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The produced ZnO<S> films were characterized with the crystallographic orientation (001) and lattice parameters a = b = 0.3265 nm and
¢ =0.5212 nm. ZnO;—Sx nano-crystallites on the surface of the film had characteristic sizes ranging from 50 nm to 200 nm. The lattice
parameter of ZnO;—Sx nano-crystallites was experimentally determined to be azno<s>=0.7598 nm. The study has shed light on what occurs
to lattice parameters of the ZnO film and the geometric dimensions of ZnO; .Sx nano-crystallites on the surface of the film under
the influence of gamma-irradiation. It has been determined that the crystal structure of ZnO;—Sx nanocrystallites represents a cubic lattice
and belongs to the space group F43m. It has been determined that after y-irradiation at doses 5-10° rad, the resistivity of ZnO<S> films
reduced to p = 12,7 £2cm and the mobility of the majority charge carriers (1) became 0.18 cm?/V-s, whereas their concentration (N) had
increased and equaled 2.64-10"8 cm™. The study of the current-voltage characteristics of p- ZnO<S>/n-Si heterostructures before and after
y-irradiation at doses of 5-10° rad revealed that the dependence of the current on voltage obeys an exponential law which is consistent with
the theory of the injection depletion phenomenon. It was determined that under the influence of y-irradiation at doses of 5-10° rad, the
capacitance of the p-ZnO<S5>/n-Si heterostructure at negative voltages increases and the shelved curve sections and peaks are observed
on the curve due to the presence of a monoenergetic level of fast surface states at the heterojunction.

Keywords: Film; Ultrasonic spray pyrolysis, Nano-crystallite; y-irradiation; Crystallographic orientation, Lattice parameter; Charge
carriers, Injection depletion
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INTRODUCTION

ZnO metal oxide layers represent semiconductors with a band gap of 3.3e}" and n-type conductivity due to oxygen
deficiency [1]. The layers are conventionally engineered by three most promising techniques such as, synthesis and doping
of zinc oxide under substantially non-equilibrium conditions; thermal annealing under a film of substance with inadequate
solubility of the components of compounds; annealing of crystals in an atmosphere of atomic chalcogen [2,3]. In the
present experimental case, to a certain extent, all three of these approaches have been implemented. Thus, in the process
of pyrolysis of ultrathin films of zinc nitrates and/or acetates solutions, significantly non-equilibrium thermodynamic
conditions occur on the surface of the substrate leading to the formation of atomic oxygen and sulfur, as well as O-S,
Zn-0-S groups, etc., that further line up in a growing film [4]. By applying (choosing) substrates with various solubilities
(or different diffusion coefficients) of Zn, O and S atoms, it would be possible, during post-growth annealing, to optimize
the relative rates of “healing” of various defects. In addition, as was revealed earlier, doping metal oxide layers with
various elements [5] and their subsequent exposure to y-irradiation [6,7] leads to a reduction in size of crystallite grains
and boosts functional properties of nanostructured films.

In this regard, the paper presents the results of experimental studies of XRD (X-ray diffraction analysis)
and electrophysical properties of ZnO metal oxide films doped with S, as well as the effect of y-irradiation on their
structural parameters.

MATERIALS AND METHODS

To deposit S-doped ZnO metal oxide films on silicon substrates, we used the technique of ultrasonic spray pyrolysis.

X-ray diffraction analysis of the resulting thin ZnO<S> films and silicon substrates were performed
by a third-generation Empyrean Malvern-multipurpose X-ray diffractometer. OriginPro2019 package was used to analyze
the correspondent spectra. X-ray diffraction measurements were carried out in the Bragg—Brentano beam geometry
in the range 205 = from 15° to 120° continuously with a scanning speed of / degree/min.

To determine the resistivity, concentration and the mobility of the majority charge carriers in the grown films,
the Van der Pauw method was used on a HMS-7000 Hall effect measurement unit.

