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any chemical and physical pro-

cesses and properties, such as

crystal growth, crystal morphol-
ogy, and adsorption, are controlled by the
atomic structure of the surface and its en-
ergy. This is even more important for nano-
structured materials, in which the surface
energy gives a considerable contribution to
the total energy. Knowledge of the surface
structures and energies allows predicting
and optimizing the synthesis and, eventu-
ally, processing of nanocrystals into genu-
ine nanomaterials. In recent years, PbSe
nanomaterials have been intensively stud-
ied because of their attractive physical
properties and promises for near-infrared
opto-electronic applications.'® Through fu-
sion of smaller nanocrystal units, larger
nanostructures can be fabricated with a
wide variety of single crystal morphologies,
such as nanorods, spheres, cubes, stars, and
rings."1%~'® The experiments suggest that
the efficient oriented attachment—the mu-
tual alignment of nanocrystals during or
prior to fusion—can be attributed to di-
pole interactions caused by the electrically
charged, Pb- or Se-terminated {111}
facets.'%12715 However, this is currently just
a hypothesis. Although it is experimentally
proven that the nanocrystals carry dipole
moments,'®” the experiments are not suffi-
ciently sophisticated to prove the presence
of nonreconstructed, fully polar {111} facets,
and theoretical investigations are absent.

There are many experimental and theo-

retical studies on the properties of bulk
PbSe,'8~22 while the literature on the sur-
face structure and energy is scarce. Kim-
mura et al.?® grew a PbSe {111} surface on
the {111} surface of BaF,. From the results of
the high-resolution Rutherford backscatter-
ing spectroscopy, they found that the PbSe
{111} surface is dominated by Pb atoms.
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ABSTRACT Surface energies of the distinct facets of nanocrystals are an important factor in the free energy
and hence determine the nanocrystal morphology, chemical and physical properties, and even interparticle dipole
interactions. Here we investigate the stability and atomic structure of polar and nonpolar PhSe surfaces by
combining first-principles calculations with high-resolution transmission electron microscopy (TEM). For uncapped

surfaces, the calculations predict that the nonpolar {100} surface is the most stable with a surface energy of

0.184 J m~2, while the nonpolar {110} and reconstructed {111}-Ph surfaces have surface energies of 0.318 ) m~2

and 0.328 J m~2, respectively. Fully polar {111} surfaces are structurally unstable upon relaxation. These findings
are in good agreement with TEM observations showing that capped nanocrystals have a nearly spherical,
multifaceted morphology, while cubical shapes with predominantly {100} facets are obtained when the capping
molecules are removed through heating in vacuum. During this process, however, also multipolar surfaces can
temporarily exist just after the removal of the surfactants. These metastable {111} surfaces consist of ribbon-like
nanodomains, whereby the ribbons are alternating in polarity. The calculations confirm that these multipolar
surfaces are energetically more favorable than fully polar surfaces. The consequences for capped nanocrystals (a
dominant Pb-oleate termination) and nanocrystal fusion (a shorter interaction range of dipole interactions) are

discussed.

KEYWORDS: nanocrystals - surface energies - polar surfaces - transmission electron
microscopy - first-principles calculations

Moreels and co-workers prepared colloidal
PbSe nanocrystals of a uniform size.?* They
also investigated the interplay between the
Pb-coordinating ligands and the structure
of the PbSe surfaces in solution by nuclear
magnetic resonance spectroscopy (NMR). It
was concluded that the ligands have a
strong impact on the nanocrystal surfaces
and that capped PbSe nanocrystals are non-
stoichiometric with a surface that is com-
posed mainly of oleic acid capped lead at-
oms.?* Ma et al. investigated the geometric
and electronic properties of PbX (X = S, Se,
and Te) {100} surfaces using the density
functional method.?*> However, there is no
information about the surface energies.
With the fast increasing interest in colloi-
dal semiconductor nanocrystals, it is of key
importance to investigate the surface struc-
tures and related energies of colloidal PbSe
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Figure 1. Configuration of {100}, {110}, and {111} PbSe surfaces. Full circles indicate surface atoms (top layer) and quasi-
surface atoms (these atoms are only partially covered; they have at most one atomic bond to the top layer). Empty circles in-
dicate subsurface atoms (having two or more bonds with atoms at an elevated layer). Subfigure (c) shows a fully polar con-
figuration with one Pb-terminated surface and one Se-terminated surface in order to maintain stoichiometry. The bottom
two configurations (d,e) are reconstructed {111} surfaces. There is one reconstructed variant {111}-Pb whereby half the Pb
atoms are absent in the surface layer, and a domain-wise polar variant {111}—2Pb with ribbons of Pb atoms on top of a Se
atomic layer. {111}-Se and {111}—2Se surfaces can be constructed analogously.

