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Abstract: In this study, ZnO films were prepared on p-Si substrates using the pulsed filtered cathodic vacuum arc
deposition (PFCVAD) method. We report the effect of annealing temperature on structural and optical properties. The
crystallographic structure and the size of the crystallites in the films were studied by means of X-ray diffraction. The
films had a weak peak (100) orientation at 26 =~32°. X-ray diffraction analysis of the as-deposited ZnO and the film
annealed at 850 °C showed a strong ZnO (002) diffraction peak centered at 34.1° and 34.5°, respectively. The (004)
peak was seen for film annealed at 850 °C. ZnO film annealed at 850 °C had higher grain size and better crystallinity.
Optical properties of the ZnO films were studied using a UV-Vis-NIR spectrophotometer. The optical band gap of the
films was determined using the reflectance spectra by means of the Kubelka—Munk formula. From the optical properties,
the band gap energy estimated for films as-deposited and annealed at 850 °C was 3.00 and 3.28 eV, respectively. The

Raman scattering spectra of the films was observed at a laser power of 2 mW.
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1. Introduction

With a large exciton binding energy (around 60 meV at room temperature) and a wide and direct band gap
[1], ZnO thin films have attracted great attention. Good transmission properties in the visible range and an
exciton binding energy of up to 60 meV make it one of the more promising candidates for fabricating surface
acoustic wave instruments, gas sensors, solar cells, and heat-reflecting windows [2-4].

ZnO/Si heterojunctions have attracted more and more attention. In particular, from the point of view of
the combination with advanced Si-microelectronics technology, ZnO growth on Si is very valuable [5]. Silicon
is one of most abundant and most important semiconductor materials, and it has been used in a broad range
of applications such as photoelectrochemical cells, solar cells, field emission devices, and photodetectors [6-10].
Due to the abovementioned properties, some groups have conducted studies on the production of ZnO thin
film on Si in recent years [4,11]. Different techniques for the preparation of ZnO films on Si have been used,
including plasma-enhanced metalorganic chemical vapor deposition [12], RF active sputtering technique [13],
sol-gel dip coating [14], pulsed laser deposition [15], plasma-assisted metalorganic chemical vapor deposition
[16], chemical vapor deposition method [17], atomic layer deposition [18], ultra-high vacuum radio frequency

magnetron sputtering method [19], and reactive direct current sputtering [20].
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In this paper, we performed the deposition of ZnO thin films on silicon by pulsed filtered cathodic vacuum

arc deposition (PFCVAD) technique at room temperature and studied their structural and optical properties.

2. Experimental

ZnO thin films were grown on Si(100) substrate by PFCVAD. The details of the deposition system were published
in an earlier study [21]. In this work, the substrate temperature was kept at room temperature during growth.
The base pressure of the deposition chamber was ~10 ~® Torr and the working pressure was ~3.33 x 102 Torr.
The base pressure and working pressure were controlled by SRS Stanford Research Systems Model PPM 100.
High purity (99.999% pure) oxygen was introduced into the chamber and controlled by a multigas controller.
ZnO thin films were grown using a metallic target (Zn, 99.99%, 1 mm in diameter). After deposition, a film

was oxidized at 850 °C for 1 h in air.

In order to investigate the crystalline properties, films grown on Si(100) substrate were examined by
0-20 X-ray diffraction (XRD) measurements. For XRD studies, we used a Rigaku Miniflex system with CuK «
radiation (A = 1.54059 A). Raman measurements were carried out with a Bruker SENTERRA Dispersive
Raman Microscope using the 532-nm laser as an excitation source. Total and diffuse reflectance of the films was
measured over a wavelength range of 200-800 nm, using a double-beam UV-Vis-NIR spectrophotometer (Cary
5000, Varian) with an internal diffuse reflectance accessory consisting of a 110-mm-diameter integrating sphere.
Baseline was recorded with a polytetrafluoroethylene (PTFE) reference disk, which exhibits NIR performance

superior to traditional coatings [22] while maintaining UV-Vis performance.

