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ABSTRACT: In this work, we demonstrate that a preferential Ga-for-Zn cation exchange is
responsible for the increase in photoluminescence that is observed when gallium oleate is added
to InZnP alloy QDs. By exposing InZnP QDs with varying Zn/In ratios to gallium oleate and
monitoring their optical properties, composition, and size, we conclude that Ga3+ preferentially
replaces Zn2+, leading to the formation of InZnP/InGaP core/graded-shell QDs. This cation
exchange reaction results in a large increase of the QD photoluminescence, but only for InZnP
QDs with Zn/In ≥ 0.5. For InP QDs that do not contain zinc, Ga is most likely incorporated
only on the quantum dot surface, and a PL enhancement is not observed. After further growth
of a GaP shell and a lattice-matched ZnSeS outer shell, the cation-exchanged InZnP/InGaP
QDs continue to exhibit superior PL QY (over 70%) and stability under long-term illumination
(840 h, 5 weeks) compared to InZnP cores with the same shells. These results provide
important mechanistic insights into recent improvements in InP-based QDs for luminescent applications.

■ INTRODUCTION

The unique and tunable optical and electrical properties of
colloidal quantum dots (QDs) make them promising
candidates for application in biological labeling, lighting,
displays, solar cells, and sensors.1−5 Among all semiconductor
QDs materials, cadmium chalcogenides have been the most
intensively investigated.4−9 However, the application of these
materials is often restricted due to the high toxicity of Cd,
necessitating the development of alternative, low-toxicity
quantum dot materials. Indium phosphide (InP) is one of the
most promising compounds in this context, combining size-
tunable emission in the visible and near-infrared spectral range
with a low intrinsic toxicity.10−25 However, in terms of
photoluminescence (PL) quantum yield (QY), PL stability,
and spectral width of the PL emission peak, InP QDs cannot
yet compete with Cd-based systems.
Recently, we have reported the synthesis of InZnP alloy QDs

whose structural and optical properties can be tuned by varying
the concentration of zinc.26 For simplicity, we will omit
subscripts denoting cation and anion stoichiometry in this
work. Varying the concentration of zinc in these QDs allows for
the formation of QDs with a tunable lattice constant that, in
principle, can match that of a chosen shell material, possibly
creating strain-free core/shell heterostructures. By matching the
lattice constant of the InZnP core and the ZnSeS shell material,
an overall PL QY as high as ∼60% was achieved.26 The growth

of a GaP intermediate layer (or buffer layer) was recently
reported by Kim et al. as a means of further increasing the PL
QY of indium phosphide based QDs to above 80%.27,28 Upon
addition of Ga3+ ions to a reaction mixture containing InZnP
alloy QDs, they observed the formation of an outer GaP layer,
which was attributed to a cation exchange (CE) reaction
between In3+ and Ga3+ ions. This shell was believed to
efficiently passivate surface defects of InP cores, thereby leading
to an enhanced PL QY.8,18,27−29

Here, we show that the addition of Ga3+ ions to a reaction
mixture of InZnP QDs increases their PL QY only if the Zn/In
ratio in the QD core exceeds 0.5. We study the optical
properties, composition, and size of these QDs during the
reaction with Ga3+, and our results clearly indicate that a CE
reaction takes place preferentially between Ga3+ and Zn2+ ions,
rather than between Ga3+ and In3+, leading to a compositionally
graded InZnP/InGaP core−shell system. We demonstrate that
a careful choice of both the Zn content in the core QDs and the
amount of Ga that is subsequently added can be exploited to
improve the PL QY of the resulting QDs from 10% up to 50%,
which can be increased up to 55% by adding more phosphorus
precursor to deliberately grow a GaP-only shell (see Figure 1a).
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Furthermore, we demonstrate that the cation-exchanged
InZnP/InGaP QDs continue to exhibit superior photo-
luminescence properties compared to InZnP QDs following
overgrowth of a lattice-matched outer ZnSeS shell (variable Se/
S ratio). We report unoptimized PL QYs up to 75% while
retaining a narrow emission band (full width at half-maximum
of 52 nm), and crucially for phosphor applications, the QDs
exhibit photostability during prolonged irradiation with a blue
LED. This demonstrates the importance of the Ga-for-Zn
cation exchange reaction for commercially relevant applications.

