri-butyl-phosphine ligands covering the cluster
cores limit the electronic coupling enough to prevent metallic
behavior26. Figure 4e shows the FET transfer curve of a
polycrystalline thin film of Au32-NCs on interdigitated electrodes
with channel dimensions of L= 2.5 µm,W= 1 cm and h= 30 ± 2
nm. p-type behavior is observed, indicating holes (h+) as majority
charge carriers. The current flow can be modulated by more than
three orders of magnitude (ON/OFF ratio of ~4000). Ambipolar
behavior is also observed for very high threshold voltages of VG >
40 V. The calculated hole mobility of spin-coated Au32-NC films is
in the range of µ(h+) ~ 10−6 –10−5 cm2 V−1 s−1.

Figure 4f displays the FET transfer curve of an individual Au32-
NC microcrystal, which also indicates p-type behavior. Note that
the current flows through a much smaller channel width W of
5–10 µm in this case. Here, the mean value and standard
deviation of the hole mobility of individual microcrystals can be
calculated to be µ(h+)= 0.8 × 10−4 ± 0.58 × 10−4 cm2 V−1 s−1.
Values up to 2 × 10−4 cm2 V−1 s−1 are observed (Supplementary
Fig. S11). The noise in the current flow and the low modulation
can be attributed to the non-ideal channel geometry. Further, the
quality of contact between the dielectric SiOx layer and the
microcrystal is not known. The non-ideal contact might influence
the appearance of transfer curves (details are given in
Supplementary Fig. S12). We have verified that the contact
resistance of Au32-NC microcrystal and thin-film devices is
negligible (Supplementary Fig. S13).

Knowing the charge carrier mobility µ(h+) and the conductiv-
ity of individual Au32-NC crystals, we calculate the charge carrier
concentration to be n(h+)= 2 × 1017 cm−3. This corresponds to
one free charge carrier per 1000 Au32-NCs, as the concentration
of individual Au32-NC within a crystal is 1.9 × 1020 cm−3.

Discussion
The Au32-NC HOMO-LUMO gap of 1.55 eV (Fig. 3a) is con-
sistent with earlier reports on other Au NCs and the expected
degree of quantum confinement. Specifically, for NCs with 11 and
25 Au atoms and, thus, stronger quantum confinement, HOMO-
LUMO transitions of 2.97 and 1.84 eV have been reported26,42. In
line with this, (AuAg)34-NCs exhibit a HOMO-LUMO transition
of around 1.4 eV20. A related size-dependent study of NCs with
10–39 Au-core atoms revealed HOMO-LUMO transitions from
3.7 to 1.7 eV43.

The solid-state luminescence of the Au32-NCs (Fig. 3b) at 1.85
eV is fully consistent with the emission of other Au NCs21,43–46,
such as Au2537,47–49, and may be attributed to aggregation-
induced emission48,50,51. In contrast to the HOMO-LUMO
transition, which is believed to involve a (mostly dark) sp-
intraband transition, the luminescence in Au25 and Au28-NCs
results from an sp→d interband transition, which may also be
the case in Au3246,47. We note, however, that Au25-NCs consist
of an icosahedral Au13 core, while the core of the Au32-NC is
a hollow Au12 icosahedron with potentially different optical
properties21,32,52.
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The conductivity (Fig. 4c) and mobility (Fig. 4e) of the thin
polycrystalline Au32-NC films are in good agreement with pre-
viously reported values for Au25- and Au38-NCs26,53. In contrast
to the study by Galchenko et al. on Au25-NCs with n-type
transport26, we observe here p-type behavior or ambipolar
transport with extremely high threshold voltages of ~VG=+50
V. In a recent study by Yuan et al.20, single crystals of (AuAg)34-
NCs also exhibit p-type behavior with mobilities of ~2 × 10−4

cm2 V−1 s−1 and an ON/OFF ratio of ~4000. The conductivity of
Au32-NC microcrystals exceeds that of monomeric and poly-
merized (AuAg)34-NC crystals (6 × 10−8 S/m and 1.5 × 10−5 S/m,
respectively)20.

