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Zinc oxide (ZnO) thin film (approximately 1.1 pum) was synthesized onto a Si(100)
substrate by radio frequency (rf) sputtering with 200 W rf power for 120 min. The porous
nanostructure of the film was prepared through electrochemical etching with electrolyte
solution containing ethanol and nitric acid at a current density of 50 mA/cm? and constant
etching time of 120 s. Scanning electron microscopy images showed that the ZnO
nanoparticles featured plate-like shape and covered the entire Si(100) substrate. After the
porous process, the surface of the ZnO film became smooth, the plates or large particles
disappeared, and nanosized pores were uniformly distributed. X-ray diffraction patterns
confirmed that the ZnO/Si(100) thin film exhibited higher crystallinity, with hexagonal
phase growing toward the c axis, than that of the porous ZnO/Si(100) nanostructure. The
photoluminescence (PL) spectrum showed that the intensity of the near-band edge of the
ZnO/Si peak was higher than that of the P-ZnO/Si peak. Furthermore, the number of
defects in P-ZnO/Si(100) increased when the ratio of PL intensity for lyy t0 lgefect
decreased from 36.17 for ZnO/Si sample to 1.44 for porous ZnO/Si.
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1. Introduction

Zinc oxide (ZnO) is one of the most important semiconductor oxides. ZnO exhibits
interesting physical properties, such as wide band gap of ~3.37 eV at room temperature, large
excitonic energy of ~60 meV, thermal stability, environment friendliness, chemical stability, low
cost, and easy synthesis into nanostructured forms [1, 2]. ZnO nanostructures exhibit potential for
various applications, such as solar cells [3], optical sensors [4], light-emitting diodes [5], and
photocatalysts [6, 7]. ZnO is also used to fabricate gas sensor devices because of its good electrical
conductivity responses to invisible gases, such as H,, CO, alcohol, toluene, and methanol [8].
Nanocrystalline ZnO thin films can be prepared through physical methods, such as thermal
evaporation [9], radio frequency (rf) magnetron sputtering [10], and molecular beam epitaxy [11].
The films can also be fabricated through chemical techniques, including hydrothermal method
[12], sol-gel method [1], microwave-assisted chemical solution method, and chemical vapor
deposition [13]. Porous materials contain pore voids and can be categorized based on the number
of pores into low-, middle-, or high-porosity substances [14, 15]. The synthesis, characterization,
and application of novel porous materials have gained increased attention for a wide range of
applications, such as biomedical devices [16], solar cells [17], photo and gas sensors [18, 19], and
photocatalysts [20]. Porous silicon can be used as substrates to prepare nanostructures, such as
CdS nanoflowers [21] and ZnO nanocones [22]. Porous ZnO nanocrystalline structure can be onto
porous silicon substrate. However, to our knowledge, preparing porous ZnO nanostructures by
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electrochemical etching has not been reported yet. In the present work, porous ZnO nanostructure
was grown through electrochemical etching. The morphology, crystalline structures, and optical
properties of the prepared samples were investigated.

2. Experimental details and characterization tools

ZnO thin films were deposited onto an n-type silicon (Si) substrate at an orientation of
(100). An Edwards Auto 500 RF sputtering system equipped with a QC Scientific Precision chiller
was employed to sputter ZnO layers onto Si(100). Prior to the sputtering process, the native oxide
layer on the substrate was removed using the Radio Corporation of America cleaning technique.
The substrates were placed inside a sputter chamber, approximately 10 cm above the ZnO target.
Two ZnO targets with 99.9% purity, dimension of 3.5 in, and % thickness, were used to deposit
the ZnO films. Deposition was initiated by vacuuming the sputter chamber at 5x10°> mbar. Argon
gas was introduced into the chamber until the pressure reached 2.3 x 1072 mbar. Pre-sputtering
process was performed for approximately 10 min. ZnO sputtering was conducted at a radio
frequency (rf) power of 200 W for 120 min to allow the deposition of the ZnO layer onto the Si
substrate. The sample was cut with a radius of 1 cm to match the size of the opened circular of the
electrochemical cell and then placed in an electrolyte solution of (3:1) ethanol at 99.999%, HNO;
at a concentration of 0.1%, current density of 50 mA/cm?, and constant etching time of 120 s.
Synthesis was conducted at room temperature. After etching, the samples were rinsed with ethanol
and dried in nitrogen flow. The surface morphology of the prepared ZnO and porous ZnO/Si(100)
nanocrystalline thin film was determined by scanning electron microscopy (SEM) (Leo-Supra
50VP, Carl Zeiss, Germany). Crystalline structure was determined using X-ray diffraction analysis
(XRD) (X’Pert PRO MRD PW3040, PANalytical, the Netherlands) with Cu Ka (oo = 0.154 nm)
radiation. Photoluminescence (PL) and Raman shift spectra were investigated by HR 800 UV,
HORIBA Jobin Yvon, Edison, NJ, USA at wavelengths of 325 and 514.5 nm, respectively.

