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Abstract

Photovoltaic technologies have emerged as crucial solutions to the global 
energy crisis and climate change challenges. Although silicon-based 
solar cells have long dominated the market, metal halide perovskite solar 
cells (PSCs) have rapidly advanced as a promising alternative. Despite 
their relatively short history, PSCs are progressing at an unprecedented 
rate, driven by global research efforts that capitalize on their unique 
advantages. These innovative cells offer lower manufacturing costs, 
simpler fabrication processes and greater mechanical flexibility 
compared with traditional silicon cells. Remarkably, their power 
conversion efficiency has recently surpassed 26%, approaching that of 
silicon cells. This Primer outlines the diverse fabrication methods for 
high-performance PSCs, focusing on three key components: the  
photoactive layer, charge-transporting layers and electrodes. 
The photoactive layer, typically made of ABX₃ perovskite materials, 
is crucial for light absorption and forms the cornerstone of device 
functionality. Charge-transporting layers, specifically the electron and 
hole transport layers, facilitate efficient charge movement and mitigate 
recombination losses, enhancing overall cell performance. Electrodes, 
traditionally formed by pure metals or metal oxides, complete the cell 
structure and govern additional functionalities, such as mechanical 
flexibility and cell transparency. This Primer concludes by examining 
current limitations and offers insights into the future prospects of PSCs.
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various aspects of PSC performance, including stability, hysteresis 
and efficiency. Each structure has unique merits and drawbacks in 
design and function. The two PSC types have different energy levels 
and are sensitive to the bandgaps and Fermi levels of the component 
layers (Fig. 1b). The bandgap of perovskite materials can be tuned by 
composition engineering (Fig. 1c,d), with all A, B and X sites having an 
influence. For instance, the bandgaps for MAPbI3, formamidinium lead 
iodide (FAPbI3) and CsPbI3 perovskites are about 1.59, 1.51 and 1.72 eV, 
respectively17. The bandgap increases as the ionic radius of the A-site 
decreases, owing to modulation of the Pb–I bond from size effects in 
the A-site cations18. X-site regulation is also a widely used approach for 
regulating perovskite bandgap19,20. The nonlinear trend in bandgap vari-
ation arises from the energy disparity between the s/p atomic orbitals 
of tin, which contribute to the band edges of the alloy19. In tin-based 
perovskites, the coupling between the conduction and valence band 
edges is weaker than in lead-based counterparts as tin has less strongly 
bonded atomic orbitals. This suggests that the valence band maximum 
derived from tin and the conduction band minimum originating from 
lead determine the alloy bandgap range.

This Primer introduces the diverse fabrication methods and 
techniques used to craft PSCs. A wide range of perovskite types, 
charge-selective layers and electrodes are discussed, focusing on 
the most effective strategies for achieving high performance. For the 
active layer, common deposition methods include spin coating, slot-die 
coating and thermal evaporation. Similarly, for the charge-selective 
layer, spin coating, spray coating, thermal evaporation and sputter-
ing are typically used. Electrodes are often fabricated by sputtering, 
thermal evaporation, atomic layer deposition (ALD), direct lamina-
tion and inkjet printing. The Experimentation section discusses the 
active layer and charge-selective layer from wet (solution) and dry 
perspectives, whereas electrodes are viewed from the transparent 
bottom and counter top standpoints. For the active layer, the four 
mainstream regimes — traditional organic–inorganic, quantum dot, 
lead free and double perovskites — are discussed in depth. The Results 
section explores evaluation methods for PSC performance and analysis 
techniques for each component. The Applications section introduces 
realistically viable commercial markets based on PSC functionalities. 
The Limitations and optimizations section looks at critical bottlenecks 
and how to overcome them. Finally, the Outlook section provides a 
future-focused perspective of PSCs.

Experimentation
Active layer: lead perovskites from solution
Record-breaking efficiencies in PSCs were achieved with composi-
tions based on FAPbI3 as the photoactive layer21–23. Pure FAPbI3 offers 
a close-to-ideal narrow bandgap (~1.48 eV) and better thermal stability 
compared with other compositions. However, it suffers from phase 
instability, undergoing an undesirable transformation from the pho-
toactive, black, perovskite α-phase to the photo-inactive, yellow, 
non-perovskite δ-phase at room temperature (RT)24,25 (Fig.  2a). 
The α-phase of FAPbI3 has a higher formation enthalpy because the 
large FA+ cation causes a high tolerance factor (t ≈ 0.99) and intrinsic 
strain in the [PbI6]-4 octahedral framework, increasing the lattice energy 
and formation enthalpy24–26. At lower temperatures, the rotational 
freedom and dynamic motion of FA+ cations are restricted, reducing the 
entropy contribution to the Gibbs free energy27–29. Consequently, cubic 
α-FAPbI3 is favoured at higher temperatures (>390 K) owing to higher 
entropy26,30. The combination of lower entropy and higher enthalpy 
makes α-FAPbI3 less stable at RT than hexagonal δ-FAPbI3, leading to a 

Introduction
In response to the pressing challenges of climate change and the energy 
crisis, the solar industry has experienced a resurgence, marked by a nota-
ble increase in demand for renewable energy sources. Perovskite-based 
solar cells (PSCs) have emerged as the leading next-generation photo-
voltaics, with formidable power conversion efficiency (PCE), solution 
processability and mechanical flexibility, surpassing conventional 
silicon-based counterparts. These properties align with the require-
ments for cutting-edge photovoltaic systems. PSC technology has 
developed rapidly since the seminal liquid electrolyte-based prototype 
reported in 2009 (ref. 1). A noteworthy advance was the transition 
from liquid electrolytes — with a PCE of 3.81% — to solid-state coun-
terparts, based on 2,2′,7,7′-tetrakis[N,N-di(4-methoxyphenyl)amino]-
9,9′-spirobifluorene (spiro-MeOTAD), which have PCEs of 9.7%2 and 
10.9%3. This breakthrough led to further PCE improvements, enhanced 
device longevity and the addition of features, such as flexibility and 
semi-transparency. Presently, the highest certified PCE for PSCs is 
26.7%, accredited by the National Renewable Energy Laboratory4.

Innovations in fabrication and analysis have driven progress in 
PSCs. At the core of PSCs is the metal halide perovskite photoactive thin 
film. This photoactive layer, also known as the active layer, is the core 
component for converting light into electricity. When sunlight strikes 
the perovskite, it generates electron–hole pairs. The charge-selective 
layers, also known as the charge transport layer, efficiently collect 
charges to create an electric field. As electrons flow through an external  
circuit and recombine with holes, they produce an electric current. 
Understanding the perovskite active layer is crucial, as its excep-
tional light absorption and charge transport properties are key to 
solar cell performance. The perovskite photoactive thin film has the 
chemical composition ABX₃, in which A is an organic or inorganic 
cation, B is a metal cation and X is a halide anion (Fig. 1a). PSCs can be 
broadly categorized as organic–inorganic hybrid or fully inorganic 
depending on the choice of A. The material and stoichiometric ratio of 
A, B and X components are crucial, as they determine the absorption 
characteristics and film quality, which translates to PCE and device 
stability. The size of each component affects the tolerance factor of 
the perovskite structure, which influences phase formation, overall 
stability and film bandgap. By understanding the relationship between 
chemical composition and PSC performance, advances can be gained 
through material, process and device engineering. This includes 
incorporating 2D perovskites, solvent5,6 and additive engineering7–10, 
composition adjustment11,12, morphology control5,13 and interface 
modification14–16.

PSCs are technologically comprehensive devices, and their overall 
performance is determined not only by the perovskite active layer, but 
also by the adjacent charge-selective layers and electrodes. Methods 
of fabricating (Table 1) and evaluating these layers have an equally 
important role in advancing PSC technology. Normative PSCs share 
a common architecture of a photoactive layer sandwiched between a 
pair of charge-selective layers and electrodes. There are two main struc-
tural configurations: normal (or conventional) and inverted types, 
denoted as n–i–p and p–i–n, respectively (Fig. 1a). These abbreviations 
represent the order of the layers in the cell, in which n is the electron 
transport layer (ETL), i is the intrinsic perovskite absorber layer and 
p is the hole transport layer (HTL). In the n–i–p (normal) structure, 
light enters the ETL, passes through the perovskite layer and finally 
reaches the HTL. Conversely, in the p–i–n (inverted) structure, light 
enters the HTL, passes through the perovskite layer and finally reaches 
the ETL. The choice between normal and inverted structures influences 
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spontaneous transformation to the δ-phase. This phase instability is 
a challenge for practical application of FAPbI3-based PSCs. To address 
these challenges, several strategies were developed to promote forma-
tion and stabilization of the α-FAPbI3 phase, without compromising its 
intrinsic properties (Fig. 2b). The main approaches include composi-
tional engineering, solvent engineering and volatile additives, which 

focus on forming a stable intermediate α-phase during fabrication, 
while preventing conversion back to the δ-phase after film formation 
(Fig. 2b,c).

Compositional engineering stabilizes the α-phase by modifying its 
chemical composition. Often, multiple cation combinations are used, 
incorporating a specific ratio of bromide (Br−) to enhance stability. For 

Sn (p)

Sn (s)

Electrode

p–i–n structuren–i–p structure

Hole transport layer

En
er

gy
 le

ve
ls

 (e
V)

Photoactive layer

Electron transport layer

Transparent conductive oxide

Substrate

A  MA+, FA+, Cs+

B  Pb2+, Sn2+

X  Cl–, I–, Br–

En
er

gy

hv 3

TC
O ET

L
HTL Au

Perovskite

TC
O

ET
L

H
TL

p

i

n
Ele

ctr
ode

Pe
rovs

kit
e

3

e–

e–

h+

e– h+

LUMO
h+

2

1

e–

2
HOMO

HOMO

ET
L

H
TL

TC
O

C
u/

Al
/A

g p

i

n

FA
Sn

C
l 3

M
AS

nC
l 3

M
AP

bC
l 3

FA
Pb

C
l 3

C
sP

bC
l 3

C
sS

nC
l 3

FA
Sn

Br
3

C
sP

bB
r 3

M
AP

bB
r 3

FA
Pb

Br
3

M
AS

nB
r 3

C
sS

nB
r 3

C
sP

bI
3

M
AP

bI
3

FA
Pb

I 3

C
sS

nI
3

M
AS

nI
3

FA
Sn

I 3

3.83

7.33

3.
55 3.

50

3.
04

3.
02 2.
99 2.

