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The content of this work demonstrates the zinc-oxide (ZnO) films’ synthesis
by means of the HF magnetron sputtering of a zinc target on a silicon sub-
strate using the buffer layers of SiC and porous Si. The synthesis is con-
sisted of three stages: obtaining a mesoporous Si(111) surface by electro-
chemical etching, SiC films’ deposition on porous silicon substrates by the
substitution method, and ZnO films’ synthesis using the high-frequency
magnetron sputtering. The zinc-oxide film thickness is of @1 um. A micro-
scopic cross-section image of the ZnO film demonstrates its columnar mi-
crostructure. The films are in the form of tightly packed (agglomerated)
nanograins (of 100-150 nm in size). According to the XRD-measurement
results, the ZnO films are oriented along the main texture direction [0001].
The study of the formed-structure surface properties indicates the polycrys-
talline nature of the coating with a hexagonal lattice of wurtzite type. The
coherence-area length determined by the Scherrer formula is of 11.8 nm.

Y poboTi mpomeMOHCTPOBAHO CHHTe3y ILTIBOK oKcuay IlmakKy ZnO mertomom
BU-MarseTpoHHOTO PO3MOPOIIEHHA ITMHKOBOI MiIlleHi HA KPeMHiHOBi# migk-
JaauHI 3 BUKOpucTaHHAM Oydepuux mapiB SiC Ta mopysaroro Si. CuHTesa
CKJIamajiacd 3 TPhOX eTamiB: ofep:KaHHA Mes3omopyBaroi moBepxHi Si(111)
eJeKTPOXEeMIUYHUM IIfaBJIeHHAM, HaHeceHHs IIiBOK SiC Ha mopyBaTi KpeMHi-
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MOBl HiZKJaIMHKKM METOAOM 3aMillleHHsA Ta cuHTe3Un ILIiBoK ZnO 3a Jomomo-
TOI0 BMCOKOUYACTOTHOTO MArHETPOHHOTO HANOPOIIeHH:A. TOBIMHA ILTiBKU OK-
cuny lluaky cranmoBuna =1 mxm. Mikpockomiunmii pospis miiBku ZnO ge-
MOHCTpPYe iI cToBImUacTy MiKpocTpyKTypy. ILmiBku maioTh hopMy HUIiIBHO Ia-
KoBaHux (arsomepoBanmx) HaHosepeH (posmipom y 100—-150 um). 3a pesyiib-
TaTaMu PeHTreHo(as30BUX MipAHb mIiBKu ZnO opieHTOBaHi y340BK OCHOBHO-
ro HanpAMKYy TekcTypu [0001]. BuBueHHS BJIACTUBOCTEIN MOBEPXHi YTBOPEHOI
CTPYKTYPHU CBIIZUUTH IIPO IOJIKPUCTANIIUHMY XapakTep IOKPUTTS 3 I'eKcaro-
HAJILHOIO I'DAaTHUIEIO0 TUIY BIOpHUTy. [[oBKMHA 00JaCTM KOT€PEHTHOCTH, BU-
snaueHa 3a IlleppepoBoio ¢opmyJio, ctaHOBUTEH 11,8 HM.

Key words: high-frequency magnetron sputtering, ZnO film, buffer layer,
SiC film, mesoporous Si.

KarouoRi ciioBa: BHCOKOUACTOTHE MAarHeTPOHHE pO3IMOPOIIEHHA, ILIiBKa
Zn0, oydepHuit map, miriska SiC, meszomopucTtuit Si.
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1. INTRODUCTION

Metal oxides (TiO,, ZnO, Al,O,;, Fe,O5, etc.) are very promising for
many applications in micro- and optoelectronics. Among the above
metal oxides, ZnO stands out due to its advantages: stability, good
electronic conductivity, high chemical resistance, wide bandgap (3.1-
3.3 eV), etc. [1, 2].

The manufactured electronic devices properties based on zinc oxide
depend largely on the substrates. Recently, active researches conduct-
ed on the manufacture, properties and application of ZnO/Si hetero-
structures [3—-5]. However, if zinc oxide films grown on silicon sub-
strates, there is a problem associated with a significant difference in
the lattice constants of these materials. This problem leads to the dis-
locations appearance in the structure. Concentrations of such pene-
trating dislocations can lead to significant deterioration of devices
based on these heterostructures. To reduce the defects number in the
SiC/Si heterostructure, the use of buffer layers is proposed [6—-7]. In
addition, buffer layers protect the Si substrate from chemical interac-
tion with oxygen, water vapour, and chlorine-containing compounds
[8] and prevent the appearance of amorphous and polycrystalline
phases Zn,SiO,, ZnSiO;, Zn, SiO, on the semiconductor interface [9].
One of the options is to use a SiC film as a buffer layer [10].

