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and achieve carbon neutrality. Solar

Passivating contactsin heterojunction (H)) solar cells have shown great cell devices, including crystalline sili-
potential in reducing recombination losses, and thereby achieving high power con (c-Si) solar cells, 2l copper indium
conversion efficiencies in photovoltaic devices. In this direction, carbon gallium selenium (CIGS),’) cadmium

telluride (CdTe),l*! organic solar cellsl®!
and perovskite solar cells,!®! have ad-
vanced rapidly and are striving to meet
the increasing demand for clean energy.

nanomaterials have emerged as a promising option for carbon/silicon (C/Si)
HjJsolar cells due to their tunable band structure, wide spectral absorption,
high carrier mobility, and properties such as multiple exciton generation.

However, the current limitations in efficiency and active area have hindered Owing to their high power conversion
the industrialization of these devices. In this review, they examine the efficiency (PCE), long stability, and scal-
progress made in overcoming these constraints and discuss the prospect of able mass production techniques, Si

solar cells occupy more than 95% of the
worldwide photovoltaic (PV) market.l”#]
The PV effect at a p-n junction is at

achieving high power conversion efficiency (PCE) C/Si H) devices. A C/Si H)
solar cell is also designed by introducing an innovative interface passivation

strategy to further boost the PCE and accelerate the large area preparationof the heart of ¢-Si solar cells. A p-n homo-
C/Si devices. The physical principle, device design scheme, and junction is formed by diffusing a p (or n)
performanceoptimization approaches of this passivated C/Si H) cells are emitter onto a n (or p) Si substrate. The

aluminum back surface field (Al-BSF) cell,

discussed. Additionally, they outline potential future pathways and directions ‘ ' > - :
in which the entire rear silicon surface is

for C/Si HJ devices, including a reduction in their cost to manufacture and lloved with alumi .
! ) ) . ) alloyed with aluminum to form the device’s
their incorporation intotandem solar cells. As such, this review aims to positive terminal, is one such solar cell that
facilitate a deeperunderstanding of C/Si H] solar cells and provide guidance has dominated large-scale industrial PV
for their further development. device production for the last 30 years. This
is due to its simple design and low-cost to
manufacture.® !l However, recombination
losses and a high series resistance caused
by metal-semiconductor interfaces result in a low open-circuit
voltage (Vo) and a low fill factor (FF), which combined limit
Solar energy is considered one of the most promising renew-  the PCE of Al-BSF cells to only ~20%.1l A passivated emit-
able energy sources to reduce the consumption of fossil fuels  ter and rear cell (PERC) design was subsequently proposed and
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Figure 1. The characteristic of current c-Si solar cell technology. a) The photovoltaic market share of c-Si solar cells.[?] b) The energy level schematic
diagram of Si-Si homojunction (top) and HJ (bottom), E, E,, Ef, AE., and AE, denote the conduction band, the valence band, the fermi level, the
conduction band offset, and the valence band offset, respectively. The energy level schematic diagram of c) A PEDOT:PSS/Si solar cell**] and d) a dash
solar cell,[*®] respectively. Copyright 2015, Elsevier for Energy Procedure. Copyright 2016, IEEE for james bullock.

this has enhanced the PCE of Si solar cells up to 25%.531317]
However, the metal-silicon contact still exists in PERC and thus
the cells still suffer from recombination losses of the photogen-
erated electrons and holes.['®] To mitigate the problems asso-
ciate with metal-semiconductor contacts, the so-called passivat-
ing contact was proposed. This involves the insertion of ultrathin
passivation films, normally silicon oxide (SiO,) or hydrogenated
amorphous silicon (a-Si:H), between the Si wafer and the metal
electrode.'?%1 Owing to these passivating contact techniques,
silicon HJ (SHJ) and tunnel oxide passivated contact (TOPCon)
cells are considered the most promising next-generation PV cell
technologies(1?2l and, LONGi recently reported a new record
PCE 0f26.81% on SH] cells.[?)l Moreover, the global market share
for SHJ solar cells has steadily grown (Figure 1a),[** and SH]J so-
lar cells are expected to have a market share of ~10% after 2024
and close to 20% by 2032.

The energy level diagram of both p-n homojunction and HJ so-
lar cells is shown in Figure 1b. In both cases photons are absorbed
by the Si wafer, these create photogenerated electrons and holes
which are separated and extracted by carrier-selective transport
layers. For the p-n homojunction, a high temperature (> 800 °C) p
(or n) type doped silicon region acts as the carrier selective trans-
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port layer.[’] SHJ solar cells use an thin intrinsic a-Si:H(i) layer
as a ultrathin passivation interlayer, and a doped a-Si:H (n* or p™)
as a carrier selective contact layer. The carrier selective contact is
formed without high-temperature process and this is a potential
benefit for the mainstream c¢-Si PV industry,!*®! however, SH]J de-
vices still require expensive vacuum equipment to prepare the
highly doped (n+ or p+) silicon regions.?”] For the next gener-
ation of solar cells, the structural complexity and ease of device
fabrication will be the key factors in determining the cost and
viability of Si-based devices.

The use of alternative materials which are dopant free such
as organic films (e.g., PEDOT:PSS),[?#?] transition metal ox-
ides (e.g., M00,),3%31] metallic salts (e.g., LiF) and sulphides
(e.g., ZnS)B3? for the development of HJs devices are a partic-
ularly attractive pathway for solar cell manufacture. In 2014, 8-
hydroxyquinolinolato-lithium (Liq) was introduced at the rear
side of Si substrate to reduce charge recombination and the
cells achieved a high PCE of 12.2%.1** In 2016, He et al. pre-
sented a fully conformal contact by a post-fabrication coating of
diethyl phthalate (DEP) and were able to demonstrate efficiencies
above 16%.13*] Figure 1c shows the energy band diagram of PE-
DOT:PSS/Si HJ.3%1 Record-high efficiencies of 18.3% and 20.6%
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of PEDOT:PSS/Si H]J solar cells were achieved by Zielke et al. on
n-type silicon and p-type silicon wafers,3%! respectively. On the
other hand, Bullock et al. developed and implemented dopant-
free asymmetric hetero contacts (DASH cells) using alkali metal
fluorides and metal oxides and these resulted in PCEs approach-
ing 20% (Figure 1d).%] Yang et al. reported that a thin film of
TiO,N, which simultaneously provides moderate surface passi-
vation and enabled a low contact resistivity on ¢-Si surfaces. In
their work, a PCE of 22.3% was achieved for a c-Si solar cell fea-
turing a full-area dopant-free electron-selective contact.**! Cur-
rently the highest conversion efficiency achieved by DASH cells
is 23.5% and this places them into a realm that is competitive with
c-Si cell architectures.’”] Unfortunately, the mainstream passi-
vating thin films used in common DASH cells, such as a-Si:H,
still require the use of expensive equipment, and the complex-
ity of the HJ device fabrication process is thus not significantly
reduced.