88

2.
63

2.
31

2.
30

2.
25

2.
13

1.8
1

1.7
2

1.5
9

1.5
1 1.2

5 1.2
4

1.2
4

E (eV)

Pb-based perovskite

Anti-bonding

Anti-bonding

Bonding

Bonding

CB

VB
I (p)

Pb (s)

Anti-bonding

Pb/Sn alloy perovskite Sn-based perovskite

Evac

6.85

3.36

6.92

3.77

6.94

3.98 3.77 3.60
4.17 4.25 4.51

3.42
4.07 4.07 4.124.47 4.744.36 4.38

3.47

6.80
6.44 6.23 6.53 6.60 6.70

5.67 5.82 6.25 5.93 6.24
5.69 5.39 5.34

1
2
3
4
5
6
7
8

Anti-bonding

Anti-bonding

Bonding

Bonding

Sn (p)

I (p)

Sn (s)

Bonding

Pb (p)

I (p)

Pb (s)

a

b

c

d

Eg

Perovskite

Au Cu/Al/Ag

Perovskite

Pb (p)

Fig. 1 | Schematic diagram illustrating the operating principles of perovskite 
solar cells. a, Schematic diagram of the base perovskite crystal and two 
perovskite solar cell (PSC) device structures (p–i–n and n–i–p). b, Band diagram 
and operation principle of PSCs. c, Schematic energy level diagrams of various 
metal halide perovskites. d, Illustration of the bandgap origin of band bending 
in Pb/Sn double perovskite. Shaded areas denote the valence and conduction 

bands, whereas thick lines represent the molecular orbital framework, 
highlighting the formation of electronic bands within the alloy. CB, conduction 
band; ETL, electron transport layer; FA, formamidinium; HOMO, highest 
occupied molecular orbital; HTL, hole transport layer; LUMO, lowest unoccupied 
molecular orbital; MA, methylammonium; TCO, transparent conducting oxide; 
VB, valence band.
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Table 1 | Perovskite solar cell fabrication methods and their features

Material type Fabrication method Advantages Disadvantages

Active layer

APbX3 One-step spin coating (S) Fast and facile process
Low cost

Limited to a small area
Smooth morphology required
Low reproducibility owing to antisolvent timing

Two-step spin coating (S) Facile process
High reproducibility
Low cost

Incomplete perovskite phase conversion
Difficulty with chemical composition control

D-bar coating (S) Uniform film thickness
Scalable large area coating

Difficulties in crystallization control owing to slow 
solvent evaporation

Slot-die coating (S) Suitable for roll-to-roll process
Wastes less solution

Non-uniform film thickness owing to edge effect
Rough morphology

Co-evaporation (D) High uniformity
Smooth morphology
Scalable and industrially viable

Complexity in precursor ratio control
Sophisticated equipment needed
Requires precise deposition monitor

Sequential evaporation (D) Precise control over stoichiometry and 
thickness of each layer
Useful for complex compositions

Difficult to induce solid–vapour reaction
Complex deposition rate control

Hybrid deposition (S/D) Advantages of solution and evaporation 
approaches

Complex fabrication process
Disadvantages of solution and evaporation approaches

Perovskite quantum dots Sequential layer-by-layer 
deposition (S)

Good control over film thickness
Good film coverage

Complex, multistep process involving multilayer 
deposition and ligand washing

Tin-based perovskites One-step spin coating (S) Fast and facile process
Low cost

Inconsistent crystallization
Tin oxidation

Two-step spin coating (S) More controlled crystallization
Good film coverage

Complex and long process
Potential for incomplete crystallization

Sequential deposition (S) Reduces oxidation
Excellent film coverage

Highly complex and longer process
More solution waste

Charge-selective layer

Metal oxides Spin coating (S) Low cost
Easier scale-up to large areas
Compatible with flexible substrates

Requires post-treatment, usually thermal
Cannot be applied on perovskite layer

Sputtering (D) High film quality
Precise control over film thickness and 
composition

High cost
Bombardment damage

ALD (S/D) High cost
Chemical damage
Requires post-treatment, usually thermal

Organic materials Spin coating (S) Fast and facile
Low cost

Certain solvents may damage perovskite layer

Thermal evaporation (D) High-quality layer
Fine thickness control

High cost
Difficult to control thickness

Electrode layers

Metals Spin coating metal 
nanowires (S)

Fast and facile Induces ion migration
Bottom electrode only
Rough morphology
Causes glare

Thermal evaporation (D) Highest conductivity Induces ion migration
High cost and slow process
Causes glare

Metal oxides Sputtering (D) Good conductivity and transparency Mechanically inflexible
Rare-earth metals
High cost

http://www.nature.com/nrmp
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instance, FA1−xMAxPb(I1−yBry)3 (refs. 31–34) and FA1−(x+y)MAxCsy(I1−(y+x)Bry+x))  
(refs. 35–40) were developed to stabilize the α-phase of FAPbI3. Replac-
ing FA+ with smaller cations, such as caesium (Cs+) or methylammonium 
(MA+), reduces the tolerance factor and alleviates lattice strain. This 
substitution lowers the formation enthalpy and enhances overall stabil-
ity, as illustrated in Fig. 3a,b (refs. 41,42). Partial substitution of I− with 
Br−, which has stronger electronegativity, helps to stabilize the α-FAPbI3 
lattice27. Although these small-radius ions are effective for controlling 
lattice stress and lowering the formation energy, it is crucial to maintain 
a delicate balance when incorporating them. Excessive amounts can 
compromise the advantageous properties of FAPbI3. Potential draw-
backs include widening the bandgap, diminished thermal stability and 
induction of photoinduced phase segregation43,44.

Using volatile organic halides, such as methylammonium chlo-
ride (MACl), in the perovskite precursor solution can stabilize the 
high-quality α-phase of formamidinium (FA)-based PSCs21,35–37,45–48 
(Fig. 3c). MACl is initially incorporated into the lattice, promoting the 
formation of an intermediate α-FAPbI3 at RT21,49. The volatility of MACl 
makes it easy to be removed during annealing, leaving highly crystal-
line, phase-pure α-FAPbI3. Smaller amounts of non-volatile or less 
volatile organic halides are also used as additives21,50,51. Alkylammonium 
halides or low-dimensional perovskites formed from alkylammonium 
halides facilitate formation of α-FAPbI3 by regulating surface energy 
and templating crystal growth52.

Solvent engineering based on Lewis acid–base adduct formation 
is crucial for producing high-quality FA-based perovskite films by solu-
tion fabrication53,54 (Fig. 3d). The approach relies on forming interme-
diate phases through the coordination of perovskite precursors with 
Lewis base solvent molecules, such as 1-methyl-2-pyrrolidinone (NMP) 
or dimethyl sulfoxide (DMSO). Solvents with higher donor numbers 
tend to form stronger coordination bonds with Pb2+, a Lewis acid, 

stabilizing intermediate phases and enhancing film uniformity and 
crystallinity55. Strong coordination between the Lewis base and Pb2+ 
results in well-defined intermediate phases that effectively control 
nucleation and crystal growth to produce uniform films with larger 
grain sizes. Donor numbers and criteria, such as molecular structure, 
hardness and softness, should also be considered when selecting com-
patible solvents for desired perovskite compositions56. The volatility 
and evaporation rate of the solvent are crucial, as optimal rates enable 
controlled crystallization and uniform films. Ensuring solvent compat-
ibility with the perovskite precursor prevents unwanted reactions and 
phase separations.

One-step spin coating. One-step spin coating rapidly forms a perovs-
kite from a controlled stoichiometric mixture of organometal halides 
dissolved in polar aprotic solvents. These solvents typically contain 
binary53,56 or ternary systems57,58, such as N,N-dimethylformamide 
(DMF), DMSO or NMP. Antisolvent dripping is often used during spin 
coating (Fig. 4a). The choice of antisolvent is crucial; it must be com-
patible with the host solvent while not dissolving the perovskite to 
promote rapid supersaturation and crystallization into a uniform film. 
Optimization of one-step spin coating focuses on refining nucleation 
rates, crystal growth kinetics and intermediate phase regulation to 
produce highly crystalline and stable phase-pure α-FAPbI3. This is 
frequently accomplished using Lewis acid–base adducts to deceler-
ate nucleation and crystallization, inducing well-oriented, structured 
and highly crystalline perovskite films. A complementary approach 
is compositional engineering — primarily with organic ammonium 
salts, hydrohalic acids and similar agents — to stabilize α-phase nuclei 
intermediates. The antisolvent method has shown promise; however, 
it is dependent on operator skill59,60. Improper antisolvent application, 
particularly regarding speed, timing, position and direction, can lead to 

Material type Fabrication method Advantages Disadvantages

Electrode layers (continued)

Carbon (graphene) Spin coating of reduced 
graphene oxide (S)

Facile and low cost
Mechanically flexible

Low conductivity
Requires a reduction step
Bottom electrode only

Wet transfer (S/D) Highly transparent, especially in the 
infrared region
Earth abundant
Mechanically flexible

Slow process and low reproducibility
Residual impurity
Bottom electrode only

Dry transfer (D) Slow process and low reproducibility
Requires adhesive removal treatment
Bottom electrode only

Carbon (carbon paste) Lamination (S/D) Earth abundant
Excellent device stability
Mechanically flexible
Low cost

Non-transparent
Top electrode only
Requires high temperature annealing (>500 °C) > μm 
thickness

Carbon (carbon nanotube) Spin coating (S) Low cost
Earth abundant
Mechanically flexible

Limited to bottom electrode owing to solvent damage
Surfactants need to be removed

Lamination (D) High conductivity and transparency
Earth abundant
Applicable to both top and bottom 
electrodes

Chemical doping needed for better conductivity
Rough morphology

ALD, atomic layer deposition; (D), dry method; (S), solution method; (S/D), solution and dry method.

Table 1 (continued) | Perovskite solar cell fabrication methods and their features
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suboptimal supersaturation of perovskite precursors. Selecting a com-
patible antisolvent and optimizing process parameters are essential for 
uniform nucleation and well-coordinated perovskite intermediates.

Two-step spin coating. Two-step spin coating does not use an anti-
solvent (Fig. 4b). The method begins by separately dissolving lead 
halide and organic ammonium halide salts. Initially, a PbI2 precursor 
is applied to the substrate and spin-coated to form a PbI2 layer (static 
spin-coating). Subsequently, an organohalide salt solution, typically 
dissolved in isopropyl alcohol, is spin-coated onto the PbI2 layer during 
the spin-coating process (dynamic spin coating). Two-step spin-coating 
is marked by a solid–liquid diffusion-driven reaction, which transforms 
the porous PbI2 layer into dense perovskite films upon contact with 
organic ammonium halide salts. The primary challenge lies in control-
ling crystal growth kinetics and ensuring complete PbI2 transformation 
to avoid residual precursors. Similar to the one-step method, modu-
lating crystallization dynamics is crucial to enhance the perovskite 
layer quality61. Intermolecular exchange or introducing seeds in the 
inorganic layer can catalyse a complete and uniform reaction between 

precursors, promoting rapid crystal growth62,63. Templated growth 
enables controlled nucleation and growth with a preferred orien-
tation, improving crystallinity and photovoltaic performance. For 
instance, manipulating seed concentration, controlling heterogeneity 
by halide engineering or adding Lewis base additives to the inorganic 
layer gives precise control over crystal growth kinetics. Additives 
lower the phase conversion activation energy from PbI2 to perovskite 
and can act as defect passivation agents. It is essential to remove any 
residual PbI2, as PbI2 photolysis reduces the long-term stability of 
the film and device. Adding RbCl to PbI2 can convert inactive PbI2 to 
(PbI2)2RbCl, suppressing non-radiative recombination and enhancing 
device stability64.

Post-treatment annealing. Solution-processed perovskite absorbers 
often require post-treatment thermal annealing to remove residual 
solvent and ensure the perovskite phase fully crystallizes (Fig. 4c). For 
FAPbI3 and CsPbI3, thermal annealing is essential to transition from 
the δ-phase to α-phase23,25,65. The annealing temperature and dura-
tion must be precisely controlled to prevent the organic component 
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Fig. 2 | Schematic illustration of strategies for α-phase FAPbI3 stabilization. a, 
Gibbs free energy (ΔG) landscape of metastable formamidinium lead iodide  
(FAPbI3), illustrating the energy states of α-FAPbI3 and δ-FAPbI3 at room 
temperature (RT). The α-FAPbI3 has a higher Gibbs free energy compared 
with the more stable δ-FAPbI3, which causes the α-phase to spontaneously 
transition to the δ-phase. b, Strategies for stabilizing α-phase FAPbI3, focusing 
on either reducing the ΔG of the α-phase or increasing the energy barrier (ΔGc) 

to prevent transition from the α-phase to δ-phase (dashed line). c, Differences 
in Gibbs free energy and enthalpy formation energy during the phase transition 
from intermediate adducts or δ-FAPbI3 to α-FAPbI3, in which ΔHf,1 represents 
the formation enthalpy of the cubic FAPbI3 phase from solvent-coordinated 
intermediate states and ΔHf,2 refers to the formation enthalpy of the cubic FAPbI3 
phase from δ-phase FAPbI3.
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decomposing to PbI2, which occurs owing to excessive annealing or 
incomplete phase conversion. The optimal annealing parameters 
depend on the perovskite composition. For example, pure FAPbI3 
transforms to the cubic phase at 150 °C, whereas CsPbI3 transforms at 
>300 °C. Mixed-cation compositions with smaller ions — such as MA+, 
Cs+ or Rb+ — require temperatures below 100 °C to induce the cubic 
phase transition owing to the relatively small Goldschmidt tolerance 
factor34,66,67. Recent advances include using excess MACl (30−40 mol%) 
to refine the crystallization and phase energetics of FAPbI3 (ref. 68). 
Thermal annealing also aims to vapourize volatile MACl, which is a 
critical step to minimize residual MA+ and Cl− and maintain the inherent 
bandgap of cubic FAPbI3. Because of this, humidity control is important 
during the annealing process68,69.

