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In recent years, the development of an environmentally friendly quantum dots (QDs) embedded lumi-
nous solid by a simple method has attracted considerable attention. In this study, semiconductor ZnS QDs
were successfully prepared in an inorganic matrix of amorphous glass, which yielded beneficial broad-
band emission in the long-wavelength region of the visible range. The strong red emission belonged
to the defect state energy level of the ZnS QDs, which could be enhanced by incorporation of nickel ions

into the fixed matrix to regulate the defects state. The novel material had a small self-absorption, wide
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excitation and emission ranges, and thus potential applications in light-conversion devices, luminescent

solar concentrators, and solar cell cover glasses.

© 2022 The Authors. Published by Elsevier B.V. on behalf of The Chinese Ceramic Society. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Owing to their incredible size effect, semiconductor QDs exhibit
excellent optoelectronic properties in the application of displays,
light-emitting diodes, lasers, and luminescent solar concentrators,
and have become one of the most actively investigated materials in
recent decades [1—8]. Various high-quality semiconductor QDs
such as IIB-VIA (ZnS, ZnSe, ZnTe, CdS, CdSe, CdTe, etc.), [VB-VIA (PbS,
PbSe, PbTe, etc.), and halide perovskite (CsPbBrs, etc.) QDs have
been successfully synthesized [9—13]. Continuous theoretical and
experimental studies led to unprecedented developments in
semiconductor QD materials, from synthesis to performance
enhancement [4,7,14—17]. However, most colloidal QDs synthe-
sized by the wet chemical method are unstable and sensitive to the
atmospheric environment [5,12,18]. Inorganic amorphous glasses
can be easily processed and have been proved to possess good

* Corresponding author.
** Corresponding author.
E-mail addresses: huangfeifei@cjlu.edu.cn (F. Huang), shigingxu@cjlu.edu.cn
(S. Xu).
Peer review under responsibility of The Chinese Ceramic Society.

https://doi.org/10.1016/j.jmat.2022.10.001

optical properties [19,20]. Furthermore, the high density and uni-
form composition can protect the QDs from the surrounding
environment [12]. The aggregation or dissolution of QD particles
can be prevented in glass hosts. In addition, the size and distribu-
tion of the embedded QDs can be effectively controlled [21].
Compared to inorganic amorphous glass, host materials such as
polymers and sol-gel films are chemically and mechanically un-
stable, and their applications in optoelectronic devices are subject
to certain restrictions [12,18]. Therefore, QD glasses can fully utilize
the advantages of QDs and inorganic amorphous glass, which are
well promising optical materials.

As a specific type of glass ceramics that do not participate in the
crystallization of the network formers [22], the QD glasses embedded
with semiconductor QDs of group II-VI and IV-VI elements and
perovskite QDs prepared by the co-melting heat treatment method
have attracted considerable interest [12,18,21,23]. The luminescence
properties of QDs embedded in inorganic glass, including the spectral
range and luminous intensity, are generally similar to those of the
corresponding colloidal QDs [12,24]. However, almost all main com-
ponents of the QD glasses with high performances that are currently
developed contain heavy metal elements such as Cd or Pb, which are
harmful to the human body and are not environment-friendly [12].
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Although Cd chalcogenide, Pb chalcogenide, and Pb-halide perovskite
nanocrystals embedded glasses have been considered as a promising
materials in recent years, they are still not suitable for large-scale
applications because of the toxicity of Pb and Cd elements [18].
Therefore, non-toxicity or low-toxicity environmentally friendly QD
glasses with simple preparations and stable performances are
required. As a typical [I-VI group semiconductor material, ZnS exhibits
a wide direct optical bandgap with a large exciton binding energy in
the bulk at room temperature and is used as the shell structure of
core-shell QDs [4,25]. However, the radiative transition of bare ZnS is
limited within the blue-light region of the electromagnetic spectrum,
which restricts its further application [ 12]. Doping with activated ions
(such as rare earth and transition metal ions) can effectively control
the photoelectromagnetic properties of QDs and broaden the appli-
cation range of QDs, which has been extensively investigated for the
synthesis and optical applications of colloidal QDs [26—31]. Transition
metal elements (such as Cr, Mn, Co, Ni, Cu) exhibit abundant spectral
characteristics in the visible to infrared range [32—38], and their ionic
radii are similar to that of zinc. It is significant to investigate co-doping
of these optical ions with low-toxicity ZnS in the glass to control and
obtain QD glasses with specific optical properties. However, the
number of valence states of elements such as Cr, Mn, Co, and Cu is
more complex and they are difficult to control [39], while nickel ions
have relatively stable valence states and radii closer to those of zinc
ions. Thus, they are ideal dopants to adjust the optical properties of
the ZnS QD glass. However, ZnS contains S>~ which is easily oxidized
during the high-temperature melting of the glass, which hinders the
precipitation ZnS in the glass [40]. Therefore, studies on nickel ions
introduced into the ZnS QD glass as dopants to adjust their optical
properties are temporary vacancy and need to be investigated.

