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Colloidal semiconductor quantum dots are a well-established technology, with
numerous materials available either commercially or through the vast body of literature. The
prevalent materials are cadmium-based and are unlikely to find general acceptance in most
applications. While the III-V family of materials is a likely substitute, issues remain about its
long-term suitability, and other earth-abundant materials are being explored. In this report, we
highlight a nanoscale half-Heusler semiconductor, LiZnN, composed of readily available
elements as a potential alternative system to luminescent II—VI and III-V nanoparticle

quantum dots.

quantum dots, half-Heusler, nitrides, Nowotny-Juza, heavy metal free

In the search for environmentally acceptable nanoscale
luminescent particles, numerous candidates have been ex-
plored."” Recently, zinc nitride (Zn;N,), a semiconducting
material with an indeterminate band gap and an exciton
diameter predicted to be 7.5 nm,’ has been suggested as a
possible next-generation nanomaterial due to the wide spectral
emission tuning range observed (from ca. 500 nm to ca. 1100
nm) when prepared as colloidal quantum dots, the high
quantum yields of up to 50%, and the stable constituent
elements.” However, the materials were prepared by the
thermolysis of ammonia gas and diethylzinc at elevated
temperatures under an inert atmosphere, which makes the
synthetic process challenging. It is also worth noting that the
resulting quantum dots were extremely air sensitive, although
this is less of an issue, as most nanoscale semiconductors
prepared in solution require a further inorganic shell layer to
make the materials suitable for practical applications.

If one was considering a direct alternative for the
prototypical quantum dot material —CdSe—several further
factors require consideration (beyond the unclear band gap
data and the issues of air sensitivity of Zn;N,). To deposit a
protecting inorganic layer, an appropriately small lattice
mismatch is required. For example, a lattice mismatch of ca.
11.6% allows the formation of simple CdSe/ZnS core/shell
quantum dots. Using the accepted convention, a simple
comparison of lattice constants suggests a lattice mismatch of
ca. 45% for Zn;N,/ZnS, which is too large for a smooth shell
deposition process leading to a spherical particle. It should
however be noted that Zn;N, has an antibixbyite crystal
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structure with a distorted octahedral coordination and thus
displays symmetries requiring a larger unit cell, and therefore, a
simple lattice constant comparison might not be an
appropriate measure for determining a likely lattice mismatch.
An alternative comparison might be the bond length for Zn—N
(2133 A)° vs Zn—S (2.0464 A)° giving a bond length
mismatch of between ca. 4.23%, which suggests ZnS shelling
could be possible. Likewise, the second prerequisite for a shell
material that maintains or enhances the optical properties is a
suitable band alignment, as shown in Figure 1, inset. While
Zn3N,/ZnS has a band alignment consistent with a type I
heterostructure, it is clearly staggered when compared to
CdSe/ZnS.

An alternative approach to synthesizing an inorganic coating
on the Zn;N, surface is to convert the Zn;N, itself. Here, we
demonstrate the use of Zn;N, quantum dots as a scaffold, into
which lithium ions can be inserted to produce a related
material, the Nowotny-Juza compound LiZnN, as previously
described for bulk phase thin films.”® This was achieved in the
colloidal state by choosing relatively air-stable precursors for
ZnyN, synthesis, which also incorporated lithium (namely
LiNH,), followed by increasing the synthesis temperature once
the intermediary nanoparticulate Zn;N, had formed. The
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Figure 1. Emission and absorption spectra of Zn;N, (50 min reaction time, 250 °C) and the gradual conversion to LiZnN (70 min reaction time,
270 °C). Inset - Literature band alignments of Zn;N,, LiZnN, ZnS, and CdSe.!' 712

resulting phase, LiZnN, was a tetrahedrally filled zinc-blende
half-Heusler semiconductor, with a bulk band gap of 1.91 ev,’
an excitonic diameter of 9.5 nm,'’ and a lattice constant of
4.879 A% giving a lattice mismatch, cf., ZnS of 11% and a band
position as shown in Figure 1, inset."'~"* Such figures compare
favorably with similar values from CdSe (Eg = 1.67 eV, exciton
diameter of 11.2 nm, and lattice mismatch with ZnS of 11.6%).
It should be noted that several tetrahedrally filled semi-
conductors have been prepared at the nanoscale through
organometallic chemistry, although these have primarily been
explored as thermoelectric materials, and few optical properties
have been reported.'*™'¢

