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ABSTRACT: A series of Pb,Sb,,Se,.,s, nanocrystals (m = 2, 4, 6
and 8; n = 1) are demonstrated that exist only as a distinct phase on
the nanoscale. The nanocrystals aggregates are new compounds
adopting the cubic NaCl-type structure. These materials form
aggregates comprised of nanocrystallites that are attached at a
preferred orientation. Elemental compositions were studied using the
complementary techniques of scanning transmission electron
microscopy/energy dispersive X-ray spectroscopy and inductively
coupled plasma-atomic emission spectroscopy. The new ternary
nanocrystal aggregates are moderately monodisperse and exhibit

well-defined band gap energies in the mid-IR region. The
Pb,,Sb,,Se,,.3, nanomaterials behave as homogeneous solid solutions with lattice parameter trending as a function of Sb
incorporation at room temperature and tend to phase separate into PbSe and Sb,Se; at 400 °C.

B INTRODUCTION

Semiconductor nanocrystals have highly tunable electronic,
catalytic, and optical properties through size shape and
composition adjustments.'~’ These unique characteristics
make them suitable for various applications such as light
emittin§ diodes,” '* optical elements,">~"° photodetec-
tors, *" ™ solar cells,'” "> and thermoelectric devices.”>™>°
Among the IV—VI semiconductors, the narrow band gap and
large Bohr radius of the lead chalcogenide, PbQ (Q = S, Se, and
Te) nanocrystals are highly studied infrared quantum dots.”” >
The rock-salt lattice leads to an electronic band structure
different from that of the typical II—VI compounds (e.g., CdQ)
with important consequences for the optical and electrical
properties in the regime of strong confinement.’”’' In
particular, PbSe has been extensively investigated due to its
excellent electronic and optical properties: (1) high absorption
coefficient,”” (2) large Bohr exciton radius (o = 46 nm),” and
(3) high dielectric constant (¢ = 24).** In addition, PbSe NCs
exhibit multiexciton generation (MEG) property that could
potentially increase the theoretical efficiency of photovoltaic
devices to as high as 43%.'”** Sb,Se, a pnicogen chalcogenide
(V=VI) binary semiconductor crystallizes in an orthorhombic
space group with a highly anisotropic structure.”>*° It has
medium band gap (~1 €V),” high Seebeck coefficient,”® and
fast amorphous-to-crystalline phase transition.”” Because of
these attractive electronic and optical properties and good
chemical stability it is a potential candidate for photovoltaic,
thermoelectric, and electrochemical hydrogen storage applica-
tions.*"*!

Most efforts to date explored the dimensional regime of
nanomaterials and its effects on physical properties but little
attention have been paid to the possibility of using it as a tool
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to discover new materials. Recently, our group prepared
Pb,,Sb,,Te,,.s, nanocrystals, which are new phases within the
PbTe-Sb,Te; system stabilized in the nanoscale regime.*
Nonequilibrium phases of oxides (wurtzite-type CoO,"
Ni,_,Fe,CO*" and bixbyite V,0;)* and intermetallic com-
pounds*®*” [Au;M** and Au;M,_,*’ (Fe, Co, Ni)] have also
been prepared through size reduction to the nanoscale. This
represents a new approach to nanoparticle science that has the
potential to lead to entirely novel nanomaterials since it is not
based on the familiar paradigm of nanosizing known bulk
solids. As shown previously, more complex ternary and
quaternary nanocrystals can exhibit different properties or
enhanced ability for functionalization as demonstrated by the
new magnetic properties, higher thermoelectric figure of merit,
and the observation of band inversion reported for certain
systems. "> Examples of these more complex nanocrystals are
the Cu and Ag-chalcogenides which include CulnS,,”’
CulnSe,,’> Cu,ZnSnS,,>*** Cu,ZnSnSe,,*** AglnS,,”’
AgInSez,51 and AngmeTem+2.48’50

In this paper we report the preparation of a series of
Pb,,Sb,,Se,..3, flower-like nanocrystal aggregates with cubic
rock-salt type structure (Fm3m). This family appears to exist
only as nanoscale stabilized phase. Based on the bulk phase
diagram (Figure 1), only one compound exists in the PbSe-
Sb,Se; system and crystallizes in the orthorhombic (Pnnm)
space group.”® Further, we confirm that the nanocrystal
aggregates are homogeneous (i.e., single phases) as opposed
to phase-separated systems.
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Figure 1. Schematic of the pseudo binary phase diagram of PbSe—
Sb,Se; showing the immiscibility of the two phases.

