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Abstract: In addition to the different technologies of silicon solar cells in crystalline form, TOPCon
solar cells have an exceptionally great efficiency of 26%, accomplished by the manufacturing scale
technique for industrialization, and have inordinate cell values of 732.3 mV open-circuit voltage
(Voc) and a fill factor (FF) of 84.3%. The thickness of tunnel oxide, which is less than 2 nm in the
TOPCon cell, primarily affects the electrical properties and efficiency of the cell. In this review, various
techniques of deposition were utilized for the layer of SiOx tunnel oxide, such as thermal oxidation,
ozone oxidation, chemical oxidation, and plasma-enhanced chemical vapor deposition (PECVD). To
monitor the morphology of the surface, configuration of annealing, and rate of acceleration, a tunnel
junction structure of oxide through a passivation quality of better Voc on a wafer of n-type cell might
be accomplished. The passivation condition of experiments exposed to rapid thermal processing
(RTP) annealing at temperatures more than 900 ◦C dropped precipitously. A silicon solar cell with
TOPCon technology has a front emitter with boron diffusion, a tunnel-SiOx/n+-poly-Si/ SiNx:H
configuration on the back surface, and electrodes on both sides with screen printing technology.
The saturation current density (J0) for such a configuration on a refined face remains at 1.4 fA/cm2

and is 3.8 fA/cm2 when textured surfaces of the cell are considered, instead of printing with silver
contacts. Following the printing of contacts with Ag, the J0 of the current configuration improves to
50.8 fA/cm2 on textured surface of silicon, which is moderately lesser for the metal contact. Tunnel
oxide layers were deposited using many methods such as chemical, ozone, thermal, and PECVD
oxidation are often utilized to deposit the thin SiOx layer in TOPCon solar cells. The benefits and
downsides of each approach for developing a SiOx thin layer depend on the experiment. Thin SiOx

layers may be produced using HNO3:H2SO4 at 60 ◦C. Environmentally safe ozone oxidation may
create thermally stable SiOx layers. Thermal oxidation may build a tunnel oxide layer with low
surface recombination velocity (10 cm/s). PECVD oxidation can develop SiOx on several substrates
at once, making it cost-effective.

Keywords: tunnel oxide deposition techniques; TOPCon solar cell fabrication methods; TOPCon cell
efficiency improvement; nano-scale SiOx; chemical and thermal oxidation; PECVD

1. Introduction

Progress of several technologies of renewable energy is of great importance to focus
on the energy supply of the world. In addition to various technologies of renewable
energy, solar photovoltaic (PV) technology has specific advantages due to its infinitely
accessible source of energy, its ecologically benign nature, and applicability for a sustainable
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future. Consequently, solar PV technology has become the most important energy process
for several locations in resolving their energy shortage [1–3]. The evolution of silicon
PV technology kicked off in 1954 has reached a stage close to its saturation in terms of
conversion efficiency through various modifications in the design and structure of solar
cells as shown in Figure 1 [4,5]. Tunnel Oxide Passivated Contact (TOPcon) silicon solar
cells are the dominant ones in current industrial production. Meanwhile, double-sided
TOPCon solar cells and modules are being developed in various industries, with the
highest direct conversion efficiency of 25.3%. The most common reason for the reduction
in solar cell efficiency is due to enhanced carrier recombination between metal electrodes
and silicon junctions for which silicon oxide (SiOx)/poly-Si interfaces were developed
to minimize recombination. The polysilicon layer for passivated contacts is formed by
various deposition techniques, and the properties of such polysilicon vary depending
on the deposition method [6,7]. Conversion efficiency is the most crucial performance
parameter of solar cells. Over the past few decades, scientists have established a wide
variety of material resources and research to improve solar cell conversion efficiency [8–10].
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Figure 1. Crystalline silicon solar cell efficiency trend to date.

Yablonovitch suggested that the absorber should be sandwiched between two wide-
gap materials with opposing doping in his ideal solar cell in 1985, which he called “built in
the form of a double heterostructure” [11]. Some researchers adopted polysilicon connec-
tions similar to solar cells in the 1980s to enhance open-circuit voltage (Voc) as a result of the
commercial success of polysilicon emitter technology (which was proven by Yablonovitch)
in high-speed logic circuits. As a result, a team of researchers from Germany [12] adopted
Yablonovitch’s strategy and developed TOPCon, abbreviated as Tunnel Oxide Passivated
Contact (TOPCon). A silicon layer doped with phosphorus and a very thin tunnel oxide
form TOPCon. With high-temperature processes such as diffusion, it provides a very simple
processing strategy [12].

The ground-breaking passivated contact solar cell TOPCon was developed by the
Fraunhofer Solar Energy Institute in Germany. Passivation is a crucial method for find-
ing the cell’s maximum efficiency, as shown in the schematic below (Figure 2) [13]. The



Energies 2022, 15, 5753 3 of 29

TOPCon cell makes use of a cutting-edge and highly effective passivation contact tech-
nique, a micro-nano tunneling oxide layer, and a functional structure fabricated of the
laminated microcrystalline silicon film and carrier selection. The electrical conductivity and
passivation performance of this new structure display a two-way improvement, leading to
substantial increases in power output and cell conversion efficiency [14]. The structure of
the tunnel oxide layer further reduces subsurface recombination, significantly increasing
cell conversion efficiency, with a range of 28.2 to 28.7%.
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Figure 2. Schematic representation of the tunneling oxide passivated contact (TOPCon) solar cell
layout and elemental fabrication.

In addition, the TOPCon cell requires significantly more silver in the metallization
than PERC, roughly 130–150 mg per piece as opposed to 85 mg with PERC, which raises
cell prices even more. Another issue is the cost of human resources, which is more for
TOPCon and harder to reduce than for HJT because of the latter’s intricate nine or even ten
manufacturing methods. Leading PERC cell manufacturers continue to work on TOPCon
despite these challenges. According to Jinko, “comparing TOPCon with HJT in numerous
aspects, presently stand for TOPCon” [15].

The most likely candidate to replace PERC, reach its maximum efficiency, and become
a common solar cell in the future generation is TOPCon, according to (Zhao 2021) [16].
Despite having a high-efficiency limit, HJT has a high long-term cost. The capacity devel-
opment tendency of TOPCon is also the highest in the short term compared with n-type
HJT and IBC technologies, which is why we are hopeful about n-TOPCon technology,
according to [16], because the potential for efficiency and stability of TOPCon is greater.
High LID and LeTID degradation have been a problem for PERC cells for a long time. The
possibility of LID and LeTID degeneration is, however, entirely eliminated by the use of
n-type crystalline silicon in the TOPCon cell. The n-type increases by 0.5% in the LID test,
but the conventional p-type decreases by 5%, according to the findings in [16]. Additionally,
TOPCon’s eventual efficiency is close to 28.7%, which is much higher than PERC’s 25%
and HJT’s 27.5% and far better than the expected maximum efficiency of monocrystalline
silicon of 29.43% [16].

This review primarily focuses on the passivation mechanism in Tunnel Oxide Pas-
sivated Contact (TOPCon). This review also examines various methods of deposition
development, and utilization of tunnel oxide layer, for TOPCon solar cells applications.



Energies 2022, 15, 5753 4 of 29

In order to fabricate the tunnel oxide layer for TOPCon solar cells, many techniques
are in practice across the globe. TOPCon solar cells mainly employ the PECVD oxidation,
chemical oxidation, thermal oxidation, and ozone oxidation processes as described in this
study, to deposit the thin layer of SiOx. Depending on the experimental circumstances,
each approach has advantages and disadvantages when it comes to creating the necessary
SiOx thin layer. As a matter of fact, chemical oxidation using HNO3:H2SO4 is a simple
wet process used to deposit a thin SiOx layer at temperatures as low as 60 ◦C. Similarly, it
is possible to grow more stable SiOx layers via ozone oxidation, which has the benefit of
being ecologically friendly. The SiOx layer is also grown by thermal oxidation for which the
surface recombination velocity was achieved as low as 10 cm/s. SiOx deposition by PECVD
is a cost-effective approach for growing SiOx layers on numerous substrates at once.