Post-treatment surface passivation. Unlike 3D ABX₃ perovs-
kites, reduced-dimension 2D perovskites have the general formula 
LmAn−1BnX3n+1, in which L refers to a bulky organic cation that intercalates 
between the [PbX6]4− inorganic layers and n defines the [PbX6]4− layer 
number. The bulky organic cation is either monovalent (m = 2) or diva-
lent (m = 1), and the corresponding 2D perovskite is categorized as the 
Ruddlesden−Popper (m = 2) or Dion−Jacobson (m = 1) 2D perovskite 
phase. Typical bulky organic cations are linear alkylammonium or 
aromatic ammonium, including butylammonium, octylammonium 
and phenethylammonium. Although 2D perovskites can function as the 
absorber layer in solar cells, their efficiency is generally lower than a 3D 
perovskite counterpart. This disparity stems from the wider bandgap of 
2D perovskites and the insulating nature of bulky organic cations, which 
hinders carrier transport. Two-dimensional perovskites can instead be 
used as a passivation layer to form 2D/3D perovskite heterojunctions 
that enhance the efficiency and stability of PSCs70–72. Creating 2D/3D 
perovskite heterojunctions typically involves post-fabrication surface 
treatment of a 3D perovskite (Fig. 4d). A suitable solvent is needed to 
dissolve the bulky organic cations73. The solvent is then deposited 
onto the 3D perovskite by solution processing. The choice of solvent 
is critical. Good solubility of the bulky organic cations is required, 
without dissolving or damaging the underlying 3D perovskite layer. 
Polar solvents such as isopropyl alcohol are widely favoured73. A sub-
sequent thermal annealing step often promotes reaction between 
the ligands and lead iodide, forming the 2D perovskite phase. The 
2D perovskite layer serves a dual purpose: trap passivation of the 3D 
perovskite surface and preventing ion migration from corroding the 
charge transport layer and electrodes. The hydrophobic nature of 
many bulky organic cations enhances the humidity resistance and 
environmental stability of the PSC. Designing suitable bulky organic 
cations can help to ensure effective carrier extraction to the transport 
layer by considering band alignment70, ligand–perovskite interaction74 
and deposition of high-quality 2D layers75.

Scalable processes. Spin-coating-based one-step and two-step 
fabrication processes are effective for small-area PSCs in laboratory 
research; however, they are limited for scalable production and com-
mercialization. The challenge is to achieve uniform and highly crys-
talline perovskite layers with optimal composition and interfacial 
contacts. To address this, blade coating (D-bar), slot-die, inkjet and 
spray coating were developed76–81 (Fig. 4e–g). Although scale-up may 
require methodology changes, the core principles of modulating crys-
tallization to ensure high crystallinity and uniformity; low defect den-
sity and large grain size remain the same. The choice of solvent, which 
is crucial in any coating technique, influences film formation. Scalable 

fabrication often uses an antisolvent-free approach, depending on the 
solvent properties such as boiling point and viscosity. To form dense 
nuclei and uniform films, it is essential to rapidly remove solvent and 
control both nucleation and crystallization. Highly volatile solvents can 
cause crystallization to occur too fast at low temperatures, leading to 
subpar crystallinity and small grains. To circumvent this, crystallization 
can be controlled by focusing on solid–liquid interactions and inter-
mediate solvent-complex phase strategies. Slot-die and D-bar coating 
are particular advantageous for solution-based process scalability.

D-bar coating uses a cylindrical bar to distribute a precursor solu-
tion, enabling precise control over film thickness by adjusting the pre-
cursor solution volume, coating speed and using an assisted air knife 
(argon or nitrogen) (Fig. 4e). Blade coating, which is similar to D-bar, 
uses a different knife-shaped coater rather than a cylindrical blade 
(Fig. 4f). Scaling up blade coating involves understanding fluid dynam-
ics, increasing deposition speeds and optimizing drying conditions. 
A critical challenge is to ensure uniform film quality and to avoid defects, 
such as poor interfacial contacts and perovskite island formation during 
drying. Surfactants are particularly important for scalable formation 
of homogeneous films. Perovskite solutions with surfactants produce 
higher-quality films with improved PCE compared with surfactant-free 
solutions82–84. During drying, microscale fluid flows cause solvent evapo-
ration, which increases the surface tension, resulting in perovskite island 
formation. Surfactants mitigate this tension and prevent islands by 
inducing Marangoni flow driven by surface tension gradients.

A slot-die coater contains a slot-die head, or lip, which includes 
upstream and downstream dies (Fig. 4g). Defect-free films require a 
stable coating bead to be maintained when the solution is introduced 
to the slot-die head via a feed slot. Various models, including capillary, 
viscous and viscocapillary, can elucidate the parameters influencing 
bead and meniscus formation85. The characteristics of the coating bead, 
menisci, film thickness and uniformity depend on the slot-die head 
configuration. In the slot-die method, the final film thickness is directly 
proportional to flow rate and solute concentration, but inversely pro-
portional to substrate speed, film width and dry solution density86. The 
temperature of the substrate and air knife influences the film morphol-
ogy and photovoltaic performance87. Although slot-die coating is used 
to produce perovskite films and components, high-performance PSCs 
require a more systematic approach and an understanding of fluid 
dynamics and efficient slot-die designs.

Spray coating is a scalable, low-temperature method for large-area 
applications, such as multilayered films for tandem applications and 
flexible PSCs. It involves four successive droplet stages: generation by 
atomization, transport to the substrate, coalescence into a wet film 
and drying (Fig. 4h). The size and uniformity of droplets are critical 
for consistent and uniform films. These variables are influenced by 
solution properties — such as viscosity and surface tension — alongside 
nozzle type, flow rate and gas pressure. Maintaining a balance between 
Bernoulli pressure and surface tension is essential for droplet stability, 
with droplet size decreasing at lower gas flow rates. Solvent engineering 
during spray coating can control the crystallization process. Combin-
ing a slow-evaporating solvent — for example, γ-butyrolactone — with 
a fast-evaporating solvent, such as DMF, can help to manage the film 
morphology and ensure uniform crystallization88. Preheating the 
substrate can improve film quality by controlling the grain size, as 
higher temperatures produce larger grains89–91. Advanced techniques 
such as megasonic nebulizers can generate smaller and more uniform 
droplets. Although these approaches have improved performance, it is 
still challenging to produce highly efficient perovskite films. Compared 
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with slot-die and blade coating, spray coating produces films with 
lower PCEs and requires further optimization for larger-area coatings.

Inkjet printing offers precise control over droplet placement, 
making it well suited to applications requiring high customization and 
minimal material waste. The process involves ejecting small droplets of 
ink using a pressure pulse produced by a piezoelectric transducer. The 
precursor ink is propelled towards the nozzle and onto the substrate 
in a pre-defined pattern92 (Fig. 4i). Inkjet printing can achieve fine, 
detailed patterns, down to sub-100 nm scales, making it suitable for 
PSCs in which precision is essential93. A challenge to inkjet printing is 
the strict ink formulation requirements, including viscosity, surface 
tension and density94. Non-optimized inks can clog nozzles, leading 
to defects such as missing lines in the printed films. For large-area 
scalability, inkjet printing is limited by sensitivity to droplet size and 
ink formulation. Although the technique has produced highly efficient 
small-area perovskite devices, uniform deposition across larger sub-
strates is harder. This is due to the increased complexity of maintaining 
consistent droplet size and patterning over larger areas.

By integrating coating techniques — slot-die, blade, spray and 
inkjet — PSC fabrication can continue to be scaled up. Each technique 
offers unique advantages and challenges, but the overarching goal is 
the same: to achieve high-quality, defect-free and highly crystalline 
perovskite films over large areas suitable for commercialization. A sys-
tematic understanding of fluid dynamics, crystallization kinetics and 
solvent properties is needed to overcome the bottlenecks in scaling 
up PSC production.

Active layer: lead perovskites from dry methods
An alternative to solution-based techniques is the thermal evapora-
tion method95. It has the advantage of being solvent-free, eliminat-
ing the environmental and health risks of hazardous solvents using 
lead-based solutions, such as DMF, DMSO and γ-butyrolactone. It can 
also fabricate poorly soluble and oxygen-sensitive all-inorganic perovs-
kites, such as CsPbI3 and tin-based perovskites. Dry methods can also 
achieve conformal coating on textured substrates, which is essential for 
perovskite–silicon tandem solar cells, and enable fabrication of mul-
tilayered perovskite structures not possible by solution processing96. 
Finally, thermal evaporation has better reproducibility and scalability 
than solution-based methods. Overall, dry processes present a prom-
ising alternative to solution-based PSCs as vacuum-based techniques 
are already established in many industries.

Co-evaporation. In co-evaporation, metal halide and ammonium/ 
inorganic salts are vapourized and deposited onto the substrate simul-
taneously from separate crucibles to form a perovskite layer (Fig. 5a). 
Co-evaporation has challenges despite its effectiveness. A major dif-
ficulty lies in precisely controlling the deposition rates of organic and 
inorganic precursors. At a given time, the substrate surface may be occu-
pied by the inorganic precursor, the organic precursor or the perovskite, 
which hinders uniform deposition. The nucleation and growth mecha-
nisms of dry processes are different to solution processes. Dry processes 

follow the reaction pathways of Volmer–Weber (adsorbate–adsorbate 
interactions), Frank–van der Merwe (adsorbate–surface interactions) 
or Stranski–Krastanov (combined growth mode), which depend on 
substrate temperature, surface energy and deposition rates97,98. 
Understanding these mechanisms is vital for producing high-quality, 
stoichiometric perovskite films. Optimizing the evaporation system 
is also important. For instance, the placement of the quartz crystal 
microbalance sensor is critical, especially when using omnidirec-
tional flux-emitting organic precursors, such as methylammonium 
iodide and formamidinium iodide (FAI)99,100. To accurately monitor 
the evaporation rates, the quartz crystal microbalance sensor should 
be positioned near the substrate101. Regular calibration of the deposi-
tion rate at a desired chamber condition is crucial for reproducibil-
ity. The decomposition of precursors — namely, methylammonium 
iodide and FAI — during deposition can increase the chamber pressure 
and cause contamination102. The high diffusivity of organic halides 
can result in deposits on chamber walls that cause stoichiometric 
imbalances in subsequent batches. To mitigate this, some commer-
cial evaporators use low-temperature cooling systems for the cham-
ber walls and substrates. This can prevent redeposition and control 
grain size but increases the equipment cost. Co-evaporation also 
has issues with controlling crystal growth and defect engineering, as 
the methods used in solution chemistry cannot be directly applied  
to dry processes103.

Sequential evaporation. Sequential evaporation, also known as 
multistep thermal evaporation, is a relatively controllable deposi-
tion process that involves stage-wise deposition of precursors 
(Fig. 5b). Process conditions are optimized for each material, which 
minimizes complexity in the vapour phase. Substrate temperature, 
deposition rate and ambient pressure can be tailored for each precur-
sor and the reaction between precursors can be manipulated through 
post-annealing processes. Higher efficiencies have been reported using 
sequential processes104. Multisource sequential evaporation, where 
each precursor is deposited sequentially, can simplify deposition rate 
control. However, this approach requires precise reaction management 
between precursors to avoid unreacted materials and ensure homo-
geneous local stoichiometry. Using chloride-based precursors can 
promote interdiffusion and reaction between precursors105. Despite 
advances, reproducibility and scalability remain a challenge. Further 
research and optimization are needed to refine process parameters 
and develop innovative strategies to enhance the consistency and 
scalability of sequential evaporation processes.

