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Abstract

Organic-inorganic metal halide perovskite single-junction solar cells have attracted great attention in the past few
years due to a high record power conversion efficiency (PCE) of 23.7% and low-cost fabrication processes. Beyond
single-junction devices, low-temperature solution processability, and bandgap tunability make the metal halide
perovskites ideal candidates for fabricating tandem solar cells. Tandem solar cells combining a wide-bandgap
perovskite top cell and a low-bandgap bottom cell based on mixed tin (Sn)-lead (Pb) perovskite or a dissimilar
material such as silicon (Si) or copper indium gallium selenide (CIGS) offer an extraordinary opportunity to achieve
PCEs higher than Shockley-Queisser (SQ) radiative efficiency limits (~33%) for single-junction cells. In this
review, we will summarize recent research progress on the fabrication of wide- (1.7 to 1.9 ¢V) and low-bandgap (1.1
to 1.3 eV) perovskite single-junction cells and their applications in tandem cells. Key challenges and issues in wide-
and low-bandgap single-junction cells will be discussed. We will survey current state-of-the-art perovskite tandem
cells and discuss the limitations and challenges for perovskite tandem cells. Lastly, we conclude with an outlook for

the future development of perovskite tandem solar cells.
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1. Introduction

Metal halide perovskite solar cells (PSCs) have become a hot photovoltaic (PV) research area in recent years
because they hold the promise to achieve high power conversion efficiencies (PCEs) and low manufacturing costs [1-
6]. The combination of the high performance of PSCs that enabled by the excellent optoelectronic properties of the
materials, ease of material and device processing, and low fabrication costs has attracted continually increasing
research efforts to study PSCs, accelerating the learning curve of this emerging PV technology. As a result of intense
research efforts all over the world, the certified record PCE of single-junction PSCs has soared in the past five years,
climbing from less than 14% in 2013 to 23.7% in 2018 [7]. Despite the constant improvement in the performance of
PSCs, the PCE of single-junction solar cells is curtailed by the Shockley-Queisser (SQ) radiative efficiency limits of
31-33% [8]. Research effort is now being directed toward developing tandem solar cells, which promise PCEs of more
than 42% under AM1.5 solar irradiance [9].

So far, high performance monolithically integrated multijunction solar cells have been only demonstrated using
single crystalline III-V materials (e.g., SpectroLab’s 38.8% S5-junction GaAs-InP tandem [10, 11] and 40.7%
GalnP/GaAs/Ge concentrator cell [12] and LG electronics’ 32.8% GalnP/GaAs [13]). These multijunction devices,
consisting of subcells with tunable bandgaps connected in series by p+/n+ tunnel junction (also called recombination
contact), demonstrate a boost in performance relative to their single-junction counterparts. However, the complex
epitaxial growth process and the use of expensive single-crystal substrates have prevented III-V tandem solar cells
from being low-cost and thus limited the I1I-V tandem cells for space applications. As an low-cost alternative, tandem
solar cells have also been demonstrated using amorphous (a), microcrystalline (uc), and nanocrystalline (nc) Group
IV thin films (e.g., Unisolar’s a-Si:H/a-SiGe:H/pc-Si:H device [14] and AIST’s a-Si/nc-Si/nc-Si device [15]).
However, the PCEs of ~14% of Group 1V tandem cells are still much inferior to other single-junction thin film PV
technologies (>22%). Additionally, polycrystalline thin film tandem solar cells are predicted to outperform single-
junction cells in the energy yield [16], it was unclear what material combination could fulfill the promise of high
efficiency and low cost tandem solar cells.

The progress of PSCs provides a unique opportunity to achieve high efficiency and low-cost thin film tandem solar
cells. The combination of excellent PV properties of perovskite materials, tunable bandgap in a wide range, and low-
temperature deposition techniques makes perovskite materials especially attractive for multijunction tandem solar

cells. The advent of PSCs makes it possible to fabricate tandem solar cells consisting of wide-bandgap (wide-Eg)



perovskite top cells and low-bandgap (low-E;) bottom cells, including another perovskite (i.e., mixed Sn-Pb
perovskites) or a dissimilar material, such as crystalline silicon (c-Si) or copper indium gallium selenide (CIGS), to
realize the goal of ultrahigh efficiency and low-cost tandem cells. As a result, substantial efforts are now directed at
fabrication of high-efficiency low-cost tandem PSCs.

Many previous progress review articles have summarized the perovskite material properties and early developments
of single-junction and tandem PSCs [3, 4, 17-24]. In this topical review article, we aim to provide an overview of
recent research advances on single-junction wide-E; (Section 2) and low-E; PSCs (Section 3) as well as their
applications in tandem solar cells (Section 4). For each section, notable devices and technical evolution paths toward
record efficiencies are highlighted and followed by discussions on major challenges and issues that limit the PSCs.
Possible strategies to mitigate these current limitations are also discussed. Finally, a brief outlook of future
development of single-junction and tandem PSCs is provided (Section 5).

Here, we start with a brief introduction of metal halide perovskite materials and the terminology used for describing
PSC architectures. Metal halides with the perovskite crystal structure (figure 1(a)) are generally denoted by a formula
of AMX3, where A is a monovalent cation, such as methylammonium (MA), formamidinium (FA), cesium (Cs), and
rubidium (Rb), M is a divalent metal cation, including lead (Pb), tin (Sn), and germanium (Ge), and X is a halide
anion, such as iodine (I), bromine (Br), and chlorine (Cl) [25]. The application of PSCs was initiated with the
benchmarked methylammonium lead iodide (MAPbI3) with a bandgap of 1.55 eV [26-28], and rapidly expanded to
other perovskite compositions by substituting cations and anions. Different perovskite compositions are typically
intermixable if the atomic size differences are permitted by the tolerance factor to form the perovskite crystal structure
[29]. The homogeneous alloying of mixed cations and/or mixed anions perovskite films allows the bandgap of
perovskite materials to be continuously tuned in a wide spectral range from infrared (1.15 eV) to ultraviolet (up to ~
3 eV), as shown in figure 1(b) [30]. For instance, varying the halide ratios in the AM(Br;«Cly); and AM(I,.«Bry)3
allows bandgap tailoring from 2.3 to ~3 eV (figure 1(c)) [31, 32] and from ~1.4 to 2.3 eV (figure 1(d)) [33, 34],
respectively. Additionally, mixing Sn perovskites with Pb perovskites to form mixed Sn-Pb perovskite alloys of
A(SnPbi)I3 can tune the perovskite bandgap to ~1.2 eV [35, 36], which is lower than that of pure Sn or Pb
perovskites (figure 1(e)).

Single-junction PSCs are commonly fabricated in two major architectures, the regular (n-i-p) structure and so-

called inverted (p-i-n) structure, as shown in figure 2. For the n-i-p structure (figure 2(a)), the fabrication (and the



light incident) sequence is glass substrate, transparent conductive oxide (TCO) front electrode, n-type electron
selective layer (ESL), perovskite absorber layer, p-type hole selective layer (HSL), and back electrode (opaque or
transparent). For the p-i-n structure, the positions of ESL and HSL are reversed (figure 2(b)). Based on the bandgap
of the perovskite absorber layer, single-junction PSCs are categorized as wide-Eg (> 1.7 V), medium-E, (1.5 to 1.65
eV), and low-E, (< 1.4 eV) PSCs. Wide- and medium-E; PSCs with a transparent back electrode are typically used
for the top subcell of all types of tandem PSCs. Low-E, PSCs are particularly used for the bottom subcell of all-

perovskite tandem solar cells. Device structures for tandem solar cells will be discussed in Section 4.

2. Wide-bandgap perovskite solar cells

Wide-E; PSCs with bandgaps between 1.7 and 1.9 eV are ideal for tandem applications with Si, CIGS, and low-E,
PSCs. This bandgap range is typically realized by partially substituting Br for I in iodide-based perovskites, with
higher Br content resulting in a wider bandgap. A small proportion (~15%) of Br incorporation is found to be beneficial
for achieving high-quality perovskite films that are used to fabricate the state-of-the-art PSCs [37, 38]. However, for
perovskites with a bandgap exceeding 1.7 eV, achieving a high open-circuit voltage (Voc) that is close to the
theoretical limit is a great challenge. Unlike their lower bandgap (Eg < 1.6 eV) perovskite counterparts, wide-E; (>1.7
eV) perovskite solar cells typically exhibit high Voc-deficits, defined as E,/e-Voc, where e is the unit charge. Such
high Voc-deficits are attributed to photoinduced phase segregation, defects in the bulk and at grain boundaries of
perovskite films, and energy level mismatch between wide-E, perovskite and the ESL/HSL. A summary of wide-E,

PSCs reported in the past three years is provided in Table 1. Details will be discussed later in this section.

2.1 Recent research advances in wide-bandgap perovskite cells

The research on wide-E, perovskite solar cells was initiated in 2013 by Noh et al. and Eperon et al. who investigated
the bandgap tunability of MAPb(I;«<Bry); [39] and FAPb(I;.«\Bry); [40], respectively. While the proven bandgap
tunability from 1.5 to 2.3 eV is very attractive for tandem cell applications, the progress on wide-E; PSCs has lagged
far behind the medium-E, (~1.6 eV) PSCs due to the intrinsic photo-instability of the materials [34]. Many efforts
have been devoted to overcoming the instability of the mixed I-Br perovskites, but significant progress was not made
until later 2015 to 2016. The breakthrough was made by Snaith and coworkers who demonstrated a series of efficient

wide-Eg PSCs with FA/Cs based perovskites, which are more phase stable than the MA-based perovskites under the



photo and thermal stresses [41]. Figure 3(a) compares a series of FAPb(I;«Bry)s and FA3Cso.17Pb(11«Bry); films
with various Br concentrations. It is clear that FAPb(I,.xBry); films exhibit the “yellow phase” for x ranging from 0.3
to 0.6 due to phase transition from the perovskite phase to a hexagonal non-perovskite phase [42]. In contrast,
FA0.33Cs0.17Pb(1;xBryx)3 films show a continuous change of color as Br content is increased. More importantly, FA/Cs
mixed-cation perovskites exhibited better structural stability than MA-based perovskites after longtime light exposure,
as evidenced by the PL spectra in figure 3(b). The champion device with 1.74-eV Cso.17FA¢ s3Pb(I0.6Bro4)3 in the n-i-
p structure (figure 3(c)) delivered a PCE of 17.1%, with a Voc of 1.2 V, a short-circuit current density (Jsc) of 19.4
mA c¢cm?, and a fill factor (FF) of 75.1%. Since this work, the Cs,FA.,Pb(I;«Bry); compositions have become one of
the most popular choices for the wide-E, PSCs.

Another significant contribution was made by Huang group who synthesized MAPbBr,Is.« films with a bandgap of
1.7 to 1.75 eV via a low-temperature sequential deposition method [43, 44]. For this method, a Pbl, film was first
spin-coated onto an ITO/HSL substrate and followed by spin-coating of MAI/MABT in an isopropanol solution and
solvent annealing (figure 3(d)). PCEs up to 13.1% and 16.6% were demonstrated for p-i-n wide-E; PSCs (figure 3(e))

employing poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) and poly[bis(4-phenyl)(2,4,6 -

trimethylphenyl)amine] (PTAA) as the HSL, respectively [43, 44]. It is worth noting the non-wettability of PTAA to
the perovskite precursor solution promotes high-aspect-ratio crystalline grain growth, leading to a flat surface with
large grain sizes (figure 3(f)), which is beneficial for reducing recombination and improving Voc [45]. As a result,
PSCs with the 1.75-eV MAPb(Bro.2710.73)3 perovskite absorber layers and PTAA HSLs yielded a PCE of 14.9% with
a high Voc of 1.21 V.

