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RF sputter deposition of amorphous TiOy films: role of deposition time
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Titanium oxide thin films were synthesized using the radio frequency (RF) sputtering
technique at varying deposition times ranging from 50 to 125 min. The fabricated films
display an amorphous character, with the predominant chemical state of titanium being Ti*",
accompanied by a minor proportion of Ti** states. The optical absorption edges shifted to
longer wavelengths, increasing from 288 to 293 nm, as the deposition time increased. The
optical band gap (Eg) was indirect and decreased from 3.911 to 3.762 eV. The refractive
index and dispersion parameters were evaluated and analyzed.
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1. Introduction

The advancement in different technological applications is critical to the nature of the
materials that compose the devices and cells. For example, the crystalline structure of titanium
dioxide (c-TiO,) is mainly used in photocatalytic applications, whereas the amorphous structure of
a-TiO; thin films is primary used in self-cleaning surfaces, switching memory and photovoltaic
applications [1-5].

In general, TiO; can exist in different structures, such as amorphous, anatase, rutile, and
brookite [6]. However, the brookite phase can’t be fabricated in its pure form [7, 8]. The amorphous
phase can be prepared at low temperatures, giving significant optical transition around 3.43 eV and
charge carrier dynamics, which are based on the high disorder structure and intrinsic Ti*" defects [5,
9-12]. The crystalline state of TiO, is chemically stable and reduces the charge carrier
recombination. The thermodynamic behavior of the rutile structure is more stable than the
metastable anatase structure [6]. Hence, using both crystalline phases may improve the properties
of photocatalytic activity and photoelectrochemical water splitting applications. In addition, a-TiO,
thin layer was used to enhance the electrochromic (EC) performance and activity in the EC cell of
ITO/NiO/LiClO4+PC+UV gel/TiO»/ITO [13]. Such a cell modified the induced bleached-state
annihilation through preventing the f-traps during the cycling voltammetry (CV) process.

Physical and chemical routes are used to synthesize titanium oxide films, including thermal
evaporation [14—16], sputtering [17-20], sol-gel processes [21-23], chemical bath deposition [24—
26], and spray pyrolysis [27-30].
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For instance, the sol-gel process was utilized to fabricate titanium oxide (TiO) thin films of
varying thicknesses [31]. The unheated amorphous TiO, was changed to the anatase phase after
treated at 600 'C with a 50 nm thickness. Nevertheless, the brookite phase was observed in
conjunction with the anatase phase at a film thickness exceeding 100 nm. The optical transition or
the band gap of the films decreased from 3.788 to 3.687 eV as the thickness increased from 50 to
150 nm. Further, Aguilar et al. [32] have explored the photoconductivity properties of the different
phases of Sol-gel TiO; films. The photoconductivity properties of these films were investigated
under various illumination wavelengths, including 515 nm and 634 nm. The crystalline phases of
TiO2/Au films exhibited a robust photoconductivity behavior.

Grilli et al. [33] examined the properties of amorphous TiO, thin films that were
manufactured using a radiofrequency (RF) sputtering procedure at ambient temperature in an argon
(Ar) atmosphere. The researchers fabricated Schottky diodes using a nickel (Ni) contact, #n-TiO», p-
Si substrate, and an 80 nm evaporated aluminum coating for studying the junction barrier properties.
The optical transition (E;) for a thickness of 84 nm of TiO; thin films was estimated to 3.92 eV,
while for the films with a thickness of 103 nm, the band gap was 3.84 eV. An additional investigation
identified the impact of the Ar flow rate on the physical characteristics of TiO; thin films [34]. The
improved films crystallinity was detected as the argon flow rate increased from 15 to 60 SCCM. The
TiO, grains transitioned from sharp, needle-like shapes to dome-like shapes. The values of E,
declined from 3.65 to 3.49 eV when the rate of Ar rose from 15 to 30 SCCM. However, they
remained constant at a higher flow rate, reaching 3.53 eV. For films deposited at an Ar flow rate of
15 SCCM, they exhibited a single guided mode, while all others exhibited two optical waveguide
modes for transverse electric and magnetic polarizations.

The current investigation aims to delve deeply into the sputtering process that produces
titanium oxide thin films at varying deposition times. The deposition time has the ability to modify
the morphological and optical characteristics of TiOx thin films, like the argon flow rate and the
different film thicknesses. Therefore, the study focuses on the correlations between the deposition
time and the resulting characteristics of the films, specifically their nature, morphology, roughness,
chemical states, and optical and dispersion properties.

