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We have studied the mechanism of photoluminescence (PL) from MnS/ZnS core/shell quantum dots (QDs)
synthesized via hot solution phase chemistry using a nucleation—doping strategy. Efficient PL of the Mn*"
ions with a quantum yield (QY) of over 35% is demonstrated in the resulting QDs coated with a thick ZnS
shell on the MnS core. The MnS/ZnS core/shell QDs with a thick shell exhibit PL enhancement with increasing
temperature in the range between 140 and 300 K, resulting from the thermal activation of charge carriers
localized at the interface between the MnS core and the ZnS shell. The PL decays of the Mn?" ions in the
core/shell QDs consist of three exponential components with time constants on the scales of 1—2 ms, hundreds
of us, and tens of us. Surprisingly, the PL lifetimes of Mn?*" ions show a very weak dependence on the shell
thickness, which is clearly different from that of the PL QY of the QDs. The experimental results indicate
that the mechanism for improving the PL QY in MnS/ZnS QDs can be understood in terms of a significantly
enhanced energy transfer from the ZnS shell to Mn*" ions and a slightly decreased nonradiative relaxation
rate from Mn?" ions to surface states/traps of the ZnS shell by the surface passivation of the QDs with a thick

ZnS shell.

Introduction

Mn-doped ZnS quantum dots (QDs), also called ZnS:Mn
d-dots, with the large absorption cross sections of the ZnS hosts
and rapid energy transfer from the host to the dopants are
expected to yield highly efficient photoluminescence (PL) of
Mn?" ions.!® Therefore, these ZnS:Mn d-dots have promising
applications in optoelectronic devices'? as well as in biomedical
labeling.>* The earliest report about ZnS:Mn d-dots was given
in 1983, although a dramatically increased interest in doped
QDs was stimulated by Bhargava et al., who claimed in 1994
that the PL lifetime of Mn** ions in ZnS:Mn d-dots was 5 orders
of magnitude shorter (~20 ns) than that in bulk and the PL
quantum yield (QY) was greater.® Since then, the PL properties
of ZnS:Mn d-dots have been widely studied.””® In particular,
recent studies showed that the PL of Mn?* ions in groups II—VI
semiconductor QDs was also dependent on the structure of the
QDs and the doping position of Mn?" ions in the host dots.!071?
For instance, compared to CdS:Mn/ZnS core/shell QDs, ZnS/
CdS:Mn/ZnS quantum well (QW) QDs exhibit a significant
enhancement in PL intensity perhaps due to suppressed non-
radiative relaxation.!! Therefore, the mechanism of the radiative
and nonradiative relaxation processes for the doped QDs is
needed to be well-understood for further improvement of the
PL QY and photo/thermal stability by adjusting the structure
of the QDs and the doping position of Mn?* ions in the host
dots.
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In general, it is difficult to precisely control the placement
of the dopant ions at a desired radial position in the host dots
using the traditional synthetic approaches, which are generally
based on a reaction system with both dopant ions and competi-
tive host ions.”~*!3715 Recently, Peng’s group'® reported a simple
synthesis of radial-position-controlled doping of QDs by the
growth of a ZnSe shell on the MnSe core using a nucleation—dop-
ing strategy. The obtained QDs can also be called ZnSe:Mn
d-dots because of their similar emission properties'® or MnSe/
ZnSe:Mn/ZnSe spherical QW QDs from the structural view-
point. The reliable synthesis of QW structures realizes the
position-controlled doping of Mn?>" ions in semiconductor
nanostructures, resulting in an improvement in the PL QY of
Mn?" ions and the photo/thermal stability of the QDs. As we
know, ZnS:Mn d-dots are a typical kind of doped semiconductor
nanostructures. However, no report has been given yet by now
about the optical properties of such ZnS:Mn d-dots prepared
by the growth of a ZnS shell on the MnS core using a
nucleation—doping strategy.

