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Abstract

Synthetic efforts to prepare indium phosphide (InP) quantum dots (QDs) have historically generated
emissive materials with lower than unity quantum yields. This property has been attributed to structural and
electronic defects associated with the InP core as well as the chemistry of the shell materials used to overcoat
and passivate the InP surface. Consequently, the uniformity of the core–shell interface plays a critical role.
Using X-ray emission spectroscopy (XES) performed with a recently developed benchtop spectrometer, we
studied the evolution of oxidized phosphorus species arising across a series of common, but chemically
distinct, synthetic methods for InP QD particle growth and subsequent ZnE (E = S or Se) shell deposition.
XES afforded us the ability to measure the speciation of phosphorus reliably, quantitatively, and more
efficiently (with respect to both the quantity of material required and the speed of the measurement) than
with traditional techniques, i.e., X-ray photoelectron spectroscopy and magic angle spinning solid state
nuclear magnetic resonance spectroscopy. Our findings indicate that even with deliberate care to prevent
phosphorus oxidation during InP core synthesis, typical shelling approaches unintentionally introduce
oxidative defects at the core–shell interface, limiting the attainable photoluminescence quantum yields.
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ABSTRACT: Synthetic efforts to prepare indium phosphide (InP) quantum dots (QDs) have historically generated emissive materials with
lower than unity quantum yields. This property has been attributed to structural and electronic defects associated with the InP core as well as
the chemistry of the shell materials used to overcoat and passivate the InP surface. Consequently, the uniformity of the core-shell interface plays
a critical role. Using X-ray emission spectroscopy (XES) performed with a recently developed benchtop spectrometer, we studied the evolution
of oxidized phosphorus species arising across a series of common, but chemically distinct, synthetic methods for InP QD particle growth and
subsequent ZnE (E=S, Se) shell deposition. XES afforded us the ability to measure the speciation of phosphorus reliably, quantitatively, and
more efficiently (with respect to both quantity of material required and speed of the measurement) than traditional techniques, i.e. X-ray photoelectron spectroscopy and magic angle spinning solid-state NMR spectroscopy. Our findings indicate that even with deliberate care to prevent phosphorus oxidation during InP core synthesis, typical shelling approaches unintentionally introduce oxidative defects at the core-shell
interface, limiting the attainable photoluminescence quantum yields.

INTRODUCTION
Indium phosphide (InP) quantum dots (QDs) are the leading
cadmium-free emissive material for luminescence downconversion
applications, such as LED-backlit displays, and lighting technologies.1–5 Display manufacturers including Samsung, Sony, Vizio, LG,
and Apple have devoted significant resources to investigating methods to narrow the size distributions of InP QD samples and increase
the photoluminescence quantum yields (PL QYs) up to 100%.6 Despite these efforts, state of the art syntheses produce QD ensembles
that are characterized by luminescence linewidths in the green and
red region that range between 40-80 nm and quantum yields that
max out at 85% in the most sophisticated shelled samples.7–9 While
minimizing defects in the core and shell materials is necessary, perhaps the most crucial aspect of design is at the core-shell interface.
InP QDs have been shown to be incredibly susceptible to surface oxidation from in-situ and ex-situ sources during both core and shell
syntheses, resulting in oxidized phosphorus species that likely perturb conformal shell growth.10–12 We hypothesize that surface phosphorus oxidation plays a leading role in limiting our ability to access
higher quality samples.
Even under synthetic conditions in which extreme care is taken to
exclude oxygen and water, surface phosphorus oxidation often arises
as the result of undesired side-reactions that occur during the nucleation, growth, and shelling of InP QDs. Although there has been debate concerning the potential benefits of an amorphous oxidized interface between an InP core and its shell material with respect to reducing lattice strain between materials,13,14 the detrimental impact

of water on particle nucleation and growth has directed efforts towards removing any source of surface oxidation.15–17 Furthermore,
oxidized phosphorus that is present at the core-shell interface may
serve as an electronic trap site or prevent conformal deposition of
shell material, both of which have the effect of reducing PL QYs. In
this study, we chose three different synthetic methods that are expected to produce InP QDs with minimal or no oxidation. Furthermore, each InP QD was shelled with either ZnS or ZnSe with the
hypothesis that samples that are initially more oxidized or that are
subjected to processes that oxidize the surface will result in particles
with lower PL QYs.
X-ray photoelectron spectroscopy (XPS) and magic angle spinning solid-state NMR (MAS SSNMR) spectroscopy have been the
traditional routes to measure the degree of oxidized phosphorus present in InP quantum dots.11–13,17–19 These measurements can be challenging due to the low sensitivity of SSNMR spectroscopy which traditionally require large amounts of sample and long acquisition
times. XPS analysis is generally impeded by its surface-sensitive nature and the presence of common long-chain surface ligands that further limit the escape depth of the photogenerated electrons and reduce the signal resolution.20 Extremely high energy resolution wavelength dispersive X-ray fluorescence spectroscopy, more commonly
called X-ray emission spectroscopy (XES), is an appealing alternative method for characterizing the oxidation of phosphorus in a bulk
sample because it does not face these obstacles. Recent progress in
benchtop XES instrumentation holds the potential to develop XES
of sulfur and phosphorus into an accessible and powerful technique
for probing oxidation state and bonding electronic structure,

achieving synchrotron-level energy resolution and count rates with
a spectrometer illuminated by only a conventional X-ray tube.21 The
same instrument was used in a recent study of sulfur speciation in
biochars as a first analytical application,22 and the present study reinforces and, in many ways, exceeds the message of that earlier work in
emphasizing new potential for XES for routine application in analytical chemistry.
A number of recent studies have demonstrated the capability of
synchrotron and laboratory-based XES to measure speciation in
phosphorus, sulfur, and chlorine compounds.22–27 In particular, P Kα
XES has been used to quantitatively determine the fraction of phosphorus species with different local charge densities (i.e. oxidation
states). The Kα emission line corresponds to a transition of an electron between the deep, atomic-like 2p and 1s orbitals. In the simplest treatment, the sensitivity of this transition to changes in the valence electron population comes from the different changes in the
screening of the nuclear charge as observed from the 2p and 1s orbitals. As these effects are only weakly perturbative for phosphorus
(but can be much more complex for, e.g., 3d transition metals) the
Kα emission spectra typically show only a shift of the peak position
from lower to higher energy with increasing oxidation state, while
the spectral shape remains unchanged (Figure 1). For a compound
containing phosphorus in multiple oxidation states, the proportion
of each oxidation state can be determined quantitatively by simple
linear-combination fitting to multiple line shapes, although this benefits from prior knowledge of a suitable reference spectrum set.
For information beyond oxidation state determination by the P
Kα emission, P Kβ XES enables a more detailed interrogation of the
electronic structure. The Kβ emission line results from electronic
transitions from the 3p shell, suitably hybridized with valence and
semi-core ligand electrons, to the 1s core hole. Due to the direct relevance of such a characterization of the bonding electronic density
of states for chemistry, this type of valence to core (VTC) XES is
seeing growing use, such as in studies of organometallic systems.28–31
Thus the Kβ emission has increased chemical sensitivity, and can
provide information about bonding, symmetry, and ligand type.24 A
full interpretation of the various spectral features requires quantum
chemistry calculations.24,28,32,33 Here, we focus on the ligand fingerprinting capability of the Kβ spectral features, specifically the Kβ’ satellite feature near 2123.5 eV in the phosphate spectrum. This feature
results from mixing of P valence states with an O 2s orbital,24,34 and
thus serves as a clear indicator of the presence of phosphate. P Kβ
spectra are shown for reference compounds in Figure 1.

