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Abstract: Contact selectivity is a key parameter for enhancing and improving the power conversion
efficiency (PCE) of crystalline silicon (c-Si)-based solar cells. Carrier selective contacts (CSC) are the
key technology which has the potential to achieve a higher PCE for c-Si-based solar cells closer to
their theoretical efficiency limit. A recent and state-of-the-art approach in this domain is the tunnel
oxide passivated contact (TOPCon) approach, which is completely different from the existing classical
heterojunction solar cells. The main and core element of this contact is the tunnel oxide, and its
main role is to cut back the minority carrier recombination at the interface. A state-of-the-art n-type
c-Si-based TOPCon solar cell featuring a passivated rear contact was experimentally analyzed, and
the highest PCE record of ~25.7% was achieved. It has a high fill factor (FF) of ~83.3%. These reported
results prove that the highest efficiency potential is that of the passivated full area rear contact
structures and it is more efficient than that of the partial rear contact (PRC) structures. In this paper,
a review is presented which considers the key characteristics of TOPCon solar cells, i.e., minority
carrier recombination, contact resistance, and surface passivation. Additionally, practical challenges
and key issues related to TOPCon solar cells are also highlighted. Finally, the focus turns to the
characteristics of TOPCon solar cells, which offer an improved and better understanding of doping
layers and tunnel oxide along with their mutual and combined effect on the overall performance of
TOPCon solar cells.

Keywords: carrier selective contacts; contact resistance; tunnel oxide passivated contact; renewable
energy; surface passivation

1. Introduction

Meeting the world’s growing energy demands while simultaneously tackling human-
induced global warming has become one of the indisputable challenges that humanity is
going to face around the globe in the near future. This requires sustainable energy produc-
tion from clean and eco-friendly resources. Solar photovoltaic (PV) technology is gaining
favorable attention, and this is clearly reflected in the global statistics of the total installed
capacity of solar PV modules. Currently, the worldwide cumulative installed capacity of
PV modules has already exceeded 700 GW, and its significant increase is expected in the
coming years [1,2]. The unique features, such as non-toxicity, abundance, and long-term
stability of crystalline silicon (c-Si), have made it a market-dominant technology since
the very beginning, with an almost 95% market share [3]. The cost of a ¢-S5i PV module
is approximately one-half of the PV system cost and is mainly dominated by material
costs, especially by the costs of the Si wafer [4]. On the other hand, the cell manufacturing
cost is about one-quarter of the module cost, making it about one-eighth of the complete
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PV system’s cost [4]. Therefore, besides improved production technology, increasing the
efficiency of the cell has significant potential to bring down the system costs even more.

To improve the power conversion efficiency (PCE) of c-Si solar cells closer to its
thermodynamic limit of ~29.4% [5], one of the key and fundamental requirements is to
improve the photogenerated minority carrier lifetime (7) by minimizing the recombination
losses. As the bulk minority carrier lifetime (13,,%) in state-of-the-art float-zone (FZ) c-Si
wafers has already exceeded 30 ms [6], most of the recombination losses occur at the metal
contacts. Therefore, minimizing the contact losses in c-Si solar cells through surface passivation
have been an active area of research in recent years. Previously, contact recombination was
minimized by introducing a highly doped localized back surface field in a passivated emitter
rear locally diffused (PERL) homojunction solar cell. Although PERL solar cells have achieved
remarkable efficiency (1) of ~25% [7], their high fabrication cost (~0.071 $/W [8]) and low
thermal barrier for recombination current carriers at the back has moved researchers
towards alternative cost-effective and heterojunction-based approaches.

The Panasonic heterojunction with intrinsic thin layer (HIT) solar cells is the most
well-known and traditional example of a heterojunction solar cell. In this solar cell, the c-Si
base is sandwiched between thin layers of highly doped amorphous silicon (a-5Si) layers [9].
This a-Si/c-Si contact exhibits very low surface passivation, a remarkable open-circuit
voltage (Voc) of ~750 mV [10], and an outstanding # of ~25.6% [11]. However, the low
thermal tolerance to metallization processes [12,13] and parasitic absorption losses due to
lower bandgap [14] of a-Si hinder means that further improvement in # for a-5i/c-Si contact-
based solar cells is needed. Therefore, researchers are actively searching for alternative
surface passivation technologies [15-17] that could maintain low contact resistance while
simultaneously minimizing cost per kWh.