2. Development Progress of TOPCon Solar Cells

The efficiency of conventional industrial solar cells increased by 0.5 to 0.6% annually
and is approximately 22% along with the structure of passivated emitter rear cells (PERC)
during recent years [17–19]. While the efficiency of Si solar cells has reached 23%, the
majority of the loss of recombination in these solar cells is caused by metal contact. Con-
sequently, contact passivation has been a research concern of solar cells owing to various
lapses. Numerous sources and structures were investigated, but this manufacturing con-
cern extends to TOPCon as well [20]. In the TOPCon cell, the metal does not come into
direct contact, a substitute, a nano-scaled tunneling oxide is deposited with a highly doped
layer of n-poly or p-polysilicon that contacts the end metal. The function of the device
is not influenced by the tunneling oxide as the tunneling oxide prevents a single form of
carrier. Consequently, such arrangements of the cell structure are frequently described as
passivating contacts. In 2010, interdigitated back contact (IBC) cells were fabricated by the
SunPower Corporation by utilizing the passivating contacts [21]. Fraunhofer ISE fabricates
TOPCon cells with 25.8% efficiency, [22,23] and POLO-IBC (poly-Si on oxide-interdigitated
back-contacted) solar cells with 26.1% efficiency [24] were identified as having a 4 cm2

surface area. Motivated by such outstanding study developments, attempting to establish
passive contacts in industrial-scale solar cell fabrication is intriguing. Nevertheless, there
are several manufacturing conditions to be concerned about. At present, a large silicon
wafer having dimensions of 156.75 × 156.75 mm2, 161.7 × 161.7 mm2, 166 × 166 mm2,
182 × 182 mm2, 210 × 210 mm2, or more is utilized. Moreover, a polysilicon deposition
system is required for a high-efficiency solar cell because the roles of polysilicon are contact,
in-diffusion barrier action, field-effect, gettering, and light absorption. However, there are
approximately four distinct methods for commercial-scale fabrication: low-pressure chemi-
cal vapor deposition (LPCVD), ref. [25] plasma-enhanced CVD (PECVD), ref. [26] inline
atmospheric pressure CVD (APCVD), ref. [27] and sputtering system [28]. Assessment of
continuous utilization of such deposition methods for the photovoltaic industry is currently
in its early development stage. Thin polysilicon film metallization is the third substantial
requirement, and the process employed in the industry is high-temperature screen print-
ing. At high temperatures, after the destruction of the firing-through paste, the task is
to ensure the nano-scaled deposition of the tunnel oxide/poly-Si layer. Firing with Ag
paste eliminates the nano-scale polysilicon layer that transforms Ag nanoparticles into
c-Si and additionally improves the saturation current density J0 at the passivating contact
section [29]. The metal contact saturation current density was studied at approximately
35 fA/cm2 [30]. The layer of polysilicon with a thickness of more than 150 nm can endure
firing at high temperatures, and alternatively, these layers of polysilicon have a larger
absorption coefficient [31] and originate absorption losses. The improvement of suitable
metal pastes is currently disputed in the manufacturing of photovoltaic cells in the industry.
Irrespective of the current challenges, by analysis of the “Levelized cost of electricity”
(LCOE), TOPCon solar cells having n-type configuration are strong contenders for the
majority next to the efficiency of PERC cells to increase up to 23% [32,33]. Recent research
launched a newly constructed TOPCon cell; a maximum efficiency of 24.58%, and 716.8 mV
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Voc was recorded. Such components are presently produced at a large scale by many
companies [34].

With the application of advanced technologies, traditional solar cells having the
formation of p-type polycrystalline silicon were substituted by the cells of aluminum back
surface field (Al-BSF) along with passivated emitter rear contact (PERC) solar cells [8,35].
The formation of PERC cell minimizes the losses caused by electrical and optical parameters
with the combined layer of dielectric passivation on the backside. The selection of the
material for the Al2O3/SiNx layer of passivation, wherein Al2O3 is deposited next to the
SiNx layer, can improve by SiNx metallization [36].

Of late, PERC solar cells have been receiving a lot of attention owing to their minimum
recombination losses and ability to hold the enhanced and improved efficiency in conjunc-
tion with Voc. Such a type of solar cells can be feasible because of the deposition o the
insulating layer at the backside after constricted deletion to endure the metal contact of the
absorber. LONGI solar accomplished the best efficiency of 24.02%, and the polycrystalline
solar cell by Jinko achieved 22.04% efficiency with the technology of PERC solar cell [37,38].
The improvement in the technology of PERC solar cell is primarily concentrated on the
construction of the emitter, replacement with multiwire interconnection from rectangular
bus bars system, management of extensive lifetime of the cells, etc. The international
directive of PV evaluations estimated that the technology of PERC solar cells has fast
progress of greater than 60% more than the past decades. The design of PERC solar cells
deteriorates by light-induced degradation (LID) and potential-induced degradation (PID),
which considerably influence the working of the solar cell [39,40]. The heterojunction (HJ),
heterojunction back contact (HBC), heterojunction with an intrinsic thin layer (HIT), and
interdigitated back contact (IBC) solar cells are some of the supplementary technologies in
the solar cell industry accompanied by PERC solar cells that have noticeable progress in
solar cell efficiencies. The development of similar technologies in the years from 2010 to
date and the forecast for future evaluation are shown in Figure 3 [14]. It can be envisaged
from the graph that the technologies of TOPCon and HBC solar cells have great future
potential because they are highly efficient and industrialized extremely fast. A total of 24%
efficiency was achieved by SunPower in 2010; in 2016, the maximum solar cell efficiency
was approximately 25.3%, utilizing the IBC solar cells [41,42].
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The technological design of IBC along with HIT solar cells had a recent maximum
efficiency of 26.7% [43,44] because of which HIT technology has moved to industrial
production from laboratory research in recent years. On a commercial scale, the production
cost of HIT solar modules is extremely expensive in comparison with PERC solar modules
owing to exclusive substantial resources; for example, the silver paste of minimum working
temperature and less consistency by the necessary industrial development of PV modules.

The recent structures of solar cell were recommended by a nano-scale silicon oxide
passivating layer as well as carrier contact incapacitated by poly-Si. Using the advantage of
HIT solar cell surface passivation and defeating the commercial inconsistency efforts by a
recognized indoctrinated PERC manufacturing system, a preliminary attempt was made
with the existing method in bi-polar junctional transistors in the 1970s [45]. A thin layer
of SiOx was effectively combined by incapacitating the poly-Si to construct the structure
with passivating contact. Such kinds of solar cells including poly-Si or oxide contact are
known as polysilicon on oxide (POLO) or Tunnel Oxide Passivated Contact (TOPCon) solar
cells [46,47].

TOPCon solar cells have experienced an immense rise in their manufacturing tech-
nologies and efficiency since 2010, as indicated in Figure 3 [48]. Comprising the IBC contact,
25.8% efficiency was accomplished, which is relatively greater than that of the HIT (25.2%)
solar cell. The development in the efficiencies of TOPCon solar cells explains the excep-
tional grade solar cells that can be fabricated in extremely marginal manufacturing phases.
Carrier transport appears because of the nano-scale layer of tunnel oxide by quantum
tunneling, and by managing the surface recombination maximum open-circuit voltage Voc
can be achieved [49]. The most recent study achieved 26% solar cell efficiency with a rear
junction solar cell design which means the “emitter” is close to the rear surface instead of
close to the front surface. In comparison with traditionally fabricated commercial bifacial
solar cells, in which the rear side of the cell has metal grids rather than a full area covered
with metals, the light reflected from the ground/roof (albedo) can enter the rear side and
be absorbed by the solar cells again and increase the power output [50].