2. Carbon/Silicon HJ Solar Cells

Similar to Si, carbon (C) is an abundant element in nature, and
the exploration of carbon materials is closely connected to hu-
man history. Owing to their excellent carrier mobility, chemical
stability, and optoelectronic properties, carbon materials fulfill
all of the requirements for solar cell manufacture in combination
with silicon.?*#%l Generally, a C/Si HJ solar cell consists of a car-
bon layer (carrier-selective contact layer) and a Si (light absorbing
layer) as well as front and rear metal electrodes. At present, the
most common carbon films used in C/Si HJ solar cells are amor-
phous carbon (a-C), graphite, graphene, fullerene, and carbon
nanotubes (CNTs) as shown in Figure 2a.**1 The development
of the C/Si HJ solar cells was initially slow due to the technical
difficulties to integrate carbon materials. As such and until
recently, the C/Si HJ device geometry was highly unusual when
compared to commercial Si solar cells. In most cases, researchers
employed an architecture resembling that of an organic solar
cell with a window or frame-like geometry defined in the middle
of a Si wafer.*!] In this geometry, a SiO, /Si wafer was etched to
reveal a small silicon opening in the SiO, and the surrounding
SiO, was coated with metal electrode (such as Au, Ag, or Pt/Ti).
The use of a window or frame like geometry allowed for the
carbon film to be processed separately and later transferred to the
window and this design was successful for many years. Figure 2b
and Table 1 displays the representative results of window-like
geometry C/Si solar cells from the year of invention to the year of
2019.

The first C/Si HJ PV effect was proposed and reported by
Bhagavat and Nayak in 1979.14l A H]J was prepared by depositing
an amorphous carbon (a-C) film onto an n-Si substrate. This
H]J showed a rectification ratio of two orders of magnitude and
put out a photovoltage of 280 mV. In 1996, Yu et al. reported a
more complex a-C/Si HJ solar cell; including a back electrode,
n-type Si substrate, a-C film, and Au electrode and achieved
2.73 mA cm™ of short-circuit current, 325 mV of V¢, FF of
65%, and PCE of 3.8%./3! It was this work which then initiated
the study of the C/n-Si layer for photovoltaics. Over the following
20 years, efforts were then devoted to enhancing the PCE of
the a-C/Si HJ devices. However, difficulties in controlling the
sp?/sp® ratio of the a-C and the inhomogeneity of dopants
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as well as the extreme growth process of a-C, have hindered
the device performance improvement. Currently, the record
PCE of the a-C/Si HJ solar cell is 7.9% with an active area of
2 cm?.

The use of nanomaterials offers a solution and work combin-
ing zero-dimensional fullerene (C,) in a (Cq,)/Si HJ has shown
good rectifying properties, and by doping the C,, layer, surface
passivation and the incorporation of anti-reflection coatings, a
PCE of 8.43% (active area of 0.13 cm?) was achieved at a C,/p-Si
solar cell by Yun et al. in 2016.1**] However, the limited intrinsic
conductivity of Cy,, makes the further development of the C,,/Si
solar cell challenging.

Unlike a thin film of C,, with a high resistance, graphene
has an electron mobility of 2.5 x 10° cm? V= $71[%] which
is hundreds of times higher than that of silicon. In 2010, Li
et al. reported the development of a two-dimensional carbon
atomic layer graphene/Si solar cell.*®] Building upon previ-
ous research on other C/Si HJ solar cells, the development of
graphene/Si solar cells progressed quickly and Ma et al. reported
a PCE of 15.8% in a graphene/MoS,/Si Schottky barrier solar
cell.[4647]

Among the carbon allotropes, CNTs with their unique struc-
ture and electrical properties (a metallic (m) or semiconducting
(s) property) boast a host of properties that also make them at-
tractive for PV. Conceptually, CNTs are 1D cylindrical molecules
with a diameter of a few nanometers. A single-wall carbon nan-
otube (SWCNT) can be theoretically considered as a rolled-up
form of graphene along a specific lattice vector (n, m). Double-
wall carbon nanotubes (DWCNTs) and multi-wall carbon nan-
otubes (MWCNTS) consist of two or more coaxially SWCNTs. A
series of (n, m) indices defining the atomic structure of CNTs
are shown in Figure 2c. The integers (n, m) originate from the
chiral vector, C, = na; + ma,, which describes the number of
steps along the graphene lattice basis vectors (a; and a,) in real
space.l*®! Slight differences in structure can lead to significant
differences in the properties of various SWCNTs. For example,
electronic band structure calculations predict that the (n, m)
indices determine the metallic or semiconducting behavior of
SWCNTs.[9%0 Zigzag (n, 0) SWCNTs should have two distinct
types of behavior: the tubes will be metals when n/3 is an in-
teger, and otherwise semiconductors. As C, rotates away from
(n, 0), chiral (n, m) SWCNTs are possible with electronic prop-
erties similar to the zigzag tubes; that is, when (2n+m)/3 is an
integer the tubes are metallic, and otherwise semiconducting.
The typical density of electronic states (DOS) of metallic SWC-
NTs (m-SWCNTs) and semiconducting SWCNTs (s-SWCNTs)
are exhibited in Figure 2d.°!) Unlike bulk materials, maximum
points of DOS, namely the van Hove singularities, arise in 1D
nanotubes and, as a first approximation, play a significant role
in the optical properties and electrical transport of SWCNTs.
As shown in Figure 2¢, distinct sharp optical adsorption peaks
corresponding to the optical transitions between symmetrical
van Hove singularities are observed due to the discrete distribu-
tions of electronic states. The band gap of a SWCNT varies in-
versely with its diameter, and the wavelength of the optical ad-
sorption peaks of s-SWCNTs increases with diameter, extend-
ing into the visible and near-infrared bands beyond that of sili-
con. Among the various potential SWCNT applications is photo-
voltaics and the SWCNT/Si HJ is one of the simplest and most
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Table 1. The results of window-like geometry C/Si H] solar cells efficiency from the year of invention to 2019.

