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Abstract: Silver-tantalum (Ag-Ta) thin films were fabricated by magnetron co-sputtering on silicon
(Si) wafer (100) and glass slide substrates at room temperature. The Ag—Ta thin films were prepared
at various deposition times of 5, 10, 20 and 30 s and the physical, structural and optical properties
of the Ag-Ta thin films were investigated. It was determined that the thicknesses of the films were
7,9, 17 and 33 nm, respectively. The results revealed that an increase in the film thickness leads to
a monotonic increase in FCC and BCC phase of Ag and Ta, respectively. The work function and
stoichiometric of the Ag—Ta thin films were investigated by ultraviolet and X-ray photoemission
spectroscopies (UPS and XPS), respectively. The potential of Ag—Ta thin films to be used as low-
emission coating was investigated using a spectrophotometer. A UV-VIS-NIR spectrophotometer
was used to measure the spectral reflectance in the wavelength range from 300 to 2000 nm. The
results showed that the Ag-Ta thin film deposited for 30 s exhibited higher reflectance in NIR region
than those of 5, 10, 20 and 30 s. It demonstrated an average reflectance of about 80% and slightly
decreased to 75% after being kept in the air atmosphere for 28 days. It can be likewise proposed
as an alternative thin film with high reflectance of NIR radiation single layer to develop industrial
low-emission coating for cost-effective, clean, and easy adaptation to a large area coating.

Keywords: Ag-Ta thin film; low-emissivity coating; reflectance; NIR radiation

1. Introduction

At present, the tall buildings in a big city such as Bangkok have been constructed and
many more buildings are under construction. In most of those buildings, the walls are
made of glass. The glass walls are the major opening parts of the building that absorb the
solar radiation and contribute more than 50% of the energy exchange through conduction,
convection and radiation [1,2]. Therefore, the absorbed solar radiation in the form of heat
transfers into the building. This results in the increase of energy consumption by the air
conditioners which are generally used in big buildings.

One way to reduce the transmission of infrared radiation into the building is the coating
of low-emissivity materials on the glass building [3]. Low-emissivity coatings display good
properties on high reflectance of solar infrared radiation and high visible transmittance. They
have been widely used for coating on architectural and automotive flat glass products [4].
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Two types of films were used as low-emissivity coatings for energy saving glasses; metal
films and transparent conductive oxide (TCO) films [5]. The emissivity of metal films is high,
but their visible transmittance is low [5,6]. The weakness of metal films is poor stability due
to the oxidation by the air atmosphere and resulting in the low reflectance of solar infrared
radiation [5]. For TCO film, it is more stable and transparent than those of metal film, but its
infrared emissivity is higher [5,7]. Among all TCO films, indium tin oxide (ITO) film is the
most widely used due to it yielding a low infrared emissivity of about 0.2 [8,9]. However, ITO
is too expensive for low-emissivity coating on the large-scale glasses.

Therefore, in the past decade, low-emissivity coating methods have been proposed
by using the protective layer on both surfaces of metal films. The transparent oxide and
sulfide films of various materials including TiO,, SnO,, ZnO, ITO and ZnS have been used in
a protective layer in dielectric-metal-dielectric multilayer structure [10]. The low-emissivity
coatings of dielectric-metal-dielectric multilayer structure have been widely studied such as
TiO,/Ag/TiOy, SNOy / Ag/SnO,, ZnO/Ag/Zn0O, ITO/Ag/ITO and ZnS/Ag/ZnS [10-12].

Since the Ag atoms can diffuse through the dielectric layer and react with the oxygen
of dielectric layer at high temperature and lead to poor low-emissivity property, chemical
durability, corrosion resistance and thermal stability [13,14]. A simple method to solve
this problem is the coating of a single-layer Ag-based alloy such as Ag-Ti, Ag-Nb and
Ag-Ta alloys [15-18]. However, those works mainly focus on antibacterial and protective
coating applications. Nevertheless, the optical property of Ag-based alloy film as well as
the reflectance of NIR radiation of the Ag-based alloy materials still needs to be studied. In
addition, alloying with Ta could produce high structure stability [19].

This work studies a series of Ag-Ta thin films prepared by magnetron co-sputtering
on silicon wafer and glass slide substrates. The crystalline structure, surface and cross-
sectional morphologies were characterized. The deep investigation on work function and
stoichiometric of the Ag—Ta thin Films were investigated by ultraviolet and X-ray photoe-
mission spectroscopies (UPS and XPS), respectively. The reflectance of the Ag-Ta thin films
deposited on glass slides at different deposition times were measured by UV-VIS-NIR
spectrometer in the wavelength range from 300 to 2000 nm.

