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The morphological and structural properties of ZnO thin films grown by RF magnetron sputtering using a
SiC/porous-Si/Si template were studied. The preparation of the ZnO/SiC/porous-Si/Si heterostructure was carried
out in two stages: deposition of SiC films by solid-phase epitaxy followed by the deposition of ZnO films by radio

frequency magnetron sputtering.

SiC buffer layers on the porous silicon substrate allow for the growth of ZnO films with low residual
mechanical stress, measured at -82.3 MPa. A comparative analysis with data from other studies indicates the

relatively high quality of the obtained structures.
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Introduction

Zinc oxide, particularly in the form of thin films and
nanostructures, is widely used in optoelectronic devices as
a luminescent material, sensitive layers for gas and
biological sensors, catalysts, and detectors of ultraviolet,
X-ray, and gamma radiation [1-6]. The structure,
morphology, and properties of zinc oxide significantly
depend on its synthesis conditions and fabrication
technology.

Various methods exist for the synthesis of ZnO films,
including chemical vapor deposition, pulsed laser
deposition, vacuum arc deposition, hydrothermal
synthesis, and molecular beam epitaxy [7-11]. However,
most of these methods are costly, making it relevant to
investigate more economical and accessible technologies
for ZnO film fabrication. At the same time, RF magnetron
sputtering is a relatively inexpensive method for obtaining
high-quality ZnO films [1,12—-15].

Silicon and sapphire are the most common substrates
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for the epitaxial growth of ZnO films [16-19]. However,
sapphire, being a dielectric, significantly reduces the
quality of electronic devices based on ZnO/AlO;
structures. The ZnO/Si structure provides a more efficient
platform for electronic devices. However, the poor lattice
matching and thermal expansion coefficients between
ZnO and Si complicate the growth of epitaxial ZnO thin
films directly on Si. In a previous study, we demonstrated
that using a porous silicon substrate reduced elastic
deformation in ZnO films, but the strain value was still
high at 1.025 GPa (tensile strain) [13]. Additionally,
silicon substrates are unstable under high growth
temperatures and oxygen-rich environments, which can
lead to surface oxidation. To address these issues, it is
recommended to use buffer layers, such as silicon carbide
(SiC) [20,21].

The aim of this study is to further develop the
methodology of RF magnetron sputtering combined with
SiC/porous-Si/Si structures, which appears to be a
promising approach for obtaining high-quality ZnO films.
This study investigates the morphological and structural
properties of ZnO films obtained by RF magnetron
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sputtering on SiC/porous-Si/Si substrates and presents the
comparative analysis of the residual stresses in the ZnO
films with those reported in other studies.

I. Research methods

The preparation of the ZnO/SiC/porous-Si/Si

heterostructure was conducted in the following stages:

e Deposition of SiC film on porous Si using solid-

phase epitaxy.

Deposition of ZnO films by RF magnetron

sputtering.
The resulting structures were analyzed using scanning
electron microscopy (SEM) and X-ray diffraction (XRD).
SEM studies were performed using Tescan Mira 3 LMU
and Zeiss Supra 25 microscopes, and XRD was conducted
using a Philips X'Pert PRO - MRD diffractometer with Cu
Ka radiation (wavelength A= 0.15406 nm). The anode
voltage was 45 kV, and the current was 40 mA.

II. Results and discussion

The porous silicon substrate was sourced from Smart
Membranes GmbH (Germany). The pore depth and
diameter are 2000 nm and 15 nm, respectively, with a
wafer diameter of 2 inches (Fig. 1).

To deposit the SiC buffer layer, the silicon substrate
with a porous surface was treated in an atmosphere of CO
and SiHs gases. The SEM images of the SiC films on the
porous Si substrate (cross-section) are presented in Fig. 2.
The porous Si/Si sample was heated using a graphite
heater to a temperature of 1000 °C. A HORIBA gas
regulator was used to control the flow of CO and SiH4
gases, with a total gas mixture pressure of 133 Pa and flow
rates of 14 cm*/min and 3.5 cm?*/min, respectively. The
synthesis process lasted for 20 minutes.