In this study, we prepared and analyzed an environment-
friendly ZnS QD-embedded glass. The proper optical basicity of
the glass host components ensures the precipitation conditions of
the ZnS QDs from the amorphous environment, which can be
prepared by the convenient co-melting method. Co-doping with
nickel ions promotes the precipitation and growth of ZnS QDs and
further leads to an increased and more stable defect-state energy
level, thereby providing an enhanced and stable broadband red
fluorescence emission.

2. Experimental

All the raw materials are mixed uniformly in an agate mortar
and then placed in a corundum crucible, and melted in a resistance
furnace at 1400 °C for 40 min. The obtained melt is quenched and
pressed on a preheating plate and then annealed or heat-treated in
an annealing furnace to obtain the initial samples. For the structure
and properties related to testing, the initial sample required other
appropriate cutting, grinding, or polishing processes.

X-ray diffraction (XRD) measurements were performed on the
samples using a D/MAX2550pc diffractometer (Rigaku International
Co., Japan) and Cu K, as the incident radiation source to obtain
information on the structural analysis. To obtain the microstructure
information of the samples, the scanning transmission electron
microscopy (STEM) was measured using Tecnai G2 F20 (FEI, USA)
high-resolution transmission electron microscope (HRTEM), oper-
ating at 200 kV with the current on specimen ~50 pA. The optical
absorption spectra were recorded on a Hitachi U-4100 ultra-
violet—visible—near-infrared (UV-VIS—NIR) spectrophotometer.
The photoluminescence (PL) emission spectra, PL excitation spectra,
PL quantum yields (PLQYs), and luminescence lifetime measure-
ments were performed on an FLSP920 spectrometer (Edinburgh
Instrument Ltd., Livingston, UK) equipped with a Xe-lamp and ps
flash lamp as excitation sources.
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3. Results and discussion

This glass system containing three typical glass network forma-
tions, SiOy, GeO,, and B,03 was designed. Notably, S?~ions are easily
oxidized at high temperatures. A certain optical basicity is necessary
for the glass system to reduce the possibility of oxidation [40].
Moreover, the matrix composition contains glass network modifi-
cation bodies such as Al;03, Na,0, ZnF, and NaF. Fluoride compo-
nents such as NaF are used to reduce the melting point and phonon
energy of the system. The excess Zn>* ions provided by ZnF, also
have the effect of locking S?~ ions in the system [40]. Therefore, the
specifically designed glass component of the precursor glass (PG) is
20Si02-30Ge0,-10B,03—15A1,03—10ZnF,—10Na,0—5NaF (1% , in
mole). The optical basicity of the system can be determined based on
the Duffy's empirical formula [41,42].

