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Abstract

In this work, magnetron sputtered Ti and Al203/Ti have been investigated. Microstructure, morphology, phase identification, mechanical, and
optical properties were studied. Heat treatment at 600 C for 2h with different cooling rates was applied. X-ray diffraction (XRD) was used in
phase and structure identification. Scanning electron microscopy (SEM) and atomic force microscopy (AFM) were used for microstructure and
morphology investigations. Microhardness is used for mechanical properties measurements. The FTIR and spectrophotometry were used for
optical characterizations. It was found that the AI203/Ti structure has a higher hardness value at all conditions compared to Ti. Resulted in
TiO2 phases after heat treatment varying due to the cooling rate. As deposited AI203/Ti structure has the highest selectivity value
(absorbance/emittance). AI203/Ti structure has a higher selectivity value at all conditions than Ti.
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1. Introduction

Solar-selective absorbance properties refer to the ability of a material or surface to selectively absorb solar radiation
while minimizing the absorption of other wavelengths [1]. This property is desirable in various applications, such
as solar thermal collectors, photovoltaic cells, and solar coatings for windows and building materials [2]. In solar
thermal collectors, the goal is to maximize the absorption of sunlight in the visible and near-infrared range (0.3 to
2.5 micrometers) while minimizing the absorption of thermal radiation in the mid-infrared range (2.5 to 25
micrometers). This is achieved by using materials with high solar absorbance and low thermal emittance [3]. Solar
absorbance is a measure of how well a material absorbs solar radiation, while thermal emittance is a measure of
how well a material emits thermal radiation [4]. Selective absorber materials are typically designed to have a high
absorption coefficient in the solar spectrum range (0.3 to 1.1 micrometers), which corresponds to the wavelengths
of maximum solar radiation. This allows the receiver to absorb a large portion of the incident solar energy [5]. At
the same time, the material should have a low emittance in the long infrared range (beyond 2.5 micrometers) [6].
Solar coatings for windows and building materials aim to control the amount of solar radiation that enters a
building. These coatings are often designed to have high solar reflectance (R) and low solar absorbance to minimize
heat gain from solar radiation. By reflecting a significant portion of the incident solar energy, these coatings can
help reduce the cooling load on buildings and improve energy efficiency [7]. Various materials and surface
treatments can be used to achieve solar-selective absorbance properties. For example, selective coatings can be
applied to surfaces to enhance their solar-absorbing or reflecting properties. These coatings often consist of multiple
layers of materials with different optical properties, such as metals, semiconductors, and dielectrics. The specific
design of the coating determines its solar-selective properties [8]. Overall, solar-selective absorbance properties are
crucial for optimizing the performance and efficiency of solar energy conversion devices, as well as for controlling
heat gain in buildings exposed to sunlight [9]. Research in this field continues to explore new materials and
technologies to improve solar absorbance and reduce thermal emittance for various applications [10]. Thin films
play a crucial role in the manufacturing of solar cells and plants. They are used to create the active layers that
absorb sunlight and convert it into electricity [9]. It's important to note that the specific application of thin films in
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thermal solar energy technology may vary depending on the type of receiver and the desired performance characteristics. The
choice of materials and thin film deposition techniques can also impact the efficiency and functionality of the receiver in thermal
solar energy [11]. Alumina is an effective dielectric material that reduces reflection of solar radiation and alumina-based cermet
is good at absorbing solar radiation. Alumina-based solar selective coatings have superior optical properties [12]. Titanium
dioxide (TiO2) has many excellent properties in optics, electricity, chemistry, and structure. It has been widely used in optical
thin films, photocatalysis, transparent electrodes, sensor applications, protective films, etc. In the field of optical coating, TiO2
film exhibits good absorbance compared to other oxide materials [13]. TiO2—Al2Os structures are used in various applications
including catalysis, solar cells, photocatalytic, thermal solar energy, and self-cleaning [14, 15]. Several methods have been used
to prepare TiO2—Al:0s nanocomposites such as the plasma-sprayed method, metalorganic chemical vapor deposition
(MOCVD), and sol-gel deposition [16]. Magnetron sputtering and solution chemical methods are commonly used to prepare
alumina-based solar selective coatings. However, both techniques have drawbacks. In magnetron sputtering, alumina is typically
deposited using radio frequency (RF) sputtering, which has a slower deposition rate and higher equipment cost compared to
direct current (DC) sputtering. [17,18]. The sputtering technique can be applied to various substrates, including 304LSS. It is
versatile enough for both small-scale research and large-scale industrial production [19]. Researchers are highly interested in
producing alumina thin films to provide shielding for substrates made of metallic and other materials [20]. Researchers have
paid great attention to TiOz, Al20s, and TiNxOy thin films for thermal solar energy selective absorbers. The authors have
successfully obtained oxide thin films TiO2 by oxidation of TiN at 800°C for 2 hrs [21], TiO2 & Al203 by oxidizing Ti & Al
thin films at 400° C and 800°C [14]. The microstructure and optical properties of the formed oxides were studied at different
temperatures and compared with those of the sputtered thin films [21]. The previous work by the authors [14, 21] has shown
that the route of sputtering of thin metallic films of Ti and Al followed by annealing is beneficial for tailoring multi-layered
coatings for selective solar absorbers requiring graded high absorbance and low emittance materials. The results also showed
the formed microstructures have a significant effect on the optical properties of the thin films deposited on the surfaces. This
work is designed based on the previous results showing that after oxidation Ti thin film has higher absorbance, compared to Al,
while the Al thin film has lower emittance, suggesting that building multilayers of TiO2 and Al20s thin films is worth
investigating. Therefore, the main aim of this work is to investigate the effect of using Al20z as an interlayer below the TiO2
thin film produced via the annealing route of sputtered Ti. In this work, annealing is conducted at a Temperature (600°C) for
oxidizing Al and Ti thin films to avoid the negative effect of oxidizing at 800C and to optimize the effect of oxidizing
temperature on the optical properties and microstructure of formed oxides to achieve a good selective absorber for high
temperature solar thermal applications. Ti thin film was deposited by physical vapor deposition (PVD) in this work. After
deposition, Ti was heat treated at 600° C with different cooling rates to have TiOz. In this work, the effect of the Al20Oz layer
deposited in between Ti thin film and substrate has been investigated. The Ti thin film was deposited directly above the substrate
(structure 1) and deposited above Al20s (structure 2). The microstructure, morphology, microhardness, and optical properties
of both structures have been studied before and after heat treatment. The effect of Al2O3 deposition as an interlayer will be
discussed. The absorbance pattern became different in structure 2 as the presence of the Al2Os, especially after heat treatment,
resulted in changes in the absorbance pattern and the microhardness in structure 2.

