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Akilh Cam Uygulamalari icin Nano Olcekli Ta:TiO: Seffaf iletken Katmanlarin incelenmesi
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OZET:

Artan enerji ihtiyacini karsilamaya doniik yeni ve alternatif enerji kaynaklarmnin arastirilmas: i¢in
diinya genelinde yogun bir ¢aba harcanirken mevcut enerji kaynaklarinin verimli kullanilmasi da
son derece onemli hale gelmistir. Akilli cam uygulamalarina yonelik ¢aligmalarda iletken oksit
tabaka olarak TCO kullanimi gerekmektedir. Ozellikle elektrokromik malzemelerde iletken oksit
tabaka ile uygulanan kiigiik bir voltaj ile seffaf/renkli hale doniistiiriilebilen elektrokromik camlar
enerji tasarruflu binalarin 6nemli bilesenlerinden biridir. Toplamda 5 tabakadan olugan tam bir EC
cihazin iki tabakasi seffaf iletken tabaka olup uygulamada genellikle ITO kullanilmaktadir. Bu
projede WO; temelli EC cihazlarinda ITO ya alternatif olarak tantal katkili TiO; filmleri arastirildi.
Farkli kalinliklardaki Ta:TiO. filmleri radyo frekansi magnetron sacgtirma yontemi ile alttas
sicakligi 500 °C tutularak biyiitiildi. Elde edilen filmlerin yapisal, morfolojik, optik ve elektrik
ozellikleri XRD, SEM, AFM, UV-vis-NIR, XPS ve Hall etkisi olgtimleri ile gerceklestirildi. Ta
katkali filmler igin TiOx filminin kalinligi 90 A olarak sabit tutulurken Ta tabakalarinin kalihklart
ise 6 A, 12 A ve 18 A olacak sekilde degistirildi. XRD dl¢iimlerinden biitiin filmlerin amorf yapida
biiyiidiikleri gozlenirken XRR ol¢iimlerinden ise filmlerin tabaka yogunluklarinin Ta miktari
arttikga arttigl goriildii. Katkisiz TiO; filminin gegirgenligi % 90 civarinda iken Ta katkisi ile
filmlerin gecirgenliklerinde azalma gergeklesmistir. Ta katkisiyla yiizey kabaligi baslangicta
azalirken miktar arttikga artmistir. XPS spektrumlarinin analizinden Ta 4f bandinin 26-27 eV
araliginda oldugu ve bu degerin Ta;Os fazina karsilik geldigi bulunmustur. Ti 2p bandlan 457-459
eV araliginda olup bu degerler TiO; fazini igaret etmektedir. Ta miktarlariyla bu piklerin baglanma
enerjilerinde kaymalar gozlenmistir..
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ABSTRACT:

An intense effort has been given globally to the investigation of new and alternative renewable
energy sources in order to meet the increasing energy needs of societies. On the other hand,
effective usage of energy sources is also an important issue. TCO should be used as a conductive
oxide layer in smart glass applications. Especially in electrochromic (EC) materials, electrochromic
glasses, which can be converted into transparent / colored with a small voltage applied with a
conductive oxide layer, are one of the important components of energy-saving buildings. A
complete EC device has a total of 5 layers including two transparent conducting layers, usually ITO
in application. In this paper, tantalum doped TiO- films have been investigated as an alternative to
ITO for WO; based EC devices. Ta:TiO, films of different thicknesses were grown on glass
substrates that were heated to 500 °C by radiofrequency magnetron sputtering. The structural, optic
and morphological properties of the films were investigated by means of XRD, XRR, SEM, AFM,
UV-vis-NIR, XPS and Hall effect measurements. The thickness of TiO; films was kept constant at
90 A while the thickness of Ta films were varied as 6 A, 12 A and 18 A. XRD analysis showed that
all of the films were amorphous. The XRR measurements indicated that the layer density increased
with increasing Ta content. The transparency of undoped TiO; film had a transparency of 90 % and
decreased with Ta doping. Addition of Ta initially caused a decrease in the surface roughness after
which it increased. The binding energy of Ta 4f band was in the 26-27 eV range indicating the
Ta,Os phase while the binding energy of Ti 2p bands were found to be in 457-459 eV interval,
indicating the TiO, phase. A shift was observed in the positions of these bands with the Ta content..
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INTRODUCTION

