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The temperature dependence of the photoluminescence (PL) from MnS/ZnS core–shell quantum dots is investigated
in a temperature range of 8 K–300 K. The orange emission from the 4T1 → 6A1 transition of Mn2+ ions and the blue
emission related to the trapped surface state are observed in the MnS/ZnS core–shell quantum dots. As the temperature
increases, the orange emission is shifted toward a shorter wavelength while the blue emission is shifted towards the longer
wavelength. Both the orange and blue emissions reduce their intensities with the increase of temperature but the blue
emission is quenched faster. The temperature-dependent luminescence intensities of the two emissions are well explained
by the thermal quenching theory.
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1. Introduction
Zinc sulfide (ZnS) is an important wide band gap (Eg =

3.6 eV) semiconductor, which has been widely used in
ultraviolet-light-emitting diodes, electroluminescencent de-
vices, flat-panel displays, sensors, and injection lasers.[1–5]

Transition-metal Mn2+ ion-doped ZnS (ZnS:Mn) attracts a
great deal of attention, for Mn2+ doping can not only en-
hance its optical transition efficiency, but also induce interest-
ing magneto–optical properties.[6–8] Nanoscale ZnS:Mn ma-
terial has been the current focus of research; the synthesis
method and the properties of the material have been reported.
Unfortunately, because of the high surface-to-volume ratio in
a nano-material, the surface states may act as luminescence
quenching centers, resulting in low luminescence efficiency.[9]

Hence, the passivation of the surface is a feasible and effective
way to improve the luminescence properties, such as photo-
luminescence (PL) quantum efficiency (PLQY), luminescence
lifetime, and photo stability.[10,11] Enhanced luminescence and
stability have been observed in ZnS:Mn/ZnO nanocrystals,[12]

ZnS:Mn/SiO2 nanoparticles,[13] ZnS:Mn/Zn(OH)2 nanopar-
ticles,[14] ZnS:Mn/ZnS nanocrystals,[15] and EuVO4/YVO4

nanocrystals.[16] By coating ZnS:Mn nanoparticles with an in-
organic shell, the surface defects can be passivated. Therefore,
the PL intensity of Mn2+ is enhanced through an increase of
the radiative transition of Mn2+ centers. Zheng et al.[17,18] re-

cently prepared MnS/ZnS core–shell quantum dots (QDs) with
Mn-emission PLQY up to 35%. They attributed the efficient
luminescence of Mn2+ ions to the energy transfer from pho-
toexcited ZnS shells to the Mn2+ ions in a diffusion layer at
the interface between the MnS core and the pure ZnS layer.

It is important to understand the interaction between the
dopants in order to improve the luminescence properties. Tem-
perature dependence of the luminescence can provide use-
ful information about the interaction between doped ions and
the host crystal lattices. Temperature variation can change
the inter-atomic distance, the overlap among adjacent elec-
tronic orbits as well as the crystal field surrounding the dopant.
Therefore, the study of the luminescence spectrum as a func-
tion of temperature may provide an insight into the interactions
between the luminescent centers or between the centers and
the host lattice. In this paper, we aim to study the temperature
dependence of PL in MnS/ZnS core–shell QDs.

2. Experiment
MnS/ZnS core–shell QDs were synthesized by a

nucleation-doping strategy. The detailed preparation pro-
cess has been reported previously.[19] The morphologies and
sizes of the samples were characterized by transmission elec-
tron microscope (TEM) (JEOL 2100). The X-ray diffraction
(XRD) pattern of the synthesized sample was obtained with
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an X-ray diffraction facility (TTR-III). The X-ray photoelec-
tron spectroscopy (XPS) spectra were recorded on ESCALAB
250 with Mg Kα -line (1253.6 eV) as an X-ray excitation
source. Temperature-dependent PL spectra were measured
by a steady-state/lifetime spectrofluorimeter (FLUOROLOG-
3-TAU, Jobin Yvon) in a temperature range of 8 K–300 K.

3. Results and discussion
Figure 1 shows the TEM image of the as-prepared

MnS/ZnS core–shell QDs. It can be seen that the MnS/ZnS
QDs are uniform spherical-shaped particles. The diameters of
the MnS cores and the MnS/ZnS QDs are determined to be
2.3 nm and 5 nm, respectively. The thickness of the ZnS shells
is thus estimated to be about 1.4 nm. Figure 2 shows the XRD
spectrum of the MnS/ZnS core–shell QDs. All the diffraction
peaks can be indexed to be a cubic zinc blende structure, which
is consistent with the standard card (JCPDS No. 77-2100).