A=Xsj0,A(5102) +Xgeo, 4(Ge03) +Xp,0,4(B203)
+XA1203/1(A12 03) +XZnF2/1(ZI'1F2) +XN320/1(N320) +xNaFA(NaF)
(1)

Where Xsi0,, XGeo,» XB,05+ XAl,05+ XznF,» XNa,0. XNaF and A(SiOp),
A(GeO,), A(By03), A(Al,03), A(ZnF,), A(Nay0), A(NaF) are the
molar fractions and optical basicity values of the glass components,
respectively. Correspondingly, the optical basicity of the present
glass was calculated to be 0.568 based on the optical basicity values
of Si0; (0.476), Ge0(0.60), B,05(0.42), Al,03 (0.606), NayO(1.15),
ZnF»(0.475), and NaF (0.55) [41,42], which is below the reported
critical value of 0.585 and is beneficial for the reduction in the
oxidation of S*~ ions [40,41]. As the most important QD compo-
nents and trace dopants in the system, ZnS and NiO are introduced
in the raw material mixing process in the form of powders. The
corresponding samples can be obtained by a convenient co-melting
method from the designed glass components and dopants. The
specific experimental process is described in the Supporting
Information.

The amount of ZnS introduced in the system was determined by
comprehensively considering the optical quality of amorphous
glass and possible effects on luminescence properties. Fig. S1 shows
the photoluminescence curves of the glass under short-wave ul-
traviolet excitation under different ZnS doping levels. The charac-
teristic emission peak at 427 nm corresponding to the ZnS QDs of
the sample increased with the amount of doped ZnS [24]. We
believe that, with the above ZnS content (2%, 4% and 6%, in mass),
ZnS QDs can already be precipitated in the preformed glass. How-
ever, considering the stability of the glass system and limited
reduction environment (owing to the optical basicity of the sys-
tem), the content of ZnS cannot be increased indefinitely, which
will cause increased bubbles and devitrification of phase separation
in the glass. When the concentration reached 6%, more obvious
bubbles were produced in the prepared glass, as shown in Fig. S2a.
Therefore, to maintain the excellent optical performance of the
system, the content of 4% was considered to be more appropriate
content. This content was also used as the ZnS content benchmark
in the subsequent experimental process.

To investigate the structures of the samples and verify the ex-
istence of ZnS QDs in the glass, we performed X-ray diffraction
(XRD) on all samples, as shown in Fig. S3. There is no obvious dif-
ference among the XRD curves of the PG, the nickel single-doped
sample (denoted as NG), and heat-treated (at 600 °C for 10 h)
hosts (denoted as PGA and NGA, respectively). They exhibit two
broad humps, which indicates the good amorphous structure of the
primary synthetic host [43]. This indicates that the incorporation of
a small amount of nickel ions and heat-treatment had a very weak
effect on the amorphous structure of these glass systems. However,
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there are still no obvious diffraction peaks in the XRD curves of the
4%—17ZnS doped sample (denoted as ZG), ZG after heat treatment at
600 °C for approximately 10 h (denoted as ZGA), and samples
before (denoted as NZ) and after (denoted as NZA) heat-treatment
of the co-doped ZnS and nickel ions. Nonetheless, it should not be
ignored that the peak shape of the sample doped with ZnS has a
certain broadening and that the peak position has a certain degree
of shift compared to the sample without ZnS doping, particularly
the co-doped sample after heat treatment (NZA). Thus, the struc-
tures of these samples changed compared to those of the samples
without ZnS doping. Notably, no obvious characteristic diffraction
peaks of ZnS were detected, presumably due to the small crystalline
size and good dispersion of ZnS, which needs to be confirmed by
subsequent TEM images. To analyze the microstructures, we con-
ducted HRTEM on the samples. The TEM image of the NZA sample
shows numerous nanocrystalline phases uniformly distributed in
the amorphous glass, with a size of approximately 6 nm, as shown
in Fig. 1b. Moreover, the HRTEM image shows clear crystal lattice
fringes. The spacing between the two crystal planes was approxi-
mately 0.291 nm, as shown in Fig. 1¢, which corresponds to the (0 1
2) crystal plane of ZnS [44,45]. In addition, the TEM image of the NZ
sample shows numerous uniformly distributed small black spots in
the amorphous glass phase, with a size of approximately 2 nm, as
shown in Fig. 1a. Thus, at least in the hot press molding or during
the annealing process of the sample preparation, the ZnS crystal
phase was separated in the system. However, there is no direct and
effective evidence of the precipitation of ZnS QDs in the TEM im-
ages of the ZG and ZGA samples. A possible reason is that, only ZnS
is used as a dopant in the glass system (ZG), ZnS will precipitate in
the form of amorphous micro-clusters and crystal nuclei or few QDs
through phase separation during the cooling of the melt. Further
long heat treatment process (ZGA) strengthens this phase. When
nickel ions are co-incorporated into the system, they further
participate as nucleating agents to induce this separation process,
leading to more and larger ZnS QDs.