Figure 1. P Kα and Kβ X-ray emission spectra of reference compounds.
The Kα spectra of the three compounds are nearly identical, with shifts
in energy towards higher energy with increasing oxidation state. Nominal oxidation states of the reference compounds are indicated above the
given spectra. The Kβ spectra is a valence to core transition, and a number of different spectral features are observed. Of particular importance
is the strong Kβ’ peak at 2123.5 eV in the Na2HPO4 spectra, which is due

to mixing of the P 3p and O 2s orbitals, and thus serves as a fingerprint
of P–O bonds from the phosphate.

EXPERIMENTAL
X-ray emission spectroscopy
P Kα and Kβ XES measurements were performed on a recently
developed laboratory spectrometer, reported in detail in Holden et
al.21 The spectrometer uses a low-powered, unfocused X-ray tube
(Varex VF50, 50W) to illuminate the sample, whose emitted X-rays
are analyzed by a 10 cm radius of curvature cylindrical crystal analyzer and detected using a new home-made CMOS direct-exposure
color X-ray camera.21,35 The spectrometer makes use of the dispersive refocusing Rowland (DRR) geometry, in which the sample is
placed within the Rowland circle and illuminated with an unfocused
beam of incident radiation while a position-sensitive detector is
placed tangential to the circle at the location of the refocused fluorescence. This method of illumination allows efficient collection of
signal from the sample, and the entire energy region of interest is
measured simultaneously by the CMOS camera functioning as a position-sensitive detector with sufficient single-photon energy resolution to reject background scatter and chamber-wall fluorescence.
The wavelength dispersing component is a Si(111) cylindricallybent Johann analyzer having a 10 cm radius of curvature
(XRSTech). The Si(111) analyzer provides Bragg angles of 79° for
P Kα (~2014eV) and 67.6° for P Kβ (~2138eV). To prevent air contamination during XES measurements, the sample and crystal are inside a small vacuum chamber which was pumped to <100 mTorr
pressure during the measurements. For improved resolution at P
Kα, the crystal analyzer was masked using aluminum foil to a 10×2
mm2 region (along Rowland plane × out of Rowland plane). For the
weaker P Kβ signal the crystal was unmasked in order to improve
count rates at the expense of increased Johann error. The Johann
error causes weak tails on the high-energy side of the spectrum.
These distortions do not significantly affect the analysis of the P Kβ
spectra used here. The energy scale of P Kα and Kβ measurements is
calculated based on the instrumental geometry with Na2HPO4 as a
reference standard having Kα1 and Kβ1,3 energy positions at 2014.55
eV and 2137.80 eV, respectively.24
The InP QD samples were prepared for XES measurements by
drop-casting onto silicon wafers with a spot size ~3-4 mm in diameter with <5 mg of material. The drop-cast samples were stored in an
inert nitrogen atmosphere and were briefly exposed to air during
loading into the instrument. The wafers were mounted in the instrument and the drop-cast spot exposed directly to the incident beam.
With the current instrumental configuration, switching between Kα
and Kβ measurements requires manually repositioning the crystal
analyzer and re-tuning, thus the measurements were done in batches
to separately measure Kα and Kβ. Fresh InP QD samples were dropcast for each measurement.
The P Kα emission spectra were analyzed using linear-combination fitting with the non-linear least-squares fitting Python package
LMFIT.36 With a few exceptions discussed below, spectra were fit
with two oxidation state components, each consisting of two Voigt
profiles representing the spin-split Kα1/Kα2 peaks. The widths and
height ratios of these peak shapes were constrained to the values obtained from fitting the bulk InP and Na2HPO4 reference compounds, and the energy position of the two peak shapes were allowed
to vary. The fits were weighted assuming Poisson statistics. The speciation was calculated from the relative intensity of the fit components.

The primary source of systematic uncertainty in this approach is
due to limited prior knowledge of the number of distinct oxidation
states in the sample. For the InP QDs, our primary expectation is a
superposition of a low-energy Kα1,2 spin-orbit split doublet representing the reduced phosphorus in the InP cores and a higher-energy
Kα1,2 doublet due to surface oxidized phosphorus species. If an appreciable amount of a third phosphorus species exists in an oxidation
state between these two extremes, the energy positions and results
of the phosphide-vs-phosphate speciation based on the erroneous
two component fit will be skewed. As discussed in the Results, this
effect was observed for samples where TOP-Se was used as a precursor, producing TOPO as a byproduct. To analyze the spectra for
those samples, linear combination fitting was performed with three
components, where the energy positions of the reduced and oxidized
components were allowed to vary, but the TOPO component was
fixed to be at 2014.07 eV, as determined by measurement of a pure
reference TOPO sample.
Another source of systematic uncertainty is variations in the detailed shape of the Kα1,2 doublet for the components of the fitting
procedure. Though these variations have not been reported in detail
for phosphorus, variations in the Kα1,2 intensity ratio in the range of
1.7-2.3 have been reported for a variety of sulfur compounds.25 In
addition, variations in the Voigt widths of the line shapes on the order of 2% are observed for the reference compounds measured here.
The effect of these variations on the systematic uncertainty were estimated by performing the fitting procedure over a range of intensity
ratios and widths, and the results are given in Table S1 and S2 in the
Supporting Information.
During the P Kα measurements, changes in speciation due to possible radiation damage were checked by performing the speciation
calculations on subsets of the accumulated data. The results are
shown in Figures S1 and S2. The majority of the samples changed
speciation by less than ± 2% during the measurements and vary nonmonotonically. For the three samples which show large monotonic
changes, C-InP, C/ZnS, and InP/Zn, it is believed that a vacuum
leak may have contributed. For those samples, only the first scan was
kept for the final results. The vacuum leak was addressed before the
remaining samples were measured.
To obtain a final estimate of the uncertainty from the XES fitting
results, the uncertainty from signal variation over time was combined with the uncertainties estimated by varying the Kα1,2 intensity
ratio and Voigt widths and added to the statistical uncertainty. The
full details are given in Table S1 and S2, and the final uncertainty estimates are given in Table 1.
31