■ EXPERIMENTAL METHODS
Materials. Indium(III) acetate (In(OAc)3, 99.99%), zinc(II)

acetate (Zn(OAc)2, 99.99%), palmitic acid (PA, C15H31COOH,
99.99%, stored at −20 °C), gallium(III) chloride (beads, Sigma-
Aldrich, 99.99%), tris(trimethylsilyl)-phosphine (P(TMS)3, 95%), 1-
octadecene (ODE, 95%), oleic acid (Sigma-Aldrich, 99.99%),
ammonium sulfide solution ((NH4)2S, 20% in H2O), 1-octadecene
(ODE, 95%), formamide (FA, 99%), dimethylformamide (DMF,
99%), Zn stearate (technical grade), sulfur powder (99.98% trace
metals basis), and trioctylphosphine (TOP, 90% technical grade) were
purchased from Sigma-Aldrich. Selenium powder (99.98% trace metals
basis) was purchased by Chem Pure. All the chemicals were used
without further purification.
Synthesis of Green and Yellow Emitting InZnP Alloy QDs.

InZnP QDs were synthesized following an adaptation of our
previously reported method.26 In a typical synthesis, 35 mg of
In(OAc)3 (0.12 mmol), a desired amount of Zn(OAc)2, and 91 mg of
palmitic acid (0.36 mmol) were mixed together with 7 mL of 1-
octadecene in a three-neck flask. The solution was degassed under
vacuum for 2 h at 120 °C. After heating up the reaction mixture to 300
°C under nitrogen flow, 17 μL of P(TMS)3 (0.06 mmol; 15 mg) in 1
mL of ODE was rapidly injected into the flask. The temperature was
then lowered to 270 °C, and the QDs were allowed to grow for 2 h.
This “hot” crude reaction solution was immediately used for the CE
reactions or for the synthesis of red emitting QDs (see below).
Alternatively, to collect the InZnP QDs, the reaction flask was rapidly
cooled to room temperature and the QDs were washed three times by
dispersion in toluene, followed by precipitation by addition of a
mixture of ethanol:acetone (1:3), and eventually stored in toluene (or
hexane) in a N2-filled glovebox. The amount of zinc precursor was
varied from 0 mg (Zn/In = 0) to 36 mg (0.18 mmol, Zn/In = 1.5),
while keeping the amount of indium and phosphorus precursors
constant.
Preparation of In- and Zn-Palmitate and P(TMS)3 Precursors

for Core Growth. A stock solution of In- and Zn-palmitate (In:Zn =
1:1) was prepared by mixing 292 mg (1 mmol) of In(OAc)3, 184 mg
(1 mmol) of Zn(OAc)2, and 769 mg (3 mmol) of PA in 10 mL of
ODE in a three-neck round-bottom flask. The mixture was degassed
under vacuum at 130 °C for 2 h and then heated to 250 °C under N2
in order to form the In- and Zn-palmitate complexes. After complete
dissolution of metal precursors, the solution was cooled to room
temperature and stored in a N2-filled glovebox. A P(TMS)3 precursor
solution was prepared by diluting 145 μL (0.5 mmol) of P(TMS)3 in
10 mL of ODE.
Growth of Red Emitting InZnP Cores. In order to further

increase the size of as-synthesized InZnP QDs, a multiple injection
route was adopted. The temperature of the crude “hot” reaction
mixture was lowered to 250 °C, and 1 mL of the In-Zn palmitate stock
solution was injected dropwise into the flask over 6 min. The solution
was held at 250 °C for a further 10 min, after which 1 mL of the
P(TMS)3 precursor solution was injected dropwise in the reaction
flask over 40 min. The same procedure was followed several times
until the particles reached the desired size (see Figure S1a of the
Supporting Information, SI).
CE Reaction Involving InZnP QDs and Ga3+ Ions. A 0.12 M

gallium precursor solution was prepared in a nitrogen-filled glovebox
by dissolving GaCl3 (3 mmol, 528 mg) in oleic acid (12 mmol, 3.39 g)

and 20 mL ODE at 140 °C for 1 h. The temperature of the crude “hot”
reaction mixture was lowered to 200 °C, and 230 μL of gallium
precursor solution (containing 0.03 mmol of Ga3+) was added
dropwise. The reaction mixture was kept at 200 °C for 1 h, after which
another 230 μL of gallium precursor solution was added. Subsequent
injections of Ga precursor solution were performed following the same
procedure up to a total of 0.15 mmol of Ga(OA)3 added.