20 nm

Fig. 1. TEM image of as-prepared MnS/ZnS core–shell QDs.
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Fig. 2. X-ray diffraction pattern of MnS/ZnS core–shell QDs.

To further characterize the as-synthesized samples, we carry
out an XPS measurement to investigate the surface composi-
tions and chemical state of MnS/ZnS core–shell QDs, and the
result is shown in Fig. 3. The inelastic mean free path (IMFP)
is less than 1 nm for the generated Mn 2p photoelectrons with
an energy of about 500 eV. IMFP for Zn 2p photoelectrons is
much shorter. So the spectrum signals should be dominated by
the ZnS shell. The intensity of the Zn 2p3/2 peak in MnS/ZnS
core–shell QDs is much stronger than that of the Mn XPS line
(at∼ 640 eV, marked with a dashed line in Fig. 3); this verifies
the formation of the ZnS shell.
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Fig. 3. XPS spectrum of MnS/ZnS core–shell QDs.

The PL excitation spectrum (monitored at 590 nm) and
emission spectrum (excited by 325 nm) of the MnS/ZnS core–
shell QDs are displayed in Figs. 4(a) and 4(b), respectively.
The excitation spectrum has its maximum around 325 nm and
shifts to the blue region of the spectrum compared with the ex-
citation spectrum of the bulk ZnS. The excitation peaks from
the d–d transition of Mn2+ ions are observed. Four absorp-
tion bands can be assigned to the transitions: 6A1 (S)→ 4E
(4D), 6A1 (S)→ 4T2 (4D), 6A1 (S)→ 4A1, 4E (4G), and 6A1

(S)→ 4T1 (4G).[20] Figure 4(b) shows the room-temperature
PL spectrum of MnS/ZnS core–shell QDs at an excitation
wavelength of 325 nm. There are two emission bands, one
is a broad blue emission band around 448 nm and the other is
an orange band at 590 nm. The blue emission band is associ-
ated with the trapped surface state[21,22] and the orange band
is attributed to the transition 4T1 → 6A1 of Mn2+ ions.[23,24]

A schematic diagram of different emissions in the PL spec-
trum is illustrated in Fig. 5. Upon the excitation of 325 nm,
electrons are excited into the conduction band of the ZnS host.
Then the excited electrons can decay nonradiatively either to
the ZnS surface states with emission in the blue region or to
the Mn2+ 3d state leading to the orange emission.
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Fig. 4. PL excitation (a) and emission (b) spectra of MnS/ZnS core–
shell QDs.
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Fig. 5. Schematic diagram of the energy levels corresponding to differ-
ent emissions in MnS/ZnS core–shell QDs.
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Fig. 6. PL spectra of MnS/ZnS core–shell QDs at different tempera-
tures.

Figure 6 demonstrates the temperature-dependent PL
spectra of MnS/ZnS core–shell QDs recorded in a temperature
range of 8 K∼ 300 K. As the temperature increases, the orange

emission shifts slightly towards the shorter wavelength. The
blue shift of the orange emission with the increase of tempera-
ture is due to the reduction of the crystal field strength at higher
temperatures as a result of crystal lattice expansion.[25] By in-
creasing the temperature, the emitting state 4T1 (G) of Mn2+

ions is lifted to a higher energy state and the orange emission
thus shifts toward a shorter wavelength. On the contrary, the
blue emission shifts toward a longer wavelength, which is con-
sistent with the results obtained for ZnS:Mn QDs.[26] This is
because the energy gap between the defects and the valence
band increases as the temperature goes up due to crystal lat-
tice expansion. The temperature dependences of the peak en-
ergies for both the orange emission and the blue emission are
displayed in Fig. 7.
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Fig. 7. Temperature dependences of peak energies for the blue and or-
ange emissions in MnS/ZnS core–shell QDs.

