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ABSTRACT: Optoelectronic devices made from colloidal quantum dots (CQDs) often
take advantage of the combination of tunable quantum-confined optical properties and
carrier mobilities of strongly coupled systems. In this work, first-principles calculations are
applied to investigate the electronic, optical, and transport properties of PbS CQD
superlattices. Our results show that even in the regime of strong necking and fusing between
PbS CQDs, quantum confinement can be generally preserved. In particular, computed
carrier mobilities for simple cubic and two-dimensional square lattices fused along the {100}
facets are 2−3 orders of magnitude larger than those of superlattices fused along {110} and
{111} facets. The relative magnitude of the electron and hole mobilities strongly depends on
the crystal and electronic structures. Our results illustrate the importance of understanding
the crystal structure of CQD films and that strongly fused CQD superlattices offer a
promising pathway for achieving tunable quantum-confined optical properties while
increasing carrier mobilities.

Colloidal semiconductor quantum dots (CQDs) have
attracted a significant amount of attention due to their

size- and ligand-tunable electronic properties and facile
synthesis in solution. Their versatility is attractive for a wide
range of applications such as light-emitting diodes,1,2 photo-
dectors,3,4 and solar cells.5,6 In particular, PbS is one of the best
performing quantum dot photovoltaic (PV) materials with a
certified solar conversion efficiency of >11%.7 Carrier mobility
is one of the most important parameters for PV devices and
plays an important role in controlling the device short-circuit
current and fill factor.8 Since the first report of charge carrier
communication between CQDs in solids,9 improved size
control, ligand chemistry, and device fabrication techniques
have enhanced carrier mobilities from 10−3−10−2 to 24 cm2

V−1 s−1.10,11 It has also been shown that carrier mobilities
increase exponentially with decreasing ligand length,12 and the
new classes of atomic and short organic ligands also allowed
improvements in band alignment, absorption coefficients, and
PV efficiencies.6,13,14 To achieve enhanced connectivity
between dots, CQDs can be fused directly with one another.15

The orientation, degree of fusing, and morphology of the fused
CQDs can be controlled by varying the synthesis conditions,16

suggesting that strongly fused CQDs could provide a pathway
for resolving the two seemingly contradictory requirements for
future optoelectronics: tunable quantum-confined optical
properties and strong electronic coupling.17,18

In addition to fusing CQDs, many recent efforts have
focused on synthesizing highly monodisperse CQD super-
lattice films with improved size and energy level homoge-
neity.7,19 For example, Weidman et al. synthesized highly

monodisperse PbS films by self-assembly, characterizing a
transformation from face-centered cubic (FCC) to body-
centered cubic (BCC) configurations.20,21 Through nano-
crystal attachment control, superlattices in both two-dimen-
sional (2D) square and honeycomb lattices have been achieved
for PbSe CQDs.22 Binary, ternary, and quaternary superlattices
have also been assembled for improved functionalities by
combining the photoluminescent, plasmonic, and magnetic
properties of each nanocrystal component.23,24 On the
theoretical front, Kalesaki et al. investigated the electronic
structures of 2D CdSe and PbSe honeycomb and square
superlattices using a tight-binding approach25,26 and demon-
strated the existence of nontrivial flat bands, Dirac cones, and
topological edge states. While hopping transport is the
dominant charge transport mechanism in colloidal nanocryst-
als,27−29 there have been reports of bandlike transport in
coherent CdSe30,31 and PbSe32 thin films with electron
mobilities approaching those of their bulk counterparts. In
this Letter, we use density functional theory (DFT)
calculations and the Boltzmann transport equation to
investigate the effects of crystal structure and fusing orientation
on the electronic, optical, and bandlike transport properties of
PbS CQD superlattices.
To model the CQD superlattices in the strong fusing regime,

we ignored ligands in our calculations. Direct fusing between
CQD where the ligands were stripped has been observed and
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engineered on purpose in experiments,15,16 and this approach
allows us to explore the upper bound of carrier mobilities in
highly fused CQDs. A bare PbS nanocrystal with a diameter of
∼1.5 nm and a calculated gap between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) of 1.4 eV was used to create 2D
and three-dimensional (3D) superlattices, as shown in Figure
1. The occupied orbitals and unoccupied orbitals near the
Fermi level mainly consists of S(p) and Pb(p) orbital
contributions, respectively.33 (Figure 1b). The large energy
splitting between the LUMO and LUMO+1 states is due to
the loss of translational symmetry in the nanocrystal.34

2D Superlattice. First, we considered 2D square, hexagonal,
and rhombic superlattices formed by necking CQDs via the
{100}, {110}, and {111} planes (Figure 2). The band structure
and partial DOS (PDOS) of the superlattices show that the
contributions of orbitals near the Fermi level are similar to that
of the isolated CQD. A distinct first excitation peak for each

superlattice exists in the optical spectra shown in Figure 3a,

indicating that quantum confinement is preserved. These peaks

Figure 1. (a) Prototype Pb44S44 nanocrystal with a diameter of 1.5 nm and its lattice planes. (b) PDOS showing that the HOMO and LUMO are
predominantly S 3(p) and Pb 6(p) characteristics.

