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Dots in Tetrahedral Shape

Kyungnam Kim", Dongsuk Yoo®, Hyekyoung Choi*, Sudarsan Tamang, Jae-Hyeon Ko,
Sungwoo Kim, Yong-Hyun Kim,* and Sohee Jeong*

Abstract: Wet chemical synthesis of covalent I1I-V colloidal
quantum dots (CQDs) has been challenging because of
uncontrolled surfaces and a poor understanding of surface—
ligand interactions. We report a simple acid-free approach to
synthesize highly crystalline indium phosphide CQDs in the
unique tetrahedral shape by using tris(dimethylamino) phos-
phine and indium trichloride as the phosphorus and indium
precursors, dissolved in oleylamine. Our chemical analyses
indicate that both the oleylamine and chloride ligands partic-
ipate in the stabilization of tetrahedral-shaped InP CQDs
covered with cation-rich (111) facets. Based on density func-
tional theory calculations, we propose that fractional dangling
electrons of the In-rich (111) surface could be completely
passivated by three halide and one primary amine ligands per
the (2x2) surface unit, satisfying the 8-electron rule. This
halide—amine co-passivation strategy will benefit the synthesis
of stable I11I-V CQDs with controlled surfaces.

Wet chemistry synthesis and stabilization of ionic II-VI
(CdSe, CdS) and IV-VI (PbS, PbSe) colloidal quantum dots
(CQDs) have been well established experimentally over the
last 30 years.!! However, detailed understandings on the
surface chemistry of the CQDs at the atomic level were
limited or only recently achieved, including our own reports
for IV-VI rock-salt materials.”) The surface chemistry of
CQDs for tetrahedrally coordinated II-VI and III-V com-
pound semiconductor materials is complicated by the pres-
ence of fractional dangling electrons (DEs) on their surfaces.
Based on the electron counting model,” there are 0.5 and 1.5
DEs per broken bond, respectively, for cation (IT) and anion
(VI) of II-VI materials. Similarly, there are 0.75 (IIT) and 1.25
(V) DEs per broken bond for III-V materials. Passivation of
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such fractional DEs with cationic or anionic ligands that can
donate or withdraw exactly one electron is conceptually very
intriguing.

Colloidal synthesis of III-V (InP, InAs) semiconducting
nanocrystals is even more challenging than that of II-VI
because of their additional covalency, requiring a high growth
temperature in the solution chemistry and a limited choice of
precursors.l! The poorly controlled surfaces of III-V CQDs
effectively limit fabrication of high quality, shape-controlled
nanocrystals compared to II-VI and IV-VI CQDs.

InP CQDs are potential alternatives to toxic cadmium-
based materials, and their band gaps span the entire visible
range.”! Most synthetic strategies for InP CQDs are modified
version of Well’s dehalosilylation reactions performed in
a non-coordinating solvent, which involve fatty acids in the
reaction to activate the indium precursors.’! To produce high-
quality InP CQDs with narrow size distributions, less reactive
precursors have been investigated.! However, there have
been concerns about the role of fatty acids that induce surface
oxidation.” Very recently, a non-oxygen-containing synthesis
of InP CQDs was attempted.’] Unfortunately, there have
been no reports on specific shape control of InP CQDs with
a detailed microscopic understanding of the underlying
surface stabilization mechanism. Such information could be
generally applicable for other materials.

Herein, we address, both experimentally and theoretically,
the issue of III-V CQDs, that is, the unprecedented surface
chemistry control of the fractional DEs of InP by using the so-
called halide-amine co-passivation strategy. Our acid-free
synthesis of InP nanocrystals with the co-passivation method
reliably produces tetrahedrally shaped nanocrystals on a large
scale, which is only enabled by the unique stabilization of
indium-rich (111) facets. This co-passivation approach may
serve as a guiding rule for synthesizing other III-V, and even
1I-VI or I-1II-VI, CQDs with controlled surfaces. We were
further able to epitaxially grow thick ZnS shells on tetrahe-
dral shaped InP cores without any oxidative interface, which
provide additional material stability even in harsh phase-
transfer reaction.