2. Experimental

On the faces of the Si wafer and glass substrate, a thin layer of TiO, was applied. After
carefully cleaning it with a mixture of deionized water and pure ethyl alcohol, the substrate was
dried with nitrogen gas. The radiofrequency sputtering method (Syskey Technologies, Hsinch
County, Taiwan) was utilized in conjunction with a 99.999% pure 0.6-inch TiO, target. The
following parameters were used in the preparation and optimization of the TiO, thin films: The
operating pressure was 5 mTorr during the operation, and the base pressure was 9 pTorr. For the
deposition of TiO,, 200 watts of radio frequency (RF) power were applied at a temperature of 25 “C.
The rate of Ar was fixed at 20 SCCM. The substrate was turnedover at 10 rpm and was spaced 14
centimeters apart. To attain different thin film thicknesses, the sputtering deposition times were 50,
75, 100, and 125 min, respectively.

The chemical states of the TiOx thin films was completely reviewed using X-ray
photoelectron spectroscopy (XPS) Versa Probe II, model XPSPHI 5000, made in USA. The spectra
background was processed and corrected by the use of the Tougaard function [35, 36].

Ultima-IV Rigaku X-ray diffraction, Japan, was used to confirm the amorphous phase. A
Dektak surface profiler from Burker, Germany measures the specimen thickness that was prepared
at different deposition times. The measured thickness was 355, 436, 522, and 689 nm for the
deposition time at 50, 75, 100, and 125 min, respectively. The Omicron UHV atomic force
microscopy investigates the morphological properties of the films, while the optical spectra,
including the transmittance and reflectance, were characterized via Perkin Elmer Lambda version
750, USA, from he 200 nm to 1600 nm photon wavelength range.
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3. Results and discussion

3.1. X-ray diffraction

Fig. 1 demonstrates the amorphous nature of the prepared titanium oxide thin films. There
are no distinct diffraction peaks in the diffraction patterns. Furthermore, the diffraction intensity
values decreased as the deposition time increased from 50 min to 125 min, which could be related
to the evolution of titanium oxide and resulted in a possible increase in film thickness.
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Fig. 1. The non-crystalline nature of TiOy thin films.

3.2. The thin film chemical states

The XPS spectra of the amorphous phase of titanium oxide thin films are depicted in Fig. 2.
The spectra revealed a variety of states of the elements that comprise the thin layer film, including
the binding energy (B.E.) of Ti 3p at 37.6 eV, Ti 3s at 63.2 eV, C 1s at 285.6 eV, Ti 2p at 460 eV, O
Is at 530.4 eV, Ti 2s at 567.2 eV, and O KLL at 975.2 eV, respectively. Consequently, the titanium
and oxygen states, as well as the contaminated carbon states [37-39], are present in the sputtered
thin films that were prepared at varying deposition times. As stated in other published work, the
broad presence of carbon in the environment also present in the XPS device itself led to the existence
of the carbon peak [37-39].
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Fig. 2. TiOy thin films spectra at different deposition times.
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High-resolution of XPS is employed to conduct a more comprehensive examination of the
Ti, O, and contaminated C states for each respective element for the films deposited at 125 min, as
shown in Fig. 3. The other deposited films at different deposition times have the same behavior.
The HR-XPS analysis of the Ti 2p (Fig. 3a) spectrum revealed two prominent and dlstlnct
peaks at binding energy (B.E.) of 459.6 and 464.8 eV, which indicate the existence of the Ti*" 2p3n
and 2piy; states, respectlvely [1, 40—42]. Furthermore, it should be noted that there exists a minor
Poﬁlon of Ti** 2p3 and 2p1,; states at a B.E. of 457.8 and 466.9 eV, respectively [1, 43, 44]. The
state functions as a material defect within amorphous thin films of TiO». The aforementioned
state functions as sites for trapping charge carriers, thereby reducing electrlcal conduction. In
addition, the observed energy difference between the 2p3/2 and 2p1,» peaks of the Ti*" state is 5.7 eV,
consistent with findings reported in prior studies on TiO; [43, 45, 46]. Fig. 3b displays the HR-XPS
analysis of the O 1s chemical state. The spectral analysis reveals the presence of two distinct
deconvoluted peaks at B.E. 530.4 and 531.9 eV, corresponding to O—Ti bonds, OH bonds, and O-C
bonds, respectively [1]. In addition, the carbon C 1s state is present in all thin film samples, as
illustrated in Fig. 3c, as a result of the carbon’s presence in the environment and the potential
contamination of the thin film surface [37, 38].
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Fig. 3. The analysis of Ti 2p, O 1s, and C Is.

