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Abstract

With photovoltaic performance of metal halide perovskite-based solar cells skyrocketing to approximately 26% and
approaching the theoretical Shockley—Queisser limit of single junction solar cells, researchers are now exploring
multi-junction tandem solar cells that use perovskite materials to achieve high efficiency next-generation photovol-
taics. Various types of bottom subcells, including silicon solar cells used commercially in industry, chalcogenide thin
film cells, and perovskite cells, have been combined with perovskite top subcells on the strength of facile fabrication
methods based on solution processes. However, owing to the nature that photovoltages of the subcells are added up
and the structure containing numerous layers, interfacial issues that cause open-circuit voltage (V) deficit need to
be handled carefully. In addition, morphological issues or process compatibility make it difficult to fabricate solution-
processed perovskite top cells. In this paper, we summarize and review the fundamentals and strategies to overcome
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interfacial issues in tandem solar cells for high efficiency and stability confronting this field.

1 Introduction

Since a solid-state perovskite solar cell (PSC) was
reported to achieve a power conversion efficiency (PCE)
of approximately 10%, [1-3] organic-inorganic metal hal-
ide perovskite materials have received tremendous atten-
tion as next-generation optoelectronic materials. Based
on their excellent electrical and optical properties, as
well as their facile solution process, which is applicable to
flexible substrates, device performance has been rapidly
increasing up to 25.8% for a decade [4]. This efficiency
value is comparable to that of a single crystal silicon solar
cell (26.1%) whose installed capacity is rapidly increasing
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for zero carbon emissions. It is also approaching theoreti-
cally feasible efficiency of single junction solar cells [5].
To overcome efficiency limit, tandem solar cells (TSCs)
that connect two or more cells in series have been devel-
oped. It exploits more than two absorbers with different
optical bandgaps to utilize incident sunlight efficiently by
reducing thermalization and non-absorption losses. As
the bandgap of perovskite can be easily tuned by com-
positional engineering, various perovskite-based TSCs
with Si, Cu(In,Ga)Se, (CIGS), Cu,ZnSn(S,Se), (CZTSSe),
GaAs, and organic solar cells as bottom subcells have
been studied [6—16]. Among them, the perovskite/Si tan-
dem cell has achieved 33.2% efficiency, surpassing the
theoretical limit of single junction solar cells [4].

One of the main challenges with TSCs is achieving
high efficiency. Due to the numerous functional lay-
ers compared to the single junction cell, the probability
of photogenerated carrier losses at the interface is high,
thus interfacial modification at all interfaces should be a
prerequisite to secure high efficiency as well as stability.
Typical strategies demonstrated in single-junction PSCs
have been adopted at electron transport layers (ETLs)/
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perovskite and hole transport layers (HTLs)/perovskite
interfaces in TSCs, such as passivation and modifying
electronic band structures. Additionally, the design of the
recombination layer and top electrodes is also crucial.

In this review, we summarized basic concepts and types
of TSCs and reviewed the recent progress on interfacial
modification in perovskite-based TSCs. Interface engi-
neering is one of the most important strategies to achieve
high efficiency and stability. The discussion in this paper
will provide research guidance for further development.

2 Concept and structure of tandem solar cells

The perovskite solar cells can be classified based on the
direction of charge carrier collection into two types:
n-i-p (normal) and p-i-n (inverted). It is designated by
stacking order of the charge transport layer (CTL) and
the perovskite from the substrate. Figure la shows pla-
nar n-i-p and p-i-n structure perovskite solar cells.
Although, high efficiency n-i-p cells widely employ a
nano-sized mesoporous oxide layer to facilitate charge
extraction, [17-19] we focus on planar structure here
for convenience. Both types of cells use different CTLs
due to process compatibility. For example, TiO, has
been used as the ETL for the n-i-p type due to its excel-
lent electrical/optical properties, however, it is not suit-
able for the p-i-n type due to limited compatibility.
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Typically, the n-i-p type cell employs TiO, (or SnO,) as
ETLs and 2,2',7,7 -tetrakis(N,N-dimethoxyphenylamine)-
9,9”-spirobifluorene (spiro-MeOTAD) (or poly(triaryl
amine) (PTAA)) as HTLs, respectively [20-22]. On the
other hand, the p-i-n type cell uses thermally evapo-
rated Cg, (or [6]-phenyl Cg;-butyric acid methyl ester
(PCBM)) as ETLs and nickel oxide (NiO), poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate)
(PEDOT:PSS), PTAA as HTLs [23, 24]. For TSCs, the
incident light should pass through into the upper side,
composed of the transparent top electrode and the CTL.
In this case, CTLs correspond to ETLs for p-i-n and
HTLs for n-i-p, respectively. Top-side CTLs must have
excellent optical properties and protect the perovskite
layer from damage during the sputtering process for dep-
osition of the transparent conducting oxide (TCO) layer.
Because spiro-MeOTAD and PTAA layers significantly
absorb the light of short wavelength and cannot protect
the underlying perovskite layers from sputtering damage,
[25] the p-i-n structure is favorable for high efficiency
perovskite-based TSCs.

