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ABSTRACT: Indium phosphide colloidal quantum dots are emerging as an efficient cadmium-free alternative for opto-electronic
applications. Recently, syntheses based on easy-to-implement aminophosphine precursors have been developed. We show by solid-
state nuclear magnetic resonance spectroscopy that this new approach allows oxide-free indium phosphide core or core/shell quan-
tum dots to be made. Importantly the oxide-free core/shell interface does not help to obtain higher luminescent efficiencies. We
demonstrate that in the case of InP/ZnS and InP/ZnSe, a more pronounced oxidation concurs with a higher photoluminescence
efficiency. This study suggests that a II-VI shell on a III-V core generates an interface prone to defect. The most efficient InP/ZnS
or InP/ZnSe QDs are therefore made with an oxide buffer layer between the core and the shell: it passivates these interface defects

but also results in a somewhat broader emission linewidth.

Colloidal quantum dots (QDs) are enabling materials for a
variety of luminescence-related applications' and, since 2013,
products that contain QDs have appeared on the market.” In
general, however, the requirements of this emerging QD tech-
nology with respect to QD synthesis and properties are very
different from what academic QD research has provided dur-
ing the past 30 years. In particular, toxicity, cost, ease of man-
ufacturing and performance are crucial criteria to meet tech-
nology requirements. In this context, indium phosphide (InP)
QDs are excellent candidates to bring QD science and tech-
nology together as these QDs are less toxic, and consequently
less restricted, than the widely studied cadmium-based QDs.’
This economic perspective has inspired the recent develop-
ment of protocols that use aminophosphines, a cheap and easy-
to-use phosphorus precursor, to produce InP QDs with state-
of-the-art emission characteristics.*® Even so, differences
remain with Cd-based QDs. For example, whereas the photo-
luminescence quantum yield (PLQY) of Cd-based QDs can
reach 90-100 %,”"" a PLQY of 70 % at best is more typical of
InP-based QDs.'"" Understanding the factors that limit the
luminescence efficiency remains therefore an essential step to
further the technological relevance of InP QDs.

In contrast to CdSe, InP is highly oxophilic, which makes that
InP QDs are prone to oxidation, in particular when exposed to
water.'* Water-induced oxidation is especially important in the
case of the most widely used route to InP QDs, in which indi-
um carboxylates are used as the indium precursor.' """ It
has been shown that indium carboxylates can form water in

situ either by a ketonisation reaction," or by an amidation
reaction when an alkylamine is used as an additional ligand."®
The general effect of water, which could also come from hy-
drated indium precursors, solvent or ligands, is the formation
of a phosphate layer at the surface of the InP QDs.14‘19 This
oxide layer has a direct influence on the synthesis as it blocks
the nanocrystals growth,' lowers the reaction chemical
yield,™ and modifies the optical properties. The two main
phosphorus precursors used to make InP QDs are currently
tris-trimethylsilylphosphine [(TMS);P] and aminophosphines
such as tris-diethylaminophosphine or tris-
dimethylaminophosphine.” »'"'">!%***! While the first is almost
always combined with indium carboxylates, an inherent source
of water,'* the second is combined with indium halides and
other oxygen-free and water-free compounds. It is therefore
possible to make oxide-free InP QDs using the aminophos-
phine route.”

Here, we report on the relation between oxidation and the
optical properties of InP/ZnS and InP/ZnSe QDs, starting from
InP core QDs synthesized using tris-diethylaminophosphine.
Importantly, the samples studied shared the same InP core
QDs but were oxidized to a different degree during shell
growth. For each sample, the degree of oxidation was quanti-
fied using solid-state nuclear magnetic resonance spectroscopy
(solid-state NMR) and the key photoluminescence descriptors,
i.e., peak emission wavelength, linewidth and PLQY were
determined. We demonstrate that oxide-free core/shell
InP/ZnS or InP/ZnSe QDs can be obtained by a shell growth
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protocol that avoids zinc carboxylates. This model system
consists of a pure III-V core (InP) coated by a pure II-VI shell
(ZnS or ZnSe). Interestingly, we find that suppressing InP
oxidation results in core/shell QDs with a deteriorated photo-
luminescence efficiency. On the other hand, we show that the
formation of ZnS or ZnSe shells by means of zinc carboxylate
precursors induces oxidation of the InP at the core/shell inter-
face. The oxidized samples exhibit a higher PLQY and a
somewhat broader emission linewidth.