After that, many processing strategies, including the incorporation of additives and post-deposition annealing,
which aim to improve the electronic quality of wide-E, perovskite films have been used to improve the device
performance. Duong et al. incorporated RbI to FA75sMA.15Cso.1Pb(lo67Bro33)3 perovskite and achieved 1.73-eV n-i-
p type PSCs with a PCE of 17.4% but an unsatisfactory Voc of ~1.15 V [46]. Yu et al. used synergistic effects of lead
thiocyanate additive (Pb(SCN),) and solvent annealing to enlarge grain size of FA(3Cso2Pb(lo.7Bro3); perovskite films,
which led to n-i-p type wide-E; PSCs with a stabilized efficiency of 17.18% and a high Voc of 1.25 V (figure 4(a))
[47]. The effect of Pb(SCN), additives was later confirmed by Zhou et al. who added a proper amount of Pb(SCN),

to FAo3Cso.2Pb(Io.73Bro27)3 to obtain a PCE of 18.6% with a high Voc of 1.244 V [48].



Interface modification is an important strategy to enhance efficiency and stability of PSCs. lonic defects at the
surfaces and grain boundaries of perovskite films cause recombination of photoexcited charge carriers, limiting
photovoltage of solar cells. The further PCE enhancement in wide-E, PSCs has been realized by surface modification
and defect passivation. Zhou et al. used benzylamine (BA) to treat the surface of 1.72-eV wide-E,
FAo.15Cs0.85Pb(Io.73Bro.27)3 perovskite films to passivate grain boundaries. The BA-modified devices with the n-i-p
structure exhibited a PCE of 18.1% with a Voc of 1.24 V but a significant J-V hysteresis under the forward scans
(figure 4(b)) [49]. In 2017, Huang and coworkers demonstrated an approach to enhance the performance of wide-E,
PSCs by adding a layer of quaternary ammonium halides on the surface of the perovskite absorber to passivate ionic
defects on the surface and grain boundaries [50]. The defect passivation reduced the Voc-deficit of 1.72-eV wide-E,
FAo.33MAg.17Pb(lo.6Bro4)3 cells with the p-i-n structure to 0.57 V and boosted PCEs to 17.2%. In the follow-up study,
they fabricated 1.71-eV wide-E; PSCs with the (FAo33MAo.17)095Cs0.0sPb(lo.6Bro4); absorber, PTAA HSL and
isolating isomer of indene-C60 bisadduct (ICBA-trans3) ESL [51]. ICBA-trans3 provides better energy level
alignment with wide-E, perovskites than conventional ICBA and thus leads to a PCE enhancement from 14.6% to
18.5% (figure 4(c)). The best device has a Voc of 1.21 V, corresponding to a Voc-deficit of 0.5 V.

Sargent group reported that incorporating a formamide co-solvent induces the direct formation of black perovskite
phase, realizing reduced density of defects through bypassing the formaction of the intermediate phase [52]. Using
this method, they demonstrated wide-E, PSCs with a PCE of 17.8% and a Voc of 1.23 V. They also developed a
strategy to heal the deep traps in wide-E; perovskite by introducing dipolar cations (MA) in FA/Cs-based mixed-
cation perovskites [53]. They achieved a PCE of 20.7% and a high Voc of 1.22 V for 1.65-eV PSCs based on
Cs0.0sMAg.15F Ao sPb(Io.75Bro25)3 absorbers. For 1.74-eV Csy.12MA¢.0sFAg.33Pb(1o ¢Bro.4)s absorbers, a PCE of 19.1%
and a Voc of 1.25 V was obtained (figure 4(d)), which is so far the highest PCE for wide-E, PSCs with the n-i-p
structure reported in the literature. The Voc-deficit of less than 0.5 V is among the best Voc-deficits reported in the

literature but still inferior to their lower bandgap counterparts.

2.2 Challenges and issues of wide-bandgap perovskite cells

Figure 5 shows the Voc and PCE values of notable wide-E; PSCs reported in the literature in the past three years.
Despite the rapid progress as described above, the Voc-deficits of wide-E; PSCs are still much higher than their lower

bandgap (< 1.6 eV) counterparts which typically have Voc-deficits less than 0.4 V (figure 5(a)). For the optimal



bandgaps (1.7 to 1.9 eV) that are desired for tandem solar cells, there is a bottleneck to deliver a higher Voc with
increasing the perovskite bandgap. Consequently, PCE of wide-E; PSCs decreases with an increasing bandgap, as
shown in figure 5(b). Such high Voc-deficits (~0.5 V) that are higher than the state-of-the-art medium-E, PSCs (< 0.3
eV) [54] are currently the most significant limitations for wide-E; (~1.7 to 1.9 eV) PSCs based on the mixed I-Br
perovskites. The Voc limitation presents a critical hurdle that needs to be overcome to fulfill the promise of ultrahigh
efficiency tandem PSCs.

Mixed I-Br perovskites usually suffer from intrinsic photoinduced phase segregation, i.e., mixed I-Br perovskites
segregate into I-rich and Br-rich domains under illumination and electrical bias [55-58]. Hoke et al. first reported the
photo-induced trap state formation in MAPDb(I,«Bry); perovskites [34]. They observed that the initial
photoluminescent peaks from the mixed [-Br perovskites disappeared after a short time of light exposure, which was
accompanied by appearance of red-shifted peaks. Although this phase segregation effect is reversible upon storage in
the dark, it is detrimental to the Voc of wide-E; PSCs because photoexcited charge carriers will be trapped in the I-
rich domains, limiting the Fermi energy splitting, and consequently the photovoltage in the mixed I-Br perovskites.
Additionally, phase segregation and halide migration under electrical bias have been proposed as an origin of the
degraded device performance. The mechanisms of photoinduced halide segregation are currently an ongoing research
topic [59-64].

Remedies to mitigate the phase segregation in mixed I-Br wide-E; perovskite films are urgently needed. Many
attempts have been made to find viable routes to suppress or inhibit halide phase segregation, including compositional
engineering (e.g., via incorporating Cs* [65] and Sn?" [66]), incorporating potassium (K*) to passivate grain boundaries
[67], post-deposition surface treatment [68], improving crystallinity and grain sizes of perovskite films [44], synthesis
through size-tuned nanocrystals [69], and formation of 2D/3D perovskites alloying [70-72]. Particularly for the
perovskite alloying with low dimensional perovskites, Stoddard et al. demonstrated enhanced phase stability of 1.84-
eV wide-E, perovskite films via guanidinium (GA) alloying [70]. Xiao et al. used n-butylammonium iodide (BAI)
incorporation to form a self-assembled capping layer to prevent halide redistribution [71]. Rajagopal et al. incorporated
small amounts of phenylethylammonium (PEA) in MAPb(IoBro4) perovskite to overcome the Voc plateau issue in
the wide-Eg perovskite solar cells, achieving Voc values of 1.30 to 1.35 V and PCEs up to 12.2% [72]. These examples
show possible approaches to potentially retard or eliminate phase segregation in wide-E, mixed I-Br perovskite

materials. Clearly, a much wider stoichiometric space needs to be systematically explored. Machine learning [73] and



automatic high-throughput robots [74] to synthesize and evaluate the stability of novel wide-E,; perovskite

compositions may help accelerate the discovery of more efficient and stable PSCs.

3. Low-bandgap perovskite solar cells

Partial substitution of Sn into Pb perovskites to form the mixed Sn-Pb perovskites can tune the bandgap to near
infrared region (~1.2 to 1.4 eV), which can be used for ideal-bandgap single-junction PSCs or be paired with wide-E,
PSCs to make all-perovskite tandem solar cells. The mixed Sn-Pb perovskites possess some unique optoelectronic
properties such as the bandgap bowing effect (figure 1(e)) [36] and high conductivity, likely due to high background
carrier concentrations [42]. Additionally, the low-E, perovskites suffer from the instability issue due to the ease of
oxidation of Sn?* to Sn**, resulting in much-shortened device durability and poor operational stability compared with
their wider bandgap (> ~1.5 eV) counterparts. Dedicated reviews on low-E; mixed Sn-Pb PSCs were recently
published elsewhere [75, 76]. In this section, we will briefly review recent advances and discuss the remaining

challenges and issues of low-E; PSCs.

3.1 Recent research advances in low-bandgap perovskite cells
3.1.1 Pure Sn-based perovskite solar cells.

The evolution of low-E; mixed Sn-Pb PSCs started with the research on lead-free pure Sn-based low-E; PSCs [77].
In 2014, Kanatzidis and Snaith groups independently fabricated lead-free MASnI; solar cells, featuring a redshifted
bandgap (below 1.3 eV) compared with the benchmark 1.55-eV MAPbI; [78, 79]. Further bandgap engineering by
incorporating Br to adjust the chemical composition of MASnI.«Br; enabled the n-i-p mesoporous PSCs with a PCE
of 5.73%. It was later found that FASnlI3 exhibited better performance and stability than MASnls. Seok group and our
group demonstrated FASnl; solar cells with PCEs of 4.8% and 6.22%, respectively, by adding SnF, additive as a
reducing agent to inhibit the oxidation of Sn?" to Sn** [80, 81].

Research efforts then directed toward improving perovskite film crystallinity and morphology, passivating grain
boundaries, and tuning perovskite composition to realize more stable and efficient pure-Sn perovskite films and
devices. Ke et al. developed hollow-structured MASnI; and FASnl; using ethylenediammonium (EDA) additive,
achieving PCEs of ~7% for n-i-p PSCs (figure 6(a)) [82, 83]. Liu et al. optimized anti-solvent processing and achieved

PCEs over 9% for p-i-n PSCs based on FAq75MAg25Snl; (figure 6(b)) [84]. Shao et al. recently achieved a PCE of



9.0% for PSCs based on FASnI; by incorporating layered (2D) PEA-Sn perovskite into FASnl; (figure 6(c)) [85].
The low-E, perovskite films with PEA also demonstrated improved crystallinity and stability. Ning and coworkers
developed a method to manipulate the growth of 2D-quasi-2D-3D hierarchical structure comprised of PEA,Snls and
FASnI; [86] by adding NH4SCN additive to the perovskite absorber, resulting in PSCs with a PCE up to 9.41% [87].
More importantly, the device exhibited decent stability, retaining 90% of its initial PCE after 600 hours of storage in
N> glovebox. Jokar et al. investigated the doping impacts of organic cations, such as EDA, BA, and GA on FASnI;
[88, 89]. They found that incorporating these large organic cations helped improve the performance and stability of
pure Sn-based PSCs. PCEs of ~10% (figure 6(d)) were obtained for the devices after storage in N, glove box for more
than 1000 hours, and the device showed robust stability under continuous illumination for one hour. Despite the
attempts to continue to push up efficiencies of Pb-free PSCs, the performance of pure Sn-based PSCs is intrinsically
limited by the high doping density and ease of oxidation. Consequently, pure Sn-based PSCs are not the optimal option
for efficient and stable low-E; PSCs. Nonetheless, high-performance pure Sn-based PSCs still play a crucial role in

developing high-efficiency low-E; PSCs.

