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Electron Mobility of 24 cm? V-1 s71 in PbSe

Colloidal-Quantum-Dot Superlattices

Daniel M. Balazs, Bartosz M. Matysiak, Jamo Momand, Artem G. Shulga,
Maria Ibdiiez, Maksym V. Kovalenko, Bart J. Kooi, and Maria Antonietta Loi*

Colloidal quantum dots (CQDs) are nanoscale building blocks for bottom-up
fabrication of semiconducting solids with tailorable properties beyond the
possibilities of bulk materials. Achieving ordered, macroscopic crystal-like
assemblies has been in the focus of researchers for years, since it would
allow exploitation of the quantum-confinement-based electronic proper-

ties with tunable dimensionality. Lead-chalcogenide CQDs show especially
strong tendencies to self-organize into 2D superlattices with micrometer-
scale order, making the array fabrication fairly simple. However, most studies
concentrate on the fundamentals of the assembly process, and none have
investigated the electronic properties and their dependence on the nanoscale
structure induced by different ligands. Here, it is discussed how different
chemical treatments on the initial superlattices affect the nanostructure,

the optical, and the electronic-transport properties. Transistors with average
two-terminal electron mobilities of 13 cm? V=' s™! and contactless mobility of
24 cm? V7' 57! are obtained for small-area superlattice field-effect transistors.
Such mobility values are the highest reported for CQD devices wherein the
quantum confinement is substantially present and are comparable to those
reported for heavy sintering. The considerable mobility with the simultaneous
preservation of the optical bandgap displays the vast potential of colloidal QD

Colloidal quantum dots (CQDs) are semi-
conductor nanocrystals in the quantum
confinement regime, where the particle
size is significantly smaller than the
exciton Bohr-radius in the material. The
interest toward this class of materials
stems from their prospects in photovoltaic
and optoelectronic applications. Solution-
processed solar cells with over 11% power
conversion efficiencies have been fabri-
cated based on PbS CQDs exploiting their
high absorbance and the size tunability
of the bandgap,!l field-effect transistors
(FETs) based on colloidal nanocrystals
were shown to exhibit excellent perfor-
mance,”) PbS CQD solids can be used
to fabricate highly efficient ambipolar
inverters,®l and light-emitting field-effect
transistors (LEFETs) show the potential in
light-coupled electronics applications.

In all reported applications, the arrays of
Pb- or Cd-chalcogenide CQDs are dense,
but rather disordered, or exhibit only

superlattices for optoelectronic applications.
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shortrange order® The energetic dis-
order (stemming from size polydispersity,
positional disorder, and varying coupling
strength) give rise to properties closer to
those of amorphous solids, like conjugated polymers, rather than
of bulk crystals.”l The chances of exploiting the unique properties
of these materials would be much greater if one achieved coherent
transport throughout an ordered array of quantum dots.[®!

Highly ordered CQD superlattices (SLs) can be formed by
drying a solution on a liquid surface.’~'?l Orientation of lead-
chalcogenide CQDs in a superlattice can be controlled by
adjusting the reactivity of the subphase through the choice of
solvent, by adding chemical species or by changing the temper-
ature.'13-15] This possibility stems from the faceted nature of
the CQDs; crystal orientation-specific interactions and different
binding energy of the ligands at the main crystallographic facets
drive the orientation process.'®?2 While much work has been
done on the formation mechanism and properties of the super-
lattices on solid substrates,!'7182021.23-29] fewer studies investi-
gated liquid interface-grown layers,”:11:122:30-33] and even fewer
have been devoted to study the structure—property relation in
these samples.”3031:33] Whitham et al. measured the effect of
disorder on charge localization in PbSe CQD superlattices, they
deduced a carrier localization over two to three quantum dots
in their system and calculated a disorder limit below which
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band-like, coherent transport is expected to occur.”! Evers et al.
observed a similar degree of delocalization in samples prepared
using a slightly different method.?" Alimoradi Jazi et al.
observed contactless mobilities averaging to 3.6 cm? V! s71 133l
setting the superlattices on par with the best spin-coated PbSe
samples.[18293435] However, the transport properties have so far
not reached the quality expected from ordered, strongly coupled
arrays, and no complete work has been done on connecting
the electronic coupling, the nanostructure and the electrical
transport properties in superlattices, especially not in samples
formed using different ligands.