Synthesis of InZnP/GaP Core/Shell QDs. After the final addition
of Ga precursor in the CE reaction, the temperature of the crude “hot”
reaction mixture was reduced to 150 °C and 0.03 mmol of P(TMS)3
diluted in 1 mL of ODE was added. The reaction was then reheated to
200 °C and left to react for 1 h. Subsequent injections of 0.03 mmol of
Ga oleate (added at 200 °C) and P(TMS)3 precursors (added at 150
°C) were performed following the same procedure.

Growth of ZnSeS Outer Shell. The selenium and sulfur precursor
solutions used for the ZnSeS shell growth were prepared by dissolving
4 mmol of Se or S powder in 4 mL of TOP to give 1 M solutions of
TOPSe and TOPS. In a typical shell growth procedure, 0.325 g of Zn
stearate and 1.5 mL of ODE were mixed thoroughly in a nitrogen-filled
glovebox, loaded into a syringe, and added into a three-neck flask
containing 2 mL of as-synthesized InZnP/InGaP/GaP QD solution at
room temperature. At this point, the temperature of the crude “hot”
reaction mixture was set to 300 °C with a heating rate of 10 °C/min.
When the temperature reached 90 °C, a total of 0.5 mL of the anion
stock solutions (TOP-Se + TOP-S) were added. The ZnSeS shell
composition was changed by varying the TOP-Se and TOP-S
precursor ratio. For example, in the case of Se/S = 0, 0.5 mL of 1
M TOP-S was added, while, in case of Se/S = 1, 0.25 mL of 1 M TOP-
Se and 0.25 mL of 1 M TOP-S were added. The reaction was kept at
300 °C for 20 min and was subsequently quenched by cooling the flask
down to room temperature. The resulting QDs were purified by
dispersion in chloroform (2 mL), followed by precipitation by addition
of a mixture of ethanol:acetone (1:4). The obtained QDs were stored
in toluene in a N2-filled vial in the glovebox.

Ligand Exchange with S2− ions.30 The exchange of original
organic ligands with S2− inorganic species was carried out in a N2
glovebox. 20 μL of (NH4)2S solution (20% in H2O) was added to 1
mL of FA and mixed with 1 mL of a purified QD dispersion in toluene.
The biphasic mixture was sonicated for 15 min at 60 °C, leading to a
complete phase transfer of the NCs from toluene to the FA phase,
leaving residual organic ligands and unreacted species in the toluene
phase (as they are not soluble in FA). The phase transfer can be easily
monitored by the color change. The FA phase, which now contains
only the inorganic QDs, was separated and acetone was added as
nonsolvent to precipitate the ligand exchanged QDs. To remove
eventual residual organic ligands, the QDs were further washed twice
with toluene. Eventually, the QDs were precipitated a last time by
adding acetone and redispersed in DMF and stored in a N2-filled vial
in the glovebox for further analysis.

UV−vis Absorption and PL Emission Measurements. QD
samples for optical analysis were prepared by diluting the purified
stock solutions in toluene in a 1 cm quartz cuvette. UV−vis absorption
spectra were measured with a PerkinElmer Lambda 40 UV/vis
spectrometer. PL emission spectra were obtained using a PTI
QuantaMaster with a 75 W xenon lamp, using an excitation
wavelength of 450 nm.

Absolute PL QY Measurements. QD samples for PL QY
measurements were prepared by diluting the purified stock solutions in
toluene. The PL QY of the QDs was determined using an integrated
sphere setup at Philips Research Laboratory. The setup consisted of a
445 nm diode laser, a Labsphere 6″ integrating sphere, and a fiber
coupled spectrometer (USB 4000, Ocean Optics). The combination of
sphere, fiber, and spectrometer was calibrated with a light source of
known emission characteristics.