P MAS solid state NMR spectroscopy

All quantum dot samples were prepared for SSNMR analysis from
concentrated colloidal solutions (ca. 50 mg of dried quantum dots
in 1 mL anhydrous toluene) by impregnating 150-450 µL of the colloidal solutions in 8-12 mg of boron nitride, in 50 µL aliquots. The
mixture was allowed to dry on a watch glass for an hour before packing into a 1.3 mm rotor. In order to confirm that there is a minimal
increase in oxidation induced by this procedure, 31P SSNMR spectra
were obtained from InP QDs after 10 days of air exposure (Figure
S3). These tests indicated that there should be minimal oxidation
over the course of several hours that are required to prepare the samples for SSNMR experiments.
MAS 31P SSNMR spectra were recorded using a Bruker Avance III
HD console on a wide-bore 9.4 T magnet (n0(31P) = 162.1 MHz).
All experiments were performed using a 1.3 mm fast MAS

broadband HX SSNMR probe and the rotors were spun with nitrogen gas to prevent additional oxidation of the QDs during the course
of the measurements. 31P MAS NMR spectra were obtained using a
rotor synchronized Hahn echo (90°-t-180°-t-acquire) pulse sequence with continuous wave 1H heteronuclear decoupling applied
during acquisition. The pulse widths for 90° and 180° pulses were 1.3
µs and 2.6µs, respectively (192 kHz RF field) and the rotor synchronized t periods were set such that the total echo delay was 2 rotor
cycles. The MAS frequency was 50 kHz in all cases. Fast MAS helps
to provide quantitative NMR spectra by eliminating spinning sidebands and focusing signal into the isotropic peaks. The 1H RF power
for continuous wave heteronuclear decoupling was set to the
HORROR condition [n1(1H) = 25 kHz]. All 31P SSNMR spectra
were acquired with 500 s recycle delay to ensure there was adequate
relaxation delay ≥ 3×T1 to give quantitative SSNMR spectra. This
was confirmed by acquiring a 31P SSNMR spectrum of C-InP QDs
with a 750 s recycle delay, which showed a comparable intensity for
the phosphide signal. The spectral width was set to 200 kHz and the
number of digitized points to 8 k, corresponding to a total acquisition time of 20.48 ms. 31P spectra were acquired in steps of 32 scans
(4.4 hour experiment time), and multiple spectra were acquired until the sum of all spectra provided a spectrum with reasonable signal
to noise ratio. Each spectrum was processed by zero filling up to 8k
real data points and by adding a simple exponential window function
with 1000 Hz line broadening. All data processing was performed on
Topspin 3.5.

X-ray photoelectron spectroscopy
All XPS spectra were taken on a Surface Science Instruments SProbe photoelectron spectrometer. This instrument has a monochromatized Al Kα X-ray source which was operated at 20 mA and
10 kV and a low-energy electron flood gun for charge neutralization.
X-ray analysis area for these acquisitions was approximately 800 μm
across. Pressure in the analytical chamber during spectral acquisition
was less than 5 x 10-9 Torr. All included figures are high-resolution
spectra. The pass energy for high-resolution spectra was 50 eV, and
data point spacing was 0.065 eV/step. The takeoff angle (the angle
between the sample normal and the input axis of the energy analyzer) was 0°. Service Physics Hawk version 7 data analysis software
was used to fit high-resolution spectra. The binding energy scale was
calibrated from hydrocarbon ligands using the C 1s peak at 284.6 eV.
P2p peaks were analyzed using a linear background and fits were constrained with a 0.84 eV splitting value.
All InP samples were drop-cast solutions on a Si wafer while solids
were brushed onto a strip of double-sided tape on a Si wafer. Sample
preparation was performed in a nitrogen glovebox and transported
in sealed containers to the instrument but transfer into the instrument chamber did require a minor degree of exposure to air/moisture.

General Nanoparticle Characterization
UV-vis spectra were collected on a Cary 5000 spectrophotometer
from Agilent. Fluorescence and absolute quantum yield measurements were taken on a Horiba Jobin Yvon FluoroMax-4 fluorescence spectrophotometer with the QuantaPhi integrating sphere accessory. Quantum dot solids were digested in 67% nitric acid overnight and diluted in 18 MΩ water in order to collect ICP-OES compositional data using a PerkinElmer Optima 8300. Powder X-ray diffraction data was collected on solid films drop-cast onto a Si wafer
using a Bruker D8 Discover diffractometer. TEM images were collected on a FEI Tecnai G2 F20 microscope. Samples for TEM

imaging were prepared by spotting a 50/50 toluene/pentane solution of nanoparticles onto an ultrathin carbon on holey carbon support film purchased from Ted Pella. Solution NMR spectra were recorded on a 700 MHz Bruker Avance III spectrometer.

Synthetic Details: General Considerations
All glassware was dried in a 160 °C oven overnight prior to use. All
reactions, unless otherwise noted, were run under an inert atmosphere of nitrogen using a glovebox or using standard Schlenk techniques. Myristic acid (≥99%), indium acetate (99.99%), anhydrous
acetonitrile (99.8%), trioctylphosphine (97%), tris(diethylamino)phosphine (97%), indium chloride (99.999%), zinc chloride
(99.999%), trioctylphosphine oxide (90%), InP (mesh pieces,
99.998%), sulfur powder (99.5% sublimed), and selenium powder
(99.99%) were purchased from Sigma-Aldrich Chemical Co. and
used without further purification. Diethyl zinc (95%) was purchased
from Strem Chemicals and stored in a nitrogen atmosphere glovebox. Toluene purchased from Sigma Aldrich Chemical Co. was collected from a solvent still and stored over activated 3 Å molecular
sieves in a glovebox. 1-octadecene (90%), oleylamine (70%), and
squalane (96%) were purchased from Sigma Aldrich Chemical Co.
and were dried by stirring overnight with CaH2, distilled, and stored
over activated 3 Å molecular sieves in a glovebox. C6D6 was purchased from Cambridge Isotope Labs and similarly dried and stored.
Bio-Beads S-X1 were purchased from Bio-Rad Laboratories and
were dried under vacuum before storage in a glovebox. Omni Trace
nitric acid was purchased from EMD Millipore. 18.2 MΩ water was
collected from an EMD Millipore water purification system.
Tris(trimethylsilyl)phosphine was prepared by modifying a literature procedure in which Na-napthalene was used in place of Na/K
alloy.15 Zinc myristate was prepared from diethyl zinc and myristic
acid using a modified literature procedure.37
Synthesis of C-InP QDs
C-InP QDs were prepared following a literature procedure15 in
which indium acetate (1. 167 g, 4 mmol) and myristic acid (3.31 g,
14.5 mmol) were heated to 100 °C overnight under reduced pressure in 12 mL of ODE. P(SiMe3)3 is a very reactive and pyrophoric
source of phosphorus and should be handled with care. P(SiMe3)3
(590 μL, 2 mmol) was measured into ODE (5 mL) and injected into
the indium myristate solution at 315 °C. Particle growth was maintained at 285 °C and monitored by UV-vis spectroscopy. The reaction was halted by cooling down to room temperature after ca. 20
minutes of growth and the ODE was removed through distillation
under reduced pressure. The resulting QD paste was transferred into
a glovebox for purification by re-dissolving in a minimal amount of
toluene, centrifuging to remove insoluble products, then precipitating the particles with acetonitrile. The flocculated solution was centrifuged at 7,000 rpm and the clear supernatant was discarded. After
a single precipitation to remove residual ODE, the particles were dissolved in toluene and purified by gel permeation chromatography
(GPC), which has been demonstrated as an effective purification
technique for these types of materials.38,39 For all following quantum
dot samples, standard purification entails the removal of high-boiling point solvents through distillation and a combination of precipitation cycles and GPC.

