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Structural investigations into colour-tuneable
fluorescent InZnP-based quantum dots from zinc
carboxylate and aminophosphine precursors+
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Fluorescent InP-based quantum dots have emerged as valuable nanomaterials for display technologies,
biological imaging, and optoelectronic applications. The inclusion of zinc can enhance both their emissive
and structural properties and reduce interfacial defects with ZnS or CdS shells. However, the sub-particle
distribution of zinc and the role this element plays often remains unclear, and it has previously proved
challenging to synthesise Zn-alloyed InP-based nanoparticles using aminophosphine precursors. In this
report, we describe the synthesis of alloyed InZnP using zinc carboxylates, achieving colour-tuneable flu-
orescence from the unshelled core materials, followed by a one-pot ZnS or CdS deposition using diethyl-
dithiocarbamate precursors. Structural analysis revealed that the “core/shell” particles synthesised here
were more accurately described as homogeneous extended alloys with the constituent shell elements
diffusing through the entire core, including full-depth inclusion of zinc.

Fluorescent indium phosphide-based quantum dots (QDs)
have shown promise in the fields of biological imaging,'
lasing,”® and light emitting diodes.®® With a direct band-gap
of 1.3 eV, InP fluorescence is conveniently in the visible spec-
tral regions,”*'° and core/shell QDs with photoluminescence
(PL) from blue to near-infrared have been reported.>'' While
the covalent nature of InP results in greater photostability'>
and less ionic leaching than Cd-based materials,*" it also
presents challenges to synthesising crystalline QDs with bright
fluorescence.

Tris(trimethylsilyl)phosphine (PTMS;) is the most com-
monly-used phosphorus precursor and has resulted in
brightly-emitting materials.>”>'%**"'® However, it is expensive,
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pyrophoric, and prohibitively reactive. Tris(dimethyl-
amino)phosphine (P(NMe,);) is a safer alternative and has
recently produced promising InP-based QDs.*>'"'¥2! For
example, Tessier et al. used P(NMe,); to synthesise fluorescent
InP/ZnS QDs with the emission colour based on the identity of
a halide dopant and emission linewidths as narrow as
46 nm."" Likewise, Yang et al. have recently synthesised InP/
ZnS QDs from P(NMe,); with fluorescence quantum yields
(QYs) of up to 63%,® while Jo et al. have synthesised graded
InP/ZnSeS/ZnS from an aminophosphine precursor with QYs
up to 87% and linewidths as narrow as 37 nm.>*

Combining InP with Zn is a common approach to produce
QDs with improved crystallinity,"*** fewer surface trap
states,'®?® and greater QYs than pure InP. As a smaller, harder
ion, Zn also reduces the lattice dimensions of InP to provide a
closer lattice match with a ZnS shell. However, the addition of
zinc halides to the synthesis with P(NMe,); does not appear to
result in the formation of Zn-alloyed materials.'®*' For
example, InP-based QDs synthesised by Buffard et al. con-
tained only 3% Zn by atomic composition, regardless of the
quantity of zinc halide added; Zn also did not contribute to
the reaction intermediates or affect the rate of reaction.'®
Halide counter-ions, however, controlled the QD size dis-
persion, facilitated the reduction of P(III) to P(-III),"**' and
improved the excitonic absorption feature of the resultant
QDs.*° Furthermore, the unshelled products of this reaction
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had a PL QY of less than 1% and a high prevalence of both
electron and hole trap states.>**

Zinc carboxylates have been widely used in the synthesis of
InZnP with PTMS;:>® they are variously reported as
reagents,”®>® initiators,>® or passivators.’>*® Xu et al. have
suggested that zinc carboxylates could not behave as precur-
sors to the formation of alloyed InZnP as they are not strong
oxidisers or reducing agents, have low reactivity with phos-
phorus, and are stable at the reaction temperatures used in a
typical InP synthesis.>®*° Zinc carboxylates were instead
hypothesised to behave as surface passivators.>**° In contrast,
Ryu et al. theorised that zinc acetate etched InP to result in an
alloyed Zn-rich surface and a blue-shift in optical properties.>”
Notably, fluorescence has been observed from InP-based QDs
synthesised with zinc carboxylates,””?*3° while the reaction
with zinc halides typically results in non-emitting materials or
those with a QY below 1%.'%2"2* A recent study has, however,
highlighted that the addition of ZnCl, to preformed myristate-
capped InP QDs resulted in ligand exchange and an increase
in emission quantum yield (to ca. 0.8%), highlighting that this
system is far from fully understood.*'

However, in the majority of studies to date, PTMS; was used
as the phosphorus precursor, and zinc carboxylates were rarely
explored as precursors to the formation of alloyed InZnP in the
reaction with P(NMe,);.

