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Perovskite/silicon tandem solar cells have reached certified efficiencies of 28% (on 1 cm? by Oxford PV) in
just about 4 years, mostly driven by the optimized design in the perovskite top cell and crystalline silicon
(c-Si) bottom cell. In this review, we focus on the structural adjustment of the bottom cell based on the
structural evolution of monolithic perovskite/silicon tandem solar cells to improve their performance. To
begin with, c-Si solar cells are classified into silicon homojunction and silicon heterojunction (SHJ) de-
vices according to temperature tolerance, and the corresponding structural features are presented. Then,
the evolution of monolithic perovskite/silicon tandem cells based on c-Si homojunction and hetero-
junction bottom devices is summarized. An appropriate candidate of the c-Si bottom cell for monolithic
perovskite/silicon tandem cells is proposed, mainly including passivated emitter and rear cell devices,
the tunnel oxide passivated contact cell, and SH] devices. In brief, our review will emphasize the
important role of the c-Si bottom cell with different passivation structures for perovskite/silicon tandem
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cells, which provides a guidance to enhance the performance of tandem cells.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Solar energy will become a promising alternative to conven-
tional fossil fuel resources in the future owing to its renewability
and sustainability [1]. One of the most important utilization ap-
proaches is photovoltaic (PV) technology, which directly converts
solar energy into electricity [2]. Improving the efficiency of solar
cells is one of the technical keys to reduce the cost of PV power
generation and simultaneously increase their competitiveness with
conventional resources of electricity [3,4]. The most straightfor-
ward way is to fabricate multijunction tandem solar cells, which
consist of multiple absorption layers with complementary bandg-
aps [5,6].
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The tandem cell concept has been implemented commercially
for different absorbers, ranging from the relatively low-cost hy-
drogenated amorphous silicon (a-Si:H) to the high-performance III-
V group materials; a-Si:H with a high absorption coefficient [7], as
ultrathin absorbers (hundreds of nanometers), is capable of har-
vesting photons within the spectral range allowed by the bandgap,
which has been considered as excellent candidate materials for
fabricating low-cost PV devices [8,9]. However, there is unavoidable
Staebler-Wronski Effect [10] limiting its stability under light
exposure, resulting from the generation of deep defects that act as
recombination centers [11,12]. Although III-V multijunction solar
cells have demonstrated a power conversion efficiency (PCE) in
excess of 30% [13], such as triple-junction InGaP/GaAs/InGaAs solar
cells with a PCE of 37.9% [14], the complicated and costly
manufacturing processes [15,16] limit their extensive applications,
such as space [17] or concentrator PVs [18]. Therefore, it is very
important to design and implement a tandem solar cell with both
low cost and high efficiency.

Compared with other PV materials, crystalline silicon (c-Si)
with an energy bandgap of 1.12 eV is one of the most appropriate
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candidates for building multijunction cells owing to its suitable
bandgap, high efficiency, cost competitiveness, non-toxicity, and
good stability [19]. Since the first silicon solar cell with a PCE of
around 4.5% in the early 1950s was successfully realized in Bell
Labs [20], the efficiency of c-Si solar cells has been improved to
the current record of 26.6% [21], approaching their theoretical
Auger efficiency limit of 29.4% [22]. As a result, c-Si cells are
nearly ideal in the role of the low bandgap bottom cell. Recently,
organic-inorganic lead halide perovskite solar cells (PSCs) have
made remarkable progress and exhibited a high PCE up to 24.2%
at the single-junction level [23] owing to the advantages such as
strong optical absorption [24] and long diffusion lengths [25]. In
addition, a steep absorption edge [24] and tunable bandgap of
1.5—1.8 eV [26] can be obtained in PSCs, which makes them an
attractive top cell candidate for tandem devices [27]. Inspiringly,
perovskite/silicon tandem cells are expected to have an effi-
ciency potential beyond 30% at low manufacturing costs
[28—30].

Generally speaking, as shown in Fig. 1, there are mainly the
mechanically stacked four-terminal (4T) and monolithically inte-
grated two-terminal (2T) tandem devices [31]. In the simple 4T
configuration in Fig. 1(a), two independent subcells with different
bandgaps are fabricated, which are electrically isolated from each
other, and the output power is extracted separately [32,33]. This
structure has obvious advantages of process simplicity, allowing for
independent optimization of the subcells without any additional
processing restrictions [34]. Unfortunately, it requires more func-
tional materials, such as substrates and transparent conductive
oxides (TCOs) [35—37]. Other 4T tandem concepts were also real-
ized, such as spectral splitting systems [38] or reflective tandems
[39]. Fig. 1(b) presents the most desirable 2T configuration, in which
the top cell is directly deposited onto the bottom cell. Compared
with the 4T configuration, the monolithic 2T configuration contains
the minimum number of functional layers, resulting in the poten-
tial for low cost and low optical and electrical losses [40,41].
Moreover, being more easily integrated in a PV system, the 2T
design requires only one junction box, whereas the 4T tandem
would need two. However, the two subcells of the 2T tandem
should be designed to generate similar photocurrent in both sub-
cells, the so-called ‘current matching.” For example, adjusting the
perovskite absorber thickness, improving the infrared spectral
response, and decreasing the reflection losses and parasitic ab-
sorption [42,43] are effective approaches to achieve current
matching. And an interface layer (TCO or a thin silicon film) is
required for all demonstrated monolithically integrated perovskite/
silicon tandems for electrical connection between the top and the
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Fig. 1. Schematics of the perovskite/silicon tandem configuration: (a) mechanically
four-terminal (4T) and (b) monolithically two-terminal (2T).

bottom cells. The interfacial layer is supposed to present less
parasitic absorption at wavelengths above 800 nm and sufficient
vertical conductivity while exhibiting low lateral conductivity.
Finally, in the 2T tandem, generally, c-Si solar cells are processed
with a flat front side to be compatible with the spin-coating
perovskite layer because the perovskite layer with a thickness of
200—600 nm via spin coating is difficult to be conformal on the
texturing surface with 1—10-um pyramids, so the thermal evapo-
ration method to prepare the perovskite layer on the textured
surface was demonstrated [43]. From the aforementioned infor-
mation, the monolithic 2T devices arguably have the highest po-
tential to reach a low levelized cost of electricity.