Solar cell structure PCE [%] Active area [cm?] Voo [MV] Joe [MAcm™2] FF [%] Year First Institution
a- - - 280 - - 1979 Tsinghua Universityl4?]
C/si 3.8 0.28 325 2.73 65 1996 Tokai Universityl 4]
6.45 0.28 420 3.71 63 1996 Tokai Universityl®]
2.07 0.25 479 18.4 31.8 1999 Nagoya Institute of Technology [3°]
7.9 2 580 32.5 42 2001 Xinjiang University[54]
Ceo/Si <0.1 - 400 - 30 1996 University of Tokyol®]
0.023 0.25 170 0.33 415 1999 Toyota Technological Institutel®®]
0.7 2.6 306 11.58 19.9 2002 Toyota Technological Institutel®’]
8.43 0.13 500 25.1 67 2016 Ulsan National Institute of Science and Technology!®®]
Graphene/Si 1.65 0.1 480 6.5 56 2010 Tsinghua Universityl®°]
3.4 0.1 570 21.0 28 2012 Tsinghua Universityl7]
8.6 0.09 540 25.3 51 2012 University of Floridal’"]
9.6 0.1 550 16.91 72 2013 Tsinghua Universityl7?]
10.3 0.04 480 38.86 55 2013 Hefei University of Technology!”’]
14.5 0.047 612 32.7 72 2013 Tsinghua University74]
15.6 0.11 595 36.7 72 2015 Tsinghua Universityl7°]
15.8 0.03 590 36.8 73 2018 Tianjin Universityl7]
CNT/Si 1.4 0.49 500 13.8 19 2007 Tsinghua Universityl”’]
7.4 0.49 540 26 53 2008 Tsinghua University! 78]
4.5 0.25 350 26.5 49 2009 Arkansas Universityl7°]
10.9 0.08 550 25 79 2010 Florida University!30]
10.9 0.09 560 29 67.6 2011 Tsinghua Universityl']
15.1 0.15 610 32 77 2012 Peking University!®2]
1.5 0.09 530 29.3 74 2013 Yale University!®]
10.8 0.49 510 31 69 2014 Yale University!34]
17 0.00785 590 36.6 78 2015 Kyoto University!33]
10.11 2.15 630 25.32 51.97 2016 Peking Universityl®]
14.09 0.09 540 36.1 723 2017 Kyoto Universityl37]
14.8 0.09 618 33.7 71.2 2019 Peking University!®?]
14.4 0.09 549 36.7 71.2 2019 Kyoto University!3°]
17.2 1 659 32.3 76.3 2019 Karlsruhe Institute of Technology(*]

Note: The illumination intensity of ref. [35] is 15 [MW cm™2] (xenon arc lamp).

scalable approaches. The work function of a SWCNT varies with
the different diameter and can range from ~4.5 to 5.1 eV,?
and form a hole-selective contact with n-Si. Therefore, by coat-
ing a Si substrate with a SWCNT film, a typical SWCNT/Si
HJ can be fabricated at room temperature. Additionally, the in-
trinsic mobility of semiconducting SWCNT5, which is as high
as 105 cm? V s71,535* makes SWCNT films a potential high-
conductive path for carriers. Moreover, the photocurrent excited
by near-infrared light in SWCNT devices suggests that SWCNT

film may serve as photo-sensing materials as well as carriers col-
lecting and transporting layers in SWCNT/Si solar cells.[*] Up to
now, the window-like geometry CNT/Si solar cells have been de-
veloped from 1.4% PCE in first reports to 17.2% with 1 cm? device
areas,®! which is significantly higher than that of other carbon-
based Si devices. However, as mentioned above, raw SWCNT ma-
terials consist of various (n, m) species with different properties,
leading to the complex work mechanism of HJs in an SWCNT
device.

Figure 2. The characteristics of C/Si H] solar cells. a) Four classes of carbon allotropes (a-C, fullerene (Cq)), CNTs, and graphene) formation of C/Si
HJ solar cells.[*0] Copyright 2015, John Wiley and Sons for Advanced Materials. b) The timeline exhibits the evolution and selected major events of C/Si
H]J and solar cells up to 2019. c¢) Chiral map of SWCNTs. Zigzag and armchair nanotubes correspond to SWCNTs with m = 0 and n = m, respectively.
Optical absorption spectra of different semiconducting SWCNTs achieved by sorting are presented on the right. S;; and S,, represent the first and
second optical transitions of SWCNTs with the diameter ranging from 0.8-1.0 nm, respectively.’®] Copyright 2020, John Wiley and Sons for Advanced
Energy Materials. d) Schematic illustration of the DOS of s-SWCNTs (left) and m-SWCNTs (right) with the optical transitions between VHS.[>'] Copyright
2018, John Wiley and Sons for Advanced Energy Materials. e) The energy-band diagrams of the CNT/Si HJ solar cells based on p-n junction or Schottky
junction solar cells.[3”] Copyright 2012, John Wiley and Sons for Advanced Energy Materials. f) Illustration of the fabrication process of DWNT/n-Si H|
solar cell.l’”] Copyright 2012, John Wiley and Sons for Advanced Energy Materials. g) The energy level diagram of C/Si HJ solar cells.
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CNT materials will respectively form two types of HJs when
in contact with Si wafers: a p-n (semiconductor/semiconductor)
junction or Schottky (metal/semiconductor) junctions. The
energy band diagrams of the CNT/Si HJ solar cells with p-n
junction or Schottky junction are displayed in Figure 2e.l’”]
When a CNT/Si HJ is illuminated, photons with energy greater
than the bandgap can excite electrons in the valence band to the
conduction band, creating holes in the valence band where the
excited electrons are previously located and then photogenerated
carriers can be separated under the built-in field. Positive charges
will accumulate near the surface of the silicon side and negative
charges transfer to the other side near the p-C layer. When the
density of interface states is low enough for both the p-n junc-
tion and Schottky junctions, the built-in fields can be critically
adjusted by the work function of the carbon layer. If the work
function of the carbon increases, a higher built-in potential will
be formed, enhancing the junction’s capacity to collect photo-
generated carriers. Unlike traditional PERC or SH] solar devices,
carbon films can be prepared by solution-process technologies
at room temperature and in the atmospheric environment,*®!
making it possible to mass-produce CNT/Si HJ solar cells in
large quantities by a simple and low-cost solution process.>!

