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ABSTRACT: We present synthesis protocols, based on indium
halide and aminophosphine precusors, that allow for the econom-
ic, up-scaled production of InP Quantum Dots (QDs). The reac-
tions attain a close to full yield conversion — with respect to the
indium precursor — and we demonstrate that size tuning at full
chemical yield is possible by straightforward adaptations of the
reaction mixture. In addition, we present ZnS and ZnSe shell
growth procedures that lead to InP/ZnS and InP/ZnSe core/shell
QDs that emit from 510 nm to 630 nm with an emission linewidth
between 46 nm and 63 nm. This synthetic method is an important
step towards performing Cd-free QDs, and it could help the trans-
fer of colloidal QDs from the academic field to product applica-
tions.

Colloidal QDs have rapidly evolved from a lab-scale invention
of academic interest to new, useful building blocks widely applied
in various fields of nanoscience and technology research.! This is
mainly due to high precision, synthetic schemes developed for
cadmium chalcogenide QDs,? which have made available mono-
disperse QD ensembles that preserve the unique, size-tunable
optoelectronic properties of individual QDs. The restrictions
several countries have imposed on the use of cadmium however
question the long term feasibility of product applications relying
on cadmium-chalcogenide based QDs, hence the quest for Cd-free
alternatives.® This search has mainly focused on CulnS; and InP
where, similar to CdSe, size quantization enables the bandgap
transition to be tuned across most of the visible spectrum. Espe-
cially InP QDs combine a reduced toxicity with emission charac-
teristics close to those of CdSe-based QDs.*

The strategies developed to produce colloidal InP QDs can be
roughly divided in two groups. The first group includes high
reactivity P(-111) precursors such as tris(trimethylsilyl)phosphine
[(TMS)3P]57 or phosphine [PHz],% and the second group utilizes
lower reactivity P(0) and P(+Ill) precursors such as
trioctylphosphine (TOP),® P4,'° or PCls.!! Based on size dispersion
— a key parameter to be minimized for most QD-based applica-
tions — P(-11) precursors give the best results. In particular,
(TMS)3P has been the most commonly used phosphorous precur-
sor, where optimized protocols yield emission lines with a full
width at half maximum (FWHM) of 40-60 nm.'? Unfortunately,
(TMS)3P is a costly and pyrophoric precursor that tends to de-
compose and forms lethally toxic PHs in contact with air. This
renders upscaled (TMS)sP-based InP production elusive and may
explain why InP QDs are far less studied than CdSe QDs. Oppo-
site from the high reactivity P(-111) precursors, protocols to syn-

thesize InP QDs with low reactivity precursors yield QDs with too
large a size-dispersion for most of the potential applications.

Recently, an innovative and potentially efficient alternative to
make InP QDs has been published by Song et al..!3 These authors
use tris(dimethylamino)phosphine [(DMA)sP] as a phosphorous
precursor, which can be classified as a low-reactive P(+Ill) pre-
cursor. This compound is stable under ambient conditions and its
cost is only a fraction of (TMS)sP. The proposed protocol enables
InP/ZnS batches to be formed, featuring emission lines with a
FWHM of 60-65 nm, which is close to the best obtained with
(TMS)sP (40-60 nm). Here, we take this method as a starting
point to develop a InP synthesis protocol that combines economic
feasibility with state-of-the art optical properties. First, we
demonstrate that InP can be formed by various combinations of
InXs (X=ClI, Br, I) and P(amino)s (amino = dimethylamino
[DMA], diethylamino [DEA]) as the respective indium and phos-
phorous precursor. Focusing on InCls and (DEA)sP, we find that
the conversion yield depends on the (DEA)sP:InCls molar ratio.
About full yield (with respect to indium) is achieved for ratios
exceeding 3.5. Moreover, replacing InCls by InBrs or Inls leaves
the conversion yield and the reaction rate unchanged, yet leads to
InP QDs with systematically smaller diameters at the end of the
reaction. Finally, we introduce ZnS and ZnSe shell growth strate-
gies that result in InP/ZnS(e) batches with state-of-the-art emis-
sion linewidths (FWHM: 48-63 nm) and photoluminescence
quantum vyields (PLQY: 20-60 %). We thus conclude that
P(amino)s-based protocols may open a gateway to the large scale
production of InP QDs.