To achieve high efficiency solar cells, it is crucial to uti-
lize a wide range of sunlight without losses. The photoac-
tive layer can absorb incident photons of higher energy
than its bandgap. Lower energy photons pass through the
absorber, leading to an absorption loss. In addition, there
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Fig. 1 A schematic illustration of a the n-i-p (left), p-i-n (right) structure, and b mechanically stacked 4-T (left), monolithic 2-T (right) TSCs.
Theoretical efficiency limit ¢ for 2-T and d for 4-T tandems, calculated with different bandgap combination. The black dahsed line marks a bandgap
of Si. The white dashed line marks the lowest bandgap of perovskite materials. Grey shading region indicates no efficiency gain by tandem cells.

Reproduced with permission [79]. Copyright 2018, Springer Nature
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is a thermalization loss, where hot carriers generated by
photons with much higher energy than the bandgap are
relaxed to the band edge as heat [26]. The TSC, which
employs two or more absorber layers with different band-
gap, is an effective way to mitigate these losses. The inci-
dent light enters toward a wide-bandgap absorber, i.e.,
the top subcell, and high energy photons are absorbed
first. Unabsorbed low energy photons are captured by a
narrow bandgap absorber layer in the bottom subcell. As
a result, reduced absorption and thermalization losses by
multi-absorption layers lead to a higher photon-to-power
conversion efficiency compared to the single junction
solar cell.

Multi-junction solar cells can utilize a wide range of
incident light using a spectrum-splitting dichroic mir-
ror or a tandem structure that stacks subcells vertically.
Generally, there are two types of the tandem solar cell
depending on the device structure: monolithic two-
terminal (2-T) and mechanical four-terminal (4-T). As
shown in Fig. 1b, the monolithic 2-T TSC consists of
the two subcells directly connected by a recombination
layer or a tunnel junction, which is fabricated on a single
substrate. On the other hand, the mechanical 4-T TSC is
composed of two subcells that are mechanically stacked
after separate fabrication on each substrate. For the 2-T
tandem cell, no additional electrodes or substrates, e.g.,
glasses, are needed because two subcells are electrically
connected by a thin recombination layer (less than tens
of nanometers scale) on a single substrate. Therefore, the
2-T TSC is more favorable than the 4-T TSC in terms of
light harvesting. However, subcells are coupled by series
connection, amounts of electrons and holes generated
by top and bottom subcells have to be identical to oper-
ate efficiently. Thus, overall current of the tandem cell is
limited by the lower current subcell. To maximize total
current density of the tandem cell, those of subcells must
be exactly matched using optical engineering. Figure 1c
shows that the combination of the bandgap of subcells
should be carefully considered because the efficiency is
very sensitive to current matching.

In the 4-T TSC, the top subcell is placed on the bottom
subcell, resulting in inevitable absorption and reflection
losses by a transparent electrode, a substrate, and a gap
between subcells. However, the top and bottom subcells
are electrically decoupled from each other, eliminating
the deed for current matching between subcells, mak-
ing the combination of subcell bandgap less important
[27]. Furthermore, the 4-T TSC has the advantage of a
facile fabrication process. It is not necessary to consider
any detrimental factors that could affect the bottom
cell, e.g., dissolution by solvents, or damage by tempera-
ture. Despite these advantages, 2-T TSCs have received
attention due to favorable light harvesting. The solar cell
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parameters of recently reported 2-T TSCs are summa-
rized in Table 1.

3 Interface engineering in perovskite-based
tandem cells

The concept of interface engineering in perovskite-
based tandem cells is similar to that of single-junction
perovskite solar cells. The goal is to collect photogen-
erated carriers to electrodes without any losses dur-
ing transfer and transport. One of the most influential
factors that determine the efficiency of the solar cell is
charge recombination, which can be classified into three
types: Shockley-Read-Hall (SRH) recombination, radia-
tive recombination, and Auger recombination [28]. SRH
and Auger recombinations are sorted as non-radiative
recombination. Non-radiative recombination induces an
open-circuit voltage (V) loss that limits efficiencies of
solar cells. SRH recombination is called as trap-assisted
recombination because it is related to traps, and SRH
recombination is the dominant non-radiative recombi-
nation process. Thus, SRH recombination can be accel-
erated by defects in bulk materials or at the interfaces.
It significantly affects the photovoltaic performance of
TSCs in that TSCs consist of numerous interfaces. There-
fore, minimizing non-radiative charge recombination
by interface engineering is crucial to achieving highly
efficient and stable TSCs. We will introduce several
functions of interface engineering in PSCs. The roles of
interface engineering are defect passivation, improving
charge-carrier dynamics, band alignment, suppressing
ion migration, and these are closely related to each other.
Later, we will discuss research on interface engineering in
the TSC below.

