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In this work, we developed an optimized ultrasonic spray pyrolysis device for obtaining metal oxide films. The key benefit of this
facility lies in its cost-effectiveness and its ability to consistently coat extensive surfaces without sacrificing the integrity of the semi-
conductive films, thus streamlining the manufacturing process of semiconductor films. The resulting films exhibit the following
attributes: the thickness of the deposited layer is approximately 400 nm, while the diameters of ZnO1-xSx nanocrystals range from 50 to
200 nm, oriented perpendicular to the crystallographic orientation (111). In the production of nanorods, the average height is estimated
to be approximately 30-50 nm, with a density of 2.9x10"'! cm being indicated.
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1. INTRODUCTION

Currently, wide-bandgap semiconductors such as zinc oxide (ZnO) and gallium nitride (GaN) are considered the
most promising basic materials for the development of optoelectronic devices with predominant emission in the blue and
ultraviolet spectral ranges. The bandgap energies (at 300 K) of Eg ~3.37 eV and 3.39 eV for ZnO and GaN, respectively,
make them suitable for such applications [1,2]. GaN-based structures are already widely used for light sources
(semiconductor light-emitting diodes and lasers) in the blue and ultraviolet regions of the optical spectrum. However,
ZnO appears to be an equally promising semiconductor material for use in light-emitting devices as gallium nitride. It is
known that ultraviolet emission in ZnO is due to excitonic recombination [3]. In the case of exciton photogeneration, ZnO
allows for very low threshold power of optical pumping at 24 kW/cm?. For comparison, excitons in gallium nitride are
thermally unstable at room temperature (Eexc., GaN =25 meV), and forced emission in the edge region is usually obtained
through the recombination of electron-hole plasma, which results in significant threshold power values of optical pumping
at 1.2 MW/cm? (almost 2 orders of magnitude higher than in ZnO), and as a result, the need to use micrometer-sized laser
resonators. This is precisely why, in order to increase the exciton binding energy and reduce the generation threshold in
the creation of semiconductor lasers and LEDs based on GaN (the main material for producing semiconductors in the
short-wavelength range), more complex and expensive structures with quantum wells are used.

An important advantage of using ZnO structures is their low cost, as zinc makes up 0.1% of the Earth's crust, and
the much lower toxicity of zinc compared to many other materials used in the semiconductor industry. The potential of
using ZnO-based structures also lies in the possibility of expanding the optical emission range using solid solutions based
on ZnO, such as ZnMgO and ZnCdO, etc. [4-5].

In this study, zinc oxide films were obtained using the ultrasonic spray pyrolysis method, and the optimal conditions
of the technology were determined.

The conventional method of pulverization followed by pyrolysis has long been known and widely used. In this
particular technique, the combination of pulverization with ultrasonic atomization, with the appropriate selection of
synthesis conditions, substrate materials, and reagent concentrations, ensures the formation of ZnO films with acceptor-
type doping [6-8]. Therefore, the most promising approaches currently considered are - the synthesis or doping of zinc
oxide under significantly non-equilibrium conditions; annealing under a substance film with inadequate solubility of
compound components; and annealing of crystals in an atmosphere of atomic halogen. In this case, to a certain extent, all
three of these approaches are implemented. For example, during the pyrolysis of ultra-thin films of zinc nitrate and/or
acetate solutions on the substrate surface, significantly non-equilibrium thermodynamic conditions arise, leading among
other things to the formation of atomic oxygen and sulfur, as well as groups O-S, Zn-O-S, etc., aligning in the growing
film. By using (selecting) substrates with different solubilities (or different diffusion coefficients) of ZnO and S atoms, it
is possible, during post-annealing, to control the relative (and absolute) rates of "healing" of various defects. In this case,
to a certain extent, all three of these approaches are implemented. For example, during the pyrolysis of ultra-thin films of
zinc nitrate and/or acetate solutions on the substrate surface [9], significantly non-equilibrium thermodynamic conditions
arise, leading among other things to the formation of atomic oxygen and sulfur, as well as O-S, Zn-O-S, and so on, groups
that are arranged in the growing film. By using (selecting) substrates with different solubility (or different diffusion
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coefficients) of ZnO and S atoms, it is possible, during the post-annealing process, to control the relative (and absolute)
rates of "healing" of different defects.

2. DESCRIPTION OF AN OPTIMIZED ULTRASONIC SPRAY PYROLYSIS DEVICE

To verify the production of p-type ZnO, an ultrasonic setup was created for the synthesis of ZnO, as schematically
shown in (Figure. 1). The setup consisted of an ultrasonic generator (1), evaporator (2), cylindrical quartz glass (3),
double-layer cooling flask (4), additional liquid inlet pipe (5), gas inlet pipe (6), pump (7), gas outlet pipe (8), substrate
(9), valve (for pump control) (10), valve (for pyrolysis time control) (11), tube clamp (12), stand with scale (for adjusting
the distance between the spray head and the substrate) (13), heating platform (14), ring tube with holes at equal distances
(15), water-filled container for filtration (16), thermocouple (17), glass transparent cover (18), cylindrical hollow body
(19). Additionally, Figure 2 shows the diagram of the cylindrical hollow body device, where the water storage volume
(20), spray head (21), and liquid outlet tube (22) are located.