As outlined in the Supporting Information (section S1), our first
precursor for InP synthesis is a solution of InCls and ZnCl2 in a
primary amine. The latter acts as both solvent and ligand and may
also have a chemical role in the synthesis. Using specifically
oleylamine as primary amine allows us to perform reactions at
high temperatures — up to 340 °C — which is important for the
eventual shell growth. In this mixture, InCls is the actual indium
precursor and ZnCl: is added to facilitate the shell growth and it
also proves to reduce the size dispersion of the InP QDs. Note
that, as already mentioned by other authors,'3!* adding Zn at the
beginning of the reaction does not automatically produce In(Zn)P
alloys.

To form InP QDs, the (amino)sP is injected at high tempera-
ture, where we prefer tris(diethylamino)phosphine (DEA)sP be-
cause of its low price and its boiling point (240 °C) being higher
than the reaction temperature (180 °C). After injection, the initial-
ly colorless reaction mixture turns dark red within =20 min. This



is reflected in the absorption spectra of aliquots taken at different
times after the injection (see Supporting Information S1).
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Figure 1: a. Overview of (blue lines) absorption and (red lines)
emission spectra of InP, InP/ZnS and InP/ZnSe QDs synthesized
following the reference protocols described in the Supporting
Information. b-g. TEM pictures (scale bar 20 nm) and XRD dia-
grams of (b,c) InP/ZnS QDs, (d,e) InP QDs and (f,g) InP/ZnSe
QDs.

Absorption spectra and TEM images of the InP QDs were ob-
tained from a 20 min reaction using the reference conditions
outlined in the Supporting Information (section S1) and are shown
in Figure 1a and 1d. The thus formed InP QDs have an average
diameter of 3.3 nm and two excitonic features, separated by =~0.3
eV, can be distinguished in the absorption spectrum. These could
correspond to transitions from the upper hole states to the first and
second electron state, respectively, as this energy difference cor-
responds to the calculated splitting between these electron
states,[ref]. Similar to InP QDs synthesized using (TMS)sP, the
resulting InP QDs are not luminescent, which is typically attribut-
ed to the fast oxidation of the InP surface.’> X-ray diffraction
(XRD) reveals that these InP QDs have a zinc blende structure
(Figure 1e).

Around these InP cores, ZnS and ZnSe shells can be grown us-
ing the respective chalcogen precursor; sulfur or selenium dis-
solved in trioctlyphosphine until saturation (2.2 M), denoted as
TOP-S or TOP-Se. Opposite from dodecanethiol — an alternative
sulfur precursor for ZnS shell growth — we find that TOP-S does
not induce a blue shift of the exciton transition upon ZnS shell
growth, a phenomenon that could indicate surface etching.® As
described in the Supporting Information, the shell growth proce-
dure involves the addition of saturated TOP-S(e) together with
zinc-stearate to the reaction mixture after the InP core formation
yet before any purification. Subsequently, the temperature is
increased in several steps along with additional precursor injec-
tions.

In the case of ZnS coating, the QD diameter increases to ~6 nm
(see Figure 1b), indicating that a 1.5 nm shell has been grown. In
XRD, this leads to a further broadening of the diffraction peaks,
probably due to the pronounced lattice mismatch between InP and
ZnS (7.7%). After ZnS coating, the first exciton transition shifts to
the red by ~60 meV (Figure 1a). Moreover, photo-excitation now
leads to a marked exciton emission with a linewidth of 56 nm and
a PLQY of up to 60 %. These values are close to the best obtained
in literature with a (TMS)sP precursor and at a similar emission
wavelength.'?

