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INTRODUCTION

Nowadays, nitride compound semiconductors and nano-structured materials are widely used in optoelectronic and micro-
electronics devices . Among these materials, the oxynitrides (MetaI—NXOy) have become promising candidates for various applica-
tions 121, This new structure based on oxygen/nitrogen deposition promotes properties between insulating oxides (ionic metal-oxy-
gen bonds) and metallic nitrides (covalent metal-nitrogen bond) ), which provides a variation in band gap, morphological and
electrical properties, promoting applications according to the particular application required 2. Among these oxynitrides, AINXOy,
a semiconductor that has its properties tailored between aluminum oxide (Al,0,) and aluminum nitride (AIN), has become one of
the most studied due its cubic polycrystalline and defect spinel structure which makes it possible to get transparent ceramics with
high strength and good thermal stability, i.e., the property of the film to withstand high temperatures (~400°C) without suffer any
modification in this optical or morphological properties “®. This material can be applied as protective coating against diffusion
and corrosion "8, optical coating ', metal insulator structures (MIS) 1, and may replace the conventional passivating films of
Si,N, or SiO, on p-silicon solar cells ©. AINXOy can be also used as biomaterial, i.e., UV radiation dosimetry, since AINXOy possesses
a spectral sensitivity similar to human skin 5%, Meanwhile, the available knowledge on this structure is still reduced and it is
mainly related with its spinel structure and to the AIN and Al,O, properties separately .

The main AIN characteristic that influences AINXOy is its wurtzite structure. When stoichiometric it is a very stable compound
with a strong covalent/ionic bonding (11.5 eV/bond) 2, and presents great technological advantage in several applications
such as: surface acoustic wave (SAW), bulk acoustic wave (BAW), among being an attractive material due its high melting point
(~2400°C), thermal conductivity (260 to 320 Wm™K?), band gap (~6.2 eV), hardness (~2.0x10° kgf.mm2) and high electrical
resistivity (p=109-1011 Qm). In particular, AIN is also a promising candidate for optical applications, once it has high optical trans-
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mission between 0.2-12.5 uym [£2-16],

The other material, AL,O,, has some interesting properties such as high-k (k~10); hardness (Mohs 9), wide band gap (8~10
eV), conduction band offset (2.8 eV), and low leakage current (compared to SiO,) 2%, In microelectronics, it is used as Dynamic
Random Access Memories (DRAMs), Complementary-Metal-Oxide Semiconductors (CMOS), Metal Oxide Semiconductor Field Ef-
fect Transistor (MOSFETs), among others 1921222423, Furthermore, Al,O, can be synthesized by several deposition methods such

as sol-gel, electron-cyclotron-resonance sputtering and self-limiting atomic layer deposition 26,

A way of improving even more the semiconductors properties is the addition of a metallic phase with better electronic and
thermal properties 7). This kind of material with a ceramic matrix and metal-nanoparticles is known as cermet 28 and has been
used in different applications such as solar energy conversion, optical wave-guides, photo-electrochemical and gas sensors 2., In
the present work, molybdenum was chosen due its low density when compared to other refractory metals (dth=10.2 g cm3) B,
corrosion resistance at high temperatures, melting point (2883 K), high thermal conductivity (138 WmK?), thermal expansion
coefficient (~7.0x10° K between 300 and 1200 K) close to AIN (~6.5x10°K™ for pure AIN in the same range of temperature) 27,
Furthermore, Mo addition (20 vol.%) in a AIN matrix improve its thermal conductivity from 78 Wm™*K? (pure AIN) to almost 104
Wm K™, It was also shown that the bend strength and fracture toughness of Mo-AIN composites increased as a function of metal
phase concentration. This improvement in the mechanical and thermal properties was attributed to the Mo ductile nature, higher
mechanical resistance and adherent interface between the Mo grains and the AIN matrix.

In this paper, it was performed a morphological study of Mo-AINXOy thin films grown on silicon substrates by magnetron sput-
tering technique.

MATERIAL AND METHOD

Mo-AIN,O, thin films were deposited on silicon wafers [p-Si (1 0 0), p ~8-12 ohm cm] B4 py radio frequency (RF) reactive
sputtering using a 4.0 inch (100 mm) Al target (99.999%). The source of molybdenum was a rectangular metallic tape (101.6 mm
x 2.0 mm x 4.2 mm - purity 99.9%) placed on the aluminum target. This dimension was chosen in order to produce a film with 5%
of Mo in the film, i.e., after a series of deposition varying the width of the tape it was obtained a satisfactory reproducibility. Prior
to Mo-AINXOy film depositions, silicon wafers were cleaned by standard RCA cleaning process 3.

