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Abstract: Due to stable and high power conversion effi-

ciency (PCE), it is expected that silicon heterojunction

(SHJ) solar cells will dominate the photovoltaic market. So

far, the highest PCE of the SHJ-interdigitated back contact

(IBC) solar cells has reached 26.7%, approximately

approaching the theoretical Shockley–Queisser (SQ) limi-

tation of 29.4%. To break through this limit, multijunction

devices consisting of two or three stacked subcells have

been developed, which can fully utilize the sunlight by

absorbing different parts of the solar spectrum. This article

provides a comprehensive overview of current research on

SHJ-based tandem solar cells (SHJ-TSCs), including

perovskite/SHJ TSCs and III–V/SHJ TSCs. Firstly, we give a

brief introduction to the structures of SHJ-TSCs, followed

by a discussion of fabrication processes. Afterwards, we

focus on various materials and processes that have been

explored to optimize the electrical and optical perfor-

mance. Finally, we highlight the opportunities and chal-

lenges of SHJ-TSCs, as well as personal perspectives on the

future development directions in this field.

Keywords: III–V/SHJ tandem solar cell; electrical and op-

tical performance; perovskite/SHJ tandem solar cell; SHJ

solar cell.

1 Introduction

Crystalline silicon solar cells have dominated the photo-

voltaic market for decades. System components including

installation, cabling, and inverters account for the main

cost of photovoltaics, because these costs are area-

dependent. Improving the power conversion efficiency

(PCE) is the most powerful means to reduce the levelized

cost of electricity. Silicon heterojunction (SHJ) solar cells

include c-Si/a-Si [1–7], c-Si/poly-Si [8–11], c-Si/SiOx

[12–17], and c-Si/MoOx [18, 19] heterojunctions solar cells.

SHJ solar cells represent the new research direction due to

their high performance. So far, the world record of 26.7%

cell efficiency was set by Kaneka in 2017 [5]. It uses an SHJ

structure combined with an interdigitated back-contact

(IBC). However, this efficiency is only 2.7% lower than the

theoretical efficiency limit of 29.4% for silicon single-

junction solar cells [20]. This means it is really close to its

performance limit. There is an urgent need of novel

methods to be adopted.

A well-known strategy to overcome the Shockley–

Queisser (SQ) theoretical efficiency limit is to employ

multijunction architecture. In these devices, a wide band

gap top cell absorbs high-energy photons, and a narrow

band gap bottom cell absorbs low-energy photons. This

structure can minimize the thermalization losses and

improve the utilization of the solar spectrum. According to

simulation results, the maximum limiting PCE of dual-

junction silicon based tandem solar cells (TSCs) is 45%,

and that of triple-junction silicon based TSCs is 50%

[21, 22]. For silicon based TSCs, various top cell materials
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have been endeavored, but current research focuses on

III–Vand perovskite semiconductors. III–V solar cells have

been known for their high efficiency and excellent reli-

ability, which reduces the invest risk and improves the

stability of tandem modules. A PCE of 35.9% was reported

for a mechanically stacked four terminal GaInP/GaAs/Si

tandem device [23]. This is the highest PCE of silicon based

TSCs. Meanwhile, perovskite solar cell is another ideal

candidate for SHJ-based tandem solar cells (SHG-TSCs) due

to its tunable bandgap, easy fabrication, and high PCE of

25.5% [24]. Using a low temperature solution method,

perovskite solar cells can be well compatible with c-Si/a-Si

SHJ solar cell. Record one-sun PCE of 29.5% has been

achieved for two terminal perovskite/SHJ TSC byOxford PV

[25]. However, the lager Voc loss of nonradiative recombi-

nation and the high sensitivity of perovskite to low levels of

humidity, remain as significant challenges that require

further research and development.

This article reviews current research activities that

center on perovskite/SHJ TSCs and III–V/SHJ TSCs. The text

of this article is divided into six parts: Section 2 discusses

several structures related to the SHJ-TSCs, as well as fabri-

cation strategies that have been developed for achieving

ideal SHJ-TSCs. The following three sections thoroughly

illustrate these strategies with specific examples. The final

section concludeswithpersonal comments on thedirections

of future research on such new solar cells.

2 Design consideration for TSCs

2.1 The structure of TSCs

SHJ-TSCs mitigate carrier thermalization losses by using

several subcells with different bandgaps. Figure 1 illus-

trates four different SHJ-TSCs structures. As shown in

Figure 1(a), two terminal (2T) devices use a tunnel junction

or transparent conductive adhesive to connect the two sub

cells. 2T devices have advantages in module integration.

This is because 2T devices can be connected in standard

series or parallel with little space between the cells [26]. In

addition, 2T devices cut down the parasitic absorption by

removing the intermediate electrode. So far, all industrially

scaled multi-junction solar cells use 2T structure. The

fabrication of 2T devices faces three major challenges:

current matching, high performance recombination junc-

tion and performance losses under varying spectra [27].

Among these factors, tunnel junction plays a key role in

obtaining high efficiency by providing a low electrical

resistance and high optical transmittance interlayer be-

tween the subcells. It is expected that 2T devices will be

favorable for future applications with the solution of these

problems.

In 3T configurations, the two subcells can be con-

nected by a tunnel junction or recombination layer or

wiring [28–31]. The third electrode can be formed at the

interface of the top cell and bottom cell, and the third

electrode can extract additional generated power by the

variation in solar radiance. In addition, when the IBC

bottom cell is used, the third electrode can also be formed

at the rear side of the bottom cell (Figure 1(b)). Theoreti-

cally, 3T devices enable the same performance as 4T de-

vices. For example, Schnabel et al. used IBC bottom cell

and GaInP top cell, yielding a PCE of 27.3% for 3T TSC [32].

For 4T configurations, there are two typical structures:

mechanically stacked (Figure 1(c)) and optical splitting 4T

tandem devices (Figure 1(d)). 4T configuration eliminates the

need for recombination junction and requires neither current

matching nor processing compatibility between subcells,

hence it offers a more flexible option. The two subcells are

subjected to optical coupling but they are electrically inde-

pendent. Each sub cell can be fabricated independently,

regardless of fabrication methods and processes. Therefore,

the efficiency of each sub cell can be maximized. However,

due to the parasitic absorption and resistance from interme-

diate electrode, significant optical and electrical losses are

inevitable. Meanwhile, the complexity of fabricating these

devices and implementing them into modules impede their

application. Therefore, 4T devices have not been found any

practical applications, until now.

Figure 1: Structural sketches of four kinds of tandem solar cells

(TSCs).

(a) Two-terminal tandem device with tunnel junction (TJ), (b) Three-

terminal tandem device, (c) Four-terminal tandem device, and

(d) Four-terminal optical splitting tandem device.
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2.2 Band gap matching and optoelectronic
performance optimization

The theoretical SQ efficiency limit for single junction solar

cells with a bandgap of 1.34 eV is 33.7% [33]. So far, the

maximum reported efficiency of GaAs with a bandgap of

1.42 eV is 29.1% (Figure 2(a)). As shown in Figure 2(b), the

highest Voc of perovskite solar cell with a bandgap of

1.75 eV is 1.24 V [37]. Because of band gap energy and

nonradiative voltage loss, theVoc deficits of perovkite solar

cell are much higher than GaInP and GaAs solar cell. The

champion cell based on wide band gap n–i–p perovskite

solar cell now has a PCE of 21.6% [38], a significant gap

from the SQ efficiency limit. To break this efficiency limi-

tation, one must rely on the optimized multijunction

architecture.

