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A cost-effective DC glow discharge plasma system was used to deposit
a 75 nm titanium dioxide (TiO.) antireflective coating on 5 cm2
crystalline silicon solar cells (initial efficiency 10.13%). The plasma-
deposited TiO; film was nanocrystalline: X-ray diffraction revealed
mixed anatase/rutile phases with an average crystallite size of =17.6 nm
and an optical band gap Eg = 3.5 eV. Atomic force microscopy (AFM)
showed a granular surface with average roughness Ra =50.7 nm (Rq =
67.7 nm) and grain size = 13.1 nm. Optical reflectance measurements
indicated a significant reduction in surface reflectance across the visible
spectrum after coating, consistent with enhanced light trapping.
Photovoltaic current-voltage (I-V) characterization under standard
illumination showed a marked increase in performance: the TiO,-coated
cells exhibited improved short-circuit current density and an enhanced
power conversion efficiency (PCE) of 11.56% (up from 10.13%),
corresponding to 14.1% relative increase. Notably, the fill factor also
improved (from 0.614 to 0.639), reflecting reduced resistive losses in the
device. The efficiency gain is attributed to the high refractive index and
engineered thickness of the TiO; layer, which improve light coupling
into the silicon absorber and reduce front-surface reflection. These
results demonstrate that a thin (75 nm) plasma-deposited TiO»
antireflection coating can substantially lower front-surface reflectivity
and boost the efficiency of silicon solar cells, offering a straightforward
route to higher-performance devices.
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1. Introduction

Growing global energy demand highlights the need for advancements in sustainable photovoltaic technologies,
focusing on increased efficiency and reduced environmental impact [1]. First-generation crystalline silicon (c-Si)
solar cells, which dominate the market, still fall short of their theoretical efficiency limits [2]. One key approach
to improve conversion efficiency is minimizing optical losses; in this context, antireflective coatings (ARCs) are
crucial for reducing surface reflection and enhancing light absorption [3]. Titanium dioxide (TiO2) has emerged
as an attractive ARC material for c-Si solar cells, owing to its high refractive index, wide band gap, and excellent
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chemical stability [4]. Studies report that precisely depositing TiO2 thin films with optimized quality, thickness,
and refractive index in the range of 1.73-2.40, consistently enhances device performance [5]. Furthermore,
traditional silicon surface processing often relies on hazardous chemicals (e.g., hydrofluoric acid for etching),
motivating the search for more sustainable methods [6]. In this context, research has highlighted environmentally
benign TiO; coatings and plasma-assisted deposition techniques as promising alternatives to reduce the ecological
footprint of solar cell manufacturing while simultaneously improving efficiency [7]. Plasma, a high-energy state
of matter, provides unigue physical and chemical pathways for material processing, including thin-film deposition
for advanced PV devices [8]. In particular, DC glow discharge plasma systems can deposit films with controlled
properties at relatively low temperatures, offering a cost-effective fabrication route [9]. Such mild processing
conditions are especially relevant, since high-temperature steps can degrade sensitive solar cell structures [10].
Despite these advances, a comprehensive study combining a simple DC glow discharge system and TiO, ARC
deposition on standard c-Si cells with thorough characterization of the resulting film and its direct impact on PV
performance remains limited [11]. Moreover, a systematic benchmarking of this approach against established
methods (considering both efficiency gains and environmental benefits from avoiding harsh chemicals) is needed
[12]. For example, Cu et al. [13] showed that plasma-deposited TiO, ARCs increased light absorption and
improved solar cell efficiency by up to 15% compared to conventional coatings, while maintaining stability under
prolonged testing. Hegedus et al. [14] reported that such TiO; coatings reduced reflectance to below 5% across
the visible spectrum, leading to higher conversion efficiency and enhanced device longevity. Similarly, Kaur et
al. [15] demonstrated that optimizing TiO- layer thickness and crystallinity significantly increased light absorption,
yielding up to an 18% boost in power conversion efficiency (PCE) along with improved durability under
weathering. This study addresses these gaps by using a DC glow discharge plasma system to deposit TiO- thin
films on commercially available c-Si solar cells [16]. The primary objective is to systematically evaluate this low-
cost, potentially eco-friendly method for fabricating ARCs and its effect on solar cell performance [17].