Transmission Electron Microscopy (TEM). TEM micrographs
were acquired using a JEOL microscope operating at 120 kV (bright-
field images) or a FEI Technai G2 F20 microscope at 200 kV (dark-
field images). Samples for TEM imaging were prepared by drop-
casting a toluene solution of QDs onto a carbon-coated copper (400-
mesh) TEM grid. The TEM micrographs were used to estimate the
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size of the QDs and the numbers of shell monolayers (MLs) grown of
GaP or ZnSeS. This was done by considering half of the zinc blende
GaP and ZnSeS lattice parameters. For GaP, this value is 0.542 nm,31

and for ZnSeS, it varies with the Se/S ratio (see SI, Figure S6; for
example, Se/S = 4 gives 0.557 nm).13,32

Inductively Coupled Plasma (ICP) Optical Emission Spec-
troscopy (OES) Elemental Analysis. ICP measurements to obtain
Zn/In and Ga/In ratios were carried out using an iCAP 6500 Thermo
spectrometer. All chemical analyses performed by ICP-OES were
affected by a systematic error of about 5%. Samples were dissolved in
HCl/HNO3 3:1 (v/v).

■ RESULTS AND DISCUSSION

The Reaction of Gallium Oleate with InZnP QDs.
InZnP alloy QDs were prepared following the procedure
described in our previous work (see the Experimental Methods
section for details).26 Red emitting InZnP QDs were
synthesized by performing multiple injections of P and Zn-In
precursors on as-synthesized cores (see the Experimental
Methods section for details). ICP and XRD measurements
confirmed that the resulting NCs retained the same
composition (Zn/In ratio) and the same lattice constants as
the starting InZnP seeds (see Figure S1b,c of the SI).26

To investigate the effects of the cation exchange (CE)
reaction between InZnP QDs and gallium ions,27 gallium oleate
(Ga(OA)3) was added in 0.03 mmol increments to as-
synthesized samples of InZnP QDs with varying Zn/In feed
ratios at 200 °C, and the optical properties of the resulting QDs
were monitored. We note that P(TMS)3 (0.06 mmol) is the
limiting reagent in the InZnP QD synthesis, so there should be
a similar total number of Zn + In cations incorporated into the
QDs for all samples irrespective of the Zn/In feed ratios. Figure
2a−c presents the absorbance and PL of InZnP QDs (Zn/In =
1) as a function of time after the addition of 0.03 mmol of
Ga(OA)3. The absorbance and PL peaks are initially at 495 and

570 nm, respectively, and both undergo a blue-shift over 30−60
min to new values of 487 and 544 nm, respectively. At the same
time, the PL intensity also increases markedly.
Increasing quantities of Ga(OA)3 were then added to InZnP

QDs with varying Zn/In feed ratios of 0, 0.5, and 1.5. The
Ga(OA)3 was added in 0.03 mmol increments per hour up to a
total of 0.15 mmol; significantly faster addition rates led to
degradation of the QDs. The normalized UV−vis absorption
spectra acquired during these experiments are reported in
Figure 3a−c. The absorption spectra of as-synthesized InZnP
NCs (black spectra) are characterized by 1S exciton absorption
peaks which remain clearly defined upon addition of Ga-
(OA)3.

33

The addition of Ga(OA)3 to pure InP (Zn/In = 0) QDs
causes a systematic red-shift and a broadening of their
absorption onset (see Figure 3a). On the other hand, in the
case of zinc containing InZnP QDs, a systematic blue-shift of
the exciton peak is observed upon addition of Ga(OA)3 up to
0.12 mmol, followed by a red-shift upon further addition of
gallium precursor (see Figure 3b,c). The magnitude of the blue-
shift of the exciton peak is more pronounced in samples with
higher Zn content (10 and 30 nm for Zn/In = 0.5 and Zn/In =
1.5, respectively). Heating InZnP QDs for the same time in the
absence of Ga(OA)3 does not lead to a blue-shift of the
absorbance (see the Supporting Information, Figure S3a).
The occurrence of a blue-shift upon adding Ga(OA)3 as a

source of gallium ions to InZnP QDs has been previously
discussed by Kim et al.,27 who attributed it to a CE reaction
between In3+ and Ga3+ ions in the outer layers of the QDs that
resulted in a decrease of the InP core size, and thus, in a more
pronounced quantum confinement.27,34 However, the same
explanation cannot be applied here, as we would have observed
a similar blue-shift for both InP and InZnP QDs upon exposure
to Ga(OA)3, which is not the case (see Figure 3a). Our results,

Figure 1. (a) Sketch of the different steps for the synthesis of InZnP/InGaP/ZnSeS core/shell QDs. Subscripts denoting cation and anion
stoichiometry have been omitted for clarity. (b) Schematic of a Type-I band alignment in the case of our core/shell QDs.