The ZnSe shell growth procedure results in pyramidal QDs that
are considerably larger than the InP/ZnS QDs. This enhanced
growth may be linked to the smaller lattice mismatch between InP

and ZnSe (3.2 %). In line with this, InP/ZnSe QDs have narrow
X-ray diffraction peaks, corresponding to those of bulk ZnSe. As
compared to ZnS, ZnSe coating leads to a considerable redshift
(=120 meV) of the first exciton. This can be due to its smaller
band gap (2.7 eV vs. 3.6 eV for zinc blende ZnS) and its smaller
conduction band offset.'® As a result, especially the electron may
be less confined in the InP core for InP/ZnSe as compared to
InP/ZnS. The InP/ZnSe emission linewidth is 48 nm and the
PLQY is 50 %. To the best of our knowledge, it is the first time
that InP/ZnSe QDs have been synthesized with such a color-pure
and efficient photoluminescence. However, the emission lin-
ewidth is still double compared to the value for CdSe QDs. This is
mainly due to the worse size-dispersion as the intrinsic emission
linewidth of InP and CdSe QDs are about the same.’

Next to precursor cost, a key element of an economical QD
synthesis is the chemical yield, i.e., the fraction of the precursors
eventually incorporated in the QDs. Since the InP synthesis pre-
sented here is typically run using a phosphorous excess, the reac-
tion yield is defined as the amount (moles) of indium in the InP
QDs relative to the amount of indium precursor used. We calcu-
late the yield by comparing the absorbance of quantitative aliquots
at 410 nm with the intrinsic absorption coefficient of InP QDs at
the same wavelength (see Supporting Information S2). Most
importantly, we find that the chemical yield depends on the (ami-
no)sP:InXs ratio. Using a 1:1 (amino)sP:InXs ratio, a chemical
yield of 10-30 % is typically obtained. However, the yield in-
creases to 75-85 % when the (amino)sP:InXs ratio is increased to
3.6:1 or more. In this respect, it is instructive to take a look at the
total synthesis cost. Counting only the cost of the chemicals, we
find that in a classical (TMS)sP based InP QDs synthesis, about
95 % of the total synthesis cost is due to the phosphorous precur-
sor (see Supporting Information S3). Using (DMA)sP in a 1:1
ratio to the In precursor, as proposed by Song and co-workers,
reduces the synthesis cost by at least a factor of 2.5 as compared
to a (TMS)sP based synthesis. The increase in chemical yield with
a (amino)sP:InXs ratio of 3.6 further reduces this cost by a factor
of 2 since the most expensive precursor — InCls — is used more
effectively. Hence, even without considering the further cost
benefits of having a more stable, less hazardous precursor, it
should be clear that opposite from (TMS)3P, the use of (amino)sP
under close to full yield conditions may result in affordable InP
QDs.

As QD sizes govern their optical and electronic properties, a
full yield synthesis is best combined with a strategy to tune the
QD size at the end of the reaction rather than stopping QD growth
during the synthesis. Size-tuning at full yield has been demon-
strated in syntheses for CdSe and CdS QDs by varying the reac-
tion rate, e.g.,, through a change of the precursor
concentration.'®° This size-tuning strategy works with this InP
QDs synthesis as well, where higher precursor concentrations
indeed result in smaller QDs. However, we found that higher
precursor concentrations make it harder to dissolve the solid
precursors whereas decreasing the precursor concentration ap-
pears to deteriorate the size dispersion. Alternatively, size tuning
at full yield and constant reaction rate proved possible with CdSe
QDs, either by changing the free ligand concentration or the
ligand chain length.182° Keeping this result in mind, Figure 2a-c
shows absorption spectra of aliquots taken during three InP QD
syntheses that use different indium halides while all other reaction
conditions, i.e., phosphorous and zinc precursor, concentrations,
solvent, solvent volume, temperature, etc., are kept constant. It
follows that replacing Cl by Br and | leads to a systematic
blueshift of the first exciton after a given reaction time, as shown
more explicitly in Figure 2d-f. Moreover, Figures 2d-f also indi-
cate that in all three cases the reaction rate and the eventual con-
version yield (75-80%) are identical, irrespective of the halide