This study presents a comprehensive characterization of deposited TiO; films. Their crystal structure and surface
morphology were analysed using X-ray diffraction (XRD) and scanning electron microscopy (SEM), respectively.
Furthermore, the films' optical properties, including transmittance, absorption, and reflectance, were thoroughly
investigated. The energy band gap of the TiO; films was also determined. Crucially, the photovoltaic parameters
of the cells (short-circuit current density, open-circuit voltage, fill factor, and PCE) will be measured before and
after coating to quantify any enhancements [18]. The novelty of this work lies in applying a simple DC glow
discharge plasma deposition of TiO2 ARCs onto commercial c-Si solar cells, and in comprehensively evaluating
both the performance enhancement and the potential environmental advantages relative to traditional HF-based
processes [19]. By correlating the physical and optical properties of the deposited TiO- film with the observed
efficiency improvement, this study offers valuable insights into the viability of a cost-effective, greener approach
to enhancing mainstream photovoltaic technology [20].

2. Experimental setup

The antireflection coating deposition was performed using a custom-built DC glow discharge plasma system (as
depicted in Fig. 1). This system comprises the following key components: a cylindrical Pyrex plasma chamber , a
movable, disc-shaped aluminium anode electrode , a stainless steel cathode electrode assembly incorporating a
ceramic crucible, a resistive heater situated beneath the cathode, a DC power supply maximum output voltage V=8
kV, current 1=0.5 A, a digital control unit for setting and monitoring plasma parameters, a two-stage rotary vacuum
pump (ultimate pressure <1x10~* mbar) connected to a vacuum line with a manual throttle valve, and a digital
Pirani vacuum gauge for pressure monitoring.

2.1 Substrate Cleaning Procedure

Prior to deposition, 1 mm thick glass slides cleaning protocol to ensure surface purity and adhesion. The glass
slides were initially rinsed with deionized water. Subsequently, they were immersed in a glass beaker containing
deionized water and ultrasonically cleaned for 15 minutes. Following this, the slides were removed from the water,
immersed in 99.9% pure ethyl alcohol for 10 minutes, and then dried thoroughly under a flow of high-purity
nitrogen gas (99.999%).
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Figure 1: (a) Plasma system used for TiO- deposition, (b) Schematic diagram of the system setup.

2.2 Deposition Procedure

Following a thorough cleaning process, a glass slide was meticulously positioned on the anode electrode using
non-contaminating clips. Simultaneously, commercially produced polycrystalline silicon solar cells (from Al-
Mansour Factory, with an area of 5 cm?) were placed adjacent to the glass slide on the anode. This arrangement
ensured the concurrent deposition of the TiO; antireflection layer onto their front surfaces. Approximately 30 g of
high-purity TiO, powder (99.9% purity) was loaded into the ceramic crucible, which was integrated into the
cathode electrode assembly. The inter-electrode distance between the anode and cathode was maintained at a fixed
2.5cm.

The plasma chamber was then hermetically sealed, and a rotary vacuum pump evacuated the system to a base
pressure of 8.9 x 10 mbar. To eliminate residual contaminants, a nitrogen plasma was subsequently generated
within the chamber for 30 minutes. This cleaning step was performed at a pressure of 4.5 x 10"t mbar, with an
applied voltage of 1800 V and a current of 0.5 mA. Upon completion of the nitrogen plasma cleaning, argon gas
(99.999% purity) was introduced, and the chamber pressure was stabilized at 2.4 x 10 mbar. The TiO; film
deposition then commenced, lasting for 120 minutes. During this period, a DC voltage of 1800 V was applied, and
a discharge current of 2.08 mA was maintained. The resistive heater was not engaged during deposition, resulting
in an estimated substrate temperature near room temperature (25 °C). The resulting TiO- film thickness on the
glass slide was measured to be 75 nm.