The synthesis of InZnP using P(NMe,); and zinc stearate was
investigated here with the aim to produce alloyed InZnP, unlike
the analogous reaction with zinc halides in which zinc does not
alloy into the InP structure. A ZnS and CdS surface deposition
procedure was then performed on the reaction products to
examine the heterostructures and resultant optical properties.
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Results and discussion

The product of the reaction between zinc stearate, InCls,
and P(NMe,); displayed bright fluorescence prior to any
surface deposition steps, as shown in Fig. 1. Note that the
capping agents emitted a blue colour prior to quantum dot
formation. Bare InZnP rarely displays PL due to the preva-
lence of surface trap states.'™'”'®21:2%32 Flyorescence has
been observed when carboxylates or zinc carboxylates were
included in the synthesis with P(TMS);, but not previously
with P(NMe,);.>”*%° As shown in Fig. 1a-f, greater
amounts of zinc stearate resulted in a shorter emission
wavelength, with broad photoluminescence emission peaks
of the crude aliquots suggesting heterogeneity in QD size or
structure. For each Zn:In ratio, the emission red-shifted
during the reaction, shown in Fig. 1g, indicating that the PL
may originate from the ripening of alloyed QDs, rather than
solely from trap or surface states. Emission emerged faster
and at lower temperatures when less zinc stearate was
present in the reaction. The emission spectra of Inj;1Zno 5P
(Fig. 1a) are illustrative of this: the spectrum from time
zero, when the reaction reached 220 °C, already displayed a
clear emission peak at ca. 755 nm. Emission had therefore
already developed at temperatures lower than this. In con-
trast, weak emission only emerged after two minutes at
220 °C in the synthesis of Inf;)Znp, 5P, as shown in Fig. 1e.
Zn:In ratios of 3:1 or greater did not produce detectable
photoluminescence after 10 minutes at 220 °C (Fig. 1f). It is
therefore possible that surface stearate groups controlled
the formation, and growth rate of fluorescent
nanoparticles.
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Fig. 1 a-f show the raw PL spectra of air-free aliquots removed at intervals during the synthesis of InZnP, with the Zn: In molar ratio indicated in
the top left of each subplot. The emission peaks are broad and the PL wavelength is shorter the greater the Zn content. The PL peak wavelengths of
the crude, air-free aliquots are plotted with square markers in g, showing a red-shift as the reaction progressed and a blue-shift with Zn: In ratio.
The PL peak wavelength of the cooled, crude InZnP is plotted with a circle, and that of the cleaned, air-exposed product with a triangle. The emis-
sion blue-shifted on cleaning. h, i, and j show photos of the aliquots under 365 nm illumination for Zn: In ratios of 1.0:1, 2.0:1, and 2.5: 1, respect-
ively. The vials left-to-right are the progressive reaction aliquots, and the most right-hand vial is the cleaned product. Note the unreacted reagents

emitted blue when excited at 365 nm.
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Cooled samples of the reaction were exposed to air and surface modification during the cleaning procedure. The emis-
cleaned. The photoluminescence emission wavelength of the sion wavelength of the cleaned product was dependent on the
cleaned product is plotted with a triangle in Fig. 1g and shows Zn:In ratio, with PL peaks observed between 776 nm for
a clear blue shift relative to the crude product. This blue shift cleaned InpjZnpsP and 566 nm for cleaned InpjZnp, 5P
can arise from size focusing during cleaning, where larger QDs  (Fig. 2a). The QY also increased with the Zn:In ratio, from
precipitate and smaller QDs remain suspended, or from only 0.6% for In;;jZnpo 5P, to 6.1% for Inp;1Znp, )P, and 15.1%
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Fig. 2 a shows the peak PL wavelength of InyZn,P and InyyZn,,PZnS with Zn:In ratios from 0.5:1 to 2.5:1, with PL and absorption spectra
shown in g. Samples synthesised without zinc stearate (“0.0:1") did not show detectable fluorescence; spectra for these materials are included in
the ESI.{ QYs are plotted in b, the PL FWHM in c, and d shows the mean nanoparticle diameters measured from electron microscopy images of at
least thirty nanoparticles. The elemental compositions were measured with EDS and the atomic ratios normalised to In, as plotted in e (InjyZn,P)
and f (InyyZng,,PZnS). Error bars are the standard deviation of measurements. Powder XRD patterns of Iny,Zn,;P and Iny,;Zn;,,PZnS, acquired using a
Mo K, (0.709 A) source, are shown in h, along with reference patterns for InP and ZnS (PDF cards #00-032-0452,3” #00-900-0107 *8). Broad diffrac-
tion patterns with similarity to InP were detected in InjgZn(,,P when the Zn: In ratio used in synthesis was <2: 1. The peaks were shifted to higher
angles relative to pure InP, indicating contracted lattice dimensions due to alloying with Zn. A Bragg peak at 10° 20 (highlighted in grey) was assigned
to stearate-like ligands.®® Patterns associated with cubic ZnS were present in all InyyZn, PZnS samples except when zinc stearate was omitted from
the core synthesis (“0.0 : 1"). The peak at 10° 20 was maintained after ZnS surface deposition. TEM of InjyZn,;P and InyqZng,,PZnS nanoparticles with
Zn:In ratios of 0.5:1to 3.0:1 are shown in i—p with a histogram of the nanoparticle diameters inset in each image. Further EM images are available
in the ESL{
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for InpyjZnp, 51P (Fig. 2b). Furthermore, the emission linewidth
(full width at half maximum, FWHM) narrows with increasing
Zn :In ratio, dropping from 200 nm for In[;jZnj, 5P to 130 nm
for Injy)Zny, 5P (Fig. 2¢). While broad FWHMs can indicate het-
erogeneity in QD size or composition, recent work by Janke
et al. also suggests that lattice disorder plays a significant role
in broad InP emission profiles, a theory further indicated by
a Raman scattering study. The spectral acquisitions of InZnP
with Zn:In ratios from 1:1 to 2:1 (ESI 2.2}) were character-
ized by broadened Raman features from 700 cm™' onwards,
consistent with the disordered Zn-doped InP measured by
Janke et al.*® Transverse and longitudinal optical modes (TO
and LO) associated with InP were resolved for Inj;jZnjo 5P at
310 and 347 cm™, respectively, but observed only as a single
broad scattering signal for Zn:In ratios of 1:1 and 2:1.%?
Broadening of the Raman scattering spectrum is associated
with nanoscale materials®® and lattice disorder arising from
the incorporation of ionic Zn**.>* The materials are therefore
consistent with Zn-doped InP nanoparticles and an increasing
degree of lattice disorder with the Zn : In ratio.