One such approach is to replace a-5i with polycrystalline silicon (poly-5i) to avoid
stability issues during high-temperature processes (e.g., screen printing) [18,19]. Although
poly-Si-based passivating contacts were first introduced almost four decades ago [20-22],
the surface defects due to lattice mismatch between poly-Si and ¢-5i limited their use for
solar cells. After that, several research groups also demonstrated that inserting a very
thin interfacial oxide (SiOx) layer between poly-Si and c-Si layers could enhance V. up
to 720 mV [23-26]. Although a remarkable V. has been demonstrated for these contacts,
wide interest and attention were gained in 2014 when Feldmann et al. demonstrated 7 of
~23% for these contacts on the n-type c-Si substrate [27]. These passivating contacts based
on poly-Si and ultrathin SiOy layers were termed tunnel oxide passivating contacts and
known by the abbreviation TOPCon [27].

One of the major benefits of TOPCon is that, in these structures, the c-Si wafer does
not come into direct contact with the metal, rather it is separated by a stack of poly-
Si and SiOy layers and hence exhibits a reduced Fermi level pinning (FLP) effect [28].
Another major advantage is that the SiOx layer provides excellent carrier selectivity by
allowing drift currents of only one type of carrier through quantum mechanical tunneling
and thus suppressing the minority carrier recombination at the contact [29]. Several
research groups [30-32] have demonstrated that the stack of highly doped poly-Si and
ultrathin SiOy (< 2 nm) layers provides excellent surface passivation, reduced parasitic
absorption losses, low dark current density (Jo < 5fA/ cm?), and low contact resistivity
(pe <1 mQecm?) [33-35]. The lab-scale TOPCon solar cell developed by Fraunhofer ISE has
demonstrated a remarkable efficiency (1) of 25.7% [36,37] whereas TOPCon-based solar
cells on a large area c-Si wafer developed by LONGIi has demonstrated # of 25.1% [38].

The International Technology Roadmap for Photovoltaic (ITRPV) 2021 report con-
firmed that solar cells with diffused and passivated p-n junctions and passivated rear sides,
which mainly include PERC/PERL/PERT/TOPCon (PERC—Passivated Emitter and Rear
Cell; PERT—Passivated Emitter Rear Totally Diffused) have completely dominated the
solar photovoltaics market [39]. It also claimed in the report that back surface field (BSF)
will only be produced on cost-efficient multi-crystalline silicon wafers, and it has a possi-
bility to vanish after 2025. As shown in Figure 1, it is clear that in 2020, the market shares
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of PERC/PERL/PERT/TOPCon solar cells slightly exceeded the Information Handling
Services (IHS) market assumptions. From Figure 2, it is clear that the TOPCon solar cells
will gradually capture 50% of the market shares within the next decade compared to the
current market share of ~6%, which obviously shows its dominancy in the solar photo-
voltaic industry and market. Additionally, it is shown that there was a gradual increase in
the market shares of Si-heterojunction (HJT) and HIT solar cells of about 10% in 2025 and
18% in 2031, respectively.
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Figure 1. Worldwide market share for different technologies-based solar cells [40]; all acronyms are

defined in the main text.
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Figure 2. Worldwide market share of TOPCon and PERC/PERL/PERT solar cells [40]; all acronyms
are defined in the main text.

Again, Figure 1 clearly endorses that the double-sided contact cell concept dominates
all other technologies in terms of market shares. As shown in Figure 1, the rear-side contact
cells are predicted to increase in terms of market shares from 2% in 2020 to almost 5% in
2031. In addition to this, the HIT/HJT or Interdigitated Back Contact (IBC) solar cells have
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smaller market shares in the current scenario, and it is due to factors such as high cost,
complex fabrication, and processing techniques that the need for significant modification
of cell processing technologies and low throughput is expected [40].

The further part of this paper presents the structure, parameters, and properties of the
TOPCon solar cell.

2. Structure and Electrostatics of TOPCon Solar Cell

According to ITRPV, high efficiency and state-of-the-art PERC, along with its variants
(e.g., PERL), dominated the PV market with a ~80% share in 2020 [39]. Opportunities exist
for those technologies that promise lower production costs with minimal changes to the
existing production lines for PERC solar cells. As the fabrication of TOPCon technology
cells just adds a few steps in the existing manufacturing units of PERC cells [4,41], therefore
it is fundamentally compatible to replace PERC solar cells.

The two-dimensional (2-D) schematic diagram of the TOPCon solar cell is shown in
Figure 3. It is produced with c-Si, which has a p-n junction with a heavily p-doped emitter
on the front side and an n-type substrate [41].

Metal fingers

Anti Reflection \

hin film p'-Si emitter
n-Si base

Ultra-thin P-doped Si layer

Metallization .
tunnel oxide

Figure 3. Two-dimensional schematic of an n-type c-Si-based TOPCon solar cell [40].