Synthesis of InP/Zn QDs
InP/Zn QDs were prepared following a literature procedure using
C-InP QDs.40 Briefly, zinc myristate (335 mg, 0.64 mmol) was
heated to 80 °C in 5 mL of ODE until the solution was a cloudy white
suspension. InP QDs (0.42 mmol of In) suspended in 5 mL of ODE

were added to the suspension and heated to 200 °C for 3 hours. Particles were purified by the standard procedure.
Synthesis of M-InP QDs
First, InP magic-sized clusters (MSCs) were synthesized following a modified preparation from our lab.41 Indium acetate (5.605 g,
19.2 mmol) and myristic acid (15.9 g, 69.6 mmol) were heated neat
at 100 °C under reduced pressure overnight. Dry toluene (50 mL)
was added to the reaction flask at room temperature under N2 the
following day, after which P(SiMe3)3 (2.8 mL, 9.6 mmol) was measured into 10 mL of toluene and injected into the indium myristate
solution at 100 °C. Cluster growth was complete within 1 hour as
indicated by the characteristic absorbance peak at 386 nm. The particles were concentrated down to a minimal volume of toluene, centrifuged to remove insoluble products, and purified by GPC. Following purification, the absence of free acid was confirmed by 1H NMR
spectroscopy and the MSCs were stored as a solid.
M-InP QDs were synthesized from InP MSCs through a modified
procedure.41 Myristate-capped InP MSCs (60 mg) were dissolved in
3 mL of ODE and transferred to a syringe. In a 3-neck flask under N2
on a Schlenk line, 12 mL of ODE was heated to 300 °C at which point
the MSCs were rapidly injected. Particle growth was held at 285 °C
until complete (15-20 minutes) and then cooled down to room temperature. Particles were purified by the standard procedure.
Synthesis of A-InP QDs
A -InP QDs were synthesized following a modified procedure as
described by Brainis et al.42 Indium chloride (50 mg, 0.23 mmol) and
zinc chloride (150 mg, 1.1 mmol) were stirred in oleylamine (2.5
mL, 7.5 mmol) under reduced pressure at 120 °C for an hour. The
reaction was placed under N2 and at 180 °C, tris(diethylamino)phosphine (0.23 mL, 0.8 mmol) was injected and particle
growth was complete within approximately 20 minutes. After cooling down to room temperature, particles were removed from oleylamine by precipitation with ethanol. GPC purification was performed
once particles were re-dissolved in toluene.
ZnS shelling of C, M, and A-InP QDs
ZnS shelling of InP QDs was performed following a modified procedure as described by Peng et al.43 A purified solution of InP QDs
(0.04 mmol indium) was dissolved in 7 mL of ODE and heated to
150 °C under inert atmosphere. Initial solutions of InP QDs (C, M,
and A ) were standardized to each other by matching absorption at
310 nm. Stock solutions of zinc myristate (28.8 mg in 10 mL ODE,
5.6 mM) and sulfur (22.4 mg in 10 mL ODE, 0.07 M) were prepared
and heated to 100 °C in Schlenk flasks in an oil bath. For the first
monolayer, a 2.17 mL aliquot of the zinc myristate stock (0.012
mmol) was added to the InP particles at 150 °C. After 10 minutes,
170 µL (0.012 mmol) of the sulfur stock solution was added, then
the reaction was heated at 220 °C for 30 minutes. The second monolayer was added in the same fashion with 2.89 mL (0.016 mmol) of
zinc myristate and 230 µL (0.016 mmol) of sulfur. After 30 minutes
at 220 °C, the reaction was cooled down and purified through the
standard procedure.
ZnSe shelling of C, M, and A-InP QDs
ZnSe shelling was performed following a modified procedure as
described by Brainis et al.42 A purified solution of InP QDs (0.04
mmol indium) was dissolved in 10 mL of squalane and heated to 180
°C. Zinc myristate (100 mg, 0.192 mmol) suspended in squalane was
injected and held at 180 °C for 20 minutes. Then, a stoichiometric
TOP-Se solution was prepared by sonicating 1.755 g (22.2 mmol)

of selenium in 10 mL of TOP (2.23 M) and 87 µL (0.192 mmol) of
this stock was slowly injected into the reaction flask. After 140
minutes, a second addition of zinc myristate was added (300 mg,
0.576 mmol). At this point, the reaction was set to 320 °C and during
heat-up, the second injection of TOP-Se was added drop-wise (262
µL, 0.576 mmol). Particle luminescence was monitored at 320 °C
and the reaction was cooled when the PL ceased to change (ca. 1
hour). Particles were purified using the standard procedure.

RESULTS AND DISCUSSION
To validate the use of Kα XES as a method to determine P speciation in InP QDs, a series of three samples was used in a head-to-head
comparison of oxidation state distributions inferred from P Kα XES
and from 31P MAS SSNMR. Notably the InP and InP/ZnS samples
have in part been previously characterized by Chaudret et al. via XPS
and SSNMR spectroscopies with the primary conclusion that oxidation occurs during both synthesis and shell growth.12 Here, samples
including InP QDs, InP QDs that have been post-synthetically
treated with zinc (InP/Zn), and InP QDs that have been shelled
with ZnS (InP/ZnS) were studied. The results for all samples are
presented in Table 1 and a comparison of the quantification of phosphorus oxidation state by both 31P SSNMR and P Kα X-ray emission
spectroscopy for the InP/ZnS sample is shown in Figure 2. Additional spectra are presented in Figure S4. Excellent agreement is
found between the two techniques, and the results fall within the
range of values reported by Chaudret et al.12 The 31P SSNMR spectra generally show resonances centered at ca. 0 ppm, assigned to oxidized phosphate species, and –200 ppm, assigned to the core phosphide species. Cross polarization magic angle spinning (CP-MAS)
and direct excitation 31P SSNMR experiments have previously
demonstrated that the oxidized phosphorus species are located at
the surface of the nanocrystals.44,45 Using the fitting procedure described in the Experimental section, the P Kα XES signal for each of
the three samples is fit well using two oxidation state components,
one with an average Kα1 energy position of 2013.56 eV identified as
InP and one higher in energy with an average position of 2014.41 eV.
Although the SSNMR identifies the oxidized species as phosphatelike, the Kα1 energy position is somewhat lower in energy than that
of the disodium phosphate reference standard used (2014.55 eV).
Though phosphides and sulfides are known to have small shifts in
the Kα1 energy position due to differing degrees of covalency,24,25 this
hasn’t previously been observed in phosphates or sulfates and could
be worthy of future investigation. With the identification of phosphate from the SSNMR resonance at ca. 0 ppm and the agreement
between the SSNMR and XES results, this confirms the oxidized
component at 2014.41 eV corresponds to phosphate.

