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Abstract: The paper presents a survey of literature on the structure
and optical properties of ZnS and copper ion-doped ZnS quantum dots.
The effect of other metal dopants on the spectral properties of ZnS:Cu
quantum dots was also considered. The influence of such parameters as
dopant concentration, temperature of the synthesis and compounds which
form or modify the additional layer on dots on spectral properties of the
quantum dots was described. Examples of application of ZnS:Cu quantum
dots are also given.
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Introduction

The continuous development of biotechnology, food production and medicine
requires new methods of medical diagnostics and food analysis. Considerable
attention is paid to analytical methods for fast, easy and selective determination
of many chemical substances, such as hydrogen peroxide, carbon monoxide and
oxygen [1], or physicochemical parameters, such as pH [2] and temperature [3].

A response to the existing demand may be optical sensors characterized by
high sensitivity and selectivity [1, 4, 5]. The main component of a fluorescence
optical sensor is fluorophore immobilized on a carrier whose emission varies in
the presence of a determined substance or under the influence of physicochemical
parameters [6]. Operation of this type of sensor is based on the detection of
fluorescence changes which take place under the influence of the agent being
determined [2, 7, 8]. The biosensor is formed as a result of applying in the
carrier, beside the fluorophore, a biological receptor such as an enzyme, antibody
or microorganism which greatly extends the range of determined substances with
important biological compounds such as glucose and urea [4, 6, 9, 10]. However,
organic fluorophores are often unstable in solution and can exhibit toxicity which
prevents their use in vivo. They are characterized by a broad emission band
making interpretation of results difficult [11]. These drawbacks have contributed
to the search for new solutions.

Quantum dots have become an attractive alternative to organic fluorophores.
Due to unique spectral properties they are in the focus of research of many
centers in the world [12-14].
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Structure and properties of quantum dots

The structure of quantum dots

Quantum dots are semiconductor nanocrystals with a size of 1 to 100 nm,
where the quantum confinement effect occurs. Therefore, it is possible to modify
their spectral properties by changing the quantum dot size or by introducing into
its structure a dopant in the form of metal ion. Due to unique optical properties,
quantum dots may find application as fluorophores in sensor systems in such
areas as food analysis, biotechnology or biomedicine [14,15]. Quantum dots are
made up of elements from groups II — VI and III — V [16]. The most commonly
used quantum dots include these composed of CdSe [17], ZnSe [18] and ZnS [19].

A quantum dot consists of a semiconductor core (Figure 1A), with a diameter
of 2 nm to 5 nm, responsible for the dot luminescence [19,20]. The most
common core-forming compounds include CdTe [21], CdSe [22], ZnSe [23] and
ZnS [19]. The luminescence of quantum dots is caused by the quantum
confinement effect and defects in the crystalline structure of quantum dots [24],
which is particularly important in the case of ZnS dots. However, defects on the
surface can also reduce luminescence of the dots because atoms on the quantum
dot surface have dangling bonds which trap electrons after absorbing a quantum
of energy. Relaxation of the electron-hole system occurs in this case by non-
radiative way and as a result the luminescence quantum yield of quantum dots is
significantly reduced. For these reasons it is important to control the quality of a
quantum dot surface [24]. For this purpose the dot core is covered with the
second, semiconductor layer (Figure 1C, D). This modification leads also to
strengthening of the quantum confinement effect which enables quantum dots to
reach higher emission intensity or shift the maximum in the emission spectrum
toward longer wavelengths. The compounds used most commonly as quantum
dot coatings are semiconductors such as ZnS, ZnSe and InP, and dot size is
reaching 10 nm [20].
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Figure 1. Scheme of quantum dot structure
1 — core, 2 —shell, 3 — organic molecule, A, B, C, D — described in text
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To be used in biological systems, i.e. in aqueous media, quantum dots are
covered with an additional hydrophilic organic layer (Figure 1B or 1D) whose
aim is to give hydrophilic character to the dot surface in order to allow its
solubilization in water [24, 25]. The coating can be composed of amino acids, e.g.
cysteine, methionine or glycine [26] and compounds containing the —SH group,
such as mercaptopropionic acid (MPA) [19, 25], 2-mercaptoethylamine [27] or
2-mercaptoethanol [27]. These compounds are extremely easily bonded to the
surface of chalcogens, since the sulfur atom is incorporated into their crystalline
structure. In addition, the organic layer which covers the quantum dot surface can
also have a protective character, preventing degradation of the dots and their
aggregation. Polymers used most commonly for this purpose include sodium
polyphosphate [28], polyethylene oxide [29] and polystyrene [29].

