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   I.      INTRODUCTION 

Solar Photovoltaic technology is one of the most efficient and sustainable technologies, which 
convert solar energy into reliable and affordable electricity in a one-step conversion process. So, 
a Photovoltaic (abbreviated as PV) cell is a device that transforms incident solar energy into 
electrical energy [1,15]. With an efficiency of 16%, the first silicon solar cell was reported in 
1954 [16] after that in the 1980’s efficiency of the solar cells began to increase. Silicon solar cell 
achieved a milestone of 20% efficiency in 1985 [2]. Efficiency is defined as the ratio of output 
energy taken out from solar cells to the incident light coming from the sun. Performance of solar 
cell can also be compared by this parameter. The efficiency depends on different parameters, 
such as its fabrication process, band gaps of semiconductor material used, temperature, a doping 

Abstract— The tandem Solar cell has high power conversion efficiency (PCE), so they are 
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concentration of semiconductor material, etc. These parameters greatly affect the efficiency of a 
photovoltaic cell. In solar panels, not all the sun’s energy is converted into useful energy, some 
amount of energy is lost by thermalization loss, absorption loss. So, the amount of energy 
convert into useful energy (electricity) by a certain panel is known as the efficiency of solar 
panels. A current is generated when sun rays interact with a solar cell in the panel and that would 
be transferred through the wire and busbars, which they converted into AC (alternating current) 
energy and then this AC is distributed throughout the houses. India's Photovoltaic technological 
capabilities are based on single crystalline silicon solar cell technology [3]. 

For a single junction Silicon Solar cell, the utmost efficiency we can achieve is 32% and this 
limit comes from the thermodynamics limit called the Schockley-Queisser limit. Practically due 
to some effects like internal resistance, reflection from the face of the cell, recombination of 
charge carriers, and others reduce the cell efficiency [4]. If we made a solar cell having very high 
efficiency or very high absorbing material, so that the charge transport & also charge 
recombination is optimized to get maximum efficiency, but due to some limitations we cannot go 
beyond a particular number. Like we need more output power for some applications, the single-
junction solar cell gives 15-20% efficiency which is not sufficient. The maximum energy that 
can be extracted per photon and depend on the band parameters for the semiconductor absorber 
layer, which determines Voc (open-circuit voltage) and VM. Parameters that limit the efficiency 
of the cell: (1) Fraction of solar photon absorbed in the cell (2) Electrical energy created per 
photon. The maximum power of the device is the product of the absorption rate of photons and 
the mean electrical energy created by the photons [14]. Scientists tried a new way to get more 
output power. They arranged solar cells in this way (stacked many solar cells) so they capture 
more energy from the sun. Either of the same kind of solar cell or different kind of solar cell like 
perovskite-perovskite together or perovskite/crystalline silicon together. This presentation of 
solar cell known as Tandem solar cell.  

Different semiconductor materials will have different efficiencies because of different values for 
bandgap. In tandem solar cells, semiconductors with different bandgaps are used, they are more 
efficient than the individual cell on their own. This is because the Tandem cell uses the solar 
spectrum more efficiently rather than conventional silicon solar cell primarily convert 
IR(Infrared) component of light efficiently into electrical energy, whereas certain perovskite 
compound can effectively utilize the visible component of sunlight making this powerful 
combination [5]. There are other newer solar cell technologies that promise lower-cost solar 
power, these are the thin-film vapor-deposited semiconductor-based solar cells. Some solution-
processed solar cells based on hybrid composites, organic and inorganic semiconductors [6,7] 
such as CIGS or CdTe, are referred to as second or third-generation photovoltaics (PVs). 

A Tandem solar cell is made up of various materials such as silicon (monocrystalline, 
polycrystalline, amorphous) [19], perovskite, polymer, dye-sensitized solar cell [20], and 
quantum dot solar cell. Tandem solar cells can be operated as two, three, or four-terminal 
devices. The electrical connections of the tandem solar cell are in series or parallel circuits [17]. 
Tandem device architecture consists of narrow-bandgap (∼1.2 eV) and wide-bandgap (∼1.7−1.9 
eV) layers that have the potential to exceed the SQ (Shockley− Queisser) limit of the single-
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junction device and also capable of reducing losses i.e thermalization loss and proper utilization 
of solar spectrum [8,11]. This is often particularly essential to form efficient tandem solar cells, 
which offer the possibility of surpassing the fundamental Shockley-Queisser limit on the potency 
of a single junction solar cell. Perovskite is maybe an artificial material and most promising 
rising thin-film PV technologies and additionally referred to as 3rd generation PVs. Perovskite 
contains properties like wide absorption spectrum, long transport distance of holes and electrons, 
fast charge separation, high charge mobility, long carrier separation lifetime, and more, hold 
promises for high efficiencies and also reduce processing cost [18].  

Few Reviews have been Published that summarize the event of the perovskite Solar cell. 
Improvement of PCE (Power Conversion Efficiency) has been the main driver of research so far. 
Herein, we present a review on the potency of different configurations of tandem solar cells and 
factors that affect the potency of various configurations. Based on perovskite multijunction solar 
cells we discuss here module configurations 2T, 3T, and 4T. The three-terminal (3T) tandem 
solar cell can overcome the limitations of two-terminal (2T) and four-terminal (4T) solar cell 
designs. A brief description of the three-terminal tandem solar cell is discussed in section IV and 
also shown that three-terminal devices can work on efficiency above 30% if properly designed. 
We compare the efficiency of different module configurations of a perovskite/silicon tandem 
solar cell because efficiency is a parameter that aggregates many parameters like fundamental 
properties of the material, fill factor, open-circuit voltage, short-circuit current, and 
manufacturing defects. 

