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Abstract

The temperature dependence of the luminescence properties of nanocrystalline CdS/Mn2þ particles is investigated. In

addition to an orange Mn2þ emission around 585 nm a red defect related emission around 700 nm is observed. The temperature

quenching of both emissions is similar (Tq < 100 K). For the defect emission the reduction in the lifetime follows the

temperature dependence of the intensity. For the Mn2þ emission however, the intensity decreases more rapidly than the lifetime

with increasing temperature. To explain these observations a model is proposed in which the Mn2þ ions are excited via an

intermediate state involving shallowly trapped (<40 meV) charge carriers.

q 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Nowadays, it is well known that the electronic properties

of nanocrystalline semiconductors change with decreasing

particle size due to quantum confinement effects [1–5]. If

the radius of the semiconductor particles becomes smaller

than the Bohr radius of the exciton the band gap of the

semiconductor increases and the edges of the bands split

into discrete energy levels. In the last two decades these

quantum confinement effects have stimulated great interest

in both basic and applied research.

The luminescence of Mn2þ ions in quantum sized

nanocrystalline sulphides like ZnS became a popular field of

research after it was reported that nanocrystalline ZnS/Mn2þ

yields high luminescence quantum yields and lifetime

shortening at the same time due to quantum confinement

effects [6]. Even though it was shown later that the lifetime

shortening of the Mn2þ emission in nanocrystalline ZnS/Mn2þ

was due to a misinterpretation [7,8], the luminescence of

various luminescent ions in different II–VI semiconductors

has been studied extensively. One of the systems that have

been investigated is nanocrystalline CdS/Mn2þ [9–13]. In

nanocrystalline CdS/Mn2þ both an orange (585 nm) emission

and a red emission (,700 nm) have been observed. The

orange emission has been assigned to the 4T1 !
6A1 transition

on Mn2þ and the red emission to defects in CdS. The lifetime

of the Mn2þ related emission is in the ms range [9–11], in

agreement with the long ms lifetime observed for Mn2þ in

nanocrystalline ZnS/Mn2þ [7,8].

Some groups have proposed models on the mechanism

of luminescence for nanocrystalline CdS/Mn2þ. Levy et al.

[12] suggested that after excitation of the nanocrystalline

CdS host, energy will be transferred from the conduction

band of the CdS host to the 4T1 level of the Mn2þ impurity

or to defect states, resulting in emissions around 590 and

700 nm, respectively. Liu et al. [13] proposed that after host

lattice excitation the excited charge carriers are trapped

rapidly by localised surface states, followed by energy

transfer from these surface states to the 4T1 level of the

Mn2þ impurity, from which radiative decay to the 6A1

ground state of the Mn2þ ion occurs.

To investigate the mechanism of luminescence for

nanocrystalline CdS/Mn2þ in more detail this report deals

with temperature dependent luminescence and lifetime meas-

urements on nanocrystalline CdS/Mn2þ and CdxZn12xS/Mn2þ.
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2. Experimental

The synthesis route followed to make nanocrystalline

CdS/Mn2þ resembles standard methods for synthesis of

nanocrystalline II–VI semiconductors. The method used for

the synthesis of nanocrystalline CdS/Mn2þ coated with

sodiumpolyphosphate (PP) is very similar to the one we

used for the synthesis of nanocrystalline ZnS/Mn2þ and

ZnS/Pb2þ [7,14]. Ten millilitre, 1 M Cd(ClO4)2·6H2O and

10 or 25 ml 0.1 M Mn(ClO4)2·6H2O were added to an

aqueous solution of 10.2 g Na(PO3)n (Aldrich, 96%,

n , 10). The total volume after the addition was 90 ml.

After about 10 min of stirring, 10 ml of a 1 M Na2S·9H2O

solution was injected into the solution. Immediately after the

injection of the Na2S solution a turbid orange fluid was

obtained. Then the particles were centrifuged, rinsed with

distilled water and ethanol, and dried in vacuum. Samples of

CdxZn12xS/Mn2þ were prepared in the same way as

ascribed earlier. The only difference is that 10x ml of 1 M

Cd(ClO4)2·6H2O and 10(1 2 x ) ml of 1 M Zn(ClO4)2·6H2O

was used instead of 10 ml of 1 M Cd(ClO4)2·6H2O.

