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Buried Interface Modification in Perovskite Solar Cells: A

Materials Perspective

Zhi-Wen Gao, Yong Wang,* and Wallace C. H. Choy*

Organic—inorganic hybrid perovskite solar cells (PSCs) are promising third-
generation solar cells. They exhibit high power conversion efficiency (PCE)
and, in theory, can be manufactured with less energy than several more
established photovoltaic technologies, particularly solution-processed PSCs.
Various materials have been widely utilized to modify the buried bottom inter-
face to improve the performance and long-term stability of PSCs. Here, the
latest progress in modifying the buried interface to enhance the performance
and stability of PSCs is examined from a materials standpoint, which is classi-
fied into inorganic salts, the organic molecular and polymer, carbon materials,
perovskite-related materials, and 2D materials. This material perspective is
useful in determining the tactics for achieving the theoretical PCE value of
PSCs. It also serves as a solid reference of interface adjustment for other

is approaching the S—Q limit but the open-
circuit voltage (V,.) and fill factor (FF) are
still far below the theoretical values. As
we know, both V,. and FF relate to charge
carrier dynamics including extraction and
transport. Therefore, carrier managements
including reducing non-radiative carrier
recombination (bulk and interface), series
or shunt resistance, and improving car-
rier extraction and transport are critical to
further enhance the power conversion effi-
ciency (PCE) of PSCs. In addition to high
efficiency, the stability issues in perovskite
must be solved before commercialization.

From the standpoint of architecture

layered structure heterojunction devices.

1. Introduction

Metal halide perovskite with excellent photophysical properties
has made great achievements in the field of optoelectronics,
such as photovoltaic (PV), light-emitting diode (LED), photode-
tector, laser, etc.'1 Among these, the state-of-the-art perovskite
solar cells (PSCs) with unprecedented certified record efficiency
of 25.7% have made great progress (Figure 1a),>24 which is
comparable to current industrial-grade mono-crystalline silicon
solar cells.?!l This fantastic efficiency together with low-cost
and flexible fabrication makes PSCs more attractive than the
other efficient photovoltaic technologies.*>27]

According to Figure 1b, the efficiency of current state-of-
the-art PSCs is only =25.7%, which is far below its Shockley—
Queisser (S—Q) limit maximum theoretical efficiency (>30%). It
means that there is a large space for the efficiency of PSCs.[282]
According to the examination of photovoltaic parameters in
relation to the S—Q limit, the short-circuit current density (/)
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of PSCs, the PSCs are essentially a het-

erojunction device with a multilayer con-

struction, which consists of perovskite
light absorption layer, carrier transport layer (CTL), and elec-
trodes.[?>3% As a result, the rational design and modification of
heterojunction interfaces have become key strategies to harness
the full potential of PSCs.?*3% A lack of in-depth understanding
of the heterojunction interfaces and appropriate interface
designs, specifically the buried interfaces under polycrystalline
perovskite films, is impeding further advancements in perov-
skite photovoltaic performance and stability.** To date, many
researches mainly focus on the top surfaces of perovskite.[3—#1
However, due to the accumulation of deep-level trap states, it
is known that unfavorable non-radiative recombination losses
that impede device power outputs exist at the interfaces with
bottom contact layers.[*8] Consequently, it is urgently needed
to compromise between these detrimental effects and beneficial
effects.

However, investigating these issues is more difficult com-
pared with that on the top surfaces of perovskite. There are two
kinds of techniques to study the buried interface, which are the
in-situ and ex-situ methods. For in-situ method, the sum fre-
quency generation (SFG) vibrational spectroscopy which is a
nonlinear interface sensitive spectroscopy is applied to study/
analyze the molecular structure information at the buried
interface.®*% In addition, the photoluminescence spectros-
copy (PL) excited from the glass side can characterize carrier
dynamics behavior of buried interface.’! For ex-situ strategy,
the buried interface will expose with a peeling-off method.
Then the common characterization methods can be used to
analyze exposed the buried surface of perovskite layer, such
as PL, scanning electron microscope (SEM), atomic force
microscopy (AFM), and Fourier transform infrared spectros-
copy (FTIR).5%%3 It is still challenging to find ways to access
the buried interfaces to achieve device efficiency limits.[>

© 2022 Wiley-VCH GmbH
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Figure 1. a) Efficiency evolution of perovskite solar cells. b) Comparison of S—Q limitation and current highest efficiency of single-junction PSCs.

Nowadays, some materials have been developed to tailor the
buried interface for both regular and inverted PSCs with pre-
processing or post-processing the bottom CTLs.®] For
example, the recent development of buried interface research
has made a great breakthrough in the PSCs with the highest
certification record.?’]

Different from some early reviews on the top interface engi-
neering in PSCs, we will focus on the latest progress and per-
spectives of the most challenging and critical buried interface
modification on the development of PSCs with a materials per-
spective, which have a strong potential to be applied to flexible
devices, tandem devices, and other optoelectronic devices. We
first introduce the critical roles of buried interfaces in the per-
formance and stability of PSCs. We then systematically review
the buried interface modification materials undertaken to tune
the various properties of buried interface. These materials
in the state-of the-art perovskite devices are ranged from inor-
ganic salts, organic materials, carbon (inorganic) materials,
perovskite-related materials, and other 2D materials. They
are essential for interface defects passivation, interface band
alignment, and carrier mobility for promoting charge-carrier
extraction and transport, and act as an interfacial layer for
better crystal growth and inhibiting interface chemical reaction-
induced instability. Finally, according to current buried interface
modification results, outlooks, and perspectives on the bottom
interface modification toward efficient and stable PSCs are pre-
sented. We believe this work can be adopted for the interface
modification of other heterojunction devices.

2. Critical Issues Hidden in the Buried Interface

2.1. Buried Interface Defects Induced Performance and Stability
Degradation

There are amounts of defects distributed on both sides of the
heterojunction (CTL and perovskite) to deteriorate PV perfor-
mance and decrease stability. These defects generally come
from the surface of both charge transport layers and perovskite
light absorption layers. For example, the common bottom
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inorganic CTL including electron transport layer (ETL: SnO,,
TiO,, ZnO) and hole transport layer (HTL:NiO,) possesses
abundant defects/traps, such as oxygen vaccines, hydroxyl
groups, and unsaturated coordinated metal atoms.[®>° More-
over, sub-micro scale extended imperfections, contact-induced
reconstruction, and lead-halide inhomogeneities exist at the
bottom surface of perovskite.’>%%6 These deep-level trap-state
defects will induce interface reaction and non-radiative recom-
bination, resulting in instability issues and serious interface
open-circuit voltage losses, which are major roadblocks toward
highly efficient PSCs.[®!

The comprehensive results from including density functional
theory (DFT) and X-ray photoelectron spectroscopy (XPS) char-
acterization confirm that many surface detects/traps including
hydroxyl groups, exist on the surface of tin oxide (SnO,) ETL.
These hydroxyl groups on the surface will introduce deep
energy trap states in the bandgap to cause non-radiative recom-
bination and result in energy loss.[%?] Similar defects also exist
at the surface of other metal oxides CTLs including ZnO, TiO,,
and NiO,. In addition, on the bottom interface between the
perovskite and CTLs, the Pb—I antisite defects would cause
localized states near the valence band edge to capture the holes
and become non-radiative recombination centers.'”] Because of
the nature of metal coordination crystals of organic—inorganic
hybrid perovskites and metal oxide CTLs, their surface consists
of much undercoordinated metal, halogen, and organic ions.
These surface reactive atoms are problematic charge trap states
and unstable, which are responsible for recombination and sta-
bility losses.[63-66]

At a macro level, Huang and co-workers used the peeling
technique to gain insight into the morphology of buried perov-
skite with a porous film full of voids that will accelerate perov-
skite material degradation under illumination.>3 Recently, the
same lift-off strategy is developed to expose and uncover the
buried interfaces of polycrystalline perovskite films (Figure 2a).
The large flaky lead-halide grains are observed from SEM
images at the bottom side, which are larger and more than
that at the top side, accelerating the annihilation of the photo-
generated charge carriers and device efficiency losses through
non-radiative recombination (Figure 2b). Nanoscale-resolved
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Figure 2. a) Schematic of the lift-off process. A: monovalent organic or inorganic cations, B: Pb?*, X: halogen anions. b) SEM images of the top (left)
and bottom (right) sides of the perovskite films. Scale bar is 500 nm. c) FA* spatial distribution of the top (left) and bottom (right) sides obtained
from nano-FTIR. Scale bar is 500 nm. Color bar: the normalized intensity of the reflection signals from the sample. d) The statistical distribution of
infrared radiation (IR) intensities of both sides, and the collected IR intensities from the white dotted lines in (c). (a), (b), (c), and (d) Reproduced with

permission.’? Copyright 2021, John Wiley and Sons.

