Communication
pubs.acs.org/JACS
JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

Thickness-Controlled Quasi-Two-Dimensional Colloidal PbSe
Nanoplatelets

Weon-kyu Koh,"" Naveen K. Dandu,”* Andrew F. Fidler,” Victor I Klimov," Jeffrey M. Pietryga,*’_{_
and Svetlana V. Kilina**

TCenter for Advanced Solar Photophysics, C-PCS, Chemistry Division, Los Alamos National Laboratory, Los Alamos, New Mexico
875485, United States

*Department of Chemistry and Biochemistry, North Dakota State University, Fargo, North Dakota 58108, United States

© Supporting Information

threshold lasing at infrared wavelengths of importance to

ABSTRACT: We demonstrate controlled synthesis of telecommunications® and remote sensing.l4

discrete two-dimensional (2D) PbSe nanoplatelets Although PbSe NPLs of discrete lateral dimensions are yet
(NPLs), with measurable photoluminescence, via oriented unknown, examples of nanosheet formation suggest a path
attachment directed by quantum dot (QD) surface forward. Schliche et al. found that chloroalkanes, as “lead
chemistry. Halide passivation is critical to the growth of complexing agents”, slowed growth and triggered 2D oriented
these (100) face-dominated NPLs, as corroborated by attachment of PbS QDs, driven by the reactivity of (110) faces

density functional theory studies. PbCl, moieties attached
to the (111) and (110) of small nanocrystals form
interparticle bridges, aligning the QDs and leading to
attachment. We find that a 2D bridging network is
energetically favored over a 3D network, driving the
formation of NPLs. Although Pbl, does not support
bridging, its presence destabilizes the large (100) faces of
NPLs, providing means for tuning NPL thickness.
Spectroscopic analysis confirms the predicted role of
thickness-dependent quantum confinement on the NPL
band gap.

that remain present in small Q_Ds.l" However, we suggest that
later studies indicate that Cl-containing species may play a
more active role than merely slowing reaction. In a synthesis of
PbSe nanosheets without chlorine-containing species,16 (110)-
oriented attachment was instead promoted by the presence of
excess lead acetate, which was said to “block” further reaction at
(100) faces. At the same time, the ability of chlorine to enhance
the stability of PbS and PbSe QDs against oxidation'” has been
attributed to surface reactions specifically with (100) faces."®
Finally, facet-specific binding of CI™ has been shown to have a
profound effect on the shape of cadmium chalcogenide
nanocrystals.'”

Accordingly, to synthesize 2D PbSe NPLs, we focused on
determining the role of halides in oriented attachment. We find
that excess Cl™ or Br~ during synthesis of PbSe QDs indeed
results in formation of NPLs of constant thickness and limited
lateral size. Intriguingly, although the use of I" precursors alone
does not lead to NPL growth, the presence of I" in mixed
halide reactions allows the formation of thicker NPLs. Density
functional theory (DFT) calculations help elucidate the
complex roles halides play in NPL formation. They reveal
that Cl™-rich conditions promote 2D oriented attachment by
instigating the formation of inter-QD bridges. On the other
hand, I" does not support bridge formation, but reactivates the
large (100) faces of NPLs toward attachment in a manner not

a function of thickness™ as well as unique carrier cooling seen previously in nanosheets, allowing stepwise thickening.

dynamics,” reduced Auger recombination rates® and low Finally, we apply absorption and PL spectroscopy to verify that
amplified spontaneous emission thresholds.*> thickness is the dominant contributor to confinement energy

2D nanostructures of PbSe are attractive for use in solar cells for these NP{JS' hesis of Pb b d
and infrared light-emitting diodes and lasers. Although most In a typical synthesis of PbSe NPLs, PbCl, and Se powder