The surface passivation by growing an inorganic shell on Mn-
doped groups II—VI semiconductor QDs has been successfully
used to improve the PL QY and photo/thermal stability of Mn-
doped QDs. Enhanced PL of Mn-doped core/shell QDs was
observed in ZnS:Mn/ZnS,'”!® ZnS:Mn/ZnO," and CdS:Mn/
ZnS.?*2! Cao and co-workers'® observed the 7 times enhance-
ment of PL intensity after the formation of a ZnS shell on ZnS:
Mn d-dots. Recently, Lin et al.!” reported a 30% enhancement
in the PL intensity and a somewhat increase in the PL lifetime
in ZnS:Mn/ZnS core/shell QDs with respect to those of bare
ZnS:Mn d-dots. Further, compared to the ZnSe/ZnMnS core/
shell QDs, ZnSe/ZnMnS/ZnS QDs with the structure of a QW
exhibited a more significant improvement in the PL. QY and
stability of the QDs.!* These studies have consistently shown
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that the passivation of ZnS or ZnO shells on Mn-doped groups
II—VI semiconductor nanostructures can efficiently block the
nonradiative recombination centers, leading to the significant
improvement of the PL QY. However, the shell thickness
dependence of the PL properties in Mn-doped ZnS QDs has
not been understood in detail yet.

In this work, we report the synthesis of high-quality MnS/
ZnS core/shell QDs with a Mn-emission QY up to 35% via hot
solution phase chemistry using a nucleation—doping strategy.
The PL of the resulting QDs with various shell thicknesses is
characterized by steady-state and time-resolved PL spectroscopy
to understand the PL mechanism in MnS/ZnS core/shell QDs.
A significant enhancement of the PL of Mn?' ions with
increasing temperature is demonstrated in the temperature-
dependent PL spectra of the core—shell QDs with a thicker shell.
We study the PL QY and lifetime of Mn?* ions in the core/
shell QDs as a function of the shell thickness to explore the
improvement mechanism of the PL QY by the control of the
shell thickness.

Experimental Section

A. Sample Preparation. 1. Materials. Zinc stearate (ZnSt,,
12.5—14% ZnO0), stearic acid (SA, 95%), and octadecylamine
(ODA, 95%) were purchased from Alpha Aesar. 1-Octadecene
(ODE) was purchased from Aldrich. Sulfur powders (99.99%)
and manganese chloride (MnCl,) were purchased from Shenyang
Xinhe Chemical Reagent Company. All chemicals were used
without further purification.

2. Synthesis of MnS/ZnS Core/Shell QDs through the
Nucleation—Doping Strategy. a. Preparation of Manganese
Stearate. The manganese precursor, manganese stearate (MnSt,),
was prepared according to a method reported in ref 16.

b. Preparation of Stock Solutions. ODES solution was
prepared by adding 0.039 g of S to 4 mL of ODE. Several types
of zinc precursor solutions were prepared according to the
needed MnS/ZnS core/shell QDs with different precursor ratios
of Mn/Zn. For example, when the QDs with a precursor ratio
of Mn/Zn = 1:13 was needed, the zinc precursor solution was
prepared by adding ZnSt, (0.4 g) and SA (0.04 g) into 3.5 mL
of ODE; the total solution was about 4 mL. Similarly, if the
QDs with a precursor ratio of Mn/Zn = 1:26 was needed, the
zinc precursor solution was prepared by adding ZnSt, (0.8 g)
and SA (0.08 g) into 6 mL of ODE; the total solution was about
7 mL.