To evaluate the repeatability of the deposition process, the entire experimental procedure was replicated three
times under identical conditions. The observed variation in the TiO, film thickness measurements across these
runs was within 5 nm.

3. Experimental Procedure

3.1. Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) was used to investigate the surface morphology of the plasma-deposited TiO;
ARC on a glass substrate. The resulting AFM image Fig. 2 revealed a granular surface topography. Quantitative
analysis of this topography yielded an average surface roughness (Ra) of 50.71 nm and a root mean square
roughness (Rq) of 67.68 nm. The average grain size was determined to be 13.1 nm, indicating the formation of a
nanocrystalline TiO; film. These roughness values, while higher than those reported for some TiO; films deposited
via sputtering or sol-gel methods [21], are comparable to studies where increased surface roughness is intentionally
engineered to enhance light scattering. The observed surface texture, inherent to the DC glow discharge plasma
deposition technique utilized, has implications for light trapping efficiency in solar cell applications. Further
optimization of deposition parameters is warranted to balance the benefits of enhanced light scattering with the
potential for increased surface recombination. The surface roughness and grain size for the TiO, layer from the
AFM are summarized in Table 1.



S. A. Tuama et al. Journal of Applied Sciences and Nanotechnology, Vol. 5, No. 4 (2025)

25.7 nm 3> Levded (LS plre) Atbotl Freslone corve
N 4 ) 100%

Won | f20

40 (15 s s o i B e
2 00 G2 04 065 08 10p |

00
Figure 2: AFM image of the TiO- surface, showing topographical features and grain distribution.

Table 1: Surface roughness and grain size of the TiO layer obtained from AFM analysis.

Average roughness
(nm)

Sample Root-mean square Grain size (nm)

TiO, 50.71 67.68 13.1

3.2. X-Ray Diffraction (XRD) Analysis

The crystalline structure of the deposited TiO- films was investigated using XRD (Fig. 3). The XRD patterns
revealed the presence of both anatase and rutile phases of TiO2, indicating a mixed-phase composition of the
prepared films. Diffraction peaks observed at 20 values 0f 27.5°, 36.1°, 44.3°, and 54.4° were indexed to the (110),
(101), (210), and (211) crystallographic planes of the rutile phase (JCPDS card no. 21-1276) [10]. Additionally,
diffraction peaks at 53.9°, 62.3°, and 68.7° were assigned to the (105), (204), and (116) crystal planes of the anatase
phase (JCPDS card no. 21-1272) [10]. The coexistence of both anatase and rutile phases is further detailed in
Table 2, which tabulates the XRD pattern characteristics.
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Figure 3: XRD patterns of the TiO- film identifying anatase and rutile phases.
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Table 2: Structural details of the TiO, XRD pattern.

Peak position FWHM Crystal size D Average crystal
Sample hkl (50) (Deg.) P ' (nm) sizeg (nm);
(110) 27.5° 0.142 0.127
(101) 36.1° 7.39 1.545
(210) 44.3° 5.59 0.696
TiO; (211) 54.4° 1.131 53.06 17.58
(204) 62.3° 0.063 8.033
(116) 68.7° 0.1814 2.224
(105) 53.9° 3.897 57.40

The XRD reflection peaks exhibited broadening, which is indicative of small crystallite sizes. The average
crystallite size of the TiO; film was calculated to be 17.58 nm using the Scherrer equation [22].

The presence of both anatase and rutile phases in TiO; films is commonly reported in the literature for films
deposited using various techniques, including plasma-based methods [23]. The specific ratio of anatase to rutile
can significantly influence the material's properties, particularly its photocatalytic activity [24]. Anatase is
considered as an active photocatalyst because it has high effective mass of electrons and holes, which leads to less
recombination rate. In addition, the synergistic effect of the anatase-rutile interface can also enhance the charge
separation, which can improve the photocatalytic performance in some cases.