II.    TANDEM SOLAR CELLS 

There are Energy losses during the conversion of solar energy into electrical energy are 
thermalization losses and transmission losses. To overcome or reduce these losses several 
strategies exist such as hot-carrier solar cell, intermediate band solar cell, multijunction, or 
tandem solar cell. These multijunction cells are the only concept which surpasses the SQ limit 
and reached industrial applications. Thermalization loss occurs when an electron is excited by a 
photon with energy higher than the band-gap energy. Transmission loss occurs when photons are 
not absorbed due to lower bandgap as shown in figure 1(a) but when we stack two or more layers 
this loss can be reduced. For this the band-gap of first layer should be wide, so that photons 
having low-energy can pass the first layer and second layer should have lower band-gap. This is 
how tandem configuration reduces thermalization and transmission losses [21].  
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Figure 1: (a) Thermalization and transmission losses. (b) showing energy and functional layers of 
organic tandem solar cell. Interconnecting layer form by stack ETL/HTL between sub-cells [22]. 

Understanding of tandem solar cell is very simple, as tandem solar cell consist of stacked layered 
structure, these layers have tunable bandgaps and arrangement of these layers in such a way to 
reduce the losses corresponding to single-junction cells. Also, increasing the number of junctions 
may leads to decrease the absorption loss and also increase the overall spectral sensitivity of the 
device. Thickness of these layers can also have great impact on the performance of tandem solar 
cell, also each sub-cell should have to be current matched [23]. The stacking process of tandem 
junctions can be done mechanically. There is a limitation of monolithically grown tandem 
devices, as mismatching of lattice parameter and thermal expansion coefficients of the material 
used [24]. As shown in figure 1(b), layers of tandem can be stacked electrically and optically. 
The Interconnecting layer (ICL) is an optically transparent which support the photocurrent by 
passing the light and for the recombination of electron and holes make electric contact with the 
adjacent photoactive layers. In the adjacent photoactive layers, the fermi level of the HTL (Hole-
transporting layer) and the ETL (Electron-transporting layer) jointly form the ICL must match 
the levels of highest occupied molecular orbital (HOMO) and lowest unoccupied molecular 
orbital (LUMO). Voltage losses and low resistance should not cause by the ICL layer. The sum 
of open circuit current of sub cell is equal to the open circuit current of tandem solar cell and the 
induced photocurrent is short by generation of less current by the sub-cells [22].  

The metamorphosis of photon to electron, the external quantum efficiency is defined as the 
incident photons of a particular wavelength to the number of electrons produced by an external 
circuit. Expression for EQE is given by equation (1) [25]. 

EQE (λ) = ⴄA (λ ) × ⴄ ED( λ) × ⴄCD( λ) × ⴄCC( λ)       (1)                      

The PCE (power conversion efficiency), ⴄ (%), of a photovoltaic device is given by the equation 

ⴄ = (J sc × Voc × FF)/(Pin)          (2) 

where Jsc is the short-circuit current density, Voc is the open-circuit voltage, FF is the fill factor, 
and Pin is the power of incident light. VOC is the maximum potential at which there is no current, 
Jsc is influenced by the breadth of the light absorption spectrum, the extent of light absorption, 
and the morphology of the active layer. A thickness of the active layer is defined how much light 
is absorbed. What is best in tandem technology is we can integrate top and bottom cells in 
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multiple ways. This various module configuration assumes different material systems, 
fabrication methods, bandgaps, cell structures and many others. Classification of tandem solar 
cells can be depending on the interconnection schemes or on the fabrication. Herein figure 2, we 
classify the tandem solar cell as type A and type B based on number of transparent conductive 
electrodes (TCEs) [26,27]. In figure 2 (a) two-terminal monolithic tandem is shown which grown 
on a single substrate. As this configuration requires a smaller number of processing steps, 
interconnections and layers, this can be used as commercial products. 

  

Figure 2: Configuration of tandem solar cell based on number of TCEs and terminal connections: 
(a) type A: Two-terminal monolithic with single TCE (b) Two-terminal mechanically stacked 
with two TCE and falls in Type B (c) Three-terminal monolithically stack (d) four-terminal 
mechanically stack (e) and the last one which falls in type B is four-terminal spectrum-split [27]. 
 
In Series connected two-terminal (2T) configuration, the generated carriers transport from one 
sub-cell to another sub-cell through the conductive layer. As the sub-cells are connected in 
series, they need to match the current and the material having suitable bandgap is used, which 
limits the choice of material. 2T connection imposes an important boundary condition - that the 
current in both sub-cells must remain equal [28]. This condition requires precise current 
matching to achieve optimal output power.  The two-terminal (2T) device is difficult to fabricate, 
problems face to fabricate 2T are (1) Current should be matched for both sub-cells. (2) 
fabrication of recombination layers with a minimal loss between the cells. (3) optical 
management within the tandem. Research and development of monolithic two-terminal device 
(Type A solar cell is shown in figure 5(a)) are challenging because it requires precise optical and 
current matching between individual devices and requires compatibility processing step with all 
preceding layers and interfaces. Device isolation for type A configuration is also challenging 
because it requires an auxiliary element like TCO, without this element stacking is almost 
impossible. Over monolithically stacked 2T the mechanically stacked 2T (shown in figure 2(b)) 
have an advantage by adjusting the area of solar cell so that the current matching requirement 
can be relaxed, also the interfacial tunneling is removed. Hence these mechanically stacked 2T 
require more TCE layers and also reduces optical losses. 

Next in figure 2 (d) is mechanically stacked four-terminal tandem, in this the sub cell are 
vertically stacked but an advantage of this 4T is all the terminals of sub cell are operated 
individually to get the maximum power. This four-terminal device works like two diodes means 
the incident light is split into two diodes and these diodes works electrically independent. 4T also 
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have a wide variety of bandgaps, so the energy conversion efficiency can exceed upto 40%. The 
total power conversion efficiency for 4T can be calculated by the power generated by these 
diodes independently and then sum up. Another configuration in figure 2(e) is four-terminal 
spectrum split. It has its own advantage of flexibility, it also operates as stand-alone solar cell, 
reduces the optical losses as it requires only two TCEs instead of three TCEs as in mechanically 
stacked 4T. 