We synthesized InP tetrahedral nanocrystals (TNCs;
Figure 1), using indium trichloride (InCl;) and tris(dimethyl-
amino) phosphine ((Me,N);P) dissolved in oleylamine, which
could also serve as a coordinating ligand of TNCs, at an
elevated temperature of >170°C. The growth of InP TNCs
was monitored using aliquots of the reaction mixture at
different times using UV/Vis spectroscopy (Supporting Infor-
mation, Figure S1). The absorption maximum shifted towards
longer wavelength as a function of time owing to the size
increase of InP TNCs (see growth process in Figure S2),
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Figure 1. a) TEM image of InP tetrahedral nanocrystals (TNCs) synthe-
sized at 300°C. Inset: illustrated top view of a tetrahedron covered
with the (117) facets. Scale bar =20 nm. The size of the TNCs was
estimated by the edge size (A) of the triangles. b) XRD pattern of InP
TNCs. c) UV/Vis spectra of InP TNCs grown at various temperatures.
d) The first exciton peaks as a function of CQD size for tetrahedral
(present work) and spherical® CQDs.

clearly indicating that these TNCs are within the strong
quantum confinement regime.

Figure 1a depicts a representative transmission electron
microscopy (TEM) image of strikingly aligned InP TNCs with
the average edge size (A) of 10.56 & 1.25 nm, grown at 300°C.
The inset of Figure 1a shows the corresponding top view of
a tetrahedron. In cubic symmetry crystals, the tetrahedron
shape should be completely covered by the (111) facets. The
X-ray diffraction (XRD) pattern of these nano-triangles
corresponded to the cubic zinc blende structure of InP
[JCPDF: 32-0452]. The reflections from (111) plane at 26°,
(220) plane at 43°, and (311) plane at 51° were clearly visible
(Figure 1b). The TNCs were highly crystalline and direc-
tional, as manifested by the stacking sequences along the
[220] direction (Figure S3). The overall size of the TNCs
could be controlled by simply changing the injection temper-
ature. Figure 1c and Figure S4 depict, respectively, the
absorbance spectra and TEM images of InP TNCs with
various sizes synthesized at different injection temperatures.
The triangular feature of InP particles as small as 5.0 nm
(synthesized at 190°C) was observed at high magnification
(Figure S5). When the growth temperature was lower than
190°C, TNCs could not be clearly identified (Figure S4).

Our non-spherical TNC sample was composed of a mix-
ture of triangular prism and tetrahedron (triangular pyramid)
shapes. Electron wavefunctions in tetrahedral CQDs are
known to be more quantum-confined than in spherical CQDs
with the same volume (Figure S6).' To quantify this, we
compared the first exciton peaks (Ecqp) of InP TNCs with
those of spherical CQDs as a function of CQD size (L).1”! The
first exciton peaks were fitted with (Figure 1d):

Ecop = C/L* 4 Epux (1)

Angew. Chem. 2016, 128, 3778 —3782

Zuschriften

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

where L is defined by the edge (A) and diameter (D)
sizes, respectively, of tetrahedral and spherical CQDs. Ey is
the band gap (1.35eV) of bulk InP, and C and a are fitting
parameters (Table 1). From the effective mass theory of the
finite-potential-well problems, one can easily obtain o = 2.1
For quantum dots, however, a is typically smaller than 2,
indicating that the electron-electron correlation leads to
stronger electron confinement than in the simplest theory.
The fitting formula in [Eq. (1)] shall be used to estimate the
CQD size from the optical measurement.

Table 1: Obtained fitting parameters for the first exciton peaks of
tetrahedral and spherical CQDs."

C o
Tetrahedral CQDs 4.25 0.96
Spherical CQDs 4.28 1.47

[a] Epue=1.35 eV was used.

The InP TNCs are In-rich, with an In/P ratio of 1.15-1.31
as confirmed from inductively coupled plasma (ICP) analysis
(Table S1). Therefore, we speculated that well-dispersed InP
TNCs are covered with four indium-rich (111) facets, in which
a portion of surface In atoms must be coordinated with
oleylamine ligands.

To confirm this, we further investigated the microscopic
chemical structure of InP TNCs. Figure 2 indicates that both
the chloride and oleylamine ligands passivate the indium-rich
(111) facets of InP TNCs, as characterized with X-ray
photoelectron spectroscopy (XPS) and nuclear magnetic
resonance (NMR).>!"!! In the XPS data, both chlorine (CI)
and nitrogen (N) atoms were detected (Figure 3a,b). The
measured Cl 2p 3/2 binding energy (198 eV) for TNCs is
down-shifted by 1.1 eV in reference to the starting materials,
InCl; (199.1 eV), indicating that Cl closely interacts with InP
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Figure 2. High-resolution XPS spectra of InP TNCs. XPS spectra of
a) Cl 2p, b) N 1s, and c) In 3d. The In peaks were deconvoluted with
InP and InCl subpeaks. d) TH NMR spectra of InP TNCs capped with
oleylamine (blue) and free oleylamine (red) in [D¢]benzene.
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Figure 3. Side views of ball-and-stick models of a) bare, b) Cl-passi-
vated, c) methylamine (MA)-passivated, and d) 3Cl:1MA (molar
ratio)-passivated indium-rich (111) InP surfaces (yellow: In, magenta:
P, green: Cl, blue: N, grey: C, and white: H) and their respective band
structures near the Fermi energy, marked by the dashed red line. The
valence band maximum is set to energy zero. A clear band gap
opening in (d) indicates the perfect passivation of the polar (111)
surface.