At the front surface, the SiNy layer is used as an anti-reflecting coating, whereas a thin
layer of aluminums oxide (Al,O3) is used for the passivating layer, reducing the surface
recombination velocity below 50 cm/s [42,43]. At the back, an ultrathin (< 2 nm) tunneling
layer of SiO; is used as an electron transport layer, whereas a thin layer of the heavily
n-doped poly-Si layer is used to provide an Ohmic contact at the back and electric field for
the photogenerated electrons to tunnel through the SiO, layer [29].

3. Configurations of the TOPCon in c-Si-Based Solar Cells

There are two different types of configurations possible for the TOPCon, which can be
used as a rear contact in c-Si-based solar cells. These are the following;:

1.  n-TOPCon rear contact for n-type c-5i solar cell
2. p-TOPCon rear contact for p-type c-Si solar cell.

3.1. n-TOPCon Rear Contact for n-Type c-Si Solar Cell

The PV cell structure of the n-TOPCon, which is used as a rear contact for the n-type
c-Si-based solar cells [43], is shown in Figure 3. The structure contains tunnel oxide, which
is developed and grown in nitric acid [44], with a layer of P-doped silicon. Afterward, the
a-5i layer was deposited, and the contact was further strengthened and hardened through
an annealing process at a very high temperature, which ranges between 800 °C and 900 °C.
After annealing, this structure was exposed to hydrogen passivation for a duration of about
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30 min at a temperature of 400 °C [45]. The n-type TOPCon structure is used as a rare
contact in the n-type c-Si-based solar cell, which has achieved the highest efficiency of up
to 25.7% at the cell level [11]. Additionally, it provides extremely excellent and outstanding
surface passivation at the Schottky interface. Moreover, it also reduces the contact resistance
at the interface [46,47].

3.2. p-TOPCon Rear Contact for p-Type c-Si Solar Cell

The cell structure of the p-TOPCon used as a rear contact for the p-type c-Si-based solar cells
consists of a full-area TOPCon emitter at the rear contact with an oxide layer [40,48], as shown
in Figure 4. This structure is designed by using the method of a wet-chemically grown
silicon oxide (SiOx) layer, which is an extremely thin layer. Moreover, it is also covered
with a thick layer of phosphorous-doped silicon carbide (SiC). The thickness of this layer
is equal to 15 nm, and it is deposited by using the process of plasma-enhanced chemical
vapor deposition (PECVD), which was further strengthened and hardened through an
annealing process in a tube furnace at a high temperature of up to 800 °C [43]. The p-type
TOPCon structure was used as a rare contact in the p-type c-Si-based solar cell and achieved
the very best efficiency at the cell level of ~24.3% [48]. The conversion efficiency of the
p-TOPCon used as a rare contact is lower than that of the n-TOPCon. The main reason for
this reduction is a slightly increased or magnified series resistance at the interface compared
to that of n-TOPCon as a rear contact.

-/ Metal fingers '

p-c-Si Base

Figure 4. Schematic diagram of p-type c¢-Si TOPCon solar cell [40].

4. Fabrication of TOPCon Solar Cell

The TOPCon solar cell is mostly produced on a phosphorus-doped c-Si wafer obtained
through the Czochralski (CZ) method [49], as shown in Figure 5. This is because low
amounts of oxygen are required for phosphorus-doped wafers with p ~ 0.5 Qcm [50].
The steps involved in the assembly for the fabrication of the TOPCon cell are presented
in Figure 5 in the form of boxes. First of all, the c-Si wafer is double-sided textured with
irregular pyramids using a potassium hydroxide (KOH) solution, which is described by the
“Texture” box as shown in Figure 5. After standard RCA (Radio Corporation of America)
cleaning, the wafer is kept in a boron diffusion furnace to form the boron-doped (or p-type)
emitter using a boron tribromide (BBr3) source. Then, by using a hydrofluoric acid and
nitric acid (HF/HNO3) solution, the bottom boron-doped emitter is removed through a
single-side etching process. In the next step, the wafer is cleaned using chemicals, and
then a stack of passivation layers consisting of ultrathin SiO and intrinsic poly-5i layers is
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developed, which is described by thermal SiOx+i-poly and SSE+ cleaning tabs, as shown in
Figure 5. The SiOy layer is thermally grown, whereas the poly-Si layer is developed in a low-
pressure chemical vapor deposition (LPCVD) system. Then, intrinsic poly-Si is n-doped in a
phosphoryl chloride (POCls) diffusion furnace. The front side of the wafer is cleaned from
poly-Si through another single-side etching process. The wafer is again cleaned through
the RCA process, and then an anti-reflection and passivation layer is formed in front of
the boron-doped emitter. A layer of SiNx using PECVD is formed on the back to protect
S5iOx and the poly-Si passivation stack. In the last step, an H-shaped metal contact with
nine busbars is formed on both sides using screen printing and high-temperature (~760 °C)
firing methods in order to provide metal contacts [48]. After fabrication, the current voltage
(J — V) and other valuable characteristics are measured under the standard solar spectrum
of AM1.5G (1000 W/m?) using some suitable flasher instruments.