Although many technologies with electrical and optical design
have been used to improve the CNT/Si H]J, two main limitations
have hindered industrialization: the low PCE (<18%) and the
small active area (<0.1 cm?) (as shown in Table 1). As shown
in Figure 2f, the current method for preparing CNT/Si device
with a window-like geometry involves conformally transferring
CNT films to a Si wafer. The area of this architecture is usu-
ally small (0.008-2 ¢m?), and the design is difficult to scale up
without compromising PCE. Furthermore, there are many de-
fect states at the CNT/Si interface (Figure 2g), where recombina-
tion of the photoinduced carriers can lead to poor performance
and interface passivation is key to achieving a high PCE. Cur-
rently, classic passivation (chemical passivation and field-effect
passivation) techniques have been applied for high-efficiency Si
solar cells. An alternative passivation strategy is chemical passi-
vation (passivation materials including SiO,, a-Si:H) and is based
on a covalent bond formed between the Si surface atoms and
atoms inside the passivation materials;>®! In contrast, field-effect
passivation (such as Al,O;, SiN,) is linked to the use of an elec-
tric field provided by fixed charges in dielectric materials.[® The
porosity of the CNT film made the use of traditional passiva-
tion layers like a-Si:H or SiN, difficult. Therefore, the existing
passivation techniques are not compatible with the preparation
strategy of CNT/Si solar cells. Moreover, the preparation of SiO,
by thermal oxidation method requires a high-temperature pro-
cess, and the preparation of Al,O; or a-Si:H by PECVD requires
high-vacuum equipment, which restricts the further reduction of
crystalline silicon cell’s cost.[®V¢2] To summarize, the window-like
geometry architecture and the lack of suitable passivation tech-
niques of CNT/Si HJ solar cells make it challenging to produce
industrial-sized cells with PCEs above 20%. Therefore, a passiva-
tion method that can perfectly match this special CNT/Si HJ is
highly desirable. Such a technique should; i) have a high passi-
vation effect at CN'T/Si interface; ii) have deposition conditions
compatible with the CNT/Si interface; and iii) Ideally, integrat-
able into CNTs themselves in a composite material.
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3. Solving CNT/Si Interface Recombination using
Electrochemical Passivation

3.1. What is Electrochemical Passivation?

In 2017, Chen et al. proposed an organic polymer solution pas-
sivation scheme under mild conditions that was less hazardous,
high-vacuum free, achievable at low temperature, and which had
a superior passivation effect to standard approaches. For exam-
ple, using the polymer polystyrene sulfonate (PSS) this organic
polymer passivation scheme achieved lifetimes of 28.6 ms on
lightly doped (highly resistive) silicon wafers and surface recom-
bination rates as low as 0.65 cm ~!'s.[! The organic thin films’
mechanism of passivation differs from conventional field-effect
passivation and chemical passivation, the redox reaction is shown
in Equation (1):

+

=Si-+PSS=Si—-0—-R (1)
=

where holes and electrons are denoted by h* and e, respec-
tively. The passivation mechanism originates from the oxida-
tion/deoxidization process at the polymer/Si interface.l*?] There-
fore, it is referred to as being an electrochemical passivation
mechanism. Furthermore, the approach displays a ‘switching ef-
fect’ at the polymer/Si interface according to first-principles total-
energy calculations. The polarization switching origins from the
electrochemically switchable interface dipoles (SIDs) which com-
poses by local polar regions at the polymer/silicon interface.[??!
The polymer molecule grafted on the H-terminated Si surface
when the Si surface acts as an electron donor, then the bond shed-
ding when the Si surface acts as an electron acceptor, as shown
in Figure 3a.[%*]

Verification of the ‘switching effect’ at the polymer/Si inter-
face was obtained by applying external field to inject charge
carriers. The geometry of the sample is shown in the inset
of Figure 3b,*] where it can be seen that the lifetime in-
creases as the positive voltage applied and lifetime drops af-
ter applied a larger negative voltage. This result further con-
firms the origin of electrochemical passivation for the PSS-
passivated Si surface. Furthermore, a switchable behavior of life-
time is obtained during the repetitive measurement in alter-
nate O, and N, atmospheres (Figure 3c).** This result also
implies the oxidation/deoxidization passivation mechanism of
the PSS thin film on Si. Meanwhile, an observant the ion
of light-induced enhancement (LIE) effect in photovoltaic per-
formance in poly(3,4-ethylthiophene):polystyrene sulfonate/n-Si
(PEDOT:PSS/n-Si) hybrid solar cells is appeared (Figure 3d).[%]
The PEDOT:PSS/n-Si heterojunction solar cell is a p*/n Schot-
tky junction device with an internal electric field (E,,) along the
direction from the n-Si to the PEDOT:PSS layer. Upon light soak-
ing, photoexcited electron-hole pairs are created in the Si ab-
sorber and then separated by the internal electric field. E, (from
Si to PEDOT:PSS) ensures that the holes transfer from the Si
bulk to the PEDOT:PSS/Si interface, and this favours the for-
ward reaction in Equation (1) and results in the oxidation of
the Si surface. This phenomenon reduces the interface defect
states and suppresses minority carrier recombination and thus
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Figure 3. The design principle and applications of electrochemical passivation. a) The electrochemical passivation mechanism of pss.[°!l Copyright
2019, Elsevier for Solar Energy Material and Solar Cells. b) Electrochemically switchable behaviors of lifetime. The inset is a test structure.[®3] Copyright
2017, Elsevier for Electrochimica Acta. c) Evolution of lifetime of the Nafion film passivated Si wafer, measured in alternate O, and Ar environments
(RH:10%-20%).[°#] Copyright 2018, American Chemical Society for Applied Materials. d) The PV parameters of the organic-inorganic hybrid solar cell
as a function of the LS time (Left) and the forward-bias application time (Right).1%°] Copyright 2018, American Chemical Society for Applied Materials.
e) A functional group passivation system using a series of functional materials with a sulfonic functional group -SO;H.[61] Copyright 2019, Elsevier for
Solar Energy Material and Solar Cells. f) A new material system for crystalline silicon surface passivation. g) Schematic of the Nafion film-fabrication
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procedure and AFM image of the Nafion film on the polished Si wafer.[**] Copyright 2018, American Chemical Society for Applied Materials.
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increases V. and PCE of the hybrid solar cells. Further research
revealed that the origin of the organic passivation is the sul-
fonic acid group on the PSS molecule.l®!] The passivation life-
times by several materials are given in Figure 3e.[!] It was found
that a benzene ring, polymerization, or sulfonic salts do not
provide effective passivation of Si. The passivation mainly orig-
inates from the functional group of -SO,H. Subsequently, Chen
et al. successively discovered more than ten polymer films with
high-quality passivation effects, e.g., sulfonated polytetrafluo-
roethylene (Nafion), poly(2-acrylamido-2-methylpropanesulfonic
acid) (PAMPS), polystyrene-block-poly(ethylene-ran-butylene)-
block-polystyrene, sulfonated, cross-linkable (PS-b-PERB), etc.
which established a new material system for crystalline silicon
surface passivation (Figure 3f).[°!] Importantly, passivating thin
films prepared by a simple spin-coating method had an effective
minority carrier lifetime of #10 ms on n-type c-Si wafer with a
resistivity of 1-5 Q cm, corresponding to an implied open circuit
voltage (iVc) of 724 mV in Figure 3g,°* which is a level that
is in line with the a-Si:H(i) film-passivation scheme used in the
current PV industry.