3.1.2 Mixed Sn-Pb perovskite solar cells.

The lessons learned from the progress of pure Sn-based PSCs have benefited the development of mixed Sn-Pb
PSCs. The research on mixed Sn-Pb PSCs started with MA-based perovskite compositions. In 2014, Hayase and
coworkers demonstrated n-i-p mixed Sn-Pb PSCs based on MASn sPbgsl; with a bandgap of ~1.17 eV, lower than
that of both MASnI; (~1.35 eV) and MAPDI; (1.55 eV) [90]. Although these low-E, PSCs exhibited mediocre PCEs
of ~4%, which were much inferior to typical PCEs obtained from MAPbI; counterparts, the extended photoresponse
to the longer wavelength range demonstrated the potential to utilize the mixed Sn-Pb perovskites to harvest more
infrared photons. The PCEs of PSCs based on MASn,Pb, I3 were then rapidly raised to 7.4% [35] and over 10% [91]
by Kanatzidis and Jen groups, respectively. In 2016, Li et al. used a two-step method to fabricate MASng sPby sI3 PSCs,
achieving a PCE of 13.6% [92]. Recently, Rajagopal et al. further improved the PCE of MASng sPbosI3 PSCs to 15.6%
via formation of a graded fullerene heterojunction [93]. Yang et al. utilized Br-incorporation to form
MAPDby.5sSno s(IosBro2); with an ideal bandgap of 1.35 eV for single-junction solar cells and demonstrated a PCE of

17.63% [94].



Benefited from the success in FASnl3 perovskites, efforts have been made to develop low-E, mixed Sn-Pb
perovskites with mixed organic cations (MA/FA). In 2016, Yang et al. fabricated MA . yFA;Pbo.75Sng 2513 solar cells,
among which the 1.33-eV MA( sFAq sPbg 75Sng 2513 PSCs deliver a PCE of 14.2% with decent stability after storage in
N2 [95]. By combining FASnI; and MAPbI; precursor solutions (figure 7(a)), our group demonstrated a series of low-
E, mixed Sn-Pb PSCs with a device structure of ITO/PEDOT:SS/(FASnI3)«(MAPbI3). perovskite/Cso/BCP/Ag, as
shown in figure 7(b) [96]. The best-performing device based on (FASnl3)os(MAPDI3)o4 perovskite absorber with a
bandgap of 1.25 eV delivered PCEs of up to 15%. We then further increased the mixed Sn-Pb absorber thickness to
more than 600 nm by increasing the concentration of the precursor solution [97]. The thicker perovskite films exhibit
large grain sizes and longer carrier lifetimes of up to ~250 ns (figure 7(c)), leading to enhanced external quantum
efficiencies (EQE), particularly in the long wavelength region (750 to 1000 nm) (figure 7(d)). The champion cell
yielded a PCE of 17.5%, with Voc of 0.854 V, Jsc of 28.7 mA ¢cm?, and FF of 71.4% (figure 7(e)). It is worth noting
that the PCE of ~17% was first certified efficiency for 1.25 eV low-E, Sn-Pb PSCs. The desirable optoelectronic
characteristics of (FASnl3)os(MAPbI3)o4 were later confirmed by many groups. For instance, Prasanna et al.
demonstrated a low-E; PSC with a PCE of 17.8% using this perovskite composition [98].

Recently, Hayase and coworkers demonstrated M Ay sFA¢.sSno.sPbo.sls PSCs with a PCE of 17.6%, realized by a
conduction band spike structure via incorporating a thin layer of phenyl-C61-butyric acid methyl ester (PCBM)
between the perovskite absorber and the Cgo ETL [99]. The insertion of PCBM layer decreased recombination rate at
the perovskite/ESL interface and thus increased carrier lifetime from 91.4 to 142.8 ms (figure 8(a)), determined by
nanosecond transient absorption measurements. As a result, PCE of low-E, PCSs was increased from 14.2% to 17.6%,
with significant enhancements in Voc, Jsc, and FF, as shown in figure 8(b). The Jsc of up to 30.56 mA cm is so far
the highest reported value for low-E, PSCs, however, is likely to be overestimated by ~8% since Jsc calculated from
integrating the EQE curves (figure 8(c)) is only 28.40 mA cm. Similar interface modification has been demonstrated
by Xu et al. on the perovskite/HSL interface. Through inserting an ultrathin bulk-heterojunction organic
semiconductor layer (PBDB-T:ITIC) between the PEDOT:PSS HSL and the perovskite absorber, they fabricated
(FASnI3)o6(MAPDI3)04 PSCs with a PCE of 18% and a Voc of 0.86 V [100].

More recently, our group identified that the performance of the low-Eg PSCs is limited by the high carrier density
in the mixed Sn-Pb perovskites, which causes higher dark reverse saturation currents in the devices. We demonstrated

that bulk and grain boundary passivation via halide (Cl and Br) incorporation led to improved electronic properties

10



and reduced recombination in the mixed Sn-Pb PSCs, enabling high PCEs exceeding 19% [101, 102]. Particularly for
the proper Br-incorporation (6%), the dark current density was reduced by two to three orders of magnitude, as shown
in figure 8(d) [102]. The best-performing device exhibits a PCE of 19.03% and a high Voc of 0.888 V, with negligible
J-V hysteresis (figure 8(e)). The low Voc-deficit of ~0.37 V is comparable to the state-of-the-art medium-E, PSCs.
The steady-state efficiency (SSE) of the device is 18.5%, determined by the maximum output power measurement
(figure 8(f)). The integrated Jsc from EQE curve (inset of figure 8(f)) is 28.11 mA cm?, in good agreement (2%
deviation) with Jsc of 28.72 mA cm derived from the J-V curve.

Besides the popular FA/MA-based mixed Sn-Pb perovskites, high PCEs have also been demonstrated in low-E,
PSCs based on FA/Cs based compositions, i.e., FA;yCs,Sn«Pbi«I3. Compared with FA/MA-based perovskites,
FA/Cs-based low-E, perovskites show better thermal- and photo-stability, resulting in stable operation under
maximum power point tracking (MPPT), as shown in figure 8(g). In 2016, Eperon et al. demonstrated 1.2-eV
FAo.75Cs025Sn0.5Pby 515 solar cells with a PCE of 14.8% (figure 8(h)) with a Jsc of 26.7 mA cm?, confirmed by the
EQE measurements (figure 8(i)) [103], which is significantly improved compared with the control device based on
FASn.sPbosls. Recently, Leijtens et al. raised the PCE to 15.6% after incorporating MACI and formic acid into the
precursor solution [104]. In the meantime, Padture and coworkers systematically investigated the compositional space
of (FAPDI3);-x(CsSnl3)x [105]. The ideal bandgap of ~1.3 eV for a single junction solar cell was achieved with an
absorber composition of (FAPbI3)o7(CsSnls)o s, realizing a PCE of up to 14.6%. They recently improved the PCE to

15.8% through incorporating Lewis-adduct additive SnF,-3FACI to the precursor solution [106].

3.2 Challenges and issues of low-bandgap perovskite cells

The unsatisfactory performance of mixed Sn-Pb PSCs is one of the key shortcomings that limit the applications of
single-junction low-E, PSCs and all-perovskite tandem solar cells. The relatively poor performance is mainly
attributed to inferior film quality of mixed Sn-Pb perovskites than their pure Pb perovskite counterparts, which leads
to non-radiative recombination losses in bulk and at the interfaces of the mixed Sn-Pb perovskite films. Due to the
high carrier and defect densities, the mixed Sn-Pb perovskites typically suffer from low minority carrier lifetimes,
with the highest reported lifetime being ~250 ns [97], much inferior to the pure Pb perovskite thin films with carrier

lifetimes of a few ps [107, 108].
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Figure 9 shows Jsc and PCE values versus the bandgap value of low-E; PSCs reported in the literature. A summary
of PV parameters of these low-Eg PSCs can be found in Table 2. Photocurrents in low-E; PSCs are still much inferior
to the expected values. The reported Jsc values of the state-of-the-art low-E, PSCs that are confirmed by the EQE
measurements are still below 30 mA/cm?, realizing ~80% of their theoretical potentials. In agreement with the
relatively low Jsc values, the average EQE values of ~80% over the visible light range (400 - 800 nm) show insufficient
photons-to-charges conversion rates. Moreover, the photocurrent collection drops significantly in the long wavelength
range due to insufficient light absorption. Therefore, achieving an adequate conversion at the long wavelengths
requires the use of thick low-E, perovskite absorber layers. However, when the thickness is increased to certain values,
other photovoltaic parameters such as Voc and FF start to decrease due to the presence of a significant number of
defects in the mixed Sn-Pb perovskites, which lead to short carrier lifetimes and diffusion lengths. Therefore, strategies
to passivate bulk and grain boundaries defects and improve the lifetimes and diffusion lengths in the mixed Sn-Pb
perovskites are emergently needed. For instance, we recently demonstrated approaches of incorporating halide doping
(Cl and Br) for bulk and grain boundaries passivation in low-Eg; mixed Sn-Pb PSCs, leading to high PCEs of up to 19%
[101, 102]. With more efforts devoted to the development of highly efficient low-E; PSCs, higher PCEs exceeding
20% would be expected in the coming years.

Another serious issue for low-E; PSCs is the lack of material stability and device reliability under operation
conditions. The oxidation of Sn** to Sn** rapidly degraded the optoelectronic properties of mixed Sn-Pb perovskite
films, leading to too high hole density and too short carrier lifetime in the films. Additionally, due to the
photoinstability of MA-based perovskites [109, 110], the mixed Sn-Pb perovskite films containing MA-cations
experience more severe photoinduced decay than FA/Cs-based devices under MPPT measurements [104]. The ease
of material degradation also limits the fabrication route and the design of low-E; mixed Sn-Pb PSCs. Currently, most
high-efficiency low-E, PSCs have been fabricated in the p-i-n device architectures with PEDOT:PSS as the HSL. The
metal oxide ESLs (e.g., SnO; and TiO;) and the doped HSLs (e.g., spiro-OMeTAD) are likely to induce the
degradation of the mixed Sn-Pb perovskites, deteriorating the device performance. The almost fixed device
architecture limits the capability of tailoring interfacial energy level alignment between the mixed Sn-Pb perovskites
and the HSL/ESL, which may result in electrical losses at the contacts.

Efforts to improve the stability of low-E,; mixed Sn-Pb PSCs have attracted increasing attention in recent years.

Strategies including the use of more stable HSL/ESL or encapsulating layers, incorporation of antioxidant additives,
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and the synthesis of more stable perovskite materials have been demonstrated. For instance, NiOx was recently
employed by Chi et al. to replace the PEDOT:PSS HSL [111]. A PCE of 17.25% was obtained for low-E; PSCs based
on FAPbg 75Sn 2513, with an excellent thermal- and photo-stability. Leijtens et al. demonstrated that mixed Sn-Pb PSCs
with an ITO capping electrode could survive under an aging condition of 85 °C in the air for more than 300 hours
[104]. Jen and coworkers incorporated ascorbic acid as an antioxidant agent in the mixed Sn/Pb PSCs, demonstrating
enhanced device stability compared with the devices processed with regular reducing additive SnF, [112]. Most
recently, they demonstrated another approach of forming stable mixed Sn-Pb perovskite by using a galvanic
displacement reaction [113]. Through adding elemental Sn to the Pb-based perovskite precursor solution, they
prepared (FAPbo.¢Sno 4l3)o.85(MAPbo.6Sno.4Br3)o.15 based PSCs and achieved a PCE of 18.21%. More importantly, the
encapsulated cells retained more than 90% of their initial efficiencies after the storage in ambient air at room

temperature or 80 “C for 1000 or 120 hours, respectively.

