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Substitutional doping in nanocrystal superlattices
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Doping is a process in which atomic impurities are intentionally
added to a host material to modify its properties. It has had a
revolutionary impact in altering or introducing electronic1,2,
magnetic3,4, luminescent5,6, and catalytic7 properties for several
applications, for example in semiconductors. Here we explore
and demonstrate the extension of the concept of substitutional
atomic doping to nanometre-scale crystal doping, in which one
nanocrystal is used to replace another to form doped self-
assembled superlattices. Towards this goal, we show that gold
nanocrystals act as substitutional dopants in superlattices of cad-
mium selenide or lead selenide nanocrystals when the size of the
gold nanocrystal is very close to that of the host. The gold nano-
crystals occupy random positions in the superlattice and their
density is readily and widely controllable, analogous to the case
of atomic doping, but here through nanocrystal self-assembly. We
also show that the electronic properties of the superlattices are
highly tunable and strongly affected by the presence and density
of the gold nanocrystal dopants. The conductivity of lead selenide
films, for example, can be manipulated over at least six orders of
magnitude by the addition of gold nanocrystals and is explained
by a percolation model. As this process relies on the self-assembly
of uniform nanocrystals, it can be generally applied to assemble
a wide variety of nanocrystal-doped structures for electronic,
optical, magnetic, and catalytic materials.

Wet chemical methods can produce ensembles of monodisperse
colloidal nanocrystals8 (in which the particles are of very similar size),
with sizes that can be controlled with subnanometre precision9. These
uniform nanocrystals can self-assemble into periodic superlattices that
have the same crystal structure as atomic and molecular crystals10, with
great potential for several applications11. Higher complexity can be
obtained when two (or more) sets of monodisperse particles with
different sizes or shapes are assembled into binary nanocrystal super-
lattices (BNSLs) with tunable stoichiometry and crystal structure12.
These metamaterials show emergent properties that are derived from
the nanoscale interactions between the building blocks, which can be
chosen from many sizes, shapes, and chemical compositions13.
However, in BNSLs—as in binary compounds—the stoichiometry
and crystal structure are interdependent and are constrained by the
specific particle sizes and size ratios.

In contrast to BNSLs, in which the size difference is the driving force
for the ordered assembly, two sets of monodisperse nanocrystals with
very similar sizes should produce assemblies in which the two compo-
nents randomly occupy the same sites of a superlattice, thus achieving
substitutional doping of the superlattice. We explore this hypothesis
by preparing monodisperse gold (Au) and cadmium selenide (CdSe)
nanocrystals that have similar (roughly 5.5-nm) diameter (excluding
the organic ligands) and size dispersions smaller than 6%, which
means that each nanocrystal differs from another by no more than 6%
of its size (Extended Data Fig. 1). In this method, Au and CdSe nano-
crystal dispersions in hexane are mixed and allowed to self-assemble

on a diethylene glycol surface according to a well developed liquid–air
interface method14. Ordered nanocrystal monolayers are initially tar-
geted, because of their simplicity relative to thick superlattices, for an
unambiguous structural characterization of the doped films.

A representative high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) image of an Au-nanocrystal-
doped CdSe nanocrystal monolayer is shown in Fig. 1A, revealing
that ordered, hexagonal close-packed arrays are formed. Owing to
the large difference in atomic number between Au (Z 5 79) and Cd
(Z 5 48), Au nanocrystals appear much brighter than CdSe nanocrys-
tals under HAADF-STEM, while the image contrast is the opposite in
bright-field transmission electron microscopy (TEM) mode (Fig. 1B).
Superlattice monolayers extend to several square micrometres in area.
It is evident at high magnification that local hexagonal packing is
maintained and that no point defects are introduced by the Au nano-
crystal dopants (Fig. 1B, C and Extended Data Fig. 2). To unequivoc-
ally demonstrate the presence and location of Au nanocrystals, we
correlate energy-dispersive X-ray spectroscopy (EDS) compositional
maps and HAADF-STEM images of the Au–CdSe nanocrystal mono-
layers (Fig. 1Fa–d). Imaging of high-contrast particles in HAADF-
STEM (Fig. 1Fa) reveals that lower-contrast particles are composed of
Cd and Se (Fig. 1Fb) and that the bright spots are well correlated with
the EDS map of Au nanocrystals (Fig. 1Fc).