nanocrystals, a prototype of a NaCl-type crystal, opti-
cally active in the near-infrared. Here, we present both
theoretical (density functional theory (DFT) simulations)
and experimental (transmission electron microscopy
(TEM)) results on the different surfaces of PbSe. The ob-
tained information is not only helpful to understand
the stability of nanocrystalline facets, but also to under-
stand the difference between capped and uncapped
nanocrystals, and temperature-induced nanocrystal
reconstructions.*'%2627 |n the case of nanometer-sized
crystals, the relative occurrence of different facets is de-
termined by the surface energies. The relative surface
energies can be obtained by analysis of HRTEM data of
the nanocrystals, using the Wulff diagram.282°

For the experiments, PbSe nanocrystals were used
with sizes of 8.0 and 9.8 = 0.7 nm in diameter; the origi-
nal oleic acid capping is replaced by hexylamine capping
in order to obtain uncapped nanocrystals by molecular
evaporation at relatively low temperature. Details on the
synthesis are given elsewhere.3° The TEM specimens were
prepared by drop-casting PbSe NC suspensions in tolu-
ene on a SiN MEMS microhotplate with electron-
transparent windows, which allows high-resolution imag-
ing at elevated temperature.’ A Titan aberration-
corrected microscope operating at 300 kV was used for
TEM characterization of the nanocrystals. To investigate
the stability of the polar {111} facets and to observe
changes in morphology of the nanocrystals, the nano-
crystals were heated at temperatures up to 150 °C.

Below we will first discuss the structure of the polar
and nonpolar surfaces of PbSe, followed by the experi-
mental TEM results and the theoretical density func-
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tional theory (DFT) calculations. Next, experimental
and theoretical findings of an unusual reconstruction
of the polar {111} surfaces are discussed, followed by a
brief summary of the conclusions.

RESULTS AND DISCUSSION

Polar and Nonpolar PbSe Surfaces. To calculate the ener-
gies of various PbSe surfaces using quantum mechani-
cal methods, appropriate supercells need to be con-
structed which are always stoichiometric and periodic
in three dimensions. These cells include two surfaces,
separated by a slab of vacuum thick enough to render
the interaction between the surfaces negligible.

Two such supercells are shown in the Supporting
Information.

Figure 1 shows all the PbSe surfaces considered in
this work. PbSe has the cubic rock salt or NaCl-type
structure®! with one lattice parameter a,. The presently
calculated lattice parameter (ao = 0.621 nm) is slightly
larger than the experimental values (a, = 0.610 nm at
40 K and a, = 0.612 nm at room temperature),'¢203!
which is not untypical for the DFT-GGA methods (com-
putational details are given in the Methods section).
Our calculated value is also close to the former theoreti-
cal calculations (ap = 0.611 nm, or d; = 0.621 nm).'9%
In the bulk structure, each atom has six nearest neigh-
bors in the direction of the cubic (100) axes. Each Pb
atom has six Se atoms as nearest neighbors, and each
Se atom has six Pb nearest neighbors.

