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Improved Photoluminescence of MnS/ZnS Core/Shell Nanocrystals by Controlling Diffusion
of Mn Ions into the ZnS Shell
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We studied the diffusion of Mn ions in MnS/ZnS core/shell nanocrystals (NCs) from the MnS core to the
ZnS shell by steady-state and time-resolved photoluminescence (PL) spectroscopy. The colloidal MnS/ZnS
core/shell NCs with different thicknesses of the ZnS shell synthesized in octadecene with nucleation doping
strategy were annealed at different temperatures. It was found that the PL intensity and lifetime of the MnS/
ZnS NCs with a thin ZnS shell significantly decreased with increasing annealing time in the heat treatment
temperature range of 220—300 °C, resulting from the diffusion of Mn ions in the MnS/ZnS core/shell NCs
to the surface of the ZnS shell, while the PL intensity and lifetime of the NCs with a thick ZnS shell remained
almost constant in the temperature range. Furthermore, it was noted that the MnS/ZnS NCs with a small MnS
core of about 2.0 nm in diameter exhibited high PL quantum yield of greater than 40%. The experimental
results indicated that highly efficient luminescent Mn-doped ZnS NCs could be obtained by controlling the
diffusion of Mn ions into the ZnS shell via annealing the core/shell NCs and using small-sized MnS cores

and by optimizing the thickness of the ZnS passivating layer.

Introduction

Transition-metal Mn ion-doped semiconductor nanocrystal
(NC) emitters have been widely investigated in view of their
optical properties such as long photoluminescence (PL) lifetime,
high PL quantum yield (QY), and minimized self-absorption
and applications as a light-emitting source in optoelectronic
devices and in bioimaging.!~!7 Especially for ZnS:Mn NCs, they
are a greener material that is free from both Cd and Se, and
popular nanophosphors for electroluminescent devices.3™!°
Despite systematic efforts, which began in 1994, to introduce
intentional impurities into NCs,' when ZnS NCs were first doped
with Mn impurities, there has been little progress in optimizing
the PL QY of Mn ions from dispersed colloidal Mn-doped ZnS
NCs due to the lack of the ability to precisely control the doping
of semiconductor NCs.'”7 This situation was substantially
improved by Peng’s group with the development of a new
doping strategy, nucleation doping;'>~!* for example, Mn-doped
ZnSe NCs prepared by growing a ZnSe shell on the MnSe core
exhibited PL. QY up to 50% and good thermal stability.!>!# This
method, allows one to place dopants at the desired initial
positions in the host NCs, is expected to significantly improve
the PL QY of the doped NCs by controlling the diffusion of
Mn ions in the NCs and the structure of NCs.

Recently, we reported efficient PL of Mn ions from the MnS/
ZnS core/shell NCs with a PL. QY of 35% synthesized by the

* To whom correspondence should be addressed. J.Z.: phone, +86-431-
86176029; e-mail, zhaojl@ciomp.ac.cn. Y.M.: phone, +81-29-8534248;
e-mail, shoichi@sakura.cc.tsukuba.ac.jp.

¥ Chinese Academy of Sciences.

# Graduate School of Chinese Academy of Sciences.

$ University of Tsukuba.

' Jilin Normal University.