The bandgap combination is an essential requisite for

the successful fabrication of SHJ-TSCs. As shown in

Figure 2(c), the PCEs of four types of SHJ-TSCs are

advancing significantly in past six years. So far, the record

PCEs of mechanical stacking GaInP/SHJ and GaAs/SHJ are

32.5 and 32.8%, respectively. By detailed balance model

with precise ab initio calculations, the optimal top cell

bandgaps of 2T and 4T SHJ-TSCs are 1.73 and 1.81 eV

(Figure 2(d)–(e)), respectively [21]. And thePCEof 2T and4T

SHJ-TSCs can exceed 45%, which is close to theoretical

maximumof 46%.As shown in Figure 2(f), the PCE increase

with the number of pn junctions. However, once the

number of subcells exceeds three, the gain of PCE for

additional sub-cell will become smaller. For triple-junction

(3J) tandem devices with SHJ bottom cell, the optimal

bandgap combination of top and middle cell is 2.01 and

1.5 eV, respectively. Theoretically, the PCE of triple-

junction (3J) Si based TSCs can exceed 50% [36]. Howev-

er, high quality materials with bandgaps of 2.01 and 1.5 eV

are difficult to fabricate, and Ga0.51In0.49P(1.91 eV)/

Al0.06Ga0.94As (1.51 eV) is a good alternative to be the top

and middle cell on SHJ. According to the theoretical

simulation, a maximum PCE of GaInP/GaAs/Si is close to

44%. The world-record PCE of GaInP/GaAs/Si was lower

Figure 2: (a) Theoretical Shockley–Queisser (SQ) detailed-balance efficiency limit for single junction solar cell as a function of band gap (solid

line). The green and red dashed lines represent 80 and 60% SQ efficiency limit, respectively [34]. The red and blue spheres show the record

efficiency of different materials [24]. All data are for standard AM1.5 illumination at 1000 W/m2. (b) Open-circuit voltage Voc as a function of

band gap is shown for reference. The area indicated by the two-way arrow is the voltage gapVg−VSQ [35]. Copyright 2019, Springer Nature. The

red and blue spheres represent the record Voc of different materials [24]. (c) Efficiency evolution of silicon heterojunction (SHJ)-based TSCs: 2T

perovskite/SHJ, 2T III–V/SHJ, 4T perovskite/SHJ, 4T III–V/SHJ. (see Tables 1–3 for references). (d) Maximum efficiency contours for dual

junction 4T tandems sunder 1 sun AM1.5G [21]. Copyright 2015, IEEE. (e) Maximum efficiency contours for dual junction 2T tandems sunder 1

sun AM1.5G [21]. Copyright 2015, IEEE. (f) Theoretical efficiency limit for multijunction solar cells corresponding to the number of pn-junctions.

The blue and red bars represent the solar spectrum of AM0 (1367 W/m2) and AM1.5d (500 × 1000 W/m2) [36]. Copyright 2018, Elsevier.
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than 36%, far from reaching the theoretical limit [23].

Further improvements in the future are crucial.

3 SHJ bottom cells

As shown in Figure 3(a), typical SHJ solar cell is c-Si/a-Si

heterojunction solar cell, also named heterojunction with

intrinsic thin-layer cell (HIT) [1–6]. HIT solar cell is

commonly used bottom cells in perovskite/Si TSCs. This

selection can be attributed to a number of scenarios that

may include: (1) An ultrathin hydrogenated amorphous

silicon layer is used in HIT to realize excellent surface

passivation (Figure 3(b)) [41]. Theopen-circuit voltageofHIT

is as high as 750mV [3], which is very close to Auger-limited

761 mV with the similar thickness. (2) The transparent

electrode of HIT is usually tin-doped indium oxide (ITO),

which is a good substrate and recombination layer for

perovskite top cell [42]. (3) The HIT cell has good near

infrared (NIR) response,which can reduce the optical loss of

TSCs. However, HIT cell has temperature limits [41]. A HIT

solar cell is not suitable for 2T III–V/Si TSCs because the

GaAs substrate is chemically etched. When encountering

sulfuric acid, hydrochloric acid and ammonia solution

etching, HIT solar cell will degrade. Therefore, other heter-

ojunction structures that replace the c-Si/a-Si hetero-

junction have attracted the interest of researchers.

New efficient SHJ solar cells may include double side

tunnel oxide passivating contacts(TOPCon) solar cell [8, 9],

polycrystalline silicon on oxide (POLO) passivating con-

tacts solar cell [10, 11], Silevo Triex solar cell [7], and

dopant-free asymmetric heterocontacts (DASH) solar cells

[43, 44]. Among this, TOPConmay replace HITwith its high

efficiency and temperature stability. So far, most high

efficiency 2T III–V/Si TSCs use TOPCon as bottom cell

[45–47]. For instance, a record PCE of 34.1% has been

achieved for a wafer bonding GaInP/GaAs/Si TSC with a

TOPCon bottom cell [47]. Polysilicon/SiOx passivating

contacts provide an ideal design to obtain full-area carrier-

collecting junctions [48]. This full-area contact avoids the

lateral transport of charge carrier, enables the use of higher

resistivity wafers (Figure 3(b)). TOPCon is resistant to light-

activated degradation. The annealing temperature above

800 °C form polysilicon contacts make it compatible with

the high temperature process of III–V or perovskite top

cells. However, the p+ polysilicon contacts of TOPCon are

Figure 3: (a) c-Si/a-Si heterojunction solar cell (HIT) with an efficiency of 24.7% [3]. Copyright 2014, IEEE. (b) Schematic cross sections of c-Si/

poly-Si heterojunction solar cell (Topcon) [39]. Copyright 2018, Elsevier. (c) Schematic cross-section of the c-Si/poly-Si heterojunction solar

cell with interdigitated back contact structure (POLO-IBC) [10]. Copyright 2018, Elsevier. (d) Cross-sectional schematic drawing of dopant-free

asymmetric heterocontacts solar cells (DASH) [40]. Copyright 2018, Elsevier. (e) Potential band position of the electron heterocontact

materials for DASH solar cell [40]. Copyright 2018, Elsevier. (f) Band diagramof a Silevo Triex solar cell [7]. Copyright 2018, American Chemical

Society.
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difficult to optimize. This may be due to excessively large

valence band offsets between p+ polysilicon and the silicon

wafer [41].

4T SHJ-TSCs usually use polycrystalline silicon on

oxide-interdigitated back contact (POLO-IBC) cell as bot-

tom cell. Carrier selective junctions are formed by creating

polycrystalline silicon-rich layers on ultrathin silicon oxide

films [10, 11]. The pinhole density in interfacial oxide films

of POLO junction plays a key role in determining the

electrical properties [10, 11]. As shown in Figure 3(c), Haase

et al. [10] optimized the layer-selective laser ablation pro-

cess of SiO2 and obtained a saturation current density of

2 fA ⋅ cm−2 on n-type POLO. In this approach, the device

exhibited a PCE of 26.1% with a Voc of 733 mV. Rienacker

et al. prepared GaInP/GaAs//Si triple-junction cell with

POLO-IBC bottom cell and achieved a certified PCE of

35.4% [49].

Compared to HIT concept, which suffers parasitic ab-

sorption in the window layer, the DASH cells, featuring

wide band gap carrier-selective materials on opposite

sides, delivers lower current losses in the blue spectrum

(Figure 3(e)). Besides, DASH removes the limitations of

doped amorphous silicon layers and reduces the

recombination-active defects caused by excessive dopant.

Therefore, DASH opens a wider optical and electrical

parameter space to optimize different solar cell compo-

nents. Using MoOx and LiFx based heterocontacts with

a-Si:H passivation layers, Bullock et al. obtained a PCE of

20.7% efficient DASH solar cell (Figure 3(d)) [40]. Based on

the concept of metal–insulator–semiconductor, Silevo

Triex cell is a proprietary configuration that combines a

tunnel oxide junction with doped a-Si:H film emitter layers

on silicon wafers. With high quality passivation of ultra-

thin SiOx layers, excess carriers can be collected at the

emitter by quantum tunneling (Figure 3(f)). By optimizing

key processes to improve passivation, junction quality,

and shading effects, Heng et al. achieved a PCE of 23.1% [7].

ComparedwithHIT bottomcell, Silevo Triex cell has higher

FF and Jsc. Because of less parasitic absorption and carrier

recombination, Silevo Triex can be used as bottom cell for

TSCs. However, the PCE of Silevo Triex cell is still lower

than that of HIT, which limits the application in TSCs.