RESULTS AND DISCUSSION
Figure 1-a shows an XRD pattern of the received ZnO<S> metal oxide layer. It is clear from the X-ray diffraction
patterns of ZnO<S> films that their surface corresponds to the crystallographic orientation (00/) and differs significantly
from the X-ray diffraction pattern of the silicon substrate.
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Figure 1. X-ray diffraction patterns of ZnO<S> films before (a) and after gamma irradiation (b)

The above results are indicative of change in the crystal lattice of the matrix layer. The values of the lattice
parameters from these reflections (002) were determined to be following: @ = b = 0.3265 nm and ¢ = 0.5212 nm. Tentative
analysis and the study of this reflection showed that it most probably belongs to the space group P6smc and has
a hexagonal system in the crystal lattice. In addition, other structural reflections with different orientations were observed
in the XRD pattern (Fig. /-a.), and their diffraction characteristics are presented hereunder in Table 1.

Table 1. Diffraction characteristics of the ZnO-S/Si system before and after y-irradiation at doses of 5-10° rad

L, ZnO-S/Si v-ZnO-S/Si A®
Ne Reflection I 20, I 20,
1 111 239 20.081 150.9 20.1 0.019
2 100 203 31.86 72 31.79 0.07
3 002 416.63 34.19 264 34.29 0.1
4 101 214.15 35.93 168.3 36 0.07
5 102 181.45 47.45 103.6 47.47 0.02
6 110 124.8 56.79 66.6 56.87 0.08
7 333 179 61.61 128.9 61.68 0.07
8 103 131 62.53 91.6 62.64 0.11
9 200 117.6 66.42 90.6 66.49 0.07
10 112 192 68.59 109.5 68.68 0.09
11 201 159 69.31 110 69.37 0.06
12 004 123 72.28 88.5 72.31 0.03
13 202 127.7 71.5 89.4 77.6 0.1
14 104 79 81.2 54 81.23 0.03
15 203 55.8 89.49 41 89.59 0.1
16 211 553 96.35 39.7 96.4 0.05
17 212 66 103.56 45.2 103.66 0.1

Also, at smaller and medium scattering angles of XRD pattern, an inelastic background reflection was observed,
associated with the appearance of micro size distortions of the crystal lattice of the film, caused by the mismatch of lattice
constants of the matrix layer and the substrate, determined from the following expression [8, 9]:

§=2|aMAC_a17|/(aM.C+a17)’ n

In this case, the mismatch of lattice constants was equal to 0.02, i.e. the lattice mismatch of the ZnO-S/Si (100)
system happens to be 2%. The existence of various type of micro-size distortions of the crystal lattice leads to
the formation of nanoobjects in the near-surface regions of the film [10, 11].

That nanosized assemblies are being shaped in the crystal lattice is proven by the appearance of structural lines (/17)
and (333). They belong to ZnO;..Sx nano-crystallites. The sizes of nano-crystallites were determined from the half-width
of these reflections using the following expression [12,13]:

Reflection (X-ray structural analysis) is a peak in an X-ray pattern corresponding to Bragg reflection from one of the crystallographic planes.
Characterized by Miller indices.



323
Effect of y-Irradiation on Structure and Electrophysical Properties of S Doped ZnO Films EEJP. 2 (2024)

D=KA/(Bcosh), @)

where 1 is irradiation wavelength, (4 = 0.154 nm), 0 is the scattering angle (half the diffraction angle 265), § - physical
broadening of the line in the diffraction pattern (reflection width at half maximum intensity) in radians, coefficient
K=~0.94 [8].

ﬁ:%(B—b+1/B(B—b), 3)

where B represents true broadening of the reflection, b is the true geometric broadening of the reflection [8].

Calculations of D values using the given formula (2) showed that the size of ZnO,..S, nano-crystallites ranges from
50 nm to 200 nm. The lattice parameter azno<s> of ZnO,..Sx nano-crystallites was experimentally determined 0.7598 nm.

