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Abstract
The temperature dependences of the orange and blue emissions in 10, 4.5, and
3 nm ZnS:Mn nanoparticles were investigated. The orange emission is from
the 4T1–6A1 transition of Mn2+ ions and the blue emission is related to the
donor–acceptor recombination in the ZnS host. With increasing temperature,
the blue emission has a red-shift. On the other hand, the peak energy of the
orange emission is only weakly dependent on temperature. The luminescence
intensity of the orange emission decreases rapidly from 110 to 300 K for
the 10 nm sample but increases obviously for the 3 nm sample, whereas the
emission intensity is nearly independent of temperature for the 4.5 nm sample.
A thermally activated carrier-transfer model has been proposed to explain the
observed abnormal temperature behaviour of the orange emission in ZnS:Mn
nanoparticles.

1. Introduction

Semiconductor nanoparticles exhibit peculiar luminescent properties with potential
applications, due to quantum confinement [1]. Since Bhargava et al [2] first reported
that ZnS:Mn nanoparticles show high luminescent efficiency and lifetime shortening, doped
nanocrystals of semiconductor have attracted much attention [3–5]. ZnS:Mn nanoparticles
have an orange emission at about 2.1 eV (600 nm) and a blue emission band around 2.7 eV
(440 nm) under ultra-violet excitation. The orange emission is attributed to the 4T1–6A1

transition of Mn2+ ions and the blue emission is assigned to a donor–acceptor recombination
in the ZnS host. Although there is still controversy surrounding the lifetime shortening of the
orange emission in ZnS:Mn nanoparticles [6, 7], the luminescence efficiency enhancement in
doped nanocrystals of the semiconductor have been confirmed [8, 9]. However, the mechanism
for luminescent efficiency enhancement in nanoparticles is still an open question. Bhargava
et al [2] suggested that the coupling between d-electron states of the Mn2+ ion and s–p states of
the ZnS host accounts for the lifetime shortening and the luminescence enhancement. However,
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some doubts remain because evidence for the hybridization of the d electrons of Mn2+ with
the s–p states of the ZnS host has not been observed yet.

Temperature dependence of the Mn2+ emission in ZnS:Mn nanoparticles has been
reported by several groups [10–12]. However, the results are somewhat conflicting. Tanaka
and Masumoto [10] have observed that the luminescence intensity of orange emission in
ZnS:Mn nanocrystals decreases by approximately 50% from 9 to 300 K. Joly et al [11] have
also observed a weak decrease in Mn2+-related emission from nanoparticles under 300 nm
excitation. However, Yu et al [12] have reported that the luminescence intensity of the Mn2+

emission from ZnS:Mn nanoparticles increases by about four times with temperature going
from 8 to 275 K. However, there has been no report yet on temperature dependence of the blue
emission. In this paper, we report a systematic investigation of the temperature behaviour for
both the orange and the blue emissions for ZnS:Mn nanoparticles of different sizes.

2. Experiment

Three samples with ZnS:Mn nanoparticles of different sizes were studied. The average sizes
of the particles, estimated using a high-resolution transmission electron microscope (HRTEM)
and x-ray diffraction (XRD), were approximately 3, 4.5, and 10 nm, respectively. The HRTEM
images and the XRD patterns have been published elsewhere [13]. The 3 and 4.5 nm particles
were capped with methacrylic acid, while the 10 nm particles were naked, without any capping.
Details of the preparation and structure of the samples have been reported previously [13, 14].
Measurements were also made on a commercial bulk ZnS:Mn sample, for comparison.

The photoluminescence (PL) measurements were performed by fixing the samples on the
cold finger of a closed-cycle refrigeration system. The temperature can be varied from 10 to
300 K. The 325 nm line of a He–Cd laser was used as the excitation source. The emitted light
is dispersed by a JY-HRD1 double-grating monochromator and detected by a cooled GaAs
photomultiplier.