In this work, we aimed to fill this gap with a systematic analysis
on the charge transport in PbSe CQD superlattices and its
dependence on the nanoscale structure of the samples. We fab-
ricate samples using four different ligands that result in slightly
different nanoscale organization of the CQDs and characterize
the electron transport properties of the superlattices in ionic
gel-gated FETs. A large improvement in the electron mobility
up to 24 cm? V7! s7! is observed upon increasing the width
of the interparticle bridges, “necks.” The samples with higher
number but narrower necks show mobilities an order of mag-
nitude lower, suggesting that the neck width is the dominant
factor over the number and homogeneity of the connections for
efficient charge transport. This is the first evidence of such high
mobilities achieved in ordered networks of CQDs and opens the
way to further exploitation of these solids in (opto)electronics.

We fabricated mono- and multilayer PbSe CQD SLs by assem-
bling the particles on top of ethylene glycol (EG), which is a non-
solvent for the pristine (oleate-capped) CQDs and is immiscible

a \ slow drying pristine film

- -
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with their original solvent (hexane). Ordered arrays were
formed by slowly drying a small volume of the CQD dispersion
injected onto an EG bath in a poly(tetrafluoroethylene) (PTFE)
beaker covered with a glass slide; the schematics of the process
steps are shown in Figure 1a. The obtained superlattices were
used as-formed [referred to as oleic acid (OA)-capped samples],
or after ligand exchange performed by injecting the ligand solu-
tion into the EG subphase.

In this study, we used tetrabutylammonium iodide (TBAI),
ethanedithiol (EDT), and ethylenediamine (EDA), which are the
most common ligands used in the field. The TBAI and EDT
ligands are frequently used in the fabrication of electronically
coupled lead-chalcogenide CQD solids due to their affinity to
substitute the surface-bound oleate groups.?%3¢-38 Instead,
EDA is reported to remove lead-oleate from the surface.!'>3!

After ligand exchange, the films were transferred onto solid
substrates by stamping, i.e., touching the liquid surface with a
substrate kept parallel to the surface. This method results in
highly ordered superlattices with domains as large as several
hundred nanometers, as shown on the transmission electron
microscope (TEM) image in Figure 1b. Its Fourier-transformed
version (see inset) indicates good ordering, and the typically
observed lattice type is thombic.

Optical absorption of the superlattices was measured to
learn about their degree of electronic coupling; the spectra
normalized to the values at 1.2 eV are plotted in Figure lc.
The properties of the as-prepared, OA-capped superlattices
are remarkably similar to those of the original CQD solution.
The first two excitonic transitions are observable as clear peaks

transfer

injection

ligand exchange

I/I
—> — esatrea

= ethylene glycol . = PbSe CQDs . = ligand solution

Absorbance (a.u.)

0.6 0.8 1.0 1.2
Energy (eV)

Figure 1. a) Schematic of the sample fabrication based on the formation of an ordered PbSe CQD array on the surface of a nonsolvent and subsequent
ligand exchange, details of the process are found in the main text; b) TEM image and its fast-Fourier-transformed version (inset) of a sample prepared
using EDA ligand solution showing a micrometer-sized superlattice domain with good ordering (the scale bars are 200 nm and 0.3 nm™' in the main
Figure and inset, respectively); c) normalized absorption spectra of the CQDs in hexane, the formed superlattices and the EDA-based sample after
annealing showing the presence of quantum confinement.
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Figure 2. Structure of PbSe CQD superlattice samples: a—d) representative TEM images of the superlattices with OA, TBAI, EDT, and EDA ligands,
respectively (scale bars 50 nm); e-h) SAED patterns obtained from highly ordered domains of the same samples (scale bars 10 nm™); i) scheme of
the superlattice unit cell; j) superlattice spacing and angle obtained from the FFT TEM images for the different ligands averaged over several samples
and regions, the error bars represent the 95% confidence interval, the colors match those used in panel (i); k) Gaussian peak width of the azimuthal
cross-section of the first order peaks extracted from the SAED patterns, the error bars represent the standard deviation of the values over the four

corresponding peaks.

