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Effect of surface morphology 
on optical properties of two 
multilayer structures CuO/ZnO/SiC 
and Al2O3/ZnO/SiC
H. Abd El‑Fattah 

Zinc oxide (ZnO) and Silicon carbide (SiC) thin films demonstrate unique properties such as high 
electron mobility, thermal stability, good chemical resistance, and low cost made them good 
candidates for optical applications. Moreover, semiconductors absorb short wavelengths of light due 
to the presence of a band gap. This work’s purpose is to study the effect of deposited ZnO and SiC 
thin films by physical vapor deposition (PVD) above two different oxides and substrates. Copper (Cu) 
with copper oxide (CuO) and aluminum (Al) with aluminum oxide (Al2O3) were the used substrates 
and oxides. After deposition of thin films, two different multilayer structures were resulted, which 
are CuO/ZnO/SiC and Al2O3/ZnO/SiC. Microstructure and morphology were investigated by scanning 
electron microscope (SEM) and atomic force microscope (AFM). Structure and phases identification 
were examined by X-ray diffraction (XRD). Optical properties (absorbance and emittance) before and 
after depositions of thin films were measured by spectrophotometer and Fourier transform infrared 
spectroscopy (FTIR). The results showed that the CuO/ZnO/SiC structure (85%) had higher absorbance 
than Al2O3/ZnO/SiC structure, however Al2O3/ZnO/SiC showed higher selectivity (absorbance/
emittance (α/ε)) of about 0.65/0.15, compared to 0.85/0.5 for CuO/ZnO/SiC multilayer structure. The 
effect of surface topography and roughness on the efficiency of each multilayer structure has been 
studied.

Concentrating solar power (CSP) manufacturing has gained a great attention in the recent years due to a highly 
increasing need of clean and renewable energy. Solar energy is an abundant resource distributed and radiated 
in all regions of the world. A lot of research intended to enhance the mirrors, focal point, angles of parabolic 
receiver, and selective absorber of CSP. This work is focused on the selective absorber which is coated on the 
receiver tube to capture the solar radiation in ultraviolet (UV), visible light and near infra-red (NIR) regions. 
The wavelength range needed to capture is from 200 to 2500 nm. The working temperature of CSP is about 
(400–500) °C. To have a highly efficient solar selective absorber (SSA), it should have higher absorbance than 
90% and lower emittance than 10%1.

There are many types of selective absorbers such as, Intrinsic, metal dielectric, and multilayer structure. Mul-
tilayer selective absorber is an interesting type to research and investigate1. Many reflectance passes in multilayer 
structure are the reason of selectivity. Multi-layer structure consisted of the infra-red (IR) layer (metallic) then 
the core layer (oxide or semiconductor) which consisted of more than one layer then an AR layer on the top 
(oxides or carbides)2. Many techniques are used to deposit selective coatings such as PVD direct current (DC) 
or radio frequency (RF), chemical vapor de-position (PECVD), painting technique and electrodeposition and 
chemical sol–gel. In this work, PVD was used due to depositing a highly adhesive and homogenous thin film3. 
Structure of selective absorber is dependent on the core layer which should have high absorbance and an AR 
layer above it made of oxides or carbides to prevent emittance of the captured light. AR layer should have low 
thermal conductivity and corrosion-resistant properties to provide protection and decrease the degradation2.

ZnO became a considerable and efficient material in solar cells third generation, due to having many advan-
tages such as good growth control, large energy bandgap, low cost, and high electron mobility4. ZnO has a band 
gap of about 3.37 eV at room temperature with direct electron transitions and high transparency in visible light 
region5. Amakali et al. studied the deposition of ZnO by two different methods (molecular precursor and sol–gel). 
They investigated the structure and optical properties of ZnO and found that the thin film fabricated by molecular 
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method was more transparent than the sol–gel one6. Wang et al. deposited ZnO and compared its emission with 
CuO/ZnO composite. The pure ZnO has recorded strong UV emission compared to CuO/ZnO composite7. 
Ismail et al. investigated the effect of RF power on the optical and structural properties of deposited ZnO thin 
film. They observed that as RF power increased the UV emission peak was revealed to a blue shift8. Sharmila et 
al. deposited ZnO by RF sputtering technique followed by annealing of thin film at different temperatures (100, 
200, 300 °C) to investigate the stability and effect of high temperatures on optical properties of ZnO thin films. 
They observed that annealed thin film had the highest optical response and good results in UV range9.

