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Enabling metallic behaviour in two-
dimensional superlattice of semiconductor
colloidal quantum dots

Ricky Dwi Septianto 1,2, Retno Miranti1, Tomoka Kikitsu1, Takaaki Hikima3,
Daisuke Hashizume 1, Nobuhiro Matsushita2, Yoshihiro Iwasa1,4 &
Satria Zulkarnaen Bisri 1,2,5

Semiconducting colloidal quantum dots and their assemblies exhibit superior
optical properties owing to the quantum confinement effect. Thus, they are
attracting tremendous interest from fundamental research to commercial
applications. However, the electrical conducting properties remain detri-
mental predominantly due to the orientational disorder of quantum dots in
the assembly. Here we report high conductivity and the consequent metallic
behaviour of semiconducting colloidal quantum dots of lead sulphide. Precise
facet orientation control to forming highly-ordered quasi-2-dimensional
epitaxially-connected quantum dot superlattices is vital for high conductivity.
The intrinsically high mobility over 10 cm2 V−1 s−1 and temperature-
independent behaviour proved the high potential of semiconductor quantum
dots for electrical conducting properties. Furthermore, the continuously
tunable subband filling will enable quantum dot superlattices to be a future
platform for emerging physical properties investigations, such as strongly
correlated and topological states, as demonstrated in the moiré superlattices
of twisted bilayer graphene.

Assembling colloidal quantum dots (CQD) into coherent “single-crys-
tal” superstructure solids is a major scientific challenge in nanoscience
and nanotechnology. Besides advancing their optoelectronic func-
tionalities, these “designer single-crystal” CQD solids are expected to
become platforms to revolutionise technological advancement on
many frontiers1–5. This includes the establishment of a quasi-two-
dimensional giant superlattice formed by the monolayer assembly of
the CQDs as the artificial giant atoms. Giant superlattices are particu-
larly important, as seen in moiré superlattices of twisted bilayer
graphene6,7, in which researchers found numerous emerging physical
properties, including superconductivity, strongly correlated insula-
tors, and topological states.

The significant challenge for forming a bottom-up solution-pro-
cessable 2D giant superlattice from CQDs is to achieve highly con-
ductive assembly of the QDs with bulk-like delocalised electronic
wavefunctions together with a well-preservation of the quantum-
confinement nature of the building blocks. Such assemblies are pre-
dicted to possess electronicminiband structures8,9, which couldnot be
achieved in disordered assemblies or annealed and sintered
assemblies10–12. Furthermore, the miniband formation can significantly
enhance the carrier mobility and diffusion length. It is beneficial for
designing QD solids with high electronic performance while retaining
their unique properties stemming from the quantum confinement
effect. Moreover, emerging electronic properties are also envisaged
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from these well-ordered CQD assemblies, e.g. Dirac cones and topo-
logical states, which have yet to be realised13–15.

Most of the current advancements in CQD technologies (displays,
sensors, bio labels, solar cells) benefited from their unique optical
properties, while charge carrier transport was still a detrimental
factor2. Recent advances in the luminescence16, display17,18, lasing19,20,
carrier multiplication21–23, upconversion24,25, magnetism26,27, and heat
transport28 properties of the CQDs would require efficient charge
carrier transport to realise the true all-QD direct electroluminescence
devices, electrically-driven lasers, highly-sensitive detectors and scin-
tillators, as well as thermoelectrics. The low conductivity in the utilised
CQD solids stems from the spatially disordered assemblies and the
localised nature of the charge carrier. Therefore, forming a well-
defined CQD assembly with a minimum energetic and spatial disorder
is crucial for understanding the essential and fundamental properties
of electronic states29, which is also vital to advance device technology
developments.

Here we report the electrical transport studies in PbS epitaxially-
connected colloidal QD superlattice (QD-SL) and the observation of
insulator-to-metal transition (IMT) by electric-field-induced doping,
demonstrating the prospects of these material systems as a quantum
material platform. IMT was only recently demonstrated in sintered
photo-doped plasma-synthesised ZnO nanocrystals that promoted
random connections of the particles in a disordered assembly10,30. To
create a “confined-but-connected” system, the ordered nanocrystal
assembly should be in large-area but with minimum energetic and
spatial disorders, which should result in high electron mobility
operation31. The unique characteristics of the colloidal-based QD
assembly superstructures can be influenced by the original shape of
their individual QDs. Long perceived as spherical shape objects, the
realistic QDs consist of multiple facets stemming from their crystal-
lographic structure. Rock-salt PbS QD has a truncated cuboctahedron
structurewith the facet’s size controlled by diameter32,33. The existence
of known assembly superstructure phases, i.e. the body-centred-cubic
(BCC) and face-centred-cubic (FCC) assembly structures and the
intermediate phase body-centred-tetragonal (BCT), are among the
consequential manifestations29,34,35. In this experiment, to form large-
area 2D QD-SLs, we combine the gradual selective ligand stripping
process and the facet attachment control during the self-assembly on
the liquid surface by introducing chelating amine (i.e. ethylenedia-
mine) as the chemical trigger to ensure the attachment of QD
facets36–38. Electron microscopy, electron diffraction and small-angle/
wide-angle X-ray scattering (SAXS/WAXS) confirmed the formation of
large-area epitaxially-connected QD superlattice (QD-SL). Large area
1,2-ethanedithiol (EDT)-bridged QD assemblies were also prepared as
controls.

Furthermore, ionic gating is utilised to electrostatically dope the
QD solids continuously with high carrier density, sufficient to surpass
the critical doping concentration for IMT in the epitaxially-connected
QD-SLs. At room temperature, the electron mobility values of the QD-
SLs are found to be independent of the diameters of the QD building
block. The temperature-dependent resistance measurement trans-
formed from the strongly localised hopping transport regime to the
delocalised band transport behaviour at the epitaxially-connected QD-
SL at high carrier density. The well-defined morphology in both the
ligand-cappedQD assemblies and the epitaxially-connectedQD-SLs, as
well as the continuous field-induced doping, allow us to observe the
gradual transitions in charge carrier transport mechanism from Mott
variable range hopping to metallic state surpassing the quantum
conductance limit.

Results
Epitaxially-connected PbS QD assemblies
To realise the intrinsic properties of colloidal QD assemblies, the first
challenge that should be overcome was the establishment of the large

area quantumdots superlattice (QD-SLs) inwhich theQDs are strongly
coupled and homogenous for the entire channel of the test devices.
The superstructure of colloidal QDs assembly can be achieved by
controlling the solvent evaporation that allows the low-rate self-
assembly ofQDs frombulk colloids into denser solid building blocks35.
The complex assembly process occurs due to the ligand dynamics
during the self-assemblyprocess itself. Therefore, the initial conditions
of both the bound ligands and the dissolved free ligands play crucial
roles in determining the final structure of the assembly.

