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Abstract

For global energy supply and demand to be reached, non-traditional energy sources like photovoltaic
(PV) technology are crucial. With a market share of 95% and an efficiency range of 20 to
25%, crystalline solar cells (c-Si) based on aluminium back surface (Al-B.S.F.) and passivated emitter
and rear contact (P.E.R.C.) exhibit efficiency levels of 20% and 25%, respectively. The SHJ solar cells
have passivation of i:a-si:H and doped a-Si:H, enabling 26.7% efficiency; however, the fabrication
process is complicated for doped a-Si:H contacts and emits hazardous gases, and energy losses from
parasitic absorption and Auger recombination are still present. Transition metal oxides (TMOs) contacts
as an alternate can be fabricated at low temperatures and have more economical, opto-electrical, and
other properties that can reduce energy losses. TMOs act as carrier-selective contacts, allowing one kind
of charge carrier to pass while obstructing the other. TMOs with double-asymmetric heterocontact with
an efficiency of 24.83% have been attained by c-Si solar cells and a potential of above 28.4%. By
adjusting TMOs deposition thickness, assessing passivation quality, and measuring Vo, lsc, and FF using
a solar simulator with Keithley, the I-V measurement, and different spectroscopy, it is possible to
experimentally choose the TMOs material and tune it with c-Si for good passivation. By reducing
manufacturing costs and establishing a levelized cost of energy (LCOE), solar power becomes more
competitive and economically viable.

Keywords: Crystalline Silicon Solar cell, Transition Metal Oxide (TMO), Passivated Contacts, Cost-
Effective , Interface, Carrier Selectivity.

1. Introduction

Photovoltaic technology (PV) has been the dominant competitor for decades due to its sustainable and
reliable nature, 95% market share, and longer stability (Wang Y. et al., 2023; Ballif et al., 2022). Doping
of hydrogen with a-Si is used in commercial solar cells; these amorphous silicon layers are carrier-
selective but emit hazardous gases during the doping process, and for safety purposes, it increases the
thermal budget (Zeng Y et al., 2022). Another barrier to improving PV device performance is that both
p- and n-type hydrogenated amorphous silicon have a small energy band gap. Due to their intrinsic de-
fect states and energy loss by parasitic absorption and Auger recombination, they emit toxic and flam-
mable fumes that damage the environment and are expensive (Liu et al., 2020; Wang Y et al., 2023).
SHJ technology, consisting of a doped a-Si:H coating for contact creation, has the highest efficiency of
26.7% with interdigitated back contact (IBC) (Masmitja G. et al., 2018), which is less than the theoreti-
cal maximum limit of 29.43% (Shockley W. et al., 2018). It can be replaced with hole- and electron-
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selective molybdenum trioxide (MoOz) and titanium oxide (TiO.) of transition metal oxide (TMO) to
reduce parasitic absorption and energy band offset issues (Koswatta P. et al., 2015; Masmitja G. et al.,
2022; Mehmood H. et al., 2020).

TMOs are affordable, readily accessible, have a wide range of job functions, and have the advantage of
being optical and easily depositionable on silicon wafers.Many transition metal oxides have carrier se-
lectivity due to their altering work function, which causes an oxygen vacancy in the metal. TMOs can be
hole- or electron-selective, depending on the cations or metallic vacancies. Large work functions, such
as Mo03, WO3, and V205, easily align with the silicon surface's valence band. A low-valence band
offset hole can travel through while electrons are inhibited at the interface. Because of their low work
function and electron affinity, TiO2, ZnO, Nb2Os, and other materials operate as electron-selective con-
tacts. Metal oxide's conduction band coincides with the silicon energy band, resulting in a low conduc-
tion band offset that allows electrons to flow while blocking holes with a broad valence band offset.
SiO acts as a passivation, inducing band bending while preserving the electric field for tunnelling
charge carriers.When trivalently doped with hydrogenated amorphous silicon, it is hole-selective, where
as pentavalently doped with hydrogenated amorphous silicon is electron-selective. When a-Si:H is p-
doped and replaced with MoOQs, the solar cell reaches 22.5% efficiency (Bullock J et al., 2019).TiO2 re-
places n-doped a-Si:H in a SHJ solar cell, resulting in a 21.2% efficiency (Cao Y. et al., 2020).When
both doped a-Si:H connections in the SHJ solar cell are replaced by TMOs contacts, the maximum effi-
ciency of 23.5% is attained, with an additional potential of 28.4% (Dréon J. et al., 2020; Michel J. Ibarra
et al., 2023).Through simulation, it was observed that the efficiency was up to 24.83%, employing MoO3
and TiO: as hole and electron selective contacts with thicknesses of 07 nm and 5 nm, respectively, and
SiO; as a passivation layer with a thickness of roughly 1 nm (Mehmood H. et al., 2020) and a potential
of more than 28.4% (Michel J. Ibarra, et al., 2023; Imran H. et al., 2016).