21 20
22, A
\ .
o ”
-
16
Figure 1. Optimized ultrasonic spray pyrolysis device for the Figure 2 Diagram of the structure of a cylindrical hollow
production of metal oxide films body

The ultrasonic generator emits a high-frequency pulse and sends it to the evaporator (ceramic or quartz piezoelectric
material). As a result, the vibration is transmitted to the liquid (water) in the two-layer cooling flask. Upon the supply of
the necessary chemical precursor through the additional outlet pipe (5) for the liquid into the two-layer cooling flask (4),
the evaporation of the chemical precursor will begin. The pump (7) pulls the gas through the outlet pipe (8) to the substrate
(9) from the vapor formed in the two-layer cooling flask (4) and the air passing through the gas inlet pipe (6) by means
of a ring pipe with holes at equal distances (15). The captured air and chemical precursor vapors enter the cylindrical
hollow housing (19) until they reach the substrate.

Through the use of a spray head (21), clean vapors are directed onto the substrate (9), while excess liquid, which
negatively impacts the quality of the film, is collected in a water storage volume (20). The liquid collected in the water
storage volume (20) is transferred through a liquid discharge pipe (22) into a container filled with water for filtration (16),
where excess gases are also directed through a ring pipe with evenly spaced holes (15). Adjustments to the pump's (7)
thrust force are made using a crane (10), while the dwell time and coating level are regulated with an additional valve
(11). The distance between the substrate and the spray head is adjusted by vertically moving the gas exhaust pipe (8) on
a stand with a scale (13), which is secured by a clamp (12). The substrate (9) and the vapors near it are heated by a heating
platform (14). The necessary vapor is deposited as a layer on the substrate (9). Temperature is monitored and regulated
by a thermocouple (17). The presence of a transparent glass cover (18) ensures that the process takes place in enclosed
conditions.

Zinc acetate aqueous solutions were used as precursors for the deposition of ZnO films. To conduct doping, fatty
elements were added to the zinc acetate aqueous solutions in the corresponding concentration, such as thiourea to obtain
p-type conductivity ZnO or ammonium acetate to obtain n-type conductivity [10-12]. As a result of ultrasonic treatment
of these solutions, the transition of the liquid to vapor occurred without significant heating of the liquid. The vapor formed
as a result of ultrasonic treatment was deposited onto the substrate.

The substrate was heated to temperatures sufficient for the thermal decomposition of precursors, and on its surface,
deposition occurred with the formation of ZnO film.

The formulas (1) represent the chemical reactions occurring during the synthesis of films:

4Zn(CH3CO0),+10H,0+4CHyN,S—4Zn0(S)+8NH; T+9CH;COOH+2CO, T (1)

3. MORPHOLOGY OF METAL OXIDE FILMS BY SPRAY PYROLYSIS DEVICE
To investigate the surface relief of ZnO1-xSx thin films, an atomic force microscope (AFM) "Solver-NEXT" SPM
9700HT (Shimadzu) was used. It is known that when calculating the profile obtained by the AFM method, the maximum
depth of probe deviation is taken as zero. When studying a system with a low density of islands and a small filling
coefficient of the heterostructure material, there is a high probability of the probe hitting the film surface and, therefore,
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the correct choice of the zero level. The ratio of the average coating thickness calculated from the obtained AFM profile
to the thickness measured in the experiment can be taken as a criterion for the correctness of determining the zero point.
If the ratio is below one, it indicates the presence of a continuous sublayer with the zero-point positioned on it. Conversely,
if the ratio exceeds one, there is an absence of a continuous sublayer, and the probable cause for this inconsistency lies in
the unique characteristics of the AFM technique when assessing height differentials. While the height of a distinct
protrusion on a level surface is ascertained with utmost precision, the depth of a minor crevice between islands is subject
to considerable error due to the relatively large tip diameter and the occurrence of lateral flows around its edges.
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Figure 3. Topography and surface relief of metal oxide films ZnO1xSx: a - 3D surface image and b - profile along the selected direction.
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Figure 4. Distribution of islands by height in the array of nanoislands of ZnO1.xSx films.

Figure 3 illustrates three-dimensional (a) and one-dimensional (b) AFM images of nanostructures formation during
the deposition process with an average height of nanostructures ranging from 30 to 50 nm. In Figure 3a, it can be observed
that the film surface consists of an array of nanoislands, and the height distribution profile along the direction indicated
by the line in Figure 3 is shown in Figure 4.
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Figure 5. SEM image of the surface of the o synthesized Figure 6. Energy dispersive spectroscopy (EDS) image of the
Zn01xSx films synthesized ZnO1xSx films

The distribution of nanoislands presented in Figure 4 reveals that approximately half of the nanostructures have
heights ranging from 15 to 25 nm, indicating a significant uniformity of the islands. Furthermore, from the experimental
results of the AFM studies, the average density of nanoislands was determined to be 2.9x10'' cm?.
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The relief and energy dispersive X-ray spectra (EDS) of the obtained ZnO1.xSx metal oxide layers were investigated
using scanning electron microscopy (SEM), JSM-1T200 (JEOL).