Three explanations for the optical shifts will be explored:
first, that greater quantities of zinc stearate during synthesis
resulted in smaller QDs. Second, that a graded structure or
etched surface increased exciton confinement, resulting in
blue-shifted PL. Third, that Zn-alloyed InP or a mixed amor-
phous structure formed, resulted in shorter bonding distances
and blue-shifted PL, a phenomenon also observed by Thuy
et al. in a synthesis with PTMS;.'® As shown in Fig. 2i-1, trans-
mission electron microscopy (TEM) of the cleaned reaction
product revealed the formation of small nanoparticles with
diameters between 2.5 and 3.5 nm (Fig. 2d). There was no
clear correlation between the QD size and the Zn:In ratio.
Atomic ratios normalized to In were obtained by energy disper-
sive X-ray spectroscopy (EDS) and are shown in Fig. 2e, reveal-
ing a clear positive correlation between the Zn present in the
product nanoparticles and the amount of zinc stearate
included during synthesis. This supports the hypothesis that
zinc stearate was a precursor to an alloyed or mixed amor-
phous InZnP, with the formation of this structure likely
responsible for the blue-shift in optical properties (Fig. 2a-c
and g).

InpZnp, P QDs synthesised with various Zn:In ratios were
characterized by powder X-ray diffraction (XRD) and the diffr-
action patterns plotted in Fig. 2h. Diffraction patterns with
similarity to contracted cubic InP were observed for samples
synthesised with Zn:In ratios of between 0.5:1 and 1.5:1,
indicated the possible formation of alloyed InZnP."® The broad
peaks were consistent with the small nanoparticles observed
by TEM in Fig. 2i-1 and comparable to those observed by Gu
et al. for similar InZnP nanoparticles.>® The Bragg peaks were
weaker as a greater Zn:In ratio was used during synthesis.
Samples synthesised with Zn:In ratios greater than 2.0:1
showed an absence of Bragg peaks, suggesting the presence of
an amorphous semiconductor alloy, that there was significant
disorder to any lattice structure, or that the particles were too
small to be effectively detected by the diffractometer. As dis-

1766 | Nanoscale, 2023,15,1763-1774

View Article Online

Nanoscale

cussed previously, PL emission was also not observed for the
samples with Zn : In ratios greater than 2.5 : 1, suggesting that
photoluminescence was associated with the Zn-alloyed InP-like
phase detected with XRD. A Bragg peak at 10° 26 was detected
in all samples and was likely associated with surface ligands,
as observed recently by Calvin et al.*® This feature at 10° was
present regardless of the Zn : In ratio and sample fluorescence.
No peaks associated with InP or InZnP were detected when
zinc stearate was omitted from the synthesis (labeled “0.0:1”
in Fig. 2h), suggesting that zinc stearate assisted the formation
of alloyed InP-like QDs.

Inp;Zn, o)P was chosen for detailed analysis due to its pre-
ferred optical properties in the red spectral region, and is
named here as material 1. High-angle annular dark field
(HAADF) microscopy of 1, in Fig. 3a, confirmed the presence
of nanoparticles with diameters less than 4 nm. EDS mapping
(Fig. 3b-d) revealed that Zn, In, and P were co-localised within
these nanoparticles, further suggesting an alloyed structure.
The lack of clear boundaries between individual nanoparticles
in Fig. 3a-d indicates that organic surface species may be
present, further suggested by the widespread prevalence of
phosphorus between particles in Fig. 3d. Neither the sub-par-
ticle distribution of elements or the lattice structure could be
resolved, either due to the sensitivity of the nanoparticles to
the electron beam, or due to the presence of an amorphous or
disordered structure.