Transparent conductive oxide (TCO) films are materials used in several areas including
optoelectronic devices such as solar cells, infrared anti-reflective and smart displays with their high
transmittance and low resistance (Yang, 2018). Indium tin oxide (ITO) is the most widely used among
TCOs and it has characteristic properties such as high transmittance and low resistance. It has a
resistance as low as 1x10* Q.cm, a wide band gap of 3.2 eV and a transmittance of over 80 %. In
addition to these properties. Optical and electrical properties were tried to be increased by doping with
different materials (Tsutsumi et al., 2024). It also has disadvantages such as poor chemical resistance,
limited resources and high cost (Yang, 2018), (Bhosle, 2006), (Yan, 2017). (Alizadeh et al., 2022;
Tsutsumi et al., 2024). Due to these disadvantages, research is being carried out for the development of
different TCO materials. Aluminium and gallium-doped zinc oxide (Bhosle, 2006), which has similar
properties to TCO, shows properties at a level that may be attractive. Another interesting candidate is
tantalum-doped titanium oxide (TaTQO) with an optical transmittance of over 90 % and it has resistance
of 2-3x10* Q.cm (Yang, 2018). Among many semiconductor materials, TiO; is an interesting material
due to its photo-electrochemical properties and chemical stability (Hitosugi, 2005). TiO2 is an
interesting semiconductor material due to its transmittance in the visible region, convenient band
structure and chemical resistance at low atmospheric pressure (Mazzolini, 2015). Doping of TiO2 with
group V elements (such as Ta, Nb) resulted in a resistivity value of is 2x10™* Q.cm which is reported to
be due to the replacement of Ti atoms in the lattice by dopant atoms (Mazzolini, 2015; Furubayashi,
2005).

The aim of this study is to study alternative materials to the materials used as conductive oxide
layers in smart glass applications. As known, conductive oxide materials such as ITO (Terzini et al.,
2000), AZO (Agura et al., 2003) and GaZO (Wong et al., 2011) are widely used in smart glass
applications such as electrochromic. The search for alternative materials continues today as it has in
the past and different material studies will continue to be studied in the future.

MATERIALS AND METHODS

Tantalum-doped titanium oxide thin films were obtained by magnetron sputtering (MS)
(Chandra Sekhar et al., 2016; Tajima et al., 2008) technique using the ultra-high vacuum chamber
(Fig.1) in the surface physics laboratory of the Physics department of Gebze Technical University.
Table 1 shows the coating parameters of Ta:TiOz thin films.

Figure 1. Ultr-High vacuum chamber photo
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Table 1. Coating Parameters of Ta:TiO2 Films

: : : TiOx- Ta- TiOx-
TiOx Ta Working  TiOx- Ta- Coating  Coating QCM- TaQCM- o \hetrate
Power Power  Pressure Ar/Oz2  Ar/O2 . . . Thickness o

(W) (W) (mb) (sccm)  (scem) Time Time Thickness @A) Temp. (°C)
(sec) (sec) A)

45 0 5.23E-3 4/1 0 2416 0 100 0 500

45 5 4.84E-3 4/1 2/0 2480 9 90 6 500

45 5 5.3E-3 4/1 2/0 2397 18 90 12 500

45 5 5.4E-3 4/1 2/0 2365 29 90 18 500

Schematic illustration of film structures is given in Fig. 2. The films were obtained by layer-by-
layer co-sputtering method. Before the TiOx and Ta films were grown, the growth rates were
optimized for each material. A 3-inch Ti metal target material was used to grow the TiO2 films.
Similarly, a tantalum layer was obtained using a 3-inch Ta target material. While coating the TiO>
layer, Ar/O> gases were introduced to the chamber in a ratio of 4/1 sccm during the TiO> coating while
the Ta layer was grown in a full argon environment. The substrates were heated to 500 °C during the
coatings to help better adhesion of Ta layer with the TiOx layer. In order to increase the amount of Ta
in the structure and control the conductivity of Ta:TiOx thin films investigated as a TCO material. The
characterization of Ta:TiOx films were done by in-situ XPS measurements and ex-situ XRD, XRR,
UV-VIS-NIR, SEM, AFM and Hall Effect measurements.