Figure 2. Comparison of 31P SSNMR spectrum (left) and P Kα XES
(right) of the same batch of InP/ZnS QDs. The SSNMR signal near 0
ppm corresponds to surface phosphate, and this component shows up
at a Kα1 energy position of ~2014.41 eV. The relative peak areas in both
types of spectra are indicated as percentages.

Table 1. Comparison of SSNMR and P Kα XES for Determination of
Phosphorus Oxidation State in InP QDs.

Sample

SSNMR
(% red)

SSNMR
(% ox)

P Ka XES
(% red)

P Ka XES
(% ox)

InP

93

7

89 ± 3

11 ± 3

InP/Zn

87

13

83 ± 4

17 ± 4

InP/ZnS

54

46

51 ± 5

49 ± 5

These measurements demonstrate that P Kα XES is a reliable tool
for measuring phosphorus oxidation having significant advantages
over 31P SSNMR spectroscopy. Each XES measurement required <5
mg of material and speciation could be determined within the first
30 minutes, though the measurements were extended to improve the
resulting spectra and monitor for possible radiation damage (Figures
S1 and S2). The SSNMR measurements required ca. 10-20 mg of
material to prepare the samples for measurements (although within
the 1.3 mm rotor there is likely less than 1 mg of material). Regardless, the SSNMR spectra typically required multiple days of collection time to obtain spectra that can be reliably integrated. Based on
this promising data, we proceeded by measuring the extent of phosphorus oxidation as a function of synthetic method using XES for
rapid feedback, augmented by SSNMR and other methods when appropriate. Our goal is to obtain a uniquely detailed picture of the
existence and origin of synthesis-specific adventitious phosphorus
oxidation and its correlation with QD QY. A detailed understanding
of phosphorus speciation and the degree of oxidation induced by different synthetic procedures is a critical first step to devising new synthetic routes to high performance InP QDs.
Surface oxidation as a function of initial InP synthesis
Here, we evaluate the extent of oxidation that can occur in a core
synthesis by studying InP quantum dots synthesized via three different routes. All reactions were performed under air-free conditions in
a nitrogen-atmosphere glovebox or on a Schlenk line. All reagents
and glassware were rigorously dried as described in the experimental
section. A summary of particle characterization for this series of InP
QDs including optical peak positions, composition, particle size, and
powder diffraction patterns, can be found in Table S3 and Figure S5.

The first synthesis is the most common approach to produce crystalline InP QDs through the reaction between indium carboxylates,
excess carboxylic acid, and tris(trimethylsilyl)phosphine,
P(SiMe3)3, at elevated temperatures.9,43,46 In future reference and
plots, InP QDs prepared by this route (indium carboxylates +
P(SiMe3)3) will be referred to as C-InP. Although this approach is
well-established, water is generated as a by-product from carboxylic
acid ketonization at elevated temperatures and thus, the InP QDs are
detrimentally impacted through surface oxidation. This oxidation
has previously been implicated in the inability to grow InP QDs to
large diameters.14,47 Thus far, water has been identified as the most
likely primary source of oxygen atoms involved in phosphate formation.44,48 Chaudret and co-workers characterized the amorphous
surface oxide layer that is produced by the concurrent oxidation
through a combination of XPS, IR, and SSNMR spectroscopy.11
C-InP was synthesized following a literature procedure in which
P(SiMe3)3 was injected into a 300 ºC 1-octadecene (ODE) bath of
indium myristate and excess myristic acid.49 The resulting particles
have a lowest energy electronic transition (LEET) at 530 nm and

weak emission features comprised of a peak at 579 nm and a broad
red-shifted shoulder that corresponds to band edge and radiative
surface defect emission, respectively. The normalized PL spectrum
is shown in Figure S6 and corresponds to a PL QY <1%.
In the second synthesis, atomically-precise In37P20(O2CR)51
magic-sized clusters (MSCs) were used as single-source precursors.41,50 Carboxylate-capped InP MSCs can be purified to remove
any freely diffusing carboxylic acid, ensuring that the reaction solution is a homogeneous mixture of only the MSC. We found this an
appealing choice for this study since the removal of acidic protons
would ideally prevent decarboxylative coupling and aqueous byproducts. In future reference, the quantum dots derived from InP
MSCs are referred to as M-InP.
The production of M-InP requires two steps, with the first step
being the synthesis and isolation of In37P20(O2CR)51. This can be
done by following the conditions to make C-InP QDs as described
above but dropping the injection/growth temperature to 100 ºC and
running the reaction in toluene.41 The MSCs were purified through
gel permeation chromatography (GPC) and analyzed by 1H NMR
spectroscopy to ensure the removal of excess acid (Figure S7). At
this point, a portion of MSCs, which exist in the form of a waxy solid,
can be dissolved in ODE and injected into a 300 ºC solution of ODE.
Depending on the concentration of MSCs in the growth solution,
particle size can be modified.41 In this instance, a 60 mg injection of
MSC produced particles with a LEET at 555 nm and emission features similar to C-InP with the band edge emission at 591 nm (Figure 3 and Figure S6). The advantages to using this 2-step route over
traditional indium/phosphorus monomer nucleation are two-fold in
that the synthesis can be performed more reproducibly with a homogeneous precursor and the monodispersity of the resulting sample
ensemble is improved. TEM images of M-InP QDs show this with
more ordered packing due to the more uniform particle morphologies.
In the final synthesis method, we examined InP QDs prepared
from indium halides and aminophosphines in primary amine solvent. Aminophosphines have been introduced as reliable phosphorus precursors for the synthesis of size-tunable InP QDs when paired
with indium halides.51 The reaction between metal halides and aminophosphines is driven by the dual role of aminophosphines as a
phosphorus source and as a reducing agent.19,52 More importantly for
the present work, the aminophosphine synthesis does not involve
any oxygen-containing reagents, eliminating the possibility of oxidation via reagent decomposition products. In future reference and
plots, InP QDs synthesized with an aminophosphine P-source will
be referred to as A -InP.
The aminophosphine-based InP QD synthesis diverges from indium carboxylate/silylphosphine chemistry in that the solvent, a primary amine, is coordinating and so acts as a solvent, ligand, and even
plays a role in the precursor conversion reactions. Furthermore,
Zn(II) was added to the precursor mixture prior to particle nucleation and has been observed to improve the resulting particle crystallinity and monodispersity. Further details can be found in the Experimental section but briefly, zinc chloride and indium chloride were
heated to 180 ºC in oleylamine followed by injection of tris(diethylamino)phosphine. The final A-InP particles have a LEET at 573 nm
and an emission peak at 618 nm (3% PL QY) shown in Figure 3 and
Figure S6. Replacing carboxylates as surface ligands with chlorides
and amines also impacts particle morphology by preferentially binding to the (111) face as seen by the tetrahedral shape of the resulting
particles.14

Figure 3. The final absorbance trace (top) of C-InP, M-InP, and A-InP
with TEM image insets (20 nm scale bar) of purified material. P Kα and
Kβ XES spectra (bottom) for the InP QD samples where solid vertical
lines in the Kα spectra indicate the InP component (2013.59 eV) and
the identified phosphate component (2014.41 eV). In the Kβ spectra,
dashed lines indicate the Kβ’ peak of phosphate (2123.5 eV), and the
Kβ1,3 peak of bulk InP (2138.6 eV).

