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A B S T R A C T

Photovoltaic (PV) technology offers an economic and sustainable solution to the challenge of increasing energy
demand in times of global warming. The world PV market is currently dominated by the homo-junction crys-
talline silicon (c-Si) PV technology based on high temperature diffused p-n junctions, featuring a low power 
conversion effciency (PCE). Recent years have seen the successful development of Si heterojunction technolo-
gies, boosting the PCE of c-Si solar cells over 26%. This article reviews the development status of high-effciency
c-Si heterojunction solar cells, from the materials to devices, mainly including hydrogenated amorphous silicon
(a-Si:H) based silicon heterojunction technology, polycrystalline silicon (poly-Si) based carrier selective passivat-
ing contact technology, metal compounds and organic materials based dopant-free passivating contact technol-
ogy. The application of silicon heterojunction solar cells for ultra-high effciency perovskite/c-Si and III-V/c-Si
tandem devices is also reviewed. In the last, the perspective, challenge and potential solutions of silicon hetero-
junction solar cells, as well as the tandem solar cells are discussed.

1. Introduction

Energy is an indispensable necessity for human survival. As global
energy consumption is expected to be doubled by the midcentury due to
population and economic growth, it is critical to conserving our natural
resources [1]. A large quantity of fossil energy expended to meet human
daily requirements also entails the release of pollutants that lead to an 
unsustainable balance between humans and nature. Hence, renewable 
energy will be one of the strongest determinants of global development
over the coming century. Among the present renewable energy sources,
solar energy is one of the most widely exploitable sources. Nevertheless,
it is challenged to effciently capture and convert solar energy into a 
useful form of energy for human use.

Over the past decades, photovoltaic (PV) technologies have been
developed to address this challenge, converting solar energy to elec-
tricity. In 1954, the frst valuable crystalline silicon (c-Si)-based solar 

cell was demonstrated at the Bell Labs [2]. Ever since, various PV tech-
nologies, from materials to devices, have attracted intensive investiga-
tion. Up to now, single-junction solar cells can be divided into three 
classes according to the absorber material and evolution: (ⅰ) c-Si solar 
cells; (ⅱ) thin-flm inorganic solar cells, mainly including cadmium tel-
luride (CdTe), copper indium gallium selenide (CIGS), thin-flm Si, gal-
lium arsenide (GaAs), and indium phosphide (InP); (ⅲ) emerging solar
cells, such as perovskite, organic, dye-sensitized, and quantum dot solar
cells [3].

Although thin-flm and emerging solar cells have demonstrated re-
markable progress, the world PV market is currently dominated by the
c-Si PV technology, occupying a very high market share of ∼95% in
2019, thanks to its combination of high power conversion effciencies
(PCEs), long stability, use of non-toxic and abundant materials, as well
as its well-developed, scaled processing techniques. As the second most
abundant element of the Earth’s crust, Si provides an enormous source
for the semiconductor feld. Importantly, the ferce market competi
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tion in integrated circuit chips feld stimulates worldwide scientifc and
technical investments. Thus, the fundamental properties of Si are rel-
atively well understood. The relevant techniques, such as c-Si ingot 
growth and wafer processing, could be utilized in c-Si PV industry di-
rectly, which provides c-Si solar cells with a dominant advantage, com-
pared to other semiconductor materials. Moreover, the bandgap of c-Si 
(1.12eV) is almost ideal to match the solar spectrum, making c-Si mate-
rial an excellent solar converter. 

Silicon solar cells so far can be divided into diffusion-based homo-
junction solar cells and Si heterojunction solar cells, according to their
device technologies. Currently, the dominant PV productions are homo-
junction c-Si solar cells, mainly including aluminum back surface feld 
(Al-BSF) cell and passivated emitter and rear cell (PERC), occupying a 
market share of 40% and 50% in 2019, respectively [4]. A typical p-type
Al-BSF cell (Fig. 1 (a)) features a phosphorus-doped n+ emitter and an 
aluminum (Al) doped p+ BSF, which is formed by a fring process af-
ter screen-printing Al paste. Melted Si would recrystallize into a region
containing Al during a cooling process. This is equivalent to a doping 
process resulting in the formation of a p+ BSF, which is highly p-type
doped and hence not very conductive to electrons, preventing the latter
to reach the rear metal surface and reducing recombination. The Al-BSF
technology is of importance for the success of Si PV industry in the last
decade. However, the PCE of Al-BSF cell (≤ 20%) is mainly limited by
the high carrier recombination velocity at Si rear surface.

To reduce rear surface recombination losses, a passivation dielectric
layer is inserted between the Si rear side and Al contacts, resulting in
so-called PERC technology (Fig. 1 (b)) technology [5]. A world-record
PCE of 25% has been achieved on lab-size PERC cell in 1999 [6,7], us-
ing thermally-grown Si dioxide (SiO2) passivation at both sides. On in-
dustrial production lines, aluminum oxide (Al2O3) is the most widely
used rear passivation layer, featuring excellent and stable passivation
on p-type Si, thanks to a high negative charge density (∼1013 cm-2) that 
shields the electrons at the c-Si surface [8]. Additionally, local p+ BSF 
can be formed simultaneously during the laser contact opening at the 
rear side. Similarly, the PCE of PERC cells with a diffused p-n junction 
and BSF is mainly limited by the high carrier recombination losses at 
the metal-Si contact regions. When directly in contact with c-Si, met-
als induce large densities of electronic states near the interface within 
the bandgap of Si, resulting in > 50% recombination losses in high ef-
fciency c-Si solar cells [9]. Besides, heavily doping also induces Auger
recombination, bandgap narrowing and free carrier absorption in c-Si, 
which further limit the device performance [10]. According to the re-
search and development (R&D) roadmap (Fig. 1 (c)), the PCE limit 
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of industrial Al-BSF and PERC production is ∼20% and ∼24%, respec-
tively [11].

The main objective of c-Si PV technology development is to in-
crease the PCE and reduce further the production costs, aiming to re-
duce the levelized cost of electricity (LCOE). Since 2015, remarkable
PCE improvement has been made on c-Si solar cells [13], mainly rely 
on the development of Si heterojunction solar cells using advanced 
passivating contact technology. As predicted in Fig. 1 (c), c-Si het-
erojunction solar cells with passivating contacts will be the next gen-
eration high-effciency PV production (≥ 25%) after PERC. This arti-
cle reviews the recent development of high-effciency Si heterojunc-
tion solar cells based on different passivating contact technologies, from
materials to devices. The development status of ultra-high effciency 
tandem devices based on c-Si heterojunction bottom cell is also re-
viewed. The basic theory and characterization of c-Si heterojunction so-
lar cells, including charges separation and carrier selectivity formation,
carrier recombination and minority carrier lifetime in c-Si, parameters 
of solar cells, and related characterization techniques, are briefy pre-
sented in Section 2. C-Si solar cells based on Si heterojunction tech-
nology and polycrystalline Si (poly-Si) passivating contact technology
have achieved very high effciencies of 26.7% and 26.1%, respectively
[14,15]. These doped Si layer-based passivating contacts and devices 
demonstrate the desired scheme achieving higher effciency at a low 
cost, which will be discussed in detail in Section 3. In the meantime,
metal compounds, organic and two dimensional (2D) materials with ex-
tremely low or high work function (WF) and/or suitable band align-
ment with c-Si were intensively investigated as so-called dopant-free 
passivating contacts for c-Si solar cells [10,16]. The most successful 
examples are electron-selective titanium dioxide (TiO2) and hole-se-
lective molybdenum oxide (MoOx) contacts, achieving a high PCE of 
22.1% and 23.5%, respectively, using a simple full-area contact ar-
chitecture [17,18]. These dopant-free passivating contacts are easy to 
deposit using simple techniques at a low temperature, such as ther-
mal evaporation, sputtering, atomic layer deposition (ALD) and spin
coating, and will be discussed in Section 4. The tandem structure is a 
promising scheme to achieve ultrahigh effciency, surpassing the Shock-
ley-Queisser limit of single-junction c-Si solar cells (> 29.4%). The 
1.12eV bandgap makes c-Si solar cells an ideal bottom sub-cell for 
a tandem device, which will be discussed in Section 5. Metal halide 
perovskite materials with a tunable bandgap are a promising candi-
date for top sub-cell, and a certifed high effciency of 29.1% has 
been reported for perovskite/c-Si tandem solar cells [19]. III-V/c-Si tan-
dem devices have also demonstrated an ultrahigh effciency of up to 
35.9% [13,20]. All above have demonstrated that the development of
high-effciency c-Si heterojunction solar cells as well as tandem devices 

Fig. 1. Schematic of (a) Al-BSF and (b) PERC cells. Reprinted with permission from ref. [12]. Copyright 2017, Elsevier. (c) Research and development roadmap of c-Si PV productions.
Reprinted with permission from ref. [11]. Copyright 2020, The American Institute of Physics. (Al-BSF: aluminum back surface feld cell, PERC: passivated emitter and rear cell). 
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are very successful in the last couple of years, which deserves a compre-
hensive review to summarize these progress. 

2. Basic theory and characterization of c-Si heterojunction solar
cells 

2.1. Charges separation and carrier selectivity formation 

A comprehensive theory of c-Si heterojunction solar cells is that se-
lective transport of photo-generated charges is achieved by the vastly
asymmetrical conductivity of electrons and holes [21], which can be 
originated from exterior doping processes or intrinsic properties of ma-
terials. The different conductivities of electrons and holes in two regions
of c-Si solar cells can be identifed as the essential ingredient for charge
carrier separation [21]. Electron-selective transport layers that possess a
large electron conductivity and a smaller hole conductivity admit elec-
trons being through the contact region and block holes. While, holes-se-
lective transport layers possess an opposite conductivity, corresponding
to the hole selectivity. Typically, when p-n homojunction under illumi-
nation, the current is mainly carried by electrons at the electron con-
tact side (phosphorus diffused regions), due to a large conductivity of
electrons. Although the holes subject to a much larger driving force to-
ward the electron contact side, corresponding to a larger gradient in 
their quasi-Fermi energy, their current is smaller than the electron cur-
rent due to the much smaller hole conductivity [21]. As for p-i-n hetero-
junction under illumination, two wide bandgap functional layers with 
different conductivities of electrons and holes (e.g., doped hydrogenated
amorphous Si (a-Si:H)) provide the function of charge separation and
carrier selective transport. One layer with a larger electron conductivity
(e.g., phosphorus-doped a-Si:H) charges for electron-selective transport.
On the contrary, the opposite layer charges for hole-selective transport,
owing to its larger hole conductivity (e.g., boron-doped a-Si:H). The rea-
son for carrier separation and effcient device operation is that the p-i-n
heterojunction ensures a very small minority carrier conductivity in the
wide bandgap transport layers in both dark and illumination conditions,
which minimizes the carrier recombination at the metal contacts [21].
For effcient c-Si heterojunction solar cells, especially these dopant-free
passivating contact materials we are going to discuss in Section 4, it is 
necessary that the Fermi energy of the electron-selective contact is at 
higher energies than the conduction band minimum of c-Si. Similarly,
the Fermi energy of the hole-selective contact has to be lower than the
maximum of the valence band. Then the work functions lead to electron 
(hole) accumulation at the electron (hole) contact combined with a de-
pletion of the other kind of charge carrier, resulting in large different
conductivities of electrons and holes in the vicinity of the contacts [21]. 

2.2. Carrier recombination and minority carrier lifetime 

The density of electrons and holes in the equilibrium state is ex-
pressed by n0 and p0, respectively. After absorbing incident photons, 
non-equilibrium electrons (Δn) and holes (Δp) are generated. At this 
moment, the density of electron and hole are n and p, respectively: 
n = n0 + n, p = p0 + p. The system with non-equilibrium carriers 
is in a meta-stable state and would stabilize to an equilibrium condition
by electrons and holes recombination that includes radiative recombina-
tion, defect-assisted (e.g. Shockley-Read-Hall (SRH)) recombination, and
Auger recombination [22,23].

Radiative recombination is caused by the direct recombination of 
electrons and holes, accompanied by the emission of photons. Since c-Si
is an indirect bandgap material, this phenomenon requires the simulta-
neous absorption or emission of a phonon, making this recombination 
mechanism non-dominant in c-Si solar cells. 

SRH recombination is caused by defects and impurities in Si wafer. 
Unlike radiative recombination, SRH recombination releases energy 
in the form of vibration relaxation. SRH recombination is processes 

of capturing and recombining charges, corresponding a recombination 
rate (U) [22,23]: 

where, Nt is the density of recombination center, rn (or rp) is the capture 
coeffcient of an electron (or hole), NC (or NV) is the density of states of 
conduction band (EC) (or valance band (EV)), Et is the traps energy level. 
When Et is close to EC (or EV), i.e., shallow energy level, the captured 
electrons (or holes) re-emit back to EC (or EV) easily, rather than recom-
bined with the holes (or electrons). However, when the position of Et 
is deep, the SRH recombination is relatively serious. Defects and impu-
rities, such as iron, nickel, copper and chromium, generate trap energy
levels that significantly suppress the effciency of c-Si solar cells [24,25].
Iron generates deep-level trap energy with a larger capture cross-section
of charges. Consequently, the effective lifetime of Si wafer with a high
iron concentration is much lower [26]. Nickel can diffuse to and pre-
cipitate at Si surfaces during cooling process, because of its fast-diffus-
ing property [27]. This causes serious surface recombination. Typically,
these impurities, especially the detrimental iron, can be removed by get-
tering using high-temperature phosphorus or boron diffusion [28]. Sur-
face passivation flms (e.g. SiO2 or Al2O3) are also effective in remov-
ing metal impurities. Liu et al. reported that ALD Al2O3 flms generate a
strong gettering effect, removing 50% of the iron after 30min at 425 ℃ 
[26]. Surface etching and passivation can reduce nickel-related surface 
recombination [27].

Presently, the bulk defects or impurities inside c-Si have been well 
controlled. Surface recombination caused by surface-defect states so far
is the dominant form of SRH recombination for all high-effciency c-Si 
heterojunction solar cells. The surface state mainly arises from the un-
saturated bonds, lattice distortion, defects, and adsorbed impurities, and
distributes inside the forbidden band. The surface recombination rate 
(U) [22,23]: 

where σ is carrier capture cross-section, vT is carrier thermal velocity, 
NS is surface density of state. Surface recombination depends on surface
recombination velocity (S = σνTNs) and the density of non-equilibrium 
carriers. Si solar cells usually have a textured Si surface to reduce the 
refectivity, which causes masses of surface traps that lead to a higher
surface recombination loss. According to the following equation of life-
time to bulk and surface recombination [29]: 

where, τef is the effective minority carrier lifetime, τbulk is the effec-
tive carrier lifetime of Si substrate, d is wafer thickness, Sef1 and Sef2 
are the front and rear carrier recombination velocity, respectively. On a
high-quality c-Si wafer with a high bulk lifetime, the surface recombina-
tion velocity dominates the effective minority carrier lifetime, especially
on a thin substrate. 

Auger recombination involves three charges (two electrons/one hole 
or two holes/ one electron). When an electron and a hole are recom-
bined, instead of generating a photon, the released energy transfers to
the third charge and then dissipates to the lattice through collisions with
phonons. The rate of Auger recombination (Raug) is [23]: 

where Ce and Ch are Auger recombination coeffcient of electrons and 
holes. Auger recombination is most important at high carrier concen-
trations caused by heavy doping. The more heavily doped the wafer 
is, the shorter the Auger recombination lifetime. Auger recombina 
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tion leads to an unavoidable energy loss in c-Si solar cells based on the
doped p-n junction and is especially detrimental with a high doping con-
centration. This is typically the case in the doped regions of homojunc-
tion solar cells, but is also a significant recombination loss mechanism 
at open-circuit and maximum-power-point conditions in high-effciency
heterojunction solar cells. In the latter, the use of thin and high-quality
wafers (< 170µm) with excellent surface passivation boosts the minor-
ity-carrier density well over 1015 cm-3 at maximum power point opera-
tion. 

2.3. Parameters of solar cells 

The solar cell performances are evaluated by four basic parameters:
short-circuit current (ISC), open-circuit voltage (VOC), fll factor (FF), and
PCE [22,23], extracted from the illuminated current-voltage (I-V) curve
(Fig. 2 (a)) [30]. The ISC is the current passing through a solar cell when 
the solar cell is in a short-circuited condition. Considering the depen-
dence of junction area, short-circuit current density (JSC) is listed gen-
erally (JSC=ISC/area). The VOC is the maximum voltage acquired at zero
current in a solar cell. FF is defned as the ratio between the maximum 
power density extractable from the solar cell to the product of JSC and 
VOC. As the most direct parameter, PCE is defned from the ratio of out-
put energy from solar cells to input energy from the sun. 

where Pm is output energy, Pin is input energy (equal to 1000W/m2 for 
the standard-test irradiation AM1.5G).

The photo-generated current value (IL) of a solar cell exposed under
sunlight is determined by the following equation [22]: 

where, N(E) is the incident photon fux density, QE(E) is the internal
quantum effciency, R(E) is the refectance. Low-energy photons cannot
be absorbed by semiconductor materials.

When modeling it with an electrical circuit, an ideal solar cell is re-
garded as a constant-current source in parallel to a diode which mod-
els the recombination of photogenerated charges. Hence, subtracted to
the photo-generated current IL, there is a recombination current fowing
through the diode known as dark current (Id) [22]: 

where n is the ideality factor, K is the Boltzmann’s constant, I0 is the 
reverse saturation current, T is the temperature. The output current of 
ideal solar cells can be calculated by the following equation: 

Herein, ISC is acquired at V=0, and VOC is acquired at I=0. That is, 
ISC = IL, 
According to upper equations, the ISC is directly produced by IL, and 

the VOC is infuenced by IL and I0(T). The VOC results from the sepa-
ration of the quasi-Fermi energy measured at each contact polarity in 
equilibrium condition. A high photo-generated charges concentration 
(large IL) and a low recombination loss (small I0(T)) increases the split 
of quasi-Fermi energy, generating a large VOC. 

Because of the existence of resistance and non-radiative recombina-
tion, the equivalent circuit of a practical solar cell is complicated, as 
shown in Fig. 2 (b) [31]. The equivalent circuit contains a constant-cur-
rent source, diode 1 (diffusion current), diode 2 (recombination cur-
rent), a shunt resistance (RSH), and a series resistance (RS) [32,33].
Hence, the characteristic between current and voltage meets the follow-
ing relation [32]: 

With a determined IL and Id, the output quality of solar cells is infu-
enced by RS and RSH. RS is mainly caused by contact resistance, collec-
tion resistance, and materials resistance; RSH mainly results from leak-
age and recombination current. As shown in Fig. 3, the effects of RS and 
RSH cause a displacement of current-voltage characteristics to a lower 
voltage and a lower current, respectively. FF refects these infuence, as
shown in the following equation [34]: 

where, FF0 is ideal FF, rs and rsh are normalized resistance given by: 

Hence, a larger RSH and a lower RS lead to a larger FF, corresponding to 
higher output. 

2.4. Characterization techniques 

Determining the complex relationships among materials, structures,
and properties is of great importance to design effcient Si solar cells. 
Characterization techniques are the prerequisite for analyzing their re-
lationships. Among various common techniques, incident light inten 

Fig. 2. (a) I-V and power-voltage (P-V) curves of a solar cell. To get the maximum power output of a solar cell, it needs to operate at the maximum power point, PMPP. (b) Equivalent 
circuit of practical solar cells. IL is a constant-current source, ID1 is diffusion current, ID2 is recombination current, RSH is shunt resistance, RS is series resistance. 
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Fig. 3. Current-voltage characteristics of solar cells on different (a) series resistances and (b) shunt resistances. Reprinted with permission from ref. [32]. Copyright 2004, Elsevier. 

sity-VOC (Suns-VOC), photoconductance decay (PCD) and 
quasi-steady-state photoconductance (QSSPC) are typical techniques in 
the feld Si solar cells. Suns-VOC demonstrates a pseudo-current-voltage 
characteristic obtained from measuring VOC as a function of illuminated 
light intensity [35]. Compared with traditional current-voltage charac-
teristics, the pseudo-current-voltage characteristics eliminate the infu-
ence of RS. Importantly, Suns-VOC can measure the properties of Si junc-
tion, for instance, passivation effect, resistance and τef, before made into 
a practical solar cell, which is facile to guide the design of effcient Si 
solar cells. 