Synchrotron-radiation (SR) excited X-ray photoelectron spec-
troscopy (XPS)*® was used to study the depth-dependent com-
position of 1 prior to air-exposure, with the sampling depths
for each photoelectron kinetic energy (KE) shown in Fig. 4a.
The In 3d XP spectra, shown in Fig. 4c, displayed two distinct
components. First, a feature with 3ds;, binding energy (BE) of
445.4 eV, which was consistent with InP in a Zn-containing
surround.*® Second, a feature with 3ds,, BE of 444.7 eV, which
was consistent with pristine InP.*® While the former was
observed at all photoelectron (PE) sampling KEs, the latter was
only observed at the higher (greater probing depths) photo-
electron KEs of 550 and 800 eV, indicating a graded structure
with more InP-like character in the centre of the nanoparticle
and a greater Zn content on the surface. This structure was
supported by the P 2p spectra, shown in Fig. 4d, which con-
tained three components. First, a dominant peak with a P
2ps2 BE of 129.0 eV, which was assigned to InP in a Zn-con-
taining surround.”® This feature shifted to 128.7 €V at higher
photoelectron KEs, closer to the BE of pure InP, suggesting
that the nanoparticle centre was more InP-like.** Second, a
feature at 125.4 eV was observed, indicative of a phosphorus-
containing organic material consistent with the precursors or
capping agents observed by HAADF in Fig. 3d.*' Third, a
minor feature at 135.6 eV; this peak was assigned to phospho-
rous oxides, specifically P,O5 or P,0,."> These oxides are
unusual in InP-based nanoparticles; InPO, species, with BE at
ca. 133.5 eV, are more typically observed.”” As plotted in
Fig. 4e, the relative intensity of these oxide peaks increased at
higher photoelectron KEs, suggesting that P,Os or P,O;0 was
more prevalent in the centre of the nanoparticle. These oxides

This journal is © The Royal Society of Chemistry 2023
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Image a shows HAADF imaging of 1 (Inj;Znp.0)P); EDS maps of the same region are shown in b—d, identifying co-localisation of In, Zn, and P

in the nanoparticles. The elemental structure could not be further resolved due to instability under the electron beam. Image e shows HAADF of 2
(InZNn2.01PZNnS); EDS maps of the same region are shown in f—i, and a composite of the Zn and S maps are in j. Image k shows HAADF of 3
(Inp;ZNn2.0;PCdS); EDS maps of the same region are shown in |-p. No core/shell structure was observed for either 2 or 3, suggesting an alloyed
material. 2 and 3 were crystalline, with lattice fringes clearly observed in q and r. XRD of 3, acquired using a Mo K, (0.709 A) source, is shown in's,
along with the reference patterns for ZnS (PDF card 00-900-0107) and CdS (PDF card 00-101-1251). PL and absorption spectra for 1, 2, and 3 are

shown in t.

therefore likely formed during synthesis rather than from post-
synthesis oxidation. Given the particles were synthesised and
processed for XPS in air-free conditions, it is probable that the
carboxylate group of zinc stearate was the source of these
oxides, a similar finding to that of Virieux et al.*°

Only one feature was observed in the Zn 2p spectrum
(included in the ESI}), suggesting a single bonding environ-
ment throughout the nanoparticle. The 2ps, BE of 1020.6 eV
was consistent with Zn-P bonding,*>** confirming the pres-
ence of Zn within the nanoparticle structure and the formation
of an InZnP alloy. However, the BEs of ZnP, (1020.9 eV)** and
Zn;P, (1020.6 eV)*® are too similar for this peak to be conclus-
ively assigned. As shown in Fig. 4f, Zn 2p spectra were
obtained up to sampling depths of 1.44 nm; with total nano-
particle diameters in the region of only 3.4 nm, this confirms
that Zn was incorporated throughout most of the structure.

The Zn 2p, P 2p, and In 3d XP spectra therefore confirmed
the presence of an alloyed InZnP structure: the Zn 2p spectrum
confirms the existence of Zn-P bonding, while the P 2p and In
3d spectra confirm the presence of InP in a Zn-containing
environment. Zinc stearate therefore behaved as a zinc precur-
sor in this study.

The total peak areas of the P and Zn XP spectra were nor-
malised to In 3d to reveal the depth-dependent elemental com-
positions, as shown in Fig. 4f. Zn had greater prevalence on
the nanoparticle surface, indicating a graded alloyed structure

This journal is © The Royal Society of Chemistry 2023

and suggesting the presence of zinc carboxylate as a surface
species. The Zn-rich nanoparticle surface may account for the
PL displayed by the particles prior to exposure to air. As pro-
posed by Ryu et al.,”” Zn can passivate InP surface trap states
and improve radiative recombination. However, the presence
of oxidised P-containing species within the nanoparticle may
also result in weak PL, as observed by Buffard et al'® Oxide-
associated trap states typically result in PL QYs of ca. 1%,
much lower than the 6.1% observed for material 1, suggesting
that surface passivation by Zn is more likely responsible for
the observed PL. One interesting possibility is the potential for
a InP/ZnO layer to have formed,*® which is further endorsed by
the presence of ZnO binding energies, as will be discussed
later.

