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Abstract. Polycrystalline phosphor film Cd.xy-z) (CuyAg;) ZnyS was grown on the surface of
the Si/nano-SiC heterostructure obtained by the unique method of substitution of atoms. The
structural, phonon (vibrational) properties of the film, as well as its morphology were studied.
X-ray phase analysis (XRD) showed that the phase composition is represented by a matrix of
solid solution of cubic syngony and impurity phases formed during precipitation: sodium
sulfate (Na,SO,4) of orthorhombic syngony and sodium cadmium sulfide (NagCd;Si) of
monoclinic syngony. The Raman spectroscopy (RS) method confirmed the components of the
polycrystalline phosphor film, including its phase composition, determined by the X-ray
phase analysis method.
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1. Introduction

We have previously studied the optical properties of phosphors based on the three-component
solid solution Cd (1-x-y-2(CuyAg;)ZnyS in the visible region of the energy spectrum of photons
exciting valence electrons in the range from 3.1 eV to ~ 1.6 eV [1,2]. It is known [2-5] that
phosphors based on a solid solution of zinc sulfides and cadmium are characterized by higher
electrical, optical properties and variable color characteristics unlike luminescent substances
based on individual zinc or cadmium sulfides under identical synthesis conditions. However,
researchers were constantly interested in what controls the properties of crystals: phonons,
phonon-electron interaction, or in other words, the interaction of light quanta and lattice
thermal energy, translational symmetry, anisotropy?

In this connection, the solid solutions of CdgZnxS compounds A’B° attract the
attention of researchers with their structural features for a wide application, including for solar
cells McPeak [6], as luminescent substances [2]. Perspective are the phosphors obtained by
the method of colloid chemistry. Synthesis and simultaneous doping it, for example, with two
ions, copper and silver, causes a decrease in the crystallographic symmetry of the cubic lattice
of the matrix solid solution Cd;xZn,S. The broadening of the photoluminescence spectrum of
doped solid solutions is observed in the long-wave region of radiation.

Copper and silver make it possible to obtain a white luminescence and increase the
intensity of its emission by a factor of two at a wavelength of 500 nm in comparison with an
undoped solid solution. Therefore, an interesting and promising study would be the study of
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the phonon properties of phosphor films deposited on single-crystal substrates and, in
particular, on a silicon substrate (Si) with a buffer layer (sublayer) of silicon carbide (SiC).
The combination of unique optical properties of solid solutions of ZnS-CdS sulfides with Si
properties can lead to the creation of a whole class of devices of new generation.

The study of the vibrational properties of the structure of solid solutions will broaden
our knowledge of the optical properties of the polycrystalline phosphor film on a silicon
substrate with a buffer nanolayer of silicon carbide.

Thin silicon carbide (SiC) films on a monocrystalline silicon (Si) substrate were grown
by a new method of topochemical substitution of atoms. This substitution method was
discovered by S.A. Kukushkin and A.V. Osipov in 2008 [7-11]. According to this method, the
growth of single-crystal SiC on a silicon substrate is due to the chemical reaction (1) of Si and
carbon monoxide (CO) at a temperature ~ 1250°C and a pressure of (20-600) Pa
2Si(solid ) + CO(gas) = SiC (solid) + SiO (gas) @)

Azhniuk [12] studied the Raman spectra of nanocrystals of solid solutions Cd;.xZnyS
(x =0 ... 0.13) in borosilicate glass. The excitation was carried out by the laser line Ag” at a
wavelength A = 457.9 nm. The Raman spectra of the solid solutions Cd;«Zn,S (x =0 ... 0.13)
are given. Moreover, as the value of x increases, the main peaks shift to a region of high
frequencies, that is, the blue shift. The Raman spectrum of cadmium sulfide (CdS) is
represented by two optical frequencies at 305 and 612 cm™.