The key finding of this work is that the above-mentioned
properties change dramatically as long-range order is introduced
to the NC ensembles (Fig. 2a). While the seminal work by Li
et al.28 reported electric transport measurements on similar single
crystals for the first time, we provide a direct comparison of the
transport properties in the ordered vs. the glassy state. This
uniquely allows us to quantify the value of long-range order for
electric transport in Au-NC ensembles.

To this end, we use the experimentally determined activation
energies to charge transport in the Au32-NCs, either as micro-
crystals (EA= 227 ± 17 meV) or as polycrystalline thin films (EA
= 366 ± 62 meV). Transport in weakly coupled nanostructures
depends on the transfer integral (δ), the Coulomb charging
energy (EC), and the energetic disorder Δα54. Strongly
temperature-activated transport (Fig. 4d) suggests that even the
Au32-NC microcrystals are in the Mott regime with EC≫ δ. Thus,
charge transport is dominated by EC and possibly Δα. EC can be
referred to as the self-capacitance of the NC and it describes the
required energy for addition or removal of an additional charge
carrier to the NC. We estimate EC of the microcrystals to 276
meV (for details, see Supplementary Information), which is
consistent with the full activation energy. Thus, charge carrier
transport in the microcrystals depends solely on the charging
energy and the energetic disorder is negligible. In contrast, EA in
the polycrystalline thin films largely exceeds EC, suggesting a
significant degree of energetic disorder, which is caused by
structural, orientational, or chemical disorder of the individual
NCs. Since the NCs are atomically precise, we hold only struc-
tural defects, such as grain boundaries, cracks, and a lack of
orientational order to be responsible for the occurrence of a non-
zero Δα in the polycrystalline films55. This effect is especially
pronounced here, as systems with large EC are generally very
sensitive towards structural disorder27. In contrast, Au32-NC
microcrystals not only consist of chemically identical building
blocks but also exhibit structural perfection, which manifests in a
vanishing value of Δα. We suggest that this is the reason for the
enhanced electronic coupling and altered optoelectronic proper-
ties. Future attempts to further increase coupling in Au-NC
microcrystals should focus on increasing the transfer integral, for
instance by reducing the distance between adjacent clusters or by
covalent coupling with conjugated linkers. If δ ≈ EC, a Mott
insulator-metal transition occurs and band-like transport
becomes possible. The basis for this will be atomically defined
building blocks in combination with a suitable coupling as
pioneered here.

In conclusion, atomically precise Au32(nBu3P)12Cl8 nanoclus-
ters are self-assembled into microcrystals with high crystal-
lographic phase purity and a strongly preferred growth direction.
Individual microcrystals exhibit semiconducting p-type behavior
and temperature-activated hopping transport, limited by Cou-
lomb charging. Most strikingly, additional optical transitions
emerge, and charge carrier transport is enhanced by two orders of
magnitude in the microcrystals compared to polycrystalline thin
films, highlighting the advantageous effect of long-range

structural order. This study implies that utilizing atomically
precise building blocks for the self-assembly into superlattices
eliminates energetic disorder and provides a promising route
towards self-assembled nanostructures with emergent optoelec-
tronic properties.

Methods
Materials. All chemicals were used as received unless otherwise noted. Octane,
ethanol, dichloromethane, and acetonitrile were bought from Sigma-Aldrich and
were degassed and distilled before usage. NaBH4 was bought from Acros Organics.
Silicon/silicon dioxide (Si/SiOx) wafer with 200 nm SiOx layer and n-doped Si were
purchased from Siegert Wafer. Photoresist, developer, and remover (ma-N 405,
ma-D 331/S, and mr-Rem660, respectively) were purchased from micro resist
technology GmbH, Berlin.

Synthesis of Au32(nBu3P)12Cl8-nanoclusters. 1 mmol of nBu3PAuCl was dis-
solved in 20 ml of ethanol before a suspension of 38 mg of NaBH4 in ethanol was
added. The reaction solution was stirred for 1 h before the solvent was removed
under reduced pressure. The residual black solid was extracted with CH2Cl2 and
layered with three times the amount of diethyl ether. After 1 week a gold mirror
formed while a dark supernatant remained. The dark brown supernatant was
filtered off and concentrated under vacuum. Crystals of Au32(nBu3P)12Cl8 formed
by storing the solution at −30 °C for a few days.