The surface passivation quality is evaluated by the PCD technique by
measuring the τef [36,37]. Following a pulse generation of carriers in a
passivated Si wafer with a fash of light, the decay of the photoconduc-
tance is monitored leading to the determination of τef according to the 
corresponded calculation: 

where n is the excess carrier concentration, G(t) is the time-depen-
dent generation rate of excess carriers. The measured lifetime is typi-
cally graphed as a function of the excess carrier density n. The tran 

sient model is used for higher lifetime samples, where the generation 
rate G(t) can be ignored. To ensure the validity of this condition, a short
fash is used and only the lifetime data following the decay of the fash
is used. The QSSPC model is used for lower lifetime samples. Under this
condition, the time derivative of the excess carrier concentration is as-
sumed to be negligible. Many useful parameters, such as implied VOC, im-
plied FF, recombination parameter (J0), surface recombination velocity 
(Sef) can be obtained or extracted from τef measurement. 

Contact resistivity ( c) is a key parameter to evaluate the electri-
cal contact property of heterojunction structures. There are two com-
mon methods to measure  c. One method devised by Cox and Strack 
[38] and another is the transmission line model (TLM) [39]. Fig. 4 
(a) shows an example of Cox and Strack method used to measure the 
 c at MoOx/p-Si heterojunction [40], where an array of circular Al 
with different diameters was deposited on MoOx as front contact and 
a full-area Al was served as the rear electrode. A series of resistance 
values can be extracted from dark current-voltage characteristics that 
are measured between the front and rear electrodes. After that,  c can 
be determined by ftting the curve of resistance versus front contact 
electrode diameters. TLM method determines  c by ftting the curve of 
resistance versus electrode intervals. Fig. 4 (b) shows an example of 

Fig. 4. (a) Cox and Strack method used to measure the contact resistivity of MoOx/p-Si heterojunction. (b) TLM method used to measure the contact resistivity of MoOx/n-Si heterojunc-
tion. The measurement structures and the ftting process were shown as insets. Reprinted with permission from ref. [40]. Copyright 2014, The American Institute of Physics. 
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TLM method used to measure the  c at MoOx/n-Si heterojunction [40],
where rectangle electrodes with the same area were deposited on MoOx 
with different distance intervals. Resistance values between different 
electrodes can be calculated from their corresponded current-voltage 
characteristics, followed by the determination of  c. 

As illustrated in Fig. 4, the Cox and Strack method features current 
fow transport through the carrier-selective contact layer of MoO3 and 
Si substrate vertically. On the contrary, current fow transports horizon-
tally through the Si substrate in the TLM method. When highly conduc-
tive materials serve as carrier-selective contact layers, the TLM method
cannot be conducted to extract  c, because current fow would trans-
port through these highly conductive materials horizontally, instead of
Si substrate. Notably, owing to the rectifcation effect of Schottky junc-
tion, Ohmic contact is required between electrodes and Si substrates.
Otherwise, it is hard to determine the  c accurately by the traditional
Cox and Strack method or TLM method [41]. To resolve this issue, Wang
et al. proposed an expanded Cox and Strack model, where the inversion
region is formed between the MoO3 layer and Si substrates [41]. This 
model guarantees to extract the  c accurately with a wider application 
range. 

3. Si heterojunction solar cells based on doped Si flms 

3.1. Si heterojunction solar cell based on doped amorphous Si flms 

3.1.1. Development history: from 13% to 26.7%
Si heterojunction (SHJ) solar cells consist of the happy marriage of 

c-Si as an absorber layer, with thin-flm Si for the selective-contacts of 
both polarities. This architecture has been known for several decades,
yet it has only recently dragged significant attention due to the reach-
ing of record-high effciency of 26.7% [14,42], and the expiry of key
patents from Sanyo (now Panasonic), protecting the technology until 
a few years ago [43]. The production is still confdential compared to
more standard technology based on diffused doped contact (e.g. PERC),
but it is expected to gain >10% market shares in the next few years,
as predicted by the International Technology Roadmap for Photovoltaic
(ITRPV) in 2019 (Fig. 5 (a)) [4]. More and more industry players are 
joining the adventure, both in and outside China. SHJ technology has
notably appeared as a possible way to differentiate from mainstream 
products [44,45]. Compared to these, it typically brings a premium in
effciency that could leverage the presumed higher production cost of-
tentimes due to relatively small production volumes [46].

The early days of combining a c-Si absorber with a thin-flm-Si 
contact layer occurred half a century ago, with various architectures. 
In the 1960s and 1970s, heterojunctions consisting of a stack of a Si 
wafer and a transparent conductive oxide (TCO) started to be stud-
ied [48,49]. Regarding the use of amorphous Si, we can consider that 
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Fuhs et al. brought the frst stone to this feld [50], although the au-
thors themselves mention that “First experiments of this kind have been
performed by the Bucharest group on Junctions between amorphous and crys-
talline Ge and Si”, making the exact beginning uneasy to set. The SHJ
technology as we know it today did not start yet so early, and the closest
concepts following directly were using thin-flm c-Si. The use of amor-
phous Si was indeed rather focused towards entirely thin-flm PVs de-
vices for the next four decades since thin-flm PVs were in the air at 
that time [51]. Only at the turn of the century did the heterojunction 
approach, using c-Si as an absorber, started to drag momentum again, 
notably thanks to the demonstration of over 20%-effcient, large-area
devices [52]. Fig. 5 (b) shows the recent progress of effciency and FF
for SHJ solar cells [47]. The effciency of double-side contacted SHJ so-
lar cells reached 25.1% in 2015, surpassing the champion effciency of
homojunction PREC cell, thanks to the breakthrough of a high FF over 
83% [42]. By eliminating the parasitic absorption of a-Si:H layers using
interdigitated back-contact (IBC) design, the JSC of SHJ cells was signif-
icantly improved, resulting in the world-record effciency of 26.7% in
2017 [14,42]. We will focus on the status of the technology in 2020,
and review the most important key evolutions which occurred recently,
which enabled the latest outspread of high-effciency devices and sus-
tain the industry potential. 

3.1.2. Device structure: Si layers and TCOs
Fig. 6 shows the typical fabrication sequence of double-side con-

tacted rear junction SHJ solar cells [10], mainly including chemical 
processes for texturing and cleaning, intrinsic and doped a-Si depo-
sition by plasma-enhanced chemical vapor deposition (PECVD), TCO 
deposition by sputtering and metallization by screen printing using a 
low-temperature silver paste. SHJ device features a symmetrical struc-
ture, a thin intrinsic a-Si:H passivation layer is sandwiched between the
c-Si wafer and the doped a-Si:H layers; TCOs on both sides for lateral 
charge transport to the electrodes. The rear junction confguration is 
the most frequently investigated structure, because a high transparent 
TCO with less conductivity can be applied at the front side resulting 
in a higher current density. Furthermore, the hole contact formation 
in SHJ is often considered to be more delicate compared to the elec-
tron contact [47]. SHJ with IBC architecture was implemented to re-
duce the parasitic absorption in the front TCO and a-Si:H layers, though
the high fabrication complexity limits its commercial success. The sym-
metrical structure of SHJ solar cells makes it very attractive for bifacial
design, enabling a high bifaciality factor and high energy yield. Com-
pared to the industrial PERC process, the lean basic SHJ process ensures
a shorter production line with less equipment, enabling potential lower
capital expenditures (CAPEX) and operational expenditures (OPEX).
Moreover, the low-temperature fabrication process (≤ 200 ℃ ), high 
bifaciality factor, thinner wafer compatibility, low-temperature coeff 

Fig. 5. (a) Future share of c-Si solar cell technologies predicted by ITRPV 2019 [4]. (b) Recent progress of effciency and FF for SHJ solar cells. Reprinted with permission from ref. [47].
Copyright 2018, Elsevier. 
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Fig. 6. Fabrication sequence of double-side contacted rear junction SHJ solar cell, as well as the sketches of IBC SHJ and bifacial SHJ solar cells. Reprinted with permission from ref. [10]. 
Copyright 2019, Springer Nature. 

cient and high energy yield make SHJ technology bears the potential to
achieve an ultra-low LCOE [47].

SHJ solar cells are at times rightfully referred to as wafer-enhanced 
amorphous Si solar cells [frst coined by Arno Smets]. Indeed, the re-
semblance between these two devices is striking and a large part of the
know-how required to fabricate an effcient SHJ solar cell lies in mas-
tering the fabrication of the thin Si-based layers and transparent elec-
trodes, which is also key to thin-flm Si device fabrication [53,54]. The
requirements for the layers, however, differ between thin-flm Si and
Si heterojunction. Sensitivity to impurities is less stringent for surface 
passivation of the c-Si wafer in the Si heterojunction architecture than 
for the absorber layer in thin-flm Si devices. Light exposure also leads 
to performance improvement in most relevant cases [55], contrary to
thin-flm Si [56], although for thin-flm Si, light-induced improvements
of the contact performance were observed in some cases (typically for 
thin contact layers) [57].

Concerning the intrinsic a-Si:H passivation layer, antagonist desir-
able properties are epitaxy-free growth and high hydrogen content. 
This is typically achieved through a multi-step growth, either by hy-
drogen-plasma post-growth treatment or by implementing a multi-step 
strategy, with a relatively hydrogen-poor epitaxy-breaking layer and a 
hydrogen-rich subsequent layer. Incorporating carbon in the frst layer 
is another way to prevent epitaxial growth [58], as carbon incorpora-
tion in amorphous Si leads to increased disorder amongst other proper-
ties [59,60]. Such an approach was shown to additionally provide im-
proved temperature stability [59], yet the use of carbon was not re-
ported for the highest-reported-effciency devices, presuming that these
advantages do not balance the increased defectiveness of these alloyed 
layers. Although the intrinsic amorphous Si layer is providing most 
of the surface passivation, the quality and thermal stability of this 
passivation depend largely on the WF of the layer subsequently de-
posited [61]. In particular, good performance after the deposition of
the p-type contact is particularly challenging yet necessary for high-eff-
ciency demonstration. The reaching of a high microstructure ratio (cor-
responding to a local hydrogen bonding structure favoring multiple hy-
drogens attached to a single Si atom [62]) in the intrinsic amorphous 
Si layer is key to that respect [63], which can notably be achieved 
through the use of a multi-layer scheme [64]. A fne trade-of is over-
all required for this particularly delicate layer, as exemplifed with 
the reported sensitivity to deposition temperature in high-effciency de-
vices [65]. Besides alloying with carbon, several attempts to mitigat-
ing parasitic absorption in this flm through the incorporation of oxy-
gen were made [66,67]. Moderate improvements under specifc condi-
tions could be demonstrated, such as high operating temperature, yet it 

seems again that the highest-effciency devices use a pure-Si layer for
passivation. Recently, Liu et al. demonstrated that the bandgap and sur-
face passivation of a-Si:H passivation layer can be effectively manipu-
lated by tailoring the Si-H bonding state [68]. Hydrogen atoms bonded
to internal-void surfaces in a-Si:H can broaden its optical bandgap and 
improve the surface passivation, resulting in higher performances (Fig. 
7). 

On the doped-layers side, the demonstration of doping in amor-
phous Si dates back to the mid-seventies [69]. Although remarkable 
for an amorphous semiconductor [70], doping is not as effcient as 
in c-Si, especially for p-type layers, which can impede hole extraction 
and hence the effciency of Si solar cells. This effect is particularly ob-
served under low operating temperature, or for high-illumination mea-
surements [71,72]. Transport across the c-Si/a-Si:H interface has been 
subject to studies for three decades, and is still an active topic of re-
search [73–75]. Better mastering of this aspect probably contributed to
the recent progress in reducing series resistance in high-effciency de-
vices, featuring a high FF over 83% (Fig. 5 (b)). There is however still 
in 2020 a part of mystery to this, despite the numerous publications 
studying the infuence of the multiple energy barriers at the interfaces 
between the different materials involved in the structure [76,77]. This 
triggered a growing interest, especially in the last fve years, in doped 
nanocrystalline Si as a replacement of doped a-Si:H, possibly alloyed
with oxygen into a mixed-phase nanocrystalline Si oxide [78–81]. Such
layers were shown to be benefcial for both optical and electrical perfor-
mance in thin-flm Si devices a decade ago [82,83].

In general, challenges for implementing nanocrystalline Si layers in 
heterojunction devices are the demonstration of suffcient doping, and
the reaching of fast nucleation without damaging the passivation qual-
ity or impeaching current collection [84]. Multi-layers are oftentimes 
advantageous to obtain thin layers with adequate properties [85]. The 
use of a pre-deposition treatment was shown to be key for this latter 
point, either through the use of an oxidizing plasma for p-type lay-
ers [86] or through the use of a high-phosphorous-doped seed layer 
for n-type layers [81]. Fig. 8 shows a typical example of the success-
ful reaching of a highly nanocrystalline p-type layer directly on top of 
a thin oxidized interface in a Si heterojunction solar cell. Although the 
nanocrystals are hardly noticeable on the HRTEM image, the diffrac-
tion pattern in the fast-Fourrier transformed (FFT) image clearly indi-
cates numerous nanocrystals. Selecting specifc diffraction points (col-
ored circles in this image) enables to visualize these grains in space di-
mension the inversed FFT (iFFT) image. The abrupt nucleation is strik-
ing for the red nanocrystal grows directly on top of the oxidized in-
terface. Reducing the deposition temperature compared to the tradi-
tional ∼200 ℃ was another key enabler for p-type nanocrystalline Si-
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Fig. 7. (a) Bandgap of intrinsic a-Si:H as a function of the total hydrogen concentration, determined by Fourier-transform infrared spectrum. (b) Effective lifetime and saturation cur-
rent density of n-type Si wafers passivated by a-Si:H layers with different bandgap. (c) Light I-V and P-V curves of SHJ solar cells with front a-Si:H passivation layers featuring different
bandgap. Eg: bandgap, τef: effective lifetime, J0: saturation current density. Reprinted with permission from ref. [68]. Copyright 2020, Elsevier. 

doped layers to reach similar effciencies to the ones demonstrated with
amorphous Si [80]. 

3.1.3. Importance of bulk quality and post-deposition treatments
In addition to the contact layers, the quality of the bulk of the c-Si 

absorber is critical, with the highest performance obtained on high-life-
time material [87]. An overview of the performance achievable depend-
ing on the material quality can be found in the table reported by Chen et
al. [88]. Defects such as thermal donors are typically causing a decrease
in minority carrier lifetime, translating in a drop in effciency [89]. To 
mitigate the infuence of some defects, many strategies are suggested 
to use low-bulk quality materials while maintaining high performance. 
These include gettering treatments, as well as annealing in hydrogen 
atmosphere [87,88,90–95]. Performance improvement can be spectac-
ular, with for example lifetime increase by a factor six, enabling VOC 
approaching and even surpassing 700mV with low-initial-quality mate-
rial. Nowadays, the quality of mass-produced n-type Cz-grown wafers is
high enough to not induce penalty compared to foat-zone material even
at the highest effciency level; reported effciencies on p-type material 
are however lower than on n-type material, making the latter preferable
although recent cost analysis suggests that there is a window of oppor-
tunity for p-type material use [87].

Concerning surface passivation, performance increase can be ob-
tained through annealing up to approximately 200 ℃, although 

the stability in time of this improvement is questioned [96]. Upon 
higher-temperature annealing, passivation is progressively lost, setting
the temperature limit to the possible processing steps after amorphous
Si deposition. On that note, although annealing a wafer passivated with
intrinsic amorphous Si at temperatures above 400 ℃ causes lifetimes to 
drop from multiple-milliseconds down to a few microseconds, passiva-
tion can be, at least partly, recovered through application of hydrogen
plasma, indicating that the key properties enabling this amorphous Si
network to provide excellent passivation are not affected through these
annealing steps [97]. This benefcial effect from a hydrogen plasma is
however only effective on intrinsic layers, and cannot be applied on fn-
ished devices. 

Prolonged light illumination is known to induce metastable defects 
in amorphous Si, referred to as the Staebler-Wronski effect. A negative
effect of light soaking is typically also observed for Si wafer passiva-
tion from intrinsic amorphous Si layers only [55,98–100]. This effect 
was also shown to be benefcial to performance [55], presumably due
to passivation improvements although the exact mechanisms are yet to
be fully explained. In particular, this light-induced degradation was re-
ported to be dependent on the device architecture, notably the thickness
of the p-doped and intrinsic amorphous Si layers [101]. Defect creation
in the doped layers, leading to a positive effect on the device perfor-
mance is suspected to be the main mechanism at stake [102]. 
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Fig. 8. Microscopy image of a p-type nanocrystalline Si layer grown on top of an amorphous Si layer treated with an oxidizing plasma. 

3.1.4. Electrode deposition, metallization and industry perspective
Low-temperature curing paste is required, but recent progress en-

abled to bridge part of the performance gap compared to traditional 
high-temperature pastes [103–105]. This includes significantly higher 
bulk conductivity and reduced fnger spreading, enabling thinner fn-
gers. This is advantageous in terms of higher performance as well as a 
reduced cost since silver paste has been a major cost in this technology.
Another key recent innovation is the Smartwire technology, which illus-
trates how challenges can be turned into opportunities for smarter tech-
nology. By enabling a low-cost interconnection with typically 18 wires
(corresponding to 18 busbars), the fngers can be made much thinner 
leading to remarkably low silver usage per wafer [106]. Such creative 
innovations could apply to many aspects of the Si heterojunction manu-
facturing, would a suffcient market be here to trigger massive research
and development. For example, although capital is required for the de-
position reactors for the thin-flm Si layers, advantageous reactor de-
signs could be imagined (and were imagined [107]) for lowering their
cost while maintaining high flm quality. Arguably, this capital-inten-
siveness is the result of the lack of competition and of the small mar-
ket, which prevented innovative solutions to be brought in. Multiple
strategies are however being studied and could lead to a new paradigm
shortly, since the time seems ripe for mass production of Si heterojunc-
tion modules [46,108]. Moreover, copper plating has also been investi-
gated as an alternative approach, reducing the expensive silver usage. A
possible process to realize directly copper metallization for bifacial SHJ
devices has been proposed by Geissbühler et al., demonstrating a low 
cost potential upon mass production [109,110].

The high cost of the TCO, usually indium tin oxide (ITO) and in-
dium tungsten oxide (IWO) has also been fnger pointed as a no-go for 
SHJ technology. Generally, ITO and IWO are deposited by magnetic 
sputtering and reactive plasma deposition (RPD), respectively [111].
Replacing indium with alternative materials such as aluminum-doped 
zinc oxide (AZO) is, therefore, an actively followed route, enabling 
similar or even improved performance [112,113]. Indium can even 
be omitted with still remarkable effciency in two-side contacted de 

vices [114] and IBC solar cells [87,115]. Reducing the thickness of 
the TCO layer and substituting part of it with a more transparent and 
less expensive dielectric flm is another followed approach. This can 
lead to high performances both with traditional ITO and with AZO 
flms [114,116,117]. Alternatively, higher-mobility materials compared
to ITO are successfully implemented in Si heterojunctions, following
the success of hydrogen-doped indium oxide [118,119]. These typically
rely similarly on solid-phase crystallization of an amorphous doped in-
dium-oxide flm. Amongst the potential dopants, tungsten, zirconium
and cerium were reported to enable highly effcient devices [120–122]. 

The interplay between the electrode and the rest of the device is 
stringent in Si heterojunction solar cells, and this calls for a holistic ap-
proach to fully harvest the potential of this technology. The transpar-
ent electrode deposition by reactive sputtering is known to increase re-
combination in these devices, although this effect is usually reversible
upon annealing [123]. Recent studies point out a non-reversible drop of
minority-carrier lifetime at low injection conditions. This effect can be 
caused by a modifcation of the density of fxed charges at the wafer 
surface, typically due to the infuence of the WF of the transparent elec-
trode [124–126], or the interconnection of local surface defects with a 
mostly well-passivated area [127]. Another aspect is the lateral trans-
port of charges towards the metal grid. Although the thin-flm Si con-
tact layers are not suffciently conductive to contribute to lateral charge
transport – forcing the use of a transparent electrode – the wafer it-
self can contribute to lateral charge transport, under specifc conditions
for passivation and contact resistance [128]. Note that highly effcient
collection of charges while maintaining excellent surface passivation
could be demonstrated as evidenced by the very high-effciency devices
demonstrated by multiple companies including Panasonic, Kaneka and 
Hanergy [42,129,130]. 

3.2. Si heterojunction solar cells based on polycrystalline Si on oxide 

3.2.1. The development history
In 1947, Bell Laboratories started the race in the semiconductor 

industry to enhance the performance of Si devices by improving sur 
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face electrical stability using dopants and reducing the concentration of
defect states with Si oxide (SiOx) [131,132]. Since then, R&D groups in
the industry of semiconductor devices devoted great efforts in optimiz-
ing processes and technologies related to passivation of defects by SiOx 
and incorporation of dopant species.