Using TMO contacts, the performance of the c-Si solar may be enhanced with interdigitated back con-
tact architecture technology (Allen TG. et al., 2019). If it is possible to experimentally choose the TMO
material and tune it with c-Si for good passivation, solar power becomes more competitive and econom-
ically viable (Battaglia C, et al., 2016 ; Wong T.K.S. et al., 2022 ; Garcia-Hernansanz R. et al., 2023).

2. Fabrication of Experimental Cell
The novel design and configuration of a solar cell are shown in Figure 1.

Contact

ITO

Figure 1: Novel Design of TMO Contact c-Si Solar Cell.
The novel solar cell utilizes titanium oxide as an electron-picking contact and MoOs as a hole-selective
contact. Silicon wafers of n-type, Czochralski, or floating zone are used, and R.C.A. | and R.C.A. Il so-
lutions in 2% HF are used for cleaning the wafer (Patwardhan S. et al., 2018). Thermal evaporation, or
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atomic layer deposition (ALD) or pulse laser deposition (PLD), is used to grow the MoOs3 film on one
side while the TiO2 film is grown on the other (Kumari J. et al., 2020). SiO; is deposited on both sides of
a thickness around 1.2 nm, or the SiO> layer is inherently present on a silicon wafer of thickness 1 to 2
nm after cleaning by RCA | and RCA Il when not dipping in HF (Lin H et al., 2023). ITO serves as an
anti-reflection coating on the front surface of the MoOs layer, with Ag deposited at the front and Al de-
posited at the rear surface (Sagar R. et al., 2020). The Si wafer is kept within the chamber during thermal
evaporation for TiO2 deposition. Tetrakis dimethyleamido titanium and water steam are employed as
precursors for titanium and oxygen, respectively, at temperatures < 200 °C (Yu C. et al., 2018). Ozone
and Mo(CQO)e are used as precursors for Mo and oxygen deposition of MoO3 films on Si wafers. The
pressure in the chamber remained constant at 1 Torr throughout the experiment. MoO3 films are grown
to a thickness of 7 nm, TiO2 is 5 nm, and ITO is RF sputtered to a thickness of 80 nm at ~200 °C
(Sanyal S. et al., 2019). 300 nm Ag is evaporated to metalize the device's front using a shadow mask
with a bus-bar and finger pattern. Solar devices utilize silver and aluminium contacts for anode and
cathode electrodes, respectively, with a single ITO antireflection coating at the top interface for efficient
solar energy production (Mehmood H. et al., 2020; Patwardhan S. et al., 2018).

3. Experiment with Two Different Configuration of Devices

Device 1: MoO3 thin film deposited on the front of the Si wafer (without passivation), as hole-selective
contact with an ITO coating as an anti-reflection coating (ARC), and above that, a silver coating with a
bus bar pattern on the front, while Al is coated on the back surface of the silicon wafer, as shown in the
upper part of figure 2 (Dhar A et al., 2020). The energy band diagram is shown in figure 2.
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Figure 2: Energy Band Diagram Analysis of Devices 1
MoOz's high work function of 6.9 eV aligns the Fermi level closer to the valence band of the c-Si ab-
sorber, creating a wide Schottky barrier and a narrow barrier for electrons and holes so that the holes
collected at the anode terminal and electrons at the cathode. Molybdenum oxide work function depends
upon the number of O vacancies within the TMO layer (Mehmood H. et al., 2019). If the number of ox-
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ygen vacancies increases, then work function will be less due to the increasing number of defect levels,
and the donor level is nearing the conducting band (C.B.). A solar cell with a configuration of MoOXx/cSi
(where x represents the oxygen vacancies) has the performance of a device with varying thicknesses (5
nm, 7 nm, 10 nm, and 15 nm) of MoOx with the Si wafer, and the efficiency is achieved at 14.05%,
18.69%, 16.56%, and 13.21%, respectively. It was found that a MoOg thickness of 7 nm with a Si wafer
achieved an efficiency of 18.69%, which is the maximum due to its good passivation with The silicon
surface generates a greater electrical field. At a thickness greater than 15 nm, both the fill factor and ef-
ficiency are reduced due to increased defect volume, parasitic absorption, increasing recombination loss-
es, and the potential barrier height for holes (Mehmood H. et al., 2020).