The epitaxially-connected PbS QD-SLs were fabricated using a
modified liquid/air assembly (LAA) method that involves the self-
assembly of QDs with partial surface ligand-removal and a subsequent
process to induce complete attachment of QDs. However, the choice
of subphase that induces partial ligand-removal and controls the sol-
vent evaporation rate is crucial. It determines the re-arrangement of
QDs at the liquid/air interface from the initial shape (hexagonal) to the
denser superlattices. We used dimethyl sulfoxide (DMSO) as the sub-
phase to strip the surface ligand moderately39,40. After the PbS QDs
suspension (in hexane as the solvent) was completely dried at the
subphase of DMSO, ethylenediamine (EDA) solution was injected into
the liquid to promote the interfacial fusing among the neighbouring
QDs38,41,42. Therefore, the entire LAA process resulted in the highly-
ordered PbS QDs assembly (Fig. 1a). The LAA process is inclusive for
QDs with different sizes ranging from 4.5 nm to 10 nm, with some
adjustments on the initial concentration of QDs and ligand coverage
demonstrated in this work (Supplementary Notes 1, Supplementary
Figs. 1–3).

The morphology of the epitaxially-connected PbS QD-SLs was
confirmed using both transmission electron microscopy (TEM)
(Fig. 1a) and grazing incident small-angle X-ray scattering (GISAXS)
measurement (Fig. 1b), highlighting the orders in both microscopic
andmacroscopic scales (SupplementaryNotes 2). Theobtainedout-of-
plane GISAXS pattern (qz) suggests the formation of a monolayer PbS
QDs assembly (Supplementary Fig. 5) on a large scale39,43,44. At the same
time, the atomic force microscopy (AFM) characterisation further
confirmed the formation of monolayer assemblies (Supplementary
Fig. 6). The pattern of the PbS QDs assembly exhibits a strong first
Bragg peak on the in-plane (qy) axis, e.g. qy ~ 0.74 nm−1 for 8.1 nm QD
(Fig. 1b). The position of thisfirst qyBragg peak indicates the centre-to-
centre distance of the nearest neighbour QDs, information equivalent
to the Fourier-transform of the TEM image. Figure 1c shows the rela-
tionship between size distribution and centre-to-centre distance of the
assemblies built from different QD building block sizes, as confirmed
using both TEM and GISAXS. Their linear fits with slopes close to unity
suggest that the centre-to-centre distance is equal to the size of the
constituent PbS QDs, implying direct connections between QDs with-
out intervening ligand molecules.

The two-dimensional transformation of the PbS QD monolayer
assembly from the hexagonal structure to the rhombus superlattice
(Supplementary Fig. 7) follows the collective preferred orientation of
the atomic lattices of each individual QD. High-resolution TEM
(HRTEM) and grazing-incident wide-angle scattering (GIWAXS)
measurements revealed that the characteristics of the atomic
orientations in the assembly must satisfy two preferential conditions
in both the out-of-plane direction (parallel to the surface of the
substrate) and the in-plane direction. These two conditions deter-
mine the final structure of assemblies. The HRTEM of the epitaxially-
connected PbS QD-SLs (Fig. 1d) shows the tendency of the uniformity
of the specific atomic lattice orientation where the observed {100}
atomic facets are facing up, revealing the other perpendicular {100}
facet connection33. Figure 1e shows the selected area electron dif-
fraction (SAED) pattern from the area of 250 nm in diameter. The
sharp diffraction spots indicate the uniform preferential orientation
of the atomic lattice over the scale of observation in the epitaxially
connected QD-SL39,45.
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Furthermore, the GIWAXS characterisation revealed the macro-
scopic atomic lattice orientation of the epitaxially-connected PbS QD-
SL (Fig. 1f). The atomic lattice parameters of PbS QD were indexed by
determining the 1D scattering vector (q) from azimuthal integration of
the intensity (Supplementary Notes 3, Supplementary Fig. 8). The
observed bright spots of the X-ray scattering indicate the preferential
orientation of the atomic lattice in the epitaxially-connected PbS QDs
assembly (Supplementary Fig. 9, for other sizes). The atomic lattice
orientations were further quantitively analysed by performing line cut-
offs along the azimuthal angle (χ) of the specificq-value (atomic lattice)
from 0° to 90°. The preferential orientation of {111} atomic lattice and

{200} atomic lattice of epitaxially-connected PbS QDs assembly with
different diameters are plotted in Fig. 1g and h, respectively. The azi-
muthal line cut-off suggests that the preferential orientation of {111}
atomic lattice is at χ ~ 56°, while the {200} atomic lattice is at χ =0°
(face-up), which satisfies the condition of the collective QDs arrange-
ment illustrated inFig. 1i35,46. Unlike thoseof epitaxially-connectedQD-
SL, the SAED and GIWAXS patterns of the OA-capped (Supplementary
Fig. 10) and EDT-bridged QDs assemblies (Supplementary Fig. 11)
showed ring powder-like patterns, suggesting that the atomic lattice
on those assemblies are un-oriented, particularly to the out-of-plane
direction of the assembly.

2 nm-1

0 2 4 6 8 10 12
0

2

4

6

8

10

12

In
te

rp
ar

tic
le

 d
is

ta
nc

e 
d 0

 (
nm

)

QD Diameter (nm)

GISAXS
slope = 1.011

TEM
slope = 1.059

d0

-5 0 5 10 15 20
0

5

10

15

20

25

q z
 (

nm
-1

)

qr (nm-1)

(111)AL

(200)AL
(220)AL

(311)AL

20 nm

(a)

0.2 nm-1

{200}AL
= 0⁰

{111}AL
=  56⁰

{200}AL
= 90⁰

(e) (f)

(g) (h) (i)

(b) (c)

0 30 60 90

In
te

ns
ity

 (
A

rb
.u

ni
t)

-30 0 30

In
te

ns
ity

 (
A

rb
. u

ni
t)

{200}AL{111}AL

4.5 nm

6.2 nm

8.1 nm

10.4 nm

2 nm

(d)

-0.5 0.0 0.5 1.0 1.5 2.0
0.0

0.5

1.0

1.5

2.0

2.5

q z
(n

m
-1

)

qy (nm-1)