Self-assembly of Au32-NC microcrystals. The formation of crystals via liquid–air
interface method is schematically illustrated in Fig. 1b–d. A solution of Au32-NCs
in octane (200 µl, 0.5 mM) was added onto a subphase of acetonitrile inside a
home-built Teflon chamber (Fig. 1b). The self-assembly of Au32-NCs into
microcrystals took place at the phase boundary between the acetonitrile subphase
and the NC solution upon evaporation of the solvent. The microcrystals started to
sink down through the subphase and stuck to the desired substrate which was
previously placed inside the liquid subphase (Fig. 1c). After 45 min a glass slide was
horizontally inserted into the subphase to separate the residual Au32-NC mem-
brane (floating on the liquid–air interface) from the bottom substrate (Fig. 1d). The
liquid subphase was removed and the substrate dried at ambient conditions.
Microcrystal fabrication took place at ambient condition. Further details are given
in the Supporting Information and Fig. S14.

Microcrystal device fabrication. For the microcrystal electrode devices, standard
photolithography technique (negative tone resist) was used to pattern Au elec-
trodes on Si/SiOx substrates (200 nm SiOx). Au (8–10 nm) and Ti (~2.5 nm) as an
adhesion layer were thermally evaporated under high vacuum conditions.
Ultrasonic-assisted lift-off in mr-Rem660 removed the residual resist and metal
layer. Electrodes with gaps of 1.5–2.5 µm (channel length L) were realized. Devices
were coated with microcrystals as described above and checked with a basic light
microscope to identify channels, where a single microcrystal bridges two adjacent
electrodes.

Thin-film fabrication. Thin-film samples for absorbance, GISAXS, and electronic
measurements were prepared as follows. For thin-film electronic devices with
interdigitated electrodes, commercially available OFET substrates (Fraunhofer
IPMS, Dresden) were purchased. For GISAXS and absorbance measurements, Si
wafer with 200 nm SiOx layer and glass slides were used, respectively. The sub-
strates (15 × 15 mm2) were coated with 100 µl of a 0.5 mM Au32-NC solution
(hexane or heptane) and spin-coated after 2 min with a speed of 760 rpm or 2000
rpm for 30 s. All devices were prepared at ambient conditions in a fume-hood. The
thickness of thin films was determined by profilometry (Dektak XT-A, Bruker),
details are given in the Supporting Information.

Grazing-incidence small-angle X-ray scattering. GISAXS measurements were
conducted on a Xeuss 2.0 setup (Xenocs). A CuKα X-ray beam with wavelength λ
= 1.5418 Å (E= 8.04 keV) and a beam size of ~500 × 500 μm2 (FWHM) was used.
A two-dimensional detector Pilatus 300 K (Dectris) with 487 × 619 pixels of 175 ×
175 μm2 was positioned 365 mm downstream of the sample. The samples
(microcrystal ensemble or thin film on Si wafer with 200 nm SiOx layer, both
described as above) were probed at an incidence angle of 0.2°. Acquisition times of
60 and 30 min were used to obtain the GISAXS maps in Fig. 2a, b, respectively.
Simulated peaks correspond to a triclinic unit cell with a= 1.90 nm, b= 1.94 nm, c
= 3.48 nm and α= 72°, β= 86°, γ= 59°, which is in good agreement with the X-
ray diffraction data from macroscopic Au32 NC crystals (a= 1.91 nm, b= 1.93 nm,
c= 3.32 nm and α= 73.2°, β= 86.7°, γ= 63.4°). Simulations were performed using
the MATLAB toolbox GIXSGUI56.

Optical measurements. Absorbance spectra of Au32-NC in solutions (0.5 mM in
hexane) were acquired with an UV-vis-NIR spectrometer (Cary 5000, Agilent
Technologies). For thin films spin-coated on glass slides (as described above), a
Perkin Elmer Lambda 950 spectrometer was used. For individual microcrystals on
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glass slides, an inverted microscope (Nikon Eclipse Ti-S) with a spectrometer was
used. The sample was illuminated with unpolarized white light by a 100W halogen
lamp. The transmitted light was collected by a ×60 objective (Nikon, CFI S Plan
Fluor ELWD, NA= 0.7). The collected light was passed to a grating spectrograph
(Andor Technology, Shamrock SR-303i) and detected with a camera (Andor
Technology, iDusCCD). All absorbance spectra were energy-corrected using the
expression I(E)= I(λ) × λ2 37,57. Photoluminescence images and emission spectra
of individual Au32-NC microcrystals were acquired with a home-built confocal
laser scanning microscope. The diode laser (iBeam smart, Toptica Photonics) was
operated in continuous wave Gaussian mode at an excitation wavelength of λex=
488 nm. Luminescence images were obtained with a photon-counting module
(SPCM-AQR-14, Perkin Elmer) and spectra were acquired with an UV-VIS
spectrometer (Acton SpectraPro 2300, Princeton Instruments). The background
was subsequently subtracted from the emission spectra.