TNCs.'? Also, the measured N 1s binding energy is 399.3 eV,
which is noticeably higher than that of typical primary amines
(398 eV)."! This implies that the lone-pair electrons of
primary amines strongly couple with the TNC (111) facets.
By integrating the Cl 2p and N 1s peaks, we obtained the CI/N
composition ratio of ~1 (Table S2). Figure 2c shows XPS
counts from In 3d electrons. In 3d 5/2 and 3/2 electrons have
their binding energies at 444 and 452 eV, respectively, which
mostly correspond to InP bulk.'" The In peaks broaden to the
high binding energy region (444.3-447.0eV and 451.8-
454.6 V), which results from chloride passivation (In-Cl)
on InP surfaces.">™ To more clearly confirm that oleylamine
interacts with InP TNCs, we measured the NMR chemical
shifts of the alkene protons in the range 6.0-5.2 ppm (Fig-
ure 2d). The resonances of oleylamine with InP TNCs showed
broadening and a downfield shift relative to free oleylamine,
which are features generally observed when the ligands
interact with nanoparticles." NMR ligand quantification"”
indicated that the oleylamine ligand coverage of InP CQDs
grown at 300°C was 1.55 nm ™ (Table S3).

To understand, microscopically, how the indium-rich (111)
facet is stabilized with chloride and oleylamine during the
formation of InP TNCs, we performed first-principles density-
functional theory (DFT) calculations (Supporting Informa-
tion) for indium-terminated InP (111) surfaces under various
passivation conditions with chloride and methylamine (MA;
Figure 3). The bare unpassivated (111) surface showed the
metallic character, indicating that it is highly unstable, or very
reactive. Every In atom on the surface has 0.75 DEs, requiring
1.25 electrons for passivation, according to the electron
counting model.’! When we passivated the (111) surface with
chlorine atoms, we could see a tight bond between surface In
and Cl, with a formation energy of —2 eV per Cl (Table S4),
and a removal of DE states at the band gap region. However,
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because Cl can provide only one electron when coordinating
with surface In, the chlorine-passivated surface was still
electron-deficient (Figure 3b). When we coordinated MA
onto the surface, the binding energy was almost negligible
(0.12 eV per MA). Chemical bonds did not form, nor were
DE states removed (Figure 3 ¢). For the perfect passivation of
the 0.75 DEs, we would need three Cl atoms and one MA
molecule to be coordinated to the (2x2) surface unit
(Figure 3d; Supporting Information, Figure S7). For the (2 x
2) surface model, three electrons from three Cl atoms and two
lone-pair electrons from the amine group co-passivate three
DEs from four surface In atoms, satisfying the 8-electron rule
per (2 x2) unit cell. The theoretical MA coverage is 1.7 nm 2,
and the MA binds datively to the surface In atom, with
a binding energy of about 1.8 eV per MA (Figure S8).

The above theoretical consideration suggests a route for
perfect passivation of cation-rich (111) surfaces with frac-
tional DEs by employing the so-called halide—amine co-
passivation method, which can be easily generalized for other
materials. Note that the experimental amine coverage is very
close to the theoretical value. Our current approach, however,
needs to be further optimized for perfect passivation, as the
experimental halide-amine ratio (~1) deviates from the
ideal value of 3:1.