During the deposition, the applied power was 200 W and substrate temperature was varied between 473K (200°C); 573K
(300°C) and 673K (400°C), and the deposition time was 60 min. The sputtering vacuum chamber, made with a cylindrical shape
with 24 c¢cm length and 20 cm in diameter, was pumped down with a diffusion and mechanical pump to a base pressure lower
than 9.3 x 107 Pa and the process pressure was 7,0 x 107! Pa. The films were prepared with the substrate positioned at 90 mm
from the target.

The chemical composition of the films was investigated by Rutherford Backscattering Spectrometry (RBS) with scattering
angle of 180°. Measurements were done at 2 MeV with He?* and the data were analyzed with the RUMP v.4.00 (beta) software.
The crystallinity of the films was evaluated by Phillips X-PERT-PRO X-Ray Diffraction (XRD) with Cu-Ka radiation (1.5406°A) and
grazing angle of 1.0°. Thickness where measured with an Alpha-Step 500 (Tencor) profilometer. Optical reflectance and transmit-
tance was measured with a Jasco V570 UV-VIS-NIR spectrophotometer in the wavelength range of 0.2-2.0 ym using an integrating
sphere coated with barium sulphate (BaSO,). The solar absorptance (As) defined as the weighted average between the intensity
of the absorbed radiation and the total radiation incident in a surface was calculated by Eq. 1 32

) jf (1= RO (A)d 2 n
jf L (A)dA

The solar normal radiance (Is) used was AM 1.5, defined by the ISO standard 9845-1 (1992), R is the near normal hemi-
spherical reflectance and A the photon wavelength (A= 0.3 ym and A =2.5 um) &2,

The optical band gap of the Mo-AINxOy films was determined from transmittance and reflectance measurements obtained
from the samples deposited on glass substrates. With these values it was possible to calculate the optical absorption coefficient
(xtA) that is directly related to the transmittance T and reflectance R, as shown by Eq. 2 33I;

o d = —ln(%j (2)

where d is the thickness of the film. The energy band gap was calculated from the transmission spectra using Tauc’s relation (Eq.
3) [34,35]:

aAhu:B(hu—Eg )r/2 (3)
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where B is a constant, hu is the photon energy of incident light, and Eg is the optical band gap. The optical band gap is obtained
by extrapolating the tangential line to the photon energy axis in the plot of (axhu)? as a function of hu %, where r is a constant
equal to 1.0 for direct band gap semiconducting, and 4.0 for an indirect band gap semiconducting 343, In the present work r=
1.0, related to the AIN transition #5261, so the Eq. 3 becomes:

(a,hv) =B (hu—Eg) “)
RESULTS AND DISCUSSIONS

Chemical Composition

This section presents the results of the chemical composition via RBS of the Mo—AINXOy films deposited at 200°C, 300°C and
400°C. Figure 1 shows the Mo—AINXOy chemical composition suggesting that the stoichiometry of films deposited at 200°C, 300°C
and 400°C are Mo-Al1,0N1,001,0; Mo-Al1,0N1,001,5 and Mo-Al1,0N1,001,6, respectively. It can be observed the non-variation
of the molybdenum concentration (*5%), indicating that the tape attached to the target produced a film with a relatively homoge-
neous amount of Mo, and the film deposited at 200°C presented an stoichiometric AINO phase.
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Figure 1. Chemical composition of the films deposited at 200, 300 and 400 °C obtained from RBS.