The density of the dopant Au nanocrystals in the monolayer super-
lattices can be tuned by varying the concentration of these nanocrystals
in the starting dispersions used for self-assembly. Extended Data Fig.
3a–d shows monolayers prepared with Au nanocrystal densities of
66mm22, 128mm22, 183mm22 and 317mm22—densities that are in
good accordance with the Au/CdSe ratios used in our starting solutions
(see Methods for details). To assess the randomness of the process, we
carried out a Voronoi analysis on the images, removing the edges,
resulting in tessellations similar to that shown in Fig. 1D. The results,
averaged over at least 25 different TEM images for each of the samples
with the Au densities mentioned above, are shown as histograms in
Fig. 1E and Extended Data Fig. 3e–g. The average particle–particle
distance decreases with increasing Au density, varying from 46 nm to
41 nm to 37 nm to 25 nm. The histograms showing the distributions of
Au particle–particle distances are well described by a log-normal dis-
tribution, indistinguishable from a gamma distribution, as would be
expected for a random tessellation15. The average number of edges is
very close to six for all the samples. Thus the Voronoi analysis demon-
strates that the Au particles behave as random substitutional dopants.

To achieve a truly random mixing of Au nanocrystals in the CdSe
superlattice, the two particles must have similar size and show favour-
able enthalpic contributions to mixing, obtained mainly through the
chemistry of their surface ligands. The successful incorporation of Au
nanocrystal dopants is realized using 1-dodecanethiol ligands. Au
nanocrystals that were coated with oleylamine, but otherwise of the
same size as the CdSe nanocrystals, segregated to the grain boundaries
rather than being incorporated into the grains (Extended Data Fig. 4).
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We attribute this behaviour to the slight difference in ligand length
(0.95 nm for oleylamine; 0.85 nm for dodecanethiol), the larger
Hamaker constant of Au (which would dictate a more favourable
interaction between Au nanocrystals16), and the instability of Au nano-
crystals coated with oleylamine at the liquid–air interface. However,
additional detailed studies are required to complete the explanation for
this behaviour.

To further understand the mechanism of dopant incorporation into
the lattice, we looked at the co-assembly of the same Au nanocrystals
with the slightly larger (6.5-nm) lead selenide (PbSe) nanocrystals.
Here, almost exclusive phase separation of the Au nanocrystals occurs,
regardless of the ligand chosen for Au stabilization (Extended Data
Fig. 5). Given that the deposition conditions for nanocrystal super-
lattice assembly and the Hamaker constants are similar for different
chalcogenides (such as CdSe and PbSe), we attribute the segregation of
Au nanocrystals in PbSe layers instead to size mismatch. Au nanocrys-
tals would in fact introduce distortions into the PbSe nanocrystal
superlattice, making it unfavourable. For this reason, dopants become
excluded and collect together where the strain is released, for example
at grain boundaries, in a process that is comparable to grain-boundary
segregation of ions of different sizes in atomic-scale systems17. In
accordance with these observations, we find that the co-assembly
of slightly larger (6.8-nm) nanocrystals that consist of a gold core
and a silver shell (Au/Ag) with the PbSe nanocrystals results in super-
lattices with long-range order, as seen for the Au–CdSe combination
(Extended Data Fig. 6).