around 0.8 and 1.0 eV, although they are less pronounced
than in the isolated CQDs. The TBAI- and EDA-treated sam-
ples show similar peak positions to the OA-capped samples,
with the latter exhibiting further decreased peak intensities.
The lower peak intensity typically originates from a changing
oscillator strength stemming from an altered dielectric environ-
ment, or from a broadening due to inhomogeneous electronic
coupling throughout the layer. The EDT-treated superlattices
exhibit a redshift of about 50 meV of the first transition energy
compared to the rest of the samples. Such behavior is often
observed in thiol-treated CQD array due to the enhanced cou-
pling caused by crosslinking and the related shrinking of the
interparticle distance.’®) Mild annealing of the EDA-treated
samples lead to a further decrease in the excitonic peak inten-
sity, which is typically sign of increased energetic disorder due
to inhomogeneous coupling.

Adv. Mater. 2018, 30, 1802265 1802265 (3 of 9)

The local structure and symmetry of the superlattice and
the orientation of the CQDs were investigated by TEM and
selected area electron diffraction (SAED). For clarity, all direc-
tions and indices are labeled with CQD (referring to the CQD
crystal structure) or SL (referring to the superlattice geometry).
In general, all samples show some degree of inhomogeneity
in the extent and type of ordering; images from randomly
selected spots on multiple samples were taken to obtain reli-
able statistics. Small-area TEM images of representative close-
packed areas of monolayer superlattice samples are shown in
Figure 2a-d. All superlattices show an intermediate structure
between hexagonal and square symmetries. The superlattice
unit cell vectors were extracted from the fast Fourier-trans-
formed (FFT) images by fitting to the peak positions. The
lengths of the two lattice vectors and their angle (see scheme
in panel (i)) obtained from numerous independent samples are

© 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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summarized in Figure 2j. The OA-capped samples show the
lowest average angle of 70.1°, while values between 81.4° and
83.3° were measured for the three types of ligand-exchanged
samples. The superlattice periodicity decreases from around
6.5 nm for the OA-capped samples to 5.8 nm for the EDA-
treated ones. SAED patterns from highly ordered areas of the
same samples are shown in panels (e)—(h). Dominant fourfold
symmetry is observed in each SAED pattern; the peaks are the
{100} qp reflections, which are observed for PbSe single crystal
seen in the <100>cqp zone axis. The measured lattice param-
eters are identical to the bulk values within the experimental
error. Interestingly, the common orientation of the CQDs coex-
ists with a lack of in-plane square symmetry in the superlattices;
the neighboring CQDs are aligned, but their center is shifted
(by two to six lattice planes in case of EDA, for example). The
typical CQD orientational disorder varies between the samples.
Azimuthal profiles of the first order peaks show Gaussian shape
instead of a Lorentzian one, indicating that some CQDs are
marginally misaligned. The Gaussian peak widths are shown
in Figure 2k; the orientation distribution narrows upon ligand
exchange, and the best orientation is observed in the EDT- and
EDA-treated samples.

Slightly different ordering is observed in multilayer superlat-
tices. Representative FFT TEM images are shown in Figure S1
in the Supporting Information. In general, higher deviation in
the lattice parameters, longer unit vectors, and lower unit cell
angles (with values around 73°-75°) are observed in the ligand-
exchanged multilayer superlattices, while the thick OA-capped
samples are very similar to the monolayer ones. The unit cell
angles of the OA-capped mono- and multilayers are close to
what is expected from a body-centered cubic (BCC) superlat-
tice seen from the <110>g; zone axis. Such symmetry and ori-
entation have been observed in lead-chalcogenide superlattices
formed without ligand stripping.[?12840 The thicker samples
show symmetries close to a BCC structure even after ligand
exchange.

We also prepared a sample by drying a droplet of the CQD
solution directly on the TEM grid, which gave close-to-hexag-
onal ordering with lattice spacing around 7 nm (Figure Slg,
Supporting Information); the presence of face-centered cubic
lattices oriented with the <111>g; zone axis normal to the
substrate have also been observed, and are typical for spherical
particles with isotropic interactions.l?®! The superlattice struc-
ture of the drop-cast OA-capped samples suggests that the
orientation-specific interactions are not determining the super-
lattice symmetry under the applied conditions.'%?? In fact, the
same symmetry with lower interdot spacing is observed upon
treating the drop-cast grids samples with an EDA solution, as
shown in Figure S1i in the Supporting Information.