Kα XES measurements were used to measure phosphorus speciation as described in the Experimental section. The P Kα emission
spectra of C, M, and A -InP QDs are shown in Figure 3 with corresponding peak positions and speciation percentages summarized in
Table 2. The lower energy component is described as ‘reduced’ and
the higher energy component is described as ‘oxidized’. We attribute
the 11% oxidized component measured in C-InP to the previously
characterized ketonization reaction that occurs during particle
growth, which is supported by the two phosphorus resonances in the
31
P SSNMR spectrum (Figure 4a). At elevated temperatures, the excess acid undergoes decarboxylative coupling in which a ketone, carbon dioxide, and water are products. Our initial expectation from the
M-InP was to circumvent water formation through the removal of
acid (1H NMR, Figure S7). As can be seen from the 16% oxidized
component of M-InP, this process was difficult to avoid. A solution
13
C NMR spectrum of the M-InP QDs before purification shows an
apparent peak in the expected region for a ketone carbon at 210 ppm
(Figure S8); formation of ketone in the synthesis would be accompanied by the formation of water. There is a notable lack of an acidic
proton in the 1H NMR spectrum of the initial MSCs, suggesting no
free carboxylic acid is present prior to synthesis. Furthermore, the P
Kα emission spectrum of the stock MSCs shows that the starting material was not oxidized, which agrees with the single-crystal structure
that is fully saturated with surface indium carboxylates (Figure S9).50
However, we hypothesize that in the case of long-chain carboxylate
ligands, carboxylic acid is difficult to remove due to hydrogen bonding interactions and entanglement of the aliphatic side-chains with
the carboxylate ligand shell.
Unexpectedly, we measured a 17% oxidized component in the AInP QDs, a synthesis lacking any oxygen-containing precursors. The
Kα1 energy position of the oxidized population was notably lower in
energy than the component near 2014.41 eV identified above as
phosphate, which led us to investigate further. P Kβ XES can be used
for exactly this question of ligand identity. The strong Kβ’ satellite
feature at 2123.5 in the phosphate reference standard serves as a fingerprint of the presence of P–O bonds. P Kβ spectra of C, M, and A InP QDs are shown in Figure 3. The C-InP and M-InP show clear
peaks at the phosphate energy position, in qualitative agreement
with their relative proportion of oxidized component (11% vs 16%
respectively). In contrast, the absence of the Kβ’ feature in the A -

InP spectrum implies that the 17% oxidized component is not due
to phosphate.
Table 2. Phosphorus Speciation as Determined by Linear Combination Fitting to Kα XES Spectra.

Sample

Reduced (%)

Oxidized (%)

Estimated
Uncertainty (%)

Reduced Kα1
energy (eV)

Oxidized Kα1
energy (eV)

Reduced-χ2

C-InP

89

11

±3

2013.54

2014.40

1.15

M-InP

84

16

±2

2013.57

2014.50

1.17

A-InP

83

17

±4

2013.59

2014.29

1.32

C/ZnS

51

49

±5

2013.57

2014.42

1.32

M/ZnS

62

38

±4

2013.55

2014.44

1.18

A/ZnS

57

43

±5

2013.58

2014.42

1.12

C/ZnSe

14

86

±9

2013.55

2014.32

1.02

M/ZnSe

16

84

±5

2013.53

2014.41

1.24

A/ZnSe

51

49

±5

2013.58

2014.45

1.06

For the InP and ZnS-shelled samples, the Kα1 energy positions from two-component fitting are reported. For the ZnSe shelled samples, the Kα1 energy positions of the reduced and oxidized components are reported from three-component fitting.

To investigate the identity of this component, we utilized XPS and
solution 31P NMR spectroscopy to aid in the detection of potential
reaction by-products. Following multiple rounds of precipitation
and GPC purification, we initially found that the solution 31P NMR
spectrum of the stock solution contained no detectable resonances.
Over the period of several weeks of storage in a nitrogen atmosphere
glovebox however, the solution 31P NMR spectrum revealed P-containing impurities at 80 and 30 ppm (Fig S12). The peak at 80 ppm
lies in the region of transaminated species produced during this reaction that likely exist in equilibrium with phosphonium salt byproducts.19,52 Phosphonium salts, P(NHR)4Cl in which R is an oleyl
group, is the dominant reaction byproduct, forming 3 equivalents for
every InP unit formed, and has been previously identified in the 31P
NMR spectrum to have a peak at 29 ppm. Although alternative
routes to remove P-containing impurities exist, of which ligand exchange with thiols has met with success, subjecting the InP particle
surface to further modification was not an ideal pathway with the
goal of probing the surface defects intrinsic to the synthesis. The direct excitation 31P SSNMR spectrum identified that there was a
mixed environment of core InP, 91%, centered at –200 ppm and
phosphonium salt, 9%, at 30 ppm with a notable absence of signal at
0 ppm that would correspond to surface phosphate species (Fig 4b).
The P2p XPS spectrum shown in Figure S11 further supports the
identification of a mixed phosphide/phosphonium environment
when compared to the peak position of a commercial phosphonium
salt (aminotris(dimethylamino)phosphonium chloride). Lastly, we
measured the P Kα XES spectrum of the commercial phosphonium
salt, and observed a Kα1 energy position at 2014.35 eV, which agrees
well with the shift of Kα1 position to lower energy for the A-InP sample. Taken together, this evidence supports the conclusion that the
17% oxidized component is a result of electrostatically interacting
phosphonium impurities and the A-InP particle surface can be considered unsullied P3-.

(A)

352 scans
500 s recycle delay

C-InP QDs

(B)

192 scans
500 s recycle delay

(C)

896 scans
500 s recycle delay

A-InP QDs

A/ZnSe QDs

200

0
31

- 200

- 400

P Chemical Shift (ppm)

Figure 4. 31P SSNMR spectra of (A) C-InP QDs (B) A-InP QDs and
(C) A/ZnSe QDs. Dashed lines are to guide the eye to -200 ppm (phosphide resonance), 0 ppm (phosphate resonance), 30 ppm (phosphonium salt resonance), and 55 ppm (TOPO resonance).