Figure 2. Change in InZnP QD (Zn/In = 1) absorbance and PL over 1 h at 200 °C after addition of 0.03 mmol of Ga(OA)3. (a) Absorbance of
aliquots removed at specific times noted on graph. Time = 0 min is before addition of Ga(OA)3. Traces are offset with increasing time, and dotted
line indicates the trend in peak wavelength. (b) PL intensity as a function of time, normalized to the fraction of light absorbed at the excitation
wavelength of 400 nm. (c) Peak absorbance and PL wavelengths plotted as a function of time after Ga addition.
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therefore, suggest that the amount of Zn inside the starting
QDs plays an important role in the reaction with Ga3+ ions.
To explain the evolution of the optical features of the QDs

upon reaction with Ga(OA)3, we measured their composition
with ICP elemental analysis, before and after the addition of
gallium precursor, with particular attention to Zn/In and Ga/In
ratios. The data for each Ga(OA)3 amount was acquired from
separate reactions starting from the same cores. To ensure the
complete removal of unreacted species before the elemental

analysis, the QDs were carefully washed and the organic ligands
were replaced with S2− ions through the addition of (NH4)2S
(see Experimental Methods for details).30 The results of ICP
analysis are summarized in Figure 3d−f. As described in our
previous report,26 the measured initial Zn/In ratio in the QDs
closely matches the feed ratio. In all of the InZnP QD samples,
the relative amount of Ga in the QDs increases with the
amount of gallium precursor added. For samples containing
zinc, the relative zinc content decreases upon addition of

Figure 3. (a−c) Absorption spectra of InZnP QDs with varying initial concentrations of Zn at different stages during the addition of Ga(OA)3. (d−f)
The relative In, Zn, and Ga content measured using ICP in the InZnP + Ga(OA)3 QDs as a function of the amount of Ga(OA)3 added, for purified
cores with different Zn/In feed ratios: (d) 0, (e) 0.5, and (f) 1.5.

Figure 4. Dark-field scanning transmission electron microscopy images of (a) InZnP QDs with a Zn/In ratio of 1.5 and (b) the same QDs after
addition of 0.09 mmol of Ga(OA)3 at 200 °C over 3 h. (c) Size distribution of measured QD diameters (>1000 measurements per sample) from the
InZnP sample (blue) and the InZnP + Ga sample (red).
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Ga(OA)3 (see Figure 3e,f), dropping almost to zero after the
addition of large amounts of Ga(OA)3 (0.15 mmol). The
relative indium content is also reduced with the addition of
Ga(OA)3, but much less so than the Zn content. Furthermore,
the magnitude of the change depends on the starting Zn/In
ratio. In QDs with low Zn/In ratios (Zn/In = 0, 0.5), a
significant reduction in relative indium content is observed (see
Figure 3d,e), whereas the relative indium content only drops
slightly with Zn/In = 1.5 (see Figure 3f). The trends in the ICP
data were reproducible (see the Supporting Information, Figure
S4, for data from additional experiments).
Taken together, the ICP and absorbance results suggest that

a preferential Ga3+ → Zn2+ CE reaction occurs. The
replacement of zinc with gallium observed for samples with
Zn/In ≥ 0.5 suggests the formation of graded-composition
InZnP/InGaP nanocrystals via CE which would have an
increasing band gap toward the QD surface, consistent with the
observed absorbance blue-shift (see Figure 3b,c). Such core−
shell structures are often observed in systems with low ion
diffusivity where the reaction starts from the QD surface.35−37

Indeed, the 30−60 min time required for the CE reaction to
reach completion (Figure 2c) suggests slow ion diffusion, an
observation supported by other reports of slow CE reactions in
III−V QD materials.37,38