Results.

Oxide-free InP core. We synthesized InP QDs by reacting
tris-diethylaminophosphine (DEAP) and indium trichloride in
oleylamine in the presence of zinc chloride using the now
well-established aminophosphine chemistry.*****' InP QDs
with a diameter of (3.2 + 0.4) nm nm are obtained when indi-
um chloride and zinc chloride are used (see Transmission
Electron Microscopy TEM image in Figure S1, Supporting
Information).” As shown in Figure la, this concurs with an
excitonic feature at 560-570 nm. As shown before, solid state
NMR is most useful to study InP oxidation as it can be used to
distinguish between InP and InPOyx (x=2-4) and quantify the
fraction of oxidized phosphorous.'* In Figure 1b, a MAS *'P
NMR spectrum of an InP QDs powder, obtained using an
oxygen-free purification and drying procedure (see experi-
mental section in Supporting Information for details), is
shown. As indicated in Figure 1b, the resonance at -200 ppm
corresponds to phosphorous present in nanocrystalline InP."*
Additionally, a small peak at 6 ppm, that is enhanced in the
'H-"'P Cross-Polarization (CP) MAS NMR spectrum of the
same sample (see Figure 1c), corresponds to InPO, that is
present on the surface.'* We can evaluate the percentage of
oxidation by comparing the area of the resonances assigned to
InP and InPO, respectively. As we have recently demonstrat-
ed, this *'PO, phosphate signal results from the overlap of the
resonances of several phosphate species: O=P(OM),(OH);_,
(M=In, x=1-3).> For the example shown in Figure 1b, this
yielded only 2% of oxidized phosphorous. This result con-
firms previous studies that showed that the aminophosphine-
based protocol allows oxide-free InP QDs to be made, thanks
to the use of water-and carboxylate-free precursors.””' The
minor residual oxidation we observe probably results from the
postsynthetic treatment as already underlined by Buffard et
al.>' It should be noted that InP QD synthesized using amino-
phosphines are not luminescent, which points towards the
presence of surface traps. Last, two minor resonances appear
at 80 ppm in the *'P spectrum and at 60 ppm in the 'H-"P CP
spectrum. The first one has already been observed in the same
type of synthesis but has not been attributed yet.*'
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Figure 1: a. Absorption spectrum of InP QDs solution. b. *'P
(spinning speed 16 kHz) and ¢. '"H->'P CP MAS solid-state NMR
of InP QDs (spinning speed 18 kHz).