12ATa
0ATa G, Ta Layer ~ 4 A
' . TiOx Layer ~ 30 A
TiOx Layer ~100 A G, Talyper~44A
" Quart: Substrate ' e TiOxLayer ~ 30 A
e e Talayer ~4A
. Ti0x Layer ~ 30 A

«-

Quart2 Substrate

TaLayer ~2 A
TiOx Layer ~ 30 A
Talayer ~2 A
TiOx Layer ~ 30 A
Talayer ~2 4
TIOx Layer ~ 30 A
Quartz Substrate

Ta Layer ~6 A
TiOx Layer ~ 30 A

Talayer ~6 A
TiOx Layer ~ 30 A

Talayer ~6 A
TiOx Layer ~ 30 A

Quartz Substrate

Figure 2. Schematic illustration of Ta:TiO- films
RESULTS AND DISCUSSION

A total of four undoped and Ta doped TiOx thin film samples were obtain in this study. The
thicknesses of the samples were determined by quartz crystal microbalance (QCM). The thickness of
the undoped TiO2 film was 90 A and kept constant while Ta was added with a total thickness of 6, 12
and 18 A. The structures of the obtained films were studied by X-ray diffraction (XRD) method. The
XRD patterns given in Fig. 3 show that the Ta: TiO> films grew in amorphous structure.

472



Ali Kemal MAK et al. 15(2), 470-478, 2025

Investigation of Nanoscale Ta:TiO2 Transparent Conductive Layers for Smart Glass Applications

800 - Ta (Thickness-A)
r 0
700 | — 6

12

600 -

—18

500

400

Intensity (a.u)

300

200

100 -

20 30 40 50 60 70 80

2Theta (Degree)

Figure 3. XRD pattern of Ta:TiO; films

The results obtained from the X-ray reflection (XRR) measurements performed on Ta:TiO> films
are given Table 2. There is a difference of about £2 nm between the film thicknesses obtained from
XRR measurements compared to the QCM results. In the QCM technique, the oscillation frequency of
the quartz crystal is proportional to the change in the mass of the film on the crystal per unit area. In
addition, it is observed that the layer densities of films increase as the amount of Ta increases.

Table 2. XRR Result of Ta:TiO; films

Ta Power (W) Ta QCM (A) TiOx QCM (A) Thickness XRR (A) Layer Density
(gricm®
5 0 100 73 3.77
5 9 90 75 3.84
5 12 90 75 3.86
5 18 90 104 3.90

The optical properties of Ta:TiO, films were examined with UV-vis-NIR spectrometry. The
transmittances of Ta:TiO> thin films are given in Fig.4. While the transmittance of the undoped TiO>
film is about 90 %, a decrease in the transmittance value has been observed with the addition of Ta.
The transmittance decreased from 85 % to 80 % and 63 % when the thickness of the Ta layers were
increased from 6 A to 12 A and 18 A, respectively.
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Figure 4. UV-VIS result of Ta:TiO; films
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SEM cross sectional images of the films are given in Fig. 5. From these images, it can be seen
that TiO, and Ta-doped TiO: films have been grown on the quartz substrates and thoroughly bonded to
the substrate. Although the TiOx and Ta were grown on the substrates layer by layer as shown
schematically in Fig. 2, it is observed that the TiOx and Ta layers come together as a single layer as
intended which is as a result of holding the substrate at 500 °C during coating. The thicknesses of the
films were also measured from the cross-section images at three different points. The thicknesses of
Ta-doped TiO> films determined from SEM cross-sectional images and QCM measurements provided
seen at Table 3. There is a big difference between the thickness obtained from QCM and the thickness
results obtained from SEM cross-section measurements. Similar differences have been observed in the
literature between the film thicknesses determined by QCM and SEM techniques (Deki, 1997), (Kao,
2022). In addition, the density of the film layer is used when determining the thickness in QCM, and
there may be a difference between the actual value and the value used in calculations.