We prepared thicker films with uniform and tunable doping density
by increasing the concentration of both particles in the starting solu-
tions, resulting in ordered multilayers with Au or Au/Ag nanocrystals
dispersed within the CdSe or PbSe nanocrystal superlattices (Fig. 2).
High-resolution HAADF-STEM again clearly distinguishes bright Au/
Ag nanocrystals that are well dispersed within three-dimensional
superlattices of PbSe nanocrystals (Fig. 2a, b)18. We observe that Au
nanocrystals are preferentially incorporated into multilayer regions
(Extended Data Fig. 7), probably because of unfavourable interactions
between these nanocrystals and the liquid subphase used for the
assembly process. Further investigation is needed to understand this
observation. Transmission small-angle X-ray scattering (TSAXS) pat-
terns show the presence of six intense spots offset by 60u, consistent
with the close-packed plane of the nanocrystal superlattice, and dem-
onstrating that the order of a single superlattice is maintained over at
least 50mm (Fig. 2c). TEM tomography measurements on the
exchanged films show that the Au/Ag dopants are dispersed through-
out the superlattice volume and do not segregate to the top surface. A
reconstruction of about 107 nm3 is shown in Fig. 2d, together with side
and top views (Fig. 2d–f and Supplementary Video), illustrating the
random dispersion of the Au nanocrystals along the z axis of the films.

The presence and density of Au nanocrystal dopants drastically
modifies the electronic properties of semiconductor nanocrystal
superlattices. To improve the coupling between the nanocrystals19,
we displaced the long, insulating, aliphatic ligands with the more com-
pact thiocyanate anion (SCN–) through a two-step procedure that
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Figure 1 | Characterization of doped monolayer
superlattices. A, B, Representative HAADF-
STEM and TEM images of a CdSe nanocrystal
monolayer doped with Au nanocrystals. The Au
nanocrystals are seen as bright spots in A and dark
spots in B. C, Model of the doped layer,
showing the presence of Au nanocrystals (yellow)
in the ordered superlattice of CdSe nanocrystals
(red/grey). D, Voronoi diagram (white) on top of
an HAADF-STEM image; Au nanocrystals are
visible as small, bright dots. E, Histograms showing
the distances between Au nanocrystals (top) and
the number of edges for polygons in the Voronoi
analysis (bottom); N 5 227. F, a, HAADF-STEM
mapping of an Au–CdSe nanocrystal monolayer.
b, EDS mapping of Cd. c, EDS mapping of Au.
d, Overlay EDS image.
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preserves the superlattice structure20. Microscopy studies demonstrate
that, despite the decrease in the interparticle distance, the superlattices
remain intact (Extended Data Fig. 8). Furthermore, marked atomically

coherent interfaces between nanocrystals are not observed in the elec-
tron-diffraction patterns of selected areas (Extended Data Fig. 8c)18.
We studied the electrical conductivity of PbSe nanocrystal films doped
with Au/Ag nanocrystals by laminating films on patterned substrates
(Extended Data Fig. 9). Current–voltage (I–V) curves (Fig. 3a) show
that the direct-current conductivity (s) is modulated by more than
six orders of magnitude, from s 5 6.7 3 1026 S cm21 for pure PbSe
nanocrystals, to s 5 7.05 S cm21 for 16.5% Au/Ag-doped PbSe super-
lattices (Fig. 3b). Unlike the situation that occurs with classical doping
in microelectronics, modulation in the conductivity of the PbSe nano-
crystal superlattice is achieved not by ionization of the Au/Ag dopant,
but by percolation (described below). Other nanocrystal inclusions
within superlattices may allow classical ‘doping’ through thermal ion-
ization to yield n- or p-type materials.