Fig. 1 | Epitaxially-connected PbS quantum dot superlattices (QD-SL).
a Transmission electron micrograph (TEM) of the QD-SL containing 8.1 nm
diameter PbS QD. (inset) Fast-Fourier transform (FFT) of the micrograph.
b The grazing incident small-angle X-ray scattering (GISAXS) pattern of the
corresponding sample indicates the two-dimensional ordering of the QD
monolayer. c The plot compares the extracted average diameter of the QDs
versus the centre-to-centre (inter-QD) distance from the TEM images (black
squares), and GISAXS measurement (red dots) of QD-SLs fabricated from
various diameters of QD building blocks. Error bars represent standard

deviation. d High-resolution TEM shows the epitaxial connection of the QDs
and e selected area electron diffraction (SAED), demonstrating the PbS atomic
orientation in the QD-SLs. It is a conclusion supported by the f grazing inci-
dent wide-angle scattering (GIWAXS) pattern taken from amuch larger sample
cross-section. g Azimuthal line cut-off (χ) on scattered X-ray wavevector (q)
for {111}AL and h {200}AL of the GIWAXS patterns show the consistency of the
ordering for all QD diameters. i An illustration reconstructing the PbS QD-SL
alignment on the substrate showing the atomic lattice orientation relative to
the normal surface.
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In addition to the out-of-plane direction, we found another col-
lective behaviour of the assembly in the in-plane direction. The QD
diameter and distance among the neighbouring QDs influence the
orientation of the assembly. This collective behaviour is described by
the superlattice angle (α) parameter. The OA-capped PbS QDs assem-
bly forms the typical hexagonal structure with α = 60° (Fig. 2a). All QD
diameters always form this hexagonal structure. In contrast, in
epitaxially-connectedPbSQD-SLs, theα value increases close to 90°on
the smallest QD (square lattice). As the diameter of the QD building
block increases, the superlattices form epitaxially-connected rhombic
SLs with α value gradually decrease (75° < α < 90°) (Fig. 2b). In another
case where the interparticle distance is reduced by ligand exchange,
i.e. EDT-bridged PbS QDs assembly, only the small QDs (4.5 nm)
exhibited the structural re-configuration to forma rhombic latticewith
70° < α < 80° (Supplementary Fig. 12). Meanwhile, for larger QDs, the α
was only increasing slightly but still showed a hexagonal structure.
Figure 2c shows the summary of the change in α upon the increase of
QD size with different inter-QD spaces.

The possible origin of the epitaxially-connected QD-SL formation
with α below 90° is the anisotropic rotation of each QD in the in-plane
and out-of-plane directionwhen they are floating on the subphase. The
high rate of ligand detachment and the quick connection process do
not provide sufficient time for each QD to fully rotate and adjust itself
to form a perfect square superlattice (α = 90°). Upon transition from
FCC to BCC in three-dimensional QD assemblies, the rotation of the
individual QDs is known to drive the assembly structure, as observed
by the orientation of specific atomic lattice facets35,47.

In the demonstrated quasi-2Dmonolayer of epitaxially-connected
QD-SL, the superlattice angle is congruent to the orientation of the
atomic lattice of each QD in the in-plane direction. Consequently, the
epitaxial connection along {100} facet of the QDs forms an atomic
lattice offset47. Therefore, not all surface atoms on the {100} facet of
the QD will be epitaxially connected to the {100} facet of the neigh-
bouring QD. This offset becomes more significant as the QDs size

increases, affecting the true size of the cross-section area of the epi-
taxial connection among neighbouring QDs. Although larger QD
would have a larger area of {100} facet, the smaller α value reduces the
effective epitaxial cross-section area. It implies that controlling the
coupling between QDs by size tuning is not trivial and great care in
facet engineering of the truncated cuboctahedral of PbS QD is vital.
Such intricate atomic latticeorientationcontrol can only be performed
in epitaxially-connectedQD-SLs. Although theymay formwell-ordered
assemblies, atomic lattice orientation cannot be achieved in ligand-
capped QD assemblies.

Charge carrier transport measurement
To characterise the electronic properties of epitaxially-connected PbS
QD-SLs, we employed the electric-double-layer transistor (EDLT)48.
Figure 3a shows the typical two-terminal EDLT device where the
epitaxially-connected PbS QD-SLs were transferred onto Si/SiO2 sub-
strate with a pre-patterned interdigitated-Au electrode (L = 10 µm or
20 µm;W = 1 cm). The QD-SLs were then covered by ionic liquid EMIM-
TFSI [1-Ethyl-3-methylimidazolium bis (trifluoro-methylsulfonyl)-
imide], which is capable of accumulating very high carrier density
(~1014 cm−2) and filling the carrier traps49–51. Figure 3b shows the ID–VG
transfer characteristics of epitaxially-connected PbS QD-SLs EDLTs
formedusing variousQDsdiameters. All the transfer curveswere taken
from the linear operation (VD = 50mV) of the devices (Supplementary
Fig. 14). All devices demonstrated ambipolar transport characteristics
with high on/off ratio values, reaching ~105 for their electron currents
(VG >0V). Well-defined off-current regions between the hole-
enhancement and electron-enhancement arms were observed, sug-
gesting the complete filling of the in-gap trap states by the EDLT
measurement (Supplementary Fig. 15). These observations also sug-
gest that the epitaxially-connectedQD-SLs retain their semiconducting
properties.

The transfer characteristics of the EDLTs, with the well-defined
insulating region, also allowed us to perform electronic spectroscopy
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of theQD-SLs52,53, confirming the electronicbandgapof the assemblies.
Although the QDs are epitaxially connected, the observed size-
dependent bandgap values probed by the EDLTs (Supplementary
Fig. 20) and the excitonic peak in their absorption spectra confirmed
that the quantum confinement nature is preserved (Supplemen-
tary Fig. 21).

Having EDLTs built from epitaxially-connected QD-SLs with dif-
ferent diameters allowed us to relate the charge carrier mobility and
the size of the building blocks. The charge carrier mobility values of
the EDLTs were extracted by first determining the accumulated carrier
density. The charge carrier density was determined from the capaci-
tance obtained from electrochemical impedance spectroscopy (EIS)
measurement (Supplementary Note 4, Supplementary Fig. 22). EDL
gating has a very strong voltage-dependent capacitance, distinctive
from solid gate dielectric. The gate-dependent capacitance values of

the EDLTs weremeasured using EIS on each identical device. The C–VG
curve (Fig. 3c) exhibits a plateau of finite capacitance value below the
electron accumulation threshold, then increases. It implies that the
accumulated carrier initially filled the trap sites before contributing to
conduction in the band, suggesting the observed electronic con-
ductance is intrinsic.

The EDLTs of the epitaxially-connected QD-SL demonstrate elec-
tron mobility trends distinctive from the conventional ligand-bridged
QD assemblies (Fig. 3d, Supplementary Fig. 23). The observation of
higher electronmobility in the epitaxially-connectedQD-SL than in the
state-of-the-art EDT-bridged QD assembly by more than one order of
magnitudes is consistent with the expectation54. More interestingly,
the epitaxially-connected QD-SLs also demonstrate nearly constant
electron mobility values against the QD diameter, which displays
marked contrast with the current understanding55,56. It has been
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mobility values of the epitaxially-connected QD-SLs EDLT versus the diameter of
the QDs (red diamond) showing weakly size-dependency, in contrast to the con-
ventional (decreasing) size-dependent electron mobility in the ligand-capped QD
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independent trend. Error bars represent the standard deviation.
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established that the carrier mobility in QD assemblies should have
strong size dependency, i.e. the electron mobility decreases by
increasing QD diameters, as demonstrated in the EDT-bridged QD
assemblies.