At the {100} surface, each atom misses one nearest
neighbor (see Table 1 and Figure 1a). The unit cell of
the {100} surface has an area of ag X aq (aq is the lat-
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TABLE 1. Cleavage and Surface Energies for the Low-Index
Surfaces of PbSe Using the DFT-GGA-PAW Method“

surfaces broken bonds (per atom)  Yea U M™2)  Vurtae U M™3)

(100) Sf (Pb,2/4):
Sf (Se,2/4):
(110) Sf (Pb,1/2):
Sf (Se,1/2):
(111)-a fully polar St (Pb,3/3):
Sf (Se,3/3):
(111)-Se nonpolar Sf (Se,2/4):
Ssf (Ph,2/4):

1 0.488 0.184
1
2
2
3
3
3
1
Ssf (Pb,2/4): 2
3
1
2
3
3
2
1
0

0.983 0.318

unstable® unstable¢
unstable® unstable¢
1.493 0.419

(111)-Pb nonpolar Sf (Pb,2/4):
Ssf (Se,2/4):
Ssf (Se,2/4):
(111)-2Pb nanopolar St. (Pb,2/4):

1.367 0.328

1.634 0.412
Ssf.(Se,1/4):
Ssf.(Se,1/4):
Ssf.(Se,1/4):

Ssf.(Se,1/4):

“The surface configurations are shown in Figure 1. In the second column, the num-
ber of broken bonds for the surface (and subsurface) atoms are also given. Here Sf
represents the surface atomic layer (AL) and Ssf the sub-surface AL. In between
brackets, the number of the Pb and Se atoms are given with respect to the total
number of atoms in the AL. *The cleavage energy depends on the shapes and thick-
ness of the slab and vacuum. The two top surface layers detach and are displaced
into the vacuum during the structural relaxation.

tice parameter of the bulk), each atomic layer (AL) in
the cell contains two Pb and two Se atoms. The c-axis
contains a PbSe slab of 2.48 nm and a vacuum layer of
1.24 nm.

The {110} surface unit cell displayed in Figure 1b
has an area of \/2a, X a,. Each AL contains equal num-
bers of Pb and Se atoms, and the Pb and Se atoms
form lines along the a-axis. The atoms at the surface
layer miss two nearest neighbors. The supercell has a
length of about 3.51 nm (about 1.76 nm slab and 1.76
nm vacuum).

The polar {111} surface is shown in Figure 1c. The
stacking order along the (111) axis is ...AcBaCb...,
whereby A,B,C represent Pb atoms and a,b,c represent
Se atoms. Therefore, the {111} atomic layers consist en-
tirely of either Pb or Se atoms and are alternating as
..PbSePbSePbSe... The structure can be described by a
hexagonal lattice (a = \/2ao) as displayed in Figure 1c,
whereby each AL contains one Pb or Se atom in the unit
cell. PbSe is an ionic material whereby the Pb and Se at-
oms carry positive and negative charges, respectively.
Because the atomic layer at the surface consists entirely
of Pb or Se atoms, the top layer contains a net charge
which leads to an electric dipole moment in the direc-
tion perpendicular to the surface. Such polar surfaces
are not stable for large crystal sizes.3?734

To investigate feasible {111} surfaces, defective sur-
faces need to be constructed, as in the cases of
oxides.32~3* We create a configuration starting from
the smooth, fully polar {111} surface displayed in Fig-
ure 1c. Here the slab has two fully occupied surfaces,
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one surface contains only Pb atoms and the other only
Se atoms. Half the Pb atoms from the Pb top layer are
moved to the other side of the slab, and added in the
empty Pb layer on top of the Se surface layer, as shown
in Figure 1d. We refer to this reconstructed surface as
{111}-Pb. Both surfaces in the calculation cell are now
equivalent and partially Pb-terminated. {111}-Se recon-
structed surfaces can be constructed analogously. The
thickness of the slab is 3.18 nm and the vacuum be-
tween the surfaces is 1.12 nm. The systems are stoichi-
ometric and the surfaces are nonpolar. Although the
partially occupied top layer contains net charge, the
fully occupied Pb/Se layers underneath contain alter-
nating opposite charges twice as large, which renders
the net dipole moment perpendicular to the surface
very small; Therefore, we consider these reconstructed
{111}-Pb and {111}-Se surfaces nonpolar.