Historically, electrochemical passivation had been shown to in-
crease the PCE of interdigitated back contact (IBC) solar cells and
a PSS thin film was employed in IBC solar cells as a front sur-
face passivation layer.[?) Due to the remarkable passivation effect
and antireflective coating (refraction index ~1.5) of PSS, signifi-
cant enhancement in V- and J. achieves in IBC solar cells. In
addition, the shingling of solar cells has been the main module
technology in the current photovoltaic industry. However, shin-
gle solar cells are usually separated from host wafers, which leads
to a decrease in solar cell efficiency due to edge recombination.
This issue can also be solved by spraying coating organic passiva-
tion agents to selectively passivate silicon edge surfaces. Perform-
ing the advanced passivated edge technology on a 3 x 3 cm? SHJ
cell with four un-passivated edge surfaces, an initial efficiency
of 22.7% increases to a higher 24.49%.° A shingle mini-module
by forming the cutting SHJ sub-cells was prepared by Chen et al.
and by passivating the newly formed edges with organic solution,
the power of the mini-module improved from 514.7 to 533.5 W.

3.2. Why is Electrochemical Passivation Suitable for Solving
CNT/Si Interface Recombination?

For the high-performance C/Si HJ solar cells, the CN'T/Si inter-
face passivation is highly desirable. As mentioned above, a passi-
vation method should have a high passivation effect and can be
deposited into CNT/Si interface as well as can integrate into CNT
to be one material. Conveniently, the electrochemical passivation
materials inherently allow for the fabrication of passivation layers
at low temperature and high vacuum free conditions that match
well with the requirements of the CNT/Si interface passivation.
Moreover, some electrochemical passivation materials are good
dispersants for nanotubes which can integrate passivation into
CNT to be a single material. Wang et al. have demonstrated that
Nafion can solubilize CNT very well, and they have successfully
applied CNT/Nafion electrodes to an amperometric biosensor.!’!
Therefore, the electrochemical passivation technique will be well
suited for C/Si HJ solar cells and can further boost the PCE of
C/Si PV devices.
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4. Conductive Passivating Contact Assisted
CNT/Si Solar Cells Industry Evolution

Electrochemical passivation presents a novel low-cost material
strategy for c-Si surface engineering, however, some other cur-
rent high-efficiency solar cell structures, such as PERC, TOP-
Con, and SHJ, are not compatible with this organic passiva-
tion technology, because the electrochemical passivation mate-
rials cannot undergo high-temperature sintering required for
SiN,, SiO,, Al,O;, and other dielectric films.[61%] Therefore, a
new device design is required that is compatible with electro-
chemical passivation technology. Initially, MoO, nanoparticles
with high work functions were introduced into PSS to form a
composite thin film, which had two functions: surface passiva-
tion and hole transport.*?] As shown in Figure 4a, the direction
of the internal electric field (E,) was reversed for the compos-
ite PSS:MoO, /Si interface, which changed the deoxidation at the
polymer/Si interface to oxidation at composite thin films/Si in-
terface, corresponding to higher passivation stability.('%] Then,
a conductive-passivating carrier-selective contact was achieved
using PEDOT:Nafion composite thin films. A PCE of 18.8%
was reported for an industrial multi-crystalline silicon solar cell
with a back PEDOT:Nafion contact, demonstrating a solution-
processed organic passivating contact concept (Figure 4b).5U
This was the first report that one material could be used to achieve
both passivation and conductivity in Si PV cells and was un-
usual because as shown in Figure 4c, passivation and conduc-
tivity are normally not positively correlated with each other.5!]
The dielectric film materials with passivation function without
a carrier transport effect, such as SiN,, a-Si:H(i), AL,O;, and
Si0,.[62101.102] Metals, ITO, and organic conductive polymers like
poly(3,4-ethylenedioxythiophene) (PEDOT), do not provide a pas-
sivation effect.81031%4] Ag a result, the use of at least two ma-
terials to achieve passivation and contact strategies was always
required for silicon solar cells. That leads to fabrication pro-
cesses with technical complexities and a correspondingly en-
hanced preparation cost. In Figure 4d,>") PEDOT:Nafion, which
can be considered as one material, achieved the two functions
of hole selectivity and demonstrates the feasibility of a solution-
processed organic passivating contact concept. It also contributes
effective back-surface junction or field scheme for p-type and
n-type Si solar cells, both for research purposes and as a low-
cost surface engineering strategy for future Si-based PV technolo-
gies.

Guided by the idea of a “Conductive Passivating contact”,
a simple CNT:Nafion ink combining CNTs and Nafion was
developed, which enabled a low-cost fabrication process by
spin-coating Figure 4e.'%] Subsequently a front and back-
junction design of solar cells with active areas of 1-16 cm? were
fabricated (Figure 4f).1%] In those industry-standard solar cell
geometries device, CNT:Nafion films act as a hole extraction
layer and interfacial defects passivation layer simultaneously.
Record maximum PCE of 15.2% and 18.9% were reported for
front and back-junction devices for 1 and 3 ¢cm? active areas,
respectively. Furthermore, a PCE of 20.1% with an industrial
size (245.71 cm?) was also achieved and this represented a
breakthrough for CNT/Si solar cells in terms of area and
efficiency.*®17-19] In addition, a commercially available CNT
soot was mixed with Nafion and used to replace the traditional
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Table 2. The results of industrial sized C/Si H] solar cell efficiency from the year of invention to 2022.

Solar cell structure PCE [%] Active area [cm? Vo MVl Jo [mMA cm™2) FF [%] Year First Institution

Graphene/Si 18.8 5.5 654 40.1 71.9 2022 Hebei Universityl 4]

CNT/Si 18.9 3 631 38.8 77.2 2019 Karlsruhe Institute of Technology! %]
214 4.8 654 39.9 82 2020 Hebei University and Karlsruhe Institute of Technology [1%]
20.1 245.71 646 39.5 78.9 2020 Hebei University and Karlsruhe Institute of Technology [1%]
22.04 4.4 683.4 4038 79.9 2021 Hebei University and Karlsruhe Institute of Technology [1]
22.04 669.4 40.3 81.7 2022 Hebei University and Karlsruhe Institute of Technology [11°]
23.03 6.2 679.4 413 82.1 2022 Hebei University and Karlsruhe Institute of Technology [17]

back structure of PERC solar cells.['1%113] A record efficiency of
23.03% was achieved for the CNT/p-Si solar cell.