4 Perovskite/SHJ TSCs

Perovskite/SHJ TSCs have shown PCEs soaring from 13.7%

to over 29.5% within merely six years’ research and

development. Tables 1 and 2 show the evolution of the 2T

and 4T perovskite/SHJ TSCs, respectively. Perovskite is

typically originated from a 3D crystal structure consisting

of three primary ions with a stoichiometry of ABX3, where

A = methylammonium (MA), formamidinium (FA), cesium

(Cs), or rubidium (Rb); B = lead (Pb) or tin (Sn); X = iodine

(I), bromine (Br), or chlorine (Cl). The crystalline ABX3

structure can be described as a specifical 3D sublattice in

which A+ is surrounded by BX6 octahedra. So far, the

hybrid perovskite compounds are prepared with either MA

or FA as the A cation. By interchanging the above cations

[77–86], metals [87], and halides [88, 89], the band gap of

perovskite can be adjusted in the range of 1.15–3.06 eV.

Organic–inorganic lead halide perovskite solar cells

exhibit many advantages that make them attractive for

using as top cells in SHJ-TSCs [42, 51–67, 86–89].

4.1 History

As shown in Figure 4(a), early designs for 2T perovskite/SHJ

TSCs relied on double side planar SHJ bottom cell, which

resulted in significant optical losses.Werner et al. employed

double side planar SHJ as bottom cell, yielding a PCE of

19.2% for 2T TSC (Figure 4(b)). Because the reflectance and

parasitic absorption losses, the external quantum efficiency

(EQE) current density of bottom cell was only 15.6mA ⋅ cm−2.

An improved structure based on rear side textured SHJ

bottom cell can mitigate these losses. SHJ bottom cell with

front side planar is compatible with existing solution-based

spin-coatingperovskite fabricationprocesses.However, this

configuration leads to strong front surface reflection losses

andpoor light trapping, especially in theNIRareawhere SHJ

bottom cell absorbs weakly [60]. Currently, the best device

with rear side textured SHJ exhibits a total cumulative cur-

rent of 39.6 mA ⋅ cm−2 [50] (Figure 4(c)), a value that is lower

than that of double side textured SHJ-TSCs (40.4 mA ⋅ cm−2).

Various textured light management structures on the

front side have been employed to fully harvest the high

photocurrent. For example, McGehee et al. [61] used py-

ramidal textured polydimethylsiloxane (PDMS) to reduce

reflection loss. The EQE current density of perovskite top

cell increased by 1mA ⋅ cm−2. But the EQE current density of

SHJ bottom cell decreased due to PDMS layer was inca-

pable in reducing reflection at longer wavelengths.

Textured antireflection foil is another effective way to

increase the photocurrent of tandem devices. With antire-

flection foils, the EQE current density gain of perovskite top

cell exceeds 2 mA ⋅ cm−2 [57]. The reflection loss is reduced

to 2.5 mA ⋅ cm−2. However, the effectiveness of antireflec-

tion foils will be impaired during encapsulation [56]. The

high processing costs of atomically smooth surfacesmakes

it difficult as candidate for practical application in

SHJ-TSCs.

X. Li et al.: Silicon heterojunction-based tandem solar cells 2005
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To fully harvest the incident photons and reduce costs,

double side textured c-Si bottom cell has been used

(Figure 4(f)). Sahli et al. used fully textured c-Si bottom

cell with random pyramids, resulting in a certified PCE of

25.2% (Figure 4(g)) [60]. The reflection loss was only

1.64 mA ⋅ cm−2. A total photocurrent density was 40.4 mA ⋅

cm−2, which was close to that of the record Si device

(42.5 mA ⋅ cm−2) (Figure 4(h)). However, to fabricate

conformal and shunt-free perovskite cell, most layers were

thermally evaporated in vacuum. Wide-band-gap perov-

skite materials havemixed cations andmixed halides. This

composition requires four or more organic and inorganic

precursor sources. Some trace additives, such as KI, PEAI,

and Pb(SCN)2, butanethiol, exacerbate the difficulties of

control over the deposition rates during the evaporation

process [53]. It seems difficult to build up efficient tandems

using thermal evaporation. Another approach is to shrink

the size of the pyramids and to increase the perovskite

charge-carrier diffusion length. Because the thickness of

perovskite layer exceeds the height of the pyramid, to be

conformal is not required and spin coating can be used. For

example, Huang et al. used solution-based blading of

perovskites to deposit on the fully textured c-Si bottom cell

with pyramids with height less than 1 μm. The tandem

device exhibited a PCE of 26.2% with Voc, Jsc and FF of

1.82 V, 19.2 mA ⋅ cm−2 and 75.3% [53]. They found that

pyramids with height over 1 μm are not suitable for spin

coating method, because perovskite films with 0.5–1 μm

thickness cannot completely cover the pyramid. And the

thickness of perovskite films is limited by the diffusion

length of charge carrier. Meanwhile, pyramids with height

of less than 0.43 μm increase the reflectance to 14.2%.

Therefore, pyramids with a height ranging from 0.43 to

2.5 μm is a good choice. As shown in Figure 4(d), Hou et al.

[56] used spin-coating micrometer-thick perovskites with

fully textured SHJ bottom cell, reaching a certified PCE of

25.7% (Figure 4(d)). To improve collection of photo-

generated carriers, they increased the depletion width in

the perovskites layer [56]. They demonstrated that the

depletion region in the perovskite layer at the valley of Si

pyramids was wider (380 nm) than at the top (120 nm)

(Figure 4(e)). This result indicates that the depletion width

increases according to the thickness of perovskite layer,

which is useful for charge collection.

The performance of mechanically stacked 4T tandem

cells also increased [65, 68–76]. The first report of perov-

skite/SHJmechanically stacked tandem cell was published

in 2016 by Löper et al. [76], showing a PCE of 13.4%. The

latest recordwas held by Sargent et al. [68] at theUToronto,

with a 28.2% PCE obtained from a 4T tandemmeasurement

combining a 0.049 cm2 perovskite top cell with a SHJ bot-

tom cell. Up to now,most published 4Tperformance results

were based on indirect measurements involving a small

perovskite top cell (<1 cm2) and a lager silicon bottom cell

Figure 4: (a) Structure evolution of perovskite/SHJ tandem devices. (b) Cell design of perovskite/ SHJ TSCs with a double side planar SHJ

bottomcell [67]. Copyright 2018, American Chemical Society. (c) Schematic viewof perovskite/SHJ TSCswith a front planar SHJ bottomcell [52].

Copyright 2020, The American Association for the Advancement of Science. (d) Schematic drawing of perovskite/SHJ TSCs with a textured SHJ

bottom cell. Solution-processed micrometer-thick perovskite layer fills the bottom of the pyramid [56]. Copyright 2020, The American

Association for the Advancement of Science. (e) Schematic view of electric-field distribution in textured tandem device [56]. Copyright 2020,

The American Association for the Advancement of Science. (f) Schematic device design of perovskite/SHJ TSCs with a textured SHJ bottom cell

[60]. Conformal perovskite layer is deposited on textured SHJ bottom cell. Copyright 2018, Springer Nature. (g) EQE spectra of perovskite/SHJ

tandem cells with different SHJ bottom cells [52, 56, 60, 67]. (h) J–V curves of tandem devices with different SHJ bottom cells [52, 56, 60, 67].
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[65, 68–72, 90]. However, some progress has already been

made in upscaling the perovskite top cell. For example,

semitransparentmoduleswith a larger aperture area (4 cm2)

have been demonstrated, reaching a PCE of 12%, which

resulted in a module-on-cell 4T with 20.2% PCE [91].

4.2 Performance optimization

The performance optimization of perovskite/SHJ TSCs

mainly include four aspects: transparent conducting elec-

trode [75, 92–98], electron and hole transport layers (ETLs

and HTLs) [99–102], perovskite layer [77–86], and recom-

bination layer [63, 103].

4.2.1 Transparent conducting electrode

In perovskite-based tandems, the top cell should be highly

NIR transparent (800–1200 nm) and fully harvest the solar

spectrum of blue part (300–800 nm) [71]. Therefore, the

front transparent electrode of top cell should avoid

parasitic absorption in the blue part of the solar spectrum.

The rear transparent electrode of top cell in 4T tandems

shouldminimize the free-carrier absorption in the red part.