For the smooth {111} surfaces, each surface atom
misses three nearest neighbors. Meanwhile, for the de-
fective {111} surfaces, each surface atom in the partially
occupied top layer loses three nearest neighbors. Of
the subsurface atoms, half are four-coordinated (three
bonds in the slab and one bond with the surface atom)
while the other half are five-coordinated (three bonds
in the slab and two bonds to the surface atoms). The to-
tal number of broken bonds for a defect surface is the
same as for a smooth surface, as shown in Table 1.

All calculations were performed for PbSe surfaces
without capping molecules. In the TEM analysis, the
morphology of nanocrystals with and without capping
molecules is investigated and mutually compared.

Experimental TEM Analysis of PbSe Nanocrystals. To investi-
gate the difference in morphology between
hexylamine-capped and uncapped nanocrystals, PbSe
NCs were first dropcast onto a thin SiN membrane, and
subsequently heated in situ in the TEM to remove the
hexylamine capping through evaporation. For this pur-
pose, it was necessary to replace the original oleic acid
capping with hexylamine, because heating with the
original oleic acid capping leads to carburization of not-
evaporated ligands, which hampers a reliable NC sur-
face analysis (details are in the Supporting Information).
It is known from previous work that the nanoclusters
have a tendency to fuse to larger single crystals when
temperatures of 100— 150 °C are reached.’ In this work,
the NCs were first analyzed as dropcast and were sub-
sequently heated at a rate of 3.3 °C/s from room tem-
perature to 120 °C, after which the temperature was
kept constant. After 30 min at this temperature, the
nanoclusters were analyzed again and were found to
have transformed into cubical shapes as described into
more detail below. Heating in the same way to a higher
temperature of 150 °C gave the same result.

Below certain NC sizes, size effects may change the
equilibrium morphology. In this work, two nanocrystal
sizes of 8.0 and 9.8 = 0.7 nm were used and no
difference in morphology evolution was found, which
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Figure 2. High-resolution TEM images showing the morphology of PbSe NCs: (a) PbSe nanocrystals in a [011] projection, so
that the {100}, {110}, and {111} surfaces can be observed simultaneously; (b) example of the Wulff diagrams (in this case cor-
responding to panel a) that were used to derive relative surface energies; (c,d) other PbSe NCs in a [011] projection; (e)
other NCs in various orientations; (f) nanowires are formed in low-density areas after annealing at 120 °C; (g) in general, cu-
bical shapes start to dominate after longer annealing times as the surfactants evaporate; the corners of the cubes display

{100} nanofaceting, as indicated with white arrows.

suggests that size effects are not significant for PbSe in
this size range.

Figure 2a—e shows the morphology of PbSe nano-
crystals (NCs) as dropcast from the suspension. The sur-
face Pb atoms are for a great part bond to hexylamine,
which forms the capping ligand of the nanocrystals.
When in the right orientation, {100}, {110}, and {111} fac-
ets can be distinguished. Upon annealing, the hexyl-
amine evaporates from the nanocrystals leaving virgin
facets, some of these having a high energy. Hence,
nanocrystal reconstructions are induced to lower the
overall energy. For instance, upon annealing at a tem-
perature of 120 °C, nanowires are formed (Figure 2f)
from individual NCs due to oriented attachment.”® Here,
we focus on the surface reconstructions observed with
individual PbSe nanocrystals.

Isolated nanocrystals that have a nearly spherical,
multifaceted morphology become increasingly cubic
after decapping. The corners of the cubes are imper-
fect, but do not correspond to {110} nor to {111} facets
which are commonly found in the capped nanocrystals.
Cubical shapes are clearly observed in Figure 3, where
larger PbSe crystals are displayed that were formed
from fusion of smaller NCs after extended annealing at
150 °C. Figures 2g and 3 show that the corners of the
nanocrystals are reconstructed into tiny {100} facets, in-
dicating that {100} is the most stable surface. Figure 4
shows the ideal configuration of uncapped nanocryst-
als, and the evolution from multifaceted, capped sur-
faces to reconstructed, {100} nanofaceted surfaces. The
nanocrystal morphology, the relative area of the differ-
ent facets and the associated surface energy all change

/@) . .
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during the annealing treatment. Of key importance
here is the influence of the hexylamine capping. The
polar heads of these ligands can stabilize (polar) facets
that are unstable when the original oleic acid capping is
removed.

