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This paper presents the properties of semiconductor-ferroelectric structures consisting of ZnO nanorods grown at low temperatures by
the hydrothermal method on LiNbOs; and LiNbOs:Fe substrates. The resulting structures were analyzed by scanning electron
microscope, photoluminescence, and spectrophotometry. SEM images and spectra; absorption spectra; photoluminescence spectra in
the ultraviolet and visible ranges are presented. The studies have shown the possibility of using, along with others, the hydrothermal
method for the synthesis of Zn(NO3)26H20 and CsHi2N4 to obtain arrays of ZnO nanorods as a sensitive element of surfactant-based
UV radiation sensors.
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INTRODUCTION

ZnO has a whole set of properties that are well combined with each other, such as: high optical transparency, the
presence of piezo and photo effects, low resistivity, radiation resistance, etc. Zinc oxide is a direct-gap semiconductor
with a band gap of 3.36 eV and a high binding energy exciton state ~ 60 MeV. This combination of physical parameters,
as applied to ZnO thin films, makes this material promising for creating UV, blue, green, and white LEDs, optical and
gas sensors, piezo sensors, HUD displays, transparent contacts, etc.

Semiconductor-ferroelectric structures (ZnO-LiNbOs3) are currently attracting much attention of researchers due to
the possibility of creating radio photonics and functional microelectronics devices on their basis.

Zinc oxide initially has an electronic type (n-type) conductivity with a fairly low resistivity (p=107+10* Q-sm), a
high concentration of n-type charge carriers (~ 10%°--10%! sm™), and relatively low mobility (u=5+20 sm?/V-s) [1].

Lithium niobate can be called a wide gap semiconductor due to the change in the band gap of the crystal (3.4 eV) based
on the cross effect. However, due to the high resistivity (p=~10'°+10'7 Q-sm) and low mobility (u=10 sm?*V-s), as well as
the manifestation of spontaneous polarization and hysteresis properties, it belongs to the ferroelectric group of materials.

ZnO nanostructures have a wide range of applications in various devices. ZnO nanorods (NR ZnO) are interesting
for their electronic and optoelectronic properties [2,3] and are often functional elements of such devices as ultraviolet
(UV) nanolasers, chemical sensors, solar cells, nanogenerators [4,5]. The creation of UV sensors of surface acoustic
waves (SAW) based on zinc oxide nanostructures as sensitive elements is a very urgent task; they are promising for
economical wireless and batteryless devices [6-8].

In this regard, semiconductor-ferroelectric structures formed on the surface of a ferroelectric substrate from single-
crystal lithium niobate make it possible to create optically and electrically controlled structures according to the topology
of a field-effect transistor or a field-controlled photoresistor [9]. To create such microdevices, it is necessary to conduct
a comprehensive study of the structural, optical, and luminescent properties of semiconductor-ferroelectric structures.

For example, a highly efficient photodetector was developed based on a surfactant generator with a ZnO nanorod
layer sensitive to ultraviolet radiation on the surface of a LiNbOj substrate [10,11]. In particular, the sensor is capable of
detecting UV radiation as low as 1.8 pW/sm.

In our work, we present the results of a study of morphological, optical absorption spectra, photoluminescent
properties of ZnO-LiNbO; and ZnO-LiNbOs:Fe structures.

EXPERIMENTAL PART

ZnO were synthesized on a stainless-steel grid by the hydrothermal method [12]. Before growing ZnO nanorods, a
seed layer is formed on the surface of the substrates. The dip coating method has been applied to prepare the ZnO seed
layer on substrates due to its low cost and simplicity. All reagents (Sigma-Aldrich, 99%) used in the experiment were
analytically pure and were used without further purification. Zinc acetate dehydrate (ZnC4HsO042H,0) was dissolved in
ethanol with stirring with a stainless-steel shaft mixer at room temperature to obtain a homogeneous solution. The stirred
solution is placed in a beaker, the substrates are dipped into the solution at low speed using an automatic dip coating
system, and air dried at room temperature.

The growth of ZnO nanorods is carried out in the following sequence: aqueous solutions of zinc nitrate hexahydrate
Zn(NOs),6H,0 and hexamethylenetetramine C¢H1,N4 were prepared. The resulting suspension was transferred to a Teflon
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coated stainless steel autoclave. Substrates with a ZnO seed layer were placed on the bottom of the autoclave. Finally, the
autoclave was closed and placed in a bath with a water thermostat. The hydrothermal reaction is carried out at 90° C. for
5 hours.

Studies of surface morphology, thickness and elemental composition of the samples were carried out on a scanning
electron microscope (SEM) EVO MA10 (Carl Zeiss). The absorption spectra were studied using a Shimadzu UV 3600
spectrometer. The emission spectra of ZnO nanorods were obtained using a photoluminescent setup coupled to a 0.75 pm
monochromator with a diffraction grating and highly sensitive photomultipliers. The excitation source was a
longitudinally pumped nanosecond pulsed N, laser emitting at a wavelength of 337 nm (pulse duration ~6 ns, P ~15 kW,
repetition rate 100 Hz). The emission spectra were recorded using a boxcar integrator with a gate width of 40 ns.