X-ray powder diffraction patterns of the samples were

obtained with a Philips PW 1729 X-ray generator with

Cu Ka radiation ðl ¼ 1:542 �AÞ: From the line width the

particle diameter was calculated using the Scherrer formula

[15]. Diffuse reflection spectra were measured using a

double beam Perkin – Elmer Lambda 16 UV/VIS

spectrophotometer.

Emission and excitation spectra were recorded on a

SPEX Fluorolog spectrophotometer model F2002, equipped

with two double grating 0.22 m monochromators (SPEX

1680) and a 450 W Xenon lamp as excitation source. The

emission was detected with a cooled Hamamatsu R928

photomultiplier. In some cases an ARC Spectro Prow-300i

monochromator and a Princeton Instruments CCD camera

were used to measure emission spectra.

For lifetime measurements at an excitation wavelength

of 355 nm the third harmonic of a Quanta Ray Nd/YAG

laser was used. The emission was detected by an ARC

Spectro Prow-300i monochromator and a RCA c31034

photomultiplier tube or by a Spex 1269 1.26 m mono-

chromator and a Hamamatsu R928P photomultiplier

(thermoelectrically cooled to 230 8C).

Decay curves were measured with a Tektronix 2440

digital oscilloscope. Temperature dependent measurements

were performed using an Oxford Instruments liquid helium

flow cryostat for temperatures ranging from 4.2 K to room

temperature.

3. Results and discussion

UV–Vis reflection spectroscopy and X-ray diffraction

have been used to study the absorption characteristics and

size of the CdS/Mn2þ and CdxZn12xS/Mn2þ nanoparticles.

Fig. 1 shows diffuse reflection spectra of nanocrystalline

CdS/Mn2þ and CdxZn12xS/Mn2þ (x ¼ 1; 0.8, 0.7 and 0.6).

The onset of absorption (the point were the diffuse reflection

becomes smaller than 100%) is a measure for the size of the

band gap of the semiconductor. For nanocrystalline CdS/

Mn2þ a broad absorption band with an absorption onset at

650 nm is observed. The tail in the absorption spectrum

extends to longer wavelengths than for bulk CdS. This is

probably due to sulphur or MnS contamination, which

absorb in this region. The spectral position of the absorption

maximum explains the orange colour of the sample. The

position of the absorption band is very close to that of bulk

CdS. This is in agreement with the fact that the radius of the

CdS particles (,2.5 nm) is similar to the exciton Bohr

radius (2.5 nm) in CdS. In this size regime only weak

quantum size effects are present.

The band gap of bulk CdS is smaller (2.5 eV) than the

band gap of bulk ZnS (3.7 eV) [16]. By admixing small

amounts of Zn into the CdS lattice the band gap of the

system increases. This is also illustrated in Fig. 1. By

admixing 0–40% of Zn2þ into the CdS lattice the band gap

increases and the onset of the absorption band shifts to

higher energies.

The XRD patterns of nanocrystalline CdS/Mn2þ show

broad bands due to the finite size of the nanocrystals. Due to

the line broadening it is difficult to deduce whether the

nanocrystals have the wurtzite or the zincblende structure of

CdS. Both modifications have been reported for nano-

crystalline CdS, although the zincblende structure is the

most common modification for nanoparticles prepared in

solution. From the line broadening of the XRD pattern the

average particle diameter was calculated using Scherrer’s

formula [15]. The average particle diameter was around

4.5 nm for all samples.

In Fig. 2 a typical example of an emission and excitation

spectrum of nanocrystalline CdS/Mn2þ measured at 4 K is

Fig. 1. UV–VIS reflection spectra of nanocrystalline CdxZn12xS/

Mn2þ.
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shown. The emission spectrum shows a broad band

extending from 500 to 850 nm. The shoulder at about

585 nm corresponds to the 4T1 !
6A1 transition of the

Mn2þ impurity [17]. The emission around 700 nm is also

observable for undoped nanocrystalline CdS and is assigned

to a defect related CdS emission [18]. The excitation

spectrum has its maximum around 450 nm and has shifted to

the blue compared to the excitation spectrum of bulk CdS

due to quantum confinement effects.

Fig. 2 also shows the excitation and emission spectra of

several CdxZn12xS/Mn2þ (10% Mn2þ precursor concen-

tration) samples measured at 4 K. With increasing Zn2þ

amount used in the synthesis the excitation spectrum shifts

to the blue due to the increase of the band gap of the

material, as was also illustrated in the diffuse reflection

spectra (Fig. 1). The CdS related defect emission shifts to

the blue accordingly, while the spectral position of the Mn2þ

emission does not change, as far as can be deduced. The

shift of the defect related emission in (nanocrystalline)

semiconductors as the band gap changes indicates that a

delocalised charge carrier is involved [19]. As the band gap

changes, the energy of the delocalised (shallowly trapped)

charge carrier follows the energy shift of the conduction or

valence band and influences the wavelength of the emission

band.