The foremost and necessary factors limiting c-Si solar cells are the recombination
loss in metal contact and current-transport pathways in two or three dimensions. At the
c-Si or oxide interface, by providing chemical passivation, the minimum defect density
(Dit) that behaves as an impediment for the scattered doped material to c-Si from the
poly-Si is utilized, although consequently the transport of charge carrier by the c-Si to
the poly-Si is permitted. Along with reducing the further conduction of another charge
carrier, it can be decreased by incapacitating the poly-Si that has outstanding conduction
for individual charge carriers [46,49]. The conventional layout of the TOPCon solar cell
is presented in Figure 2. The fabrication phases are comprehensible and reliable at the
elevated temperature for diffusion. Appearing in the layout of the solar cell, the complete
section of the rear part is contained in the passivated tunnel oxide metal contact and affects
the one-dimensional transportation of current [51].

The production facilitates significant mitigation in the recombination of metal contact.
It predominantly reduces the progress of interrupting connections, and the charge density
consequently decreases [52,53]. The best quality deposit characteristic of tunnel oxide with
a particular depth is required for effective passivation by chemicals, which then allows
carrier transportation using tunneling, as expressed in the c-Si/SiOx/poly-Si energy band
graph (Figure 4) [51,54]. Consequently, the probability of possible obstruction in preference
to holes is more than electrons. The electrons tunnel all the way through the SiO2 layer;
however, the holes are avoided. Collecting the solar cell photo-generated current from a
tunnel oxide involves maintaining the thickness as fine as feasible which is useful for the
transportation of current.
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2.1. TOPCon Solar Cells Fabrication

The manufacture and construction layout of the cell is shown in Figure 5. It is fabri-
cated on the front side with a boron emitter and backside with a passivating connecting
layer, as well as with equal side fingers applied through a screen-printed approach to
build a bi-facial solar cell. Small quantities of oxygen are needed for doping the wafers
by phosphorus, including a resistivity value of about 0.4 Ω cm to 1.1 Ω cm. By utilizing
a potassium hydroxide (KOH) solution, the wafers are textured on both sides with the
pyramids of the irregular pattern. Following the RCA cleaning process and applying
the boron tribromide (BBr3) gas, the boron emitter is produced in the furnace of boron
diffusion. The backside boron diffusion is removed by applying the etching process on one
side by utilizing the solution of nitric acid and hydrofluoric acid (HF/HNO3). The thermal
oxidation is performed before the Boron Silicate Glass (BSG) removal. A tunneling SiOx
layer is thermally established when wafers are cleaned with chemicals. For the PECVD,
silane (SiH4), hydrogen (H2), and phosphine (PH3) are used as precursor gas sources for
phosphorus-doped amorphous silicon (n-a-Si:H) growth. After annealing at 900 ◦C in a
N2 environment for the dwell time of 30 min, n-a-Si:H is transformed into phosphorus-
doped poly-Si layers (n+-poly-Si), which comprised n+-poly-Si on the c-Si/SiOx structure
(n+-poly-Si/SiOx/c-Si contact). The boron emitter that passivated through the layer of
the dielectric film, consequently, further RCA cleaning is carried out, specifically similar
work out as anti-reflection layer of coating. The backside SiOx/n+-polysilicon coating is
enclosed with PECVD SiNx:H. On both surfaces, an “H-metal contact” with Ag busbars
is applied through screen printing for metallization. Subsequently, a quick-firing method
with a maximum temperature of approximately 760 ◦C is applied [33]. Following the
fabrication of the TOPCon solar cell, further essential solar cell characterizations such as IV
curves and further considerations remain premeditated with a relevant 1-sun (1000 W/m2)
IV analyzer.

2.2. Background of TOPCon Solar Cell Development Progress

In the past few years, the c-Si solar cell has been meticulously studied. When the metal
is completely contiguous with the silicon wafer, the consequence is extreme electrical loss
owing to the presence of electrons recombination in the solar cell because of the higher
absorption of electrons at the junction area. In the preceding model, around two methods
remained to decrease the metal carrier recombination accurately within the interaction with
the silicon wafer: (1) through retaining a minor layer of the passivated silicon film, and
(2) by diminishing the interaction capability and with the help of effortlessly developed
doping to separate the metal from silicon wafer [56–58].
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The main advantage of the foregoing methodologies is a passivated emitter and
rear cell (PERC), that is after a conventional PN junction construction, with indigenous
doping only in the contact area of the emitter. Currently, its efficiency at the current
condition can achieve maximum of 25.0% [59]. The next approach for the previous method
is heterojunction with intrinsic thin-layer (HIT) solar cells, as described by the Panasonic
company. Such solar cells currently depict an efficiency of these cells around 26.7% [59,60].

The TOPCon solar cell can moreover seem as consequential after the typical PN
junction structure, associated with the improvements of the two techniques described
before. During the past few decades, owing to commendable passivation, the TOPCon
solar cell turned out to build for the majority of research across technical organizations.
The solar cell having n-type wafer with complete specific selective back contact charge
carrier and double-sided interconnected solar cell, including a maximum efficiency, was
reported to have approximately 26.7% efficiency by Fraunhofer [59,60]. The maximum
efficiency is owing to the fact wherein the n-type wafer provides a superior impurity that
permitted improvement, and the flaws in the faces are passivated entirely. The majority
of the materials being revealed that substrate resistivity between 1 and 10 Ω cm utilized
for the TOPCon solar cell are able to achieve an efficiency higher than 25% [58]. For the
improvement in the efficiency of solar cells and to retain a process that should be capable
of continue to enhance, the selective contact charge carrier comes to developed in the
proposed TOPCon solar cell. Unlike conventional silicon type of solar cells, TOPCon
achieves the following important characteristics and key features [61,62]:

1. The ultimate oxides layer at the nano-scale assured the hanging bond that is found at
a single crystal surface, consequently improving the conversion efficiency;

2. Depending on the range of substrate conductivity, the oxide layer at nano-scale level
permits instant transport of the holes or electrons;

3. Owing to the importance of the high possibility of densely doped polysilicon con-
ductivity, the junction resistivity can be reduced, and the output current might be-
come better.
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2.3. Structure of TOPCon Solar Cell

The elementary design of the TOPCon solar cell structure is shown in Figure 2, mainly
generated with a PN junction on the substrate of an n-type material [58,63]. The cell is
passivated with a nano-scale layer of aluminum oxide (Al2O3) on the p-type material
surface and includes an extremely thin coating of approximately 2 nm with a Silicon
dioxide (SiO2) tunneling layer and a highly doped polysilicon layer on the n-type material
surface [64]. The surface passivation by the tunneling oxide layer is the most important
attribute of the TOPCon solar cell, along with the selective contact to accomplish the
exceptionally minimum recombination level after the highly doped layer of polysilicon.
To permit many of the carriers to the tunnel, the tunneling layer of SiO2 requires to be
sufficiently fine to transport though. Similarly, their field effect must be able to prevent
transmission of the minority carriers [65]. Properties of the passivation layer for the highly
doped level of the polysilicon layer are varied by adjusting the concentration rate of
hydrogen through physical vapor deposition (PVD). For instance, atomic layer deposition
(ALD) sputtering, or chemical vapor deposition (CVD) such as plasma-enhanced chemical
vapor deposition (PECVD), or low-pressure chemical vapor deposition (LPCVD). Because
of the enormous amount of hydrogen atoms in the highly doped polysilicon layer, it shows
reasonable properties of passivation [66].