TEM images of InZnP QDs (Zn/In = 1.5) taken before and
after addition of 0.09 mmol of Ga(OA)3, at which point the
absorbance blue-shift was maximized, are shown in Figure 4a,b,
respectively. Histograms of measured QD diameters for each
sample (see Figure 4c, >1000 measurements per sample) show
that the QD size distribution did not change significantly
during the CE reaction after 0.09 mmol of Ga(OA)3 was added:
the initial average particle diameter (± one standard deviation)
for InZnP was 2.8 nm ± 0.5 nm, and after Ga(OA)3 addition, it
was 2.6 nm ± 0.6 nm. However, further addition of Ga(OA)3
up to 0.15 mmol results in a broadening and red-shift of the
exciton peak (see Figure 3b,c), suggesting that the QDs
undergo growth via Ostwald ripening later in the CE reaction,
whereby the largest QDs grow via consumption of smaller
ones.13,39

The preferential Ga3+ → Zn2+ CE can be rationalized as
follows: (i) Zn2+ is a weaker Lewis acid than In3+ and Ga3+

(their respective chemical hardnesses η are 10.9, 13, and 17
eV).40 Therefore, according to Pearson’s hard soft acid base
(HSAB) theory,41 zinc ions have a stronger affinity to the oleic
acid (weak Lewis base, η = 6.4 eV)40 present in the reaction
mixture, and so they can be selectively extracted and replaced
by Ga3+ ions.35,36,38,42−46 Indeed, it has been previously
reported that carboxylic acids can favor the selective
replacement of Zn2+ ions with stronger Lewis acids in
QDs.47,48 (ii) The cation exchange reaction could also be
dictated by thermodynamic factors: although no lattice energy
values were found for InZnP and InGaP compounds, InZnP is
a metastable phase and we can speculate that its lattice energy is
most likely lower than that of InGaP, which is a very stable
alloy.17,26

We remark that the substitution of Zn2+ with Ga3+ cations
should lead to an excess of positive charges in the resulting
QDs. In an earlier publication,26 we have discussed the
possibilities for maintaining charge neutrality in InP QDs
when replacing In3+ with Zn2+, such as the formation of
phosphorus vacancies49 or a combination of interstitial and
substitutional zinc,50 and these processes could feasibly be
reversed during the Ga3+ CE reaction. However, as InZnP/

InGaP QDs are passivated by negatively charged X-type oleate
surfactants, a change in the surface ligand density can also
possibly restore charge neutrality.51,52

Although an increase in the overall Ga/In ratio was observed
for the Zn/In = 0 sample upon addition of Ga(OA)3, the
concurrent red-shift of the QD absorbance rules out the
formation of a higher-band-gap InGaP material via Ga3+ → In3+

CE (see Figure 3d). The broadening and red-shift of the
absorbance band suggests that growth by Ostwald ripening may
also occur for InP QDs upon reaction with the gallium
precursor. Indeed, analysis of TEM images confirms that the
InP QD diameter increases after the addition of 0.12 mmol of
Ga(OA)3 (see Figure S2 of the SI). In addition, the large excess
of Ga(OA)3 should lead to the full passivation of surface anion
sites with gallium oleate, which could induce a red-shift in the
InP QDs similar to that recently observed by Stein et al.53 for
cadmium oleate capped InP QDs. Both of these processes
would explain the increase the relative gallium content, and
subsequent decrease in relative indium content, observed for
InP in Figure 3d. We note that these processes can also account
for the decrease in relative indium content observed for the Zn/
In ≥ 0.5 samples (see Figure 3e,f).

Effect of the CE with Ga3+ Ions on the Photo-
luminescence. In Figure 5, we show the change in PL QY
of InZnP QDs with varying Zn/In ratios during the addition of
Ga(OA)3. While no enhancement of the PL QY was observed
for InP QDs (see Figure 5, black curve), the PL of InZnP
increased after the CE with Ga3+ ions (see Figure 5, red and
green curves). In the case of InZnP with a Zn/In ratio of 1.5,
the PL QY of the QDs increased from ∼5% up to 40% after the
addition of 0.09 mmol of Ga(OA)3, while a further increase in
the amount of Ga(OA)3 resulted in a decrease of the PL QY.
Heating InZnP QDs without addition of Ga(OA)3 resulted in
the PL QY slowly increasing to 1.7 times its initial value after
3.5 h, then decreasing at longer times (see Figure S3 of the SI),
which is not enough to account for the PL increases observed
in Figure 5. For samples with Zn/In between zero and 0.5, no
PL increase was observed upon Ga3+ addition (see Figure S3 of
the SI).
The increase in PL QY accompanying the reaction of InZnP