We utilized the porous surface of silicon to increase
the effective surface area and, thereby, enhance the
intensity of the SiC layer formation process. The principal
chemical reaction for this process is as follows:

2Si(solid) + CO (gas) = SiC (solid) + SiO1(gas)

SEM HV: 20.0 kV
View field: 3.04 ym
SEM MAG: 95.0 kx

WD: 3.93 mm

Det: InBeam 500 nm

During annealing, carbon monoxide penetrates the
depth of the porous surface layers of the silicon substrate.
Simultaneously, silicon atoms are replaced by carbon
atoms within the mesoporous silicon columns, forming
SiC molecules and creating silicon vacancies. As a result,
the mesoporous silicon surface layer is transformed into a
silicon carbide film. Beneath this newly formed SiC layer,
silicon vacancies coalesce to form pores. The detailed
mechanism of the transformation from mesoporous silicon
layers into silicon carbide films, as well as the formation
of macroporous silicon between the SiC layer and the
single-crystalline silicon substrate, is described in more
detail in reference [22].

Following magnetron sputtering, the surface of the
SiC/porous-Si substrate was covered with a ZnO film
(Fig. 3). The technological parameters for ZnO film
deposition were as follows: processing time 600 seconds,
substrate temperature 300 °C, residual pressure 107 Pa,
argon and oxygen pressures 1 Pa and 0.1 Pa, respectively,
and RF magnetron discharge power 200 W. The resulting
ZnO film exhibits a columnar structure.

The X-ray diffraction (XRD) pattern of the ZnO films
is shown in Fig. 4. A diffraction peak is observed at
34.40°, with a full width at half maximum (FWHM) of
0.582°. The presence of a triplet in the range of 31°-36°
indicates the formation of a polycrystalline hexagonal
ZnO phase [23].

X-ray diffraction (XRD) measurements reveal that the
ZnO films exhibit a nanocrystalline structure. The average
crystallite size D was calculated using the width of the
(002) peak and Scherrer’s formula:

b
= B-cos (0) (1)
where b is a correction factor 0.9, A is the wavelength of
X-ray radiation (A=0.15418 nm), B is the full width at half
maximum (FWHM) of the (002) peak in radians, and 0 is
the diffraction angle [24-27]. The calculated average
crystallite size is 15 nm.

SEM HV: 20.0 kV
View field: 1.50 ym
SEM MAG: 193 kx

WD: 0.98 mm
Det: InBeam

200 nm

Fig. 1. SEM images of the cross-sections a) and surface b) of porous Si/Si .
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Porous Si

SEM HV: 10.0 kV MIRA3 TESCAN|

View field: 5.00 ym
SEM MAG: 37.9 kx

Fig. 2. SEM image of cross-section of SiC layer
synthesized on the porous Si.

‘WD: 2.70 mm |

Det: InBeam 1 um

In our previous work on ZnO/por-Si samples, the
crystallite sizes were in the range of 100-200 nm. We
hypothesize that SiC buffer layer led to a reduction in the
crystallite sizes in the ZnO films and, ultimately, as
discussed below, to a significant decrease in the
mechanical stresses [13].
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porous Si \

thin SiC buffer

SEM HV: 10.0 kV
View fleld: 15.0 pm
SEM MAG: 12.6 kx

WD: 2.96 mm
Det: InBeam

SEM HV: 10.0 kV

View fleid: 5.00 ym
SEM MAG: 37.9 kx

The residual stress in the ZnO film was calculated
using the following equation [28]:

o = —233 x LCexp=Crree) 2)

Cfree

where ¢y, is the lattice parameter of the c-axis in the ZnO
film and Cre, is the lattice parameter of stress-free ZnO
(bulk or powder). The value of c,,, was calculated from
XRD measurements according to Bragg’s equation:

dppr - 2sin(6) = A 3)

where dyy,; is the lattice spacing, A is the wavelength of
CuKa radiation (0.15406 nm), and 0 is the Bragg angle
(half of the 20 value). Given that ZnO film has a wurtzite
hexagonal structure, the following formula can also be
applied [29]:

“)

1 3(h2+hk+k2) " ?
d?, 3 a? c2?
where a and c are the lattice constants. Using Eq. (3) and
Eq. (4), we calculated a value of 0.5208 nm for the ¢y
parameter. The lattice constant for strain-free ZnO is

0.5206 nm (JCPDS #36-1451 data card).