RESULTS AND THEIR DISCUSSION

As a result of SEM studies, images of the surface morphologies of grown samples of ZnO-LiNbOs structures were
obtained, which are shown in Fig. 1. At high magnification, ZnO nanorods are clearly visible, with their sizes indicated.
A similar picture is shown by the images of the ZnO-LiNbOs:Fe surface, which we do not present.

Analysis of the SEM images of both samples shows that zinc oxide nanorods grow equally on both substrates. It can
be seen that the average size of nanorods is 10-20 pm in length and 1-3 pm in diameter.

To measure the thickness of the nanorod layer in SEM, the sample was rotated through an angle of 90° to the surface
grown from ZnO Fig. 2. It can be seen that the thicknesses in different parts of the applied layer are in the range of
2-12 um. Note that, depending on the task, the layer thickness can be changed during its growth.
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Figure 1. Surface morphology of ZnO-LiNbO3 Figure 2. Layer thicknesses of ZnO-LiNbO3 nanorods

.Cnean
Bec% o
Zn 776 04
Qo 215 04
Nb 09 02

. Crexp 7
Bec% o
Zn 811 05
Qo 176 04
Nb 12 03

N

(=
t

=

2 2
2 2
g 3
g g
¢ ¢
: :
3 2
= =

o
&

lo v oo la ool baocaalan

=

T O L O B O e

T D O T e e e T
0 5 10 15 B

0 5 10 15 B

a
Figure 3. Elemental analysis a) ZnO-LiNbO3 and b) ZnO-LiNbOs:Fe

As can be seen from Fig. 3 elemental analysis of the spectra shows the presence and percentage of all components of the
structures, the device does not see Fe, due to its low content, which goes beyond the measurement limits of the device.

The photoluminescence spectra of the structures under study are shown in Fig. 4. In both spectra of the structures
under study, there is a narrow intense luminescence band located in the UV region, the maximum of which falls in the
vicinity of the wavelength — 387 nm. The maximum of the luminescence band corresponding to the ZnO layer
hydrothermally deposited on the LiNbOj; surface (Figure 4, curve 1) is at a wavelength of 387 nm and has a half-width of
34 nm.

The maximum of the luminescence band corresponding to the ZnO layer hydrothermally deposited on the
LiNbOs3:Fe surface (Figure 4, curve 2) is at a wavelength of 390 nm and has a half-width of 32 nm. The intensity of the
band in the spectrum of ZnO nanorods grown on a LiNbOs:Fe substrate is 12% less than the intensity of the analogous
band in the photoluminescence spectrum for ZnO nanorods grown on a LiNbOj substrate. The position of the maxima of
the narrow UV photoluminescence bands and their spectral half-width suggest that they are similar to the exciton
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photoluminescence band [13]. Such a ratio between the intensities of the UV photoluminescence bands of the two samples
under study can be explained as follows: the process responsible for intense photoluminescence in the UV spectral range
is the recombination of excitons in the bulk of the ZnO layer [14]. The shift of the UV photoluminescence band by 3 nm
toward longer wavelengths may be due to the fact that the observed photoluminescence in the zinc oxide layer of nanorods
hydrothermally deposited on ferroelectric substrates is the total effect of luminescence from both exciton complexes and
deep traps present in the bulk zinc oxide layer of nanorods.

For both structures under study, broad luminescence bands are observed, which lie in the blue-green spectral region
of the visible range. These broad photoluminescence bands have similar half-widths and intensities (the spectra merge).
The intensities of the broad photoluminescence band of the ZnO-LiNbO3 and ZnO-LiNbOs:Fe structures coincide. Its
maximum is at a wavelength of 562 nm, and its half-width is 154 nm. The defects responsible for photoluminescence in
this spectral range include oxygen vacancies, which are both electrically and optically active defects. Optically active
defects and the spectral position of broad maxima correlate with the literature data [15].

We compared our results with the results obtained in the following works: [16] — ZnO films obtained by laser
ablation; [1] — ZnO films obtained by vacuum deposition on LiNbOj; ferroelectric substrates. The first exciton (in the UV
spectral region) obtained peak is similar to the peak obtained in our studies from zinc oxide films grown by hydrothermal
synthesis. But the peaks of vacancy oxygen in the second visible (blue-green spectral region) do not coincide. In our
results, the symmetry of the spectral lines is practically preserved, and the intensities of both peaks are of the same order,
no additional peaks are observed.

