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ABSTRACT: In this study, thin films of titanium dioxide (TiO2) were deposited onto glass and indium tin oxide (ITO)
substrates at room temperature, using plasma-assisted pulsed DC sputtering with a 99.9% pure stoichiometric TiO2
target. Our research aims to investigate the influence of film thickness on the optical, structural, and morphological
properties of TiO2 nanostructured thin films, as well as its impact on the photovoltaic performance of heterojunctions
where TiO2 serves as the emitter. Using advanced PRISA software, parameters such as refractive index, film thickness,
and band gap energy were determined. Spectrophotometry analysis shows that TiO2 thin film samples exhibited up to
90% optical transparency in the UV-Vis spectral region. Using X-ray diffraction (XRD) analysis revealed an amorphous
phase, particularly at lower scan angles, while atomic force microscopy (AFM) images show an homogeneous surface
of deposited films with low roughness. A notable reduction in the optical band gap was observed with increasing film
thickness. Finally, numerical simulations of TiO2/p-Si and TiO2/p-GaAs heterojunction Solar cells, performed using
Atlas SILVACO software, predict promising photovoltaic performance based on the optical data of the elaborated TiO2
thin films.

KEYWORDS: Titanium dioxide (TiO2); magnetron sputtering (MS); PRISA; Atlas SILVACO; TiO2 based heterojunc-
tions; solar cell

1 Introduction
Thin films have become essential component in various technological applications, ranging from

microelectronics to optoelectronics and energy harvesting devices [1,2]. Among the diverse fabrication
methods, such as spin coating [3] and spray coating [4], magnetron sputtering [5] is one of the most
commonly used techniques for producing thin films, it is a physical vapor deposition method that allows
precise control over film thickness and composition.

DC magnetron sputtering is a widely used method for depositing thin TiO2 films in a precise and
controlled way. By combining magnetron sputtering with reactive gas chemistry, this technique makes it
possible to manage the composition and stoichiometry of the resulting thin film. One of its key advantages is
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that it produces high-quality, uniform coatings that bond strongly to the substrate, which in turn enhances
the durability and long-term stability of the deposited film. What makes this technique especially practical
is that the film’s final properties can be tuned simply by adjusting a few process parameters, including
the argon/oxygen flow rate, sputtering power, chamber pressure, and target composition. In a typical DC
magnetron sputtering setup, argon gas is introduced into the chamber to generate a plasma, which produces
the ions needed to bombard the target material. Oxygen is then added alongside argon to react with the
deposited atoms and help control the chemical makeup of the growing film [6–8].

In the case of TiO2 films, the relationship between argon and oxygen is particularly important. Argon
drives the sputtering process by generating the ions and controlling the flux of particles reaching the
substrate, while oxygen determines the film’s stoichiometry by governing the surface chemical reactions and
influencing the mobility of deposited species. Together, these two gases work in tandem to shape the final
structure and performance of the TiO2 film [9].

TiO2 has advantageous optical properties and excellent chemical stability, and it is among the most
widely used high-refractive-index materials and films, and also offers good mechanical stability and hard-
ness [10]. Their ability to grow on unheated substrates has long attracted the attention of researchers, as it
paves the way for the large-scale production of inexpensive and adaptable coatings. The given crystalline
structure of TiO2 can influence its properties, with anatase being more active than rutile in terms of
photocatalytic activity [11]. However, even amorphous TiO2 nanoparticles have demonstrated beneficial
photocatalytic properties, particularly for the fabrication of microstructures [12].

Among semiconductor materials used in photocatalysis and photovoltaics, TiO2 stands out as a stable
and non-toxic compound. In dye-sensitized solar cells, TiO2 serves as a key material that enables efficient
dye loading charge transport [13]. In perovskite solar cells, TiO2 is widely used as an electron transport layer
(ETL), where its wide bandgap, suitable energy alignment, and high electron mobility reduce recombination
losses and enhance overall device efficiency. Ongoing research on TiO2 thin films is driven by the need to
optimize their structural, morphological, and electronic properties to further improve charge extraction,
light harvesting, and overall device performance in cost-effective solar energy systems [14,15].