However, despite attention to the phosphors based on solid solutions of zinc and
cadmium sulfides, their phonon properties have not been fully studied, despite the fact that the
phonon properties of these crystal structures can provide important information about the
dynamics of the crystal lattice and explain many of the physicochemical properties, including
optical, of luminescent materials.

Therefore, the aim of this work was to study the fine structure, phase composition,
structural, phonon properties, and morphology of the surface of a polycrystalline Cd1-0ZnS:
Cu, Ag phosphor film deposited from an aqueous colloidal solution onto the surface of the
heterostructure Si /(nano)SiC.

2. Experimental

Technique of the experiment. The following reagents were used to synthesize the
basis of phosphors: zinc acetate dihydrate (Zn(CH3COO),2H,0, cadmium nitrate
tetrahydrate Cd(NO3),'4H,0, ninehydrate sodium sulfide Na,S-9H,O and bidistilled water.
The calculated amount of copper and silver activators was introduced as the corresponding
salts of Cu(CH3COO),'H,0 and AgNO3. Copper and silver were introduced in the synthesis
in amounts of 0.02 and 0.06 (9/gcdo.1zno9s), respectively. The investigated reagents had the
qualification "analytical grade".

Colloidal precipitation of sulfides was carried out in two stages. In the first stage,
aqueous solutions of zinc acetate and cadmium nitrate containing copper (in the form of
acetate), silver (in the form of a nitrate salt), and a solution of sodium sulfide (metal
precipitant) were prepared. Solutions of zinc acetate, cadmium nitrate and sodium sulfide had
a concentration of 1 mol/l. In the second stage, precipitation and doping of zinc and cadmium
sulfides were carried out.

The colloidal aqueous solution was then divided into two parts. In one part, after
separation of the precipitate from the solution and vacuum drying (starting sample 2), a
crystalline precipitate was obtained and its optical and structural characteristics were studied.
Another part of the colloidal solution was used to grow a film on the surface of a silicon
substrate with a nano-SiC (111) buffer layer by the free precipitation of zinc acetate, cadmium
nitrate, copper acetate, silver nitrate, sodium sulfide. To this end, hybrid Si/nano-SiC
substrates were placed in a Petri dish, a certain amount of a colloidal aqueous phosphor
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solution was added and kept in solution until all the particles were completely deposited on
the surface of the substrate. The deposition of the film was carried out under normal
conditions.

The main reaction of colloid deposition of cadmium and zinc sulfides:

Cd(NOg3), + Zn(CH3COO0),+ 3 NagS + 3/20, +H,0 = CdZnS + Na,;SO4 + 2NaNO; +
2CH3COONa + H,S (2)

Further, after drying the phosphor film on the substrate, the phase composition,
structural characteristics, surface morphology, elemental and disperse composition were
studied. Determination of the elemental composition of the samples was carried out by
electron-probe microanalysis. The sensitivity of the method was 0.1at.%.

For X-ray phase analysis (XRD), a micro diffractometer "Difrey” was used. Diffraction
patterns were mesured in a range of angles 26 10 ... 70° in a discrete mode with a step
A26 = 0.040 and exposure time 1s, using Cu-K, radiation at a wavelength of A = 0.1542 nm.
Identification of the phase composition of the sediment was carried out according to the file
of the International Center for Diffraction Data (PDF card).

Raman spectra were measured using a confocal Raman microscope Witec Alpha 300R
with a sensitive optical CCD detector at room temperature. The measurements were
performed in the backscattering geometry z (xx) Z and in the phonon oscillation range
100-3600 cm™ (or the wavelengths of the radiation in the infrared region of the spectrum of
10° nm - 2.8 -10% nm and energies ~ 0.01 - 0.44 eV). The output power of laser radiation is
1 mW, the optical excitation wavelength is A= 532 nm, (photon energy of 2.33 eV) in the
green region of the electromagnetic spectrum.