We then performed temperature-dependent conductivity mea-
surements of the EDLTs to investigate the localisation and delocalisa-
tion of electrons in the epitaxially-connected QD-SLs. The EDLTs allow
us to modulate the conductance by significantly changing the chemi-
cal potential of the charge carriers. The temperature dependence of
the sheet conductance was measured after the EDL induced the elec-
tron accumulation at room temperature. When the ionic liquid is fro-
zen, the accumulated electron density persists in the transistor
channel57,58. The temperature-dependent measurement was per-
formed down to 30K in a close-loop He cryostat connected to a
nitrogen-filled glovebox. Similar to the room-temperature transport
measurement, the devices have never been exposed to ambient air or
moisture.

Figure 4a, b directly compares the temperature-dependent plot
of the electron sheet conductance of the EDT-bridged PbS QD
assemblies and the epitaxially-connected PbS QD-SL. They were
obtained from two-terminal EDLTs under different applied gate vol-
tage values. Consistent with the previous findings in the room-
temperature measurements at atmospheric pressure, the epitaxially-
connected QD-SL conductivity is generally two orders of magnitude
higher than the EDT-bridged QD assembly. The EDT-bridged QD
assembly shows hopping-type behaviour where the conductivity
values decrease by temperature. Similarly, epitaxially-connected QD-
SL also show a trend of decreasing conductivity by temperature
(Fig. 4b), especially at low gate voltage applications. However, the
temperature-dependent conductivity trends for the EDT-bridged QD
assembly and the epitaxially-connected QD-SL strongly deviate from
Arrhenius-type hopping transport behaviour, where the logarithm of

the conductivity should be linearly decreasing by the inverse of
temperature.

To further elucidate the intrinsic charge carrier transport
mechanism of the epitaxially-connected QD-SLs, four-terminal (4T)
EDLT measurement is a compulsion. The homogeneity of the QD-SL
over a large area makes the fabrication of reliable 4T-EDLTs with
adequately large channels possible. The four-terminal sheet con-
ductance, Gsheet = (L4T/W)(IDS/V4T), can be measured as a function of
the applied gate voltage. The L4T and V4T are the distance between the
four-terminal voltage probes (20 µm) and the potential difference
between these probes, respectively. Gsheet value reaches a value of
more than 14 µS at VG = 1.0 V at T = 300K for the devices prepared
using 8.1 nm PbS epitaxially-connected QD-SL (Supplementary
Fig. 25b). The highest room-temperature intrinsic electron mobility
value deduced from this four-terminal measurement was found to be
13.5 cm2 V−1 s−1 (at VG = 1.5 V), which is more than one order of magni-
tude higher than the value obtained from its corresponding two-
terminal devices. It suggests that the interface of Au and PbS QDs still
generates a high contact resistance value (Supplementary Fig. 27),
hampering firm measurement of the intrinsic properties of the QDs.
The achieved value of the intrinsic electron mobility, which is among
the record high for semiconductor QD assemblies, stems from the
large-area ordering of the epitaxially-connectedQD-SLs. The extracted
mobility trend from the 4T-EDLT measurements agrees well with the
size-independent transport characteristics observed in two-terminal
(2T) EDLTs of the epitaxially-connected QD-SLs (Fig. 3d).

Figure 4c shows the temperature-dependent of four-terminal
sheet conductance of the epitaxially-connected QD-SL. Generally, the
conductivity values at high temperature in this device ismore than one
order of magnitude higher than the values obtained from the two-
terminal counterpart. Resembling the two-terminal device, for
VG =0.6 V, typical semiconducting behaviour is observed following the

(a) (b) (c)

0 10 20 30 40 50
10-12

10-11

10-10

10-9

10-8

10-7

10-6

10-5

10-4

10-3

10-2

S
he

et
 c

on
du

ct
an

ce
 (

S
)

1000/T (K-1)

VG (V)

0.8

1.0
1.2

1.4

0.4

EDT-bridged
2-Terminal FET

0.6

0 10 20 30 40 50

1000/T (K-1)

0.8

1.0

1.2

1.4

0.4

10-6

10-5

VG (V)

Epitaxially-connected
2-Terminal FET

0.6

0 10 20 30 40 50

1000/T (K-1)

Epitaxially-connected
4-Terminal FET

0.6 

1.0

1.8

2.2
2.6

VG (V)

10-5

10-4

1.4

Source

Drain
QDSLV21

Fig. 4 | Electron delocalisation in the epitaxially-connected PbS QD-SLs.
a Temperature-dependent Arrhenius plot of the two-terminal (2T) electron sheet
conductance (Gsheet) in EDT-bridged PbS QDs assembly under application of dif-
ferent charge carrier density values accumulated by field-induced doping of EDLT.
b A similar plot of the electron transport in the epitaxially-connected PbS QD-SL
shows higher electron conductivity and stronger deviation from Arrhenius-type

hopping transport behaviour. c The corresponding four-terminal (4T)Gsheet of the
EDLT demonstrates even higher intrinsic electron conductance, free from the
influence of the significant contact resistance. Upon application of much
higher carrier density (VG > 1.4 V), the electron transport process transformed
on the verge of delocalisation (dGsheet/dT < 0). (inset) Illustration of the 4T-EDLT
device.
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hopping transport regime. Increasing the applied gate voltage values
further deviates the temperature dependence of the conductance
away from the Arrhenius behaviour. Starting from VG = 1.4V, the low-
temperature part of the conductivity trend starts showing nearly
constant sheet conductance.

At VG = 2.6 V, the electron conductance is nearly temperature-
independent for the whole measurement, with dGsheet/dT slightly
having a positive value in the high-temperature region. Gsheet (300K)
and Gsheet (30K) are 55 µS and 50 µS, respectively, above the quantum
conductance (GQ) value, e2/h = 39 µS. AchievingGsheet aboveGQ value is
the essential parameter to acquire such an insulator-to-metal transi-
tion (IMT)59, which has never been observed in semiconducting col-
loidal QD materials assemblies.

Discussion
The most striking difference in the electron transport properties
between the EDT-bridged PbS QD assemblies and the epitaxially-
connected QD-SLs is the size dependency of the electron mobility
values (Fig. 3d). In the EDT-bridged PbS assembly, the mobility
decreases with increasing their size. The current understanding of
such size-dependent mobility is the phonon-assisted hopping trans-
port model56, where the electronic hopping between the QDs is assis-
ted by phonons. However, this hopping should get weaker as the
diameter of the QDs increases due to the smaller wavefunction
overlap55. This is because the spillover of the wavefunction is smaller
when the QD diameter increases. In sharp contrast, the electron
mobility values in the epitaxially-connected QD-SLs show weak
dependency against the QD diameter. The differences in the mobility
values are within a similar order of magnitude. This observation sug-
gests that the hopping transport mechanism no longer governs their
charge carrier transport process.