The losses of parasitic absorption can be reduced by

decreasing the free-carrier charge. However, decrease in

the carrier charge means bad conductivity for charge

collection. A trade-off between the transparency and con-

ductivity against carrier density is observed in these ma-

terials. Based on these criteria, transparent conductive

oxide (TCO) films have been explored for perovskite-based

tandems, which include Sn-doped In2O3 (ITO) [52],

H-doped In2O3(In2O3:H) [68], zinc oxide-doped indium

oxide (IZO) [50], tungsten-doped indium oxide (IWO) [104],

Zr-doped indium oxide (IZRO) [71] and so on. Among this,

ITO is commonly used one due to its wide bandgap of 3.5–

4.3 eV and high work function of 4.8 eV [33]. Besides, ITO

has high available transmittance (above 80%) in visible

light and low electrical resistivity (1.5–2.0 × 10−4 Ω cm).

However, it has high parasitic absorption in NIR range

(Figure 5(a)). To reduce resistivity, it requires high depo-

sition temperatures or post annealing to achieve ideal

Figure 5: (a) Transmittance (T ) of different transparent electrodes: In2O3:H [68], ITO [68], Zr-doped indium oxide (IZRO) [71], Cu (8 nm) [73], Au

(8 nm) [73], Cu (1 nm)/Au (8 nm) [73], and indium zinc oxide (IZO) [75]. (b) Energy level diagram of commonmaterials for p–i–n perovskite solar

cells [105]. Copyright 2017, John Wiley and Sons. (c) The energy alignment of perovskite materials and different hole transporting materials.

The HOMOof the PTAA and PolyTPD is aligned with the perovskite valence band, which yield high open-circuit voltage. While an internal band

gap bending appeared for P3HT and PEDOT: PSS hole transporting materials. This causes the Voc lower than the internal quasi-Fermi level

splitting (QFLS) [106]. (d) Comparison of the 2T and 4T tandems efficiencywith absorbers containing different cations [107]. (e) Schematic view

of perovskite/silicon cell tunnel junction showing the charge-transport mechanism [90]. (f) Schematic of infrared light management using a

nanocrystalline silicon oxide interlayer in 2T perovskite/silicon tandem device. The sequence of refractive indices is shown for reference [42].

Copyright 2019, John Wiley and Sons.
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crystalline structure. This would degrade the perovskite

cell. Magnetron sputtering process can also damage the

underlying interface layers and perovskite absorbers.

In2O3:H has high mobility and optical transparency. But

the water vapor effusion would degrade the device per-

formance. Similarly, IZO can be deposited at low temper-

ature and low power, without annealing and the addition

of oxygen. Unfortunately, the band edge is blurry, which

decreases the transmittance in blue part of spectrum. Be-

sides, IWO can also be used as transparent electric anode,

which exhibits 0.6% parasitic absorption in near infrared

spectrum. Zheng et al. [104] employed IWO transparent

electric anode, yielding average reflectance over 88% in

the wavelength range of 750–1100 nm. As shown in

Figure 5(a), IZRO has been a good choice due to high NIR

transparency and conductivity. Aydin et al. used IZRO to

replace the ITO, improving the Jsc from 15.6 to 17.4 mA ⋅

cm−2, achieving a PCE of 26.2% for 4T perovskite/SHJ solar

cell. They demonstrated that the electron mobility could

increase to as high as 77 cm2V−1 s−1 and the sheet resistance

is only 18 Ω sq−1 [71].

Generally, there are two ways to reduce the sputtering

damage of TCO: (1) depositing sputter barrier layers

[108, 109]; (2) using ultrathin metal electrode instead of

TCO. For n–i–p cells, thermally evaporated MoOX is a

commonly used sputter barrier layer [109]. Because it in-

teracts with the Ar plasma in the sputter deposition, it

shows that parasitic absorption increases with the increase

of oxygen vacancies. Other metal oxides, such as NiOX,

VOX and tungsten oxide (WOX) can still be suitably used as

the sputtering buffer layer. For the p–i–n structure, zinc

oxide (ZnO) nanoparticles [99, 100] and atomic layer

deposited (ALD) SnO2 [60] layer are used as sputtered

buffer layer to avoid bombardment. For example, Bush

et al. [64] used a 4 nm ALD SnO2 and 2 nm zinc tin oxide

(ZTO) window layer between the front ITO and LiF/PCBM

electron transport layer, yielding a PCE of 23.6% for a 2T

tandem device. They found that an SnO2 layer of 4 nm is

necessary to prevent Zn in reaching underneath layers and

improve stability for tandems. The only problem of ALD

SnO2 is the effect of water during ALD process [33]. Ultra-

thinmetal electrodes, such as Au, Ag, Al, and Cu have been

employed. Huang et al. [73] found that Cu and Au have

better stability than Ag and Al under ambient atmosphere.

In addition, Cu/Au [73] and MoOX/Au [96] have also been

demonstrated to be transparent conducting electrode with

simple manufacturing processes. Yang et al. used MoO3/

Au/MoO3 sandwiched gold nanomesh as electrode to

achieve a PCE of 27.0% for 4T tandem device. The

sheet resistance is 19.6 Ω sq−1 [69]. However, the average

transmission is only 56% in the wavelength range of

800–1100nm (Figure 5(a)). Themajor problem for ultrathin

metal is strong parasitic absorption in the top cell’s sub-

bandgap spectral range.

4.2.2 Electron and hole transport layers

The separation and transport capability of free charge

carriers are critical for ETLs and HTLs in perovskite/Si

tandem device. For efficient tandem devices, HTLs should

meet the following criteria: (1) The highest occupied mo-

lecular orbital (HOMO) energy or the valence band values

should be slightly higher than the valence band of the

perovskite layer to improve the hole transfer and electron

blocking (Figure 5(b)). (2) High hole mobility is desirable

for better transporting [110]. (3) High transparency is

required to avoid parasitic absorption. (4) They should

be thermally and photochemically stable. (5) They should

be processed easily and cost-effective. Generally, HTLs can

be divided into three categories: polymeric, small organic

molecule, and inorganic. The widely used small molecule

for HTL, Spiro-OMeTAD shows strong parasitic absorption

in the blue and UV spectral region. Another drawback of

Spiro-OMeTAD is high thermal degradation rate. Therefore,

polymeric poly(bis(4-phenyl) (2,4-bimethylphenyl) amine)

(PTAA) has been used instead of Spiro-OMeTAD. For

example, Huang et al. used PTAAwith a thickness of 15 nm

as HTL to achieve a PCE of 26.2% for 2T tandem device. The

spin coated PTAA is thin, uniform and conformal on the

pyramids of SHJ bottom cell [53]. Saliba et al. demonstrated

that PTAA has a better stability than Spiro-OMeTAD at

85 °C. However, the HOMO energy value of PTAA is

about −5.1 eV, which is mismatched to the valance band

maximums of perovskite with a range of −5.43 to −5.71 eV

[111]. Stolterfoht found that PolyTPD has better HOMO en-

ergy value to improve the Voc of SHJ-TSCs (Figure 5(c)).

Other polymeric HTLs, P3HT, and PEDOT:PSS also have

drawbacks, such as complex purification process, tricky

characterization with broad molar mass distribution, and

poor batch-to-batch reproducibility [102]. Therefore, many

groups havemanufactured alternative HTLswith high hole

mobility and low cost, such as inorganic NiO, CuI, and

CuSCN [102]. NiO is a wide band gap HTL that has been

exploited successfully in perovskite/SHJ TSCs. Xu et al. [52]

used NiOx/polyTPD bilayer HTLs to achieve aVoc of 1.886 V

for 2T tandem device. They demonstrated that 20-nm-thick

sputtered NiOx could reduce the shunting. However, the

photostability of NiOx based TSCs is poorly explored [112].