2. Experimental work

2.1 Thin film deposition

Deposition of thin film occurred by PVD sputtering technique. Two pure targets of Al2Os and Ti with a percentage of about
99.9% were used in deposition. Only Ar gas was used in deposition with a 30 Sccm flow rate. 304 L stainless steel (SS) substrates
were cleaned and dried before being fixed in the chamber. Power, pressure, and temperature were used in sputtering are 1.15
kW, 107 pa, and 160° C respectively. Each layer was deposited in time about 60 min.

2.2 Heat treatment process

Two thin film structures shown in Figure 1 are heat treated at 600° C for 2h but the cooling rate was changed. Structure 1 consists
of 304 LSS as substrate and Ti thin film deposited above it. Structure 2 consists of 304 LSS as substrate, Al2O3 deposited above
it, and Ti thin film deposited in the top. The main purpose of changing the cooling rate is to study the effect of it on the
microstructure and optical properties of deposited thin films. Half of the specimens were left to cool in the furnace (annealing)
and the other half was cooled in air (normalizing).
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Figure 1 Schematic drawing for two deposited structures.

2.3 Thin film characterization

SEM was used first to investigate the surface microstructure. FEI inspect S- Netherlands equipment was used. Roughness and
morphology before and after heat treatment were measured by the AFM 5600LS version. The phases and structure of thin films
were explained by the XRD Burker model with Cu target. For optical properties spectrophotometer and FTIR equipment were
used. Also, the microhardness test with HV0.5 (4.903N)- 10- Sec was applied to explain the differences in the two structures
and the effect of the presence of Al20s.

3. Results and discussions

3.1 Phase Identification (XRD)

Figure 2 shows the XRD patterns of structure 1 with and without heat treatment at 600° C for 2 h. Cooling in the furnace or air
after heat treatment is also illustrated in Fig. 2. Fig.3 represents the XRD patterns of structure 2 before and after heat treatment
at 600° C for 2 h then cooled in the furnace or air. Ti thin film in two structures was oxidized and formed TiO2. In Figs 2 and
3 and other figures in the paper letters A and F in the figs mean cooling in air and cooling in a furnace respectively. Table 1
depicts each condition with phases and peak angles. The results in the case of deposited thin films in structures 1 and 2 confirmed
the formation and presence of Ti and Al20s. After heat treatment of the two structures followed by air cooling anatase TiO2 was
only found. Moreover, results indicate the furnace cooling resulted in anatase and rutile TiO2 phases. In general, the band gap
of TiOz is larger than 3 eV which makes pure TiOz active for UV light. The difference between anatase and rutile is the width
of the band gap of each one which is 3.2 eV for anatase and 3.0 eV for rutile [22]. In the case of air cooling after heat treatment,
no rutile diffraction peaks were observed. The rutile phase didn’t appear in both structures because of air cooling being fast and
not allowing equilibrium phases to appear. The wide or narrow band gap of TiO2 anatase or rutile phases has a direct effect on
the optical properties, as will be shown later.