The observed doping dependence of conductivity in Au/Ag-doped
PbSe nanocrystal superlattices follows the classical behaviour observed
for percolation in a random metal–dielectric composite (blue line in
Fig. 3b)21. Percolation models predict a piecewise function to model
conductivity, divided into three regions of compositional space:
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where x is the concentration of metal, xc is the site percolation
threshold (19.5% for hexagonal close-packed and face-centred cubic
arrangements22), sm and sd are the conductivities of the metal
and dielectric constituents respectively, and t, s, and q are exponential
factors that depend on the dimensionality of the system but have
no precise definition in three dimensions. The large increase of
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Figure 2 | Characterization of doped multi-
layered superlattices. a, b, HAADF-STEM images
of multilayer films of Au/Ag–PbSe nanocrystals.
c, The corresponding TSAXS pattern shows
scattered intensity along the qz and qy vectors.
d, Tomographic reconstruction of a portion of the
multilayer films in which Au nanocrystals (yellow
spheres) are highlighted, with e and f showing
the YZ and XY slice views of the same region,
respectively.
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Figure 3 | Direct-current conductivity characterization of PbSe nanocrystal
superlattices doped with varying amounts of Au/Ag nanocrystals. a, I–V
curves, and b, conductivity of the nanocrystal superlattices as a function of
Au/Ag doping. The blue curve in b shows the expectations of the Efros–
Shklovskii percolation model21. c, Temperature-dependent conductivity of
films of PbSe superlattices doped with 16.5% Au/Ag nanocrystals (red), and
films of pure Au/Ag nanocrystals (blue). d, e, Schematics showing conductivity
in systems below (d) and above (e) the percolation threshold in a honeycomb
lattice showing the hopping path for electrons in d (dashed black arrow)
and the direct electron transfer between Au nanocrystals in e (filled black
arrow). The error bars in b show the standard deviation of 12 measurements.
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conductivity seen when doping approaches 20% is also indicative of
the superlattice structure, which has a lower percolation threshold
than that of glassy systems with fewer near-neighbours23.

To investigate the microstructure of the doped superlattice further,
we carried out temperature-dependent conductivity measurements
of the 16.5% doping and the pure Au/Ag samples. For the 16.5%
doping sample, the best single fit over the entire temperature range
is a modified form of Efros–Shklovskii variable-range hopping, in
which the conductivity is ln[s(T)] / T22/3 (Fig. 3c and Extended
Data Fig. 10), similar to the conductivity observed for Au nanocrystal
solids linked with alkane dithiols that have more than five carbons24,25.
The observation of this behaviour in sub-percolation doped super-
lattices is expected, because conductivity is constrained by hopping
beyond nearest neighbours. In contrast, pure Au/Ag nanocrystal
films show non-activated, metallic conductivities that increase at lower
temperatures over the entire temperature range of this study (Fig. 3c),
similar to the conductivities observed for Au nanocrystal films
with dithiol spacers with fewer than five carbons25, for chemically
exchanged Au nanocrystals26 or for carbon-nanotube-doped organic
semiconductors27.

In much the same way that atomic doping is essential for applica-
tions using atomic solids, we expect nanocrystal doping to show prom-
ise in many areas. The compositional variety of colloidal nanocrystals
and the versatility of the self-assembly provide a way to modulate
optical, magnetic, structural, and electrical properties of nanocrystal
superlattices via substitutional doping. Because nanocrystals can be
combined arbitrarily28, they offer the possibility of generating com-
posite solids with combinations of properties that are not achievable
either in the bulk superlattice or in previously described binary assem-
blies. It is also notable that substantially diluted nanocrystal super-
lattice systems can be produced without losing periodicity.