4. Perovskite tandem solar cells
4.1 Tandem architectures and working principles

The design of multijunction tandem solar cells aims at mitigating energy losses from thermalization of photoexcited
carriers by combining a stack of semiconductor absorber layers with different bandgaps. As depicted in figure 10(a),
high-energy photons are absorbed in the top cell to minimize the thermal relaxation loss while the low-energy photons
are absorbed in the bottom cell, allowing the maximum harvest of the solar spectrum. The most common multijunction
tandem cells are double-junction tandem configurations consisting of a wide-E, top cell to harvest high energy photons
and a low-E, bottom cell to utilize low energy photons that are transparent to the top cell. Double-junction tandem
solar cells are typically fabricated in two main configurations, i.e., four-terminal (4-T) and two-terminal (2-T) tandem
architectures, as illustrated in figure 10(b)-(d).

For a 4-T tandem architecture, the two separately fabricated subcells are assembled into a system by either
mechanically stacked together (figure 10(b)) or coupled with an optical splitter (figure 10(c)), with the former being
the mainstream configuration whereas the latter being rarely used in practice due to extra costs of optics and supporting
units. The subcells can have their differenet active areas and operate individually at their maximum power points
because they are not electronically connected but just optically coupled together. Despite the processing and

operational simplicity, the 4-T tandem structure has some inherent drawbacks. Obviously, this configuration possesses
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four electrodes since each subcell has its own electrodes. The additional parasitic optical losses and manufacturing
costs due to these electrodes are hurdles to minimize energy costs of 4-T tandem technologies. Moreover, the
individual operation of the two subcells may raise the balance of system costs due to additional units, such as inverters,
wirings, and connections to maintain stable power output from individual cells.

For a 2-T tandem cell, two subcells are fabricated sequentially on the same substrate and are monolithically
integrated (figure 10(d)). The whole tandem device shares two common electrodes, including a transparent front
electrode and an opaque back electrode. The 2-T configuration requires an interconnecting layer (IL) that can either
be a heavily doped tunnel junction or a transparent conductive oxide (TCO) recombination layer to provide optical
and electrical connection of the two subcells. In contrast to the 4-T tandem configuration, monolithic tandem
integration presents a challenge on device fabrication. The processing of IL and the second cell is limited by cell
polarity, substrate roughness, deposition temperature, and solvent compatibility.

Figure 11 shows the theoretical PCEs of double-junction solar cells in both 2-T and 4-T configurations, and the
dashed lines label the bandgaps of typical bottom cells, including Si, CIGS, and low-E; perovskite. Both tandem
configurations hold the potential to achieve high PCEs exceeding 42% [9]. For 4-T tandem cells, the overall power
output is just a sum of PCEs of the top and bottom cells. Therefore, they have fewer constraints on the choices of
bandgaps for both subcells (figure 11(a)) and are less sensitive to spectral variations at different locations and over a
peoriod of time [114-116]. For monolithic 2-T tandem cells, the two subcells are electrically connected in series, and
thus, the voltage of the tandem is the sum of the two subcells while and the current is limited by the lower value of
the two. Therefore, maximizing the power output requires the two subcells to generate similar photocurrents under
operation conditions, which adds constraints on optical optimization of absorber bandgap and thickness as well as
reflection and interference from the whole film stack. Particularly, the current matching prerequisite limits the optimal
bandgap of the top perovskite solar cells to ~1.7 to 1.8 eV to match with typical bottom cells (e.g., Si, CIGS, and low-
E, perovskite) with bandgaps of 1.1 to 1.3 eV (figure 11(b)) [16, 117, 118]. In practical use, the current mismatch
caused by the spectral and temperature differences between constantly varying operating conditions and the standard
test conditions may result in energy loss for 2-T tandem cells in the filed [114-116].

Figure 12 plots the evolution of PCEs of notable single-junction and tandem PSCs reported in the literature,
summarizing the major developments in recent years. Detailed PV parameters of these perovskite tandem cells are

tabulated in Tables 3 and 4. Thanks to the advances in the wide-Eg and low-E, PSCs, all types of tandem solar cells
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have rapidly progressed in the past 3-4 years, showing significant increases in reported device efficiencies and the
number of the related publications. It is worth noting that there are many tandem devices reported in late 2018,
including 2-T and 4-T perovskite/Si and 4-T perovskite/CIGS tandem cells, showing higher PCE than the current
world-record (23.7%) of single-junction PSCs. With continually increasing PCEs that are approaching the S-Q limits
for single-junction solar cells, perovskite tandem solar cells will become very promising in the near future. The
remaining of this section will briefly summarize the developments of various perovskite tandem technologies and

discuss the challenges and issues of tandem PSCs.

4.2 Perovskite/Si tandem solar cells

The dominant role of c-Si-based technologies in the current PV market due to high power output, field-proven
durability, well-developed supply chains, and rapidly reducing manufacturing costs makes c-Si an ideal candidate to
make tandem solar cells with wide-E, perovskites. Pairing PSCs with c-Si provides a promising path to increase the
power output of c-Si solar panels without a significant change in manufacturing costs [119, 120]. To achieve high
PCEs exceeding 30%, ~1.1-eV c-Si needs to be paired with wide-E, perovskites with a bandgap of 1.6 to 1.75 eV
(figure 11). Thus far, the best-certified efficiency of monolithic perovskite/c-Si tandem solar cells has reached 28.0%
by Oxford PV [7], which has already surpassed the PCE of 26.6% for the best single-junction Si cells [7].
4.2.1 Four-terminal perovskite/Si tandem solar cells.

Pioneering attempts to fabricate perovskite/Si tandem cells started in late 2014 when Ballif and McGehee groups
individually reported 4-T MAPDI3/Si tandem cells with a PCE of 13.4% [121] and 4-T MAPbI3/multicrystalline (TI)
Si tandem cells with a PCE of 17% [122]. For the latter, limited by the then immature perovskite processing techniques
and low-quality Si cells prepared using cast TI-Si wafers, the top and bottom cells delivered PCEs of only 12.7% and
4.3%, respectively, resulting in a total efficiency of 17.0% (figure 13(a)) [122]. After that, many efforts have been
made to fabricate high-efficiency 4-T perovskite/Si tandem cells. In early 2016, Snaith group fabricated perovskite
solar cells with a more photo- and thermal- stable perovskite composition, FAq g3Cso.17Pb(Io6Bro4)s;, with a bandgap
of ~1.74 eV, realizing a Voc of 1.2 V for single-junction PSCs [41]. Combing a semitransparent wide-E, PSC with a
Si heterojunction (SHJ) cell enabled a 4-T perovskite/Si tandem configuration with PCEs of 15.1% and 7.3% for the
top and filtered bottom cells, respectively, yielding a tandem PCE of 22.4% (figure 13(b)). Photocurrent enhancement

has been demonstrated in both top and bottom cells compared with the earlier works. However, due to the significant
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J-V hysteresis presented in the perovskite top cell, the SSE of the tandem device is ~19.2%. It is worth noting that the
FA/Cs based perovskite compositions since then have become the most popular choice for the top cell of perovskite
tandem configurations.

Later, Chen et al. fabricate semi-transparent MAPbI; perovskite solar cells with ultrathin Cu (1 nm)/Au (7 nm)
metal back electrode, allowing near-infrared light to reach Si bottom cell and resulting in 4-T perovskite/Si tandem
cells with a PCE of 23.0% [123]. Werner et al. fabricated 4-T perovskite/SHJ tandem cells using a near-infrared-
transparent 1.55-eV MAPDI; perovskite top cell and a double-sided textured SHJ bottom cell, featuring PCEs of 16.4%
and 8.8% for the top and filtered bottom cells, respectively, and a total PCE of 25.2% (figure 13(c)) [124]. More
recently, Duong et al. reported 4-T perovskite/Si tandem cells consisting of a 1.63-eV quadruple-cation Rb-
FAo.7sMAo.15Cs0.1Pb(Io.67Bro.33)3 (with 5% RbI) perovskite top cell and an interdigitated back contact (IBC) Si bottom
cell with a PCE of 26.4% [46]. The IBC-Si bottom cells allow improved absorption of near-infrared photons, leading
to a high PCE of 10.4% and a high Jsc of 18.7 mA cm™ for a filtered bottom cell (figure 13(d)). Jaysankar et al.
reported a perovskite/IBC-Si 4-T tandem solar cell with a PCE of 27.1% [125]. The excellent tandem performance
was enabled by 1.72-eV semitransparent Cso.15FAgssPb(Io.71Bro29); PSCs with a high Voc of 1.22 V and a PCE of
13.8% as well as efficient IBC-Si bottom cells delivering a PCE of 13.3% after filtering with the top PSC.

4.2.2 Two-terminal monolithic perovskite/Si tandem solar cells.

In 2015, McGehee and Buonassisi groups demonstrated the first 2-T monolithic perovskite/Si tandem solar cell
[126]. The tandem device, which is comprised of a MAPbI; top cell connected to a homojunction Si bottom cell by a
n"/p™ Si tunnel recombination junction (figure 14(a)), resulted in a modest PCE of 13.7% and a Voc of 1.65 V.
Thereafter, Albrecht et al. fabricated monolithic perovskite/Si tandem cells consisting of a FA(s3MAg.17Pblo 35Bro.15
perovskite top cell, a SnO,/ITO IL, and a SHJ bottom cell (figure 14(b)) [127]. They achieved a PCE of 19.9%, with
a high Voc of 1.785 V, Jsc of 14.0 mA cm™, FF of 79.5%. Due to the J-V hysteresis, a slightly lower SSE of 18.1%
was obtained.

In late 2015, Ballif group demonstrated monolithic perovskite/Si tandem cells with PCEs of up to 21.2% [128].
The tandem devices employ a semitransparent MAPDbI; perovskite top cell and a double-side polished Si
heterojunction bottom cell (figure 14(c)). The tandem devices exhibit significant wavelength-dependent spatial
nonuniformities in the photocurrent generation in the subcells due to processing defects of perovskite solar cells and

optical loss due to interference introduced by the two parallel Si surfaces [129]. Later, by employing bottom-side
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textured Si wafers, a nanocrystalline Si recombination layer, and Cso.19FA31Pb(Ip78Bro22)3 wide-bandgap perovskite
films, they improved the PCEs for small size perovskite/Si tandem cells to 22.8%, with a Voc of 1.75 V, Jsc of 16.8
mA cm, and FF of 77.5% [130]. McGehee group reported on the fabrication of efficient monolithic 2-T perovskite/Si
tandem solar cells consisting of a 1.63 eV FA(3Cso.17Pb(lo.83Bro.17)3 perovskite top cell and a single-side textured SHJ
bottom cell (figure 14(d)) [131]. The champion tandem cells show a PCE of 23.6%, with a Voc of 1.65 V, a Jsc of
18.1 mA cm?, and a FF of 79.0%. This tandem design has the light entering the perovskite top subcell from the n-
type ESLs (LiF/PCBM/Sn0O,/(Zn,Sn)0,), differing from the previously reported 2-T tandem cells. More importantly,
the combination of more stable FA/Cs-based perovskite composition, a robust ITO IL, and a SnO»/(Zn,Sn)O; buffer
layer prepared by atomic layer deposition [132] enables a decent device stability that withstands a damp heat test at
85 °C and 85% relative humidity for more than 1000 hours. Using a similar device architecture, Chen et al. recently
reported an advanced engineering technique by incorporating MACI and MAH,PO; into perovskite precursor to
reduce the Voc-deficit of 1.64 eV perovskite top cell to less than 0.5 V, which enables 2-T perovskite/SHJ tandem
cells with a high Voc of 1.80 V, a Jsc of 17.8 mA cm-2, and a FF of 79.4%, resulting in a PCE of 25.4% [133].