XRD analysis. Figure 1 shows the diffractogram of the resulting phosphor Cdg1Zng S,
on which impurity reflections are also observed. Also in Fig. 1 shows the diffraction patterns
of sodium sulfate (Na,SO,) standards (PDF card: 05-0631), sodium cadmium sulfide
(NasCd;S10) (PDF card: 51-1427). The reflexes corresponding to the impurity phases of
Na,SO, and NagCd;S;o were designated, respectively, by triangles and circles. The impurity
phases: Na,SO,4 orthorhombic system Fddd (PDF card: 05-0631) and NagCd;S1p monoclinic
C2/m (PDF card: 51-1427) were identified by the values of the interplanar spacings d (Fig. 1
and Table 1).

As can be seen from Table 1, the correspondence between the reference interplanar
distances confirms the formation of impurity phases in the phosphor obtained by colloidal
deposition: sodium sulfate (Na,SO,) and sodium cadmium sulfide (NagCd;S1o).

Table 2 shows the values of the parameters of the crystal cubic lattice of the standards
Si, 3C-SiC, solid solution Cdy1Zng¢S, and the synthesized phosphor based on it.

As can be seen from Table 2, the standards of Si and the solid solution Cdg1ZngS are
close in terms of the parameters of the cubic crystal lattice. Spatial groups or the
crystallographic environment of atoms in Si and Cdy 1Zng S lattices in the crystal structure of
Fd-3m and F 43m (T, respectively.

In addition to the similarity of silicon crystal and solid solution in terms of syngony,
both types of crystals are similar in the same three-layer structural motif, a rotary axis of the
third order, a symmetry plane parallel to the diagonal of the face. Therefore, it was assumed
that the correspondence of the crystal lattices of silicon and a solid solution would allow the
formation of phosphor films without elastic stresses.

The energy brightness of the PL of the phosphor Cdi-x.y-z)(CuyAgz)ZnxS increased
3.5 times after deposition onto the substrate of the Si/(nano) SiC heterostructure. The energy
brightness of the phosphor before and after aging in an aqueous colloidal solution is 18 and
64 cd/m?, respectively.
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Fig. 1. Diffraction patterns of the Cd(1-x.y-z(CuyAgz)ZnxS phosphor and standards:
sodium sulfate (Na,SO,) (PDF card: 05-0631), sodium cadmium sulfide (NagCd;S1p)
(PDF card: 51-1427)

Table 1. Indication of the impurity phases: Na,SO, and NagCd;S;o in the
Cd(1-x-y-2(CuyAg;)Zn,S phosphor by comparing the experimental data and the standards of the
PDF card

PDF card, formula, syngony, space group, coordination number, Z Experiment
hkl dhki,nM(PDF card) dhki, M
PDF card: 05-0631: Na,SO,4 orthorhombic Fddd; Z=8
111 0.4660 0.4541
131 0.3178 0.3177
040 0.3075 0.3072
113 0.2783 0.2784
220 0.2646 0.2643
222 0.2329 0.2328
153 0.1864 0.1865
260 0.1680 0.1681
PDF card: 51-1427: NagCd;S1o monoclinic C 2/m; Z=2
201 0.6790 0.6691
112 0.3110 0.3072
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312 0.2820 0.2851
710 0.2730 0.2675
711 0.2487 0.2444

Table 2. Parameters of the crystalline cubic lattice of silicon, silicon carbide and phosphor,
experimental and reference (PDF card)

Lattice parameter, nm

Si 3C'SiC Cdoyl Znovg S Cd(l_x_y_z)(CUyAgz)Zn(X)S
PDF card Experiment
12-1402 73-1708 024- 1137 aged in an aqueous initial
colloidal solution (sample 2)
(sample 1)
0.543 0.435 0.543 0.534 0.548