2.4. Carrier Transportation Mechanisms at the Poly-Si/SiOx/c-Si Interfaces in the
TOPCon Structure

The trends of pinhole and tunneling are two unique forms of charge carrier transporta-
tion configurations that arise at interfaces of poly-Si/SiOx/c-Si. Figure 6 demonstrates the
situation of carrier transport that happens at the layer of SiOx. Such structures take place
according to the width of SiOx thickness and annealing temperatures.
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Feldmann et al. explored SiOx tunneling layer experiences maintaining thicknesses of
not more than 1.5 nm [52]. The main charge carrier conduction was investigated through
the tunneling layer by SiOx. Recent research was enhanced by the simulation modeling
performed by Steinkemper et al. The energy band chart in Figure 4 illustrates selective
charge carriers that tunnel across the layer of nano-scaled SiOx in the structure of TOPCon
solar cell [14,48,55].

Likewise, the process of the pinhole occurs with a thickness of more than 2 nm of SiOx
that is significantly annealed at higher temperatures of approximately 1000 to 1050 ◦C. The
resulting prevalent technique for such kinds of contacts remained precisely controlled over
pinholes within the c-Si layer along with poly-Si which were developed through annealing
at a high temperature in the SiOx layer [67,68]. Although the oxide layer thickness is
conflicting in different progress methods [46], the trend of tunneling takes place in oxides
from not more than 2 nm because it is incredibly challenging to tunnel the charge carriers
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by concentrated oxide coatings [69]. The findings after the performance simulation by
Zhang et al. upon nano-scaled tunnel oxide (SiOx, less than 1.5 nm) layer show very high
features of tunneling and efficiency by preventing the carrier transport by pinhole [70].
However, a relatively dense SiOx layer (more than 1.1 nm) exhibited minimum fill factor
(FF), and efficiency through larger resistivity does not permit any carrier transportation
beyond the pinholes.

The transportation of the minimum carrier over the pinholes improves the FF and
minimizes the resistance, consequently enhancing the PCE. Wietler et al. analyzed restrain
carrier transport by pinholes through selective etching surface of oxide layer on the junction
of the POLO structure [53]. A greater density of pinhole concentration would generate
maximum saturation current density and negligible contact resistivity (ρc) of approximately
10 mΩ cm2. The thickness of the SiOx layer entails the electrical characteristics of the
TOPCon solar cell. The current investigation by Wang et al. described three distinct oxide
layer thicknesses as 1.25, 1.42, and 1.55 nm, which exhibited inconsistency in efficiency and
other electrical parameters of TOPCon solar cells [71]. At 1.55 nm oxide layer thickness,
good quality and regular surface are obtained after the etching, and it holds a minimum
J0 value of approximately 18 fA/cm2, with FF = 81.09% and Voc = 687 mV. However,
the nano-scaled oxide layer at the thickness of 1.25 and 1.42 nm shows insufficiencies
that are ascribed to the passivation failure at the nano-scaled oxide layer along with the
pinhole’s progression. Adjusting the accurate temperature for annealing, this one decreases
the development of pinhole concentration [72]. The exceptional productivity preceding
technology of the TOPCon solar cell continues to determine the specific thickness of the
nano-scaled tunnel oxide layer and efficient pinhole concentration for the enhancement
in efficiency. The TOPCon solar cell structure holds the lowest value of saturation current
density (J0) for equally p-type and n-type poly-Si around (J0 = 2 to 8 fA/cm2). Previously,
the doping of poly-Si through phosphorous had better qualities than the poly-Si with
boron-doping [73]. However, through research, it became obvious that the n-TOPCon has
a good property for the layer of passivation between c-Si wafers of p-type and n-type,
demonstrating an excellent value of Voc in comparison with the p-TOPCon [41].

It is not only tunneling that moves the charge through the pinholes; both the trans-
portation through the pinholes and the tunneling occurs together. For example, excessively
thick oxide might provide a high tunneling barrier, although charge transfer through pin-
holes is possible. However, tunneling is more prevalent in the case of dense nano-scaled
oxide. The type of conductivity is the factor that matters most. Due to the band-bending
orientation, it was shown that p-Si/SiOx/p+-Si can only transport holes and not electrons,
and vice versa.

3. Development of Nano-Scaled Oxide Layer on TOPCon Solar Cell

Effective procedures for the development of TOPCon solar cell nano-scaled oxide
layers with thicknesses around 1.3 to 1.5 nm include thermal oxidation, wet chemical
dipping, and ultraviolet ozone cleaning (UV/O3) treatment. In addition to the intelligible
techniques to generate the nano-scaled oxide layer is wet chemical dipping in an acidic
combination solution at a temperature greater than 90 ◦C. The development of thermal
oxidation is able to remain separated also within dry and wet oxidation with oxygen,
consistent with the consumption of oxidizing atmosphere. Clean as well as dehydrated
oxygen is utilized instead of dry oxidation as oxygen gas such as oxidizing environment
to produce an oxide layer on elevated temperatures; oxygen responds immediately to
hydrazine gas. For an oxidizing atmosphere, wet oxygen is an ultimate fine vapor of clean
water, utilized to fabricate the oxide layer with water molecules and the reactive oxide
surface. Normally, the oxidation rate with dry oxygen is less than that of wet oxygen
oxidation [61,64].
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Polysilicon Doped Layer

The heavily doped polysilicon layer is fabricated by (1) employing LPCVD by accu-
mulation on the part of the silicon, reconcilement in addition to doping with extra ions, or
(2) utilizing PECVD and accurately relegating the doping level to a silicon layer.

4. Techniques for Deposition of Tunnel Oxide Layer on TOPCon Solar Cells

The flowchart depicted in Figure 7 shows the conventional measures that were exam-
ined for the fabrication of the TOPCon solar cell. The layer of tunnel oxide can be established
through the use of various oxidation methods such as ozone oxidation, chemical oxidation,
thermal oxidation, and plasma-enhanced chemical vapor deposition (PECVD) oxidation.
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In addition to other sources such as Al2O3, SiNx, or a-SiNx, silicon oxide (SiOx) is
also very widely accessible and can be used as a material for tunnel coating and as layers
for passivation in the TOPCon solar cell [74,75]. Regarding progress that is related to the
efficiency of the TOPCon solar cell and can be improved by maintaining the thickness of
the tunnel oxide layer to be under 2 nm. The progress of subsequent nano-scaled SiOx is
extremely complicated because it triggers several difficulties during deposition alongside
the carrier transport phenomenon. Recent techniques concisely reflect different oxidation
methods that are identified in advance of SiOx depositing together with the layer of tunnel
oxide and the impact of the accumulation requirements on solar cell characterizations
appearing in every process.

4.1. Chemical Oxidation

Wet chemical oxidation in Si is accomplished for the development of SiOx as a tun-
nel oxide layer through the use of several acidic atmospheres such as hydrochloric acid
(HCl), sulfuric acid (H2SO4), nitric acid (HNO3), a combination of acids, and amalgamation
of acids through the hydrogen peroxide (H2O2) such as the solution of piranha [76,77].
Along with several additional acidic chemicals, HNO3 is an established technique used
during chemical oxidation for the creation of the SiOx layer in the development of various
microdevices and is known to improve the Si/SiO2 interaction characteristics. The oxida-
tion of Si with nitric acid showed the direct connection-level absorption and continuous
interaction of Si/SiO2 layers accompanied by the different additional chemical oxidation
(e.g.,: H2SO4:H2O2, HCl:H2O2,) nearly at 120 ◦C environments [78]. The oxidation reaction
takes place at the lowest temperature because of the HNO3 disintegration as shown in
Equation (1) below; very strong atomic oxygen along with effective oxidizing energy was
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developed. The distribution of atomic oxygen through the improvement of the SiO2 layer
reacts with the Si/SiO2 interface.