In this regard, further studies of the ZnO/Si system formation
with an intermediate SiC layer and its effect on the surface proper-
ties of the obtained heterostructure are relevant.

The purpose of this article is to obtain ZnO/SiC/porous-Si/Si het-
erostructures, as well as to characterize the fabricated structures



Zn0/SiC/POROUS-Si/Si HETEROSTRUCTURE: OBTAINING AND PROPERTIES 649

surface comprehensively.

2. EXPERIMENTAL TECHNIQUE

The ZnO/SiC/porous-Si/Si heterostructure was obtained in several stag-

es:

1. obtaining a mesoporous Si(111) surface by electrochemical etching;

2. deposition of SiC films on porous silicon substrates by the substi-
tution method;

3. synthesis of ZnO films by high-frequency magnetron sputtering.

At the first stage, single-crystal Si(111) wafers of the p-type con-
ductivity orientation were subjected to anodic etching in HF hydro-
fluoric acid solution HF. The samples were etched according to the
standard technique [11].

At the next stage, silicon carbide layers were formed on mesopo-
rous Si samples by atom substitution, according to the technique in-
troduced in the works [12—-14]. For this purpose, the samples, accord-
ing to the Kukushkin—Osipov method [12], were annealed in an at-
mosphere of carbon monoxide (CO) and silane (SiH,) gases mixture. A
SiC growth process detailed description and the experimental setup
scheme are presented in the review [13], the synthesis conditions are
given in research [15].

The final stage was the ZnO thin films deposition by HF discharge
of a zinc target in argon with oxygen [16]. Target parameters: diam-
eter of 80 mm, thickness of 6 mm, zinc purity of 5N. Target—
substrate distance is of 70 mm. Before deposition, the target was
pre-sprayed for 10 minutes to remove all contamination. The samples
were divided into two groups depending on the conditions of the dep-
osition process (Table 1).

At the end of each stage, the test samples were thoroughly
cleaned and degreased.

All experimental samples were examined by scanning electron and
atomic force microscopy and x-ray microanalysis. The interface
structure and the surface structure of the layers were studied using

TABLE 1. The conditions of synthesis of ZnO.

Parameter Value
Growth time, second 600
Substrate temperature, °C 300
The residual pressure in the chamber, Pa 103
Argon pressure, Pa 1
Oxygen pressure p,,, Pa 0.1

HF magnetron discharge power, W 200
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a scanning electron microscope Tescan Mira 3 LMU, an atomic force
microscope, and an Oxford Instruments X-Max 80 mm? energy dis-
persive spectrometer. X-ray structural studies were performed on a
Panalytical X’Pert PRO MRD diffractometer using CuK, radiation
(A=0.15406 nm). Both x-ray phase analysis (XRD) and high-
resolution diffractometric (HRXRD) methods were used for the
study. A typical fast electron diffraction pattern (electronogram)
from the surface (111) of SiC/Si films in the [110] direction was
measured using an EPM-100 electronograph at an electron energy
of 50 keV.

3. RESULTS AND DISCUSSION

According to the results obtained using scanning microscopy, after
electrochemical etching, the initial Si surface of the orientation
(111) underwent changes, i.e., pores with a shape close to cylindrical
were located at an angle to the Si surface. The pore diameter was of
about 20 nm and the depth of the porous layer was of =z 1.5 um.
SEM images of the surface and end cuts of SiC/porous-Si samples
(Fig. 1, a, b) demonstrate a significant change in the surface mor-
phology after synthesis. A structure of small crystallites is observed

Fig. 1. The SEM-image of a surface and cross-section: a, b—SiC films syn-
thesized on mesoporous Si substrates; ¢, d—Zn0O films.

TABLE 2. Elemental composition of the surface of the ZnO/SiC/porous-
Si/Si.

Element Percentage, %
Si 11.88
C 30.52
Zn 28.73

0] 28.88
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on the surface. Crystallites having an irregular spherical shape are
with characteristic sizes at about tens to hundreds of nanometres.
The cross-sectional image confirms the results obtained earlier by us
in [17]. The SiC film covers the Si substrate, the porous structure is
destroyed, and the volume of voids in the substrate is much larger
than that usually observed during growth by atom substitution
method [12-14].

After HF magnetron sputtering of the zinc target, the samples
surface is covered with a continuous film. SEM images of the sam-
ple surface (Fig. 1, ¢, d) demonstrate a columnar film structure,
which is ZnO films’ characteristic. The high packing density leads
to crystal splicing, which makes the film surface almost smooth and
homogeneous, the maximum height of the profile irregularity being
of 187.6 nm. This fact indicates the crystallites splicing and, conse-
quently, the growing film thickening. The ZnO film on all samples
is closely related to the SiC/porous-Si/Si substrate. There is no gap
in the film/substrate interface.

