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Abstract: In the present work, ZnO films were obtained on mesoporous silicon substrates by the method of HF
magnetron sputtering of a metallic zinc target in reaction oxygen and argon gas medium. The properties of the ZnO
films obtained on mesoporous substrates were studied depending on the ratio of the partial pressures of the working gases
(argon/oxygen). X-ray analysis showed that in the process of deposition, the ZnO films of a hexagonal structure were
formed. The effect of the porous layer on the structural and luminescent properties of the thin ZnO films was studied.
The results showed that the porous silicon substrate reduces residual stresses and can be used for obtaining high-quality
ZnO films.
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1. Introduction
The interest in ZnO films as promising materials for various optoelectronic applications is currently growing
[1-4]. The potential possibility of ZnO to replace gallium nitride attracts special interest towards thin films
Zn0. ZnO-based structures surpass nitrides in thermal stability, and they are also resistant to chemical reactions
and oxidation [5].

To obtain ZnO epitaxial films the substrates of gallium nitride [6] and silicon carbide [7] can be used.
However, the high cost of these substrates prevents their widespread use for the production of ZnO films.

The ZnO/Si system has been actively studied in recent years, but the issue of crystal lattice inconsistency
caused by the difference in the lattice parameters of the film and the substrate remains an unresolved problem.
Recently, porous substrates have been used in heterostructures to reduce mechanical stresses.

We previously obtained single-crystal films of silicon carbide on mesoporous silicon substrates by the
HVPE method (chemical substitution) [8]. The mechanical stresses of the structure were calculated experimen-
tally and theoretically using the Comsol MultiPhysics software package. It was shown that mechanical stresses
in the presence of a porous buffer layer are ~65 MPa and in the absence of a buffer layer they are ~125 MPa [9].

Thus, the porous structure reduces the contact area between the film and the substrate. This allows to

effectively reduce the elastic stresses arising from the difference in thermal expansion coefficients and lattice

parameters.

*Correspondence: kidalovv.v@gmail.com

o7

9 This work is licensed under a Creative Commons Attribution 4.0 International License.



https://orcid.org/0000-0002-5128-1880
https://orcid.org/0000-0002-6625-9985
https://orcid.org/0000-0002-6940-1836
https://orcid.org/0000-0001-7830-9540
https://orcid.org/0000-0002-4282-0352

KIDALOV et al./Turk J Phys

In this regard, a further study of the growth process of ZnO films on porous Si as well as the influence of
the intermediate porous layer on elastic stresses in the ZnO/porous-Si/Si heterosystem seems to be relevant.

The purpose of this work is to study the properties of zinc oxide films obtained by the reactive HF
magnetron sputtering method on mesoporous silicon substrates of orientation (100), depending on the ratio of

partial pressures of the working gases (argon/oxygen).

2. Experimental technique

Samples of the porous silicon (Figure 1) obtained from Smart Membranes GmbH (Germany) were used as

substrates. The parameters of the samples are shown in Table 1.

100 nm

SEM HV: 20.0 kV 'WD: 1.83 mm 1) MIRA3 TESCAN
View field: 0.957 pm Det: InBeam 200 nm
SEM MAG: 302 kx

Figure 1. The SEM images of the Si (100) samples with the ensemble of mesopores.

The deposition of the ZnO thin films was carried out at an HF discharge power of 200 W in an argon
medium with oxygen by sputtering a zinc target (80 mm in diameter and thickness of 6 mm). The zinc purity
was 5 N. The distance between the target and substrate was 70 mm. The deposition time was 1200 s. The
substrate temperature was fixed at 300 °C. Prior to the deposition, the target was presprayed for 10 min to
remove all contaminants. Samples were divided into three groups depending on the conditions of the deposition

process (Table 2).

Table 1. The parameters of porous-Si (100).

Parameter Value

Depth of porous layer h, m | 225 x10~9
Pore diameter d, m 6.5 x107°

Wafer dimensions, m? 1074
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Table 2. The parameters of the deposition process of the thin ZnO films.

Value

Parameter
Sample 1 | Sample 2 | Sample 3

Residual pressure in the chamber, Pa | 1073

Argon pressure, Pa 1
Oxygen pressure Poo, Pa 0.05 | 0.1 | 0.5
Deposition time, seconds 1200

All the experimental samples were studied using the following methods: scanning electron microscopy,
AFM, X-ray diffraction, and photoluminescence. The structure of the interface and the surface structure of
the ZnO layers on porous Si were studied using a scanning electron microscope (Tescan Mira 3 LMU), an
energy dispersive spectrometer (Oxford Instruments X-Max 80 mm?), an atomic force microscope, and an X-
ray diffractometer (MiniFlex 600, Rigaku, Japan). The PL spectra with the temporal resolution were measured
in the energy range of 1.4-3.2 eV with excitation by a nitrogen laser (A = 337 nm, pulse duration of 8 ns) and

stroboscopic registration of the signal in the photon-counting mode. The strobe width was 250 ns.