Online Content Methods, along with any additional Extended Data display items
andSourceData, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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METHODS
Synthesis of building blocks. Au nanocrystals are prepared according to ref. 29
with slight modifications. 1 mmol tert-butylamine-borane complex (97%, Sigma-
Aldrich) is dissolved in oleylamine (80–90%, Acros Organics, 2 ml) and 1,2,3,4-
tetrahydronaphthalene (tetralin, Acros Organics, 2 ml) by sonication. This solution
is swiftly injected into a solution of HAuCl4 (200 mg) in 20 ml oleylamine (80–90%,
Acros Organics) and 20 ml 1,2,3,4-tetrahydronaphthalene (tetralin, Acros
Organics) at room temperature (about 22 uC). Reduction occurs almost immedi-
ately, as shown by a change in colour from orange to dark red, but the reaction is left
stirring in air for 1 h. The flask is then sealed and flushed with N2, and the tem-
perature is increased to 60 uC. At this point, 100ml of 1-dodecanethiol (.98%,
Sigma-Aldrich) is slowly added. At the end of the addition (after about 3 min), the
flask is cooled and opened to the air. Particles are then purified by three rounds of
precipitation in isopropanol/ethanol (3/1, 40 ml) and centrifugation (837.75 rad
s21, 3 min), with dissolution in hexane after each step. Finally, particles are dis-
solved in hexane at a concentration of Au of about 5 g l21. For Ag/Au nanocrystals,
0.05 mmol of silver tetrafluoroborate were added to 2 ml Au nanocrystal solution
and 1 mmol oleic acid, 1 mmol oleylamine and 1 mmol 1,2-hexadecanediol in 10 ml
1-octadecene (ODE), and the solution was heated under nitrogen gas to 180 uC for
5 min. Purification was the same as for Au nanocrystals.

Two steps are used to synthesize 5.5-nm zinc-blende CdSe nanocrystals. First,
3.5-nm CdSe cores are prepared; second, these cores are coated with additional
CdSe by slow injection. The procedure is as follows. A cadmium oleate stock
solution is prepared by dissolving CdO (1 mmol) in oleic acid (2.2 mmol) and
1-ODE at 270 uC until a clear solution is obtained. The concentration of Cd in the
solution is 0.5 3 103 mol m23. 2 ml of this Cd stock solution are then mixed with
39 mg Se and 8 ml ODE in a 50-ml three-neck flask, and evacuated to ,266.6 Pa at
110 uC for 30 min. After flushing with N2, the flask is quickly (,50 uC min21)
heated to 240 uC, and 6 ml of a solution of oleic acid/dioctylamine/ODE (1/1/2 in
volume) are swiftly injected into the flask. The temperature drops upon injection
and then recovers to 240 uC. 30 min after injection, the solution is heated further to
280 uC and a solution of Cd oleate stock (4 ml, 2 mmol) and Se/ODE (20 ml,
0.1 3 103 mol m23, prepared by dissolving Se in ODE at 280 uC for 4 h) is injected
at 0.2 ml min21 by using a syringe pump (New Era). At the end of the addition,
the flask is cooled to room temperature and nanocrystals are purified by six
rounds of precipitation in isopropanol/ethanol (3/1, 40 ml) and centrifugation
(837.75 rad s21, 3 min) with dissolution in hexane after each step. Finally, nano-
crystals are dissolved in hexane at a concentration of ,25 g l21.

6.5-nm PbSe nanocrystals are prepared following ref. 30 with some modifica-
tions. PbO (1 mmol) and oleic acid (2.5 mmol) are mixed in ODE (5 ml) and
evacuated (,266.6 Pa) at 110 uC until a clear solution is formed (,1 h). After
flushing with N2, the solution is heated to 180 uC and 2 ml of a solution of trioc-
tylphosphine selenide (TOPSe) are quickly injected into the flask. The TOPSe
solution is prepared by dissolving Se powder in 90% trioctylphosphine to obtain
a 1 3 103 mol m23 solution containing 18ml of diphenylphosphine in a glovebox
(note that diphenylphosphine is extremely flammable in contact with air; take
proper precautions when handling). The temperature drops to about 150 uC, is
allowed to recover to 160 uC and is left there for 20 min. After cooling to room
temperature, nanocrystals are purified by performing six rounds of precipitation
in isopropanol/ethanol (3/1, 40 ml) and centrifugation (837.75 rad s21, 3 min)
with dissolution in hexane after each step. Finally, PbSe nanocrystals are dissolved
in hexane at a concentration of ,25 g l21.
Preparation of doped nanocrystal superlattices and ligand exchange. Doped
nanocrystal superlattices are assembled at the air–liquid interface following an
established procedure14. Dispersions of Au nanocrystals (,5 g l21) and CdSe or
PbSe nanocrystals (,10 g l21) are mixed in a small plastic tube and the solvent
evaporated using a gentle nitrogen flow. Then, 25ml of hexane is added to redis-
solve the particles. This solution is then dropped onto the surface of 1.8 ml diethy-
lene glycol (DEG) in a Teflon well (,1.5 cm 3 1.5 cm 3 0.9 cm). The well is
covered with a glass slide to reduce the evaporation rate. After 30–60 min, the
film forms and can be picked up with the appropriate substrate for characteriza-
tion (for example, TEM grid, quartz piece, or patterned substrate for conductivity
measurements).