Defect Passivation Defects in perovskite bulk materials
or at surfaces are generated due to the low temperature
process, which leads to shallow and deep-level traps in
the energy level. Figure 2a and b show that the perovs-
kite materials contain intrinsic point defects, including
vacancies (Vp,, Vy), interstitials (Pb;, X;), and antisite
substitutions (Pby, Xpp) [29, 30]. While vacancies and
interstitials dominantly exhibit shallow transition energy
levels, antisite defects induce deep-level traps which
are more detrimental defects than shallow traps [31].
Among them, a Pb; antisite defect has quite low defect
formation energy at the surface from the calculation by
density functional theory (DFT) [32]. The perovskite
material was known as defect tolerant, [33, 34] however,
photogenerated carriers can be recombined by deep-
level traps or accumulated at the interfaces, leading to
Voc losses and the hysteresis effect. Besides the surface
of the perovskite material, there are several interfaces,
e.g., interconnecting layers (ICLs)/CTLs and CTLs/
electrodes, which exist the detrimental defects, thus all
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Table 1 Solar cell parameters of reported perovskite-based TSCs.
Perovskite Tandem structure Js¢ Voc  Fill Factor PCE Area  Refs.
cell type (mA (V) (%) (cm?)
cm™)
p-i-n CIGS/AZO/2PACz /PVSK/Cyy/SNO,/IZO/LiF 19.17 168 0.719 2326 103 [59]
p-i-n c-Si(flat)/ITO/Me-4PACz /PVSK/LIF/Cqo/SNO,/1IZ0/Ag/LiF 1926 1.90 0.795 2915 1064 [13]
p-i-n c-Si(textured)/ITO/MeO-2PACz/PVSK/Cyy/SNO,/1Z0/Ag/NaF 1857 169 0.789 2472 1008  [80]
p-i-n c-Sitextured)/ITO/NiO,/N719/PVSK/LiF/Cq/SNO,/IZ0/Ag/MgF, 19.2 178 0.768 26.2 1.03 [61]
p-i-n c-Sitextured)/ITO/NiO,/2PACz/PVSK/LIF/Cqo/SNO,/IZ0/Ag/LiF 20.11 1.794  0.799 2884 12 [62]
n-i-p ¢-Si(flat)/ITO/c-TiO,/m-TiO,/PCBM:PMMA/PVSK/spiro-MeOTAD/ITO/Au/MgF, 15.2 1837 0773 216 0.25 [81]
p-i-n ITO/PTAA/PVSK/Cyr/SNO; 55/PVSK/Cyo/BCP/Cu 15.2 2.03 0.797 24.6 0.059  [69]
(15.1)  (2.01) (0.732) (222)  (1.15)
p-i-n c-Si(flat)/ITO/PTAA/PVSK/Ceo/SNO./IZO/LM foil 185 1.76 0.785 25.5 0.77 [75]
p-i-n CIGS/BZO/ITO/PTAA/PVSK/PCBM/Zn0O NPs/ITO/MgF, 173 1774 0731 2243 0042 [12]
p-i-n CZTSSe/ITO/PTAA/PVSK/Ceo/ITO/Ag/LIF 1767 1460 068 17.5 04 (11
p-i-n c-Si(flat)/ITO/NIO/PVSK/LiF/PCBM/SnO,/ZTO/ITO/Ag/LiF 18.1 1.65 0.79 23.6 1 [8]
p-i-n c-Si(textured)/IZ0/2PACz/PVSK/MgF,/Cyo/SNO.,/1Z0/Ag/MgF, 19.80 191 0.776 2930 1 [14]
p-i-n c-Sitextured)/nc-Si:H(n+)/nc-Si:H(p+)/spiro-TTB/PVSK/LIF/Cyy/SNO,/1Z0/Ag/MgF,  19.53 1.79 0.731 25.52 142 [64]
p-i-n c-Si(flat)/nc-SiOH/ITO/polyTPD/PVSK/ETL/ITO/AR 1902 179 0.746 2543 11 [66]
p-i-n ITO/PTAA/PVSK/Cgo/SNO,/Au/PEDOT:PSS/PVSK/C,o/BCP/Cu 15.6 1.97 0.81 24.8 0073 [67]
(1400 (195 (082 (223)  (1.05)
p-i-n c-Si(textured)/ITO/NiO/SAMs/PVSK/Cy/SNO,/1Z0/Ag/MgF, 19.8 1.85 0.789 289 1.05 [82]
(185)  (1.79)  (0.757) (25.1)  (16)
p-i-n ITO/NiIO/VNPB/PVSK/Ceo/SNO,/ITO NCs/PVSK/Cyy/SNO,/Cu 16.2 2.03 0.803 263 0.049  [68]
p-i-n ITO/NIO,/PVSK/Cqo/BCP/Ag NPs/MoO,/PBDBT-2 F:Y6:PC,,BM/TPBi/Ag 1305 1902 0831 2060 0062 [72]
p-i-n ITO/MeO-2PACz/PVSK/PCy,BM/SNO,/INO,/M0O,/PM6/Y6/Co/BCP/Ag 14.0 215 0.80 24.0 0.0174 [10]
p-i-n [TO/NIO,/BPA/PVSK/Cgo/BCP/1IZO/M0O,/OPV/PNDIT-F3N/Ag 1483 206 0.772 2360 0.08 [73]
(14.24) (2.06) (0.744) (21.77) (1.05)
p-i-n c-Si(flat)/ITO/PTAA/PVSK/Ceo/PEIE/ITO/Ag/MgF, 1953 1.87 0.776 2837 1 [7]
p-i-n c-Si(flat)/ITO/PTAA/PVSK/Ceo/PEIE/ITO/Ag/Motheye 19.2 1.756  0.792 26.7 1 (6]
p-i-n c-Sitextured)/ITO/PTAA/PVSK/Cgo/SNO,/ITO/Ag/PDMS 19.2 182 753 26.2 04225 [74]
p-i-n c-Si(textured)/ITO/PTAA/LIF/PVSK/Cgp/SNO,/ITO/Ag/PDMS 19 192 785 286 1 [15]