Hybrid deposition. Multistep hybrid deposition combines thermal evap-
oration with other processes, such as gas-phase and liquid-phase depo-
sition (Fig. 5c). An inorganic salt precursor is thermally evaporated and 
exposed to an organic halide precursor, triggering a reaction between 
them. Sometimes, a second step is performed involving chemical vapour 
deposition (CVD) at low vacuum, where vapourized organic halides 
are deposited and reacted with inorganic precursors. Alternatively, 

Fig. 3 | Precursor design for common crystallization strategy for α-phase 
FAPbI3. a, Tolerance factor of CsPbI3, methylammonium lead iodide (MAPbI3) 
and formamidinium lead iodide (FAPbI3), showing that the large size of 
formamidinium (FA) cation induces a high tolerance factor, close to t ≈ 0.99. 
b, Effective ionic radii of conventional A-site cations and X-site halides used in 
compositional engineering to stabilize the α-phase of FAPbI3. c, Volatile additive 

engineering pathway for forming the α-phase intermediate at room temperature 
(RT) and subsequent cationic/anionic exchange during annealing to achieve 
highly crystalline FAPbI3. d, Solvent engineering strategy by forming Lewis 
acid–base adducts, facilitating intermolecular exchange and crystallization 
to form α-FAPbI3. DMF, N,N-dimethylformamide; DMSO, dimethyl sulfoxide; 
FAI, formamidinium iodide; MACl, methylammonium chloride.
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solution methods followed by perovskite thermal evaporation can 
deposit organic halide precursors. Incorporating solution phase depo-
sition in the hybrid method enables additives to be introduced that are 
challenging to integrate by thermal evaporation alone. These additives — 
including hypophosphorous acid, MACl-MABr mixtures or DMSO — can 
enhance device performance106–108 and enable record-level PCEs109.

Active layer: perovskite quantum dots
Perovskite quantum dot (PQD) solar cells offer several advantages 
over conventional bulk PSCs. Owing to their high surface energy and 
surface-to-volume ratio, PQDs have enhanced phase stability, inhibiting 
the transition to photoinactive polymorphs. The bandgap and energy 
levels of PQDs are readily tuned by varying their sizes. This makes them 
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versatile for diverse device structures and optoelectronic applications. 
Fabrication of PQD devices is simpler than bulk PSCs, as it does not 
require a thermal annealing step. Additionally, the solvents used — 
nonpolar hexane or octane — are less toxic and more environmentally 
friendly. Despite these promising attributes, there are several chal-
lenges for developing PQD solar cells. The typical capping ligands, oleic 
acid and oleylamine, are insulating and hinder charge extraction and 
transport. Incomplete passivation of surface defects leads to carrier 
trapping and energy loss, an effect exacerbated by the high surface-to-
volume ratio of PQDs. Currently, the performance of PQD solar cells, 
with a record PCE of 18.1%110, is lower than bulk PSCs.

PQDs can be synthesized by hot injection111, ligand-assisted 
reprecipitation112 and microfluidic synthesis113. Hot injection is used 
most widely to produce high-quality quantum dots with consistent size 
distribution. In a typical chemical synthesis111,114, lead-oleate precursors 
are quickly injected into a heated solution under an inert atmosphere. 
The solution consists of PbX2 and ligands dissolved in solvents, such as 
octadecene. Adjusting the reaction temperature, time and precursor 
concentration enables size and shape tunability. For device fabrication, 
PQD thin films are formed using layer-by-layer deposition to achieve 

the desired thickness (Fig. 6). For photovoltaic applications, ensur-
ing efficient electrical coupling between quantum dots is essential. 
However, the insulating nature of oleic acid and oleylamine ligands 
can inhibit charge transport. This is mitigated by using antisolvents in 
a rinsing process to remove excess ligands and precursors, optimizing 
the ligand density. Polar antisolvents are chosen to balance solvent 
polarity and maintain the crystal phase, stability and colloidal integrity 
of PQDs65,115,116. Short-chain esters, such as methyl acetate and ethyl 
acetate, are preferred65,114. Ligand exchange with shorter or conductive 
species enhances interdot coupling, which may occur during synthesis 
and deposition stages. Adventitious water is crucial for hydrolysing 
methyl acetate to facilitate anion ligand exchange by protonating 
oleate ligands117–119. Cation exchange using ammonium halide salts, such 
as FAI, replaces native ligands, further improving device performance.

Active layer: tin perovskites
The rapid advancement of PSCs has been accompanied by growing con-
cerns over the environmental and health implications of lead ions120,121. 
These toxicity issues challenge the environmental sustainability of 
PSCs and could limit their industrialization. Strategies to mitigate 
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lead leakage122–124 have shown promise; however, a comprehensive 
solution remains elusive. This has driven the search for non-toxic 
alternatives. Tin-based perovskites are the most promising lead-free 
candidates over other alternatives such as bismuth and strontium125–127. 
Tin perovskites have lower toxicity, favourable optical bandgaps and 
high charge carrier mobilities128,129. They have smaller bandgaps than 
lead analogues, giving them the potential to meet theoretical PSC 
efficiency limits. However, tin-based perovskites are vulnerable to 
moisture and oxygen. Multiple fabrication methods have been devel-
oped to address this challenge, aimed at improving film quality, sta-
bility and photovoltaic performance. One-step solution processing 
uses various A-site cations, such as MA+, FA+, Cs+, AZ+ (ref. 130), IM+ 
(ref. 131) and GA+ (ref. 132), to enhance the perovskite film quality. 
Antisolvent dripping, where SnF2 and EDAI2 (ref. 133) are added dur-
ing antisolvent dripping, also produces uniform, pinhole-free films. 
Sequential deposition134,135 forms a layered structure using bulky 
ammonium cations and hexafluoro-2-propanol to give a 3D/2D hybrid 
tin–perovskite film136. Most high-performance tin-based PSCs are 
based on FASnI3 deposited by a one-step method on a hydrophilic HTL  
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate), abbre-
viated to PEDOT:PSS. However, PEDOT:PSS is hygroscopic and can 
quickly degrade device performance. The reaction between SnI2 and 
FAI is fast, making it challenging to replace PEDOT:PSS with other 
hydrophobic HTLs — such as poly[bis(4-phenyl)(2,4,6-trimethyl-
phenyl)amine] (PTAA) — unless crystal growth can be retarded with 
a sequential method137. Other hole-transport materials (HTMs)138,139 
and self-assembled monolayers (SAMs)140–142 have successfully replaced 
PEDOT:PSS in tin-based PSCs. The vapour-assisted method is unique 
to tin perovskites, in which hydrazine vapour post-treatment143–145 is 
used to reduce Sn4+ to Sn2+, enhancing overall device stability127,146,147. 
Other methods are analogous to lead-perovskites, for example, the 
additive strategy in which Lewis bases, such as DMSO, and long-chain 
organic ammonium compounds assist the oriented slow growth of 
perovskite crystals by restricting grain tilting148,149.

Active layer: double perovskites
Double perovskite materials with monovalent and trivalent B-site ele-
ments, represented by the general formula A2BB′X6, are a promising 
class of compounds for photovoltaics and optoelectronics. These mate-
rials such as Cs2AgBiX6 offer a potential lead-free alternative to conven-
tional lead halide perovskites150,151. The ordered B-site substitution — in 
which B and B′ are monovalent and trivalent cations, respectively, for 
instance, Ag+ and Bi3+ — gives better stability against moisture and ther-
mal degradation compared with lead-based counterparts152. Double 
perovskites typically have wider and indirect bandgaps, such as 1.95 eV 
in Cs2AgBiBr6. This potentially limits single-junction solar cell effi-
ciency but is advantageous for perovskite–perovskite tandem cells and 
radiation detection153,154. Lead–tin double perovskites are promising for 
mitigating the toxicity of lead-based perovskites while maintaining high 
performance. These materials, typically formulated as FA1−xCsxPb1−ySnyI3, 
enable partial substitution of Pb2+ with Sn2+, reducing the lead content 
by up to 50% without significantly compromising device efficiency155. 
Lead–tin double perovskites have extremely narrow bandgaps — down 
to ~1.2 eV — compared with other double perovskites, enhancing light 
absorption in the near-infrared region156. This characteristic makes 
them particularly attractive for tandem solar cell applications, in 
which they can be paired with wide-bandgap perovskites or silicon157. 
However, double perovskites have lower absorption coefficients and 
less efficient charge transport than regular perovskites. These limita-
tions may be overcome with compositional engineering, by varying B 
and B′ cations and halide alloying. In particular, heterovalent substitu-
tion can optimize electronic properties, enhance charge mobility and 
improve solar cell PCE. This could lead to new applications beyond pho-
tovoltaics, including light-emitting diodes and other optoelectronic  
devices158,159.

Charge-selective layer: metal oxides
Solution methods. Metal oxide-based thin films are typical charge trans-
port layers in optoelectronics. This is due to their optical transparency,  
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mechanical robustness and solution processability. PSCs also use 
metal oxide ETLs, such as TiO2 and SnO2, which are favoured for 
n–i–p-structured PSCs. These oxides can be synthesized using 
solution-type methods, namely, spin-coating and slot-die coating, 
followed by thermal annealing160 (Table 2). It requires extremely 
high-temperature annealing (~500 °C), which limits flexible substrate 
applications. In addition, TiO2 has high chemical capacitance and 
UV-induced photocatalytic degradation. Strategies to enhance the 
performance of TiO2 include morphological optimization, doping 
and surface treatments161–164. By contrast, SnO2 has a lower annealing 
temperature of ~150 °C, making it suitable for flexible PSCs, with a 
larger bandgap (3.6–4.0 eV) and higher electrical conductivity than 
TiO2 (ref. 165). SnO2 is typically deposited via colloidal nanoparticles166, 
chemical bath deposition (CBD)31,167 or spray pyrolysis168. CBD can pro-
duce denser films with fewer defects than conventional spin-coating 
methods but requires longer post-treatment times. Another metal 
oxide ETL, ZnO, was initially used widely in organic solar cells. However, 
it is highly reactive with perovskites, diminishing the initial hype169. 
For HTL p-type metal oxides, nickel oxide (NiOx) is prominently used, 
as it has a wide bandgap and high open-circuit voltage (Voc), giving 
high PCE when used in devices170–172. The synthesis and fabrication of 
NiOx influence the device performance. Solution-type methods, such 
as spin coating170,173,174, spray pyrolysis175, CBD176 and electrochemical 
deposition177, can be used to deposit NiOx, whereas dry-type methods, 
such as ALD178, magnetron sputtering179, pulsed laser deposition180 and 
electron beam evaporation181 are also viable options.