This study explores the effect of film thickness on the optical properties of TiO2 thin films deposited
by plasma-assisted magnetron sputtering. It uses the envelope method, implemented in the PRISA software
via a Python module [16], to determine the film thickness and optical constants from transmittance curves
obtained by spectrophotometry. The optical data are then used for numerical simulations of two heterojunc-
tion solar cells—TiO2/p-Si and TiO2/p-GaAs using SILVACO Atlas software [17]. These simulations aim to
explore and optimize the electronic and photovoltaic performance of the heterojunctions, in which TiO2
serves as an electron transport layer (ETL) to improve charge separation and transport.

The scientific novelty of this work lies in the integrated experimental–numerical approach, which
provides a quantitative link between plasma-assisted sputtering parameters, structural film evolution, and
the resulting photovoltaic performance of TiO2-based heterojunctions. By explicitly correlating thickness-
dependent optical constants with device-level carrier dynamics, this research offers a refined framework for
optimizing TiO2 electron transport layers in cost-effective photovoltaic architectures.

2 Theoretical Considerations
Developing methods to determine crucial components of thin films, such as absorption coefficient and

the dispersion of the refractive index has garnered significant interest. Only a select few of these techniques
have been established, including ellipsometry, fitting methods [18], and reflection spectrum method [19].
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In systems where an absorbing thin film is deposited on a transparent substrate, light enters the
substrate, interacts with the deposited film, and exits the substrate after multiple internal reflections. This
scenario is commonly observed in waveguide-like systems, where the transparent substrate confines light
within the structure. A schematic representation of such a system, where d is the film thickness and N is a
complex refractive index N = n − ik, is shown in Fig. 1. Here, n is the refractive index, and k denotes the
extinction coefficient [20].

Figure 1: Characterizing an absorbent thin film on a substantial, finite transparent substrate.

The transmission T in Fig. 1 is a complex function given by:

T = T(λ, s, n, d, α) (1)

s being known, it is convenient to write the above equation in terms of n(λ) and the absorbance x (λ), where
x is defined in equation T = T (n, x); expressed as:

T = Ax
B − Cx cos φ + Dx2 (2)

where;
A = 16 n2s
B = (n − 1)3(n + s2)
C = 2(n2 − 1) (n2 − s2)
D = (n − 1)3 (n − s2)
Φ = 4πnd/λ
x = exp(−αd)
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s is the substrate refractive index.
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When considering films for adjacent wavelengths λ1 and λ2, n1 and n2 represent the refractive indices
of the nanostructures, respectively. We obtain the thickness of nanostructures by referring to the following
equation:

D = λ1 λ2

2(λ1n2 − λ2n1)
(5)

3 Experimental Details
TiO2 films were deposited at room temperature onto glass and Indium Tin Oxide (ITO) substrates using

plasma-assisted pulsed DC sputtering. A ceramic stoichiometric TiO2 target with 99.9% purity, and 7.62 cm
in diameter, served as the cathode in the magnetron discharge. The deposition process was done in a chamber
with a base pressure of 2.0 × 10−5 mbar. A high-purity Ar–O2 gas mixture was used, with the gas pressure
maintained at 1.3 × 10−2 mbar by automatic flowmeter regulators.

The substrates were positioned 6 cm from the cathode target, the pulsed DC discharge was operated
at 100 W (t = 5 μs, υ = 5 kHz). The deposition durations were set to 2 and 3 h 20 min, producing Titanium
Dioxide films with thickness ranging from 200 to 500 nm, respectively. The details of all prepared samples
are summarized in Table 1.

Table 1: Prepared samples by magneton sputtering.

Samples Substrate Timing Experimental Thickness (nm)
M1 Glass 2 h 296
M2 Glass 3 h 20 min 432
M3 ITO 2 h 415
M4 ITO 3 h 20 min 508

4 Result and Discussion

4.1 Optical Properties
As shown in Fig. 2, interference bands are observed in the transmittance spectra at wavelengths

extending beyond the visible spectrum. This phenomenon arises from the multiple reflections of radiation
between the lower surface (in contact with either glass or an ITO substrate) and the free surface of the Titan
dioxide layer [21]. These interference bands in the transmittance spectra show that the TiO2 films produced
are of consistent and uniform thickness. Furthermore, this suggests that the surfaces are smooth and exhibit
homogeneity. With increasing thickness, we noticed a corresponding increase in the number of interference
bands and they become closer together. At low thicknesses, incomplete absorption occurs between 350 and
400 nm, producing a noticeable shoulder in the spectrum. This shoulder appears at higher thicknesses, where
the film can absorb all the incident light.