Fourier transform infrared (nano-FTIR) microscopy together
with confocal photoluminescence (PL) imaging further reveals
a more pronounced inhomogeneity for the lateral concentration
of the dominant organic cations at the bottom side as compared
with the top side (Figure 2c,d).’? These interface defects on the
CTL and perovskite side resulted in both PV performance and
stability decay can be considerably mitigated by the interface
modification, which unlocks the full potential for improving
device performance.

In addition to causing the non-radiative recombination
and facilitating the material degradation, the buried interface
defects also can induce the interface chemical reaction, which
is also critical to the performance and stability of devices. As
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shown in Figure 3a, McGehee and co-workers found that the
undercoordinated metal cation sites (Ni***) from NiO, HTL can
act both as Brensted proton acceptors and Lewis electron accep-
tors to deprotonate cationic amines and oxidize iodide spe-
cies.® This defective perovskite region not only increases non-
radiative recombination at the bottom interface but also serves
as a hole extraction barrier to limit the charge carrier mobility
and result in V,. loss. These interfacial reactions are similar
to the behavior demonstrated on n-type oxide layers, such as
Ti0,,[768 Sn0, 19 and ZnO."%71 Schutt et al. revealed that the
root reason for ZnO-perovskite intrinsic instability is the depro-
tonation of the methylammonium cation, which results in the
formation of zinc —OH bonds and Zn—I bonds (Figure 3b)."?!
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Figure 3. a) Schematic of the addition of excess A-site and I~ to the perovskite precursor, which titrates reactive sites at the NiO, surface, preventing
the formation of Pbl, at the interface. Reproduced with permission.[®l Copyright 2020, Elsevier. b) Schematic for ZnO abstracting H* from CH;NH;",
forming Zn—O—H*; CH;NH, evaporates (top) and for the formation of Zn—I bonds (bottom). Reproduced with permission./s Copyright 2019, John
Wiley and Sons.
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Figure 4. a) Schematic band diagrams of band alignment at the contact/perovskite interfaces. AEygy (holes) and AEcgy (electrons) present effective
band offsets on the contact/perovskite heterojunctions, respectively. A; and A,, the interface dipoles. Reproduced with permission.*l Copyright 2021,
John Wiley and Sons. b) Energy band diagram in PSCs at open circuit under illumination. (Left) eV, equals the QFLS in junctions with aligned CTLs,
(right) misalignment of HTL enhancing interface recombination, which makes the Eg ), bend at the interface to the HTL and causes a V, reduction
compared to the QFLS. Reproduced with permission.% Copyright 2021, John Wiley and Sons.

In addition, the surface hydroxyl groups (OH") of metal oxide
CTL will accelerate the degradation of perovskite.>74

2.2. Buried Interface Modified Band Alignment
and Carrier Dynamics

The band alignment at the buried interface is responsible for
extraction of hole (inverted p-i-n) and electron (regular n-i-p)
carriers for PSCs, in which the interface energy barrier height
is known to impact carrier dynamics.” A > 0.1 eV interface bar-
rier height can block the majority carriers extraction, resulting
in charge accumulation and recombination losses.’®! Hence,
the valence band (VB) or conduction band (CB)/highest occu-
pied molecular orbital (HOMO) or lowest unoccupied mole-
cular orbital (LUMO) of the HTL or ETL, respectively, should
be aligned with the corresponding VB or CB of the perovskite
absorber to minimize AEygy and AEcgy for efficient majority
charge extraction (Figure 4a).1’% The extraction barrier is propor-
tional to the charge carrier concentration at the interface. The
large barrier will result in an undesired accumulation of charge
carriers to enhance the recombination of charge carriers. Such
undesirable charge accumulation will reduce the collection effi-
ciency at a certain voltage, finally resulting in the reduced quasi-
Fermi level splitting (QFLS), low fill factor (FF), V,, and serious
hysteresis (Figure 4b).3%7678 In general, a large VB/CB offset
at the ETL/perovskite or HTL/perovskite interface is desirable
to block hole/electron transport. This will help reduce surface
recombination at the respective interfaces, thereby obtaining
large QFLS, which determines the maximum V..

When predicting energy level alignment, the major com-
plication is the formation of interface dipoles upon electro-
static interactions and charge transfer. Such dipole layers can
modify the values of the discussed barriers and be exploited to
tune the energy level alignment.””%% For instance, when phos-
phonic acid with different molecular dipoles is used to interact
with the oxygen vacancies on SnO,, the work function (WF) of
SnO, ETL can be tuned.! Furthermore, the equilibrium state
requires that the electrochemical potential in the dark at 0 V
be constant throughout the device. Therefore, to construct the
final band diagram, the WFs of the electrodes and (modified)
CTLs are essential, as they can introduce a built-in potential and
band tilt/bending that can be more or less beneficial for charge
collection. The WF of CTLs can be tuned by modifications with
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different materials, which has the second beneficial effect of
increasing the conductivity of the CTL itself. In perovskites
as mixed ionic-electronic conductors, mobile ionic defects can
further influence the electric field in the device. To rationally
design efficient and stable PSCs, it is important to understand
the charge transfer processes occurring at the perovskite/CTL
interfaces. Hence, the alignment between VB maximum or CB
minimum as well as relative work function between CTL and
perovskite at the buried interface will cause a significant effect
for interface carrier extraction and QFLS.

In addition to carrier extraction, effective carrier transport
is also critical to suppress carrier accumulation at the inter-
face, reducing interface non-radiative recombination and hys-
teresis.l'#8284 Upon the extraction of photogenerated carriers
from the perovskite, they should effectively transport through
CTL to electrodes. Hence, the carrier (hole and electron)
mobility of CTL plays a key role in promoting carrier extraction
and transportation, which can effectively inhibit charge accu-
mulation at the CTL/perovskite interface and improve the J,.
for PSCs.5>8%1 The conductivity of bottom CTL can be tuned
by interface modification, as shown in Figure 5. Moreover,
based on previous theoretical and experimental studies, the lat-
tice mismatch at the heterojunction interface brings about a
large number of defects, and the interstitial and antisite defects
affect charge transport at the interface because they induce a
high density of trap states.[>%8]

2.3. Buried Interface Promoted Crystalline Perovskite Formation

The chemical properties and morphology of the substrate have
a significant influence on the formation of perovskite atop of
it, which in turn affects device performance and stability.*”!
As the light absorber and origin of photogenerated carriers, a
high-quality crystalline perovskite film is crucial to achieving
high performance PSCs. High phase purity and crystallinity
with uniform and fewer grain boundaries have been proven
to significantly enhance the performance and stability of the
device.”! To obtain high-quality perovskite films, the pre-
requisite is to reduce the density of defects, which critically
depends on the underlying substrates on which the perov-
skites are crystallized.>%! Consequently, it is crucial to realize
the controllable growth of pinhole-free, continuous perovskite
films on substrates with matched energy-level contacts, via
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Figure 5. a) |-V characteristics of 1TO/SnO,/Au, ITO/SnO,-RbF/Au, and ITO/SnO,/RbF/Au, respectively. Reproduced with permission.[l
Copyright 2021, John Wiley and Sons. b) Electron mobility measurement of SnO, and NH,CI-SnO, by using the space-charge-limited current (SCLC)
model with a device structure of ITO/Ag/ETL/Ag. Reproduced with permission.’%l Copyright 2019, John Wiley and Sons.