To characterise the chemical changes that occurred follow-
ing exposure to air, XPS of 1 was also obtained in atmospheric
conditions using a monochromatic X-ray source. As shown in
Fig. 5a, oxidised material consistent with InPO, was dominant
in the P 2p XP spectrum. InPO, species are commonly
observed in InP-based materials, including in recent studies by
Vikram et al. in which they formed on the InP surface and at
the core/shell interface of InP/ZnSe.*® No features consistent
with P,O5 or P,O;, were observed, unlike the air-free samples
in Fig. 4. The total P, : Py,p ratio was 3.8 : 1, compared to 0.01 :
1 measured by SR-XPS on the nanoparticle surface prior to air
exposure. Air-exposed samples displayed a Zn 3ps/, BE of 89.2
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Fig. 4 Synchrotron radiation-excited depth-profiling XP spectra. Plots a and b show the sampling depths through the nanoparticles at each photo-
electron KE. Plot ¢ shows normalised SR-XP spectra of the In 3d orbitals in IngZnpgP (1) with photoelectron sampling KEs from 135 to 800 eV. Two
bonding environments were observed: InP in a zinc-containing surround (INZnP), and pristine InP. Plot d shows SR-XP spectra of P 2p orbitals with three
bonding environments observed: InZnP-like peaks, precursor-related species, and oxidised species. The ratios of the P bonding environments normal-
ised to In 3d are shown in plot e. The total elemental ratios of P and Zn relative to In are shown in plot f. Plot g shows the normalised SR-XP spectra for
In 3d, Cd 3d, and N 1s in In;Znp.0PCdS (3), with a single bonding environment observed for each. Plot h shows the normalised SR-XP spectra of S 2p
orbitals in 3, with bonding environments associated with CdS and ZnS or In,Ss. Plot i shows the P 2p SR-XP spectra for in 3, revealing two bonding
environments, one associated with InP in a zinc-containing surround (InZnP) and one with oxidised P-containing species. The ratios of P bonding
environments within 3, normalised to In 3d, are shown in plot j. The total elemental ratios of P, Zn, and Cd relative to In 3d within 3 are shown in plot k.

eV, while the Zn 3s BE in Fig. 5 was 140.2 eV. Both these BEs
were higher than would typically be observed for ZnP, or
Zn;P, **** and more consistent with Zn0.*”"*® The Zn-contain-
ing surface therefore did not prevent widespread oxidation of
the nanoparticles.

InZnP QDs with Zn:In ratios from 0.5:1 to 3.0:1 were
heated to 300 °C with zinc diethyldithiocarbamate (ZDEC), a
single-source ZnS precursor, forming InpyZnp,PZnS nano-
particles (we omit the usual nomenclature of ‘InP/ZnS’ and
adopt the description previously used by Reiss for alloyed
InPZnS prepared in a one pot reaction, putting the order of
elements from the centre of the particles outwards'®). TEM

1768 | Nanoscale, 2023,15,1763-1774

revealed no clear correlation between the core Zn : In ratio and
the nanoparticle diameters, as shown in Fig. 2d. For example,
In[l]Zn[l_O]PZnS, In[l]Zn[Z.O]PZnS, and In[l]Zn[g.O]PZnS had
average diameters of 5.8 + 1.1, 6.6 + 1.3, and 5.8 + 1.4 nm,
respectively, with mean and standard deviation calculated
from a sample of at least 30 particles. The diameters of
In;,jZnp,1PZnS were on average 2.4 nm greater than the core
InZnP nanoparticle, equivalent to 3-4 monolayers of ZnS,*°
confirming that ripening or surface deposition occurred
during the reaction with ZDEC.

Elemental compositions for Inp,;Zn;4PZnS with different
core Zn: In ratios were calculated from EDS and are shown in

This journal is © The Royal Society of Chemistry 2023
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Fig. 2f. There was not a strong correlation between the S:In
ratio of the shelled materials and the core Zn : In ratio, with an
average S:In ratio across all samples of 1.36 + 0.73. However,
the P:In and Zn:1In ratios of InpZnp,jPZnS were more clearly
correlated with the core zinc content. For example, the Zn : In
ratios of InpyZnp; )PZnS and Inpy)Zng 5PZnS were 3.0:1 and
0.6: 1, respectively, initially suggesting that the internal InZnP
structure was maintained after the ZnS deposition procedure.

X-ray diffraction studies, shown in Fig. 2h, confirmed the
formation of a cubic ZnS-like phase on InZnP nanoparticles
with all Zn : In ratios, but not on the amorphous “Inf;1Zngo q}P”
material that formed when zinc stearate was omitted from the
core synthesis. The Bragg peak previously observed at ca. 10°
20 in all InZnP samples, assigned to surface stearate ligands,
broadened and shifted to lower diffraction angles following
the surface deposition of ZnS. This indicated a change to the
surface structure of the nanoparticles.

