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A B S T R A C T   

This study assessed the effect of heat treatment on the spectroscopic properties of borosilicate glasses doped with 
ZnSe quantum dots (QDs) and co-doped with Er3+/ZnSe. The gradual growth of ZnSe QDs upon heat treatment 
was probed by TEM. The emission intensity of ZnSe-doped glasses rapidly increased up to 20 h of heat treatment 
because of the formation and development of ZnSe QDs, then gradually decreased due to the rise in non-radiative 
loss between the enlarged particles. With increasing number of ZnSe QDs, the energy transfer from QDs to Er3+

ions became prominent in Er3+/ZnSe-co-doped glasses, showing enhanced emission up to 20 h of heat treatment. 
The excited state 4S3/2 lifetime values, increased with heat treatment, whereas an opposite trend was observed 
for the lifetime values of state 4I13/2, indicating a possible participation of the ZnSe QDs in facilitating the energy 
migration mechanism through the 4I13/2 level, followed by non-radiative decay.   

1. Introduction 

Semiconductor quantum dots (QDs) with sizes comparable to the 
Bohr exciton radius show unique size-dependent optical properties due 
to quantum confinement effects, drawing significant research interest 
over the past two decades [1–3]. The downsizing of the particles causes 
the discretization of the energy levels. Depending on the size of the QDs, 
the semiconductor bandgap differs, allowing tunable optical properties 
[4–7]. Especially, the II-VI semiconductors (CdS, ZnS, ZnTe, CdSe, ZnSe, 
etc.), within the size range of 1–100 nm, show intense response to the 
size-dependent properties [8]. Zinc selenide was one of the first 
discovered II-VI semiconductors with wide-bandgap which has become 
a very important electronic and optoelectronic material, with eminent 
applications in nonlinear optical devices like lasers, light-emitting di
odes (LEDs), flat-panel displays, transistors, logic gates, etc. Recently, 
ZnSe nanostructures have attracted much interest for its promising ap
plications in both fundamental physical research and in the fabrication 
of nanoscale electronic and optoelectronic devices [9]. 

The synthesis and spectroscopic characterization of ZnSe QDs have 
been reported by several authors [10–16]. These QDs exhibit a broad
band red emission originating from size-related electron-hole recombi
nation and emissions from defects to traps resulting from Se and Zn 

vacancies [10–16]. Co-doping of semiconductor and rare earth in 
different glass matrices has also been described in the existing literature. 
For instance, the spectroscopic investigation of Eu3+ ions in silica glasses 
embedded with CdSe nanocrystals showed that the CdSe nanocrystals 
instigate an intensity enhancement of Eu3+ emissions through energy 
transfer [17]. Enhancement in Eu3+ emissions were also witnessed by a 
similar kind of energy transfer from ZnO QDs [18] or ZnSe nanocrystals 
embedded in SiO2 glass [19], as well as in the presence of ZnO, SnO2 
[20] and ZnSe nanocrystals in silica hosts [19]. Almost identical 
mechanisms of energy transfer have been observed for CdS/Nd3+ [21], 
CdS/Er3+ [22,23], ZnSe/Er3+ [24] and CdS/Eu3+ [25] co-doped 
systems. 

Given the above and in search for the evolution of new materials with 
enhanced luminescent properties, we recently reported the synthesis 
and spectroscopic characterization of borosilicate glasses co-doped with 
different concentrations of Er3+ and ZnSe, which revealed a significant 
enhancement in Er3+ emissions due to effective energy transfer from 
ZnSe QDs to Er3+ ions [24]. In the present study, we investigated the 
effect of an optimized thermal treatment protocol on the energy transfer 
process in these previously Er3+ doped and Er3+/ZnSe co-doped glasses. 
The sizes of the ZnSe QDs in the glasses with different ZnSe concentra
tions were probed as a function of heat treatment duration. 
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Morphological studies were conducted by microscopic techniques like 
transmission electron microscopy (TEM) and energy dispersive X-Ray 
(EDX) measurements. Spectroscopic characterization was carried out by 
UV–Vis absorption and photoluminescence (PL) spectroscopy analyses. 

