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ABSTRACT

This work represents an effective method for synthesis and doping of ZnSe nanocrystals with elements of group 3 and
transition elements. The structure of crystals and their average size are determined. The spectra of optical density and
photoluminescence were studied, and a comparative analysis of characteristics of the obtained nanoparticles with their
bulk analogs was carried out.
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1. INTRODUCTION

Semiconductor nanocrystals of A2B6 group are promising materials for semiconductor electronics, biomedical imaging
and disinfection. Existing synthesis methods make it possible to obtain nanocrystals with a narrow size distribution,
specified surface morphology and high stability. The ability to control the band gap and the luminescence wavelength
makes these nanocrystals useful for optoelectronics. Luminescent semiconductor nanoparticles with wide absorption
spectrum and pronounced luminescence peaks in the visible and near-IR regions are very promising for medical
diagnostics [1].

Among the semiconductor crystals of the A2B6 group, the most studied are CdS and CdSe. Cheap and simple method of
obtaining, as well as high quantum yield of radiation in the visible region of the spectrum can be mentioned as the main
advantages of these materials [1,2,3]. A serious disadvantage of these materials is their cytotoxicity. Therefore, it is
advisable to use nanocrystals of selenide and zinc sulfide for biomedical applications. In order to be used as markers for
fluorescence tomography, nanocrystals must have effective radiation in red and near-IR regions [4,5,6]. It is known that
aluminum and copper impurities are effective activators of radiation in these regions in bulk ZnSe crystals. Therefore,
the study of the optical and luminescent properties of ZnSe:Al and ZnSe:Cu nanocrystals is relevant [7,8].

2. FORMULATION OF THE PROBLEM

The purpose of this work is to find a way to control the spectral position of the longwave radiation bands of ZnSe
nanocrystals by doping them with aluminum and copper impurities, to establish the nature of optical and luminescent
transitions in ZnSe, ZnSe:Al and ZnSe:Cu nanocrystals.

3. MAIN RESEARCH MATERIAL

In this work, zinc selenide nanocrystals were studied, which were obtained by a chemical method using commercial
reagents from the Merck Company. The source of zinc ions was zinc chloride, and the source of selenium ions was
sodium selenosulfate. For doping with aluminum or copper, a 1% solution of aluminum chloride or copper chloride was
added to a 10% solution of zinc chloride. The synthesis of nanoparticles was carried out in 1 ml of a 5% gelatin solution
and had the following form [8,9,10]:

ZnC|2+N3.289503—>Zl’lsel+Nast3+C|2T (1)
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After removing residual reaction products, a colloidal solution of nanoparticles was deposited on a quartz substrate and
placed in an oven until the polymer film dried. For X-ray diffraction and SEM studies, the solution was deposited on
silicon substrates. On X-ray diffractograms, the dominant peaks were identified, which correspond to the (111), (220),
(311) planes in ZnSe (Fig. 1, according to JCPDS 96-900-8858). Similar planes were found in ZnSe: Al and ZnSe: Cu

nanocrystals.

ZnC|2+A|2C|3+Na286503—>ZnSCZA1l,""N&zSOg*’CIzT
ZnC|2+CUC|2+ N3.288803—>ZHSCZCul+Nast3+C|2T
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Figure 1. XRD image of ZnSe nanocrystals

Tabela 1. Optical characteristics of ZnSe, ZnSe:Al, ZnSe:Cu nanocrystals in region of optical absorption edge

Sample | The type of nanocrystalls Eq eV |AEg, eV | R,nm

1 ZnSe, 0.05% ZnCl,, 0.05% Na,SeSO; 3.63 0.95 43
2 ZnSe, 0.03% ZnCl,, 0.03% Na,SeSO; 3.78 1.1 4

3 ZnSe:Al, 0.03% ZnCl,+0.001% Al,Cl;, 0.03% Na,SeSO; 3.76 1.08 4.1
4 ZnSe:Al, 0.03% ZnCl,+0.002% Al,Cl5, 0.03% Na,SeSO, 3.71 1.03 4.2
5 ZnSe:Cu, 0.05% ZnCl,+0.001% CuCl,, 0.05% Na,SeSO; 3.54 0.86 4.6
6 ZnSe:Cu, 0.05% ZnCl,+0.002% CuCl,, 0.05% Na,SeSO; 3.44 0.76 4.8
7 ZnSe:Cu, 0.05% ZnCl,+0.003% CuCl ,Cls, 0.05% Na,SeSO; | 3.38 0.7 5

For comparison, bulk ZnSe, ZnSe: Al and ZnSe: Cu crystals obtained by diffusion doping of Al and Cu impurities at

various temperatures of growth were studied. The temperature varied from 750 to 900°C.