Application of organic compounds with functional groups such as -COOH or
—NH, on the dot surface allows for another modification of the surface of quantum
dots by binding various ligands to the dot surface (Figure 1C). The ligands are
typically biologically active compounds such as proteins [9, 15], antibodies [30, 31],
enzymes [5] or amino acids [32]. Their selection is directly related to the use of
quantum dots in a particular system. The quantum dot-bonded biological material
system becomes a biochemical (nanobiosensor) or chemical nanosensor for the
determination of biologically important compounds (glucose, urea) [5, 19], ions
such as Na", K*, Cu®", Mg”* [19, 32], enzymes [15], cancer cells [15, 16] or for
measuring the amount of microorganisms [30, 31]. The size of ligand-modified
quantum dots can reach even 100 nm [20].

Optical properties of quantum dots

Quantum dots owe their unique properties to the quantum confinement effect
which results from limitation of the movement of electrons in a quantum dot through
a potential energy barrier. A quantum dot, as said, is essentially a semiconductor
crystal with a size in the nanometer range. In the bulk semiconductor energy levels of
atoms overlay and form, as a result, conduction band (empty) and valence band
occupied by the valence electrons of atoms (Figure 2). They are separated by
a bandgap (forbidden gap), where electrons cannot be present. The bandgap energy
in semiconductors is relatively low (e.g. for ZnSe about 2.5 eV [33] and 3.7 eV for
ZnS [19]), which allows for the passage of an electron from the valence band to the
conduction band and is responsible for electrical conductivity of semiconductors. In a
quantum dot, which is a nanocrystal built from a finite and small number of atoms,
energy bands are again split into different energy levels, and the width of the
bandgap increases compared to the bulk semiconductor. This effect is the stronger
the smaller the size of the semiconductor crystal. As a result, the movement
of electrons is confined to the area determined by the dot edge and quantum
confinement occurs.

The optical properties of quantum dots are determined by the transfer of an
electron from the valence to conduction band due to absorption of light quanta.
Since the bandgap in semiconductors is relatively narrow, they absorb light in the
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ultraviolet and visible spectrum. As a result of electron transfer to the conduction
band, an ‘empty’ place (a so-called hole) remains in the valence band. The return
of the electron from the conduction to valence band is accompanied by the
emission of light quantum with energy close to bandgap energy. The smaller the
quantum dot, the wider the energy bandgap. Thus, in this case the size of
nanoparticles directly affects the wavelength of the emitted light [19, 34]. This
dependence is a big advantage of quantum dots. An additional option allowing us
to ‘adjust’ the energy bandgap and thus the wavelength of the emitted light is the
application of dopants in the form of metal ions in the quantum dot. The dopants
form additional energy levels within the forbidden gap (Figure 2).
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Figure 2. Schematic energy level diagram of quantum dots
D1, D, — dopant levels, Ey, E,, E; — emission of light, N-R — nonradiative process

Other advantages of quantum dots as fluorophores can also include high
quantum yield, broad absorption band, narrow emission band with a large Stokes
shift, high photostability and resistance to photobleaching [35-37].

The article addresses the synthesis and properties of zinc sulfide quantum dots
doped with copper ions (ZnS:Cu) and covers researches carried out in the
Chemical Biophysics Team in the Institute of General Food Chemistry.