solution-processed preparation methods. Typically, it is a con-
siderable challenge in the inverted PSCs due to the poor wet-
tability of organic charge transport layers, such as poly(triaryl
amine) (PTAA)*! and polymeric triphenyldiamines (poly-
TPD).”’) To address this issue, tuning the buried interface by
inserting the interface buffer layer will improve the wettability
of organic films, such as the poly[(9,9-bis(30-((N,N-dimethyl)-
N-ethylammonium)-propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctylflu-
orene)] dibromide layer.*!l This interface buffer layer has also
been shown to provide crystallinity enhancements during the
perovskite crystallization, improving perovskite grain sizes
and morphologies, resulting in defect reduction in perovskite
films.”398-1%4 For inorganic metal oxide CTLs, the buried inter-
face layer can help to form high-quality perovskite films.l>>>’]

100°C

)

Figure 6. a) Without substrate, the perovskite forming at 100 °C contracts
vertically and laterally during cooling. b) With the substrate adhesion,
the annealed perovskite film only contracts vertically. (a) and (b) repro-
duced with permission.%”] Copyright 2017, American Association for the
Advancement of Science.
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In addition, the mismatching coefficient of thermal expan-
sion between the underlying substrate and perovskite can create
serious lattice strain in the film.[951%% As shown in Figure 6a,b,
considering the large and mismatched thermal expansion
between the halide perovskite and glass/indium tin oxide (ITO)
substrate, the strain will generate in the perovskite films during
cooling process.'”] When perovskite cools from high tempera-
ture (>100 °C) to room temperature, it tends to contract due to
the positive thermal expansion coefficient. When a perovskite
film is deposited on a substrate with a much smaller thermal
expansion coefficient, the perovskite in contact with the sub-
strate cannot then contract, resulting in tensile strain along
the in-plane direction. To compensate for the reduced lateral
shrinkage upon cooling, the film shrinks more in the out-of-
plane direction, resulting in compressive strain in this direc-
tion. The resultant strain will cause non-radiative recombina-
tion losses and carrier transport, hurting device performance
and stability.[106-10%]

3. Inorganic Salts as Efficient Interface
Modification Materials

Inorganic salts are simple and effective interface passivation
materials to modify the interface and passivate the buried inter-
face, which has been widely applied in both regular and inverse
PSCs. In particular, the ions of inorganic salts have significant
effects on the buried interface between inorganic CTLs (NiO,,
SnO,, TiO,, ZnO) and the perovskite layer.

In 2017, Tan et al. discovered that, in the cases of MAX"™
and PbX?" terminated (MA = CH;3;NHj3;, X = Cl, I) perovskite
surfaces, the addition chlorine (Cl) ions at the interface can
strongly bind with the undercoordinated site at the TiO,/perov-
skite interface to reduce the density of interfacial trap states
(Figure 7a).” A similar effect is then confirmed by the follow-
up research work of Pang and co-workers.''” Gao et al. found
that chlorine could effectively fill the oxygen vacancy defects of
ZnO, suppressing charge recombination and facilitating charge
transport at the ZnO/perovskite interface, thus enhancing PCE
with suppressed hysteresis. Meanwhile, chlorination of ZnO
surface can protect the perovskite layer from decomposition,
boosting device stability.!"!
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Figure 7. a) Trap-like localized antisite defects form near the valence band edge for the Pbl,-terminated TiO,/perovskite interface. Shallow and delo-
calized Pb-Cl antisite defects are seen for the PbCl,-terminated interface. Reproduced with permission.[® Copyright 2017, American Association for

the Advancement of Science. b) A supercell illustrating the structural details in perovskite/NaCl/NiO, HTL interface. Reproduced with permission.

[60]

Copyright 2019, John Wiley and Sons. ¢) Elemental scanning in a liner mode through the cross-section of SnO,-KCl/perovskite. The white dash line
in the figure indicates the liner scanning direction. Reproduced with permission.®l Copyright 2019, John Wiley and Sons. d) The typical Nyquist

plots of PSCs with and without interface potassium passivation. The inset shows the equivalent circuit diagram. Reproduced with permission.

Copyright 2018, Springer Nature.

Alkali chloride has been successfully adopted to modify the
interface of the NiO, HTL in inverted planar PSCs. The intro-
duction of alkali chloride can not only tune the work func-
tion of NiO, but also improve the ordering of perovskite films
(Figure 7b). Finally, the defects/traps density at the buried inter-
face between perovskite and NiO, is significantly reduced to
suppress interfacial recombination and ion migration, which
finally results in enhanced stability.’¥) Additionally, additional
potassium (K) ions are also used to passivate the interface
defects and minimize the device hysteresis, %! similar to that
in bulk.?%1*115] Moreover, the potassium ion on the interface
can diffuse through the perovskite film and passivate the grain
boundaries (Figure 7c).® Huang et al. found that a certain
amount of interface potassium has a significant effect on perov-
skite films nucleation and growth, as well as interface charge
extraction (Figure 7d).'"7] Moreover, interface K ions may
undergo a substitutional reaction with the bromine (Br) ions
at the surface of the perovskite film, passivating halide vacan-
cies at the interface to promote high performance including the
hysteresis elimination.

In addition to chlorine and alkali metal ions, the addition
of the CsBr layer can tune the work function of TiO, ETL
and increase the electron transfer rate from the perovskite to
the TiO,. More importantly, the inserted CsBr layer dramati-
cally suppresses ultraviolet (UV)-induced degradation of the
perovskite films and devices (Figure 8a).'3 Similarly, buried
CsI modification is employed to improve the resistance to UV
illumination."8l Recently, Wang et al. regulated the SnO, ETL
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mz)

with RDF. The active Rb" cations escape into bulk perovskite
beyond modifying RbF onto the SnO, surface, which results
in a suppressed ion migration in the perovskites as well as a
reduced carrier non-radiative recombination at the SnO,/perov-
skite interface. Finally, the V,. of corresponding PSCs increases
from 1.131 to 1.165 V with negligible hysteresis. By introducing
RDF into the SnO, colloidal dispersion, the newly formed F—Sn
bonds change the electron cloud density surrounding the Sn
atoms, which helps improve the electron mobility of SnO,
and thus increases J,.[®®) Meanwhile, an NdCl; interface layer
has been demonstrated to interdict the iodine ion migration
pathway through filling the initial ion vacancies, leading to
reduce trap densities over the whole perovskite region, offering
significantly improved photostability.'"”) Another research work
indicating potassium thiocyanate (KSCN) provides multiple
interface passivation effects, which could be a better choice
compared with potassium acetate (KAc) and KCL®Y In addition
to potassium passivation, thiocyanate shows two good passiva-
tion effects on perovskite and NiO, to achieve triple passiva-
tion. The strong Ni—N bonding exhibits strong polar covalent
bond properties to make the electron deviate from the Ni side.
Meanwhile, the strong electrostatic force between S and Pb
in MAPDI; makes the Pb atomic layer closer to perovskite to
restrain the I atom (Figure 8b).