There are two kinds of monolithic perovskite/silicon tandem
cells, perovskite/homojunction and perovskite/heterojunction.
Higher temperature tolerance (>400 °C) makes c-Si homojunction
bottom cells compatible with the commonly used titanium oxide
(TiOy) electron transport layers in the top mesoporous perovskite
cell. Limited by the thermal stability of intrinsic a-Si:H passivation
layers for silicon heterojunction (SH]J) cells, a planar perovskite top
cell with an electron-selective contact processed at low tempera-
tures is one suitable option to solve this problem, namely, the
available structure of the top perovskite cell is directly determined
by the c-Si bottom cell. Therefore, making a comprehensive study of
the c-Si bottom cell becomes increasingly important to integrate
the appropriate PSCs. Here, we first give a detailed introduction for
c-Si homojunction and SHJ devices. The former group mainly in-
cludes passivated emitter and rear cell (PERC) devices, passivated
emitter and rear locally diffused (PERL) cells, passivated emitter
and rear totally diffused (PERT) cells, and the tunnel oxide passiv-
ated contact (TOPCon) cell. After that, the structural evolution of c-
Si—based tandem devices is presented in detail. Finally, the PCE of
tandem cells is predicted based on the state of the art in the c-Si
homojunction and SH] bottom cells.

2. Classification of c-Si bottom cells for 2T perovskite/silicon
tandem cells

For monolithic tandem cells, process compatibility comes first,
namely, the high temperature tolerance of the c-Si bottom cell
should be taken into full consideration when the perovskite top cell
is prepared. In this section, c-Si bottom cells for tandem cells are
categorized as homojunction (high temperature tolerance >400 °C)
and heterojunction solar cells (low temperature tolerance<250 °C).
The band diagram of homojunction and heterojunction c-Si cells is
shown in Fig. 2. Compared with the band diagram of homojunction
cells in Fig. 2(a) [44], the performance of heterojunction solar cells,
shown in Fig. 2(b), is influenced by the asymmetry between con-
duction and valence band offsets (AEc, AEy) [45—48].

2.1. Silicon homojunction solar cells

The most widespread industrial fabrication method for silicon
homojunction solar cells will be described in the following section
first, including PERC devices and PERL and PERT cells, collectively
known as the PERX group. After that, the TOPCon structure with an
ultrathin tunnel oxide layer and a doped polycrystalline Si (poly-Si)
layer will also be presented in detail.

2.1.1. PERX group

The conventional c-Si cell with full-area aluminum back surface
field (Al-BSF) in Fig. 3(a) is still the most common approach in the
industrial screen-printed p-type c-Si solar cells [49] owing to its
simplicity, low cost, and high reliability. However, the full-area Al-
BSF only provides a moderate quality of passivation of the rear
surface and has serious limitations of achieving >20% efficiencies,
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Fig. 2. Schematic band diagram of a silicon cell based on (a) homojunction and (b)
heterojunction. Ec, Ey, Ef, AEc, and AEy denote the conduction band edge, the valence
band edge, the Fermi level, the conduction band offset, and the valence band offset,
respectively. n, p, i, and p™ are the n-type and the p-type c-Si, the intrinsic and the B-
doped a-Si:H films, respectively. c-Si, crystalline silicon.

especially on thinner wafers [50]. To overcome the disadvantages
of the full-area Al-BSF cell, a rear dielectric passivation scheme is
added to the PERC device, followed by the formation of local Al-
BSF, as shown in Fig. 3(b). Therefore, a significant performance
enhancement of the PERC device is achieved owing to its reduced
back surface recombination velocity and high internal reflection
from the passivated rear surface. The PERC devices of 4 cm? area
fabricated on 0.2 Q cm, p-type, float-zone (FZ) substrates
demonstrated a PCE of 22.8% by Blakers et al. [51] at the University
of New South Wales (UNSW) in 1989. In their work, the smaller
direct contact area between the rear metal and silicon substrate
was further passivated, thus effectively reducing the recombina-
tion velocity at the interface. As shown in Table 1, compared with
the best full-area Al-BSF devices at that time [52,53], the PERC
devices displayed markedly superior Vo, with an improvement
from 669 mV to 696 mV, as well as an enhanced short-circuit
current density (Jsc). Unfortunately, the fill factors (FFs) were
slightly decreased from 82.9% to 81.4% owing to lateral resistance
loss in the substrate [51]. To solve this problem, the concept of the
PERL cell was further proposed [54]. Obviously, the main differ-
ence between the PERL cell in Fig. 3(c) and the PERC device in
Fig. 3(b) is the local diffusion of boron in rear contact areas. This
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reduces the effective recombination rate at the rear contacts by
suppressing minority carrier concentrations in these regions.
Hence, it is possible to reduce the spacing of the rear contact points
to decrease the lateral resistance, improving FFs. More encourag-
ingly, a PCE of 24.7% on PERL cells was reported by the UNSW in
1999, which had been the efficiency record of c-Si cells for 15 years
[55]. The initial PERL cells fabricated on the magnetically confined
Czochralski (MCZ)-grown wafers with a higher resistivity of
around 5 Q cm gave lower FFs owing to the current crowding effect
[56] resulting from the low coverage, small rear contact areas.
Therefore, the PERT structure was first introduced to improve the
FFs for the high resistivity substrates of 100 Q cm in the early
development stages of the PERL cell [57]. Compared with the PERL
cell, as shown in Fig. 3(c), a doped layer is used along the entire
rear surface of the PERT device, as shown in Fig. 3(d). In 1999, the
PERT cells with a PCE of 24.5% on MCZ substrates were successfully
realized by Zhao et al. [55].

Here, the detailed fabrication process of a PERC device is shown
in Fig. 4. The fabrication process begins with the double-side
alkaline texturing of silicon wafers to form random pyramids.
Then, a homogeneous emitter n+ is prepared by diffusion of
phosphorus in the standard tube thermal furnace. After diffusion,
the phosphorus-silicon glasses are removed by hydrofluoric acid,
and the pyramids on the backside of the wafer are etched in alka-
line solution to generate a flat surface. Furthermore, a silicon nitride
(SiNy) front antireflective layer and a rear oxide layer are deposited.
Then, the rear passivation layer is locally removed by the local
ablation process with local contacts. Finally, a screen-printed silver
front grid and a screen-printed aluminum on the rear side are
applied, followed by a firing step to form a favorable contact of
metal-Si.