The controllability of the assembly formation and the fine-tuning
of the carrier density by the ionic gating enable us to discuss the
charge carrier transport in the QD assemblies. The high carrier density
accumulation in the compact and well-ordered monolayer of EDT-
bridged QD assemblies shows that the transport mechanism strongly
deviates from the nearest-neighbour hopping (NNH) Arrhenius-type
behaviour, which is transforming to the variable range hopping (VRH).
We then comparedpossible scenarios of different types of VRH.Within
the given temperature range, the transport process fits best with Mott
3D-VRH (Supplementary Fig. 24c). However, we found that the fit also
works well with Efros-Skhlovskii (ES) and Mott 2D-VRH and (Supple-
mentary Figs. 24a and 24b, respectively). Rigorous identification of the
detailed mechanisms should be made at lower temperatures, e.g.,
T < 20K60, which was not covered in the current study and thus is left
for a future study. In the case of epitaxially-connected QD-SLs, similar
observation is only found at low carrier density at VG below 1 V (Sup-
plementary Fig. 24g). The steeper temperature dependence of the
VRH-like behaviour in the EDT-bridged PbS QDs than the epitaxially-
connected QD-SLs indicate thatmore significant disorder remains due
to the non-coherence of the QD orientation, despite the uniform inter-
QD distance.

The intrinsic electron transport in the epitaxially-connected QD-
SLs transport, as probed by 4-terminal measurements, exhibit distinct
behaviour. Upon application of a higher gate voltage of
1.4 V ≤VG ≤ 2.2 V, the conductivity becomes almost temperature inde-
pendent. This behaviour iswellfittedby theMott-VRH (Supplementary
Fig. 28a) as well as by the 2D weak localisation, or Anderson localisa-
tionmechanism (Supplementary Fig. 28b). The observation of possible
weak localisation and T-independent conductivity suggests that the
electron transport in the epitaxially-connected QD-SLs is not pre-
dominantly governed by the hopping between the individual QD
anymore but is determined by the band-like transport with remaining
weak disorder. It may not contradict the size-independent mobility in
epitaxially-connected QD-SLs.

The observation of temperature-independent conductance
towards a finite zero-degree conductance with values higher than the
quantum conductance e2/h at very high carrier density suggests an
early indication of delocalised (metallic) behaviour. A conductance
value below e2/h indicates that the electron mean-free-path is shorter
than the Fermi wavelength, so quantum interference becomes a
dominant feature in electron diffusion. In recent years, some theore-
tical framework has been pioneered to anticipate the possibility of
realising insulator-to-metal transition inQD-SLs12,61. For semiconductor
QD-SL that are epitaxially connected at touching radius ρ, the
insulator-to-metal transition canoccur at a critical carrier density value
of ncρ

3 ≈0:3g, where g is the number of degeneracies of conduction
band minima12. In the case of lead-chalcogenide, including PbS, the
number of state degeneracies is 459,62,63. In our epitaxially-connected
QD-SL, constructed from 8.1 nm PbSQD, the epitaxy touching radius ρ
was measured at around 2.3 nm (Supplementary Fig. 29). Conse-
quently, the estimated critical carrier density value, nc, to achieve the
transition is around 2.1 × 1013 cm−2. Considering the structure of the
epitaxially-connected assembly with the given QD size, we estimated
theQDsdensity as about 1.5 × 1012 dot cm−2. Hence, this number of dots
gives us the charge carrier density value of ~14 electrons/dot, sufficient
to fill the lowest quantised energy state in the conduction band on PbS
QDs. This value was reached in the present experiment by applying VG
of more than 1.0V.

Surpassing the theoretical value of the critical carrier density for
the insulator-to-metal transition can explain the observation of the
nearly temperature-independent conductivity when we applied a lar-
ger gate voltage. Notably, the carrier density obtained here is in the
same order as the previous work on doped plasma-synthesised ZnO
nanocrystals, where the insulator-to-metal transition was also
observed10. As the gate voltage was applied above 1.5 V, we obtained
carrier density accumulation for more than 30 electrons/dot. It indi-
cates that transport on the higher quantised energy levelwas achieved.
It also suggests that the electron transport in the QD-SL starts to
become more delocalised on this energy level.

Achieving insulator-to-metal transition and knowing the corre-
sponding numbers of accumulated carrier in the epitaxially-connected
QDs, we were able to estimate the carrier mobility values from the
quantum conductance and the carrier density12. This estimated elec-
tron mobility is in a good agreement with the value obtained from 4T-
EDLT measurements (see Supplementary Note 5C).

The above observation unambiguously proved that the epitaxial
connection of neighbouring QDs and their orientational order are
essential to realising the metallic state of QD assemblies. The impor-
tance of the orientational order can also explain the origin of the size-
independent mobility values in epitaxially-connected QD SL system.
Since the insulator-to-metallic transition goes fromMott VRH through
either Mott or Anderson transitions, minimising residual disorders is
vital to realising true metallic states. To ultimately realise and exploit
true metallic states in this PbS epitaxially-connected QD-SL, further
reduction of the surface-related electron traps, chemical doping, and
further enhancement for field-induced doping by utilising more
capacitive electrolytes are highly anticipated.

In conclusion, our work demonstrated that epitaxially-connected
QD-SLs of semiconducting compound (PbS) could achieve insulator-
to-metal transition by tuning the carrier density via field-induced
doping utilising ionic liquid gating. Optimised attachment process
through the step-by-step selective ligand stripping process ensures the
formation of large-area well-oriented epitaxial assemblies. The control
of the size of the attachment cross-section, superlattice angle, and the
electronic coupling of the QD-SLs allowed the minimisation of dis-
orders in the “attached but confined” system, promoting charge car-
rier delocalisation. Demonstrating carrier delocalisation in the QD-SLs
would be advantageous for further exploring the QD assemblies as
designer materials with the potential observation of emergent
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phenomena and advancing practical device developments. Further-
more, it may also pave the better way to realise new kinds of 2D giant
superlattice, formedby theQDas the giant atoms through the solution
process, complementary to the established twisted stack 2D material
system.

Methods
Materials
After synthesis protocol customisation, high-quality lead sulphide
(PbS) QDs with various diameters were tested and procured from
Quantum Solutions (www.quantum-solutions.com). Dimethyl sulf-
oxide (DMSO, anhydrous, 99%, Sigma-Aldrich), methanol (anhydrous,
99%, Sigma-Aldrich), acetonitrile (anhydrous, 99%, Sigma-Aldrich), 1,2-
ethanedithiol (EDT, Sigma-Aldrich), ethylenediamine (EDA, Nacalai
Tesque), 1-Ethyl-3-methylimidazolium bis(trifluoro-methylsulfonyl)
imide (EMIM-TFSI, Kanto Chemical Co., Inc.) were procured as sol-
vents, subphases, and ionic liquid gates, which were always stored
inside N2 gloveboxes.

Preparation of epitaxially-connected PbS QDs superstructure
The superlattice assembly of PbSQDswaspreparedusing the liquid/air
interfacial method (LAA)39,50. DMSO was used as the subphase in these
experiments instead of acetonitrile. 2ml DMSO was poured into a
(2 × 2 × 1.5) cm3 PTFEbath. Then, 20 µl of PbSQDsolution (1–2mgmL−1,
in anhydrous hexane) was dropped onto the DMSO subphase. The
PTFE bath was then covered by slide glass immediately while the QD
solution spread, suppressing the hexane evaporation rate. This con-
dition was maintained for 30–60min to allow the partial ligand strip-
ping of oleic acid from the surface of QDs by DMSO. Subsequently,
20 µl of EDA solution (1M, in DMSO) was gently injected into the
subphase. After keeping the condition for 5min, the PbSQDs assembly
was collected by solid substrate or TEM grid.