Device 2: It is device 1 with SiO2 passivation in which both sides of the polished n-type silicon wafer on
one side, MoOs, and on the rear side, TiO2, are deposited by thermal evaporator/atomic layer deposition
or pulse laser deposition (Messmer et al., 2018). On the molybdenum trioxide surface, ITO coating of
around 80 nm is done, as is silver coating for anti-reflection coating, and on the back surface, Al coating
is both around 200 nm. The energy band diagram as shown in figure 3 of solar device-2, in which the
SiO; passivation layer is 1.2 nm and TMO asymmetric heterocontact MoO3 as hole-picking and TiO- as
electron-picking contact to increase the electron potential barrier by more than 5 eV, Electrons are
blocked at the upper interface and tunnel into ultra-thin SiO> at the back for collection at the negative
electrode, while holes are directed towards the anode (Plakhotnyuk MM | et al., 2017 ; Mehmood H., et
al., 2020).
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Figure 3: Energy Band Diagram Analysis of Devices 2.
Further optimization of hole and electron selective contact with c-Si data can help find the appropriate
combination of electron and hole carrier selective contacts (Messmer et al., 2018). TMO asymmetric het-
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erocontact solar cells can achieve efficiencies of MoO3 as hole-picking and TiO2 as electron-picking
contact of around 23.5% (Garcia-Hernansanz R, et al., 2023), while TMO double-asymmetric heterocon-
tact/passivated contacts with a SiO2 passivation layer of 1 nm and c-Si solar cells have an efficiency of
24.83%. and a further potential of more than 28.4% (Yoshikawa K, et al., 2017; Michel J. Ibarra, et al.,
2023). The next step should be to optimize current carrier-elective substances and contact architectures
by employing novel contact and interfacial passivation substances, cost-effective deposition processes,
and unique device designs, including fully back-contact (Almora et al., 2017; Michel J. Ibarra et al.,
2023).

4. Variation of Efficiency with Work-Function of MoOx

The work function of molybdenum oxide depends upon the number of O2 vacancies; when vacancies
increase, the work function will be less due to the increasing number of defect levels, and the donor level
is nearing the conduction band (C.B.). (Melskens J. et al., 2018). The effect of the work function of
MoOx on the energy band diagram is that with a low work function of 4.5 eV, the energy band stays
practically flat. Incorporating SiO> with a c-Si absorber causes band bending with the valence band of c-
Si. More holes will be able to pass the insulator barrier by tunneling, in contrast to the growing barrier
that those holes must encounter with low-function MoOx (Liu Y. et al., 2021 Z Zhao Y. et al., 2023).
The effective hole barrier's height at the SiO2/c-Si interface was reduced from 5.5 to 3.5 eV, increasing
the chance of hole tunnelling through SiO> while also increasing electric field strength. MoOx with a
very thin layer can thus allow the conveyance of tunneled holes, thereby enhancing the photovoltaic en-
durance of the device (Martin I, et al., 2023). The maximum simulated open-circuit of 785 mV was
reached with a MoOx work function of 6.9 eV, resulting in a productivity of 24.83% for the doping-free
asymmetric heterocontact device employing SiO> as the passivation layer so far (Wu W, et al., 2018;
Kang D, et al., 2023). The band bends significantly for SiO2, corresponding to an increased electric field
intensity of more than 109 V/m, as illustrated in Figure 4.
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Figure 4: Graph Plotted Between Electric Field and Work function
Hence, for doping free asymmetric heterocontact solar cells employing SiO> as passivation layers, de-
ploying MoOx with a greater work function improves the charge transportation properties of PV devices
(Nagamatsu K.A. et al., 2018; Schmidt J. et al., 2018).
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5. Variation of Efficiency with Thickness of Passivation Layer.
The wideness of SiO2 as a passivation coating is an important parameter that determines The J-V
features associated with solar cells are presented in Figure 5.
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Figure:5 J-V Graph with Different Thicknesses of SiO2

In Figure 5, better performance is found with a SiO; thickness of around 1 nanometer. When the wide-
ness of SiO> increases, the Jsc or (Isc/A) decreases due to the recombination of carriers, and the fill factor
of the device decreases with a wideness greater than 1.2 nanometers. Device -2, featuring around 1 nm
SiO,, exhibited a Voc of 785 millivolts, a Jsc of 41.0 milliamperes/cm?, a fill factor of 77.00%, and 1 of
24.83% by simulation (Mehmood H. et al., 2020). The fill factor and Jsc of Device-2 were slightly re-
duced to 77% and 41.0 milliamperes/cm? due to defects within SiO2 contributing to low recombination
whenever the charge carriers are tunneling (Liu Y. et al., 2021). The recombination aspect may not low-
er the photovoltaic performance of the device for a lower value of contact resistivity (pc) and interface
defect states (Dit), The work-function of MoOz3 has been optimized to 6.9 eV and approximately 4.0 eV
for TiO2, a voc of more than 780 millivolts, an efficiency of 24.83%, and a potential of more than 28.4%
(Green M. et al., 2022). Device-2 facilitates the deposit of TMOs with carrier-selective interfaces and
SiO> coatings with a reduced thermal budget (Michel J. Ibarra et al., 2023).