In Fig. 3 the temperature dependence of the emission of

nanocrystalline CdS/Mn2þ (25% precursor concentration) is

shown. With increasing temperature both the Mn2þ

emission and the CdS related emission quench rapidly.

Above 250 K the emission has totally quenched. The

quenching temperature of the emission (Tq) is defined as

the temperature at which the emission reaches half of its

maximum intensity. Both the Mn2þ emission and the CdS

related emission have a quenching temperature of 100 K.

By admixing Zn2þ into the host lattice the temperature

quenching of the emissions does not change: for all samples

both emissions quench at the same rate (Fig. 4). For all

CdxZn12xS/Mn2þ samples quenching temperatures of

around 100 K were found for both emissions. Similar

temperature dependence has been reported for the Mn2þ

emission of nanocrystalline CdS/Mn2þ in Ref. [20]. A

model that can explain the similar temperature dependence

of the Mn2þ and the CdS related emission is shown in Fig. 5.

After excitation in the CdS host (1) the excited charge

carriers are trapped in shallow trap states. In Fig. 5 the

situation is shown assuming that electrons are trapped in

states just below the conduction band (2). A similar picture

can be drawn for holes (based on the present results it is not

possible to distinguish between the two possibilities). This

trapping of charge carriers is followed by either energy

transfer to the 4T1 excited state of a Mn2þ ion (3), or

Fig. 2. Excitation and emission spectra of nanocrystalline Cdx-

Zn12xS/Mn2þ (x ¼ 0; 0.8 and 0.7, respectively) measured at

4 K. The excitation spectra were measured for an emission

wavelength of 585, 595 and 595 nm, respectively. The emission

spectra were recorded for 450, 450 and 425 nm excitation,

respectively.

Fig. 3. Temperature dependence of the emission spectrum of

nanocrystalline CdS/Mn2þ (25% Mn2þ precursor concentration)

measured for 455 nm excitation.

Fig. 4. Luminescence intensity of the Mn2þ emission (600 nm) as a

function of temperature for nanocrystalline CdS/Mn2þ, Cd0.8Zn0.2-

S/Mn2þ and Cd0.7Zn0.3S/Mn2þ (10% Mn2þ precursor concen-

tration). The samples were excited 470, 450 and 425 nm,

respectively. The curves are normalised at maximum luminescence

intensity.
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radiative recombination with a deeply trapped hole at a

defect state (4) (CdS related emission at around 700 nm).

Step (3) is followed by radiative decay from the 4T1 excited

state to the 6A1 ground state of the Mn2þ ion (5) giving the

orange Mn2þ luminescence. With increasing temperature

the shallow traps just below the conduction band are

thermally emptied. This results in a decrease of both the

defect related CdS emission and the Mn2þ emission in a

similar way. If the 4T1 excited state of the Mn2þ ion was

directly filled from the conduction band (6) the quenching

temperature of the CdS emission and the Mn2þ related

emission would be expected to be different.

By admixing Zn2þ into the host lattice the band gap of

the material increases. This does not influence the quench-

ing temperature of both emissions. From this it is concluded

that the shallow traps shift with the conduction band to

higher energies as is usually observed for shallowly trapped

charge carriers [19]. Furthermore, this is in agreement with

the interpretation that the Mn2þ ion is excited via the

shallow trap states and not directly from the conduction

band. If the latter was true the quenching temperature of the

Mn2þ emission would be influenced by the size of the band

gap, since the Mn2þ energy levels are not expected to shift

in energy by changes in band gap due to admixing small

amounts of Zn in the CdS host lattice.

Using Arrhenius equation the activation energy needed

to detrap the charge carriers from the shallow trap states to

the conduction band was calculated from the temperature

dependence of the emission intensity. An activation energy

of 41 meV (^5 meV) was found for both emissions.

To investigate the luminescence mechanism of nano-

crystalline CdS/Mn2þ in more detail the lifetimes of both

the Mn2þ emission and the CdS related emission were

measured. In Fig. 6 typical decay curves measured for the

Mn2þ emission and the CdS related emission are shown.