2. Experimental procedure 

2.1. Preparation 

Borosilicate glasses with base composition 42SiO2–30B2O3–20BaO- 
4K2O-4Al2O3 were prepared by a conventional one-step melt-quenching 
technique, in a 60 g batch. This composition was chosen based on our 
previous studies that showed it to be an excellent host for ZnSe and 
ZnSe/Er3+ doping [24]. The raw materials used in the synthesis, as well 
as melting and annealing procedure are described in our previous work 
[24]. The compositions of all samples are shown in Table 1. ZnSe and 
Er2O3 were added in excess. 

2.2. Characterization 

Microstructures were investigated by TEM and EDX on a SEM XL30 
FEG microscope. XRD measurements of the powders was executed with 
a Rigaku Ultima IV diffractometer using Cu-Kα radiation in the interval 
of 2θ = 10–80◦, with a step of 0.1◦ and 1 s counting time. For the 
investigation of spectroscopic properties, each sample was cut into 
sections with the same dimensions (15 mm Х 15 mm Х 5 mm) and 
polished. The absorption spectra was recorded with a UV–Vis-NIR 
spectrophotometer (Perkin-Elmer Lambda 950). The excitation and 
emission spectra were collected on a spectrofluorometer (HORIBA Jobin 
Yvon, model Fluorolog FL3–221), equipped with a CW xenon flash lamp 
and a photomultiplier detector (HORIBA, PPD-850). The excitation 
wavelength selection from the broadband lamp emission was achieved 
by optical gratings. Regarding the discussions based on relative PL in
tensity, we emphasize that since the intensity scales of commercial 
equipments are usually not calibrated, we are only referring to trends 
and not making quantitative strict comparisons. In order to do so, be
sides assuring that all the samples had the same dimensions, they were 
placed and measured in the same positions, to the best of our experi
mental control. 

2.3. Heat treatment 

The glass containing 0.6 wt% ZnSe was subjected to differential 
scanning calorimetry (DSC) on a DSC-Netzsch 404 equipment. The glass 
transition temperature (Tg) was found at ~600 ◦C [24]. All the glasses 
were heat treated at 650 ◦C. To confirm the uniformity of the results, the 
same glass samples were heat treated for accumulative times, from 10 
min to 60 h. Then, they were placed in the spectrofluorometer, for each 
measurement, at the exact same position. Fig. 1 shows the photographs 
of some as-prepared and heat-treated glasses. All the heat-treated glasses 
maintain their transparency during the whole course of the experiments 
i.e. up to 60 h of heat treatment. The ZnSe-doped glasses get darker with 
heat treatment indicating generation of an increasing number of ZnSe 

QDs. 

3. Results and discussion 

3.1. X-ray diffraction 

X-ray diffraction analysis was conducted for all the as-prepared and 
heat-treated samples. Fig. 2 shows, representative XRD patterns of the 
heat-treated glasses. The halo between 2θ = 20◦-35◦ in all the patterns, 
and the absence of any distinguishable peaks, evidences the amorphous 
nature of the samples. In other words, none of the glass samples exhibit 
any sign of crystallization, even after being subjected to the longest heat 
treatment time. 

3.2. Transmission electron microscopy (TEM) 

3.2.1. ZnSe06 sample 
Fig. 3(a) and (b) show the TEM images of the as-prepared ZnSe06 

sample. Small particles (average size < 10 nm) can be clearly seen 
distributed over the glass matrix; however, very few particles with 
smaller average size (< 2 nm) are observed. All the particles seem to be 
spherical in shape. Fig. 3(c) and (d) show the transmission electron 
microscopy images of ZnSe06 sample heat treated for 40 h at the same 
temperature, with relatively larger particles, in the 30–50 nm size range. 
Fig. 3(e) and (f) show the TEM images of an additional ZnSe06 sample 
heat treated for 60 h. As expected, the particles have grown larger than 
those observed after 40 h of heat treatment, with an average size higher 
than 100 nm. The particle shown in Fig. 3(f) is ~300 nm in diameter. 
Both smaller (~100 nm) and larger (~300 nm) particles can be 
observed. 