6. Result and Discussion

Device -1 (MoOx/c-Si), the performance of a device with varying thicknesses (5 nm, 7 nm, 10 nm, and
15 nm) of MoOx with the Si wafer, and the efficiency are achieved at 14.05%, 18.69%, 16.56%, and
13.21%, respectively (Yang X et al., 2016). It was found that a MoOs thickness of 7 nm with a Si wafer
achieved an efficiency of 18.69%, which is the maximum due to its good passivation with the c-Si sur-
face, which results in a greater electric field. At a thickness greater than 15 nm, both the fill factor and
efficiency are reduced due to increased defect volume, parasitic absorption, increasing recombination
losses, and the potential barrier height for holes. TMO asymmetric heterocontact solar cells can achieve
efficiencies of MoO3 as hole-picking and TiO2 as electron-picking contact of around 23.5% (Yan D. et
al., 2018; Markose K.K. et al., 2020).

Device-2 TiO2 and MoOs as electron and hole selective contacts, with SiO as the passivation layer, a
novel c-Si solar cell consists of molybdenum oxide and titanium oxide as hole- and electron-choosing
interfaces with a passivation of 1 nm. SiO2 enhanced the energy barrier height up to ~5 eV by inserting
stacks of SiO2/TiO2 (Liu Y. et al., 2021). The higher work function of molybdenum oxide induced sig-
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nificant band distorting at the front, while TiO2, which has low electron affinity, decreased the potential
barrier on rear contacts. Contact-specific resistance of around 10 milli-Ohm cm and a wideness of 7 na-
nometers for MoOs, TiO2 of 5 nm, and inserting the SiO2 layer with MoO3 elevated the band bending,
which reduced the hole barrier height. The thickness of 1 nm SiO> helps in tunnelling the majority of
charge carriers through it (Ritcher A. et al., 2021). impressive Vo of 785.00 milli-volt, Jsc of 41.0 milli-
ampere/cm?, fill factor of 77.00%, efficiency of 24.830%, and a further potential of more than 28.4%
(Michel J. Ibarra et al., 2023). A solar cell made of SiO> as a passivation layer and incorporating MoOs
and TiOz as holes as well as electron-selective contacts is abundant in nature and cost-effective (Para-
shar PK et al., 2021). It improves the potential barrier against minority carriers with increased band
bending at both interfaces and increasing efficiency up to 24.83% (Michel J. Ibarra et al., 2023). Device
2 is treated as a next-generation SHJ structure using transition metal oxide carrier-choosing contacts and
passivation by SiO. It reduces the thermal budget and can be used commercially (Wong T.K.S. et al.,
2022).

7. Conclusion

c-Si is the leading photovoltaic technology, having a 95% share of the market worldwide and having a
longer stability of more than 20 years. For the performance improvement of c-Si solar cells, it is crucial
to focus on improving their passivation and efficiency. The efficiency of SHJ c-Si solar cells is currently
at 26.7%, with significant improvements due to passivated contacts of doped a-Si, which damage the
environment and are expensive. The carrier-selective TMO passivated contacts are essential for reducing
recombination and parastic absorption. In this article, we present a novel fabrication of solar cells with
TMO contacts (TiO2 and MoO3) as electron and hole-selective contacts as an alternative to doped a-Si:H
contacts, which is cost-effective and eco-friendly. Different thickenings of MoOs are used, and we find
that at 7 nm, TiO2 at 5 nm, and a SiO> passivation layer of 1.2 nm best optimizes, with the silicon sur-
face and achieves an efficiency of 24.83%. By adopting an interdigitated back contact (IBC) structure
with SHJ-based transition metal oxide contact, the efficiency can be improved, and this technology has a
potential of more than 28.4%. TMO passivated contacts for c-Si solar cells, which have generated inter-
est and the potential to lower the manufacturing expenses and, as a result, provide a levelized cost of en-
ergy (LCOE) to our society with eco-friendliness in the era of global warming.
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