ZnS quantum dots, synthesis and optical properties

Quantum dots used most frequently, inter alia, in optoelectronic devices
include CdSe [22,38], CdS [33] or CdTe dots [22]. They are characterized by
high quantum yield and fluorescence [39, 40]. However, these dots contain
cadmium which is highly toxic to living organisms, so it is not advisable to use
them in sensor systems for clinical diagnostics [15, 41]. Therefore, ZnS quantum
dots with low toxicity [19] are of interest to many research centers. Zinc sulfide
is one of the earliest discovered semiconductor materials and has long been used
in optoelectronic devices [19]. ZnS has two possible structures: cubic and
hexagonal, with the bandgap energy amounting to 3.68 eV for the regular form

Biotechnol Food Sci, 2014, 78 (1), 53-69 http://www.bfs.p.lodz.pl



ZnS Cu-doped quantum dots 57

and 3.8 eV for the hexagonal one [42]. Depending on such factors as pH of the
environment or temperature, ZnS quantum dots exhibit absorbance in the range
from 250 to 375 nm, and photoluminescence with a maximum of about 360
— 545 nm [19, 43, 44]. Bindu et al. [42] showed that pure ZnS is characterized by
a strong quantum confinement effect. They recorded two bands in the excitation
spectrum at 246 nm and 375 nm and corresponding photoluminescence bands at
362 nm (Acxe 245 nm) and 455 nm (Aey. 362 nm) for ZnS quantum dots in dry form.
The first band was broad and irregular, and the second one narrow and symmetrical.

For ZnS quantum dots coated with mercaptoethanol Li et al. [45] found
that with the increase of dots aging time at temperature 80°C their radius
grows which changes the shape of absorption spectrum and causes a shift of
its maximum from 290 nm toward longer wavelengths. On the other hand, in
the photoluminescence emission spectrum only an increase of intensity was
observed with a maximum persisting at 423 nm. Presumably, the increase
of photoluminescence intensity was caused by the increased crystallinity of dots
and disappearance of defects on their surface as a result of aging. Li et al. [46]
synthesized ZnS quantum dots coated with 3-mercaptopropionic acid (MPA),
which was then partly exchanged to (3-mercaptopropyl) trimethoxysilane (MPS).
This modification led to an increase of both the intensity of photoluminescence
emission and the quantum yield. Senthilkumar et al. [47] immobilized ZnS
quantum dots on a polyvinyl alcohol substrate. In the photoluminescence
spectrum which they recorded there were two overlapping emission bands with
peaks at 415 nm and 440 nm, which the authors explained by the presence of the
sulphur and zinc ions vacancies. In general, it is observed that for pure ZnS
quantum dots its size has no significant effect on the position of the
photoluminescence emission peak, and defects of crystalline lattice (sulphur and
zinc ions vacancies) are responsible for light emissions (Figure 3).
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Figure 3. Schematic energy level diagram of ZnS and ZnS:Cu quantum
dots according to [55]
V, — sulphur vacancy, Vz, — zinc vacancy
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The addition of transition metal ions to the ZnS quantum dots often causes
quenching of the photoluminescence of ZnS matrix by itself and at the same time
the emission properties of dots. It was found that doping the ZnS quantum dots
with metal ions, e.g. Mn>" [48, 49], Co*" [50], Fe*" [51], Cu*" [52] caused
modification of their optical properties, in particular shifted the emission
maximum toward longer wavelengths, and could also increase the quantum yield
of photoluminescence and emission intensity. Best known are the dots doped
with Mn®" ions which are characterized by a very narrow emission band with
maximum at about 595 nm almost independent of the dot size. In this case, the
*T,—°A, transition in Mn®" ions is responsible for light emission and the
observed photoemission has the character of phosphorescence [48, 49].

ZnS:Cu quantum dots

In the case of Cu-doped ZnS quantum dots there are still questions about their
properties to which the current researches give only a partial response. The basic
problems are:

« The oxidation state of copper ions in doped nanocrystal (Cu” or Cu*"),
» The exact location of dopant levels in the forbidden gap,
o The nature of photoemission from doping centers
(fluorescence or phosphorescence),
» Selective adsorption of copper ions on the surface of nanocrystals.