A series of samples is prepared. For the initial screening of monolayers, a
solution of CdSe nanocrystals diluted in hexane (1 to 2 by volume) and a solution
of Au nanocrystals diluted in hexane (1 to 3 by volume). These stock solutions are
mixed in the following volume ratios (CdSe/Au, ml/ml): 50/0; 50/5; 50/10; 50/15;
50/20. For the preparation of multilayers and for conductivity experiments, two
solutions (CdSe or PbSe nanocrystals and Au nanocrystals) are mixed in the
following volume ratios (CdSe or PbSe/Au, ml/ml): 30/0; 30/5; 30/25; 30/50;
0/50. After the film is deposited on the substrate, the film is dried under vacuum
(at ,3,000 Pa) overnight.

Ligand exchange is performed in two steps: in situ and solid exchange. The
in situ exchange is performed by injecting 100ml of a 0.4 3 103 mol m23 solution
of NH4SCN in acetonitrile into the DEG layer while the nanocrystal film is still
floating onto the DEG. The exchange is allowed to continue for 60 min or 15 min
(for CdSe or PbSe, respectively) and then the films are transferred onto the sub-
strate and evacuated (at ,266.6 Pa) overnight. If the film is not thoroughly dry,
it tends to delaminate during solid exchange. The solid exchange is performed
by immersing the substrate with the film into a 0.4 3 103 mol m23 solution of
NH4SCN in methanol for 30 s. Afterwards the film and substrate are rinsed in
acetone. Fourier-transform infrared spectroscopy supports the exchange of the
long oleic acid ligands with the compact SCN2. All sample manipulations are
performed in air.
Voronoi analysis. The procedure consists of extracting the signal originating
from Au nanocrystals, taking advantage of the difference in contrast to filter
out the CdSe nanocrystals. The Voronoi tessellations are performed using cen-
troid information of the position of each particle, which is exported using
the software ImageJ. In a typical Voronoi cell generation, the Voronoi space
consists of a set of points closer to each (x, y) centroid than all other centroids.
The Voronoi cell edges are generated by bisecting orthogonally the lines that
connect two neighbouring centroids. This type of Delaunay triangulation, and
histogram binning of the Voronoi cell areas, number of Voronoi cell edges, and
centre-to-centre distances are performed using an in-house Matlab code and its
‘‘Voronoi’’ functions.
Code availability. The Voronoi tessellations generation code is freely available in
a Github repository at https://github.com/vdoann/voronoi.
Characterization techniques. Substrates for electrical characterization consist of
20 nm Al2O3 grown by atomic-layer deposition on the surface of 250 nm thermal
SiO2 on heavily n-doped silicon wafers. Gold electrodes (10 nm) are deposited by
thermal evaporation through a shadow mask. Channel lengths (L) and widths (W)
range from 30 mm to 200 mm, with a constant W/L ratio of 15 for all devices.

Initial TEM characterization is performed on a JEOL JEM 1400 microscope
operating at 120 kV, and on a JEOL JEM 2100 microscope operating at 200 kV.
Samples are prepared using 300-mesh carbon-coated Cu grids (Ted Pella Inc.).