EDX analysis was also conducted for all the heat-treated samples. 
Fig. 4 shows the EDX spectrum of a selected area (inset) of the ZnSe06 
sample, heat treated at 650 ◦C for 60 h. As evident, it proves the exis
tence of both Zn and Se in the sample. The weight percentages of all the 
constituent elements are shown in Table 2. Presence of Zn and Se in 
significant amount, is a solid evidence that the particles are constituted 
of ZnSe QDs. 

3.2.2. Co-doped Er15_ZnSe06 sample 
Fig. 5 shows the TEM images of the E15_ZnSe06 co-doped sample 

heat treated for 20, 40 and 60 h at 650 ◦C. After 20 h of heat treatment, 
minute particles (mean size <10 nm) are observed, as shown in Fig. 5(a) 
and (b). After 40 h, both smaller and larger particles, in the range of 
20–60 nm, can be seen, as shown in Fig. 5(c) and (d). In addition, the 
number of particles is visibly greater, suggesting that new particles are 
formed and the previously existing ones grow larger with prolonged heat 
treatment, resulting in a wide size distribution. The same phenomenon 
was observed after 60 h of heat treatment, as shown in Fig. 5(e) and (f). 
A large number of particles in a wide size range (10–100 nm) can be 
observed, forming an agglomerate. 

EDX spectra have been measured for each sample to determine the 
chemical composition of the particles. All of them show practically the 
same result, confirming that the particles constitute of ZnSe. Fig. 6 
shows representative EDX spectra of a selected area (inset) of the 40 h 
heat treated E15_ZnSe06 sample. The EDX quantitative analysis of the 
selected area is shown in Table 3. 

3.3. Absorption spectra of heat-treated samples 

Very small particles were detected by TEM in the ZnSe06 sample, as 
shown in Fig. 3(a) and (b). These particles become larger with increasing 
heat treatment duration: from ≤ 10 nm in the as-prepared glasses to 
30–50 nm after 40 h and >100 nm after 60 h of heat treatment, Fig. 3 (c- 
f). The effect of this enlargement was observed in the UV–Vis absorption 
spectra, as shown in Fig. 7(a). Broad absorption bands, observed around 
367, 498 and 760 nm, indicate the presence of ZnSe quantum dots of 

Table 1 
Composition and resulting color of the prepared glasses.  

Sample 
no. 

Sample ID ZnSe content (wt 
%, in excess) 

Er2O3 content (wt 
%, in excess) 

Color 

1 ZnSe06 0.6 – Brown 
2 ZnSe08 0.8 – Brown 
3 ZnSe10 1.0 – Brown 
4 Er15 – 1.5 Pink 
5 Er15_ZnSe06 0.6 1.5 Purple 
6 Er15_ZnSe08 0.8 1.5 Purple 
7 Er15_ZnSe010 1.0 1.5 Purple 

Base glass composition: 42SiO2–30B2O3–20BaO-4K2O-4Al2O3. 
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different sizes. The band at 367 nm is the most prominent one and in
dicates that most of the ZnSe QDs generated in the glass, are of smaller 
sizes [8,16,24,26,27]. The other lower intensity bands at higher wave
lengths, indicate the formation of fewer QDs of larger sizes. The 
broadness and intensities of all the bands rise slightly with increasing 
heat treatment duration because of the formation of new ZnSe QDs as 
well as the growth of already existing QDs [24,26,27]. All other 
ZnSe-doped glasses show the same behavior upon heat treatment. 