In a typical synthesis, zinc iodide, lithium amide, and
hexadecanethiol were mixed in octadecene under an inert
atmosphere and gradually heated while stirring. The solution
darkened in color to black over a 50 min period with heating
up to 250 °C, consistent with the presence of Zn;N, quantum
dots.” During the reaction, a waste precipitate was observed in
the bottom of the reaction flask, and this was eventually
discarded. At synthesis temperatures above 250 °C, the black
solution changed gradually to dark red due to the insertion of
the lithium ion into the lattice of Zn;N,, forming LiZnN, a
material with a different band gap than the scaffold material.
The reaction flask could then be removed from the heat source
and allowed to cool to room temperature, whereupon the
particles present in the supernatant were isolated by solvent/
nonsolvent interactions (all experimental details provided in
the Supporting Information).

The optical properties of the products are shown in Figure 1.
Initial formation of Zn;N, quantum dots (reaction temper-
ature of 250 °C, S0 min) was evident by the onset of
absorption at ca. 650 nm and emission profile in the near-
infrared region (ca. 750 nm), consistent with the previous
report.4

A further increase in reaction temperature (to 260 °C) for a
further 10 min (total run time 60 min) resulted in a significant
blue-shift in the emission profile (to ca. 625 nm), the shift
continuing to a final emission profile at ca. 575 nm (reaction
temperature of 270 °C and a total run time of 70 min).
Notably, during this period, the absorption band edge position
remained essentially unchanged, while the emission profile
blue-shifted. This initial blue-shift in emission profile was
associated with lithium insertion into the lattice, resulting in
LiZnN particles with new structural and electronic character-
istics. Inspection of the low-energy tails of the materials
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synthesized at 260 and 270 °C clearly show extended emission,
beyond the onset of absorption, that is characteristic of trap
states that are commonly associated with nanocrystal surfaces.
It was also observed that the full width half-maximum (fwhm)
of the LiZnN emission profile (45 nm) was significantly
narrower than for the parent ZnyN, material (60 nm) and
recently reported InN:Zn (160 nm)."” This blue-shift in
optical profile from the near-IR to red spectral region is
consistent with Li insertion in thin films of Zn;N, as described
by Moriga et al.'® Emission quantum yields were found to be
as high as 15% (270 °C, 70 min).

Electron microscopy of samples prepared over a range of
temperatures identified faceted nanomaterials with a distinct
core/shell morphology. Samples isolated after S0 min/250 °C
(Figure 2a, Zn;N,) were approximately spherical with an

Figure 2. High-angle annular dark-field (HAADF) images of
nanoparticles synthesized for 50 min at (a )250 °C and (b) 270
°C, 70 min total growth. Scale bars = 50 nm.

average particle size of 22.3 nm with a standard deviation of
+12.3 nm and a shell of lighter contrast material clearly visible
(average thickness of up to 10 + 3 nm). A longer growth time
and higher synthesis temperature of up 270 °C did not result
in any significant further particle growth, although a small
number of larger cuboid particles, up to 200 nm per vertex,
which also displayed a shell morphology, were also observed at
this point (Figure 2b). It should be noted that the particles
described here are overall significantly larger (ca. 22 nm) than
the Zn;N, particles we described in an earlier report (ca. 8 nm)
yet emit slightly further toward the blue end of the spectrum,
consistent with smaller particles. In the current study, we
observed a significant oxide shell as shown in Figure 2a, of up
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to 10 nm in thickness, which means the core Zn;N, particles
here were roughly a similar size, if not slightly smaller to those
reported earlier, and hence emit in a similar, yet slightly blue-
shifted spectral position."”