nucleation doping strategy.!” The PL of Mn ions is currently
considered to come from the energy transfer from photoexcited
ZnS shells to the Mn ions in a diffusion layer at the interface
between the MnS core and the pure ZnS overcoating layer.!”
Therefore, the PL QY of the NCs should be greatly influenced
by structural properties of the Mn ion diffusion layer, which is
directly determined by the diffusion of Mn ions into the ZnS
shell during the colloidal growth process.!*!*17 The diffusion
of Mn ions in II—VI semiconductors has been extensively
studied.'®*2° Some researchers reported the diffusion rate of Mn
ions in bulk CdTe at the temperature of 300 °C is only 0.1—0.3
nm/h.!® This means that the diffusion of Mn ions in II—VI
semiconductor NCs should be negligible during colloidal growth
in the temperature range below 300 °C. However, for the MnS/
ZnS (or MnSe/ZnSe) NCs synthesized by nucleation doping
strategy, the presence of the Mn ion PL, which was considered
to come from the Mn ions in a diffusion layer, obviously
indicated that the Mn ions had diffused from the MnS (MnSe)
core into the ZnS (ZnSe) shell during the growth process.!!4!7
Further study indicated that the critical temperature for “lattice
diffusion” in NCs was substantially lower than that in the bulk
crystals.’’. To improve the PL QY of the MnS/ZnS NCs
synthesized by nucleation doping strategy, it is necessary to
understand the diffusion process of Mn ions in the NCs on their
PL properties in detail.

In this work, we report the study of the diffusion process of
Mn ions in MnS/ZnS NCs from the MnS core into the ZnS
shell by steady-state and time-resolved PL spectroscopy. The
MnS/ZnS core/shell NCs with different MnS core size and ZnS
shell thickness synthesized by nucleation doping strategy were
annealed in original solution in the heat treatment temperature
range of 220—300 °C. The quenching of the Mn ion PL intensity

10.1021/jp104513k  © 2010 American Chemical Society
Published on Web 08/24/2010



15332 J. Phys. Chem. C, Vol. 114, No. 36, 2010

combining with the shortening of its lifetime with increasing
annealing temperature and time was explained in terms of the
diffusion of Mn ions from the MnS core toward the surface of
the ZnS shell. We will discuss the diffusion process of Mn ions
into the ZnS shell during the colloidal growth of MnS/ZnS core/
shell NCs based on PL spectroscopy to explore the formation
of highly efficient luminescent Mn-doped ZnS NCs.

Experimental Section

In this experiment, MnS/ZnS core/shell NCs were synthesized
by nucleation doping strategy that was published previously.!”

(a) Preparation of stock solutions occurred as follows:
Octadecene sulfur (ODES) solution was prepared by adding
0.039 g of S and 0.4 g of octadecylamine (ODA) into 3 mL of
octadecene (ODE). The zinc precursor solutions were prepared
by dissolving 0.7 g of ZnSt, into 6.5 mL of ODE with heating
under argon; the concentration of ZnSt, was 0.1 g/mL.

(b) Samples with different shell thicknesses, referred to as
A, B, and C, were synthesized to study the diffusion of Mn
ions in MnS/ZnS core/shell NCs. For a typical synthesis of MnS/
ZnS NCs, 12 mL of ODE and 0.03 g of MnSt, were loaded
into a 50 mL three-necked flask and degassed at 110 °C for 15
min by bubbling with argon. The temperature was then raised
to 270 °C. In a separate vial, 3 mL of ODES solution was heated
until the solution turned colorless and then was swiftly injected
into the reaction flask at 270 °C. The reaction temperature was
swiftly cooled to 170 °C and then increased to 250 °C for ZnS
overcoating. The zinc precursor solution (1.5 mL) was added
dropwise into the reaction flask at 250 °C and maintained at
that temperature for 10 min, the obtained nanocrystals referred
to as sample A. To obtain sample B, the additional ZnSt,
solution (1.5 mL) was injected at 250 °C with 10 min intervals.
For sample C, the total amount of ZnSt, solution was 5 mL;
after the first overcoating, the remaining ZnSt, solution was
injected by adding 1.75 mL after 10 min intervals two times.
After the reaction finished, the temperature of the solution was
cooled down to room temperature and then increased to the
needed temperature for further thermal treatment without any
purification procedure. Small aliquots were removed from the
reaction solution with a syringe during annealing to monitor
the evolution of the PL properties. Because PL intensity varied
somewhat for the different purification procedure, the aliquots
dispersed in CHCl; directly without purification procedure were
used to measure absorption, excitation, and PL spectra as well
as PL decays.