B EXPERIMENTAL SECTION

For the materials, synthesis of Pb,Sb,,Se,,s, nanocrystals, and
characterization subsections, please refer to the Supporting Informa-
tion (SI) for detailed descriptions.

B RESULTS AND DISCUSSION

The series of Pb,,Sb,,Se,,.3, nanocrystals was synthesized by a
colloidal hot injection method using oleic acid (OA) as
surfactant and octadecene (ODE) as the reaction medium. This
surfactant/solvent combination, along with lead and antimony
acetate salts, has been shown to yield stable, monodisperse and
ternary Pb,,Sb,,Te,,, 5, nanocrystals (m = 2, 3, 4, 6, 8 and 10; n
= 1 and 2). Elemental Se dissolved in tri-n-octyl phosphine
(TOP) was used as the Se source. In a synthesis of
Pb,,Sb,,Se,..3, nanocrystals, acetate salt precursors were
converted to oleate salts upon heating the reaction mixture to
100 °C. This subsequent conversion is accompanied by drying
to ensure the complete removal of water as the reaction mixture
is heated under vacuum. A schematic representation of the
synthesis is provided in Figure 2. Complete drying was signaled
by the formation of a colorless mixture. The temperature of the
resulting solution was raised to 180 °C, and the prepared Se
precursor solution was swiftly injected. This temperature is
above the decomposition temperature for both antimony and
lead oleates. The reaction was allowed to proceed for 2 min to
ensure the formation of relatively monodisperse nanocrystal
aggregates. The amount of Sb incorporation into the PbSe
lattice is close to the nominal amount of the Sb precursor. This
suggests that good control of the composition can be achieved
by just varying the nominal amounts of the starting precursor.

It is remarkable that a significant amount of Sb can be
incorporated into the lattice by using OA as capping ligand,
contrary to the previously prepared Pb,,Sb,,Te,,,s, nanocrystal
analogues which require oleylamine in addition to OA in order
to stabilize Sb into the PbTe lattice.”> A possible explanation
for the ease of Sb incorporation into the PbSe matrix could be
the smaller size difference between Sb and Se.

Powder X-ray diffraction (PXRD) patterns of the prepared
Pb,,Sb,,Se,,.3, nanocrystals exhibit broad diffraction peaks
which could be indexed to cubic rock-salt (Fm3m) symmetry
(Figure 3a). No impurity peaks corresponding to binary Sb,Se,
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Figure 2. Schematic diagram for the synthesis of the Pb,,Sb,,Se,,., nanocrystals.
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or elemental Pb, Sb, and Se were observed, indicating the single
phase nature of the prepared nanoparticles. The diffraction
patterns are shifted to larger 20 values relative to that of PbSe
indicating a contracted lattice and confirming the Sb
incorporation in the structure. The lattice parameters of
Pb,,Sb,,Se,,.3, nanocrystals decrease systematically with in-
creasing Sb concentration. The samples follow Vegard’s law as
indicated by a nearly linear relationship when the calculated
lattice parameter is plotted against Sb mole fraction (lattice
parameter (A) vs mole Sb/total mole Sb +Pb [2n/(m+2n)])
(Figure 3b).

Inductively coupled plasma-atomic emission spectroscopy
(ICP-AES) was used to determine the elemental composition
of the prepared series of Pb,,Sb,,Se,, 3, nanocrystals. Prior to
ICP-AES analysis, samples were dissolved in aqua regia.
Complete dissolution was achieved by removal of capping
ligands. The presence of capping ligands would have prevented
this, as polymerization of capping ligands could be promoted by
the presence of aqua regia forming rubber-like lumps. Only
Pb** and Sb** were analyzed as Se is liberated as H,Se gas
during the dissolution process in aqua regia. The reported
amounts of Se are only estimated, assuming charge-balanced
compositions. Energy dispersive spectroscopy attached to a
scanning transmission electron microscope (STEM/EDS) was
also used as complementary technique to estimate the
concentration of Se. From this analysis, a trend in Se
concentration can be deduced which is consistent with the
estimated Se concentration for charge-balanced particles. The
determined actual compositions are very close to the nominal
ones further confirming that good control of composition can
be achieved by the chosen reaction conditions (Table 1).