The last configuration left in figure 2(c) is three-terminal monolithically stacked tandem, it is 
similar to 2T device only the difference is it requires an interdigitated back contact (IBC) bottom 
cell having two contact of opposite polarity on the back [29]. It is understood that 2T tandem cell 
with a single front-back (FB) circuit, where two cells are connected with a transparent 
conducting adhesive (TCA) or with tunnel junction (TJ), and an additional second terminal is 
created at the bottom cell, but these two are not independent [29,30]. In the 3T configuration, the 
two circuits share a terminal, therefore they are not independent and cannot be measured 
separately, with their outputs added. 

The short-circuit current is the factor by which power conversion efficiency of the tandem solar 
cell is determined. So, the maximum power conversion efficiency is depending on the short-
circuit current of top and bottom diode bandgap combinations. The short-circuit current of 
tandem solar cell is said to be matched if the short-circuit current of both top and bottom diode is 
equal. Assuming the tandem cell has been optimized for AM1.5, this will pass through the top-
cell and generate the most current in the bottom-cell, An Air Mass 1.5 spectrum is used as a 
standardized optical input spectrum [53]. The theoretical efficiency limit for a tandem solar cell 
under unconcentrated sunlight (AM1.5 spectrum) is 47% markedly higher than the Schockley-
Quiesser limit of 31% for a single-junction cell under unconcentrated sunlight.  
 

III     PEROVSKITE BASED MULTIJUNCTION SOLAR CELL  

A Russian mineralogist whose name is L.A. Perovski, and perovskite is the mineral (CaTiO3) 
named after him. The structure of perovskite consists a compound ABX3, where A is some 
organic/inorganic cation, B is some heavy metal and X denotes halogen family such as Cl, Br 
[9,12]. The highest reported efficiency perovskite material is lead methylammonium lead 
triiodide (CH3NH3PbI3, MALI), with a bandgap of ~1.50- 1.57eV. The bandgap (Eg) of the 
perovskite material can be continuously tuned by simple compositional substitution from around 
1.6 to 2.3 eV [10,13]. Material having a smaller bandgap is necessary for yielding the wider 
range of the solar spectrum [28]. A thin layer of 2mm of perovskite absorbed most of the 
incoming light, suitable for the high-efficiency solid-state sensitized solar cells. The charge 
accumulation is linearly depending on current. One of the properties of perovskite is charge 
accumulation and we identified this by the impedance measurement. The wavelength is expected 
to be around 826nm for absorption based on the band-gap energy. 

Transparent contacts and recombination layers for perovskite Tandems: Two critical 
requirements for transparent contact and recombination layers in a tandem device, (1) high 
transmittance (2) minimal electrical losses. The two are interrelated and the choice of material 
depends on tandem configuration layer sensitivity to various deposition methods and the choice 
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of adjacent charge selective transport layers. The top contact of tandem solar cell must have great 
transparency. The rear and front contact of top and bottom cell should be transparent for sub-
bandgap light from the near IR onwards in 4T tandem. All contact must minimize voltage losses. 
The choice of material for each contact is dependent on several factors including bandgap 
alignment, temperature/impact sensitivity of the underlying cell layer, and location in the tandem 
stack. 

IV   PEROVSKITE/SILICON MULTIJUNCTION SOLAR CELL 

In this topic we discussed the recent progress of monolithic Perovskite/silicon tandem solar cell. 
up to now we have already discussed about some of the parameters i.e power conversion 
efficiency, top-cell performance, bandgaps etc. all effect the performance of tandem solar cell. 
For the single-junction perovskite solar cell the power conversion efficiency (PCE) has been 
reached to 22.7% [57]. Already several papers already explain the performance and different 
tandem configurations (2T, 4T) [64]. As we discuss this earlier that 4T tandem doesn’t require 
any electrical coupling or current matching and for optical coupling only require the top-cell to 
be made of semi-transparent, hence it is easier to prototype. This explains why 4T was first to 
choose to record single-junction Si efficiencies (26.4%) in early 2017 [65]. In section II we also 
discussed how challenging is to fabricate 2T tandem. The first 2T perovskite/Si with the 
efficiency of 13.7% is disclose in 2015 [66]. This was based on conventional crystallized p++-Si/ 
n++-Si tunneling layer, which gives Voc of 1.6V and fill factor is 0.75 with the short-circuit 
current density (Jsc) of 11.5 mA cm-2 results with the efficiency of ≈13.7% [66]. The recent best 
recorded efficiency for 2T perovskite/Si tandem is ≈28%, this is also better for 4T perovskite/Si 
tandem not only for single-junction Si record [65]. But this technique also has a limitation that 
they require a post-treatment at high temperature by which they activate the dopants in the 
tunneling layer. Due to which this technique needs a temperature tolerant silicon sub cell. To 
handle this problem a tunnel junction of a hydrogenated nanocrystalline silicon is fabricated by 
the process of plasma -enhanced chemical vapor deposition (PECVD), used silane gas diluted 
with hydrogen. By the implementation of tunnel junction in such a way that drive the efficiency 
to ≈22% and this also brings improvement in short-circuit current density to over 16mA-2 [67]. 