(c) Samples D, E, and F were synthesized to study the effect
of the growth temperature for the first overcoating ZnS layer
on the PL QY of the NCs. After the injection of ODES stock
solution into the reaction flask at 270 °C, the reaction temper-
ature was swiftly cooled to 170 °C and then increased to 200
°C (sample D), 250 °C (sample E), or 280 °C (sample F) with
steps of 15 °C/min for ZnS overcoating; the ZnSt, solution (1.0
mL) was added into the reaction flask and the reaction
temperature then was set at 280 °C and maintained at that
temperature for 20 min for Mn ion diffusion. The additional
ZnSt, solution (6 mL) was injected by adding 3 mL after 15
min intervals two times at 250 °C. Finally, the reaction
temperature was cooled to room temperature, and the NCs were
precipitated using acetone. High-quality MnS/ZnS NCs formed
with small-sized MnS cores overcoated at low temperature were
reproducible, demonstrating PL QYs of 40—50%.

X-ray diffraction (XRD) data were collected on a Rigaku
XRD spectrometer with a Cu Ko line of 0.15418 nm for the
purified MnS/ZnS core/shell NCs. The morphology of the NC
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Figure 1. PL and PLE spectra of MnS/ZnS core/shell NCs with shell
thicknesses of 2.2 (A: red lines), 3.7 (B: green lines), and 5.0 MLs (C:
blue lines).

300

samples was characterized by a transmission electron microscope
(TEM) (TECNAI G2). The absorption spectra were recorded
on a UV-3101PC UV—vis—NIR scanning spectrophotometer
(Shimadzu). PL and excitation (PLE) spectra were recorded by
a Hitachi F-4500 spectrophotometer. In the measurements of
fluorescence dynamics, a 266 nm laser combined with a fourth
harmonic generator was used as an excitation light. A Spex 1403
spectrometer and a boxcar integrator were used to record the
fluorescence dynamics. All measurements were carried out at
room temperature.

Results and Discussion

Figure 1 shows PL and PLE spectra of MnS/ZnS core/shell
NCs with different ZnS shell thicknesses. As seen in Figure 1,
a strong 595 nm Mn ion PL band with a full-width at half-
maximum (fwhm) of about 50 nm and a large Stokes shift of
about 270 nm comes from *T; to ®A; transition from Mn ions
in the ZnS lattice.!””!3"!7 The PLE spectra of the orange
emission in the MnS/ZnS core/shell NCs are also consistent
with the absorption onset of the ZnS shells, indicating energy
transfer from the photoexcited ZnS shells to the Mn ions.!” The
PL QY of the MnS/ZnS core/shell NCs increases from 4% to
23% when ZnS shells with 2.2, 3.7, and 5.0 monolayers (MLs)
estimated in the following are grown on the MnS core, similar
to previous experimental results.!”

The XRD patterns of the MnS cores and MnS/ZnS core/shell
NCs with different shell thicknesses are shown in Figure 2. For
MnS cores, three obvious diffraction peaks located at 27.4°,
45.6°, and 54.0° correspond to the (111), (220), and (311) planes
of zinc blende phase MnS, respectively (JCPDS No. 40-1288).
These peaks shift to the standard position of zinc blende ZnS
(JCPDS No. 05-0566) when a ZnS shell with varying thickness
is grown onto the MnS core. However, the XRD patterns cannot
provide any information about the diffusion process of the Mn
ions from the MnS core into the ZnS shell during the colloidal
growth of MnS/ZnS core/shell NCs.