Obviously, the key point of the PERC device is the deposition of
the rear passivation film to reduce surface recombination. There are
three kinds of material currently used for surface passivation in the
PERC devices, even in the PERX cells. Traditionally, thermally grown
silicon dioxide (SiO3) has been applied as an effective passivation
scheme for n- and p-type c-Si, with interface trap densities (Djt)
below 4 x 10° cm~% eV~ [58] and surface recombination velocities
below 15 cm/s on 1 Q cm FZ c-Si [59]. However, high processing
temperature (in the range of 950—1,100 °C) and elaborate pro-
cessing are not always desirable to obtain such high-quality SiO,,
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. G e -~

Fig. 3. Schematic view of (a) the standard full-area Al-BSF cell, (b) the PERC device, (c) the PERL cell, and (d) the PERT cell. Al-BSF, aluminum back surface field; PERC, passivated
emitter and rear cell; PERL, passivated emitter and rear locally diffused; PERT, passivated emitter and rear totally diffused; c-Si, crystalline silicon.

Table 1

Performance parameters of the 4-cm? c-Si cell under the standard global AM1.5 spectrum (100 mW/cm?) at 25 °C.
Cell structure Substrate resistivity (Q. cm) and type Voc (mV) Jsc (mA/cm?) FF (%) PCE (%)
Al-BSF [53] 0.2, p-type, FZ 669 38.6 829 214
PERC [51] 0.2, p-type, FZ 696 40.3 814 22.8
PERL [55] 1.0, p-type, FZ 706 422 82.8 24.7
PERT [55] 4.8, p-type, MCZ 704 41.6 83.5 24.5

Al-BSF, aluminum back surface field; FF, fill factor; PCE, power conversion efficiency; FZ, float-zone; MCZ, magnetically confined Czochralski; PERC, passivated emitter and rear

cell; PERL, passivated emitter and rear locally diffused; PERT, passivated emitter and rear totally diffused; c-Si, crystalline silicon.
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Fig. 4. Fabrication scheme of the PERC device. PSG, phosphorus-silicon glass; PERC, passivated emitter and rear cell; c-Si, crystalline silicon.

and only c-Si with low impurity content such as FZ c-Si can be used
without significant bulk lifetime degradation [60]. In addition, sil-
icon nitride (SiNy) with a positive fixed charge density (~10'2 cm~2)
[61] inducing field-effect passivation is particularly beneficial for
passivation of highly doped n-type c-Si because the minority car-
riers (holes) are effectively shielded from the c-Si surface [62,63].
Hence, SiNy applied at the rear side of p-type c-Si is not a suitable
candidate owing to parasitic shunting [62,63]. Another interesting
option is the use of dielectric aluminum oxide (Al,O3) with a
negative fixed charge (~10'> cm~2) [64] by atomic layer deposition
(ALD) as a surface passivation layer for the p-type c-Si. Hoex et al.
[64] demonstrated that excellent surface passivation of ¢-Si was
achieved by the Al;03 layer, which could yield better results than
forming gas annealed thermal SiO, and the as-deposited SiNy layer
from comparative experiments [65,66]. In addition, the results of
the study by Benick et al. [67] also indicated excellent passivation
from Al,O3 on highly doped p-type c-Si. Currently, it has been re-
ported that Al;03/SiNy stack passivation could be an appropriate
and cost-effective option for the PV industry. In addition, as another
key technique, the local contact openings in a PERC device can be
made by laser ablation [68,69] or chemical etching [70] on the
dielectric layer of the rear surface before screen printing. Laser
ablation is commonly used in industrial PERC fabrication owing to
the manageable and repeatable processing [71,72]. Indeed, a
compromise between the contact area and finger spacing on the
dielectric layer is an essential issue, which has significant impact on
contact formation and recombination on the rear surface [73,74]. It
has also been established that the rear opening geometry influ-
enced the Kirkendall void formation, and line contacts performed
better than point contacts [75,76].

Besides the aforementioned two key technologies in the PERC
device, rear localized contacts formed by doping heavily are also
important for the PERL cells. Laser-doping techniques appear to be
increasing in popularity for the localized contacts of the PERL cell
owing to the incorporation of doping and opening [77], namely,
laser doping can be integrated into the laser ablation process to
open the rear dielectric layer, minimizing the impact on the process
steps. For example, Lin et al. [78] found that Kirkendall void for-
mation at the contact regions can be avoided by heavily incorpo-
rating boron laser doping on the rear surface of PERL cells, followed
by adjusting the firing profile. In the research by Cornagliotti et al,
when the dielectric layers were patterned by the laser for local
contact, the Al atoms from the Al,O3 film were incorporated into
the underlying Si bulk. With this technique, they successfully
realized substantial dopant incorporation for 10 nm of ALD Al,Os3,
without using additional doping sources [79]. The full-area BSF of a

PERT cell and the doping of the emitter need to be developed with a
reproducible, damage-free, and high-quality fabrication of the
doped areas [80].

Without temperature limitation, it is feasible for the PERX group
as bottom connecting with all PSCs owing to high temperature
tolerance. But the complex localized contact and/or doped regions
technology following moderate quality of passivation increases the
cost of tandem cells.