Dry methods. Dry-type methods can fabricate metal oxide charge- 
selective layers, including NiOx, TiOx, SnO and ZnO. These approaches 
typically have higher costs, longer processing times and size limita-
tions; however, they generally produce better-performing PSCs than 
solution-type methods. This is because dry methods result in greater 
crystallinity and fewer impurities. Solution deposition may also dam-
age substrates and underlying layers owing to solvent interactions. 
They also have limited uniformity on rough or textured surfaces, 
which is crucial for tandem applications. Additionally, in solution, 

control over the thickness of a metal oxide film is constrained to 
several tens of nanometres182,183. Dry-type methods, such as ALD and  
sputtering, circumvent these issues. They produce amorphous  
and more compact metal oxide films of higher quality at RT, enabling 
flexible applications184–187. For instance, a PCE of 23.4% was achieved in 
inverted PSCs using electron-beam-evaporated NiOx combined with 
surface redox engineering using argon plasma and acid treatment188,189. 
Further doping and meticulous interface engineering optimized the 
NiOx (refs. 190–194). SnO2 thin films, characterized by wide band-
gap and high carrier mobility, can also be produced using dry-type 
methods, such as ALD195,196. These techniques offer precise control 
over film thickness and produce high-quality, pinhole-free layers at 
low temperatures197–199. The highest efficiency of perovskite tandem 
solar cells currently use an ALD SnO2 buffer overlayer within the p–i–n 
architecture200. Typically, H2O201, O2 plasma202 and O3 (ref. 196) serve 
as oxygen sources to form Sn–O bonds using tetrakisdimethylamino 
tin as a tin precursor. Innovative low-temperature ALD processes use 
H2O2 as an oxygen source to reduce surface defects and improve the 
SnO2/perovskite interface, enhancing overall device performance 
and stability203,204. Sputtering ZnO under high working pressures 
improves crystallinity and reduces surface imperfections. This is 
because the high working pressure moderates the energy of incoming 
high-energy particles, such as argon, by controlling the bombardment 
energy. As a result, ZnO-based PSCs have higher PCEs and enhanced  
device longevity169.

Charge-selective layer: organic materials
Solution methods. Organic materials are attractive candidates for 
charge-transporting layers in optoelectronics as they are chemically 
tuneable, mechanically flexible and easily processed in solution205. 
Unlike metal oxides, organic materials do not require post-treatment, 
streamlining the production process. Spiro-MeOTAD is used widely 
in n–i–p PSCs owing to its favourable band alignment and straight-
forward processing206–208. However, there are challenges when using 
spiro-MeOTAD. For example, chemical doping agents, such as lithium 
bis(trifluoromethanesulfonyl)imide (Li-TFSI) and tert-butylpyridine 

Table 2 | Charge-selective layer materials and fabrication methods for perovskite solar cells

Materials Role Solution methods Dry methods

Metal oxide TiO₂ ETL Spin coating, doctor blade ALD, CVD, sputtering

SnO₂ ETL Spin coating, CBD ALD

ZnO ETL Spin coating Sputtering

NiOx HTL Spin coating, spray pyrolysis ALD, sputtering

Organic materials Spiro-MeOTAD HTL Spin coating –

Polymeric HTL (PEDOT:PSS, 
P3HT, PTAA)

HTL Spin coating, inkjet printing, 
slot-die coating

–

Fullerenes ETL Spin coating Thermal evaporation

PCBM ETL Spin coating –

SAMs Surface passivation and hole selective interface 
layer

Dip coating, spin coating –

BHT Additive for stability and hole transport 
improvement

Spin coating (as an additive to HTL) –

ALD, atomic layer deposition; BHT, dibutylhydroxytoluene; CBD, chemical bath deposition; CVD, chemical vapour deposition; ETL, electron transport layer; HTL, hole transport layer; NiOx, nickel 
oxide; P3HT, poly(3-hexylthiophene-2,5-diyl); PCBM, [6,6]-phenyl-C61-butyric acid methyl ester; PEDOT:PSS, poly(3,4-ethylenedioxythiophene); PTAA, poly[bis(4-phenyl)(2,4,6-trimethylphenyl)
amine]; SAM, self-assembled molecule; SnO2, tin dioxide; spiro-MeOTAD: 2,2′,7,7′-tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9′-spirobifluorene; TiO2, titanium dioxide; ZnO, zinc oxide.
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(t-BP), are needed to enhance hole mobility. These dopants are typically 
applied through spin coating or drop casting on perovskite films209,210. 
Although these additives are crucial for improving charge transport, 
they introduce critical components that contribute to degradation 
and lower thermal stability211–215.

In p–i–n PSCs, PEDOT:PSS is used as an HTL owing to its high elec-
trical conductivity and transparency216,217. However, it can only be used 
for inverted-type PSCs as it is an aqueous solution, which dissolves per-
ovskite layers. PEDOT:PSS is typically applied by spin coating or inkjet 
printing to form ultra-thin layers218,219. However, PEDOT:PSS is hygro-
scopic and can degrade perovskite films when exposed to ambient 
conditions, reducing device stability. Alternative polymeric HTLs, such 
as poly(3-hexylthiophene) (P3HT) and PTAA, offer improved stability 
against thermal stress and moisture compared with PEDOT:PSS. These 
polymers are also restricted to solution-type deposition processes. 
However, their solubility in nonpolar solvents means that they can be 
deposited on the perovskite layer, although their energy levels mean 
that they can be used in both standard and inverted PSC configurations. 
P3HT has lower transparency than PTAA and is more frequently used in 
p–i–n structures, despite its sensitivity to UV light. There is a need to 
balance optical properties, charge transport capabilities and long-term 
stability when selecting HTL materials. New HTL materials or innova-
tive deposition techniques may be needed to overcome the trade-offs 
between efficiency, stability and processability. In inverted PSCs, the 
electron transfer layer — [6,6]-phenyl-C61-butyric acid methyl ester 
(PCBM) — is a challenge to enhance owing to surface defects and charge 
recombination. To address these issues, various buffer layers have been 
explored, including bathocuproin (BCP)220,221, zirconium acetylaceto-
nate (Zr(ac)4)222, calcium acetylacetonate (Ca(acac)2)223 and lithium fluo-
ride (LiF)224. After the BCP overcoating concept was introduced to the 
perovskite community, BCP was applied to inverted-type PSCs via spin 
coating, with BCP dispersed in ethanol. This method risks damaging 
the underlying layer, despite using high-speed spin-coating techniques. 
Now, BCP is predominantly deposited using thermal evaporation, which 
minimizes damage and gives controlled, uniform layering.

Fullerenes, including C60 and C70, are nanocarbon materials that 
occupy a unique position between organic and inorganic materials. They 
are effective ETLs that enhance Voc and reduce photocurrent hysteresis 
compared with metal oxide ETLs225–228. These materials can be processed 
using both solution-type and dry-type methods229–232. In the solution 
approach, the limited solubility of fullerenes means that vacuum drying 
is needed to improve film quality after solution coating, remove remnant 
solvents and consolidate packing233,234. Functionalization of fullerenes by 
attaching addends improves their solubility and ability to permeate the 
underlying film, thoroughly passivating defects233–240. Fullerene species 
are used as standalone ETLs, as supplementary overcoats to metal oxide 
ETLs8,240 or as dopants for charge transporting layers240–242.

SAMs are applied by vapour or liquid-phase deposition, form-
ing thin molecular layers on a substrate243,244. SAMs reduce interfa-
cial traps and enhance charge carrier transfer, making them ideal 
as hole-selective contacts in inverted PSCs. SAMs typically have 
three main components: an anchoring group to establish a chemi-
cal bond with the substrate; a connective linker that determines the 
packing geometry; and a terminal functional group to customize sur-
face and interfacial properties200,245–247. SAMs have minimal parasitic 
absorption, are scalable and cost-efficient, making them effective for  
large-area PSCs.

Dibutylhydroxytoluene (BHT), a common antioxidant and stabi-
lizer for commercial polymers248,249, can be used to stabilize or modulate 

growth in PSCs. BHT is incorporated during film formation by mixing it 
into the precursor solution. It aggregates at grain boundaries, reducing 
ion migration250–252. The counter anion in BHT molecules may also inter-
act with the perovskite precursor, modulating growth kinetics253,254.

Dry methods. Fullerene, C60, has denser packing, higher electron 
mobility and greater conductivity than PCBM. However, forming 
high-quality thin films of C60 is challenging owing to low solubility 
and hydrophobicity255,256. To address this, high-quality crystalline 
C60 thin films are fabricated through vacuum thermal evaporation, 
with slow evaporation rates and degassing of the C60 powder under 
high vacuum. This ensures minimal kinetic energy loss and enhanced 
film quality257–259. Before deposition, the C60 (99%) powder should be 
degassed at 200 °C under high vacuum for several hours to eradicate 
absorbed impurities and residual solvent. Consequently, preparing 
high-quality C60 thin films by sublimation is a time-intensive process. 
The process of thermal evaporation requires a hot source material 
to be generated and deposited as a thin film on the substrate. Using 
an ultra-high vacuum environment during thermal evaporation can 
diminish the kinetic energy lost by evaporated particles, enhancing 
the resulting thin film quality160,260–263.

Electrode layers
Transparent bottom electrodes. Electrodes are crucial components in 
PSCs. To achieve optimal performance, at least one electrode must be 
transparent to allow light interaction with the photoactive perovskite 
layer. Metal oxide-based transparent conductors, namely, indium tin 
oxide and fluorine-doped tin oxide, are commonly used in PSCs. These 
electrodes are often fabricated using radiofrequency sputtering fol-
lowed by high-temperature post-treatment to ensure compactness 
and maximize DC-to-optical conductivity. Although this method is 
suitable for glass substrates, fabricating flexible devices and tandem 
solar cells for building-integrated photovoltaics (BIPV) applications is 
challenging. The deposition process can potentially damage under-
lying layers and high-temperature post-treatment restricts device 
performance optimization. Metal oxide films have limited flexibility, 
with cracks appearing at bend angles of ~60° (refs. 264,265). The cur-
rent trend towards foldable and stretchable electronic products266,267 
makes this an important challenge to address.

An alternative for transparent electrodes is to use a metal mesh. 
These meshes offer high conductivity, whereas aerial voids ensure high 
transparency268,269. However, the costly patterning process of sputter-
ing and etching, coupled with metal ion migration-driven perovskite 
degradation, has limited widespread adoption. A solution-based vari-
ant is metallic nanowires (MeNWs), which have widths of a few tens of 
nanometres and lengths on the micrometre scale. Successful demon-
strations have been achieved using silver270,271, copper272,273, gold274 and 
nickel275. Despite their low cost and excellent DC-to-optical value, the 
rough film surface and metal ion migration-driven degradation mean 
this approach is now less explored.

Carbon electrodes, namely, graphene and carbon nanotubes 
(CNTs), are alternatives that offer better mechanical flexibility than 
conventional electrodes, enabling foldable and crumplable PSCs276–278. 
Neutral colouring and the low haze of carbon electrodes offer further 
advantages. Graphene and CNTs can be transferred onto substrates by 
dry or solution approach279,280. Thermal tape can be used for dry elec-
trode transfer of graphene from copper; however, remnant adhesives 
need to be removed in an H2-containing oven281. A more common choice 
is to dip the substrate in an acid bath to dissolve copper foil while the 
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graphene is afloat. Systemizing this method in a pilot line enables large 
sizes and a roll-to-roll process282. CNT transparent electrodes are prom-
ising in PSCs283,284. Single-walled CNTs produced by floating-catalyst 
CVD (FCCVD) for the dry transfer and double-walled CNTs for the solu-
tion process have demonstrated the best performance in PSCs285,286. 
Despite slightly rougher morphology and lower transmittance than 
graphene, FCCVD-based CNTs have superior reproducibility, stretch-
ability and a facile transfer process287,288.

Top electrodes. Metal electrodes in PSCs are typically deposited using 
thermal evaporation in vacuum; a dry method prevalent in small-scale 
laboratory settings. This technique involves heating metal in a vacuum 
until it sublimates. The resulting metal vapour condenses on a cooler 
perovskite or charge-selective layer to form a thin, uniform metal-
lic film. Commonly used metals include gold, silver, aluminium and 
copper. Thermal evaporation offers excellent control over film thick-
ness and purity but requires high vacuum conditions and is relatively 
energy-intensive. In industrial settings, sputtering is preferred as it 
can produce highly uniform thin films over large areas, despite being 
more complex and costly than thermal evaporation. A more economical 
and straightforward solution-based approach is to use silver paste or 
eutectic gallium–indium alloy, but this is disfavoured as it can damage 
the sensitive perovskite layer and limit electrical conductivity289,290. 
Other more peripheral methods include electrodeposition, also known 
as electroplating, in which an electrochemical process deposits metal 
from a metal salt solution onto the perovskite surface291,292.