Figure 1-b shows an XRD pattern of a ZnO<S> film after y-irradiation at doses of 5-10° rad. 1t differs from XRD
pattern of the ZnO<S> film before irradiation; in it one can see that the level of inelastic background reflection decreases
by 72% at smaller and medium angles, as well as a decrease in the intensity of the main reflection (002) by 13.8% as well
as its further shift towards large scattering angles (Fig. 1-b). In addition, the authors determined the values of the lattice
parameters of the ZnO<S> film based on the experimental data of the main reflection (002), which were
a =b=0.3246 nm and ¢ = 0.5187 nm, i.e. slightly less than the lattice parameter of the ZnO<S> film before irradiation
(a = b =0.3265 nm and ¢ = 0.5256 nm). These observed effects indicate that nano-crystallites of ZnO,..S,-type gather
locally and might be associated with a uniform distribution on the surface of the film and prove the presence of several
diffraction reflections on the X-ray diffraction pattern, given in Table 1.

As Table 1 and Fig. 1b clearly show, the X-ray diffraction pattern demonstrates a decrease in intensities and
half-widths of other diffraction reflections and a shift towards larger scattering angles. This is indicative of a decrease
in the lattice parameters of the ZnO film and the geometric dimensions of ZnO,..S, nano-crystallites on the film surface.
The authors analyzed the experimental results of these reflections and determined that the crystal structure of ZnO,..Sx
nano-crystallites corresponds to a cubic lattice belonging to the space group F43m. The cubic lattice parameter
of the nano-crystallites was also determined from the observed reflections, which is approximately 0.7692 nm.
The average size of ZnO,..Sy nano-crystallites (D) was calculated in formula (2) using X-ray diffraction data, which were
in the range of 10150 nm.

The results show that the electrical properties of p-ZnO<S> films do indeed improve after irradiation. Before
irradiation, these parameters were as follows: resistivity p = 16.2 £2:cm, concentration N = 1.83-10'® ¢m™ and the mobility
of the majority charge carriers at room temperature u = 0.31 cm?/V's. After y-irradiation at doses of 5-10° rad, resistivity p
of the samples turned out to be 12.7 £2cm whereas the mobility of the majority charge carriers u = 0.18 cm?/V-s
of ZnO<S> films had decreased, while their concentration appeared to increase N = 2.64:10'% cm?3. In [14] the authors
claim they have witnessed a decrease in the size of nano-crystallites of ZnO films with 4/ atoms and a decrease in the
mobility of the majority charge carriers. According to X-ray diffraction and electron microscopy analysis of ZnO<S>
films, after y-irradiation, the size of nano-crystallites used to decrease. A decrease in the size of nano-crystallites leads to
an increase in the number of boundaries (edges) in them and thus, to a further decrease in the electron mean free path [15].
This, in turn, leads to a decrease in the mobility of the majority charge carriers.

The current-voltage characteristic was measured using a standard method using a probe at room temperature.
We used a DC Power Supply stabilized voltage source HY3005, a MASTECH M3900 digital multimeter in ammeter and
voltmeter modes.

To understand the mechanism of the transfer of electric current, the current-voltage (CV) and capacitance-voltage
(CV) curves of the fabricated p-ZnO<S>/n-Si heterostructures were studied before and after y-irradiation. Figure 2 shows
the forward bias of current-voltage characteristics of p-ZnO<S>/n-Si heterostructures consisting of two sections. From
Figure 2a it can be seen that the dependence of current on voltage obeys an exponential law, regardless of irradiation,
described in [16-18]:

I = I,exp (eU/ckT), 4)

where Iy is the pre-exponential factor (Ip= 2.6-10° A), e-elementary charge (~1.6-10"" C), U-the voltage applied, -
Boltzmann constant, 7-temperature. The coefficient ¢ in the denominator of the exponent is determined using
the following expression based on two consecutive experimental results:

¢ =e(U, — Uy)/kTIn(I,/1,), ©)

which was 7.84.

The next ascending trend in the «current versus voltage» curve is observed in sublinear region of the current-voltage
characteristic of p-ZnO<S>/n-Si heterostructure (Fig. 2b) which is explained by the phenomenon of injection
depletion [19] and is expressed by the following analytical relationship:
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U ~ Uy exp(jad), ©6)

here U is the voltage of the beginning of the sublinear section of the current-voltage curve, j is the current density, d is
the length of the base region, a is the constant determined by the following expression [20]:

a = (2eD,N,) ", )

here D, is the diffusion coefficient of the majority charge carriers, N; is the concentration of deep level impurities. Also,
the a is the constant is determined from experimental data (i, V1), (l», V2) of the sections of injection depletion
of the current-voltage curve.

a = Sin(U,/Uy)/d; — ), (8)

where S is the cross-sectional area. Authors of the research [19] contend that this happens when the exponent
in expression (6) is greater than two (J,¢ > 2). In this case J,4=9.27 and the requirement is completely satisfied.