The growth of the energy brightness in the precipitation of Cd(1.x.y-z) (CuyAg;)ZnxS was
associated with the process of co-crystallization, during which crystals of one phase can
nucleate on the surface of another phase, forming a system of heterojunctions. Axtell [13]
synthesized and studied the physico-chemical properties of the ternary compound NagCd;Sio,
since this compound has interesting structural features, including the number of vacancies and
strange coordination geometry around the sulfur atom. It was shown that the triple compound
NasCd;Syo is a direct-gap semiconductor. Sodium cadmium sulfide (NasCd;Sio) has a
tunneled three-dimensional framework, displays a sulfur atom in a rare coordination geometry
and contains numerous built-in Vgg cadmium vacancies. Such a structure is capable of
initiating luminescent properties. However, we assume the role of phonon properties of the
phosphor polycrystalline film in the enhancement of optical properties, including energy
brightness.

Raman spectroscopy. The Raman analysis of the polycrystalline phosphor film on the
substrate surface of a Si/nano-SiC heterostructure is shown in Fig. 2 and Table 3.
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Fig. 2. Raman spectra: a) sections of a polycrystalline Cd1.x-y-(CuyAg;)ZnxS phosphor film
on a silicon substrate with a nano silicon carbide film, and b) a silicon substrate with a nano
silicon carbide film
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Table 3. Indication of the Raman frequencies of a polycrystalline Cd-x.y-») (CuyAgz)Zn,S
phosphor film deposited on the surface of a Si/nano-SiC heterostructure

Polycrystalline phosphor film Cd-xy-z (CuyAgz) ZnyS

Frequency, cm™ Component and link
133*,** | LA 6H - SiC [14], LA SiC [7], [15].
300 Si, (Si+CdS), Cd1,Zn,S, CdS (~304 cm™) [16], Si (520cm™), CdS: 300 u

602 cm™ [17],

CdS: 305 u 612 cm™, Cd1..Zn,S (x 0...0.13) in borosilicate glass. Anti-
Stokes bias detected [12],

CdS: 300 (1L0O), 600 (2L0O), 900(3LO) [18],
(CdS + Si + solid solution Cd1.xZnyS) [19],
Si (~300 cm™ u ~ 525 cm™) [20].

area400 cm™: | Zny«Cd,S: Cu,Cl (348 cm™: 1LO (345.4 cm™) u 2LO (329.7 cm™)). With
increasing Cd (x > 0.1), the red shift is 1LO and 2LO (stokes shift). The

332, 363, 395 modes of optical phonons: single-mode, intermediate and two-mode [21].
443
522 TO-Si crystal (521cm™) and the low-frequency component near 480 cm™
is associated with the amorphous phase [22];
p-Si (515...517 cm™) confirmed [23, 24] and for clusters nc-Si 8 [25],
¢-Si (520.5 cm™) [26]; Si (520 cm™) [17] [ 27]; Si (520 cm™ , 900 cm™ —
silicon substrate) [28].
612 ...625 solid solution Cd;1.xZnsS x =0...0.13, anti-Stokes shift with increasing x

[12], but this frequency range is not detected on the Raman spectrum of the

depending on X | byosphor film.

658 solid solution [27], [29-33].
796 TO 3C-SIiC, TO 4H —SiC, TO 6 SIiC (797cm™) [14],
3C-SiC (on two frequencies: 796 u 972 cm™) [15].
968 Si + LO- 3C-SiC [34]; LO 4H-SiC (964 cmY), LO-6H-SiC (965 cmY),

LO 3C-SiC (972 cm™) [14], LO SiC [7], (965 cm™) [35].

* the frequency 133 cm™ is closest to the frequency ~ 145 cm™ of the longitudinal
acoustic LA phonons of the 6H-SiC polytype [14].

** In the review paper of S. Kukushkin [7] it was shown that silicon carbide shows
three types of vibrational modes on the Raman spectrum:

longitudinal acoustic LA in the region of low frequencies ~ up to 200 cm™,

transverse optical TO at frequencies around 800 cm™,

longitudinal-optical LO at frequencies in the region of 900 cm™.