3. Results
3.1. XRD results of films
The crystalline quality and orientation of the ZnO thin films on Si(100) were investigated by means of XRD.
After the deposition, a PFCVAD ZnO film was annealed at 850 °C with 1 h of annealing time in air.

The crystal lattice constant cand the interplanar distance of the diffracting planes dwere identified using
the Bragg equation nA= 2dsin 8, where nis the order of the diffracted beam, Ais the wavelength of the X-ray,
and 6fis the angle between the incoming X-ray and the diffracting planes. The grain sizes of the crystallites

were determined from XRD data. The crystallite grain size D can be estimated using the Scherrer formula [23]:

0.9A
D= 1
Bcosh’ (1)

where \is the X-ray wavelength, fis the Bragg diffraction angle, and [is the full width at half maximum
(FWHM) in radians.

Figure 1 shows the XRD patterns of the Si substrate, the Si substrate annealed in air at 850 °C, the
as-deposited ZnO, and ZnO film annealed in air at 850 °C. The bottom line belongs to the Si(100) substrate,
followed by the results obtained after annealing at 850 °C with 1 h of annealing time. The third line was
obtained for the as-deposited ZnO and the fourth for the ZnO film annealed at 850 °C. The values of the peak
position, peak intensity, FWHM, grain size, and interplanar distance dfor the ZnO thin films are reported in
the Table. The peak (002) was shifted towards a higher angle by annealing at 850 °C. This angle shift was
caused by a decrease in the ¢ axis lattice constant of the ZnO thin film. This depends on relaxation of the

tensile strain existing along the c-axis in the ZnO films [24-27].
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Figure 1. XRD spectra of as-deposited and annealed ZnO film.

Table. Values of the peak position, peak intensity, FWHM, grain size, and interplanar distance dfor the ZnO thin films.

Si(100) Si annealed | As-deposited ZnO ZnO film annealed
at 850 °C at 850 °C
Angle 26 (°) 33.0 33.0 31.7 (ZnO, (100)) 31.8 (Zn0O, (100))
61.7 61.7 33.2 33.0
69.1 69.1 34.1 (ZnO, (002)) 34.5 (Zn0O, (002))
61.8 61.7
69.2 69.1
72.7 (ZnO, (004))
Relative peak 1370 7.50 x 10? | 138 (ZnO, (100)) 94.0 (Zn0O, (100))
intensity 163 178 919 720 .
2.89 x 10° Si(100) | 2.87 x 10° | 581 (ZnO, (002)) 2.32 x 10* (ZnO, (002))
151 178 ;
979 2.89 x 10°
693 (ZnO, (004))
FWIM (°) 1 (ZnO, (002)) 0.2 (ZnO, (002))
d (nm) 0.2627 (ZnO, (002)) | 0.2598 (ZnO, (002))
¢ (nm) 0.5254 (ZnO, (002)) | 0.5196 (ZnO, (002))
Grain size (D), 8.314 (ZnO, (002)) 41.61 (ZnO, (002))
nm

It was also observed that the FWHM changed with annealing temperature. The (002) peak of the
annealed ZnO film was stronger and sharper than that of the as-deposited ZnO. These results indicate that the
rise of (002) peak intensity was generally related to an improvement of the crystal quality of the ZnO films and
an enlargement of the grain size. As-deposited ZnO and annealed ZnO film had a weak peak (100) orientation
at 20 = 31.7° and 31.8°, respectively. For ZnO film annealed at 850 °C, along with a strong (002) diffraction
peak, a weak (004) diffraction peak could be found.
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3.2. Raman results

Figure 2 shows the Raman scattering spectra of films excited by the 532-nm laser lines using laser power of
2 mW. A peak of 434.5 cm ! is observed in as-deposited ZnO at the laser power of 2 mW [28]. This peak
corresponds to the E2 (high) mode of hexagonal ZnO. However, 2 peaks are seen for ZnO film annealed in air
at 850 °C with 1 h of annealing time. The Raman peaks at 100 cm ~! and 436.5 cm ~! correspond to E2 (low)
mode and E2 (high) mode of hexagonal ZnO [29,30]. The FWHM of the E2 (high) peak became narrower after
annealing. In wurtzite ZnO crystals, the nonpolar phonon modes with symmetry E2 have 2 frequencies; F2

(high) is associated with oxygen atoms and E2 (low) is associated with the Zn sublattice [31-33].
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Figure 2. The Raman spectra of as-deposited and annealed ZnO thin film annealed at 850 ° C.