Figure 6 shows the AFM images of TiO; thin films. It is observed that with an increase in the
amount of Ta, the clusters decrease on the surface. The surface roughness results obtained from AFM
are given in Table 3. The surface roughness of the undoped TiO2 sample was observed to be high
compared to all other Ta-doped samples. In Ta-doped TiO2 films, on the other hand, the surface
roughness increases slightly with increasing Ta content.

Table 3. Thicknesses and AFM surface roughness of Ta: TiO thin films

Ta QCM Thickness (A) TiOx QCM Thickness (A) All Film SEM Thickness Surface Roughness (A)
A)
0 100 248 16
6 90 149 4.5
12 90 136 5.6
18 90 149 6

Figure 5. SEM Cross-Sectional images of Ta:TiO; thin films
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Figure 6. AFM images of Ta:TiO thin films

The chemical composition of the undoped and Ta-doped TiO: films as investigated by XPS
method. XPS results of Ta:TiO thin films are given Table 5 and in Fig.7-9. The high resolution XPS
spectra in Figs. 7-9 are given according to the thickness of the total Ta layer in the films. With the
calculations made, the amounts of tantalum in the Ta:TiOx structure were determined (Liu et al.,
2018). The binding energies (BE) of Ta 4f band (Fig. 7) were observed in the 26-27 eV interval and
this corresponds to the Ta>Os phase. Similarly, the BEs of O 1s bands (Fig. 8) were observed in the
528-531 eV interval. These values are in the metal oxide range (Moulder, 1992). The BEs of Ti 2p
bands (Fig. 9) have been observed in the 457-459 eV interval which indicates the TiO2 phase (Yan et
al., 2017). In Fig. 8, the O 1s peak was observed at a BE of 528.1 eV in the undoped TiO: film, and
shifted to higher BEs with initial Ta doping and was observed at 529.9 eV when the Ta thickness
reached 12 A. However, when the thickness of the Ta layer was further increased to 18 A, the O 1s
peak again showed a shift towards low energy. Similar shifts were observed in the Ta 4f and Ti 2p
bands (Yan et al., 2017).

Table 4. XPS result of Ta:TiO> thin films

Ta Thickness (A) Ta (%)
0 0
6 2.4
12 4.8
18 5.7
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Figure 7. XPS spectra of Ta 4f band
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Figure 9. XPS spectra of Ti 2p band
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CONCLUSION

The aim of this study is both to develop a material that can be an alternative to the widely used
TCOs and to obtain thinner films. In addition, in smart glass applications, it is important to study
thinner films and eliminate additional processes such as heat treatment, given the toxicity of
commonly used materials, their high thickness and difficulty in achieving low resistance levels. The
surface resistances of ITO transparent conductive layers used in smart glasses and especially in
electrochromic applications are in the range of 8-20 Q. The electrical resistances of the Ta:TiO> films
that we have studied was measured by Hall effect and 4-point methods. Despite all the attempts, the
resistance values have been outside the measurement scales of the devices used. There may be several
reasons for this. The first thing that comes to mind is that the substrate may have been contacted when
taking the contacts for measurements because of the small thickness. While the probes are being
pressed in the 4-point method. The film may be damaged while the solders are being taken in Hall
effect measurements. Another reason for this may be that the films are in an amorphous structure.
Because the films obtained in the literature are generally in a crystalline structure (Hitosugi et al.,
2005; Nurfani et al., 2016; Yan et al., 2017). In addition, since the films are reactive coated with co-
sputtering, oxidation may have occurred during Ta coating. These effects may have caused the high
resistance of the films. Resistance values in the literature are in the 1x1072 to 1x10* Q.cm interval
(Chen, 2011) Crystalline TiO. films are reported at 400 °C in the literature, but all the films we
obtained are amorphous. This may vary depending on the coating system used, coating parameters and
the target material used (metallic or ceramic). By increasing the film thicknesses and temperature,
crystal films and low surface resistance can be obtained. The amount of tantalum can be reduced and a
higher transmittance value can be obtained. There are no TCO in such low thicknesses in the literature.
In the literature, it is usually around 1000-10000 A (Kafizas, 2013). In addition, the target materials
used are mostly ceramic target materials which makes it possible to make coating only in argon
medium. The absence of oxygen during coating will ensure that tantalum is not oxidized or oxidized
much less.
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