A similar absorption variation trend was observed in the case of 
Er3+/ZnSe co-doped glasses. Fig. 7(b) shows the UV–Vis absorption 
spectra of the E15_ZnSe06 sample heat treated at 650 ◦C for different 
times. The absorption spectra exhibit the signatures of both the optically 
active ingredients present in the glass – ZnSe QDs and Er3+ ions. For 
example, both the absorption bands from Er3+ and ZnSe overlap with 
each other around 500 nm. Around 360–380 nm, the sharp absorption 
peaks of Er3+ at 377 nm are quite distinguishable, accompanied by the 
broad band of ZnSe. Quite predictably, this broad bands gets more and 
more prominent with increasing ZnSe content. All the other co-doped 
samples display the same absorption features. 

Fig 1. Examples of some as prepared and heat-treated glasses.  

Fig 2. Representative XRD patterns of heat-treated samples.  
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Fig 3. TEM images of the as-prepared ZnSe06 glass sample: (a) and (b), and the ZnSe06 sample heat treated at 650 ◦C for (c) 20 h, (d) 40 h, and (e) and (f) 60 h.  
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3.4. Emission spectra of heat-treated samples 

3.4.1. Heat treated ZnSe-doped glasses 
The effect of heat treatment at 650 ◦C for several time durations (10 

min to 60 h) on the PL emission of ZnSe06 samples was analyzed. Fig. 8 
(a) shows the resulting PL emission spectra upon excitation at 367 nm. 
The variation trend is the same for excitation at 498 nm (Fig. S1 in the 
Supplementary Material). In both cases, characteristic broad emission 
band peaks are observed around 700 nm. The appearance of the broad 
multiple-band structure can be attributed to the overlapping emissions 
from the ZnSe QDs (originating from electron-hole recombination) and 
transitions from defect states to trap states (originating from Se and Zn 
vacancies) [8,16,24]. Bright red luminescence was observed in all 
heat-treated samples. Intensity varied considerably with the duration of 
heat treatment. 

Fig. 9(a) shows the variation of maximum PL intensity at 367 nm 
with respect to heat treatment duration. The PL intensity shows an 
initial sharp increase up to 1 h of heat-treatment, followed by a smoother 
increase up to 20 h, and then a steady decrease. The initial sharp 
emission intensity increase is attributed to the formation of new ZnSe 
NPs, as well as to the growth of the previously existing NPs over the heat 
treatment. Formation of new particles in a glass matrix while heat 
treated above the glass transition temperature is a well-known phe
nomenon. In this glass, minute ZnSe QDs begin to form at elevated 
temperature during the heat treatment. These small QDs contribute to 
the overall PL emission of the glass, leading to the steep increase in PL 
intensity up to a certain heat treatment time (2 h in this case). After that, 
the rate of formation of ZnSe QDs slows down and the existing particles 
continue to grow, which leads to a slow increase in PL intensity. Even
tually, it reaches a maximum level where the enhancement effect of the 
QDs emission is at its maximum (20 h for this sample). After that, 
crowding of the glass matrix with larger QDs results in decreased inter- 
particle distance and the overall emission intensity decreases due to 
increased non-radiative relaxation among the ZnSe QDs, leading to 
reduced radiative emission intensity. 

As an expected effect of the QDs growth, the peak of the broad 
emission band shows a gradual red-shift with increasing duration of heat 
treatment (Fig. 9(b)). For shorter heat treatment times, the change in 
peak position is sharp, whereas it shows a gradual and almost linear red 
shift of the peak after 10 h of heat treatment. This shift depends on the 
QDs growth dynamics in a similar way to what is observed in Fig. 9(a). 
Increasing heat treatment duration leads to, first, an elevated rate of 
precipitation accompanied and followed by an enlargement of the dots. 
The increase in particle size leads to a gradual decrease of the energy gap 
between the valence band (VB) and the conduction band (CB) which 
explains the red shift of the peak position. The same behavior of PL 
intensity and peak positions was observed for heat-treated glasses 
excited at 498 nm, as shown in Fig. S2 (a) and (b). 

