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In this work, the structural, morphological and optical properties of aluminum (Al) and aluminum oxide (Al.Os) thin films deposited by
radio-frequency (RF) magnetron sputtering were studied. The films were grown using a high—purity Al target in controlled atmospheres
containing varying flows of argon (Ar) and oxygen (O). Particular attention was given to how the target-substrate distance and the Ar/O2
flow ratios influence the films’ structural properties, surface features, and optical response. Characterization techniques included X-ray
diffraction (XRD) for phase identification and crystallite size estimation, Atomic Force Microscopy (AFM) for surface morphology and
roughness analysis, and UV—-Vis Spectroscopy for optical transmittance measurements. The results showed that reducing the target-
substrate distance led to films with increased surface roughness, thickness, grain size and crystallite size, likely due to enhanced energetic
bombardment and adatom mobility. Optical measurements revealed that A2O3 films grown at higher O> flow rates (around 5 sccm) were
highly transparent, exhibiting transmittance values close to 100% across the UV-visible range (190-900 nm). In contrast, films deposited
under low Oz flow conditions (0.6-1.4 sccm) were nearly opaque, indicating incomplete oxidation or metallic behavior. The XRD analysis
revealed that higher Oz flows tended to suppress crystallinity, resulting in amorphous Al2O; films, while lower flows preserved some degree
of crystalline order. Additionally, increasing the Ar flow rate during deposition promoted films growth, as evidenced by increased film
thickness, which may be attributed to enhanced sputtering efficiency and target atom flux. These findings highlight the critical role of
deposition parameters in tailoring the properties of Al-based thin films for optical and electronic applications.
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INTRODUCTION

In recent years, thin film technology has emerged as a significant research area worldwide, driving the development
of innovative techniques for film growth [1]. The structural properties of thin films depend on their synthesis method,
with a preference in the literature for physical methods, primarily thermal and vapor deposition [1]. Physical deposition
methods produce films with higher adhesion and require lower substrate temperatures. In contrast, the main drawback of
chemical methods is their reliance on toxic solvents [2]. The properties of the resulting films depend on the deposition
conditions used; in sputtering, these conditions include power [3,4,5], deposition time [6,7], working pressure, gases used
[8-10], substrate temperature [11,3], target-substrate distance [12, 13], and other factors.

Metallic coatings are versatile and suitable for a diverse range of applications. Pure metals such as aluminum, nickel,
tungsten, and titanium are commonly used in optical and energy applications [14,15].

AlLO:s films are frequently applied in various fields, including optics [8], cutting tool applications [16], and as
insulating layers in gate dielectric components [17]. Due to their low refractive index and high optical transparency,
alumina films are often utilized as anti-reflective coatings in solar cells [18].

In solar-to-thermal conversion, the selective solar absorber plays a crucial role by efficiently absorbing solar
radiation over a broad wavelength range while minimizing infrared re-radiation as the absorber’s temperature increases
[19-21]. To enhance the thermal stability of selective solar absorber multilayers, Al-Os layers have been used in [22] via
atomic layer deposition (ALD) to suppress metal atom diffusion from the underlying reflective layer.

Al:Os also has significant potential as a coating in thermonuclear fusion applications due to its high permeation
reduction factor (PRF), good irradiation resistance, compatibility with Pb-Li, and strong corrosion resistance, mechanical
durability, and wear resistance [23, 24].

Magnetron sputtering technology enables the deposition of thin films over large areas with high deposition rates and
good adhesion, making it a preferred method for producing thin-film metallic coatings with less environmental impact
than chemical methods [25].

To optimize the application of these films and coatings, it is essential to understand how deposition conditions affect
their properties. The impact of sputtering power on film properties has been widely studied [1,4,5]. In this article, we
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investigate the relationship between target-substrate distance, Ar and O: flow rates, and the resulting morphological,
crystallographic, and optical properties of the films.

METHODOLOGY
Thin film synthesis

The films were deposited onto glass substrates by magnetron sputtering using a 13.56 MHz radio-frequency (RF)
source with an Al target in an environment of high-purity Ar (99.999%) and O.. The Al target, 99.99% pure, measured
2 inches in diameter and 0.25 inches in thickness and was cleaned by pre-sputtering for 40 minutes. The substrate surfaces
were treated with Ar before deposition. A base pressure of 3.5 x 107° Torr was achieved using a mechanical pump and a
turbomolecular pump.