The working principle of the CNT/Si HJ solar cell can be ex-
plained as shown in Figure 4g. The CNT with its 1D structure
provides a hole-selective contact layer and supplies the built-in
potential at the interface and Nafion is responsible for interfacial
passivation. By combining carbon materials and passivation ma-
terials into an ink in this way the PV device fabrication process
is dramatically simplified. These potential developments are ex-
pected to promote the Si-based cells technology into the low-cost
strategy. Figure 4h and Table 2 present the results of industrial
sized C/Si HJ solar cells efficiency from the year of invention
to 2022. These indicate that C/Si HJ device with the C:polymer
composite film demonstrated the necessary conditions of indus-
trialization development: low cost, simple process and high effi-
ciency.

5. Perspectives

5.1. The Key Challenges and Developing Trends of C/Si H) Solar
Cells

The state-of-the-art C/Si H]J solar cell has been a promising field
and the PCE has reached over 23% with an astonishing speed.
However, several challenges remain for C/Si HJ solar cells. For
instance, whether or not itis a p-n junction or a Schottky junction
at the heart of a C/Si H]J has not been completely clarified, and
this is mainly due to the complexity and diversity of the carbon
films. Particularly, for the unsorted-SWCNT/Si HJ, it was demon-
strated that the m-SWCNTS played a very significant role. In the
future, pure semiconducting or metallic C films with high purity
and quality are required to understand the nature of C/Si HJs and
their functions in solar cells.

In addition, the most commonly used carbon materi-
als in C/Si HJ are a-C, graphite, graphene, fullerene, and
CNTs.''8121 Tn fact, other forms of carbon or carbon-like ma-

terials such as graphdiyne,!"! carbon black,['?] carbon soot, '8!

black phosphorus,?!l or 2D transition metal carbon/nitrides
(MXenes),['22] also have the capacity to form high performance Si
solar cells (Figure 5a). Chen et al. have demonstrated an effect of
termination by Nafion to Ti,CT, MXene groups (MXene:Nafion).
Nafion doping dramatically enhanced the work function of the
Ti,CT, MXene from 3.96 to 5.17 eV. Moreover, MXene:Nafion
layer achieved the functions of defect passivation and carrier se-
lective transmission simultaneously, leading to a MXene:Nafion—
Si HJ solar cell with a PCE of 14.21% at the area of 7.29 cm?
(Figure 5b).

5.2. Device Structure

As shown in Figure 4f, industry standard device geometries were
fabricated with the use of CNT:Nafion ink. This led to the forma-
tion of a hybrid nanotube/Nafion passivated charge selective con-
tact, and solar cells with high PCE and industry active areas were
fabricated but the structure of the CNT/Si HJ solar cell still needs
to be optimized. As shown in Figure 6a,b, the single-step deposi-
tion of a CNT:Nafion layer is analogous to a-Si:H(p)/a-Si:H(i) or
SiNx/AlL, O, /c-Si(p+) layer stacks. That means that CNT:Nafion
not only acts as the p type emitter of n-Si devices but that it can
also serve as a back surface field of p-Si HJ solar cells. However,
the front side architecture of the C/Si HJ solar cells have to date
always been based on SHJ or PERC.[**1%] The ultimate advance-
ment of the DASH concept will be to develop n-type CNT inks
to complement the existing p-type inks and these will allow for
truly low temperature and cheap all carbon contacted CNT(p)/n-
Si/CNT(n") cells to be built.

In addition, the IBC structure is the current state-of-art device
geometry in photovoltaics!!?>126] where the emitter and contact
are on the back of the Si substrate. This provides numerous
advantages over conventional geometries: zero optical shading,
independent control for optimum optical performance in the
illuminating front side and optimum electrical performance

Figure 4. The evolution of industrial-sized CNT/Si solar cells assisted by conductive passivation contact. a) A schematic of the band line-up, and grafting
processes for the PSS/Si interface and pssmo/si.l’%1 Copyright 2017, John Wiley and Sons for PHYSICA STATUS SOLIDI (RRL) RAPID RESEARCH
LETTERS. b) Conductive hole-selective passivating contacts for nanostructure black Si solar cells.[>'] Copyright 2020, John Wiley and Sons for Advanced
Functional Materials. The Functionalized phase-like diagram of c) passivation and conductive materials, and d) passivation conductive materials.[>']
Copyright 2020, John Wiley and Sons for Advanced Functional Materials . €) Carbon nanotubes and Nafion are shear force mixed to form an ink that can
be spin coated onto the Si wafer with an industrial size. f) Photograph of the back and front of the CNT:Nafion/Si solar cell. The back is shown before and
after CNT:Nafion coating and prior to deposition of the back electrode (Ag).['%] Copyright 2020, John Wiley and Sons for Advanced Functional Materials.
g) The general operation principle of carbon-based c-PC/Si HJ solar cells. h) The selected representative results of CNT/Si H) solar cell efficiency from
the year of invention to 2022.
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Figure 5. a) Some materials of low-dimensional family.['23] Copyright 2014, Springer Nature for Nature Nanotechnology. b) MXene:Nafion-Si HJ solar
cell with a PCE of 14.21% at the area of 7.29 cm?.[124] Copyright 2022, John Wiley and Sons for Solar RRL.

with simpler interconnection techniques on the back side,
consequently higher efficiencies, and improved aesthetics.
Figure 6¢ is an IBC-CNT device concept, which has been demon-
strated in our recent work. Ideally, a photolithographic-free,
room-temperature processes, large-area (4.76 cm?) and highly
efficient (17.53%) IBC-CNT solar cell design was obtained. A
suns- V. measurement was employed to evaluate the pseudo FF
(pFF). It was found that a pFF of up to 81.33% and an efficiency
exceeding 21.39% was obtained for this kind of simple IBC-CNT
cells. Further improvement for the IBC-CNT performance
may be possible by developing efficient low work function
electron-selective contacts that are compatible with the current
processes.

5.3. Manufacturing Costs Potential

In all of the C/Si HJ solar cells mentioned above, the PCE and ac-
tive area of the CNT/Si HJ solar cells has been greatly improved
by using a “low-dimensional nanomaterials + organic passiva-
tion” strategy whilst at the same time reducing the complexity of
fabrication in a CN'T/Si HJ solar cell. The standard in-line pro-
cess for the rear structure of industrial PERC solar cells (22.52%)
contains four steps. These requires high temperature and vac-
uum equipment such as ALD (100-350 °C, 10~ Pa), PECVD (300-
450 °C), laser instrument and metallization (firing at 800 °C),
while the process for the rear structure of p-Si solar cells (23.03%)
in CNT/Si solar cells only require two steps, which do not require
energy-intensity equipment and can be prepared by spin-coating
at room temperature and at atmospheric pressure.