3. Results and discussion
The SEM images of the surface and cleaved facets of the obtained ZnO/porous-Si/Si samples demonstrate a
significant change in the surface morphology of the porous silicon after synthesis.

On the surface of the samples, a structure of small (about tens to hundreds of nanometers) crystallites
is observed. From the AFM images shown in Figure 2, it can be seen that for sample 3 (the maximum oxygen
pressure) the densest ZnO nanostructures were obtained. These nanostructures contained grains the size of

100 nm and had the form of closely packed (agglomerated) nanograins (20-40 nm in size).

Statistics:
Zmax: 375.1 nm
Zmin: 60.42 nm
Rmax: 314.7 nm
Rg: 52.62 nm
Ra: 42.38 nm
Rsk: 0.4382
Rku: 2.824

0.
0 1000 2000 3000 4000 5000 6000 7000 0 1000 2000 3000 4000 5000 6000 7000 nm

Sample 1 Sample 2 Sample 3

Figure 2. The AFM image of the surface of ZnO/porous-Si/Si heterostructures.

This was due to the fact that only at the highest Oy stream the largest amount of oxygen inhibits
crystallite growth and coalescence of ZnO. At the same time, new nucleation centers are created at the growth
boundary in the presence of oxygen adatoms. This leads to the decrease in the size of crystallites and a change
in the morphology of the samples.
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The microelement analysis of the obtained surface is indicative of high stoichiometry of the ZnO film.
The film thickness for all types of the samples is about 570-590 nm (Figure 3).

The ZnO film on all the samples is closely connected to the porous silicon substrate. No gap is observed
on the film/substrate interface. This is probably due to the fact that ZnO particles penetrate the porous layer
(Figure 3). The penetration of ZnO particles into the pores increases the adhesion of the film to the substrate
and fixation of ZnO films in the PSi substrate.

However, as we showed in [10], an increase in annealing temperature leads to deterioration in the quality
of ZnO film, which is due to the desorption of the film components.

Figure 4 shows a typical X-ray diffraction pattern of the ZnO films grown at a temperature of 300 °C on a
PSi substrate. In the spectrum of the ZnO films, only the peak (002) is observed at 34.64°. This is characteristic
of hexagonal type of ZnO. ZnO films have a predominant orientation along the ¢ axis and a strong texture.
The full width at half maximum (FWHM) of the peak (002) of the ZnO films is 0.73°.

SEM HV: 10.0 kV WD: 2.01 mm MIRAJZ TESCAN|

View field: 1.14 pm Det: InBeam 200 nm
SEM MAG: 317 kx

Figure 3. The SEM image of the cross-section of the ZnO/porous-Si/Si heterostructure.

The average crystallite size can be calculated from the position of the peak (002) by the Scherrer equation
[11]:
b b
B cosb
where b is a correction factor of 0.94, X is the X-ray wavelength, § is the FWHM of the peak (002) (in radians),

and 6 is the diffraction angle (in radians).

The lattice parameter ¢ was calculated by the following equation: ?12 = % (%) + i—z [11].

60



KIDALOV et al./Turk J Phys

300| £ Q
2 |, 3
(X ~4 @ S
= 200 S
=
g
< 100
=
[:}_ T T 1
30 40 50

2-theta (deg)

Figure 4. The X-ray diffraction pattern of the ZnO film grown on a PSi substrate with pores 500 nm in diameter.

The interplanar distance is calculated by the Wulff-Bragg formula: 2dpg;sinf = nX [11]. The lattice

parameter a can be calculated by the relation < = /% [5].

The values of the average crystallite size D, interplanar distance d, and the ¢ and a parameters of the
crystal lattice are shown in Table 3.

Table 3. Structural properties of the ZnO films.

B,(°) | anm | ¢, nm | d,nm | L,nm | Grain size, | Particle size, | ex1073 | 6x10!! | o, GPa
nm (XRD) | nm (SEM) 1/nm?
0.73 3.1714 | 5.1788 | 0.258 | 0.194 | 11.92 200 2.61 0.0063 | 1.207

The XRD results showed that the synthesized ZnO films have a wurtzite structure with lattice parameters
a = 3.1714 nm and ¢ = 5.1788 nm. The calculated parameters are smaller than the real lattice parameters of
the ZnO films (the lattice constants for the hexagonal ZnO film are given in the JCPDS data standard as ag =
3.24982 nm and ¢y = 5.20661 nm). The reason for this may be the fact that the structural properties of ZnO
films are due to the porous structure of the silicon substrate.