For efficient perovskite cells, the ETLs extract the

electrons from the perovskite layer to the cathode. There-

fore, good energy-level alignment and high electron

mobility are essential to guarantee the electron transport.
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The deeper valence band edge (VB) is needed to block in-

jection of holes. High transmittance can reduce the para-

sitic absorption losses. Besides, the stability and cost also

influence the application of ETLs [113]. There are several

different types of ETLs include TiO2, SnO2, ZnO, phenyl-

C61-butyric acid methyl ester (PCBM), and C60. Histori-

cally, a TiO2 mesoporous scaffold layer was firstly used as

ETL with a sintering step at 500 °C in perovskite solar cell

[75]. However, this relatively high temperature is not suit-

able for c-Si/a-Si heterojunction bottom cell. ZnO owns

high electron mobility of 205–300 cm2 V−1 s−1 and low

temperature process. But it will react with perovskite when

the annealing temperature exceeds 100 °C [100]. As shown

in Figure 5(b), SnO2 owns deep valence band level with a

range of −4.2 to 4.5 eV and high electron mobility of

240 cm2 V−1 s−1. However, the solution processing of SnO2

would dissolve the already deposited perovskite layer for

pin perovskite/SHJ TSC. Therefore, SnO2 buffer layer is

commonly prepared by low temperature ALD. SnO2 also

has some drawbacks such as interface recombination and

inefficient electron extraction [113]. Therefore, fullerene

(C60) and its derivatives such as PCBM were used to

passivate the perovskite surface defects and suppress

hysteresis [114]. Xu et al. [52] used C60/bathocuproine (BCP)

as ETLs to achieve a PCE of 27.13% for 2T perovskite/SHJ

TSC. Because the parasitic absorption of C60, the current

density is only 19.12 mA·cm−2. The morphology control and

frontier orbital position also need to be optimized to

enhance the performance.

4.2.3 Perovskite absorption layer

At first, MAPbI3 was used as top cell for perovskite/SHJ

TSCs. However, the band gap of MAPbI3 is about 1.55–

1.63 eV, which is below the optimize range of 1.67–1.75 eV

[33]. The band gap ofMAPbI3 can be increased by replacing

part of iodine with bromine at the halogen anion site X.

Unfortunately, wide band gap perovskite with high Br

content is limited by photoinduced phase segregation [115].

Under illumination, the perovskite decomposes into

Br- and I-rich regions. The I-rich regions own narrow band

gap, and act as gap defect or trap states. Light induced

phase segregation leads to significant Voc loss for perov-

skite cells, so wide band gap perovskite solar cell exhibits

larger Voc deficit (Eg/q − Voc) than narrow phase.

As shown in Figure 5(d), mixed cations of FA, Cs, and

MA at A-site is the best choice for the perovskite absorption

layer. The mixed cations of FA, Cs, or Rb can reduce phase

segregation and improvematerial quality [61]. However, the

FA/Cs based perovskite film has small grains, which leads

to high density of grain boundaries and high surface

recombination [37]. Therefore, several approaches have

been proposed, such as increasing grain size, surface

passivation, 2D/3D heterojunction engineering, and ion

compensation [116]. For example,Al–Ashouri et al. [50] used

a composition of Cs0.05(FA0.77MA0.23)0.95Pb(I0.77Br0.23)3 and

obtained a PCE of 29.15% and a maximum Voc of 1.9 V in 2T

perovskite/SHJ TSC. Performance improvements in wide

bandgapperovskite solar cellwasmadeby increasing theCl

content in lattice and replacing I partially with Br [52].

Huang et al. used a Cs0.15(FA0.83MA0.17)0.85Pb(I0.7Br0.3)3
perovskite top cell with band gap of 1.70 eV and achieved a

PCE of 25.4% for 2T perovskite/SHJ TSC [58]. They found that

the addition of MACl could increase the grain size, while the

addition of MAH2PO2 could reduce nonradiative recombi-

nation by passivation of grain boundary [58]. Kim et al. [54]

used 2D/3D mixed wide band gap perovskite-

(FA0.65MA0.2Cs0.15)Pb(I0.8Br0.2)3-as top cell, and obtained a

PCE of 26.7% for 2T perovskite/SHJ TSC. PEA-based addi-

tives have been proven to be critical to form the 2D passiv-

ation layer and improve theVoc and FF. Sargent et al. used a

Lewis base as additive to reduce the trap density and in-

crease the electron-diffusion length, yielding a PCE of 19%

for semitransparent perovskite top cell. By combining this

perovskite cell with a textured SHJ cell, the best PCE of 4T

tandem device is 28.2% [68].

4.2.4 Recombination layer

For high efficiency TSCs, the tunnel junction should meet

the following standards: (1) minimal resistive losses and

maximal optical transparency; (2) a barrier to prevent the

solvent and ions frompenetrating into bottom cell; (3) poor

in-plane conductivity and good out-plane conductivity to

reduce shunts; and (4) compatible with the above and

underneath layer fabrication processes. As shown in

Figure 5(e), the first tunnel junction of 2T TSCwas based on

crystallized p++-Si/n++-Si recombination layer. In essence,

the quasi-Fermi level (EF) on both side of the p–n-junction

transfers to the valence (EV) and conduction (EC) band due

to the high doping levels. Once a positive voltage is applied

to the p–n-junction, full states of the n-side align with

empty states of the p-side. To activate the dopants, the

a-Si:H layer was annealed at 680 °C for 15 min [90]. This

high temperature is not suitable for the c-Si/a-Si hetero-

junction bottom cell. To address this issue, TCO-based

tunnel junctions have been fabricated by low-temperature

process such as ITO, IZO, and ZTO. For example, Albrecht

et al. used 20 nm ITO layer as tunnel junction and achieved

a certified PCE of 25% for 2T perovskite/SHJ TSC [55]. The

EQE current density of perovskite and c-Si were 20.69 and

17.85 mA ⋅ cm−2, respectively, indicating that the current
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was limited by the bottom cell of c-Si, which was mainly

due to the refractive index mismatch between ITO and its

adjacent layers. To address this issue, Mazzarella et al.

employed nanocrystalline silicon oxide (nc-SiOx:H) inter-

layer under the ITO, resulting in 1.4mA ⋅ cm−2 Jsc gain in the

bottom cell. As shown in Figure 5(f), the 110 nm thick nc-

SiOx:H with refractive index of 2.6 (at 800 nm) was the best

choice for infrared light management [42]. At present, the

lowest electrical resistivity of ITO is 1.5 × 10−4 Ω cm. How-

ever, the lateral conductivity and longitudinal conductivity

of ITO are the same, which leads to shunt paths for top cell.

Therefore, nc-Si:H tunnel junction was fabricated to

replace ITO. The Eg of nc-Si:H is narrower than that of ITO,

so it only absorbs the blue region of the spectrum that the

top cell has absorbed. Besides, the high-density grain

boundary of nc-Si:H impedes the lateral transport of charge

carriers. The large single grains span across the tunnel

junction to improve the longitudinal conductivity. By

implementing nc-Si:H tunnel junction in a 2T tandem de-

vice, Sahli et al. obtained a PCE of 25.2%. The EQE current

density of the tandem device was improved to 19.5 mA ⋅

cm−2. This work represents a key step toward controlled

fabrication of efficient large area perovskite/SHJ TSCsusing

the knowledge of nc-Si:H recombination layer.

4.3 Toward market

For market application, perovskite/SHJ TSCs are facing

several challenges such as long-term stability, device

area upscaling, and material toxicity [117]. The stability of

perovskite solar cells depends on the surrounding envi-

ronment including humidity [118, 119], oxygen [120],

temperature [121, 122], and light illumination [81, 120,

123]. The halogen ions at X-site influence the photo-

instability of wide band gap perovskite solar cells. As dis-

cussed before, using partial Cl to replace I could improve the

photostability of perovskite material [52]. The instability of

moisture and oxygen is closely related to the A-site cation.

Cs-doped mixed-cation perovskite shows long time stability

under heat stress and humidity environments [107]. For

example, Xu et al. [52] used Cs0.75MA0.22Pb(I0.82Br0.15Cl0.03)3
perovskite top cell to achieve less than 4%degradation after

1000 h of operation at 60 °C under 100-sun illumination.

Further stability improvement can be seen through appro-

priate glass/polymer encapsulation. Encapsulating with

glass and butyl rubber, Hou et al. [56] demonstrated that the

TSCs retained their original performance at 85 °C for 400h in

the dark.