HAADF-STEM and EDS data are acquired using a probe-corrected Titan 80-
300 microscope (FEI Co.) operated at 300 kV. The semiconvergence angle used to
acquire EDS spectrum images is ,21 mrad. This angle is ,14 mrad or ,10 mrad
for acquiring HAADF images, including those in the electron tomography tilt
series. Several tilt series are acquired from both the Au–CdSe and Au/Ag–PbSe
samples. Generally, a tilt range from 263 6 5 degrees to 163 6 5 degrees is
sampled at increments of 1.5 degrees or 2 degrees. The tilt series are processed
using Inspect3D (FEI Co.); this includes alignment and reconstruction by the
simultaneous iterative reconstruction technique. Three-dimensional visualiza-
tions are performed in Avizo (FEI Co.).

Ultraviolet–visible spectra are recorded in transmission mode on a Cary 5000
spectrophotometer at 2-nm spectral bandwidth. Small-angle X-ray data are col-
lected with a multi-angle X-ray scattering system, using a Bruker FR591 rotating
anode at 40 kV and 85 mA, Osmic confocal optics, Rigaku pinhole collimation,
and a Bruker HiStar Multiwire detector.

TSAXS (transmission small-angle X-ray scattering) and GISAXS (grazing
incidence small-angle X-ray scattering) measurements are performed at the X9
Beamline at the National Synchrotron Light Source I (Brookhaven National
Laboratory). The beam-spot size is 50-mm tall and 200-mm wide. The beam energy
is 13.5 keV; the sample-to-detector distance is set to 3 m; and detection is per-
formed using a Mar charge-coupled device detector. Typical sampling times are
10 s for GISAXS measurements and 30 s for TSAXS measurements. These condi-
tions appear to have no negative effects on the structures measured, despite mul-
tiple measurements. Two-dimensional detector images are analysed using
GISAXS Shop (https://sites.google.com/site/byeongdu/software).

Room-temperature conductivity measurements are performed using a model
4156C semiconductor parameter analyser (Agilent) in combination with contacts
made from a Karl Suss PM5 probe station mounted in a nitrogen glovebox.
Conductivity shows only weak dependence on the channel length, as expected
for a fixed W/L ratio. Values reported are calculated from 12 independent elec-
trode pairs from two substrates, assuming the conductive channel to have dimen-
sions equal to the channel’s cross-section.

Temperature-dependent conductivity measurements are performed under
vacuum (,133.3mPa) in a Lakeshore Cryotonics (formerly Desert Cryogenics)
probe station equipped with a model 4156C semiconductor parameter analyser.
For measurements in this work, samples are cooled with liquid nitrogen and
measurements are taken from 85 K to 300 K. Data shown in the main text are
from a single channel, but similar results are obtained from other channels.
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Certain commercial equipment and materials are identified in this paper in
order to specify the experimental procedure adequately. In no case does such
identification imply recommendations by the National Institute of Standards
and Technology nor does it imply that the material or equipment identified is
necessarily the best available for this purpose.
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Extended Data Figure 1 | Characterization of starting building blocks.
a, b, Representative TEM images; c, d, ultraviolet–visible spectra; e, f, small-
angle X-ray scattering (SAXS) patterns, of Au nanocrystals (a, c, e) and CdSe
nanocrystals (b, d, f). For Au, the SAXS data include the fit to particle size
and size dispersion (solid black trace), providing an estimated particle diameter
of 6.85 6 0.45 nm (95% confidence, including organic ligand shell).
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Extended Data Figure 2 | Long-range large-area ordering in doped
nanocrystal superlattices. Low-magnification TEM image of CdSe
superlattices doped with Au, showing the large areas (at least 5mm2) of ordered

assemblies formed onto TEM grids. Inset, digital diffraction pattern
showing the hexagonal long-range ordering in the superlattices.