Rear p+
removal and . S Surface
n+ diffusion S
morphology passivation

conditioning

p+ boron
diffusion

Screen
printing &
firing

Figure 5. Process flow of TOPCon solar cells.

5. Discussion

The c-Si-based TOPCon solar cells are under extensive research throughout the world
with the main aim of achieving the maximum possible energy conversion efficiencies near
the theoretical limit of c-Si-based solar cells. TOPCon solar cells were first highlighted
by the Fraunhofer ISE research group in 2013 with an efficiency of ~21.8%. However,
researchers noted that this novel structure had the potential to achieve maximum efficiency
close to the theoretical efficiency limit by further exploration. Various research groups
and institutes carried out continuous research in this domain and achieved the highest
conversion efficiency of ~25.7% (Figure 6) on a cellular level for single junction c-Si-based
solar cells with a Voc of 725 mV, Jsc of 42.5 mA /cm?, and FF of 83.3%, which is very close
to the theoretical efficiency limit determined by Shockley-Queisser. Additionally, larger
solar cells and modules have been made with a higher power output than the existing
PERC solar modules, which currently dominate the market. In parallel to this, a number
of industries have made bifacial TOPCon solar cells and modules, with the highest front-
side conversion efficiency reaching 25.4%. A comparison is shown in Table 1 among the
available single-junction structures of c-Si-based solar cells.

Among all these available technologies presented in Table 1, the TOPCon solar cell has
the highest efficiency except the Heterojunction Back Contact (HBC) and p-type poly-5i on
oxide (POLO-IBC), which is 0.4% and 1% higher than TOPCon solar cells [16,51,52]. The
results (plots) in Figure 6 for the TOPCon show that the oxide layer at the contact provides
better passivation in TOPCon solar cells. Therefore, the recombination losses at the contact
are significantly reduced compared to standard technology.

In this area of research, still, there are alternatives available for researchers to explore
new and state-of-the-art materials for constructing nearly ideal metal oxides to provide the
best surface passivation at the semiconductor (c-Si)/metal (Schottky) interface to minimize
and reduce contact resistance. As a result, it will reduce the minority carrier recombination
at the interface and enhance the majority carrier flow, which improves and enhances the
overall performance.
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Figure 6. Comparison of power conversion efficiency between PERC-mono-, PERC-multi-, and
TOPCon-based solar cells with ¢c-Si as a base material. Data from [37].

Table 1. Efficiency comparison of various c-Si based solar cell technologies. Data from [37].

Single Junction Structure Cell Efficiency (%) Cell Area (cm?) Year Group/Institute
p-type PERC 25.0 4 1998 UNSW
IBC 25.2 153.5 2012 SunPower
HIT Rear Junction 25.6 143.7 2014 Panasonic
TOPCon 25.7 4 2017 Fraunhofer
HBC 26.7 79 2017 Kaneka
p-type POLO-IBC 26.1 3.98 2018 ISFH

6. Conclusions

In this paper, we present a concise review of the c-Si-based TOPCon solar cells. This
is a novel research topic in the area of solar cells, which has the potential of achieving
maximum energy conversion efficiency for c-Si-based solar cells that are approximately
equal to their theoretical limit by using the TOPCon configuration. Until now, the highest
possible efficiency achieved for c-Si-based TOPCon at the cell level is up to 25.7% by the
Fraunhofer ISE research institute in Germany. Various research groups and institutes
are working in this area and exploring it further to improve the overall efficiency of
TOPCon solar cells. In this research area, there are still many possibilities for researchers
to discover new and state-of-the-art materials for making nearly ideal metal oxides. This
ideal metal oxide will be able to provide the best surface passivation at the semiconductor
(c-Si)/metal (Schottky) interface by minimizing contact resistance. Hence, it also reduces the
minority carrier recombination at the interface along with enhancing the majority carriers
flow to improve and enhance the conversion efficiency of the TOPCon solar cells in an
economical way.

However, there are still some areas that need more focus and attention to further
improve the efficiency of TOPCon solar cells. It mainly includes the fabrication and
manufacturing of thin wafer (c-Si)-based TOPCon solar cells, analyzing the impact of
using a metal oxide-based carrier selective contact layer instead of a doped poly-Si layer,
improving the reflection of evanescent light from the back of the cell through a suitable
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interfacial layer between the doped poly-Si layer and rear side silver metallic contact, and
the simplification of the manufacturing process for TOPCon-upgraded PERC solar cells.
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