The Wulff diagram?2° was used to deduce the ratio
of the surface energies from the nanocrystal morphol-
ogy. As an example, Figure 2b shows the Wulff diagram
derived from the experimental image 2a, showing a
capped nanocrystal displaying {100}, {110}, and {111}
surfaces (in the [011] projection, all relevant surfaces are

Figure 3. Large crystals of PbSe obtained after extended an-
nealing at 150 °C: (a) large rectangular PbSe nanocrystal; (b)
surfaces that have reconstructed into nonpolar {100} nano-
facets, as schematically shown in Figure 4d.

www.acsnano.org
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Figure 4. Schematic showing the surface configuration of
(a) an ideal single-faceted nanocrystal having only {100} fac-
ets; (b) a multifaceted nanocrystal surface; (c) a reconstruct-
ing surface; and (d) a {100} nanofaceted surface.

present). In Figures 2g and 3 however, the surfactants
are no longer present due to annealing and the nano-
crystal shape transforms to a cube with dominant {100}
surfaces. Table 2 lists the average relative surface ener-
gies that are derived experimentally applying the Wulff
diagram for 20 surfactant-covered NCs (examples are
in Figure 2a,c,d), as derived from the cubical shapes of
surfactant-free nanocrystals (Figures 2g, and 3), and as
deduced from the theoretical calculations (Table 1).
Because no calculations were performed on
surfactant-covered surfaces, a direct comparison be-
tween theory and experiment cannot be made for that
case. However, for uncapped surfaces the experimental
values (derived from the cubical shapes and {100} nano-
faceting) are in excellent agreement with the theoreti-
cal data. Here it should be realized that the Wulff dia-
gram is a three-dimensional diagram. If the {110} and
{111} surface energies are much higher than the {100}
surface energy, the {110} and {111} surfaces in Figure 2b
will be “pushed out” by the vectors with relative lengths
Y110 and 111, respectively, until the six {100} facets inter-

TABLE 2. Summary of Experimental and Theoretical
Surface Energy Ratios”

surface energy as dropcast after annealing theory
ratio (capped) (uncapped) (Table 1)
Yo/ Yo 1.00 1.00 1.00
Yo/ Yioo 1.02 = 0.03 >1.41 1.73
’Ym/’on(] 0.96 =+ 0.02 >1.73 1.78

“The averaged experimental values for as-dropcast NCs were determined from the
relative size of the facets using Wulff diagrams (example in Figure 2b) of 20 NCs in
a [011] projection (as in Figure 2a,c,d). The error is twice the standard deviation in
the relative surface energies derived from the 20 NCs. The experimental ratio after
extended annealing was deduced from the cubical shapes observed after extended
annealing at 120 and 150 °C (Figures 2g and 3) as described in the text. Theoretical
values for uncapped surfaces are derived from Table 1.
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sect to form a cube. The {110} facets will no longer be
present when their energy is higher than \/2+v14, and
the {111} facets will no longer be present when their en-
ergy exceeds \/3vy100, hence the values of 1.41 and
1.73 in Table 2.