Scanning electron microscopy. SEM imaging of microcrystals on Si/SiOx devices
was performed with a HITACHI model SU 8030 at 30 kV. To estimate the
thickness of microcrystals, samples were titled by 85° with respect to the incoming
electron beam.

Electrical measurements. All electrical measurements were conducted under
vacuum in a probe station (Lake Shore, CRX-6.5 K). All samples were placed under
vacuum overnight before measurement (pressure of <10−5 mbar). Au-electrode
pairs were contacted with W-tips, connected to a source-meter-unit (Keithley, 2636
B). A back electrode worked as gate electrode. For two-point conductivity mea-
surements, voltage sweeps in a certain range of ±1 V were applied and the current
(as well as leak current) detected. Fitting the linear I–V curve yielded the con-
ductance value G. Conductivity σ was calculated as σ = (G × L)/(W × h). The
dimensions length, width, thickness (L,W, h) were determined by SEM imaging for
microcrystals or profilometry for spin-coated thin films (Dektak XT-A, Bruker).
For FET measurements (bottom-gate, bottom-contact configuration), a source-
drain voltage of VSD was applied and ISD was measured, modulated by applied gate
voltages VG. Using the gradual channel approximation, field-effect mobilities µ
were calculated (Supplementary Equation S2).

For temperature-dependent measurements, the devices were cooled down to 8
K and gradually heated with a Lake Shore temperature controller (model 336).
Current was detected in the temperature range 170–340 K. At least two
measurements were taken for every temperature. After reaching 340 K,
measurements were repeated at lower temperature, to verify the reversibility. The
temperature-activated hopping behavior can be described as an Arrhenius-type,
which is expressed in Eq. (1)41.

σ ¼ σ0 exp �EA=kBTð Þ ð1Þ
Here, EA is the activation energy, kB the Boltzmann constant, T the temperature,

and σ0 a constant. EA was obtained from the slope of ln(σ) as a function of T−1.

Data availability
Single-crystal X-ray data of the nanocluster Au32(nBu3P)12Cl8 is available free of charge
at www.ccdc.cam.ac.uk/conts/retrieving.html or from Cambridge Crystallographic Data
Center (CCDC number 1883285). The data that support the findings of this study are
available from the corresponding author upon reasonable request.

Received: 15 February 2020; Accepted: 1 October 2020;

References
1. Pileni, M.-P. Self-assembly of inorganic nanocrystals: fabrication and

collective intrinsic properties. Acc. Chem. Res. 40, 685–693 (2007).
2. Nie, Z., Petukhova, A. & Kumacheva, E. Properties and emerging applications

of self-assembled structures made from inorganic nanoparticles. Nat.
Nanotechnol. 5, 15–25 (2010).

3. Wu, Z., Yao, Q., Zang, S. & Xie, J. Directed self-assembly of ultrasmall metal
nanoclusters. ACS Mater. Lett. 1, 237–248 (2019).

4. Kagan, C. R., Lifshitz, E., Sargent, E. H. & Talapin, D. V. Building devices from
colloidal quantum dots. Science 353, aac5523 (2016).

5. Noriega, R. et al. A general relationship between disorder, aggregation and
charge transport in conjugated polymers. Nat. Mater. 12, 1038–1044 (2013).

6. Kagan, C. R. & Murray, C. B. Charge transport in strongly coupled quantum
dot solids. Nat. Nanotechnol. 10, 1013–1026 (2015).

7. Voznyy, O., Sutherland, B. R., Ip, A. H., Zhitomirsky, D. & Sargent, E. H.
Engineering charge transport by heterostructuring solution-processed
semiconductors. Nat. Rev. Mater. 2, 17026 (2017).