At present, the fabrication of large area perovskite/SHJ

TSCs (>1 cm2) and modules (>10 cm2) faces many

challenges, such as fabrication method, film quality, and

long-time stability. Due to poor uniformity and material

waste, spin-coating is not suitable for upscaling perov-

skite/SHJ TSCs. Large area deposition methods have been

presented such as inkjet printing, blade coating, spray

coating, slot-die coating. However, commercial c-Si cells

are textured, which hinders the use of solution methods.

Therefore, vapor deposition has been developed to make

uniform large area perovskite TSCs [26]. First demonstra-

tion of large area perovskite/SHJ TSC was presented by

Sahli et al. [63], with 18% PCE of 12.96 cm2. Encouragingly,

Oxford PV obtained a PCE of 28% for 2T perovskite/SHJ TSC

(1 cm2) by a vapour deposition. This device has been passed

the 2000 h damp heat reliability test (IEC 61215). To achieve

the commercial application of perovskite/SHJ TSCs, it is

necessary to put more effort into large area cells while

maintaining the high PCE.

Lead toxicity is another issue related to the photovol-

taic application of perovskite materials. To this end,

several groups have demonstrated the ability to fabricate

lead-free, or lead-less perovskite solar cells [124]. However,

the PCE of these devices are much lower than that of cur-

rent lead-containing devices. In addition, environmentally

friendly solvents should be considered to replace toxic

solvents such as dimethylformamide and dimethyl sulf-

oxide. It is no exaggeration to say that the research to put

perovskite/SHJ solar cells into practical application is still

at a rudimentary stage.

4.4 PCE prospect and improvement strategy

Currently, 2T perovskite/SHJ TSCs have reached a high PCE

of 29.5%, and further improvement strategy should be

proposed. The record-efficiency top cell parameters are

shown in Figure 6(a)–(d) for 2T and 4T SHJ tandemdevices.

Compared to GaInP top cell, the main limitations of wide

band gap perovskite cells are Voc and FF. A minimum Voc

deficit of perovskite top cell is 0.45 V [52], which is far

below than the optimum 0.34 V [125]. It is noticed that the

Voc deficit of GaInP (1.81 eV) cell is only 0.32 V (Figure 6(b)).

This indicates that there is large potential for improving

the Voc of perovskite/SHJ TSCs. By passivating defects to

reduce nonradiative recombination, the Voc of 1.67 V of the

perovskite top cell can be enhanced to 1.35 V, while the Voc

of SHJ cell can be increased to 0.75 V by reducing the

thickness of Si wafer. The total Voc can be increased to

2.08 V for 2T perovskite/SHJ TSCs. Currently, the record FF

of 2T perovskite/SHJ TSC is only 79.9%, which is much

lower than the 89.8% of 2T III–V/Si TSC (Figure 6(d)) [126].

A main FF limitation of perovskite solar cells is the ideality
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factor (n) [50]. The optimal value of the ideality factor is

about 1–1.3. However, the high efficiency perovskite solar

cells exhibit high values of 1.4 to 1.8. Therefore, it is

essential to reduce the ideality factor by minimizing non-

radiative recombination. Noticing that point defect such as

organic cation vacancies and halide anion vacancies in

grain boundaries is closely tied to the nonradiative

recombination [35]. Thus, charged components compen-

sation by quaternary ammonium and halide ions may be a

good choice to reduce nonradiative recombination. In

addition, the contact resistance between the transparent

electrode and the grid also limits the FF. Therefore,

reducing contact resistance and improving carrier extrac-

tion are beneficial to obtain the ideal FF. The theoretical Jsc
can reach to 22mA ⋅ cm−2 for perovskite top cell with a band

gap of 1.75 eV [127]. Up to now, the record Jsc of perovskite/

SHJ TSCs is 19.22 mA ⋅ cm−2, while the record Jsc of semi-

transparent perovskite top cell is 19.6 mA ⋅ cm−2 with a

band gap of 1.68 eV (Figure 6(c)) [128]. By depositing

conformal perovskite layer on textured Si cell, the Jsc is

predicted to achieve 20 mA ⋅ cm−2 [60]. By these optimiza-

tions, a tandemefficiency of 35%could be expected aVoc of

2.08 V, a JSC of 20mA ⋅ cm−2 and an FF of 85%. Then the PCE

reaches the 77% of their SQ-limit of 45.7% (Figure 6(a)).

5 III–V/SHJ TSCs

Compared with perovskite materials, III–V compound

semiconductor materials, with their excellent proven reli-

ability and adjustable band gap, exhibit high efficiency

and promising potential for industrial application. Inmany

cases, III–V semiconductor multijunction solar cells are

superior to other solar cells. However, the high costs pre-

clude their use for nonconcentrator terrestrial application.

To address this issue, III–V/SHJ TSCs have appeared on the

road map of many PV companies. At present, many stra-

tegies have been used to fabrication III–V/SHJ TSCs,

including heteroepitaxial growth, wafer bonding and me-

chanical stacking. The purpose of this section is to sum-

marize all these studies, with an emphasis on examples

demonstrated by wafer bonding.

5.1 Heteroepitaxial growth

Heteroepitaxial integration approach is probably the

earliest explored approach towards the fabrication of

III–V/Si TSCs such as AlGaAs/Si [129], GaAsP/Si [130]. In

principle, it is possible to fabricate high efficiency III–V/Si

tandem devices by controlling the density of threading

dislocations. The growth of a polar III–V compound

semiconductor on nonpolar Si would create defects such as

antiphase domains (APDs). These APDs can be effectively

removed by using a (100) Si wafer with a 4°–6° offcut in the

(111) direction [131]. Another obstacle is the 4% lattice-

mismatch between GaAs (αGaAs = 0.56 nm) and Si

(αSi = 0.54 nm), which can lead to threading dislocations

and misfit dislocations (Figure 7(a)). Two possible ap-

proaches have been proposed, one is the thermal-cycle

annealing (TCA), and the other is low growth rate and low

temperature process during the primal GaAs nucleation on

Si. For instance, Akiyama et al. [21] have demonstrated that

GaAs layer can be directly grown on (100) Si substrates

without buffer layers. Firstly, the 10 nm thick GaAs layer

was deposited at 400 °C to enhance the nucleation. Then,

the temperature was increased to 650–700 °C to obtain a

better and uniform epitaxial layer. Yamaguchi et al. found

that TCA could effectively increase the dislocations

movement and reduce the stress in the crystal, thus

reducing dislocation densities. The difference of thermal

expansion coefficients between GaAs (5.73 × 10−6
°C−1) and

Si (2.6 × 10−6
°C−1) lead to residual strain in the material,

which will result in poor crystalline quality. Inserting

buffer layers between the III–V material and the Si sub-

strate is a promising approach to limit the impact of crystal

defects. Optical transmissivity, electrical conductivity, and

Figure 6: Record-efficiency top cell parameters as a function of band

gap for 2T and 4T SHJ tandem devices. The red and blue spheres

represent the record-efficiency cell parameters for 2T and 4T SHJ/

perovskite tandems respectively (see Tables 1–2 for references). The

green star shows record-efficiency GaInP cell parameters for 4T SHJ/

GaInP TSC [23]. The black line represents SQ limit for single junction

solar cell. The green, violet and light green dashed lines represent 90,

80 and 70% SQ limit for single junction solar cell respectively.

(a) Power-conversion efficiency (PCE). (b) Open-circuit voltage (Voc).

(c) Short-circuit current (Jsc) and (d) Fill factor (FF). All data are for

standard AM1.5 illumination at 1000 W/m2.

2012 X. Li et al.: Silicon heterojunction-based tandem solar cells



thickness are three important parameters of the buffer

layer. Currently, common buffer layers include SiGe [133],

GaAsP [134], AlGaAs [135], and GaAs [136]. Compared to

low-bandgap SiGe buffers andwide bandgap GaAsPwould

be a better choice to minimize the dislocation [136]. How-

ever, the decrease of threading dislocations density to

107 cm−2 is still deleterious for minority carrier devices, so

this approach remains challenging.