The substrate temperature showed a modest influence in the nitrogen reaction during the deposition, however, the oxygen
concentration was substantially influenced. The higher affinity and reactivity of oxygen with aluminum, when compared to the ni-
trogen, is explained by the Gibbs free energy values to aluminum oxide to formation (AGf, 298K (Al 0,)=-1.58x10° J.mol*) which
is greater than aluminum nitride formation (AG°f, 298K (AIN)=-2.87x10° J.mol*). Furthermore, the oxygen electronegativity is also
higher than nitrogen (N2= 3.0 and 02= 3.5) which favors even more the aluminum reaction with oxygen 739,

X-ray Diffraction Studies of Mo-AINXOy Films

Figure 2 shows the XRD spectra of the films deposited at 200°C, 300°C and 400°C at 1.0° grazing angle. It can be observed three
main peaks related to AIN (100) at 26 ~33° 1041 AJON (400) at 26~53°, AION (204) at 26 ~72° 442 and molybdenum at 26 ~40° 27,
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Figure 2. X-ray diffraction spectra for Mo-AINxQOy deposited at 200°C; 300°C; and 400°C.
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The spectra of the film deposited at 200°C shows the highest crystallinity with a little displacement in the AION and AIN
peaks. However, the spectra of the film deposited at 300°C and 400°C show an almost amorphous structure with a broad AIN
(100) peak at 26 ~33° 40411 in both films. This broad peak and angle (20) displacement may be due to the size variation of the
AIN crystallites and microscopic deformation of the lattice due to insertion of molybdenum. Moreover, this result may also sug-
gest that the film consists of tiny AIN crystallites embedded in an oxygen-rich amorphous matrix of Al,O, “**4. These results may
be related with the thin films study performed by Movchan and Demchishin #54€l, |n their study, it was described the microstruc-
ture of thin films trough structure-zone diagrams (SZD), taking into account the homologous temperature (Th), defined as the
growth temperature of the film (T) normalized by the melting temperature of the deposited material (Tm) (Th= T/Tm). Since the
temperature of the film is usually unknown, the substrate temperature is employed. Movchan and Demchishin #54¢ proposed
three temperature zones related to homologous structures of the films: In the first zone (Th<0.3) thin films grown by evaporation
exhibit a columnar structure and a porous contours of grain boundaries with a high density of defects in the crystal lattice; in the
second zone temperature (0.3<Th<0.5) the films exhibit an amorphous or nanocrystalline structure; in the third zone, with high
temperature counterpart (Th>0.5), crystalline grains are larger, and a denser film is obtained when compared to the intermediate
zone (0.3<Th<0.5) 548 This feature indicate that the present films of AINxOy which melting temperature is 2165°C (2438 K) (49},
and substrate temperature 200°C, 300°C and 400°C (673 K) leads to a homologous temperature Th =0.3. This value is the limit
to entry into the second zone, which may generate a structure with characteristics such as: amorphous with imperfections in the
crystal lattice and pores in its structure, which is correlated with the present film as shown by XRD.

These imperfections in the crystal lattice can be related to the deposition temperature which enhances the oxygen reac-
tion due to the Gibbs free energy 1375054, Brien, et al. 1Y}, for example, observed that the AIN crystal structure not only depend on
parameters such as power and deposition temperature, but is particularly related with the oxygen concentration in the film. In
the present work, the film that showed the highest oxygen concentration showed the most amorphous structure (A400), and the
film with the smallest amount of oxygen (A200) presented the most crystalline structure. It is noteworthy, that peaks related to
AlL,O, phase were not observed in any films due to difficulty in obtaining crystalline phases of this material by magnetron sputter-
ing process #°%. The growth of crystalline alumina (-Al,0,) begins at ~ 670°C and for its complete crystallization temperatures
above 700°C are required 4253,

Optical Analysis of Mo-AIN O,

Figure 3 shows the reflectance of the films as deposition temperatures function. Considering that reducing the reflectance
means an increase in absorptance %, it can be highlighted that the film deposited at 400°C showed the higher absorptance be-
tween 400 and 800 nm (visible and near infrared) when compared to the others.
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Figure 3. Mo-AINxQy reflectance spectrum as function of the deposition temperature.

In Figure 4 the solar absorptance (A,) obtained by Eq. 1 increases gradually with the deposition temperature reaching the
best value at 400°C. However, the elemental composition analysis (Figure 1) shows that it was not the major factor influenced
the solar absorptance.

One of the parameters that may have influenced the solar absorptance is the film thickness. The films deposited at 200, 300
and 400°C presented thickness of 183, 169 and 109 nm, respectively. This thickness variation influences decisively the optical
properties of this material. llican, et al. ®® studying the thickness and optical properties of zinc oxide (Zn0O) concluded that the film
thickness influences greatly its optical constants.
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Figure 4. Solar absorptance (As) as function of the deposition temperature.