SiC thin films have unique physical and chemical characteristics, such as high thermal stability, good chemi-
cal resistance, distinctive electronic properties, low dimensionality, and good optical properties10. In addition, 
SiC as a semi-conductor with its wide band gap can be used in new advanced applications to develop efficient 
UV photonic11. Tavsanoglu et al. produced amorphous SiC thin film on different substrates by reactive medium 
sputtering (CH4 gas was used). The flow rate of CH4 gas was changed to study the effect of it on the optical proper-
ties of deposited SiC thin film. They noticed that the optical and electrical characteristics of SiC thin film can be 
fitted by changing Si and C concentrations in thin film12. SiC can be deposited by different fabrication methods 
for example, pulsed laser deposition, direct ion deposition, and reactive DC or RF magnetron sputtering. In 
this work SiC was deposited directly from the target in RF magnetron sputtering without any reactive medium.

Many researches studied the deposition of antireflection layers such as ZnS and MgF2 thin films by PVD 
technique or vacuum thermal evaporation. The deposition angles in PVD technique were varied which were 
reflected on the crystallinity of thin film. They found that the crystallinity of the deposited thin films decreased as 
the deposition angle increased13. Also, the incident vapor flow angles were varied in vacuum thermal evaporation 
deposition technique. Thin film crystallinity found to be very sensitive to the growth angle14,15.

Multilayer selective absorbers were proposed, and many designs have been applied with different thin film 
materials16–21. For example, Tibaijuka et al.19 developed a multilayer stack of AlxOy/Cr/AlxOy with an absorbance 
and thermal emittance of about 0.91 and 0.12 respectively at 373 K.

CuO and Al2O3 were formed naturally above copper and aluminium when they were exposed to air. CuO 
and Al2O3 can be used as selective coatings and they have promising properties for thermal solar applications, 
however CuO has stability at temperature up to 400 °C22,23. The optical properties (absorbance and emittance) 
of mentioned oxides were measured and found to be interesting. Absorbance of CuO with brown colour and 
Al2O3 was recorded about 90% and 78%, respectively with continuous pattern along UV, visible light, and short 
IR range (the whole useful range). Multilayer selective absorbers achieve higher absorbance due to the graded 
refractive index of deposited thin films. The novelty of this work is the deposition of ZnO thin film as an absorber 
layer with CuO or Al2O3 to increase absorbance by increasing paths of light, then deposition of SiC as AR layer 
above CuO and Al2O3 oxides to test its effect on the optical properties of them. The main role of AR layer as 
mentioned before is to prevent the emittance of captured light. Optical properties, structure, and topography of 
the surface were measured and studied before and after deposition of ZnO and SiC thin films. ZnO and SiC thin 
films were chosen due to their interesting characteristics of both. The performance of AR layer was great with 
its impressive thermal, chemical and electronic properties of SiC which make it a good candidate as AR layer.

Materials and methods
Thin films preparation
PROTOFEEX sputtering 1600- Magnetron 6 (USA) sputtering PVD was used in deposition of ZnO and SiC 
thin films. The 99.9% copper (Cu) and 99.9% aluminium (Al) substrates dimensions were 4 × 4 cm2 with 2 mm 
thickness. Chamber of deposition had bias voltage and velocity about 150 V and 10 rpm respectively. Pure ZnO 
and pure SiC targets (99.999%) were used in deposition. The chamber was initially down to pressure 10−5 bar, 
100-Watt RF Power was used to sputter ZnO thin film. Time of sputtering was 2 h. While DC Power 350 V was 
used in SiC thin film deposition for 1 h. Deposition pressure was 10−3 for SiC and ZnO thin films with argon 
gas (Ar) flow rate 30 sccm.

Figure 1 shows the schematic drawing of the (SSA) multi-layers design deposited on pure Cu and Al substrates 
(Cu/CuO/ZnO/SiC–Al/Al2O3/ZnO/SiC).

Figure 1.   SSA multi-layers design.
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Thin films characterization
Surface morphology and phase identification
Scanning electron microscope (SEM) (Thermo Fisher Scientific Electron Microscopy) was used in investigating 
of surface and cross-section images. Surface morphology and topography were investigated by Atomic force 
microscope (AFM) 5600LS AFM. 3D AFM images were obtained for morphology. The surface roughness and 
thickness of thin films were measured.

X-Ray diffraction (XRD) was used in phase identification. Bruker model has scanning range 10 ≤ 2θ ≤ 100° 
intervals, step size 0.1 deg and a Cu target operating at 40 kV and 30 mA.