These technologies were also the foundation for the development 
of solar cell devices. The concept of highly-doped poly-Si layer com-
bined with an intentionally grown thin SiOx layer was discovered in 
the 1970s and, since then, widely applied in the transistor technology
[133]. Over the years, a large amount of experimental and theoretical
investigations has disclosed the mechanisms that dominate the device
behavior making this approach suitable for many more applications.
Kwark et al. developed the so-called semi-insulating poly-Si (SIPOS) het-
ero-contact demonstrating saturation current reduction [134]. Further-
more, Yablonovitch et al. applied the SIPOS structure in a PV device ob-
taining a VOC of 720mV [135]. In the same year, solar cell devices fea-
turing a highly-doped poly-Si confrmed the potential of this approach
in the PV feld with effciency close to 12% [136,137].

However, only after more than 20 years, this device concept had 
a great revival in the PV community. This contact structure is widely 
referred to as poly-Si carrier-selective passivating contact (CSPC). In 
2013 Feldmann et al. introduced, for the frst time, the tunnel oxide 
passivated contact (TOPCon) solar cell concept that consists of a mono 
c-Si wafer with a boron-diffused front emitter and a SiOx/n-type poly-Si 
contact stack at the rear side [138]. Shortly after, Römer et al. pro-
posed the so-called polycrystalline-silicon-on-oxide (POLO) architecture
with both electrical polarities based on poly-Si CSPCs [139]. Nowa-
days, several universities, R&D groups and cell manufacturers work on 
cell concepts endowed with at least one CSPC based on SiOx/poly-Si 
stack, such as ‘PERPoly’ [140], ‘monoPolyTM’ [141], ‘i-TOPCon’ [142], 
and ‘poly-poly’ [143], among the others. Record eff 
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ciencies of 25.8% [144,145] and 26.1% [15] have been achieved in
front/back-contacted (FBC) and IBC architectures, respectively. 

3.2.2. Poly-Si passivating contact technology development
3.2.2.1. Working principle PV community typically evaluates the qual-
ity of CSPC in terms of passivation with recombination parameter J0 
and transport with contact resistivity  c. In this respect, the quality of 
poly-Si CSPC stands on minimizing J0 together with  c [146–148]. 

Poly-Si CSPC adopts two well-established technologies from semi-
conductor industry: (i) the SiOx as a passivating layer for c-Si wafer sur-
face [149] and (ii) the doped poly-Si layer to build the electrical feld
at c-Si wafer interface and to enable the transport of selective carriers 
[131]. The SiOx layer chemically passivates the c-Si interface, but it also
builds a potential barrier (Fig. 9 (a)) that eventually quenches the fow
of collecting charges.

To mitigate the detrimental effect of SiOx potential barrier on carrier 
collection, PV community has proposed two approaches for the design
of poly-Si CSPCs (Fig. 9 (c) and (d)): (i) tunneling of carriers through 
the thin SiOx [150–156] or (ii) breakage of the dielectric flm creat-
ing the so-called pinholes [157–159]. For tunneling to be the driving
transport mechanism in a poly-Si CSPC, carrier collection requires an ul-
tra-thin tunneling SiOx layer with a thickness below 1.5nm [160–162]. 
For the case of thicker (> 2nm) SiOx layer, the transport is pinholes-dri-
ven, where the thick SiOx layer eventually breaks/thins during sub-
sequent high-temperature annealing process allowing thus the fow of
charge [158,163]. In this case, the trade-of between passivation and
collection is related to the total pinhole area [157,164]. In reality, it is
worth noting that poly-Si CSPC can feature both mechanisms (i.e. tun-
neling and pin-holes) due to uniformity and specifc thermal processes
[155,159,165], in a wide range of SiOx thicknesses. 

Fig. 9. (a) Schematic band diagram illustrating the potential barriers built by SiOx passivating layer in case of n-type poly-Si CSPC [160]. (b) Typical phosphorous doping profle for n-type
poly-Si CSPC for different poly-Si thicknesses. Reprinted with permission from ref. [143]. Copyright 2020, Wiley-VCH. Note that the doping profle extends also inside the c-Si wafer after
thermal treatments. Schematic of charges transport in n-type poly-Si CSPC based on (c) tunneling or (d) pinholes structure. The two sketches summarize the design parameters driving the
selective transport by promoting the current of majority carriers (Jn) while quenching the current of minority carriers (Jp). The red-colored fading represents the diffused dopants from the 
poly-Si into the c-Si bulk. 
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The doping type of poly-Si layers determines its carrier selectivity.
Certainly, to improve the collecting carrier population, such doping lev-
els are typically larger than the effective density of states in conduc-
tion and valence band (> 4×1019 cm-3). During thermal processes,
the dopant species eventually diffuse through the SiOx layer into the 
c-Si wafer thus extending the doping profle into the bulk (Fig. 9 (b))
[157,166]. The presence of the doping profle induces a feld effect at 
the c-Si interface with the CSPC stack, promoting the transport of major-
ity carriers while enhancing the conductivity and electrical passivation
[146,147,167]. The doping tail buried inside c-Si must be carefully en-
gineered to allow an effcient carrier separation inside the bulk.

In contrast, such buried doping is unnecessary when the electronic 
properties of poly-Si CSPC induce an enhanced built-in potential (Vbi)
inside c-Si. This is the case of wide bandgap hole collector layers 
[162,168,169], where the integration of carbon or oxygen elements 
into the poly-Si increases the bandgap of the doped layers
[156,168,170,171]. Note that pure poly-Si layers exhibit the same elec-
tronic properties as c-Si material (Fig. 9 (a)).

Following the concepts of contact selectivity and selective transport
[146–148], it is also crucial to minimize the conductivity of non-col-
lecting carriers. In principle, band-ofsets support this effect depending 
on the energy band structure of hetero-interfaces. In particular, when
the collection of carriers is based on tunneling mechanism, non-collect-
ing carriers cannot reach the metal electrode due to potential barriers
and minimal carrier population [161,162], For the case of poly-Si ma-
terial with similar electronic properties as c-Si, the thickness of SiOx 
above 1nm is crucial to prevent non-collecting carriers from reaching 
the electrode [160]. Therefore, research groups concentrate the study 
on achieving SiOx layers within 1 to 1.5nm alongside buried optimal
doping profle in the poly-Si layer and c-Si [166].

If the transport is based on the current fowing through pinholes, the
conductivity of non-collecting carriers relies on the asymmetry of carrier
populations and the pin-hole area fraction [146,164]. Still, since there
is no ideal isolation of non-collecting carriers from the bulk to the elec-
trode, metal fraction needs to be reduced to obtain more effcient con-
tacts [15].
3.2.2.2. Processing The process for manufacturing SiOx/poly-Si CSPC 
typically consists of the following steps: (i) SiOx deposition or growth, 
(ii) poly-Si deposition with in- or ex-situ doping, (iii) thermal annealing 
and (iv) hydrogenation.

The key element of this contact is the chemical saturation of dan-
gling bonds present at the c-Si surfaces that provides low recombina-
tion for minority carriers [172]. Similarly to the intrinsic a-Si:H, the use
of a thin dielectric layer can provide surface passivation while allowing
the tunneling of majority charge carriers [173]. The main advantage of
SiOx passivating layer stands on the high thermal stability that enables
a wide temperature process window.

In SIPOS-based contact and, later, in poly-Si CSPC technology, the 
passivation is usually provided by a thermally-grown ultra-thin SiOx 
flm [173]. Alternative routes are: chemical oxidation in nitric acid 
[143,154], sulfuric acid [174], hydrogen peroxide solution [175], 
ozone-based oxidation techniques (UV/O3 or DI-H2O) [176], PECVD 
[177], or ALD oxidation [178]. Extremely low J0 and  c are obtained in-
dependently from the growth method used for the SiOx [179]. Besides 
that, oxide layers with a more stoichiometric structure provide a bet-
ter passivation quality and, therefore, a higher i-VOC [176]. In this re-
spect, chemical oxidation might be less performing due to the slow de-
composition of the nitric acid molecule that provides the reactive oxy-
gen species [176]. Furthermore, the layer uniformity and homogeneity
depend on the oxidation methods [176], substrate morphology [180],
and c-Si orientation [180,181]. More exotic materials suggested for c-Si
passivation are calcium oxide (GaOx) [182], aluminium nitride (AlN) 
[183], hafnium oxide (HfOx) [184], etc. 

On top of the thin oxide layer, a poly-Si flm with opportune dop-
ing is required to establish the selectivity of one type of carriers. Usu-
ally, the Si layer is deposited via low-pressure chemical vapor deposi 
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tion (LPCVD) or PECVD in an initial amorphous state. Recently, alter-
native depositions have been proposed such as sputtering [185] or hot 
wire CVD [171]. Often, phosphorous and boron dopants are incorpo-
rated in situ during the flm deposition [186,187] or introduced ex-situ 
by thermal diffusion from a P or B doped silicate glass [188–190] and by
implantation (P, B, As, Ga) [15,143,154,191,192]. The subsequent an-
nealing step, performed at a temperature in the range of 800-1000 ℃, 
partially crystallizes the amorphous Si and activates the dopants. The 
result is a shallow dopant diffusion from the poly-Si through the SiOx 
controlled by the annealing time/temperature and doping concentration
in the flm. The parallel electrode PECVD process has the advantage of
decoupling front/back deposition, allowing for more fexibility and pos-
sibly leaner fowcharts than LPCVD. While for PECVD is possible to ob-
tain front and rear layers with different thicknesses, in case of LPCVD 
the growth happens simultaneously on both sides of the substrate. Con-
versely, PECVD layers might be prone to form blisters due to the ini-
tial hydrogen content and the effusion of H2 and/or H2O during anneal-
ing. This shortcoming can result in severe degradation of performances
[186]. To avoid blistering, incorporation of a small amount of carbon 
has been found to enhance stability [193,194]. Finally, the hydrogena-
tion treatment consists of annealing in forming gas at relatively low tem-
perature (400-450 ℃), usually in the presence of a hydrogen-rich cap-
ping layer (SiNx or AlOx) [195] or in remote hydrogen plasma [196]. 

To improve the optoelectrical properties of poly-Si based layers, 
some R&D groups proposed to alloy them with oxygen [170,197] or 
carbon [156,198] that can be incorporated in the a-Si flm. The fnal 
material consists of a poly-Si flm with an alloyed amorphous fraction.
Nevertheless, deep optical characterization showed that this approach
leads to increased parasitic losses upon annealing in the short wave-
length region, but decreased losses in the infrared wavelength region 
due to the lowered free carrier absorption [199]. Recently the use of 
nitrogen-doped Si carbide deposited via hot wire CVD has been success-
fully applied in device with demonstrated improved transparency [200].
This approach is very promising because it does not require any post-de-
position treatment [201]. On the other hand, the use of Si carbide (SiCx)
flms fabricated with industrial tools, like tube furnace, is challenging
due to the diffculties to suffciently dope the material or recover the 
implantation damages [202]. 

3.2.3. Towards high-efciency Si solar cells
Poly-Si CSPCs enable high effciency in a wide variety of solar cell 

structures. Depending on the way of combining the poly-Si CSPC in a 
solar cell device, as shown in Fig. 10, the cells can be classifed into 
four groups, including PERC-like poly-Si FBC, poly-poly FBC, poly-fn-
ger FBC and poly-Si IBC. Besides, all the architectures depicted in Fig. 
10 are extended to bi-facial approach to further enhance their output 
power [142,203,204].

Fig. 11 shows an overview of conversion effciency evolution for the
abovementioned poly-Si CSPC structures developed worldwide by dif-
ferent universities and R&D groups, featuring a rapid increase in perfor-
mance with about 1%abs/year achieving over 26%. In the following, the
features of each architecture will be described. 
3.2.3.1. PERC-like poly FBC solar cells In PERC-like poly-Si FBC cell,
the rear contact is replaced by a poly-Si CSPC while the front side con-
tact can be either homo-junction [213,215,218,223,228,232] or a
low-temperature CSPC (such as SHJ [168,233] or TMOs [234]). Here
we discuss the case of TOPCon cell as an example. The advantage of
PERC-like poly FBC solar cells compared to PERC cells stands on mini-
mizing recombination losses at the rear side by avoiding direct Si-metal
contact (Fig. 12). Moreover, comparing to the PERC cell, the TOPCon
cell structure has a simpler device design which enables a mono-di-
mensional (1-D) current fow in the c-Si absorber that avoids FF losses
originated from a 3-D carrier transport in the PERC cell structure (Fig.
12) [210]. 
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Fig. 10. Sketch examples of solar cells that deploy poly-Si CSPC structure. (a) one polarization PERC-like poly FBC [138], (b) two polarizations on full area poly-poly FBC [143], (c) 
localized poly-Si contact poly-fnger FBC [205], and (d) interdigitated back contacted solar cells poly-Si IBC [15]. 

Fig. 11. The conversion effciency evolution poly-Si CSPC solar cells from R&D groups:
Fraunhofer Institute for Solar Energy Systems (ISE) in Germany, Institute for Solar En-
ergy Research in Hamelin (ISFH) in Germany, Solar Energy Research Institute of Sin-
gapore (SERIS), Australian National University (ANU), Delft University of Technology 
(TU Delft) in the Netherlands, École Polytechnique Fédérale de Lausanne (EPFL) in 
Switzerland, Energy Research Centre of the Netherlands as part of Netherlands Organ-
isation for Applied Scientifc Research (ECN.TNO), National Renewable Energy Lab-
oratory (NREL) in America, Ningbo Institute of Industrial Technology (CNITECH) in 
China, Korea University (Korea Uni.), Forschungszentrum Jülich (Jülich) in Germany, 
Advanced Industrial Science and Technology (AIST) in Japan, Shanghai Jiao Tong Uni-
versity (SJTU) in China. Data were from references 
[15,138,141,144,152–155,160,166,175–177,191,192,195,203,204,206–231]. 

Besides the quality of the front side homo-junction structure, the fac-
tors that infuence the performance of this cell architecture are the (i)
passivation quality of the rear poly-Si CSPC, (ii) the effciency of carrier
selective collection by the poly-Si alloy contacts, and (iii) the infuence
of the metal contact formation. Optoelectrical simulations on this cell 
structure predict a theoretical PCE above 28% [235]. Since the devel-
opment of poly-Si alloys CSPC, their application in solar cell enables a 
continuous increase of cell effciencies, with the best effciency reaching
25.8% [144,145]. 

3.2.3.2. Poly-poly FBC solar cells Poly-poly FBC devices feature poly-Si
CSPCs on both polarities [143,236,237]. From the solar cell process
point of view, the most simplifed approach to deploy the poly-Si
CSPCs in the c-Si solar cell is the poly-poly FBC device, as shown in
Fig. 10 (b). In this cell structure, the poly-Si contacts are applied on
both sides as hole and electron selective contacts. On the other hand,
the heavily doped poly-Si CSPC exhibits a high parasitic absorption
which increases optical losses. Recent material and device characteriza-
tions reveal the corresponding optical properties of poly-Si alloys mate-
rials and their infuence on the cell performances [170,199,238,239],
as shown in Fig. 13 of the calculated absorptance of poly-Si layers with
different thicknesses when used at the front and rear of the c-Si solar 
cell and their corresponding photocurrent losses [143].

To minimize the parasitic optical absorption, a possible approach is 
to thin the poly-Si CSPC layers on the front side. However, the sheet 
resistance of this layer will increase, resulting in enhanced resistive 
losses (i.e. lower FF). On one hand, to compensate for such loss, the 
TCO is normally used on top of the thin poly-Si alloy contact to facil-
itate current collection. On the other hand, the WF of the TCO layer
needs to be carefully chosen for n-type or p-type poly-Si alloy contacts.
A large WF mismatch between TCO and the poly-Si alloy layers might
lead to a significant Schottky barrier, which can limit the FF of the de-
vice [237,240]. To minimize this barrier, interlayer(s) between TCO and
the poly-Si alloy can be placed. In principle, a low WF TCO for n-type 
poly-Si alloy and a high WF TCO for the p-type poly-Si alloy are re-
quired for obtaining a high FF [237]. Even though sputter deposition
of TCO harms the passivation quality of poly-Si CSPCs, post-TCO-depo-
sition treatment, such as annealing in different atmospheres, could re-
cover (or partly) the passivation quality degradation due to the sputter-
ing damage [241]. Some research groups proposed to use a pre-diffused
c-Si surface before the poly-Si deposition, aiming at minimizing the se-
ries resistance by promoting the current fow within the high conductive
pre-diffused region [242]. However, the FF improvement is still limited
[242,243].
3.2.3.3. Poly-fnger FBC solar cells To solve the abovementioned optical
issue raised by the front poly-Si layers, researchers have recently pro-
posed to apply the poly-Si CSPC only underneath the metal fngers, 
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Fig. 12. The sketch of (a) PERC cell structure and (b) PERC-like poly FBC (n-TOPCon cell) with the corresponding simulated current density contour plots. Reprinted with permission 
from ref. [210]. Copyright 2014, Elsevier. 

Fig. 13. (a) Simulated absorption spectra of n-type poly-Si layers with different thicknesses on the front (continuous line) and rear (dashed line) sides used in (b) poly-poly FBC cell.
(c) Simulated equivalent photocurrent density losses related to different front and rear poly-Si layer thickness combinations. Reprinted with permission from ref. [143]. Copyright 2020, 
Wiley-VCH. 

as depicted in Fig. 10 (c). This approach was in principle called PeR-
FeCT (Passivated Rear and Front ConTacts) solar cell architecture when
it was proposed for the frst time [205]. In this cell structure, the metal
contact grid shades the poly-Si CSPC layer away from light illumina-
tion. Therefore, the application of the poly-Si CSPC fngers does not con-
tribute to any optical parasitic absorption, while maintaining the low-
est possible J0. This architecture is already under research at TU Delft,
ANU, and ISE, with potential effciency above 26% [204,244,245].
3.2.3.4. Poly-Si IBC solar cells Concerning solar cell architectures, the
IBC concept stands out as the main option to demonstrate remarkable
effciencies owing to the absence of front shading contact (Fig. 10 (d))
[15,222,246–249]. Therefore, by combining the optical advantage of
IBC structures together with the electrical advantages of the poly-Si
CSPCs, a remarkable effciency above 26% has already been demon-
strated [15], as summarized in Fig. 11. Effciency calculations reveal a
practical limit above 27% by tuning thin-SiOx thickness, pitch size,
emitter-to-BSF ratio, and the separation between the BSF and emitter
fngers [160,209]. 

3.2.4. Commercialization challenges
As described above, poly-Si CSPCs enable very high effciencies at 

lab scale with different cell architectures, demonstrating the potential
for industrial up-taking. However, the question is how to integrate this
technology into industrial processes. Among compatible solar cell archi-
tectures, PERC-based FBC and IBC are the most promising for upgrading
to poly-Si CSPC technology.

Independently from which cell structure will be industrially ex-
ploited, one of the main challenges is the metallization step. For ex-
ample, the lab-scale 25.8% effcient TOPCon cell presents physical va 

por deposited (PVD) Ti/Pd/Ag followed by plating of Ag fngers and
full-area PVD Ag for front and rear metallization, respectively [149]. 
Further, also the POLO-junction IBC cell exhibiting 26.1% effciency fea-
tures PVD metallization process. The industrialization of these tech-
nologies requires high-throughput low-cost metallization processes. For
these reasons, screen printing is a commonly used technology in the
PV industry. The fre-through type of metal paste is one of the most 
used for screen printing metallization, which leads to a simple and 
low-cost process. However, when it is used for contacting poly-Si CSPCs,
the settings for screen-printing and fring step are similar to those 
used for homo-junction c-Si solar cells but need further optimization 
[250]. These adjustments aim at maintaining the thermal stability of
the poly-Si CSPCs while preventing the metal paste from penetrating
c-Si bulk through the poly-Si layers [250]. Fire-through Ag/Al and Ag 
pastes are commonly used [250–253]. Other options are (i) single fr-
ing thermal annealing combining dielectric-driven hydrogenation and
metallization [168] and (ii) low-temperature Ag pastes mostly alongside
TCO for contacting [241,254,255]. Besides these approaches, to com-
mercialize these new technologies, R&D groups are developing other
metallization approaches employing laser ablation and electrical plating
[15,256,257].