with Ga(OA)3 further supports the hypothesis that the Ga
3+ →

Zn2+ CE starts from the surface to form graded-composition
core/shell heterostructures with high PL QY due to reduced
interfacial strain.8,54 As the CE between Zn2+ and Ga3+ ions
approached completion, i.e., after the addition of a more than
0.12 mmol Ga precursor (see Figure 3e,f), the PL QY began to
decrease (see Figure 5). The observed decrease in PL QY was
concurrent with the absorbance red-shift and broadening

Figure 5. Plot of the PL QY of InZnP/InGaP QDs with different
initial Zn/In ratios (0, black dots; 0.5, red squares; 1.5, green
diamonds) as a function of the amount of Ga precursor added. The
arrows highlight the point of maximum PL QY for each sample.
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attributed to Ostwald ripening (see Figure 3b,c), indicating that
this process generates defects or lattice strain, which impedes
further improvement of the PL QY.54

With the aim of further enhancing the PL QY of our QDs, a
GaP shell was deliberately grown on cation exchanged InZnP/
InGaP QDs by injecting subsequent amounts of phosphorus
(P(TMS)3) and gallium (Ga(OA)3) precursors into the crude
reaction mixture (see the Experimental Methods for details).
The deliberate shell growth was performed on samples where
an optimal amount of Ga(OA)3 had been added during the CE,
i.e., when the PL QY is highest and prior to the onset of the
absorbance red-shift. We observed that the PL QY of the QDs
increased to a maximum value of 55%, for cores with Zn/In =
1.5 subjected to the CE reaction with 0.09 mmol of Ga(OA)3
and addition of 0.03 mmol of P(TMS)3 precursor. Further
growth of the GaP shell by subsequent Ga and P precursor
additions resulted in a broader and a less efficient PL emission
(see Figure S5a,b of the SI for optical characterization of the
InZnP/InGaP/GaP QDs). This behavior can be rationalized
considering that, as the GaP shell becomes thicker, the lattice
mismatch between the core and the shell can induce interfacial
lattice strain, which could lead to the formation of defects and a
reduction of the PL QY.55,56

Synthesis of InZnP/InGaP/GaP/ZnSeS Core/Multishell
QDs. Finally, an outer layer of a robust wide-band-gap material
was grown onto the InZnP/InGaP/GaP QDs to improve their
photostability and PL QY (see schematic in Figure 1a,b). To
minimize the lattice mismatch between the core and the shell
materials, we chose ZnSeS as a wide-band-gap shell material, for
which the lattice constant can be tuned by adjusting the ratio of
Se/S.26,32 After determining the lattice constant of InZnP/
InGaP/GaP QDs using XRD, we calculated the optimum ratio
of Se and S precursors to grow a lattice matched ZnSeS shell.26

The shell was grown by injecting zinc stearate, TOPSe and
TOPS precursors directly into the InZnP/InGaP/GaP QDs
crude reaction mixture (see Figure S6 of the SI and the
Experimental Methods section for details).
Figure 6a shows the absorption and PL emission spectra of

InZnP/InGaP/GaP/ZnSeS core/multishell QDs at different
reaction times during shell growth. As first proof of the shell
growth, a marked increase of the absorbance at wavelengths
below 440 nm was observed, corresponding to the band gap of
bulk ZnSeS.32 Figure 6b shows the XRD patterns acquired for