Calculation of PhSe Surface Energies. For all above-
mentioned surfaces, both the cleavage and surface en-
ergies were calculated. The minimum energy to cleave a
crystal is named the cleavage energy v, and is calcu-
lated as273*

Ya = (Egap — Epuid/A m
where the Ej,p, is the energy of the cleaved system,
Epui the cohesive energy of the bulk PbSe with the
same number of atoms, and A the area of the cleavage
surface. In general such cleaved surfaces will relax or
even reconstruct to a more stable surface structure with
a different energy. The surface energy +ysu for each sur-
face is then defined as®*

Ysurt = (Eretax = Epund/2A )

One cleavage creates two surfaces, hence the fac-
tor 2 in eq 2 in comparison with eq 1. If there would
be no reconstruction of the surfaces, the surface en-
ergy would be equal to half the cleavage energy; how-
ever, in general relaxation will always take place and
lower the surface energy. The value of surface energy
(Vsuf With unit J m~2) can be used to predict the stabil-
ity of the surface. The larger the value is, the less stable
is the surface. Table 1 lists calculated cleavage ener-
gies and surface energies, as well as details about the
termination and the number of broken bonds.

First we discuss the cleavage energies of PbSe.
Among the three low-index orientations, cleavage in
the {100} plane requires the least energy, as shown
in Table 1. On the other hand, the cleavage energies in
{111} planes are significantly larger than those of the
{100} and {110} planes. That agrees with experiments
where it was found that the {100} plane is the cleavage
orientation according to the Griffith’s criteria.?®

Structural relaxation of the {100} surface (Figure 1a)
is moderate. The surface Pb/Se atoms move inward to
the slab. The surface also becomes uneven, as the Pb
atoms (0.019 nm) are displaced inward more than the
Se atoms (0.016 nm). There is also a slight oscillation of
the interlayer distances. These findings are similar to the
recent calculations by Ma et al.?> Comparatively, the
structural relaxation of the {110} surface, displayed in
Figure 1b, is much stronger. The relaxation occurs
mainly in the direction perpendicular to the surface.
The surface Se atoms move 0.005 nm outward, while
the surface Pb atoms move 0.009 nm inward. As a re-
sult the Se atoms again are about 0.014 nm higher than
the Pb atoms on the {110} surface.
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A smooth {111} system with one Pb-terminated sur-
face and one Se-terminated surface, as displayed in Fig-
ure 1¢, is structurally completely unstable. During struc-
tural relaxation, the two top layers ({ - - - PbSe} at the one
end of the slab and { - - - SePb} at the other end of the slab)
detach from the surface and are displaced into the
vacuum, followed by the detachment of the next bilay-
ers, until the crystal has completely disintegrated. The
smooth, polar {111} surfaces are therefore structurally un-
stable, and a meaningful surface energy cannot be
calculated.

The reconstructed {111}-Pb and {111}-Se surfaces
(Figure 1d) with half-occupied Pb or Se surface layers
were found to be structurally stable, though. As ex-
plained previously, these reconstructed surfaces can
be considered nonpolar because the net dipole mo-
ment at the surface is small. The structural optimiza-
tions showed strong relaxation, occurring mainly along
the direction perpendicular to the surface. Details are
given in the Supporting Information.

Our calculations show large differences between
the energies of the different PbSe surfaces, as shown
in Table 1. The {100} surface is the most stable one with
the lowest surface energy of 0.184 J m~2. The {110} sur-
face has a surface energy 73% higher than that of the
{100} surface. The calculated surface energies are in
good agreement with the experimental observations
and the Wulff model for the case of uncapped surfaces,
that is, after the removal of the capping molecules
through annealing (see Table 2). The surface energy of
the reconstructed {111}-Pb surface is close to that of
{110}, as shown in Table 1. The calculations also show
that the {111}-Pb surface is significantly more stable
than the {111}-Se surface (Table 1), indicating high sta-
bility of the Pb-terminated surfaces. This agrees with
the preferred Pb-termination as found by means of Ru-
therford backscattering spectroscopy performed on
epitaxially grown PbSe{111} layers.?

Nanodomains on Multipolar {111} Surfaces. We have de-
scribed the theoretical and experimental results on the
most obvious surface types. However, both during the ex-
periments and when varying surface reconstructions in
the calculations, we have found a strongly deviating {111}
surface type which consists of nanodomains with alter-
nating polarity, so that we can speak of a multipolar sur-
face. Below we will first discuss the structure of that inter-
face and its metastable energy, followed by the
experimental TEM observation of that surface which ex-
ists only temporarily, shortly after removal of the capping
molecules.