Fig. 2a and 2b shows ultraviolet—visible—near-infrared
(UV-VIS—NIR) absorption spectra of different samples before and
after heat treatment, respectively, where the corresponding ab-
sorption bands are appropriately labeled. In the absorption spectra
of the PG and PGA samples, no other obvious absorption peaks were
observed, except for the UV cut-off absorption. The two broad
bands in the absorption spectra of the Ni** ion single doped sam-
ples (NG, NGA) at 428 and 815 nm correspond to Ni’*:
3E(F)—3F/(F) and Ni*":3F/(F)—3A’5(F) of the tetrahedral in
amorphous matrix [46], respectively. Notably, the UV absorption
cut-off wavelength of the ZnS-doped samples (ZG, ZGA) has a
certain red-shift relative to the undoped samples, and the blue shift
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is more obvious with the heat treatment or the increased doping
amount as shown in Fig. S4a. Since the electrophilic potential of $?~
jons is smaller than that of both 0>~ and F~ ions, the addition of ZnS
will inevitably lead to a red shift of the UV absorption cut-off edge.
Meanwhile, considering the results of the XRD and TEM tests, this
phenomenon can also be explained that the few ZnS QDs and other
forms (amorphous clusters) of ZnS precipitated in the ZG, and ZGA
samples. In NZ and NZA, the addition of nickel ions has a certain
effect on reducing the surface energy barrier of ZnS nucleation
growth, which facilitated the precipitation of ZnS QDs in the sam-
ples and smoothly growth. Therefore, in addition to the absorption
spectra of the co-doped samples (NZ, NZA) with the typical ab-
sorption bands of the nickel ions (compared to the ZG and ZGA
samples single doped with ZnS), the UV cut-off wavelength has
different degrees of red-shift (compared to ZG, ZGA, NG and NGA
samples single doped with ZnS or nickel ions, respectively), as
shown in Figs. S4b and S4c. The reason for this phenomenon can be
explained by the absorption of the band gap and defect energy
levels of the precipitated ZnS QDs. Moreover, considering the
experience on glass-ceramics, this phenomenon could also be
partly attributed to the Rayleigh scattering caused by the ZnS
crystal phase with a certain size in the sample [22], which can also
explain the more obvious red-shift of the heat-treated co-doped
sample.

To analyze the optical properties of the samples, photo-
luminescence spectra of all samples were measured at an excitation
wavelength of 365 nm, as shown in Fig. 3a and 3b. The undoped
and single-doped nickel samples before and after heat treatment
(PG, PGA, NG and NGA samples, respectively) did not exhibit
obvious emission in the test band (380—850 nm), which is
consistent with the photographs of the samples under UV light, as
shown in Fig. S2c. Both ZG and ZGA have an obvious luminescence
at 427 nm, which can be attributed to the emission of ZnS QD defect
states. Moreover, as the ZGA samples precipitated more ZnS QDs
after the heat treatment process, their emission at this wavelength
was improved to a certain extent. Furthermore, in addition to the
fluorescence around 427 nm, ZGA exhibited a very weak fluores-
cence emission near the center of 640 nm. Owing to the dual-band
fluorescence emission effect, the samples exhibit a weak blue-
violet luminous color under a commercial 365 nm UV lamp radi-
ation, as shown in Fig. S2c. The energy corresponding to these
peaks is smaller than the bandgap of ZnS. Therefore, these two
emissions can be attributed to the transition between discrete
energy levels in the bandgap of ZnS QDs. The emission at 427 nm is
generally attributed to the recombination of electrons trapped by S
vacancies with holes in the valence band in the ZnS QDs [47—49].
And the long-wave emission at approximately 640 nm is generally