Figure 3 shows the TEM images of the MnS core and MnS/
ZnS core/shell NCs. As seen in Figure 3 (top), the NCs are
nearly monodispersed. The sizes of MnS cores and MnS/ZnS
core/shell NCs in samples A, B, and C were estimated to be
3.0, 4.2, 5.0, and 5.7 nm, respectively. On the basis of the
thickness of 0.27 nm for a 1 ML ZnS shell with cubic structure,!
the thicknesses of the ZnS overcoating layers for samples A,
B, and C were estimated to be about 2.2, 3.7, and 5.0 MLs,
respectively. It is well-known that heating NCs in solution may
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Figure 2. XRD patterns of MnS cores and MnS/ZnS core—shell NCs
with different shell thicknesses.
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Figure 3. TEM images of 3.0 nm MnS core (a), and samples A (b),

B (c), and C (d) MnS/ZnS core—shell NCs before (top) and after
(bottom) heat treatment at 280 °C for 140 min, respectively.

cause NC Ostwald ripening, combining with the change of the
shape and size distribution of the NCs.?? It is not possible to
study the diffusion process of Mn ions in the MnS/ZnS
presynthesized NCs if the NCs go for Ostwald ripening during
the annealing process. Fortunately, the TEM images of the NCs
as seen in the bottom of Figure 3b—d confirm that the shape
and size distribution of the NCs hardly change after the heat
treatment, indicating no substantial ripening occurs during the
heat treatment even at 280 °C for 140 min. This may be because
the starting host particles are core/shell NCs, which are more
stable than the pure core?® and the reactant concentrations of
sulfur and the ligand concentration of ODA in the growth
solution are maintained sufficiently high through the entire
annealing process.?

J. Phys. Chem. C, Vol. 114, No. 36, 2010 15333

Intensity (a.u.)

300 400 500 600
Wavelength (nm)

Figure 4. PL and PLE spectra of MnS/ZnS NCs with a thin shell of
2.2 MLs at an annealing temperature of 280 °C for different annealing
times. The inset (top) shows PL decay curves of Mn ions in the NCs.
The annealing times are 0 min (red lines), 10 min (green lines), 20
min (blue lines), 30 min (magenta lines), and 40 min (wine lines),
respectively. The digital pictures in the inset (bottom) show the PL
recovery for the MnS/ZnS QDs with a 2.2 ML ZnS shell before (left)
and after (right) add the zinc precursor solution as discussed in this
article.

The PLE and PL spectra of MnS/ZnS NCs with a shell
thickness of 2.2 MLs annealed at a temperature of 280 °C for
different times are shown in Figure 4. The onset and contour
of their PLE spectra for the orange emission are hardly changed,
suggesting the invariability of the NC size and distribution
during the annealing process,!” which is clearly confirmed by
the TEM images. However, the orange PL intensity of Mn ions
monotonously decreased with increasing annealing time during
the heat treatment, and then completely quenched when the
sample was annealed at 280 °C for about 40 min. We consider
three possible explanations of the PL quenching: (i) The removal
of ligands from the surface of the NCs. It is well-known that
the decrease of the ligands on the surface of the NCs will result
in formation of a large amount of surface dangling bonds, thus
quenching the PL.2*? To test this, more ODA (0.2 g) was added
into the solution that had been annealed at 280 °C for 40 min.
The Mn ion PL intensity does not show any recovery. This
means that the decrease in the PL intensity cannot be explained
by the removal of the ligands on the surface of the NCs.?* (ii)
The Mn—Mn interaction in the NCs. Because the core is a pure
MnS cluster, more Mn ions may diffuse into the interface layer
during the annealing process, resulting in Mn—Mn interactions
due to high Mn ion concentration. Such interactions will cause
a reduction in the Mn ion PL QY. However, the possibility
can be eliminated by other experiments as discussed in the
following. (iii) The diffusion of Mn ions in MnS/ZnS NCs from
the MnS core to the NC surface. As discussed in our previous
work, under the condition of steady-state excitation,'”?’ the PL
QY of Mn ions, QYM", the efficiency of the energy transfer
from the QDs to Mn ions, ®gr, and the efficiency of the Mn
ion emission, @y, can be expressed by an equation QYM" =
Opr®Dyy,. Therefore, the Mn ion PL QY is not only proportional
to the efficiency of the Mn ion emission (®y,) but also to the
efficiency of energy transfer (®Pgr) from an exciton inside the
ZnS shell to Mn ions. Considering that, the change of ®gr before
and after annealing can be ignored due to the unchanged size
distribution and the surface characteristics of the NCs,>?” while
the @y, is directly influenced by the nonradiative relaxation
rate from the Mn ions to the quenching centers.?”’ The diffusion
of Mn ions from the MnS core to the surface of the MnS/ZnS
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NCs will result in the increase of the nonradiative relaxation
rate from the Mn ions to the quenching centers, thus quenching
the PL. Therefore, the decrease in the PL intensity during
annealing is most likely to result from the diffusion of Mn ions
to the NC surface. A similar result was also reported by Peng?°
who argued that impurities could efficiently diffuse to the NC
surface at certain high temperatures, causing a decrease in the
PL intensity of MnSe/ZnSe NCs.