interfaces should be carefully designed to achieve high
performance devices.

Improving Charge-Carrier Dynamics Charge-carrier
dynamics are related to a series of processes involving
extraction, transfer, transport, and recombination of pho-
togenerated charge carriers in materials and at surfaces.
When a perovskite layer absorbs incident light, excitons
are generated in the material. These photogenerated exci-
tons should be separated into free charge carriers. Fortu-
nately, metal halide perovskite materials have a favorable
exciton binding energy of 14—-25 meV, which is smaller
than the thermal energy at room temperature (~26 meV)
[35, 36]. Free electrons and holes by dissociation of exci-
tons are extracted to CTLs at the interfaces within the
timescale of picoseconds as shown in Fig. 2c and d [37,
38]. High quality perovskite materials have lifetimes of
several microseconds, which is enough time to extract
charge carriers at the interfaces before they recombine
[39-41]. For efficient charge collection, the formation

of the built-in electric field at the perovskite/CTL inter-
face and enhanced conductivity of the CTL are crucial.
Seok and coworkers demonstrated the tailoring Zn,SnO,
quantum dot (QD) ETL by controlling particle size, lead-
ing to a larger built-in field [42]. In addition, doping of
NiO layers with metals such as Cu or Li has been stud-
ied to enhance charge transport properties in p-i-n type
PSCs [43, 44].

Band Alignment Energy level band alignment is deeply
correlated with the aforementioned charge dynam-
ics. Adjustment of the band level alignment is crucial to
minimize V losses. Photogenerated electrons and holes
have to be separated to opposite direction: perovskite/
HTL and perovskite/ETL, respectively. Thus, the high-
est occupied molecular orbital (HOMO) level (or valence
band maximum, VBM) of HTLs and VBM of perovskite
absorbers, and the lowest unoccupied molecular orbital
(LUMO) level (or conduction band minimum, CBM) of
ETLs and CBM of perovskite should be matched for holes
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Science

and electrons transfer, respectively. For electron injection
and hole extraction, driving forces within 0.2 eV are theo-
retically appropriate [45]. In p-i-n type devices, i.e., most
of the TSCs, low work function metals such as Ag and Cu
are used for facilitating charge transfer from the ETL to
electrodes. Au metal electrode has too large a work func-
tion to transfer electrons from ETLs to electrode.

For an example of band alignment modification,
Zhou and coworkers demonstrated that ultrathin (1 to
10 nm) polyethyleneimine ethoxylated (PEIE) polymer
surface modifier can reduce the work function (WF)
of the conductors due to the intrinsic molecular dipole
moments associated with the neutral amine groups and
the charge transfer character of the interaction with
the conductor [46]. This work suggested a universal
method to form low WF contacts. In Fig. 3a, Baena and
coworkers showed that SnO, ETL deposited by atomic
layer deposition (ALD) improves the conduction band
misalignment of TiO, by a favorable alignment of the

conduction band, mitigating the energy barrier [47].
They achieved hysteresis-free planar PSCs with high
voltages.

Suppressing lon Migration Perovskite materials have an
ionic conduction property. Some of cations (MA™, Pb*™)
and anions (I7, Br7) in perovskite absorbers can easily
migrate in thin films (Fig. 3b and c). The halide perovs-
kite material has a low activation energy of ion migration
that makes ion diffusion easy under electrical bias or light
illumination during the operation conditions. It induces
a hysteresis effect depending on the sweep direction,
or light soaking effect [48—51]. Generally, halide anion
migration adversely affects device performance and sta-
bility in PSCs. For example, I" anions move towards
metal contact of Ag or Cu. These ions chemically react
and convert to Agl or Cul layers, which hinder charge
transfer at the interface [52—54].