For the characterization of the films by X-ray diffraction (XRD), an X'Pert* Powder diffractometer was used at 45 kV
and 40 mA with a wavelength of A = 1.5406 A. Data processing was performed using the X'Pert HighScore Plus software,
and the patterns were indexed with assistance from the International Center for Diffraction Data (ICDD) database.
Crystallite size calculations were performed using the Scherrer equation.

Atomic force microscopy (AFM) results were obtained with a Park Systems Corp. NX10 microscope in non-contact
mode, equipped with an SiO: tip. Optical characterization was performed using a Jasco V-750 UV-Vis spectrophotometer
over a wavelength range of 190-900 nm.

Table 1 presents the deposition conditions used for Al and Al,Os thin films, illustrating the various parameters
employed to investigate the effects of target-substrate distance, as well as argon and oxygen flow rates.

Table 1. Deposition parameters for Al and Al2O3 thin films synthesized by RF magnetron sputtering.

Deposition Parameter Al films (Target-substrate distance study) | Al films (Ar flow study) AL O; films (O, flow study)
Target-substrate distance (cm) 6,9,12 9 9

Argon Flow rate (sccm) 40 20, 40, 60 50

Oxygen Flow rate (sccm) 0.6,1.0,1.4,5.0

Working pressure (mTorr) 5.0 3.5,5.0,7.0 5.0,5.1,52,5.5
Deposition time (min) 15 15 30
Power (W) 150 150 270

RESULTS AND DISCUSSION

Al thin film grown at different target-substrate distances
The AFM technique enabled us to characterize the surface and thickness of the films. Figure 1 displays the 2D AFM
images of the films, while Figure 2 illustrates the dependence of roughness and thickness on the target-substrate distance.

167 nm

Figure 1. 2D AFM images of films grown (from left to right) at: 12, 9 and 6 cm target-substrate distance, the root mean square
roughness turned out to be: 6.3, 8.0 and 20.4 nm, respectively
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Figure 2. Decrease in the thickness and roughness of the films by increasing the target-substrate distance.
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As shown in Figures 1 and 2, roughness, grain size, and thickness decrease as the target-substrate distance increases
(Table 2). With a greater target-substrate distance, the eroded atoms travel farther before deposition, resulting in an
increased number of collisions along their trajectory. This reduces both the kinetic energy with which they reach the
substrate or growing film and the number of atoms that complete the entire path to deposition [26, 27].

Statistical analysis was conducted to quantify the increase in grain size, using the software XEI from Park Systems.

Table 2. Summary of AFM results for film characterization

Target-substrate distance (cm) 6 9 12
Thickness (nm) 491 263 132
Deposition rate (nm/min) 32.7 17.5 8.8
Root mean square roughness (nm) 20.4 8.0 6.3
Average grain length (nm) 155 125 90
Average grain perimeter (nm) 468 390 271

The diffraction patterns of the films grown at different target-substrate distances were analyzed. Using X’Pert
HighScore Plus software and the Scherrer equation, the crystallite size was calculated for each family of planes present
in the pattern.

Figure 3 shows the obtained diffraction patterns. These correspond to a cubic system with space group Fm-3m. As
shown in the graph, decreasing the target-substrate distance results in higher peak intensities, which reflects an improved
signal-to-noise ratio. This makes the fluctuations less noticeable, giving the diffraction lines a clearer and sharper
appearance. This effect can be attributed to a higher deposition rate and larger crystallite formation at shorter distances.
The increased kinetic energy of aluminum atoms enhances their mobility on the surface and along grain boundaries,

promoting grain coalescence and growth [27].
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Figure 3. XRD patterns and decrease in crystallite size with the increasing in target-substrate distance for Al thin films

Al thin films grown at different Ar flow rates
Figure 4 shows the 2D AFM images obtained for these films, along with the root mean square roughness.
roughest film, as well as the one with the largest grain size, was obtained with 40 sccm of Ar (Table 3).