TEM, HRTEM, HAADF-STEM, and SAED characterisation
Transmission electron microscope (TEM) images were collected using
a JEM-1230 apparatus (JEOL) operated at 80 kV. Selected area electron
diffraction (SAED) and high-resolution TEM (HR-TEM) images were
taken using JEM-2100F/SP (JEOL) operated at 200 kV. High-angle
annular dark-field scanning TEM (HAADF-STEM) imageswere captured
using Talos F200X (Thermo Fischer). The SAED images were taken on
0.06 µm2 of observation area with magnification at 100,000× and
400,000× using a camera length of 80 cmof JEM-2100F/SP (JEOL). The
inter-QD distance and the QD diameters were analysed using ImageJ
(National Institutes of Health, USA) (>100 data points each and mag-
nification of 400,000×). Before TEM measurement, the prepared QD
assembly on the TEM grid was baked at 100 °C for 1 h in the nitrogen
glovebox.

GISAXS/GIWAXS measurements
The GISAXS and GIWAXS measurements were conducted at the
BL38B1 beamline of the RIKEN SPring-8 synchrotron radiation facility
(Hyogo, Japan) using 12.4 keV monochromatic X-ray (λ = 1.0 Å). The
X-ray beam was produced by a bending magnet at the 8GeV storage
ring. It is monochromatised using an unsymmetrical Si(111) double
crystal monochromator, and an Rh courted bend cylindrical focusing
mirror. An arrayof PILATUS3X2Mdetectors (Dectris)with 1475 × 1679
pixels (pixel size of 172 × 172 µm2) was used to record the 2D scattering
patterns. It was adjusted to a sample-to-detector distance of 2.548m
and 0.285m for GISAXS and GIWAXS experiments, respectively, as
calibrated by the silver behenate standard. The X-ray beam was colli-
mated to a spot size at the sample of 150 µm× 150 µm. It gave a typical
beam size of 700 µm× 150 µm at the sample position with a camera
length of 2.548m). The grazing incident angle of the X-ray was tuned
from 0.10° to 0.30°. The QD-SL assemblies were prepared on bare
SiO2/Si substrate, identical to those used for device fabrication.

Identical samples were used for both GISAXS and GIWAXS measure-
ments. All GISAXS and GIWAXS data were collected upon 10 s of
exposure per image. The collected data were analysed using FIT2D
(European Synchrotron Radiation Facility, ESRF)64 and MATLAB®-
based GIXSGUI software suite65.

Device fabrication and measurement
All field-effect transistors were fabricated on SiO2/Si substrates with
lithographically patterned electrodes. Maskless UV lithography (D-
light DL1000RS), which has a writing resolution of 1 µm, was utilised
to write the lithography pattern on AZ1500 photoresist deposited on
300nm thermally grown SiO2 on Si wafer, with hexamethyldisilazane
(HMDS) was used as the priming layer. As electrodes, 30 nm Au was
thermally evaporated with a 10 nm evaporated Ti adhesion layer.
Afterwards, a standard lift-off process was performed using acetone.
Before the QD-SL transfer, the pre-patterned substrates were further
cleaned, including plasma cleaning. The two-terminal devices, con-
sisting of interdigitated electrode patterns, have a total channel
width of 1 cm and a channel length of 10 µm or 20 µm. The four-
terminal (4T) devices have a channel width of 400 µm, a channel
length of 25 µm or 50 µm, and a 10 µmor 20 µm distance between the
voltage probes. In the case of the 4T device, designed for side-gate
EDLT, a 100 nm SiO2 passivation layer is deposited to protect the vias
on the substrate.

After the QD-SL transfer process, the samples were baked at
100 °C for 1 h. Subsequently, the ionic liquid (EMIM-TFSI) was dropped
onto the PbSQD-SL channel. For two-terminal devices, Pt foil was then
placed as the gate electrode.

Room temperature transport was measured in the dark using a
low-noise probe station inside the N2-filled glovebox and connected to
a Semiconductor Device Analyzer (Keysight B1500A). The transfer
characteristicmeasurementswere performedunder aVG sweep rate of
50mV s−1. The range of applied VG values was −1 V to 1.5 V, within the
electrochemical windows of the EMIM-TFSI ionic liquid. The low-
temperature transport was measured using a close-loop 4K vacuum
GM cryocooler (Ulvac Cryogenics), which can cool down its sample
stage to 10 K. This cryostat is connected to a dry N2-filled glovebox
(ALS Technology), specially designed for device measurement. Pro-
grams involving a temperature controller (Lakeshore LS335), a Semi-
conductor Parameter Analyser (B1500A, Keysight) and a
nanovoltmeter (34420a, Keysight) instruments were used to perform
the transport measurement.

The capacitance of the EDLTs (PbS QDs/IL/Pt foil structure) was
measuredusing electrochemical impedance spectroscopy (EIS) in two-
electrode potentiostat mode (VersaSTAT 4, AMETEK Scientific
Instruments). The measurement was performed using AC potential of
VRMS = 10mV with frequency scanned from 100 kHz to 0.5Hz. The
device was subjected to variations of applied VG. The applied VG values
werewithin the respective electrochemicalwindowof the ionic liquids.
The interval between the appliedVGwas0.1 V. Gate-voltage-dependent
impedance spectra were then obtained, from which the capacitance
and the accumulated carrier density can be deduced48,57.

Data availability
Source data are provided with this paper.

References
1. García de Arquer, F. P. et al. Semiconductor quantum dots:

technological progress and future challenges. Science 373,
eaaz8541 (2021).

2. Liu, M. et al. Colloidal quantum dot electronics. Nat. Electron. 4,
548–558 (2021).

3. Kagan, C. R., Bassett, L. C., Murray, C. B. & Thompson, S. M. Col-
loidal quantum dots as platforms for quantum information science.
Chem. Rev. 121, 3186–3233 (2021).

Article https://doi.org/10.1038/s41467-023-38216-y

Nature Communications |         (2023) 14:2670 8

http://www.quantum-solutions.com


4. Cherniukh, I. et al. Perovskite-type superlattices from lead halide
perovskite nanocubes. Nature 593, 535–542 (2021).

5. Redl, F. X., Cho, K.-S., Murray, C. B. & O’Brien, S. Three-dimensional
binary superlattices of magnetic nanocrystals and semiconductor
quantum dots. Nature 423, 968–971 (2003).

6. Cao, Y. et al. Unconventional superconductivity in magic-angle
graphene superlattices. Nature 556, 43–50 (2018).

7. Cao, Y. et al. Correlated insulator behaviour at half-filling in magic-
angle graphene superlattices. Nature 556, 80–84 (2018).

8. Lazarenkova, O. L. & Balandin, A. A. Miniband formation in a quan-
tum dot crystal. J. Appl. Phys. 89, 5509–5515 (2001).