used. In this way, the first exciton attained at the end of the reac-
tion can be changed from 580 to 560 or 515 nm by replacing InCls
by InBrs or Inls, respectively. We thus conclude that the InP
synthesis protocols proposed here allow for an efficient size tun-
ing at (close to) full chemical yield by a mere change of the indi-
um halide precursor, where higher atomic number halides yield
smaller QDs. To the best of our knowledge, this is the first report
of size-tuning at constant reaction rate through the inorganic metal
salt anion.
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Figure 2: Development of the absorption spectrum of InP QDs
using different indium precursors: a. InCI3 b. InBr3 c. Inl3.
Chemical yield and exciton energy development using different
indium precursors: d. InCls e. InBrs f. Inls.

For the initially present anion to influence the outcome of a
QDs synthesis, it should remain bound to the dissolved metal
complex and, possibly, adsorbed at the QD surface. Although
such observations have been made before for PbS QDs synthe-
sized in oleylamine using PbCl2 as a precursor,?! it remains atypi-
cal. Indeed either Cd, Pb, Zn or In salts are most often dissolved
using carboxylic or phosphonic acids as complexing agents,
where the original anion is replaced by either a carboxylate or a
phosphonate. In the case of indium halides and a carboxylic acid,
this would result for example in the formation of either HCI, HBr
or HI and indium(carboxylate)s. In this case, the original anion —
be it an oxide, nitrate, halide or acetate — is not expected to play a
role in the synthesis.??> Here however, InXs (X: halide) is dis-
solved in amines, which are bases that do not favor HX formation.
As a result, at least part of the original anions may be retrieved in
the precursor and, eventually, on the QD surface. These ideas are
confirmed by the fact that the halide is detected in dried, purified
InP QDs by X-ray fluorescence (see Supporting Information S4)
and by the finding that replacing ZnClz for ZnBr2 or Znlz has a
similar effect on the QD size (see Supporting Information S5). For
instance using InCls with ZnBr instead of ZnCl: leads to InP QDs
with a first exciton at 515 nm instead of 580 nm at the end of the
reaction. The smallest sizes are obtained with a mixture of Inls
and Znlz. As in the case of indium halides, higher atomic number
halides yield smaller sizes. Unfortunately, changing the zinc
halides deteriorates the size dispersion and is therefore not seen as
the most effective size tuning strategy (see Supporting Infor-
mation S5).

As mentioned before, size-tuning at constant reaction rate has
already been demonstrated for CdSe QDs, where it was shown to
be due to a change in the moment when nucleation is stopped by
growth. In this respect, increasing the free acid concentration
promotes growth and thus yields larger nanocrystals through the
concomitantly higher monomer solubility.?® This explanation,

however, is not satisfactorily for this InP QDs synthesis. In the
case of CdSe QDs, the diameter increases and the size dispersion
deteriorates with increasing monomer solubility. Here, the small-
est InP QDs are obtained with Inls, suggesting smaller solubility,
yet one would expect Inls complexes to have a higher solubility in
oleylamine than InCls or InBrs. Inls is less ionic and more polar-
izable and thus more compatible with a largely apolar coordinat-
ing solvent as oleylamine. More importantly, the smaller InP
nanocrytals, synthesized using Inls, seem to have a somewhat
broader size dispersion, opposite from CdSe QDs where a drop-
ping diameter comes with a reduced size dispersion. An alterna-
tive explanation is that in the case of the InP synthesis, QDs do
not grow under diffusion control — a key assumption to link size
tuning to changes in monomer solubility or diffusion coefficient.
As the halides are retrieved at the InP surface, they may well
affect the monomer adsorption rate, where iodides, being the most
voluminous ions, will impede the monomer adsorption most. The
concomitant suppression of QD growth will favor the formation
of more nuclei, eventually leading to smaller QDs at the end of
the reaction. On the opposite, a less voluminous halides will
promote growth, lead to an earlier stopping of nucleation and thus
larger QDs.
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Figure 3: a. Emission spectra of InP/ZnSe QDs b. Emission
linewidth of InP/ZnS and InP/ZnSe made at full chemical yield
using different indium halides and different precursors concentra-
tion.