3. Results and discussion

Figure 1 shows the PL spectra of three ZnS:Mn nanoparticle samples and a bulk sample
recorded at 10 K. The spectra have been normalized according to the intensity of peak M for each
sample. The main peak in the PL spectra of the bulk sample is at about 2.11 eV; it is attributed to
the 4T1–6A1 transition of Mn2+ ions and is the so-called orange emission [2]. The weak peaks at
about 3.3 and 1.6 eV may be due to impurities or defects in bulk ZnS [15] and are not discussed
in detail here. The PL spectra of ZnS:Mn nanoparticles consist of two peaks. The peaks at about
2.05 eV are also due to the 4T1–6A1 transition of Mn2+ ions. However, the peak energies for
nanoparticles are somewhat lower than those for the bulk sample. This result is consistent with
previous reports [2]. The broad band D around 2.7 eV is the so-called blue emission. The blue
emission is either attributable to the donor–acceptor pair transition [7] or to the recombination
of free carriers at the surface defects [6]. We think that the blue emission is due to the donor–
acceptor transition. In our measurements, the intensity of the D band relative to that of peak
M increases rapidly with decrease of the particle size. This indicates that the donor state
involved in the blue emission is mostly related to the surface states of the nanoparticles, since
the surface-to-volume ratio increases when the diameter of the particles decreases. The size
dependences of the peak energies for M and D bands are presented in the inset of figure 1. The
PL peak energies of bands D increase obviously with decrease of the particle diameter. This
change is due to the quantum confinement in the nanoparticles. On the other hand, the energy
position of peak M is only weakly dependent on the particle size, as reported previously [13].
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Figure 1. Normalized PL spectra of three ZnS:Mn nanoparticle samples and a bulk sample
measured at 10 K. The inset shows the size dependence of the PL peak energies.

The PL spectra for the four samples at different temperatures are shown in figure 2. The
spectra were shifted vertically for clarity. The temperature dependences of the peak energies
for both M and D bands of the four samples are shown in figure 3. The variation of the ZnS
band gap with temperature is also presented for comparison. It can be seen from figures 2
and 3 that the peak position of band M does not change markedly with temperature. On the
other hand, the D band has a red-shift with increasing temperature. However, the red-shift of
the blue emission does not follow the temperature dependence of the ZnS band gap exactly.
Therefore we tentatively assign the blue band to the donor–acceptor transition in ZnS, but the
donor state is not a normal shallow state as suggested in [7]. It is more likely that the donor
state involved in the blue emission is related to the surface defects of the nanoparticles, as
discussed above.

The integrated intensities of Mn2+ emissions for all of the samples are shown in figure 4
as functions of temperature. When bands D and M overlap in the spectra, their intensities
are determined from a least-squares fit of two Gaussian line profiles. The curves for different
samples are shifted vertically for clarity. For the Mn2+ emission in the bulk and the 10 nm
nanoparticle sample, the PL intensity is exponentially reduced in the higher-temperature region,
mainly due to thermally activated nonradiative recombination mechanisms. The temperature
dependence of the intensity can be well described on the basis of thermal quenching theory
as [18]

I (T ) = I (0)

1 + eM
rM

exp(−EM/kB T )
, (1)
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Figure 2. PL spectra for ZnS:Mn nanoparticle and bulk samples at various temperatures.
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Figure 3. Temperature dependences of the PL peak
energies for bands D and M in four samples. The dotted
curve shows the temperature dependence for the band gap
of bulk ZnS [17].

Figure 4. Temperature dependence of the integrated
intensity for Mn2+ emissions in bulk and nanoparticle
samples. The solid curves are the fitting results obtained
using equations (1) and (5). See the text for more details.

where EM is the activation energy for the thermal quenching, kB is the Boltzmann constant,
eM/rM is a constant related to the ratio of the nonradiative rate to the radiative rate, and I (0) is
the emission intensity at 0 K. A simulation of the intensity for the bulk and the 10 nm sample
using equation (1) is presented in figure 4, as solid curves. The parameters used to obtain the
simulations are shown in table 1. The EM obtained for bulk and 10 nm particles are 23 ± 5 and
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Table 1. The fitting parameters in the rate equation calculation (see the text for more details).

Orange emission Blue emission

EM EM1 ED ED1

Size gM (meV) eM /rM (meV) eM1/rM1 gD (meV) eD/rD (meV) eD1/rD1 α

3 nm 523 8 303 70 ± 20 21 2 ± 1 1.1 0.9 ± 0.1
4.5 nm 9 322 3 ± 1 1.4 34 571 80 ± 20 70 3 ± 1 3.5 0.7 ± 0.1

10 nm 6 365 60 ± 10 13
Bulk 11 895 23 ± 5 20

60 ± 10 meV, respectively. The larger activation energy may be due to the stronger binding
of excitons to the Mn2+ ions in the nanoparticles than that in bulk.