Table 1 XRD phases and planes at all conditions

. Anatase(N) or Ref.
Condition Phase Peaks angle Phase plane Rutile (R)
. . 36.2,39, 425, | (101), (002), (101), ] 23]
304LSS/Ti Ti eps 211)
304LSS/Ti-A Tio, | 35, 39,46,519 | @ ((121111)) (200), N, N, N, N [23, 24, 25]
[23, 24, 25,
304LSS/Ti-F TiOs 39, 52, 68 (111), (211), (301) N, N, R 26]
304LSS/AI203/Ti /II' g‘ 30.5,44,51 | (101), (113), (024) , [23,27]
2U3
304LSS/AI203/Ti-A Tio. 39, 44, 52 (111), (113), (211) N, -, N [23, 27]
&AIl203
. TiO2 37,39, 42, 44, (101), (1112), -, i [23, 26, 27]
304LSS/AI203/Ti-F CALO: 15 5 113), (200), 2y | RN RN N
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Fig. 2. The XRD patterns of structure 1 before and after heat treatment.
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Fig. 3. The XRD patterns of structure 2 before and after heat treatment.
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3.2 Microstructure (SEM) & surface morphology (AFM)

Figure 4 shows the SEM image of structures 1 & 2 after heat treatment in the furnace at 600° C for 2 h and then
cooled in the furnace. TiO, formed after annealing in two images Figs. 4 a and b have two different microstructures.
The effect of Al,O3 presence as an interlayer in structure 2 on the microstructure is found clearly. Fig 4 a represents
the TiO2 microstructure formed in structure 1, as the thin film was detailed cracks and holes appeared. In Fig 4 b
microstructure of TiO; in structure 2 is homogenous without any cracks, holes, or deterioration. The Al,O3
interlayer in structure 2 prevented the diffusion from SS substrate to Ti thin film at high temperatures due to the
stability of Al,Os at elevated temperatures. Interdiffusion barriers are used between substrates and coating to reduce
the degradation of coating at high temperatures by reducing the Ti losses to the substrate [28]. Substrate elements
such as Cr and Ni found in SS diffused into the coating and increased its ability to degrade, corrosion, and oxidation
resistance [28]. Al.O; played an important role as an interdiffusion barrier in the prevention of the SS elements
diffusing inside the Ti thin film which resulted in a homogenous TiO2 microstructure.

Figure 5 illustrates the AFM images of two structures at all conditions. Table 2 explains the roughness (Ra) and
root mean square (RMS) measurements of the surface of two structures at all conditions. RMS roughness is distinct
from the amounts of roughness profiles that are located away from the midline [29]. RMS is the standard deviation
of the mean height Z [30], calculated mathematically by equation (1). N is the number of peaks; Z is the mean
height of N peaks, and Zy is the height of each peak

N —
RMS = IN=1ZN-2)? Q)
\l N-1

As mentioned in Table 2 roughness decreased after heat treatment. Furthermore, roughness has the lowest value
after furnace cooling in two structures. The roughness of as deposited Ti thin film in Structure 2 is lower than as
deposited Ti in Structure 1. The roughness of Ti decreased on structure 2 because it is deposited on the Al,O3 thin
film, not on the SS substrate directly. Fig. 5 b and ¢ show the Ti thin film after heat treatment and cooling in air
and furnace respectively, as shown the formed TiO, morphology is similar otherwise the roughness is decreased in
case of furnace cooling. Fig 5F presents the columnar structure of formed TiO, after heat treatment and furnace
cooling [31].

(b)

Figure 4. The two structures after heat treatment at 600° C for 2 h with furnace cooling rate (a) 304L/Ti-F, and (b) 304LSS/AI203/Ti-F

Egypt. J. Chem. 68, No. 2 (2025)



32 Hanan Abd El Fattah et.al.

232.0 ) 5 S am
22%.0 {400
Lysoe
~200.0
oo
- 180.0 108
.0 oo
023 ym Hoo LT
20
000 ym 1200
0
100.0 0
L ®o
600 a0
800 w0
20
Ne
%o
00 en
242 % 1o 71621
=00
!
L2000 1400
1900 -1200
00
-1000
~1%0.0
034 pw
120 -80.0
000
1mwa
-800
-800
wo -400
400
00
00
00 00
(b) (e)
Wi dam 0.0
700
200 00
& 1w 20
Hoo
00
mo
1200 50
"o 0o
wWoe )
900 »
00 -4
™o -0
e
- 0o
4209 150
we 100
»ng
we s
a0 00

(© M
Fig. 5. AFM images for (a) 304LSS/Ti, (b) 304LSS/Ti-600 °C-2h-A, (c) 304L/Ti-600 °C-2h-F, (d) 304LSS/Al,O4/Ti, ()
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Table 2. The Ra of the different conditions