The glasses with different ZnSe content (0.8 and 1.0 wt%, in excess) 
showed a similar trend of PL intensity variation when undergoing the 
same heat treatment. Fig. 10(a) and (b) show the variation of maximum 
PL intensity of the 700 nm band in the ZnSe-doped glasses with heat 
treatment duration. The rate of PL enhancement changed proportionally 
to ZnSe content. The highest PL enhancement was observed for the 
sample with the largest ZnSe content (1.0 wt%), given the larger number 
of ZnSe QDs formed at the beginning of heat treatment. The larger the 
number of smaller ZnSe particles, the greater the contribution to the 
overall emission. The saturation point appears around the same heat 
treatment duration (20 h) for all the samples. For the ZnSe10 sample 
excited at 367 nm, the enhancement from 10 to 20 h is notably lower 
than those for the other samples, probably due to the higher concen
tration of ZnSe, which attains the favorable size and number of QDs 
earlier than for the other samples. Similar trends in PL intensity and 
energy shifting have been previously reported for glasses doped with 
ZnSe [16] and other II-VI semiconductor dots as CdSe [28] and CdS [29, 
30]. 

3.4.2. Er3+/ZnSe co-doped glasses 

3.4.2.1. Emission spectra in the visible region. The PL spectra of heat- 
treated co-doped glasses at 377 nm excitation present both the charac
teristic emission bands of Er3+ (at 546 nm, 4S3/2 → 4I15/2 transition) and 
ZnSe (broadband centered at ~ 700 nm), as shown in Fig. 11. Fig. 11(a) 
shows the PL spectra of the Er15_ZnSe06 sample heat treated at 650 ◦C 
for different times. The emission spectra of all the co-doped glasses 
present similar variation trend (Fig. S3). In Fig. 11(b) it is clearly noted 
that for all the co-doped samples, the Er3+ emission in the green (546 
nm) presents higher intensity than for the Er15 sample doped only with 
Er3+. The reason for that lies in the presence of QD → Er3+ energy 
transfer, as previously reported by us and other authors [18–24]. In our 
previous work [24], a spectroscopic study has been carried out on the 

Fig. 4. EDX spectra of a selected area (inset) of the ZnSe06 sample heat treated at 650 ◦C for 60 h.  

Table 2 
EDX quantitative analysis of a selected area [as shown in Fig. 4] of the ZnSe06 
sample heat treated at 650 ◦C for 20 h.  

Element Weight% Atomic% Uncert.% 

O(K) 56.23 77.57 0.53 
Al(K) 6.49 5.31 0.13 
Si(K) 17.66 13.83 0.20 
Zn(K) 0.41 0.12 0.03 
Se(K) 0.49 0.13 0.03 
Ba(K) 18.96 3.04 0.48  
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Fig. 5. TEM images of the E15_ZnSe06 sample heat treated at 650 ◦C (a) and (b) 20 h, (c) and (d) 40 h, and (e) and (f) 60 h.  
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Er3+/ZnSe co-doped glasses. Several evidences of energy transfer from 
excitation and emission spectra, have been explained in detail. The 
mechanism of energy transfer has also been previously described [24]. 
The spectral intensity variation in the green region in both parts (a) and 
(b) clearly shows that the effect of the energy transfer is favored by 
increasing the heat treatment of the co-doped samples from 0 to 20 h, 
given the increasing growth of QDs. However, for heat treatment times 
higher than 30 h, a progressive decrease in the green emission is 
observed. As a hypothesis, we argue that the larger sized QDs formed at 
these conditions undergo prominent non-radiative energy decay (radi
ation damping effect [21–23]), thus contributing less to the transfer to 
Er3+. The assumption is corroborated by the similar intensity trend of 
the red emission (~700 nm) of the ZnSe QDs for both cases, of 

ZnSe-doped glasses (Figs. 9 and 10), and for co-doped glasses (Fig. 11 
(a)). In this last case, we assume that the intensity variation between the 
non-heated sample and the one heat treated at 10 h, is practically the 
same, within experimental error. 