Metal electrodes are gradually being phased out from PSCs. Their 
fabrication, which requires vacuum conditions for thermal evapora-
tion, consumes a large amount of energy, hindering scalability and com-
mercial viability. Carbon-based counter electrodes (top electrodes), 
such as CNTs and carbon paste, are emerging as novel, cost-effective 
alternatives293–296. There are unique challenges when preparing top 
electrodes. Any physical, thermal or chemical damage to the underlying 
layers, especially the sensitive perovskite layer, must be avoided during 
electrode deposition. There are two primary alternatives: free-standing 
FCCVD CNTs and carbon pastes. FCCVD CNT films can be directly lami-
nated onto the perovskite layer without solvents or thermal annealing 
and are semi-transparent, enabling tandem applications294,297. Carbon 
paste is another promising nanocarbon electrode. For carbon paste-
based PSCs, the perovskite solution is typically formed after deposition 
of the carbon paste electrode. These devices have a higher PCE, but 
with greater stability compared with that of FCCVD CNT-based devices. 
However, carbon paste electrodes are more than 10 times thicker than 
CNT electrodes, require high-temperature processing (~500 °C) and 
are completely non-transparent. This limitation means that they can-
not be used for tandem, BIPV or flexible applications. Both types of 
nanocarbon top electrodes are abundantly available, exhibit high 
electrochemical stability and have superior hole extraction capabilities. 
The p-type electrical conductivity of carbon materials, combined with 
their exceptional chemical inertness, makes them particularly well 
suited to this application298–300. Overall, carbon-based electrodes could 
lower manufacturing costs, improve device stability and reduce carbon 
dioxide emissions by using carbon dioxide as a starting material296,301.

Results
Assembly into device
PSCs, whether normal or inverted architecture, have a consistent lay-
ered assembly structure. This structure comprises a substrate, trans-
parent electrode, charge-selective layer, perovskite layer, another 

charge-selective layer and a top electrode. An exception occurs when 
using a carbon-based top electrode, which may be laminated before the 
perovskite or charge-selective layer. The assembly process begins by 
selecting a substrate. Although glass substrates are traditionally used, 
polymer substrates are essential for flexible PSCs. Following substrate 
selection, the remaining layers are sequentially deposited using either 
dry or solution methods. Dry deposition methods can cause damage 
to underlying layers through high temperatures, physical bombard-
ment or lamination pressure. By contrast, solution methods require 
careful consideration of solvent compatibility. Nonpolar solvents are 
typically preferred for depositing layers above the perovskite, as polar 
solvents can dissolve the perovskite layer. Throughout the assembly 
process, maintaining layer integrity is crucial. Each new layer must be 
deposited without compromising the structure or function of under-
lying layers. This requirement constrains the choice of materials and 
fabrication methods. The selection of materials must account for their 
compatibility with adjacent layers and the deposition processes used. 
The complex interplay between material properties and fabrication 
techniques underscores the importance of careful process design 
in PSC fabrication. Balancing these factors is essential for achieving 
high-performance solar cells.

Perovskite active layer analysis
Morphological and compositional characterization. To probe the 
morphology and composition of perovskite films at various scales, 
a suite of advanced characterization techniques is available. At the 
nanoscale, atomic force microscopy (AFM) can provide high-resolution, 
3D images of surface topography, revealing details such as grain size, 
surface roughness and the presence of defects. Extending this capa-
bility further, conductive AFM enables simultaneous measurement 
of local electrical properties to probe conductivity variations and 
defect-related electronic behaviour at the nanoscale. Scanning electron 
microscopy can visualize the surface and cross-sectional morphology 
of perovskite films. From this, grain boundaries, film uniformity and 
layer thickness can be investigated. These factors are essential to cor-
relate structural features with device performance. For atomic-level 
imaging, transmission electron microscopy can reveal crystallographic 
information and identify defects, dislocations, and phase purity. How-
ever, beam-induced damage should be avoided by optimizing sample 
preparation and measurement conditions302. X-ray diffraction is widely 
used to determine the crystallographic structure and phase composi-
tion of perovskite films. This method excels at identifying different 
crystalline phases, quantifying crystallinity and detecting secondary 
phases. Complementing these structural characterization techniques 
are spectroscopic methods that can derive the optical and chemical 
properties of a perovskite film. Ultraviolet–visible (UV–Vis) absorp-
tion spectroscopy, for instance, elucidates the optical absorption 
properties, whereas Fourier-transform infrared spectroscopy identi-
fies vibrational modes in the perovskite structure. These techniques 
provide valuable information about chemical compositions and atomic 
interactions within the films.

Optical characterization. Photoluminescence spectroscopy is fun-
damental for studying charge carrier recombination processes in 
perovskite films. It offers insights into the bandgap, defect states and 
overall material quality. Time-resolved photoluminescence extends 
this capability by measuring the decay dynamics of photolumines-
cence, providing information on charge carrier lifetimes and the effi-
ciency of radiative recombination. UV–Vis spectroscopy is a useful 
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and accessible method to determine bandgaps and degradation rates. 
Photothermal deflection spectroscopy offers further insights by quan-
tifying the energetic disorder, known as the Urbach energy, and density 
of sub-bandgap states.

Electrical characterization
The performance of electrodes in PSCs depends on a delicate balance 
between electrical conductivity and optical transparency. An ideal 
electrode will have high electrical conductivity for efficient charge 
transport and superior optical transparency to maximize light trans-
mission to the active layer. To quantitatively assess electrical con-
ductivity, four-point probe measurements are used. This technique 
provides a precise determination of sheet resistance, offering valuable 
insights into the conductive properties of electrode. The transpar-
ency of electrodes is typically evaluated using UV–Vis spectroscopy. 
This assessment shows that it is needed to determine light-harvesting 
capabilities, particularly within the visible spectrum. Although these 
measurements offer notable insights, they are not exhaustive. The 
space-charge-limited current method is used to characterize the trap 
density and mobility of perovskite films. However, artefacts caused by 
ion migration and the electrode fabrication process can skew results303.

Power output measurement
Current–voltage (I–V) measurements are crucial for determining PCE 
and identifying the maximum power point of PSCs (Fig. 7). Unlike silicon 
solar cells, which generally exhibit stable I–V characteristics, PSCs are 
susceptible to hysteresis and transient behaviours304,305, giving simpler 
PCE measurements306. Stabilized power output measurements under 
constant bias and illumination are essential for PSCs. External quantum 
efficiency and incident photon-to-electron conversion efficiency meas-
urements are also vital, providing a spectral response by measuring the 
fraction of incident photons converted to electrons at each wavelength. 
Integrating the external quantum efficiency over the solar spectrum 
gives Jsc, which should be matched with the I–V measurement using a 
spectral mismatch correction.

Mechanical characterization
Mechanical testing is essential to evaluate the durability and robustness 
of PSCs, particularly for flexible and wearable applications. Nanoin-
dentation gives the mechanical resistance to deformation and ability 

to withstand mechanical stresses. For flexible PSCs, cyclic folding tests 
assess mechanical endurance. This method involves repeatedly folding 
the solar cell substrate to evaluate performance after multiple bending 
cycles. Universal testing machines are used for tensile and compression 
testing of PSCs. These machines apply controlled forces to samples 
and measure their response, providing data on tensile strength, elon-
gation at break and Young’s modulus. Comprehensive mechanical 
characterization is crucial for developing PSCs that can withstand 
real-world applications.

Interfacial characterization
Interfaces are important in determining the overall device efficiency, 
stability and charge transfer dynamics307–309. The multilayered struc-
ture of PSCs, in which the perovskite absorber is sandwiched between 
transport layers, means the interfacial contact quality between layers is 
critical for optimizing charge extraction and reducing losses. Interac-
tions at interfaces directly impact the optoelectronic properties of the 
device, such as the Voc and fill factor, which are sensitive to the energy 
band alignment and interfacial defects. Characterizing interfaces is 
crucial to understand the underlying mechanisms behind charge trans-
fer, recombination and stability. It provides insights into the chemical, 
structural and electronic properties, helping to identify defects and 
study how energy levels align between the perovskite and adjacent 
layers. From this information, targeted improvements can be made in 
interface design to enhance device performance. Many characteriza-
tion techniques are used to analyse different aspects of PSC interfaces. 
Table 3 summarizes these techniques, detailing their capabilities for 
analysing carrier dynamics, surface morphology, chemical compo-
sition and charge transport behaviour. For instance, time-resolved 
photoluminescence and electrochemical impedance spectroscopy are 
used to study carrier lifetimes and charge transport dynamics. These 
techniques explore the temporal aspects of charge behaviour, which is 
needed to understand the efficiency of charge separation and transport 
across interfaces. Surface morphology, a critical factor in interfacial 
contact quality, is often probed using AFM. Using AFM, nanoscale reso-
lution of surface features can be obtained, showing how the physical 
structure at an interface affects charge transfer and recombination. 
Chemical composition and electronic states at interfaces are typi-
cally investigated using X-ray photoelectron spectroscopy. For more 
detailed analysis, high-resolution transmission electron microscopy 
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Fig. 7 | A typical current density–voltage ( J–V ) curve and quantum efficiency 
spectrum as a function of wavelength. Incident photon-to-electron conversion 
efficiency (IPCE) and external quantum efficiency (EQE) were calculated using 

the formula on the right. λ, wavelength; FF, fill factor; Jph, measured photocurrent 
value; PCE, power conversion efficiency; Pmax, electrical peak power; Pmono, power 
intensity of light irradiated at a single wavelength; Voc, open circuit voltage.
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can reveal the atomic-scale crystalline structure at interfaces and any 
defects that could impact device performance. Time-of-flight second-
ary ion mass spectrometry has unparalleled capabilities for mapping 
elemental distributions across interfaces, revealing how elements 
migrate or segregate. This is valuable information to understand 
degradation mechanisms and stability issues in PSCs.

Applications
The versatility of PSCs makes them key in future renewable energy 
technologies, with applications ranging from urban infrastructure 

to advanced space missions. A primary application of PSCs is in BIPV, 
in which they can be incorporated into windows, façades and roof-
tops, transforming buildings into energy-generating structures. The 
semi-transparent nature of some perovskite materials makes them 
particularly suitable for this application, enabling light transmission 
while generating electricity310. Another promising application is in port-
able and flexible electronics. Owing to their lightweight and flexible 
nature, PSCs can be integrated into wearable devices, mobile chargers 
and other portable power sources, providing a reliable and sustainable 
energy supply311. PSCs are being explored for use in tandem solar cells, 

Table 3 | Characterization techniques for perovskite solar cells and their advantages and disadvantages

Technique Measurement Functions and recent advances Advantages Disadvantages

Time-resolved 
photoluminescence (TRPL)

Carrier dynamics, 
recombination rates

Improved time resolution for 
capturing fast carrier lifetimes

Provides detailed insights into 
charge carriers

Limited spatial resolution, cannot 
directly map spatial variation

Electrochemical 
impedance spectroscopy 
(EIS)

Charge transport, 
interface resistance

Enhanced sensitivity for 
probing low-frequency 
phenomena

Excellent for studying interface 
properties and charge transport at 
different frequencies

Requires complex data 
interpretation and fitting

Atomic force microscopy 
(AFM)

Surface morphology, 
topography

High-resolution AFM modes 
like peak force tapping and 
conductive AFM for detailed 
electrical mapping

High spatial resolution for surface 
analysis can map topography at 
the nanoscale

Requires ultra-thin sample 
preparation, potential for electron 
beam damage

High-resolution 
transmission electron 
microscopy (HRTEM)

Interface structure, 
grain boundaries

Atomic-scale imaging of 
interfaces with sub-ångström 
resolution

Provides direct visualization of 
atomic arrangements at interfaces, 
especially grain boundaries

Requires ultra-thin sample 
preparation, potential electron 
beam damage

X-ray photoelectron 
spectroscopy (XPS)