On the other hand, initially a BCC lattice forms on the EG
bath, likely due to the slower drying process.’] However, a
large structural inhomogeneity is observed within and between
samples without ligand treatment; the superlattice undergoes
a slow transformation locally from BCC toward a simple cubic
(SC) structure.?2#9 This process occurs through a subphase-
mediated desorption of lead-oleate from the CQD surface,
giving rise to an oriented attachment.'!] These samples are
mainly capped with oleate groups, but the ligand removal can
occur easily from the {100}cqp facets, the ones with the lowest
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binding energy for oleate.’ The addition of reactive ligands
assists this process through removing the oleate ligands that
act as spacers. The exposure of the facets transforms the lattice,
which is expected to appear as a change in the angle from =70°
to 90°, and a factor of 2!/3 decrease in the lattice parameter.[*’]

In our samples, the lower than 90° superlattice angles and
a less pronounced decrease in the average superlattice spacing
indicate that the transformation is not complete, which can be
explained by a rapid stripping process leading to a very fast epi-
taxial necking and freezing of the structure, blocking the com-
plete distortion of the superlattice. The differences between the
mono- and multilayer sample lattice parameters in the ligand-
treated samples suggest that the BCC-to-SC transformation is
further hindered in a multilayer structure through out-of-plane
stabilization by the shifted adjacent monolayers. This finding
is supported by the similar structures of the OA-capped and
EDA-treated drop-cast samples; when particles experience low
rotational and translational freedom, the superlattice transfor-
mation remains partial, or does not occur at all. Nevertheless,
the CQDs appear to be oriented with the <100>¢qp zone axis
normal to the subphase surface in each superlattice sample,
resulting in a hybrid structure.

To understand the structural differences, one has to con-
sider the ligand chemistry. All ligand treatments trigger the
transformation of the superlattice, but the degree of ordering,
especially at the atomic lattice level, is different. EG itself can
strip the ligands,?? but it is inefficient, leading to a close-to-
hexagonal structure. However, it can catalyze the exchange of
oleate to iodide,?”! which leads to larger lattice transforma-
tion upon injection of TBAIL The similar chemistry is mainly
responsible for the similar optical absorption spectra shown
in Figure 1. On the other hand, EDT and EDA show distinctly
different behavior; these highly reactive ligands induce some
structural inhomogeneity. Figure 3a-d shows two pairs of
images obtained from the EDT and EDA-treated superlattices,
representing the two extremes of the spectrum of slightly dif-
ferent structures. One is similar to the OA-capped as-prepared
samples (panels (a) and (b)), and the other is ligand dependent
(panels (c) and (d)). The inhomogeneity suggests that the ligand
exchange is not occurring at the same rate around the whole
sample; in some parts, the OA is only partially removed, while
some parts show the very strong influence of the ligand. This
inhomogeneity may be responsible for the similar peak posi-
tions in the absorbance spectra; the OA-like areas will exhibit
similar features as the OA-capped samples, and the more cou-
pled areas will give a broader peak with similar absorption at
higher energies, causing an effective decrease in the peak posi-
tion and intensity.

The difference in the ligand-specific structures in Figure 3e,f
stems from the fundamentally different mechanism of the
ligand exchange. EDT tends to attach to lead-chalcogenide
CQDs by replacing the oleate ligands due to the high affinity
of the thiol group to the lead-dominated surface.?**! The com-
bined effect is an increase in the effective CQD size and the
decrease in the superlattice spacing is observable in the absorp-
tion spectrum as a redshift of the first excitonic peak. Inter-
estingly, the particle shape in the extreme areas of the sample
becomes more cubic, similar to what is occurring in sulfide-
treated PbS CQDs.*>**4 On the other hand, EDA removes

© 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. TEM images of different superlattice structures formed by treatment with EDT (top row) and EDA (bottom row) showing the sample inho-
mogeneity: a,b) less connected and c¢,d) more connected regions as the two extremes on a spectrum of structures obtained; e,f) higher magnification
TEM images of EDT and EDA-treated superlattices showing the difference in necking, and the histograms of the connectivity statistics collected from
>200 CQDs (>400 connections) in each case. The scale bars are: a—d) 100 nm and e,f) 20 nm.