2.1.2. Tunnel oxide passivated contact cell

Although highly efficient passivated contacts for solar cells can
be achieved by the aforementioned PERX technology with partial
rear contacts, the complicated and unavoidable local contact
openings may lead to carriers crowding at the opening. As shown in
Fig. 5(a), based on 1—2-nm-thick tunnel oxide on c-Si and a
phosphorus-doped poly-Si layer on SiOy, the novel TOPCon cell
with a confirmed PCE of 23.0% was first developed by the
Fraunhofer Institute for Solar Energy Systems (ISE) in 2013 [81,82],
which provides an effective solution to the aforementioned prob-
lem [83]. The current PCE record of the TOPCon cell was also held
by the Fraunhofer ISE, with a value of 25.7% (Voc = 725 mV,
FF = 83.3%, Jsc = 42.5 mA/cm?) in 4 cm? [84]. As shown in Fig. 5(b),
although tunnel oxide layers principally act as a barrier for carrier
transport and it was already shown that the oxide's valence band
offset to Si (AEc = 3.1 eV, AEy = 4.5 eV) is large [85], electrons can
overcome this oxide barrier by means of tunneling (direct or trap-
assisted) or via pinholes in the oxide, but the direct tunneling
process would be less likely for holes due to the oxide's larger

() (b)
n-c-Si Tunnel oxide Poly-Si (n")
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Fig. 5. (a) Sketch of the TOPCon cell structure and (b) schematic band diagram of the
TOPCon cell. TOPCon, tunnel oxide passivated contact; c-Si, crystalline silicon.
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valence band offset to Si [86]. Additional field-effect passivation is
obtained owing to the heavily doped poly-Si layer deposited on the
tunneling SiOy layer.

Generally, an ultrathin tunneling layer of SiOx can be prepared
via wet chemical oxidation with nitric acid [87,88], UV/O3 [83], or
dry thermal oxidation [89]. It should be noted that the performance
of a TOPCon cell is sensitive to the thickness of SiOyx films. For
instance, Kale et al. [90] demonstrated that on both n- and p-type
contacts, there was an optimum thermally grown SiOy thickness of
1.4—1.6 nm for obtaining the highest implied open-circuit voltage
(iVoc) values of ~739 and ~700 mV, respectively. The lower iV for
contacts with SiOx<1.4 nm can be attributed to poorer chemical
passivation of dangling bonds on the c-Si surface, the inferior
passivation quality for contacts with SiOx>1.6 nm resulted from
lesser field-effect passivation [90]. Subsequently, a doped poly-Si
film is deposited on SiOy by either plasma-enhanced chemical va-
por deposition (PECVD) [87]| or low-pressure chemical vapor
deposition [88]. Furthermore, the contacts need to be annealed
between 850 and 900 °C after the doped a-Si layer deposition to
facilitate crystallization of the as-deposited silicon layer and then
reduce the contact resistance for obtaining high iV, values. Feld-
mann et al. [81] found that interface passivation decreased owing
to local disruption of the SiO, tunnel junction in oxygen-free
ambient when the annealing temperature was higher than
900 °C. In addition, Rohatgi et al. [91] showed that the higher
annealing temperature and the diffusion of more phosphorus
dopants are promoted from n™ poly-Si into the c-Si absorber, which
may increase Auger recombination in the bulk and high recombi-
nation at the absorber/SiOx interface. In the work by Tao et al,
although tunneling oxide combined with microcrystalline Si (jc-
Si):H featured a lower passivation property due to the smaller
content of hydrogen than a-Si:H, a lower thermal budget was
required to recrystallize, and no blistering was observed for the pc-
Si layer [92].

The TOPCon structure with excellent passivated contact enables
implementation into a conventional solar cell process and avoids
the local contact formation using laser ablation, which is a prom-
ising candidate for tandem cells.

2.2. Silicon heterojunction

SH] solar cells show a high V,. exceeding 750 mV [93], induced
by the intrinsic a-Si:H passivation layers on both sides of the c-Si
wafer, which is significantly higher than the homojunction cells
showing a maximum V. of around 700 mV. However, the thermal
stability of the a-Si:H layer [94] directly limits the top perovskite at
low temperature. The structure of low-temperature perovskite
consists of regular planar n-i-p and inverted planar p-i-n, leading to
the corresponding SHJ bottom cell with the standard front emitter
(FE) and rear emitter (RE), as shown in Fig. 6.

2.2.1. Front emitter

Recently, a world record PCE of 25.1% (Vo = 738 + 0.2 mV,
FF = 83.5 + 0.5%, Jsc = 40.8 + 0.8 mA/cm?) for the SHJ devices with a
FE was reported by reducing carrier recombination at the a-Si/c-Si
interface [95], and its typical scheme is shown in Fig. 6(a). Surface
texturing enhances light trapping, thanks to multiple reflections,
scattering, and extended light paths. And the most widely used
textures are random pyramids. The morphology of pyramid ge-
ometry is particularly critical to the performance of the textured
solar cells, such as pyramidal size and pyramidal vertex angles [96].
After texturing, the RCA (developed by Werner Kern in 1965 while
working for the Radio Corporation of America.) cleaning procedure
is a standard set of wafer cleaning steps to remove any organic and
inorganic contaminants, which needs to be performed before the

@ Front emitter (b) Rear emitter
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Fig. 6. Schematic drawings of the different SH]J cell structures: (a) front emitter and (b)
rear emitter. SHJ, silicon heterojunction; c-Si, crystalline silicon; a-Si:H, hydrogenated
amorphous silicon; TCO, transparent conductive oxide.

deposition of a-Si:H [97]. The first and second steps are performed
with the alkali solution (NH3-H,0: H,0,: H,0=1:1:5) and acid
soluction (NH3-H;0: Hy05: H,0=1: 1: 6) at 70—80°C for 10 mi-
nutes. An i-a-Si:H passivation layer and a p-type emitter are
deposited on the front (illumination) side sequentially by PECVD.
Afterward, on the rear of c-Si, an i-a-Si:H passivation layer and an n-
type BSF layer are also prepared via the same method. Direct
deposition of the doped layers on the surface of c-Si may result in
poor interface properties as dopant incorporation would generate
large recombination-active defects in amorphous silicon [98]. Be-
sides, the passivation quality of i-a-Si:H may be deteriorated
significantly when subsequent deposition of doped layers was not
properly controlled [99]. Finally, TCO layers and metal electrodes
are fabricated on the two sides of substrates. Contrary to the c-Si
homojunction devices, TCO layers are necessary in SHJ cells [100]
owing to poor lateral conductivity of the doped a-Si:H layers, and
the front TCO layer also acts as an antireflection coating layer.