Evidence of the presence of oleylamine as the stabilizing
organic ligand at the QD surface is provided by the 'H Magic
Angle Spinning (MAS) spectrum (Figure 2a). Resonance
signals were found at 5.37, 2.06, 1.34, and 0.93 ppm that are
respectively attributed to the alkene protons, the CH2 adjacent
to the double bound, the alkane CH2 groups and the CH3
group.” The a-CH, protons adjacent to the NH, group display
a broad resonance at 2.9 ppm.” The peak at 0.1 ppm corre-
sponds to the vacuum grease used during the synthesis. In the
'H-"C CP MAS NMR spectrum, the alkene resonance appears
at & 129 ppm, while the alpha-CH,, and the remaining 14 CH,
groups of oleylamine at 6 42 and 31-27 ppm, respectively
(Figure S2). The signals of the methyl group and of the neigh-
bor methylene are barely visible at § 14 ppm and 22 ppm,
respectively. The intensity of the a-CH, resonance is signifi-
cantly decreased in the C Direct Polarization (DP) spectrum
(Figure S2), an effect of long relaxation times that are due to
the ligand rigidity at the QD surface. In contrast, the signal
intensity of both the alkene and the terminal methylene as well
as the methyl groups are enhanced due to their increased mo-
bility. A Rutherford backscattering (RBS) spectrum, recorded
on a thin film of as synthesized, purified InP QDs is represent-
ed in Figure 2b. It can be seen that the spectrum features 4
signals, which correspond to backscattering on P, Cl, Zn and
In nuclei. From the integrated signal intensity, we estimate the
atomic composition of the core InP QDs as 41 % of In, 37 %
of P, 16 % of Cl and 5 % of Zn. Focusing first on In and P, the
elements constituting the actual inorganic core QDs, we thus
find an In/P ratio of approximately 1.1. In line with several
metal chalcogenide nanocrystals, such as CdSe, CdTe, PbS
and PbSe, we thus find that the InP nanocrystal is enriched in
cations (indium in this case) which are probably present as a
surface excess. In addition, the RBS spectrum indicates that a
purified InP nanocrystal sample also contains Zn and Cl. We
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know from Raman spectroscopy that Zn is most likely not
incorporated into the InP core,” suggesting that the InP nano-
crystals have a surface enriched in Zn. The charge on the
excess surface cations (both In*" and Zn®" in this case) must be
compensated by anions. In the case of CdSe nanocrystals
synthesized in the presence of carboxylic acids, these anions
typically involve carboxylates that bind as X-type ligands to
the nanocrystal surface. Here, on the other hand, we find that
16 % of Cl is present, which nearly compensate the charge on
the excess In and Zn. This indicates that the InP surface can be
best seen as terminated by an excess of InCl; and ZnCl,, which
makes for overall charge neutral nanocrystals (Figure 2b,
inset).
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Figure 2: a. 'H MAS NMR spectrum (spinning speed 18 kHz).
and b. RBS spectrum of oxide-free InP QDs core. Inset: schemat-
ic representation of the surface chemistry of InP QDs.

Oxide-free core/shell InP-based QDs.

In order to prevent InP oxidation during shell growth, we
developed a shelling protocol involving trioctylphosphine,
sulfide or selenide, and zinc chloride dispersed in degassed
oleylamine thus avoiding any trace of carboxylates (see Exper-
imental Section in Supporting Information for details). We
have first synthesized InP/ZnS which attained a size of (3.7
0.3) nm by this method (Figure S3). As expected, oleylamine
was found to be the stabilizing organic ligand according to the
'H MAS and "*C DP MAS experiments (Figures S4 and S5,
respectively). The MAS *'P NMR spectrum of this sample is
presented in Figure 3a. While the InP resonance signal is
clearly visible, the resonance of the oxidized species (InPO,
and InPOs;) are barely detected and the fraction of oxidation is
largely identical to the InP core QDs. This demonstrates that
the use of carboxylate-free shell precursors can effectively
suppress oxidation at the core/shell interface. We also synthe-
sized (7.7 £ 1.1) nm InP/ZnSe QDs following by a similar
protocol (see Experimental Section and Figure S6 in Support-