Most state-of-the-art 2-T monolithic perovskite/Si tandem solar cells are based on silicon bottom cells with a
polished front surface due to the difficulty of solution-processing the perovskite subcells on an uneven surface.
Recently, Sahli et al. demonstrated the fabrication of monolithic 2-T perovskite/Si tandem solar cells on the double-
side textured monocrystalline silicon wafers (figure 14(e)) [134]. The tandem devices based on double-textured Si
wafer yield a certified SSE of 25.2%, featuring a high Jsc of 19.5 mA ¢cm? [134], which is 3 mA cm™ higher than
perovskite/Si tandem cells fabricated on single-side polished Si wafers [130]. The successful fabrication of
perovskite/Si tandem devices on pyramid textured Si wafers was enabled by thermally evaporated organic hole
selective layer, i.e., 2,2',7,7'-tetra(N,N-di-tolyl)Jamino-9,9-spiro-bifluorene (Spiro-TTB) and a vapor-solution hybrid
sequential deposition approach [135] to prepare conformal perovskite films. Although the demonstration of processing
2-T perovskite/Si solar cells on fully textured Si wafers shows promising results, the devices still suffer from relatively
low FF of 69-73% [134].

More recently, optical designs of 2-T monolithic perovskite/Si tandem cells to reduce parasitic optical losses have
been taking into consideration. McGehee group demonstrated PCEs up to 25% for perovskite/Si tandem cells with a
1 cm? active area through minimizing current and voltage losses by combining a thin top transparent electrode, metal

fingers, and a polydimethylsiloxane (PDMS) antireflection foil [136]. The champion tandem cell delivers a Voc of
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1.77 V, a Jsc of 18.4 mA cm?, a FF of 77%, and a PCE of 25%. Albrecht group fabricated 2-T monolithic 1.66-eV
perovskite/SHJ tandem cells with light-management (LM) foils on the illumination side (figure 14(f)) and
demonstrated a PCE of 25.5%, with a Voc of 1.76 V, a Jsc of 18.5 mA cm?, and a FF of 78.5% [137].

Besides the tandem cells based on SJTH-based c-Si solar cells, the homojunction c-Si technologies, which have the
market dominance with a global market share of around 93%, are considered as an ideal candidate for the
marketization of perovskite/Si tandem solar cells. Recently, Weber group demonstrated an SSE of 22.5% and a Voc
of 1.75 V on a 1 c¢cm? perovskite/homojunction c-Si tandem cells [138]. In the meantime, Ho-Baillie group
demonstrated efficient large-area MAPbIs/homojunction silicon tandem solar cells [139]. The champion device with
an area of 4 cm? achieved a PCE of 21.0% while the 16 cm? large area device yielded an SSE of 17.1%. More recently,
they combined (FAPDbI3)os3(MAPbBI3)0.17 perovskite and rear-side-textured homojunction Si cells into 2-T monolithic
tandem configuration and demonstrated an SSE of 21.8% on 16 cm? [140]. Their work provides a direction for
commercially relevant and low-cost perovskite/homojunction Si tandem cells, paving the way toward the

commercialization of perovskite/Si tandem technologies.

4.3 Perovskite/chalcogenide thin film tandem solar cells

The marriage between emerging perovskite and commercially available CIGS PV technologies makes it possible to
realize ultra-high efficient and low-cost thin-film tandem solar cells. Both thin-film technologies possess excellent
photovoltaic properties, such as tunable bandgaps, high absorption coefficients, and defect tolerance, and can be
prepared via solution-based methods, making them the ideal partners for fabricating tandem solar cells. Thanks to
the advances in fabricating high-efficiency wide-E, PSCs, the PCEs of 4-T perovskite/CIGS solar cells has rapidly
increased in recent year, achieving ~25% in 2018 [141] (figure 12). The performance of 4-T perovskite/CIGS
tandem cells is inferior to that of 4-T perovskite/Si tandem cells, mainly due to the lower efficiencies of CIGS cells
compared with cells based on c-Si. The fabrication of 2-T perovskite/CIGS tandem cells is very challenging due to
the delicate processing requirements for both subcells and the IL. Thus far, only Yang group reported on the
fabrication of high-efficiency 2-T monolithic perovskite/CIGS tandem cells with a PCE exceeding 22% [142]. There

are expected to be more works on 2-T perovskite/CIGS tandem solar cells in the future.

4.3.1 Four-terminal perovskite/chalcogenide tandem solar cells.
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In late 2014, Bailie et al. fabricated the first 4-T perovskite/CIGS tandem solar cells, achieving a total PCE of 18.6%
by summing up 12.7% efficiency for a MAPDI; top cell and a 5.9% efficiency for a filtered CIGS bottom cell [122].
Soon after that, Yang et al. fabricated the semitransparent perovskite cells with multilayer transparent electrode and
demonstrated 4-T perovskite/CIGS tandem cells with a PCE of 15.5% [143]. In the meantime, Kranz et al.
demonstrated 4-T polycrystalline thin film tandem cells with a combination of a regular structure MAPbI; perovskite
top cell and a CIGS bottom cell, resulting in a PCE of 19.5%, with PCEs of 12.1% and 7.4% for the perovskite and
filtered CIGS cells [144]. Fu et al. fabricated semitransparent MAPbI; perovskite solar cells in the n-i-p structure of
FTO/ZnO/PCBM/perovskite/Spiro-OMeTAD/MoOs/InoO3:H and demonstrated 4-T perovskite/CIGS tandem cells
with a PCE of 20.5% [145]. Later, they improved the performance of the perovskite top cell by employing the
substrate configuration, which allows light to enter the devices from the film side [146]. Using these substrate-type
perovskite solar cells constructed by a film stack of glass/In,O3:H/PTAA/MAPbI;/PCBM/Zn0O/ZnO:Al/metal grid
(figure 15(a)), they demonstrated 4-T thin film perovskite/chalcogenide tandem cells with PCEs of 22.1% and 20.9%
for CIGS and CIS bottom cells. For the 4-T perovskite/CIGS tandem cells, the top and bottom subcells yielded PCEs
of 16.1% and 6.0% and high Jsc values of 19.1 and 12.1 mA cm™, respectively (figure 15(b)) [146].

More recently, wide-E, perovskites have been used to replace medium-E; MAPDI3, allowing more infrared photons
to enter the bottom CIGS cells. Shen et al. fabricated semitransparent perovskite solar cells with
Cs0.05Rbo.0sF Ao 76sMAg.135Pb(11xBry); absorbers at bandgap of 1.62 (x = 0.15) and 1.75 eV (x = 0.4) in the n-i-p
structure (figure 15(c)), achieving semitransparent single-junction device PCEs of 18.1% and 16.0% [147].
Combining these PSCs with a 16.5% CIGS bottom cell resulted in 4-T perovskite/CIGS tandem efficiencies of 23.9%
(figure 15(d)) and 23.4%, respectively. At the 2018 EU PVSEC conference, Imec and ZSW researchers announced a
record efficiency of 24.6% for 4-T perovskite/CIGS tandem cells [141], showing the potential adoption of this 4-T
perovskite/CIGS technique by industry in the future.

4.3.2 Two-terminal perovskite/chalcogenide tandem solar cells.

As a proof of concept, Todorov et al. first fabricated monolithic perovskite/Cu>ZnSn(S,Se)s (CZTSSe) [148] and
perovskite/CIGS (figure 16(a)) [149] tandem solar cells using solution-processed chalcopyrite bottom cells. The
resulting tandem devices with CZTSSe and CIGS subcells exhibited PCEs of 4.6% and 10.9%, respectively. Though

the tandem efficiencies are much inferior to the PCEs of single-junction cells, the attempts for integrating perovskite
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and chalcogenide thin film solar cells into the 2-T tandem configuration motivated subsequent studies on monolithic
perovskite/chalcogenide tandem solar cells.

Due to the difficulty of processing interconnecting layer and perovskite top cells on the completed CIGS thin film
solar cells, there are only a few reports that focus on the fabrication of 2-T perovskite/CIGS tandem. In 2018, Uhl et
al. fabricated monolithically interconnected perovskite/chalcogenide tandem solar cells using a solution-processed
semitransparent MAPDI; top cell and a Culn(Se,S), (E; = 1.03 eV) bottom cell prepared by a molecular ink deposition
method (figure 16(b)), yielding a tandem efficiency of 8.55% [150]. No one has reported high efficiency 2-T
perovskite/CIGS tandem solar cells until a breakthrough that was made recently by Yang and coworkers. Through
chemical and mechanical polishing the top contact of CIGS solar cells and applying a heavily doped PTAA HSL, they
achieved 2-T perovskite/CIGS tandem cells with 1.59-eV Csp.090FA¢77MAo.14Pb(Io36Bro.14); perovskite and 1.0-eV
CIGS subcells (figure 16(c)), which exhibited a PCE of 22.4% with a Voc of 1.774 V, a Jsc of 17.3 mA cm?, and a
FF of 73.1% (figure 16(d)) [142]. The Jsc was confirmed by the EQE measurements, which show integrated Jsc values
of 18.20 and 17.76 mA cm™ for the top and bottom cells, respectively (figure 16(e)), consistent with the results from
the J-V measurements. The perovskite/CIGS tandem cells without encapsulation retained ~90% of their initial PCEs
after 500 hours of continuous operation under ambient conditions, demonstrating decent device stability. During the

revision of this paper, a 21.6%-efficient 2-T perovskite/CIGS tandem cell was reported by Albrecht et al. [151]

4.4 All-perovskite tandem solar cells

Compared with other perovskite tandem technologies, all-perovskite tandem cells possess unique advantages,
including low-temperature processes for all subcells, compatibility with flexible and lightweight applications, and
potentially low fabrication and environmental costs [152, 153]. Though potentially promising, it is challenging to
fabricate efficient all-perovskite tandem solar cells due to the lack of efficient low-E, perovskite bottom subcells and
difficulty of monolithically integrating two perovskite subcells in the 2-T tandem configuration. The recent progress
has propelled the PCEs of 4-T and 2-T all-perovskite tandem solar cells to 23.1% [154] and 21% [101], respectively
(figure 12), approaching their perovskite/Si and perovskite/CIGS counterparts. Clearly, fabrication of high-efficiency

low-E; PSCs is the key for realizing the potential of the all-perovskite tandem solar cells.

4.4.1 Four-terminal all-perovskite tandem solar cells.

20



The studies on all-perovskite tandem solar cells were lagging behind the progress of other perovskite tandem
technologies due to the challenges of fabricating efficient and stable low-E,; PSCs. In 2016, Li et al. demonstrated the
proof-of-concept 4-T all-perovskite tandem solar cells using MAPbBr; and MAPbI; as the top and bottom cells [155],
achieving a PCE of ~9.5%. Yang et al. demonstrated the first 4-T all-perovskite tandem solar cell with a low-E, PSC
by combining a 1.55-eV MAPbI; top cell and a 1.33-eV MA sFA.sPbg75Sng2sls bottom cell, achieving a high PCE
of 19.1% after adding up PCEs of 13.5% and 5.6% for the top and filtered bottom cells, respectively (figure 17(a))
[95]. A thin absorber layer thickness of the medium-E, MAPbI; was used to allow sufficient photons to enter the
bottom cell. As a result, Jscs of 16.7 and 9.1 mA cm™ were obtained for the top and filtered bottom cells.