Fig. 1. Transmission electron microscopy (TEM) images of the NZ (a) and NZA (b) samples and high-resolution (HR)TEM image of NZA sample (c).
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Fig. 3. Photoluminescence spectra of samples with different doping conditions before(a) and after(b) heat treatment under 365 nm pumping.

attributed to recombination of electrons trapped by S vacancies
with holes trapped by Zn vacancies [47]. Based on the above in-
formation, a simple schematic of the optical recombination
mechanism is presented in Fig. 5d, which is consistent with the
photoluminescence principle and phenomenon of colloidal QDs.
The luminescence phenomena above the ZG and ZGA samples are
consistent with that of ZnS colloidal QDs, which is also a good proof
of the existence of ZnS QDs in the above samples [33]. However, in
this case, the amount of precipitated ZnS QDs may be limited,
which is not ideal in terms of structural testing or spectral intensity.

When nickel ions were also introduced into the system, the NZ
and NZA samples exhibited strong wide-band emissions with
different intensities in the range of 500—830 nm. The luminescence
of NZA was significantly enhanced after the heat-treatment. This
can be explained as nickel ions (1) may act as impurity ions to
precipitate more ZnS and (2) enter the ZnS QDs and provide added
and more stable defect states. The main manifestation is the more
easily detectable TEM morphology of NZ and NZA and stronger and
wider long-wavelength emission of the visible light range. Owing
to this emission, NZ and NZA exhibited a deep red luminous color
under the commercial 365 nm UV lamp radiation, as shown in
Fig. S2c. To the best of our knowledge, regardless of colloidal QDs or
QD glasses, there is no report that nickel ion-doped ZnS QD ma-
terials exhibit a broad-band deep-red luminescence [12,24,26]. The
studies on the luminescence of nickel ions-doped glass materials
have also focused on its use in tunable near-infrared broadband
luminescence [32,50,51], except that S. Buddhudu et al. obtained a
narrow linewidth emission (full width at half maximum
FWHM-~10 nm) of nickel ions at 670 nm on borate glass [52,53]. The
fluorescence decay times of the above luminous peaks show that
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both weak emission in the short-wave region and strong emission
in the long-wave region are within nanoseconds (Detailed data of
the life decay fit are presented in Table S2 and Table S3 in the
Supporting Information.), as shown in Figs. S5 and S6. This indicates
that the fluorescence of the series of samples should not be derived
from ion emission. Moreover, the photoluminescence spectra of

—— Blank
——NZ QY=6.35%
—NZA QY=17.45%

Absorption

Emission

]g[Intensity(a.u.)]

300 400 500 600 700 800 900 1000
Wavelength(nm)

Fig. 4. Quantitative photoluminescence spectra of the QDs glass samples and the
reference upon 324 nm excitation to determine the PLQYs.
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spectrum of NZA and photoluminescence spectra under optimal excitation. Schematic of the total energy diagram of the QD glasses in the presence of surface/defect states:

excitation and deexcitation processes for undoped structures(d) and those with doped nickel ions(e).

both NZ and NZA have a relatively obvious collapse around 677 nm.
In addition, compared to ZG and ZGA, the luminescence intensities
of NZ and NZA corresponding to 427 nm were reduced to varying
degrees, while the luminescence of NZA in this band almost
disappeared.