ing Information for details). The corresponding *'P MAS
NMR spectrum, which confirms an oxide-free core/shell struc-
ture, is presented in Figure 3b. Besides the phosphide and
phosphate resonances at -191 and 5 ppm respectively, one can
observe some residual free TOPO (56 ppm) and [P(NHR)4]C1
(31 ppm) in the zinc chloride-based shelling. It has been
demonstrated that InP QDs have a strong tendency to
oxidize."**>*® Consequently the fact that oxide-free core/shell
InP-based QDs can be made is not a minor feat that has to the
best of our knowledge was only demonstrated using tris(N,N'-
diisopropylacetamidinato)indium(IIl) as an indium precursor
and via assisted H, growth or low temperature (150 °C) syn-
thesis." In Figures 3¢ and 3d, we present the photolumines-
cence spectra of the obtained samples. The InP/ZnS presents
an emission full width at half maximum (FWHM) of 50 nm
and a PLQY of only 4 %. While the FWHM is narrower than
what is typically obtained for InP/ZnS,” the PLQY is consider-
ably lower. Likewise, the oxide-free InP/ZnSe QDs exhibit a
lower PLQY as compare to state-of-the-art InP/ZnSe.” We
have recently demonstrated that the Raman spectra of
core/shell InP/ZnSe QDs synthesized using DEAP feature
separate InP and ZnSe Raman lines, which points that a neat
InP/ZnSe core/shell system is formed, rather than an InZnP
core surrounded by a pure ZnSe shell.** Here, we show that
such a heterostructure can be made with an oxide-free II1-V/II-
VI core/shell interface. We performed XRD and a high resolu-
tion high angle annular dark field scanning transmission elec-
tron microscopy (HAADF-STEM) investigation which clearly
show the formation of crystalline ZnSe shell (Figure S7 and
S8). However, low PLQY are measured which can imply the
presence of defects at the interface. III-V/II-VI heterointerfac-
es grown by molecular beam epitaxy have been studied in the
literature, mostly using the nearly strain free GaAs/ZnSe sys-
tem as an example. Focusing in first instance on the abrupt
interface, a point that is made in the literature is that the
GaAs/ZnSe boundary can be made either through Ga-Se or
As-Zn contacts.”’ Compensation is possible through mixed
interfaces that involve, for example, mixed (Ga,Zn) or (As,Se)
planes,” or vacancies.”” Importantly, the atomistic structure of
the interface has a huge impact on band offsets, and can lead
to a density of states with metallic character.”**’ The I-V char-
acteristics of GaAs/ZnSe junctions were shown to be strongly
dependent on the growth conditions, and trapping at the
GaAs/ZnSe interface could be demonstrated using Raman
scattering.30 Opposite from a flat interface, a unique interfacial
composition will be difficult to accomplish in the case of
nanocrystals. The InP core, for example, can expose both In-
rich and P-rich (111) surfaces or tend to balance donor and
acceptor bonds at (100) surfaces. From this perspective, the
chemical heterogeneity of the III-V/II-VI interface could be an
intrinsic cause of interfacial trap states that accounts for the
low PLQY of oxide-free InP/ZnS and InP/ZnSe QDs.
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Figure 3: InP/ZnS QDs and InP/ZnSe synthesized using zinc
chloride dispersed in oleylamine. a. and b. *'P MAS spectrum
(spinning speed 16 kHz for InP/ZnS and 12 kHz for InP/ZnSe). c.
and d. photoluminescence spectra

Oxidized core/shell InP-based QDs

A second approach we followed for growing a ZnS or ZnSe
QDs shell made use of trioctylphosphine sulfide and zinc
stearate dispersed in octadecene as precursors.” Zinc stearate
was prepared in air and degassed thoroughly before use. TEM
images of the thus obtained InP/ZnS and InP/ZnSe QDs are
shown in the supporting information (Figure S9 and S10). A
MAS *'P NMR spectrum of the InP/ZnS QDs sample is pre-
sented in Figure 4. In this case, the resonances of both InP and
InPO, can be clearly observed. For InP/ZnS, 60 % of the
phosphorus atoms are present as phosphate. The increased
intensity of the PO, resonance in the 'H->'P CP MAS NMR
spectrum clearly demonstrates that the oxide is located at the
core/shell interface (Figure S11). A more detailed description
of this interface results from a 'H Forth and Back Cross Polar-
ization (FBCP) MAS NMR experiment.22 Such a measurement
relies on the transfer of polarization from H atoms that are part
of the stabilizing ligand to the P atoms at the QD and back to
the closest H atom. In this way, we can detect P-OH species
that are usually invisible with the classical 'H MAS NMR
techniques. The 'H/'P FBCP spectrum clearly shows two
different P-OH species at & 8.34 and 6.27 ppm that are not
detected in the '"H MAS spectrum (Figure S12). They can be
assigned to the acidic phosphate protons P-O—H of HPO,” (or
H,P0Oy4) moieties as previously observed with calcium phos-
phates.”"*> The broadness, and the difference in chemical
shifts of these two resonances is a consequence of different
hydrogen bonded environments (the stronger the hydrogen-
bond, the higher the chemical shift).”"*> This interpretation
was further confirmed by the presence of a correlation cross-
peak between these hydroxyl moieties and the phosphorous
signals in the 2D 'H-*'P Heteronuclear Correlation (HETCOR)