According to the authors of the research [20], such a section of the current-voltage characteristic is mainly observed
as a result of ambipolar diffusion and drift migration of charge carriers. Ambipolar diffusion and drift processes often
manifest themselves at higher concentrations of defects in deep levels inside the crystal lattice.

The above XRD and electron microscopy results suggest that the ZnO,..Sx nanocrystals formed in p-ZnO<S>/n-Si
heterostructures differ from substitutions of impurity atoms. These ZnO;..S nanocrystals at the interface of blocks
and near-surface regions represent deep impurities and are responsible for the observed part of the current-voltage
characteristic.

{7, mA 4004GPF o
20-—-0/ o
0,20 Nos
350- lﬁ—ﬁ_‘q’ﬁ“’/ﬁ’a\o
b 4
0,151 300+ \
250
0,10
200
(9
0,05 a&\ 150 #
\//:/o/ \
oo 100 1 A gogevmat—a—p—a-a—=a U,V
T LINLA DL DL LA R DL R DL B RN B R | T T T T T T T T T T T
1 2 3 4 5 6 7 8 91011 12 13 14 15 -15 -10 5 0 5 10 15

Figure 2. Current-voltage and capacitance-voltage characteristics of the n-ZnO/p-Si heterostructure before and after y-irradiation

Capacitance-voltage characteristics were measured using a laboratory CV-meter, which had a source of adjustable
DC bias voltage and a high-frequency (500 kHz) measuring signal of both polarities. The CV characteristics
of the p-ZnO<S>/n-Si heterostructure before and after y-irradiation were subsequently studied. The peak capacitance
occurs in the region of negative voltages, which corresponds to the p-type conductivity of ZnO<S> films. Under
the influence of y-irradiation at doses of 5-10° rad, the capacitance of the heterostructure at negative voltages does
increase, while at positive voltages, the capacitance of the heterostructure practically remains constant and negligent
(~110 pF). The CV curve of the heterostructure exhibits shelves and peaks along the U voltage axis. Such a behavior
of high-frequency CV characteristics is indicative of the presence of a monoenergetic level of fast surface states at
the heterointerface.

CONCLUSION

Thus, metal oxide layers of p-ZnO<S> were engineered on silicon substrates using the ultrasonic spray pyrolysis
technique.

The resulting ZnO<S> films on silicon substrates had crystallographic orientations (00/) and crystal lattice
parameters a = b =0.3265 nm and ¢ = 0.5212 nm. ZnO,.S, nanocrystals on the film surface had sizes ranging from 57 nm
to 200 nm. The lattice parameter of ZnO,..S, nano-crystallites was found experimentally to be azno<s>= 0.7598 nm.

It has been established that the lattice parameters of the ZnO<S> film and the geometric dimensions of ZnO,_.Sx
nano-crystallites on the film surface decrease under the influence of y-irradiation. It was also determined that the crystal
structure of ZnO,..S, nano-crystallites corresponds to a cubic lattice and belongs to the space group F43m. The medium
size of ZnO,..Sx nano-crystallites were calculated and were found to be in the range of 10150 nm.

It was determined that after y-irradiation at doses of 5-10° rad, the values of resistivity p = /2.7 Q-cm and the
mobility of the majority charge carriers g = 0.18 cm?/V-s of ZnO<S> films had actually decreased, whereas their

concentration had increased up to N = 2,64-10"% cm™.
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The study of the current-voltage characteristics of p-ZnO<S>/n-Si heterostructures before and after y-irradiation at
doses of 5-10° rad had shown that the dependence of the current on voltage obeys an exponential law, which was described
in the theory of the injection depletion phenomenon.