lead-oleate groups, leaving a naked CQD behind.?”’I The lower
stability of the naked surfaces leads to restructuring by diffu-
sion of surface atoms into the gap.'®2% This way rather broad
interparticle bridges, called necks, are formed between adja-
cent CQDs. Due to the decreasing CQD size and the positional
disorder, many bridges simply do not form,”! resulting in the
particular, semiconnected structure visible in Figure 3d. Higher
resolution images (panels (e) and (f)) confirm that the type of
particle necking is very different in the two systems. The EDT
samples show many epitaxial connections, but the neck width
is relatively small, only a few atoms in most cases. On the other
hand, EDA results in fewer, but much broader necks, making
the original shape of the QDs almost disappear.”*!l From the
high-resolution TEM images, it is possible to quantify the
number and width of necks at the connection points. In the case
of the EDT sample, we find that =68% of the investigated con-
nections are formed with an average neck width of 7 + 2 atomic
planes (see panel Figure 3e and Figure S2, Supporting Infor-
mation). On the other hand, only 53% of the connections are
made using EDA, but the neck width in this sample increases to
10 + 2 atomic planes, which is roughly 60% of the CQD diameter
(see panel Figure 3f and Figure S2, Supporting Information).
To complete the picture, the microscale morphology of the
multilayer samples was investigated by atomic force micros-
copy (AFM); examples of the images are shown in Figure S3 in
the Supporting Information. We observe large flat areas of the
multilayer films interrupted by micrometer-sized holes. The
bottom of the holes is frequently covered with a monolayer. Both
mono- and multilayer areas show root-mean-square (RMS)
roughness =1 nm indicating densely packed films, ruling out
any significant cracking on this scale. Holes in larger number
but smaller in size are observed in the ligand-exchanged films
compared to the OA-capped ones. A spin-coated reference was
also prepared; the film is homogenous and flat but shows a

Adv. Mater. 2018, 30, 1802265 1802265 (5 of 9)

granular structure not present in the superlattice samples
(Figure S3d, Supporting Information).

To assess the relation between the structural and transport
properties of the superlattices, we fabricated ion-gel-gated
field-effect transistors (IGFETS); the device structure is shown
in Figure 4a. For the purpose, we designed a device pattern
of overall small channel areas in order to test as much as pos-
sible single superlattice domains: channels 1-10 um long and
20 um wide were used. Devices with different channel lengths
were patterned close to each other to allow for contact resist-
ance measurements (see panel (b)). For a proper statistics,
several of these groups of devices were patterned on each sub-
strate placed =3 mm from each other. Rather thin, 30 nm elec-
trodes were used to avoid major cracking upon film transfer.
However, the monolayer samples were found to be very fragile
and reasonable channel coverage was only achieved using mul-
tilayer superlattices. After transferring the SL films onto the
FET substrates, the samples were investigated with an optical
microscope and only the devices with (visibly) full coverage and
without macroscopic cracks were characterized.

Figure 4c shows the typical transfer curves measured in the
four different sample types. Independently from the ligand, all
samples show electron-dominated ambipolar characteristics pre-
viously observed in many lead-chalcogenide CQD FETs.[320:29.34
Applying positive gate voltages, the samples show practically
no hysteresis, but degrade rapidly under negative gate bias,
resulting in a huge hysteresis loop. The degradation is visible as
the CQD film breaks up and disappears and is possibly caused
by dissolution of the CQDs in the electrolyte.[**] The gate current
is orders of magnitude below the source and drain currents in
the n-channel, but the values are comparable in the p-channel
(Figure S4a, Supporting Information); thus, for the sake of
reliability, we focus only on the electron transport. Figure 4d,e
reports textbook-like output and transfer characteristics for the

© 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Field effect transistors based on PbSe CQD superlattices: a) device structure; b) image of a set of devices; c) representative transfer curves of
5 um channel length devices measured at 0.1 V drain bias; d) output curves of a 2 um channel length FET prepared using EDA; e) transfer curves of a
2 um channel length FET prepared using EDA, showing stable slope, but shifting intercept upon multiple scans; f) statistics of the calculated electron
mobilities; SL—superlattice, SP—spin-coated film, the different colors for the SL-EDA data indicate devices on the same substrate.