Nowadays, PERC technology dominates the PV market with very
high effciency already achieved. However, its manufacturing process is
still complex due to the patterning steps to minimize the contact frac-
tion between metal and Si, aiming to reduce the recombination losses 
at the contact regions. Several studies evaluated the feasibility of up-
grading PERC cell structure with poly-Si CSPCs with both n-type and
p-type c-Si as bulk materials [258]. Besides the abovementioned metal-
lization challenges, the upgrades in the current PERC production lines
to accommodate for poly-Si technology require extra equipment invest 
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ments for the preparation of poly-Si CSPCs. For instance, a set of ther-
mal oxidation furnaces or wet chemical oxidation setups are needed 
for the preparation of the ultra-thin SiOx layer; and PECVD or LPCVD 
equipment is required for the deposition of poly-Si alloy layers, doping
and thermal treatments. Efforts from R&D groups and PV industry have
made the large-area cell effciency to go above 23% with the TOPCon
cell structure from JinkoSolar [259], i-TOPCon from Trina [142], mo-
noPolyTM cell from SERIS [141], and PERPoly cell from ECN.TNO [260]
among others. Currently, most of the abovementioned industry develop-
ments are on n-type mono-Si bulk. However, developments on n-type or
p-type cast mono-Si as bulk material have also lead to record high eff-
ciencies for industrial solar cells [261,262]. An overview of the research
institutes and PV industries that produce large-area (> 100 cm2) solar 
cells based on poly-Si CSCs is summarized in Table 1.

Considering the high absorptance of poly-Si CSPCs when used at 
the front side of the solar cells, and the complexity of processing cells 
with poly-Si fnger cells, IBC solar cell architecture with poly-Si alloy 
CSPCs is one of the main approaches for industrializing this technol-
ogy [15,270], as already shown by company Trina with their poly-IBC 
cell [269]. However, the main challenges are the patterning of p+ and 
n+ poly-Si fngers and the subsequent metallization with the industrial
tools. The patterning of poly-Si fngers can be done by a few steps of
wet/dry etching with dielectric coatings as masking layers, or by selec-
tively ion-implanting B or P for p+ or n+ poly-Si doping, respectively
[222,271]. The frst approach is complex for industrialization, while the
latter one is simple and was demonstrated in the PV industry by Trina 
with large area record cell effciency around 25% [269]. Compared to
the FBC cell case, besides the challenge in deploying the right paste and
metallization recipe for contacting poly-Si materials, the metallization 
for IBC cells is per se more complicated, as extra attention is needed on 
the alignment of the screen-printed metal fngers with the poly-Si fn-
gers. Special processes, like laser ablation for opening the dielectric lay-
ers followed by screen-printing, are now under investigation for possible
industrialization [15]. 

4. Novel concept Si heterojunction solar cells 

4.1. Si/metal compound heterojunction solar cells 

4.1.1. Development status
Although the doped Si flm based heterojunctions solar cells have 

achieved remarkable success, the parasitic absorption from either in-
trinsic or doped Si flm limits the PCE of the devices. Hence, the 
ultra-high effciency devices with either SHJ or TOPCon technology 
utilize the complex IBC design, to minimize the parasitic absorption 

Table 1 
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losses from Si layers [15,272]. Moreover, the Si-based flms were de-
posited by either PECVD or LPCVD, which are capital-intensive tech-
niques with mandatory safety systems because of the use of pyrophoric
silane and toxic boron/phosphorous gas precursors.

To overcome these demerits, alternative dopant-free, carrier-selec-
tive contact materials (DFCSC) based on wide bandgap metal com-
pounds are intensively investigated by the PV community. These contact
materials exhibit a simultaneous combination of optimal transparency, 
surface passivation and carrier selectivity, which can be deposited eas-
ily, economically, and safely with minimal hazardous risks. Metal com-
pounds with an extremely low or high WF and/or a suitable band align-
ment with Si are considered to be potential DFCSC materials. In princi-
ple, wide bandgap materials featuring a small EC ofset (ΔEC) with Si or a 
low WF (typically WF < EC, Si of ∼ 4.1eV) can be developed as the elec-
tron-selective contacts (ESCs). Accordingly, materials with a high WF 
(typically WF > Ev, Si of ∼ 5.2eV,) or a small EV ofset (ΔEV) with Si
can be a hole-selective contact (HSC) candidate. Fig. 14 shows the band
alignment of carrier-selective contact materials with Si, including both 
Si-based and metal compound based passivating contacts [10]. In prin-
ciple, these metal compounds based passivating contacts mainly consist
of metal oxides, alkali/alkaline metals and salts, and transition metal ni-
trides (not shown in Fig. 14), which can be deposited using simple tech-
niques, such as PVD (thermal evaporation, sputtering, e-beam), solu-
tion-based processing (spin-coating) and ALD. Table 2 listed all the key
parameters of the metal compound based passivating contacts by far, as
well as the device confguration and performance. Full-area contact de-
sign of the DFCSC is the most attractive route, considering the fabrica-
tion complexity and cost. It can be seen that the titanium oxide (TiOx)
based ESC and the MoOx based HSC are the most successful examples,
achieving the best PCE of 22.1% and 23.5% with a full-area contact de-
sign, respectively [18,273]. More interestingly, a state-of-the-art PCE of
21.4% was achieved on c-Si solar cells with double-side dopant-free pas-
sivating contacts, employing a front hole-selective MoOx contact and a 
rear electron-selective zinc oxide (ZnO)/ lithium fuoride (LiF)/Al con-
tact [274]. All these achievements demonstrate the high potential of
DFCSCs for high-effciency, low-cost c-Si solar cells. We will discuss the
development status and details by dividing them into two types based
on their carrier selectivity, i.e. ESCs and HSCs. 

4.1.2. Electron-selective contact materials and devices 
The transition metal oxides based ESCs are most widely investi-

gated, mainly including TiOx [273,275–277], magnesium oxide (MgOx)
[278,279], tantalum oxide (TaOx) [280], ZnO [274], and niobium ox-
ide (NbOx) [281]. Among them the most successful ESC 

Effciencies achieved on large-area solar cells with poly-Si CSPC from the research institutes and PV industry. 

R&D Institute 
and PV industry Area (cm2) Cell structure Poly-Si contact Metallization approach Efciency (%) Reference 

ISE 
ISFH/HZB
CSEM/EPFL
SERIS 
ECN.TNO 
CNITECH 
Julich 
SJTU 
Jolywood (R&D)
Jolywood (Production)
TrinaSolar 
Jinko Solar 
Canadian Solara 

Canadian Solarb 

TrinaSolar 

100 
244 
245 
244 
244 
244 
244 
244 
244 
244 
244 
244 
246 
246 
243.2 

FBC 
FBC 
FBC 
FBC (bifacial)
FBC (bifacial)
FBC 
FBC 
FBC (bifacial)
FBC (bifacial)
FBC (bifacial)
FBC 
FBC 
FBC 
FBC 
IBC 

n+ (rear) 
n+ and p+ 

p+ (rear) 
n+ (rear) 
n+ (rear) 
n+ (rear) 
n+ (front) 
n+ (rear) 
n+ (rear) 
n+ (rear) 
n+ (rear) 
n+ (rear)
/
/ 
n+ 

PVD-Ti/Pd/Ag
TCO/SP-Ag
ITO/Ag
FT-SP 
FT-SP-Ag
FT-SP 
ITO/Ag
SP 
SP 
SP 
SP-Ag
/
/
/
/ 

24.5 
21.7 
22.5 
23.1 
22.4 
21.4 
23.1 
21.2 
23.3 
22.66 
24.6 
24.2 
23.8 
22.8 
25 

[263] 
[264] 
[213] 
[219] 
[260] 
[265] 
[266] 
[267] 
[268] 
[268] 
[142] 
[259] 
[261] 
[262] 
[269] 

a n-type cast mono Si bulk. 
b p-type cast mono Si bulk. 
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Fig. 14. Passivating contacts materials for c-Si solar cells. Conduction and valence band positions (upper and lower rectangles, respectively), and indicative Fermi level positions (dashed
lines) of various metals, metal compounds and organic semiconductors, with ESCs in red and HSCs in blue. The band edges of c-Si are shown as a grey bar for reference. Reprinted with
permission from ref. [10]. Copyright 2019, Springer Nature. 

Table 2 
Key parameters of metal compounds based passivating contacts, and the device confguration and performance. 

Thickness Best PCE 
Material Type Contact Structure (nm) ρc (mΩ∙ cm2) Device confgurationa (%) Reference 

TiOx 

MgO 

TaOx 
ZnO 
LiF 

MgF2 
Mg 

TaNx 
TiN 
MoOx 

VOx 

CrOx 
PEDOT:PSS 

ESC 

ESC 

ESC 
ESC 
ESC 

ESC 
ESC 

ESC 
ESC 
HSC 

HSC 

HSC 
HSC 

TiOx 
SiO2/TiOx 
a-Si:H/TiOx/LiF
a-Si:H/TiOx/Yb
TiOx/LiF
TiOx/Ca
MgO
a-Si:H/MgO
TaOx/Mg
a-Si:H/ZnO/LiF
LiF 
a-Si:H/LiF
a-Si:H/MgF2 
a-Si:H/Mg
SiO2/Mg
TaNx 
SiO2/TiN
a-Si:H/MoOx 
MoOx 
VOx/Ni
a-Si:H/VOx 
CrOx 
SiO2/PEDOT:PSS 

4.5 
1.5/3.0
5.0/1.5/0.6
8.0/1.0/40
1.5/1.0
3.5/30
1.0 
5.0/3.5
6.0/10
7.0/75/1.5
1.0 
5.0/1.0
6.5/1.0
6.0/10
1.8/20
2.5 
1.7/300
5.0/4.0
15.0 
40/5.0
5.0/4.5
4.0 
1.5/140 

40 
63 
4 
1 
5 
5 
18 
950 
350 
136 
1 
7 
76 
310 
26 
53 
16.4 
200±100b 

60 
115 
95 
45 
100 

p+/n-Si/TiO2/Al 
p+/n-Si/SiO2/TiO2/Al
MoOx/i/n-Si/ i/TiOx/LiF/Al
ip/n-Si/i/TiOx/Yb/Ag
Rear point contact
Rear point contact 
p+/n-Si/MgO/Al
ip/n-Si/i/MgO/Al 
p+/n-Si/TaOx/Mg/Ag
MoOx/i/n-Si/ i/ZnO/LiF/Al
Rear point contact
MoOx/i/n-Si/i//LiF/Al 
p+/n-Si/i/MgF2/Al 
p+/n-Si/i/Mg/Al
n-Si/SiO2/Mg/Al 
p+/n-Si/TaNx/Al 
p+/n-Si/SiO2/TiN
MoOx/i/n-Si/in/ITO/Ag
Rear point contact
IBC 
in/n-Si/i/VOx/Ag
Partial rear contact 
n+/n-Si/SiO2/PEODT:PSS/Ag 

19.8 
22.1 
20.7 
19.2 
23.1 
21.8 
20.0 
16.8 
19.1 
21.4 
20.6 
19.4 
20.1 
19.0 
15.0 
20.1 
20 
23.5 
20.4 
19.7 
21.6 
20.2 
20.6 

[275] 
[273] 
[294] 
[289] 
[287] 
[288] 
[278] 
[279] 
[280] 
[274] 
[295] 
[293] 
[296] 
[298] 
[299] 
[302] 
[303] 
[18] 
[323] 
[311] 
[319] 
[320] 
[324] 

a p+: boron-difused p+ emitter; i: intrinsic a-Si:H; ip: intrinsic a-Si:H/p-type a-Si:H stack; in: intrinsic a-Si:H/n-type a-Si:H stack; IBC: interdigitated back-contact. 
b Data obtained through personal discussion with Dr. Mathieu Boccard, EPFL. 

is TiOx, featuring a very small ΔEC (∼ 0.05eV) and a large ΔEV (∼ 2eV) 
with Si [275], resulting decent electron-selective, hole-blocking prop-
erty of Si/TiOx heterojunction. Thin TiOx was also demonstrated to pro-
vide excellent surface passivation on c-Si surface, probably due to a 
negative charge in TiOx and the formation of Si-O-Ti covalent bond-
ing at the Si/TiOx interface [282,283]. TiOx deposited by a modifed 
CVD process was frstly implemented on the front side of p-Si solar cells 
for electron collection, achieving a low effciency of 7.1%, limited by 
the high carrier recombination at both sides and poor lateral conduc-
tivity of TiOx [277]. By shifting the TiOx contact to the rear side of 
n-Si solar cells together with a front PEDOT:PSS for hole collection, the
PCE was significantly enhanced to 13.9% [284]. The breakthrough of 
TiOx contact was realized by Yang et al., who developed the ALD de-
posited TiOx-based contact, achieving excellent surface passivation and 
a low contact resistivity simultaneously [275]. A low effective surface 
recombination velocity of 11cm/s, equivalent to a J0 of ∼ 20 fA/cm2, 

was obtained on n-Si passivated by 5.5nm ALD TiOx [275]. More im-
portantly, n-Si/TiOx/Al hetero-contact with a thin TiOx interlayer (2.5 
∼ 5.5nm) exhibited a low contact resistivity ( c < 0.1 Ω∙cm2) after
forming gas annealing, which is below the threshold of a full-area con-
tact for high effciency c-Si solar cells [147]. The PCE was further im-
proved to 19.8% on n-Si solar cells, featuring a full-area single-layer 
TiOx rear contact and a conventional boron-diffused p+ emitter at the 
front. However, the PCE is much lower than expected, based on the J0 
and  c of TiOx contact, which can be attributed to the electron selec-
tivity degradation of TiOx after Al metallization. The degradation was 
ascribed to the undesired reaction between TiOx and Al [275]. A tun-
nel oxide (SiO2) passivation interlayer was innovatively inserted be-
tween n-Si and TiOx, which further boosted the PCE to 22.1% (Fig. 
15a) [273,275]. The electron selectivity of Si/SiO2/TiOx heterojunction 
was proven to keep at a high quality after Al metallization. However, 
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Fig. 15. (a) The sketch of c-Si solar cells featuring a full-area TiOx-based ESC, and the illuminated J-V curve of the best device. Reprinted with permission from ref. [273]. Copyright 2017,
Wiley-VCH. (b) Schematic of a solar cell with dopant-free hole-selective MoOx and electron-selective ZnO/LiFx/Al contacts on the front and rear sides, respectively, and the Sun J-V curve 
and pseudo-J-V curve of the device. Reprinted with permission from ref. [274]. Copyright 2020, Wiley-VCH. 

the PCE of the devices with TiOx-based ESC was limited by a relatively 
low Voc (∼ 675mV), compared to that of SHJ and TOPCon devices. 
Although a-Si:H/TiOx stack was demonstrated to exhibit excellent sur-
face passivation, the illuminated J-V curve of the device with a-Si:H/ 
TiOx contact exhibits an “S-shape”, indicating a poor electron selectivity 
[285,286].

A low WF material capping (e.g., LiF, Ca and Yb) was found to 
be effective in improving the electron selectivity of TiOx-based ESC 
[287–289]. The  c of Si/TiOx heterojunction was dramatically reduced 
to ∼ 5 mΩ∙cm2 by introducing the LiF and Ca capping, enabling a par-
tial contact design. By the implementation of a partial TiOx/LiF and 
TiOx/Ca passivating contact on n-Si solar cells, high PCEs of 23.1% and
21.8% were achieved, respectively [287,288]. With the Yb capping, a 
very low  c ∼ 1 mΩ∙cm2 was realized on textured Si/a-Si:H/TiOx/Yb
hetero-contact, and a PCE of 19.2% was achieved [289]. TiOx-based ESC 
was proven to be the most promising dopant-free passivating contacts 
for c-Si solar cells, given its high electron selectivity, fexible deposition
techniques and relatively high stability.

Other metal oxides (e.g., MgO, NbOx and ZnO) with a suitable 
band ofset with Si were also investigated as ESC for c-Si solar cells. 
MgO deposited by either thermal evaporation or ALD was proven to 
be an effcient ESC for c-Si solar cells [278,279]. The electron selec-
tivity of MgO was attributed to the high electron concentration and 
high bulk conductivity of MgO [278]. Although a low  c of ∼ 18 
mΩ∙cm2 was achieved on Si/MgO hetero-contact, MgO deposited by ei-
ther thermal evaporation or ALD exhibits poor surface passivation on 
c-Si [278,279]. A moderate PCE of 20% was achieved using thermal 
evaporated MgO contact, fguring a low VOC of 629mV [278]. In con 

trast, thin TaOx deposited by ALD exhibits excellent surface passivation 
(J0 ∼ 22.5 fA/cm2), but the high-quality electron selectivity cannot be 
achieved unless an additional hydrogenation process and Mg capping 
were applied together, probably due to a poor band alignment with 
c-Si [280]. Moreover, the surface passivation of TaOx suffered from a 
severe degradation after Al metallization, similar to that of TiOx con-
tact. Therefore, the device with TaOx contact exhibits a low VOC of 
638mV and a low FF of 79.3%, resulting in a low PCE of 19.1%. It 
would be interesting to introduce the tunnel SiO2 passivation interlayer 
into the MgO and TaOx contacts in the future work, similar to that of 
SiO2/TiOx contact. Thin NbOx deposited by ALD seems to be an excel-
lent ESC for c-Si solar cells, which simultaneously exhibits excellent sur-
face passivation (J0 ∼ 25 fA/cm2) and an acceptable contact resistivity 
( c ∼ 70 mΩ∙cm2) [281]. However, no device with NbOx-based contact 
has been reported. ZnO is supposed to be an ideal ESC for c-Si solar 
cells, thanks to a small ΔEC and a large ΔEV with c-Si. Unfortunately,
early works demonstrated that ZnO exhibited poorer performance than
expected, featuring low surface passivation and a high  c [290–292]. 
Zhong et al. found that a rather thick ZnO flm (75nm) capped with 
LiFx/Al simultaneously enables effcient electron selectivity and sup-
pression of parasitic infrared absorption. Combined the electron-selec-
tive ZnO/LiF/Al contacts with transparent MoOx-based hole-collecting 
contacts at the front, both-side dopant-free contact solar cells with a 
state-of-the-art effciency of 21.4% was achieved (Fig. 15 (b)) [274]. 
It was found that metal oxide-based passivating contacts have to be 
metallization with a low WF Al, which mostly results in degrading 
passivation quality. To avoid the electron selectivity degradation, 
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a passivation interlayer (e.g., SiO2 or a-Si:H) or a low WF capping layer 
(e.g., LiF) is necessary.

Beside transition metal oxide, other types of ESC materials consist 
of alkali/alkaline fuorides or metals, mainly including LiF, magnesium
fuoride (MgF2) and Mg. Thermal evaporated LiF, featuring a very low 
WF of ∼ 2.9eV, is the most frequently studied. Very low  c of ∼ 1 
mΩ∙cm2 and ∼ 7 mΩ∙cm2 were achieved on the n-Si/LiF and n-Si/
a-Si:H/LiF hetero-contacts, respectively [293]. A PCE of 19.4% was ini-
tially obtained on n-Si solar cells featuring a full-area electron-selective
a-Si:H/LiF hetero-contacts [293], and further enhanced to 20.7% with 
a modifed a-Si:H/TiOx/LiF hetero-contacts featuring better thermal sta-
bility [294]. Benefting from the ultra-low contact resistivity, partial 
LiF contact was successfully implemented into n-Si solar cells, achiev-
ing a PCE of 20.6% [295]. The results reveal that LiF capping is an 
effcient way to improve the electron selectivity of metal oxide-based 
ESCs, as demonstrated on TiOx/LiF and ZnO/LiF stacks. Low WF MgF2 
(∼ 3.5eV) deposited by thermal evaporation was also developed as ESC
for c-Si solar cells. n-Si/MgF2 and n-Si/a-Si:H/MgF2 hetero-contacts ex-
hibited a low  c value of ∼ 35 mΩ∙cm2 and ∼ 76 mΩ∙cm2, respectively. 
A PCE of 20.1% was obtained on n-Si solar cells featuring a full-area 
a-Si:H/MgF2/Al hetero-contacts [296]. With a further improved a-Si:H/ 
MgF2 hetero-contacts using Mg capping, a PCE of 22.1% was obtained 
on n-Si solar cells with IBC design [297]. Moreover, low WF metals 
(e.g., Ca and Mg) combined with passivation interlayers (e.g., a-Si:H, 
SiO2, and TiOx) were also developed as ESCs for c-Si solar cells. With 
a full-area a-Si:H/Mg or SiO2/Mg contact, n-Si solar cells with PCEs of 
19% and 15% were achieved, respectively [298,299]. Although alkali/
alkaline fuorides or metals based ESCs can form a low  c on c-Si, they 
are not stable in air and require continuous metallization without vac 
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uum break, which limits their application for mass production. More-
over, they exhibit a very poor surface passivation quality, so a passiva-
tion interlayer is necessary to improve the J0. 