Another factor that may alter the film absorptance is the crystalline structure. The film deposited at 400°C, which showed the
highest absorptance, presented the most disorderly (amorphous) structure. O'Leary et al. *¢! showed that an increase of the mate-
rial structure disorder promotes a reduction of the empirical optical gap and broadening the absorption tail into the gap region,
as can be seen in Figure 5 %, This happens because in a defect-free crystalline semiconductor the optical absorption spectrum
terminates abruptly at the energy gap. In contrast, in an amorphous semiconductor a tail in the absorption spectrum extends into
the gap region, as can see in Figure 5 15,
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Figure 5. "Tail" extension into band gap region band.

This tail is originated from the weakened/distorted bonds of an amorphous material, and from the presence of deep defects
located in the middle of the gap formed by dangling bonds which have a much lower mobility than those bonds outside this region
causing a pseudo-gap of mobility 7. Grein and John 8 observed that for a class of amorphous and disordered semiconductors
the optical gap decreases and the absorption tail broadens into the gap region with the increased of structural disorder. Thereby it
was conducted a band gap study of the film deposited at 400°C (best absorpance) to compare the Mo-AINXOy band gap with AINO,
and to observe a possible influence of the molybdenum insertion and amorphous structure in the band gap of the film.

The band gap of AIN, Al,O,and AINxOyare 6.2 eV, 8,0 ~10,0 eV and 6.0 eV, respectively “°. However, Mo—AINXOy film deposited
at 400°C showed a 4.13 eV band gap, Figure 6 shows the curve of Tauc (ahu)? x (E). This means that the Mo-AINXOy film has a UV
cut-off of approximately 300 nm, as can be seen in Figure 7. This result is higher than AINxOy UV cut-off (200 nm) 191, suggesting
that the Mo-AINXOy absorbs energy in a region larger than AINxOy.

Besides the amorphous structure, another factor that can reduce the band gap is the molybdenum insertion that produces
defects in the structure of the material that may significantly alter its optical performance ©°. According to the theory of bands,
these materials have an empty conduction band, whereas the valence band is completely full of electrons. As the band gap of
AINXOy is relatively high (6.0 eV), the photons that reach the material are not sufficiently energetic to excite an electron from the
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valence band to the conduction band. With the inclusion of impurities, called “absorption center”, the band gap can be reduced
by creating new energy levels 9. Furthermore, it is worth noting that the optical properties of cermets are strongly influenced by
the effect of plasmon resonance that is assigned as the collective oscillations of free electrons of the conduction band of a metal
which are embedded in a dielectric matrix. Therewith, the optical properties and energy absorption of the cermet may be adjusted
by controlling the size, shape, concentration and distribution of the metal particles in the matrix [¢>62., This can be confirmed by
Figure 6, wherein the higher absorption at 300 nm corresponds to the film band gap (4.13 eV ~ 300 nm), or the cut-off of the film,
i.e., from this point the reflectance goes up again (Figure 7).
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Figure 6. Optical band gap energy of the Mo-AlxNy deposited at 400°C.
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Figure 7. Reflectance and Transmittance of the as-deposited film as a function of the photon wavelength.

The morphological disorder of a film can also be related with the vacancies of the material. In semiconductors such as TiO,
and Al,O,, oxygen vacancies contribute to the absorption in the visible light region, and the nitrogen doping contributes to the
oxygen vacancies formation 3, These oxygen vacancies are able to capture not only holes, but also electrons and to operate as
an electron trap in the last case %, It is noteworthy that after annealing at high temperature, substitutional nitrogen species in
parallel with oxygen vacancies could be favored 6%, The N, substitutional insertion increases the photons absorption in the visible
region, improving photocatalytic activity of semiconductor material, decreasing the band gap of the material °°. The effectiveness

of the insertion of substitution nitrogen happens because N2p states contribute to decrease the band gap of the material by mix-
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ing with 02p states and introducing some N2p levels above the valence band 02p 6567,

CONCLUSION

The deposition of Mo—AINXOy films using a metallic molybdenum tape produced films with homogeneous distribution of Mo.
XRD results suggest AIN crystallites embedded in an amorphous matrix of AL,O, located in the bulk of the film. It has also been ob-
served an increase of oxygen concentration with deposition temperature possibly due to the Gibbs free energy. The absorptance
increase and band gap reduction was due to the amorphous structure, and molybdenum insertion in the film. The improvement
in absorptance occurred in the visible and IR (NIR) regions.
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