QD-based solar cells to date have used PbS QDs,'® PbSe QDs react in a mixture of alkyl amines and quaternary ammonium
exhibit higher CM efficiencies,’®'" enabling solar cells with chlorides, and the products are collected by precipitation and
quantum efficiencies greater tilan unity."> PbSe NPLs may redispersed in chloroform (see Supporting Information for

hape control offers unique means for manipulation of

semiconductor nanocrystals’ electronic properties, includ-
ing dynamical behavior. For example, because the band gap of
quasi-one-dimensional (1D) nanorods' can be tuned by
restricting particle size in only two dimensions, elongation in
the third dimension can be used to alter charge carrier
recombination and cooling processes, substantially impacting
the efficiencies of Auger recombination and “carrier multi-
plication” (CM),” as well as optical gain properties.” Such
effects are potentially even greater in quasi-two-dimensional
(2D) nanostructures such as nanoribbons® and nanoplatelets
(NPLs).” Indeed, 2D colloidal II-VI NPLs have recently been
shown to offer efficient, very narrow emission’ that is tunable as

exhibit further enhanced CM and device efficiencies, while details). Some turbidity is often observed in the dispersion,
properly aligned NPL films can potentially offer improved

charge transport. Additionally, reduced Auger recombination Received: November 18, 2016

rates and high absorption cross sections may allow low- Published: January 18, 2017
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suggesting aggregation; addition of a small amount of oleic acid

prior to precipitation enhances product solubility.
Transmission electron microscopy (TEM, Figure 1a) reveals

rectangular PbSe NPLs; the lattice spacing and elemental
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Figure 1. (a) TEM image of PbSe NPL synthesized using PbCl,. Inset:
electron diffraction verifyies the rock-salt crystal structure. (b) Top-
down and (c) side-on TEM images of face-to-face stacks of NPLs. (d)
Absorption (solid) and PL (dashed) spectra of NPLs. Inset: The PL
peak redshifts slightly as QDs attach to form NPLs, then remains
constant.

analysis (Table S1) confirm that the large faces are the (100)
plane of rock-salt PbSe. Images from early reaction aliquots
show small PbSe QDs form first, and then fuse via oriented
attachment to create PbSe NPLs (Figure S1). TEM images also
show that NPL aggregation (when oleic acid is not added
during purification) occurs via face-to-face stacking (Figure 1b);
side-on views of stacks reveal that regardless of reaction time or
temperature, the NPLs are consistently ~2 nm thick (Figure
1c). Absorption spectra of NPLs do not show a discernible
band-edge feature, but a weak PL feature (~0.1% quantum
yield) is typically found at 1100 nm (Figure 1d).

Seeking insights into NPL formation, we modeled QDs of
~1 nm (Pb;cSe;s) and ~2 nm (PbgsSeqs) diameter, built up
from a bulk rock-salt lattice as described elsewhere.”’ Both QDs
exhibit three main surfaces: (100), (110) and (111) (Figure
2a). We used DFT to study the surface-specific binding of
various species from the reaction mixture (Figure 2b, with
NH,Me as a representative primary amine), including geometry
optimization of QDs after ligation (Figure S6), using
propylamine as solvent. Calculations of the QD—ligand binding
energies reveal varying degrees of face selectivity. In particular,
Pb** cations strongly and preferentially bind to the (110) and
selenium-rich (111) surfaces of the PbggSess QD (Figure 2b),
whereas amines are the weakest interacting species, and
preferentially bind to the stoichiometric (100) surface. Under
growth conditions, we would expect many ligands to bind to a
given QD; hence, in Figure 2c we show the binding energy of
each subsequent ligand as the total number of ligands increases.
Unlike other species, the interaction strength of bare Pb*"
decreases dramatically as the number of attached ions increases.
Considering the Cl™-rich environment, this suggests that (110)
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Figure 2. (a) Main crystallographic surfaces of PbggSeqs: six (100),
twelve (110), and four Pb-terminated and four Se-terminated (111).
Yellow = Se; gray = Pb; green = Cl. This model shows one PbCl,
attached to each (110) face. (b) Surface-specific ligand binding
energies calculated in propylamine solvent medium. (c) Scaling of the
energies in (b) with increasing QD ligand coverage of the entire QD.
I"-containing species (omitted) follow the trends of their Cl™-
containing equivalents.

and (111) faces are ligated heavily by PbCl,, either from direct
binding from solution, or through CI~ binding to already
surface-bound Pb** ions. Similar trends are observed for smaller
Pb,4Se s QD (see Supporting Information for all computational
details).