Figure 5 illustrates the SEM image of the surface of the obtained ZnO,..Sy films. It is evident that the deposition of
the films on Si results in the formation of densely packed nanocrystals of ZnO;.«Sx with various geometric shapes and
sizes, possibly belonging to the F43m space group. The thickness of the grown layer is 400 nm, and the diameter of
Zn01xSx ZnO nanocrystals ranges from 50 to 200 nm. They grow perpendicular to the substrate along the z-axis, and the
obtained ZnO films are highly ordered with a high degree of perfection (Fig. 5). The energy dispersive spectroscopy view
of the film is presented in Fig. 6. From the analysis of these data, the atomic content of Zn, O, S, and C depending on the
thickness of the obtained film has been determined. These show that the atomic content of Zn, O, S, and C has distributions
in the following relative magnitudes of 0.4989, 0.4543, 0.0366, and 0.0101 in the near-surface region of the film,
respectively.

4. CONCLUSIONS

Consequently, we have successfully fabricated thin films of zinc oxide doped with acceptor impurities consisting of
cerium atoms on silicon substrates using the ultrasonic spray pyrolysis method. An advantage of this approach is its cost-
effectiveness and the potential for a homogeneous deposition of semiconductor films across large areas without
compromising quality, thereby facilitating the future utilization of this technique in semiconductor manufacturing. Atomic
force microscopy studies of the metal-cased films showed that during the formation of nanoislands with an average height
of about 30-50 nm and densities 0f 2.9x10"' cm2. SEM data indicate that the thickness of the grown layer is approximately
400 nm, and the diameter of ZnO;.xSx nanocrystals ranges from 50 to 200 nm, growing perpendicular to the substrate
along the z-axis with a crystallographic orientation of (111). It has been determined that the atomic content of Zn, O, S,
and C has distributions in the following relative magnitudes of 0.4989, 0.4543, 0.0366, and 0.0101 in the near-surface
region of the film.
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ONTUMI3OBAHMI IPUCTPIA YJIbTPA3ZBYKOBOI'O CIIPEN-IIIPOJII3Y JJIsI BAPOGHUIITBA
METAJOKCHUJIHUX IUIIBOK TA iX MOP®OJIOIIS
Cipaxinin C. 3aiinadizinos?, Akpam:xon I0. Bo6oes*’, Hypitain IO. IOnycanics?, Izaxounrip H. Ycmonos?
“Anoudicancokuti deporcasHull ynigepcumem imeni 3.M. baoyp, Anousican, Y3bexucman

bIuemumym ¢pisuxu nanienposionuxie ma mixpoenexmpouixu Hayionanvnozo yuisepcumemy Ysbexucmany, Tawxenm, Yzbexucmar
V wi#t po6oTi MH pO3pOOMIIH ONTHMI30BaHE MPUCTPIll yIBTPa3ByKOBOTO PO3MIIIOBAIBHOTO MipOJIi3y AJIsl OTPUMAHHS IUTIBOK OKCHIIB
MmetaiiB. KirowoBa nepeBara 11,0ro 0o0JaJHaHHS IOJSra€ B HOro eKOHOMIUHIN e()eKTUBHOCTI Ta 3[JaTHOCTI ITOCIITOBHO MOKPUBATH
BEJIMKI TOBEPXHi 0€3 MIKOAM JJIs I[UTICHOCTI HAMiBIPOBIIHUKOBUX IUTIBOK, TAKMM YHHOM ONTHUMI3yIOYHM MPOIIEC BUPOOHHUIITBA
HAariBIPOBITHUKOBHX IUIiBOK. OTpUMaHi INTIBKH IEMOHCTPYIOTh TaKi BJIACTUBOCTI: TOBIIMHA HAHECEHOTO IIapy CTAHOBUTH MPUOIU3HO
400 oM, Toami sk ngiamerp HaHokpucTaniB ZnOi1xSx komuBaerbes Big 50 mo 200 HM, Opi€HTOBaHMX NEPHEHIUKYJIAPHO IO
kpuctanorpadiunoi opienraunii (111). ITix yac BUpOOHUIITBA HAHOCTPHIKHIB CEPEIHsI BUCOTA OLIHIOETHCS npubiu3Ho B 30-50 M i3
3a3HAYCHOIO IIUIBHICTIO 2,910 cMm 2.

KuntouoBi cioBa: 1miiBka, npocmopoea epyna; cyOKpucman, HAHOKpUCMAL; egeKm KEAHmOo8020 pOo3MIpy, napamemp peutimku;
npo3opa enekmpoHiKa, WinuHa