c. Typical Synthesis of MnS/ZnS Core/Shell ODs with a
Precursor Ratio of Mn/Zn = 1:26. ODE (10 mL) and 0.03 g of
MnSt, were loaded into a 50 mL three-neck 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, ODA (0.4 g) and
4 mL of ODES stock solution were mixed and heated until the
solution turned to colorless and then cooled to about 170 °C
and injected into the above reaction flask at 270 °C. Immediately
after the injection, the color of the solution turned faint yellow,
showing the formation of MnS nanoclusters. The reaction was
swiftly cooled to 70 °C in order to obtain small, monodispersed
MnS QDs and then slowly increased to 250 °C for ZnS
overcoating. Next, heated ZnSt, stock solution in ODE (3 mL)
was injected into the reaction flask. Immediately after the
injection, the solution started to glow yellow under UV light,
which indicated growth of a ZnS shell on MnS cores. The
remaining ZnSt, stock solution was injected by adding 2 mL
after 15 min intervals two times. Finally, the reaction was cooled
to room temperature, and the QDs were precipitated using
acetone.
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SCHEME 1: Schematic Structures of the MnS/ZnS QDs
Synthesized by the Nucleation—Doping Strategy
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B. Measurements. The morphology and structure of the
samples were characterized by transmission electron microscopy
(TEM) and high-resolution transmission electron microscopy
(HRTEM) (JEOL 2100). In the measurements of fluorescence
dynamics, a 266 nm laser generated from a pulsed Nd:YAG
(yttrium aluminum garnet) laser combined with a fourth
harmonic generator was used as an excitation light with a line
width of 0.2 cm™!, a pulse duration of 10 ns, and a repetition
frequency of 10 Hz. A Spex 1403 spectrometer and a boxcar
integrator were used to record the fluorescence dynamics. In
the measurements of temperature-dependent PL, the samples
were put into a liquid nitrogen cycling system, in which the
temperature varied in the range of 100—300 K. A continuous
325 nm light of a He—Cd laser was used as the excitation
source. The fluorescence was measured by a UV-Lab Raman
Infinity (made by Jobin Yvon Company) with a spectral
resolution of 2 cm™!. In the attempt to calculate the PL QY, a
direct measurement of the PL QY by comparing the solution
to an organic dye will cause a large error due to the large Stokes
shift in the ZnS:Mn QDs. The QY measurement was, therefore,
performed by comparing the doped QD solution to a solution
of orange-emitting CdSe QDs with the same PL QY of 20% at
excitation wavelengths of 320 and 490 nm, previously calibrated
to a solution of Rhodamine 6G dye (QY ~95%).! The
absorption spectra were recorded on a UV-3101PC UV—vis-
NIR scanning spectrophotometer (Shimadzu). Fluorescence and
excitation spectra were recorded by a Hitachi F-4500 spectro-
photometer equipped with a 150 W Xe arc lamp at room
temperature.

Results and Discussion

It is known that the emission properties of Mn?>" ions are
closely related to the distribution of Mn?* ions in the doped
QDs and the structure of the doped QDs. It is necessary to
understand their luminescence mechanism by changing the
structure of the QDs. Scheme 1 describes the structure of MnS/
ZnS core/shell QDs synthesized via the nucleation—doping
strategy. First, small-sized MnS cores are formed under the
cationic precursor MnSt, and excess S precursor. Further, during
the process of the first overcoating of ZnS shells on MnS cores,
an amount of Mn** ions will diffuse into the ZnS layer, forming
a diffusion region. This diffusion is likely more difficult during
the further overcoating process due to the relatively deeper
placed dopant ions in the QDs.'®?? Therefore, the diffusion
seems to be limited to a relatively thin ZnS shell and the Mn*
ion emission centers should almost be located at the interface
between the MnS cores and ZnS shells with high concentration. '®
Therefore, the obtained MnS/ZnS core/shell QDs can be also
considered as MnS/ZnS:Mn/ZnS spherical QW QDs.

Figure 1 shows UV —visible absorption, PL, and excitation
spectra of MnS/ZnS core/shell QDs with different shell thick-
nesses prepared with Mn/Zn precursor ratios of 1:6, 1:10, 1:16,
and 1:26. As seen in Figure 1, the obtained MnS QDs exhibit
a well-resolved 1S.—1S;, excitonic transition peaked at about
278 nm (4.46 eV). The absorption peak is considerably blue
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Figure 1. UV—visible (left solid lines), PL (right solid lines), and
excitation (left dashed lines) spectra of MnS/ZnS core/shell QDs. The
Mn to Zn precursor ratios are given in the figure. The inset shows a
digital image taken from a reaction flask in the case of Mn/Zn = 1:26
under a hand-held UV lamp irradiation with the wavelength of 310
nm.