Doping changes the dynamics of phonons of the matrix structure. For example, doping
of zinc sulfide with manganese [36-38], manganese and europium [38] leads to a shift of the
phonon frequencies to higher values, blue shifts and anti-Stokes luminescence.
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Cheng [39] found the oscillations of the first and the second order phonons on the
Raman spectrum of zinc sulfide.

3. Discussion of the results of interpretation of Raman frequencies
In the peak at a frequency of 300 cm™, the sum of the combined frequencies of CdS + Si+
phosphor based on a solid solution [19].

Genzel [40] theoretically studied the phonon behavior in bulk hexagonal crystals of
solid solutions of Cd;«Zn,S. In the developed model, the difference in the structure of the
crystal was not considered, therefore, its use was recommended for analysis of the vibrational
LO mode of cubic, hexagonal structures.

Ichimura [41] studied the Raman spectra of bulk crystals of solid solutions of Cd;-xZnyS
with cubic structure grown on a GaAs substrate. The frequency of vibrational modes with
increasing content of Zn shifts to higher values. The frequencies in nanocrystals are shifted to
lower values.

In Dorofeev's paper [26], the 517 cm™ line was identified as being related to silicon.
The frequencies of silicon are confirmed by Raman spectra for p-Si in the works of Tsu [23],
Tsang [24] and for clusters of nc-Si in Ehbrecht [25].

Macias-Sanchez [19] studied micro-Raman spectra of Cd;«ZnyS photocatalysts on
silicon oxide SBA-16 (Cd;-xZn«S/SBA-16). The scattering of light was investigated with the
help of the Raman spectrometer Labram-Dior. The source of light was a helium-neon laser
with a radiation wavelength A = 632.8 nm and a power of 15 mW. The spectra were recorded
at room temperature in the wave-number range 50-1100 cm™, the laser spot was focused
using a 50x objective. Raman spectra of cadmium sulfhide CdS/SBA-16, solid solutions:
Cdo_7ozn0.308/SBA-16, Cdo.goZﬂo.zoS/SBA-lG, Cdo_gozno_loS/SBA-].G, and
Cdop.95ZN0.0sS/SBA-16 have been obtained. The Raman spectrum of the samples is represented
by frequencies in the region of 300 and 600 cm™, corresponding to the modes of vibrations of
the longitudinally optical phonons of the first 1LO and the second 2LO orders, respectively. A
solid solution increases the intensity of 1LO oscillations, especially in the 1LO region of
300 cm™ frequencies. Longitudinal optical oscillations of cadmium sulfide on a CdS/SBA-16
substrate at frequencies of 1LO 300 cm™ and 2LO 600 cm™ are poorly expressed in SBA-16.

Sahoo [16] synthesized by the chemical deposition of nanocrystals of solid solutions of
Cd1xZnxS and their structural properties were studied by XRD and Raman spectroscopy.
Longitudinal optical (1LO) vibrational modes in Cd;.xZn«S nanocrystals have been observed.
For nanocrystals, the 1-LO modes turn out to be in the region of lower wavenumbers than
bulk ones. The broadening in the spectra of nanocrystals is much larger than in the spectra of
bulk crystals. This effect is due to the confinement of phonons. However, in solid substitution
solutions, isomorphous substitution makes a much greater contribution to line broadening
than the confinement of phonons.

Zakria [42] studied the structural characteristics of thin films of solid solutions
Cd1xZnS x =0.2, x = 0.6, x = 0.8 by X-ray diffraction and Raman spectroscopy for use in
optical electronics. The vibrational modes and crystalline phases are investigated. The single-
phase hexagonal structure of thin films of solid solutions of Cd;.xZnxS was characterized on
the Raman spectrum by two vibrational modes 1LO, 2LO. On the Raman spectrum of thin
films, after annealing, the red shift and the antisymmetry of the peak corresponding to the
vibrational mode as a common blue shift were observed.