X-ray powder diffraction (XRD) analysis of the isolated
particles (synthesized at 270 °C) gave a weak diffraction
pattern consistent with antifluorite LiZnN, with clear 111, 002,
022, and 113 reflections and with no obvious contribution
from crystalline Zn;N, or LiNH, (Figure 3).% The weak
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Figure 3. X-ray powder diffraction patterns of nanoparticles prepared
at 270 °C/70 min showing the diffraction pattern of LiZnN (Mo
radiation). PDF card numbers for the references are provided in the
Supporting Information.

reflections were also narrow in comparison to the broad
reflections normally obtained with the simple cubic III-V
family of materials. A brief simulation of 22 nm LiZnN
particles highlighted that narrow reflections were indeed
expected (Supporting Information Figure 1), and analysis of
the reflections reported in Figure 3 using the Scherrer equation
predicted an approximate particle size of 26.2 nm. Analysis of
the discarded waste solid that precipitated during the reaction
showed diffraction patterns consistent with a mixture of the
double layered complex hydride Li;(NH,),I (notably a fast ion
conductor),”’ Zn(NHj,),I,, and unreacted LiNH, (Supporting
Information Figure 2). We also note that the pattern does not
fit a pattern consistent with ZnO, LiOH, or Li,O (Supporting
Information Figure 3).

Elemental mapping of the smaller particles using scanning
transmission electron microscopy (STEM) energy dispersive
X-ray spectroscopy (EDX) clarified the elemental composition
of the core and shell regions of the materials as identified by
the Zn, N, and O maps. In Figure 4, a faceted LiZnN particle
prepared at 270 °C, imaged using (HAADF)-STEM, is shown,
with a clear interface between the core and native inorganic
shell. While zinc and nitrogen extend across both core and
shell, oxygen is clearly restricted to the shell region.
Unfortunately, neither STEM-EDX nor electron energy loss
spectroscopy (EELS) was able to confirm the presence of
lithium due to the nanoparticles’ sensitivity to the electron
beam coupled with the element’s low fluorescent yield and
instrumental limitations. The quantified ratio of Zn:O:N

1171

-

Figure 4. STEM-EDX maps of LiZnN nanoparticles synthesized at
270 °C for 70 min. ADF STEM image (top left) with the
corresponding EDX elemental maps of zinc, nitrogen, and oxygen
for the region highlighted by in the HAADF image. Scale bar 50 nm.

recorded in the shell region using STEM-EDX was ca. 1:1:1,
suggesting that the shelling material was zinc oxynitride, a
high-mobility, low-band-gap material composed of Zn;N,,
ZnO, and ZnOxNy.21 Overall, while considering the optical
properties, XRD, TEM, and EDX, the reaction can be
summarized as yielding faceted LiZnN/ZnON core/shell
particles, ca. 20—30 nm in diameter.

To further identify the structures of particles, bright-field
and annular dark-field scanning transmission electron micros-
copy (BE-STEM and ADF-STEM) provided atomic resolution
lattice information on the core of the largest nanoparticles,
which was consistent with simulated STEM data of [100]
orientated Zn;N, (Supporting Information Figure 4). Similar
analysis of the predominant smaller particles prepared at 270
°C showed atomic resolution images consistent with the crystal
structure of LiZnN as shown in the simulation and could not
be related to Zn;N,, ZnO, ZnS, or other oxides (Supporting
Information Figure 5). The origin of the oxygen in the shell at
this stage is unclear. While oxygen has been detected at the
interface of InP and ZnS in InP/ZnS core—shell quantum
dots,”” this has been attributed to oxygen inherent in the
capping agent. In our case, we suggest that although care was
taken to maintain an inert atmosphere throughout synthesis
and subsequent manipulations, oxygen was included through
brief atmospheric exposure either during the purification
cleaning process or in the transfer to the electron microscope,
highlighting the highly air sensitive nature of this system.

In conclusion, we have demonstrated lithium insertion into the
lattice of Zn;N, quantum dots to produce a half-Heusler
LiZnN nanoparticle system with a ZnON shell and other Li/
Zn-based materials (including larger particles of Zn;N,) as
side-products. This report highlights the rich nitride solid-state
chemistry still to be exploited and the diverse structures that
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exist in nonstandard semiconducting materials that may
eventually offer a replacement for traditional binary heavy-
metal-based quantum dots.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsaom.3c0006S.

Reagents, experimental and analytical techniques, XRD
of byproduct, potential products, and simulated
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particles (PDF)
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