The
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Figure 4. 2D AFM images of films grown (from left to right) at: 20, 40 and 60 sccm of Ar flow rate, the root mean square
roughness was found to be: 5.8, 8.0 and 6.6 nm, respectively

Figure 5 shows an increase in thickness with the Ar flow rate. As the argon flow rate increases, a greater number of
atoms are sputtered from the target, generally leading to an increase in thickness. However, when the argon flow becomes
too high, the mean free path of the sputtered particles is reduced due to more frequent collisions, which can limit their
ability to reach the substrate and consequently reduce the films thickness [28, 29]. Therefore, the thickness of the Al films
is a competition of the above-mentioned effects. A decrease in roughness for the film grown at 60 sccm is also observed
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in Figure 5. Similar behavior was reported by Chavan et al [28] in RF-sputtered Mo thin films. At 60 sccm, the higher
flow reduces adatom energy and surface mobility, which limits the formation of large islands and promotes more uniform
layer-by-layer growth, resulting in smoother films and lower roughness compared to 40 sccm, were higher mobility favors

larger grains and a rougher surface.
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Figure 5. Behavior of the thickness and roughness of the films grown at different Ar fluxes.

Table 3. Summary of AFM results for film characterization.

Ar flow rate (sccm) 20 40 60
Thickness (nm) 237 263 339
Deposition rate (nm/min) 15.8 17.5 22.6
Root mean square roughness (nm) 5.8 8.0 6.6
Average grain length (nm) 102 125 119
Average grain perimeter (nm) 282 390 377

Figure 6 shows the diffraction patterns obtained. The film synthesized at 40 sccm of Ar exhibits a larger grain size,
which translates into an improvement in crystalline properties, such as crystallite size (Figure 8). An analogous behavior
in crystallite size was observed by Akhtaruzzaman et al. [30] in their study of WS, films deposited at different argon flow
rates. The XRD peak intensities are governed by a combination of factors [31]. At low Ar flow (20 sccm), smoother
surfaces and higher adatom mobility enhance coherent diffraction, producing the highest intensities. At 40 sccm, larger
crystallites and good texture maintain relatively high peaks despite higher roughness, while at 60 sccm, defects and
reduced mobility lower the peak intensities even for thicker films.
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Figure 6. XRD patterns of Al samples grown at different Ar fluxes

AL O3 thin films grown at different Oz flow rates

The crystalline properties of Al,Os films grown with an Al target in an Ar and O, environment, at different O, flow
rates, were studied. Table 1 shows the deposition parameters used.

Figure 7 shows the obtained diffraction patterns, where we can observe a considerable decrease in crystalline
properties as the amount of oxygen increases. The structural evolution of the films with oxygen flow can be described as
follows: the samples grown at 0.6 and 1.0 sccm exhibit clear diffraction peaks corresponding to metallic Al, indicating
that these films are crystalline. The sample deposited at 1.4 sccm shows weaker and broader peaks, consistent with a
significant reduction in crystallite size and amorphization due to the incorporation of oxygen. Finally, the film grown at
5.0 scem exhibits no discernible diffraction peaks, indicating a fully amorphous structure. In addition, a slight angular
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shift of the diffraction peaks was observed, which can be attributed to changes in the lattice parameters. This progressive
loss of crystallinity and peak displacement are expected, as oxygen incorporation disrupts the ordered arrangement of Al
atoms in the metallic lattice and promotes the formation of an amorphous Al-O network. [32, 33].
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Figure 7. XRD patterns of Al2O3 samples grown at different Oz flow rates. Decrease in crystallite size with increasing Oz flow rate.

The optical properties of these films strongly depend on the O, flow rate. In Figure 8, we can observe that the film
grown at the highest oxygen flow rate (5 sccm) has a transmittance of almost 100%, while the films synthesized at 0.6,
1.0, and 1.4 sccm have almost 0% transmittance across the range 290-900 nm and decreasing from ~8% to nearly 0% in
the 190-290 nm range. These values reflect the strong absorption of the films. The spectral shape is further modulated by
the onset of absorption in the glass substrate, which produces small oscillations in this range. Such oscillations are also
visible for the 5 sccm sample despite its high transparency.