3. Results and discussion

3.1. Surface morphology

Fig. 1a and 1b show the SEM micrographs of the as-prepared ZnO thin film and porous
structure, respectively. The ZnO particles featured plate-like shape and covered the entire area of
the Si substrate. However, the plates were corroded during the porous process, resulting in the
disappearance of the ZnO belts. In addition, nanosized pores covered the Si substrate, and the
surface of the ZnO thin films became smooth, thereby improving the surface morphology of the
specimen. Distinct layers of pores with diameter ranging from 10 nm to 50 nm cover the entire
surface area (Fig. 2). This result indicates gradual etching in the crystal center, leading to accurate
etching of the grain boundaries. Conversely, the walls among the pores were thin with some short
thin tips at the top. This condition indicates that the grain boundaries are etched slowly at the
center of the crystals at high etching rates [23, 24].

Fig. 1. SEM images of (a) as-prepared Zn/Si(100) and (b) P—-Zn0O/Si(100) thin films
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Fig. 2. Pore diameter distribution of P-Zn0O/Si(100) thin film

3.2. Crystalline structure

Fig. 3 shows the XRD patterns of the as-prepared ZnO nanocrystalline thin film and
porous sample. ZnO/Si sample showed high XRD intensity at a diffraction angle of 34.225°, and
the porous ZnO/Si exhibited low diffraction intensity at an angle of 34.475°, which corresponds to
the (002) plane of the ZnO structure. The diffraction angle of the (002) plane of the ZnO/Si thin
films shifted toward lower angles compared with the standard XRD angle position of the ZnO thin
film (34.42°) [25]. The angle of the (002) plane of the porous ZnO thin film is close to the
standard position. The other diffraction peaks of the P-ZnQO/Si thin film at 31.82° and 36.225°
correspond to the (100) and (101) planes of ZnO wurtzite and ZnO crystalline structure,
respectively. The absence of these planes from the XRD pattern of the as-deposited ZnQO/Si thin
films indicates the high orientation of the films along the c axis.
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Fig. 3. XRD patterns of the as-prepared Zn/Si(100) and P—ZnO/Si(100) thin films.

The lattice parameters of hexagonal structures can be calculated using the formula [26]:

1 4 h%+hk +12. 12

dhk|2 _5( 2 )+C_2' 1)

a

where a and c are the lattice parameters. h, k, and | are the Miller indices.

The values of ¢ were 5.2396 A for the ZnO/Si thin film and 5.2074 A for the porous
ZnO/Si sample. The obtained value of c in the prepared and porous ZnO/Si samples is higher than
the standard value in ZnO (c, = 5.206 A). This result indicates that the samples are affected by the
presence of stress (o), which can be calculated through the following relationship [1].
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o(GPa) =233 x[(c - ¢, )/ ¢, | x100% )

The stress value can be negative for compressive biaxial stress and positive for tensile
biaxial stress. The calculated stress values in the plane perpendicular to the c axis of the ZnO/Si
thin film and the P-ZnO/Si sample are —150.38% and —6.26%, respectively. Stress occurs because
of two main reasons, namely, lattice mismatch between the thin film and substrate (extrinsic
stress) or presence of impurities, defects, and lattice distortions in the thin film structure (intrinsic
stress) [1]. The lattice mismatch for ZnO aligned with the ¢ axis perpendicular to the Si surface
reaches 40.16%, but the growth of the ZnO thin film at the c axis is parallel to the Si substrate
surface, providing the epitaxial relationship ZnO(100)|| Si(100) lattice mismatch of =4% [27].
Thus, the higher compressive ¢ value of the ZnO/Si thin film than that of the P—ZnO/Si sample is
related to intrinsic stress. Moreover, the porous process changed the concentration of impurities or
defects inside the lattice of ZnO, resulting in decreased stress value (increasing ¢ parameter value).

The strain along the c axis (¢) was estimated using the following equation:

&= [(d fitm — d powder)/ d powderJXlOO% , 3

where dsin is the d spacing of the ZnO thin film, and dyewger IS the d spacing of ZnO powder. The ¢
values along the c¢ axis of the ZnO/Si and P-ZnO/Si thin films are 0.645% and 0.0269%,
respectively.

Ismail and Abdullah [10] prepared ZnO thin films onto Si(100) substrates by rf magnetron
sputtering with different power intensities (150-250 W). The results indicated that all of the
prepared samples exhibited a compressive stress, and the strain decreased from 0.749% to 0.618%
as the power of synthesis increased from 150 W to 250 W [10].