Figure 3 depicts plots of theoretical double-junction tandem solar cell power conversion 
efficiencies (PCEs) versus bottom and top cell bandgaps in both monolithic two-terminal (2T) 
(Fig. 3a) and mechanically stacked four-terminal (4T) configurations (Fig. 3b) along with the 
bandgap combinations used in current state-of-the-art perovskite-based tandems. Theoritical 
efficiency limit calculated with thickness of different sub cell, each bandgap combination picked 
to optimize the performance for 2T tandems. Grey shading signifies anything below the SQ limit 
of 32% for a SJ with a 1.1 eV bandgap, indicating where there is no efficiency gain in building a 
tandem device. The metal halide perovskite semiconductors are accessible by the dotted white 
line mark the lowest bandgap currently. The theoretical efficiency was calculated as follows. The 
short-circuit current was calculated by integrating the AM1.5G spectrum assuming 100% EQE 
above the bandgap. The reverse saturation current was calculated from detailed balance as by 
Shockley Queisser in 1961[70] assuming 100% radiative emission. Assuming the ideal diode 
equation applies, an I-V curve was simulated from these quantities. To determine a tandem 
efficiency first taken the short-circuit current in the wide-band gap cell or half the current 
produced by the low-gap (whichever is smaller) then to combine the I-V curve of two sub cell 
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Kirchhoff’s rule is applied for a monolithic (series-connected) tandem. For mechanically stacked 
device, the efficiency was simply taken as the sum of the best possible sub cell efficiencies and 
also constraints do not apply.  

2T tandems consist of two series-connected sub cell of different bandgaps, so that the current 
through each sub cell must be identical, resulting in a ‘current matching’ requirement. Because 
4T tandems are not necessarily connected in series, they are not limited by current matching, 
making them less sensitive to the exact bandgap combination chosen. They are easier to 
prototype, but suffer from parasitic absorption and reflections from additional transparent 
reflections and interfaces, which should ultimately result in lower practical efficiencies. The 
figure below demonstrates that it is critical to select absorbers with appropriate bandgaps for 
both sub cell, especially when developing 2T tandems, and that bandgap combinations with high 
efficiency limits are readily accessible for metal halide perovskite absorbers. 

(a) (b)                        

Figure 3: (a) Theoretical efficiency limit for 2T tandems (b) Theoretical efficiency limit for 4T 
tandems.  

The black dotted line in Fig. a,b represents the ~1.1 eV bandgap of c-Si. These could be ideally 
paired with perovskites in the 1.6–1.75 eV range to yield limiting performances of ~44%. This 
type of ‘hybrid’ tandem approach, where perovskites provide a boost in efficiency for little 
additional cost, presents an exciting path to delivering higher-efficiency panels without 
significant additional costs or changes to existing c-Si manufacturing lines and supply chains. As 
a result, the perovskite–Si tandem has been the focus of a great deal of research and has recently 
reached efficiencies of 23.6%18 and 26.4% in 2T and 4T configurations, respectively, 
approaching the world record c-Si performance of 26.6%. 

A.   2T Perovskite/silicon Tandem solar cell 

Efficiency of 25 to 26% is achieved with the use of TCO recombination layer, this has been one 
of the highest recorded efficiency for 2T tandem [68,69] and for the large-area (16 cm2) tandem 
solar cell the highest recorded efficiency is 21.8% which can be achieved without using of 
interlayer [64]. In the 2T monolithically integrated device, the top sub cell is directly processed 
on the bottom sub cell shown in figure 4(a). In 2015 the first working 2T perovskite/Si tandem 
based on conventional crystallized p++-Si/ n++-Si tunneling layer with the efficiency of 13.7% 
is reported, this configuration results with Voc≈ 1.6V and fill-factor = 0.75 as shown in figure 
5(a). They fabricated a standard mesoporous MAPbI3-based sub cell with silver nanowires 
(AgNWs), Spiro-OMeTAD and TiO2 acting as front contact, HSL and ESL, respectively, on top 
of an n-type Si sub cell. To allow the recombination of electrons from perovskite passing through 
the TiO2 film with holes arising from the Si-based sub cell, they utilized an n++/p++ tunnel 
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junction. The process used for the deposition of this layer is plasma-enhanced chemical vapor 
deposition, in this layer a heavily doped n++ hydrogenated amorphous silicon is combined with 
p++ Si emitter. The performance of this device has a moderate hysteresis (13.7%), which is 
probably due to the use of non-state-of-the-art perovskite and silicon material.  

To fabricate double-junction devices based on the best-performing silicon technology, i.e., the a-
Si:H/c-Si silicon heterojunction (SHJ), the device needs to work at temperatures below 200C to 
prevent undesirable H mobility at the a-Si:H layer. With this in mind, in [63] reported a low-
temperature approach for the complete fabrication process of the tandem device. They replaced 
the standard TiO2 ESL, which requires a 5000C annealing, by an SnO2 ESL deposited at room 
temperature by atomic layer deposition (ALD). In this case, the recombination layer. between 
sub cell is formed by SnO2 and ITO film. Moreover, better-quality perovskite composition, 
FAyMA1-yPbIxBr3-x, and a Spiro-OMeTAD/MoO3/ITO front contact were used to prepare the 
top cell. The perovskite/Si tandem solar cell pushes the performance to a stabilized PCE 18.1% 
by the combination of those improvements. In addition, in [62] showed that low-temperature 
organic PEIE/ PCBM ESL could be used to substitute the standard TiO2 ESL in order to attain 
devices with a recombination layer based on indium zinc oxide (IZO) between perovskite and 
SHJ sub cell [62]. The deposition of MoOx, hydrogenated In2O3 and transparent front contact of 
ITO is used to yield high current with negligible hysteresis (19.2%). As pointed out by the 
exhaustive work of Filipic and others, [61,54,50] the use of randomly distributed pyramids to 
texture the c-Si surface reduces the reflection and increases the optical path length in the cell. 
Indeed, [79] make use of this effect to increase the efficiency of a 1.43 cm2 two-terminal 
perovskite/silicon tandem device from 19.2%70 to 20.5% (Figures 5(d)) [49]. Nevertheless, 
concerns over the long stability of this tandem configuration arise, since the MoOx HSL may 
react with the perovskite. More recently, the experimental demonstration of a more stable 
perovskite, with Cs0.17FA0.83Pb (Br0.17I0.83)3 formulation,[48] has opened the path to a record 
perovskite/silicon double-junction device, they made a perovskite solar cell in which the thermal 
and moisture stability of the perovskite compound tolerates the sequential deposition of SnO2, 
ZTO, and ITO by ALD, pulsed-chemical vapor deposition, and sputtering, respectively, as 
electron selective front contact of the solar cell. This transparent contact window ensures 
negligible parasitic absorption and acts as a diffusion barrier, leading to 23.6% efficiency.  