2. Experimental Details

Silver—-tantalum (Ag-Ta) thin films were deposited on 1.5 cm x 1.5 cm Si(100) wafers
and glass slides, each with a dimension of 2.5 cm x 2.5 cm using a DC magnetron co-
sputtering system as shown in Figure 1. Ag (99.99% purity) and Ta (99.99% purity), each
with a diameter of 2 inch and a thickness of 0.25 inch, were used as the targets. The
substrates were ultrasonically cleaned in acetone and methanol for 10 min and dried with
nitrogen before being installed in the vacuum chamber. The distance from Ag target to
substrate (Ds—¢(Ag)) and Ta target to substrate (Ds—(Ta)) were 10.7 and 9.2 cm, respectively.

A home-built vacuum chamber was evacuated to achieve a base pressure of about
3 x 107° Torr by a pumping system consisting of a rotary pump and a diffusion pump.
Prior to the deposition, the targets were pre-sputtered with Ar ions for 5 min in order to
clear out impure gases in the chamber and to remove the contaminants from the target
surface. Then, for sputter-cleaning of the targets, Ar (99.99% purity) was flowed into the
chamber with a flow rate of 20 sccm. The Ag target was supplied with a 100 W DC power
supply while the Ta target was supplied with a 100 W, 3 kHz DC pulsed power supply. The
pressure during deposition was about 5 x 1073 Torr. The films were deposited for various
times of 5, 10, 20 and 30 s.

The crystalline structure of Ag—Ta thin films deposited on Si substrates was char-
acterized by a X-ray diffractometer (XRD:Bruker D8 Discover AXS, Billerica, MA, USA)
using CuKa radiation (A = 0.1542 nm) operated at 40 kV and 40 mA. The XRD patterns
were recorded at a glancing incidence angle of 20 with the 2° range from 20° to 80° and
a scanning speed of 2°/min. The surface and cross-sectional morphologies of the films
deposited on the Si substrates were investigated by a field emission scanning electron
microscope (FE-SEM: JEOL, JSM 660 LV, Tokyo, Japan).
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Figure 1. Schematic diagram of DC magnetron co-sputtering system.

The ultraviolet and X-ray photoemission spectroscopy (UPS and XPS) were performed
at BL3.2Ua in the Synchrotron Light Research Institute, Nakhon Ratchasima, Thailand. The
beamline delivers the soft X-rays ranging from 40 to 1040 eV linearly polarized [20]. The
incident angle is 20 degrees and its polarization is usually parallel to the surface. The CLAM2
electron energy analyzer (Thermo VG Scientific, West Sussex, England) was used to measure
the electron energy at an emission angle of 70 degrees. The CLAM2 analyzer was calibrated
in the Fermi edge and Au4f{7/2 peak at zero and 84 eV, respectively. The samples were
loaded into the vacuum chamber and characterized under the pressure of 10-7 Pa at room
temperature. The total energy resolutions of UPS and XPS were 0.2 and 2.0 eV, respectively.
No changer neutralizer or argon ion etching was applied prior to the measurement. The work
function and valence band spectra were measured in the UPS mode at the photon energy of
60 eV on the sample negatively biased at about 10 V. The binding energy is referenced from
the Fermi edge of gold. The elemental and chemical compositions of samples were measured
in the XPS mode at a photon energy of 600 eV. The binding energy of spectra is referenced
from the work function method described elsewhere [21,22].

The films deposited on the glass substrates were used for spectral reflectance measure-
ments by a UV-VIS-NIR spectrophotometer (Shimadzu, UV-VIS-NIR 3600, Kyoto, Japan)
in the wavelength range from 300 to 2000 nm.

3. Results and Discussion
3.1. Crystal Structure

Figure 2 shows the X-ray diffraction patterns of Ag-Ta thin films deposited on Si
substrates with the deposition times of 5, 10, 20 and 30 s. It revealed that the films exhibited
preferred orientations of (111) plane for Ag and (110) plane for Ta according to the JCPDS
data of the FCC structure of Ag (No. 04-0783) and the BCC structure of Ta (No. 89-5158). It
is observed that X-ray intensity of Ag (111) peak is higher than that of Ta (110) peak. This is
due to the fact that the atomic number of Ag (47) is lower than that of Ta (73), even though
the Ag target was sputtered with 100 W DC supply, whereas Ta target was sputtered with
100 W DC pulsed supply. When the deposition time was increased to 30 s, it revealed that
the X-ray intensity of Ag (111) peak and Ta (110) peak increased.
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Figure 2. XRD patterns of Ag-Ta thin films on Si substrates deposited with different times.