Figure 2. Schematics showing the crystal structure of the nanocrystal arranged in 2D (a) square, (b) hexagonal, and (c) rhombic superlattices
connected via {100}, {110}, and {111} facets, respectively, viewed from the z-axis. Their corresponding band structure and PDOS are shown in
panels d−f, respectively. The bandgap is at (d) M = [1/2, 1/2, 0], (e) Γ = [0, 0, 0], and (f) Γ = [0, 0, 0]. All energies are referenced to the Fermi
level indicated by the blue line.

Figure 3. Absorption spectra of (a) 2D superlattices and (b) 3D
superlattices compared with those of a single isolated quantum dot.
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are red-shifted by ∼0.1 eV compared with the first excitation
peak of the isolated CQD, due to moderate delocalization of
the wave function into neighboring CQDs.
We next calculated carrier mobilities using the effective mass

approximation and deformation potential theory.35 We tested
the validity of the method for the bulk PbS solid, which has
well-reported electron (μe) and hole mobilities (μh) of 600 and
540 cm V−1 s−1, respectively, at 300 K. Using the elastic
modulus and effective masses reported in the literature36−39

and computed deformation potentials of 22 and 56 eV for
electrons and holes, we obtained a μe of 9.30 × 103 cm2 V−1 s−1

and a μh of 1.20 × 103 cm2 V−1 s−1 (for details, see the
Supporting Information). The overestimation by theory mainly
arises from the fact that deformation potential takes into
account only intravalley acoustic phonon scattering, while in
polar materials such as PbS, there is significant scattering of
carriers by optical phonons, which decreases the carrier
mobilities.40

Hybrid functionals and spin−orbit coupling (SOC)
corrections are necessary to accurately describe the electronic
structures of the lead chalcogenide family of semiconduc-
tors.36,38 Using a semilocal functional such as PBE and
neglecting SOC effects would overestimate the effective
masses, resulting in a μe of 120 cm2 V−1 s−1 and a μh of 150
cm2 V−1 s−1. These values are slightly lower but on the same
order of magnitude as the experimental values. These results
taken together suggest that error cancellations arising from (1)
neglecting optical phonon scattering and (2) neglecting SOC
and using the PBE functional are why our computed mobilities
are in good agreement with experiments. Despite these
opposing errors, we remain confident that the trends computed
are representative because the errors on the different
superlattices are comparable to each other.
The computed electron and hole mobilities of the square

lattice are ∼2 orders of magnitude higher than those of
hexagonal and rhombic lattices (Table 1). Because the HOMO
and LUMO of single CQD have a small contribution from
{100} facets but no contributions from {110} and {111}
facets,15,41 there is a much stronger wave function overlap
between CQDs connected via {100} facets (Figure 4).
For PbS CQDs, μe is larger than μh due to the greater spatial

delocalization of the single dot LUMO compared to that of the
HOMO.8,15 On the other hand, μe is lower than μh in bulk PbS
as the hole effective mass m*h is smaller than the electron
effective mass m*e.

38,46 In our strongly coupled superlattices,
the relative magnitudes of μe and μh change with their
electronic structures. For example, μe is larger in the square
lattice due to the greater degree of delocalization of the CBM
states compared to that of the VBM states, similar to the
isolated CQD case. For hexagonal lattices, however, the CBM
wave function of one CQD is completely out of phase with its
nearest neighbor, where coupling occurs only between second
nearest neighbors (Figure 4d). The VBM states, on the other
hand, are coupled between nearest neighbors (Figure 4c).