PRISA software was used to calculate optical constants, dispersion parameters, absorption coefficient,
bandgap energy and thickness from the spectrophotometric transmission data. In order to apply this method,
the absorption coefficient for the TiO2 films was calculated based on the transmittance spectra (as illustrated
in Fig. 3) as it is previously mentioned. No significant difference in bandgap energy is observed between
samples of the same thickness deposited on glass vs. ITO. However, a small variation is observed when
comparing samples of different thickness, which allows to concluded that TiO2 thin films showed a decrease
in optical band gap from 3.65 to 3.41 eV and from 3.59 to 3.47 eV for glass and ITO respectively, with
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increasing thickness of the deposited films. It should be noted that all bandgap values (Table 2) are in line
with what was expected according to the literature.
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Figure 2: Transmittance T spectra of TiO2 nanofilms deposited at different thicknesses on glass and ITO.
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Figure 3: TMax and Tmin transmittance curves for TiO2 sputtered sample on glass.
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Table 2: Optical parameters.

λ1(nm) TM1 Tm1 n1 λ2 (nm) TM2 Tm2 n2 d (nm) Eg (eV)
M1 337 52.03 41.71 2.27 793 95.73 97.56 1.33 296.1 ± 20 3.65
M2 384 98.17 74.48 2.22 838 100.3 84.91 1.94 432 ± 20 3.41
M3 411 98.9 79.95 1.97 793 95.73 96.46 1.9 415 ± 20 3.59
M4 369 85.32 70.57 2.34 798 95.45 92.34 1.95 508.9 ± 20 3.47

However, the bandgap values depend on the crystallinity and thickness of the coatings, leading to the
conclusion that control of these factors is fundamental to the creation of films with photocatalytic properties.
Furthermore, Fig. 2 shows a spectrum resulting from interference effects at constant thickness d. These
patterns of light and dark bands, rather than being annoying, serve to determine the optical properties of the
film, as shown in Table 2 and studied in this research.

4.2 Structural Properties
Fig. 4 shows the X-ray diffraction (XRD) patterns of TiO2 thin films deposited on ITO substrates of two

different thicknesses (415 and 508 nm). Despite the use of a 3○ incidence angle, the diffraction patterns exhibit
a background largely devoid of features, indicating an amorphous or weakly crystalline structure. The broad
signal at small angles is mainly attributed to the amorphous nature of the glass substrate, which is consistent
with literature [22,23]. In thin films deposited on disordered or conductive substrates, such as ITO/glass,
XRD signals are often attenuated due to limited substrate interference and long-range order, making peak
resolution difficult.

Figure 4: Diffractograms of TiO2 thin films deposited on glass with different Thickness/(a)—XRD sputtered sample
M1, (b)—XRD sputtered sample M2.

The amorphous nature of the sputtered TiO2 films, characterized by a lack of long-range crystalline
order, has profound implications for photovoltaic performance. Amorphous transition metal oxides inher-
ently possess a high density of localized sub-bandgap states, primarily associated with oxygen vacancies
and uncoordinated Ti ions. These deep-level defects act as potent Shockley-Read-Hall (SRH) non-radiative
recombination centers. Consequently, this structural disorder severely impedes bulk electron mobility and
restricts the minority carrier diffusion length, ultimately manifesting as a reduction in the open-circuit
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voltage (VOC) and fill factor (FF). However, while the amorphous phase introduces these localized defect
states, it simultaneously facilitates a superior surface morphology. This ultra-smooth, continuous interface
(as confirmed by AFM) is highly advantageous for achieving conformal contact and mitigating parasitic
shunt pathways, representing a critical engineering trade-off for optimizing the electronic homogeneity of
the heterojunction interface.

Fig. 5a,b shows AFM images of TiO2 thin films, which reveal the morphology and surface roughness
of the deposited layers. The micrographs show homogeneous, continuous films with low roughness values
of 1.7 and 1.5 nm, respectively, for samples with thicknesses of 415 and 508 nm. This smooth morphology is
favorable for the deposition of further layers in solar cell architectures, as it provides a good interface contact
and reduces shunt pathways.

Figure 5: (a)—AFM of TiO2 sample sputtered M1. (b)—AFM of TiO2 sample sputtered M2. (c) Line profile of TiO2
layer M1. (d) Line profile of TiO2 layer M2.