The value of microstresses (&) and the dislocation density (J) can be calculated by the following
expressions [12]: € = [525 — 8] x 25 and § = 5=,

The length L of the Zn — O bond is defined as [11]:

a? 1 2
= il 2
L <3+(2 u)c),

where u is a displacement measure of an atom towards a neighboring one along the ¢ axis. The value of u is

calculated by the following formula: u = a?/3¢? + 0.25.
The value obtained for the length of bond L is shown in Table 3. It is known that the ionic radius of
02~ is 1.38 A, and the ionic radius of Zn?* is 0.83 A [13]. Therefore, the length of the Zn — O bond is 2.21

A. The value obtained for our samples corresponds perfectly well with the theoretical estimate of parameter L,

which may indicate an insignificant content of structural defects (oxygen and zinc vacancies).
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The difference in lattice constants and thermal expansion coefficients between Si and ZnO causes the
appearance of residual stresses. The residual stress ¢ in the plane of the films can be calculated using the

biaxial deformation model in the direction of the ¢ axis [14]:

_ 20%—C33(Crii+Ci2) _ c—co
g = X )
2013 Co

where C;; are the elastic constants for ZnO (Ci1 = 209.7, Ci2 = 121.1, Ci3 = 105.1, C33 = 210.9 GPa
[1]), and ¢ and ¢¢ are the lattice parameters of the obtained ZnO film and ZnO film without deformation,
respectively. If the stress is positive, then the biaxial stress is tensile; if the residual stress is negative, then the
biaxial stress is compressional. The obtained value of deformation is 1.207 GPa. A positive value is connected
with the tensile stress. A low value of the residual stress indicates a high quality of the obtained ZnO films.

As our studies show, the residual stresses of ZnO films grown on PSi are lower than those of films grown
on Al; O3 [18] or Si [14,15]. Most researchers perform high-temperature annealing in the air or oxygen to reduce
residual stresses [14-16].

Our ZnO films, obtained at a relatively “soft” temperature for synthesis conditions (300 °C), have a low
value of residual stress and high crystalline perfection even without subsequent annealing. The comparison of
our results with the results of other authors, for example [14,17], allows us to conclude that the low value of the
residual stress is caused by the effect of a porous silicon substrate.

The calculated results for ZnO films obtained on PSi substrates are shown in Table 3.

Table 3 shows that there is a difference between the calculated value D and the observed particle
size (according to the SEM data). Similar differences were observed by other authors [18]. In our opinion,
the observed difference is due to the fact that not only the effect caused by spatial grain sizes but also
microdeformations in the film as well as instrumental factors contribute to the broadening of the XRD reflections.
Therefore, the real sizes of ZnO nanoparticles can be significantly larger than the values calculated by estimating
the half-width of the peaks (002) in accordance with the Scherrer model. Thus, the results of the scanning
electron microscopy and X-ray diffraction indicate high crystalline perfection of the obtained ZnO films.

The PL spectra at room temperature and liquid nitrogen of ZnO films obtained at various oxygen pressures
P o2 are shown in Figure 5. The PL spectrum at room temperature of the obtained ZnO films shown in Figure
5a consists of a strong ultraviolet band centered at 382 nm (3.25 €V), and green and orange bands at 520 nm
(2.38 ¢V) and 605 nm (2.05 V), respectively. The spectral position of the peak at 382 nm (3.25 ¢V) is connected
with the near-band-edge exciton emission in ZnO films. The radiation characteristics of various types of excitons
in ZnO have been studied in detail [19,20].

As can be seen from the PL spectra of ZnO films grown at high pressures of P oo, a sharp increase in
the band of the exciton peak at 382 nm and a slight increase in the intensity of the bands in the visible region
of the spectrum are observed. In contrast, a ZnO film grown at a minimum P o9 of 0.05 Pa exhibits a weak
PL intensity, probably due to nonstoichiometric oxygen composition. The observed changes in the PL spectra
are clearly correlated with AFM data. As can be seen from Figure 2, the quality of the films improves with
increasing pressure of P s .