It has been determined that under the influence of y-irradiation at doses of 5-10° rad, the capacitance of the
p-ZnO<S>/n-Si heterostructure at negative voltages increases and the shelves and peaks are observed on the curve that
might be associated with the presence of a monoenergetic level of fast surface states at the heterointerface.
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BIIVIUB y-OITPOMIHIOBAHHS HA CTPYKTYPY TA EJIEKTPO®IZUYHI BTACTUBOCTI
IUVIIBOK ZnO, JETOBAHHUX S
Cipaxinin C. 3aiinaéiginos?®, Axkpamskon 10. Bodoes™?, Hypirain 10. IOnycaaics?
“Anousrcancoruil 0eporcasnuil yHisepcumem imeni 3.M. babyp, Anouswcan, Y3b6exucman
b Inemumym izuxu nanisnpoeionuxie ma mixpoerexmponixu Hayionanonozo ynieepcumemy Ysbexucmary,
100057, Tawxenm, Y36exucman, eyn. Aneu Anmaszap, 20

Otpumani miiBkn ZnO<S> xapaxrepusyBaiu Kpucranorpadignoro opienraniero (001) i mapamerpamu rparku a = b = 0,3265 M i
¢ = 10,5212 um. Hanokpucranitu ZnO1.xSx Ha IOBEpXHI IUIIBKM MajH XapakTepHi po3mipu Bix 50 uM 1o 200 um. [Tapamerp rparku
HaHOKpHCTAITIB ZnO1xSx eKcepUMEeHTaNIbHO BU3HaYeHO aZnO<S>=(,7598 um. JloCHi/PKCHHS MPONMIO CBITIIO HA TE, IO
BiZIOyBa€THCsI 3 MapaMeTpaMu IpaTku wiiBky ZnO Ta reOMeTpUYHUME PO3MipaMu HaHOKpUCTaTiTIB ZnO1.xSx Ha MOBEPXHi IUTIBKH i [
BIUTUBOM T'aMMa-OIIpOMiHeHHs. BcTaHOBIIEHO, 1110 KpUCTalidHa CTPYKTYpa HaHOKpHCTANITIB ZnO1.xSx sBIIsIE COO00 KYyOiYHY PEIIiTKY
1 HaJISKUTH 0 MpocTopoBoi rpymu F43m. BeTanoBneHo, mo miciis y-ompoMiHeHHS B 103ax 5-106 pang mutomuit omip miiBok ZnO<S>
SHUKYETBCS J10 p = 12,7 £2¢M, a pyXJIMBICTH OCHOBHUX HOCIiB 3apsmy (W) ctac 0,18 cm?/B. -s, a ix konuentpauis (N) 3pociia i cTaHoBHIIA
2,64-1018 cm7. JlocimiKeHHs BOIBT-aMIIEPHUX XapaKTEPUCTHK TeTePOCTPYKTYp p-ZnO<S>/n-Si 10 Ta micis y-onpoMiHEHHS B 103aX
5-10° pan mokasaiuo, IO 3AIEKHICT CTPYMY BiJl HAIPYTH MA€ €KCHOHEHIIANbHUN 3aKOH, KM y3rOIKYETHCS 3 TEOpis sSBHIA
BUCHAXEHHs iH'exiii. BecranosneHo, mo mij giero y-onpomidenus B go3ax 5-10° pajx emuicts rerepoctpykrypu p-ZnO<S>/n-Si npu
BiI’€MHHUX Harpyrax 30LIbIIY€ETHCS 1 HA KPUBIH CIIOCTEPIraloThCs TONNYKOBI AUISTHKH Ta ITIKHU. 3aBASKU HasBHOCTI MOHOCHEPTeTHYHOTO
PIBHS IIBHKUX TOBEPXHEBUX CTaHIB Ha FeTEPONEPEXOi.

KorouoBi ciioBa: nuiska; ynempazeykoguii posnumIOSANbHULL  NIPOLI3, HAHOKPUCMANIM, Y-ONPOMIHeHHs, Kpucmaiozpapiuna
opienmayis; napamemp pewimkuy, Hocii 3apaoy; iH'ekyiline 8UCHAXNCEHHA