On the other hand, the temperature dependence of the PL intensities for samples with the
4.5 and 3 nm nanoparticles is different from that for the bulk and the 10 nm sample. The PL
intensity of the 4.5 nm sample is only weakly dependent on temperature, while the PL intensity
of the 3 nm sample increases rapidly from 110 to 300 K. Weak temperature dependences of
Mn2+ emissions in ZnS:Mn nanoparticles have been reported by several groups. Tanaka and
Masumoto [10] have observed a very weak temperature quenching in the orange luminescence
of ZnS:Mn nanocrystals in polymer. They found that the PL intensity of the orange emission
from nanoparticles with 3 nm diameter decreases by only about 50% from 9 to 300 K. Joly
et al [11] have also observed weak temperature dependence of Mn2+-related emission in a
3.5 nm sample under 300 nm excitation. Yu et al [12] have reported that the luminescence
intensity of the Mn2+ emission from 3.6 nm nanoparticles increases by about a factor of four
with temperature going from 8 to 275 K. Several mechanisms have been proposed to interpret
the abnormal temperature dependence of the Mn2+ emission from ZnS:Mn nanoparticles. One
of them is energy transfer from the ZnS host to the Mn2+ ions. Since both Mn2+ and ZnS host-
related emissions were observed in our measurements, we can consider the energy-transfer
mechanism for nanoparticles in more detail on the basis of the temperature behaviour of bands
D and M.

In figure 5 we have plotted the temperature dependences of the integrated intensities of
peaks D and M for the 3 nm nanoparticles. The temperature dependence of band D can be
divided into two parts. It decreases slowly from 10 to 70 K and then rapidly from 110 to
300 K. The rapid decrease at high temperature can be described by the thermally activated
mechanism. The electrons trapped in the donor states are thermally activated to the conduction
band. Since the electrons in the conduction band can move more freely in the particles, some
of them may be captured by the Mn2+ ions and then increase the 4T1–6A1 transition. The
observed increase in intensity of peak M in high-temperature regions confirms the transfer
process mentioned above. On the other hand, the slow decrease in intensity of band D may
be due to other nonradiative recombination mechanisms with weak temperature dependence.
We assume that this process is not included in the carrier transfer from donor states to Mn2+

ions. Therefore, the temperature dependence of the orange emission in ZnS:Mn nanoparticles
is affected by two factors. One of them is the carrier transfer from donor states and the other is
the thermal quenching process as observed in the 10 nm sample. When the first factor is larger
(smaller) than the second factor, the intensity of orange emission will increase (decrease) in
the higher-temperature region. Further, the intensity of the orange emission will have only
weak temperature dependence if the two factors are nearly equivalent.

The above mechanisms can be modelled by a rate equation calculation. We assign ND

and NM as the numbers of electrons at donor states in the ZnS host and 4T1 levels of Mn2+
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Figure 5. Integrated intensity versus temperature for bands D and M for a sample with 3 nm
nanoparticles. The inset shows the intensity ratio of bands M and D as a function of temperature.
The solid curves are fitting results obtained using equations (4) and (5).

ions, respectively. Then the rate equations can be expressed as

dND

dt
= gD − NDrD − NDeD exp(−ED/kB T ) − ND eD1 exp(−ED1/kB T ) (2)

dNM

dt
= gM − NMrM + αND eD exp(−ED/kB T ) − NM eM exp(−EM/kB T ). (3)

The first and second terms in the equations describe the generation and radiative recombination
processes for electrons in donor states and Mn2+ ions, respectively. gD and gM are generation
rates, rD and rM the radiative recombination rates. The third and fourth terms in equation (2)
correspond to the rapid and slow decreases of intensity for band D, respectively. The third term
in equation (3) represents the transfer process in which the electrons are thermally activated
from the donor state and then captured by Mn2+ ions. α is the capture factor. The last term
in equation (3) describes the thermal quenching of electrons in Mn2+ ions. eD , eD1, and eM

are the emission rates in the corresponding processes. ED , ED1, and EM are the activation
energies for each process. Under steady conditions the intensity of the blue emission, ID , can
be deduced directly from equation (2) as

ID = NDrD = gD

1 + eD
rD

exp(−ED/kB T ) + eD1
rD

exp(−ED1/kB T )
. (4)

A solid curve in figure 5 represents the least-squares fit of equation (4) to the experimental
data for band D. The fitting parameters are listed in table 1. On the other hand, the intensity
of the orange emission, IM , can be presented as

IM = NMrM = gM + α ID
eD
rD

exp(−ED/kB T )