Considering the stability issue and low conductivity property of 
metal oxide/fuoride-based ESCs, transition metal nitrides are being in-
vestigated as potential alternatives. Transition metal nitrides are widely
used as a copper diffusion barrier for microelectronics and photoanode
for photo-electrochemical water splitting, thanks to their high stabil-
ity and high conductivity [300–302] tantalum nitride (TaNx) deposited 
by ALD was frst developed as an effcient ESC, simultaneously featur-
ing moderate surface passivation and a low  c on c-Si [302]. A PCE 
of 20.1% was obtained on n-Si solar cells featuring a full-area TaNx 
rear contact for electron collection. Although TaNx exhibits much poorer 
surface passivation than that of TiOx and TaOx, the device with TaNx 
contact exhibited a higher FF and a comparable VOC, resulting in a 
higher PCE than that of single-layer TiOx and TaOx contacts. It means 
that the surface passivation and contact resistivity of TaNx were fully
maintained on the device level, indicating that no degradation occur-
ring during metallization. Verifed by high-resolution TEM measure-
ment, no interlayer was observed at the Si/TaNx/Al interfaces, con-
frming the high stability of TaNx contact. Titanium nitride (TiN) de-
posited by reactive sputtering was also developed as electron-selective, 
hole-blocking contact for c-Si solar cells [303]. Highly conductive TiN 
combined with a SiO2 passivation interlayer was demonstrated to be an 
effective ESC on c-Si, featuring a low  c of 16.4 mΩ∙cm2 and a toler-
able J0 of ∼ 500 fA/cm2. SiO2/TiN contact was innovatively employed 
as surface passivating and metal electrode simultaneously on n-Si so-
lar cells, achieving a PCE of 20% with a simplifed fabrication process
and low cost (Fig. 16 (a)). It is by far the only developed ESC without 

Fig. 16. (a) Sketch of an n-Si solar cell featuring full-area TiN rear contacts, and their light J-V curves. Reprinted with permission from ref. [303]. Copyright 2019, Elsevier. (b) SHJ solar
cells with a front hole-selective MoOx contact, achieving a certifed effciency of 23.5%. Reprinted with permission from ref. [18]. Copyright 2020, Elsevier. 
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low WF metal capping. The surface passivation quality of both TiNx 
and TaNx contacts is still poorer than that of metal oxides, which lim-
its the PCE of the devices. Both works demonstrated the high potential
of metal nitride-based ESCs for c-Si solar cells, which might improve
the device performance and reduce the fabrication cost simultaneously.
Other transition metal nitrides (e.g., zirconium nitride (ZrNx), hafnium 
nitride (HfNx), molybdenum nitride (MoNx)) might be interesting for 
further investigation. 

4.1.3. Hole-selective contact materials and devices 
In the meantime, researchers were also researching HSC materials 

for c-Si solar cells. P-type transition metal oxides with a small ΔEV with 
Si are less abundant than of ESC, as shown in Fig. 14. Nickel oxide 
(NiOx) and copper oxide (Cu2O) with a small ΔEV with Si were initially 
investigated as HSC [304–306]. Unfortunately, both NiOx and Cu2O ex-
hibited poor surface passivation and hole selectivity, resulting in infe-
rior device performances.

Transition metal oxides featuring a high WF, mainly including MoOx,
vanadium oxide (VOx) and tungsten oxide (WOx), were intensively in-
vestigated as HSC materials [40,307–314]. High WF materials deposited 
on c-Si are supposed to induce strong upward band bending, favoring
the hole-transport at the interface. Among them, MoOx deposited by
thermal evaporation is the most successful HSC developed by far. A low 
 c was obtained at the Si/MoOx heterojunction, and wide bandgap MoOx 
also exhibited moderate surface passivation on c-Si and high trans-
parency [40]. By replacing the p-type a-Si:H in SHJ device with the 
highly transparent MoOx, the external quantum effciency in the blue 
and visible range was enhanced, resulting in an obvious improvement 
of JSC (> 1mA/cm2) [18,307]. A PCE of 22.5% was achieved on SHJ 
device with a hole-selective MoOx front contact in 2015 [309], and re-
cently the PCE has been enhanced to 23.5% by further optimizing the 
MoOx thickness and fabrication process (Fig. 16 (b)) [18]. However, the 
hole selectivity of thermal evaporated MoOx was found to be unstably 
incompatible with the fnal contact annealing (∼ 200 ℃) of SHJ device, 
which was attributed to the reduced MoOx by the hydrogen diffusion
from the a-Si:H passivation layer. Although a pre-annealing in the air at
250 ℃ followed by a short hydrofuoric acid dipping was developed by
Essig et al. to overcome this problem, the process complexity was en-
hanced [315]. MoOx flms deposited by both ALD and sputtering at low
temperatures were also investigated; however, the result indicated that
the WF of ALD MoOx is too low to be an effcient HSC for c-Si solar cells 
[316,317].

Beside MoOx, VOx deposited by vacuum thermal evaporation was 
also intensively investigated as HSC for c-Si solar cells [311,312,318]. 
Gerling et al. reported that VOx exhibited better surface passivation than 
that of MoOx, which predicted the high potential of VOx as HSC [318]. 
However, until now the best PCE of 19.7% was reported on IBC c-Si 
solar cells with thermal evaporated VOx contact [311]. Recently, VOx 
deposited by ALD was demonstrated to be a promising HSC, featur-
ing good surface passivation, a high WF (∼ 6eV), a tolerable  c and 
high stability. By replacing the rear p-type a-Si:H with VOx contact, a 
state-of-the-art PCE of 21.6% was achieved on SHJ device featuring a 
rear junction confguration [319]. It would be more interesting to apply
the ALD VOx contact on the front side of SHJ devices in future work. 
WOx deposited by thermal evaporation was also investigated as HSC for 
c-Si solar cells [313,314], however, the best PCE reported was lower 
than that of MoOx and VOx. It was suspected that the high oxygen va-
cancy in WOx reduces its WF, resulting in a reduced band bending and 
consequently a poor hole selectivity [314]. Chromic oxide (CrOx) de-
posited by thermal evaporation was also developed as HSC, achieving a
low  c of 40 mΩ∙cm2 on p-Si/CrOx hetero-contact [320]. By the imple-
mentation of a partial CrOx rear contact, a PCE of 20.2% was achieved 
on p-Si solar cells.

All these high WF HSC materials deposited by thermal evaporation 
exhibit poor surface passivation on c-Si, and their hole selectivity is
quite sensitive to air exposure, thermal annealing and electrode materi 

als [321,322]. If combined with an a-Si:H passivation interlayer, they
suffered from the hydrogen-induced hole selectivity degradation. Un-
til now, it is still a very challenging topic to develop high-quality HSC
with high stability. A fundamental understanding and investigation of 
the material and hetero-contact properties that governing the hole se-
lectivity and surface passivation is high required for further engineering
and tailoring of the metal oxide-based HSC. 

4.2. Si/organic heterojunction solar cells 

4.2.1. Development status
In 1990, Lewis and coworkers frstly presented a Si/organic het-

erojunction solar cell with a very low PCE of ∼1% [325]. The hetero-
junction is made of poly-(CH3)3Si-cyclooctatetraene and Si. After that, 
several organic materials, such as poly(2-methoxy-5-(2’-ethyl-hexy-
loxy)-1,4-phenylenevinylene), PEDOT:PSS, poly(3-hexylthiophene)
(P3HT), and branched polyethylenimine (b-PEI), were proposed to fab-
ricate Si/organic heterojunction solar cells [326–329]. The best PCE of
20.6% has also been achieved by far [324]. The evolvement of PCE 
promises a tendency to reach the effciency of homojunction Si solar 
cells fabricated by complicated processes. PV parameters of typical Si/
organic solar cells are summarized in Table 3. 

4.2.2. Progress of Si/organic heterojunction solar cells
Among various Si/organic heterojunction solar cells, Si/PEDOT:PSS

based ones have been researched widely. Fig. 17 (a) shows the chemical
structure of PEDOT and PSS. PEDOT molecule (molecule weight (MW) 
∼1000-2500Da) is hydrophobic, while PSS molecule (MW∼400000Da) 
is hydrophilic. PEDOT adheres to the segment of PSS chain via Coulomb 
attraction, forming PEDOT:PSS molecules [349]. Because of the differ-
ent dispersibility, PEDOT:PSS presented a colloidal structure in water,
where PEDOT is sheltered by PSS to form a stable colloid in water. Sul-
fonate groups on PSS serve as a dopant of PEDOT to improve the con-
ductivity of PEDOT:PSS. On the other hand, the insulation of PSS causes 
a barrier that blocks the charge transfer among PEDOT molecules. Ad-
ditionally, because of the interaction among PEDOT, PSS and water, the
segment of PEDOT:PSS is twisted, reducing the charge transfer property.
And the twisted structure is conserved in flm condition (Fig. 17 (b)) 
[350]. The conductivity of PEDOT:PSS plays a key role in the perfor-
mance of Si/PEDOT:PSS solar cells. There are several schemes on target-
ing the conductivity of PEDOT:PSS, such as, tailoring the ratio of con-
tents, changing the molecular conformation, improving WF, and mixing
high conductivity materials [334,337,339,351–356]. 

Polar solvents are effective in improving the conductivity of PE-
DOT:PSS flms. The mechanism includes two aspects typically: chang-
ing the conformation of PEDOT molecules or decreasing the ratio of 
PSS. As shown in Fig. 17 (c, d), adding dimethyl sulfoxide (DMSO) en-
hances the π-π interchain packing and enlarges the crystalline domain 
size of PEDOT. This leads to a significant enhancement in the charge
transfer property of PEDOT. In contrast, ethylene glycol (EG) treatment 
can decrease the ratio of insulating PSS. In other words, EG decreases 
the charge transfer barrier among PEDOT domains [357]. Leung and 
coworkers treated PEDOT:PSS with DMSO or EG, which changed the 
content and conformation of PEDOT:PSS and consequently improved 
the conductivity of PEDOT:PSS flm. A PCE of 12% was realized in Si/
PEDOT:PSS solar cells [352]. Similarly, p-toluenesulfonic acid as an ad-
ditive in PEDOT:PSS can realize the phase separation between PEDOT
and PSS, resulting in an increased conductivity of PEDOT:PSS flm. The
PCE of solar cells improved from 12% to 14% [337]. Methanol and EG 
were also mixed as additives to treat PEDOT:PSS and presented a PCE 
of 14.6% [339]. Meanwhile, highly conducting materials, such as silver
nanowires and carbon nanotubes, were embedded into PEDOT:PSS flm
[355,356]. Upon incorporating silver nanowires, the resistance of PE-
DOT:PSS flm was reduced to 100 Ω/sq, enhancing the charge collection
significantly, and a PCE of 15% was achieved [356]. 
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Table 3 
Electrical properties of typical Si/organic heterojunction solar cells. 

Device confgurationa Si structure VOC (V) JSC (mA/cm2) FF PCE (%) Reference 

ITO/PEDOT:PSS/Si nanowire 0.47 19.28 0.61 5.09 [328] 
Ag:Cu/PEDOT:PSS/Spiro/Si/In:Ga nanowire 0.527 31.3 0.588 9.7 [330] 
Ag/Pd/PEDOT:PSS/P3HT/Si/Al planar 0.59 29 0.59 10.1 [331] 
Ag/PEDOT:PSS/Si/Al pyramid/nanowire 0.52 34.46 0.641 11.48 [332] 
Ag/PEDOT:PSS/TAPC/Si/Al nanowire 0.54 34.76 0.695 13.01 [333] 
MoO3/Ag/PEDOT:PSS/Si/Liq/Al planar 0.63 29.2 0.749 13.8 [334] 
Ag/PEDOT:PSS/Si/Al UMG 0.523 30.9 0.745 12.0 [335] 
Ag/PEDOT:PSS/Al2O3/Si/Al nanowire 0.539 36.0 0.678 13.2 [336] 
TiO2/Ag/PEDOT:PSS:PTSA/Si/In:Ga planar 0.62 34.3 0.73 15.5 [337] 
ITO/PEDOT:PSS/TiO2/Si/TiO2/Al nanohole 0.63 35.91 0.65 14.7 [338] 
Ag/PEDOT:PSS:EG:MeOH/Si/Al planar 0.62 29.3 0.802 14.6 [339] 
Ag/PEDOT:PSS:GOPS/Si/Al nanowire 0.64 30.2 0.728 14.1 [340] 
Ag/PEDOT:PSS/Si/in/ITO/Ag pyramid 0.634 36.2 0.705 16.1 [341] 
Ag/PEDOT:PSS/Si/F-N2200/Al nanowire 0.635 31.1 0.733 14.5 [342] 
Ester/Ag/PEDOT:PSS/Si/in/Al pyramid 0.634 36.5 0.70 16.2 [343] 
Ag/PEDOT:PSS/Si/PCBM/Al nanowire 0.646 31.37 0.743 14.9 [344] 
Ag/PEDOT:PSS/Si/CPTA/Al pyramid 0.632 34.7 0.763 16.73 [345] 
CuI/Ag/PEDOT:PSS/Si/PTB7-NBr/Al pyramid 0.638 32.8 0.765 16.0 [346] 
Ag/PEDOT:PSS/Siloxane/Si/Siloxane/Ti/Ag micropillar/pyramid 0.61 38.41 0.74 17.34 [347] 
Ag/PEDOT:PSS/Si/TiO2/LiF/Al pyramid 0.626 31.9 0.756 15.1 [348] 
Ag/ITO/ip/Si/Si/i/b-PEI/Al pyramid 0.72 37.0 0.729 19.4 [329] 
Ag/PEDOT:PSS/SiO2/Si/n+ Si/SiNx/Al pyramid 0.657 38.9 0.806 20.6 [324] 

a i: intrinsic a-Si:H; in: intrinsic a-Si:H/n-type a-Si:H stack; ip: intrinsic a-Si:H/p-type a-Si:H stack; Spiro: spiro-OMeTAD; TAPC: 1,1-bis[(di-4-tolylamino)phenyl] cyclohexane; Liq:
8-hydroxyquinolinolato-lithium; UMG: upgraded metallurgical grade; PTSA: p-toluenesulfonic acid; MeOH: methanol; GOPS: 3-glycidoxypropyltrimethoxydsilane; F-N2200: naphthalene
diimide-based conjugated polymer; PCBM: [6,6]-phenyl-C61-butyric acid methyl ester; CPTA: C60 pyrrolidine tris-acid; PTB7-NBr: conjugated polyelectrolytes; b-PEI: branched 
polyethylenimine. 

Fig. 17. (a) Chemical structure of PEDOT:PSS molecules. (b) Schematic diagram of PEDOT:PSS flm morphology. Reprinted with permission from ref. [350]. Copyright 2017, AAAS.
(c) X-ray diffraction and (d) conformation change of PEDOT:PSS flms. Pristine: reference PEDOT:PSS flm. DMSO-P: dimethyl sulfoxide treated PEDOT:PSS flm. EG DMSO-P: dimethyl
sulfoxide and ethylene glycol treated PEDOT:PSS flm. Reprinted with permission from ref. [357]. Copyright 2012, American Physical Society. 

On the other hand, a well-matched WF between Si and organic creased ∼0.2eV, enlarged the Vbi of solar cells. As a result, the PCE en-
materials is critical to effciencies [358,359]. PEDOT:PSS with a deep hanced by 20% compared with pure PEDOT:PSS based solar cells [354]. 
WF is favorable for generating a large Vbi. Targeting a deep WF of Cobalt sulfde was also served as an additive to increase the WF of PE-
PEDOT:PSS, perfuorinated ionomer (PFI) was added into PEDOT:PSS. DOT: PSS, which resulted in an obvious increase of PCE [360]. In ad-
Due to the high electron afnity of PFI, the WF of PEDOT:PSS flm in dition to additive engineering, post-treatment is a facile method im 
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proving the WF of PEDOT:PSS. Depositing an organic molecule of 1,
4, 5, 8, 9, 11-hexaazatriphenylene hexacarbonitrile (HAT-CN) onto PE-
DOT:PSS flms improved the WF of PEDOT:PSS from 5.0eV to 5.4eV 
[361]. A strong inversion layer was formed on a Si surface, which re-
sults in a larger Vbi, thus increases carrier collection and decreases the 
adverse recombination [358,362]. Evaporated tungsten oxide [363] or 
copper iodide [364] demonstrated similar results with HAT-CN, and the
PCE of a Si/PEDOT:PSS solar cell reached 14.3% [364].

The refection of planar Si would limit light harvest effciency. Si 
surface texture is a general solution reducing refection. By far, vari-
ous structures, such as nanowires, nanocones, nanopillars, nanotubes, 
nanoholes, pyramids, and composite structures, are successively used
in Si/PEDOT:PSS solar cells to reduce the refection [365–372]. On the
other hand, because of the large surface tension of PEDOT:PSS solution,
conformal contact is diffcult to be realized between textured Si and PE-
DOT:PSS flm, as shown in Fig. 18 (a). The existence of the space blocks
the charges transport. At the same time, the exposed Si surface is prone
to the formation of defects that cause serious recombination losses. 
Sun and coworkers incorporated a silane chemical of 3-glycidoxypropy-
ltrimethoxydsilane (GOPS) into PEDOT:PSS, where GOPS could act as a
bridge to anchor PEDOT:PSS via building chemical bonds with Si. These
bonds lead to a favorable contact between PEDOT:PSS flm and textured 
Si surface (Fig. 18 (b, c)). Besides, GOPS can suppress surface Si de-
fect due to formation of Si-O bond, reducing the surface recombination
velocity. With the improvement of the contact, both the charge trans-
fer barrier and recombination losses were reduced. As a result, the VOC 
and the FF increased significantly, yielded a PCE of 14% [340]. Ye and
coworkers applied a bilayer PEDOT:PSS structure to realize a conformal
contact between Si and PEDOT:PSS flm. A high-adhesion PEDOT:PSS
deposited onto Si substrates, followed by a PEDOT:PSS flm with high
conductivity (Fig. 18 (d, e)). This bilayer structure optimized the con-
tact and improved the PCE to 17% [345].

Due to masses of defects on the textured Si surface, a severe sur-
face recombination loss is existence in solar cells. This loss limits the 
VOC of solar cells. Therefore, passivation engineering is essential in the 
textured Si surface. Chemical passivation, feld-effect passivation, and 
selective contact passivation are widespread methods suppressing sur-
face recombination [173,373,374]. Among various passivation meth-
ods, methyl-termination is a facile one achieving chemical passivation 
on Si surface [375]. The unsaturated bonds on Si surface can be termi-
nated by methyl groups by forming Si-CH3 bonds that suppress surface 
recombination effectively. Meanwhile, methyl-termination generates 
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a positive dipole that is favorable for charges collection, as shown in 
Fig. 19 (a) [376]. After methyl passivation, the champion PCE reached
10.2% in Si/organic solar cells [377,378]. Tetramethylammonium hy-
droxide (TMAH) is another effective material to control Si surface re-
combination via solution processes [379]. TMAH can reduce surface/ 
volume ratio of textured Si through chemical etching, which decreases 
masses of surface traps and also improves the contact quality between
Si and PEDOT:PSS. Sun and coworkers chose TMAH as a second etching
material to tailor the surface condition of Si. The reverse saturation cur-
rent was suppressed, as shown in Fig. 19 (b) of I-V curves under dark 
condition and a PCE of 12.0% was achieved in upgraded metallurgi-
cal-grade based Si/PEDOT:PSS solar cells [335].