EDA treated sample, similar behavior is obtained for the others
samples as well. All devices show good electron transport with
linear dependence of the current at high gate voltages (sign of
operation in the linear regime), “on” currents of several uA, and
“off” currents in the nA range. The on/off ratio usually exceeds
103, and reaches >10* in the best samples, indicating signifi-
cantly retained quantum confinement. These values are limited
by the relatively low channel aspect ratio and the consequent low
“on” current, and the relatively high Faradaic gate leakage that
sets the value of the “off” state current. We observe a transient
behavior during the first few gate scans; although the slope of the
linear part of the curves is similar, the intercept shifts to lower
values, which causes an increase in the maximum “on” current
within the given voltage window. The constant slope indicates
that the mobility is unchanged, but the changing intercept indi-
cates a threshold shift, likely through gate-induced removal or
addition of trapped charges. Stable behavior is reached after
switching the devices on and off twice (see Figure S4b, Sup-
porting Information), requiring a “warm-up” of the each device
before achieving stable and reproducible measurements.

Although the general device characteristics of samples fab-
ricated with different ligands are very similar, we observe a
striking, magnitude difference in the “on” state current between
the EDA-treated films and the rest of the samples.

Field-effect electron mobilities were calculated from the
transfer curves using the gradual channel approximation in the

Adv. Mater. 2018, 30, 1802265 1802265 (6 of 9)

linear regime. The data are plotted in Figure 4f in three groups:
EDA-treated superlattice, EDA-treated spin-coated film, and
the rest of the superlattice samples. The values of the mobility,
for different channel dimensions and the distribution per sub-
strate are listed in Table S1 in the Supporting Information.
The mobility values show large variation, spanning almost an
order of magnitude for each sample type. No clear difference
is observable between the OA-capped, the TBAI- and the EDT-
treated samples (noted as SL-other), while superlattice devices
prepared using EDA (referred to as SL-EDA) show much higher
mobilities. An average electron mobility of 13 cm? V™! s7! was
found for EDA, against the 4.9 cm? V™! 57! for the rest of the
superlattice samples. The mobilities reported for SL-EDA
samples are obtained from two substrates, as shown by the
different colors in Figure 4f, with average mobility of 12 and
15 cm? V7! 571, The values obtained for the non-EDA super-
lattices are comparable to those reported by Alimoradi Jazi
et al.,?¥ while the EDA-based ones (averaged on either sub-
strate) are the highest ever reported for quantum confined lead-
chalcogenide superlattice samples.

We compared these results with values obtained from a
spin-coated reference sample treated with EDA (see fabrication
details in the Supporting Information). The spin-coated devices
(labeled as SP-EDA) do not compete in mobility with the EDA
superlattice layers but give values similar to the ones prepared
with the other ligands, with an average of 3.8 cm? V' s71,

© 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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At this point is important to underline that several measures
were taken to ensure the reliability of the calculated mobility
values. The channel lengths were determined using AFM and
were found slightly lower than the intended values; the meas-
ured data were used for calculation to avoid overestimation of
the mobility. The ion-gel capacitance was measured in similar
conditions to the transfer curve measurements. Several elec-
trode pairs with different areas were measured to correct for the
different size of the top and bottom electrodes, and an average
value of the single layer capacitance was used for the mobility
calculation (see more in the Supporting Information).*3l The
main factors that can result in overestimation of the mobility,
such as using too low capacitance or too short channel length
are excluded by measurements. Some factors that cause under-
estimation, for example cracks and holes in the layers, are not
corrected for in the dataset presented in Figure 4f, and thus the
data can be considered as conservative estimates of the sample
mobility.

Making use of the adjacent devices with different channel
lengths, we estimated the contact resistance using the transfer
line method (TLM) (see the details in the Supporting Informa-
tion). The obtained values (2-3 kQ) are significant compared
to the channel resistance in the shortest devices (Figure S5,
Supporting Information), thus a correction for the voltage
drop is required. We calculated a contactless mobility of 19.1
and 24.2 cm? V™! 57! for the two datasets used in the TLM cal-
culations, 10-80% higher than the values from single device
transfer curves, depending on the channel length and the cor-
responding relative potential drop at the contacts. These are
average values for an area on the 100 um scale and are the
highest reported for lead-chalcogenide CQDs. The results
demonstrate, especially compared to ref. [31], that chemically
triggered ligand desorption is more effective in achieving high
carrier mobilities than a thermal trigger.