The sub cell are connected with an interconnecting layer in a monolithic perovskite/Si tandem 
solar cell. This layer recombines completely opposite holes and electrons from the hole transport 
layer and electron transport layer from bottom and top sub cell, respectively. Neglected voltage-
loss should be achieved by an excellent interconnecting layer. some demands are need for the 
recombination layer (1) to reduce the electrical losses electron and holes are collected from the 
different transport layer by the work function of the recombination layers (2) without damage to 
the lower layer, recombination layer need to be manufactured at very low temperature (3) to 
induce the current loss [72], the absorption of bottom cells doesn’t affect by the transmittance of 
recombination layer, so that recombination layer must have high transmittance. TMO is the 
excellent material which have demanded above properties (low sheet resistance, high 
transmittance, high conductivity). Some popular material for recombination layers is ITO, IZO 
and AZO. A voltage loss would be induced because of low shunt resistance of TMOs. There are 
many candidates for the recombination layer which deposited at very low temperature having 
high shunt resistance by the process of plasma-enhanced CVD such as n type and ptype Si, dopes 
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silicon, amorphous silicon. At very low manufacturing cost and very low temperature the above-
mentioned materials are replaced by the doped molecule which are combined with lower and 
upper transparent layer i.e, m-PEDOT: PSS/PH1,000/ZnO and Spiro-OMeTAD/PEDOT: 
PSS/PEI/PCBM: PEI. A strategy by which we could easy manufacturing technology by simply 
combining the two layers from different cells, hole transport layer and electron transport layer. 
Thus, the recombination layer must provide very good selectivity for the respective charge 
carriers as well as the favorable energetic alignment for lossless photovoltage addition and low 
series resistance [73]. Furthermore, it must also provide high optical transparency for the bottom 
cell (NIR). 

 (a)                (b)         

          (c)                      (d)   

(e)  

Fig 4: (a) Schematic of 2T perovskite/Si tandem, (b) J–V curve (c) EQE spectra for 2T 
perovskite/Si tandem solar cell. the total absorbance(1-R) is represented by dashed-grey line, 
the solid blue line represents EQE and the red line represents the transmittance. The total 
current density of the tandem is the sum of transmittance and the EQE. The light-grey shaded 
area represents the parasitic absorption loss and the associated current density losses are 
indicated [37,9]. (d) IZO as recombination layer with the area of 1.43 cm2 (e) theoretical 
maximum power conversion efficiency for 2T and 4T tandem [55]. 

The combination of perovskite and silicon solar cells in tandem configurations is of great interest 
due to the possibility of boosting efficiencies above 30% while reducing the cost per kilowatt. 
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The first four-terminal perovskite/Si tandem solar cell was reported in 2014 with a power 
conversion efficiency of 17.9% [33]. In a double-junction solar cell Efficiency becomes 24% by 
including an interdigitated back contact (IBC) silicon cell, for the mechanically stacked steady-
state efficiency is found 24.5% with the best alignment of top and bottom cell having bandgap 
1.7eV fot top and 1.1eV for bottom cell. The most common used perovskite material is MAPbI3 
(bandgap=1.55eV) [57], but this is not the optimum choice for perovskite-silicon multijunction 
solar cell. On compare with opaque with the cell efficiency 17.4%, the semi-transparent 
perovskite cell shows a steady state efficiency 16.0% and for the wavelength of 720-1100 nm, 
the transparency is found 84%. The IBC solar cell retained 10.4% efficiency with semi-
transparent perovskite cell and 23.9% efficiency with single -cell [35]. So, 26.4% efficiency is 
the total efficiency for the mechanically stacked multijunction, whereas for 4T mechanically 
stacked perovskite/Si tandem solar cell the maximum efficiency is so far [35]. As shown in 
above figure 4(e), this optical simulation shows the most efficient bandgap alignment of both top 
(1.7eV) and bottom cell (1.1eV) in double-junction solar cell [56]. As we just discussed above 
that the commonly used perovskite material (MAPbI3) has bandgap 1.55eV [57] and not a good 
choice for perovskite/Si tandem solar cell. To get a higher bandgap perovskite by replacing the 
iodide to bromide (Br) in MAPbI3. However, by mixing these halides, the cell performance is 
decrease due to phase segregation under the illumination. The top cell is directly integrated with 
the bottom cell in 2T monolithically tandem device. Lesser number of transparent electrode 
required is also an advantage for 4T. Transparent electrodes have the advantage that they reduce 
the manufacturing cost and also reduces the parasitic loss. However, the major concern is the 
tunnel junction between the two sub cell [58].  

4T multijunction device required three transparent electrodes rather than this 2T require only one 
transparent electrode. The parasitic loss in the transparent electrode and the reducing cost of 
manufacturing are the advantages. The first perovskite a silicon monolithic multijunction solar 
cell was fabricated in 2015 with the efficiency of 13.7% and Voc is 1.56V. To fabricate double-
junction devices based on the best-performing silicon technology, i.e., the a-Si: H/c-Si silicon 
heterojunction (SHJ), the device needs to work at temperatures below 2000 C to prevent 
undesirable mobility at the a-Si: H layer. Moreover, better-quality perovskite composition, 
FAyMA1-yPbIxBr3-x, and a Spiro-OMeTAD/MoO3/ITO front contact were used to prepare the 
top cell. The combination of those improvements pushes the perovskite/Si tandem solar cell 
performance to a stabilized PCE of 18.1% [36]. 