Analyzing the peak area recorded in every spectrum helps one to ascertain the composition
of TiOx thin films. Table 1 shows thus the expected ratio of the TiOx thin films, including the ratio
of the carbon contamination. At a deposition time of 50 min, the carbon contamination was found
to be at its lowest level (8%). As the deposition time is extended, the contamination level rises to
11.7% at 100 min.

Table 1. Thin film’s elemental ratios of the TiOk.

The deposition time in minutes
50 75 100 125
Ti 35.8 36.2 33.2 29.6
0) 56.2 54.2 55.1 61.3
C 08.0 09.6 11.7 9.5
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3.3. Thin film morphology and roughness

Fig. 4 illustrates the morphology of the titanium oxide thin films in two and three
dimensions. Spherical particles are observed to distribute homogeneity throughout all samples with
a size or diameter measuring 26.77 nm to 30.03 nm. The particle size increased from 26.77 to 30.03
nm as the deposition time increased from 50 to 125 min. Nevertheless, the sputtered films that were
deposited at 75 min exhibited the smallest size of 24 nm. Additionally, a small number of large
particles can be identified in all samples. In contrast, the film’s roughness is enhanced by the
sputtering deposition times from 50 to 100 minutes, which decrease from 3.62 A to 2.68 A. The low
Ti content (29.6%) of the films deposited at 125 min resulted in the highest film roughness at 4.68
A. The particle diameter and their corresponding roughness values for various sputtering deposition
times are illustrated in Table 2.
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Fig. 4. The two and three dimensional film morphology and roughness images.
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Table 2. Data of the particle diameter and the film roughness.

The deposition time in minutes
50 75 100 125
Particle size (nm) | 26.77 | 24.00 | 30.00 | 30.03

Film roughness (A) | 3.63 | 3.12 2.68 4.62

3.4. The optical characteristics

Fig 5 exhibited the transmittance spectra, 7, of the TiOy films. All the T spectra exhibited
absorption edges, as seen in the inset figure. The absorption edge is not sharply linear due to the
non-crystalline trend of the films and is shifted to higher wavelengths. For the lower deposition
times at 50 min and 75 min, the T increased with an increase in the photon wavelength, A to become
88.65% and 83.06% at 850 nm, respectively. At higher deposition times (100 and 125 min), the T
decreased to 72.41% and 71.85% at A = 850 nm. Therefore, a rise in the deposition time led to a
decline in T values. Moreover, the films that are deposited at 100 and 125 min exhibited a better-
quality optical transmittance than 50 min and 75 min as a result of the presence of a transmittance
peak maximum at A of 430 and 480 nm, respectively. Table 3 shows some optical properties of the
studied films. Moreover, the optical reflectance, R, which is a function of the A, was calculated from
the general formula: R(4) = 1-T(A)-4(A) [47], where A(A) denotes to optical absorbance (A(A4) = -
log(T(A)) or T(A) = 10~™) [47]. Fig. 5 exhibits the spectra of the optical reflectance, R, for different
deposition times of titanium oxide thin films. Equation (1) uses the R(1) and T(A) to calculate the
absorption coefficient, a(4), as follows [48—51]:

1 [(1 — R + [(1 ~RW)" + 4R2(A)T2(A)]%]
(cm) % lnl 2T (1) J

a(d) = P €]

where d is the thin film thickness in cm, and the extinction coefficient, k&(1), is correlated to the (1)
from the expression k(1) = a(1)/4m [52-54], as present in Fig. 6. At lower photon wavelengths in
the range of 290-320 nm, the a(A) exhibited a decrease in value from about 10° to 10* cm™, followed
by a stable plateau up to 850 nm. The observed behavior is common to a number of semiconductors
and can be attributed to a number of processes, such as inelastic scattering of charge carriers by
phonons [55, 56].
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Fig. 5. The transmittance, T, and reflectance, R, spectra of TiO; thin films.
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Table 3. Some important optical parameters for titanium oxide thin films.

The deposition time in minutes
50 min | 7S min | 100 min | 125 min
The optical transmittance, 7 at 850 nm 0.8865 0.8306 0.7241 0.7185
The optical transmittance, 7 at 589 nm 0.7320 0.7000 0.8895 0.9950
The cut-off wavelength, Acur.ofr(nm) 288 290 292 293
The optical transition (band gap), E; (eV) 3911 3.854 3.821 3.762
The Urbach energy, Ev (meV) 164.325 | 143.728 | 185.452 | 161.288

1.5x10°5

0.0
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Fig. 6. The absorption edge (the inset figure), o, and, k, of the TiO; films.
The Davis-Mott relation can calculate the optical transition, Eg, for amorphous thin films
from the following equation [57]:
ahv = constant X (hv - Eg) m (2)