Inorganic amine salts are also developed to tune the inter-
face between CTLs and perovskite layer. Liu et al. introduced
NH,Cl to modify SnO, ETL, which can not only increase
electron mobility to achieve a proper energy band alignment

© 2022 Wiley-VCH GmbH
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Figure 8. a) Schematic illustration of the control perovskite solar cell before and after UV irradiation (top), and perovskite solar cell with CsBr interface
modification before and after UV irradiation (bottom). Reproduced with permission.%l Copyright 2016, Royal Society of Chemistry. b) Geometries
obtained after first-principle molecular dynamics. Calculated charge density difference and slices along Ni—N and Ni—S planes at the interface. Repro-
duced with permission.®l Copyright 2020, John Wiley and Sons. c) Side views of SnO,/NH,Cl/MAPblI; heterostructure from [001] and [110] directions
of bulk SnO,, respectively. Reproduced with permission.®¥l Copyright 2019, John Wiley and Sons. d) Schematic illustration of NH,F treatment on SnO,
surface. Reproduced with permission.[®2 Copyright 2020, American Chemical Society.

well-matched to that of perovskite but also optimize the ETL/
perovskite interface by suppressing the formation of deep-level
defects to result in improved performance and stability with
negligible hysteresis (Figure 8¢).®) Jung et al. reported using
ammonium fluoride (NH4F) to reduce defect sites and adjust
the Fermi level of SnO, thin films. As shown in Figure 8d,
NH,F surface treatment could eliminate hydroxyl groups from
the SnO, surface, which introduce deep energy states traps
in the bandgap and produce non-radiative recombination
and result in performance loss, and also dope it with fluorine
ions.[02
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Overall, inorganic salt ions are proved to effectively modify the
buried interface. In Table 1, they can be roughly classified as hal-
ogen anions (F-, CI7, Br~, I") and other anions (Ac”, SCN~) com-
bined with alkali metal cations (Na*, K*, Rb*, Cs*) and ammo-
nium ion (NH4"). These inorganic salt ions can tune the work
function, improve carrier mobility, and release surface defects of
oxide CTL. Moreover, they also passivate bottom traps of perov-
skite, even diffuse into the perovskite layer to passivate grain
boundary defects. They can not only enhance interface carrier
extraction and transport but also act as a buffer layer to inhibit
interface chemical reactions between oxide CTL and perovskite.

© 2022 Wiley-VCH GmbH
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Table 1. A review of research on inorganic salts for buried interface modification for PSCs. The device architecture and key parameters are provided.

Materials Structure Voe [V] Jse [MAcm™? FF[%] PCE [%] Ref.
al Glass/ITO/TiO,-Cl/MAPbl;_,Cl,/Spiro-OMeTAD/Au 1189 223 80.6 214 9]
al Glass/FTO/SnO,-Cl/MAPbI;/Spiro-OMeTAD/Ag 119 22.52 75.82 2031 [10]
Kl Glass/ITO/NiO,/KCl/CsFAMA perovskite/PCBM/ZrAcac/Ag 115 22.89 79.5 20.96
NacCl Glass/ITO/NiO,/NaCl/CsFAMA perovskite/PCBM/ZrAcac/Ag 1.14 22.83 79.6 20.71 50}
Kcl Glass/ITO/NiO,/KCl/MAg ¢sFAq 35Pbl;/PCBM/BCP/Au 1.049 23.27 788 19.16 3]
KCl Glass/FTO/Sn0,/KCl/Cs 0sFAg 51MAg 14Pbl s5Bro 45/ Spiro-OMeTAD/Au 113 23.1 78.57 205 M2
Kl Glass/ITO/SnO,-KCl/ (FAPbI3)o o5 (MAPBBI3)0 05/ Spiro-OMeTAD/Au 1137 242 80.7 222 [16]
KOH PET/ITO/SnO,-KOH/Csg65 (FA.8sMAg 15)0.95Pb (lo.35Br0.15)3/Spiro-OMeTAD /Au 1.146 2248 79 20.25 m7
CsBr Glass/FTO/cTiO,/CsBr/MAPbl;_,Cl,/Spiro-OMeTAD/Au 1.06 20.7 75 16.3 [103]
Gsl Glass/FTO/c-TiO,/SnO,-Cs|/FAPbI;/Spiro-OMeTAD/Ag 115 25.1 80.7 233 (18]
NH,CI Glass/ITO/SnO,-NH,Cl/perovskite/Spiro-OMeTAD/Ag 1.15 24.28 76.83 21.38 [89]
NH,Cl Glass/ITO/ZnO/NH,Cl/MAPbI;/Spiro-OMeTAD/MoO;/Ag 1.104 2219 7773 19.04 [
NH,F Glass/FTO/SnO,/NH,F/(FAPbI3)o es(MAPbBBI3) o5/ Spiro-OMeTAD/Au 1.16 24.6 81.1 23.2 [62]
1.165 23.99 75.55 21.12
RbF Glass/ITO/SnO,-RbF/perovskite/Spiro-OMeTAD/Au [86]
1.140 2438 76.53 21.27
NdCls Glass/FTO/SnO,/NdCls/FA,_MA,Pbl;/Spiro-OMeTAD/Au 1138 23.65 82.23 2213 m9]
KSCN Glass/ITO/NiO,/KSCN/MAPbI;_,Cl,/PCBM:C60/ZrAcac/Ag 1.4 23.28 80 2123
Kl Glass/ITO/NiO,/KCI/MAPbI;_,Cl,/PCBM:C60/ZrAcac/Ag m 22.88 78 19.81 [61]
KAc Glass/ITO/NiO,/NaCl/MAPbI;_,Cl,/PCBM:C60/ZrAcac/Ag 1.09 22.37 78 19.02

4. Organic-Based Interface Layers
4.1. Small Molecules

Organic molecules with tailorable structures are widely adopted
to passivate/heal the defects/traps on the top surface of perov-
skite[214:120-127] Moreover, they can play an important role in
modifying the buried interface. Various molecules have been
developed either as electron donors or electron acceptors for
passivating positively/negatively charged traps. Among them,
Lewis's acids, including phosphoric acid, sulfonic groups, and
ammonium groups, can neutralize undercoordinated halides
through coordinate bonding to form Lewis adducts. Lewis
bases, such as carboxylate and amine groups, and electron-rich
aromatic structures have been reported to reduce undercoordi-
nated metal atoms of oxide CTL and lead atoms of perovskite
by donating a lone pair of electrons.

Yang et al. reported that ethylenediaminetetraacetic acid
(EDTA) can tune Fermi level to better match with the con-
duction band of perovskite, contributing to high open-circuit
voltage. Moreover, the enhanced electron mobility can improve
electron transfer and suppress charge accumulation at the
interface, thereby leading to high efficiency with negligible J-V
hysteresis (Figure 9a).1>! Additionally, the addition of EDTA can
regulate the crystallization kinetics, resulting in high-quality
perovskite thin films with a lower trap density (Figure 9a), good
crystallinity, and large grain size. Such high-quality thin films
are beneficial to suppressing perovskite degradation at grain
boundaries and obtaining long-term stability. Ethylenediami-
netetraacetic acid dipotassium (EDTAK) is further adopted to
mitigate the reaction of OH™ in SnO, with perovskite and tune

Adv. Energy Mater. 2022, 12, 2104030

2104030 (8 of 20)

the energy-level alignment at the SnO,/perovskite interface,
improve charge transport and suppress charge recombination
and hysteresis. As a result, a stable SnO,/perovskite contact is
obtained through an acid-base neutralization reaction. Com-
pared with EDTA, ethylenediaminetetraacetic acid dipotassium
(EDTAK) retain the positive passivation effect of K*.I”3!

Tu et al. employ a simple, air-robust, and cheap electron
donor, triphenylphosphine oxide (TPPO), to improve conduc-
tivity and regulate the work function of SnO,. Such strategies
enlarge the built-in field from 0.01 to 0.07 eV and decrease the
energy barrier from 0.55 to 0.39 eV at the SnO,/perovskite
interface. The electrostatic force microscopy (EFM) results
identified that electron transfer between the absorbed TPPO
molecules and underlying SnO, nanocrystal film takes place
from the R3P*-O~ o-bond mainly to the peripheral tin atoms
(Figure 9b).1281 Zhang et al. have introduced 5-aminovaleric
acid (5-AVA) molecule to passivate the surface traps of NiMgLiO
HTL and achieve a better band alignment at the HTL/perov-
skite interface, which enhances charge extraction and reduces
recombination loss. The carboxyl functional groups in 5-AVA
molecules can chemically anchor onto NiMgLiO through
esterification with the oxide's surface hydroxyl groups, while
the amine functional groups coordinate with the photoactive
perovskite layer (Figure 9¢).'?") A similar interface modifica-
tion mechanism also exists in the case that the amino acids
including glycine, b-alanine, and L-alanine are presumably able
to perform as the “linker” at the interface.*l Recently, taking
advantage of these characteristics, Wang et al. have utilized
5-AVA to form an oriented dipole layer on the indium tin oxide
(ITO) surface to enhance the device performance of ETL-free
PSCs.[3U It is worth noting that interface amino alone can also