B.   4T perovskite/Si Tandem solar cell 

The four-terminal mechanically stacked tandem based on perovskite/Si is first reported in 2014, 
in this architecture a transparent silver nanowire is used as a back contact and for the top sub cell 
a standard FTO/TiO2/perovskite/spiroOMeTAD is used [47]. This architecture results the 
efficiency of 12.7% and the transmittance is 60-70% in the wavelength range of 800 to 1200nm. 
In the figure 5A Four-Terminal perovskite/silicon tandem solar cell is shown and in 5B the 
performance of multi-crystalline silicon solar cell with efficiency of 11.4% as a rear device and 
the improved performance with efficiency of 17% is shown. Another approach for the 4T 
perovskite solar cell is using a Transparent Conductive oxide (TCO) as back contact [46], and on 
ITCO transparent contact, a buffer layer of MoOx is deposited by doing this an efficiency of 
13.4% is achieved. The performance is also optimized further and achieve efficiency to 20.1% 
[45]. Approach for improving the efficiency is continued, another approach which shows the 
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efficiency of 22.8% [44] used an IZO in place of ITO as back contact and also, they place 
perovskite based top cell on the top of amorphous-Si/crystalline-Si device. The efficiency of 
four-terminal tandem solar cell is increased up to 25.2% and 23% for the area 0.25cm2 and 1cm2 
by using a textured SHJ as back sub cell [49]. Another idea for the improvement of performance 
is given by [43], they used a chemical reaction in between the MoOx and iodide that ward off the 
damage by ITO sputtering process. By this 18% efficiency achieved by mechanically stacked 
MAPbI3/c-silicon tandem which is stable at high (1000C) temperature. 

  

(D)  (e)  (f)  

Figure 5: (A) Structure of Four-Terminal perovskite/silicon tandem solar cell (B) J-V curve (C) 
Silver nanowire are used as transparent rear contact in perovskite/CIGS [9]. (d) an optical 
splitting system. (e) record of mechanically stacked four-terminal perovskite/silicon tandem (f) 
EQE spectra. 

MAPbI3 is consider as the optimum material as we discussed earlier but it has low bandgap of 
1.6eV which is very less from the optimum bandgap (1.75 eV) [90], when we consider Si 
devices an optimum bandgap is needed, so a perovskite material FA0.83Cs0.17Pb(I0.6Br0.4)3 with 
bandgap 1.74eV is used as a filter for SHJ cell. This architecture proposed power conversion 
efficiency 22.4% [42]. This idea has been followed further [41], for enhance the formulation of 
perovskite. They add Rb in the above perovskite material composition Rb-
FA0.75MA0.15Cs0.1PbI2Br and obtain bandgap (1.73 eV), by this the stability is improved and also 
used in the application in a double-junction configuration. Next approach is to use an 
interdigitated back contact (IBC) which leads the efficiency to 23.6 % for four-terminal 
perovskite/Si and also negligible hysteresis as shown in figure 6(f) and 6(e). the optical coupling 
is good for the achievement of four-terminal tandem rather than mechanically stacked. In 2015 a 
dichroic mirror [34] is used for splitting the sunlight, they found that the photons having short 
wavelength are reflected and photons having long-wavelength are transmitted. They using a 
standard FTO/TiO2/MAPbI3/Spiro/Au solar cell with an SHJ device [34]. Wavelength less than 
550nm are reflects to the perovskite device and the wavelength greater than 550 nm are 
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transmitted towards the SHJ device by using an optical splitter, achieve an efficiency of 28%. J-
V characteristics for this as shown in figure 6 (d). Moderate performance is observed on using 
the bandgap of 1.6 eV but this attains poor voltage, so perovskite material MAPbI3 is replace 
with MAPbBr3 (Eg = 2.3 eV) [32]. Also in this paper [32] first time MAPbBr3- and a MAPbI3 are 
optically coupled and reached the efficiency 13.4% in full perovskite tandem device. Dye-
sensitized tandem solar cell is used instead of silicon cell [31], by this so short-circuit current 
density is to 30.3 mA/cm2 also it is capable of gather the photons around 1100nm which is 
similar to silicon. PCE for DSSC is 10.2% with Voc 0.556. With the use of DSSC optically 
coupled four-terminal tandem performance is 21.5% whereas we discuss that SHJ optically 
coupled four-terminal obtain 28% [34]. 

For the improvement of performance of solar cell recombination of charge carriers should be 
reduced. Recently in [59] this paper they fabricate a perovskite film of very high quality 
polycrystalline MAPbI3. Surface passivation of n-trioctylphosphine oxide (TOPO) is used that 
helps to reduce the recombination [59,60], it also improves the power conversion efficiency from 
24.3 to 27.9% and increase the internal photoluminescence quantum efficiency over 90%. After 
the surface passivation the fermi-level is splitting of 1.28 eV, if this surface passivation is 
properly passivated indicates the maximum voc of 1.28 V. Moving forward by the deposition of 
hydrogenated In2O3 and transparent ITO the device shows the efficiency of 19.2%, yield high 
current and negligible hysteresis of arear 1.22 cm2. Recently an experiment testament, the 
perovskite material is formulated (Cs0.17FA0.83Pb(Br0.17I0.83)3 which is more thermally and 
moisture stable [37], and also tolerate the deposition of SnO2, ZTO, and ITO by ALD, pulsed-
chemical vapor deposition, and sputtering. This leads to the efficiency of 23.6% with zero 
parasitic absorption.  