Furthermore, the line profiles shown in Fig. 5c,d indicates the presence of interconnected nanoscale
cavities in the TiO2 films. This porous morphology increases the effective surface area, which can facilitate
the infiltration of active materials during device fabrication. Such structural characteristics are particularly
beneficial in photovoltaic devices, where improved interfacial contacting can facilitate charge transport
despite the limited crystallinity of the TiO2 layer.
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4.3 Simulation of TiO2/p-Si and TiO2/p-GaAs Heterojunction Solar Cells
The Silvaco ATLAS device simulator was used in this section to examinate, how the thickness of

experimentally obtained TiO2 thin films by DC magneton sputtering, can influence the performance of
photovoltaic devices when combined with Si and GaAs absorbers.

ATLAS Silvaco is a physically-based simulator of semiconductor devices, which predicts the electrical
and photoelectric behavior and provides insights on internal physical processes involved in the device
functionality. The numerical simulation is based on the resolution of Poisson equation (Eq. (6)) and electron
and hole continuity equations (Eqs. (7) and (8)) [24]:

div (ε∇Ψ) = −ρ (6)

where ε is the local permittivity, Ψ is the electrostatic potential, q is the elementary charge and ρ is the local
space charge density.

∇ ⋅→jn = q(Rn −Gn) (7)

−∇ ⋅ →jp = q(Rp −Gp) (8)

where →jn and →jp are the electron and hole current densities, Gn and Gp are the generation rate for
electrons and holes, Rn and Rp are the recombination rate for electrons and holes.

The photogeneration rate is modeled in ATLAS Silvaco by the following Equation:

Gph = η0
Pλ
hc

αe−α y (9)

where P is the ray intensity factor, which contains the cumulative effects of reflections, transmissions, and
loss due to absorption over the ray path; η0 is the internal quantum efficiency, which represents the number
of carrier pairs generated per photon; y is a relative distance for the ray in question; h is Planck’s constant; λ
is the wavelength; c is the speed of light; α is the absorption coefficient giving by:

α = 4πk
λ

(10)

where k is the extinction coefficient.
The numerical simulations employed Fermi-Dirac statistics model to described the carrier behavior,

while the drift-diffusion model was used for carrier transport. Recombination mechanisms, including
Shockley-Read-Hall, Auger, and radiative recombination (nonradiative recombination model is applied for
Si material), were incorporated to account for carrier losses in the interfaces and in the bulk. These combined
models ensure that the simulation reflects the essential physical phenomena of the structures under
study. Neumann boundary conditions (zero flux conditions) and Dirichlet conditions (ohmic boundary
conditions) were applied along the lateral edges and at the electrodes, respectively. All material properties
including mobility, electron affinity, and recombination parameters were taken from widely accepted values
in the literature to ensure consistency with previously documented experimental devices. The physical
parameters of TiO2, Si, and GaAs are illustrated in Table 3.
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Table 3: Input parameters used in simulation.

Parameters TiO2 [25] p-Si [26] p-GaAs [27]
Thickness (μm) Variable (d) 180 180

Optical band gap (eV) Variable (Eg) 1.12 1.42
Electronic Affinity (eV) 4.2 4.05 4.07
Relative Permittivity εr 10 11.8 13.2

Density of states in the conduction band NC (cm−3) 2.2 × 1018 2.8 × 1019 4.35 × 1017

Density of states in the valence band NV (cm−3) 1.8 × 1019 1.04 × 1019 8.16 × 1018

Carriers density (cm−3) 1020 6 × 1015 4 ×1016

Electron mobility μn (cm2/V⋅s) 20 1417 3197
Hole mobility μp (cm2/V⋅s) 10 470 232

Carrier lifetime (s) 10−7 10−5 9 × 10−7

The solar cells were irradiated under standard AM1.5G conditions with an intensity of 100 mW/cm2. The
photovoltaic parameters, including short circuit current density (JSC), open-circuit voltage (VOC), fill factor
(FF), and power conversion efficiency, were then extracted from simulated J-V characteristics and analyzed
as a function of TiO2 Thickness for TiO2/p-Si and TiO2/p-GaAs heterojunction solar cells.