3.3. Photoluminescence (PL) spectra

The room-temperature PL spectra of the as-grown ZnO nanocrystalline thin film and
porous ZnO are shown in Fig. 4. The ZnO thin film showed higher ultraviolet (UV) intensity
located at 382.37 nm, whereas the porous ZnO nanocrystalline thin film emitted a weak UV band
peaked at 382.49 nm. The PL peaks of ZnO/Si and ZnO/Psi samples are close to optical band gap
of pure ZnO [28]. However, this PL peak is attributed to the recombination in the near band edge
of ZnO, confirming that the preparation of the ZnO thin films and porous structure showed good
crystallization in agreement with the XRD analysis. Moreover, the violet peak intensity of ZnO/Si
is higher than that of the P-ZnO/Si sample. This result is related to the high crystallinity of ZnO
thin films prepared by rf sputtering. The PL broad band appearing in the visible region is related to
the defective states in the ZnO lattice. Native or intrinsic defect of ZnO includes three types:
missing atom at regular lattice position, extra atoms occupying interstices in the lattice, and zinc
atom occupying oxygen site in lattice or vice versa [29]. Native defects in the lattice strongly
influenced the electrical and optical properties of a semiconductor; these defects affected doping
and minority carrier lifetime as well as luminescence activity. The native defects play an important
role in ZnO conductivity because of the high level of unintentional n-type conductivity of ZnO,
where O vacancies and Zn interstitials are regarded as sources of n-type conductivity in ZnO [29].
The defective PL bands of ZnO/Si are located at 509 and 760 nm, whereas those of the porous
ZnO/Si sample are located at 577, 647, and 770 nm. The green emission peaks appearing at 509
nm for ZnO/Si and at 577 nm for porous ZnO/Si are related to zinc vacancy or to the singly
ionized oxygen vacancy in ZnO, respectively; this emission is caused by the recombination of a
photo-generated hole with the singly ionized charge state of the specific defect [30]. The yellow
emission appearing in the PL spectrum of the prepared samples is attributed to oxygen vacancies
and interstitial oxygen [31]. The ratio of PL intensity for lyy t0 Iyt decreased from 36.17 for
ZnO/Si sample to 1.44 for porous ZnO/Si, indicating the increase in the number of defects and
surface trap states. This result indicates increased electron—hole recombination and emitted green
or yellow light. The yellow emission is associated with both V, and O;; however, Marin et al.
confirmed that this band is related to V, when they annealed ZnO thin films prepared using sol—gel
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method under various O, pressure levels [32]. Thus, the porous process of the ZnO nanocrystalline
thin films could increase V, in the crystalline structure, as evident by the high intensity of yellow
emission. Marin et al. noted that the intensity of UV emission band is lower than V, and Vz,
emissions for ZnO nanocones prepared onto porous silicon substrate by vapor transport at different
temperatures and O, flow rates [22].
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Fig. 4. PL spectra of (a) as-prepared Zn/Si(100) and (b) P-Zn0O/Si(100) thin films.

3.4. Raman shift

Fig. 5 shows the Raman shift of the as-deposited ZnO/Si nanocrystalline thin film and
porous ZnO/Si sample. The band at 376 cm™ of ZnO/Si sample corresponds to Raman active
zone-center optical phonons (Al) in transverse-optical (TO) mode [33]. However, the band at
~275 cm ! is assigned to defect-induced modes of ZnO, as confirmed by recent theoretical studies
[34]. The ZnO/Si and P-ZnO/Si samples show a weak Raman band located at a wavenumber of

~437 cm™', which is related to E{? (high) of Raman active modes [33]. Yu et al. [35] prepared
ZnO nanorods by hydrothermal method and observed Raman scattering peaked at 338 cm ™, which
is attributed to E{? (high) mode of hexagonal wurtzite ZnO. The location of E{”(high) in the

ZnO nanostructures shifted because of many reasons, such as structure shape, preparation method,
and impurity type and concentration [36, 37]. In addition, the ZnO/Si nanocrystalline thin films
shows a band peaked at 579 cm™, which corresponds to A1(TO) mode. Furthermore, the Raman
bands at ~520 and ~940 cm™* correspond to the first-order transverse optical mode (1TO) and the
second-order transverse optical phonon mode (2TO) of c-Si substrate, respectively [38].
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Fig. 5. Raman shift of the as-prepared Zn/Si(100) and P-ZnQ/Si(100) thin films.
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4. Conclusions

Porous ZnO nanocrystalline thin films were successfully prepared by electrochemical
etching. The surface of ZnO thin films grown onto Si(100) substrate via rf sputtering contains
different particle shapes and size. After the porous process, ZnO thin films showed smooth
surface, with small pores covering the entire area of the ZnO film surface. XRD results confirmed
that the crystallinity of ZnO thin films decreased after porous process, and the lattice parameter ¢
became closer to the standard value than the as-prepared ZnO thin film. The calculated stress
levels in plane perpendicular to the c¢ axis of the ZnO/Si thin film and P-ZnO/Si sample are
—150.38% and —6.26%, respectively. The impurities, defects, and lattice distortions in thin film
structure led to intrinsic stress of the prepared samples. The PL spectra confirmed varied numbers
of defects in the structure of the prepared samples, resulting in high values of stress between the
ZnO/Si(100) and P-Zn0O/Si(100) sample. In addition, the lower intensity of the violet PL peak of
P-ZnO/Si(100) compared with that of the as-prepared ZnO thin film is related to the
nanocrystalline nature of the sample after the porous process.
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