Chemical 
composition, 
oxidation states

Depth profiling combined with 
angle-resolved XPS to study 
surface and interface chemistry. 
Can detect halide migration 
and interface degradation

Highly sensitive to surface 
chemical composition and 
oxidation states, useful for 
detecting degradation, elemental 
distribution and chemical bonding

Surface-sensitive, limited depth 
(up to ~10 nm) and requires 
complementary techniques for 
deeper layer analysis. Sample 
damage possible during sputtering

Kelvin probe force 
microscopy (KPFM)

Surface potential, 
work function

Improved resolution for 
potential mapping at the 
nanoscale

Capable of mapping surface 
potential and charge distribution 
with high spatial resolution

Sensitive to environmental 
conditions, such as humidity

Scanning electron 
microscopy (SEM)

Surface morphology, 
cross-sectional views

Enhanced detectors for better 
resolution of nanostructured 
interfaces

Ideal for surface and interface 
imaging, particularly useful for 
cross-sectional views of thin films

Limited chemical information, 
cannot probe below surface 
features

Time-of-flight secondary 
ion mass spectrometry 
(ToF-SIMS)

Elemental 
distribution, depth 
profiling

Improved lateral and depth 
resolution to detect trace 
elements and complex 
compounds

High sensitivity to surface and 
near-surface regions, excellent for 
detecting trace elements, isotopic 
ratios and degradation pathways

Limited to surface layers unless 
using depth profiling, costly 
instrumentation and quantitative 
analysis is challenging due to 
matrix effects

Grazing incidence X-ray 
diffraction (GIXRD)

Crystal orientation, 
strain at interfaces

In situ GIXRD to monitor 
changes during device 
operation or thermal cycling

Non-destructive, provides detailed 
information on thin film structure 
and interface quality

Complex data interpretation, often 
requires synchrotron facilities

Electron beam-induced 
current (EBIC)

Charge collection 
efficiency, 
recombination sites, 
buried interface 
mapping

Improved spatial resolution, 
integration with SEM for 
detailed mapping of local 
charge collection efficiency 
and defects across interfaces

Provides direct visualization 
of charge collection and 
recombination sites, particularly at 
buried interfaces and can identify 
defects affecting local device 
performance

Requires a vacuum, complex 
sample preparation and sensitive 
to beam-induced damage

Transient photovoltage 
(TPV)

Charge carrier 
lifetime, 
recombination 
dynamics

Improved time resolution, 
enabling analysis of carrier 
lifetimes with greater precision 
under varied illumination and 
bias conditions

Insights into recombination 
processes and charge carrier 
lifetimes

Sensitive to experimental 
conditions, requires careful control 
and complex data interpretation

Transient photocurrent 
(TPC)

Charge extraction 
dynamics, carrier 
mobility, response 
time

Enhanced analysis of charge 
extraction efficiency and 
speed, particularly useful for 
studying interfacial charge 
transfer processes in perovskite 
solar cells

Directly measures the dynamics 
of charge carrier extraction to 
evaluate the quality of interfaces 
and transport layers

Requires precise control of 
illumination and device bias 
conditions. Complex data 
interpretation requiring kinetic 
models
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which are stacked on traditional silicon solar cells to achieve higher 
overall efficiencies. This tandem configuration can surpass the effi-
ciency limits of single-junction cells, making it promising to maximize 
energy harvesting312. Additionally, PSCs are used in space technolo-
gies owing to their high power-to-weight ratio, radiation hardness, 
high PCEs under a wide range of light intensities and robustness under 
intense radiation. As a result, PSCs are an attractive option to power 
satellites and other space-based applications313,314.

Perovskite–silicon tandem solar cells
Perovskite–silicon tandem solar cells, particularly in two-terminal 
configurations, could be rapidly commercialized if they surpass the 
efficiency limits of traditional single-junction silicon cells. Tandem cells 
capitalize on the complementary properties of perovskite and silicon, 
combining the superior visible light absorption of metal halide per-
ovskites with the efficient infrared absorption of silicon. This synergy 
enables PCEs over 30%, substantially higher than the 26% theoretical 
maximum of single-junction silicon cells. Consequently, this technol-
ogy reduces the levelized cost of electricity and enhances the competi-
tiveness of solar energy315–317. A key advantage for commercialization 
is that perovskite–silicon tandem cell fabrication is compatible with 
existing silicon manufacturing processes. The mature silicon cell pro-
duction industry has an established infrastructure that could integrate 
perovskite layers through low-temperature, solution-based deposi-
tion methods. This alignment facilitates a smoother transition from 
laboratory-scale production to industrial-scale manufacturing, mini-
mizing the need for new production facilities and accelerating market 
entry. Recent advances in perovskite material stability and durability 
address previous concerns about long-term performance. Improved 
compositions and encapsulation techniques have enhanced resist-
ance to environmental degradation318, which is crucial to achieve the 
operational lifetimes required for commercial viability, potentially 
matching or exceeding those of traditional silicon cells.

The momentum behind perovskite–silicon tandem technology 
is enhanced by investment from both academia and the photovoltaic 
industry. Several companies have initiated pilot production lines — 
for example, PEPPERONI, TEAMUP and ADDEPT — demonstrating the 
potential for large-scale deployment by increasing efficiency certifica-
tions and scaling production capabilities. The market potential of per-
ovskite and silicon technologies is synergistic rather than competitive. 
Although silicon cells are well established for their durability and reliabil-
ity, perovskites provide higher efficiency and cost-effective versatility. 
Integrating these technologies in tandem cells takes advantage of their 
respective strengths. As a result, there is a strategic future path with 
perovskite–silicon tandem cells dominating high-efficiency markets and 
silicon cells serving cost-sensitive applications. The gradual integration 
of perovskite technology suggests a promising future for solar energy, 
combining the best of both worlds to drive innovation and sustainability.

Device stability: a commercialization bottleneck
The commercial viability of PSCs and tandem solar cells depends on 
a thorough assessment of their long-term stability under real-world 
conditions. Stability is a challenge for PSCs, as they are sensitive to 
environmental stressors, such as heat, light, moisture and mechanical 
stress. Degradation mechanisms, including ion migration and phase 
segregation, are particularly problematic. Ion migration occurs under 
continuous light exposure and involves the movement of halide ions 
in the perovskite layer towards interfaces. This phenomenon leads to 
a decline in performance and defect formation67,319–321. In mixed-halide 

perovskites, phase segregation results in the separation of bromide and 
iodide to form regions that lower the effective bandgap and reduce 
overall efficiency322–324. The mismatch in thermal expansion between 
perovskite and silicon layers can induce mechanical strain, leading to 
cracking or delamination, further compromising device integrity325,326. 
To ensure commercial readiness, rigorous stability assessments for 
PSCs and tandem solar cells must be conducted using standardized pro-
tocols, such as those defined in IEC61215, which is international stand-
ard for testing and certifying solar photovoltaic modules published 
by the International Electrotechnical Commission (IEC)327–330. These 
protocols address critical environmental stressors, including heat, 
light and moisture. However, modifications are necessary to account 
for the specific degradation mechanisms of perovskite-based devices, 
such as ion migration and phase segregation. The 2018 International 
Summit on Organic PV Stability (ISOS) introduced tailored protocols for 
PSCs, emphasizing light soaking and thermal cycling tests331,332. These 
tests replicate extended sunlight exposure and temperature variations 
to evaluate the retention of PCE. Encapsulation has shown promise in 
enhancing stability — with encapsulated PSCs retaining more than 95% 
of their initial efficiency after 1,000 h of light soaking200 — but still falls 
short of the durability required for multidecade use.

Thermal cycling tests are particularly important for perovskite– 
silicon tandem system. These tests address the mechanical stress from 
thermal expansion mismatches between layers, helping to identify 
risks, such as delamination. Additionally, damp-heat tests that simulate 
long-term exposure to moisture are vital, as advanced encapsulation 
techniques struggle to maintain stability under high humidity over 
extended periods. Tracking I–V characteristics over time provides 
invaluable insights into degradation patterns, such as phase segrega-
tion and electrode corrosion328,333. This approach also helps to identify 
and manage current mismatches between the perovskite and silicon 
subcells in tandem solar cells. Accelerated laboratory testing is essen-
tial; however, field testing is equally important to evaluate long-term 
stabilities under varied environmental conditions. Field tests reveal 
degradation mechanisms, for example, daily thermal cycling and 
partial shading that may not emerge in controlled environments. 
These real-world assessments are crucial for bridging the gap between 
laboratory performance and practical applications.

Economics of perovskite technologies
PSCs represent a potentially disruptive technology in the photovoltaic 
market, with far-reaching economic implications. Recent market analy-
ses project that the global PSC market could reach US$6.6 billion by 
2030, with a compound annual growth rate of 32.4% from 2022 to 2030 
(ref. 334). The impact of perovskite technologies extends beyond energy 
production and into multiple scientific and industrial sectors, for exam-
ple, in neuromorphic memristors335 and optical sensor applications147,336. 
In the medical field, perovskites show promise for X-ray detection and 
radiation therapy monitoring337. The unique properties of perovskites 
make them ideal for integrating into diverse applications, from build-
ing and transportation to portable devices and medical implants. This 
versatility opens new market opportunities in various industries.

Environmental implications
Widespread adoption of PSCs presents a complex environmental land-
scape with potential benefits and challenges. Life cycle assessments 
indicate that PSCs could significantly reduce the energy payback time 
and carbon footprint of solar cells338. For example, estimations sug-
gest that perovskite–silicon tandem cells could reduce CO2 emissions 
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up to 45% compared with single-junction silicon cells339. However, 
production and deployment of PSCs, particularly those based on 
lead-containing perovskites, raise concerns with toxicity and ecologi-
cal impact. Although the quantity of lead in a typical PSC is minimal 
(~0.8 g m−²), improper disposal or accidental release is an ecological 
risk340. Research into lead-free alternatives, such as tin-based perovs-
kites, is ongoing. Another environmental concern is the use of organic 
solvents, which can contribute to air pollution and ozone depletion. 
Advances in solvent-free deposition and green solvent alternatives are 
promising to mitigate these issues341. Non-hazardous solvent systems 
aim to lower the environmental and health risks of industrial-scale 
manufacturing. The recyclability of PSCs is an area of active research, 
with some studies demonstrating up to 90% recovery of perovskite 
materials342. This high recovery rate could make the ecological foot-
print of perovskite technologies substantially lower than traditional 
silicon cells, which is difficult to recycle. However, the diversity of PSC 
architectures makes it hard to develop standardized recycling pro-
cesses and further research is required in this area. Addressing these 
environmental challenges is essential for sustainable deployment of 
PSCs on a large scale. Advances in material science — including develop-
ing stable, lead-free perovskites and environmentally benign manufac-
turing processes — will be crucial. Equally important is to establish a 
comprehensive regulatory framework to govern the production, use 
and end-of-life management of PSCs. These efforts, combined with 
continued improvements in efficiency and stability, will be critical 
for realizing the full potential of perovskite solar technology while 
minimizing its environmental impact.

Reproducibility and data deposition
PSCs have gained notoriety for their inconsistent batch-to-batch and 
lab-to-lab reproducibility, particularly in device performance and stabil-
ity. This issue affects the entire community, from academic research 
laboratories to fledgling start-ups and well-established corporations. 
Achieving consistent and reproducible production is crucial for 
market viability and practical commercialization. The source of these 
reproducibility issues is often from hidden variables during fabrica-
tion and processing. These elusive factors lead to unintended varia-
tions in perovskite composition, defect density and crystal quality. 
Some are processing-related, such as inconsistent fabrication proce-
dures, fluctuating environmental conditions and varying equipment 
specifications60. Perovskites, with their soft lattice and relatively weak 
ionic bonds, are inherently sensitive to processing conditions343. Their 
rapid crystallization during solution processing further exacerbates 
this sensitivity. For instance, the electrostatic interactions between 
ionic components in perovskite precursors and additives are crucial 
for regulating crystal growth, but can be easily disrupted by oxygen, 
humidity and environmental fluctuations68. The purity of hygroscopic 
precursor chemicals is often problematic and independent of the fab-
rication process. Consequently, the resulting film quality is highly 
sensitive to precursor chemicals and fabrication conditions, leading 
to variations in performance and stability.