2HNO3 → 2NO + H2O + 3O (1)

Matsumoto et al. discovered that 68 wt% HNO3 holds the lowest leakage current and
caused the atomic density to increase by approximately 7% compared with the 61 wt%
HNO3 that thermally generated SiO2 [78]. In conjunction with HNO3, a SiO2 layer with a
thickness in the range of 0.7 to 1.5 nm can be created and probably observed by changing the
temperature. Temperature is a very crucial element in the chemical mixture that enhances
the possibility of oxidation. Raising the temperature by more than 90 ◦C is not ordinary
to the technologically present techniques of wet chemicals because HNO3 evaporates and
transforms through the acid composition. Those techniques point to the intricacy associated
with the creation of an oxide layer with good reliability and exceptional quality but low
imitation. Another method reported by Tong et al. revealed a decent level of tunnel silicon
oxide (SiOx) across a mixture of one volume of H2SO4 (98 wt%), and three volumes of
HNO3 (68 wt%) were recognized as condensed nitric and sulfuric acid (CNS) [77].

The CNS-grown SiOx layer plays an exceptional role along with the advanced condi-
tion of oxidation by 60 ◦C that decreases the acid evaporation and persists extraordinary
throughout the time of the growing method. The typical rise in implied open-circuit voltage
(iVoc) with 2.5 to 10 mV and average individual surface dark saturation current density (J0)
fall from 1 to 7 fA/cm2 in comparison with pure HNO3 that fabricate the SiOx tunnel oxide
layer. The SiOx layer established using the CNS acid on the solar cell has the ability to raise
the efficiency by approximately 0.15%.

The depth and the successive diffusion J0 for the SiOx tunnel oxide layer that can be
accrued through the utilization of various acids are depicted in Figure 8. The combination
of HNO3:H2SO4 in the 3:1 ratio requires a specific thickness of approximately 1.3 to 1.5 nm
of the SiOx layer at 60 ◦C including a contact time of 10 min. Using the solution of piranha
and reaching oxidation led to the formation of the SiOx layer at approximately 1 nm
with an incredibly low saturation current density of J0 = 5 fA/cm2 in conjunction with
additional chemical oxidation. The chemical oxidation approach can be employed at the
manufacturing scale and is therefore associated with temperature control. It can be used in
the manufacture of the efficient solar cell. However, the pinholes that are built at the surface
of the oxide layer with 1000 ◦C annealing temperatures help in improving J0 and further
impact damage to the oxide layer [79]. Comparably, nano-scaled SiOx layers ranging from
1.3 to 1.5 nm established across the chemical oxidation show minimum chemical oxides
and are vulnerable to being disrupted at high annealing temperatures [80].

4.2. UV and DI Ozone Oxidation

Ozone (O3) is extremely ambiently responsive to oxidizing chemicals such as HNO3,
NO2, and N2O, that decay into molecular oxygen at the lowest possible temperature [81].
The oxidation of silicon through ozone can be achieved similarly via de-ionized ozone
oxidation DIO3 (wet) and in a photo-oxidation UV/O3 (dry) environment. The oxygen
produced in this manner has high density and low kinetic energy and leads to the creation
of an assessment model that is highly secure even after high-energy particles attack it. The
photo-oxidation of O2 requires the use of photons with energy greater than 7.2 eV in order
to enhance the inadequacy of progress on the interaction layer [82]. Chao et al. studied
ozone for silicon oxidation in its initial phase and reported that the minimum intensity of
ozone increases the level of oxidation within an environment of oxygen [83]. A structure of
tests showed that the Si/SiO2 interrelating plane generated by O3 is additionally receptive
and improved compared with the external interface established using conventional O2.
It reduces the intersecting level of transformation and requires less effort [84,85]. In the
literature, several types of ozone manufacturers are available for silicon oxidation [86].
In this regard, a UV-assisted ozone creator can continually deliver appropriate ozone
molecules. UV-light exhilarated ozone crystallizes Si in parts and the product thus obtained
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improves properties of the oxide at room temperature, similar to the multi-c-Si. The
diffusive oxygen radical mixture functions perfectly in the dispersion of suspended bond
links and generates minimum inadequacy in terms of intensity compared with the O2-
produced oxygen [87]. For this reason, Si ozone oxidation serves as an intriguing area of
investigation. In the past few years, different ozone oxidation techniques were applied
for the production of a nano-scaled SiOx oxide layer in the TOPCon solar cell sample.
Moldovana et al. examined the mutually refining process of oxidation using UV/O3
and employed a Hg vapor bulb with a wavelength of λ = 185 or 254 nm and an excimer
component with a wavelength of λ = 172 nm on a textured and smooth surface at the
same time for transparent silicon [88]. The refined tunnel oxides of UV/O3 suggested
that the iVoc of approximately 720 mV for the plane surface and 710 mV on the textured
specimen subsequent annealing at 900 ◦C is comparatively improved through assessment
by the progress of the HNO3 oxide. The layout within the cell sample and time of exposure
showed a substantial impact on iVoc and the highest exposure time of approximately 3 min
was found to be adequate for the well passivating layer of the SiOx with a thickness ranging
from 1.6 to 1.8 nm, as indicated in Figure 9.
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ing chemical oxidation method along with numerous oxidizing agents [76–78].

SiOx can also be developed using ozone via wet chemical ozonation (DIO3). For over
ten years, the manufacture of semiconductors has been explored through the application of
ozone scattered into powerful de-ionized water (DIO3); this ensures that the semiconductors
are better protected and that the wafers are clean. A similar technique reduces the number
of components employed in the production method for the manufacture of solar cells
and consequently reduces the extent of acquisition [89]. The most current research by
Vossen et al. demonstrated that wet compounds oxidized in ozone water can be used for
the efficient generation of the tunnel oxide layer with a thickness of 1.1 to 1.5 nm within
30 min, as demonstrated in Figure 9 [90]. Subsequently, at 850 ◦C annealing temperature,
the oxide can be established for passivation and oxidation can be reduced by increasing the
temperature to compensate for the deficiency in the passivated layer. The saturation current
density of DIO3 in the dark condition produced oxide has a minimum extent because it is
related to the dried O3 oxidation.
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Scientists have compared the TOPCon solar cell characteristics obtained via the depo-
sition layer of the SiOx tunnel oxide using three distinct methods of oxidation [91]. The
efficiency of all the three types in proximity to various temperatures for annealing, for
example, were based on ozone oxidation Tanneal = 900 ◦C for the (UV/O3 and DIO3) and
HNO3 chemical oxidation Tanneal = 800 ◦C. The method of DIO3 oxidation indicated further
stability of the oxide and along with the three methods, the passivation was enhanced.

4.3. Thermal Oxidation

At the silicon layer, thermal oxidation permits two types of oxidations. One has a
moderate temperature and an elevated pressure of oxygen gas, and the other is vice versa.
The oxide development effect occurs according to Equation (2), even though there is no
effective model for the mechanism of oxidation used for such procedures in the instance of
nano-scale layers [92]. At elevated temperature, response and minimal pressure of oxygen
gas accompany Equation (3) which disintegrates the Si/SiO2 and vice versa.

