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Luminescence of nanocrystalline ZnS:Cu2+
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Abstract

Temperature dependent luminescence and luminescence lifetime measurements are reported for nanocrystalline

ZnS:Cu2+ particles. Based on the variation of the emission wavelength as a function of particle size (between 3.1 and

7.4 nm) and the low quenching temperature (Tq ¼ 135K), the green emission band is assigned to recombination of an

electron in a shallow trap and Cu2+. The reduction in lifetime of the green emission (from 20ms at 4K to 0.5ms at

300K) follows the temperature quenching of the emission. In addition to the green luminescence, a red emission band,

previously only reported for bulk ZnS:Cu2+, is observed. The red emission is assigned to recombination of a deeply

trapped electron and Cu2+. The lifetime of the red emission is longer (about 40 ms at 4K) and the quenching

temperature is higher. r 2002 Elsevier Science B.V. All rights reserved.

PACS: 78.55.et; 78.66.hf
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1. Introduction

The first observation of the luminescence of
ZnS:Cu was in 1866, when a young French
chemist, Th!eodore Sidot, observed that ZnS
crystals grown by a sublimation method exhibited
phosphorescence [1]. From the present knowledge,
one can conclude that these crystals, which were
later called Sidot’s blende, contained a small
quantity of copper that was responsible for the
observed phosphorescence.

After the research of Sidot it became gradually
clear that when ZnS powders are fired in the
presence of a small amount of metallic salt the ZnS
emits light characteristic for the incorporated
impurity. In the 1920s it was established that a
small amount of copper incorporated in ZnS
produces a green luminescence. During the period
from the 1950s to the 1970s the research on the
luminescence of bulk ZnS:Cu expanded. This
material turned out to be a good cathode ray tube
(CRT) phosphor and was applied in for example
oscilloscopes. Besides that, the electrolumines-
cence (EL) of bulk ZnS:Cu has been widely
studied for possible applications in EL devices.

For bulk ZnS:Cu five emissions are observed: a
UV, blue, green, red and IR emission. It is generally
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believed that copper incorporates in ZnS on a Zn2+

site as Cu2+ (3d9). In the tetrahedral crystal field of
the four S2� ligands the 3d9 ground-state splits into
higher lying t2 levels and lower lying e levels (see
Fig. 1) [2]. The observed IR emission (B1450nm)
corresponds to the transition from the t2 level to the
e level [2]. When an electron is excited to the
conduction band, and subsequently trapped by
shallow (delocalised) donor levels, a green lumines-
cence can occur, by recombination at the Cu
impurity (see Fig. 1) [2]. This so-called G-Cu
emission has been studied extensively by Shionoya
and co-workers (e.g., [3]). The red emission (R-Cu)
is assigned to the recombination of an electron from
a deep (localised) donor level (e.g., S2� vacancy) at
the copper site [4].

One should be careful in considering energy
level diagrams as shown in Fig. 1. The picture
suggests that one could expect two emission bands
for recombination from the shallowly or deeply
trapped electron: one for a transition to the e levels
of Cu2+ and one for a transition to the t2 levels of
Cu2+. In several publications this is in fact
suggested [2]. However, the problem of energy
level diagrams like Fig. 1 is that the valence state
of Cu2+ before recombination is included. After
recombination Cu+ (3d10) is formed which has a
non-degenerate 1S0 (1A1) ground state. The green
luminescence arises from the transition from a
high-energy state (trapped electron and Cu2+) to a
lower-energy state (Cu+). The final state is non-
degenerate and thus a single emission band is
expected.

The origin of the blue copper emission (B-Cu) is
not clear. Possibly a centre formed by the spatial

association of a substitutional Cu and an inter-
stitial Cu is involved [3]. The defect related ZnS
emission (also known as the self-activated (SA)
emission), which is also observed for undoped
ZnS, is positioned in the UV/blue.

Lately, the optical properties of doped semi-
conductor nanoparticles have gained much atten-
tion [5–7]. Semiconductor nanoparticles with
dimensions smaller than the bulk exciton show
unique optical properties, which depend strongly
on the size [8–11]. The change of the electronic
structure can be explained by strong confinement
of the charge carriers in all three dimensions.
Besides the size quantisation, surface effects are
also known to influence the optical properties of
these nanoparticles.