The average crystallite size obtained in our study is of 17.58 nm, which lies within the typical range reported in
literature for nanocrystalline TiO; films when they are deposited at low temperatures [25]. It is known that small
crystallite sizes have a larger surface area, which can be beneficial for photocatalysis applications by providing
more active sites.

3.3. Field Emission Scanning Electron Microscopic

Fig. 4 shows the image of Field Emission Scanning Electron Microscope (FESEM) of the deposited TiO2 nano-
film. The image reveals a heterogeneous distribution of TiO, nanoparticles exhibiting a variety of morphologies
with a mean diameter of 107.22 nm. The distribution of particle size is broad and ranges from a few nanometers
to several tens of nanometers.
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Figure 4: FESEM for TiO2 nano-thin films.

Moreover, FESEM image indicates a lack of uniformity in particle shapes showing spherical, elongated, and
irregularly shaped structures. This morphological diversity likely contributes to the film's antireflective properties
through enhanced light scattering and trapping mechanisms across a wider range of incident light angles and
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wavelengths [12]. The observed agglomeration of nanoparticles may influence the film's surface roughness, which,

in turn, can affect its optical performance by modifying the scattering behavior and potentially increasing the
effective refractive index.

The surface morphology of the TiO, nano-thin film, as revealed by FESEM, plays a crucial role in its effectiveness
as an ARC for silicon solar cells. The broad particle size distribution and the variety of particle shapes can enhance
light scattering, redirecting incident light that would otherwise be reflected back into the silicon substrate for
absorption and conversion into electricity. This is particularly important for broadband antireflection, aiming to

reduce reflection across a wider range of the solar spectrum. Particle sized obtained from the FESEM images for
TiO; nano-thin films are summarized in Table 3.

Table 3: Particles dimensions from the FESEM images for TiO, nano-thin films.

Sample thickness (nm) Size or particles (nm) Average size (nm)

56.86
181.94
110.68
112.59

98.17
83.08

75 107.22

3.4. Optical Properties
3.4.1. Transmittance Spectra

Transmittance measurements were conducted within the wavelength range of 300-800 nm for the TiO coating
deposited on the glass slide. The results revealed that transmittance increased gradually with wavelength up to a
certain point, after which it began to decrease. Fig. 4 illustrates the transmittance as a function of wavelength,
highlighting the optical behavior of the TiO; layer within this spectral range.

The transmittance spectra of the TiO; coating exhibit a wavelength-dependent behavior within the 300-800 nm
range. Initially, transmittance increases gradually with increasing wavelength, indicating greater transparency to
longer wavelengths. However, beyond a critical point, transmittance decreases, suggesting absorption and
scattering effects within the TiO; layer. This wavelength-dependent behavior is crucial for evaluating the coating's
performance in applications like solar cells, where high transmittance in the visible and near-infrared regions is
essential for maximizing light absorption by the underlying photovoltaic material. Fig. 5 illustrates the

transmittance as a function of wavelength, highlighting the optical behavior of the TiO, layer within this spectral
range [12].
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Figure 5: Transmittance spectra of the TiO, coating as a function of wavelength.
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3.4.2. The Reflectance Spectra

The graph presented in Fig. 6 compares the reflectance of a surface with and without a thin TiO, coating across a
specific wavelength range. This type of analysis is crucial in numerous applications, especially in optics and optical
coatings, where controlling reflectance plays a vital role in enhancing the efficiency of optical devices. The figure
demonstrates that the uncoated surface reflects a significant portion of incident light, particularly in the short
wavelength region (blue and violet). This is characteristic behavior for many surfaces, where a significant portion
of incident light undergoes reflection from their top layer. After a TiO- coating, a significant decrease in reflectance
is observed across most of the wavelength range. This reduction indicates that the coating effectively minimizes
the amount of reflected light, thereby increasing the amount of light transmitted into the material. Interestingly,
the coating reduces reflectance to negative values in certain spectral regions. This phenomenon does not suggest
light emission from the surface. Instead, it points to interference between reflected and transmitted light waves.
This interference occurs because of the ultra-thin (75 nm) TiO- layer, leading to a mutual cancellation of these
waves [19].
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Figure 6: The Reflectance Spectra for TiO2 nano-thin films.