When comparing the Er3+ green emission intensity trends among the 
different co-doped samples, subjected to the same heat treatment con
ditions (Fig. 11(b)) similar trends are seen. There is clear indication that 
the heat treatment time of 20 h, among those investigated, is indeed the 
optimum condition to prepare glasses with increased Er3+ and ZnSe QDs 
emissions. It is also observed that the rate of PL intensity decrease is 
much higher in the Er15_ZnSe10 glass containing the highest concen
tration of ZnSe. This is also expected as the radiation damping effect is 
more pronounced after reaching the maximum PL intensity. 

3.4.2.2. Emissions in the IR region. The emission of the glasses were also 
measured in the IR spectral range upon 377 nm excitation. The intensity 
variation trend was the same as that observed in the visible region, as 
shown in Fig. 12. Fig 12(b) shows the variation in PL intensity of the 
Er15_ZnSe06 sample for different heat treatment durations. All the other 
co-doped glasses show a similar variation (Fig S4). The PL intensities 
reach their maximum after 20 h of heat treatment and the observed PL 
enhancement rises with the increase in ZnSe content. Maximum 
enhancement was observed for the glass with 1.0 wt% ZnSe after 20 h of 
heat treatment, both in the green and IR emissions. A maximum 5-fold 
intensity enhancement was observed for the Er15_ZnSe10 sample at 

Fig 6. EDX spectra of a specific area (inset) of the E15_ZnSe06 sample heat treated for 40 h at 650 ◦C.  

Table 3 
EDX quantitative analysis of a specific area [Fig 6, inset] of E15_ZnSe06 heat- 
treated for 40hs at 650 ◦C.  

Element Weight% Atomic% Uncert.% 

O(K) 61.22 78.94 1.58 
Si(K) 25.03 18.38 0.72 
Al (K) 1.12 0.72 0.17 
Zn(K) 0.13 0.04 0.20 
Se(K) 0.27 0.07 0.28 
Ba(K) 12.21 1.83 2.74  

Fig. 7. UV–Vis absorption spectra of (a) ZnSe06 sample and (b) E15_ZnSe sample heat-treated at indicated times at 650 ◦C.  
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1533 nm (4I13/2 → 4I15/2 transition), while the 546 nm emission 
enhanced 2.5-fold. 

3.5. Fluorescence lifetimes 

For heat-treated Er3+/ZnSe co-doped glasses, the fluorescence life
times were estimated by monitoring the emissions at 550 and 1533 nm, 
upon excitation at 377 nm. Fig. 13(a) and (b) show the variation in 
lifetime values, as a function of heat treatment duration. For the emis
sion at 550 nm, the lifetime values of the emitting level 4S3/2 increase 
with heat treatment. This effect is not due to an intrinsic increase of Er3+

emission probability but, rather, due to the increased energy transfer 
probability from the ZnSe QDs, as previously discussed. The energy 
transfer thus constitutes an additional excitation channel to Er3+ ions 
leading to an apparent (measurable) increase in lifetime values. On the 
contrary, the variation of lifetime values in the infrared (4I13/2 level) 
goes in the opposite direction, that is, with increasing ZnSe content and 
heat treatment times, there is a slight decrease (10–15%) in lifetime 
values. Because at this Er3+doping concentration (1.5 wt%) the emitting 
level 4I13/2 is prone to energy migration followed by non-radiative en
ergy loss to defects, it can be reasonably argued that the presence of the 
ZnSe QDs might play a role in facilitating the migration in co-doped 
samples, as compared to the singly doped Er15 sample. However, 
proof of this hypothesis can only be given through a dedicated study that 
should include the measurement of lifetimes of ZnSe QDs in the co- 

Fig. 8. PL emission spectra at 367 nm excitation, of ZnSe06 sample heat- 
treated at increasing periods of time. 