Si + O2 → SiO2 (2)

Si + SiO2 → 2SiO (3)

The kinetics of oxidation of Si are described adequately in this section. The characteris-
tics of passivation for the preparation of SiO2/Si with thermal interaction, particularly the
impact of the dimensions, structure, and fundamental conversion were comprehensively
examined [93]. Increasing the temperature for annealing those effects on the oxide layer
showed no development of pinholes in the produced nano-scale oxide layer thermally with
less than 1.5 nm thickness until 850 ◦C; nevertheless, tunneling is the prevailing procedure
in this regard [94]. For impenetrable oxide layers with a thickness greater than 2 nm, raising
the temperature for annealing causes a reduction in the dark saturation current J0 below
1000 ◦C, and an additional increase in temperature upsurges the value of J0 because of
the increase in the pinhole density, in addition to a decline in the contact resistivity [53].
The temperature ranging from 550 to 650 ◦C develops an oxide layer with a thickness of
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1.6 nm demonstrating persistent oxide coating followed by 850 ◦C annealing along through
carrier transport process due to tunneling [71]. The thickness versus saturation current
density of thermally developed layers of SiOx under various temperatures is shown in
Figure 10. As can be seen, the layers of nano-scale SiOx, which were 1.5 nm each and
annealed at elevated temperatures demonstrated an extreme saturation current density
(J0). This can be a result of the deterioration of oxide reliability at high temperatures of
annealing for nano-scaled layers of SiOx. The minimum possible saturation current density
was examined for different layers of SiOx with thickness greater than 2 nm and annealed at
extremely elevated temperatures. Such coatings annealed at elevated high temperatures
are highly endurable. The various layers of SiOx with thicknesses ranging from 1.2 to
1.5 nm produced using different chemical, thermal, DIO3, and UV/O3 oxidation methods,
as well as thermally developed layers, revealed better passivation at 1000 ◦C with regard
to annealing. The thermally developed oxidation layer was the most appropriate as it
decreased the density at the interface and shows less J0 carrier selective contact for the
p-type on the annealing temperature of 950 ◦C and for p-type silicon with the highest
minority carrier lifetime [90,94].
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Another approach for developing the SiOx coating for enhanced efficiency of the
cell as well as carrier lifetime is rapid thermal oxidation (RTO). Liu et al. developed the
SiO2 layer via RTO and demonstrated a 19.49 µs carrier lifetime with a nominal 0.87%
reflectance [95]. An additional model developed by Liao et al. produced the coating of SiOx
with the RTO thermal oxidation method in two stages [96]. The developed layer indicated
enhanced efficiency of the cell, minimum surface recombination velocity, and improved
carrier lifetime, which is approximately 15.45 µs.

4.4. Plasma Enhanced Chemical Vapor Deposition (PECVD)

Within traditional solar cells, the nano-scaled layer development utilizing the ther-
mal oxide involves a temperature scale ranging from approximately 850 to 1050 ◦C and
improves the thermal cost and consequently the total expense. A basic economical and
minimum temperature manufacturing technique must be established for confronting finan-
cial disputes. Plasma-enhanced chemical vapor deposition (PECVD) is an efficient method
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for passivation at the minimum cell temperature, and the substratum temperature varies
from 250 to 350 ◦C [96–98]. The PECVD technique was applied for the development of
a layer with SiOx for both n-type and p-type solar cells along with the assistance of CO2
gas, temperature, and pressure. The method of oxidation in the PECVD process can be
performed using various treatments of plasma oxygen: RF, DC discharge, or microwave.
In oxygen plasma, the simplest approach to developing the nano-scale oxide layer is the
direct oxidation of Si. Antonenko et al. evaluated the development design and layer
characteristics within the plasma-producing medium along with inert and oxygen gas
mixtures (O2: Ar, O2; He, O2) [99]. It was noticed that the Si endured intense oxidation
in plasma generated by immaculate helium gas. Further research was conducted by a
team that discovered the development of silicon oxide kinetics at the exterior side of Si
through oxygen plasma management [100]. The temperature of the substrate ranging from
20 to 200 ◦C, levels of doping, and type of conductivity have a marginal effect on the
development of the SiOx layer.

Mandal et al. described a SiOx layer with a thickness of approximately 1.8 nm using
the PECVD oxidation method at 250 ◦C temperature by utilizing 13 MHz RF plasma in an
atmosphere of CO2 gas along with 1 torr pressure and 60 mW/cm2 power density [101].
Within such a procedure, the highest impediment peak of 0.287 eV was attained for Si
wafer having an n-type configuration along with a textured surface. Huang et al. estab-
lished a plasma endorsed nitrous-oxide (N2O) gas oxidation method for the deposition
at nano-scaled silicon oxide (SiOx), considering the temperature of the substrate, time of
treatment, and control of the plasma power [102]. The N2O plasma oxidized SiOx indicated
individually restrained thickness with different acidic oxidation [80,99]. The highest im-
plicit voltage (iVoc) of 730 mV and 4.3 fA/m2 recombination saturation current (J0) was
attained for individual portions. In additional research by Tian et al., a nano-scaled layer of
SiOx was developed on a p-type c-Si wafer by plasma-aided N2O [103]. The researchers
examined a better feature of passivation at an improved temperature of annealing than for
the layer of SiOx produced by acidic oxidation. The technique decreased the cost of pro-
duction by incorporating the manufacturing of SiOx and amorphous silicon in a particular
compartment, utilizing the in-line PECVD oxidation method.

5. Analysis of Loss Factor

The characterized loss factors are classified according to four groups: bulk limit,
optical, recombination, and resistance loss. The bulk limit is verified as 32.92%, with a
consequent 5.32% loss because of bulk J0 at 10 fA/cm2 and a decrease in efficiency to 27.60%
on point 1©, as demonstrated in Figures 11 and 12. Next is the optical loss that is affected
because of the shading at 0.65%, reflection at the front side by 0.38%, and loss from escape
by 0.02%, which decrease the efficiency up to 26.95%, 26.57%, and 26.55%, indicated at
points 2©, 3©, and 4©, respectively, as shown in Figures 11 and 12. Recombination loss is the
third loss factor that is triggered by the front passivation by 0.37%, front contact at 0.40%,
and rear passivation contact of 0.11%, which additionally reduce the efficiencies to 26.18%,
25.78%, and 25.66% as expressed at points 5©, 6©, and 7©, respectively, as demonstrated in
Figures 11 and 12. The final loss factor is attributable to the resistance of the electrical circuit
which is resistance owing to a shunt of 0.10% and series of 0.46%, which affect and cause a
reduction in efficiency to 25.56% and 25.10%, as disclosed at points 8© and 9©, respectively,
in Figures 11 and 12. The loss factor assessment of efficiency is explained in Table 1 by the
current density (mA/cm2), open-circuit voltage Voc (V), fill factor FF (%), efficiency loss
(%), and the ultimate efficiency.
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5.1. n-Type TOPCon Solar Cell TCAD Analysis and Conversion Efficiency with Bifaciality

From the rear-side contact, the n-type TOPCon solar cell bifaciality and conversion
efficiency were evaluated by optimization of finger width. The TCAD assessment was
performed by adjusting the finger width from the backside, ranging from 1200 to 25 µm, and
on the front and backside, the output efficiency was examined by analyzing the bifaciality
by dividing up the backside to foreside efficiencies.
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Table 1. Loss factor analysis of efficiency through various materials.

Cell
Structure Unit Value JSC

(mA/cm2)
VOC
(V)

FF
(%)

Eff.
(%)

Eff. Loss
(%) Remark

SRH Bulk 1© Bulk J0 fA/cm2 10 43.25 0.747 85.42 27.60 5.32 ITRPV 2019 Report

Optical
Loss

2© Shading % 2.25 42.28 0.747 85.34 26.95 0.65

Finger Width = 20 µm,
Thickness = 20 µm, # of
Finger = 190 ea
Dual printing,
Busbar = 0.3 mm (12BB),
Reflected Absorption Grid

3© Front Re-
flectance % 2.26 41.70 0.747 85.30 26.57 0.38

Textured + Boron
emitter + Multi-
Layer ARC

4© Escape % 0.07 41.67 0.746 85.41 26.55 0.02 Absorption missing at
longwave length

Recombination
Loss

5© Front Pas-
sivation fA/cm2 4.4 41.67 0.737 85.24 26.18 0.37

J0, full surface = 4.5 fA/cm2

(@200 Ω/sq.)
Textured + Boron
emitter + Passivation
with Single ARC

6© Front
Contact fA/cm2 6.89 41.67 0.727 85.09 25.78 0.40

J0, full contact = 300 fA/cm2,
(@40 Ω/sq.)
Contact Fraction = 2.30%
(dual printing)

7©
Rear Pas-
sivating
Contact

fA/cm2 2.5 41.67 0.724 85.06 25.66 0.11

J0, full contact = 2.5 fA/cm2

Polished + Oxide +
Poly-Si (Optimized
Process with SiNx
Coating)

Electrical
Loss

8© Shunt Re-
sistance Ωcm2 4000 41.67 0.724 84.73 25.56 0.10 Selective emitter

(200 Ω/sq./40 Ω/sq.)