Later, Eperon et al. constructed 4-T tandem cells with a better optically complementary absorber combination
consisting of a 1.6-eV FAg g3Cso.17Pb(I.53Bro.17)3 top cell and a 1.2-eV FA75Cs025Sng sPbo sIs bottom cell [103]. They
achieved PCEs of 15.8% and 4.5% for the top and filtered bottom cells, respectively, resulting in a PCE of 20.3% for
the 4-T tandem cells (figure 17(b)). Our group further enhanced the record 4-T tandem cell efficiencies to 21.2% by
pairing the 1.58-eV FA(3MA7Pbl; and 1.25-eV (FASnl3)os(MAPDI3)4 cells [97], and to 23.1% after replacing the
top cell with a wide-E; FA(3Cso2Pb(lo7Bro3); absorber (figure 17(c)) [154]. For the record efficiency device, the
incorporation of paraffin oil as an optical coupling layer between the two subcells reduces the optical loss at the
air/glass interfaces, enabling PCEs of 15.7% and 7.4% for the top and flittered bottom cells, respectively.

4.4.2 Two-terminal all-perovskite tandem solar cells.

For 2-T all-perovskite tandem solar cells, the most critical component is the IL that not only connects two subcells
but also protects the underlying subcell from any damages introduced by processing the second cell. The proof-of-
concept monolithic 2-T all-perovskite tandem solar cells was first reported in 2015 by Zhou and coworkers [156]. The
tandem device is comprised of two MAPDI; cells connected by organic ILs (figure 18(a)). Although the tandem cell
yielded an unsatisfactory PCE of only 7%, it showed a high Voc of up to 1.89 V, close to the sum of the two subcells,
demonstrating the monolithic design of all-perovskite tandem cells. In the meantime, Heo and Im fabricated 2-T
MAPbBr;-MAPbDI; tandem solar cells by physically laminating two separated subcells together (figure 18(b)),
achieving a PCE of 10.8% and a high Voc 0of 2.25 V [157]. However, due to the relatively large bandgap of the MAPbI3
(1.55 €V) bottom cell and the physically contacted interconnecting interface, a small Jsc of only 8.3 mA cm™? was

obtained.
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The first 2-T monolithic all-perovskite tandem cell employing a low-E; mixed Sn-Pb PSCs was reported by
McGehee, Snaith, and co-workers in 2016 [103]. The 2-T tandem cells consist of a 1.8-eV FAg33Cso.17Pb(IpsBros)3
top cell and a 1.2-eV FA¢ 75Cso.25Sn9 sPbg sI3 bottom cell connected by zinc-tin oxide (ZTO)/SnO,/ITO interconnecting
layers (figure 18(c)). The sputtered ITO layer not only provides an optical and electrical connection to the subcells
but also protects the first-deposited subcell from processing damages from solution-deposition of the second subcell.
The use of two subcells with complementary bandgaps allows broad absorption of the solar spectrum. The best
performing device achieved a PCE of 16.9%, with a Voc of 1.66 V, a Jsc of 14.5 mA/cm?, and a FF of 70%. Later,
after adjusting the top cell more photostable composition, FAg33Cso.17Pb(Io.7Bro3)3, and incorporating MACI and
formic acid to improve the quality of the FA¢75Cso25Sng sPbgsIs bottom cells, they demonstrated a PCE of 19.1% for
2-T perovskite tandem cells (figure 19(a)) [104]. The best-performing device shows a Voc of 1.81 V and a matched
Jsc of 14.8 mA cm-2, significantly improved from their previous devices.

Jen and co-workers used MAoCso.1Pb(IosBro4)s (Eg = 1.82 eV) and MASngsPbysls (E, = 1.22 eV subcells
connected by a sputtered ITO recombination layer to construct 2-T all-perovskite tandem cells (figure 18(d)),
achieving a PCE of 18.4% (figure 19(b)) [158]. It is worth noting that the high Voc of 1.98 V is approaching 80% of
the theoretical voltage limit for the absorber combination. However, the relatively low Jsc of ~12.5 mA cm? limits the
PCE of the tandem devices. Most recently, our group demonstrated 2-T perovskite tandem cells consisting of 1.75-eV
wide-Eg; FAo3Cso2Pb(Io7Bro3)s top cell and a 1.25-eV low-E; (FASnl3)os(MAPDI3)o4 bottom cell connected by a
simple vacuum-processed ILs of MoOs/Ag/ITO (figure 18(e)) [101]. A bulk-passivation strategy was employed to
enlarge the grain size, increase carrier mobilities, reduce electronic disorder, and suppress trap-assisted recombination
in the low-E, mixed Sn-Pb perovskite films, leading to improved performance of low-E; PSCs with an absorber layer
thickness of over 750 nm. This advance in high-quality low-bandgap perovskite layers enables the fabrication of
efficient 2-T all-perovskite solar cells with a Voc of 1.92'V, Jsc of 14.0 mA cm™, FF of 78.1%, yielding a PCE of 21%
(figure 19(c)). Our tandem devices show decent operational stability, retaining over 85% of initial PCEs after 80 hours
of continuous operation under AM1.5G solar radiation. Besides commonly used ITO-based IL, Choy and coworkers
recently demonstrated a PCE of 17.9% for 2-T all-perovskite tandem cells with an ultrathin Cu/Au metal thermionic
emission based interconnecting layer [159], providing a new route to monolithically integrate two perovskite subcells.

Beyond the solution-processed all-perovskite solar cells, perovskite solar cells can also be prepared by the physical

vapor deposition method. Bolink and co-workers combined solution-processed wide-Eg FAg 75Cso.1sPb(I03B10.7)3
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perovskite top cells with vacuum-deposited MAPbI; bottom cells to build 2-T all-perovskite tandem solar cells (figure
18(f)), achieving a champion PCE of 18.1%, with a high Voc 0f 2.14 V, Jsc 0f 9.7 mA cm?, FF of 75.6% (figure 19(d))
[160]. More recently, they demonstrated all-vacuum processed MAPbI;/MAPbDI; tandem cells, which yield a PCE
exceeding 18% and an unprecedently high Voc of 2.30 V [161]. The low total Voc deficit of ~900 mV for two subcells
is attributed to high-quality vacuum-processed perovskite thin films and entirely evaporated organic interconnecting
layers. This work demonstrates the promise of the vacuum-based process for fabricating all-perovskite tandem solar

cells.

4.5 Limitations and challenges of perovskite tandem solar cells
4.5.1 Scaling up and commercialization.

To achieve commercial readiness of perovskite tandem technologies, the design and fabrication of large-area
tandem cells and modules will become an important consideration. So far, most perovskite tandem solar cells reported
in the literature have active areas on the order of 0.1 to 1 cm? These small size designs allow the commonly used
spin-coating methods for processing single-junction PSCs to be translated directly to the fabrication of tandem cells.
However, for industrial production and application, large-area fabrication techniques and implementation of tandem
cell designs and module integration are yet to be demonstrated.

Research work on single-junction and tandem PSCs has been moving forward toward large area devices. Several
research groups have recently developed scalable deposition techniques for fabricating mini-modules with sizes of up
to 100 cm? [162-166]. For instance, Han and coworkers fabricated printable perovskite solar modules with 10 cm by
10 cm area (figure 20(a)) and assembled a 7 m? prototype of perovskite solar panels (figure 20(b)) [166],
demonstrating a viable route toward the realization of large-area perovskite solar modules. The perovskite solar
modules can be used for constructing 4-T tandem PSCs if a TCO layer is used as the back electrode. Jaysankar et al.
recently demonstrated a scalable design of 4-T perovskite/Si solar module employing a semi-transparent
monolithically integrated perovskite solar module and an interdigitated back contact (IBC) c-Si cell (figure 20(c))
[167]. The tandem cell prototype was simply assembled by stacked 4 cm? perovskite and Si cells together, as illustrated
in figure 20(d), delivering a PCE of 23.9% [168].

For 2-T perovskite/Si tandem cells, the main challenge is to deposit uniform and smooth perovskite films on large

area silicon wafers. Sahli et al. demonstrated 18%-efficient monolithic perovskite/SHJ tandem cells on large area
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(12.96 cm?) (figure 20(e)) using a vapor-solution two-step method [130]. Zheng et al. fabricated 16 cm? 2-T
perovskite/homojunction Si cells (figure 20(f)) using solution-based two-step methods and achieved PCEs of 17.1%
[140]. Moreover, the leading company in the field of PSCs, Oxford PV, has already demonstrated the fabrication of
156 mm by 156 mm (243 cm?) perovskite silicon tandem solar cells at the industrial pilot production line [169]. This
achievement shows the feasibility of driving the 2-T perovskite/Si tandem technologies from the lab demonstration
toward high volume production.

Compared with wafer-based Si PV technologies, the designs and fabrication of 2-T perovskite/CIGS and all-
perovskite thin-film tandem solar cells are much more challenging. In particular, the monolithic integration designs
of thin-film tandem solar modules require careful considerations on the separation and interconnection of individual
cells. Moreover, the performances of CIGS and low-E, perovskite bottom cells are still much inferior to c-Si solar
cells and are prone to degradation during the processing of the second subcell and IL. The complexity of processing
these tandem configurations makes it extremely difficult to fabricate large-area thin film tandem modules. Therefore,
these thin-film perovskite tandem cells are still in the early stages of the development, with the focuses on investigating
the basic science of the device operation and validating the technical approaches. There is still a long way to go before

the commercialization of perovskite thin-film tandem technologies can be seriously considered.

4.5.2 Device reliability of tandem perovskite solar cells.

While tandem PSCs hold the promise to deliver high PCEs, the requirement of reliability to match the 25-year
lifetime of Si solar cells is currently one of the major obstacles on their path toward commercialization. Although
some promising stability testing results have been reported in the literature in recent years, the long-term stability of
PSCs is yet to be fully demonstrated. Especially for tandem PSCs, limited by the small numbers of publications,
standardized stability testing results have rarely been reported. Recently, Bush et al. reported that using industry-
standard glass/glass encapsulation packaging, semitransparent PSCs and 2-T perovskite/Si tandem cells can survive
the damp heat test (85% relative humidity and 85 °C temperature) for more than 1000 hours [131]. Passing this test is
an encouraging signal showing the feasibility to achieve long-term stability in perovskite/Si tandem solar cells. Han
et al. reported 2-T perovskite/CIGS tandem cells without encapsulation maintained 88% of their initial PCEs after 500
hours of continuous one sun illumination [142]. The lifetime would be longer if proper encapsulation can be applied.

All-perovskite tandem solar cells have a critical concern on the stability of low-E; PSCs. Due to the vulnerability of
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mixed Sn-Pb perovskites against oxygen and moisture, the low-E; PSCs require complete encapsulation to work in
the ambient conditions for a long time. Our group recently demonstrated that the synthesis of high-quality mixed Sn-
Pb perovskite films enabled all-perovskite tandem solar cell that retained 85% of its initial PCE after 80 hours of
continuous operation under one sun illumination. Although such short lifetime is not comparable with the tandem cells
based on c-Si and CIGS, these results are encouraging for further improvements of all-perovskite tandem solar cells.
Nonetheless, stability issues of tandem PSCs need to be fully addressed before translating these promising PV

technologies demonstrated in laboratories to real-world applications [170].