9. Lan, X. et al. Quantum dot solids showing state-resolved band-like
transport. Nat. Mater. 19, 323–329 (2020).

10. Greenberg, B. L. et al. Metal-insulator transition in a semiconductor
nanocrystal network. Sci. Adv. 5, eaaw1462 (2019).

11. Lee, J.-S., Kovalenko, M. V., Huang, J., Chung, D. S. & Talapin, D. V.
Band-like transport, high electron mobility and high photo-
conductivity in all-inorganic nanocrystal arrays. Nat. Nanotechnol.
6, 348–352 (2011).

12. Chen, T. et al. Metal-insulator transition in films of doped semi-
conductor nanocrystals. Nat. Mater. 15, 299–303 (2016).

13. Kalesaki, E., Evers, W. H., Allan, G., Vanmaekelbergh, D. & Delerue,
C. Electronic structure of atomically coherent square semi-
conductor superlattices with dimensionality below two. Phys. Rev.
B 88, 115431 (2013).

14. Beugeling, W. et al. Topological states in multi-orbital HgTe hon-
eycomb lattices. Nat. Commun. 6, 6316 (2015).

15. Kalesaki, E. et al. Dirac cones, topological edge states, and non-
trivial flat bands in two-dimensional semiconductors with a hon-
eycomb nanogeometry. Phys. Rev. X 4, 011010 (2014).

16. Shi, J. et al. All-optical fluorescence blinking control in quantum
dots with ultrafast mid-infrared pulses. Nat. Nanotechnol. 16,
1355–1361 (2021).

17. Kim, Y.-H. et al. Exploiting the full advantagesof colloidal perovskite
nanocrystals for large-area efficient light-emitting diodes. Nat.
Nanotechnol. 17, 590–597 (2022).

18. Dong, Y. et al. Bipolar-shell resurfacing for blue LEDs based on
strongly confined perovskite quantum dots. Nat. Nanotechnol. 15,
668–674 (2020).

19. Sayevich, V. et al. Highly versatile near-infrared emitters based on
an atomically defined HgS interlayer embedded into a CdSe/CdS
quantum dot. Nat. Nanotechnol. 16, 673–679 (2021).

20. Wu, K., Park, Y.-S., Lim, J. & Klimov, V. I. Towards zero-threshold
optical gain using charged semiconductor quantum dots. Nat.
Nanotechnol. 12, 1140–1147 (2017).

21. Singh, R., Liu, W., Lim, J., Robel, I. & Klimov, V. I. Hot-electron
dynamics in quantum dots manipulated by spin-exchange Auger
interactions. Nat. Nanotechnol. 14, 1035–1041 (2019).

22. Gandini, M. et al. Efficient, fast and reabsorption-free perovskite
nanocrystal-based sensitized plastic scintillators.Nat. Nanotechnol.
15, 462–468 (2020).

23. Scalise, E. et al. Surface chemistry and buried interfaces in
all-inorganic nanocrystalline solids. Nat. Nanotechnol. 13,
841–848 (2018).

24. Shan, X. et al. Optical tweezers beyond refractive index mismatch
using highly doped upconversion nanoparticles. Nat. Nanotechnol.
16, 531–537 (2021).

25. Wu, Y. et al. Upconversion superburst with sub-2μs lifetime. Nat.
Nanotechnol. 14, 1110–1115 (2019).

26. Pinchetti, V. et al. Excitonic pathway to photoinducedmagnetism in
colloidal nanocrystals with nonmagnetic dopants. Nat. Nano-
technol. 13, 145–151 (2018).

27. Biadala, L. et al. Magnetic polaron on dangling-bond spins in CdSe
colloidal nanocrystals. Nat. Nanotechnol. 12, 569–574 (2017).

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

29. Whitham, K., Smilgies, D.-M. & Hanrath, T. Entropic, enthalpic, and
kinetic aspects of interfacial nanocrystal superlattice assembly and
attachment. Chem. Mater. 30, 54–63 (2018).

30. Greenberg, B. L. et al. ZnO nanocrystal networks near the insulator-
metal transition: tuning contact radius and electron density with
intense pulsed light. Nano Lett. 17, 4634–4642 (2017).

31. Whitham, K. et al. Charge transport and localization in atomically
coherent quantum dot solids. Nat. Mater. 15, 557–563 (2016).

32. Bertolotti, F. et al. Crystal symmetry breaking and vacancies in
colloidal lead chalcogenide quantum dots. Nat. Mater. 15,
987–994 (2016).

33. Evers, W. H. et al. Low-dimensional semiconductor superlattices
formed by geometric control over nanocrystal attachment. Nano
Lett. 13, 2317–2323 (2013).

34. Weidman,M. C., Nguyen,Q., Smilgies, D.-M. & Tisdale,W. A. Impact
of size dispersity, ligand coverage, and ligand length on the struc-
ture of PbS nanocrystal superlattices. Chem. Mater. 30, 807–816
(2018).

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

36. Whitham, K. & Hanrath, T. Formation of epitaxially connected
quantum dot solids: nucleation and coherent phase transition. J.
Phys. Chem. Lett. 8, 2623–2628 (2017).

37. Drijvers, E., De Roo, J., Martins, J. C., Infante, I. & Hens, Z. Ligand
displacement exposes binding site heterogeneity on CdSe nano-
crystal surfaces. Chem. Mater. 30, 1178–1186 (2018).

38. Walravens, W. et al. Chemically triggered formation of two-
dimensional epitaxial quantum dot superlattices. ACS Nano 10,
6861–6870 (2016).

39. Liu, L., Bisri, S. Z., Ishida, Y., Aida, T. & Iwasa, Y. Tunable electronic
properties by ligand coverage control in PbS nanocrystal assem-
blies. Nanoscale 11, 20467–20474 (2019).

40. Liu, L. et al. Evidence of band filling in PbS colloidal quantum dot
square superstructures. Nanoscale 13, 14001–14007 (2021).

41. Anderson, N. C., Hendricks, M. P., Choi, J. J. & Owen, J. S. Ligand
exchange and the stoichiometry of metal chalcogenide nanocrys-
tals: spectroscopic observation of facile metal-carboxylate dis-
placement and binding. J. Am. Chem. Soc. 135, 18536–18548
(2013).

42. Sandeep, C. S. S. et al. Epitaxially connected PbSe quantum-dot
films: controlled neck formation and optoelectronic properties.
ACS Nano 8, 11499–11511 (2014).

43. Smilgies, D. M., Heitsch, A. T. & Korgel, B. A. Stacking of hexagonal
nanocrystal layers during Langmuir-Blodgett deposition. J. Phys.
Chem. B 116, 6017–6026 (2012).

44. Balazs, D. M., Dunbar, T. A., Smilgies, D. M. & Hanrath, T. Coupled
dynamics of colloidal nanoparticle spreading and self-assembly at
a fluid-fluid interface. Langmuir 36, 6106–6115 (2020).