Optical properties
The absorbance and emittance were measured by using spectrophotometer and FTIR for respectively. FTIR 
is NICOLET 6700 model. Spectrophotometer model is Shimadzu UV-3600. Reflectance was measured in the 
whole range of light wavelength (0.2–25 µm) by using the two mentioned equipment. To have absorbance within 
(0.2–2.5 µm) range, and emittance within (2.5–25 µm) range Kirchhoff ’s laws of opaque materials were applied24. 
All measurements were occurred at R.T.

Results and discussion
Surface microstructure, topography, and roughness
Figure 2 shows the SEM images of CuO and Al2O3 before deposition of ZnO and SiC thin films. Figure 2a presents 
the microstructure of Al2O3. There is an amorphous microstructure without definite grains or grain boundaries. 
Only the scratches that had occurred during cutting of Al substrate could be recognized25. Figure 2b shows a 
vertical cross section to substrate and Al2O3 formed above it by SEM to measure the thickness of oxide and to 
ensure of its presence. Two readings were recorded in two different positions 924.1 nm and 730.1 nm with average 
thickness of about 827.1 nm. The Cu substrate used in this work had a dark brown thin layer above it related to 
CuO thin film formed naturally. In Fig. 2c CuO natural thin film appeares with some scratches and cracks in it. 

Figure 2.   (a) and (c) SEM images of Al2O3 and CuO before deposition respectively. (b) and (d) images are a 
vertical cross-section of Al2O3 and CuO thicknesses respectively.
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CuO can be noticed by visual inspection, but the thickness should be measured to know the accurate dimensions 
of it. Figure 2d is a vertical cross section to measure the CuO thickness. It was about 5.66 µm.

Surface topography of any thin film was studied by AFM due its strong and good profilometry technicality. A 
lot of information about the surface can be obtained by using this technique. Roughness, grain size, and structure 
max., and min. heights of thin film surface can be studied through morphology images26.

The relation between evaluating structure of deposited thin film by RF sputtering and deposition conditions 
had been studied by structural zone models (SZM)27. SZM divides conditions into three zones, which are Zone 
I, Zone T and II. The parameters of deposition such as pressure, chamber temperature, gas flow rate, etc., which 
determine the three zones. According to SZM models the deposition of SiC thin film was in Zone I. At this zone, 
thin film microstructure is porous, may contain fine fibres, or amorphous textured, a small and more equiaxed 
grains may be formed27. The AFM images shown at Fig. 3 confirmed this assumption. XRD will be discussed 
later to further confirm this.

As shown in Fig. 3 the SiC on the surface in the top of multi-layer has two different morphologies accord-
ing to the substrate it had been deposited on. Thin films were grown by charged particles add- atoms. Different 
structures and morphologies of deposited layers occurred due to the differences in rates of transferred charges 
caused by using different substrates28. SiC and ZnO thin films are deposited at the same conditions but on dif-
ferent substrates.

Figures 3a,b show deposited thin films above Al2O3, where homogenous wavy structure and valleys shown 
in Fig. 3a and clusters of particles shown in Fig. 3b. Figures 3c,d show SiC thin film on the top in which the 
structure of CuO nano sphere morphology is clearly found, and Zno and SiC were deposited inside it. Nano 
sphere clusters structure of CuO was found29.

Figure 3.   AFM images 3D and 2D profiles of SiC thin film (a) and (b) above Al2O3 thin film and (c) and (d) 
above CuO thin film.
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Table 1 shows root mean square (Rrms), roughness average (Ra), skewness (Rsk) and kurtosis (Rku) of 
SiC thin film above Al2O3 and CuO. Also, average max. hight of profile (Rz) and waviness average (Wa) were 
measured.

As shown in Table 1 there are noticable differences in measurements of the same thin film deposited on two 
different oxides. These differences would reflect on optical properties and its values as will be discussed later. 
Skewness and kurtosis values indicated the surface features symmetry, controlled by peaks, and bumpy30. As 
shown in Table 1 the values of max. height profile and waviness average is higher in case of deposition above 
CuO than Al2O3. Wavy structure with clusters can be observed at two cases but it is clearer at Fig. 3c.