8. Han, W. et al. Two-dimensional inorganic molecular crystals. Nat. Commun.
10, 4728 (2019).

9. Yang, P., Arfaoui, I., Cren, T., Goubet, N. & Pileni, M.-P. Unexpected
electronic properties of micrometer-thick supracrystals of Au nanocrystals.
Nano Lett. 12, 2051–2055 (2012).

10. Claridge, S. A. et al. Cluster-assembled materials. ACS Nano 3, 244–255
(2009).

11. Castleman, A. W. & Khanna, S. N. Clusters, superatoms, and building blocks
of new materials. J. Phys. Chem. C. 113, 2664–2675 (2009).

12. Roy, X. et al. Nanoscale atoms in solid-state chemistry. Science 341, 157–160
(2013).

13. Tulsky, E. G. & Long, J. R. Dimensional reduction: a practical formalism for
manipulating solid structures. Chem. Mater. 13, 1149–1166 (2001).

14. Baudron, S. A. et al. (EDT-TTF-CONH2)6[Re6Se8(CN)6], a metallic Kagome-
type organic-inorganic hybrid compound: electronic instability, molecular
motion, and charge localization. J. Am. Chem. Soc. 127, 11785–11797 (2005).

15. Jung, D. et al. A molecular cross-linking approach for hybrid metal oxides.
Nat. Mater. 17, 341–348 (2018).

16. O’Brien, E. S. et al. Spontaneous electronic band formation and switchable
behaviors in a phase-rich superatomic crystal. J. Am. Chem. Soc. 140,
15601–15605 (2018).

17. Liu, G. et al. Tuning the electronic properties of hexanuclear cobalt sulfide
superatoms via ligand substitution. Chem. Sci. 10, 1760–1766 (2019).

18. Bono, D. et al. Muon spin relaxation studies of superconductivity in a
crystalline array of weakly coupled metal nanoparticles. Phys. Rev. Lett. 97,
77601 (2006).

19. Ong, W.-L. et al. Orientational order controls crystalline and amorphous
thermal transport in superatomic crystals. Nat. Mater. 16, 83–88 (2017).

20. Yuan, P. et al. Solvent-mediated assembly of atom-precise gold-silver
nanoclusters to semiconducting one-dimensional materials. Nat. Commun.
11, 2229 (2020).

21. Chakraborty, I. & Pradeep, T. Atomically precise clusters of noble metals:
emerging link between atoms and nanoparticles. Chem. Rev. 117, 8208–8271
(2017).

22. Schnepf, A. & Schnöckel, H. Metalloid aluminum and gallium custers: element
modifications on the molecular scale? Angew. Chem. Int. Ed. 41, 3532–3554
(2002).

23. Schmid, G. Nanoclusters–building blocks for future nanoelectronic devices?
Adv. Eng. Mater. 3, 737–743 (2001).

24. Schmid, G. The relevance of shape and size of Au55 clusters. Chem. Soc. Rev.
37, 1909–1930 (2008).

25. Torma, V., Schmid, G. & Simon, U. Structure-property relations in Au55
cluster layers studied by temperature-dependent impedance measurements.
ChemPhysChem 2, 321–325 (2001).

26. Galchenko, M., Black, A., Heymann, L. & Klinke, C. Field effect and
photoconduction in Au25 nanoclusters films. Adv. Mater. 31, 1900684 (2019).

27. Schmid, G. & Simon, U. Gold nanoparticles: assembly and electrical properties
in 1-3 dimensions. Chem. Commun. 6, 697–710 (2005).

28. Li, Q. et al. Modulating the hierarchical fibrous assembly of Au nanoparticles
with atomic precision. Nat. Commun. 9, 3871 (2018).

29. Galchenko, M. Dissertation (Universität Hamburg, 2019).
30. Bakharev, O. N. et al. Superconductivity in a molecular metal cluster

compound. Phys. Rev. Lett. 96, 117002 (2006).
31. Hagel, J. et al. Superconductivity of a crystalline Ga84-cluster compound. J.