C.   3T perovskite/Si tandem solar cell 

In this we introduce another configuration of tandem solar cell, three-terminal (3T) monolithic 
tandem solar cell whose architecture is shown in figure 6(a). this monolithic 3T consist of top 
cell of methylammonium lead halide with the material bandgap of 1.6eV and bottom cell of 
crystalline Si heterojunction-with-intrinsic-thin-film (HIT). In 3T configuration there is an 
auxiliary electrode which collecting the current and also acts as recombination layer and material 
used for this electrode is ITO film. For 3T J-V and EQE curves are shown in figure 6(b) and 
6(c), by these curves we easily observed he current mismatching in between the sub cell [75]. 
The top sub cell must have properties of high absorbing photon material such as film of 
methylammonium lead iodide (MAPbI3). The top sub cell consisted of stacked layers of NiO (15 
nm)/ perovskite (450 nm)/[6,6]-phenyl-C(61)-butyric acid methyl ester (PCBM; 20 nm)/ZnO (20 
nm)/ITO (300 nm)/Ag (150 nm, grid), shown in figure 6(a) left. An ITO layer plays the same 
role as similar to other multijunction solar cells as recombination layer where from each sub cell 
holes and electrons are coming. As shown in figure 6(a) architecture of three-terminal consists of 
front and back contact of top cell, an additional front for majority carrier and IBC contact for 
bottom cell. So as shown in figure 6(a) the external three contacts of the tandem cell are 
connected with two circuits. The three contacts are (1) the front-back circuit connects the front 
contact of top cell to the rear contact of p-contact (2) interdigitated back contact connects the rear 
contacts of n and p-contact. So, in this 3T configuration there is no need of current matching, no 
intermediate contacts, also it is compatible with mechanically stack or monolithically growth 
[29, 30]. 
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(a)             (b)         

        (c)       

Figure 6: (a) Schematic of three-terminal perovskite/Si tandem solar cell (at the right side) and at 
the left side the FESEM image of perovskite top and bottom cell (b) J-V curve for each sub cell 
(c) EQE spectra of three-terminal tandem measured without any bias [40] 

In above figure of 6(b) curves for each sub cell is presents for three-terminal tandem solar cell, 
by this J-V curve we easily determine the current difference between each sub cell, also 
determine the current-limiting for each sub cell. EQE spectra as shown in figure 6(c), is the 
efficient way by which we can determine matching current density and also short-circuit current 
density. As shown in above figure 6(b) which represents the short-circuit current density of top 
cell is 16.10 mA cm2 and for bottom cell 19.41 mA cm2, this indicate that the current-limiting of 
perovskite top cell and that short-circuit current density (16.31 mA cm-2) of tandem solar cell 
should be as same for top cell. this seems that Jsc of tandem solar cell is increased for the 
increase in Jsc of top cell. The total Voc of tandem is equal to the sum of Voc of sub cell, here 
the tandem Voc is 1.49 V and the Voc for top and bottom cell is 1.03 and 0.46 V (total Voc= 
1.03+0.46). Next in figure 7 represents the optical properties of three-terminal monolithic 
tandem solar cell for different thickness of recombination layer. To minimize the reflection loss 
an anti-reflection film is deposited. In these figures 7 (A-C) of J-V curves with different 
thickness of recombination layer, the other parameters are reflected shown in the table 1. 
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Figure 7: (A) with thickness of 10nm (B) with thickness of 50nm (C) with thickness of 80nm of 
recombination layer (D) EQE spectra for these sub cell using three-terminal tandem (D) 
reflectance spectra of tandem solar cell without using of Ag electrode. 

 Thickness 
(nm) 

Jsc (mA 
cm−2) 

Voc (V) FF PCE (%) Corrected 
PCE by 
EQE (%) 

Si 10 19.78 0.57 0.54 6.04  
PVSK  18.46 1.05 0.68 13.26  
Tandem  18.74 1.66 0.72 22.54 21.41 
Si 50 18.56 0.59 0.63 6.82  
PVSK  18.91 1.04 0.72 14.18  
Tandem  18.48 1.65 0.78 23.78 21.49 
Si 80 17.82 0.59 0.63 6.63  
PVSK  18.89 1.03 0.72 14.02  
Tandem  17.80 1.63 0.79 22.91 20.58 

 

Table 1: Parameters summarized for different thickness of recombination layer shown in figure 
7.  

Parameter are affected by the thickness of recombination layer like current density, also change 
in reflectance. The current density is decrease with the increase in the thickness of ITO layer 
whereas thickness effect is more on bottom cell. The current matching affects the fill factor such 
as limits of current density of bottom and top cell are 80nm and 10nm device. For the 10nm 
device the fill factor is lower by ~ 10% as compare to other devices. While Voc doesn’t have 
direct dependency on ITO thickness [74]. So, for the thickness of 10nm, 50nm, 80nm the overall 
device efficiencies are 22.54%, 23.78%, and 22.91% measured from the J-V curves a shown in 
above (Fig 7). It is clearly shown by the J-V curves that current density is perfectly matched for 
the thickness of 50nm recombination layer, in the curve of EQE spectrum shown in above figure 
7(D) reveals the different results. When we observed the ITO thickness and EQE curve for the 
bottom cell, the current density is overestimated during the measurement of J-V curve. Observed 
the table 1, there is decrease in the difference between the current densities of each sub cell on 
decreasing the thickness of ITO layer. Overall, the result is that the performance of tandem solar 
cell is affected by (1) ITO layer sheet resistance (2) thickness. Lesser the thickness layer of ITO 
lesser is the optical (reflection and absorption) losses. 
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Up to now we discussed different configurations of perovskite/Silicon tandem solar cells, 2T, 3T, 
4T. We discussed advantages and disadvantages of these configurations. We came to know that 
3T is almost optically similar to 2T perovskite/Si tandem solar cell only an additional contact is 
present in 3T. also there is no current matching is required for both sub cell as need of 2T 
perovskite/Si tandem. In 3T the photocurrent density could be increased by the increase in the 
thickness of absorber layer [38]. We can easily observe the current mismatch in 3T configuration 
by J-V and EQE curves. In 2T tandem the top perovskite behaves optically, absorbing absorbing 
most of the light before 800 nm and still exposing at longer wavelengths the parasitically 
absorptive behavior of the poly-SiOx layers [39]. For the 2T tandem you can easily measure the 
maximum power of the tandem solar cell by using J-V curve whereas in 3T tandem solar cells 
total maximum power is optimized when front cell and Si IBC are at their maximum power 
point. But in case of 4T the optimization of sub cell with the Si cell are independently because 
from the Si front contact lateral current extraction are not allowed by the sub cell. In 
mechanically stacked 4T device due to extraction of current through metal-gride there is no 
substantial power loss. Whereas, at the module level this is significant. Table 2 is shown below, 
observes that 3T tandem efficiency exceeds 4T. 