There is no doubt that the insertion of high-quality i-a-Si:H
between c-Si and doped thin films is the key to obtain high per-
formance of SHJ cells. An optimized i-a-Si:H film provides excellent
chemical passivation mainly by saturating silicon dangling bonds,
thus leading to a reduction in the interface defect density [101]. The
optimized i-a-Si:H film is usually obtained close to the transition
from amorphous to c-Si [102], but epitaxial growth has to be sup-
pressed because of its detrimental effect on passivation [103,104].
Therefore, the experimental window for the high-quality i-a-Si:H
film is narrow. For instance, Kim et al. [105] studied the effect of the
hydrogen-to-silane dilution ratio on the passivation properties of
the i-a-Si:H layers deposited on c-Si, and the quality of i-a-Si:H
films was improved via a ratio of 2—4. In addition, Ge et al. [106]
focused on optimizing i-a-Si:H films by varying substrate temper-
ature, dilution ratio, and pressure independently, and the best
passivation condition is obtained at a hydrogen-to-silane dilution
ratio of 1 and a pressure of 66.7 Pa. Other groups reported an
improved surface passivation of i-a-Si:H, followed by post—H-
plasma treatment, which resulted from diffusion of hydrogen
atoms to the heterointerface and subsequent dangling bond
passivation [107—109].

2.2.2. Rear emitter

Watahiki et al. [110] achieved a rear emitter SHJ solar cell with
the highest PCE of 23.43% (Vo = 743 mV, FF = 80.7%, Jsc = 39.1 mA/
cm?) via introducing a seed layer between an n-type pc-Si layer and
an i-a-Si:H layer. In addition to the aforementioned key passivation
technology, Bivour et al. [111] also experimentally verified that the
design of the RE cell lowered the restrictions on the lateral con-
ductivity of the front side of TCO owing to an additional lateral
transport path provided by the absorber and less demanding con-
straints on the design of the front side of the metal grid electrode.
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Although there are less optical constraints for the p-type RE,
more restricted optical and electrical constraints of the n-type
window layer or front surface field need to be fulfilled simulta-
neously. Especially, the Js is limited by high light absorption of an
n-type a-Si:H layer in the short wavelength range. Alloying with
oxygen helps to reduce parasitic absorption further and, moreover,
reduces reflection of the incoming light in case of SHJ cells [112].
Chen et al. [113] investigated the microstructures and properties of
n-type a-Si:H window layers of SH] solar cells via hydrogen dilution
and found that an oxidation after treatment on the n-a-Si:H win-
dow layer is a potential choice for improving Jsc via apparently
enhancing light absorption in c-Si at short wavelengths. Moreover,
the results of the study by Zhang et al. [114] indicated that an n-
type amorphous silicon oxide (a-SiOx: H) film with the enlarged
optical bandgap can also be applied to SHJ cells as a window
n+ layer, to enhance the J.. For example, Mazzarella et al. [115,116]
implemented n-type nc-SiOx:H (two phase, silicon nanocrystals
embedded into an a-SiOx:H matrix) to enhance both transparency
and conductivity and improved the FF of the SH] devices.

The process of low-temperature preparation and eventually the
high Vg, resulting from the intrinsic a-Si:H passivation, make the
SH]J cell one of the appropriate bottom cells. Not compatible with
high-efficiency mesoscopic perovskite top cells, the SHJ cells have
limited temperature tolerance owing to the low thermal stability of
surface passivation by i-a-Si:H, restricting the subsequent pro-
cessing temperatures to less than 250 °C, connected with planar
low-temperature perovskites to constitute tandem cells.

3. Current status of monolithic 2T perovskite/silicon tandem
cells

Despite the significant challenges in the monolithic perovskite/
silicon tandem cells, such as process compatibility and current
matching in the two subcells, the performance of monolithic
perovskite/silicon tandem cells has been largely improved in the
recent 4 years. The perovskite/homojunction cells are summarized
in Fig. 7 and Table 2, and perovskite/heterojunction cells are illus-
trated in Fig. 8 and Table 3.

3.1. Perovskite/Si homojunction tandem cells

In 2015, Mailoa et al. [117] fabricated the first monolithic
mesoscopic perovskite/standard full-area Al-BSF tandem cell with a
stable PCE of 13.7% on 1 cm?, and its structure and detailed per-
formance parameter are shown in Fig. 7(a) and Table 2, respec-
tively. In their work, a partially crystalline n**-a-Si (deposited by
PECVD)/p™*-c-Si (the emitter of the bottom cell) tunneling junction
facilitated carrier recombination, with Ag nanowires as the top
transparent electrode. The external quantum efficiency (EQE) of the
semitransparent perovskite cell integrated to 17.3 mA/cm? illumi-
nated through the TiO, layer, but the EQE only integrated to
11.4 mA/cm? illuminated through the spiro-OMeTAD layer owing to
its parasitic absorption. There are no front texturing and passiv-
ation for the silicon bottom cells.

As shown in Fig. 7(b), in the research by Werner et al, the SiO,
passivation layer on the rear side was opened by laser patterning,
and phosphorus was implanted for local contact and BSF formation
[118]. Through investigating the thickness effect of a high-
temperature-stable zinc tin oxide (ZTO) recombination layer on
the optical interference pattern in the device, with molybdenum
oxide (MoOy)/indium tin oxide (ITO)/hydrogenated indium oxide as
the top transparent electrode, a monolithic mesoscopic perovskite/
PERL tandem cell with up to 16% efficiency on 1.43 cm? was suc-
cessfully achieved finally. Obviously, as indicated in Table 2,
compared with the first perovskite/standard full-area AI-BSF

tandem cell, the V,. of the perovskite/PERL tandem cell was
improved by ~100 mV, which mainly resulted from a boost of the
silicon bottom cell with a rear passivation layer. However, the
performance of the perovskite/PERL tandem cell was limited by a
low FF of 64.8% owing to high series resistance. Furthermore, in
Fig. 7(c), Wu et al. [119] demonstrated that the silicon bottom cell
with passivated front and rear surfaces maintained a high V,, while
an array of Cr/Pd/Ag metal stacks was applied for the contact
openings between the ITO recombination layer and the boron-
doped emitter to minimize the contact resistance and obtain a
relatively good FF (>0.75). To enhance the light-trapping capability,
the rear-textured c-Si was coated with low refractive index SiNy to
enhance infrared reflection, and they successfully developed a
monolithic mesoscopic perovskite/PERT tandem cell with a PCE of
22.5% (steady state) on 1 cm?. Recently, Zheng et al. [120] showed
the first monolithic planar perovskite/PERT tandem cell without
the additional step of fabricating an interface layer for electrical
connection between the two subcells, yielding a steady-state effi-
ciency of 20.5% on 4 cm? and 17.1% on 16 cm?. In their work,
solution-processed SnO, has been effective in providing dual
functions in the monolithic tandem, serving as an electron trans-
port layer for the perovskite cell and as a recombination layer.
Moreover, in their further research, as presented in Fig. 7(d), with a
new metal grid design, a mixed perovskite absorber, and a rear-
textured surface, a steady-state 21.8% efficiency was achieved on
16 cm? [121].