Table 1. Elemental Composition, Average Crystallite and
Aggregate Size, and Lattice Parameters

average size (nm)

actual lattice
nominal composition crystallite aggregate parameters

composition (ICP-AES) (PXRD) %TEM) (A)

Pb,Sb,Ses Pb, 06Sb,Ses o6 14.7 83.0 + 3.0 6.137(3)
Pb,Sb,Se, Pb, 0sSb,Se; g 13.9 86.0 + 2.0 6.145(2)
PbgSb,Sey Pb; 50Sb,Seg g0 15.2 91.0 + 5.0 6.151(1)
PbgSb,Se;; Pb; 44Sb,Se 66 144 89.0 = 3.0 6.163(2)
PbSe - 18.6 19.1 £ 0.5 6.169(3)

Contrary to the Pb,,Sb,,Te,,.;, nanocrystals where control of
composition is a challenge,” compositions with equal Sb and
Pb fractions can be easily prepared. The fact that any member
of the Pb,Sb,,Se, s, family can be prepared in the NaCl
structure is remarkable because the total number of metals (Pb
+ Sb) is less than the number of nonmetals (Se). The higher
the Sb fraction the higher the number of vacancies that must be
accommodated in the lattice. For example, the Pb, (sSb,Se; ¢
nanocrystal composition must contain a remarkably high
fraction of 20% vacancies in the Na site of the rock-salt lattice.

Transmission electron microscopy (TEM) images of
Pb,Sb,,Se,,.3, nanocrystals are shown in Figure 4a—d. The
as-synthesized nanocrystals exhibit flower-like aggregate
morphology. The average particle size of the aggregates is
~85 nm. High-resolution TEM showed these aggregates were
made up of smaller crystallites ~14.5 nm, consistent with the
calculated particle size based on the broadening of the Bragg
peaks using the Scherrer equation (Figure 4e). These results are
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tabulated in Table 1. The same reaction condition used to
prepare pure PbSe yielded star-shaped nanocrystals rather than
aggregates, consistent with the previously reported role of
acetate in the formation of the said morphology (Figure S1).*
Selected-area electron diffraction (SAED) patterns collected
from ~200 X 200 nm area loaded with nanocrystal aggregates
further confirm the crystalline nature and display Bragg
reflections which could be indexed to a cubic rock-salt
(Fm3m) space group (Figure S2). However, if SAED is done
on an individual particle, Bragg reflections spots defining an
apparent single crystal pattern are observed indicating that the
aggregation is happening at a strongly preferred orientation
(Figure 4f). Further, no additional superlattice Bragg reflections
in the electron diffraction patterns were observed suggesting
that these defects are random and not ordered.

To confirm the presence of the expected elements (Pb, Sb
and Se) and the homogeneous single phase nature of the
prepared nanocrystals, STEM mode using a 1 nm scanning
probe and EDS analysis were used to record elemental maps for
all samples. Figure Sab shows EDS spectra taken from
Pb, 6Sb,Ses o5 nanocrystal. Elemental maps generated based
on EDS show that Pb, Sb, and Se are evenly distributed in the
lattice further confirming the solid solution behavior (Figure
Sc—e). Similar results were obtained for all the nanocrystal
compositions, supporting the idea that the nanocrystals
prepared through this route are homogeneous solid solutions
rather than a phase segregated collection of binary nanophases
of PbSe and Sb,Se;.

The synthesized Pb,,Sb,,Se,.s;, nanocrystal aggregates
exhibit well-defined band gaps in the mid-IR region. Prior to
band gap measurements, capping ligands were removed to
prevent the onset of absorption signal from getting swamped.
The band gap onset values are around 0.27 eV for all the
prepared compositions suggesting that it is independent of the
compositions shown in Figure 6. The band gaps of the samples
are independent of the composition similar to the previously
reported Te analogues. The reason could lie in the fact that the
introduction of Sb in the rock-salt lattice introduces orbitals of
similar energies to Pb. The band gap values are similar to bulk
PbSe.*® We note that because these are new compounds, there
is no corresponding bulk Pb,Sb,,Se, .3, counterparts to
compare them with. These band gaps are consistent since the
size of the nanocrystal aggregates exceeds the Bohr radius of
PbSe (46 nm),”” so quantum confinement effects may be weak.
On the other hand, PbSe nanocrystals synthesized using the
same reaction conditions show quantum confinement effects
with band gap (~0.35 eV). The bulk band gaps of the
individual binary end members are 0.26 and 1.15 eV"' for PbSe
and Sb,Ses, respectively.