PbCl, units attached to (111) and (110) faces are key to
NPL formation, as they adopt “bridging” positions between
small QDs (Figure S7). For more realistic analysis of QD—QD
interactions, we utilize periodic boundary conditions to mimic
2D and 3D QD attachment. Starting with the optimized
PbgsSeqs with (110) surfaces fully or partially passivated by
PbCl,, the final 2D structures of NPLs exhibit a Pb—Cl-Pb
bridging network that rigidly aligns neighboring QDs along the
(100) lattice direction (Figure 3a, Table S4). Importantly, the
calculated Pb—CI bond length is very similar to that of Pb—Se,
so in effect, CI” ions adopt the selenium positions of an
extrapolated lattice, which facilitates fusion and subsequent
ingrowth to form a continuous NPL (Figure 3b).

Our calculations of surface energy (Figure 3d, and Table SS)
also show that 2D networking (ultimately leading to NPLs) is
energetically favored over 3D attachment. Moreover, addition
of amines to the (100) surfaces that are not involved in the 2D
network (i.e, the top and bottom of a NPL) dramatically
reduces the surface energy even further, essentially locking out
growth in this direction. Finally, we find that the surface energy
of 2D structures formed by Pb,(Se;; (thickness ~1 nm) are
significantly less stable compared to those made of PbggSecs
QDs (~2 nm), suggesting that continued growth, rather than
attachment, is favored for smaller QDs. This agrees with the
experimentally observed NPL thickness of ~2 nm.

These calculations suggest that a combination of PbCl,,
excess Cl” and amines is critical to NPL formation. For
comparison, the same model QDs passivated with PbL,/I” do
not form bridges, despite interaction strengths very similar to
those of PbCl, (Figure 2b,c), due to the mismatch between
Pb—I and Pb—Se bond lengths (Figure 3c). These findings
match experiment: use of either PbCl, or PbBr, (Figure S2; not
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Figure 3. Geometries of PbgSeqs with fully PbCl,-passivated (110)
surface (a) before and (b) after optimization. The 2D network is
stabilized by Pb—CIl—Pb bridges connecting neighboring QDs along
(100) surfaces. (c) Optimized geometry of a 2D structure constructed
from Pb,Se s with Pbl,-passivated (110) surfaces. Lack of Pb—I—-Pb
bridging reduces ordering and destabilizes the 2D array. (d) Calculated
surface energies as a function of 2D and 3D superlattice growth
direction constructed from PbsSe;s or PbgSess QDs with PbCl,
ligands passivating (110), (111) or both surfaces. Black trace shows
stabilizing effect of NH,Me passivation of (100) facets (which
precludes 3D networking).

modeled) results in NPLs, while the small QDs initially formed
in Pbl, reactions randomly aggregate but do not form distinct
and regularly shaped NPLs (Figure S3). Regardless of lead
precursor, NPLs are not produced without an additional source
of halide ion. A number of alkylammonium chloride precursors
can be used to produce NPLs using PbCl,, and either CI™ or
Br~ sources (such as tetrabutylammonium bromide) are
effective in PbBr, reactions. In all cases, the PL peak energy
remains the same, confirming that NPLs form by attachment of
QDs of a critical size (2 nm; Figure S1).