Recently, the luminescence of nanocrystalline
ZnS:Cu has been investigated [12–16]. Due to the
large surface to volume ratio of the nanoparticles,
charge carriers can be injected efficiently into these
materials. This could make nanocrystalline semi-
conductors better suited for EL devices than bulk
materials. Prior to application of these materials it
is important to investigate the effects of the particle
size on the luminescence of these materials.

For nanocrystalline ZnS:Cu only a green
luminescence is reported [12–16], while for bulk
ZnS:Cu also UV/blue, red and IR emissions are
observed. The spectral position reported for the
green emission in the papers on nanocrystalline
ZnS:Cu varies from 425 nm [12] to 525 nm [14].
The measurements are limited to room tempera-
ture and the lifetime of the observed luminescence
has not been investigated. This article reports on
the temperature dependence (4K�RT) of the
luminescence of nanocrystalline ZnS:Cu and the
lifetime of the luminescence was investigated as
well. In addition, the influence of the particle size
(band gap), and the synthesis conditions on the
luminescence are studied. For the first time a red
emission is reported for nanocrystalline ZnS:Cu.

2. Experimental

The synthesis route followed to make nanocrys-
talline ZnS:Cu2+ resembles methods, which are
nowadays commonly used for the synthesis of
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Fig. 1. Schematic energy level diagram of ZnS:Cu2+ (see

Ref. [2] for a more detailed overview).
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nanocrystalline II–VI semiconductors. The meth-
od used for the synthesis of nanocrystalline
ZnS:Cu2+ coated with sodiumpolyphosphate
(PP) is very similar to the one we used for the
synthesis of nanocrystalline ZnS:Mn2+ and
ZnS:Pb2+ [7,17]. 10ml 1M Zn(CH3COO)2.2H2O
and 1ml 0.01M Cu(CH3COO)2.H2O were added
to an aqueous solution of 10.2 g Na(PO3)n
(Aldrich, 96%, nB10). The total volume after
the addition was 90ml. After about 10min of
stirring, 10ml of a 1M Na2S.9H2O solution was
injected into the solution. Immediately after the
injection of the Na2S solution a turbid white fluid
was obtained. Then the particles were centrifuged,
rinsed with distilled water and ethanol, and dried
in vacuum (sample A). To increase the particle size
a small amount of sample A was heated in a
nitrogen atmosphere for 10min at 4501C (sample B).
To investigate the influence of the sulphide
concentration used in the synthesis on the lumi-
nescence of nanocrystalline ZnS:Cu2+, sample C
was prepared using 8ml of 1M Na2S.9H2O (S2�

deficiency) and sample D using 13.3ml of 1M
Na2S.9H2O (S2� excess).

X-ray powder diffraction patterns of the nano-
particles were obtained with a Philips PW 1729
X-ray generator with Cu Ka radiation
(l ¼ 1:542 (A). From the line width the particle
diameter was calculated using the Scherrer for-
mula [18]. A Perkin-Elmer Optima-3000 was used
to determine the chemical composition of the
samples by inductively coupled plasma analysis
(ICP). 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 spectrofluorometer model
F2002, equipped with two double grating 0.22m
monochromators (SPEX 1680) and a 450W
Xenon lamp as a excitation source. The emission
was detected with a cooled Hamamatsu R928
photomultiplier. In some cases an ARC Spectro
Pros-300i monochromator and a Princeton In-
struments CCD camera were used to record
emission spectra. The experimental error in both
excitation and emission spectra is smaller than
1 nm (smaller than 0.01 eV in the measured
spectral region).

For lifetime measurements at an excitation
wavelength of 355 nm the third harmonic of a
Quanta Ray Nd:YAG laser was used. The emis-
sion was detected by an ARC Spectro Pros-300i
monochromator and a RCA c31034 photomulti-
plier tube. 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 4.2K to room tem-
perature.

3. Results and discussion

3.1. Characterisation

For the interpretation of the luminescence
spectra it is important to characterise the
ZnS:Cu2+ samples. Here, UV–VIS reflection
spectroscopy, X-ray diffraction and inductively
ICP have been used to study the absorption
characteristics, size, Zn/S ratio and incorporation
of Cu in the ZnS:Cu particles obtained for
different synthesis conditions. In Table 1 the
average particle diameter of samples A–D and
the results of the ICP analysis are shown.