Synthesis of ZnS:Cu®*" quantum dots

There are two basic types of quantum dot synthesis: a high-temperature
synthesis in organic medium and low-temperature synthesis in aqueous medium.
In the case of ZnS:Cu dots the latter is mainly used and it will be discussed here
in detail.

ZnS is known to be a hardly soluble salt which is formed by mixing the salts
which contain Zn*" and S* ions in a solution. In the case of its doping the
solution must contain dopant ions, i.e. Cu>". By choosing appropriate conditions
of synthesis such as reagent concentration, pH and temperature, one can obtain
ZnS in the form of nanocrystals and not as a precipitate. As a zinc source water-
soluble salts Zn(CH;COO), [28, 53-56], ZnCl, [57-60] or ZnSO, [61] are used.
Copper ions are doped using Cu(CH;COO), [28, 53, 55, 56], CuCl, [57-59]
or CuSO, [54, 61]. A source of sulfide ions is usually Na,S [28, 54-59]
and organic compounds, hydrolysing in water forming S* ions, such as thiourea
[53, 64] or thioacetoamide [67, 76].

The applied conditions of synthesis such as pH, heating time and temperature
of the solution, differ depending on source cited. Thus, the pH of the synthesis
medium may range from 7 [53] to 11.5 [62, 63], with high pH leading to
the formation of dots exhibiting high photoemission [71]. When using Na,S the
process of synthesis is usually carried out at room temperature [28], while in
the case of thiourea high temperature is applied, reaching even 180°C [64] when
the synthesis is performed in the autoclave. Lee ef al. [65] examined the effect
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of temperature on quantum dot synthesis with the use of thiourea. In all cases the
nanoparticles which they obtained have a crystalline structure and their
photoluminescence intensity increases as a function of synthesis temperature
from 70 to 85°C, and then decreases. In the photoluminescence emission spectrum
two bands were observed: first, weak with a maximum at 420 nm from zinc
sulfide, and a second, strong with a maximum at 520 nm for which copper ions
are responsible. The decrease of emission intensity, when the temperature of
synthesis was higher than 85°C the authors explained by the formation of CuO
which created centers of non-radiative recombination of electrons and holes.

The applied time of synthesis and aging of ZnS:Cu quantum dots varied from
30 minutes [54] to several hours [52, 59, 62, 64]. In some cases the synthesis was
carried out under anaerobic conditions by purging the solutions with nitrogen
[59, 62].

All these parameters of synthesis affect optical properties of quantum dots, as
will be discussed in more detail below.

The effect of dopant concentration on spectral properties of Cu**-doped
quantum dots

The concentration of dopant metal ions in the starting solution during
synthesis is one of the most important factors affecting the optical properties of
quantum dots. Jayanthi et al. [53] examined the effect of copper addition in the
range 0.001% M-0.1% M on the emission of quantum dots in the form of dried
films. In the emission spectrum three bands were distinguished, the first two with
maxima at about 390-420 nm and 480 nm for which defects in the ZnS structure
are responsible, and the third one at about 520 nm caused by the presence of Cu**
ions. Intensity of the fluorescence emission increased at Cu*" concentration from
0.001% M to 0.01% M, and then it decreased to 0.1% M. According to the
authors, the reason of reduction of the fluorescence intensity in this range was the
formation of copper sulfide resulting in a decrease in the amount of Cu®*" ions
which may serve as active luminescence centers in ZnS. Peng et al. [55] studied
ZnS:Cu quantum dots with 0.5% to 2% addition of copper (molar ratio of copper
to zinc ions). In the emission spectrum of dry powders they recorded one band
for which the maximum was shifting toward longer wavelengths (from about
411 nm to 500 nm) with an increasing content of copper ions, and the highest
emission intensity corresponded to quantum dots containing 1% of copper ions.
Peng [55], like Jayanthi ef al. [53], attributed photoluminescence quenching in
the dots which contained more than 1% of copper ions Cu*" to the formation of
CuS. Kole et al. [56] studied optical properties of ZnS:Cu quantum dots with
addition of copper ions in the range from 0.25 to 1.00% in methanol solution.
They found that the absorbance spectrum was the same regardless of the
concentration of copper added with a maximum at 305 nm and band edge at
334 nm. This indicated that the resulting dots were characterized by a low degree
of polydispersity and their sizes did not depend on the amount of copper added.
Photoluminescence emission spectra of the dots can be separated into three bands
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with maxima at 407 nm, 460 nm and the third one at about 495-518 nm
depending on the concentration of copper ions added. The first two bands appear
also in the dots of pure ZnS. The last band is related to the emission during the
transition of an electron from the conduction band to dopant level within the
band gap formed as a result of doping with Cu®" ions. It was also found that there
was an optimal concentration of the dopant (in this case 0.75%) over which the
photoluminescence of quantum dots decreased. Like Jayanthi et al. [53], the
authors attributed this phenomenon to the formation of copper sulfide.