The simulated current density-voltage (J-V) curves for the two structures are shown in Figs. 6 and 7, and
the resulting photovoltaic parameters are listed in Table 4. As can be observed, the highest conversion effi-
ciencies achieved are 10.80% for TiO2/p-Si structures and 18.24% for TiO2/p-GaAs structures, indicating that
the TiO2/p-GaAs structure has a higher overall efficiency than the silicon-based device. This improvement is
due to the intrinsic properties of GaAs, which possesses a high optical absorption coefficient, approximately
104 times greater than that of silicon [28], and a direct bandgap that minimizing non-radiative recombination,
Enabling more efficient charge extraction. Furthermore, GaAs offers higher carrier mobility, which reduces
transport losses and helps improve device performance. This results in a higher open-circuit voltage (Voc ≈
0.944 V), which is consistent with the wider bandgap of GaAs (1.42 eV).
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Figure 6: I–V curves of simulated TiO2/p-Si heterojunction with different TiO2 layer properties.
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Figure 7: I–V curves of simulated TiO2/p-GaAs heterojunction with different TiO2 layer properties.

Table 4: Electrical parameters (Jsc, Voc, FF, PCE).

Sample JSC (mA/cm2) VOC (mV) FF (%) Efficiency (%)

Si GaAs Si GaAs Si GaAs Si GaAs
M1 28.11 26.72 634.25 943.71 48.86 62.78 08.71 15.82
M2 28.12 26.72 634.29 943.75 57.15 70.00 10.19 17.60
M3 28.12 26.72 634.29 943.74 56.29 69.14 10.04 17.43
M4 28.13 26.73 634.31 943.76 60.58 72.35 10.80 18.24

In contrast, the TiO2/p-Si structure exhibits a relatively higher short-circuit current density (JSC). This
behavior can be explained by the longer carrier lifetime in crystalline silicon, which reduces losses due to
bulk recombination and allows a higher number of photogenerated carriers to contribute to the current. It
is also important to note that, while GaAs-based devices offer higher conversion efficiency, this comes with
more expensive materials and more complex manufacturing requirements. In contrast, silicon-based devices,
despite their lower efficiency, remain more attractive for large-scale, low-cost photovoltaic applications.

The optical properties of TiO2, such as the refractive index (n), extinction coefficient (k), and absorption
coefficient, have a significant impact on the amount of light reaching the absorber layer. More particularly,
the variation in film thickness changes the optical response of the TiO2 emitter by modifying the structural
quality and surface morphology [29,30], which in turn affect light transmitted the emitter and, consequently,
the electron-hole generation rate at the absorber. Furthermore, the TiO2 thickness variation affects the
resistivity of the emitter region, thereby impacting the series resistance and consequently the fill factor of
the device [31,32]. These combined effects explain the observed variations in photovoltaic parameters as a
function of TiO2 thickness, where improvements are mainly observed in the fill factor, while the short-circuit
current density and open-circuit voltage remain largely unchanged.
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5 Conclusion
In this study, the selected deposition parameters enabled the fabrication of thin and transparent TiO2

films with high optical transmittance. In particular, films deposited for 2 h showed few interference fringes,
also the bandgap of thin TiO2 films was found to vary depending on their thickness and crystalline structure.
By comprehending and manipulating these variables in the plasma deposition technique, we can create
films tailored for specific uses. These transparent and conductive films exhibit desirable photocatalytic
properties, as it is highlighted in the simulation part TiO2 thin films show promise as functional components
of photovoltaic systems, particularly when combined with light-absorbing materials of the p-silicon (Si)
and gallium arsenide (GaAs) types. Our simulation indicates that fine-tuning the thickness of the TiO2
layer improves the fill factor (FF), boosting overall efficiency without adversely affecting short-circuit
current density (Jsc) or open-circuit voltage (Voc). The study demonstrates maximum conversion efficiencies
of 10.80% for TiO2/p-Si and 18.24% for TiO2/p-GaAs heterojunctions, underlining the adaptability and
efficiency of TiO2 thin films in solar energy applications.

The findings highlight a critical device engineering trade-off: while the direct bandgap and high electron
mobility of GaAs yield superior overall efficiency and voltage (VOC), the intrinsically longer minority carrier
lifetime of crystalline silicon ensures a highly robust short-circuit current (JSC) in a much more economically
scalable architecture.

These findings pave the way for future innovations in photovoltaic technology, emphasizing the critical
role of precise material engineering in achieving high-performance solar energy devices.
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