For TSCs, a 1.68—1.7 eV or wider bandgap perovskite
absorber has been used for perovskite-based TSCs, and



Park et al. Nano Convergence (2023) 10:22

Page 6 of 13

a
257 TiO, SnO,| MAPbl, TiO, SnO,| MIXED
2.0 AE=0.08
\ P - § AE=030
1.53 A A -‘T A A A
A © ©
= 19 g al | g 2 -
205] 5| 7| 8| - uf s| | sl ~ o’
E’ (I? v (l? \4 tl? le \ 4 \4
E0.0' uf A W A - Mg A u A -
- L
g 0.5 8 = 3 =
-1.0 a P - o
-1.51 v Y -t
-2.01 L\ | S 4
-2.54
b Pb-1 plane c
S
2.
>
2
(0]
|
(0]
MA-| plane 02)
-0 0
[0
! ! o
MA

0 1 2 3 4
Migration distance (A)

Fig. 3 aEnergy level diagrams of TiO, and SnO,-based PSCs for MAPblI; (left) and (FAPbI;) 5s(MAPDBr;), ;5 (right). Reproduced with permission [47].
Copyright 2015, The Royal Society of Chemistry. b Schematic illustration of the ion migration mechanisms involving conventional vacancy hopping
between neighbouring position. ¢ Calculated energy profile depending on the migration distance. Inset shows migration path. Reproduced with

permission [49]. Copyright 2015, Springer Nature

perovskite contains a high content of Br over 20 mol%.
Highly Br-contained compositions are vulnerable to
phase segregation into I- and Br-rich region in bulk
materials under light illumination [55-57]. The most
effective way to exclude phase segregation in I-Br
mixed halide composition is to exploit a pure halide
wide bandgap composition, [7] however the Br content
of most of wide bandgap perovskite is still high. Since
the formation of defects at the surface dominates ion
migration, interface engineering is useful to mitigate
the negative effects of ion migration [58].

3.1 Perovskite/CTL Interfaces

Interface engineering has been investigated in TSCs
at perovskite/CTLs interfaces. Albrecht and cowork-
ers introduced molecules based on carbazole with
phosphonic acid groups, MeO-2PACz ([2-(3,6-dimeth-
oxy-9  H-carbazol-9-yl)ethyl]phosphonic acid) and
2PACz ([2-(9 H-carbazol-9-yl)ethyl]phosphonic acid).
It can form self-assembled monolayers (SAMs) confor-
mally on recombination layers, even on rough surfaces of
bottom cells such as CIGS cells [59]. Later, Albrecht and
coworkers modified SAMs with a methyl group substitu-
tion, named Me-4PACz ([4-(3,6-dimethyl-9 H-carbazol-
9-yl)butyl]phosphonic acid), for perovskite/Si tandem



Park et al. Nano Convergence (2023) 10:22

Page 7 of 13

a ; : T b o it Cc
——PTAA MeO-2PACz <N
>07 ——2PACz Me-4PACz | e MadPpez 90+
2 Quartz glass S 5. —— Me-4PACz & LiF
S 0.5 1 < PTAA Py non-rad.
£ §, P-4 interface loss Transport loss
= s T T 85
T £-101 PCE (%) K]
§ 5 Jsc (MA/cm?) § Jransportiloss Solar cell FF
= \ HTL ° FF (%) =
© 1 PR, 4 4
g . : 2151 Vo) i
g 0.1 Excitation 1 g Solar cell FF
I d Wk ks il © -204 75+
0 1 2 3 4 5 0 02 04 06 08 1 12 Me-4PACz
Time (ps) Voltage (V)
-2.87 eV I o e PVK MgF, Coo
:;; LR 1[ Y 4 +4
N N A Ay Ay Ay Ay Ay . A CBM e Disse—
® =
s “ 4}‘ > 3 R A a
. Eocmaarg e rreencesz
olele) A . ol . ghe Barrier"’
. . vBM ‘
3 _ e ey
=4 _,.(«“’1’ =
o' by [omm——
“2SCN X -coo
-0.48 eV -1.70 eV
© Q@ 0 0 0 o o
Ni (o} Pb Ru | S N C H

Fig. 4 aPL transients of ITO/HTL/perovskite. The dashed lines marks the background levels. b Current density-voltage (J-V) characteristics of the
best single junction PSCs composed of glass/ITO/HTL/perovskite/Cq,/SnO,/Ag. ¢ Repartition of the fill factor (FF) loss mechanism of PSCs with PTAA
and Me-4PACz. Reproduced with permission [13]. Copyright 2020, American Association for the Advancement of Science. d Molecular structure
(upper left), electrostatic potential surface of the N719 (lower left), charge density differences for NiO(001)/N719 (middle) and N719/Pbl,-rich
MAPDbI;(001) (right) interfaces through ~SCN and —COO binding modes using DFT calculation (at GGA/PBE + vdW level of theory). Reproduced

with permission [61]. Copyright 2020, Wiley-VCH. e Schematic diagram of energy levels of the perovskite/MgF,/Cq, interfaces. Reproduced with
permission [14]. Copyright 2022, American Association for the Advancement of Science

cells as shown in Fig. 4a and c [13]. They demonstrated
that the key issue for high efficiency is to lower the ideal-
ity factor while minimizing non-radiative recombination.
Me-4PACz-based perovskite/Si TSCs exhibited a certi-
fied PCE of 29.15%, and the initial PCE was retained at
95% after 300 h under maximum power point tracking
(MPPT) in ambient air without encapsulation.