The optical properties of InpgZnp,PZnS suggest that depo-
sition of ZnS passivated trap sites on InZnP and improved crys-
tallinity. As shown in Fig. 2b, Inj3Zn[,jPZnS nanoparticles dis-
played significantly brighter fluorescence than the respective
core materials, with a maximum QY of 27% observed for
Inp1Znp; g)PZnS  compared to  6.1%  for  InpyZnp opP.
Furthermore, all InpgZnp,PZnS nanoparticles displayed clear
band-edge excitonic absorption features in Fig. 2g, in contrast
to InpyZnp,P which had absorbance more typical of an amor-
phous material. Likewise, the emission FWHM of
InjZnp,;PZnS was consistently narrower than that of the
parent Inp Znp,P (Fig. 2c), suggesting greater homogeneity in
nanoparticle size and structure and reduction in trapping
states. The FWHM was narrower for InpZnp,PZnS nano-
particles with greater core Zn : In ratios, reducing from 107 nm
for InpyjZnpy oPZnS to 69 nm for Inp;jZny, 5PZnS. "

The photoluminescence wavelengths of InpyZn,jPZnS nano-
particles were consistently blue-shifted by approximately
60 nm relative to the InpZnp,;P cores (Fig. 2a), indicating an
increased band-gap energy following surface deposition of
ZnS. However, the overall nanoparticle diameter increased fol-
lowing ZnS deposition (Fig. 2d): this blue-shift did not orig-
inate from simple quantum confinement. Two alternative
explanations will be examined: first, that ZnS alloyed into the
InZnP core, reducing the effective core diameter and increas-
ing the exciton confinement. Second, that alloying of Zn>" into
InZnP reduced the interatomic distances and raised the
exciton energy, an effect observed by Thuy et al. on the for-
mation of graded InP/ZnS."°

The presence of more zinc stearate during the core syn-
thesis resulted in shorter emission wavelengths for
InpZnp,PZnS (Fig. 2g), similar to the trend observed for
In;yZnp,P. This indicates that ZnS deposition occurred on
InZnpyP, rather than the formation of a separate population
of ZnS nanoparticles.

InyZnp, g1PZnS, the product of the reaction between 1 and
ZDEC, was chosen for further structural analysis and is hence-
forth named 2. HAADF of 2 (Fig. 3e) confirmed the formation
of crystalline nanoparticles: clear lattice fringes were observed
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with high-resolution STEM (Fig. 3q). The lattice separation was
0.31 + 0.2 nm, consistent with the {111} plane of zinc blende
ZnS,”° indicating that the exterior of 2 was principally ZnS-like.
EDS mapping (Fig. 3f-j) revealed that that In, P, Zn, and S were
co-localised within the nanoparticles, further confirming that
Zn and S deposited onto InZnP. A core/shell structure could
not be resolved, suggesting that ZnS did not necessarily form a
discrete surface phase.

XP spectra of 2 (Fig. 5d-f) confirmed the formation of ZnS:
the BE of the S 2p;/, peak was 161.7 €V, consistent with ZnS-
like bonding.>! Further alloying occurred during the ZnS depo-
sition: InP-associated P 2p peaks had a lower prevalence in 2
than 1 (Fig. 5d), suggesting that the InP-like centre present in
1 was eradicated during shell deposition. However, as dis-
cussed earlier and shown in Fig. 2, the shelled materials main-
tained the properties of the core, including elemental compo-
sition and optical trends.

CdsS was deposited onto the surface of 1 using cadmium di-
ethyldithiocarbamate (CDEC), the Cd analogue of ZDEC,
resulting in InjZnp, oPCdS (material 3). Annular dark-field
imaging (Fig. 3r) revealed crystalline ovoid QDs with an
average length of 5.7 + 1.0 nm and lattice spacings of 0.33 *
0.1 nm; this value is midway between the {111} d-spacings of
pure cubic ZnS (0.312 nm) and CdS (0.336 nm),>° suggesting
that surface of 3 was a ZnCdsS alloy. This alloyed structure was
also indicated by XRD in Fig. 3s: the diffraction peaks for 3
revealed a cubic zinc blende structure with lattice spacings
between ZnS and Cds.

Elemental mapping of 3, in Fig. 31-p, confirmed that Zn,
In, P, S, and Cd were co-localised within the nanoparticles.
The atomic composition was measured from EDS and normal-
ised to In, revealing a relative composition
In; gZns,P; gCdg oS,.3, compared to In; ¢ZnysP,, for 1 and
In, 0Zne sP; 7S4.5 for 2. Material 3 therefore had a greater total
Zn and P content than 1, despite CDEC containing neither of
those elements. We suggest that residual zinc stearate and
P(NMe,); continued to react during the surface deposition pro-
cedure, further indicating that zinc stearate behaved as a pre-
cursor. 3 was stable under the electron beam and clearly crys-
talline, but separate core/shell phases could not be resolved.
This suggested an alloyed structure, consistent with XRD and
the observed lattice spacings.