3.2. Perovskite/SH] tandem cells

To be compatible with the currently best-performing SH]J tech-
nology, the high-temperature mesoporous or compact TiO, layer
should be changed or replaced by another electron selection layer
processed at low temperatures. As expected, Albrecht et al. [122]
proposed a new approach for low-temperature (below 120 °C)
processing of the semitransparent perovskite subcell via electron-
selective contact SnO; prepared by ALD and successfully demon-
strated the first monolithic planar low-temperature processed
perovskite/planar SHJ with FE tandem cell with a stabilized PCE of
18.1% on 0.16 cm?, as shown in Fig. 8 (a). Then, Werner et al. [123]
implemented sputtered indium zinc oxide (IZO) as a recombination
layer, polyethylenimine/phenyl-Cgi-butyric acid methyl ester
bilayer as an electron transport layer, and achieved a tandem cell
with a PCE of 21.2% and 19.2% for cell areas of 0.17 cm? and 1.22 cm?,
respectively, when measured at maximum power point tracking
during several minutes. And they also presented the effects of
thicknesses for 1ZO and spiro-OMeTAD layers on tandem cell
photocurrent generation. In addition, Fan et al. [124] varied the
bandgap of the perovskite absorber ranging from ~1.55 to 1.69 eV
via solution process to achieve better current matching between
the two subcells. Zhu et al. [125] modified light utilization and
conductivity through adjusting the thickness of the buffer layer and
sputtering power of the transparent electrode and applied solvent
engineering to balance light absorbance and transmittance of
perovskite films in tandem devices, successfully obtaining an
optimal efficiency of 22.8% on 0.13 cm? [126]. Besides the afore-
mentioned optimization on the top cell, the results of the study by
Ren et al [127] indicated that the near-infrared wavelength
response in the planar SHJ bottom cell was increased when a wide
bandgap and low-refractive-index nc-SiOx:H layer was used for
BSF. Besides the parasitic absorption of spiro-OMeTAD layers, it
should be noted that poor light trapping is another important issue
owing to application of double-side polished silicon wafers,
limiting the experimental Js. below 19 mA/cm?.

First of all, while keeping the front side flat to remain compat-
ible with solution-processed top cells, a rear random pyramid
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[121]. ARG, anti-reflection layer; Al-BSF, aluminum back surface field; PERL, passivated emitter and rear locally diffused; PERT, passivated emitter and rear totally diffused; ALD,

atomic layer deposition; ITO, indium tin oxide; ZTO, zinc tin oxide.

Table 2

Summaries of 2T perovskite/c-Si homojunction tandem cells.
Bottom cell ~ Substrates Recombination layer ~ Voc (V)  Jsc (MA/cm?)  FF(%) PCE (%)  Steady-state or certified PCE (%)  Area (cm?)  Year
Al-BSF Rear-texturing n**/p™" 1.58 115 75.0 — 13.7 1.00 2015 [117]
PERL Planar ZTO0 1.64 15.3 64.8 16.3 16.0 1.43 2016 [118]
PERT Rear-texturing  ITO 1.75 17.6 73.8 22.8 225 1.00 2017 [119]
PERT Planar w/o 1.68 16.1 78.0 21.0 20.5 4.00 2018 [120]
PERT Planar w/o 1.66 15.6 68.0 17.6 171 16.00
PERT Rear-texturing ~ wj/o 1.74 16.2 78.0 21.9 21.8 16.00 2018 [121]

FF, fill factor; PCE, power conversion efficiency; Al-BSF, aluminum back surface field

; PERL, passivated emitter and rear locally diffused; ZTO, zinc tin oxide; PERT, passivated

emitter and rear totally diffused; ITO, indium tin oxide; w/o, without; —, not reported.

texture of the bottom cell could be implemented to enhance light
trapping effectively. Compared with their previous report, Werner
et al. [123] introduced a rear-textured SHJ bottom cell to enhance
the EQE spectra in the near-infrared region, improving the current
density of the bottom cell by 0.77 mA/cm?, which resulted in a
steady-state efficiency of 20.5% for an aperture area of 1.43 cm?
[128]. Second, avoiding window layers with high parasitic ab-
sorption such spiro-OMeTAD is a better choice to achieve higher
current densities and efficiencies in monolithic tandems by
adopting an inverted p-i-n perovskite configuration. As shown in
Fig. 8(b), with a stack silicon nanoparticle/silver as the rear
reflector, a bilayer of SnO, and ZTO as the window layer with
minimal parasitic absorption, Bush et al. realized a 23.6% efficient
p-i-n perovskite/rear texturing SH]J with RE tandem cell with
improved stability [129]. It is the first time that a p-i-n structure
tandem with a high Js. of 18.1 mA/cm? is achieved, but the V. is
only 1.65 V. Therefore, further efforts can be made to improve the
performance of tandem cells. Furthermore, with a similar config-
uration, Chen et al. [130] demonstrated that grain engineering was

successfully applied for the achievement of perovskite/silicon tan-
dem cells with a PCE more than 25.4% through combined MACI and
MAH,PO, additives in perovskite precursors.