Table 2: Under the AM1.5G illumination comparing the performances of 2T, 3T, 4T for 
GaInP/Si tandem cell.  
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     (c)    

Figure 8: (a) For 2T, 3T, 4T tandem configuration, total tandem efficiency for GaInP/Si tandem 
(b) For 3T, under different spectra efficiency of each component (c) based on Si bottom cell, 
ideal solar cell efficiencies for 2T, 3T, 4T as a function of bandgap of top cell. 

As we already discussed that in 3T tandem an additional contact is present which offers an 
additional degree of freedom due to which the 3T system is not fully covered by single J-V 
curve. In the IBC mode the current is collected in between the back n-contact and the p-contact, 
whereas there is no current is collected at the top contact. As compared to 2T, 4T also have an 
advantage of no current matching. Under the same illumination 3T and 4T both have almost 
same performance, 3T tandems have ability to extract power from different connected circuits to 
3T. In 3T if both top and bottom sub cell are not available, these high energy photons still can be 
collected by IBC circuit. 3T and 4T device have same spectral insensitivity whereas, 2T 
produces less energy as the energy of photon is reduced. Performance of 2T tandem is also 
decrease as the requirement of current matching of sub cell whereas in 4T tandems cells are 
operated independently. 3T tandem configurations also have one more advantage that Voc is 
depends on the irradiance logarithmically, due to this voltage matching condition is more flexible 
as current matching condition. By this so we can say that 3T-IBC is a promising configuration. 
This 3T-IBC configuration has advantages of relieve of current matching condition and reduce 
the limitation of bandgap of top cell. Comparison of 2T, 3T, 4T is summarized in above figure 8, 
Si is used as bottom cell and comparison is based on connections of cell, bandgaps of top cell. 
However, 3T tandems avoiding the need for lateral conduction between the two cells and 
potentially a mechanism to improve the power conversion of monolithically grown tandem 
devices that are not currently matched and also maintains the fabrication advantages of 2T 
tandem solar cell.  

V    CONCLUSION 

At the module level, we compare different configurations of perovskite/Si tandem solar cell. 
Now, we can say that tandem cells are highly efficient. In this work, we observe that the choice 
of the best tandem architecture depends on the characteristics of sub-cells and operating 
conditions. For 4T, the bottom cell current is about 3% lower than that in 2T and 3T tandems due 
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to parasitic absorption in additional ITO layers involved. When the perovskite top cell is not 
textured, the 4T configuration gives rise to additional reflection losses and correspondingly 
lower current-density in both top and bottom cells. For 2T, current matching for top and bottom 
cell are required. For 3T and 4T, having a thicker perovskite absorber will lead to higher 
photocurrent in the top cell but lower photocurrent in the bottom cell. In all above discussed 
configurations, we saw that potentially high current and output voltage will leads in higher 
efficiency for a larger thickness of perovskite. Whereas, thick perovskite layer has some issues in 
fabrication and also electrical losses. For current matched 2T tandem, the current density is given 
with the corresponding perovskite thickness. according to our study, the highest energy is yield 
by the 3T configuration and also have high current density due to large photogenerated in the 
absorber layer as compared to 4T configuration, and higher robustness to spectral variations 
compared with 2T architecture. For the perovskite top cell, the main challenge is to assure high 
Voc. For the improvement of perovskite itself with reduced interface recombination of the high 
bandgap perovskite top cell together with favorable energy alignment of the contact layers. this 
also improves fill factor. Given these results, we expect improvement in technology of 
photovoltaic would be possible. 

 

ABBREVIATIONS 

 

PCE: Power Conversion Efficiency 

PV: Photovoltaic 

PVSK: Perovskite 

AC: Alternating Current 

S-Q: Sohckley-Queisser 

2T: Two-terminal 

3T: Three-terminal 

4T: Four-terminal 

Voc: Open-circuit Voltage 

Si: Silicon 

CIGS: Copper Indium Gallium and Selenide 

ETL: Electron Transport layer 

HTL: Hole transport Layer 

 

 

 

 

 

ICL: Interconnecting layer 

TCO: Transparent Conductive Oxide 

HOMO: Highest Occupied molecular orbital 

LUMO: Lowest occupied molecular orbital 

EQE: External Quantum Efficiency 

Eg: Bandgap 

FF: Fill factor 

Jsc: Short-circuit current density 

TCE: Transparent conductive electrode 

IBC: Interdigitated Back contact 

MAPbI3: Perovskite material 

FB: Front-back 

TCA: Transparent conductive Adhesive 

TJ: Tunnel Junction 

AM1.5: Air-mass 1.5 

PECVD: Plasma-enhanced chemical vapor 
deposition 

ALD: Atomic layer deposition 
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ESL: Electron Selective layer 

HSL: Hole selective layer 

HIT: Heterojunction intrinsic thin layer 

C-Si: Crystalline silicon 

SHJ: Silicon Heterojunction 

IZO: Indium zinc oxide 
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