Fig. 2 shows the reflection spectra of samples A,
C and D. These three samples show an absorption
band around 300 nm with a shoulder around
360 nm. In addition, a broad weak absorption
extending from 450 to 700 nm is visible. This broad
absorption band and the shoulder around 360 nm
are absent in undoped nanocrystalline ZnS and
increase with increasing S2� (see Fig. 2) and Cu2+

Table 1

Average particle diameter, molar Zn/S ratio in reaction vessel

and the Zn/S ratio and Cu concentration in the sample

determined by ICP analysis of samples A–D

Sample Diameter

(nm)

Molar Zn/S

ratio reaction

vessel

Molar Zn/S

ratio ICP

Cu

concentration

(at%)

A 4.1 1 1.15 0.123

B 7.4 1 1.13 0.121

C 3.1 1.25 1.36 0.115

D 4.5 0.75 1.03 0.098
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concentration in the reaction vessel. The absorp-
tion around 360 nm is also visible in the excitation
spectrum of the green and red emission from
nanocrystalline ZnS:Cu (see Fig. 3) and is assigned
to a transition involving the Cu2+ ion in the ZnS
nanocrystal. The weak absorption band extending
from 400 to 750 nm is possibly caused by the
formation of small amounts of CuS/Cu2S (black).
The broad band around 300 nm is assigned to host
lattice absorption. Due to quantum size effects this
band has shifted to higher energies compared to
the absorption band of bulk ZnS.

The average particle diameter was calculated
from the XRD pattern of the sample using
Scherrer’s formula [18]. Earlier [17] we have
found that the average particle diameter obtained
from XRD patterns is in good agreement with the
average particle diameter obtained from high-
resolution TEM pictures. The size distribution
obtained with the described preparation method is
normally quite large (FWHM about 50% [17]).
When sample A is subjected to a heat treatment
(10min at 4501C in a nitrogen atmosphere)
the average particle size increases from 4.1 nm
(sample A) to 7.4 nm (sample B). Due to the heat
treatment the colour of the sample changed from
almost white to brown, possibly due to the
formation of a coppersulphide phase at elevated
temperature.

As can be deduced from Table 1 the sulphide
concentration used in the synthesis influences the
average particle size of the ZnS nanoparticles. The
sample made with a deficiency of S2� (sample C)
has the smallest average particle diameter (3.1 nm),
while the sample made with an excess of S2�

(sample D) has an average particle diameter of
4.5 nm. A relation between the particle size and the
Zn/S precursor ratio has been reported before by
Suyver et al. [19]. This increase in the average
particle diameter with increasing sulphide concen-
tration is also observable in the UV–VIS reflec-
tance spectra (see Fig. 2). When the sulphide
concentration increases (yielding a larger average
particle size) the host lattice absorption band
around 300 nm shifts to lower energies due to
quantum size effects.

The results of the ICP analysis (see Table 1)
show that the amount of copper incorporated in
the ZnS nanoparticles is similar for all four
samples. In all cases the amount of copper in the
reaction vessel was 0.1 at% relative to the zinc
concentrations. From the ICP analysis it can be
concluded that the relative amount of copper
incorporated in the nanoparticles is the same
(around 0.1 at% relative to zinc) as was present
in the reaction vessel. Furthermore, from Table 1
it can be deduced that by increasing the molar
Zn/S ratio present in the reaction vessel, the molar
Zn/S ratio inside the nanoparticles increases as
well. However, in all cases the Zn/S ratio inside
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Fig. 2. UV–VIS reflection spectra of nanocrystalline ZnS:Cu

(samples A, C and D).
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Fig. 3. Emission (solid line) and excitation spectrum (dashed

line) of nanocrystalline ZnS:Cu2+ (sample A) measured at 4K.

The solid line represents the emission spectrum measured at an

excitation wavelength of 350 nm. The dashed line represents the

excitation spectrum measured for 470 nm emission.
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the nanoparticles is higher than was initially
present in the reaction vessel.