Spectra taken during reactions using Pbl, with excess CI~
reveal more complex behavior: soon after it emerges, the PL
peak begins to diminish in intensity, while a second peak at
~1300—1400 nm begins to grow (Figure 4a). TEM images of
samples during this transition reveal NPLs that are mottled in
appearance, suggesting thickening of NPLs via attachment to
the large faces (Figure 4b). After 90 min of reaction, the redder
PL peak is dominant, and the majority of NPLs have become
more-or-less evenly ~4 nm in thickness. At still longer times (3
h), the PL peak again fades as a very weak feature at 2400 nm
emerges (Figure 4c). At this point, TEM reveals ~6.5 nm thick
NPLs (Figure S4). Further heating yields insoluble products
without measurable emission.

Compared to reports of PbS and PbSe nanosheets,
attachment-based thickness control of this manner is unique.
The formation of 2 nm thick NPLs from reactions with Pbl,
and excess CI™ ions shows that Pb—CIl—Pb bridging still occurs.
This can result from the in situ formation of PbCl,, driven by
the greater Pb—Cl bond strength (2.5 €V, vs 1.5 eV for Pb—
1),”" or from Pbl, binding to the reactive (110) and (111) QD
surfaces, followed by exchange of the I" for CI™ ions. NPL
thickening, however, requires that the amine-passivated (100)
faces become chemically active. DFT calculations show that
either PbX, precursor (X = Cl or I) can displace an amine
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Figure 4. (a) Evolution of PL of NPLs during Pbl, reaction. (b) Main
panel and inset show TEM images of NPLs during the transition
between 2 and 4 nm thickness. (c) Absorption (solid) and PL spectra
of samples dominated by NPLs of distinct thicknesses. PL quantum
yields for 4 nm samples are typically 0.04%; those of thicker samples
are at least an order of magnitude lower. (d) Parabolic (dash) and
hyperbolic (solid) band model of PbSe 0D QDs (blue) and 2D NPLs
(red). Symbols denote SAXS thicknesses (NPLs, Figure S5) or
literature diameters (QD524).

ligand and bind to the (100) surface of PbygSegq. Once there, it
dissociates into PbX" and X7, attaching to surface Se and Pb
sites, respectively (Figure S9). In the case of CI, the displaced
amine binds to the PbCl" moiety and continues to block the
(100) surface as before. However, in the I~ case, the PbI*
fragment migrates to the adjacent Se-rich (111) surface,
allowing the amine to leave the surface, creating an opening
in the passivation of the (100) face for attachment of either
another NPL fragment or 2 nm QD. Thus, the incremental
thickening of NPLs over prolonged reaction time results from
Pbl,’s ability to “clean” the (100) faces of amines.

The ability to synthesize NPLs of three distinct thicknesses,
all with measurable emission, allows us to probe the effects of
quantum confinement in 2D PbSe system for the first time. The
thickness-dependent PL energies for NPLs in this study are
shown in Figure 4d (red triangles). For estimating confinement
energy, the effective mass approximation typically fails for PbSe
QDs (blue dashed line) due to the highly nonparabolic
curvature of the conduction and valence bands near the L
point.”” Alternatively, we apply a hyperbolic band model that
has proven useful for modeling of Pb chalcogenide QDs (blue
solid line).”® This model shows reasonable agreement with
NPL data, supporting that the thickness of NPLs is the
dominant contribution to their confinement energy. We note
that the previously reported PbS nanosheet with 2.2 nm thick
and ~800 nm emission peak'” is also consistent with our
hyperbolic model.

In conclusion, we synthesized the first quasi-2D PbSe NPLs
using oriented attachment, with thickness controlled by choice
of lead halide precursor. DFT calculations show that PbCl,
strongly interacts with the (110) and (111) sites of small PbSe
QDs, instigating Pb—Cl—Pb bridging with neighboring QDs
along the (100) lattice direction which ultimately leads to
NPLs. Although Pbl, is incapable of such bridging, the presence
of Pbl, mixed with excess Cl™ activates NPL faces toward
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attachment of QDs or NPL fragments, resulting in NPLs of
larger thicknesses. Finally, we find that the effective mass
approximation with a hyperbolic band model reasonably
explains the observed thickness dependence of the bandgap,
as determined by PL measurements.
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