shifted due to the quantum confinement effect, compared with
the absorption onset of bulk zinc blend MnS (~3.7 eV).?* For
all MnS/ZnS core/shell samples, the absorption spectra show
the characteristics of a QW structure,' and the shoulder peaked
at about 315 nm is related to the absorption of ZnS shells. On
the other hand, a strong PL band is observed at about 597 nm
and its intensity rapidly increases with increasing the shell
thickness. In general, the orange PL band is considered to
originate from a typical emission of Mn?" ions due to its *T; to
A, transition in a ZnS crystal.®"® Besides the strong PL band,
a very weak PL band that appears near 400—500 nm comes
from the emission of trap states in the ZnS host>*** and other
impurities that are not removed from the resulting QD solution
by the purification process, as confirmed in the excitation spectra
(not shown here). Compared with that of the previously reported
ZnS:Mn d-dots,>**? the trap state emission is greatly suppressed
in our samples, implying preparation of the high-quality Mn-
doped QDs. Further, the excitation spectra of the orange
emission in the MnS/ZnS core/shell QDs are consistent with
the absorption onset of the ZnS shells, indicating that energy
transfer comes from the photoexcited ZnS shells to the Mn?*
ions.®"8 In addition, it is noted that the onset in the excitation
spectra shifts to the low-energy side with increasing Zn/Mn
precursor ratio, suggesting the increase of the ZnS shell
thickness.

Typical TEM and high-resolution (HR) TEM images of MnS/
ZnS core/shell QDs with different ZnS shell thicknesses are
shown in Figure 2. As seen from images A—E in Figure 2, the
QDs with a nearly spherical shape become larger with the shell
growth. The diameters of the MnS cores and MnS/ZnS QDs
were determined to be 2.3 nm and 4.2, 4.9, 5.4, and 6.0 nm
when the amount of zinc precursor was taken with Mn/Zn ratios
of 1:6, 1:10, 1:16, and 1:26, respectively. The thicknesses of
the ZnS shells were estimated to be about 3.1, 4.2, 5.0, and 6.0
monolayers (MLs) based on the thickness of 0.31 nm for a 1
ML ZnS shell, which are in good agreement with the
theoretical values estimated from the amount of injected solution
with the Mn/Zn ratio of lower than 1:16. However, the shell
thickness deviates from the theoretical one of 6.8 MLs when
the Mn/Zn ratio is 1:26. This discrepancy may mean that it is
difficult to grow a ZnS shell with the thickness of more than
6.0 MLs on the MnS core in the experiment. A typical HRTEM
image (Figure 2F) of a MnS/ZnS QD with a diameter of 5.4
nm shows an interplanar spacing of 0.31 nm, corresponding to
the (111) planes of zinc blend ZnS (0.312 nm),"” which is
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Figure 2. TEM images of MnS cores (A) and MnS/ZnS core/shell
QDs with shell thicknesses of 3.1 MLs (B), 4.2 MLs (C), 5.0 MLs
(D), and 6.0 MLs (E). Image F shows a typical HRTEM image of a
MnS/ZnS core/shell QD with a diameter of 5.4 nm. The representative
electron diffraction pattern of the d-dots is illustrated as the inset in
image D.
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Figure 3. PL QY of MnS/ZnS QDs as a function of the shell thickness.
The normalized PL spectra for MnS/ZnS core/shell QDs with different
shell thicknesses recorded at room temperature are shown as an inset.

consistent with the result of the electron diffraction pattern (see
the inset in Figure 2D). Similar to most of the particles, the
HRTEM images of these QDs reveal the single-crystalline nature
of the d-dots. In addition, no crystal interface between the MnS
core and ZnS shell is observed in the images.