More importantly, the state-of-the-art CNT/Si HJ solar cells use
commercially available raw SWCNT soot and Nafion to develop
a single conductive passivating contact.l'10111128] Two types of

SWCNT raw soot with difference costs have been used under the
names AP-SWCNT and SG651.[11%7 AP-SWCNTSs have an average
diameter of 1.4 nm and a carbonaceous purity of 60-70% which is
cheaper than that of SG-65i with an average diameter of 0.78 nm
and purity of 95%. The AP-SWNTs had a PCE of 22.04%, and the
SG65i solar cells performed better in all parameters with a PCE
of 23.03%. The results show that SWCNTs without high purity
can also achieve high efficiency, yet the device shows higher per-
formance as the purity increases. A trade-off between the PCE
and cost will be consistent with high performance Si solar cells
used in the current PV industry.

The main cost of the current C/Si HJ devices maybe the metal
electrode cost and the passivation solution cost (such as Nafion).
To reduce the use of silver paste, other low-priced metal such
as Cu was evaporated as the electrode of the C/Si HJ solar cells.
Moreover, some previous works reported that the work functions
of Ag and Cu are 4.26 eV and 4.65 eV, respectively, which indi-
cates that Cu is more suitable as the electrode.['*! Using this ap-
proach we have achieved decent PCE and further optimization
is under way. On the other hand, for the industrialization of the
C/Si HJ solar cells, developing cheaper passivation solutions to
form cheaper passivating conductive inks are needed to be fur-
ther explored.

5.4. Absorption Spectrum

According to the theoretical “roll-up” of a graphene lattice,
SWCNT have first (S;;) and second (S,,) optical transitions
ranging from 2.57 eV (visible) to 0.5 eV (near-infrared) and
these have been proposed as a promising candidates to enhance
absorption spectrum of existing photovoltaic materials.[*"]
Wieland et al. coupled a bifacial Si solar cell to an SWCNT/C,

a n-type b p-type c n-type IBC

5 P ITO s AQ\ ¥ ITO pe-Si(m)H
: W&S:Hm e o ¥ SiH
: “Sa-SiH() | | v :
5 1o 1 MyAg |
5 - 5 ECNT:NaﬁX} = ¥ A(;NT:NaﬂonE

Figure 6. CNT/Si with different solar cell structures. a) CNT/n-Si H] solar cell.['1¢] Copyright 2021, John Wiley and Sons for Advanced Science. b) CNT/p-
Si HJ solar cell.L"”] Copyright 2022, Elsevier for Carbon. c) IBC-CNT solar cell design.['?’] Copyright 2023, John Wiley and Sons for Small Structures.
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Figure 7. a) Schematic diagram of the 4-terminal tandem solar cell formed by a bifacial Si solar cell and an SWCNT/Cq, organic cell.[>>] Copyright 2021,
Elsevier for Carbon. b) Schematic diagram of a perovskite-C/Si two terminal tandem device.

organic cell in a 4-terminal stack to extend the IR-absorption
of Si devices (Figure 7a).>>! It was found that (7,6) SWCNTs
are currently the best choice, and an additional 0.156 mA cm™
(value obtained from integration over 300-1500 nm) can be
expected. However, the mismatch in current density from the
SWCNT/C,, and Si tandem solar cell need to be further opti-
mization. In the future, increasing the internal reflectance at
back interface, reducing the absorption of the window layer in
the long wavelength range, SWCNT based/Si tandem solar cells
are more likely to lead to performance gains in this spectral
region.

5.5. Perovskite/Carbon-Si H] Tandem Solar Cells

Perovskite/silicon tandem solar cells (PK/Si TSCs) are cur-
rently pushing the PCE beyond the single-junction Shockley-
Queisser (SQ) limit.['*1-*1] Recently, PK/Si TSC obtained a PCE
of 33.9%,[1%2 however, the preparation process of the tandem de-
vice was quite complex.[13*143-199] At present, most of the high-
efficiency PK/Si TSCs select.[1*1150-154] The preparation process
of SHJ sub-cell is associated with technological complexities and
expensive vacuum equipment, which does not match the solu-
tion preparation route of perovskite top sub-cell. C/Si HJ solar
cells can be fabricated at room-temperature, vacuum-free envi-
ronment and potentially cost-effective by simplifying processes
and equipment. The manufacture technology of C/Si solar cell
is fully compatible with the top perovskite preparation process.
In this way, the perovskite-C/Si tandem solar cells, as shown in
Figure 7b, contributes a great potential both for research pur-
poses and as a low-cost strategy for future Si-based PV tech-
nologies. Moreover, Chen et al. also found a significant improve-
ment of the infrared light management (1000-1200 nm) in the
CNT/Si solar cell.l'®] The improvement may benefit of rear sur-
face chemical polishing and low refractive index of the back
CNT/Si layer. For perovskite-Si tandem solar cells, Si solar cell
is mainly absorbing long wavelength light (740-1200 nm). So,
the increased of the infrared light management of CN'T/Si solar
cell maybe open a new way for further enhancing the current of
perovskite-Si tandem solar cells.

Adv. Sci. 2024, 2306993

5.6. Stability

The long-term stability of “CNT-organic passivation” composite
layer is often a concern for researchers wishing to use this pro-
cess. CNTs have excellent stability in ambient, humid, hot, or ul-
traviolet radiation conditions,!**¢-15%! but the hygroscopic nature
of the organic passivation materials (such as PSS, Nafion) are
known to lead to performance reductions!’®! and these must be
addressed. In fact, humidity is the main limitation for the sta-
bility of organic passivation film. Chen et al. has demonstrated
that the electrochemical passivation effect was increased with
both oxygen and light conditions, while lifetime decreased under
high-humidity atmosphere. For the thermal stability, Yang et al.
present that organic passivation thin film maintains a superb pas-
sivation effect with the annealed temperatures up to 200 °C and
hardly presents a passivation effect with the annealing beyond
250 °C. The thermal behavior of organic passivation thin film is
similar to the industry’s champion passivation material hydro-
genated amorphous silicon (a-Si:H).[161]

To clarify the role of water molecules, density functional
theory (DFT) was used to reveal the passivation process. The
chemical reaction of the passivation or de-passivation process is
shown in Figure 8a I-III. The passivation process is illustrated
in Figure 8a-1. Nafion, an organic polymer with a passivation
functional group, neutralizes the unsaturated dangling bonds on
the Si surface. As the H, O™ approaches the passivation interface,
it triggers a de-passivation process as shown in Figure 8a-II.
Figure 8a-I1I demonstrates that the passivation bond is broken,
allowing Si to combine with OH in the solution, resulting in
failed passivation. Figure 8b I-V presents the DFT calculated
charge density isosurfaces (0.05 e Bohr-3) for the passivation
and de-passivation process. According to the reaction calcula-
tion, H and O atoms of Nafion bond with the surface Si atom
results in the total energy decrease of the Nafion-Si surface
(Figure 8b-I,IT), which indicates a passivation process. However,
the passivation fails when H;O% is approaching the interface
of Nafion-Si (Figure 8b-III). Moreover, the surface Si atom will
bond with OH™ in solution to balance the hanging bond of the
Si surface (Figure 8b-V). These results demonstrate the role of
water molecules in the passivation and de-passivation process.