It is worth noting that these passivation effects are not independent, 
i.e., one material could possess more than one passivation effect. For in-
stance, Al2O3 demonstrates chemical and feld-effect passivation effects
simultaneously [369,380]. Because of the large negative charge density,
electrons will be repulsed away from Si surface, generating a strong in-
version layer that realizes a feld-effect passivation effect. Meanwhile,
the chemical bonds formed between Al2O3 and Si can reduce surface 
traps. Pudasaini and coworkers deposited an ultrathin Al2O3 layer onto 
the Si surface, improving the PCE to over 10% [369]. Si-O-Ti bonds
formed on the Si surface after depositing TiOx flm, which could reduce 
the density of traps and improve minority carrier lifetime effectively. 
[381–383]. Pei and coworkers presented an improved effciency after 
depositing TiOx layer between Si and PEDOT:PSS. A PCE of 14.7% was
achieved [338]. The selective contact passivation of TiOx is unfavor-
able for holes collection at Si/PEDOT:PSS side. However, chemical pas-
sivation took a larger advantage over selective contact one in this case.
Additionally, organic interface layers with holes selective property are 
also applied to reduce recombination between Si front surface and PE-
DOT:PSS. Sturm and coworkers incorporated P3HT between Si and PE-
DOT:PSS, where P3HT could block electrons transferring to PEDOT:PSS
flm. The blocking effect reduced the dark current caused by the injec-
tion of electrons from Si to PEDOT:PSS, as shown in Fig. 19 (c) [331].
Yu and coworkers introduced an organic molecule of 1,1-bis[(di-4-toly-
lamino)phenyl]cyclohexane (TAPC) between Si and PEDOT:PSS, where
the τef was improved to 88 μs (Fig. 19 (d)), and consequently, the 
PCE improved to 13% [333]. Inserting an electron block material of 
N,N’-bis(3-methylphenyl)-N,N’-diphenylbenzidine between Si and PE-
DOT:PSS demonstrated similar effects with P3HT or TAPC [384].

In addition to these applied strategies of front surface, various or-
ganic materials present facile choices for controlling the recombina 

Fig. 18. Cross-sectional SEM images of PEDOT:PSS on textured Si substrates (a) without or (b) with GOPS. (c) Chemical bonds among Si/PEDOT:PSS/GOPS. Reprinted with permission
from ref. [340]. Copyright 2016, Wiley-VCH. (d) Cross-sectional SEM image and (e) schematic of bilayer PEDOT:PSS on textured Si substrates. Reprinted with permission from ref. [345].
Copyright 2018, Wiley-VCH. 
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Fig. 19. (a) Energy band diagram of methyl-terminated Si. Reprinted with permission from ref. [376]. Copyright 2011, American Chemical Society. (b) Current-voltage curves of solar
cells with or without TMAH modifcation under dark condition. Reprinted with permission from ref. [335]. Copyright 2014, American Chemical Society. (c) Current-voltage curves of 
solar cells with or without P3HT interface layers under dark condition. Reprinted with permission from ref. [331]. Copyright 2011, Wiley-VCH. (d) Spatial mapping of the minority carrier
lifetime. Reprinted with permission from ref. [333]. Copyright 2013, American Chemical Society. 

tion losses that occurred between Si rear surface and electrodes. 
“BackPEDOT” fabricated by organic materials deposited onto Si rear 
surface is an enlightened structure to reduce rear surface recombina-
tion losses [324,385–388]. Zielke et al. presented a “backPEDOT” Si so-
lar cell with phosphorus diffused front emitter [385]. Compared with 
conventional Si solar cells, such as Al-BSF or PERC, solution-processed 
“backPEDOT” simplifed the fabrication techniques. However, owing to
the FF is limited by relatively high contact resistance, the effciency 
is 17.4%. Furthermore, Schmidt et al. incorporating sorbitol into PE-
DOT:PSS, achieving a low  c of 56.3 mΩ∙cm2. The effciency reached 
20.6% that is close to 20.9% of AlOx/SiNx rear surface passivated PERC 
solar cell [324].

Meanwhile, an organic molecule of 8-hydroxyquinolinolato-lithium
(Liq) is applied to modify the contact quality between the Si rear sur-
face and electrodes (Al). Since Liq changed the WF of Al from 4.3eV to
3.2eV, the contact barrier was reduced and a favorable downward band
bending was realized [389]. Ye and coworkers chose poly (ethyleneox-
ide) (PEO) as an interface layer between Si and electrodes. An interface
dipole resulting from PEO interface enlarged the Vbi, and then realized 
a PCE of 12.3% [390]. He et al. introduced different narrow bandgap
conjugated polyelectrolytes, PTB7-NBr and PTB7-NSO3, to improve the 
contact quality between the Si rear side and Al [346]. The electrical 
property of PTB7-NBr realized a lower contact resistance of 6.7±0.8 
mΩ·cm2 compared with that of PTB7-NSO3 (50±25 mΩ·cm2). Addition-
ally, the better passivation effect of PTB7-NBr reduced recombination 
losses. As a result, PTB7-NBr based solar cells gave a PCE 16% enhance-
ment ratio. However, solar cells with PTB7-NSO3 only presented an en-
hancement ratio of 6%. Additionally, b-PEI is utilized as a rear side 
bufer layer for amorphous Si/c-Si solar cells. The incorporation of b-PEI
interlayer between c-Si(n) and Al results to a very low  c of 24 mΩ·cm2, 
and a device with an electron-selective contact comprised of a-Si:H(i)/ 
b-PEI/Al yield a PCE of 19.4%. This electron-selectivity of b-PEI is as-
cribed to its Lewis basicity, i.e., electron-donating ability, providing fa-
vorable band bending locate surface region for electron transport [329].
It worth noting that a pre-deposited amorphous Si is required to achieve
low surface recombination c-Si substrate. 

Although organic materials promise a wide choice of achieving 
recombination control, how to choose the appropriate material is 

not fully addressed. Sun and coworkers found that the interaction be-
tween Si and organic materials is of importance to realize a favor-
able charge collection [344]. Two widely researched organic materi-
als of [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) and naphtha-
lene diimide-based polymer (N2200) were conducted as interface lay-
ers to control recombination at Si rear side. Although both materials 
can improve the effciency, different PCE of 13.7% and 14.9% demon-
strated on PCBM and N2200 based solar cells, respectively. Further 
research proved that the molecule structure affected the physical dis-
tance between Si and organic materials. There is a shorter distance be-
tween PCBM and Si, where a higher charge transfer rate is expected. 
The higher rate is helpful to build a stronger rear surface feld ef-
fect that reduced the surface recombination and consequently improved 
τef. Furthermore, alternative naphthalene diimide derivative (F-N2200) 
was used for deeper exploration with N2200 [342]. The difference of 
chemical structure between F-N2200 and N2200 was the substitution 
of the fuorine atom for hydrogen, as shown in Fig. 20. According to
the two-dimensional grazing incidence wide-angle X-ray scattering (Fig.
20), F-N2200 has a more compact intermolecular stacking on the Si sur-
face. Meanwhile, density functional theory indicated that the physical
distance between Si and F-N2200 backbone (4.2Å) is shorter than that
of N2200 (5.4Å). Therefore, the PCE (14.5%) of F-N2200 based solar 
cells was better than that of N2200 based ones. 

4.2.3. Ultrathin & fexible Si/organic heterojunction solar cells
With a standard industrial line, the Si thickness is generally no less 

∼150 μm. Reducing Si wafer thickness is feasible for realizing low-cost
solar cells, and fexibility is a decisive advantage extending the applica-
tion of Si solar cells into daily life, such as a power source of wearable 
devices and building-integrated photovoltaics (BIPV). Over 70% cost of
Si materials can be economized using a 50-μm-thick Si wafer [391].
However, the effciency is limited by the insuffcient light absorption
of ultrathin Si substrates, especially in the long-wavelength region. The
nanostructure is an effective method of light trapping. For example, a 
10-μm-thick Si with inverted nanopyramid achieves light absorption for
effective solar cells [392]. Because organic flms can avoid crack upon
bending and fabricated at a low temperature, Si/organic solar cells pos-
sess superiorities compared with fragile Si p-n junction solar cells. A PCE
of 5.6% was realized in Si/PEDOT:PSS solar cells based on 
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Fig. 20. Two-dimensional grazing incidence wide-angle X-ray scattering, chemical structures and schematic of intermolecular planarity stacking of N2200 or F-N2200 on Si substrates. 
Reprinted with permission from ref. [342]. Copyright 2017, American Chemical Society. 

∼2-μm-thick nano-textured Si substrates [393]. Sun and coworkers 
treated textured Si surface via a second etching process, reduced surface 
recombination losses. And consequently, a PCE of 9.1% was achieved 
in a fexible Si/PEDOT:PSS solar cell that was fabricated on a 
∼14-μm-thick Si substrate [394]. Meanwhile, plasmonic effect or hier-
archical structure were used in fexible Si/organic solar cells [395,396],
and a PCE over 13% was achieved on a 20 μm Si substrates [397]. Cur-
rently, the PCE of the ultrathin fexible Si/organic solar cells is mainly 
limited by low VOC, due to the high surface recombination losses. Al-
though the industrial surface passivation technologies, such as a-Si:H, 
SiNx and SiO2, are very effective, they would increase the cost due to 
the complex deposition processes and capital-intensive deposition sys-
tem. Thus, achieving excellent surface passivation is still a challenge to
fexible Si/organic heterojunction solar cells. 

4.2.4. Stability of Si/organic heterojunction solar cells
To date, notable progress has been made in Si/organic heterojunc-

tion solar cells. However, device stability has not been fully addressed.
Based on the present research results, the degradation can be attributed
to the poor stability of organic materials and contact interfaces. The 
twenty-fve years guarantee of commercial Si PV production demon-
strates the long-term working stability of conventional Si solar cells. 
The organic materials are generally sensitive to the environment, such 
as heat, light, moisture and oxygen. Herein, a successful commercial 
product of PEDOT:PSS is taken as an example. As a general material 
in Si/organic heterojunction solar cells, PEDOT:PSS flms present good 
thermal stability at 200 ℃. The thermal degradation of PEDOT:PSS 
likely occurs at approximately 250 °C, resulted from the fragmenta-
tion of PSS groups. In other words, the thermal stability of PEDOT:PSS
flms meets the requirement of the 85 ℃ standards in the solar cell 

feld. However, UV light and oxygen would degrade PEDOT:PSS flms
significantly. The sulfur atoms on the thiophene rings change into in-
sulating sulfoxide and sulfone structures under oxygen conditions, in 
which UV light accelerates this oxidation process simultaneously. The 
degradation increases the resistivity and consequently limits device ef-
fciency. Avoiding UV light explosion is necessary for the presence of 
oxygen, vice versa. Additionally, PEDOT:PSS flms are sensitive to mois-
ture, caused by the hygroscopic behavior of PSS groups. Removing PSS
groups is a feasible method for improving moisture resistance. However,
the PSS group owing ∼5.5eV WF is one reason that PEDOT:PSS flms 
have high WF [398]. Hence, a balance is required between WF and PSS
ratio. Heterojunction interface quality is another unstable issue. There 
is a possibility that air could diffuse into the space between Si and PE-
DOT:PSS inevitably, and then an oxide layer would begin to grow on Si
surface, which is uncontrollable compared with that traditional growth
at high temperature (over 700 ℃) in dry air. A thick SiO2 layer blocks
the charge transfer between Si and organic materials, accompanied by a
poor FF. Although encapsulation by far is an effective technology slow-
ing down the degradation caused by the environment, improving envi-
ronmental stability still needs to be addressed. 

4.2.5. Integrated power system based on Si/organic solar cells
Weather condition is an intermittent and unpredictable factor that 

infuents the power output of solar cells. Integrating solar cells with 
other devices is an alternative to resolve this problem. Generally, there 
are two schemes including integrating with an energy storage device 
[399–401] or with a different power collection system [402–405]. The 
fexibility gives Si/organic solar cells an advantage of integration with 
energy storage devices for wearable electronics. Sun and coworkers 
fabricated a self-charging power system by integrating a Si/PE 
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DOT:PSS solar cell with a polypyrrole based supercapacitor, where the 
two units were connected by a shared titanium electrode, as shown in 
Fig. 21 (a). Record effciency of 10.5% was realized for energy trans-
formation from photoelectric energy of solar cells into energy stored in
supercapacitors [406]. Triboelectric nanogenerators (TENGs) are feasi-
ble devices that can harvest mechanical energy from raindrops, wind, or
tide. To further extend the utilization of Si/PEDOT:PSS solar cells in dif-
ferent weather conditions, TENGs were integrated onto solar cells [407].
In this case, a raindrop-driven TENG was made by a transparent poly(di-
methylsiloxane) and a PEDOT:PSS flm. And PEDOT:PSS flms served as 
a conjunct component for a TENG and a solar cell. TENGs collect me-
chanical energy from raindrops (Fig. 21 (b)); solar cells harvest solar 
energy. Supercapacitors were charged by the integrated system after a 
rectifer, as shown in the circuit diagram in Fig. 21 (c). The voltage of 
a supercapacitor that charged by a solar cell reached 0.6V. After that, 
the supercapacitor was charged by a TENG until the voltage came up
to 0.9V, as shown in Fig. 21 (d). The successful conversion from solar 
and mechanical energy into electrical power demonstrated a promising
future for a wide application of Si/organic solar cells. 

4.3. Si/two-dimensional materials heterojunction solar cells 

Two dimensional (2D) materials possessing unique characteristics 
are widely applied in optoelectronic devices [408–412]. The hetero-
junction formed between graphene and n-Si is proved to be a nearly
ideal Schottky junction with a low n of ∼1.08 (Fig. 22 (a)) [413]. Pi-
oneer work by Zhu and coworkers presented a graphene/Si solar cell 
with a PCE of 1.5% [414]. The lower effciency was owing to the un-
matched WF and the high vertical resistance of multi-layer graphene. 
Chemical doping is an effective solution for resolving these problems 
in graphene/Si solar cells. After a chemical doping, the Vbi was en-
larged and the resistance of graphene sheets was reduced. As a conse 
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quence, the PCE of graphene/Si solar cells improved to 8.6% [415,416].
The high refection of graphene/Si, as shown in Fig. 22 (b), also limits
the effciency of solar cells. To reduce refection losses, an antirefection
layer of TiO2 was deposited onto graphene/Si solar cells. The JSC was 
enhanced from 23.9mA/cm2 to 32.5mA/cm2, yielded an improved PCE
of 14.5% [417]. Additionally, interface layers were also implemented
to reduce charge recombination losses. An electron-blocking P3HT layer 
was inserted between Si and graphene, which reduced charges recom-
bination and a PCE of 10.3% was achieved [418]. Kong and cowork-
ers grew a native SiOx between graphene and Si, where the recombi-
nation velocity was dramatically suppressed. Combined with chemical
doping and anti-refection technologies, a champion PCE of 15.6% was
achieved in graphene/Si solar cells. On the other hand, Yu and cowork-
ers demonstrated a quasi p-n junction generated in graphene/Si solar 
cells, by depositing a WO3 onto Si [419]. Because of large Fermi-level 
ofset between WO3 and Si, a charge transfer occurred between Si and 
WO3, resulting in a large upward band bending, accompanied by a large 
Vbi within graphene/Si junction. This case is favorable for high-eff-
ciency graphene/Si solar cells.

As an important 2D transition metal, dichalcogenide material MoS2,
is attracting increasing attention in heterojunction solar cells 
[420–422]. Pioneer work by Chen and coworkers presented a MoS2/Si
heterojunction solar cell with a PCE of 5.23% via transferred large-scale 
MoS2 onto p-type Si [423]. MoS2 acted as an electron-selective contact 
in MoS2/p-Si heterojunction devices, according to Fig. 22 (c) of energy
change spectra. Because of MoS2 was prepared by a chemical vapor de-
position technology, the MoS2/Si structure promises a wafer-sized het-
erojunction solar cell. On the other hand, trap-assisted recombination 
losses limit effciency, and surface passivation has to be implemented. 
SiO2 was frst chosen as a passivation layer, resulting in an enhanced 
PCE from 1.4% to 4.5% [424]. Al2O3 was also served as a passivation 
layer in MoS2/Si heterojunction solar cells. Different from the chemi 

Fig. 21. (a) Schematic of a self-charging device contained a Si/PEDOT:PSS solar cell and a supercapacitor. Reprinted with permission from ref. [406]. Copyright 2017, American Chemical
Society. (b) Working mechanism of a triboelectric nanogenerator. (c) Circuit diagram of the power system integrated with a Si/PEDOT:PSS solar cell and a triboelectric nanogenerator. (d)
Voltage-time curves of a capacitor charged by a power system. Reprinted with permission from ref. [407]. Copyright 2018, American Chemical Society. 
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Fig. 22. (a) Current-voltage characteristics of graphene/Si Schottky junction diodes. Open circles and solid lines are measured and ftted current-voltage characteristics, respectively. A*
is the effective Richardson constant. Reprinted with permission from ref. [413]. Copyright 2014, American Chemical Society. (b) Current-voltage curves in the dark condition. Reprinted
with permission from ref. [417]. Copyright 2013, American Chemical Society. (c) Energy difference between the Fermi level and valence band maximum. Reprinted with permission from
ref. [423]. Copyright 2014, American Chemical Society. (d) Current-voltage curves of MoS2/Si heterojunction solar cells. Reprinted with permission from ref. [425]. Copyright 2016, 
American Chemical Society. (e) Energy band diagram of Ti3C2Tx/SiO2/Si heterojunction. Reprinted with permission from ref. [428]. Copyright 2019, Wiley-VCH. 

cal passivation from the SiO2 layer, the Al2O3 layer was deposited onto 
MoS2 flms to realize the feld-effective passivation and traps elimina-
tion. After incorporating Al2O3 layers, the PCE improved to 5.6% (Fig.
22 (d)) [425]. Additionally, a new class 2D material of transition metal
carbides and carbonitrides (MXenes) [426,427] is proved to be an alter-
native forming a heterojunction with Si. Shapter and coworkers trans-
ferred a layered MXenes, Ti3C2Tx, onto n-type Si surface, forming a 
Ti3C2Tx/Si heterojunction solar cell with a PCE of 4.2%, as shown in Fig.
22 (e). To enhance the charge collection and light utilization, chemi-
cal doping and antirefection technologies were applied, and a PCE ap-
proaching 11% was achieved in Ti3C2Tx/Si heterojunction solar cells 
[428]. 

5. Tandem devices based on Si heterojunction solar cells 

Over the decades there has been a steady improvement in device ef-
fciency as well as a continuous decline in LCOE. To further improve the
competitiveness of PV in the energy market, a lower LCOE is necessary,
which can most effectively be achieved by boosting effciency. Based on
the heterojunction IBC structure, Yoshikawa et al. made a large area c-Si
solar cell with an effciency of 26.7% [14] that is approaching the the-
oretical effciency limit (29.4%) of single-junction c-Si solar cells [429].
Any further improvement in effciency will be significantly challenging.
According to the R&D roadmap of c-Si solar cells (Fig. 1), tandem de-
vices will be the inevitable next step for ultrahigh effciency PV produc-
tion. In this chapter, we will review the development status of tandem 
devices based on a c-Si bottom cells, mainly including perovskite/c-Si
and III-V/c-Si tandem solar cells. 

5.1. Perovskite/Si tandem solar cells 

5.1.1. Tandem architectures 
The rapid effciency improvement of the perovskite solar cells has 

made >30% effciency viable at a significantly lower cost than other 
materials such as GaAs [430]. There are two main streams for the de-
sign of tandem solar cells: two-terminal (2T) and four-terminal (4T) 
architectures as shown in Fig. 23. For 2T design, the top and bot-
tom cells are connected in series, therefore only two external contacts 

are required and only the top contact needs to be transparent. The 
4T design requires two sub-cells to be fabricated on two separate sub-
strates, and physically stacked on top of each other. Therefore, the top
cell must be semi-transparent, and four external electrodes are required,
of which three must be transparent.

Compared with the parasitic absorption loss from two extra trans-
parent electrodes of 4T architectures, a 2T device may have some eff-
ciency advantage. However, the fabrication of 2T devices creates more
technological challenges in terms of materials and device structures. 
For example, high-temperature annealing processes that are required for
some inorganic carrier selective contacts can be detrimental for the pas-
sivation and contact quality of the bottom sub-cell. Furthermore, in a 2T
confguration, the sub-cells are connected in series. According to Kirch-
hof’s law, the current fow through both cells must be matched, which
means the photocurrent is determined by the sub-cell with a lower cur-
rent output. Hence, the optical properties of the 2T device must be care-
fully manipulated to balance the current output from both sub-cells.
Due to the geographical and temporal variations in the solar spectrum,
the current output of the sub-cells could be substantially mismatched,
and the device performance may be impacted. Hörantner and Snaith 
investigated in detail of this impact on 2T tandems [431]. They con-
cluded that the optimum cell parameters – in particular, top cell thick-
ness and bandgap – will vary somewhat with the geographical region
in which the cells will operate. Provided that these parameters are op-
timized, then 2T tandems can deliver significant performance improve-
ments. They conclude that the drive towards 2T tandems is justifed.
The progress in 2T perovskite/c-Si tandem devices is rapid. With care-
ful implementation, perovskite and c-Si devices can be great partners
for future commercialization to further bring down LCOE and make PV
system more competitive in the energy market [432]. In 2018, a 28% 
certifed effciency was reported by Oxford PV on a 1cm2 device [433].
Recently, the effciency was further boosted by HZB to 29.15% [19]. An
overview of the effciency evolution of perovskite/c-Si tandem devices 
is summarized in Fig. 24. 