For inorganic materials, nickel oxide has been widely
used as an HTL for PSCs due to its chemical stability,
cheap price, suitable VBM, excellent optical and electri-
cal properties, as well as high versatility [24, 44, 60]. Wolf
and coworkers focused on the passivation of defects at
the NiO,/perovskite interface originated from Ni=3"
states due to a nickel deficiency at the NiO, surfaces
(Fig. 4d) [61]. The metal organic dye molecule (N719),
widely used in dye-sensitized solar cells, provides pas-
sivation effects on both the sputtered NiO, layer and
perovskite surfaces, leading to improved charge car-
rier dynamics and a PCE of 26.2%, as well as excellent
thermal stability at 85 °C. Liu and coworkers exploited
NiO,/2PACz ultrathin double layers to form conformal

HTL onto textured Si bottom cells and obtained a certi-
fied PCE of 28.84% by minimizing shunt losses [62].

For perovskite/ETL interfaces, Wolf and coworkers
investigated metal fluorides (NaF, CaF,, LiF, MgF,) as the
interlayer by thermal evaporation at the perovskite/ETL
(Cgp) interface (Fig. 4€) [14]. Among them, a~ 1 nm thick
MgF, layer adjusted the surface energy of the perovskite
and displaced Cg, from the perovskite surfaces, facilitat-
ing electron extraction from the perovskite to Cy, and
suppressing interface recombination. The perovskite/Si
TSCs with MgF, exhibited a high V5 of 1.92 V, resulting
in a PCE of 29.3% and high stability.

Similar strategies using cysteine hydrochloride
(CysHCI) were suggested by Zhao and coworkers.
CysHCl acted as a bulky passivator and a surface anchor-
ing agent. Perovskite/Cg, interfaces treated by CysHCI
showed reduced trap density and suppressed non-radia-
tive recombination. Vacuum level (E,,.) and Fermi level
(Ep) shift toward CBM also occurred after treatment,
resulting in the energy band bending downward at the
interfaces. It induced facilitated electron transfer from
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perovskite to Cy, and blocked the holes at the interfaces
[63].

Huang and coworkers introduced a reducing agent
benzylhydrazine hydrochloride (BHC) to prevent Sn**
oxidation in narrow bandgap Sn—Pb perovskites for a
hot gas-assisted blading method. BHC-contained perovs-
kites exhibited improved carrier recombination lifetime
and enabled laser scribing in ambient conditions after air
exposure for a few minutes. It resulted from the forma-
tion of a thin SnO, layer between perovskite/ETL inter-
faces during air exposure. As a result, BHC boosted the
efficiency of the all-perovskite tandem mini module to
21.6% (an aperture area of 14.3 cm?) with superior pho-
tostability [64].

Huang and coworkers also showed gradient doping in
narrow bandgap Sn—Pb perovskites by Ba®* ions to mod-
ify bulk perovskites and interfaces for all-perovskite tan-
dem cells. Bal,-contained perovskite precursors enabled
heterogeneous distribution of Ba®' ions in perovskite
films. It is found that Ba®* ions can turn the top region of
the perovskite film to n-type without changing the band-
gap. Drive-level capacitance profiling (DLCP) measure-
ments confirmed reduced doping levels near perovskite/
Cyo interfaces. The gradient doping led to a built-in field
in the films, facilitating charge extraction [65].

3.2 Interconnecting layers

In 2-T TSCs, there are two types of ICLs where pho-
togenerated eletrons and holes are recombined to
maintain charge neutrality between subcells: A tun-
nel junction and a metallic recombination layer. Tunnel
junctions are generally composed of highly doped n- and
p-type layers, while a metallic recombination layer uses a
single transparent conductive layer such as an indium tin
oxide (ITO) layer. To achieve highly efficient TSCs, ICLs
should be designed carefully. It requires three functions:
(1) excellent optical properties, (2) efficient charge carrier
recombination, and (3) protection of the bottom cell dur-
ing the top cell process.