However, two concerns rise when analyzing the data: why do
the EDA-based superlattices perform so well in FETs compared
to the EDT ones despite the similar superlattice structure, and
why do we observe such large variation in the mobility values?
Before measuring the FETS, we ensured that the electrodes
and the channel area are covered by flakes of the superlattice,
without macroscopic cracks. Based on the similarity in the sub-
strate coverage calculated from the AFM images (92% for the
EDT-treated sample and 95% for the EDA-treated one), we rule
out a strong, trendwise influence of 0.1-1 um scale cracks in
the films. Consequently, the difference must lie in the structural
details at the nanoscale. The first point can be explained by the
CQD connections in the samples; the number and width of epi-
taxial necks are distinctly different in the EDT- and EDA-treated
superlattices as shown in Figure 3e,f, due to the different chem-
ical behavior of EDT and EDA. The type and density of necking
being the largest difference in the two structures, our data sug-
gests that transport through the nonlinear, percolative pathways
is much more efficient than transport through a highly ordered,
homogeneous, but more confined, and therefore electronically
less coupled array. This finding confirms that high coupling
through epitaxial necking is needed between the adjacent dots
to achieve efficient transport over a large distance. The second
point can be resolved by considering the observed inhomoge-
neity in the samples. The regions that are more alike to the
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OA-capped samples shown in Figure 3a,c will likely exhibit
lower charge carrier mobility than the percolative regions in
Figure 3d, following the arguments on the importance of the
neck width.”l The BCC- and SC-like regions in the OA-capped
samples are also expected to give different transport properties
due to the different interdot spacing. Moreover, the number and
density of the holes and cracks in the films will strongly affect
the observed mobilities. The difference between the spin-coated
and superlattice EDA samples can also be explained by the mor-
phology; the granular structure of the spin-coated sample does
not provide the long, uninterrupted pathways for charge trans-
port present in the percolative superlattices.?!!

Although the results show large variation, and improvements
in the fabrication process are clearly necessary to fabricate
more homogeneous samples and reproducible devices, the
measured mobility values show the great prospects of lead-chal-
cogenide superlattices. It is important to mention that despite
the different scales of the measurements (0.1-1 um for TEM,
1-100 um for FET, and 1 mm for absorbance), the data were
obtained from different locations of several mm sized samples,
indicating that the structural and transport properties describe
a system that shows quantum confinement, and the high
mobilities were achieved despite the presence of electronic dis-
order.”] This dual behavior gives the prospects of achieving true
freedom in the engineering of electronic and optical properties
in these fascinating materials. As a final note, tuning of the
annealing conditions leads to mobilities above 40 cm? V7! 571,
therefore an increased control of the process may lead to unex-
pected results for CQD superlattices.

In conclusion, we have compared the nanostructure and
the electrical transport properties of PbSe CQD superlattices
formed using different ligands. The symmetry of the super-
lattice depends on the applied ligand, allowing for tuning the
charge transport properties. Two-contact electron mobilities
with an average of 13 cm? V! s7! for small-area superlattice
FETs prepared using EDA are measured. From these devices,
we derive contactless mobilities up to 24 cm? V! 57! using the
transfer line method. Such high values have not been reported
in low-temperature processed CQD devices and are comparable
to those reported for heavy sintering. Importantly, the electron
mobility in the superlattice samples is almost an order magni-
tude higher than in samples fabricated using the conventional
layer-by-layer spin-coating method. Furthermore, we demon-
strated that the width and not the density and homogeneity of
the interparticle connections determines the efficiency of the
charge transport. The achieved high mobility in ordered struc-
tures is the first clear experimental evidence of the potential of
colloidal QD superlattices for optoelectronics. The challenges
and difficulties of the fabrication process show the direction
toward further improvements in the electronic properties of
these fascinating materials.