9© Series Re-
sistance mΩcm2 290.9 41.67 0.724 83.20 25.10 0.46

Wafer resistivity = 5 Ωcm,
Contact Resistivity =
1.5 mΩ cm2

The efficiency at 25 µm width at the rear finger was reported to be 23.01% from the fore
face and 20.83% for the back surface. At this width, the bifaciality appeared to be 90.53%.
As the back surface finger width increased, the efficiency of the back surface of the cell fell
considerably, although the fore surface efficiency of the cell improved marginally. With
the 1200 µm finger width at the back surface, the efficiency of the back surface of the cell
fell to 7.33%. The efficiency at the fore cell surface rose to 23.74%, and the bifaciality was
determined to be 1.74% because of the minimal back surface efficiency of the cell. The back
surface efficiency was lowered by raising the width of the finger at the back surface, and the
efficiency at the fore surface was improved while the finger width at the back surface was
enlarged. Therefore, the maximized efficiency value could be determined using the back
surface width of the finger at F1 + R0.2. This implies adding up 100% value of efficiency
at the fore surface and the 20% value of efficiency from the back surface efficiencies. The
optimal finger width thickness at the back surface side was 100 µm because the back surface
efficiency was 19.85%, and the fore surface efficiency was 23.35%. As demonstrated in
Figure 13, by compiling efficiencies of both sides, the optimal efficacy obtained was 27.37%
with the F1 + R0.2 combination [104]. The rear finger resistance loss can be marginally
decreased with increased rear finger width due to a greater cross-sectional area, which
results in a modest gain in cell efficiency as measured from the front side. If we move
beyond the optimal point, the efficiency would be lowered by combining the front and
rear efficiencies. We achieved an ideal result of about 100 µm rear metal width thickness
through this simulation. Changing the optimized rear metal width has a negative influence
on efficiency due to recombination current density (J0). If we deviate more or less from
the optimized (100 µm) metal width value, a compromise in efficiency is seen as shown in
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Figure 13. According to Table 2, the tunnel oxide layer’s optical thickness is 1.5 nm. We
used this thickness for the bifaciality simulation in order to maximize the TOPCon solar
cell’s overall performance.
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Figure 13. Evaluation n-type TOPCon solar cell from TCAD analysis with conversion efficiency and
bifaciality [104].

Table 2. SiOx thickness comparison and different oxidation techniques of cell parameters.

Methods of Oxidation Thickness of SiOx (nm) Tannealing (◦C) Parameters of the Solar Cell Ref

Wet chemical
1.2 950 Voc = 714 mV; J0 = 20 fA/cm2 [105]

1.3–1.5 800–900 Voc = 719 mV; Eff = 24.9% [80]

Thermal oxidation 1.7
1.5

800–1000
850

J0 = 50 fA/cm2

Voc = 705 mV; FF = 75.1%;
Rser = 0.86 Ω cm2

[106]
[107]

PECVD UV/O3

1.55
2.5

1.1–1.4
2.0

1.2–1.4

850
800
880

850–880
900

Voc = 687 mV; FF = 81.09%;
Eff = 22.5%

J0 = 3.4 fA/cm2

iVoc = 730 mV;
J0 = 4.3 fA/cm2

iVoc = 724 mV; j Voc = 719 mV;
J0 = 20 fA/cm2

[71]
[106]
[78]
[103]

[80,90]

DIO3 1.3–1.4 900
Voc = 715 mV;

J0 = 35 fA/cm2;
ρc = 22 mΩ cm2

[80,90]

5.2. Investigation of Interfuse Concentration

Base/substrate and emitter are the two primary sections of a conventional Si solar cell.
The inter-diffusion dopant concentration distribution in the emitter area has a significant
impact on the performance of Si solar cells; a good emitter always ensures greater per-
formance. For a specific emitter diffusion profile, the peak concentration (i.e., the dopant
concentration at the substrate surface) and the depth factor (i.e., the depth below the
surface at which the dopant concentration is reduced to 1/e of the peak concentration)
determine the total inter diffusion dopant concentration at any given point inside the
emitter region. As a result, optimizing the emitter diffusion profile is a crucial prerequisite
for a highly efficient Si solar cell. The inter-diffusion can be defined as p- or n-type, and
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in any instance, the profile of the diffusion can be uniform, exponential, Gaussian, or Erfc.
Understanding the microstructural changes in silicon solar cells at any temperature requires
comprehension of inter-diffusion processes and diffusivity of impurity atoms, which may
be supported by phase equilibrium investigations. A three-dimensional (3D) contour chart
is prepared based on the inter-diffused carrier depth (nm) and inter-diffused concentration
(cm−3) for several factors: efficiency (%), current density (mA/cm2), open-circuit volt-
age Voc (mV), and fill factor (FF) (%); as demonstrated in Figure 14 the characteristics of
carrier selective contact solar cells were studied by simulation in accordance with the inter-
diffusion concentration and depth of impurity. The impurity of inter-diffusion changes
with temperature and time and is dependent on the solubility of each impurity. A structure
was created by assuming the properties of the n+ layer in silicon since the phosphorus
impurity was employed for the Electron Selective Contact (ESC) layer in this simulation.
The concentration was modified from 1 × 1016 atoms/cm3 to 5 × 1019 atoms/cm3 and
the depth from 10 to 350 nm for inter-diffusion of impurity to the back substrate in the
TCAD Tool. The inter-diffusion concentration and depth of impurity values acquired
from this simulation data were included in the TCAD analysis. Their solubility, which
changes with temperature and time, determines the inter-diffusion of impurities. Although
phosphorus was employed as an impurity in the ESC layer, a simulation framework was
developed by assuming the properties of the silicon n+ layer. In the TCAD tool, the depth
was modified from 10 to 350 nm, and the impurity concentration was increased from
1 × 1016 atoms/cm3 to 5 × 1019 atoms/cm3. The inter-diffused layer impurity concentra-
tion increased from 1 × 1016 atoms/cm3 to 1 × 1019 atoms/cm3, which resulted in higher
conversion efficiencies as shown in Figure 14a. However, as Figure 14b illustrates, there
is no major fluctuation in the current density. As seen in Figure 14c,d, the open-circuit
voltage and fill factor fluctuate in relation to changes in impurity concentration. While
the FF declines, the Voc rises when the inter-diffused carrier depth is lowered. For the
higher inter-diffused carrier concentration at the shallowest depth, a high-efficiency result
was attained. As instance, the fill factor displays the greatest fill factor of 82.4% for the
concentration of 5 × 1019 atoms/cm3 with an etching depth of 100 nm; nevertheless, the
open-circuit voltage dramatically decreases (below 710 mV, as shown in Figure 14c) due
to the rise in Auger recombination. The difference in the electric field and resistance with
regard to the inter-diffused impurity on the back side is what causes this change in the
cell parameter. For a deeper investigation of the solar cell characteristics with regard to
the variation in each parameter, as shown in Figure 15, free energy loss analysis (FELA)
was performed. The variation in loss as a function of inter-diffused impurity concentration
is seen in Figure 15a. The impurity concentration of 1 × 1019 atoms/cm3 resulted in the
lowest loss of 0.36 mW/cm2, which is consistent with the conversion efficiency trend. When
the concentration reaches 5 × 1019 atoms/cm3, Auger recombination becomes dominant,
which causes a rise in the loss due to the rear contact. The change in cell efficiency with
regard to inter-diffusion depth is seen in Figure 15b, as the depth rises, the loss increases as
well. When the inter-diffused depth is increased from 10 to 350 nm, the rear contact loss
increases from 0.03 mW/cm2 to 0.17 mW/cm2, respectively. Reduced conversion efficiency
results from this rise in rear contact loss with the inter-diffusion carrier depth [104].
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6. Perspective for the Future Research and Overview