One may argue that the decrease of the PL. QY was due to
the loss of the Mn ions of the NCs through “lattice ejection”
during the annealing process at high temperature, which was
proposed by Peng and co-workers.'>* At this moment, it is
impossible to completely exclude this possibility in our case.
However, we performed the reaction by adding additional
precursors (1.5 mL of zinc precursor solution) into the annealed
solution for further overcoating of the ZnS shell on the NCs. It
was found that the PL intensity immediately obviously recovered
as shown in the inset of Figure 4 and was even stronger than
that of sample B. This means that the decrease of the PL
intensity cannot be completely explained by the loss of the Mn
ions and the Mn—Mn interactions in the NCs mentioned above.
Therefore, annealing the NC sample at a suitable stage will
benefit the efficient diffusion of Mn ions into the ZnS shell,
resulting in higher PL QY for the core/shell NCs with an
optimized ZnS passivating layer.

Ideally, if the Mn ions in MnS/ZnS NCs diffuse from the
MnS core to the NC surface, this will consequently shorten the
PL lifetime of Mn ions in the NCs due to the increase of the
nonradiative relaxation rate from the Mn ions to the quenching
centers.'”?” The results shown in Figure 4 (inset) indicate that
the PL lifetime of Mn ions in the NCs does monotonously
decrease during the annealing process. The curves are fit by a
function I(f) = yo + A exp(—#/1)) + A, exp(—t/ty) + Az exp(—t/
73),!7 where 7, 7,, and 73 are the time constants and A, A,, and
Aj are the normalized amplitudes of the components. The time
constant of the isolated Mn ion PL in the MnS/ZnS NCs
decreases monotonously from 1.35 to 0.68 ms with increasing
annealing time, which is much shorter than the 1.8 ms PL
lifetime of the typical single internal Mn ions,”®? indicating
some Mn ions have diffused to the surface of the NCs during
the overcoating and annealing process.'”?%? Therefore, the
decrease in PL intensity and lifetime of Mn ions in MnS/ZnS
core/shell NCs clearly confirm the diffusion of the Mn ions from
the MnS core to the surface of the MnS/ZnS NCs during the
above annealing process.

Figure 5 shows the temporal evolution of the PL intensity of
MnS/ZnS core/shell NCs with a 3.7 ML ZnS shell (sample B)
heated at various temperatures. As seen in Figure 5, no clear
change in the PL intensity of Mn ions was observed in the
sample annealed at a low temperature of 220 °C even for a
long time. Similar results were also observed in samples A and
C. This indicates that the diffusion of Mn ions cannot carry out
below 220 °C. However, the PL was quenched significantly with
increasing annealing temperature. The decrease of Mn ion PL
intensity was observed at higher annealing temperatures. For
example, at 300 °C for 140 min, the Mn ion PL decreased to
25% of the original PL QY, while at 250 °C for 140 min, it
decreased to only 72%. Presumably, at higher temperature, the
Mn ions diffuse more dramatically and move closer toward the
surface of the lattice, resulting in more obvious PL decrease.?’
Therefore, the PL lifetime of Mn ions in the NCs after annealing
for certain time will decrease as the annealing temperature
increases. Figure 6 shows the change in the PL lifetime of Mn
ions in the MnS/ZnS NCs annealed at various temperatures.
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Figure 5. PL intensity of MnS/ZnS NCs with a 3.7 ML ZnS shell as
a function of annealing time in the heat treatment temperature range
of 220—300 °C.
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Figure 6. PL decay curves of MnS/ZnS NCs with a 3.7 ML ZnS shell
heated at various temperatures for 80 min.
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Figure 7. PL intensity of MnS/ZnS NCs with different shell thicknesses
as a function of annealing time at a temperature of 280 °C.