Therefore, m*h is smaller than m*e, with μe being smaller than
μh by ∼1 order of magnitude.
3D Superlattice. Due to its rock-salt crystal structure, the PbS

nanocrystal is a truncated octahedron with 6 {100}, 8 {111},
and 12 {110} facets.47−49 They then naturally form the 3D
simple cubic (SC), BCC, and FCC superlattices with 6, 8, and
12 nearest neighbors (Figure S1). As we are in the high fusing
regime, nanocrystals in the FCC lattice fused unintentionally
along the {100} plane in addition to the {110} plane due to
the shape of the nanocrystal, resulting in a high packing density
approaching that of the bulk crystal. Quantum confinement is
therefore lost in the FCC lattice with no observable excitation
peak (Figure 3b), and we will not consider this case for
transport calculations. In the intermediate fusing regime, we
expect the presence of ligands will keep the CQDs farther apart
and prevent such unintentional fusing. In contrast, quantum
confinement is still preserved in the SC and BCC lattices.
Similar to the case for the 2D superlattices, the carrier
mobilities of the SC lattice connected via {100} planes are 3
orders of magnitude higher than those of the BCC lattice
connected via {111} planes (Table 1), with similar wave

Table 1. Calculated Electron and Hole Mobilities for 2D and 3D Superlattices

2D rhombic 2D hexagonal 2D square BCC SC (Pb44S44) SC (Pb140S140) experiments

electron mobility (cm2 V−1 s−1) 6.4 × 10−5 (x) 4.8 × 10−5 1.5 × 10−3 8.4 × 10−6 7.9 × 10−3 1.1 × 10−2 ∼10−4 to 10−142−45

9.0 × 10−5 (y)
hole mobility (cm2 V−1 s−1) 1.2 × 10−5 (x) 5.6 × 10−4 1.1 × 10−3 4.5 × 10−5 3.9 × 10−2 7.4 × 10−2 ∼10−4 to 10−342−45

2.8 × 10−5 (y)

Figure 4. VBM and CBM of (a and b) the 2D square lattice at M =
[1/2, 1/2, 0], (c and d) the 2D hexagonal lattice at Γ = [0, 0, 0], and
(e and f) the 2D rhombic lattice at Γ = [0, 0, 0].
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function characteristics compared to the 2D counterparts
(Figure S2). This shows that the connecting facets determine
the fundamental coupling strength between CQDs.
There have been debates in the literature about how the

carrier mobilities vary with CQD sizes. In the hopping regime,
it was suggested that mobilities increase with CQD size
because the number of hops needed for carriers to travel
between the electrodes is reduced.12 The activation energy for
hopping also decreases with nanocrystal size, resulting in
higher carrier mobilities.50 On the other hand, as the size of the
CQD increases, wave function overlap between CQDs
decreases, resulting in lower carrier mobilities.51 Often the
competition between these factors makes it difficult to
succinctly describe size-dependent trends.52

Here we investigated the size dependence of carrier
mobilities in the bandlike regime. A larger prototype PbS
nanocrystal model 2 nm in diameter (Pb140S140) is used to
construct a SC lattice. Its electronic structure is shown in
Figure S3, and quantum confinement is also preserved as seen
in the optical spectra (Figure S4). Compared to the 1.5 nm
CQD, Pb140S140 has lower effective masses (Table S1) due to
the enhanced interdot coupling (Figure S3b). The effect is
particularly significant for the CBM states, because a highly
delocalized wave function is formed on the fused {100} plane
(Figure S3c). The carrier mobilities increased by ∼100%. If we
keep the number of fused atoms in the plane the same as that
of Pb44S44, while increasing the CQD size, the couplings
between neighboring CQDs are significantly reduced (Figure
S3e,f); the carrier mobilities are then reduced by as much as 5
orders of magnitude with a μe of 4.5 × 10−8 cm2 V−1 s−1 and a
μh of 2.1 × 10−4 cm2 V−1 s−1. This nanocrystal model
(Pb92S92), however, is unrealistic due to the large Wulff ratio
(h111/h100).

41

Our results show that in general the carrier mobilities
increase with the size of the nanocrystals. This is due to the
fact that as the radius of the nanocrystal (r) increases, the
average distance between them increases linearly with r,
decreasing the wave function overlap. The area of the
connecting facet, however, increases as r2, resulting in more
atoms being in contact with each other and increasing the
overall wave function overlap. However, the shape of the
nanocrystal can change the wave function in a very drastic way,
changing the carrier mobilities much more significantly.
We note that our calculated carrier mobilities should be

interpreted qualitatively. Because we considered only super-
lattices in the strong fusing regime, ligands have been ignored.
For CQD films with a low to moderate degree of fusing, the
impact of ligands on the electronic, optical, and transport
properties of superlattices should be systematically studied in
further works. We also note that the prototype CQD model is
small compared to those typically used in experiments, whose
Wulff shape might vary due to changes in the surface energy.
However, projection of the wave function onto the different
planes in our small dots is qualitatively similar to that of larger
dots studied previously.33,41 Therefore, we believe these trends
observed in our calculations to be useful. By varying the crystal
structures, lattice dimensions, and size of CQDs, we can
change the bandlike carrier mobilities by up to 4 orders of
magnitude. In addition to the common crystal structure
studied here, additional exotic crystal structures such as
honeycomb lattice53 provide a rich parameter space to explore
to uncover the desired properties of CQD solids.