ZnO thin film was deposited in two cases at 100 W, but the wavy structure appeared clearer at 3D AFM Fig. 3c 
in which the surface is spiny and influenced by valleys. This observation matches with skewness and kurtosis 
values shown in Table 1. 3D AFM image (Fig. 3c) shows spines, spheres, and valleys in thin film deposited above 
CuO. However, the deposition conditions were the same in both cases, but the topography is not the same. This 
was due to the nature of CuO and Al2O3. Although, the small value of deposition watt (100 W) was the reason 
of surface homogeneity with formed spines and valleys26.

Phase identification
Figure 4 shows the XRD of SiC and ZnO thin films in two cases above Al2O3 and CuO. XRD is used to deter-
mine the structure, phases, and crystallinity of materials. Table 2 highlights the major diffraction peaks angles 
and related phases planes. Figure 5 illustrates the XRD elements concentration. It shows the presence of Al2O3, 
CuO, SiC, and ZnO thin films. The obtained values are compatible with Crystallography Open Database 
(COD) numbers. SiC formed above CuO had hexagonal structure with lattice parameters a = 0.307 nm and 
c = 4.775 nm (COD 1,538,515) and above Al2O3 had two structures, hexagonal (lattice parameters a = 0.3079 nm 
and c = 2.518 nm (COD 2,310,851)) and cubic structure (lattice parameter a = 0.4523 nm (COD 1,536,528)). 
The difference that occurred in SiC structures is due to the growth mode which was strongly dependent on the 
surface stoichiometry38. The diffraction pattern angles (Fig. 4 and Table 2) at 42&43, 63 showed the formation of 

Table 1.   comparison of AFM data at two cases.

Data of ZnO and SiC above two oxides Above Al2O3 Above CuO

Rrms 1.64144 nm 9.63475 nm

Ra 1.20430 nm 6.96701 nm

RSK − 0.985212 − 0.321709

RKu 7.29096 5.01900

Rz 8.08592 nm 47.8028 nm

Wa 17.4693 nm 40.7505 nm

Figure 4.   XRD of ZnO and SiC thin film above Al2O3 and CuO.
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ß-3C SiC with the crystal planes at (200) and (220) respectively34. ZnO formed above CuO had cubic structure 
with lattice parameter a = 0.428 nm (COD 1,534,836). XRD diffraction peaks in planes (101), (202) belonged to 
ZnO structure26. A strong and sharp peak appeared at 36° angle with (111) plane which indicated the crystal-
linity of formed CuO30. The found CuO had two structures monoclinic with lattice parameters a = 0.4689 nm, 
b = 0.3427 nm, and c = 0.513 nm (COD 9,016,057) and cubic structure with lattice parameter a = 0.4269 nm (COD 
9,005,769). Al2O3 was found with sharp and strong diffraction peaks in planes (400), (440), (620) presented the 
crystallinity of it35. It had cubic structure with lattice parameter a = 0.4049 nm (COD 4313210). As well as the 
lattice constant, XRD patterns give information of the average crystallite size (D). This quantity was obtained 
with the Debye–Scherrer’s formula39 Eq. (1).

Table 2.   XRD peak angles and related phases.

Compound Peak angle Phase plane Ref.

ZnO 37.5, 78 (101), (202) 31,32

SiC 42 & 43, 63 (200), (220) 33,34

Al2O3 45, 65, 79 (400), (440), (620) 35

CuO 30, 36, 50, 75 (110), (111), (202), (222) 36,37

Figure 5.   XRD elements concentration (a) ZnO and SiC thin film above CuO. (b) ZnO and SiC thin film above 
Al2O3.
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where k is the shape factor (0.9), λ is the wavelength of the Cu Kα, β is the full width at half maximum (FWHM) 
of the most intense peak of the XRD spectrum and θ is the Bragg angle. The crystalline size of CuO was about 
1.534 nm and Al2O3 was about 1.25 nm, obtained from (111) and (400) width XRD peaks respectively.

Optical properties
Figure 6 shows the optical absorbance of CuO and Al2O3 before and after deposition of ZnO and SiC thin films 
above them. Absorbance of CuO about 89% and for Al2O3 about 75% with the same pattern at UV, visible light 
and IR. Multilayer structure CuO/ZnO/SiC had absorbance about 85% and Al2O3/ZnO/SiC structure had absorb-
ance about 65%. Wang et al.7 deposited CuO/ZnO and reported its optical properties. They found a red-shifted 
absorption edge at 370 nm, which is not existed in this work. The deposition of SiC thin film above CuO/ZnO 
structure enhanced its optical properties, moreover absorbance reached 85% as shown in Fig. 6. Figure 7 illus-
trates emittance of CuO and Al2O3 before and after deposition of ZnO and SiC thin films above them.