The decay curves of both emissions were fitted with a one-

exponential decay function, which gave satisfactory results

for the longer time regime. A non-exponential initial decay

component is also present.

The temperature dependence of the lifetimes of both

emissions of nanocrystalline CdS/Mn2þ are shown in Fig. 7,

together with the temperature dependence of the intensity of

the emissions. The lifetime of the CdS related emission is

about 6 ms at 4 K. At higher temperatures the decay time

decreases to about 0.3 ms at 150 K. As can be seen in Fig.

7(a) the rate of the decrease of the lifetime of the CdS

emission follows the decrease of the intensity of this

emission. This is consistent with the previously proposed

model in which it was assumed that the CdS related

emission originates from shallow trap states. At elevated

temperatures these trap states are thermally emptied, which

causes a decrease of both the intensity and the lifetime of the

emission at the same rate. Above 100 K the life time

decreases faster with increasing temperature than the

emission intensity. This indicates that in this temperature

regime also the radiative decay rate is increased. This causes

a drop in lifetime, without affecting the emission intensity.

The lifetime of the Mn2þ emission is approximately 1 ms

at 4 K and comparable to the lifetime reported for the Mn2þ

emission in bulk CdS/Mn2þ (0.65 ms [21]). The lifetime is a

factor of 2 smaller than the lifetime of the Mn2þ emission in

nanocrystalline ZnS/Mn2þ [7]. This can possibly be

explained by the fact that the Cd2þ ion is heavier than the

Zn2þ ion (average relative atomic masses 112.4 and 65.4,

respectively [22]). An interaction between the heavy

neighbouring Cd2þ ions (with a relative high spin-orbit

Fig. 5. Schematic representation of the proposed mechanism of the

luminescence of nanocrystalline CdS/Mn2þ.

Fig. 6. Typical decay curves measured for nanocrystalline

CdS/Mn2þ (10% Mn2þ precursor concentration). The sample was

excited at 355 nm and the decay curves were measured at an

emission wavelength of (a) 710 and (b) 605 at 65 K.
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coupling) and the Mn2þ luminescent centre can cause an

increase of the spin-orbit coupling of the Mn2þ ion, which

leads to relaxation of the spin selection rule. This causes a

lower luminescent lifetime of the Mn2þ in CdS. This effect

is analogous to the so-called external heavy atom effect [23]

observed for organic molecules. By interaction between a

heavy atom with a strong spin-orbit coupling (such as I2

[24], Tlþ [25] or rare earth ions [26]) the spin selection rule

is partially lifted.

As can be seen in Fig. 7(b) the decay time of the Mn2þ

emission decreases slower with increasing temperature than

the emission intensity. This provides further evidence that

the excited state of the Mn2þ ion (4T1) is fed by the shallow

delocalised traps from which the CdS related emission

originates. The decrease of the intensity of the Mn2þ

emission is then caused by the thermally activated emptying

of the shallow traps. This process does not influence the

lifetime of the Mn2þ emission. The decrease of the lifetime

of the Mn2þ emission with increasing temperature is caused

by an intrinsic quenching at the Mn2þ ion. Therefore the

decrease of the luminescence intensity does not follow the

reduction of the lifetime of the emission with temperature.

In Fig. 8 the lifetime of the Mn2þ emission of both

nanocrystalline CdS/Mn2þ and nanocrystalline Cd0.7Zn0.3S/

Mn2þ is plotted as a function of temperature. The lifetime of

the Mn2þ emission in nanocrystalline Cd0.7Zn0.3S/Mn2þ

measured at 4 K is about the same as for CdS/Mn2þ

(,1 ms). With increasing temperature the lifetime

decreases. However, as it is clear from Fig. 8, the quenching

rate of the lifetime of the Mn2þ emission is lower in

nanocrystalline Cd0.7Zn0.3S/Mn2þ than in nanocrystalline

CdS/Mn2þ, indicating that the temperature induced (intrin-

sic) quenching of the Mn2þ emission does not occur in

Cd0.7Zn0.3S/Mn2þ below room temperature. This may be

related to the wider band gap in Cd0.7Zn0.3S/Mn2þ or the

influence of smaller Zn2þ ions. Further research is required

to resolve this issue.

4. Conclusion

Temperature dependent luminescence and luminescence

lifetime measurements are reported for nanocrystalline

CdS/Mn2þ. Based on the results a model is proposed in

which shallow traps are involved in the energy transfer

process from the exciton to Mn2þ.
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