It was reported in [21,22] that the PL emission characteristics of ZnO films strongly depend on both the
quality of the film and the stoichiometry of the film. Nevertheless, although the PL spectra of our samples show
a clear correlation between the peak intensity of UV radiation and the quality of ZnO films, the green-orange

emission is lower in a film with low crystallinity grown at a low pressure of P oo. This observation may indicate
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Figure 5. The PL of the ZnO films obtained on the surface of porous Si at a temperature of 300 K (a) and at 77 K (b).

that the emission properties of ZnO films are more dependent on stoichiometry than on the crystallinity of
the film, since a ZnO film grown at a higher pressure of P oo has improved stoichiometry with fewer oxygen
vacancies and Zn interstices [22].

The radiation in the green region is usually connected with the defects in ZnO, such as oxygen vacancy
(Vo), interstitial zinc (Zn;), interstitial oxygen (O;), and antisite defect (O z,) [23]. As shown by the authors
of [23,24], in ZnO the orange band is localized at 636 nm (1.95 eV) and is associated with shallow donor-deep
acceptor transitions, which have an energy level of about 0.5-0.6 eV above the valence band [23]. Obviously, the
605 nm (2.05 eV) band observed in our samples is associated with a porous silicon substrate. This is in good
agreement with the results of [25], where the authors observed the 605 nm band in the PL spectra of porous

silicon.
The low-temperature PL. measurement was performed for a more detailed study of the radiation char-

acteristics. Figure 5b shows the PL spectra obtained at 77 K from the same films as in Figure 5a. ZnO films
grown in the pressure range of P p20.1-0.5 Pa show an intense peak at 402 nm (~3.09 €V), as well as a weak
emission peak associated with the exciton at 370.2 nm (~3.35 V) and radiation associated with deep levels in
the visible areas with a similar tendency at room temperature. As can be seen from Figure 5b, the exciton band
is not observed in the PL spectrum of films grown at a minimum oxygen pressure, which can also be associated
with nonstoichiometry of ZnO films.

Earlier, we showed in [26] that the band at 370.2 nm in ZnO is caused by the recombination of excitons
at the neutral acceptor of zinc vacancy, and 402 nm is associated with radiative transitions in the conduction
band or the acceptor, where there is intrinsic defect of the zinc vacancy V z, with a depth of ~0.3 eV above
the ceiling of the valence band. We also showed in [27] that the concentration of zinc vacancies, depending on
the conditions of heat treatment, can be 107 to 10'? ¢cm =3. This is supported by the data of [28], wherein the
authors also associated the observed band of 401 nm with a zinc vacancy. Recent theoretical calculations of
the energy levels of intrinsic defects in ZnO give values of the depth of the zinc vacancy level of approximately
0.2-0.3 €V above the top of the valence band [29,30]. For example, according to the calculation in [29], for the

energy interval from the bottom of the conduction band to the Zn (V z,) vacancy, the level of ~3.06 €V is in
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good agreement with the energy of ~3.09 eV of violet radiation at 402 nm in this work. Therefore, the emission
peak at 402 nm observed in this work should be attributed to the electron transition from the bottom of the
conduction band to the Zn vacancy level. The nature of the green band at 520 nm (2.38 €V) will be investigated

in the future.
The ratio of the ultraviolet radiation intensity to the intensity of the visible radiation is considered as

the main criterion for assessing the quality of crystallinity. Thus, strong ultraviolet radiation and weak green
radiation from ZnO can be explained by good crystalline quality of the ZnO film.

Thus, the observed photoluminescence spectra represent a combination of the radiation of the ZnO
film (green and ultraviolet bands) and the porous silicon substrate (a red band). Obviously, by combining the
radiation from a porous silicon substrate and a ZnO film, it is possible to obtain the resulting white luminescence.

However, further research is required.

4. Conclusion

ZnO films on the surface of mesoporous silicon of orientation (100) were obtained by the method of HF magnetron
sputtering. The properties of the three types of samples of the ZnO/porous-Si/Si heterostructure were studied,
depending on the conditions of the deposition process. From the AFM images it can be seen that at the highest
ratio of Oy stream to argon stream, the densest ZnO nanostructures with the highest porosity were obtained.
They contained well recognizable grains the size of 100 nm and had the form of closely packed (agglomerated)
nanograins (2040 nm in size). According to the XRD measurements, the ZnO films are oriented lengthwise
(002) on the surface in both cases with an FWHM of the peak (002) of 0.73°. The ZnO films have a low value
of residual compressive stress (1.207 GPa). The visible luminescence band is a combination of the green band
of the ZnO film and the red band from the porous silicon substrate. With the temperature drop from 300 to
77 K, the PL band shifts to the long wavelength side and decrease in intensity. At the same time, the relative

intensity of the bound exciton increases, the band of which becomes dominant in the PL spectrum.
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