3.2. Surface and Cross-Sectional Morphologies

Figure 3a shows the FE-SEM micrographs of the Ag-Ta films and Figure 3b shows the
cross-sectional FE-SEM images of the Ag-Ta films deposited on Si substrates at various
deposition times of 5, 10, 20 and 30 s. From Figure 3a, the grain size was measured by
image-] program and determined to be 4.4, 5.7, 6.8 and 9.5 nm for the deposition times of 5,
10, 20 and 30 s, respectively. From Figure 3b, the thicknesses for the films deposited at 5, 10,
20 and 30 s were determined to be 7 + 0.6, 9 & 0.5, 17 £ 0.9 and 33 + 1.1 nm, respectively.

300nm :
(a) (b)

Figure 3. (a) Surface and (b) cross-sectional FE-SEM images of Ag-Ta thin films deposited on Si
substrates at various deposition times.
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3.3. Work Function and Stochiometric

The basic theory related to measuring work function has been reviewed by He-
lander et al. [23]. The UPS spectra were measured for the secondary electron cutoff to
evaluate the work function of films as shown in Figure 4a,b. Note that the Fermi level
was obtained by gold standard sample. The work function and Cls C-C reference binding
energy are listed in Table 1. The work function of films is ranged from 4.91 to 4.98 eV,
which is higher than that of metallic silver and tantalum crystal surfaces. These high work
functions tell us that the surface of films is quite flat and uniform [23]. It might also be due
to the formation of alloy film between silver and tantalum.
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Figure 4. UPS spectra of prepared Ag-Ta thin films at different deposition times: (a) high-energy and
(b) low-energy cut-off point.

Table 1. Work function and Cls C-C reference binding energy of prepared Ag-Ta thin films at
different deposition times.

Deposition PE (eV) Cut-Off (eV) WF (eV) Cls (C-O) (eV)
Time (s)
5 39.5 34.55 4.95 284.63
10 39.5 34.55 4.95 284.63
20 39.5 34.59 491 284.67
30 39.5 34.52 4.98 284.60

Figure 5a,b shows the survey XPS spectra and atomic concentration of elements. As
shown in Figure 5a, the secondary electron background increases the baseline of spectra in
the low kinetic energy range overlapped with the Auger transitions of C KLL, Ag MNN,
and Ta NOO. XPS is sensitive to surface region probed in 3 nm below surface because the
inelastic mean free path is short [24]. Carbon contamination cannot be avoided during
the sample transfer from deposition to XPS analysis chamber. Because the films were
deposited under the low vacuum condition, the oxidation of films could not be avoided.
Atomic concentration of oxygen is ranged from 40 to 50%, and those of other elements are
approximately 20% including adventitious carbon at the surface.
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Figure 5. (a) XPS survey spectra and (b) composition percentage of the prepared Ag-Ta thin films.

Figure 6a-d shows the C1s, Ols, Ta4f, and Ag3d spectra to evaluate the elemental and
chemical compositions. The spectral background was removed by the Shieley’s method
mixed with polynomial curve in the active background approach [25]. The peaks were
fitted with Gaussian for C1s and Ols spectra at the full width at half maximum (FWHM) of
2 eV. Ta4f peaks were synthesized from Gaussian in the range of FWHM between 1.5 and
3 eV. Ag3d peaks were fitted with the pseudo-Voigt based on the summation of Gaussian
(80%) and Lorentzian (20%) at FWHM of about 1.6 eV.

Intensity (arb. Units)

Intensity (arb. Units)
Intensity (arb. Units)
Intensity (arb. Units)

292 288 284

Binding energy (eV)
(a) Cls

280 540

365
Binding energy (eV)

535 530 20

Binding energy (eV)

525 32 28 24
Binding energy (eV)

375 370

(b) Ols (c) Tadf (d) Ag3d

Figure 6. XPS deconvoluted spectra.