3.2. Luminescence spectroscopy

In Fig. 3 the excitation and emission spectra of
sample A measured at 4K are depicted. Upon
350 nm excitation a green emission peaking at
470 nm is observed. The excitation spectrum of the
green emission band reveals that this emission can
be most efficiently excited at an excitation
wavelength of 350 nm. From Fig. 3 it is clear that
the green emission can also be excited at an
excitation wavelength of 320 nm (host lattice
absorption). This green emission probably origi-
nates from the recombination of an electron from
a shallow delocalised donor level just below the
conduction band at the Cu2+ impurity [2], similar
to the mechanism proposed for the green Cu
emission in bulk ZnS:Cu2+. Excitation of the
green luminescence can occur by excitation over
the band gap (lexc ¼ 320 nm). Alternatively, local
excitation of an electron of Cu2+ to the conduc-
tion band can also give rise to green emission, as is
evident from the strong excitation band at 355 nm
(see Fig. 3). The assignment of this excitation band
to a local excitation involving Cu2+ is confirmed
by the diffuse reflection spectra (Fig. 2) where
(only) for the Cu doped ZnS samples an absorp-
tion band around 360 nm is observed.

At room temperature a red emission around
600 nm is also visible upon sub-band excitation
(lexc ¼ 345 nm) (see Fig. 4). This red emission is
also reported for bulk ZnS:Cu2+ [4]. For nano-
crystalline ZnS:Cu2+ this emission has never been
observed before. Based on previous publications
on bulk ZnS:Cu2+ [2,4] the red emission is
assigned to a transition between a deep localised
donor level (possibly related to a S2� vacancy) and
the Cu2+ impurity, yielding Cu+, in analogy with
the situation in bulk ZnS:Cu2+ [2].

In Fig. 5 the temperature dependence of the
emission spectrum (lexc ¼ 350 nm) of sample A is
shown. For samples C and D similar results were
obtained. As can be seen in this figure the green
emission quenches with increasing temperature. At
room temperature the green emission has almost
quenched completely and the weak red emission

becomes visible (see Fig. 4). From Fig. 5 it is clear
that the green emission shifts to higher energies
with increasing temperature (shift B0.1 eV be-
tween 4 and 300K). This is in contrast with the
green emission of bulk ZnS:Cu. In bulk ZnS:Cu
the green emission shifts to lower energies with
increasing temperature [3] (shift B14meV). Shio-
noya and co-workers correlated this shift with the
shift of the conduction band to lower energies with
increasing temperature. The shallow traps from
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Fig. 4. Emission (solid line) and excitation spectrum (dashed

line) of nanocrystalline ZnS:Cu (sample A) measured at room

temperature. The solid line represents the emission spectrum

measured at an excitation wavelength of 345 nm. The dashed

line represents the excitation spectrum measured for 600 nm

emission.
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Fig. 5. Temperature dependence of the emission

(lexc ¼ 350 nm) of nanocrystalline ZnS:Cu (Sample A).
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which the green emission originates shift together
with the conduction band to lower energy, which
causes the small red shift of the emission spectrum
for bulk ZnS:Cu. It is not clear why the G-Cu
emission in the ZnS:Cu nanocrystals shifts to the
blue. The temperature dependence of the band gap
is similar for bulk and nanocrystalline semicon-
ductors [19], so a similar red shift would be
expected.

The temperature dependence of the emission
spectra of sample B (heat-treated sample) mea-
sured at 352 nm excitation is depicted in Fig. 6. As
is clear from Fig. 6 the green emission quenches at
lower temperatures than the red emission. This is
consistent with the model proposed for bulk
ZnS:Cu [2] in which the green emission originates
from shallow delocalised traps and the red
emission from deep localised traps. Since the
shallow delocalised traps are situated just below
the conduction band, these traps are thermally
emptied at relative low energies. More energy is
needed to empty the deep traps responsible for the
red emission.

As a consequence the red emission quenches at
much higher temperatures. As far as can be
deduced, the red emission does not shift with
increasing temperature. For the red emission of
bulk ZnS:Cu a blue shift (shift B36meV) was
reported with increasing temperature [3]. This shift
was explained with the configurational co-ordinate

model for a localised luminescence centre.
With increasing temperature higher vibrational
levels of the excited state will be occupied, which
results in a shift of the emission spectrum to higher
energies [3].

The quenching temperature Tq is defined as the
temperature at which the intensity of the emission
has decreased to half of its maximum intensity.
The quenching temperature of the green emission
is E135K for all samples. This temperature is not
dependent on the size of the nanoparticles. The
position of delocalised shallow traps shift together
with the conduction band to lower energies with
increasing particle size. The energy difference
between the shallow traps and the conduction
band will therefore not change by varying the
particle size, and the quenching temperature of the
green emission is the same for all samples.