We combined the (almost) full yield size-tuning with the devel-
oped shell growth strategy to obtain luminescent InP/ZnS(e) QDs,
emitting at different wavelengths. The emission spectra of differ-
ent InP/ZnSe batches, shown in Figure 3a, indicate that a large
part of the visible region can be addressed. In Figure 3b, the emis-
sion linewidth of several InP/ZnSe and InP/ZnS samples is plotted
as a function of the emission maximum. In both cases, the three
central samples (filled markers) have been synthesized by chang-
ing the indium halide precursor. This gives access to emission
wavelengths between roughly 550 and 630 nm for the reference
conditions used. Shorter and longer wavelength of the emission
maximum can be achieved by increasing the concentration of
indium iodide or reducing the concentration of indium chloride
respectively (cf. Figure 3b, open markers). Unfortunately, a fur-
ther increase of the precursor concentration is problematic due to
the limited solubility of the solid precursors in oleylamine.

Figure 3b shows that ZnSe coating systematically leads to a
more narrow emission than ZnS coating. Importantly, this is not
due to a change in size dispersion of the initial cores, as the width
of the first exciton transition is similar for each respective set of
core syntheses. Possibly, this increased emission linewidth origi-
nates from the higher lattice mismatch between InP and ZnS
(7.7%) than between InP and ZnSe (3.2 %). Indeed, if we measure
the linewidth evolution during ZnS shell growth, we observe that
the emission line progressively broadens as a function of reaction
time and thus shell thickness, whereas the PLQY concomitantly
increases (see Supporting Information S6). This is in line with the
idea that a type 1 core/shell system is formed, where the increas-
ing strain induced by the core/shell lattice mismatch leads to
additional heterogeneous broadening. In this way, we managed to



push the PLQY up to 80%, at the expense however of a larger (70
nm) linewidth (see Supporting Information S7). Opposite from
this, ZnSe shell growth leads to an increase of the photolumines-
cence PLQY, without the increasing linewidth during shell
growth. These findings underline that in the case of InP QDs, the
shell growth procedure can modify the emission linewidth without
changing the size dispersion of the core QDs as it has already
been observed on other colloidal nanoparticles.?* Whereas a ZnSe
shell has the advantage to exhibit more narrow emission lines, we
have observed that the PLQY of InP/ZnSe QDs dispersed in
chloroform decreases with time. A reduction from 50 to 15% was
for example measured after 6 months of storage in the dark and at
room temperature. On the other hand, InP/ZnS QDs proof much
more resistant to aging and their PLQY remains unchanged even
after one year of storage in the same conditions This indicates that
an alternate solution to combine the more narrow emission lines
of ZnSe shells and the enhanced stability of ZnS shell could be to
make InP/ZnSe/ZnS (see supporting information S8).

In conclusion, we have presented an economic method to make
InP QDs that do not require the expensive and inconvenient
(TMS)3P precursor. We use (amino)sP type precursors that allow
to obtain InP QDs with a quality that is at least comparable to the
best obtained in literature. We have also shown a method to size-
tune the InP QDs core size at full chemical yield by playing with
the inorganic moieties, linked to the metallic precursors. This full
chemical yield size-tuning method combined with our shell
growth procedure allows to obtain InP/ZnS and InP/ZnSe
core/shell QDs with an emission that covers a large part of the
visible spectrum.
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