The PL lifetime of Mn ions decreases monotonously from 1.71
to 0.95 ms with increasing annealing temperature from 220 to
300 °C for 80 min. Therefore, the decrease of PL intensity
combining with the shortening of the PL lifetime is an indicator
of the diffusion of Mn ions to the surface of NCs.

Figure 7 shows the PL intensity dependence of MnS/ZnS
core/shell NCs with different shell thicknesses of 2.2, 3.7, and
5.0 MLs on the annealing time at a temperature of 280 °C. As
obviously seen in Figure 7, the change in the PL intensity with
increasing annealing time is found to be strongly dependent on
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the shell thickness. For the MnS/ZnS NCs with a thin shell of
2.2 MLs (sample A), the PL intensity decreases rapidly and
disappears completely after the thermal treatment for about 40
min, for the MnS/ZnS NCs with a shell of 3.7 MLs (sample
B), the PL intensity slowly decreases with increasing annealing
time during the entire annealing process of 140 min, while for
MnS/ZnS NCs with a thick shell of 5.0 MLs (sample C), the
PL intensity stays nearly constant. The above results imply that
the dependence of the PL intensity on the annealing time is
associated with the thickness of the ZnS shell. Peng’s group
also had observed the diffusion of Mn ions in MnSe/ZnSe NCs
when they prepared the doped NCs using nucleation-doping
strategy.'® They suggested that the Mn ions might diffuse from
the MnSe core into the overcoating ZnSe layer or move toward
the surface during the overcoating of the thin ZnSe shell because
some of the Mn ions are close to the NC surface.'>? This
diffusion process could not occur for the NCs with a relatively
thick ZnSe shell upon even thermal annealing up to 300 °C.
Instead, such diffusion should occur during the overcoating
process and seems to be limited to a relatively thin ZnSe
shell.'*? Combined with our experiment results, we consider
that there should be two different diffusion mechanisms during
the growth process of the ZnS shell on the MnS core. The first
one is the surface diffusion with a higher diffusion rate, which
occurred at the initial growth process when a thin ZnS shell
was grown on the MnS core as discussed above.'*?° In the
lifetime measurement for studying the diffusion, the longest
lifetime of the Mn ion emission (1.35 ms) in sample A with a
2.2 ML ZnS shell is much shorter than the emission lifetime
1.8 ms of the single isolated Mn ions,?®% indicating that Mn
ions have diffused to the surface of the NCs during the first
overcoating processs.'?*?? Another one is the “lattice diffusion”
with a rather slower diffusion rate, which occurred during
additional overcoating of a ZnS passivating layer on the NCs,
similar to the Mn ion diffusion in bulk CdTe.'® Therefore, during
the synthesis of the NCs with a thick ZnS shell, the diffusion
of the Mn ions mainly occurs during the first overcoating process
and can be negligible on the time scale of another overcoating
process (only about 30 min at 250 °C).'® This result is also
consistent with the observation that for obtaining thermally more
stable and more efficient MnSe/ZnSe emitters, the high tem-
perature for the initial growth of the ZnSe layer is more
important than a higher temperature for the subsequent over-
coating.!?