In Fig. 5a and c, Sahli and coworkers proposed a tunnel
junction with n- and p-type nanocrystalline hydrogen-
erated silicon (nc-Si:H(n+) and nc-Si:H(p+)) for perovs-
kite/Si TSCs [66, 67]. Using a tunnel junction, optical
losses and shunt resistance can be reduced, leading to
the increase of the bottom cell photocurrent by more
than 1 mA cm™. They also achieved fully textured 2-T
perovskite/Si TSCs with a 2,2,7,7-tetra(N,N-di-tolyl)
amino-9,9-spiro-bifluorene (spiro-TTB) and a tunnel
junction. Conformally deposited spiro-TTB by thermal
evaporation was accumulated at the valley of Si cells dur-
ing annealing process when they used ITO/spiro-TTB,
which caused the top cell short. On the other hand, spiro-
TTB was fully covered on nc-Si:H even after annealing.
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Ho-Baillie and coworkers demonstrated perovskite/Si
TSCs using a tunnel junction of SnO,/p + + with a homo-
junction silicon cell [68]. It enabled n-i-p type perovskite/
Si TSCs with large areas of 4 and 16 cm?,

Snaith and coworkers proposed a light management
strategy using nanocrystalline silicon oxide [69]. They
adopted a 110 nm thick interlayer with a refractive index
of 2.6 (at a wavelength of 800 nm) instead of amorphous
hydrogenerated silicon or nc-Si:H. After optimization,
the current density of the Si bottom cell was improved by
1.4 mA cm™,

In case of perovskite/perovskite TSCs, ICLs have a
crucial function of preventing the penetration of the
perovskite solution into the bottom cell during the top
cell process besides the charge recombination. Vari-
ous combinations of layers have been studied to design
effective ICLs with excellent optical properties. Tan and
coworkers exploited a~ 1 nm thick Au layer on Cg)/ALD-
SnO, layers (Fig. 5d) [70]. The ALD-SnO, layer provided
improved electron extraction prevented damage to the
underlying cells. An Au film facilitated charge carrier
recombination, replacing the TCO layer. Later, research-
ers achieved higher efficiency using ITO nanocrystals
(NCs) (Fig. 5e) [71]. The band level of All-FA narrow
bandgap perovskite and ITO NCs is well matched com-
pared to the conventional PEDOT:PSS, enabling a stabi-
lized PCE of 26.3% TSCs with high thermal stability. In
Fig. 5f, Huang and coworkers demonstrated simple ICLs
composed of C,/SnO; ;¢ without any metals or TCO lay-
ers [72]. The fullerene and SnO, ,, layer formed an ohmic
contact due to the unintentional n-doping of Cg, by
iodine anions from perovskite. The SnO, ;¢ layer exhib-
ited an ambipolar carrier transport property by the pres-
ence of a high density of Sn**, enabling simplified ICLs
without TCO layers.

Organic solar cells generally use non-polar solvents,
such as chloroform for precursor solutions. As a result,
the fabrication of perovskite/organic TSCs is relatively
favorable compared to perovskite/perovskite TSCs. Since
non-fullerene acceptors have been introduced, the effi-
ciency of organic solar cells has dramatically increased,
[73, 74] thus perovskite/organic TSCs have received
attention. Various ICLs have been employed for perovs-
kite/organic TSCs. Yang and coworkers introduced Ag
nanoparticles (NPs) as an ICL with negligible optical
loss and high reproducibility [75]. Recently, Riedl and
coworkers demonstrated that an ultrathin ALD-InO,
interlayer between SnO, and MoO, CTLs eliminated
energy barriers and facilitated charge recombination
without optical losses as shown in Fig. 5g [10]. Hou and
coworkers achieved a PCE of 23.6% perovskite/organic
TSC using a 4 nm thick sputtered indium zinc oxide ICL
(Fig. 5 h and k) [76].
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Fig. 5 a Schematic illustration of a fully textured perovskite/Si TSCs. b J-V characteristics of TSCs with ITO/spiro-TTB and nc-Si:H/spiro-TTB
interfaces described in Fig. 5a. ¢ STEM EDX map of a cross-section of ITO/spiro-TTB and nc-Si:H/spiro-TTB interfaces. Reproduced with permission
[67]. Copyright 2018, Springer Nature. d J-V characteristics of TSCs with and without an ultrathin Au layer in the tunnel junction. Reproduced with
permission [70]. Copyright 2019, Springer Nature. e Energy level diagram of the all-FA perovskite on [TO/PEDOT:PSS and ITO/ITO NCs. Reproduced
with permission [71]. Copyright 2022, Wiley-VCH. f Energy level diagram (top) for the Cgo/SnO; 55/ perovskite(narrow £)/Cq, layers in all-perovskite
TSCs (device structure at bottom). Reproduced with permission.[72] Copyright 2020, Springer Nature. g Energy level diagram of the SnO,/InO,/
MoO, layers for perovskite/organic TSCs. Reproduced with permission [10]. Copyright 2022, Springer Nature. h Schematic diagram and k J-V
characteristics of the perovskite/organic TSCs with various ICLs. Reproduced with permission [76]. Copyright 2022, Springer Nature