LETTER RESEARCH

G2015 Macmillan Publishers Limited. All rights reserved



Extended Data Figure 3 | Voronoi analysis of doped monolayer super-
lattices. a–d, Representative TEM images of mixed Au/CdSe ordered
monolayers with different densities of Au nanocrystals: a, 66 nanocrystalsmm22;

b, 128 nanocrystalsmm22; c, 183 nanocrystalsmm22; d, 317 nanocrystalsmm22.
e, Corresponding larger-area Voronoi diagrams. f, Associated particle–particle
distance histograms. g, Average number of edges.
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Extended Data Figure 4 | Segregation of dopants. Superlattices assembled
from oleylamine-capped Au nanocrystals and oleic-acid-capped CdSe
nanocrystals. Au nanocrystals tend to segregate and agglomerate at grain

boundaries instead of mixing with CdSe nanocrystals. The grain boundary
between two assembled regions of CdSe nanocrystals is highlighted by a
dashed white line.
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Extended Data Figure 5 | Segregation of Au nanocrystals owing to size
mismatch. Assembly of 6.5-nm PbSe nanocrystals and 5.5-nm Au
nanocrystals (NCs) at the liquid–air interface. Arrows point to grain

boundaries or regions on top of the PbSe superlattices (SLs) where Au
nanocrystals segregate preferentially.
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Extended Data Figure 6 | PbSe superlattices doped with Au/Ag nanocrystals. The images show the assembly of PbSe superlattices doped with different Au/Ag
concentrations by volume at the liquid–air interface.
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Extended Data Figure 7 | Segregation of dopants in multilayers. TEM images showing preferential segregation of Au nanocrystals to regions of CdSe
multilayers rather than monolayers. Grain boundaries are highlighted with dashed white lines.
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Extended Data Figure 8 | Characterization of ligand-exchanged doped
superlattices. a, b, Representative TEM images of Au/Ag-doped PbSe films
following ligand exchange of the long, alkyl ligands with compact thiocyanate
ions. Extensive cracks are formed, especially where the grain boundaries
were present. c, Selected area electron diffraction pattern of Au/Ag–PbSe
assemblies, showing a low degree of preferential orientation of the

crystallographic axes. d, e, Au–CdSe films before (d) and after (e) ligand
exchange, showing that the order is preserved to a large extent, given the
presence of hexagonal close-packed patches in the sample. f, High-resolution
STEM of an Au/Ag–PbSe film after ligand exchange. g, h, TSAXS and GISAXS
analysis of the films before (g) and after (h) ligand exchange.
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Extended Data Figure 9 | Substrates for conductivity measurements. Optical microscopy images of the patterned substrates covered with the doped
superlattices for conductivity measurements.
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Extended Data Figure 10 | Temperature-dependent conductivity models.
a–d, Fitting of different temperature-dependent conductivity models to data
obtained for samples of PbSe doped with 16.5% Au/Ag. The best single fit out of
several possibilities over the entire temperature range is a modified form of the
Efros–Shklovskii variable-range hopping with T22/3 dependence, shown in
b. The observation of this behaviour in sub-percolation doped superlattices is to
be expected, because conductivity is constrained by hopping to non-nearest
neighbours. The good fit obtained using the general T21 expression for near-
neighbour hopping, shown in a, not surprisingly still describes the system quite
well, given that the composition is close to the percolation threshold. However,

a reduced activation energy analysis also suggests that the transport behaviour
is in best agreement with modified Efros–Shklovskii hopping. The original
Efros–Shklovskii variable-range hopping dependence with T21/2 shown in
c was found in the past to describe CdSe solids well; however, the presence of Au
nanocrystal dopants clearly changes the behaviour in our system compared
with the behaviour of pure quantum dot solids. The Mott variable-range
hopping with a dependency of T21/4, shown in d, clearly does not describe the
system, probably because of the increased density of states in the solid owing to
the presence of the Au nanocrystal dopants.
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