On the basis of the experiments discussed above, it is
reasonable to hypothesize that the high-quality MnS/ZnS NCs
can be realized by growing a thin ZnS layer on the MnS core
at higher temperature in the initial growth stage and then
overcoating a passivating ZnS layer on the NC surface.
However, the result in our system is not consistent with the
hypothesis. PL spectra of MnS/ZnS core/shell NCs with ZnS
shells overcoated at temperatures of 200 °C (sample D), 250
°C (sample E), and 280 °C (sample F) are shown in Figure 8.
The PL QY of the Mn ions in the samples were estimated to
be 42%, 26%, and 3%, respectively. It was noted that the PL
QY of the Mn ions dramatically decreased with increasing the
overcoating temperature, especially when the overcoating tem-
perature increased to 280 °C. We monitored the growth process
of MnS cores before the ZnS overcoating through TEM
measurement. As shown in the inset of Figure 8, the MnS NCs
were only about 1.8 nm in diameter when the reaction
temperature increased to 200 °C, and then grew to 3.0 nm at
the temperature of 250 °C. When the solution temperature
further increased to 280 °C, serious NC Ostwald ripening was
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Figure 8. PL spectra of MnS/ZnS core/shell NCs with ZnS shells
overcoated at temperatures of 200 °C (sample D), 250 °C (sample E),
and 280 °C (sample F). The corresponding TEM images of the MnS
cores before the ZnS overcoating are shown in the inset of this figure
from top to bottom.

observed, causing a wide size distribution of the NCs in the
range from 2.0 to 8.0 nm. It seems that the MnS cores are more
unstable than MnSe cores synthesized at a temperature above
260 °C by Peng’s group.'* This might be due to the fact that
the reactivity of ODES is higher than that of tributylphosphane
selenium (TBPSe) precursor.!*2° This makes us conclude that
the small-sized MnS core is a key parameter for obtaining high-
quality MnS/ZnS NCs, which is also confirmed by Peng’s
group.'*!> A possible explanation is that the chemical potential
of the NCs increases dramatically as the size decreases in the
few nanometer range; thus. a small-sized core might be more
suited for formation of a high-quality diffusion layer at the
interface between the MnS core and ZnS shell in comparison
to a large-sized MnS core.'? Therefore, increasing the reaction
temperature for the first overcoating process will initiate two
competitive processes: increasing the PL QY by accelerating
the diffusion of Mn ions from core to shell and decreasing the
PL QY due to the increase of the MnS core size. To keep the
small size of the MnS nanoclusters and not sacrifice the quality
of the diffused interface layer, the synthesis procedure is
modified as follows: first, growing a thin ZnS shell on a small-
sized MnS core at low temperature, then annealing the resulting
NCs for effective diffusion of Mn ions into the ZnS shell at
higher temperature to form a ZnS:Mn diffusion layer, and finally
overcoating a ZnS shell as a passivating layer at a certain
temperature. We have reproducibly obtained highly efficient
luminescent Mn-doped ZnS NCs with the maximum PL QY of
40—50% using this simple procedure.

Conclusions

In summary, the diffusion process of Mn ions in MnS/ZnS NCs
annealed at various temperatures has been studied by steady-state
and time-resolved PL spectroscopy. We demonstrate that Mn ions
in MnS/ZnS NCs can diffuse from the MnS core to the surface of
the NCs during prolonged annealing above temperatures of 220
°C via PL quenching of Mn ions. The diffusion layer of the MnS/
ZnS core/shell NCs can be formed during the initial growth of the
ZnS shell on the MnS core and an additional annealing process
for the NCs with a thin ZnS shell, which is dependent on the
overcoating temperature for the initial growth of ZnS shell as well
as the size of the MnS core. Therefore, highly efficient luminescent
Mn-doped ZnS (MnS/ZnS) NCs can be obtained by growing a
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thin ZnS shell on a small-sized MnS core at low temperature,
annealing the resulting NCs for effectively diffusing Mn ions into
the ZnS shell at high temperature to form a ZnS:Mn diffusion layer,
and overcoating a thicker ZnS shell as a passivating layer.!>!>:1720.3!
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