Creating a thick shell of ZnS over InP CQDs has been
difficult in acid-containing reactions.'¥! Therefore, we again
used acid-free precursors, namely, ZnCl, and 1-dodecanethiol
as Zn and S precursors, respectively, for ZnS shell formation
onto our well-defined tetrahedral InP core by successive ion
layer adsorption. The core/shell structure retained the
tetrahedral shape of the core (Figure 4a). The size of the
core/shell TNCs, determined by measuring the edge size of
the TNCs (Figure S9), were found to be 15.04 +2.8 nm, about
10 nm larger than the mean core size (~ 5.8 nm), which was
estimated by the first absorption peak position (at 580 nm)
and [Eq. (1)] of TNCs.!! The size difference can be used for
estimating the face-to-face shell thickness of core—shell TNCs
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Figure 4. a) TEM image, b) XRD patterns, c) absorbance and PL spec-
tra, and d) P 2p XPS spectrum of InP/ZnS core/shell TNCs grown at
250°C. Scale bar=20 nm.
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following the formula (A—A’)/v/24, where A and A’ are edge
sizes of core—shell and core, respectively. The estimated shell
thickness is then 1.9 nm. Conventional synthesis of InP/ZnS
NCs using fatty acids typically results in very thin shell
thickness (< 1 nm)."8! While the shell thickness varies with
the core size, we can typically grow over 15-nm-sized TNCs
retaining the shape from the 5 nm TNC starting cores, which
represents a ZnS shell of up to 2 nm thickness. Thicker shell
formation above 2 nm often causes aggregation and changes
in shape (Figure S10). The successful formation of the InP/
ZnS core/shell, as observed in TEM, was confirmed by XRD
pattern (Figure 4b). The diffraction patterns from cubic ZnS
shell were clearly detected [JCPDF card 05-0566]. Previous
reports on the XRD pattern of InP/ZnS core/shell CQDs
suggested that the diffraction peaks locate in the middle
position of InP and ZnS owing to the thin shell." In our case,
because of the very thick shell, only the ZnS peaks are visible.
These epitaxially grown core/shell TNCs with large shell
thickness were highly luminescent (Figure 4c), while the InP
core showed only surface trap emission (Figure S11).

Fatty acids are known to undergo thermal degradation at
high temperature, thereby contributing to the surface oxida-
tion of InP.”! Virieux et al. reported that InP CQDs naturally
formed an oxide phase at the interface under traditional
synthetic condition using fatty acids. This was confirmed from
the observed XPS binding energy around 133 eV in the P 2p
spectrum, which was attributed to the oxide phase of
InPO,."™ Our overall reaction does not involve any fatty-
acid- or oxygen-containing ligands. XPS studies indeed
indicated that there is no interfacial oxidation in the InP/
ZnS core-shell TNCs (Figure 4 d). For a better understanding,
InP TNC cores were exposed to air prior to shell growth.
Interestingly, the tetrahedral shape was not retained in InP/
ZnS core-shell nanocrystals (Figure S12). These core/shell
nanocrystals had the characteristic oxide signature around
133 eV (Figure S12c), similar to the ones observed for
spherical InP/ZnS CQDs synthesized using fatty acids (Fig-
ure S13b). Therefore, the oxide-free environment is neces-
sary for the successful growth of a thick ZnS shell, and the
resultant tetrahedral shape of the core may additionally affect
the epitaxial formation of a thick shell on (111) facets.

The thick shell over the core is expected to render high
stability. Encouraged by the TEM results, we tested the
beneficial role of these robust InP/ZnS TNCs under the
extremely adverse conditions prevalent in phase transfer
reactions. Phase transfer of typical InP/ZnS CQDs using thiol-
containing ligands results in dramatic quenching of photo-
luminescence (PL), attributed to thin shell thickness.*" The
InP/ZnS TNCs, with different core sizes and shell thicknesses
(Table S5), were transferred to aqueous medium using
thioglycolic acid (TGA) as the phase-transferring agent in
basic media (pH 10). The TGA treatment time was 2 h. The
absolute quantum yield (QY) of TGA capped sample in
aqueous medium was compared with corresponding CQDs in
organic medium at different shell thicknesses (Table S5). QY
of InP/ZnS TNCs with the thinner shell decreased more than
with the thicker shell. As much as 60% of the initial QY
(47 %) was retained in TGA-treated CQDs coated with thick
ZnS shells of 1.4 nm (Figure S14).
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In conclusion, we synthesized tetrahedrally shaped InP
nanocrystals in a colloidal form by reacting InCl; and
(Me,N);P in oleylamine. The resulting tetrahedral InP nano-
crystals are covered with indium-rich (111) facets passivated
by both the chloride and primary amine ligands. These co-
passivated tetrahedral nanocrystals showed strong deviation
from their spherical counterparts with regards to the quantum
confinement and shell growth. The halide-amine copassiva-
tion method would be useful for stabilizing high-quality
shape-controlled III-V CQDs.
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