All authors agree to the fact that with an increasing concentration of copper
ions in the quantum dots, the photoluminescence emission maximum shifts
systematically toward longer wavelengths and the intensity of photoluminescence
increases to a certain concentration limit. Too high amount of copper dopant
causes a decrease of emission which is caused probably by copper sulfide
formation during the synthesis. In the results obtained by various authors one
may observe some differences between the shape of emission spectra, position of
the recorded maxima of each band and copper ions concentration optimal for a
maximum emission. This is due to differences in the methods of dots synthesis
and measurement methods used to study them, in particular whether the dots
were tested in a dry form or in solution [53, 55, 56].

The degree of oxidation of copper in dots — Cu®*" or Cu* ?

The degree of oxidation of a dopant in the form of Cu’ or Cu*" ions has an
influence on the optical properties of quantum dots [62, 66-71]. In order to
receive quantum dots doped with Cu’ ions, the reducing agent is used during
synthesis and the most commonly used ones are sodium sulfite Na,SO; [66, 67]
and sodium borohydride NaBH, [70]. The role of a reducing agent may play also
sulfide ions S*. Here, the ESR measurements can be helpful because Cu” ions are
paramagnetic, while Cu®" are not. Labiadh et al [62] basing on X-ray
photoelectrons measurements and ESR found that in the quantum dots which
they obtained copper was present in the form of Cu" ions and sulfide ions were
a reducing agent. Similar conclusions were reached by Corrado ef al. [71].

Since Cu' ions in an aqueous medium are unstable, to prevent their oxidation
they may be complexed with appropriate ligands [60, 67]. In the synthesis of
ZnS:Cu” dots Yang et al. [67] used stable complexes with SCN™ ions. On the
other hand, Sun et al. [60] used as ligands complexing Cu' ions thiourea
and thiosulfate ions. Comparing the fluorescence spectra of quantum dots doped
with Cu®" and Cu” ions, Yang et al. [67] observed significant differences between
them which demonstrates different mechanisms of fluorescence. They proposed
the following mechanism of fluorescence of Cu'-doped ZnS dots. Once photons
are absorbed by ZnS, electrons from the valence band, transferred to the
conduction band, are trapped by defects in the crystalline lattice of the quantum
dot. Then, recombination occurs between the defects and energy level ¢
introduced by Cu" ions and light is emitted. Manzoor et al. [66] examining the
effect of the amount of Cu’ ions on photoluminescence emission spectra, found
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two acceptor centers. The first is formed as a result of exchanging Zn®" by Cu"
ion in the crystalline lattice of ZnS and is responsible for the emission with
a maximum at 470 nm. The second type of centers is formed with an increasing
amount of copper ions. This results in a close binding of copper ions which
replace Zn>* ions with Cu" ions in the interstitial position. The centers exhibit
a maximum emission at 500 nm. The mechanism of fluorescence emission for
Cu”" is explained as the transfer of an electron from the conduction band to the
energy level £, of Cu® ion (Figure 3) [55, 56, 72].