The optical density and photoluminescence spectra were investigated to establish the nature of optical and luminescent
transitions in studied nanocrystals as well as to determine the average size of nanoparticles and the concentration of an
optically active impurity. For this purpose, the sets of samples with different ratio of initial and impurity components

were selected (Table 1).
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The optical density spectra were measured using a MDR-6 monochromator with diffraction gratings of 2400 lines/mm
for the ultraviolet, 1200 lines/mm for the visible and near-IR spectral regions and 600 lines/mm for the IR region. A
photomultiplier tube FEU-100 was used as a radiation detector.The photoluminescence spectra were measured on an
ISP-51 prism spectrograph. The registration of radiation was carried out with a FEU-100 photomultiplier tube and IR
photoresistor. The luminescence was excited by Edison Opto Corporation LEDs with radiation peaks at 375, 400, 460,
550 and 640 nm and a pulsed nitrogen ILGI-503 laser with a wavelength of 331.7 nm.

4. OPTICAL DENSITY STUDY

The optical density spectra of undoped ZnSe nanocrystals are shown in Fig. 2. It has been established that a decrease in
the concentration of the initial zinc chloride and sodium selenosulfate from 0.1 g / ml to 0.01 g / ml leads to a shift of the
band gap towards high energies from 3.3 to 3.78 eV, which is confirmed by the colloidal solution color change from pale
yellow to colorless [11,12,13].

The average radius of the nanoparticles was estimated in the effective mass approximation by the change in the band gap
(AEg) compared to bulk crystals, using the formula [9,33]:

h
R=——
BUAE, Q)

Here h is Planck’s constant; pu = ((Me+) ' + (Mp+ ) ") ", where me.= 0.19m,, m,* = 0.8m, are, respectively, the effective
masses of an electron and a hole in zinc selenide; m. is the mass of a free electron; AE, is the difference between the band
gap in the nanoparticle and the bulk ZnSe crystal (2.68 eV). The results of calculations are presented in Table 1.

SEM images of sample 2 are presented in Fig. 2. The formation of nanoparticles with a size of 10-12 nm observed. The
difference between calculated and observed size of crystalines could be explained by agglomeration of smaller grains
into larger clusters that are 2-3 times bigger than single nanocrystal. Doping with aluminum or copper shifts the optical
absorption edge to lower energies (Fig. 3, Fig. 4). In this case, the magnitude of the shift increases with growth of dopant
concentration. A similar low-energy shift is observed in bulk ZnSe: Al and ZnSe: Cu crystals (Fig. 5, Fig. 6).

Ll 10nm CNBM
X 300,000 15.0kV SEI SEM WD 9.5mm

Figure 2. SEM —image of ZnSe nanocrystals (Sample 2)
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Figure 3. Optical absorption spectra of (1) ZnSe nanocrystals and | Figure 4. Optical absorption spectra of (1) ZnSe nanocrystals and
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Figure 5. Optical absorption spectra of (1) ZnSe single crystals . . . .
and (2, 3, 4) ZnSe:Al single crystals. The annealing temperatures | Figure 6. Optical absorption spectra of (1) ZnSe single crystals
are 800 (2) 850 (3) and 900°C (4) and (2, 3, 4) ZnSe:Cu Slngle Crystals. The anneallng
’ temperatures are 800 (2), 850 (3) and 900°C (4).
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This shift cannot be explained only by the particle size increase. In bulk crystals, such a shift is explained by inter-
impurity Coulomb interaction, which is a characteristic of group 111 elements [10, 11] and transition element impurities
[12-16]. Using the relation [10]

V3 13
AE, =2-10° (5] eN” 5)
) Aregye,

where: e — electron charge, N — concentration of an aluminum or copper impurity in cm?, & = 8.33 is the static dielectric
constant of zinc selenide. The concentration of aluminum and copper in the studied ZnSe: Al nanocrystals (samples 3-4)
was calculated from the value of the shift of the band gap between undoped ZnSe nanoparticles (sample 1 or 2). The
maximum concentration of optically active aluminum impurity was 2:10*° cm™ in nanocrystals containing 0.002%
Al,Cl;. When the concentration of Al,Cl; decreases to 0.001% the concentration of the optically active aluminum
impurity decreases to 810 cm™ respectively. . High concentrations of optically active copper impurities indicate the
effective incorporation of copper atoms into the zinc sublattice in case of this doping method. The concentration of
optically active copper impurity varies from 2:10* to 4-10%° cm™ with an increase in the concentration of CuCl, from
0.001 to 0.003% in samples 5-7 [14,15,16].