As demonstrated by the P Kα emission spectra of InP QDs formed
in the presence of carboxylate groups (C and M samples), ketonization is difficult to prevent, even following attempts to remove excess
acid in the case of MSC precursors. Alternatively, utilizing aminophosphines effectively reduces in-situ oxidation while also minimizing the cost and hazard of the phosphorus precursor. Progress has
been made toward other oxide-free syntheses in which InP is formed
by heating indium carboxylates and P(SiMe3)3 in a 1.8 bar H2 atmosphere.17 The authors conclude that H2 molecules are activated at the

QD surface and yield P–H bonds which protect the surface through
the concurrent water-forming condensation reactions. At this point,
oxidative-defect-free surfaces are accessible if running a synthesis
under H2 or utilizing aminophosphines with indium halides, while
offering different options for surface chemistry or particle morphologies. The general consensus in the field of InP QD chemistry is that
the presence of surface phosphorus-oxygen bonds will detrimentally
impact subsequent shell growth. We extend the characterization of
InP QD oxidation through the addition of ZnE (E=S, Se) shells to
gauge the effect further chemical transformations may have on the
optical properties and oxidized populations of the InP samples.
Impact of oxidative surface species on optical properties
We chose to examine the resulting properties of the C/M/A-InP
series shelled with either a thin ZnS shell or a thick ZnSe shell. With
regard to the ZnS shell, we refer back to the work Chaudret and coworkers performed in characterizing the InP/ZnS interface.12 ZnS
was grown by the successive ion layer adsorption and reaction
(SILAR) approach in which zinc carboxylate and sulfur powder were
added separately at elevated temperatures in order to drive reaction
with the InP surface and prevent nucleation of ZnS nanoparticles.43
Through extensive optimization, thin ZnS shells (<2 nm) have been
able to enhance the QY’s of InP QDs up to 60-70%. The Chaudret
group found that InP is even further oxidized during shell growth
due to a series of side reactions. First, elemental sulfur has been observed to form hydrogen sulfide through activation by the solvent,
ODE.53 H2S then reacts with zinc carboxylate to form carboxylic acids which promote ketonization and water production as seen in the
initial InP core syntheses (C-InP). They found that the oxidized percentage of phosphorus in the core InP increased from 8% to 21% following shell growth. This approach to ZnS shell growth was selected
to compare the impact of an established oxidation chemistry across
the series of InP QDs.

The second comparison we focus on is the growth of a thick (>5
nm) ZnSe shell. In addition to minimizing the surface defects to improve the core-shell interface, selecting materials with similar lattice
constants aids in reducing strain. ZnSe has a 3.4% lattice mismatch
with InP, which is smaller than that for ZnS at 7.7%, and thus may
improve InP optical properties. Recently, thicker ZnSe shells have
been reported in the literature to suppress the single-dot PL intermittency of InP QDs associated with nonradiative Auger processes,
with QYs reaching 60%.42,54 While the thick shell effectively cuts off
carrier interaction with the environment, the compressive strain induced upon the core nanoparticle can often lead to further lattice
strain-related defects.55 Some of the detrimental effects of thick
shells have been offset by alloying, particularly at the interface, or by
stacking materials with a gradient lattice, as observed in chalcogenide-based materials.56–58
Following purification by GPC, solutions of C, M, and A -InP were
dissolved in either ODE or squalane for shell growth. Rather than
optimize conditions for maximum QY, we emphasized the comparison across initial InP syntheses by matching the concentration of
the InP samples by standardizing the absorption at 310 nm across
pre-shelled solutions to add the same amount of Zn and chalcogenide precursors. It should be noted that the particles are not precisely the same size (TEM and λmax), in addition to particle polydispersity, which may contribute to differences among the observed
shell thicknesses. A summary of particle characterization for this series of InP/ZnE QDs including optical peak positions, composition,

particle size, and powder diffraction patterns, can be found in Table
S3 and Figure S5.
ZnS shells were grown following a literature procedure in which
zinc myristate and sulfur powder were added individually over 10minute intervals to InP QDs at elevated temperatures. This layer by
layer approach was performed a second time for an intended 2 monolayer ZnS shell. The resulting InP/ZnS particles exhibit a minor
blue-shift in their features which we attribute to etching by H2S produced in the synthesis (Figure 5). The measured PL QYs and emission linewidths for C/ZnS, M/ZnS, and A/ZnS were 7% (66 nm),
28% (56 nm), and 25% (69 nm), respectively. Comparatively, the
emission linewidths of highly optimized core-shell InP syntheses are
40-60 nm.9

Figure 5. The final absorbance (solid) and PL (dashed) trace C/ZnS,
M/ZnS, and A/ZnS with TEM image insets (20 nm scale bar) of purified material (top). P Kα and Kβ XES spectra (bottom) for the InP/ZnS
samples where solid vertical lines in the Kα spectra indicate the InP component (2013.59 eV) and the identified phosphate component
(2014.41 eV). In the Kβ spectra, dashed lines indicate the Kβ’ peak of
phosphate (2123.5 eV), and the Kβ1,3 peak of bulk InP (2138.6 eV).

The P Kα emission spectra of the InP/ZnS samples demonstrate
that each InP core was significantly oxidized (Figure 5). Peak positions, given in Table 2, are in line with our identified phosphate and
phosphide components and show that the phosphate population for
all samples increased to a range of 38-49%. The P Kβ spectrum supports the identification of the oxidized component as phosphate,
with strong Kβ’ peaks at 2123.5 eV (Figure 5). From previous reports of a shell growth-coupled oxidation event, we expected a substantial increase in phosphorus oxidation. Surprisingly, the extent of
phosphorus oxidation is apparently not dependent on the initial InP
surface environment. Along those lines, it is difficult to correlate the
extent of phosphorus oxidation with the optical properties since in
each case a majority of the surface phosphorus were converted to
phosphates. The important conclusion from this series of samples is
that even when starting with an ideally oxidative defect-free surface,
adventitious side reactions during shell growth will still significantly
impact the InP surface and thus the core-shell interface.
With regard to InP/ZnSe, chemists have postulated that incomplete blinking suppression and low quantum yields (40-60%) originate from point defects at the core-shell interface, which was a motivating aspect of studying these samples. Similarly, to the ZnS shell
growth, InP QD solutions were matched in concentration across C,
M, and A in order to reliably compare across the three. Again, utilizing a SILAR approach, zinc myristate and trioctylphosphine-selenide (TOP-Se) were added to InP QDs at elevated temperatures at
varying time intervals (see Experimental section for specific details).

Two distinct features arise in the absorbance spectra, one of which is
a significant increase in higher energy absorbance due to the thick
ZnSe shell. Secondly, the LEET experiences a red-shift due to the
near overlap of the InP and ZnSe conduction band edges (Figure 6).
The emission linewidths range from 59 to 84 nm with the M-InP giving the narrowest linewidth (59 nm) likely due to the improved
monodispersity of the starting InP cores.
Compared to the InP/ZnS samples, the PL QY of these un-optimized syntheses were slightly greater with a maximum of 44% from
the M/ZnSe and 10% and 30% for C/ZnSe and A/ZnSe, respectively. At least in the case of the C/ZnSe, there was a mixture of thickshelled particles and what could be partially shelled or unshelled InP
QDs that limit the measured quantum yield (Figure 6). For a majority of the C and M/ZnSe, the morphology of the shelled particles was
tetrahedral while the A /ZnSe appeared to shell less uniformly and
typically looked bulbous, suggesting shell nucleation occurred separately at each vertex of the InP tetrahedron as opposed to conformal
shell deposition on the more spherical cores observed in C and M.
Shell uniformity will also play a role in optimizing emissive properties due to the detrimental impact of structural defects. Furthermore,
because of the substantial shell thickness, XPS analysis of the
InP/ZnSe only revealed the phosphate peak, most likely because
photoelectrons generated in the core phosphide have a lower probability of escaping (Figure S12). In this context, XPS becomes an imprecise and unreliable technique.