The optical band gap or transition is then estimated and achieved via differentiating
Equation (2) [58] to become:

dlin(ehv)]  m
d(hv) — hv—E, )

where m denotes the optical band gap order, taking the values 2 for indirect band gap due to the
amorphous nature of the films. The optical band gap is determined by plotting d[/n(ahv)]/d(hv)
against /v, resulting in a peak as illustrated in Fig. 7. As the sputtering deposition increased from 50
min to 125 min, the values of E, exhibited a decrease from 3.911 eV to 3.762 eV, as shown in Fig.
8. Therefore, this behavior is associated with the presence of the vacancy site between the bands in
the Ti-O network or the defects level.
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Since the current samples are amorphous, the transition becomes indirect, meaning that m =
2. Equation (2) can be set up as follows to verify this result:

In(ahv) = constant + m ln(hv — Eg)

C))
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As seen in Fig. 9, plotting /n(ahv) against /n(hv-Eg) results in a straight line, with the slope
denoting the optical order. The indirect optical band gap in such thin films is approved when all

slopes are approached to the value 2.
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Fig. 9. The order of the optical band gap at different sputtering deposition times.

The band tail is an important characteristic in amorphous and vitreous materials, as a result
of the presence of defects, vacancies, and emitting and absorbing phonons in the disordered
materials. The band tail, or Urbach energy, Ev, is derived using the slope inverse of the absorption
coefficient, ¢, logarithm, as shown in Fig. 10, which is based on the following expression [59-61]:

hv
In(a) = constant + —

Ey

)
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Fig. 10. The behavior of the band tail: In(a) vs. hv.

The Urbach energy values are shown in Table 3, which are lying in the range of 143.728 to
185.452 meV. The deposited thin film sample at 75 min exhibited the lowest Ey value at 143.728
meV, whereas the films prepared at 100 min showed the highest band tail at 185.452 meV. Therefore,
the tail here in this case could depend on the titanium and oxygen content, and the defects and
vacancies that could be present in the bands.

The refractive index, n(A) of the synthesized TiOx films is deuced using the subsequent
equation [53, 62, 63]:

—k2(Q) (6)

n(A)=1+R(A)+\/ 4R(N)

1=RW™ [(1-RrW)*

Fig. 11 displays how the refractive index, n, changes with different photon wavelengths in
the visible and UV regions.
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Fig. 11. The optical refractive index behavior in the UV and visible regions at different deposition times.

The single oscillator energy, £, and dispersion energy, £ defines the dispersion behavior
of the material, which are crucial for modulating and regulating the refractive index behavior in
materials [64]. The subsequent equation delineates the relationship between the » and the dispersion
parameters:
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(7)

®

Consequently, a graph of the inverse of (n>-1) against (hv)* exhibits a curve with a linear
part, as illustrated in Fig. 12. The intersection of the linear line with the y-axis gives the value of
E,/E, and the static refractive index, n, (n2 — 1 = E;/E,), and the slope provides the value of
(E.Ez)". Subsequently, the computed £, and E, are in Table 4 and Fig. 12.

Table 4. Data of the optical dispersion parameters and refractive index.

The deposition time in minutes
50 75 100 125
The refractive index, #, at 589 nm 1.867 2.004 1.787 1.637
The static refractive index (n,) 1.945 2.080 1.331 1.381
The energy of dispersion, E4 (eV) 15.505 28.168 3.102 3.530
The energy of single oscillator, E, (eV) 5.574 8.473 4.014 3.888
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Fig. 12. Determination the dispersion parameters at different deposition times for titanium oxide thin films.
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4. Conclusion

The current study investigated the titanium oxide thin films via the RF-sputtering. The
sputtering deposition circle was used to control the properties of the amorphous TiOx films. All
samples exhibit an amorphous nature. The titanium states manifest as Ti*" and Ti’" states, each
containing an excess of oxygen. All samples exhibit a homogeneous distribution of spherical
particles, resulting in a decrease in roughness from 3.63 to 2.68 A and an increase in deposition time
from 50 to 100 min. The films prepared at 75 min had the smallest particle size, approximately 24
nm. At higher deposition times (100 min and 125 min), the prepared films demonstrated high optical
transmittance. As the time of deposition increased from 50 to 125 min, the indirect transition (£y)
values decreased slightly, from 3.911 to 3.762 eV, which could be contributed the increase of the
vacancy sites in the titanium oxide network. Depending on the deposition time, the refractive index
ranged from 1.867 to 1.637 at 589 nm. This variation can tune the optical behavior of the materials
under study.
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