Studies have shown that grown ZnO nanorods are excited by ultraviolet light, the PL spectrum of ZnO nanorods
consists of two peaks: a narrow one in the UV range and a broad emission band in the visible range. The UV peak was
attributed to the near edge emission of the band or the free exciton of ZnO, and the blue-green emission to the far
luminescence band and vacancy oxygen.
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Figure 4. Photoluminescence spectra of structures: ZnO- Figure 5. Absorption spectra of structures: ZnO-LiNbO3
LiNbO:s (1), ZnO-LiNbOs:Fe (2) (1.2), ZnO-LiNbOs:Fe (3.4)

To study the optical properties of the resulting semiconductor-ferroelectric structures in the UV and visible ranges
of the spectrum, studies of the absorption spectra were carried out. The absorption spectra Fig. 5 were studied in the
wavelength range from 200 to 900 nm. The parallelism of the spectral lines remains practically unchanged from 400 nm
to the near infrared region. Absorption begins to increase rapidly from 400 nm. Therefore, in the figure, the range from
the short-wavelength range to 600 nm is taken. absorption spectra were taken from both samples - from the side: ZnO (1.4)
and substrates (2.3).

For comparison, the absorption spectra of the samples were measured on both sides. It can be seen from the spectra
that in the ZnO-LiNbO; structure the spectrum taken from the side of the ZnO layer is lower than the spectrum taken
from the side of the base (Fig. 5, curve 1). This indicates that the ZnO layer reflects light. But in the ZnO-LiNbOs:Fe
structure, on the contrary, the spectrum of the ZnO layer is higher (Fig. 5, curve 4). We can say that this is the effect of
Fe ions participating in the structure. The obtained absorption spectrum in the decreasing linear part of the graph was
approximated by a straight line up to the intersection with the abscissa axis. The point of intersection of this line with the
abscissa axis is the wavelength corresponding to the absorption edge of the crystal. The band gap was determined by the
formula:

hc
E== (1)

where A is the wavelength corresponding to the absorption edge, h is Planck's constant, ¢ is the speed of light in vacuum.
The widths of the geometrically defined band gaps E; are 3.86, 3.85, 3.52, and 3.34 eV, respectively, according to
the curves in Fig. 5. The refractive indices are determined by the following imperial formula, taking into account Eg,
which is given in [17]:
2 4 _ A
n 1= (Eg+B)?
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where A = 25E, + 212, B=0.21E, + 4.25, while the changes in the refractive index look, respectively, as follows; 2.20,
2.21,2.26, 2.30.

CONCLUSION

Thus, it can be said that for all methods of obtaining ZnO nanostructures on pure and iron-doped lithium niobate
substrates, the surface morphology is the same, they are covered with ZnO nanoparticles or nanorods (clusters), and, in
the elemental composition of nanoparticles, oxygen predominates, and vice versa in nanorods. The results of
luminescence analysis show similarity of the spectra both in the UV region and in the blue-green part of the spectrum,
but the spectra obtained by us are symmetrical and without additional “peaks”, due to a larger amount of interstitial
oxygen. In addition, it can be seen that the refractive indices calculated using the above empirical formula are very close
to the experimental results of other authors.
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JESIKI BMJACTUBOCTI HAIIBIIPOBIAHUKOBO-CETHETEJTEKTPHYHUX CTPYKTYP
3akip’sau T. Azamaros, llagipa b. YTamypanosa, Mypomxon A. FOnnomes, Hypiaan H. Bazap6aes
Incmumym ghizuxu nanisnposionuxie ma mikpoenexmpounixu Hayionanvnozco ynieepcumemy Ysoexucmany,
syn. Aneu Anmaszop, 20, Tawxenm, Y30exucman

VY cTaTTi npeacTaBiIeH] BIACTUBOCTI HaIiBIPOBIAHMUKOBHX CETHETOCICKTPUYHUX CTPYKTYp, IO CKIANAIOTHCS 3 HaHOCTepkHIB ZnO,
BUPOLICHHUX NPH HU3BKUX TEMIIEpaTypax riJpoTepMalbHUM MeTonoM Ha minknaakax LiNbOs ta LiNbOs:Fe. Otpumani cTpykTypu
aHaJi3yBaJH 3a JOIOMOIO0 CKaHyFOYOr0 eJICKTPOHHOI0 MiKpocKora, (hoTontoMiHeceH il Ta ciekTpodoromerpii. COM 300parkeHHs
Ta CIEKTPH; CIEKTPH IOTJIMHAHHS; CIEKTPU (OTOJIOMIHECHeHIi B ynbTpadioseroBoMy i BuanMoMy niamasoHax. JlocmimkeHHs
MOKa3aJli MOJIIMBICTh BHKOPHCTAHHS MOPsA 3 iHIMMH rigporepmansHoro merony cuutedy Zn(NOs3)26H20 ta CeHiaNa st
OTpUMaHHsS MacHBiB HAHOCTEPXkHIB ZnO SK YyTINBOTO €JIeMEHTa TaTIuKiB Y @-BUNpoMiHIOBaHHS Ha ocHOBI [TAP.
Ku104o0Bi ci10Ba: Hanocmpudicki, (pomonominecyeHyisn, CKaHyiouuil e1eKmpOHHULL MIKPOCKON, CREKMP NO2IUHAHHS