As previously mentioned, the calculations showed
that the reconstructed nonpolar {111}-Pb surfaces have
much lower surface energies than the fully occupied,
polar {111} facets. However, alternative reconstructions
with nanosized polar domains on {111} surfaces were
found to be energetically favorable as well. Various pos-
sibilities for nanopatterning can be considered. To show

NANC) voL 4 = No.1 = FANG ET AL

the effect of charge-domains on the {111} surfaces, we
build the following configuration. Starting from the re-
constructed {111}-Pb surfaces, a supercell is built with
an area of 4ay, X a, (with ay, being the length of the
a-axis of the hexagonal lattice), as shown in Figure 1e.
In the unit cell, two Pb atoms occupy two neighboring
sites while the other two sites are unoccupied to main-
tain the zero-charge nature of the surface. We therefore
denote this surface as {111}-2Pb. As a result, the surface
consists of alternating ribbons of Pb and Se atoms. The Se
atoms in the sublayer have four different coordinations:
one-quarter of them lose three Pb bonds (Se-3) as in the
{111}-Se surface, one-quarter lose 2 Pb neighbors (Se-4),
and one-quarter lose 1 Pb neighbor (Se-5), in the same
way as in the case of the {111}-Pb surface. The last one-
quarter of Se atoms are six-coordinated (Se-6).

The calculations show strong relaxation (or recon-
struction) for the surface and subsurface atoms, al-
though the basic structure is retained. The two Pb at-
oms in the top layer have total displacements of 0.022
and 0.026 nm, respectively, and form uneven ribbons.
Details are given in the Supporting Information.

As shown in Table 1, the surface energy of the {111}-
2Pb domain surface is 0.412 J m~2, which is about 26%
higher than that of the {111}-Pb surface, and slightly
lower than that of the {111}-Se surface. Therefore, the
calculations predict metastability of these charged {111}
domains. Note that the calculations are for the ground
state (at zero K and zero pressure). At higher tempera-
tures, where entropy contributions are significant, the
multipolar {111} domains can very well be energetically
more favorable or even stable. The tiny polar domains
also provide active sites for ligands, which further re-
duces the surface energy and makes their occurrence
more probable. Considering that the Pb-ribbons are
positively charged while the Se-ribbons are negatively
charged, the nanodomains induce tiny dipoles on the
{111} surfaces, which will induce interactions between
nanocrystallites. During a heating experiment of PbSe
NCs,"® experimental evidence was found for the exist-
ence of such nanodomains.

Figure 5 shows a TEM image with a PbSe nanocrystal
sticking out over the edge of a hole in the SIN mem-
brane, with its {111} surface observed edge-on, at vari-
ous instants in time. The TEM recordings were made at a
temperature of 120 °C, so that the surfactants are no
longer present. In Figure 5b, a three-dimensional sche-
matic shows the corresponding nanopatterning which is
based on the domain model displayed in Figure 1e. A
continuous reconstruction of dipole nanodomains at the
{111} surface is observed. The exposure time of the indi-
vidual recordings was 200 ms, and changes of the surface
(lateral displacement of individual rows) were observed
multiple times per second. The transient nature of the sur-
face is in agreement with the calculations predicting
metastability of {111}-2Pb and {111}-Pb surfaces and in-
stability of the smooth {111} surfaces.
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As mentioned in the introduction, Moreels et al.?* re-
ported from NMR observations that the surfaces are
mainly Pb-terminated and thus that the NCs are non-
stoichiometric. Strictly speaking, the calculations per-
formed in the current work are only valid for stoichiomet-
ric PbSe. However, it can be expected that the relative
energies will be quite similar when the material is nearly
stoichiometric. Qualitatively, the NMR observations can
be related to our theoretical results as follows. We showed
that nonreconstructed, fully polar Pb- or Se-terminated
{111} surfaces are completely unstable. However, in a so-
lution during nanocrystal synthesis, the Pb-terminated
surfaces become capped with the capping ligand, while
the Se atoms on the Se surface become covered with Pb-
ligand moieties. In such a way, polar surfaces become pre-
dominantly Pb-ligand terminated.