Modifications in the structure of ZnS:Cu quantum dots

During the synthesis of ZnS:Cu quantum dots, to water solutions of inorganic
salts containing Zn”" [28, 53-56, 60], Cu®" [28, 53-56] or Cu" [60, 67] and S*
ions [28, 53-55, 60] compounds are added to modify properties of the dots. Acids
such as a-methacrylic [55] or mercaptopropionic (MPA) [62, 63] are used to
increase solubilization of quantum dots [62, 73] and their stability in a solution
[55]. For ZnS:Cu quantum dots coated with MPA Labiadh et al. [62] observed
increased photoluminescence emission during irradiation with UV light. They
attributed this effect to MPA photooxidation on the dot surface. This led to the
release of sulfide ions binding with Zn*" ions and forming an additional ZnS
coating around the existing ZnS:Cu quantum dot. In the synthesis of ZnS:Cu
quantum dots Wang et al. [58] used glycine as a ligand to reduce the difference
in solubility of ZnS and CuS, which allowed them to incorporate a larger amount
of copper into ZnS:Cu quantum dots. Sun ef al. [60] used thiourea or sodium
thiosulfate as ligands in the synthesis of ZnS nanocrystals doped with Cu’. Both
of these ligands were used to reduce the difference between the solubility of Cu,S
and ZnS, and also by forming complexes with Cu" ions to stabilize them in the
aqueous medium. The type of ligand applied had an effect on the size of quantum
dots obtained. When using thiourea the dot diameter was 3.4 nm, and in the case
of thiosulfate it was 3.8 nm. The photoluminescence emission spectra of the dots
were similar for both applied ligands.

As film-forming compounds covering the core of quantum dots which were
intended to protect the quantum dot against degradation and aggregation, also
such polymers as polymethacrylic acid [54], polyvinylpyrrolidone [73] as well as
inorganic compounds such as sodium polyphosphate [28] were used.

Immobilization of ZnS:Cu quantum dots

For repeated use of ZnS:Cu quantum dots or their application in optoelectronics,
the dots must be immobilized. For this purpose research regarding their
immobilization on various media are conducted. The dots can be simply applied
as thin layers on a substrate like glass or quartz plate [53], but in this case they can be
used only in dry form. Bodo et al. [61] immobilized ZnS and ZnS:Cu quantum dots
in polyvinyl alcohol in the form of thin films on glass plates. On the other hand,
Huang et al. [72] immobilized ZnS:Cu quantum dots in sulfonated polystyrene.
Quantum dots in this case were characterized by a very narrow photoluminescence
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emission spectrum with a maximum at 415 nm. Thin films obtained from
a polymer containing quantum dots were used as an emitter in the light-emitting
diode (LED) whose electroluminescence showed a maximum at about 440 nm
[72]. For the same purpose Nath et al. [59] immobilized dots in the zeolite.

ZnS:Cu quantum dots doped by other ions

ZnS:Cu, X (X-F, Br, CIl') quantum dots

Halogens are among the most popular elements used as co-dopants for
ZnS:Cu quantum dots. Quantum dots doped with halogens are characterized by
a higher photoluminescence intensity as compared to ZnS:Cu dots and a shift of
the emission spectrum generated by zinc sulfide toward longer wavelengths [66].
Manzoor et al. [66] studied the effect of addition of halide anions on ZnS and
ZnS:Cu dots containing Cu" ions. In the case of pure ZnS the addition of halide
anions did not change optical properties of the dots. However, in the case of Cu"
doped dots it caused an increase of photoluminescence intensity and a shift of the
maximum toward longer wavelengths, with the best activator being the F ions.
The authors attributed this effect to the increase Cu’ ion solubility in the ZnS
lattice under the influence of halides. By appropriate selection of the amount of
added Cu’ and F ions one can obtain quantum dots with maximum emission
ranging from 434 to 514 nm.

Corrado et al. [69] described the high-temperature synthesis of ZnS:Cu
quantum dots in an organic medium with the use of Br as a co-dopant. The
ZnS:Cu dots doped with Br  obtained in the optimized conditions showed
approximately 5 times greater emission than the dots without this co-dopant.
They attributed the strengthening of emission to the increase of solubility of the
copper ions in the ZnS structure in the presence of Br ions and to the donor-
acceptor transition between the electron trapped on the dopant level formed by
Br atoms and the hole on the dopant level formed by the Cu atoms.