The thermal stability of the prepared Pb,Sb,,Se,,. s,
nanocrystal aggregates was assessed by annealing the samples
at 400 °C for 4h. The results show that they exhibit moderate
stability as exemplified by the Pb, (xSb,Ses s composition which
shows complete phase separation into PbSe and Sb;Se; (and
Sb,0;) when annealed at 400 °C (Figure 7). The presence of
Sb,0; is due either to the partial oxidation of the samples or to
the incomplete removal of the capping ligand OA prior to the
annealing studies. Differential thermal analysis further confirms
this phase separation as indicated by the exothermic peak
around 385 °C (Figure 7, inset). The exothermic decom-
position implies a metastable nature of these compositions on
the nanoscale. This is a significantly higher conversion
temperature compared to that of the Pb,Sb,,Te,,;, nano-
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Figure 4. TEM images of as-synthesized (a) Pb,sSb,Ses o6 (b) PbysSb,Ses s, () PbsgoSb,Seggo, and (d) Pb,sSb,Se .65 nanocrystal aggregates.
(e) TEM image of an individual Pb,,Sb,Sesos nanocrystal aggregate, showing the aggregation of smaller particles to form the flower-like
morphology. (f) SAED pattern from a ~200 X 200 nm area of a grid loaded with nanocrystals. The Bragg reflections show diffuse diffraction spots
that can be indexed to the cubic Fm3m space group. The diffuse diffraction spots indicates some degree of preferential orientation.
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Figure 5. (a) STEM image of Pb,(Sb,Ses s nanocrystal aggregates and (b) the corresponding EDS spectrum showing the presence of all the
expected elements in a single nanoparticle. STEM/EDS elemental maps of (c) Pb, (d) Sb, and (e) Se generated from the on EDS analysis.

crystals (~337 °C).* Size could very well play a key parameter
in accessing these phases which maybe kinetically stabilized
above a given size but thermodynamically stabilized below that
size.

B CONCLUSIONS

The pursuit of phases that exists only on the nanoscale and not
in the bulk is a relatively unexplored area in nanoparticle
science. The novel Pb,,Sb,,Se,,,3, nanocrystal phases with no
corresponding bulk counterparts were prepared using the well-
established hot injection method in a one-pot and moderate
temperature fashion. The nanocrystal aggregates were
comprised of smaller single crystallites that tend to aggregate
at a preferred aligned orientation. The aggregates exhibit a
moderate monodispersity and well-defined band gaps in the
mid-IR region. These nanomaterials are solid solutions with Pb
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and Sb atoms randomly distributed on the Na sites of the NaCl
structure with a presumed large number of metal vacancies due
to the 3+ formal charge of Sb in the structure. The new
materials tend to phase separate exothermically at a high
temperature of 385 °C into the binary PbSe and Sb,Se; end
members. They are new phases stabilized only on the
nanoscale. The fact that size can be used as a parameter to
control composition and crystal structure (as opposed to only
electronic structure as predominantly done to date) points to a
little explored direction in nanocrystal science and can lead to
new materials (with no bulk counterparts). These phases can
also aid in our understanding of thermodynamic versus kinetic
stability in the nanoscale opening a path to future theoretical

studies.
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Figure 6. Band gap measurements of (a) PbSe, (b) Pb; 4,Sb,Seg g, ()
Pb,sSb,Se; 05, and (d) Pb,sSb,Sess nanocrystals using infrared
absorption. The band gap of the prepared PbSe nanocrystals (0.35 eV)
synthesized using the same conditions is in contrast larger. All samples
were stripped of OA capping ligands by stirring in 0.5 M hydrazine in
acetonitrile for 2 days and vacuum drying.
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Figure 7. PXRD patterns of Pb,(Sb,Sesos nanocrystals (a) as-
synthesized and (b) annealed at 400 °C for 4 h. Diffractions peaks of b
are marked with *,4, and # corresponding to the binary phases PbSe,
Sb,Se;, and Sb,0;, respectively. Simulated PXRD patterns of PbSe
(ICSD 74334), Sb,Se; (ICSD 171569), and Sb,0; (ICSD 240206)
shown in black, red, and blue lines, respectively. Inset: Differential
thermogram showing an exothermic peak around 385 °C which
corresponds to the temperature at which phase separation happens.
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