2306993 (12 Of18) © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 8. The long-term stability of C/Si solar cells. a) Schematic diagram of the chemical reaction of the passivation and de-passivation mechanism.[162]
Copyright 2022, John Wiley and Sons for Advanced Energy and Sustainability Research. b) DFT calculated charge density isosurfaces (0.05 e Bohr-3) for
the passivation and de-passivation process.['%2] Copyright 2022, John Wiley and Sons for Advanced Energy and Sustainability Research. c) Physiochemical
mechanism of the CNT/Nafion and Si interfaces. d) Stability of CNT/Si H) solar cell with encapsulation, PV performance values were found to be stable
over a period of 400 day in ambient conditions.!"">! Copyright 2021, John Wiley and Sons for Advanced Science.

Figure 8c shows the CNT: organic composite film with the
water molecules, the CNTs provides an additional path for water
molecules to the CNT/Si interface, promoting the instability.
Therefore, the instability of the organic passivated CNT/Si com-
plex interface is despite both the organic passivation layer and
CNTs. However, as final solar cells are always encapsulated in
a PV module, so with a simple encapsulation, a more 400 days
stable photovoltaic performance is demonstrated (Figure 8d).

5.7. Scientific Directions
CNT/Si solar cells have seen a dramatic and encouraging im-

provement in recent years,[197163-167] and this is despite the use
of a polychiral mixture of CNTs as found in the raw materials.

Adv. Sci. 2024, 2306993

A further step in this field will rely upon a clarification of the
working mechanism and interface structure of the HJ. Precise
energy band engineering and will requires CNT materials with
a narrow structural distribution and fortunately. Preparing
high-purity CNTs with well-controlled structures and properties
has been one of the most active topic in the community of CNT
(Figure 92).°°! Intense efforts have been made to achieve selec-
tive synthesis of CNTs with uniform electronic type or specific
(n, m) species. Selective synthesis depends on controlling the
synthesis process thermodynamically and catalyst design.[*¢®]
However, either the purity or yield of selective synthesized CNTs
cannot fulfill the requirement of applications for the moment.
On the other hand, post-synthesis methods to separate CNTs by
their structures have been developed and are more attractive.!'¢!]
Liquid phase separation methods have achieved separation of

2306993 (13 of 18) © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 9. Scientific directions of C/Si HJ solar cells. a) Extraction of chiral species using polymer wrapping in organic solvents and in aqueous with
surfactants in a two-phase extraction process (ATPE).[%0] Copyright 2020, John Wiley and Sons for Advanced Energy Materials. b) The schematic diagram
of SWCNT and DWCNT. c) The different methods for preparation of C/Si solar cells with larger active areas.

s-CNTs and m-CNTs as well as single-chirality separation of
dozens of (n, m) species with diameter from 0.75 to 1.41 nm.[*]
High resolution and scalability of liquid phase separation grant
the separated CNTs a great promise in applications specifically
in the field of photovoltaics.['?] However, molecular recognition
of the abovementioned methods stems from selective coating of
surfactants or polymer on highly dispersed CNTs, implying the
necessity of surface coating for both dispersing and separation
of CNTs. These molecules coating on the sidewalls of nan-
otubes may significantly affect the properties of CNT.[}!] Hence,
completely removal of surface coating is the prerequisite for
applications.

Additionally, DWCNTs were also separated by electronic
type of outer and inner nanotubes through liquid phase
separation.!'’2173] Though composed of two SWCNTs, DWC-
NTs is not a simple combination of two SWCNTs, consid-
ering the interaction between the two sidewalls (Figure 9b).
Coupling of the sidewalls leads to some new phenomena
such as superconductivity,'’*l shifted optical modes,!'”*!
higher mechanical and chemical stability.['””) DWCNTs
posse a wider optical absorption range than SWCNTs due
to different diameter distribution of inner and outer nan-
otubes. Besides, DWCNTs are reported to be easily dis-
persed comparing with SWCNTs and are perfect candidate
for solution-processable transparent CNT electrodes.['76177]
These properties suggest that DWCNTs have a great potential
in photovoltaics.””] Yet, DWCNT-based photovoltaic devices,
especially DWCNT/Si solar cells are seldom reported at the
moment.

Adv. Sci. 2024, 2306993

Finally, the efficiency of the C/Si devices is relatively higher,
to realize the commercialization of C/Si solar cells, scale-up
the manufacturing of C/Si H]J solar cells also needs to be con-
sideration. The most reported high efficiency C/Si solar cells
were prepared by spinning-coating method. However, it is well
known that spin-coating method is probably limited for large-
area (>10 cm?) coating.['78] Other coating processes in Figure 9c,
such as drag-coting,['”°! blade coating,!'8°! wire-bar (D-bar) coat-
ing, slot-die coating,['®!] meniscus coating,!'8?] spray coating,!183]
inkjet printing,['¥*1¥7] and screen printing!'® can expand the
area limit compared with the spin-coating method. Those meth-
ods proves that CNT:Nafion films can be applied to industrializa-
tion. Furthermore, careful investigation of the solar cell module
and encapsulation will also be the main aims in the future.

6. Conclusion

In summary, C/Si HJ solar cells provide an avenue towards
low-cost but high efficiency photovoltaics. However, due to the
inhomogeneities of the carbon-based film during fabrication
and the lack of interface passivation, the PCE and active areas are
lower than C/Si solar cells. Electrochemical passivation technol-
ogy solves the C/Si interface passivation using a low-cost solution
method. Moreover, by mixing low-dimensional semiconductors
in the precursor organic passivation solution for an ink, one
material that possesses both a good passivation and conductivity,
which simplifies the cell process. CN'T/Si HJ solar cells achieves
the highest PCE over 23%, which is comparable to industrial
efficiency. Furthermore, by employing the passivation contact
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ink, the preparative technique of C/Si solar cells is from the
window-like geometry fabrication to the large-scale manufacture
(the device area with industrial size of 245.71 cm?). However, as
mentioned above, the future development of solar cells should
focus on the efficiency, costs, tandem devices application, sta-
bility and so on. These potential developments are expected to
promote the C/Si cells approach into the realm of competitive
¢-Si cell technology.
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