The optical properties of 3 were largely intermediate
between those of 1 and 2. For example, the emission wave-
length was 570 nm (Fig. 3t), compared to 660 and 550 nm for
1 and 2, respectively. Similarly, 3 had a FWHM of 104 nm and
a Stokes’ shift of 66 nm; in both cases, larger than 2 yet
smaller than 1. Peter et al. suggest that the band-gap of a
ZnCdS alloy increases with Zn content, becoming more ZnS-
like, and decreases with Cd content, becoming more CdS-
like.>*> The ZnCdS-like structure of 3 may therefore result in a
narrower band-gap than the more ZnS-like 2, accounting for
the observed optical properties. The QY of 3 was 36%, signifi-
cantly higher than either 2 or 1 (27% and 6%, respectively),
suggesting improved passivation of trap states from CdS
surface deposition.
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Fig. 5 XP spectra of air-exposed samples of Iny;Znp;P (1) in subplots a, b, and c¢; InyZnzPZNS (2) in subplots d, e, and f; and Iny;Zn;PCdS (3) in sub-
plots g, h, and i. Spectra associated with P 2p and Zn 3s orbitals are in a, d, and g; a strong signal from oxidised InPO, was detected in all samples. This
indicates further oxidation compared to the P,Os or P,O;0 species detected in the air-free samples in Fig. 4e and f. InP species were also detected in
samples of 1 and 3. Spectra associated with Zn 2p orbitals are in b, e, and h. Spectra associated with N 1s and Cd 3d orbitals are in c, f, and i. No
species associated with Cd 3d were detected in either 1 or 2, but Cd 3ds,, orbitals with BE 405.0 eV, consistent with CdS, were observed in 3.

Without prior exposure to air, SR-excited depth-profiling XP
spectra were measured for 3 and are shown in Fig. 4g-i. The
correlation between photoelectron KE and sampling depth is
plotted in Fig. 4b, and the ratios of individual species normal-
ised to In 3d are in Fig. 4j and k. The In 3ds/,, 3 and Cd 3ds,,
32 XP spectra (Fig. 4g) both had one feature at all sampling
depths, suggesting a single bonding environment throughout
the entirety of the nanoparticles. The In 3ds/, peak was located
at 445.4 eV, the same BE as in 1; the presence of Cd and S did
not significantly change the bonding environment of In. This
peak could be assigned to either InP in a Zn-containing sur-
round*® or to In,S;>*** so firm conclusions could not be
drawn as to its structural origin. Unlike 1, no peaks associated
with pristine InP were detected at any photoelectron KEs in
the In 3ds,,, 3, spectra: the prolonged reaction with CDEC
enabled the diffusion of Zn into the centre of the nanoparticle.
A single component was observed in the Zn 2p spectra of 3
(included in the ESIf). However, the bonding environment

1770 | Nanoscale, 2023,15,1763-1774

around Zn could not be identified because the 2p;, BE of
1020.6 eV could be assigned to either ZnS>"*> or Zn;P,.*> The
presence of only one Zn 2p component for all photoelectron
KEs confirmed that Zn was homogeneously alloyed throughout 3.

In contrast, the S 2p;/, spectra had two distinct features
(Fig. 4h). First, a dominant peak with BE 161.7 eV, which was
consistent with CdS.>**” Second, a minor peak was at 162.9
eV, which could be assigned to either ZnS>*® or In,S;.>*"*
This latter peak was more intense at lower photoelectron KEs,
suggesting that ZnS and/or In,S; were more prevalent in the
outer regions of the nanoparticle. Given the presence of both a
CdS-associated peak and a ZnS-associated peak in the lowest
photoelectron KE spectra, it is likely that the surface was a
ZnCdS alloy. This corroborates the findings of both XRD and
STEM, which identified a lattice structure with dimensions
between that of ZnS and CdS. This was further indicated by
the Cd 3d spectra (Fig. 4g): the binding energy of Cd 3ds,, was
405.1 eV, consistent with a CdS-like material.”®>’

This journal is © The Royal Society of Chemistry 2023
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The peak areas for the constituent species were normalised
to In 3d to approximate the depth-dependent composition
(Fig. 4k). The Cd:In ratio remained constant across all
sampling depths, suggesting that Cd was homogeneously dis-
tributed throughout 3 and that a more typical InP/CdS core/
shell structure was not formed.>>®° The relative Zn concen-
tration decreased with increasing photoelectron KE, suggesting
that the outer regions of 3 were Zn-rich. For example, the
In:Zn ratios were 1.0:7.6 and 1.0:3.7 at sampling depths of
0.97 and 1.08 nm, respectively, suggesting an alloyed structure
with a significant drop in Zn concentration towards the nano-
particle centre. The S 2p;/, peak at 162.9 eV, which was consist-
ent with either ZnS or In,S;, was also more prevalent in the
outer regions of 3. The greater concentration of Zn in this
same region further suggests that ZnS is a more likely candi-
date than In,S;. However, the overall S:In ratio was relatively
constant throughout the nanoparticles, and the CdS-associated
peaks were present at all sampling depths. These findings
strongly indicate that the surface of 3 was a Zn-rich ZnCdS
alloy, with Cd and S additionally alloyed throughout the QDs
with uniform distribution. This CdS-like structure was also
confirmed by monochromatic-radiation XPS, with the Cd 3d
spectrum in Fig. 5i.