Low. Temp. Phys. 129, 133–142 (2002).
32. Kenzler, S. et al. Synthesis and characterization of three multi-shell metalloid

gold clusters Au32(R3P)12Cl8. Angew. Chem. Int. Ed. 58, 5902–5905 (2019).
33. Maiti, S. et al. Understanding the formation of conductive mesocrystalline

superlattices with cubic PbS Nanocrystals at the liquid/air interface. J. Phys.
Chem. C. 123, 1519–1526 (2019).

34. Geuchies, J. J. et al. In situ study of the formation mechanism of two-
dimensional superlattices from PbSe nanocrystals. Nat. Mater. 15, 1248–1254
(2016).

35. Weidman, M. C., Smilgies, D.-M. & Tisdale, W. A. Kinetics of the self-
assembly of nanocrystal superlattices measured by real-time in situ X-ray
scattering. Nat. Mater. 15, 775–781 (2016).

36. Resel, R. et al. Multiple scattering in grazing-incidence X-ray diffraction:
impact on lattice-constant determination in thin films. J. Synchrotron Radiat.
23, 729–734 (2016).

37. Shibu, E. S., Muhammed, M. A. H., Tsukuda, T. & Pradeep, T. Ligand
exchange of Au25SG18 leading to functionalized gold clusters: spectroscopy,
kinetics, and luminescence. J. Phys. Chem. C. 112, 12168–12176 (2008).

38. Shibu, E. S. & Pradeep, T. Photoluminescence and temperature dependent
emission studies of Au25 clusters in the solid state. Int. J. Nanosci. 8, 223–226
(2009).

39. Talapin, D. V. & Murray, C. B. PbSe nanocrystal solids for n- and p-channel
thin film field-effect transistors. Science 310, 86–89 (2005).

40. Roest, A. L., Kelly, J. J., Vanmaekelbergh, D. & Meulenkamp, E. A. Staircase in
the electron mobility of a ZnO quantum dot assembly due to shell filling. Phys.
Rev. Lett. 89, 36801 (2002).

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-19461-x ARTICLE

NATURE COMMUNICATIONS |         (2020) 11:6188 | https://doi.org/10.1038/s41467-020-19461-x | www.nature.com/naturecommunications 7

http://www.ccdc.cam.ac.uk/conts/retrieving.html
www.nature.com/naturecommunications
www.nature.com/naturecommunications


41. Brust, M., Schiffrin, D. J., Bethell, D. & Kiely, C. J. Novel gold-dithiol nano-
networks with non-metallic electronic properties. Adv. Mater. 7, 795–797 (1995).

42. Kwak, K., Thanthirige, V. D., Pyo, K., Lee, D. & Ramakrishna, G. Energy gap
law for exciton dynamics in gold cluster molecules. J. Phys. Chem. Lett. 8,
4898–4905 (2017).

43. Negishi, Y., Nobusada, K. & Tsukuda, T. Glutathione-protected gold clusters
revisited: bridging the gap between gold(I)-thiolate complexes and thiolate-
protected gold nanocrystals. J. Am. Chem. Soc. 127, 5261–5270 (2005).

44. Pyo, K. et al. Ultrabright luminescence from gold nanoclusters: rigidifying the
Au(I)-thiolate shell. J. Am. Chem. Soc. 137, 8244–8250 (2015).

45. Zheng, J., Zhou, C., Yu, M. & Liu, J. Different sized luminescent gold
nanoparticles. Nanoscale 4, 4073–4083 (2012).

46. Link, S. et al. Visible to infrared luminescence from a 28-Atom gold cluster. J.
Phys. Chem. B 106, 3410–3415 (2002).

47. Devadas, M. S. et al. Unique ultrafast visible luminescence in monolayer-
protected Au25 clusters. J. Phys. Chem. C. 114, 22417–22423 (2010).

48. Kang, X. & Zhu, M. Tailoring the photoluminescence of atomically precise
nanoclusters. Chem. Soc. Rev. 48, 2422–2457 (2019).

49. Weerawardene, K. L. D. M. & Aikens, C. M. Theoretical insights into the
origin of photoluminescence of Au25(SR)18-nanoparticles. J. Am. Chem. Soc.
138, 11202–11210 (2016).

50. Goswami, N. et al. Luminescent metal nanoclusters with aggregation-induced
emission. J. Phys. Chem. Lett. 7, 962–975 (2016).