It can be seen from Fig. 6 that all emissions from
MnS/ZnS core–shell QDs decrease in intensity with an in-
crease of temperature. The intensities are reduced respectively
by approximately 52.3% for the orange emission and 85.7%
for the blue emission with temperatures going from 8 K to
300 K. The blue emission then quenches faster than the or-
ange emission as a function of temperature. Figure 8 shows
the temperature-dependent variations of integrated intensity,
i.e. the area under the peak, of the orange and blue emis-
sions respectively. The temperature dependence of the inten-
sity can be well described based on a thermal quenching theory
as follows:[27]

I (T ) =
I0

1+∑i ai exp(−Ei/kBT )
, (1)

where I0 is the emission intensity at 0 K, ai is a constant re-
lated to the ratio of the nonradiative rate to the radiative rate,
kB is the Boltzmann constant, and Ei is the activation energy
(thermal quenching energy). According to the experimental
data, there may be two thermal quenching processes responsi-
ble for the orange and blue emissions. One is a slow thermal
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quenching process in a low temperature region and the other
is a fast one in a high temperature region. Therefore, the vari-
ation of the luminescence intensity with temperature could be
fitted using the following equation:

I (T ) =
I0

1+a1 exp(−E1/kBT )+a2 exp(−E2/kBT )
. (2)

Each of the solid lines in Fig. 8 represents a fitting result to the
experimental data by using Eq. (2) with those fitting parame-
ters listed in Table 1. This fact indicates that the luminescence
intensities for the two emissions are lowered indeed, owing to
thermal quenching. For the orange and blue emissions the op-
tical 325-nm excitation is the indirect excitation. This means
that there are two thermal quenching channels for the orange
and blue emissions respectively. The rapid decrease in inten-
sity at high temperatures can be attributed to the thermally ac-
tivated nonradiative mechanism with strong temperature de-
pendence, and the slow decrease in intensity may be due to
other nonradiative recombination mechanisms with weak tem-
perature dependence.

0 0.04 0.08 0.12
0

1

2

3

4

blue

Mn orange

In
te

g
ra

te
d
  
in

te
n
si
ty

/
a
rb

. 
u
n
it
s

(1/T)/K-1

Fig. 8. Temperature dependences of integrated intensity for the blue and
orange emission in MnS/ZnS core–shell QDs respectively. The solid lines
represent the fitting results using Eq. (2).

Table 1. Fitting parameters for the temperature dependences of orange
and blue emissions in MnS/ZnS core–shell QDs.

a1 a2 E1/meV E2/meV

Orange emission 0.25±0.06 4.74±0.15 2.10±0.57 39.36±0.84

Blue emission 0.69±0.22 51.24±9.12 1.23±0.07 56.32±0.14

For the orange emission, the large activation energy of E2

is likely to be due to the thermal dissociation of excitons in the
ZnS host while the small activation energy of E1 may be as-
sociated with the desorption of excitons from the Mn2+ ions.
The activation energy of 56.32 meV for the blue emission is

larger than 39.36 meV for the orange emission. Because the
thermal activation energy is related to the bound exciton bind-
ing energy, the larger activation energy indicates that exciton
binding energy is strongly related to the defect state centers as
compared with the Mn2+ ions. Furthermore, the value of a for
the blue emission is larger than for the orange emission, indi-
cating that the nonradiative rate is greater for the blue emis-
sion than for the orange emission. It is generally believed that
the major nonradiative or energy relaxation channel in a semi-
conductor is phonon quenching.[28] If the phonon coupling is
stronger, the nonradiative rate is higher and the luminescence
is more sensitive to temperature.[27] The fitting results show
that the phonon coupling for the defect centers is stronger than
that for the Mn2+ ions. This is in agreement with the fact that
the luminescence of the blue emission quenches faster than
that of the orange emission as a function of temperature.

4. Conclusion
In this paper, the temperature dependence of the PL for

MnS/ZnS core–shell QDs is investigated in a temperature
range between 8 K and 300 K. The orange emission is assigned
to the 4T1→ 6A1 transition of Mn2+ ions, and the blue emis-
sion is assigned to the emission of the trapped surface state of
ZnS. As the temperature increases from 8 K to 300 K, the or-
ange emission shifts towards a shorter wavelength while the
blue emission shifts towards a longer wavelength. The lu-
minescence intensities of the orange and blue emissions de-
crease with the increase of temperature but the blue emission
quenches faster than the orange emission. The temperature de-
pendences of the two emissions can be explained well by the
thermal quenching theory.
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