While studying the synthesis of ZnS:Cu quantum dots in the aqueous medium
with the use of CuCl, as a source of copper ions, Corrado ef al. [71] found that at
the same time chloride ions were incorporated into the structure of synthesized
dots. This caused an increase of photoluminescnce emission intensity as a result
of formation of additional donor levels.

The authors of the above studies agreed that the mechanism of donor-acceptor
transition was most probably responsible for the photoluminescence emission of
quantum dots doped additionally with halogens, with a donor being the halide
ions and acceptor the copper ions [66, 69, 71].

ZnS:Cu quantum dots with a metallic co-dopant

Addition of the second metal ion to ZnS:Cu dots makes it possible to change
their optical properties. Begun et al. [70] synthesized ZnS quantum dots co-
doped with Cu*" and Mn®" ions stabilized with chitosan. In the emission spectrum
of these dots two separated bands were observed, a weak one with a maximum at
460 nm connected with a Cu dopant and the other at 592 nm related to the
presence of manganese ions. Addition of a reducing agent (NaBH,) resulted in
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a decay of the band with a maximum at 460 nm and formation of a new strong
band at about 520 nm. The authors attributed this to the reduction of Cu®" ions to
Cu’. Position of the band originating from Mn*" ions as a result of the reduction
was virtually unchanged, only an increase of emission was observed.

Similar results were recorded by Ummartyotin et al. [68] who synthesized
powdered, ceramic ZnS quantum dots doped with Mn®" and Cu" ions. For ZnS
quantum dots they observed the maximum of emission at 452 nm, for ZnS:Cu
quantum dots at 517 nm, and for ZnS:Mn dots at 595 nm. For zinc sulfide
quantum dots doped with copper and manganese together they obtained two
emission bands: one at 457 nm, which corresponding to the shifted ZnS band,
and another one at 595 nm, for which manganese ions were responsible. The
band emitted by copper was not recorded for these dots. The authors presumed
that due to a higher degree of oxidation, the Mn*" ions replaced the Zn>* ions in
ZnS, easier than Cu’ ions. However this conversion was not complete, as
evidenced by the presence of emission band at 457 nm corresponding to the
emission of pure zinc sulfide.

In the case of other co-dopants their mutual interaction in a nanocrystal is
observed. One of such co-dopants is lead. Lead ions exhibit higher activity than
copper ions, so they react with zinc sulfide more easily than Cu®" ions. In zinc
sulfide quantum dots doped with Cu*" and Pb*" ions the so called composite
luminescence centers are formed for which the energy gap is smaller than in the
case of quantum dots doped only with copper ions or lead ions. The quantum
yield of emission also increases, since more electron — hole pairs can be created
[74, 75]. Yang et al. [75] synthesized crystalline ZnS:Cu:Pb nanoparticles of
a size from 2 to 4 nm, with a broad emission band with the maximum ranging
from 500 nm to 550 nm. The spectrum differs from the spectra of quantum dots
doped only with Cu or only with Pb, which indicates that distinct composite
centers are formed. By appropriate selection of the Cu:Pb ratio and concentration
of these elements in the dots they reached nearly eightfold increase of the
emission as compared to pure ZnS, while the separate addition of either Cu or Pb
resulted in reduced emissions.

Ehlert et al. [74] obtained ZnS:Cu:Pb quantum dots by the high-temperature
method in an organic medium. They tested the effect of an additional shell of
pure ZnS on the emission properties of nanocrystals obtained in dry form. They
found that the emission spectrum of ZnS:Cu:Pb nanocrystals was a combination
of emission spectra derived from the same ZnS matrix and both dopants. In the
case of dots of the core/shell type with the ZnS shell they observed a decay of
emission component at high wavelengths (about 700 nm) associated with the
presence of Pb*" ions.