3.4.3. Optical Energy Gap

The band gap of TiO, was determined by plotting the curve (ahv)? as a function of photon energy. Fig. 7 illustrates
this relationship, where the intersection of the extended straight portion of the curve with the photon energy axis
represents the value of the direct band gap. For TiO-, the band gap was found to be 3.5 eV. The band gap results
are consistent with values reported in literature.

7 T T T T

1.5 2.0 2?5 3.0 3.5
Energy (eV)
Figure 7: Plot of (ahv)? versus photon energy for TiO,, showing a direct band gap of 3.5 eV.
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The calculation of the band gap was performed using Eqg. (1) [19]:
ahv = A(hv — Eg)" Q)

Where, a is the absorption coefficient, h is the Planck's constant, v is the frequency of the incident light, A is a
material-dependent constant, Eg is the optical band gap, and r is a coefficient determined by the material type and
the nature of the electronic transition.

The calculated band gap value is consistent with that reported in literature, where the range of allowed transitions
of TiO2 nanostructure usually fall in between 3.2 and 3.29 eV. The band gap extrapolation was performed using
Eqg. (1) [19] that relates absorption coefficient (a), photon energy (hv), and the optical band gap (Eg). TiO; energy
gap values are presented in Table 4.

Table 4: Energy gap values corresponding to TiO5.

Sample Energy gap (Eg)
TiO, 35eV
TiO nanostructure allowed transition (3.2 - 3.29) eV [12]

3.5. Electrical Properties

The photovoltaic performance parameters of the silicon solar cell were investigated with and without plasma
deposition of TiO, antireflection coating. The results are presented in Table 5, while Fig. 8 illustrate the I-V curves
of the solar cell before and after the antireflection deposition. I-V characterization demonstrated a substantial
14.12% relative increase in PCE, improving from 10.13% to 11.56%. Table 5 summarizes the performance
enhancement of a solar cell following the application of an anti-reflective coating. Notably, efficiency increased
from 10.13% to 11.56%. This improvement was primarily driven by an improved fill factor (0.614 to 0.639) and
a slight increase in open-circuit voltage Voc (548.4 x 102 V to 562.2 x 10 V). While a minor decrease in short-
circuit current Isc was observed (162.481 x 103A to 160.809 x 102 A), the overall power output increased.

Table 5: Solar cell photovoltaic parameters.

PV Test Before coating After coating
Voc 5484 %103V 562.2x 103V
Isc 162.481 x 10°A 160.809 x 107 A
Vm 405.1x 103V 4251 %103V
Im 134.958 x 107 A 135.968 x 107 A
Pm 54.68 x 103 W 57.80 x 103 W
FF 0.614 0.639
PCE 10.13% 11.56%

Rs 508.0 x 103 Q 4503 x 103 Q
Rsh 6.71 x 10*° Q 228.33x 103 Q

The TiO2 ARC’s high transparency and refractive index explain the Jsc enhancement. This film’s optical bandgap
(3.5eV) means it is transparent throughout the visible spectrum, so it does not absorb useful solar photons.
Experimentally we saw much higher transmittance and lower reflectance after coating, indicating a reduction in
reflection losses and improved light absorption. Consistent with these findings, our coated cells exhibit higher Jsc
(and thus higher PCE) because the high-index (~2.3-2.4) of TiO. layer at roughly quarter-wave thickness
minimizes front-face reflection. The result is more photons reaching the Si absorber. Voc and FF are less directly
affected by the coating (being dominated by device resistances), so the ARC’s main effect is in raising Jsc.
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Figure 8: 1-V curves of the silicon solar cell with and without TiO plasma deposition.