‘WD: 2.75 mm
Det: InBeam

Fig. 3. SEM image of the cross-section a) and surface b) of the ZnO/porous-Si/Si heterostructure.
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Fig. 4. X-ray diffraction pattern of ZnO/SiC/porous-Si/Si samples.
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Thus, using the formula (4) the calculated value for analyzed using scanning electron microscopy and X-ray
the residual stress is -82.3 MPa, indicating compressive diffraction.
biaxial stress. Based on the XRD patterns, the presence of a

The residual stress value of —82.3 MPa-82.3 is polycrystalline hexagonal ZnO phase was confirmed with
significantly lower than the stress value of 1.207 GPa the residual stress of —82.3 being significantly lower than

observed in our earlier study for ZnO/porous-Si structures in our previous work on ZnO/porous-Si structures.

without the SiC buffer layer!?. Moreover, the residual stresses in the ZnO films are much
Moreover, the stress values obtained in this study are lower than those reported in the literature for ZnO films

comparable to or lower than those reported in other on Si and Al,O3 substrates.

studies. For example, stress values for ZnO films on Si Thus, it can be concluded that the cost-effective RF

substrates (using the MBE method) ranged from 0.2— magnetron sputtering method in combination with a SiC

0.4 GPa for porous Si structures and 0.9-1 GPa for buffer layer on porous silicon allows the production of
single-crystalline Si structures [30]. Similarly, for ZnO ZnO films with high structural quality. This methodology

films on Si obtained using RF magnetron sputtering, stress holds promise for further research and optimization.
values ranged from 0.48 to 0.31 GPa [14]. Comparatively,
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CTpykTypHi BaacTuBocTi IJIiBoOK ZnO, oTpUMaHUX HA
SiC/mopyBaTomy Si MeT0I0M BUCOKOYACTOTHOIO MATHETPOHHOT 0
PO3NUJIEHHS

1Vuieepcumemcokuil xonedoic [yonina, bengino, /[yonin 4, Ipnanois, andriy.revenko@ucd.ie;
2Texniunuii ynisepcumem Jopmmynoa, Excnepumenmanvua izuxa 2, Himeuuuna;
3Taspiticokuil deparcagruil azpomexnonoiunull yHisepcumem imeni JImumpa Momoproeo, Menimononws, Yxpaina;
‘Inemumym @izuxu nanienpogionuxie im. B.€. Jlawkapvosa HAH Yrpainu, Kuis, Ykpaina

JocnimkeHo MopQONOriyHi Ta CTPYKTYpHI BIACTHBOCTI TOHKHX IUTIBOK ZnO, BHPOIIEHHX METOIOM
BHCOKOYAaCTOTHOTO MAarHEeTPOHHOTO pO3MWICHHS 3 BHKopucTaHHsM minknaakd —SiC/mopysatuit  Si/Si.
T'erepoctpyktypy ZnO/SiC/mopysaruii Si/Si cdopmoBano y aBa eramu: ocamkeHHs mwiiBok SiC meTomoM
TBepaodazHoi emiTakcii Ta HaHeCeHHA TTiBOK ZnO METOJ0M BHCOKOYaCTOTHOTO MarHETPOHHOTO PO3MIICHHS.

Bydepni mapu SiC Ha migxiaai 3 MOPUCTOro KpeMHiro 3a6e3rmedyoTs popMyBaHH ITiBOK ZnO 3 HU3bKUMH
3IMIIKOBUMH MEXaHIYHUMH HanpyxeHHsMH (—82,3 MIla). IlopiBHsUIBHMEA aHaIi3 i3 JiTepaTypHUMH IaHUMHU
CBITYNTH PO BiTHOCHO BHCOKY SIKICTh OTPHMAHUX CTPYKTYD.

KorouoBi cinoBa: oxcnn nmHky (ZnO), kap6in kpemuiro (SiC), nopyBatuil kpemHiit (por-Si), ckaHyroua
enekTpoHHa Mikpockomis (SEM), pertreniBebka audpakuis (XRD).
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