5. Conclusion and outlook

The past few years have witnessed the rapid progress of single-junction and tandem PSCs. Thanks to the research
advances in wide-E, and low-E, single-junction PSCs, various high-efficiency tandem PSCs, including perovskite/Si,
perovskite/CIGS, and all-perovskite tandem solar cells in 4-T and 2-T configurations have been demonstrated. With
the record PCEs of laboratory-made tandem PSCs approaching and even surpassing commercially available solar cells
based on single-junction PV technologies, it is important to start to consider strategies that can bridge the gap between
laboratory-made devices and efficient and reliable commercially manufactured modules.

As the PCEs of various tandem PSCs are expected to continuously increase in the future, more commercially
relevant questions should be asked such as whether the device architectures and deposition methods are applicable for
large-area module fabrication and whether the newly developed approaches are technically and financially feasible.
There needs to be an area of research focusing on developing processing techniques for specific PSCs based on tandem
configurations. For instance, conformal coating of perovskite thin films on textured Si wafer has recently been
demonstrated using the hybrid two-step method [134], while conventional spin-coating used for high-efficiency
single-junction PSCs cannot deliver the same results. For delicate thin-film solar cells (CIGS and perovskite) which
are sensitive to high temperatures and environment, depositing the second perovskite subcells on them to construct
tandem cells may require special treatments and protective remedies to mitigate the possible processing damages.
These require researchers to explore alternative tandem-specific deposition approaches. The ideal route would be
vacuum-based deposition methods [160, 161], which are not limited by the nonuniform surface and solvent

compatibility and can be adapted to the mild-vacuum, low-temperature, high-throughput industrial production. The
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remaining challenges are how to achieve high-quality perovskite films with different perovskite compositions, which
require more research efforts.

Future work also needs to focus on developing more stable perovskite tandem modules. The desired device stability
requires not only the advanced engineering on perovskite compositions and cell structures to enhance the stability of
PSCs but also the module frame and encapsulation designs that prevent water and oxygen ingress [171-175] as well
as the leakage of water-soluble toxic Pb and Sn compounds [153, 176-178]. Once robust encapsulation can be
implemented, tandem PSCs will have a chance to achieve sufficiently long-term stability, which will benefit the
adaption of these promising tandem techniques in the market. This is particularly attractive for the already established
¢-Si PV industry. Pairing with PSCs will boost the power generation of current c-Si solar cells provided the stability
issue can be addressed. While for the less mature CIGS technologies, the adaption will take longer time since difficult
processing related engineering issues are still presented, and more devices need be demonstrated to ensure the
feasibility to enter the production. In the long future, all-perovskite tandem solar cells hold the potential to become
the leader in the perovskite PV field due to their ultrahigh efficiency and low-cost. However, the route toward this
ultimate promising perovskite PV technology is the most challenging one because of the performance and stability
issues of the low-E, PSCs. If these critical remaining issues can be resolved, all-perovskite tandem solar cells will

fulfill their promise to deliver more electrical power at lower costs than today’s PV technologies.
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Figure 1. (a) Sketch of AMX3 perovskite crystal structure. Reprinted with permission from [25], copyright 2018
Elsevier. (b) Normalized PL emissions of various metal halide perovskites. Reprinted with permission from [30],
copyright 2018 Wiley-VCH. (c) Photos and absorbance spectra of MAPbBr;.«Cly. Reprinted with permission from
[31], copyright 2015 Royal Society of Chemistry. (d) Photos and absorbance spectra of MAPbI;..Bry. Reprinted with
permission from [34], copyright 2015 Royal Society of Chemistry. (e) Calculated and measured bandgaps of MASn;.
xPbyls. Reprinted with permission from [36], copyright 2015 American Chemical Society.

Figure 2. Schematics of two main PSC architectures, including (a) regular n-i-p and (b) inverted p-i-n structures.
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Figure 4. J-V curves of the-state-of-the-art wide-E, PSCs, including (a) n-i-p FA¢sCso2Pb(lo.7Bro3)3, (b) n-i-p BA-
FA.15Cs0.85Pb(10.73Br0.27)3, (¢) p-i-n (FA033MA0.17)0.95Cs0.0sPb(Io.6Bro.4)3, and n-i-p Cso.osMAg.15F Ao sPb(Io.75Bro.25)3.
Panel (a) is adapted with permission from [47], copyright 2017 American Chemical Society. Panel (b) is adapted with
permission from [49], copyright 2017 WILEY-VCH. Panel (c) is adapted with permission from [51], copyright 2017
WILEY-VCH. Panel (d) is adapted with permission from [53], copyright 2018 Springer Nature.
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Figure 8. Low-E, PSCs based on (FASnl3)os(MAPbI3)o4. (2) Schematics showing charge recombination at the
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Figure 9. Plots of (a) Jsc and (b) PCE versus bandgap of low-Eg PSCs reported in the literature.
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Figure 11. Theoretical efficiency limits of (a) 4-T and (b) 2-T tandem solar cells. The dash lines show the bandgaps

of Si, CIGS, and low-E, perovskites. Reprinted with permission from [3], copyright 2018 Springer Nature.
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Figure 14. Designs and cross-sectional SEM images of 2-T monolithic perovskite/Si tandem solar cells, including (a)
MAPbI3/c-Si, (b) FAo83sMAg.17Pblo s5Bro.1s/SHJ (double-side polished), (c), MAPbI;/SHJ (double-side polished), (d)
FAo83Cs0.17Pb(lo.83Bro.17)3/SHJ  (single-side textured), (e) (FA,Cs)Pb(L,Br)s/SHJ (fully textured) and (f)
Cs0.05(MAg.17FAo.83)0.9sPb(lo.83Bro.17)3/SHI (single-side textured). Panel (a) is reprinted with permission from [126],
copyright 2015 American Institute of Physics. Panel (b) is reprinted with permission from [127], copyright 2016 Royal
Society of Chemistry. Panel (c) is reprinted with permission from [128], copyright 2016 American Chemical Society.
Panel (d) is reprinted with permission from [131], copyright 2017 Springer Nature. Panel (e) is reprinted with
permission from [134], copyright 2018 Springer Nature. Panel (f) is reprinted with permission from [137], copyright

2018 Royal Society of Chemistry.
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Figure 17. J-V and EQE curves of 4-T all-perovskite tandem solar cells, including (a) MAPDIs/
MA sF Ao sPbo.758ng 2515, (b) FAo83Cs0.17Pb(l0.83B10.17)3/F Ag 75Cs0.258n0.5Pbg 515, and (©
FA8Cs02Pb(Io.7Bro3)3/(FASnI3)os(MAPDbI3)o4. Panel (a) is reprinted with permission from [95], copyright 2016
WILEY-VCH. Panel (b) is reprinted with permission from [103], copyright 2016 American Association for the
Advancement of Science. Panel (c) is reprinted with permission from [154], copyright 2018 American Chemical

Society.
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Figure 18. Device structure schematics and cross-sectional SEM images of all-perovskite tandem solar cells, including
(a) MAPbLI:/MAPbI;, (b) MAPLBry/MAPbI;, (c) FAog3Cso.17Pb(lo.sBro.s)3/FAo75Cso.25Sn0.sPboslz,  (d)
MA.9Cso.1Pb(I9.6B10.4)3/MASng sPby 513, (e) FA0.5Cs0.2Pb(Io.7Bro3)3/(FASnIz)o6(MAPDI3)o 4, and ®
FA¢.75Cs0.15Pb(lo.3Bro.7)s/MAPDI;. Panel (a) is reprinted with permission from [156], copyright 2016 Royal Society of
Chemistry. Panel (b) is reprinted with permission from [157], copyright 2015 WILEY-VCH. Panel (c) is reprinted
with permission from [103], copyright 2016 American Association for the Advancement of Science. Panel (d) is
reprinted with permission from [158], copyright 2017 WILEY-VCH. Panel (e) is reprinted with permission from [101],

copyright 2018 Springer Nature. Panel (f) is reprinted with permission from [160], copyright 2017 WILEY-VCH.
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Figure 19. J-V and EQE curves of 2-T monolithic all-perovskite tandem solar cells, including (a)
FA¢.83Cs0.17Pb(Io sBro 5)3/FA¢ 75Cs025Sn0 5Pby 515, (b) MA 9Cso.1Pb(lo.6Bro.4)3/MASng sPbo 513, (c)
FA8Cs02Pb(Io.7Bro3)3/(FASnI3)os(MAPDbI3)04, and (d) FAg75Cso.15Pb(lo.3Bro.7)s/MAPDI;. Panel (a) is reprinted with
permission from [104], copyright 2018 Royal Society of Chemistry. Panel (b) is reprinted with permission from [158],
copyright 2017 WILEY-VCH. Panel (c) is reprinted with permission from [101], copyright 2018 Springer Nature.

Panel (d) is reprinted with permission from [160], copyright 2017 WILEY-VCH.
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Figure 20. Photos of (a) 100 cm? printed single-junction perovskite solar modules and (b) 9 m? solar panels assembled
using the printed perovskite modules. Reprinted with permission from [166], copyright 2017 WILEY-VCH. (c)
Schematic design and (d) photos of 4-T perovskite/Si tandem solar cells with an area of 4 cm?. Panel (c) is reprinted
with permission from [167], copyright 2017 WILEY-VCH. Panel (d) is reprinted with permission from [168],
copyright 2018 Royal Society of Chemistry. (¢) Photo of'a 12.96 cm? 2-T perovskite/SHJ tandem solar cell. Reprinted
with permission from [130], copyright 2017 WILEY-VCH. (f) Photo of a 16 cm? 2-T perovskite/homojunction Si

tandem solar cell. Reprinted with permission from [140], copyright 2018 American Chemical Society.
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Table 1. Summary of wide-E, single-junction perovskite solar cells reported in 2016-2018.