After PERC solar cells, TOPCon solar cells are the leading innovative cells at an indus-
trial scale, and they can comprehend the current advanced technology production process
as PERC along with the additional nano-scale coating of tunnel oxide of approximately 1 to
3 nm. The favorable findings achieved explicate that TOPCon is an impending and higher
productivity solar cell. In the current stage of the TOPCon cell production process, SiOx is
the most frequently applied layer for tunnel oxide. Various methods of deposition have
been employed to produce the layer of tunnel oxide. The methods being used increasingly
for oxidation to accumulate the nano-scale layer of SiOx within TOPCon solar cells com-
prise chemical, ozone, thermal, and PECVD oxidation, which were concisely reviewed. The
different approach has a distinct influence on merits and demerits in the progress of the
essential nano-scale layer of SiOx, which relies on the investigational requirements. For
instance, a nano-scale layer of SiOx can be developed by utilizing H2SO4:HNO3 chemical
oxidation at the lowest possible temperature of approximately 60 ◦C. Ozone oxidation has
the benefit of staying naturally benevolent, and it can further develop thermally balanced
layers of SiOx. The technique of thermal oxidation can develop the layer of tunnel oxide
and has velocity at an ultra-low surface recombination level of approximately 10 cm/s.
PECVD oxidation can develop the layer of SiOx on several substrates within a limited time,
and thus it might be an economical approach.

Certain illustrations of every method of oxidation and a comparison of the specifica-
tions of each cell are presented in Table 2. After literature review, it can be inferred that the
constraints of the cell for instance charge carriers’ conduction through the layer of SiOx is
not established on the development of tunnel oxide coating thickness. Currently, there are
two kinds of passivated layers of tunnel oxide in accordance with the development of SiOx
layers of various thicknesses. One is greater than 2 nm, and the other is less than 1.6 nm
in thickness.

The predominant performance of conduction for the previous category is pinhole and
tunneling for the subsequent. Some additional crucial factors which affect the thickness of
the SiOx layer are the temperature of annealing, time, and the method of oxidation utilized
for the development. Among the methods of oxidation, chemical, ozone (UV and DI),
thermal, and PECVD, the thermal and PECVD methods produced deposits of SiOx and
revealed outstanding passivation, owing to which such layers are impenetrable and have
incredibly limited bulk deficiencies.

Alternatively, research was conducted to find a replacement for SiOx as a layer of
tunnel oxide. For instance, Al2O3 was examined as a layer of tunnel oxide favorable for the
manufacturing of the TOPCon solar cell. The latest research by Lu et al. demonstrated the
condition of passivation for equally n-type and p-type TOPCon solar cells by SiOx, AlOx,
and AlOx/SiOx as dual layers of tunnel oxide [108]. They discovered that the SiOx exhibited
improved passivation in comparison with the additional two layers of tunnel oxide. The
dopant diffusion improved by utilizing the AlOx for boron in p-type TOPCon and overcame
the phosphorous in the diffusion of n-type TOPCon solar cell. Such an influence turns
out to be just as conspicuous with AlOx/SiOx dual layer. A comparable performance
has been examined in some additional articles [109,110]. Correspondingly, Wen et al.,
utilized SiNx as a layer of tunnel nitride rather than a SiOx layer of tunnel oxide [75]. They
accumulated a layer having a thickness of 2.5 nm SiNx as a tunnel using the method of
catalytic chemical vapor deposition. It has a 0.8 ms lifetime at an elevated temperature of
annealing, and the contact resistance was assessed to be 0.014 Ω cm2. Although there is
some information studying the feasible replacement and variations for the layer of tunnel
oxide in TOPCon solar cells, strong investigation and improvement are extremely necessary
for this area, which is deprived of negotiating the efficiency of the cell and its parametric
factors. There are few new results on the conversion of the layer SiO2 passivation to enhance
the implementation on the solar cells containing particular deficiencies, polymer layer
deposition, and accumulation of dopants to produce heterogeneous structures [111–115].
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This might be an additional interesting area of investigation to enhance the implementation
of TOPCon solar cells.

Thus far, manufacturers have been attempting to commercialize the TOPCon cell;
however, there are limitations in industrializing TOPCon cells, such as the process of
metallization, consumption of silver being twice that of other cells, being discovered
typically on wafers of n-type material, and containing one or two further progressions in
comparison with PERC solar cell. In the future, further investigation is necessary to improve
the economical TOPCon solar cells with the current efficiency. Obtaining a substitute for the
layer of SiOx tunnel oxide and industrializing the TOPCon solar cells devoid of negotiating
the efficiency is currently an important issue of investigation.

7. Conclusions

In the TOPCon solar cells’ progress, it was conducive to employ a series of continuous
analyses and explicated research for achieving an independently incurable consecutive
efficiency of 24.58%. The indicated efficiency is on a bigger wafer containing busbars and
fingers with metal, extensive illumination, and fabricated with manufacturing production
instruments. The evaluation validates that emitter recombination losses, including its bulk,
surface, and metal contacts are preventive of the execution of the device, even though the
passivating contact of the rear side has a minimum J0 of less than 7 fA/cm2, by the 94% non-
metalized part with J0 = 3.4 fA/cm2 and 6% metallization portion through J0 = 50.7 fA/cm2.
It is achieved by improving the emitter and its metallization but assumes a good capability
for additional efficiency enhancements. This can be completed by further development of a
conventional formation method of the emitter and its paste metallization or by replacing it
with a transparent passivating contact. In this study, curtailing the polysilicon passivating
contacts performance and developing a deliberate passivating contact that is precisely
feasible were of utmost importance for silicon photovoltaic research and development. The
industry of solar photovoltaics is dominated by c-Si solar cells nowadays. Although inter-
digitated back contact cells reveal the highest efficiency, bifacial solar cells are less complex
and are the recommended option for commercial manufacturing. Excellent optoelectrical
qualities for both-sides-contacted cells lead to a conversion efficiency of 26.0% by eliminat-
ing the layers at the front side that allow lateral charge carrier transport using TOPCon
technology. Diverse conventional industrialized solar cells that construct a PN-junction
at the front and back of these solar cells or have a PN-junction in the form of a complete
surface passivation contact with polysilicon. A comprehensive assessment of power loss
indicated that such solar cells stabilize the electrons and hole transport losses, along with
standard recombination and transport losses. Methodical simulation research has recog-
nized certain essential layout guidelines for potential silicon solar cells with efficiencies of
more than 26%, explaining the possibility and dominance of these back contact solar cells.
Numerous methods are in use all over the world to fabricate the tunnel oxide layer for
TOPCon solar cells. To deposit the thin layer of SiOx, TOPCon solar cells primarily use the
PECVD oxidation, chemical oxidation, thermal oxidation, and ozone oxidation processes
as described in this study. Each method has benefits and drawbacks depending on the
experimental conditions for producing the required SiOx thin layer. In fact, a thin SiOx
layer can be deposited using a straightforward wet process called chemical oxidation with
HNO3:H2SO4 at temperatures as low as 60 ◦C. Similarly, ozone oxidation, which has the
advantage of being environmentally friendly, can be used to grow more stable SiOx layers.
The SiOx layer is also created by thermal oxidation, with surface recombination speeds
as low as 10 cm/s. Growing SiOx layers on several substrates at once using PECVD SiOx
deposition is an economical method.
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