The depression in transmittance near 300 nm for the film grown at 5 sccm is consistent with interference in the near-
UV and is mainly attributed to thin-film optical interference (film/substrate coupling). This interpretation is supported by
the calculation of an interference minimum at 300 nm for a film thickness of 132.4 nm, which closely matches the
experimental thickness of our film (133.8 nm).

The thickness of the samples was measured using the height difference between the film and the substrate in AFM.
As shown in Figure 9, the film thickness decreases as the O, flow rate increases. At low O, flows, the aluminum target
remains largely metallic, allowing a high sputtering yield and resulting in thicker films. As the O, flow increases, a layer
of aluminum oxide forms on the target surface, which has a much lower sputtering yield compared to metallic Al.
Although RF sputtering allows stable plasma operation even when the target becomes partially insulating, the deposition
rate still decreases significantly because the sputtering efficiency of the oxidized target is lower. This process is known
as poisoned target effect in reactive sputtering [34]. Consequently, films deposited under higher O, flow are thinner.
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Figure 8. Transmittance of A2O;3 films grown at different O2  Figure 9. Behavior of the thickness of the Al2Os films grown at
flow rates different Oz fluxes

CONCLUSIONS
In this work, Al and ALO; films were deposited by magnetron sputtering with a radio-frequency source. For the Al
films, we used an Ar environment, while for the Al.Os films, a mixture of Ar and Oz was used. In the first case, we studied
the influence of the target-substrate distance (6, 9, 12 cm) on the morphological and crystallographic properties of the
films. AFM analysis revealed an increase in roughness, thickness, and grain size as the target-substrate distance decreased.
XRD results showed that the crystalline properties of the samples improved as the target was brought closer to the
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substrate, which is associated with the intentional increase in substrate temperature and grain fusion, contributing to the
formation of a more uniform crystalline structure with fewer grain boundaries.

In the second case, we examined the influence of Ar flow rate (20, 40, 60 sccm). The film grown at 40 sccm was the
roughest, with the largest grain and crystallite size. Furthermore, increasing the Ar flow rate led to an increase in film
thickness.