The Zn:In ratio of 3 was approximately ten times greater
than 1 across all available sampling depths, as shown by com-
paring Fig. 4f and k, respectively. No additional zinc precur-
sors were added during the CdS deposition procedure, con-
firming that zinc stearate behaved as a precursor to produce
an alloyed material. However, additional oxidation also
occurred during the reaction with CDEC, as shown by the P 2p
spectra in Fig. 4i. Two 2pz,, features, at 129.0 and 135.2 eV,
were associated with InZnP*® and oxidised species,”* respect-
ively. Similar to 1, the oxide species were more prevalent at
greater photoelectron KEs, consistent with a more oxidised
core (Fig. 4j). For example, the normalised ratio of Py,z.p: Pox
was 1:0.87 at sampling depths of 2.51 nm, compared to only
1:0.08 at 0.97 nm. The oxide:In ratio was also significantly
higher in 3 than 1 (Fig. 4j and e, respectively). As discussed
previously, zinc stearate continued to react during the CdS
deposition procedure, resulting in Zn diffusion throughout the
nanoparticle. The stearate group may also be the cause of
additional oxidation, similar to the mechanism proposed by
Virieux et al., in which carboxylates oxidise InP during syn-
thesis.” It is also possible that air was introduced to the reac-
tion vessel during injection of CDEC, although this effect is
likely minimal due to the air-free syringes and positive nitro-
gen pressure that were used throughout.

Conclusions

Fluorescent InZnP nanoparticles were synthesised in a simple
one-pot reaction using a relatively safe and green phosphorous
precursor. The emission wavelength was tuned from 566 to
776 nm by varying the Zn:In molar ratio during synthesis.
The maximum QY was 15%, an unusually high value for bare

This journal is © The Royal Society of Chemistry 2023
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InP-based nanoparticles without a shell or etched surface.
Zinc stearate was found to be a true precursor, resulting in
alloyed InZnP, unlike previous studies with zinc halides and
P(NMe,); in which Zn was merely a spectator ion.'"'®
Kirkwood et al. have recently reported that InZnP quantum
dots synthesised with zinc carboxylates and PTMS; have an
alloyed structure with Zn primarily located at the surface,
although some Zn was also found deeper in the particles.”®
The InZnP nanoparticles presented here, produced with
P(NMe,); and zinc carboxylates, had a similar Zn-rich surface
but also appeared to have a significant Zn content in the
centre of the nanoparticles. Notably, phosphorous oxides in
the form P,05; or P,O;, were also observed at the centre of
InZnP following the air-free synthesis. InPO, species were
observed in all materials that were exposed to air, similar to
recent structural studies by Vikram et al.*® However, this exten-
sive oxidation did not quench the fluorescence, and air-
exposed materials maintained similar optical properties to the
air-free aliquots.

Alloyed InZnPZnS nanoparticles were formed following a
surface deposition procedure with ZDEC. The optical pro-
perties of InZnPZnS were dependent on the core InZnP,
showing that ZnS deposited on and modified the original
InZnP materials but did not totally eradicate their structure.
The surface deposition of CdS using CDEC resulted in alloyed
InZnPCdS with a QY of 36%. Structural studies indicated that
Cd, In, P, and S were largely homogeneously alloyed, whilst Zn
was more prevalent on the nanoparticle surface, suggesting a
graded material with a Zn-rich ZnCdS surface. Zinc stearate
continued to react during the one-pot shell deposition pro-
cedure, further cementing its role as a precursor.

It is noteworthy that the diethyldithiocarbamate shelling
precursors resulted in alloying throughout the entire nano-
particle, not just at the core/shell interface. This study also
highlights the ease with which Zn alloys through InP-type
nanoparticles. These findings highlight the broad and
complex range of potential structures available to the III-V
family of materials. Elemental analysis often cannot reveal this
internal structure, unlike depth-profiling SR-excited XPS, uti-
lised in this study. While many similar reactions are superfi-
cially described as producing core/shell systems, differing
structures will result from the complex range of variables,
including precursors, reaction conditions, capping agents, and
solvents. In this study, the nomenclature ‘InP/ZnS’ or ‘InP/
CdS’ is too simplistic to describe the end products, which dis-
played extensive alloying. While the surface deposition had a
passivating effect, including increasing the QY, distinct core
and shell phases were not formed. These materials would
benefit from additional studies into the electronic structure to
fully realise their potential and elucidate their exact structures.
It is worth noting that a recent study by Sun et al has
described the inhibition of the cation exchange at the core/
shell interface to obtain brightly emitting InP/ZnSe/ZnS
quantum dots, by introducing a Se-rich shielding layer
between core and first shell, exhibiting emission quantum
yields of up to 87%.%"
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Abbreviations

1 Inp)Zng; 0P

2 In[l]Zn[Z.o]PZnS

3 In[l]Zn[Z.o]PCdS

CDEC Cadmium diethyldithiocarbamate
EDS Energy dispersive X-ray spectroscopy
FWHM Full width at half maximum

PL Photoluminescence

PTMS; Tris(trimethylsilyl)phosphine

QD Quantum dot

SR Synchrotron radiation-excited
XPS X-ray photoelectron spectroscopy
ZDEC  Zinc diethyldithiocarbamate
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