The Cl1s spectra display the C—C/C-H peak at about 284.6 eV as a major contribution
because the carbon originates from the contamination based on the hydrocarbon. Minor
contributions of C-O at 1.9 eV below C-C peak and C=0 at 3.9 eV below C-C peak were also
discovered in the fitting process [23]. The Ols spectra are derived from three components
at 530.5 eV for O?~, 531.5 eV for O'~, and 532.7 eV for HyO [26]. O?>~ content is primarily
attributed to the metal oxides with tantalum and silver. O1- content can originate from
the O-H/C-O bonds and possibly single metallic bond with tantalum and silver. H;O
content is the highest contribution in TaAg film deposited for 5 s. However, the 0>~
content becomes higher than the other contents in the TaAg films deposited for 10-30 s.
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The Ta4f spectra illustrate two phases of tantalum compositions in the films [27]. Tantalum
oxide (TaO,, Ta**) is identified at the double peaks ranging from 26 to 28 eV. The Ta4f
doublet peaks are separated by the spin splitting (1.9 eV) between 7/2 and 5/2, and their
amplitudes are constrained at a ratio of 4:3. The other tantalum oxide (Ta,O, Tal*) is also
observed from the double peaks from 22 to 24 eV fitted with the same parameters described
in tantalum oxide. However, the percentage of Ta'* against Ta** is approximately 3-5% at
the film surface. The Ag3d spectra appear to be the single phase of metallic silver based on
the binding energies of 7/2 peak at 367.7-368.3 eV and 5/2 peak at 373.7-374.3 eV, which
are separated by the spin splitting (6.0 eV) and fixed at 3:2 of the amplitude ratio. However,
it is difficult to identify the oxidation or chemical state of silver from the peak energy [28];
no energy loss peak or satellite was determined besides the main peak, so the silver might
be partly oxidized or alloyed with tantalum.

3.4. Reflectance Spectra

Figure 7 shows the reflectance spectra of the Ag-Ta thin films deposited on the glass
substrates at various deposition times of 5, 10, 20 and 30 s in the wavelength range from
300 to 2000 nm. The spectral reflectance data (R(A)) were used to calculate the average
reflectance in the visible range (A = 380-780 nm) and near-infrared range (780-2000 nm).

100 T T T T

Reflectance %

1 1 1 1
400 800 1200 1600 2000
Wavelength (nm)

Figure 7. Reflectance spectra of Ag—Ta thin films.
Figure 8 shows the average reflectance in the visible and near-infrared ranges. It can

be observed that the film deposited at 30 s can reflect the radiation in the visible range and
NIR range by about 60% and 80%, respectively.
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Figure 8. Average spectral reflectance in (a) Vis and (b) NIR ranges.
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3.5. Durability Test

The durability test of the films deposited on the glass substrates was performed by
keeping the samples in the air atmosphere for about one month. The reflection measure-
ments were carried out on the days 7, 14, 21 and 28 and average reflectance in the visible
range and NIR were measured, and the results are shown in Figure 9.

80 80

60-‘\\"\‘\
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Figure 9. Variations of average reflectance in (a) Vis and (b) NIR ranges for the films after being kept
in the air for 7 to 28 days.

From Figure 9, it can be observed that the average reflectance for all the films deposited
on the glass substrates slightly decreased after being kept in the air atmosphere for 28 days.
Furthermore, the film deposited for 30 s has a high average reflectance of more than 75%
after being kept in the air for 28 days. The results show that all the films deposited in this
work have a good durability, particularly the film deposited for 30 s has an additional
property of high NIR reflectance.

4. Conclusions

In this work, single-layer Ag-Ta thin films were deposited on the glass and Si (100)
substrates using co-sputtering method for high reflection of NIR radiation. Ag and Ta were
used as sputtering targets. The Ag and Ta targets were supplied by a 100 W DC power
supply and a 100 W DC pulsed power supply, respectively. The films were deposited at
various times of 5, 10, 20 and 30 s.

The thicknesses of the films deposited at 5, 10, 20 and 30 s, as determined from the
cross-sectional FE-SEM images, were determined to be 7.16, 9.81, 17.43 and 33.93 nm,
respectively. The reflectance spectra showed that the film deposited at 30 s had an average
reflectance of about 80% in the NIR range and it decreased to 75% after the films were kept
in the air atmosphere for 28 days. The atomic concentration of elements of Ag—Ta films as
investigated by XPS showed that the concentrations of Ag, Ta, O, and C were determined
to be about 20, 20, 40 and 20%, respectively, in all prepared films. This means that Ag and
Ta oxide films were formed during the deposition or the waiting time for characterization
in which this problem is unavoidable. For the overall result, it can be concluded that the
Ag-Ta thin films prepared in this work are acceptable for high NIR reflection. They can be
coated on the glass building for saving energy in the building.
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