Another co-dopant may be Co”" ions. Addition of the cobalt ions alone to ZnS
usually results in reduction of the fluorescence intensity of quantum dots. Yang
et al. [76] were the first to describe the properties of zinc sulfide nanocrystals
doped with Co*" and Cu*" ions. Co-doped quantum dots obtained in this way
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exhibited strong fluorescence, much higher than that of pure ZnS with a maximum in
the range from 515 nm to 560 nm with both peak position and emission increase
dependent on the Cu:Pb ratio and the concentration of these elements in the ZnS
matrix. The authors attributed strengthening of the emission by co-doping with
Cu’" and Co*" ions to the formation of composite centers like in the case of co-
doping with Pb*" ions [75]. Similar results were obtained by this research group
for co-doping with In®" ions [78]. For copper and cobalt-doped quantum dots
Iqubal and Iftekhar [77] observed a non-symmetric emission spectrum with a
maximum at 480 nm much different from the results obtained by Yang et al. [76].
This was caused by a different synthesis method, in this case in an anhydrous
medium (acetonitrile).

Applications of ZnS:Cu quantum dots

So far Cu ion-doped ZnS quantum dots have found a few applications. Most
research on the synthesis of such dots and their optical properties is conducted
with respect to their application in optoelectronics in the construction of light-
emitting diodes (LED) [59, 72], therefore their properties are tested in the solid
state, when the dots are applied in the form of powder on the medium or
immobilized in the polymer [53, 61]. As is known, semiconductors of the ZnS
type are used as photocatalysts. In an aqueous medium, after absorbing a quantum
of light, the generated electron-hole pair initiates further reactions leading to the
formation of free radicals, and as a result to the oxidation of organic compounds
dissolved in water. This process can be widely used in environmental protection
in water and sewage treatment. Due to high extension of surface area, nanocrystals
(quantum dots) are very effective photocatalysts. The ZnS:Cu dots were used as
photocatalysts in model reactions of dye oxidation in water solutions [62, 79].
The ability of quantum dots to emit visible light under the UV illumination makes
it possible to use them as markers applied on various media (paper, cotton fabric)
by the screen-printing method [80] in order to protect documents or form smart
packages or to detect fingermarks in blood on non-porous surfaces [81]. Begum
et al. [52] used ZnS:Cu dots coated with chitosan to label tissues and cells.

Although in general quantum dots are widely used as chemosensors, in the
case of specific ZnS:Cu dots only a chemosensor for folic acid determination was
described [82]. Quenching of quantum dot photoluminescence by this analyte
made it possible to determine folic acid at the least level of 11 uM. From studies
performed by our research team it follows that the photoluminescnce of ZnS:Cu
dots is quenched by oxygen [83], which may suggest that they can be used in the
construction of a biosensor for glucose determination with the use of glucose
oxidase by measuring oxygen consumption.

Biotechnol Food Sci, 2014, 78 (1), 53-69 http://www.bfs.p.lodz.pl



ZnS Cu-doped quantum dots 65

Summary

From the literature on copper-doped zinc sulfide quantum dots it follows that
they can have interesting properties when used as fluorophores to form chemical
nanosensors or nanobiosensors. On the other hand, as results from the literature
data, in the case of these particular ZnS:Cu dots there is little opportunity to
change the position of emission maximum by manipulating the composition and
size of the dots which can limit their potential applicability as markers in cells
and tissues. Most of the above presented studies on the effect of formation
conditions of quantum dots on the emission properties refer to measurements
conducted for objects in the form of dry powders. A small part concerns ZnS:Cu
dots solubilized in water solutions. The influence of solubilization medium
parameters (e.g. pH) on the stability of dots in solutions is practically unrecognized.
There are also very few results of time-resolved measurements of photoluminescence
of these dots which would allow us to better recognize the mechanism of
emission. The influence of oxygen on emission properties of these dots offers
a prospect of using them in the construction of nanobiosensors to determine
glucose with the use of glucose oxidase, or other oxidase substrates dependent on
oxygen. As can be seen, in the case of ZnS:Cu dots there is still ample room for
further research, which we plan to continue with our team.
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