The resistances Rsh (shunt resistance) and Rs (series resistance) play crucial roles in the overall performance of
solar cells. Low Rsh causes leakage currents, while high Rs results in a decreasing current flow. As shown in
Table 4, The Rs decreased from 508.0 mQ to 450.3 mQ after depositing the TiO antireflection layer, indicating
enhanced charge transport and reduced resistive losses. In contrast, the Rsh dropped significantly from 6.71 kQ to
228.33 Q, suggesting potential defects or leakage pathways introduced during the coating process. Our results
illustrate the classic roles of series and shunt resistances. A low Rs minimizes voltage drop under load (preserving
FF), while a high Rsh (little leakage) preserves Voc and FF [26][27]. We observed a slight decrease in Rs after
coating, implying marginally improved conduction (perhaps via the TiO, surface layer or contact coverage).
Importantly, theory and experiments both show that devices with low Rs and high Rsh achieve the best FF and
Voc, whereas a low Rsh depresses Voc and FF [27]. In our case, the slight Rs improvement should benefit FF, but
the dramatic Rsh loss would suppress both Voc and FF. Thus, the net efficiency increase (14%) is driven primarily
by photocurrent gains, while the new leakage paths limit FF, which is consistent with observing a higher Jsc but
only a modest FF in the coated device.

14.12% relative PCE gain (from 10.13% to 11.56%) is modest compared to some reports of TiO, ARCs. For
example, Hocine et al. showed an ~27% efficiency increase on mc-Si by Atmospheric Pressure Chemical Vapor
Deposition (APCVD) TiO, deposition, and Lien et al. (2006) reported a ~39.5% boost using a triple-layer
SiO./TiO; stack [28]. More recently, Alkallas et al. (2024) achieved ~19-20% PCE on crystalline Si with a
sputtered TiO2:Al,O3 blend [29]. These disparities reflect differences in coating methods and film properties: high-
index, vacuum-deposited TiO, films tend to suppress reflectance more completely (and thus drive larger Jsc gains)
than simpler spin-coated sols, but at greater process complexity [28][29]. In this light, our ~14% improvement is
consistent with other single-layer, solution-derived TiO, ARCs: it yields a significant Jsc gain from reduced
reflectance but does not approach the extreme enhancements seen with multilayer or nanostructured ARCs. Lungu
et al. also noted that adding thicker TiO, buffer layers can increase Rs and lower FF [30], whereas we saw the
opposite trend in Rs. These results underscore the effectiveness of anti-reflective coatings in enhancing solar cell
performance [12].

Despite the overall improvement, the significant drop in Rsh suggests potential defects or leakage pathways
introduced during the coating process that limited the full potential of the optical gains. Future work must address
these shunting defects (e.g., by optimizing the TiO, deposition) to fully realize the optical gains and further
enhance the photovoltaic performance.

4. Conclusions
This study successfully demonstrated the efficacy of employing a thin (75 nm) TiO; antireflection coating,
deposited via a cost-effective DC glow discharge plasma technology, to enhance the efficiency of p-n junction
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silicon solar cells. The optimized deposition process yielded a macroscopically uniform TiO; layer that facilitated
a notable increase in PCE from 10.13% to 11.56%. Structural (XRD) and surface morphological (AFM, FESEM)
characterizations revealed a nanocrystalline, mixed-phase TiO, film with a specific surface roughness that
contributed to improved light trapping. This optical characterization highlights the favourable transparency and
refractive index of the TiO, coating, which are crucial for reducing surface reflectivity and maximizing light
absorption within the silicon absorber layer. The significance of these findings extends beyond a simple efficiency
gain. In the context of sustainable development and cleaner energy production, enhancing the performance of
existing silicon solar cell technology through cost-effective and potentially less environmentally impactful
methods like plasma deposition is crucial. Compared to traditional chemical vapor deposition or sputtering
techniques, DC glow discharge plasma systems often require less complex infrastructure and can operate at lower
temperatures, potentially reducing energy consumption and hazardous waste generation. The use of TiO,, an
abundant and non-toxic material, further aligns with green chemistry principles.
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