5. INVESTIGATION OF LONG-WAVELENGTH PHOTOLUMINESCENCE

Investigation of ZnSe nanocrystals photoluminescence spectra has shown the presence of broad photoluminescence
bands localized in the 550-850 nm region. The change in the temperature of nanocrystals from 300 to 430 K did not
cause a shift in the studied spectra. The position of the spectra remained unchanged even with a change in the band gap
width of nanocrystals. The presence of a number of bends and a large (~ 150 nm) half-width of the bands indicate their
non-elementary nature. The spectra modeling by elementary Gaussian components program revealed a series of
elementary emission lines localized at 580, 600, 630, 680, 700, 750 and 800 nm (Fig. 7a). The identical elementary
emission lines were observed earlier in bulk ZnSe single crystals (Fig. 7b) [18,31,32].

Emission at a wavelength of 580 nm appears due to associative native defects (Vz,Vse). The emission line at a
wavelength of 600 nm appears due to associative defects (Vz,Dse)” where the donor is either Vg, or an uncontrolled
donor impurity, an VII group element, for example, Cl, Br, I. The other emission lines were associated with defects
(VznDz,)™ with different distances between donors and acceptors. Here the donor, according to [18], is the uncontrolled
Al, In, Ga impurities [17,18,19].

Doping with aluminium during the growth of nanocrystals leads to an increase of the emission intensity in the 500-
1000 nm region. Further increase of the emission intensity with increasing Al,Cl; concentration is explained by an
increase of the donor impurity concentration in investigated nanocrystals [20,21,22].
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Figure 7. Photoluminescence spectra of (a) ZnSe nanocrystals and (b) single crystals [11]
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Figure 8. Photoluminescence spectra of (a) ZnSe:Al single crystals and (b) nanocrystals
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Figure 9. Photoluminescence spectra of ZnSe:Cu nanocrystals Figure 10. Photoluminescence spectra of ZnSe:Cu single
(Sample 5) crystals. Tmeas=77 (1) and 300 K (2)

In the emission spectra of ZnSe:Al nanocrystals, elementary emission lines are emitted at 580, 600, 630, 680, and
700 nm (Fig. 8 b). The same emission lines were detected in bulk crystals of ZnSe:Al (Fig. 8 a) [28,29,30].

It was found that a change of Al,Cl; concentration and the choice of the stabilizing matrix type do not lead to a shift of
the elementary and integral emission lines to the short-wave or long-wave region. The change in technological
conditions leads to a change in the intensity of the elementary emission lines, which is explained by the redistribution of
the concentration of native and impurity defects that create the associative centers. The shift of the emission integrated
maximum to the smaller wavelengths region with increasing Al,Cl; concentration from 0.001 to 0.002% can be
explained by increasing in the intensity of the elementary emission line at 600 nm due to associative defects (Vz,Clse)
[23.24].

Doping of ZnSe nanocrystals with copper during the growth process leads to a shift of the emission spectra to the
shortwave region. The photoluminescence spectra of ZnSe:Cu nanocrystals with a CuCl, concentration of 0.001-0.003%
are broad non-elementary emission bands localized in the region of 500-750 nm (Fig. 9). The decomposition of the
spectrum into elementary Gaussian components allowed us to identify a series of lines with maxima at 520, 540, 590,
660 nm. Elementary radiation lines with such maxima are not observed in undoped ZnSe nanocrystals. In bulk ZnSe: Cu
crystals at T = 300 K, the emission bands at 590 and 660 nm are also detected. In bulk crystals he emission band at
550 nmat T = 77 K is observed. According to [18], the emission lines in bulk crystals and polycrystalline ZnSe films are
not connected with isolated Cuz,, but are caused by the complexes. The emission line at 520 nm is due to transitions
(Cuzy, V') The radiation line at 540-550 nm is associated with transitions within the associative center (Cuz, , Clg")
[19]. The emission line at 660 nm is due to radiative transitions involving doubly charged copper ions within the donor-
acceptor pair (Cuz?, Cls")" [19,20]. The emission line at 590 nm is most likely due to transitions involving a doubly
charged copper ion and a single-charged selenium vacancy within the center (Cuz,”, Vs.") [18]. A further increase in the
concentration of copper chloride to 0.005% and more leads to strong absorption in the near-IR region and concentration
quenching of the observed radiation lines, and the colloidal solutions of the nanoparticles become dark gray in color
[25,26, 27].

6. CONCLUSION

ZnSe, ZnSe: Al, ZnSe: Cu nanoparticles with a diameter of up to 4 nm were successfully synthesized using "green"
synthesis method and organic stabilizing agents. The nature of radiation transitions in ZnSe and ZnSe: Al, ZnSe: Cu
nanocrystals have been established. It was experimentally confirmed that the emission lines caused by the luminescence
on donor — acceptor pairs in nanocrystals are identical to the emission lines in bulk crystals. This proves that ZnSe: Al
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and ZnSe: Cu nanocrystals can be effectively used as a material for biomedical visualization, optoelectronics, etc. due to
both optical and luminescent properties, and simplicity and low cost of fabrication technology.
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