So far, TCO as an intermediate recombination layer has been
used for the current design of perovskite/Si tandems. However,
high lateral conductivity of TCO promotes shunt paths through the
top cell. For this reason, a hydrogenated nanocrystalline silicon (nc-
Si:H) recombination layer was used, providing sufficient vertical
conductivity while exhibiting low lateral conductivity. As expected,
the low lateral conductivity of the nc-Si:H recombination layer with
a highly anisotropic conductivity enabled a 12.96 cm? tandem cell
with a steady-state efficiency of 18% through mitigating shunt
paths, laying the foundation for high-efficiency large-area perov-
skite/silicon tandem solar cells [ 131]. In addition, the reflection and
parasitic absorption losses can be decreased effectively by the nc-
Si:H recombination junction, in comparison with a commonly
used TCO recombination layer. In detail, the bottom cell photo-
current was increased (>1 mA/cm?) by the application of the p-nc-
Si:H/n-nc-Si:H junction for the n-i-p perovskite/rear-textured SHJ
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Table 3
Summaries of 2T perovskite/SH] tandem cells.

Bottom cell  Substrates Recombination layer Voc (mV) Jo (MA/cm?) FF(%) PCE (%) Steady-state or certified PCE (%) Area (cm?) Year
FE Planar ITO 1.79 14.0 79.5 19.9 18.1 0.16 2015 [122]
1.69 15.8 79.9 214 212 0.17 2015 [123]
FE Planar 1Z0 1.70 16.1 70.9 19.5 19.2 1.22
FE Planar ITO 1.73 153 79 20.6 18 0.03 2017 [124]
FE Planar ITO 1.78 17.82 75 22.8 — 0.13 2017 [126]
FE Rear-texturing 1Z0 1.72 16.4 73.1 20.6 20.5 1.43 2016 [128]
RE Rear-texturing ITO 1.65 18.1 79.0 23.6 23.6" 1.00 2017 [129]
FE Rear-texturing p-nc-Si: H/n-nc-Si:H  1.75 16.8 77.5 228 22.0 0.25 2017 [131]
1.78 16.5 744 21.8 212 143
1.77 16.5 65.4 19.1 18.0 12.96
RE Rear-texturing n-nc-SiOx+ITO 1.79 19.02 74.6 254 25.2° 1.00 2019 [132]
RE Double-side texturing n-nc-Si:H/p-nc-Si:H ~ 1.79 19.5 731 255 2527 1.419 2018 [135]
RE Rear-texturing ITO 1.77 18.4 77 25 - 1 2018 [136]
RE Rear-texturing ITO 1.76 185 78.5 255 - 0.77 2018 [137]
RE Rear-texturing ITO 1.76 19.22 76.5 26.0 25.0° 1 [138]
_ — — — — - — 28 1 2018 [23]

—, not reported; 2T, two-terminal; SHJ, silicon heterojunction; FF, fill factor; PCE, power conversion efficiency; FE, front emitter; ITO, indium tin oxide; IZO, indium zinc oxide;

RE, rear emitter; nc-Si:H, hydrogenated nanocrystalline silicon,
2 Certified efficiencies.

with FE tandem cell in Fig. 8(c). Furthermore, Mazzarella et al. [132]
proposed the use of nc-SiOx:H as the interlayer between the silicon
and perovskite subcells, which reduced the infrared reflection
losses in the tandem cells processed on a flat silicon substrate and
finally resulted in a 1.4 mA/cm? current gain in the silicon bottom
cell.

Unfortunately, to be compatible with the solution-based spin-
coating perovskite absorber, the Js of the tandem cell was limited
owing to the lack of light trapping normally provided by the front
random pyramid texture of the silicon wafer. The simulation re-
sults further indicated that a high-efficiency tandem device with
the double-side texturing Si substrate was an ideal configuration
[133,134]. As expected, based on their previous research about
improved optics in perovskite/silicon tandem cells with a nc-Si:H
recombination junction, Sahli et al. [135] developed the p-i-n
perovskite/double-side texturing SHJ with RE tandem cell with a
current density of 19.5 mA/cm? and a certified steady-state PCE of
25.2% through a hybrid two-step deposition method combining
sequential coevaporation with spin coating to yield conformal

perovskite absorber layers on the micrometer-sized pyramids of
textured SH] bottom cells in Fig. 8(d). Based on the p-i-n
perovskite/rear-textured SHJ] with RE tandem cell, Bush et al. [136]
continued to minimize current and voltage losses to reach 25%
efficient perovskite/silicon tandem cells. In their work, optical
optimizations were realized mainly via thinning out the top
transparent electrode and introducing a polydimethylsiloxane
(PDMS) stamp reflection layer with random, pyramidal texture.
Guided by the same concept, a textured light management (TLM)
foil on the front-side of p-i-n perovskite/rear-textured SHJ with RE
tandem cell was used by Jost et al. [137], and the PCE was
significantly improved from 23.4% to 25.5%. As illustrated in
Table 3, although the Js. of rear-textured tandem cells with the
addition of TLM such as PDMS or foils is still lower than that of
fully textured perovskite/silicon tandem cells, the former may be
another good choice to obtain high-efficiency tandem cells owing
to the simple deposition of perovskite layers with spin coating.
Currently, Oxford PV reported a perovskite/silicon tandem with a
world record PCE of 28% certified by the National Renewable
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Energy Laboratory [23], but there is no detailed information about
their device structure.

4. Conclusion and perspectives

Looking back to the development history of perovskite/c-Si
homojunction tandem cells in recent years, the PCE of meso-
scopic perovskite/c-Si homojunction tandem cells was improved
quickly from 13.7% to 22.5% on 1 cm?. Moreover, the achievement of
the monolithic low-temperature planar perovskite/PERT tandem
cell with a steady-state efficiency of 21.8% on 16 cm? paves a way for
their large-area scale-up. However, in the current design of the
bottom cell, although the passivation techniques have been
applied, the used PERX bottom cell with a V. of ~620 mV is far from
that for an optimized homojunction design. The structural evolu-
tion of perovskite/SH] tandem cells and their progress of perfor-
mance improvement indicate that a SHJ bottom cell with a high V¢
up to 750 mV is an appropriate ¢-Si bottom cell, which has been
used adequately. However, the SH] bottom cell applied in the tan-
dem cells is far below the corresponding parameter of the single-
junction SH] with high performance. Therefore, there is still a
large room for improving tandem solar cells based on SHJ bottom
cells.