© 2022 Wiley-VCH GmbH
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Figure 9. a) Electron mobility for EDTA, SnO,, and EDTA-SnO, (E-SnO,). Dark I-V curves of the electron-only devices with the Vi¢ kink points. The
inset shows the structure of the electron-only device. Reproduced with permission.l®! Copyright 2018, Springer Nature. b) Plots of the phase as a func-
tion of applied bias. The solid lines are the corresponding polynomial fittings while the dash lines denote the symmetry axis of the fitting parabola.
Reproduced with permission.?8] Copyright 2019, John Wiley and Sons. c) The schematic diagram illustrates the layer-by-layer structure of the inverted
PSC studied in this work, highlighting the 5-AVA modified interface between NiMgLiO and MAPbI;. Reproduced with permission.?’l Copyright 2018,

John Wiley and Sons.

complete a good adjustment.!*?! In addition, some amino acids
can form an ambipolar self-assembled monolayer (SAM), which
not only induces the growth of perovskite crystals but also
improves the energy level alignment with an extra permanent
dipole.mV133] The same SAM can form in the presence of other
organic molecules, such as (3-iodopropyl)trimethoxysilane and
carbazole-based SAMs, to increase adhesion toughness at the
interface, enhance mechanical reliability and charge transfer
rate.5%134 Some other organic SAMs used in buried interface
modification of PSCs are listed in Table 2 and Yoon et al. review
SAM-related interface modification and additive research work
in PSCs and organic solar cells.[?!

Other organic molecules, such as diethanolamine (DEA),
2,2’-(perfluoronaphthalene-2,6-diylidene)dimalononitrile
(FGTCNNQ),1%  dopamine,®¥  3-(1-pyridinio)-1-propanesul-
fonate,’®! and perylenel®! are also employed to modify the inter-
face between NiO, and poly(3,4-ethylenedioxythiophene) poly-
styrene sulfonate (PEDOT:PSS) HTL or TiO, and SnO, ETL and
perovskite. Organic molecular can reduce the interface strain.
As shown in Figure 10, Zhang et al. have found that modified
(3-aminopropyl)triethoxysilane (APTES), a protonated amino
silane coupling agent (PASCA-Br), can alleviate strain stress, in
which pillowy alkyl ammonium bromide terminals act as well-
matched growth sites for the perovskite growth, resulting in
reduced lattice distortion and ensuing interface strain. Moreover,
R-NH;Br terminals will form strong chemical bonds with under-
coordinated Pb atoms, reducing lattice distortion considerably.**!

[102]
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4.2. Polymers

Polymers provide outstanding modification capability for
interface as compared to organic molecules because of their
insulating and dielectric characteristics. Furthermore, many
polymers with water resistance can effectively safeguard the
perovskite. In this case, many organic polymers have been
widely used to passivate the top interface of PSCs and exhibit
many good qualities.3¢ Similarly, organic polymer is a kind
of good candidate to tune the buried interface to enhance per-
formance and stability.

In order to minimize hydroxyl groups on the surface of the
resulting ZnO films, polyethyleneimine (PEI) is successfully
developed to replace commonly used ethanolamine in the pre-
cursor solutions. Increased thermochemical stability of perov-
skite films is achieved.? Wei et al. use polyethylene glycol
(PEG) to improve the compactness and wetting properties of
the SnO, layer (Figure 11a).3] Tian et al. also reported that an
amino-functionalized polymer (PN4N) interlayer can tune the
surface wetting property to promote the formation of high-
quality all-inorganic perovskite films with larger grain size and
higher crystallinity. Meanwhile, these PN4N can also interact
with the perovskite crystal to efficiently passivate electronic
surface trap states and suppress photoinduced halide segrega-
tion in perovskite films. The formed interfacial dipole can also
reduce the work function of SnO,, and thus improve the elec-
tron extraction property.”!

© 2022 Wiley-VCH GmbH
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Table 2. A summary of research on organic materials (molecular and polymer) for buried interface modification for PSCs. The device architecture and
key parameters are provided.

Materials Structure Ve Jse FF PCE Ref.
MV [mAcm? 6] (%]
EDTA Glass/ITO/SnO,-EDTA/FAg 9sCs sPbl3/Spiro-OMeTAD/Au 1M 24.55 79.2 216 [55]
EDTAK Glass/ITO/SnO,/EDTAK/Csg05FA0.54MAg 41Pb(l0.65BT0 02)3/Spiro-OMeTAD/Au  1.10 232 784 201 73]
EDTA Glass/ZnO-EDTA/MAPbI;/Spiro-OMeTAD/Au 1.134 23.59 76.2 20.39 [146]
TPPO Glass/ITO/SnO,/TOPO/Cs05(FAo 5sMAg 15)0.95Pb (Broslo ss)3/Spiro-OMeTAD/  1.106 243 77 2069 [128]
Au

5-AVA Glass/FTO/NiMgLiO/5-AVA/MAPbI;/PCBM/BCP/Ag 1129 218 79 1944 [129]
5-AVA Glass/ITO/5-AVA/FA 4Cso1Pbl;_Cl,/Spiro-OMeTAD/Ag 1.08 23.91 75 1937 [131]
Amino Glass/ITO/TiO»-NH,/Cso.05FA0 53MAg12Pbl, 55Bro 45/spiro-OMeTAD/Au 119 23.40 766 2133 [132]
3-aminopropanoic acid (C3-SAM) Glass/ITO/PEDOT:PSS/C3-SAM/MAPbI;_Cl,/PCsBM/ZnO/Ag 0.89 18.9 69.1 1.6 [101]
3-aminopropanoic acid (C3-SAM) Glass/ITO/Zn0O/C3-SAM/MAPbI5/Spiro-OMeTAD/MoO;/Ag 1.07 22.51 65 1567 [133]
(3-iodopropyl)trimethoxysilane Glass/ITO/SnO,/SAM/Csg o5 (FA¢.85MAg 15)0.95Pb (I 85Bro15)3/Spiro-OMeTAD /Au  1.185 23.26 77.8 21.44 [59]
(SAM)
(3-aminopropyl)triethoxysilane Glass/FTO/SnO,/APTES-SAM/MAPbI;/Spiro-OMeTAD/Au 1.160 21.93 72.00 18.32 [147]
(APTES-SAM)
Aminopropyltrimethoxysilane (SAM) Glass/FTO/cTiO,/SAM/ZrO,-MAPbl;/Carbon 0.873 19.51 75 12.77 48]
4-cyanobenzoic acid (CBA) Glass/ITO/SnO,/CBA/MAPbI;/Spiro-OMeTAD/Au 1.08 21.66 78.1 18.27
4-pyridinecarboxylic acid (PA) Glass/ITO/SnO,/PA/MAPbI;/Spiro-OMeTAD/Au 110 22.03 774 18.77

[149]
Benzoic acid (BA) Glass/ITO/SnO,/BA/MAPbI;/Spiro-OMeTAD/Au 111 21.88 746 1811
4-aminobenzoic acid (ABA) Glass/ITO/SnO,/ABA/MAPbI;/Spiro-OMeTAD/Au 1.04 22.00 721 16.5
4-imidazoleacetic acid hydrochloride ~ Glass/FTO/SnO,/ImAcHCI/(FAPbI3)q.95(MAPbBr3)g 0s/Spiro-MeOTAD/Au 1.153 23.06 79.0 20.96 [150]
(ImAcHCI)
Diethanolamine (DEA) Glass/FTO/NiO/DEA/MAPbI;_Cl,/PCBM/PN4N/Ag 0.95 20.90 80 1590  [102]
2,2~ (perfluoronaphthalene-2,6-diyli- Glass/ITO/NiO,/F6TCNNQ/CsMAFA perovskite/PCBM/ZrAcac/Ag 1.12 23.15 80.2 20.81 [100]
dene)dimalononitrile (FETCNNQ)
Dopamine Glass/FTO/TiO,/dopamine/Csg osFAg g1MAg 14Pbl; 55Brg 45/Spiro-OMeTAD /Au 1.16 23.65 76.3 20.93 [88]
3-(1-pyridinio)-1-propanesulfonate Glass/FTO/SnO,/3-(1-pyridinio)-1-propanesulfonate/perovskite/ 1.16 23.6 78.4 21.43 [85]