1 + eM
rM

exp(−EM/kB T )
(5)

where ID is the intensity of band D expressed by equation (4). The experimental data for peak
M were fitted using equation (5) and the simulation result for ID for 3 nm particles. The fitted
result is shown by solid curves in figures 4 and 5, respectively. In the fitting, we assume that
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the processes of thermal quenching of Mn2+ emissions are the same in samples with different
particle sizes. Thus the activation energy EM and the factor eM/rM obtained for the 10 nm
sample are used in the fitting. Therefore, the adjustable parameters in the fitting are gM and α,
which are also listed in table 1. It is worth noting that the quenching processes may be different
in samples with different particle sizes. However, the simulation will be difficult if we include
more fitting parameters. This is why we make the approximation mentioned above in the fitting
procedure. The inset of figure 5 shows the simulation results for the temperature dependence
of the intensity ratios of bands M and D obtained from equations (4) and (5) together with the
experimental data. It can be seen from figure 5 that all the simulations are quite good.

A similar fitting procedure was also used for the sample with 4.5 nm particle size. The
fitting results for Mn2+ emissions are presented in figure 4 as solid curves and the fitting
parameters are listed in table 1. Since the intensity of Mn2+ emission in the 4.5 nm sample
shows a slow decrease from 10 to 50 K, we introduce an additional term similar to the fourth
term of equation (2) in the rate equation for NM in order to obtain best fitting to the experimental
results. The parameters for this term are EM1 and eM1/rM , which are also listed in table 1.

Since the blue emission is weak for the 10 nm sample, we assume that the carrier-transfer
process can be neglected in the temperature variation of the Mn2+ emission. In that case,
equation (5) is the same as (1).

The thermal activation energy obtained for electrons in donor states is 70 ± 20 and
80 ± 20 meV for the 3 nm and the 4.5 nm samples, respectively. This indicates that the
donor level involved in the blue emissions is located about 70–80 meV under the conduction
band edge. The capture factor obtained, α, is 0.9 ± 0.1 and 0.7 ± 0.1 for the 3 nm and the
4.5 nm samples, respectively. It seems that the electrons are more easily captured by Mn2+

ions in small particles. This is probably due to the fact that the Mn ions are closer to the surface
in smaller nanoparticles. On the basis of the above discussion we can understand the different
temperature behaviours of the orange emissions for the four samples. The thermal quenching
process is dominant in bulk and the sample with 10 nm nanoparticles. Thus, the intensity of
peak M decreases rapidly with increasing temperature. However, the carrier-transfer process
dominates the temperature behaviour of Mn2+ emission in the 3 nm sample; therefore the
intensity of the Mn2+ emission exhibits obvious enhancement in the high-temperature region.
For the 4.5 nm nanoparticles, the carrier-transfer and thermal quenching processes have nearly
same effect on the Mn2+ emission. So the intensity of the Mn2+ emission is almost independent
of temperature.

4. Conclusions

In conclusion, we have investigated the temperature dependence of the PL for ZnS:Mn
nanoparticles of different sizes. Two PL peaks were observed for all of the nanoparticle
samples. The orange emission is attributed to the 4T1–6A1 transition of the Mn2+ ion and
the blue emission is a donor–acceptor pair-related emission of the ZnS host. The intensity of
the blue band relative to that of the orange band increases rapidly with decrease in particle
size. This indicates that the donor state involved in the blue emission is mostly related to the
surface states of the nanoparticles. The PL peak energy of the blue emission increases with
decrease in particle size and it shifts to lower energy when temperature increases from 10
to 300 K. However, only weak temperature and size dependences of the PL peak energy for
orange emissions were observed. The temperature dependences of the integrated intensities for
orange emissions are different for nanoparticles of different sizes. The PL intensity decreases
rapidly from 110 to 300 K for the 10 nm sample but increases obviously for the 3 nm sample,
whereas the PL intensity is only weakly dependent on temperature for the 4.5 nm sample. A
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thermally activated carrier-transfer model has been proposed to explain the observed abnormal
temperature behaviour. When temperature increases, the electrons localized on the donor states
are thermally activated to the conduction band and some of them are re-captured by Mn2+ ions.
This effect, along with the process of thermal quenching of electrons on Mn2+ ions determines
the temperature behaviour of the Mn2+ emission in the nanoparticles. The thermal quenching
process is dominant in the 10 nm sample, but the carrier-transfer process is dominant in the
3 nm sample. The two effects are almost the same in the 4.5 nm sample, so a weak temperature
dependence was observed for this sample.
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