Figure 3 shows the shell thickness dependence of the PL QY
of Mn?* ions for the MnS/ZnS QDs with the same MnS cores
of about 2.3 nm in diameter. It is found that the PL QY
monotonously increases from 1.5% to 35% when the shell
thickness changes from 3.1 to 6.0 MLs, indicating the significant
improvement of the PL efficiency in the MnS/ZnS QDs by a
thick ZnS shell. Similar PL enhancement with increasing shell
thickness was also observed in MnSe/ZnSe QDs prepared by
the nucleation—doping strategy.'¢ However, unlike the obviously
size-dependent Mn?* ion emission from ZnSe:Mn QDs,'® no
significant change in the PL line shape and the peak energy is
observed in the normalized PL spectra when the shell thickness
varies from 3.1 to 6.0 MLs, as shown in the inset of Figure 3.
In principle, the peak wavelength of the Mn>* ion emission in
Mn-doped groups II—VI semiconductor QDs is mainly deter-
mined by the phonon coupling strength and crystal field
strength.?’73% For instance, the Mn?' ion emissions were
observed at 591, 588, and 581 nm, respectively, in 10, 4.5, and
3.5 nm sized ZnS:Mn QDs. Phonon coupling was considered
as the main reason for the emission shift.?® Ithurria et al.*° found
that the PL peak varied incrementally from 593 to 632 nm as
the ZnS shell increased to 7.5 MLs in Mn?" ions doped in the
shell of CdS/ZnS core/shell QDs, which was explained by the
change of the local crystal field strength upon Mn?>* dopants
inside the QDs. According to ref 28, we can consider that the
phonon coupling may have little influence on the emission
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Figure 4. Temperature-dependent PL spectra of MnS/ZnS core/shell
QDs with shell thicknesses of 3.1 and 6.0 MLs.

energy of Mn”" ion for the QDs with the size in the range of
4.2 to 6.0 nm in this experiment. Therefore, the weak depen-
dence of the PL peak energy and line shape may mean that the
low lattice mismatch between the MnS core and the ZnS shell
causes a small change in the local crystal strain in the four
samples. It is noted that the peak wavelengths of Mn* ion
emissions in our samples (597 nm) are somewhat redder than
that (580—590 nm) in Mn*" homogeneously doped ZnS:Mn
d-dots.'”!3 This is likely attributed to a high concentration of
Mn?* ions at the interface of MnS cores and ZnS shells.*!!
The temperature dependence of the PL spectra for MnS/ZnS
core/shell QDs with shell thicknesses of 3.1 and 6.0 MLs is
shown in Figure 4. As seen in Figure 4, the PL intensity of the
Mn”" ions in the QDs with a shell thickness of 3.1 MLs
monotonously decreases with increasing temperature from 100
to 300 K, whereas the PL intensity of the Mn?>" ions in the
QDs with a shell thickness of 6.0 MLs increases with increasing
temperature from 140 to 300 K. Further, the peak wavelength
of the PL band shifts to the blue and the full width at half-
maximum (fwhm) broadens with increasing temperature.
Figure 5 shows the PL fwhm, peak energy, and intensity of
Mn?" ions in MnS/ZnS QDs with different shell thicknesses as
a function of temperature. As seen in Figure 5a, the fwhm’s of
MnS/ZnS QDs with various shell thicknesses show almost the
same broadening trend from about 39 nm at a temperature of
100 K to about 50 nm at a temperature of 300 K. The
electron—phonon coupling is considered to be responsible for
the variation of the emission line width with temperature.?!-3?
As seen in Figure 5b, the peak wavelengths of the PL bands in
these core/shell QDs blue shift for about 10 nm when the
temperature increases from 100 to 300 K. The blue shift of the
Mn?* ion emission wavelength with increasing temperature
results from crystal lattice contraction at low temperature,’'-3
which is similar to the temperature behavior of Mn?** ion
emission in bulk semiconductors.>* As seen in Figure 5c, the
temperature dependence of the PL-integrated intensity clearly
varies with the increase of the shell thickness. In contrast to
the monotonous decrease of the PL-integrated intensity with
increasing temperature observed in the QDs with a 3.1 ML ZnS
shell, a significant increase of the PL intensity with increasing
temperature in the high-temperature region is found in the QDs
with a thick shell. The different temperature dependence of Mn**
ion emissions in Mn-doped groups II—VI semiconductor QDs
has been reported by several groups. Su et al.** found that the
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Figure 5. Temperature dependence of the PL fwhm (a), peak energy
(b), and integral intensity (c) of Mn>" ions in MnS/ZnS core/shell QDs
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Figure 6. PL decay curves of MnS/ZnS core/shell QDs with different
shell thicknesses recorded at room temperature. The black line
represents a fit curve of the QDs with a shell thickness of 6.0 MLs.