Spiro-OMeTAD/Au
Perylene Glass/ITO/PEDOT:PSS/perylene/MAPbI,Cl;_,/PCBM/Bphen/Ag 0.96 20.09 77 14.85 [99]
APTES Glass/FTO/TiO,/APTES/Cso.05(FAg.5sMAg15)0.05Pb (lo.85Br015)3/Spiro-OMeTAD/  1.12 24.01 75 2032
MoO;/Ag

[135]

PASCA-Br Glass/FTO/TiO,/PASCA-Br/Csg 05 (FAg 5sMAg15)0.55Pb (10 5Bro15)3/ 1.14 24.58 77 21.66
Spiro-OMeTAD/MoOs/Ag
Amino trimethylene phosphonic Glass/ITO/SnO,-ATMPK/MA,FA,_,Pbl;/Spiro-OMeTAD/Au 1.15 24.42 80.59 22.63 [157]
acid potassium (ATMPK)
Glycine Glass/FTO/cTiO,/mTiO,/Glycine/MAPbI;/Spiro-OMeTAD/Au 1.00 18.51 65.00 10.88 [152]
Ethanolamine (EA) Glass/FTO/cTiO,/EA/CH;NH;Pbl;_Cl,/Spiro-OMeTAD/Au 1.04 2212 7090 1631  [153]
Porphyrin Glass/ITO/PEDOT:PSS /porphyrin/MAPbI;_,(SCN),/PCBM/C60/BCP/Al 0.93 21.90 69.00 1405  [i54]
4-Cl-benzoic acid Glass/FTO/cTiO,/mTiO,/4-Cl-benzoic acid/FAMA;_Pbl;_,Br,/Spiro-OMeTAD/  1.075 22.28 76.90 18.43 [155]
Au

Polyethylenimine (PEI) Glass/ITO/ZnO/PCBM/MAPbI;/Spiro-OMeTAD/Ag 1.04 19.77 75 1538 [142]
Polyethylene glycol (PEG) Glass/ITO/SnO,-PEG/CsgsFAg s1MAg 14Pbl; 55Brg 45/Spiro-OMeTAD /Au 112 22.67 81.9 20.8 [143]
PN4N Glass/ITO/PTAA-PS/MAPbI;_,Cl,/PCeBM/BCP/Ag 1.24 15.1 804 151 [90]
Heparin potassium (HP) Glass/ITO/SnO,-HP/Csq 0sFA.5sMAg 10Pb (1o 67Bo.03)3/Spiro-OMeTAD /Au 1.163 24.97 794 2306  [144]
Polystyrene (PS) Glass/ITO/PTAA-PS/MAPbI;_Cl,/PCsBM/BCP/Ag 112 225 82.5 20.8 [145]
Poly(ethylene glycol) diacrylate Glass/ITO/SnO,-PEGDA/FAPbI;/Spiro-OMeTAD/MoO;/Ag 1.14 25.24 81.00 23.31 [57]
(PEGDA)
Adv. Energy Mater. 2022, 12, 2104030 2104030 (10 of 20) © 2022 Wiley-VCH GmbH
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Figure 10. a) In-plane and out-of-plane grazing incidence X-ray diffraction (GIXRD) results for perovskite films deposited on TiO,, TiO,/APTES, and
TiO,/PASCA-Br substrates, respectively. b) The corresponding crystal strains of perovskite films at in-plane and out-of-plane directions. (a) and (b)
Reproduced with permission.®3 Copyright 2020, John Wiley and Sons.
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Figure 11. a) Schematic diagram of the interaction between PEG and SnO,. Contact angle measurement of SnO, films with and without PEG. Repro-
duced with permission."3 Copyright 2018, John Wiley and Sons. b) The cross-sectional SEM images of the perovskite layers deposited on SnO, and
SnO,-HP thin films. The J-V curves measured at reverse scan of flexible planar PSCs fabricated on ITO/PET using SnO, and SnO,-HP as the ETL
measured. Reproduced with permission."l Copyright 2020, John Wiley and Sons. c) Best device performance under reverse scan and forward scan.
Reproduced with permission.[’] Copyright 2021, American Chemical Society.
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Table 3. A summary of research on carbon materials for buried interface modification for PSCs. The device architecture and key parameters are

provided.
Materials Structure Voc V] Jse [MAcm™? FF [%] PCE [%] Ref.
C60-SAM Glass/FTO/cTiO,/C60-SAM/MAPbI,_,Cl,/Spiro-OMeTAD/Au 1.04 221 75.00 17.3 [159]
C60-SAM Glass/ITO/SnO,/C60-SAM/MAPbI;/Spiro-OMeTAD/Ag 1.07 2153 65.00 15.18 [160]
C60-SAM Glass/FTO/cTiO,/mTiO,/C60-SAM/MAPbI;_Cl,/Spiro-OMeTAD /Au 0.1 19.80 75.40 13.50 n61]
PCBM Glass/FTO/Sn0O,/PCBM/MAPbI;/Spiro-OMeTAD/Au 112 22,61 75.83 19.12 [162]
CPTA Glass/FTO/SnO,/CPTA/{en}FASnl;/PTAA/Au 0.722 13.42 67.00 6.54 [163]
C60 Glass/ITO/Sn0,/C60/FAq gsMAg 34Pbl, 55Bro15/Spiro-OMeTAD/ 1.04 214 69.00 15.3
MoO3/Au
PCBM Glass/ITO/SnO,/PCBM/FAq ¢sMA 34Pbl, gsBrg15/Spiro-OMeTAD/ 1.08 22.1 72.00 17.1 64
MoO;/Au
PCBA Glass/ITO/SnO,/PCBA/FAq ¢sMAg 34Pbl, 35Bro 15/Spiro-OMeTAD/ 1.10 22.2 76.00 18.6
MoO3/Au
C60 Glass/FTO/mTiO,/C60/MAPbI;/Spiro-OMeTAD /Au 1.042 +0.011 2114038 7742 17.0+0.3 [167]
PCBA Glass/FTO/cTiO,/PCBA/MAPbI;/Spiro-OMeTAD/Ag 1.09 16.97 71.00 13.15 [168]
GQDs Glass/ITO/SnO,-GQDs/MAPbI;/Spiro-OMeTAD/Au 1134 23.05 77.80 20.31 [166]
Red CQs Glass/ITO/SnO,-RCQs/Cso.05FA0 51MAg 14Pbl 55Bro s/ 114 24.10 82.9 2277 156]
Spiro-OMeTAD/MoOs/Au
I-GQDs Glass/ITO/SnO,/1-GQDs/FAPbI;/Spiro-OMeTAD/Ag 1.073 25.42 82.00 22.37 51]
Graphdiyne Glass/ITO/SnO,-Graphdiyne/Perovskite/Spiro-OMeTAD/Au 1.137 23.32 79.62 21.m [169]

In addition, a biological polymer (heparin potassium, HP)
has been developed to regulate the arrangement of SnO, and
further induce vertically aligned crystal growth of perovskites
(Figure 11b). Moreover, sulfate groups in HP can coordinate
with undercoordinated lead ions in the perovskite to passivate
the trap states. This strategy successfully improves the inter-
face contact between the SnO, ETL and the perovskite layer,
resulting in a high PCE of 19.47% on flexible substrates.! Xu
et al. have further found that mixed polystyrene (PS) and PTAA
can produce a textured PTAA/perovskite interface to inhibit
internal optical reflection, improve external quantum effi-
ciency, and enhance photocurrent.! Recently, poly(ethylene
glycol) diacrylate (PEGDA) has been introduced to suppress
the agglomeration of SnO, (Figure 11c). Beyond that, it can pas-
sivate the defects at the interface between perovskite and ETL
and also result in better energy-level alignment between perov-
skite and ETL, which could facilitate the carrier transport and
reduce the energy loss.l"’]

There are very few studies on polymers for modifying the
buried bottom interface, but theoretical research has shown
that these polymers have great potential to better regulate the
bottom interface. Due to the inherent insulating properties of
polymer materials, these make polymer materials a double-
edged sword. If used improperly, it will greatly increase the
charge transfer resistance of the device and reduce the short-
circuit current and fill factor.