Fig. 9. Variation of (a) maximum PL intensity at peak position and (b) peak position of ZnSe06 at 367 nm excitation, both with heat treatment duration.  

Fig. 10. Maximum PL intensity around 700 nm, for glasses containing different concentrations of ZnSe, as a function of heat-treatment duration, excited at (a) λexc=

367 nm and (b) λexc= 498 nm. 
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doped and singly doped samples, and possibly transient absorption 
measurements. Unfortunately, we were not able to measure the ZnSe 
QDs lifetimes, due to equipment (timespan) limitations. Because this 

fact does not absolutely invalidate the results and discussions presented 
in this contribution, we plan to conduct a further, future investigation in 
that direction. 

Fig. 11. (a) PL emission spectra of the Er15_ZnSe06 sample excited at 377 nm for indicated heat-treatment durations at 650 ◦C and (b) PL intensity for Er3+-doped 
and Er3+/ZnSe co-doped glasses at 546 nm with heat treatment duration. 

Fig. 12. (a) PL emission spectra of Er15_ZnSe06 in the IR region at 377 nm excitation as a function of indicated heat-treatment duration and (b) PL intensity of the 
Er3+-doped and Er3+/ZnSe co-doped glasses at 1533 nm with varying heat-treatment duration. 

Fig. 13. Fluorescence lifetimes of Er3+-doped and Er3+/ZnSe co-doped glasses containing different concentrations of ZnSe for (a) emission at 550 nm and (b) at 1533 
nm with heat treatment duration. 
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4. Conclusions 

ZnSe-doped and Er3+/ZnSe co-doped borosilicate glasses were heat 
treated for different times up to 60 h at 650 ◦C to investigate their optical 
and spectroscopic properties, especially with respect to QD → Er3+ en
ergy transfer, leading to Er3+ emission intensity increase. XRD patterns 
revealed that the glasses do not crystallize within the experimental 
range of heat treatment. TEM and EDX studies confirmed the formation 
of ZnSe QDs of size range <10 nm in the as-prepared glasses, which 
formed during the glass preparation steps. With increasing heat treat
ment duration, enlargement of previously existing QDs and generation 
of new QDs were observed. The steady broadening of the absorption 
bands emerging from ZnSe also confirmed the enlargement of the QDs 
with heat treatment. PL emission from ZnSe-doped glasses rapidly 
increased up to 20 h of heat treatment because of the generation and 
growth of QDs, and then gradually decreased as a result of the rise in 
non-radiative loss between the enlarged particles. As a consequence of 
the enlargement of ZnSe QDs, effective band gap decrease led to the red 
shift of the particles’ emission peaked around 700 nm. Er3+/ZnSe co- 
doped glasses showed the same variation trend in PL intensities as 
observed in ZnSe-doped glasses. With the increasing number of ZnSe 
QDs, the energy transfers from ZnSe to Er3+ ions (proved and explained 
in details earlier in our previous work [24]) became more prominent, 
resulting in enhanced emission for samples heat-treated up to 20 h. For 
higher heat treatment times, further growth of ZnSe QDs results in 
decreased PL intensity. These observations apply to both the visible and 
near-infrared emissions of Er3+. Maximum enhancement (5-fold) of the 
1530 nm emission was observed for the sample with highest ZnSe con
centration (1 wt%) while the emission at 546 nm showed a 2.5-fold 
intensity increase. Fluorescence lifetime values were measured for the 
4S3/2 and 3I13/2 levels of Er3+ in the visible and near-infrared. In the case 
of the visible emission, an apparent increase of the values corroborates 
the energy transfer from ZnSe QDs. However, in the case of the 1530 nm 
emission, a decrease of lifetime values suggests that the QDs might be 
acting as mediators in favoring energy migration among Er3+ ions, fol
lowed by non-radiative deactivation in lattice defects. 
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