5.1.2. Homojunction c-Si sub-cell
The frst presented monolithic perovskite/c-Si device was based on 

a homojunction c-Si bottom cell [434]. Mailoa et al. reported a per 
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Fig. 23. Tandem confgurations with varying degrees of electrical/optical independence. (a) 2T series-connected tandem and (b) 4T tandem with independent electrical connection to
both cells. 

ily doped n-type a-Si:H layer was deposited between the two sub-cells
and acted as a tunneling layer for the tandem device as shown in Fig. 25
(a). In addition to the fact that the effciency of the perovskite top cell 
was still relatively low at that time, the device performance was lim-
ited for two chief reasons. Firstly, the bottom c-Si solar cell lacked good
surface passivation layers. Secondly, the tandem structure resulted in 
large parasitic absorption losses. Despite these limitations, this pioneer-
ing work demonstrated the principle of 2T perovskite/c-Si tandems.

Werner et al. chose zinc doped tin oxide (ZTO) as a recombination 
layer between sub-cells (Fig. 25 (b)). Combined with a rear surface pas-
sivation layer of SiO2 and anti-refection foil, the JSC was boosted to over 
15mA/cm2 and a PCE of 16.3% was realized [453]. However, the front
side of the c-Si sub-cell still lacked passivation. After that, Wu et al. pre-
sented an innovative design for a monolithic perovskite/Si tandem so-
lar cell, as shown in Fig. 25 (c), featuring a mesoscopic perovskite front
cell and a high-temperature tolerant homojunction c-Si rear cell [454].
A Cr/Pd/Ag metal via array was placed between ITO and p-type doped
front surface to decrease the resistive loss but enable a front surface pas-
sivated by Al2O3/SiNx stack. The improved temperature tolerance of the
c-Si bottom cell permits significantly increased fexibility in the design
and fabrication of the perovskite cell. Consequently, a steady-state eff-
ciency of 22.5% and a VOC of 1.75V were achieved on a 1 cm2 tandem 
solar cell. 

5.1.3. Heterojunction c-Si sub-cell
Monolithic tandem devices using SHJ solar cells as bottom cells 

have found widespread appeal. SHJ cells have achieved high effcien-
cies, which is a precondition enabling effcient tandem solar cells. Mean-
while, since SHJ devices feature full area passivating contacts, the in-
terface architecture between the two sub-cells is significantly simpli-
fed. The drawback of SHJ cells for tandem applications is their limited
temperature stability. The front cell must be processed at a tempera-
ture of less than 250 ℃ because SHJ cells’ performance would be de 

Fig. 24. Effciency evolution of the 2T and 4T perovskite/c-Si tandem device. Data were
from references [19,434–440] (2T) and [441–452] (4T). Massachusetts Institute of Tech-
nology (MIT) in America, Helmholtz-Zentrum Berlin für Materialien und Energie GmbH
(HZB) in Germany, École Polytechnique Fédérale de Lausanne (EPFL) in Switzerland, Cen-
tre Suisse d’Électronique et de Microtechnique (CSEM) in Switzerland, Arizona State Uni-
versity (ASU) in America, University of Oxford (Oxford) in UK, Australian National Uni-
versity (ANU) in Australian, University of Nebraska-Lincoln (UNL) in America, Institute
of Materials for Electronics and Energy Technology (I-MEET) in Germany, Interuniversity
Microelectronics Centre (IMEC) in Belgium, University of Toronto (UToronto) in Canada,
King Abdullah University of Science and Technology (KAUST) in Kingdom of Saudi Ara-
bia. 

ovskite/c-Si tandem solar cell with an effciency of 13.7% in 2015. The
front of the Si sub-cell was a full area heavily boron-doped emitter, 
while the rear side featured a standard full-area BSF structure. A heav 

25 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.

https://andactedasatunnelinglayerforthetandemdeviceasshowninFig.25


Y. Liu et al. Materials Science & Engineering R xxx (xxxx) xxx-xxx 

Fig. 25. Schematics of perovskite/c-Si monolithic tandem structures based on homojunction c-Si bottom device. (a) Reprinted with permission from ref. [434]. Copyright 2015, The
American Institute of Physics. (b) Reprinted with permission from ref. [453]. Copyright 2016, The American Institute of Physics. (c) Reprinted with permission from ref. [454]. Copyright 
2017, The Royal Society of Chemistry. 

graded due to hydrogen escaping out of the a-Si:H passivation layer if 
overheated [10].

To avoid the degradation of bottom c-Si cells caused by high-tem-
perature processes, Albrecht et al. applied a low-temperature ALD tech-
nology to grow a tin oxide (SnOx) electron transporting layer (ETL) on 
a-Si:H, as shown in Fig. 26 (a). Meanwhile, a MoOx bufer layer was 
deposited onto perovskite materials to protect and minimize the dam-
age caused by ITO sputtering. Finally, a PCE of 18.1% was achieved in
perovskite/Si tandem solar cells. Additional to this, a low-temperature 
solution-processed SnOx was also introduced into perovskite/Si tandem 
solar cells and a PCE of 20.57% was obtained [455]. Werner et al., on 
the other hand, using PCBM instead of SnOx for the ETL, realized a PCE
of 21.2% using light management engineering [436].

Targeting a better bandgap match and higher stability, Bush et al. 
chose a Cs-FA (formamidinium) based perovskite material in tandem 
structures (Fig. 26 (b)) [437]. Several functional materials including 
LiF, PCBM, SnO2, ZTO, and ITO were used as front ETLs and elec-
trode, which not only realized a balance of electrical and optical prop-
erties but also minimized shunting path. To improve the Lambertian
scattering and further reduce the parasitic absorption losses in the 
infrared region, Si surface texture technology and a Si nano-particle 
(SiNP) layer were introduced. Finally, a certifed effciency of 23.6%
was achieved in a perovskite/c-Si tandem solar cell. Most recently, Sahli
and co-workers reported a 25.2% effcient tandem device with a JSC 
of 19.5mA/cm2. A critical design feature, in Fig. 26 (c), is a confor-
mal structure of hole transporting layer (HTL), perovskite, ETL and 

front TCO layers on top of the textured c-Si wafer deposited through 
PVD and solution methods. Meanwhile, a double-sided textured c-Si 
substrate enabled a further significant reduction in refection losses 
[438]. 

5.1.4. Interconnection free and reversed TOPCon 
The frst interconnection free perovskite/c-Si device was prepared

by Zheng et al. in which the device used a homojunction bottom cell 
without front passivation [456]. Instead of using TCO as the recombi-
nation layer, a SnO2 layer was directly deposited on top of the heav-
ily boron-doped c-Si surface to form an ohmic contact between two 
sub-cells. The omission of the conventional recombination layer not 
only reduces the additional parasitic absorption and processing steps,
but also provides significantly better shunt tolerance of the top cell due
to the low sheet resistance at the interface between sub-cells. To further 
prove the point, Zheng et al. fabricated 16cm2 tandem devices, where 
the perovskite layer was fabricated with an anti-solvent method and 
achieved 21.8% effciency [457]. Meantime, Shen et al. developed an 
interconnection free structure using ALD deposited TiOx as the ETL of 
the perovskite top cell [458]. The device effciency was further boosted
to 24.2% by passivating the c-Si front surface with an ultra-thin SiO2 
and poly-Si layer, which could be considered a reversal of the so-called 
‘TOPCon’ structure that was developed by Feldmann et al. to passivate 
the rear of c-Si cells [176]. Since the poly-Si passivating contact was 
prepared at a high-temperature of over 700 ℃, the stack can sustain its 
passivation quality during the following high-temperature processes for
the perovskite solar cell deposition. The process requires neither pho 

Fig. 26. The schematic drawing (not to scale) of the evolution of perovskite/c-Si monolithic tandem developed based on heterojunction c-Si bottom device, (a) Reprinted with permission
from ref. [435]. Copyright 2016, The Royal Society of Chemistry. (b) Reprinted with permission from ref. [437]. Copyright 2017, Springer Nature. (c) Reprinted with permission from ref.
[438]. Copyright 2018, Springer Nature. 
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tolithography nor laser contact opening and can be readily fabricated
in industry. Importantly, the optimized simulation demonstrated that
this ‘reversed TOPCon structure with the same generation profle can 
achieve 11.84% effciency compared to 12.34% obtained with an SHJ 
structure for the bottom cell, which is close but still 0.5% behind [459].
Additional to the PERC and the reversed TOPCon structure bottom cell,
Nogay et al. presented a bottom cell structure can in principle toler-
ate the high temperature annealing process. The front and rear surfaces 
were capped by SiO2/doped SiCx stack for passivation and charge ex-
traction. However, the top perovskite sub-cell is processed with low
temperature [460]. 

5.1.5. Mechanical stacking
For a typical 2T tandem device, the cell with the wide bandgap is

monolithically grown on top of the narrow bandgap one. In contrast, in
the mechanical stacking approach, both top and bottom cells are fabri-
cated individually, which lifts several competing limitations for fabrica-
tion. This method was developed to increase the yield of tandem devices
since screening both sub-cells can potentially be completed prior to the
bonding process. On the other hand, the most significant disadvantage
of this structure is the need for at least one additional TCO layer, while
in some cases, both intermediate TCO layers need to be suffciently thick
to avoid lateral resistive loss. 

The use of transparent adhesive provides a simple method to achieve
mechanical stacking through direct bonding of the top and bottom cells.
Electrically conductive particles could be incorporated to connect both 
cells in series. The concept of using a transparent conductive adhe-
sive (TCA) layer to bond multijunction devices was frst developed by
Sameshima et al., where a SHJ c-Si cell and an a-Si:H thin-flm cell were
bonded together by a polymide-ITO adhesive layer [461]. Recently, this
concept was adapted to the perovskite/c-Si 2T tandem structure. A per-
ovskite solar cell and a SHJ c-Si solar cell were fabricated separately 
and then bonded with a PEDOT:PSS-sorbitol layer realized a PCE of 
21% on this particular stack [462]. Silver-coated PMMA microspheres 
are another candidate for intermediate contact and have been used in 
the III-V/Si tandem structure previously [463]. Owing to its micro-scale
size, the TCA layer can be easily accommodated on a planar/textured 
surface and offers improved optical performance compared to a planar 
structure. An effciency of 19.4% was achieved for the perovskite/c-Si
tandem [464]. More recently, a 25.9% effciency was achieved by stack-
ing the semi-transparent top cell directly on top of the bus bar of the
bottom c-Si cell, but the lack of light management between the bottom
and top devices largely increase the refection loss [465]. 

5.1.6. Light management
5.1.6.1. Anti-refection Minimizing the refection loss is one of the key
challenges in achieving effcient tandem devices. The refection losses
stem from the interfaces with a large mismatch of the refractive index.
Texturing the front surface is the most effective way to avoid such
losses. The pyramid structure at the front surface allows the light that
is refected to be absorbed for the second time. With an additional 
layer of MgF2 or LiF as the anti-refection (AR) coating, refection
losses can be reduced to less than 2% [434,435,437,438]. Due to the
fabrication complexity of evaporating a conformal perovskite layer on
top of the textured surface, many researchers on 2T tandems are still
focused on the deposition of the perovskite cell on the polished side of
c-Si solar cells. Chen et al. and Hou et al. recently showed that solu-
tion-processed perovskite flms can be deposited onto sub-micron sized
pyramids [466,467]. At the front surface, an AR foil is still required for
best results. The foil that offers a broadband AR effect was typically
made by pouring polydimethylsiloxane onto the textured Si wafer be-
fore curing and then separating from the wafer [468,469]. This AR
strategy has been widely used in the perovskite/c-Si solar cells
[470,471]. Intriguingly, rose petals were also shown to be a useful
mould for fabrication of AR foils [456,472,473]. 
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Since perovskite solar cells constitute several thin flms, optical mod-
eling is required to design effcient devices [474–477]. The optical prop-
erties (refractive index and extinction coeffcient) of common materi-
als in perovskite solar cells are available. However, to acquire accu-
rate optical modeling results, it is still strongly encouraged to indepen-
dently characterize the fabricated flms since the change in fabrication
conditions can dramatically infuence their optical properties. A signifi-
cant mismatch of the refractive index between the thin flms should be 
avoided to reduce the refection loss. For example, optimizing the inter-
connection layer is useful to increase the carrier generation of the bot-
tom cell. Conventionally, TCOs were commonly used as the intercon-
nection of tandem devices, due to their relatively low refractive index
compared to c-Si, and cannot be less than 20-nm-thick for good elec-
trical property [436]. One approach is to get rid of the TCO layer by
using the interconnection free structure, which has been successfully 
demonstrated using solution-processed SnO2 or ALD deposited TiOx on 
top of the c-Si [456,458]. Additionally, the TCO layer can be replaced 
by either a nc-Si:H(p+)/nc-Si:H(n+) stack [470] or an additional optical 
bufer layer (Si-rich SiNx [454] or nc-SiOx:H layer [478]) between the
TCO and the c-Si. This strategy has been shown to significantly suppress
parasitic refectance compared to a TCO recombination layer. Neverthe-
less, to achieve the least refection loss on a planar structure, extremely
careful choice of the functional layers (both thickness and optical prop-
erties) together with an AR foil is required, which may not be practical
for commercialization. 

Another optical loss arises from the escape of long-wavelength pho-
tons out the rear side (following rear refection). An effective light trap-
ping system, namely a Lambertian scattering rear surface, can effec-
tively increase the absorption of long-wavelength photons in tandem 
solar cells [474]. Werner et al. demonstrated that rear side scattering 
can be improved through rear side texturing. Bush et al. also demon-
strated SiNP layer on the rear side could further enhance the infrared 
light collection [437,447]. Regardless of the texturing or non-textur-
ing structure, the c-Si bottom cell in tandem architectures experiences 
higher long-wavelength optical loss (as a percentage of total incident 
light) than in conventional single-junction cells. As a result, the opti-
mum wafer thickness (for highest device PCE) will be thicker for tan-
dem devices than that for conventional cells [459].
5.1.6.2. Minimizing the parasitic absorption The front transparent elec-
trode plays a key role in tandem device performance. Owing to the
very limited conductivity of the ETL or HTL on top of the perovskite
solar cell, a transparent conducting layer as a top electrode that facili-
tates lateral charge conduction is indispensable for the tandem device.
As a result, parasitic absorption from the top electrode is inevitable. To
realize a low parasitic absorption and a high conductivity, the top elec-
trode must have relatively low carrier density, but high mobility. ITO
with good transparency and conductivity is the most widely used elec-
trode material. However, due to restriction on the processing tempera-
ture, the ITO deposition cannot be either in-situ or post annealed be-
yond 150 ℃, hence the optimal optical and electrical performance can-
not be reached [479,480]. A room temperature sputtered amorphous
indium zinc oxide (IZO) layer was developed to overcome the issues.
The flm displays a significantly higher charrier mobility ∼50cm2/Vs
compared with that of ITO of ∼10cm2/Vs [443]. With a similar range
of carrier concentration, the thickness of this layer can be reduced to
suppress the parasitic absorption at the infrared region in particular.
Meanwhile, indium hydrogen oxide (IOH) with mobility of 130cm2/Vs
was achieved in semitransparent perovskite solar cells [481]. Unfortu-
nately, a 200 ℃ annealing process limits its application for the current
tandem solar cells. [482] Alternatively, silver nanowires (AgNWs) and
graphene have also attracted attention. AgNW electrodes can be de-
posited on top of perovskite flms by mechanical transfer or solution
technologies while achieving excellent transmittance and conductivity
[442,483,484]. However, Ag can easily react with any halide compo-
nents escaping from the perovskite materials to form an insulating
layer of AgI that blocks charge extraction [485,486]. Graphene is 
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not an adequate material for use as a transparent electrode for any solar
cell, since it absorbs significantly over the full spectrum, and shows a 
large sheet resistance [487].

Eliminating the parasitic absorption caused by the bufer layer is also
important to device performances. For the n-i-p structure perovskite top
cell, MoOx is a common bufer layer before sputtering TCO on top of 
the organic hole transport layer. MoOx can form a uniform and compact 
layer through a facile method, which prevents the potential damage to
perovskite absorbers and especially for the device involves high-tem-
perature sensitive organic layers, e.g. Spiro-OMeTAD [488]. However, 
MoOx can absorb incident light [489]. Aiming to minimize the para-
sitic absorption loss, Duong et al. reduced the thickness of the MoOx 
layer from 10 to 5nm in a 4T tandem device [451]. A 1-nm-thick Ag 
layer was also studied to achieve similar effects [490]. As for tandem
devices with a p-i-n structure perovskite top cell, the bufer layer is gen-
erally deposited on top of C60 or PCBM. These fullerene displays im-
proved thermal stability compared with Spiro-OMeTAD, providing more
options for designing tandem solar cells. A solution-processed method 
for this bufer layer was developed by spin-coating AZO nano-particle
on top of the PCBM layer [491]. A pulsed-CVD deposited SnO2 layer de-
veloped by Bush et al. by far is the most commonly used bufer layer
for the p-i-n structure [437]. With polyethylenimine ethoxylated (PEIE)
functionalizing the surface of the fullerene electron transport layer, a 
denser, continuous and fast-growing SnO2 flm can be obtained, which
acts as a bufer layer that protects the underlying organic transport and
perovskite layers from sputter damage as well as the penetration of wa-
ter [492]. Removing the bufer layer is a straightforward way to elim-
inate parasitic absorption loss. Controlling the sputtering process can 
avoid sputtering damage, which means a bufer layer can be removed 
[493,494].

Additionally, charge transport layers (HTL or ETL) lead to a par-
asitic absorption loss. Spiro-OMeTAD, one of the most widely used 
HTLs in n-i-p perovskite solar cells, has a high extinction coeffcient at 
short wavelengths [475], caused typically current losses of 2-3mA/cm2 

[454,474]. For good electrical performance, the thickness of the Spiro-
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OMeTAD layer typically needs to be over 100nm, which makes it is dif-
fcult to reduce the parasitic absorption loss significantly. For tandem
solar cells with a p-i-n perovskite front cell, fullerene-based materials 
such as C60 [495]. PCBM [496] and ICBA [497] are commonly used as 
the ETL. Fullerene materials have a similar high extinction coeffcient 
compared with that of Spiro-OMeTAD. However, these materials can be
deposited by a thermal evaporation process and the thickness of these 
ETLs can be reduced to 15-20nm [438,498]. The parasitic absorption 
loss can be reduced to ∼1mA/cm2, but still a significant room for fur-
ther reduction [499]. Up to now, for tandem device fabricated on top of
the planar c-Si bottom cell, the highest reported JSC for p-i-n structure is 
19.02mA/cm2, whereas the n-i-p counterpart is 17.8mA/cm2. Choices 
for the HTL in the n-i-p structure can be PTAA [500] or P3HT [501] if
these polymer HTLs can be uniformly deposited on top of the perovskite
layer with significantly reduced thickness (< 20nm). Inorganic HTLs 
such as NiOx [502] and CuSCN [503] can be used if the deposition tech-
niques are compatible with the perovskite layer. 

5.1.7. Wide bandgap perovskite materials
The purpose of developing tandem devices is to minimize the ther-

malization losses of high energy photons and reach higher spectral re-
sponse as shown in Fig. 27 (a). To match well with bottom c-Si so-
lar cells, high utilization of the solar spectrum above the perovskite
bandgap is critical for the perovskite solar cells [504]. The metal halide
perovskites are outstanding materials for fabricating PV devices, ow-
ing to their direct bandgap, excellent charge transport, sharp absorp-
tion band-edge and low parasitic absorption. Furthermore, the tunable
bandgap between 1.15 and 3.06eV provides perovskite materials with 
a promising opportunity for tandem applications [505]. Computational
simulation elucidated that the origins of the band tunability strongly
correlates with the largest metal-halide-metal angle [506]. MAPbI3 with 
a bandgap of ∼1.56eV was the frst perovskite material that realized no-
table PV performances [507,508]. The optimum theoretical bandgap for
a single-junction device is in the range 1.1 to 1.3eV [509 

Fig. 27. Guide for predicting the maximum possible effciency of a Si-based tandem as a function of the top-cell bandgap and effciency. (a) Limiting spectral effciencies of ideal top cells.
(b) Tandem solar cells with Si bottom cells. Reprinted with permission from ref. [504]. Copyright 2016, Springer Nature. (c) Photoluminescence (PL) spectra of a perovskite thin flm over
45s in 5s increments under 457nm, 15mW cm2 light at 300K. Reprinted with permission from ref. [512]. Copyright 2015, The Royal Society of Chemistry. 
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], while the optimum bandgap for a top sub-cell in dual junction tan-
dem solar cell is between 1.7 to 1.75eV as shown in Fig. 27 (b) [504].
Recent studies showed bifacial 2T tandem structures can boost the yield
compared with monofacial structures (default is monofacial structures 
herein) [510], whereas the optimum bandgap range can be dropped to
as low as 1.63eV [511]. Hence, it is necessary to tailor the composition
of the perovskite material for better device performance.