Figure 6. The final absorbance (solid) and PL (dashed) trace of
C/ZnSe, M/ZnSe, and A/ZnSe with TEM image insets (20 nm scale
bar) of purified material (top). P Kα and Kβ XES spectra (bottom) for
the InP/ZnSe samples where solid vertical lines in the Kα spectra indicate the InP component (2013.59 eV) and the identified phosphate
component (2014.41 eV). In the Kβ spectra, dashed lines indicate the
Kβ’ peak of phosphate (2123.5 eV), and the Kβ1,3 peak of bulk InP
(2138.6 eV).

The P Kα emission spectra of the InP/ZnSe, shown in Figure 6,
were distinctive in that the peak positions from two-component fitting did not overlap with our identified phosphide and phosphate
components. The oxidized Kα1 were shifted lower in energy and the
reduced Kα1 were shifted to higher energy (Table S4). These shifts,
combined with the higher reduced-χ squared statistic of the A/ZnSe
and M/ZnSe fits, suggests that the two-component fitting procedure
does not sufficiently explain the observed spectra. Furthermore, we
observed several differences in the Kβ emission spectra from typical
InP such as the shift of the Kβ1,3 peak to lower energies and a pronounced shoulder at 2140.5 eV (Figure 6).
To reconcile these clear changes in the Kα and Kβ spectra for the
ZnSe-shelled samples, we considered the possibility of a third

significant phosphorus species present in the sample. Fortunately,
the main decomposition product of TOP-Se has been previously
identified as trioctylphosphine oxide (TOPO) through precursor
evolution studies of cadmium chalcogenide nanocrystals.59,60 The Kβ
emission spectrum of TOPO (shown in Figure 1) qualitatively
matched the distinctive features observed in the InP/ZnSe samples.
Although sample purification focused on the removal of excess ligands and by-products, complete removal is often complicated because of entanglement of long chain hydrocarbons, and in this case
by weak binding of the TOPO to the particle surface. Thus, in order
to evaluate the reduced and oxidized populations excluding the
TOPO component, the Kα spectra were fit with three P Kα1,2 doublets as described in the Experimental section. This procedure results in improved fits for the A/ZnSe and M/ZnSe samples (Figure
S13) and improved Kα1 energy positions for all three samples (Table
S5). Our analysis was further supported by the 31P SSNMR spectrum of the A /ZnSe sample in which three populations of phosphorus are measured; phosphide at –200 ppm, phosphate at 0 ppm, and
TOPO at 55 ppm, of which the integrated areas agree qualitatively
with the three-component fitting results (F6). The presence of a significant phosphate species in each of these samples also agrees qualitatively with the Kβ spectra, each of which has a significant phosphate Kβ’ peak near 2123.5 eV, much stronger in proportion than
the spectral features exhibited in the TOPO spectrum.
X-ray emission spectra of InP/ZnSe samples shows very high oxidized components. In the case of the A /ZnSe, roughly 51% of the
phosphorus remain as phosphide while a mere ~15% of the phosphide component in the C/ZnSe or M/ZnSe was retained. We estimated that the core InP particles would have roughly 55-70% of the
total phosphorus exposed to the surface, thus while the pathway of
oxidation during ZnSe shell growth is unknown, it is reasonable that
nearly all surface sites are oxidized. Additionally, we would not expect oxidative defects to penetrate beyond the surface of the InP
core so we suggest that anion diffusion occurs during shell growth
(in the case of thick shells) that allows core phosphides to migrate to
the surface of the shell. Evidence supporting this proposed anion diffusion mechanism was presented by Rosenthal et al. in which the energy dispersive X-ray chemical maps of InP/ZnSe particles demonstrate alloying of In/P atoms into the Zn/Se shell.54 They hypothesized that alloying helps mitigate the increasing strain induced by the
growth of a thick shell.
Our goal to examine the correlation between surface oxidation
and luminescence properties in the InP/ZnSe samples was similarly
obstructed by excessive oxidation that prevented a careful analysis of
these key factors. As with the InP/ZnS particles, the core-shell interface is thoroughly oxidized regardless of the defect-free surface of the
starting materials (i.e. A-InP). These results emphasize the importance of critically examining the chemistry occurring after the
InP core growth phase, especially when rigorous care is taken to improve the quality of the core particles. There has been a growing
awareness to address the issue of introducing oxidative defects during shell growth. For example, Jeong et al. targeted the growth of a
ZnS shell in the absence of acid-containing precursors and reported
a phosphate-free interface, but the PL QYs of these samples still plateaued at 60%.14 If indeed the particles experienced no oxidation
through core/shell growth, which was assessed with XPS, non-radiative recombination defect sites likely still formed as a combined result of compressive strain because of the growth of a >5 nm shell and
the lattice mismatch between InP and ZnS.

CONCLUSIONS
Using a recently developed benchtop X-ray emission spectrometer, we have demonstrated the viability of phosphorus Kα XES measurements as a quantitative analytical tool to characterize the extent
of oxidation in InP quantum dots through a comparative analysis
with 31P SSNMR spectroscopy. Complemented by measurements
of the valence-to-core P Kβ emission using the same spectrometer,
we were able to identify the presence of phosphate species and phosphine/phosphonium salt by-products, which were also confirmed
by 31P SSNMR. XES measurements gave us the capability to rapidly
measure a high volume of samples with excellent resolution from
only a few milligrams of deposited material. This demonstration
strongly suggests a future in which benchtop XES serves a role in the
routine analysis of phosphorus compounds and materials.
We examined the impact of phosphorus oxidation on InP optical
properties by measuring surface phosphorus oxidation as a function
of synthetic method and shelling strategy. The high degree of oxidation in the shelled compounds limit a careful interpretation of the
correlation between QY and oxidized P, while being further complicated by various other synthetic factors. In this regard, the use of ultrafast spectroscopy and high-resolution electron microscopy may
aid in elucidating a more apparent relationship. While there are
routes to achieving a phosphate-free surface, these result in the specific ligation environment and particle morphology associated with
indium halides and aminophosphine precursors. To expand upon
the available options, it may serve the field to develop a deeper understanding of the mechanism involving fluoride etching to address
surface defects on QD surfaces,61,62 and develop new chemical methods to remove phosphate defects. Side reactions occurring during
shell growth further oxidize the interface to the extent that the initial
condition of the core surface is inconsequential. Current industry
patents cite the usage of the same precursors examined in this study,
implicating the presence of oxidized surfaces and rationalizing the
lower than expected PL QYs.6 This strongly motivates a push towards designing shelling syntheses involving innocent precursors in
an effort to minimize interfacial defect sites and optimizing conditions to prevent significant diffusion of phosphorus from the QD
core.
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