A huge progress has been achieved for mesoporous n-i-p, reg-
ular planar n-i-p devices, and inverted planar p-i-n PSCs. For the
mesoporous structure, mesoporous TiOy is typically inserted be-
tween the compact TiOx and perovskite layer to form the inter-
connected nanoparticle network, enhancing the flux of electrons
toward the TCO electrode from the photoabsorber, which benefits
for a high Jc [139,140]. The hysteresis of the planar n-i-p configu-
ration makes it difficult to obtain a reliable PCE owing to charge
accumulation induced by ion migration in the perovskite layer
[141,142]. It is clear that the inverted planar p-i-n perovskite cells
can now yield high efficiency and negligible J-V hysteresis with
fullerene as the electron transport layer and slot-die coating and
roll-to-roll techniques used to produce large-area and flexible de-
vices. However, the band alignment between perovskite and the
hole transport layer leads to an imperfect ohmic contact and a
consequent Vi loss in the inverted planar p-i-n perovskite struc-
ture [143,144]. Taking into consideration the advantages and dis-
advantages of the aforementioned three structures, the planar
perovskite top cell is the main consideration in our following
prediction.

On the basis of previous theoretical work and the state-of-the
art experimental results, we carried out a semiempirical analysis
for the possible and realistic PCE of perovskite/Si tandem cells
under Air Mass 1.5 Global. The performance of single-junction
perovskite and c-Si cells can provide an efficient reference to
evaluate the performance of tandem cells, so the performance
parameters of single-champion junction cells are summarized in
Table 4. To pair a Si bottom cell in a monolithic tandem approach,
the optimum bandgap for the top cell material is E; = 1.6—1.7 eV
[147]. Therefore, as shown in Table 4, the best-performing

Table 4
Performance parameters of single-junction champion devices in our analysis.

9

perovskite top cells with a wide bandgap at low temperature
were used in our deduction. In our analysis, the PCE (V¢ x Jsc x FF/
Pin, where Pj, is the power density of the incident light) is ob-
tained through the following approaches: (i) the Js is assumed to
be half of the Js. of the world record c-Si cell in the entire ab-
sorption range when the current match is well adjusted between
the subcells [148], (ii) the V. is the sum of the subcells, and the
Voc of the subcells in the tandem stack is estimated by the loga-
rithmic dependence of Vi, on the photocurrent density [149,150];
a Vo loss of about 15 mV for the single-junction c-Si cells with the
Jsc reducing from 40 to 21 mA/cm?, a negligible Vo loss for the
perovskite devices with a slight reduction of Js, a Vi loss of about
20 mV mainly due to the electrical loss at the tunneling recom-
bination layer [151], (iii) the FF is assumed to be the state-of-the
art value of the corresponding bottom c-Si [152,153]. Based on
these considerations, the predicted achievable PCEs of perovskite/
Si tandem cells with different device designs are deduced in
Table 5. Current studies about the application of c-Si homo-
junction bottom cells have been focused on traditional c-Si cells
with full-area AI-BSF or PERX cells, and there is no report about
the c-Si homojunction cell with a TOPCon structure as bottom
cells. In our opinion, a TOPCon cell without local contact openings
is another good choice to be an appropriate candidate of the c-Si
homojunction bottom cell, which also presents an excellent
passivation quality through a stack of an ultrathin tunnel oxide
layer and a heavily doped poly-Si layer. The PCE of planar n-i-p
perovskite/n-TOPCon is expected to reach about 33.8% in the
future (Vo = 1.91 V, FF = 83.3%, Jsc = 21.25 mA/cmZ). It should be
noted that p-type PERC devices are one of the dominant solar cell
structures in the PV market today associated with p-type c-Si
wafers, so the advanced industrial technology of the p-PERC de-
vice provides a convenient condition to realize its mass
production.

Generally, the PERC devices as bottom cells are the favorable
choice for the current development of industry owing to compat-
ibility with the production line. On the other hand, TOPCon and SH]J,
both of which demand special requirements on passivation quality,
acting as bottom cells, are the main options for researchers to
obtain devices with high performance. Especially, TOPCon, with the
establishment of mature production line, could be another appro-
priate bottom cell for large-scale production.

In summary, no matter what kind of c-Si cells (traditional c-Si
with full-area Al-BSF, PERX, TOPCon, and SH]J) are selected, they can
be appropriate candidates of the c-Si bottom cell for monolithic
perovskite/silicon tandem solar cells owing to their specific ad-
vantages, and further optimized passivation design of the c-Si
bottom cell should be paid enough attention. The PCEs of corre-
sponding tandem cells are expected to exceed 30%, which is about a
5% increase compared with the single-junction cell with a PCE of
25%. Although there are still many challenges in the development of
tandem cells, such as reliability and upscaling, rapid progress is
being made. We believe the monolithic 2T perovskite/Si tandem
cells with a PCE more than 30% will be achievable.

The detailed subcell structure Voc (V) Jsc (mA/cm?) FF (%) PCE (%) Steady-state or certified PCE (%)
p-PERC 0.696 40.3 814 22.8 [51] /

n-TOPCon 0.725 425 83.3 25.7 [84] /

SH] 0.738 40.8 83.5 25.1 [95] /

Planar n-i-p 1.22 21.2 80.5 20.8 20.7 [145]

Cs0.0sMAo.15FA0 8PD(lo.75Bro.25)3, Eg = 1.65 eV

Planar p-i-n (FAo.g5Pbl; 95)0.85(MAPDBI3)g.15 Eg = 1.62 eV 1.175 21.86 81.37 21.51 20.91 [146]

FF, fill factor; PCE, power conversion efficiency; PERC, passivated emitter and rear cell; TOPCon, tunnel oxide passivated contact; SH], silicon heterojunction.
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Table 5
The predicted achievable PCEs of perovskite/silicon tandem cells.
The bottom cell structure The detailed tandem structure Vo (V) Jsc (mA/cm?) FF (%) PCE (%)
Homojunction Planar p-i-n perovskite/p-PERC 1.836 20.15 814 30.1
Planar n-i-p perovskite/n-TOPCon 1.91 21.25 833 338
Heterojunction Planar n-i-p perovskite/SHJ 1.923 204 83.5 32.8

FF, fill factor; PCE, power conversion efficiency; PERC, passivated emitter and rear cell; TOPCon, tunnel oxide passivated contact; SHJ, silicon heterojunction.
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