Halide metal perovskite cells have achieved a high photon utiliza-
tion; however, FF and VOC still limit the output effciency. One quantita-
tive method of comparing the optoelectrical performance of PV devices
with different materials is by calculating its VOC defcit (Eg/q – VOC). For 
the best performing GaAs and c-Si solar cells, the VOC defcit is approx-
imately 0.3eV and 0.38eV, respectively [13]. Although a VOC defcit 
as low as 0.35V and 0.38V has been achieved for perovskites with a 
bandgap of 1.5eV and 1.6eV, respectively [513,514], wide bandgap
perovskite solar cells still present a much higher VOC loss [515]. 

Tuning the halide ratio between bromine and iodine is the most 
straightforward way of varying the bandgap [516], which has also been
demonstrated in FAMA and Cs-lead-halide systems [517,518], and led
to the successful realization of perovskite materials with a bandgap
greater than 1.6eV [448,519]. However, light soaking has been shown
to cause partially reversible halide segregation (the Hoke effect [512]),
where the perovskite segregates into iodide-rich lower-band-gap and
bromine-rich higher-band-gap domains as shown in Fig. 27 (c). An elec-
tric feld was also found to induce phase segregation in the dark [520].
Therefore, the phase these mixed halide perovskite layers are not sta-
ble under normal operating conditions, but instead separate into two 
materials with different bandgaps, resulting in a loss of performance. A
prospect by Slotcavage et al. suggests that halide migration can be sup-
pressed by reducing defect concentrations [521]. Via surface passiva-
tion [496,522], additive and solvent engineering [523–525], the qual-
ity of the bulk perovskite and interface has been improved impressively.
However, the VOC defcit is still around 0.45-0.5V. Recent work by
Gharibzadeh et al. achieved a VOC of 1.31V with 1.72eV bandgap per-
ovskites on a single-junction device, suggesting the possibility of achiev-
ing a higher effciency for wide bandgap perovskite materials based so-
lar cells [526].

The phase segregation effect shows a different onset depending on 
the ionic radius of the A-site cation. For FAPb(BrxI1-x)3, MAPb(BrxI1-x)3 
and CsPb(BrxI1-x)3, the lowest bandgap for phase segregation are 
1.52eV, 1.7eV and 1.9eV, respectively. Although MAPb(BrxI1-x)3 can 
provide an ideal bandgap for tandem applications, its thermal instabil-
ity is poor and the intrinsic acidic property of the A-site organic cation
(MA) raises further stability issues [527–529]. Incorporation of Cs and 
FA is a feasible method to solve these issues. Replacing MA with FA
alone, the perovskite flm still shows significant phase segregation un-
der long term illumination [530]. However, after adding Cs+ into the 
A-site cation, the phenomenon can be significantly suppressed [444], 
with perovskite compositions with both increased Cs and Br fractions
showing improved phase stability [519]. Xu et al. recently demonstrated
that alloying chlorine into the perovskite lattice can shrink the lattice 
parameter. Negligible phase segregation was observed even at 100-sun 
illumination intensity and a PCE of 27% was achieved in a 2T tandem 
solar cell [498].

CsPbI3 with a bandgap of ∼1.7eV is an alternative semiconductor 
to fabricate wide bandgap perovskite for perovskite/c-Si tandem so-
lar cells. Especially, CsPbI3 based perovskites avoid the volatility of or-
ganic cations. Meanwhile, the property of single halide composition
eliminates the problem of halide phase segregation. However, α-CsPbI3 
(black phase) is thermodynamically unstable and would change to more
stable δ-CsPbI3 (yellow phase) under ambient conditions [531]. Various
strategies have been demonstrated to enhance the phase stability, in-
cluding surface modifcation [532,533], crystal growth control [534],
additive incorporation [535,536], and strain engineering [537 
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]. Up to now, over 17% effciency has been achieved with a significantly
enhanced ambient stability [532]. 

5.2. Ultrahigh efciency III-V/Si tandem devices 

Multijunction solar cells offer the only proven pathway to exceed-
ing the single-junction detailed balance limit of 33% effciency at one 
sun. In a multijunction or tandem solar cell, the top cell(s) provide the
bulk of the power generation since they have a wider bandgap and thus
absorb high energy photons and convert them to electricity at (ideally) 
a higher voltage than the bottom cell. Since Si provides a bottom cell 
with excellent conversion effciency and voltage, the constraints on top
cell(s) are strict; a relatively poorly performing top cell will simply par-
asitically absorb light that would be better used in the Si cell alone. This
effect can be captured quantitatively in the spectral effciency, which is
a measure of the wavelength-resolved effciency of a PV material [504].
Any top cell must have a higher spectral effciency than the Si bottom 
cell in some wavelength range if there is any hope that a tandem con-
fguration will improve the overall effciency of the device. For this rea-
son, only two types of top cell materials have been used to demonstrate
higher effciency tandems than can be achieved with a single-junction
Si cell alone: perovskites, discussed in the last section; and III-Vs, which
will be discussed in this section. 

III-V materials provide the highest demonstrated PV effciencies 
across all confgurations, from single-junction GaAs (29.1% one-sun ef-
fciency) to six-junction cells (47.1% effciency under concentration) 
[13]. Thus, it is not surprising that the highest hybrid tandem effcien-
cies (combining dissimilar materials) are achieved on III-V/c-Si devices.
The primary challenge in combining III-V and Si technologies is the in-
tegration of the materials without performance losses. There are three 
primary approaches to integrate III-V/c-Si tandems: (1) direct growth
of III-V materials on a Si bottom cell, (2) wafer bonding of III-V and Si
sub-cells, or (3) mechanical stacking of III-V and Si devices using an ad-
hesive. All the three approaches rely on high-effciency Si heterojunc-
tion bottom cells, either SHJ technology or poly-Si CSPCs discussed in 
Section 3. Each of these has advantages and disadvantages, discussed
below, which are closely linked to the desired operational mode of the 
ultimate tandem, i.e. the number of electrical terminals. 

5.2.1. Multi-terminal tandems 
2T III-V/c-Si tandems are the most traditional approach, where 

sub-cells are connected in series (typically using a tunnel junction), pro-
viding a simple but higher effciency replacement for a single-junction 
cell. However, 2T III-V/c-Si tandems must be current matched, which 
constrains the choice of top cell bandgap and thickness for optimal 
overall performance, as shown in Fig. 28 [538]. A 2T III-V/c-Si tan-
dem displays a maximum effciency that is strongly dependent on top
cell bandgap, and the location of that maximum changes with spectral 
conditions. In contrast, a III-V/c-Si 4T tandem has electrically isolated 
sub-cells which can each be run separately at their maximum power 
point, yielding significantly reduced sensitivity to top cell design. This 
means that a very wide range of top cell bandgaps can be considered. 
The highest effciency III-V/c-Si two-junction tandem (with a one-sun 
effciency of 32.8%) uses GaAs as a top cell [20], which is extremely far
from the 2T maximum; this shows that top cell performance and quality
matter much more than bandgap for III-V/c-Si 4T cells. Thus, III-V/c-Si
4T cells offer the greatest design fexibility. However, a disadvantage
is that 4T cells require lateral current extraction from between the two
sub-cells (metal grids or a transparent, conductive oxide), which can in-
troduce significant optical losses [539].

A less studied option uses three instead of four terminals [540,541].
In this three-terminal (3T) approach, IBC Si cells are connected using 
an electrically conductive interconnection (e.g., tunnel junction) to a 
III-V top cell. As with a 4T tandem, there are now two electrical cir-
cuits, which enable operation in a current-mismatched mode and thus 
a similar maximum effciency potential as 4T tandems [542]. How 
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Fig. 28. Calculated effciency of 2T (series) and 4T (independent) III-V/c-Si tandems as a
function of top cell bandgap, shown for different optical. Reprinted with permission from
ref. [538]. Copyright 2015, Elsevier. 

ever, these two circuits can interact, which makes the device physics
more complex [540,542]. Robust reporting of 3T effciencies is not yet
widespread in the literature due to the complexity of interactions be-
tween the two circuits [540], and there is not yet an established cell cer-
tifcation method. The maximum effciency (uncertifed) that has been
reported thus far is 27.3% for a GaInP/Si cell [543] – lagging behind 
the best 4T GaInP/Si cell, at 32.5% effciency [20] – however, the ef-
fciency potential for 3T tandems is higher because of the potential for
reduced optical shading losses. There is also a multitude of different pos-
sible 3T device confgurations and top cell stacks possible, which simu-
lations show provide options for exceeding 30% effciency, e.g., using ei-
ther an isotype or tunnel junction interconnect polarity [540]. Different
cell confgurations are likely to present different practical challenges,
and thus, more experimental work is needed to prove out these designs
and push device effciencies higher. 

5.2.2. Direct Growth of III-Vs on Si 
There has been extensive research on growing III-V semiconductors 

on Si substrates to enable two-terminal, monolithic tandems, among
other desirable applications [544]. Since this process naturally results
in an electrically conductive interface, it could in principle apply to ei-
ther 2T or 3T confgurations, although only 2T has been demonstrated.
Direct growth is in principle the simplest and least expensive integra-
tion method, since it leverages the low cost of Si wafers compared to
GaAs and Ge, which are typically used for III-V cells. However, numer-
ous technical diffculties have made this research topic a “grand chal-
lenge.” The frst challenge is antiphase domain free nucleation of a III-V
material, typically GaP since it is lattice matched to Si, which requires
double step surface reconstruction as described by Kroemer et al. [545]
This has been achieved using two different in situ approaches and offcut
Si wafers [546,547], but an open question in the feld is how to achieve
these results using solar-grade Si, which is not offcut or polished.

The second challenge to undertake in III-V/Si growth is lattice-mis-
matched epitaxy, since appropriate III-V top cell materials (GaAsP or 
GaInP) have a significantly larger lattice constant than Si, which in-
duces dislocation formation as the epilayers relax. Metamorphic epi-
taxy has been introduced as a solution to this challenge, resulting 
in record effciency III-V multijunction [548]. This approach has 

also been demonstrated on Si, resulting in cell effciencies up to 20.1%
for two junctions (GaAsP/Si) [13,549] and 24.3% for three junctions
(GaInP/GaAs/Si) [13,550], but not yet exceeding the effciency of the
best single-junction Si cells alone (26.7%). These results are summarized
in Fig. 29. A fnal challenge that faces these types of tandems, especially 
as cell sizes scale up, is the mismatch in thermal expansion coeffcient, 
which can result in cracking of top cells [551]. 

5.2.3. Wafer bonding
Given the challenges associated with growing III-Vs on Si, the alter-

native approach of wafer bonding has also been used to fabricate III-V/
Si tandems with conductive interlayers, with 2T and 3T devices demon-
strated. In this approach, III-V sub-cell layers are grown on a GaAs or 
Ge substrate, and a Si sub-cell with a polished surface is prepared sepa-
rately. These materials are joined under applied temperature and pres-
sure to establish a bond, and then the III-V growth substrate is subse-
quently removed, leaving a thin III-V device stack on top of the Si cell.
The two key challenges associated with this approach are surface rough-
ness and achieving an electrically conductive bond. Surface smoothness
is critical for wafer bonding, requiring polishing of the initial substrates
and possibly even the epilayers post-growth. The interfaces must also be
free of native oxides or other insulating layers to achieve suffcient elec-
trical conduction. The most successful approach to surmount these chal-
lenges has been the use of “fast atom beams” to pre-treat the surfaces 
in situ before bonding, cleaning any residual oxides and activating the 
materials’ surfaces to promote adhesion [555,556]. This process has re-
sulted in extremely high cell effciencies, up to 34.1% for triple-junction
confgurations (GaInP/AlGaAs/Si) [13,554] and 21.1% for dual junc-
tions (AlGaAs/Si) [553].

A related, novel approach is the “smart stack” method, which uses 
an interlayer of metal nanoparticles (typically, Pd) in conjunction with
wafer bonding to ensure electrical conduction between cells. This ap-
proach has been quite successful, with demonstrated effciency up to 
30.8% for a GaInP/AlGaAs/Si tandem [557]. Further, 3T tandems have
recently been demonstrated using this approach as well: a GaAs/Si cell 
was demonstrated, with the 3T geometry enabling the use of a cur-
rent-mismatched top cell (GaAs), which relaxes the constraints on top
cell design [552]. Further work needed to enable continued advances 
in wafer bonded tandems mainly involve cost reduction: polishing is an
expensive step [558], and these methods also require the use of a III-V 
substrate, which would need to be reclaimed in some way to recoup
those costs [20]. However, the impressive effciencies demonstrated us 

Fig. 29. Highest effciency III-V/Si tandems at one sun using the approaches described 
here, including 2-junction and 3-junction devices. Data were from references 
[13,20,543,544,549–555]. 
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ing wafer bonding prove that high-effciency 2T III-V/Si tandems are 
achievable. 

5.2.4. Mechanical stacks 
The highest effciencies have been achieved using mechanically 

stacked III-V/Si tandems, where III-V and Si cells are fabricated sepa-
rately and then joined together using (typically, electrically insulating) 
glue, as shown in Fig. 30. In this approach, both cells can be fully opti-
mized separately, without sacrifcing cell quality to enable integration.
One of the main benefts of mechanical stacking is that fully textured
Si bottom cells can be used, which means existing, low-cost Si fabrica-
tion techniques can be leveraged and that optical absorption in the Si
is optimized. However, a downside is that as with wafer bonding, III-V
substrates are needed for top cell growth and thus substrate recycling is
necessary to achieve competitive costs.

Historically, mechanical stacks resulted in 4T tandems due to the 
insulating nature of most optically transparent adhesives. 4T tandems
(Fig. 30 (a)) have demonstrated the highest effciencies, up to 32.8% 
using a GaAs top cell, 32.5% using a GaInP top cell, and 35.9% us-
ing a GaInP/GaAs tandem as a top cell [20]. However, recent advances
in transparent, TCAs mean that mechanical stacking can now be used 
for conductive interconnects as well, resulting in 2T and 3T tandems 
[559,560]. An example device that uses this approach is shown in Fig. 
30 (b), where a GaInP/Si TCA-bonded tandem was demonstrated with 
an effciency of 27.3% [543]. Unlike wafer bonding, TCAs are compat-
ible with textured Si bottom cells, which means that all the benefts 
of the mechanical stacking approach are retained while optical losses 
from lateral current extraction – the main downside of 4T tandems – are 
avoided. These materials and techniques are very new, and thus more 
research is needed to optimize materials and processing so that effcien-
cies reaching or exceeding 4T records can be demonstrated [504]. 

6. Summary and outlook 

Herein, we present a comprehensive review covering all the as-
pects of Si heterojunction solar cells, from materials to devices, as well 
as their application for tandem devices. Although the diffusion-based 
homojunction Si solar cells, such as Al-BSF and PERC, dominates the 
PV market at the moment, Si heterojunction solar cells will be the 
next generation high-effciency PV production. The effciency of SHJ
and Poly-Si CSPC solar cells has surpassed 26% owing to the success-
ful structure design and theory development, demonstrating the high
potential of Si heterojunction technology. Targeting a simplifed fab-
rication process, the concept of dopant-free passivating contact (e.g.
Si/metal compounds, Si/organic materials, and Si/2D materials) is in-
tensively investigated and developed in the Si heterojunction commu 

nity. Most of these carrier-selective contacts enable effciencies over 
20% and a champion effciency of 23.5% has been realized. Meanwhile,
tandem solar cells based Si heterojunction bottom cells, such as per-
ovskite/Si and III-V/Si tandems, are being developed, targeting ultra-
high effciency over the theoretical limit of single-junction c-Si device 
(29.4%). The 35.9% effciency of III-V/Si tandem solar cells has sur-
passed the theoretical limit of single-junction Si solar cells; the 29.1% 
effciency of perovskite/Si tandem solar cells is also approaching the
theoretical effciency of single-junction Si solar cells. Although these no-
table achievements have been witnessed, the commercialization success
of these Si heterojunction technologies as well as the tandem devices 
are still very challenging. Below, we outline possible research directions
and challenges that have to be addressed for future development and 
commercialization. 

1) SHJ solar cells are currently at the forefront of Si solar-cell research
in terms of effciency. Further improvements in terms of passiva-
tion/transparency/conductivity combinations for the contact stacks 
are expected to push to 27% the record single-junction Si effciency
limit. Commercialization is already happening, with major hurdles 
at the moment being the capital required for building a fabrication 
line. Reducing the cost of the main production tools, which is ongo-
ing, is needed for further adoption. With the proven fabrication of
high-effciency device with minimal usage of indium and silver (or
even their complete avoidance), there is no material resource limita-
tion for a TW-scale production of Si heterojunction solar cells. 

2) Solar cells with poly-Si alloy CSPCs have demonstrated record ef-
fciencies at laboratory scale of 25.8% for FBC and 26.1% for IBC
cell architectures. This technology shows potential for industry trans-
fer when some challenges are addressed. Industrialization of those 
contact schemes especially requires the development of cost-effective
metallization technique and the application of TCOs in case of thin 
poly-Si alloy layers. Among the various architectures developed so 
far, the PERC-like poly-Si FBC is the most appealing for industrial 
uptake due to the limited number of new tools/processes needed in 
comparison to the existing PERC production lines. Besides that, the
feasibility of poly-Si IBC cell structure in mass production has been 
also proven. 

3) Metal compound/c-Si heterojunction solar cells: The best effciency
over 23% has been achieved, which is approaching the conventional
homojunction c-Si solar cells. Compared to the SHJ and Poly-Si
CSPC technologies, the device effciency is mainly limited by a low 
VOC, further improvement of the surface passivation quality or de-
velopment of new metal compound with excellent passivating con-
tact properties would be the primary task. A highly transparent 
dopant-free electron-selective contact that is highly demanded for 
SHJ devices, is still not available. The development of high eff 

Fig. 30. Mechanically stacked solar cells. (a) Four-terminal tandem using an insulating adhesive and a Si heterojunction bottom cell. Reprinted with permission from ref. [20]. Copyright
2017, Springer Nature. (b) Three-terminal tandem using a TCA and a specially designed IBC bottom cell with a conductive top surface. Reprinted with permission from ref. [543]. Copy-
right 2020, The Royal Society of Chemistry. 
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ciency, fexible c-Si solar cells with low temperature deposited 
dopant-free passivation contacts on both polarities would be a very
interesting topic, however, it depends on the development of 
high-quality dopant-free passivation contacts. 

4) Si/organic heterojunction solar cells, combined with the characters 
of Si and organic materials, promise to design cost-effective, light-
weight, and fexible c-Si solar cells. However, device stability is still
an issue. The degradation of organic materials within environmental
conditions, such as water, oxygen, and light, is one of the most im-
portant reasons. Given the current 25 years requirement of commer-
cial solar cell productions, much stable organic materials are highly
required.

5) Perovskite/c-Si tandem structure is a promising scheme to overcome
the theory limitation of single-junction Si solar cells. In addition to 
the excellent optical and electrical properties, the tunable bandgap of
perovskite materials guarantees an ideal alternative matching with
Si to design tandem solar cells. The state-of-the-art effciency of per-
ovskite/Si tandem solar cells reaches 29.1%. On the other hand, 
the burgeoning perovskite solar cells are breaking their effciency 
records quickly. Hence, over 30% effciency is foreseeable for per-
ovskite/Si tandem solar cells. 

6) Future advances in III-V/Si tandems should focus on translating
the already-achieved high effciencies to commercially-viable proto-
types. Of particular importance will be reducing the cost of the III-V
materials (e.g. using low-cost growth techniques [561] and grown di-
rectly on Si [550]), demonstrating string-level interconnections that
maintain high energy yield [562], and demonstrating reliability via
outdoor testing and meeting qualifcation standards [563]. 

Among various PV devices, Si solar cell is still the most predominate
production in market share. On the other hand, challenges still exist. We
believe this review will help to learn the achievements, remaining chal-
lenges, and possible research directions, and promote this feld more 
rapid development. 
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