InZnP QDs (black pattern), InZnP/InGaP/GaP QDs (red
pattern), and InZnP/InGaP/GaP/ZnSeS QDs (blue pattern),
which confirms that the three samples have a zinc blende crystal
structure with the same lattice constant, as no shift of XRD
peaks was observed. This suggests the lattice constant of the
InZnP QDs does not change during Ga CE reaction. The Ga3+

cation is similar in size to Zn2+, and both are smaller than
In3+,26,57 so the CE reaction appears to preserve the InZnP
similar lattice constant within the resolution of our measure-
ments. TEM analysis further supports the formation of a ZnSeS
shell as the mean diameter of the QDs increased from 3.5 nm
up to 4.6 ± 0.6 nm (see Figure 6c, and Figure S7a of the SI).
The resulting QDs were characterized by a PL emission peak

at 565 nm with a full width at half-maximum (fwhm) of 52 nm,
and a PL QY of up to 75% (see Figure 6a). These values are
slightly inferior to those reported by Kim et al. for a similar
core/multishell system,27,28 but we note that we have focused
on understanding the Ga3+ cation exchange reaction and have
not optimized our synthesis parameters for maximum PL QY.
Core/shell QDs emitting at longer wavelengths (up to 620 nm)
were also synthesized by using red emitting InZnP cores (see
the Experimental Methods sections for details and Figure S7b
of the SI).
The stability of these multishell samples was tested with a

setup at Philips Research Laboratories. Dispersions of purified
InZnP/InGaP/GaP QDs, InZnP/ZnSeS QDs, and InZnP/
InGaP/GaP/ZnSeS QDs in toluene were loaded, under
ambient conditions, into different capillaries, placed on the
top of a GaN LED (lamp power 1 W/cm2; temperature 50−60
°C), and the PL QY of the samples was monitored for 5 weeks.
These conditions mimic those of remote phosphors used in
LED lamps. The results are summarized in Figure 6e. In the
case of InZnP/InGaP/GaP and InZnP/ZnSeS QDs, the PL QY
drastically decreases after only 1 h of exposure. On the other
hand, InZnP/InGaP/GaP/ZnSeS QDs showed prolonged
stability as the PL QY, after an initial small drop of about 5%
in the first hour, retained a constant PL QY of 70% for 5 weeks.
This demonstrates that multishell InZnP/InGaP/GaP/ZnSeS
QDs have a superior photostability due to the Type I
configuration afforded by the GaP and ZnSeS shells. From
these results, it is evident that this system can be a highly
promising candidate as a Cd-free phosphor.

Figure 6. (a) Absorption (solid line) and emission (dashed line) spectra of InZnP/InGaP/GaP/ZnSeS core/shell QDs at different stages during the
growth of a ZnSeS shell. (b) XRD patterns obtained from drop-cast solutions of InZnP (Zn/In = 1.5) QDs (black), InZnP/InGaP/GaP QDs (red),
and InZnP/GaP/ZnSeS QDs (blue). The corresponding bulk reflections of zinc blende InP (black, ICSD code 24517), GaP (red, ICSD code
77087), ZnSe (green, ICSD code 77091), and ZnS (light blue, ICSD code 67453) are reported in the lower panels. (c, d) TEM images of InZnP/
InGaP/GaP/ZnSeS QDs. (e) Plots of the PL QY for four suspensions of QDs kept under constant UV irradiation (UV lamp (1 W/cm2)), as a
function of the irradiation time. Four samples were measured: two batches of purified InZnP/InGaP/GaP/ZnSeS QDs (red and black squares),
InZnP/ZnSeS QDs (green dots), and InZnP/InGaP/GaP QDs (orange diamonds).
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■ CONCLUSIONS
In summary, we have shown that the addition of Ga3+ ions to
pristine InZnP QDs can increase the PL QY of such systems
from ∼5% up to 55%, but that a Zn/In ratio of at least 0.5 in
the starting InZnP QDs is pivotal to achieving high PL QYs.
This is the result of a preferential cation exchange reaction
between Zn2+ and Ga3+ ions, which leads to the formation of a
higher-band-gap InGaP surface layer that enhances the PL QY
and blue-shifts the absorbance of the resulting QDs. We have
also argued that CE between In3+ and Ga3+ does not occur,
evidenced by the broadening and red-shifting of absorbance
and lack of PL increase when samples with Zn/In ratios lower
than 0.5 are exposed to Ga3+ ions. Further increases in the PL
QY (up to 75%) and prolonged photostability were afforded by
growth of a GaP shell and a ZnSeS shell with a composition
chosen to match the lattice of the InZnP/InGaP/GaP QD.
From a practical point of view, these results demonstrate that
cation exchange reactions in InZnP-based QDs can narrow the
gap between the performance of Cd-free LED phosphors and
industrial requirements for LED phosphors.
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