PL intensity of Mn>" ions in the 3 nm ZnS:Mn QDs increased
rapidly from 110 to 300 K, whereas the intensity in the 4.5 nm
ZnS:Mn sample was only weakly dependent on temperature.
In 2.9 nm ZnSe:Mn QDs, a more than 3-fold decrease in the
PL QY was observed when the temperature increased from 50
K to room temperature.'* Generally, the temperature dependence
of the Mn?* ion emission band can be explained by the two
competing factors of the thermal quenching in QDs and efficient
energy transfer from the delocalized carriers to Mn?* ion
emission centers. As shown in Figure 5c, the temperature
dependence of the PL intensity for the QDs with a 3.1 ML shell
is obviously different from that for the other three samples. This
means that there are more nonradiative recombination centers
in the former, consistent with the much lower QY than those
of the other three samples. When the MnS/ZnS QDs were further
overcoated with a thicker shell, the nonradiative recombination
centers could be efficiently blocked, suppressing the thermally
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TABLE 1: PL QY; Time Constants 7;, 7,, and 73; the Corresponding Amplitudes of Components A%, A,%, and A3;%; and
Average Lifetime 7,, of the MnS/ZnS QDs with Different Shell Thicknesses

sample QY (%) 7; (ms) A% Ty (us) A% 73 (us) A% Tay (MS)
MnS/ZnS (3.1 MLs) 1.5 1.21 7.6 180 31.3 18 61.1 0.83
MnS/ZnS (4.2 MLs) 16 1.82 7.0 186 33.5 53 59.5 1.09
MnS/ZnS (5.0 MLs) 32 1.84 5.6 187 359 60 58.5 0.98
MnS/ZnS (6.0 MLs) 35 1.79 5.1 173 35.8 56 59.1 0.95

activated nonradiative relaxation process. Therefore, this indi-
cates that more efficient energy transfer from the delocalized
carriers to Mn*" ion emission centers takes place in the QDs
with a thicker ZnS shell with increasing temperature.

The PL decay curves of Mn*" ions for the MnS/ZnS QDs
with various shell thicknesses are shown in Figure 6. For all
four samples, the emissions detected at 597 nm exhibit a
nonexponential decay that can be fitted by a triexponential
function, I(f) = yo + A, exp(—t/t)) + A, exp(—t/1,) + As exp(—t/
73), where 7y, T,, and 73 are the time constants and A;, A,, and
Aj; are the normalized amplitudes of the components.®> The
average lifetimes 75y are determined by the expression 7ay =
(A]T[z + Az'[zz + A3T32)/(A]'L'1 + Az'[z + A3T3).36 The time
constants and the PL QY's of the MnS/ZnS QDs are summarized
in Table 1. From Table 1, we can see that the decay time
constants of the three components are on the scale of 1—2 ms,
hundreds of us, and tens of us, respectively. The slowest
(1.2—1.8 ms) and medium (144—196 us) ones are attributed to
the emission of the single isolated Mn?* ions in a cubic site’:®
and the exchange coupled Mn*" ion pairs,'! respectively. The
fastest decay component with the time constants of 15—60 us
might have some contributions from nonradiative decay or be
related to the emission of the Mn?* ions with enhanced overlap
between 3d and sp host states caused by lattice strain due to
the particular distributions of Mn?* ions in the ZnS:Mn d-dots.?

Interestingly, it is noted in Table 1 that the shell thickness
dependence of the PL QY is obviously different from that of
the average PL lifetime. With the growth of the ZnS shell
thickness from 3.1 to 6.0 MLs on the MnS core, the PL QY
increases monotonously from 1.5% to 35% while the average
PL lifetime almost keeps unchanged despite a slight increase
from 0.83 to 1.09 ms when the shell thickness increases from
3.1 to 4.2 MLs. Similarly, a slight increase in the PL lifetime
from 1.70 to 1.74 ms was reported in coated ZnS:Mn dots with
a ZnS shell, whereas the integrated PL intensity was found to
increase by 30%.!7 To understand the difference between the
variations of the PL intensity and lifetime with the shell
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Figure 7. Schematic of energy levels induced by Mn>" ions in MnS/
ZnS core/shell QDs and the corresponding kinetic parameters. k, and
kn are linear decay rates for radiative and nonradiative processes, and
ker describes the rate of nonradiative energy transfer from the QD to
the Mn*" ions.

thickness in MnS/ZnS QDs, a schematic diagram of the
relaxation dynamic process is shown in Figure 7.