Year Type Absorber Eq (eV) Voc (V) (mAJjEmz) (lz/l:) I(’SA]I)E Ref.
2016 n-i-p CsPbBr3 2.3 1.24 7.4 73 6.7 [179]
2016 n-i-p FAPbBr; 2.26 1.53 7.3 71 8.2 [180]
2016 n-i-p MAPDLLBr 1.77 1.08 15.3 64.7 10.7 [181]
2016 n-i-p Cso.15FAg.85Pb(Io.3Bro7)3 2 1.215 11.41 81.2 10.7 [160]
2016 n-i-p CsPbl; QDs 1.75 1.23 13.47 65 10.77 [182]
2016 n-i-p MAPDL Broo 1.75 1.01 18.19 69  12.67 [183]
2016 n-i-p FAo.33Cs0.17Pb(lo.6Bro4)3 1.74 1.2 19.4 75.1  17.1  [41]
2016 p-i-n MAPbBTr; 23 1.5 5.13 69.5 5.35 [184]
2016 p-i-n CsPbBrl, 1.9 1.12 10.9 548 6.69 [185]
2016 p-i-n FA¢83Cs0.17Pb(Io.5Bros)3 1.8 1.12 15.1 58 9.8 [103]
2016 p-i-n MAPDy.75S19.25(10 4B10.6)3 1.73 1.04 15.83 77 12.59 [66]
2016 p-i-n MAPbBro 8122 1.75 1.21 15.8 77.9 149 [44]
2016 p-i-n MAy 7FAo3Pb(lo.sBro2)2 1.69 1.11 17.34 78  15.01 [186]
2017 n-i-p MAPDbBI3 2.3 1.41 6.16 64 52 [187]
2017 n-i-p Cs0.925K0.07sPblBr 1.92 1.18 11.6 73 10 [188]
2017 n-i-p CsPby.9Sno.11Br2 1.79 1.26 14.3 63  11.33 [189]
2017 n-i-p Cs0.15F Ao 8sPb(I0.3Bro7)3 2 1.18 12.32 79 11.5 [190]
2017 n-i-p Rbo.os(FAo.7sMA.15Cs0.1)0.9sPbLLBr 1.73 1.12 19.4 73 15.9 [46]
2017 n-i-p FA0.83Cs0.17Pb(lo.6Bro4)s 1.75 1.157 18.27 78.5 16.28 [191]
2017 n-i-p BA.09(FA033Cs0.17)0.91Pb(Io.6Bro4)3 1.72 1.18 19.8 73 17.2  [192]
2017 n-i-p FAo.85Cs0.15Pb(lo.73Bro.27)3 1.72 1.24 19.83 73.7 18.13 [49]
2017 n-i-p FAo.5Cso2Pb(lo.7B103)3 1.75 1.25 18.53 79 1827 [47]
2017 p-i-n CsPbl; 1.72 1.08 14.9 70 11.4 [193]
2017 p-i-n MA.9Cso.1Pb(lo.sBro.4)s 1.82 1.2 15.1 69 12.5 [158]
2017 p-i-n MA.sFA04Pb(lo.sBro4)s 1.75 1.17 16 78.6 147 [51]
2017 p-i-n (FA0.83MA0.17)0.95Cs0.0sPb(lo.6B1o.4)3 1.71 1.21 19.7 77.5 18.5 [50]
2018 n-i-p CsPbBr; 2.3 1.45 7.47 77.7  8.42 [194]
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Table 2. Summary of low-E, single-junction perovskite solar cells reported in 2016-2018.

Jsc

FF

PCE

Year Type Absorber Eq (eV) Voc (V) (mAem?) (%) (%) Ref.
2016 n-i-p MASny.75Pbo 2513 xClx 1.25 0.457 19.63 572 5.13 [201]
2016 p-i-n MA.9Cs0.1Pbg.5Sng sI3 1.28 0.7 2332 61.7 10.07 [202]
2016 p-i-n MASng sPbo I3 1.28 0.69 22.8 65 10.24 [203]
2016 p-i-n MASng.1Pbgol3 1.31 0.78 19 67.1 10.25 [204]
2016 p-i-n MASng 5Pbosl3 1.18 0.75 26.3 68.8 13.6 [92]
2016 p-i-n MAPbg.755n0.2513 1.3 0.745 23.8 78.6  13.9 [205]
2016 p-i-n MA sFAsPbo.75Sn0.2513 1.33 0.78 23.03 79  14.19 [95]
2016 p-i-n FA¢.75Cs025Sn0.5Pbo s 1.2 0.74 26.7 71 14.8 [103]
2016 p-i-n (FASnI3)os(MAPDI3)o4 1.24 0.795 26.86  70.6 15.08 [96]
2017 p-i-n MASno.25Pbo 7513 1.26 0.77 24 66 12.08 [206]
2017 p-i-n MAPbo.75Sn0.2513 1.3 0.736 23.5 79 13.9 [207]
2017 p-i-n MA, sFAq5PbosSng sl 1.2 0.78 25.69 70 14.01 [112]
2017 p-i-n MASn 25Pbo 7513 1.3 0.8 26.2 72.5 152 [208]
2017 p-i-n MAPbH0.5Sn0.513 1.22 0.89 26.8 71 15.61 [93]
2017 p-i-n (FASnI3)06(MAPbI;3)0 4 1.25 0.853 28.5 725 17.6  [97]
2017 p-i-n MAPDby.5Sno.5(Io.sBro.2)s 1.35 0.9 25.9 75 17.63 [94]
2017 p-i-n (FASnI3)06(MAPbI;3)0 4 1.24 0.83 273 78.5 17.8 [98]
2018 n-i-p MASng 74Pbo 26l 1.28 0.796 25.5 69  14.04 [209]
2018 p-i-n (t-BA)2(FA0.85Cs0.15)4(Pbo.6Sno.4)li6 1.24 0.7 242 63 10.6 [210]
2018 p-i-n MASng sPbo.sIxClz— 1.2 0.7 24.7 71 12.3 [211]
2018 p-i-n MAPb.4Sno L2 6Bro4 1.25 0.8 23.38 72 134 [212]
2018 p-i-n FA¢7MA3Sn03Pbo 715 1.26 0.782 23.6 78 13.6 [213]
2018 p-i-n (FAPbI;3)07(CsSnls)os 1.3 0.7 26.3 79.7 147 [106]
2018 p-i-n FAPbg7Sngs1:/PEAIL 1.33 0.78 26.46 79 1626 [214]
2018 p-i-n FAPbo.75Sn0.2513 1.36 0.81 28.23 75 17.25 [111]
2018 p-i-n FAsMAysSngsPbosls 1.25 0.75 3029 0.74 17.6  [99]
2018 p-i-n (FASnI3)os(MAPDbI3)04 1.25 0.86 27.92 0.75 18.03 [100]
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2018 p-i-n (FASnI:)o.s(MAPbI3)o.4x(MAPbCl3), 125 084 29 745 18.1 [101]
2018 p-i-n  (FASnIs)os(MAPbI;)3a(MAPbBI3).06 127 0888 287 746 19.03 [102]

2018 p—i—n (FAPbo,GSn0,413)0,85(MAPb0,éSn0,4Br3)0415 1.28 0.87 26.45 79.1 18.2 [1 1 3]
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Table 3. Summary of 4-T perovskite tandem solar cells reported in 2015-2018.

Year Top/Bottom Cells Voc (V) (m ijzmz) FF (%) PCE (%) I:g;l Ref.
(%)
2015 MAPbI/c-Si 0.82/0.69  14.5/13.7 51.9/76.7 6.2/72 134 [121]
2015 MAPbL/TI-Si 1.025/0.547 17.511.1  71/704 12.7/43 17.0 [122]
2015 MAPbI3/CIGS 1.025/0.682 17.5/10.9  71/788 12.7/5.9 18.6 [122]
2015 MAPbI; CL,/CIGS 1.05/0.56  14.6/102 75.1/69.6 11.5/40 155 [143]
2015 MAPbI3/CIGS 1.034/0.661  16.7/144 70.3/774 12.1/7.4 195 [144]
2015 MAPbI3/CIGS 1.104/0.667 17.4/12.7 73.6/749 14.1/6.3 205 [145]
2015 MAPbBrs/MAPbI; 124/1.02  5.75/7.02  61/72  43/51 94  [I55]
2016 FAgs3Cs0.17Pb(lo¢Bro4)s/SHJ 1.1/0.69  19.9/13.9 70.7/764 15.1/7.3 224  [41]
2016 MAPbI3/SHJ 1.08/0.679  20.6/12.3 74.1/77.9 16.5/6.5 23.0 [123]
2016  MAPbI:/MAgsFAosPbo7sSnoasl;  1.08/0.76  16.7/9.1  75/80 13.5/5.6 19.1  [95]
2016 MAPbI;/SHJ 1.07/0.69  20.1/16  75/79.5 16.4/8.8 252 [124]
2016 ngiig;gi’gﬁ;iﬁ?:fg3 0.97/0.74  20.3/7.9  79/73 15.7/44 203  [103]
2016 MAPbI3/CIGS 1.116/0.669  19.1/12.1 75.4/73.6 16.1/6.0 22.1 [146]
2017 E Al\gﬁg(imﬁa/})m‘ 1.14/0.8  20.1/48  80/76.3 18329 212  [97]
2017  (RbFAMACs)PbLBr/IBC-Si 1.12/0.69  19.4/18.8  73/80 15.9/104 26.4  [46]
2018 CS°‘°5Rb°‘°5FA°‘;6CS%\(’[}/S*°‘135Pb12‘553r°‘45 1.14/0.62  21.8/13 74/72  18.4/5.6 23.9 [147]
2018 FAosCs02Pb(lo1Bros)s/ 1.204/0.81  17.6/12.1 74.6/753 15.7/7.4 23.1 [154]

(FASHI3 )0‘6(MAPbI3 )0‘4
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Table 4. Summary of 2-T perovskite tandem solar cells reported in 2015-2018.

Year Top/Bottom Cells Voc (V) Jsc(mA/cm?) FF (%) PCE (%) Ref.
2015 MAPDI3/Si 1.58 11.5 75 13.7 [126]
2015 MAPbBr«l3.4/CIGS 1.45 12.7 56.6 10.9 [149]
2015 MAy.17F Ag s3PbBr0 510 25/Si 1.759 14.0 77.3 19.1 [127]
2015 MAPDI3/MAPDI; 1.89 6.61 56 7.0 [156]
2015 MAPbBr;/MAPDI; 2.25 8.3 56 10.4 [157]
2016 MAPbIz/SHJ 1.692 15.8 79.9 214 [128]
2016 FA¢.83Cs0.17Pb(10.sBros5)3/FAg.75Cs0.25SnosPbosls  1.76 13.5 56 13.3 [103]
2016 Cs0.15FA0.35Pb(Io 3Bro.7)3/MAPbI; 2.137 9.7 75.6 15.6 [160]
2017 Cs0.17FA0.83Pb(Bro.1710.83)3/SHJ 1.65 18.1 79 23.6 [131]
2017 MA.9Cs0.1Pb(Io.6Bro.4)3/MAPbg sSny 513 1.98 12.7 73 18.4 [158]
2017 Cso.19FA¢ 31Pbl3/SHJ 1.751 16.8 77.5 22.8 [130]
2017 Cs0.07Rb0.03FAg.76sM Ag.135Pbl2 55B1o 45/Si 1.75 17.6 73.8 22.8 [138]
2018 CsxFA«Pb(I,Br)s/textured Si 1.788 19.5 73.1 25.5 [134]
2018 MAPbI3/homo-junction Si 1.676 16.1 78 21.0 [139]
2018 MAPbDI3/Culn(S,Se), 1.40 14.5 42.1 8.5 [150]
2018  FAg.6Cso.4Pb(lo7Bro.3)3/FAo.75Cs0.25Sno.sPbo sl 1.81 14.8 71.3 19.1 [104]
2018 MAPbI;/MAPbI; 2.3 9.84 79.6 18.0 [161]
2018 FA.75Cs0.25Pb(lo.sB10.2)3/Si 1.77 18.4 77 25.0 [136]
2018  (FAPbI3)0s3(MAPbBBr3)0.17/homo-junction Si 1.74 16.2 78 21.9 [140]
2018 Cs0.00FAg.77MA0.14Pb(10.36B10.14)3/CIGS 1.774 17.3 73.1 224 [142]
2018 Cs0.15(FA0.83MA0.17)0.85sPb(1o 8Bro.2)3/Si 1.80 17.8 79.4 25.4 [133]
2018 FAys3Cs0.17Pb(Broslos)s’FAosMAgsPbosSngsl;  1.72 12.8 73 16.1 [159]
2018 Cs0.05(MA0.17FA0.83)Pb1.1(T0.83Bro.17)3/Si 1.76 18.5 78.5 25.5 [137]
2018 FAo3Cso2Pb(Io./Bros)s/(FASnIz)os(MAPbI3)os  1.92 14.0 78.1 21.0 [101]
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