To better understand the optical properties of the prepared QD
glasses, the excitation spectra of all luminescent samples and
emission spectra under optimal excitation were record. The exci-
tation spectra of the samples at the emission peak at 427 nm has
two broad excitation bands, and the excitation effect at
250—300 nm is better, and the excitation peak is around 276 nm, as
shown in Fig. 5a. The comparison shows that for the samples doped
with ZnS, the excitation spectra of the heat-treated ZGA samples
are slightly stronger than those of the ZG samples, while those of
the samples co-doped with nickel ions are significantly weaker
than those of the ZG and ZGA samples ((both NZ and NZA samples).
Among all samples, the excitation spectrum of NZA sample was
weakest, almost without excitation peak. The emission spectra of
these samples under excitation at 276 nm almost did not change in
the trend compared to the emission under excitation at 365 nm,
except for the emission in the long-wave range, as shown in Fig. 5b.
The fluorescence behavior was not consistent with the 365 nm
excitation, the reason being that the wavelength of 276 nm is not
the best excitation wavelength for long-wave emission. Therefore,

the excitation spectra of samples such as ZGA, NZ, and NZA at

detection wavelengths of 644 and 700 nm were also evaluated, as
shown in Fig. S7. Both NZ and NZA samples have wide excitation
bands (NZ:250—450 nm, NZA:250—500 nm). The best excitation
wavelength is approximately 324 nm. In addition, the excitation
spectra of the same sample at different emission wavelengths have
the same range except for the difference in intensity. The corre-
spondence between the excitation spectrum intensity and emission
intensity of the same sample at different emission wavelengths also
shows that the broadband emission of the sample does not origi-
nate from the recombination of self-trapped excitons [54]. This can
also be explained as the emission peaks of the sample at 644 and
700 nm originate from the same emission center instead of two
separate emission centers. This emission center mainly originates
from the recombination of electrons in the conduction band with
holes trapped by Zn vacancies caused by the entry of nickel ions
into the ZnS semiconductor. The comparison of the excitation
spectrum of NZA and photoluminescence spectra under optimal
excitation can explain the luminescence reductions of NZ and NZA
to different degrees at 427 nm. As shown in Fig. 5¢, the shortwave
emission of the sample coincides with the excitation spectrum of
the longwave emission. Therefore, it is worth believing that the
released energy belonging to the short-wave emission can be
transferred to the electrons on the defect level to make the tran-
sition to the conduction band, thereby enhancing the main emis-
sion located in the long-wave region, as shown in the simple
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schematic of the optical recombination mechanism as Fig. 5e. The
PLQYs were determined by the quantitative photoluminescence
spectra of the NZ and NZA samples upon 324 nm excitation, and it
was found that the PLQY of the NZA sample after heat treatment
was significantly improved compared with that of the NZ sample,
up to 17.45%, as shown in Fig. 4. This is only a preliminary verifi-
cation value, and there is still a lot of room for improvement in
PLQY through appropriate improvement of the process and prep-
aration conditions. The overlap between the main emission and the
main absorption are very small in the excitation-emission spectra
curves of NZ and NZA samples, which implies that a very small self-
absorption effect existed in this system. The wide absorption and
excitation range, large Stokes shift, small self-absorption effect,
high PLQY of samples mean that the high-energy short-wave can be
high effectively converted into long-wave emission, which can be
suitable for energy applications [55]. It is of significance to effec-
tively improve the utilization rate of solar energy when the struc-
ture is used as a cover glass for solar cells or processed into a
luminescent solar concentrator [56,57].

4. Conclusion

In summary, a new type of environmentally friendly Pb/Cd-free
ZnS QD glass based on the inorganic composite amorphous glass
has been obtained by the convenient co-melting method. The ZnS
QDs in the matrix glass were affected by various nearby functional
groups, and were simultaneously protected by the amorphous
environment. During the precipitation of ZnS semiconductor in the
amorphous glass, trace transition metal nickel ions participated in
the induction of defect states, which led to the stable ultra-broad-
band deep-red emission of the QD glass. In addition, upon the
heat-treatment, more QDs precipitated and grew in the amorphous
glass, which implies that more defect states were produced, so that
the broad-band emission of the sample was significantly enhanced.
This material has broad-band main excitation and emission spectra
and minimal self-absorption effect, which can effectively convert
the short-wave range into long-wave emission. Thus, the ZnS QD
glass material doped with nickel ions can be potentially applied in
solid-state lighting, plant growth regulation, color decorative
lighting, and other fields, particularly for the improvement in the
conversion efficiency of solar cells.
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