45. Liu, J., Enomoto, K., Takeda, K., Inoue, D. & Pu, Y. J. Simple cubic
self-assembly of PbS quantum dots by finely controlled ligand
removal through gel permeation chromatography. Chem. Sci. 12,
10354–10361 (2021).

46. Chen, W. et al. Structure and charge carrier dynamics in colloidal
PbS quantum dot solids. J. Phys. Chem. Lett. 10, 2058–2065
(2019).

47. Abelson, A. et al. Collective topo-epitaxy in the self-assembly of a
3D quantum dot superlattice. Nat. Mater. 19, 49–55 (2020).

48. Bisri, S. Z., Shimizu, S., Nakano, M. & Iwasa, Y. Endeavor of ion-
tronics: from fundamentals to applications of ion‐controlled elec-
tronics. Adv. Mater. 29, 1607054 (2017).

Article https://doi.org/10.1038/s41467-023-38216-y

Nature Communications |         (2023) 14:2670 9



49. Bisri, S. Z., Piliego, C., Yarema, M., Heiss, W. & Loi, M. A. Low
driving voltage and high mobility ambipolar field-effect transis-
tors with PbS colloidal nanocrystals. Adv. Mater. 25, 4309–4314
(2013).

50. Septianto, R. D. et al. On-demand tuning of charge accumulation
andcarriermobility in quantumdot solids for electron transport and
energy storage devices. NPG Asia Mater. 12, 33 (2020).

51. Miranti, R. et al. Exclusive electron transport in Core@Shell
PbTe@PbS colloidal semiconductor nanocrystal assemblies. ACS
Nano 14, 3242–3250 (2020).

52. Gutiérrez-Lezama, I., Ubrig, N., Ponomarev, E. & Morpurgo, A. F.
Ionic gate spectroscopy of 2D semiconductors. Nat. Rev. Phys. 3,
508–519 (2021).

53. Bisri, S. Z. et al. Determination of the electronic energy levels of
colloidal nanocrystals using field-effect transistors and ab-initio
calculations. Adv. Mater. 26, 5639–5645 (2014).

54. Li, H., Zhitomirsky, D. & Grossman, J. C. Tunable and energetically
robust PbS nanoplatelets for optoelectronic applications. Chem.
Mater. 28, 1888–1896 (2016).

55. Yazdani, N., Bozyigit, D., Yarema, O., Yarema, M. & Wood, V. Hole
mobility in nanocrystal solids as a function of constituent nano-
crystal size. J. Phys. Chem. Lett. 5, 3522–3527 (2014).

56. Yazdani, N. et al. Charge transport in semiconductors assembled
from nanocrystal quantum dots. Nat. Commun. 11, 2852 (2020).

57. Yuan, H. et al. Electrostatic and electrochemical nature of liquid-
gated electric-double-layer transistors based on oxide semi-
conductors. J. Am. Chem. Soc. 132, 18402–18407 (2010).

58. Kasuya, N., Tsurumi, J., Okamoto, T., Watanabe, S. & Takeya, J. Two-
dimensional hole gas in organic semiconductors. Nat. Mater. 20,
1401–1406 (2021).

59. Guyot-Sionnest, P. Electrical transport in colloidal quantum dot
films. J. Phys. Chem. Lett. 3, 1169–1175 (2012).

60. Liu, H., Pourret, A. & Guyot-Sionnest, P. Mott and Efros-Shklovskii
variable range hopping in CdSe quantum dots films. ACS Nano 4,
5211–5216 (2010).

61. Fu, H., Reich, K. V. & Shklovskii, B. I. Hopping conductivity and
insulator-metal transition in films of touching semiconductor
nanocrystals. Phys. Rev. B 93, 125430 (2016).

62. Araujo, J. J., Brozek, C. K., Kroupa, D. M. & Gamelin, D. R. Degen-
erately n-doped colloidal PbSe quantum dots: band assignments
and electrostatic effects. Nano Lett 18, 3893–3900 (2018).

63. Alimoradi Jazi, M. et al. Transport properties of a two-dimensional
PbSe square superstructure in an electrolyte-gated transistor.Nano
Lett. 17, 5238–5243 (2017).

64. Hammersley, A. P. FIT2D: a multi-purpose data reduction, analysis
and visualization program. J. Appl. Crystallogr. 49, 646–652 (2016).

65. 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. Crystal-
logr. 48, 917–926 (2015).

Acknowledgements
This research was partly supported by RIKEN Incentive Research Grant
(Shoreikadai) 2016 (S.Z.B.); Grant-in-Aid for Young Scientist (A) (Grant
no. JP17H04802) (S.Z.B.), ScientificResearch (S) (Grant no. JP19H05602)
(Y.I.), and Scientific Research (C) (Grant no. JP21K04815) (S.Z.B.) from
The Japan Society for the Promotion of Science (JSPS). R.M. also

acknowledged the support from RIKEN Diversity Office. We acknowl-
edge Dr X. Yu (RIKEN Center for Emergent Matter Science) for HAADF-
STEM imaging using Talos F200X; Dr T. Ikeda, and Dr T. Kobayashi
(RIKEN Nishina Center for Accelerator-Based Science) for the access to
the Pelletron Rutherford Backscattering Spectroscopy; and Quantum
Solutions, Inc. (UK) for providing some of the high-quality quantum dot
solutions. The synchrotron radiation experiments were performed at
BL38B1 of SPring-8 with the approval of the RIKEN SPring-8 Center
(Proposal No. 20210052) (S.Z.B.). Support from Dr M. Yamamoto (RSC)
and Dr H. Masunaga (JASRI) is highly appreciated.

Author contributions
R.D.S.,N.M., Y.I. andS.Z.B. conceived theexperiments; R.D.S. performed
most of the assembly preparation, device fabrications and transistor
measurements with the help from S.Z.B.; R.D.S., R.M., T.K. and D.H.
performed the electron microscopy measurements; R.D.S, T.H. and
S.Z.B. performed the GISAXS and GIWAXS measurements; S.Z.B. per-
formed the low-temperature transport measurement, R.D.S., Y.I. and
S.Z.B. analysed and discussed the experimental data; R.D.S., Y.I. and
S.Z.B. wrote the manuscript with inputs from the other co-authors.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-38216-y.

Correspondence and requests for materials should be addressed to
Satria Zulkarnaen Bisri.

Peer review information Nature Communications thanks the other,
anonymous, reviewer(s) for their contribution to the peer review of this
work. A peer review file is available.

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

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional 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) 2023

Article https://doi.org/10.1038/s41467-023-38216-y

Nature Communications |         (2023) 14:2670 10

https://doi.org/10.1038/s41467-023-38216-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Enabling metallic behaviour in two-dimensional superlattice of semiconductor colloidal quantum dots
	Results
	Epitaxially-connected PbS QD assemblies
	Charge carrier transport measurement

	Discussion
	Methods
	Materials
	Preparation of epitaxially-connected PbS QDs superstructure
	TEM, HRTEM, HAADF-STEM, and SAED characterisation
	GISAXS/GIWAXS measurements
	Device fabrication and measurement

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