We note that there should be a remarked differ-
ence between the electric interactions of fully polar sur-
faces and multipolar, nanodomain surfaces. The interac-
tion force of multidipole surfaces is relevant at much
shorter distance (the potential energy of linear multi-
poles decreases as 1/r* or even faster) than for uniformly
charged surfaces (where the Coulomb potential en-
ergy decreases with 1/r).3¢ So at a separation of, for ex-
ample, 10 nm, the force between linear multipole facets
will be about 100 times weaker than the force be-
tween uniformly charged facets. However, at suffi-
ciently short distance the interaction between the {111}
multidomain surfaces might still be sufficiently strong
to explain the dynamics or oriented attachment, re-
ported in a previous work." Although the calculations
were performed only for uncapped surfaces, it is likely
that nanodomain-patterning is also favorable for the
case of capped {111} surfaces, considering that the in-
terface energy is the sum of the formation energy of the
surface and the adhesion energy of the surfactants.
The formation energy of the PbSe surface is lower, while
the nanodomains are still large enough in area to have
strong interactions with the capping molecules.

CONCLUSIONS

By means of first-principles calculations, {100}, {110},
and {111}-Pb surface energies of PbSe were calculated as
0.184,0.318, and 0.328 J m ™2, respectively. Fully polar sur-
faces are structurally unstable, and making the slab thin-

Figure 5. Experimental evidence of nanodomains at the PbSe(111)
surface. (a) TEM image of a PbSe nanocrystal with its (111) surface over
the edge of the SiN support. (b) Three-dimensional schematic show-
ing the nanopatterning based on the domain model. (c—f) Same as
panel a, at various instants in time. Continuous reconstruction of po-
lar nanodomains at the (111) surface is observed. The TEM recordings
were made at a temperature of 120 °C, so that the surfactants (hexy-
lamine) are no longer present.

ner could not stabilize the surfaces. However, recon-
structed {111} surfaces with ribbonlike polar domains
can occur. The calculated results are in good agreement
with TEM observations, where transitions in morphology
were observed (from multifaceted nearly spherical to
nearly cubic) as hexylamine surfactants are removed
through gentle annealing. Although surfactants can sub-
stantially decrease the surface energy, the presence of
fully polar {111} facets—which would induce very large
dipole moments—is unlikely because Pb-terminated re-
constructed {111} surfaces (both nonpolar and nan-
odomain polar) have formation energies an order of mag-
nitude lower. Therefore, alternating negative/positive po-
lar nanodomains can be stable on {111} facets. Conse-
quently, dipole interactions between such nanocrystals—
leading to efficient oriented attachment—are certainly
possible, but the interaction range will be much shorter
than is currently assumed in the literature.

METHODS

All calculations were carried out using the first-principles’ VASP
code (Vienna ab initio Simulation Program)*’—3? employing the
density functional theory (DFT) within the projector-augmented
wave (PAW) method.***' The generalized gradient approximation
(GGA) digitalized by Perdew, Burke, and Ernzerhof (PBE) was em-
ployed for the exchange and correlation energy terms.*? The cut-
off energy of the wave functions and the augmentation functions
is 264.4 and 446.8 eV, respectively. The electronic wave functions
were sampled on a 12 X 12 X 12 grid with 84 k-points in the irreduc-
ible Brillouin zone (BZ) of bulk PbSe using the Monkhorst and Pack
method.*” The k-meshes of the surface systems were produced in cor-

www.acsnano.org

respondence with that of the bulk. We tested different k-meshes
(from 10 X 10 X 10 with 56 k-points to 20 X 20 X 20 with 285
k-points) for a conventional cell of bulk PbSe, as well as cutoff en-
ergies from 200 to 600 eV and from 400 to 700 eV for the waves and
augmentation waves, respectively. The tests of k-mesh and cutoff
energies showed a good convergence (<1 meV/atom).
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