So far, the highest reported AM1.5G efficiency of 22.3%

is achieved by Feifel and coworkers [137] for a GaInP/GaAs/

Si TSC in 2019. The 200 nm thick GaN0.024P0.976 deposited

on the GaP nucleation layer to reduce defect density at the

GaP/Si interface. Then, the temperature was increased to

700 °C during the GaAsyP1−y buffer growth. Due to the high

temperature, silicon bottom solar cells are mainly silicon

homojunction solar cells. Due to stable and high PCE, it is

expected that new SHJ solar cells will replace silicon

homojunction solar cells.

5.2 Wafer bonding

Wafer bonding approach seems to be the most successful

approach for fabricating high-performance tandem device

with relatively larger size. Compared with heteroepitaxial,

wafer bonding is not limited by the lattice matching and

thermal expansion coefficients. The defect network

required for lattice mismatch is confined at bonded in-

terfaces [126]. This process was originally developed by

Lasky in 1985s, and reexamined by Cariou, Shigekawa, and

many other research groups to fabricate Si/Si [138] Ge/Ge

[139], Si/GaAs [45], AlGaAs-Si [140], Si/InP [136], and Si/

InGaP [136] junctions. A typical wafer bonding process

starts with wafer preprocessing by a chemical solution or

plasma, followed by mechanical compression, and ends

with postannealing of wafers to form strong bonds. The

wafer bonding ismainly induced and dictated by hydrogen

bridge bonds or van der Waals interactions, which are two

orders of magnitude weaker than covalent bonds. In this

sense, the electrically conductive bond layers should have

very low surface roughness (<0.2 nm) andmust be free from

void [132]. As a major requirement, there should be a good

chemical mechanical polishing step capable of forming

two mirror surfaces, ideally they should be able to form

compact bonding layer with higher bonding energy.

At present, wet-chemical etching and surface acti-

vated bonding (SAB) are two main methods of wafer

bonding. For the former, a hydrogen-terminated surface is

Figure 7: (a) Bandgap energy as a function of lattice constant for silicon, germanium and III–V semiconductors. Different strategies to

overcome the difference of 4% lattice constant between GaAs and Si [36]. Copyright 2018, Elsevier. (b) Typical wafer bonding process of a 2T

GaInP/AlGaAs/Si triple junction tandem device [132]. (c) The comparison of inverted grown EX-8 and “upright grown” X-610 GaInP/

AlGaAs(GaAs)/Si triple junction solar cells [47]. Copyright 2020, JohnWiley and Sons. (d) Layer stack and band structure of a 2T Ga0.51In0.49P/

GaAs/Si solar cell [45]. EV,Γ (purple line), EC,Γ (direct transition, grey line), and EC,x (indirect transition, black line) are shown in band structure

under open-circuit condition without illumination [45]. Copyright 2018, Springer Nature. (e) Measured EQE spectra of inverted grown EX-8 and

“upright grown” X-610 GaInP/AlGaAs(GaAs)/Si triple junction solar cells [47]. Copyright 2020, John Wiley and Sons.
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generated by wet-chemical etching. After compression,

two hydrophobic surfaces are connected by weak

hydrogen-bridge bonds [141]. Finally, hydrogen is des-

orbed to form covalent bonds at the interface by post-

annealing (>800 °C). Another technique is the SAB in

which the surfaces are activated by plasma or a fast

argon atom or highly energetic ion-beam [142]. Post-

annealing is not required because it lowers the bonding

energy. All major steps involved in a SAB process are

schematically illustrated in Figure 7(b), with the fabri-

cation of GaInP/GaAs/Si TSCs as an example. Based on

the schematic diagram of GaInP/GaAs/Si tandem device,

Si, and GaAs wafers formed tandem structure when they

were loaded on top and bottom electrodes into a bond

chamber [132]. An argon fast atom beamwas employed to

remove the surface oxide, and no re oxidation occurred

in the bonding layer under high vacuum ambient

(<3 × 10−8 mbar). The wafers were brought in contact

under the force of 10 kN for a few minutes. The GaAs

growth substrate was then etched away by H2O2 and

NH4OH solution. In order to obtain a good bonding me-

chanical quality, nearly perfect surface must be bonded

together with low surface roughness and small particle

pollution. Cariou et al. [45] have demonstrated a 2T

GaInP/GaAs//Si solar cell with AlGaAs/GaAs tunnel

junction reaching a notable PCE of 33.3% (1-sun,

AM1.5G) (Figure 7(d)). Due to a diffractive crossed

grating made of a polymeric resist at the rear side of

TOPcon bottom cell, internal light trapping was

enhanced and the device was close to current matching

(Figure 7(e)) [45]. Furthermore, Lackner et al. [47] used

Ga0.51In0.49P/Al0.06Ga0.94As (1.91eV/1.51eV) top cell to

replace the former GaInP/GaAs (1.92/1.42 eV), yielding

an increase in 50mV for Voc and 2.6% for FF (Figure 7(c)).

One of the challenges faced by SAB is to select the

appropriate tunnel junction [143]. As shown in Figure 8(a),

there are two types of tunneling mechanisms in the tunnel

junction: direct transition (band to band) and trap assisted

tunneling (TAT). Direct transition even takes place in

intrinsic materials where no trap exists. According to

quantum mechanical principles, if energy and momentum

are conserved, charge carriers can pass through potential

barriers. However, after reaching the characteristic peak of

tunnel current density, the current drops sharply

(Figure 8(b)). This property can be attributed to occupied

states of the n-side which are aligned longer with empty

Figure 8: (a) Schematic view of the different tunneling mechanisms in a tunnel diode, (TAT = trap assisted tunneling) [144]. Copyright 2008,

JohnWiley andSons. (b)Measured IV curve ofp++-GaAs/n++-GaAs tunnel junction [144]. Copyright 2008, JohnWiley andSons. (c)Measured I–V

curve of a n+-GaAs/ITO/n+-Si and p+-GaAs/ITO/n+-Si 2T tandem devices with a postanneling (400 °C for 5 min) [137]. (d) I–V characteristics of

p+-Si/n+-GaAs, p+-GaAs/p+-Si, n+-GaAs/n+-Si and p+-GaAs/n+-Si tunnel junctionsmeasured at room temperature [137]. (e) Schematic diagram

of a 2T InGaP/GaAs/Si TSC with Pd nanoparticle arrays as bonding mediators [46]. Copyright 2019, John Wiley and Sons. (f) EQE spectra of

InGaP/GaAs/Si and InGaP/AlGaAs/Si TSCs with Pd nanoparticle arrays as bonding mediators [46]. Copyright 2019, John Wiley and Sons.
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states on the p-side. Similar to buffer layer, optical trans-

missivity, electrical conductivity, and thickness are three

key parameters of tunnel junctions. The AlGaAs/GaAs

tunnel junction is widely used in III–V/Si TSC. The major

advantage of AlGaAs/GaAs tunnel junction is that AlGaAs

could be more easily doped with carbon than GaAs. Be-

sides, a high aluminum content layer has a diffusion sup-

pressing effect [145]. In contrast, GaAs/GaAs tunnel

junction is limited by the optical absorption due to the

Moss Burstein effect of p-type layer [143]. AlGaAs/GaInP

tunnel junction is more difficult to fabricate due to tellu-

rium segregation on the growing surface during high

doping [146].