Under the conditions of steady-state excitation, the PL lifetime
of the Mn?* ion emission, 7™"; the efficiency of the energy
transfer from the QDs to Mn?* ions, ®gr; the efficiency of the
Mn”* ion emission, ®y,; and the PL QY of Mn*" ions, QYM",
can be expressed by eqs 1—4%°

1M = M 4 g Me (1)

Dy = kgy/ (kSrD + erD + kgr) ()
Dy, = kR + ) 3)
QYMn = Pt Dy, 4

where kM" and k,,M" are the intrinsic radiative and nonradiative
decay rates of the excited state of Mn”" ions, respectively. kgt
is the phenomenological rate of energy transfer from the QD
to the ensemble of Mn*" ions within the QD and is dependent
on the concentration and spatial distribution of Mn2* ions inside
the QD,” k2P is the radiative decay rate of the QD, and k2"
is the sum of all nonradiative decay rates of the QD not
involving the dopants.

In this experiment, the change of k™" in our four samples
can be ignored because the increase of the shell thickness to
about 3 MLs cannot affect much the wave function properties
of the *T, and °A, states of the Mn?" ion.?° In addition, the
increase of the shell thickness should not change the numbers
and spatial distribution of Mn?* ions at the MnS/ZnS interface;
therefore, the change of kgt in our four samples can be ignored.
Further, k2P can be set to zero because of a very weak emission
from the ZnS host even at low temperature.

Combined with eqs 1 and 3, eq 4 can be rewritten as

QY™ = @ #kM M (5)

From eq 5, we can see that the PL QY of Mn ions is
determined not only by the PL lifetime of Mn?" ions (zM") but
also by the efficiency of the energy transfer (®Pgr) from an
exciton inside the ZnS shell to Mn?" ions. Indeed, the difference
between the ZnS:Mn d-dots and undoped (such as pure CdSe)
QDs is that the Mn”" ion emission in ZnS:Mn d-dots comes
from the energy transfer from the ZnS host to the Mn?* ions
not from direct excitation like PL in CdSe QDs. The PL lifetimes
of Mn”" ions in the MnS/ZnS QDs are found to be weakly
dependent on the shell thickness, as seen in Table 1, which can
be easily understood based on the surface-quenching model
proposed in ref 38. According to eq 5, we can reasonably
understand the mechanism for the improvement of the PL QY.
That is, the surface passivation of ZnS:Mn d-dots by the growth
of a thick ZnS shell on the MnS core significantly reduces the
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nonradiative relaxation rate of the QDs (k, ") to increase the
efficiency of the energy transfer from the ZnS shell to Mn?*
ions (®Pgr) and slightly decreases the nonradiative relaxation
rate (k") from the Mn>* ions at the core/shell interface to the
surface-quenching centers to increase the PL lifetime of Mn?*
ions in QDs with a thicker shell.’®

Conclusions

In summary, we have synthesized highly efficient luminescent
MnS/ZnS core/shell QDs using the nucleation—doping strategy.
It is found that the PL. QY of Mn?* ions could reach 35% despite
a high concentration of Mn** ions at the MnS/ZnS interface,
which is much higher than that of the QDs synthesized by
traditional methods. The experimental results indicate that the
more efficient energy transfer from the ZnS host to Mn?* ion
emission centers (®gy) results in the enhancement of the PL
QY in the core/shell QDs with a thicker shell by decreasing
the nonradiative decay rate of the host. On the other hand, the
highly efficient PL might also result from the structure of a
spherical QW, preventing the concentration quenching of the
Mn?* ions by controlling the energy transfer process in two-
dimensional planes. Therefore, it is expected to synthesize high-
quality Mn-doped groups II—VI semiconductor QDs via the
special control of the QD structure.
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