Experimental Section

Chemicals: Lead (II) acetate trihydrate (99.999%), 1-octadecene
(ODE, 90%), OA (90%), tributylphosphine (TBP, 97%), selenium
shots (99.99%), TBAI (>99.0%), EDA (>99.0%), EDT (>98.0%), EG
(99.8%, anh.), ethanol (anh.), hexanes (>99.0%, anh.), and acetonitrile
(99.8%, anh.) were purchased from Aldrich. All chemicals were used
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as received. All syntheses were carried out using standard airless
techniques: a vacuum/dry nitrogen gas. Schlenk line was used for NPs
syntheses and a nitrogen glove-box for storing and handling air and
moisture-sensitive chemicals and CQD purification.

PbSe CQD Synthesis: Monodisperse PbSe CQDs were prepared
similarly to a previously reported procedure by Wang et al.*’l In a typical
synthesis, Pb(OAc),:3H,0 (1.338 g, 4.1 mmol) and oleic acid (4.5 mL
OA) were mixed in 10 mL of octadecene. This mixture was degassed
at room temperature, 50, 70, 90, and 110 °C for 10 min each to form
the lead oleate complex. The solution was flushed with nitrogen,
and the temperature was raised to the reaction temperature (160 °C).
At this temperature, Se precursor (10 mL, 1 m), prepared by dissolving
selenium shots in TBP was rapidly injected. The reaction mixture was
maintained =160 °C for 30 s and then quickly cooled down to room
temperature using a water bath. The formed PbSe CQDs were thoroughly
washed in inert atmosphere by three precipitation/redispersion steps
using anhydrous ethanol as a nonsolvent and anhydrous hexane as
a solvent. Finally, the CQDs were dispersed in anhydrous hexane with
a concentration of 50 mg mL™", and optical absorption was performed
to determine the CQD size (5.2 nm according to the sizing curve of
Moreels et al.) and quality of the batch.*®l

Superlattice ~ Fabrication: The fabrication process was based on
the methods described by Dong et al. and Whitham et al.'®12 For
the superlattice formation, 1.5 mL ethylene glycol was poured in a
1.5 cm x 1.5 cm x 1.5 cm Teflon well setup in a glovebox filled with
dry nitrogen (<0.1 ppm O,/H,0). The given amount of the CQD sol
(2.5 mg mL™" in hexanes, 2.5 UL for monolayers, 5 uL for multilayers) was
injected on top of the bath, and the well was immediately covered by a glass
slide. After 20 min, 5 uL of a 1 m ligand solution in acetonitrile was injected
into the bottom of the well, and the system was let to react for 2-3 min
under cover. The films were transferred by touching the liquid surface with a
substrate/grid, and the samples were dried for at least 3 h in mbar vacuum.

Structural and Optical Characterization: The absorption spectra
were obtained with a Shimadzu UV3600 spectrometer. JEOL 2010 and
2010F transmission electron microscopes were used for the structural
characterization. The superlattice unit cells were determined from
600 nm x 600 nm regions by fitting two vectors to the peak positions
extracted from the Fourier-transformed images. The atomic lattice
vectors were extracted following the same method from the SAED
patterns measured at 130 nm diameter areas. The AFM images were
delivered by a WiTec Alpha SNOM-AFM operated in contact mode.

FET Fabrication and Characterization: Sets of devices were patterned
onto borosilicate glass using UV photolithography, and 30 nm Pt
electrodes were deposited by sputtering. The substrates were cleaned
by soap, water, acetone, and isopropanol and were annealed at
120 °C inside a glovebox right before film deposition. The substrates
were cleaned by soap, acetone, and isopropanol and were annealed at
120 °C inside a glovebox right before film deposition. The spin-coated
reference sample was fabricated by spinning a 2.5 mg mL™" solution
on a substrate, flooding the film with a 20 x 10 m EDA solution in
acetonitrile, and the process was repeated once to fill the cracks and
achieve similar thickness to the superlattices. The ion gel was prepared
following a literature recipe.l*”) The FET samples were annealed at
120 °C for 20 min to remove all adsorbed species,% the ion gel was
dropped on the films leaving the electrode contact pads uncovered,
and the samples were dried at 70 °C overnight. A piece of platinum foil
placed on top of the gel-covered devices was used as gate electrode, and
a platinum wire was stick into the gel to measure the reference potential.
The FETs were characterized using an Agilent E5270B semiconductor
parameter analyzer in inert environment. The ion gel impedance was
obtained using a BioLogic SP200 potentiostat in vacuum (details can be
found in the Supporting Information).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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