Another challenge faced by SAB is to select the

appropriate heterointerface to form an ideal interface

resistance also. So far, different heterointerfaces have been

extensively studied, such as p+-GaAs/p+-Si [147], p+-GaAs/

n+-Si [148], n+-GaAs/n+-Si [149]. For instance, Liang et al.

have demonstrated that the interface resistances of

p+-GaAs/n+-Si, p+-GaAs/p+-Si, n+-GaAs/n+ Si, n+-GaAs/p+-

Si were 0.196, 1.887, 0.112 and 0.132 Ω cm2, respectively

(Figure 8(d)) [148]. In essence, different polarity and

doping concentration play an important role in the value of

interfacial resistances. Using this information, one can

obtain ideal interface resistances as small as a few milli-

ohms by optimizing the thickness and doping concentra-

tion in the proper ranges. For example, Essig et al. proved

that the lowest interface resistance of n-Si and n-GaAs

could be reduced to 2.5× 10−3Ω·cm2 by adjusting the carrier

concentration at the surface. However, fast atom beam

(FAB) can cause damage to the surfaces of bonded sub-

strates. Shigekawa et al. [142] attempted to insert an ITO

layer between Si and GaAs to reduce the damage. They

found that the interface resistances of p+-GaAs/ITO/n+-Si

and n+-GaAs/ITO/n+-Si were 0.61 and 0.12 Ω·cm2

(Figure 8(c)), respectively. The difference of the interface

resistances was likely due to a potential barrier generated

by the midgap states at the bonding interfaces. Noting

that InGaP/GaAs/Si triple-junction (3J) solar cells with an

n+-GaAs/ITO/n+-Si showed an efficiency of 18% with a Voc

of 2.69 V, a JSC of 10.6 mA ⋅ cm−2 and an FF of 84.1%.

5.3 Mechanical stacking

Mechanical stacking integration represents a straightfor-

ward route to III–V/Si tandem device. In this approach, a

glass slide with an III–V top cell is attached to the bottom

cell SHJ solar cell with a transparent and insulating ad-

hesive. Epoxy has been successfully demonstrated by

several groups,with notable examples including 4TGaInP/

GaAs/Si [49], GaAs/Si [23], and GaInP/Si [150, 151] tandem

devices. It is generally accepted that mechanical stacking

provides a simple, high-performance procedure that also

allows the variety of top-cell materials present on the sili-

con bottom cell, to be stacked in a single step. For example,

Essig et al. [150] fabricatedmechanically stacked 4TGaInP/

Si tandem device using a transparent epoxy between the

subcells. A PCE of 27.08% is achieved by optimizing the

long-wavelength light and luminescent coupling between

the two junctions. Moreover, Essig et al. [23] have demon-

strated that bymechanical stackingGaInP/GaAs top cell on

SHJ bottom cells, the PCE of tandem device could reach to

35.9%.

Tables 3 and 4 show the evolution of the 2T and 4T III–

V/Si TSCs technology efficiency, respectively. In addition

to insulating adhesive, metal, and metal nanoparticle can

serve as a class of transparent conductive adhesive for

fabricating III–V/Si tandem device [154]. In this regard, Pd

nanoparticle array that could be conveniently patterned on

the top of silicon bottom cell using a selfassembled tem-

plate of polystyrene-block-poly(2-vinylpyridine) (PS-b-

P2VP) to fabricate tandem device (Figure 8(e)) [149]. Syn-

thesis of these nanoparticle arrays with different materials,

for instance, provides a powerful route to the fabrication of

III–V/Si tandem device from various subcells. As shown by

Mizuno et al. [149], Pd nanoparticle array as thin as 37 nm

could be prepared by copolymer-templated fabrication.

This leaded to a Pd nanoparticle density of 60 ng/cm2 and

surface coverage ratio of 12%. The 3J InGaP/GaAs//Si tan-

dem device with a Pd nanoparticle array showed a PCE of

25.1%with a Voc of 2.88 V, a JSC of 10.51 mA·cm−2 and an FF

of 83% [149]. Moreover, Makita et al. used InGaP/AlGaAs

two junction cell and TOPCon bottom cell to replace the

former InGaP/GaAs top cell and Al-BSF Si bottom cell,

improving the Jsc from 10.51 to 12.72 mA·cm−2, resulting in a

PCE of 30.3% for 2T III–V/Si TSC (Figure 8(f)). By using

Al0.06Ga0.94As (1.50 eV) middle cell, the absorption edge

decreased from 870 to 830 nm. Therefore, the current

density of Si bottom cell increased by 2.71 mA·cm−2.

6 Conclusion and outlook

This review provides an overview on differentmethods that

have been developed for fabricating TSCs. We briefly dis-

cussed a series of methods for fabricating TSCs that are

based on the upscaling of small area solar cells, with an

emphasis on perovskite/SHJ and III–V/SHJ tandem device.

The big challenge for perovskite/SHJ TSCs is the Voc loss.

Themain reason is nonradiative recombination at the grain

boundary and interface. To address this issue, a range of
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strategies have been applied including increasing grain

size, surface passivation, heterojunction engineering, and

ion compensation. Defects passivation is the most power-

ful means to improve Voc. Intense studies are focusing on

Lewis bases/acids, alkali metal ions (Na, K, Ru, Cs), ligand

passivation, halogen ion (Cl, Br), PbI2, 2D perovskite,

insulating polymers, and guanidinium-based additives.

The band alignment of charge transporting layer also plays

a key role forVoc improvement. Another issue is fabricating

perovskite top cell on textured c-Si cell, vacuumdeposition

methodmay be a good option. To further improve the TSCs

performance, optical and electron losses should be mini-

mized. If these issues are solved, a PCE over 35% can be

expected. For up-scaling fabrication and commercializa-

tion, long-term stability and material toxicity are also

needed to be optimized.

As for III–V/Si TSCs, heteroepitaxial integration

approach based on the control of dislocation densities at

the interface are able to produce devices, but in poor

quality. So far, approaches based on the SAB seem to be

most versatile in fabricating high efficiency III–V/SHJ TSCs.

This method, however, is not appropriate for using with

textured SHJ solar cells, and the requirement of clean room

environment and tunnel junction may also cause high cost.

Therefore, mechanical stacking by transparent conductive

adhesiveandmetal nanoparticle arraymaybeanew research

direction for high performance III–V/SHJ TSCs. Judged

against high performance and low cost, all the approaches

described in this review need to be improved before they can

be widely used in commercial applications.
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Table : Summary of the optoelectronic parameters of the T III–V/Si TSCs.

Si bottom cell Top cell Area (cm) Voc (V) Jsc (mA/cm) FF Efficiency Research institution Year

Textured SHJ GaInP/GaAs  ., . ., . ., . . + . = . EPFL [] 

POLO-IBC GaInP/GaAs  ., . ., . ., . . + . = . ISFH [] 

Textured SHJ GaAs  ., . ., . ., . . + . = . EPFL [] 

POLO-IBC GaInP  ., . ., . ., . . + . = . ISFH [] 

Textured SHJ GaInP  ., . ., . ., . . + . = . NREL [] 

TOPcon GaInP  ., . ., . ., . . + . = . NREL [] 

Table : Summary of the optoelectronic parameters of the T III–V/Si TSCs.

Si bottom cell Top cell Area (cm) VOC (V) Jsc(mA/cm) FF (%) Eff (%) Research institution Year

TOPCon GaInP/AlGaAs . . . . . Fhg-ISE [] 

TOPCon GaInP/AlGaAs ./. . .  . AIST [] 

POLO-IBC GaInP . . . . . NREL [] 

c-Si GaInP/GaAs – .   . Fhg-ISE [] 

TOPCon GaInP/GaAs . . . . . Fhg-ISE [] 

c-Si Al.Ga.As – . . . . CEA- [] 

c-Si GaInP/GaAs  .  . . Fhg-ISE [] 

c-Si InGaP/GaAs/GaAs . . .  . AIST [] 

c-Si GaInP/GaAs . . . .  OCU [] 

c-Si AlGaAs – . .  . UWM [] 

c-Si GaInP/GaAs . . .  . Fhg-ISE [] 

c-Si GaInP/AlGaAs  .  . . Fhg-ISE [] 

c-Si GaInP/GaAs . . .  . AIST [] 

c-Si InGaP/GaAs . . .  . AIST [] 

c-Si InGaP/GaAs . . . . . OCU [] 

c-Si GaInP/GaAs . . . . . Fhg-ISE [] 

c-Si GaInP/GaAs . . . .  Fhg-ISE 

c-Si InGaP/GaAs . . . . . OCU [] 

c-Si GaInP/GaAs  . . . . Fhg-ISE [] 

c-Si GaInP/GaAs . . . . . Fhg-ISE [] 

c-Si Al.Ga.As  . .  . UTokyo [] 

c-Si AlGaAs – . . . . NZT- [] 
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