MAS NMR spectrum (Figure S13). Consistently with the InP
core,” this shows that the phosphate species that exist at the
interface are manifold: O=P(OM),(OH);., (M= In and/or Zn;
x=1-3) species. These different species cannot be discriminat-
ed and the phosphate *'PO, signal at ~5 ppm thus, results from
the overlap of the resonances of all the *'P tetraoxophosphorus
(V) fragment. Clearly, growing a ZnS shell by means of
trioctylphosphine sulfide and zinc stearate results in the oxida-
tion of the InP surface. Given the core diameter of 3.2 nm,’ we
estimate that around 50 % of the P atoms are at the surface.”
Therefore, we consider that one monolayer of InP has been
oxidized. We also used zinc stearate prepared under anhydrous
conditions in order to remove the water impurity to make
similar InP/ZnS QDs. The obtained sample was also oxidized
as the *'P MAS NMR spectrum reveals (51 % oxides, Figure
S14) and have a similar size with the other InP/ZnS samples
(3.5 nm, Figure S15). This result clearly shows that oxidation
is inherently due to the carboxylate precursors as it has been
observed previously both in the (TMS);P-based synthesis and
in the subsequent shelling.'*** We have also grown a crystal-
line ZnSe shell using zinc stearate and trioctylphosphine sele-
nide (see XRD and HAADF-STEM in Figure S7 and S16).
Likewise the phosphate resonance in the MAS *'P NMR (Fig-
ure S17) is observed and from its intensity, we find that 58%
of the phosphorous is oxidized. In this case, we also observe
the presence of a new and intense resonance at -7 ppm which
can be assigned to TOPO interacting with the surface as re-
ported by Tomaselli et al.”> Indeed, when zinc stearate is used
as a zinc source, TOPO appears during the shell growth pro-
cess (Figure S18) while with zinc chloride this amount is
marginal (Figure S19).
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Figure 4: *'P MAS spectrum (spinning speed 16 kHz) of InP/ZnS
QDs synthesized using zinc stearate.

Discussion

The different InP/ZnS and InP/ZnSe samples studied here used
identical InP core size, which makes that these samples pro-
vide fully comparative data. In Table 1, we summarize the
photoluminescence and structural data of the different ana-
lyzed samples. A first surprise outcome of this comparison is
that in spite of a strong difference in the percentage of oxida-
tion between the samples prepared with zinc stearate and zinc
chloride (both for ZnS and ZnSe shells), they emit at the same
wavelength. For instance, in the case of InP/ZnS samples, one
monolayer of the InP core is oxidized. This suggests that the
effective InP core diameter is smaller in the oxidized sample
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(diameter <2.6 nm: 3.2 nm minus at least one oxidized mono-