3.3 Others

In this section, we will review the morphology control of
bottom cells and interfacial modification at the top elec-
trode. Most of perovskite layers are deposited using solu-
tion processes, e.g., spin-coating and blade coating, onto
bottom cells. However, due to the <1 um thickness of
perovskite top cells, it is quite tricky to form perovskite
top cells conformally on textured Si cells or chalcogenide

thin film cells with bumpy surfaces. Figure 6a and b show
that Huang and coworkers fabricated a solution-based
blading process for perovskite-based TSCs onto textured
silicon bottom cells [77]. The reduced pyramid height of
the front surface of the Si cell enabled the formation of
the blade-coated perovskite top cells, minimizing reflec-
tance caused by textured bottom cells. An optimized
dimethyl sulfoxide (DMSO)/Pb ratio in the precursor
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of Science. d A schematic illustration and photos of CZTSSe bottom cells before and after ion-milling of ITO layers. Reproduced with permission
[11]. Copyright 2022, John Wiley and Sons. e External quantum efficiency (EQE) and 1-R (reflectance) spectra of the TSCs with and without LM

foil. Reproduced with permission [78]. Copyright 2018, The Royal Society of Chemistry. f Contour map of the theoretically calculated Jo of the
perovskite top cell depending on the thickness of the ITO and Cg, layers. Reproduced with permission [25]. Copyright 2021, Wiley-VCH.

solution led to void-free and fully covered perovskite
films. The perovskite layer can be formed at a speed of
1.5 m min~!, which corresponds to more than one wafer
per second. They also exploited a polydimethylsiloxane
(PDMS) light-scattering layer and achieved a PCE of
26.2% perovskite/Si TSC.

For chalcogenide thin film solar cells, surface flat-
tening of the bottom cell is an effective strategy for
morphology control. In Fig. 6¢c, Yang and coworkers
proposed polished ICLs composed of i-ZnO, boron-
doped ZnO, and ITO chemically and mechanically to
deposit heavily doped PTAA HTLs [12]. Flattened bot-
tom cells enabled uniform deposition of perovskite top
cells, resulting in a 22.43% efficiency perovskite/CIGS
tandem cell. Kim and coworkers also demonstrated
reducing surface roughness of the CZTSSe bottom
cell using the potentiostatic mode and the ion-milling
process (Fig. 6d) [11]. The CZT precursor and CZTSSe
films prepared by the potentiostatic method exhibited
significantly reduced surface roughness (R,,.). The
top surface of a CdS/ITO layer was polished by the

ion-milling, reducing R, from 107.67 to 22.39 nm. As
a result, the perovskite/CZTSSe tandem cell exhibited a
PCE of 17.5%.

For efficient light harvesting, the top electrode must
have excellent optical and electrical properties. Addi-
tionally, it is essential to protect a perovskite layer from
sputtering damage during the deposition of the top
electrode. Albrecht and coworkers modified the top
electrode to minimize the reflectance of incident light
at the top surfaces by employing a light management
(LM) foil as shown in Fig. 6e [78]. Improved short-cir-
cuit current density (Jgc) due to reduced optical losses
lead to an increase in efficiency from 23.4 to 25.5%. Kim
and coworkers simulated the current density of the per-
ovskite top cell depending on the thickness of ITO and
Cyo layers (Fig. 6f) [25]. They demonstrated a trade-off
between the conductivity and the transparency of ITO.
Additionally, the thickness of the Cg, layer was opti-
mized because a layer that is too thin can’t protect the
perovskite from sputtering damage.
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4 Conclusions and future outlook

In summary, we reviewed interfacial modification for
high efficiency and stable perovskite-based TSCs. Most
of highly efficient perovskite-based TSCs employed a
p-i-n structure to improve light harvesting and protect
the perovskite layer from sputtering damage. Mono-
lithic 2-T TSCs can harvest more incident light and
are cheaper compared to 4-T TSCs. However, the fab-
rication process of the 2-T TSC is tricky due to single
substrate and current matching between subcells. As
the optical bandgap of perovskite can be highly tunable
by compositional engineering, various TSCs combined
with silicon, CIGS, CZTSSe, organic, and perovskite
cells have been developed.

For 2-T monolithic tandem cells, interface engineer-
ing is the most effective way to improve photovoltaic
performance. Interface engineering plays a key role
in (1) defect passivation, (2) improving charge-carrier
dynamics, (3) band alignment, and (4) suppressing ion
migration at the interfaces. It leads to effective pho-
togenerated charge collection to the electrodes without
non-radiative charge carrier recombination by traps
or charge accumulation at the interfaces as well as
improved stability. For I-Br mixed halide composition,
interfacial modification mitigated halide segregation
by suppressing ion migration. Interfacial modification
also improves light harvesting and enables coating of
uniform layers on the rough surface of the bottom cell
by morpholoy control. Various functional materials
employed at the interfaces provided minimizing Vg
deficit as well as achieving high efficiency and stability.

Future research will focus on the development of
multifunctional materials for interface engineering.
Advanced materials must simultaneously meet low
price, process compatibility, scalability, and chemical
stability. It will allow us to achieve large scale, low-cost,
and highly efficient multi-junction solar cells in photo-
voltaic industry.
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