51. Liu, X. et al. Crystal and solution photoluminescence of MAg24(SR)18 (M=
Ag/Pd/Pt/Au) nanoclusters and some implications for the photoluminescence
Mechanisms. J. Phys. Chem. C. 121, 13848–13853 (2017).

52. Qian, H., Eckenhoff, W. T., Bier, M. E., Pintauer, T. & Jin, R. Crystal
structures of Au2 complex and Au25 nanocluster and mechanistic insight into
the conversion of polydisperse nanoparticles into monodisperse Au25
nanoclusters. Inorg. Chem. 50, 10735–10739 (2011).

53. Choi, J.-P. & Murray, R. W. Electron self-exchange between Au140+/0

nanoparticles is faster than that between Au38+/0 in solid-state, mixed-valent
films. J. Am. Chem. Soc. 128, 10496–10502 (2006).

54. Remacle, F. & Levine, R. D. Quantum dots as chemical building blocks:
elementary theoretical considerations. ChemPhysChem 2, 20–36 (2001).

55. Zabet-Khosousi, A. & Dhirani, A.-A. Charge transport in nanoparticle
assemblies. Chem. Rev. 108, 4072–4124 (2008).

56. Jiang, Z. GIXSGUI: a MATLAB toolbox for grazing-incidence X-ray scattering
data visualization and reduction, and indexing of buried three-dimensional
periodic nanostructured films. J. Appl. Crystallogr. 48, 917–926 (2015).

57. Mooney, J. & Kambhampati, P. Get the Basics Right: Jacobian conversion of
wavelength and energy scales for quantitative analysis of emission spectra. J.
Phys. Chem. Lett. 4, 3316–3318 (2013).

Acknowledgements
F.F. thanks the PhD Network: “Novel nanoparticles: from synthesis to biological appli-
cations” at the University of Tübingen for financial support. This project has been funded
by the Carl Zeiss Stiftung (Forschungsstrukturkonzept “Interdisziplinäres nanoBCP-
Lab”) as well as the European Research Council (ERC) under the European Union’s
Horizon 2020 research and innovation program (grant agreement No 802822). M.H.
thanks the Alexander von Humboldt Foundation for financial support. SEM measure-

ments using a Hitachi SU 8030 SEM were funded by the DFG under contract INST 37/
829-1 FUGG. Support by C. Dreser, S. Dickreuter, and A. Bräuer with the optical setup of
the M. Fleischer group is gratefully acknowledged. We thank B. Fischer for his support
during the interference reflection microscopy measurements. Open Access funding
enabled and organized by Projekt DEAL.

Author contributions
F.F. synthesized the NCs and developed the microcrystals fabrication. A.M. performed
the device fabrication, SEM measurements, and analyzed the electrical measurements.
F.F. and A.M. conducted optical absorbance measurements, electrical measurements,
interpreted the results, and wrote the manuscript. M.H. performed the GISAXS mea-
surements and analysis. O.G., K.B., and A.J.M. conducted the luminescence measure-
ments. F.S., A.S., and M.S. conceived and supervised the project. All authors have given
approval to the final version of the manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
020-19461-x.

Correspondence and requests for materials should be addressed to A.S. or M.S.

Peer review information Nature Communications thanks the anonymous reviewer(s) for
their contribution to the peer review of this work. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2020

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-19461-x

8 NATURE COMMUNICATIONS |         (2020) 11:6188 | https://doi.org/10.1038/s41467-020-19461-x | www.nature.com/naturecommunications

https://doi.org/10.1038/s41467-020-19461-x
https://doi.org/10.1038/s41467-020-19461-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Structural order enhances charge carrier transport in self-assembled Au-nanoclusters
	Results
	Self-assembly of Au32-NC microcrystals
	Structural investigation of self-assembled Au32-NC microcrystals
	Optical properties of Au32-NC microcrystals
	Electronic properties of Au32-NC microcrystals

	Discussion
	Methods
	Materials
	Synthesis of Au32(nBu3P)12Cl8-nanoclusters
	Self-assembly of Au32-NC microcrystals
	Microcrystal device fabrication
	Thin-film fabrication
	Grazing-incidence small-angle X-ray scattering
	Optical measurements
	Scanning electron microscopy
	Electrical measurements

	Data availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