1 layer) than in the non-oxidized sample (diameter = 3.2 nm). A
2 change of the effective InP core diameter should imply a
3 change in the quantum confinement of the charge carriers and,
4 consequently, a change of the emission wavelength. This is
5 not what we find. This situation somewhat resembles the shift
6 in the band-gap when a semiconductor nanocrystal is grown
7 larger by colloidal atomic layer deposition. Both in the case of
CdS or CdSe shell growth around PbS or HgSe, a change in
8 bandgap is only observed when the anion layer is grown, not
9 when the cations are deposited.”™*” Importantly, for InP QDs it
10 has also been demonstrated that cadmium carboxylates ad-
11 sorption do not change the QD bandgap while it influences the
12 PLQY.” These studies underline that surface adsorbed species
13 such as metal cations have little influence on the QD bandgap.
14 To support this hypothesis, one can refer to the XPS analysis
15 of Ramasamy e al. on similar InP QDs samples.”’ These
16 authors observed two P 2p features separated by an 0.8 eV
17 shift in unoxidized InP QDs. Such a shift is close to what ha;g
been measured between crystalline and amorphous InP films.
18 We hypothesize that the amorphous peak can come from the
19 surface species. The impact of such an amorphous highly
20 disordered external layer on the QDs electronic should not be
21 the same as a pure crystalline layer.”” Therefore the oxidation
22 of this external layer does not affect the charge carrier con-
23 finement, the latter being mostly dependent of the crystalline
24 InP size.
25
26
27 ;
Oxida- PL. | PLQ | FWH
28 7n tion (%) | max. Y M
29 pre- am) | %) | (om)
30 cursor
;; ZnCl, <3 623 4 50
InP/Zn | Zn(RC 51 616 15 59
> s | 0o
34 )2 60 | 625 | 38 | &
35 InP/Zn | ZnCl, <2 616 12 48
36 Se I"ZaRC | 58 609 | 25 52
37 00),
gg Table 1: Structural and optical properties of different samples.
40
41 This work also enables us to address the relation between the
42 composition of the core/shell interface and the optical proper-
43 ties of InP-based QDs. As summarized in Table 1, samples
44 with on oxidized core/shell interface systematically feature a
higher PLQY than samples with an oxide-free interface.
45 Hence, interfacial oxide appears beneficial for the PLQY. This
46 relation could explain why a high PLQY has been observed in
47 green emitting (TMS);P-based InP QDs,'' for which an oxi-
48 dized interface has been reported.' It is also consistent with
49 the beneficial effect of water in the aminophosphine-based InP
50 QDs synthesis that produces green-emitting oxidized InP/ZnS
51 QDs with a higher PLQY than the red-emitting less-oxidized
52 InP/ZnS QDs.20 As mentioned before, InP/ZnS or InP/ZnSe
53 QDs are both III-V/II-VI heterostructures. As indicated by the
low PLQY of the oxide free InP/ZnS and InP/ZnSe QDs, such
54 . S
heterostructures may have an inherently defective interface.
55 Possibly, the interfacial oxide acts as a buffer layer that pas-
56 sivates such interface defects. In spite of its beneficial effect
57 on the PLQY, an oxide may not be the best possible interme-
58
59

diate layer between the core and the shell. Indeed, as can be
seen here and in the literature, it seems difficult to attain a
PLQY higher than 50 % through interfacial oxidation. Moreo-
ver, as can be seen in Table 1, interfacial oxidation broadens
the emission line. Possibly, this reflects the chemical hetero-
geneity of the interfacial oxide, as attested by the FBCP and
HETCOR NMR spectra.

Conclusion. This study shows that the nature and the quality
of the interface layer of InP-based core/shell QDs are key
parameters and, they require to be controlled in order to opti-
mize their photoluminescence properties. We have demon-
strated that via the aminophosphine-based InP QDs synthesis
we can obtain oxide-free nanomaterial. However in the case of
oxide-free core/shell InP QDs, the pure III-V to II-VI junction
results in interface defects. We have shown that InP/ZnS and
InP/ZnSe QDs with the highest PLQY are obtained when an
oxidation layer is present at the core/shell interface. This oxide
interface plays the role of buffer layer mitigating the III/V
II/VI mismatch. However, this beneficial effect is limited
(detrimental influence on the FWHM) in particular because
this is a zone in which several defects are incorporated. Other
materials presenting a better compatibility with InP in terms of
lattice mismatch and band alignment has to be sought. In this
sense, an interesting potential candidate is GaP which has
shown to improve the InP-based core/shell QDs emission
properties.'>*" This work, thus, paves the way for designing a
new generation of highly performing QDs including materials
at the interface of InP core and Zn-based shell but also oxide-
free material in order to avoid oxide-derived dangling bonds.
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