In conclusion, compared with inorganic salts, molecules/poly-
mers show a good ability to passivate interface defects and help
to form high-quality perovskite film.’2156-158] Besides, they can
tune the electrical properties at the buried interface, such as work
function and electron mobility of CTL, energy-level alignment
between CTL and perovskite layer. It is worth mentioning that
small molecules were reported to modulate the interfacial stress.
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2104030 (12 of 20)

5. Carbon-Based Inorganic Materials

As listed in Table 3, carbon materials and derivatives, such as
carbon nanotubes, fullerenes, graphdiyne, graphene, and gra-
phene oxide, possess good conductivity, which can enhance
interface charge transport. In 2014, Snaith et al. developed an
organic electron-accepting fullerene self-assembled mono-
layer (C60-SAM) to significantly enhance electron transfer.
Meanwhile, the anchoring group in C60-SAM can passivate or
inhibit the formation of trap states at the TiO, surface, while
the fullerene moiety in C60-SAM can passivate the defects
on the surface of perovskite. As such, reduced nonradiative
recombination is achieved at this interface.® Jen et al. used
the C60-SAM to passivate the SnO, surface, thereby achieving
a better phase purity of the perovskite, improved electron
transfer, and small hysteresis.'% Similarly, Mora-Sero et al.
used self-assembled monolayers (SAMs) of fullerene derivatives
to reduce the hysteresis by reducing the capacitive hysteresis
(Figure 12a). In addition, with an appropriated functionaliza-
tion, SAMs can increase photocurrent even when no electron
selective contact is present and a SAM is deposited just on top
of the transparent conductive oxide.['°!

In 2016, Yan et al. found that fullerenes could promote electron
transfer and passivate the SnO,/perovskite interface and reduce
interface recombination.®” Xu et al. found that a hydrophilic
derivative of fullerene, C60 pyrrolidine tris-acid (CPTA), can
improve electron transfer at the interface, tune the conduction
band minima to block the holes, and suppresses charge recombi-
nation in Sn-Based PSCs.['®3] Janssen et al. found that fullerenes
with the ability to react with surface hydroxyl groups effectively
passivate traps at the SnO, surface and improve the performance
and reproducibility of the PSCs, tune energy band level, and
enhance electron extraction and transport (Figure 12b).1%4 Other

© 2022 Wiley-VCH GmbH
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Figure 12. a) Functionalized fullerenes and dark -V curves in logarithm scaled current representation at different scan rates for PSCs with SAM.
Reproduced with permission.l'®" Copyright 2016, American Chemical Society. b) Chemical structure of C60, PCBM, and PCBA. Energy diagram of dif-
ferent ETL substrates, assuming a fixed Fermi level. Reproduced with permission.® Copyright 2019, John Wiley and Sons.

thin fullerenes C60 bottom interface layers can significantly
cause enhancement in carrier extraction.l%l

Yang et al. developed graphene quantum dots (GQDs) to
modify SnO,. They demonstrate that the photogenerated elec-
trons in GQDs can transfer to the CB of SnO,. The transferred
electrons from the GQDs will effectively fill the electron traps
to improve the electron density in the CB, lower the work func-
tion, and improve the conductivity of SnO,, which is beneficial
for improving the electron extraction efficiency and reducing the
recombination at the ETLs/perovskite interface.'®l Huang et al.
used carboxylic acid- and hydroxyl-rich red-carbon quantum dots

=800, =
- <= Sn0,-RCQs &

~f
0.00 /
*'f
-0.029"
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Voltage (V)

0.02

Current (mA)

Sno, Sn0,/I-GQDs

2um

(RCQs) to enhance the electron mobility of ETL (Figure 13a).
Moreover, red-carbon quantum dots (RCQs) at the interface can
bond efficiently with the incompletely coordinated Pb?" of the
perovskites and enhance hydrophilic to decrease the Gibbs free
energy of the surface, promoting high-quality film formation./>®l

Recent research work has shown that an imidazole bromide
functionalized graphene quantum dots (I-GQDs) can regu-
late the interface between the ETL and formamidinium lead
iodide (FAPDI;) perovskite layer (Figure 13b). The incorpora-
tion of imidazole bromide functionalized graphene quantum
dots (I-GQDs) not only reduces the interface defects, but also

%

Sn0,-RCQs

- 200y 1206V
I L D S 10731 6V Er
[
H Perovskite
>
2
2| 353ev 128V
w
2um * Sn0,/I-GQDs
= Sno,

Figure 13. a) Conduction properties of the SnO, films with and without RCQs. SEM images and 2D-GIXRD patterns of the perovskite films grown
on SnO,-RCQs and SnO,. Reproduced with permission.*l Copyright 2019, John Wiley and Sons. b) The SEM images of perovskite films deposited
on the pristine SnO, and SnO,/I-GQDs films. Energy level diagram of SnO,, SnO,/I-GQDs, and the perovskite layer. Reproduced with permission.>!l

Copyright 2021, John Wiley and Sons.
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Figure 14. a) Schematic illustration of cross-sectional KPFM measurement under short-circuit condition. From top to bottom, SEM image, KPFM
image, and contact potential difference (CPD; averaged) profile of the device on perovskite/FI-SnO, interface and pristine perovskite/SnO, interface.
Reproduced with permission.l”7% Copyright 2021, Springer Nature. b) Structural model and corresponding schematics of crystallization process for films
with different GUA concentrations on NiO, substrate. Reproduced with permission.l”!l Copyright 2021, John Wiley and Sons.

improves the film quality of FAPbI; perovskite including
enlarged grain size, lower trap density, and a long carrier life-
time. Moreover, a better energy level alignment between ETL
and perovskite can be obtained.l!

Overall, carbon materials and derivatives can enhance the
conductivity very well to improve charge transfer. Likewise, it
can passivate interface defects and regulate energy level align-
ment, and the formation of perovskite films.

6. Perovskite Materials

Perovskite and related materials have rarely been reported
to be used as buried interface modification, even though 2D
perovskite has been widely used to passivate the surface of
perovskite and achieve a fantastic effect.

In 2021, some reported work achieved very good results
for buried interface modification with perovskite and related
raw materials. Zhou et al. developed an interpenetrating
organic—inorganic halide perovskite (OIHP)/ETL interface with
enhanced structural integrity compared with its regular coun-
terpart. This interface can not only prevent ionic/molecular
species from diffusing into the device, but also lower the risk
of interfacial fracture, responsible for the device reliability
enhancement and high mechanical-fatigue endurance. More-
over, the results from Kelvin probe force microscopy (KPFM)
indicate that the interpenetrating perovskite/ETL structure
allows for more effective photocarriers separation and transport
across the interface, compared to an abrupt perovskite/ETL
interface, thus increasing the device efficiency (Figure 14a).17")

Sargent et al. developed a large organic cation that can be
used to spontaneously form a 2D buffer layer at the buried
interface, which suppresses non-radiative recombination at the
buried perovskite/CTL interface and leads to a 72% reduction
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in surface recombination velocity. As shown in Figure 14D,
guanidinium (GUA) cation was precipitated on the NiO, sur-
face to form a GUA-rich region. These anchored GUA subse-
quently crystalize into a thin GUA,PbI, layer on the substrate
during the annealing process. When the exposed preferential
oxygen binding sites are saturated, excess GUA molecules are
randomly distributed throughout the film, especially at higher
GUA concentrations (GUAQ.1). They may attach to the grain
boundaries of the 3D phase to produce 2D/3D structures or
incorporate into perovskite lattice to form mixed-cation perov-
skite alloy. High GUA concentration leads to reduced J, and FF
as a result of the parasitic absorption and the insulating nature
of wide bandgap 2D layers.["7!