X-ray fluorescence analysis was performed on the ZnO film sur-
face (Table 2). The EDX spectra show lines of elements in both the
substrate and the film. This is explained by the fact that, during
microanalysis, the electron beam penetrates to a depth exceeding
the thickness of the ZnO films.

Within the 260/w-scans obtained in the HRXRD mode near the re-
flection (111) of the Si substrate (Fig. 3), an asymmetry of this re-
flex is observed, which indicates the compression deformations pres-
ence in the substrate.

The diffraction peak in the region of the 35.58° angle corresponds

Statistics:
Z = -378.7 nm

max

Z . =-566.3 nm

in

R =187.6 nm

max

R = 21.5 nm

R =16.52 nm
R, =0.7209 nm
R, =4.351 nm

% 500 1000

Fig. 2. The AFM-image of the surface of the ZnO/SiC/porous-Si/Si hetero-
structure.
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Fig. 3. 20/w scanning reflex (111) from Si and SiC.

to the reflex (111) from the SiC film. The large broadening of this
reflex is most likely caused by microstresses due to a significant
mismatch of Si/SiC parameters. The diffraction peak blurring is
most likely due to the fact that x-rays penetrate through the entire
structure, including the broken boundary between SiC and Si. The
root-mean-square deformation of the lattice (¢) in such a structure
can be calculated by the formula [18]:

e =[/4tgo, (1)

where 3 is the FWHM of the peak (002) (in radians), and 6 is the
diffraction angle (in radians). The average value estimate of the os-
cillation of the lattice parameter value perpendicular to the fusion
plane calculated by the Eq. (1) is e =1-107%.

Figure 4 shows a typical fast electrons diffraction pattern (elec-
tronogram) from the surface (111) of SiC/Si films in the direction
[110]. The point reflexes of this electronogram clearly indicate that
the Si surface contains a SiC epitaxial layer of the 3C—SiC polytype
with the plane (111) extending to the substrate surface. The elec-
tronogram also shows that the SiC films are epitaxial, smooth, and
contain no twins on the surface. The x-ray affects the entire struc-
ture and the broken SiC—Si boundary; so, it is blurred and the film
itself is epitaxial.

The surface diffraction patterns of the ZnO/SiC/porous-Si/Si
structure obtained by x-ray phase analysis (Fig. 5) have a classic
triplet (100), (002), (101) of the hexagonal ZnO phase with parame-
ters a=3.253 A, ¢=5.207 A.

The intensity of reflex (002) exceeds its value for reflex (101),
indicating texture in the c-axis direction. The length of the coher-
ence region determined by the Scherrer formula is of 11.8 nm. The
diffraction patterns also show peaks of polycrystalline cubic SiC. In
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Fig. 4. Electron diffraction patterns from the surface of the SiC layer syn-
thesized on the Si(111) surface with a preliminarily deposited mesopore
system.

(111) (111) (111), (002), (101)
- Si SiC ZnO

400 4 (103) (110) (103)(112)

Zn0 Zn0 Zn0 ZnO
] 1(220) l(S!.l)
siC Sic

{

300+

200

Intensity, Imp/s

T T 1

T T T
20 30 40 50 60 70 80

2Teta, degree

Fig. 5. Diffraction patterns of the x-ray phase analysis: curve I—the
symmetric geometry of the survey 20/m, curve 2—the diffractogram taken
in the sliding geometry mode 260 at the angle of incidence of the x-ray
beam o= 1°.

the diffraction pattern taken in the sliding geometry (the incidence
angle on the sample is 1°) at the position 26 =28.44°, we observe
the (111) silicon reflex, although it is practically absent in the
symmetric diffractogram 20/w. This effect can be explained by the
presence of a thin polycrystalline Si layer at the Si/SiC interface,
since sliding geometry is sensitive to thin near-surface layers.

4. CONCLUSION

The process of ZnO/SiC/porous-Si/Si/Si heterostructure formation
was investigated during research. ZnO films were obtained by HF
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magnetron sputtering on Si(111) substrates pre-profiled with meso-
pores using electrochemical etching, with a SiC buffer layer ob-
tained by atom substitution. Using a set of methods of scanning
electron and atomic force microscopy, x-ray spectral microanalysis
and x-ray structural analysis, the morphology and structure of the
ZnO film surface have been studied. The ZnO film surface proper-
ties study indicates the polycrystalline nature of the coating with a
hexagonal lattice of the wurtzite type.

Thus, the SiC buffer layer makes it possible to obtain ZnO layers
on silicon substrates, orients them, and protects the Si substrate
from interaction with chemical elements during growth. This meth-
od of growing ZnO layers on Si substrate opens up new possibilities
for application and new ways of synthesizing this material.
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