Vineeshkumar [43] synthesized quantum dots of phosphors containing copper
Zn1.4,CdxCu,S (x =0.2, y=0, 0.01 ... .0.1) at different Cu: Zn ratios, the surface of which is
covered by polyvinyl acetate molecules and studied structural, optical and phonon properties,
as well as the morphology of the particle surface. The X-ray phase was identified by the XRD
method and the particle size in the range 2.5 ... 3.5 (nm) was determined.



Polycrystalline films of phosphors Cd(1-x-y-z) (CuyAgz) ZnxS on the silicon substrate with the silicon carbide... 403

High-efficiency 3D dimensional photocatalysts Cd;«ZnS were obtained by Z.
Xiong [44] in one-stage synthesis and their photocatalytic properties in the decomposition of
water molecules by visible light were studied. The phonon properties were studied by Raman
spectroscopy. The Raman spectrum of the solid solution Cdg72Zno26S exhibits two peaks at
frequencies of 306.5 and 608.1cm™.

Analysis of background composition of the Raman spectrum allowed not only to
identify the basis of the phosphor film (Figure 2a), but also to confirm the presence of copper
and silver in it. Since the joint doping of the solid solution with two Ag + Cu metals changes
the phonon dynamics of the structure of solid solutions and leads to additional vibrational
modes. This is in agreement with the works of Jimenez-Sandoval [36], Nien [21,37] on the
phonon properties of sulfides and the contribution of doping of matrix sulfide to additional
modes.

Additional modes (Fig. 2a) are due to the introduction of activators, which cause an
oriented distortion of the crystalline cubic face-centered lattice and a decrease in its symmetry
[1, 2]. However, it follows from the work of Hossu [38] and Cheng [39] that doping does not
affect the frequencies of zinc sulfide of the Raman spectrum, in addition, it was suggested that
the frequency of ZnS-sphalerite oscillations should be clarified.

Hossu [38] studied ZnS collation by double-charged Mn®* + Eu?* and showed that the
saltification does not change the position of the ZnS peak on the Raman spectrum. Phases
ZnS-sphalerite and ZnS-wurtzite were interpreted on the Raman spectrum at frequencies of
350 and 351 cm™, respectively. Europium increases the luminescence of manganese by
5.5 times. The reason for this effect was explained by the modification of the phonon activity
by europium.

As can be seen (Fig. 2a, b), the frequencies of the optical phonons 300 and 522 cm™ do
not change even after the deposition of the polycrystalline phosphor film on the silicon
substrate containing the 3C-SiC buffer layer. But this fact does not indicate that the chemical
reaction between the polycrystalline Cd-x.y-z) (CuyAg;)ZnS phosphor film and the substrate
of the Si/(nano)SiC heterostructure does not occur. Since a large amount of silicon from the
substrate gets into the laser beam of light (Fig. 2a) and a thin surface layer (of the order of a
few nanometers), which theoretically could react with the phosphor film, gives a very small
contribution in this spectrum, it is very difficult to track. For the same reason, a thin layer of
silicon carbide is not visible on the Raman spectrum of the polycrystalline phosphor
film (Fig. 2a).

4. Conclusions

Polycrystalline phosphor film Cd(1x.yz) (CuyAg;) ZnS was grown on the surface of the
Si/nano-SiC heterostructure and different properties of the film were studied: structural,
phonon (vibrational), morphology. X-Ray analysis (XRD) showed that the phase composition
is represented by a matrix of solid solution of cubic syngony and impurity phases formed
during precipitation: sodium sulfate (Na,SO,) of orthorhombic syngony and sodium cadmium
sulfide (NagCd;S10) of monoclinic syngony. The Raman spectroscopy (RS) method confirmed
the components of the polycrystalline phosphor film. Analysis of the additional Raman bands
was conducted, and it was shown, that the doping of the solid solution with copper and silver
can affect the optical frequencies, because it distorts the lattice.
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