3.3. Optical results of films on Si substrate
The optical properties of as-deposited ZnO and ZnO film annealed at 850 °C on Si substrate were studied
using a Varian Cary 5000 model UV-Vis-NIR spectrophotometer with an integrating sphere, using PTFE as
the reference disk. Reflectance spectra were taken in the range of 200-800 nm and in air at room temperature.
The diffuse reflectance of the sample is related to the Kubelka—Munk function F' (R). The Kubelka—Munk
function was used to convert reflectance measurements into equivalent absorption spectra. The Kubelka—Munk
theory allows us to calculate the energy gap of the thin films on nontransparent substrates. Diffuse reflectance
data were transformed using the Kubelka—Munk function by the following relation:
(1-R)? K
FR)=——=— 2
(R) == 2)
where Ris the diffuse reflectance of the sample; F'(R) is the Kubelka—Munk function, which corresponds to the
absorbance; K is the absorption coefficient; and s is the scattering coefficient. The absorption coefficient of a

direct band gap semiconductor is related to Tauc’s equation [34,35]:

ahv = A(hv — Ey)", (3)
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where « is the linear absorption coefficient of the material, hr is the photon energy, A is a proportionality
constant, n is a constant accounting for the type of optical transition, and n = 1/2 indicates direct allowed
transition. The Kubelka—Munk function is directly proportional to the absorbance (o = F(R)/¢, where t is the
thickness of the film) [36].

Figure 3 shows the total reflectance spectra of the as-deposited and annealed ZnO thin films. It is
observed that the total reflectance for ZnO thin film increases with annealing temperature. UV-Vis diffuse
reflectance spectroscopy was used to study the optical properties of ZnO, measured at room temperature in the
wavelength range of 200-800 nm. Diffuse reflectance spectra of as-deposited and annealed ZnO film are shown
in Figure 4. According to the graph of F'(R) versus energy values (Figure 5), the UV-absorption band of the
as-deposited and annealed ZnO film was around 360-390 nm. The energy band gap of films was calculated by
plotting the square of the Kubelka—Munk function versus energy (Figure 6). Extrapolating the linear portion
of the curve onto the x-axis gives the energy band gap of the films. The estimated band gap energy values are
3.00 and 3.28 eV for films as-deposited and annealed at 850 °C, respectively. The increase in the band gap may
be due to the improved crystalline structure of the ZnO thin films with the increase in annealing temperature.
It has been proposed that most annealing treatments cause evaporation of oxygen and the samples thus become
more Zn-rich. As O-rich samples usually have lower band gap energies, relatively more Zn-rich samples after
annealing, due to the evaporation of excess oxygen from the surface, will have higher band gap energies in

comparison to the as-deposited samples [37].
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Figure 3. Total reflectance spectra of ZnO film as- Figure 4. Diffuse reflectance spectra of films.

deposited and annealed.

4. Conclusion
The crystallinity and optical properties of ZnO/p-Si were investigated. The conclusion of this study is that
all the films exhibited preferential (002) orientation with c-axis perpendicular to the substrate surface, which

indicated that the ZnO thin films were of hexagonal wurtzite crystal structure. Additionally, the (004) peak
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was seen for film annealed at 850 °C. The band gap energy estimated for films as-deposited and annealed at
850 °C was 3.00 and 3.28 eV, respectively. One Raman peak was observed for as-deposited ZnO at the laser
power of 2 mW. However, 2 Raman peaks were observed for ZnO film annealed in air at 850 °C with 1 h of
annealing time. Those peaks correspond to modes of hexagonal ZnO. These results suggest that PFCVAD may
be a good candidate to produce ZnO/p-Si heterojunctions for device applications such as ZnO-based devices.
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Figure 5. F(R) against wavelength for ZnO film as- Figure 6. (F(R)E)? against energy of films.

deposited and annealed for 1 h.
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