Zno and SiC are semiconductors that show high IR reflectance (low absorbance) and a relative steep edge in 
the visible region, which is a well-known, metal like behaviour. The relative steep edge refers to inter band transi-
tions involving the d-type free electrons, which means it contains conduction electrons resulting in metal-like 
electrical conductivity40,41. At CuO/ZnO/SiC structure higher incident energies at wavelength (215–730 nm), 
interband transitions take place, then absorbance decreased gradually. Moreover, the increasing of absorbance is 
attributed to the light scattering and increased light trapping at wavelength (215–730 nm). As mentioned before, 
CuO/ZnO/SiC structure has a higher roughness than other one. The scattering light may have occurred due to 
the surface roughness, whereas roughness is attributed to effect on surface characterization. Surfaces with high 
degree of roughness that imply the possibility of using the porous layer as an antireflection coating because the 
surface reduces the light reflection and increase absorbance42.

CuO/ZnO/SiC multilayer structure had absorbance higher than Al2O3/ZnO/SiC, but selectivity (absorb-
ance/emittance (α/ε)) of Al2O3/ZnO/SiC structure (0.65/0.15) is better than CuO/ZnO/SiC structure (0.85/ 
0.5). Spines, spheres, and valleys shown in CuO/ZnO/SiC in AFM images had a good effect on absorbance and 
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increased the emittance, which resulted in a low performance of this structure. However wavy morphology of 
Al2O3/ZnO/SiC resulted in good selectivity of this structure.

This work was demonstrated to evaluate two multilayer structures as selective absorbers for thermal solar 
energy (medium temperatures). Previous works deposited SiC or ZnO thin films alone and evaluate or studied 
their properties. This work’s target was making a multilayer structure from ZnO and SiC with two different 
substrates and two different oxides (CuO and Al2O3) to show the effect of this structure on morphology, struc-
ture, and optical properties. ZnO and SiC thin films were chosen due to their high thermal stability, electronic 
properties, in addition to good optical properties. ZnO became a suitable and an efficient candidate for a mate-
rial in solar cells third generation, due to many advantages such as good growth control, large energy bandgap, 
low cost, and high electron mobility. SiC thin films have unique properties, such as high thermal stability, good 
chemical resistance, good optical properties, and due to its wide band gap, it can be used in new advanced appli-
cations to develop efficient UV photonic. Moreover, semiconductors absorb short wavelengths of light due to 
their band gap and have low emittance. Morphology of each structure was studied, and its effect on the optical 
properties was discussed. Emittance is related to surface properties such as roughness of surface and the mean 
height deviations2. Table 1 showed that CuO/ZnO/SiC structure had a higher average of surface characteristics 
than the other structure. Meanwhile, it was reflected on the increasing of absorbance and emittance of CuO/
ZnO/ SiC structure.

Figure 2 b,d showed that CuO had a higher thickness (about 5 times) than Al2O3. Although ZnO and SiC 
thin films were deposited with the same conditions, they had different morphology and optical properties. The 
higher thickness of CuO had a direct effect on deposited thin films morphology and optical properties. Saklayen 
et al. studied the effect of film thickness on the morphology and optical properties43. They found that the mean 
grain area, average (Ra), and roughness are increased with increasing film thickness. These findings are consisted 
with this work results. CuO had the higher thickness, so CuO/ZnO/SiC structure had the higher roughness and 
higher crystallite size.

Conclusion
In this work two multilayer structures were characterized and evaluated as solar selective absorbers for medium 
temperature thermal solar energy applications. The two investigated multilayer structures are CuO/ZnO/SiC 
and Al2O3/ZnO/SiC. Both structures CuO/ZnO/SiC and Al2O3/ZnO/ SiC presented almost continuous pattern 
in UV and visible light ranges, but the higher absorbance in UV, visible light and short IR was related to CuO/
ZnO/SiC multilayer structure. CuO/ZnO/ SiC exhibited absorbance and selectivity of about 85% and 0.85/0.5, 
respectively. Al2O3/ZnO/SiC demonstrated absorbance and selectivity of about 65% and 0.65/0.15, respectively. 
This work has discussed the effect of surface topography, roughness, max. height profile, and waviness of the 
surface on optical properties. Increasing the roughness of the surface had a positive effect on absorbance, but it 
increased the emittance of the surface as well.

Data availability
Data will be available upon reasonable request to the corresponding author.
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