Since the red emission originates from deep
localised traps it is possible that the quenching of
the red emission is dependent on the particle size.
However, since the green emission is very intense
at low temperatures, the red emission is hardly
observable up till 200K for most samples (except
sample B, see Figs. 5 and 6). It is, therefore, not
possible to determine the quenching temperature
for the red emission as a function of particle size.

By comparing Fig. 5 with Fig. 6 it can be
noticed that due to a heat treatment of sample A
the intensity of the red emission drastically
increases. Shionoya and co-workers [4] proposed
that the red emission involved an S2� vacancy
deep in the band gap and the Cu impurity. The
heat treatment may result in an increase of the S2�

vacancy concentration or lead to an increase of
association of S2� vacancies and Cu2+ ions,
resulting in an increase of the red emission
intensity.

In Fig. 7 the emission and excitation spectra of
samples A–D measured at 4K are plotted on an
energy scale. In Table 2 the average particle sizes
of the samples are shown together with the
maxima of the excitation and emission spectra.

As is clear from Table 2 and Fig. 7 the spectral
positions of both the emission and the excitation
spectrum of the green emission is dependent on
the particle size. With increasing particle size
the spectral position of both the emission and
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Fig. 6. Temperature dependence of the emission (lexc ¼
352nm) of heat-treated nanocrystalline ZnS:Cu (Sample B).
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excitation spectra shift to lower energy. Due to
quantum size effects the conduction band shifts to
lower energy with increasing particle size. The

shallow delocalised traps, from which the green
emission originates, shift together with the con-
duction band to lower energies. Therefore, a red
shift of both the emission and excitation spectrum
with increasing particle size is observed.

Using Eq. (1) the size of the band gap (E) of
samples A–D has been calculated:

E ¼ Eg þ
p2_2

2m0R2

1

m�
e

þ
1

m�
h

 !
�

1:8e2

4pe0eNR
ð1Þ

where R is the radius of the semiconductor
particle, Eg the band gap of the bulk semiconduc-
tor (3.7 eV for ZnS [21]), and m�

e and m�
h are the

effective masses of the electron and the hole,
respectively. The results of the calculations are
shown in Table 2. Due to quantum size effects the
band gap energy increases with decreasing particle
size. As can be concluded from Table 2 the shifts in
the calculated band gap energy with decreasing
particle size are larger than the observed shifts of
the emission and excitation spectra. The shift of
the band gap energy is caused by the shift of the
conduction band to higher energy and the shift of
the valence band to lower energy. Assuming that
the effective mass of the electron in ZnS is 0.25me

[22] and the effective mass of the hole in ZnS is
0.59me [22] the energy shift of the conduction band
is larger than the energy shift of the valence band.
With respect to this the observed shift in the
emission and excitation spectra with decreasing
particle size, is smaller than expected from formula
(1). One reason could be that this formula is
derived for the strong confinement regime [11].
Samples A–D are in the weak confinement regime.
Another possible explanation could be that the
energy of the shallow trap states is less influenced
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Fig. 7. Excitation and emission spectra measured at 4K for

nanocrystalline ZnS:Cu plotted on an energy scale. The solid,

dashed, dotted and dash-dotted line depict the emission and

excitation spectra of samples A, B, C and D, respectively.

(a) Emission spectra (normalised at maximum intensity)

measured for lexc ¼ 350nm. (b) Excitation spectra (normalised

at maximum intensity) measured for lem ¼ 470 nm.

Table 2

Average particle size, band gap energy and the spectral position of the excitation and emission maximum of samples A–D

Sample Average particle

sizea (nm)

Calculated band gap

energyb (eV)

Spectral position excitation

maximum (eV)

Spectral position emission

maximum (eV)

C 3.1 4.64 3.58 2.67

A 4.1 4.24 3.53 2.64

D 4.5 4.12 3.53 2.63

B 7.4 3.84 3.45 2.60

aDetermined from XRD.
bCalculated with Eq. (1).
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by quantum confinement than the conduction
band.

The currently observed shift of the emission
band with decreasing particle size can possibly
explain some of the reported differences in the
spectral position of the green emission. However,
other factors, like other traps (Al3+, Cl�), synth-
esis conditions or overlap with the blue ZnS
related emission band probably also contribute
to these differences.