RMS, nm
Condition Ra, nm

40.43

304LSS/Ti 32.37
36.5

304LSS/Ti-A 28.47
21.01

304LSS/Ti-F 15.40
. 17.93

304LSS/ALOYTi 13.60
18.09

304LSS/AlLO3/Ti-A 13.77
8.37

304LSS/AlLO/Ti-F 6.27

3.3 Microhardness test

33

The microhardness test was conducted for all conditions. Figure 6 depicts the statistics of microhardness results. The main
purpose of applying the microhardness test is to express the effect of the Al2Os layer in Structure 2. The results indicate that
values of microhardness of structure 2 are higher than structure 1 in all conditions before and after heat treatment. Increasing

the microhardness values in structure 2 confirms the presence of Al2Oz and enhances the ability of this structure against

degradation.

(1) 304L

(2) 304L/Ti
(5) 304L/ALO,/Ti-A (6) 304L/Ti-F  (7) 304L/ALO,/Ti-F

(3) 304L/ALO,/Ti (4)304L/Ti-A

360
E 340
%ﬁ 320
()
=
= 300
£
o 280
—
5
E 260
240

Figure 6. Statistics of microhardness results
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3.4 Optical properties

Figures 7, 8, 9, and 10 show the absorbance and emittance curves for structures 1 & 2. Table 3 expresses the selectivity of all
conditions. As shown in Figs 7 and 9 the absorbance of the TiO2 thin film formed after furnace cooling in structure 1 and the
TiOz resulting from air cooling in structure 2 have the highest absorbance values of all conditions. The highest absorbance value
of TiO2 achieved in both structures is about 92% but the selectivity is different for both conditions, due to the difference in
emittance. Selectivity can be defined as absorbance/emittance, and it is used to detect the efficiency of the selective absorber.
The selectivity of TiO2 air-cooled in Structure 2 is higher than the selectivity of TiOz in Structure 1 for the furnace-cooled
Structure 1. The highest selectivity value of all conditions is for the as-deposited structure 2 (304SSL/Al203/Ti). Also, all
conditions of Structure 2 have higher selectivity values than Structure 1. The deposition of Al20s as an interdiffusion barrier in
structure 2 has a good and positive effect on the selectivity properties of Ti thin film at all conditions.

Eessaa et al prepared a Cu-TiO2 composite by powder metallurgy [32]. Optical properties were investigated with the different
percentages of impeded TiO2 [32]. They found the composite with the highest percentage of TiO2 (about 40%) had the highest
reflectance which means lowest absorbance [32]. As discussed before in the phase identification section the formed TiO2 has
two phases anatase and rutile phase. Due to the narrow band gap of the rutile phase than anatase so, it can absorb a larger amount
of light than the anatase [33]. Furthermore, the anatase phase acts as UV- light harvester because of its wide UV absorption
range [34]. As shown in Table 1, the rutile phase appeared in furnace cooling conditions in Structure 1 and Structure 2. The
furnace cooling condition in structure 1 has a higher absorbance but structure 2 does not. That’s due to roughness which is
considered as another factor affecting the absorbance value [35]. Furnace cooling in Structure 2 has the lowest roughness value
as shown in Table 2. The lower roughness decreased the absorbance despite the presence of the rutile phase.

Table 3 Selectivity of all conditions (absorbance/ emittance (a/z))

Condition Selectivity (a/e))
304SSL/Ti 0.825/0.091
304SSL/Ti-A 0.89/0.15
304SSL/Ti-F 0.92/0.172
304SSL/ALOS/Ti 0.79/0.051
304SSL/ALLO4/Ti-A 0.91/0.147
304SSL/ALOYTi-F 0.850/0.102
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Fig. 7. The absorbance % vs. the wavelength for structure 1 before and after heat treatment.
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Fig. 10. The emittance % vs. the wavelength for structure 2 before and after heat treatment.
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Conclusions

The main purpose of the comparison conducted in this study is to evaluate the effect of the Al>Os layer deposited between Ti
and substrate on the structure, morphology, microhardness, and optical properties of Ti before and after heat treatment, where
both structures were oxidized at 600° C for 2h and left to cool in different conditions (furnace cooling & air cooling). The study
has proven that the thin film structure of 304SSL/AIl.Os/Ti possesses higher selectivity after air cooling from 600° C for 2h
(0.91/0.147) and microhardness (290 HV) compared to the structure of 304SSL/Ti (selectivity 0.89/0.15 after air cooling and
microhardness 285 HV). The highest microhardness was achieved for the structure 304SSL/AI.O3/Ti (324 HV) after furnace
cooling, while the lowest microhardness was achieved for the structure 304SSL/ Ti (255 HV) after furnace cooling.
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