The most exciting thing is that Seok et al. reported a crystal-
line FASnCl, phase interlayer achieved by coupling Cl-bonded
SnO, with a Cl-containing perovskite precursor at the bottom
interface. This interlayer has atomically coherent features,
which enhance charge extraction and transport from the perov-
skite layer and have fewer interfacial defects. Eventually, this
coherent interlayer made it possible to manufacture PSCs with
a record efficiency of 25.8% (25.5% certified).??! The param-
eters of PSCs with these interface layer are listed in Table 4.
Perovskite and related materials used to modify the interface
can achieve contact between the CTL and perovskite layer. The
interface layers are usually a kind of self-formed buried inter-
face layer. Combined with the original materials on both sides
of the interface, they will self-form new interface layers which
have atomically coherent features.

7. 2D Materials

Yan et al. employed 2D material molybdenum disulfide (MoS,)
as a perovskite crystallization template. They discovered the

© 2022 Wiley-VCH GmbH
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Table 4. A summary of research on perovskite-related materials for buried interface modification for PSCs. The device architecture and key para-

meters are provided.

Materials Structure Voc V] Jsc [MAcm™Y FF[%] PCE [%] Ref.
FAI Glass/FTO/SnO,-FAI/Cso 0a(FAo 5eMAo16)0.96Pb (10 54Bo.16) 3/ SPiro-OMeTAD /Au 118 232 30.80 222 [170]
GUA,PbI, Glass/ITO/NiOx/GUA,Pbl,/Csg05FA.0MAg:GUA sPbls/PCBM/BCP/Ag 1.226 20.1 816 20.1 7]
FASNCI, Glass/FTO/SnO,/FASnCl,/FAPbl;/Spiro-OMeTAD/Au 1.1885 25.74 83.2 25.5% [23]
*Certified

solution-phase van der Waals (vdW) epitaxy grow of MAPDI;
perovskite on MoS, flakes, which are ideal for the epitaxial
growth of MAPDI; because the interplane distances of MAPbI;
(008) and MoS, (110) planes have an identical value of 1.58 A.
As a result, large grain sizes and low defect densities are pro-
duced in strongly orientated perovskite films (Figure 15a).1%4l
Moreover, despite the fact that the lattice symmetries of MoS,
(hexagonal) and MAPDI; (tetragonal) are different, the dan-
gling-bond-free surface of MoS, flake is advantageous for van
der Waals (vdW) epitaxial development of the perovskite layer.
Therefore, the in-plane coupling between MoS, and MAPDI,
can enable the growth of MAPDI; grains on the surface of
MoS, templates, causing the perovskite layers to be oriented
out of plane (110). The dangling-bond-free surface of MoS,
can facilitate the migration of atoms and accelerate the growth
of perovskite grains along the lateral direction, leading to the
enlargement of perovskite grain size.

Lin et al. found that 2D black phosphorene (BP) can con-
currently enhance carrier extraction at ETL/perovskite with
favorable band energy alignment (Figure 15b).[”? Song et al.
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Figure 15. a) The side view of atomic crystal heterojunction of MAPbl; and
with permission.l'™ Copyright 2019, John Wiley and Sons. b) Energy level d
ETL/perovskite interface. Reproduced with permission.[72 Copyright 2020,

used ultrathin 2D titanium carbide MXenes to tune the
perovskite/TiO, ETL interface. The bottom MXene interface
layer can improve electron extraction efficiencies at perov-
skite/ETL, inhibit the ultraviolet-induced photocatalysis of
the ETL, and improve crystalline quality of the perovskite
film with its large grain size (Figure 15c), resulting in long-
time ambient and light stability of PSCs.[73] Recently, Chen
et al. introduced an ultrathin metal-organic framework (MOF)
layer at the interface between the ETL and the perovskite
absorber to improve the device stability (Figure 15d). Both Eu
ions and organic ligands in the MOF can reduce the defect
concentration and improve carrier transport. Moreover, due
to the Forster resonance energy transfer effect, Eu-MOF in
perovskite films can enhance light utilization and inhibit the
decomposition under ultraviolet light. Meanwhile, Eu-MOF
also converts tensile strain to compressive strain in the perov-
skite films.[4 Table 5 summarizes the reported research work
about 2D interface layer in PSCs so far. These 2D materials
mainly regulate the electrical properties and the formation of
perovskite films.
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MoS,. Energy band structure of the PSC with a MoS, interlayer. Reproduced
iagram of each constituent in perovskite solar cell by depositing BP-3 at the
John Wiley and Sons. c) SEM images and contact angles (insert) of TiO,/

perovskite and TiO,/Ti;C,T, quantum dots (TQD)/perovskite. Reproduced with permission.[73l Copyright 2020, John Wiley and Sons. d) Schematic
illustration of the Eu-MOF effect on perovskite film. Reproduced with permission.[74 Copyright 2020, John Wiley and Sons.
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Table 5. A summary of research on 2D materials for buried interface modification for PSCs. The device architecture and key parameters are provided.

Materials Structure Voc V] Jse [mMAcm™? FF [%] PCE [%] Ref.
MoS, Glass/ITO/PTAA/MoS,/MAPbI;/PCBM/BCP/Ag 113 22.66 80.26 20.55 [104]
BP Glass/FTO/TiO,/BP/Csq0sMAg16FAe 76Pb (lo.53Br0.17)3/Spiro-OMeTAD/Ag 1.10 23.23 70.66 18.15 172]
Phosphorene Glass/ITO/PTAA/Phosphorene/FAg 45Csg gsPbl;/PCBM/BCP/Cu 1.093 23.30 0.829 21.14 [175]
MXene Glass/FTO/cTiO,/mTiO,-MXene/Perovskite/Spiro-OMeTAD/Au 112 23.51 74.62 19.65 [173]
MXene Glass/FTO/cTiO,/MXene-mTiO,/MXene/MXene-MAPbI;/MXene/ 1.09 23.82 77.6 20.14 [176]
Spiro-OMeTAD/Au
Eu-MOF Glass/ITO/SnO,/((FA, MA, Cs)Pb(l, Br);/Spiro-OMeTAD/Au 1.14 2371 82.00 22.16 [174]
Zr-MOF Glass/ITO/NiO,/MOF/MAPbI;/PC¢,BM/BCP/Ag 1.072 21.85 76.90 18.01 N77]
Ti-MOF PEN/ITO/PCBM-MOF/MAg osFAq 95Pbl3/Spiro-OMeTAD/Au 1.082 23.18 75.5 18.94 [178]
ZIF-8 Glass/FTO/cTiO,/mTiO,/ZIF/MAPbI;/Spiro-OMeTAD/Au 1.02 22.82 73.00 16.99 [179]

8. Conclusion and Outlook

In recent years, great progress has been achieved in exploring
the modification of the buried interface of PSCs. In this review,
we have surveyed current developments in the buried interfa-
cial engineering of PSCs. There are several examples where
buried interlayers have increased the efficiency and, perhaps
more importantly, the long-term device stability of PSCs. The
majority of research has concentrated on inorganic salts and
organic interlayers between the perovskite layer and the bottom
metal oxide CTL; these interlayers aid in inhibiting interface
non-radiative recombination, improving charge extraction and
transport, releasing interface chemical reactions and deter-
mining the morphology of the perovskite layer deposited on top
of them. In general, there is still a lot of space for improvement
in photovoltaic performance, and perovskite buried interface
engineering will continue to work on developing effective mate-
rial systems and process methods that will push the develop-
ment of PSCs to a higher level. In particular, lower V.. loss and
higher FF may be expected, even close to the theoretical limit.

We are optimistic about the future of research on buried
interface modification and anticipate that researchers will be
able to develop more efficient, resilient, and low-cost ideal can-
didate materials for buried interface modification. At the same
time, more advanced and effective characterization methods
and in-depth mechanisms exploration for buried interface of
PSCs will be motivated to understand the characteristics of the
bottom interface more clearly.

The upcoming findings may further boost the efficiency
and stability as well as accelerate the wide application of PSCs.
The same applies to other optoelectronic devices. In summary,
we believe that a deep insight in terms of precise control of
the buried interface at the nanoscale may contribute to solving
the problem that makes heterojunction interfaces tend to be
perfectly integrated. The materials for buried interface modifi-
cation need to be carefully chosen because some of them have
the potential to be an important part of the toolkit required to
scale up and commercialize PSCs.
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