From Fig. 7(a) it can also be deduced that the
relative intensities of the green and semiconductor
related emission change upon changing the sul-
phide concentration and after the heat treatment.
The ZnS related emission (around 420 nm, 2.9 eV)
of sample C is relatively intense compared with the
G-Cu emission. Since the amount of Cu incorpo-
rated in the nanocrystals is about the same for all
samples, this observation is not due to a smaller
amount of Cu incorporated in the nanoparticles.
The ZnS related SA emission has been proposed to
be related to S2� vacancies. In the case of a Zn/S
ratio larger than 1 the S2� vacancy concentration
will be higher and a stronger defect emission in
the UV/blue is expected. Also for sample B, where
a higher S2� vacancy concentration can be
expected, the SA emission band around 2.9 eV is
visible. Similar results have been reported by
Suyver et al. [20].

3.3. Lifetime measurements

To investigate the origin of the green and red
emission in more detail lifetime measurements
were performed. A typical decay curve measured
for the green emission of sample A is shown in
Fig. 8. The tails of the decay curves were fitted to a
single exponential decay function. In Fig. 9 the
lifetime of the green emission of sample A is
plotted as a function of temperature. The intensity
of the green emission of sample A as a function of
temperature is shown as well. For the other
samples similar results were obtained. Going from
4K to room temperature the lifetime of the green
emission decreases form 20 to 0.5 ms. The tem-
perature dependence of the lifetime of the green
emission is the same as the temperature depen-
dence of the intensity of the green emission. This

behaviour is typical for the situation where the
lifetime is shortened by a faster non-radiative
decay from the excited state at higher tempera-
tures.

In the present situation the emission intensity
and the emission lifetime are reduced by the
thermal excitation of electrons from the shallow
traps to the conduction band. The quenching
temperature of the lifetime is not influenced by the
particle size, since for all samples the quenching
temperature is the same. This is in line with the
idea that the shallow traps shift to higher energy
together with the conduction band as the particle
size decreases. Charge carriers trapped in shallow
traps are still delocalised. The spatial extension of
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the trapped charge carriers depends on the trap
depth. Deeper trapping corresponds to stronger
localisation of the trapped charge carriers. Due to
the delocalised nature of the shallowly trapped
charge carriers also the energy of the traps shifts as
the charge carriers experience confinement due to
the size of the nanocrystals. This shift will be
smaller as the trap depth increases. For deeply
trapped charge carriers the energy depends only on
the local surroundings and no shift as a function of
particle size is expected.

Since the red emission of samples A, C and D is
very weak relative to the intensity of the green
emission at low temperatures it was not possible to
measure the lifetimes of the red emission as a
function of temperature for these samples. For
sample B the red emission is relatively strong (see
Fig. 6).

In Fig. 10 a typical decay curve measured for the
red emission of sample B is shown. The decay
curves measured at 600 nm have a fast component
that most probably originates from the tail of the
green emission and a slower component, which is
due to the decay of the red emission.

Fig. 11 shows the lifetimes of the red emission
(slow component) as a function of temperature. At
low temperatures, the lifetime of the red emission
is about 40 ms, close to the value reported for the
red emission in bulk ZnS:Cu2+ (B50 ms [23]). As is
clear form Fig. 11 both the lifetime and the
intensity of the red emission decrease at rather

high temperatures (>200K). This is consistent
with the model in which it is assumed that the red
emission originates from deep localised traps.

4. Conclusions

Luminescence measurements on nanocrystalline
ZnS:Cu2+ particles as a function of particle
size and temperature indicate that the green
emission from these particles is due to recombina-
tion of a shallowly trapped electron and Cu2+.
The emission shifts to slightly higher energies in
the smaller particles due to quantum size effects
experienced by the delocalised shallowly trapped
electrons. The quenching temperature for the
emission is about 135K. Temperature quenching
is accompanied by a decrease in the emission
lifetime from 20 ms at 4K to 0.5 ms at 300K. In
addition, a red emission band is observed which is
assigned to recombination of a deeply trapped
electron and Cu2+. The red emission is charac-
terised by a longer lifetime (40 ms at 4K) and a
higher quenching temperature. The intensity of the
red emission band is strongly dependent on the
synthesis procedure.
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