On the basis of our observations, we propose several design
guidelines to achieve high mobilities in the PbS CQD
superlattice. (1) If the CQD can be epitaxially aligned in a
lattice, then simple cubic and square lattices that fuse along the
{100} facet would represent the most promising choice. (2) If
only the fusing facets can be controlled but not the crystal
symmetry, our results suggest that the synthesis should
maximize the number of {100} contacts between CQDs. (3)
If the size of the CQD can be easily controlled, then the largest
CQD with quantum-confined excitons (<18 nm) would be
desirable.
In summary, our work shows that controlling the super-

lattice structures is crucial to manipulating the electronic,
optical, and transport properties of highly fused PbS CQD
solids. We showed that the quantum confinement of CQD
solids is generally preserved even in the extreme fusing regime.
Carrier mobilities of SC and square lattice connected via {100}
facets are 2−3 orders of magnitude larger than those
superlattices fused along {110} and {111} facets. The relative
magnitude of electron and hole mobilities can also be
manipulated through crystal structure engineering. Our results
illustrate the importance of understanding the effects of crystal
structure and connectivity of CQD films for improved
optoelectronic performances and demonstrate that strongly
fused CQD superlattices offer a promising pathway to having
tunable quantum-confined optical properties while maintaining
strong electronic coupling.

■ COMPUTATIONAL METHODS

All DFT calculations were performed using the Vienna Ab
initio Simulation Package (VASP, version 5.4).54,55 Electronic
wave functions were expanded in a plane wave basis with an
energy cutoff of 400 eV, and the core−valence interaction was
treated by the projector-augmented wave (PAW) method.56

Atomic positions were relaxed until the residual forces were
<0.01 eV/Å. For all calculations, the Pb 5d106s26p2 and S
3s23p6 electrons were included in the valence and the exchange
correlation functional was approximated by the Perdew−
Burke−Ernzerhof (PBE) generalized gradient approximation.57

A vacuum spacing of 15 Å was added to the supercell in the z-
dimension to remove any spurious interactions in all 2D
superlattices and in all three spatial dimensions for isolated
nanocrystals.
The frequency-dependent dielectric function was computed

using the independent particle approximation. The absorption
coefficient, α(ω), was obtained using the formula
α ω ε ω= ω

ω
( ) ( )

cn( ) 2 , where c is the speed of light in vacuum,

ε2(ω) is the imaginary part of the dielectric function, and n(ω)
is the real part of the complex refractive index,

ω ε ε ε= + +n ( ) ( )2 1
2 1 2

2
1

2 , with ε1(ω) being the real part

of the dielectric function.
The electron and hole effective masses of the superlattices,

m*e and m*h, respectively, were obtained from the energy
bands of DFT calculations using the BoltzTraP code,58 by
taking the harmonic average of the parallel and perpendicular
effective mass at the CBM and VBM states.39 We increased
Monkhorst−Pack Γ-centered k-point sampling for Brillouin
zone integration until the effective masses were converged to
<0.1me, where me is the rest mass of the electron. For 2D
superlattices, only a single k-point is used in the z-direction.
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Elastic constant cα for a 3D crystal is obtained by fitting the
total energy change per volume (ΔE/V0) to dilation (Δl/l0)2
in the α direction, where V0 and l0 are the equilibrium volume
and lattice constant, respectively. In two dimensions, the fitting
is done using the energy change per area of the supercell (ΔE/
S0) to dilation (Δl/l0)2. The deformation potential constants,
Dα, for electrons and holes are obtained by fitting the energy
change at either the conduction band minimum (CBM) or
valence band minimum (VBM), Δe, to the lattice dilation

= Δ ΔαD e l l/( / )0 in the α direction.
The carrier mobilities in two and three dimensions can be

computed using the following formula using the effective mass
approximation to the Boltzmann transport equation and
deformation potential theory

μ =
ℏ

*
α

α

e c
D k T m

2
3 ( )2D

0
3

2
b

2

μ
π

=
ℏ

*
α

α

e c
D k T m

2(2 )

3 ( ) ( )3D

1/2
0

4

2
b

3/2 5/2

where e0 is the elementary charge, ℏ is the reduced Planck
constant, and kb is the Boltzmann constant.
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