For the Al.Os samples, we studied the influence of O- flow rate, using a fixed Ar flow of 50 sccm while varying the
02 flow (0.6, 1.0, 1.4, 5.0 sccm). We observed a significant decrease in crystalline properties as the oxygen flow increased,
due to the introduction of oxygen atoms disrupting the orderly arrangement of atoms in the crystal lattice. The film grown
at the highest oxygen flow exhibited a transmittance of almost 100%, while the films synthesized at 0.6, 1.0 and 1.4 sccm
showed nearly 0% transmittance across the 290-900 nm range. In addition, the film thickness decreased with increasing
O, flow due to the poisoning of the target during reactive sputtering.
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BIIJIUB ITAPAMETPIB PATIOYACTOTHOI'O MATHETPOHHOT' O PO3ITMJIEHHSI HA CTPYKTYPY
TA XAPAKTEPUCTHKH TOHKHUX IVIIBOK Al TA ALO3
P. Pamoc Baackec?, ®@. Codic-Ilomap?, A. ®ynnopa®, M.A. Pyic-Po6iec?, Aminkap ®parienn’, Exyapao Iepec-Tixepina®
24emornommuuil yHieepcumem Hyeeo-Jleon, Llenmp oocniodcers ghizuxo-mamemamudHux HayK, axyibmem Qisuko-mamemMamusdHux HayK
Asgenro [ledpo 0e Anvba, Yrisepcumemcwvie micmo, Can-Hikonac-0e-noc-Iapca, Hyego-Jleon, 66455, Mexcuxa
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VY it poOOTi JOCHIIKYBAIHCS CTPYKTYPHIi, MOP(OJIOTIYHI Ta ONTHYHI BIACTUBOCTI TOHKHUX ILTIBOK atoMiHit0 (Al) Ta OkcHay antoMiHif0
(AL:Os), HaHeceHux MeTonoM pagiodactoTHoro (PY) MarHeTpoHHOTrO po3nuieHHs. [1niBKy BUPOILLyBaId 3 BAKOPUCTAHHAM BHCOKOUHCTOT
MimieHi 3 Al y KOHTpoIbOBaHHX aTMocdepax, 110 MICTHIIH Pi3Hi MOTOKU aprony (Ar) ta kucHio (O2). OcobnuBy yBary NpUALISUTH TOMY,
SK BIACTaHb MDK MIIOICHHIO Ta MiAKJIAJKOI Ta CHIBBIAHOLIEHHS MOTOKIB Ar/O; BIUTMBAIOTh Ha CTPYKTYpPHI BIIACTHUBOCTI ILTiBOK,
0COOIMBOCTI TIOBEPXHI Ta ONTHYHY PeaKiito. MeTomu XapaKTepruCTUKH BKIIIOYAIN PEHTTeHIBChKY Andpakito (XRD) mis inentudikarii
(a3 Ta OIIHKHM pO3Mipy KPHUCTAJITIB, aTOMHO-CHJIOBY Mikpockorio (ACM) st aHasi3y MopoIorii Ta MOPCTKOCTI ITOBEPXHi, a TAKOXK
Y®-creKTpoCcKomio I BUMIPIOBAaHHS ONTHYHOTO IIPOIYCKAaHHS. Pe3ynbraTd mokasayy, Mo 3MEHIICHHS BiJCTaHI MK MIIICHHIO Ta
I IKJIa KOO TIPU3BOUTH JI0 OTPUMAaHHSI IUTIBOK 31 30UIBIIEHHSIM HIOPCTKOCTI MOBEPXHi, TOBLIMHH, PO3MIPY 3epeH Ta Po3Mipy KPHCTAIITIB,
HMOBIpHO, Yepe3 IOCHIICHe eHepreTHYHe OoMOapyBaHHs Ta PyXJIMBICTb anatoMiB. ONTHYHI BUMIpPIOBaHHS ITOKa3ajH, o miiBku AlO3,
BHUPOLICHI IIPU BUIUX MIBUAKOCTAX MOTOKY O2 (0113bK0 5 Ky0. cM®/cM®), Oyiu Lyske PO30pUMH, JEMOHCTPYIOUH 3HAYEHHSI IPOITY CKaHHS
Omu3bki 10 100% y Bcbomy YO-Bumumomy aianasoi (190-900 um). Ha npotusary 1iboMy, IUTiBKH, OCaKEHI B yMOBaX HU3BKOT'O IIOTOKY
02 (0,6-1,4 xy6. cm?/cm?), Oynu Maibke HEIIPO30PUMH, IO CBITYHUTH PO HETIOBHE OKHCIICHHS a00 MEeTaleBy MOBEAIHKY. PEHTTeHIBChKIIt
IudpakIiiHIKA aHali3 MOKa3aB, M0 BUIII MOTOKH O2 MaJH TEHICHIUIO MPUTHIYYBaTH KPUCTANIYHICTh, IO MPU3BOIMIO 10 aMOPPHUX
wriBok Al2O3, Toxi SIK HYDKYI TTOTOKH 30epirany NeBHUI CTYIiHb KPUCTATIYHOTO MopsiaAKy. KpiM Toro, 301IbIIeHHS IMBUAKOCTI TOTOKY Ar
Tl 9ac OCaKEHHsI CIPHSUIO POCTY ILTIBOK, IPO IO CBITYUTH 30UIBIICHHS TOBIIMHH IUTIBKY, IO MOXKe OyTH TIOB'SI3aHO 3 MiBHINECHOIO
e()EeKTHBHICTIO PO3NWICHHS Ta MOTOKOM aToMiB MimieHi. Lli pe3ynbraTtd HiIKpecIIOTh KPUTHYHY pOJIb MapaMeTpiB OCAIKEHHS y
BU3HAYCHHI BIIACTHBOCTEH TOHKUX IUTIBOK Ha OCHOBI Al JIsl ONTHYHMX Ta €JIEKTPOHHUX 3aCTOCYBaHb.

Kur040Bi ciioBa: aniominitl; monki niieku; MazHemporHe po3nuieHHs,; 8i0CMatb Midxe MilleHHIO ma NiOK1aoKow,; WEUOKICIb NOMOKY Ar