The unique solution-processed coating method of PSCs, which 
involves an antisolvent drop during thin film formation, presents 
another challenge. The timing, volume and type of antisolvent used can 
impact film quality and introduce variability. Innovative approaches are 
emerging to address these challenges. For example, robot-controlled 
fabrication methods enhanced by machine-learning algorithms show 
promise. These systems provide the precision needed for consist-
ent antisolvent application, whereas machine learning optimizes 

fabrication parameters in real time, adjusting for environmental fluc-
tuations and material inconsistencies344,345. Developing a solvent-free 
vacuum process could help to improve reproducibility. However, 
securing reproducibility in the vacuum process requires further opti-
mization of the evaporation system, precursor materials and process 
parameters.

Considering the reproducibility issues and hidden variables 
during processing, it is important to fully report all experimental pro-
cedures in as much detail as possible. Details such as material supplier, 
material purity, environmental conditions — temperature, atmosphere, 
humidity — and equipment specifications are often omitted or not 
described in sufficient detail in publications. A full video recording 
demonstrating the fabrication and processing procedures can be help-
ful for reproducibility. This is not common practice, but most academic 
journals can support publications with accompanying videos. It is also 
important to fully report solar cell device and material characterization 
protocols. Several academic journals require authors to submit a sum-
mary report detailing the characterization protocols, including voltage 
scan conditions, test environment and stability of J–V characteristic, 
which can influence solar cell characterization. Any unusual behaviour 
observed during characterization must be declared. Such transparent 
reporting standards are important to promote reproducibility and 
repeatability of published works.

Limitations and optimizations
The perovskite active layer has several limitations that impact device 
performance and long-term stability. A notable challenge comes from 
the inherent sensitivity of perovskite materials to environmental condi-
tions, such as humidity, oxygen and temperature fluctuations. These 
factors can lead to uncontrolled crystallization, resulting in defects, 
non-uniform morphology and phase segregation, which adversely 
affects device efficiency and stability. The rapid crystallization required 
during solution processing often introduces inconsistencies in film qual-
ity, limiting reproducibility across different batches and laboratories. To 
address these challenges, researchers are exploring various strategies 
to optimize perovskite active layer fabrication. Fine-tuning of precursor 
solutions and solvent engineering are promising to control nucleation 
and crystal growth, improving uniformity and reducing defects. For 
instance, mixed solvent systems and carefully selected additives can 
enhance film quality through better crystallization control346. Another 
promising strategy is to incorporate passivation layers that can mitigate 
defect sites and improve electronic properties124. Advanced deposi-
tion techniques, such as vapour-assisted and vacuum-based methods, 
are being investigated to achieve high-quality perovskite layers with 
improved film composition and thickness control. These techniques can 
reduce dependency on solution processing and provide more consistent 
and scalable fabrication routes345. Additionally, using machine-learning 
algorithms and automated fabrication processes can optimize param-
eters in real time to produce reproducible and high-performance per-
ovskite active layers. This multifaceted approach, involving material 
engineering, advanced deposition, automation and machine learning, 
is crucial for enhancing the efficiency, stability and scalability of PSCs.

Transparent and non-transparent electrodes have similar issues 
with performance and stability. Metal oxide-based transparent elec-
trodes suffer from high costs and brittleness, limiting their application 
to flexible devices. Variations in deposition techniques can lead to 
inconsistencies in film thickness and conductivity, impacting over-
all device efficiency. For non-transparent electrodes, metal variants 
are affected by ion migration-driven degradation and limited earth 
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Glossary

Antisolvent
A solvent used during fabrication to 
control crystallization and improve 
the quality of the perovskite layer. The 
antisolvent is typically immiscible or 
partially miscible with the perovskite 
precursor solution and helps induce 
rapid crystallization, leading to better 
film formation.

Building-integrated 
photovoltaics
(BIPV). Photovoltaic materials that can 
replace conventional building materials 
in parts of the building envelope such as 
the roof, skylights or façades.

Charge-selective layers
Materials that facilitate the extraction 
and transport of specific charge 
carriers (electrons or holes) to their 
respective electrodes while blocking 
the opposite charge carriers. The two 
main types of charge-selective layers 
are the electron transport layer and hole 
transport layer.

Electron transport layer
(ETL). A material that selectively 
transports electrons from the active 
layer, where light is absorbed and 
generates electron–hole pairs, to 
the electron-collecting electrode, 
usually the cathode. It also blocks 
holes from reaching the cathode, 
preventing recombination of 
electrons and holes.

External quantum efficiency
The ratio of the number of charge 
carriers (electrons or holes) 
generated by the solar cell to the 
number of incident photons of a 
given wavelength, expressed as  
a percentage.

Frank–van der Merwe
Also known as layer-by-layer 
growth. Describes a thin film growth 
process in which the adsorbate 
forms a continuous, smooth layer 
on the substrate. This mode occurs 
when the interaction between the 
adsorbate and substrate is stronger 
than the interaction between 
adsorbate atoms.

Goldschmidt tolerance factor
An indicator for the stability and 
distortion of crystal structures. It was 
originally only used to describe the 
perovskite ABO3 structure, but now 
tolerance factors are also used for 
ilmenite.

Hole transport layer
(HTL). A material that selectively 
transports holes from the active layer 
to the hole-collecting electrode, usually 
the anode. It also blocks electrons 
from reaching the anode, preventing 
recombination of electrons and holes.

Hysteresis
The presence of different I–V curves for 
forward and reverse voltage sweeps, 
indicating a memory effect in the 
response of the solar cell to voltage 
changes.

Incident photon-to-electron 
conversion efficiency
The percentage of incident photons 
of a particular wavelength that are 
converted into electrical charge carriers 
(electrons or holes) and collected by the 
solar cell.

Marangoni flow
Also called the Gibbs–Marangoni 
effect. Describes the mass transfer 
along an interface between two phases 
owing to a gradient of the surface 
tension.

Maximum power point
The point on the I–V curve where 
the product of current and voltage (the 
power) is at its highest. It represents 
the optimal operating condition in 
which the solar cell generates the 
maximum power output under given 
illumination conditions.

Metal halide perovskite
A class of crystalline materials with 
the general formula ABX₃, in which A 
is a monovalent cation, for example, 
methylammonium, formamidinium or 
caesium; B is a divalent metal cation, 
commonly lead or tin; and X is a halide 
anion, such as chloride, bromide  
or iodide.

Non-radiative recombination
A process in which 
electron–hole pairs (excitons) 
recombine without emitting photons. 
Instead, the energy is dissipated as 
heat or transferred to lattice vibrations 
as phonons.

Open-circuit voltage
The potential difference between the 
positive and negative terminals of 
the solar cell when the circuit is not 
connected to an external load.

Organometal halides
A class of compounds in which an 
organic group is bonded to a metal 
atom that is bonded to a halide ion, 
either chloride, bromide, iodide or 
fluoride.

Passivation
The process of reducing or eliminating 
defects and trap states in the perovskite 
layer or at its interfaces.

Photoactive layer
The central layer responsible for 
absorbing light and generating 
charge carriers in the form of 
electrons and holes. This layer is 
typically made of metal halide 
perovskite materials, which have the 
general formula ABX₃.

Power conversion efficiency
(PCE). The PCE of a solar cell is 
expressed as the percentage ratio of 
electrical power produced to optical 
power impinging on the cell. PCE 
of a solar cell is calculated from its 
current–voltage characteristics as 
follows: PCE = IscVocFF/(EtotA); FF = Pmax/
(IscVoc), in which Isc is the short circuit 
current, Voc is the open circuit voltage, 
Etot is the total irradiance density, 
A is the illuminated area, FF is the 
fill factor and Pmax is the electrical 
peak power.

Quantum dot
Semiconductor particles of a few 
nanometres in size with optical and 
electronic properties that differ from 
larger particles owing to quantum 
mechanical effects.

Stranski–Krastanov
A combined growth mode 
characterized by initial layer-by-layer 
growth followed by the formation of 
islands or clusters. This occurs when 
the adsorbate–substrate interaction is 
strong enough to support initial layer 
growth, but later interaction between 
adsorbate atoms becomes more 
favourable, leading to island formation.

Tandem solar cells
Photovoltaic devices that stack multiple 
layers or cells on top of each other. 
Each layer is designed to absorb 
different parts of the solar spectrum. 
This configuration allows for more 
efficient use of sunlight compared 
with single-junction solar cells, as each 
layer captures and converts different 
wavelengths.

Volmer–Weber
Also known as island growth. 
A mode of thin film growth where 
the adsorbate, the material being 
deposited, forms discrete islands or 
clusters on a substrate rather than 
creating a continuous, smooth film. 
This occurs when there is strong 
adsorbate–adsorbate interaction 
compared with adsorbate–substrate 
interaction.
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abundance. To mitigate these challenges, alternative mechanically 
pliable, easily processed, cost-effective and environmentally friendly 
electrodes are being applied to PSCs. Carbon-based materials, such as 
CNTs and carbon paste, are the most promising. However, they require 
rigorous optimization and there are relatively fewer carbon material 
experts working on developing this area. Conducting polymers and 
metal oxides are being explored for their potential to provide uniform 
and reproducible films while being scalable and compatible with roll-to-
roll manufacturing processes. These materials are promising to address 
the limitations of traditional electrodes, potentially enhancing the 
performance and commercial viability of PSCs.

Outlook
There is an optimistic outlook for PSCs, with research looking to tackle 
current limitations and reach the efficiency, stability and scalability 
needed for widespread commercial adoption. Recent advances in fabri-
cation techniques and materials engineering will enable PSCs to contrib-
ute to the renewable energy landscape. Hybrid deposition techniques 
are an emerging approach to enhance film quality and uniformity. These 
techniques combine the simplicity and cost-effectiveness of solution 
processes with the precision of dry methods. Additive engineering 
and composition optimization could enhance the morphological and 
structural properties of perovskite films. Additionally, addressing the 
toxicity of lead-based perovskites by developing lead-free alternatives, 
for example, using tin, is crucial for environmental and health safety. 
Various methodological techniques have a critical role in producing sta-
ble lead-free perovskites, which have low reproducibility owing to their 
instability against humidity and oxygen. To transition from laboratory 
scale to module will require scalable coating methods, such as slot-die 
and blade coating, which are well suited for roll-to-roll manufacturing. 
Developing antisolvent-free processes to modulate solvent evaporation 
rates is highly important. For instance, slot-die coating enables con-
tinuous deposition of perovskite layers on flexible substrates, enabling 
large-area solar module production. The reproducibility issues when 
fabricating perovskite active layers are starting to be addressed using 
robotic systems and artificial intelligence. These systems can dynami-
cally adjust processing conditions and compensate for environmental 
fluctuations or material inconsistencies, giving more consistent per-
ovskite films. Several key areas demand focused research and devel-
opment. For example, dry processes are promising for scalable and 
reproducible fabrication but most research is based on the solution 
process. Environmental stability is important and there is ongoing work 
to develop perovskite compositions and encapsulation techniques that 
resist degradation under environmental stressors. Multilayer barrier 
films and advanced polymer coatings are being explored as protec-
tion for perovskite films and devices, ensuring their stability under 
real-world conditions. Enhancing the mechanical properties of PSCs 
is essential to expand applications to flexible and wearable devices. 
Cost, ion migration-driven degradation and mechanical flexibility are 
influenced by the electrode materials. Electrodes are moving towards 
carbon-based alternatives, such as CNTs and carbon paste, which are 
more flexible and scalable than traditional metals and metal oxides. 
Further optimization of carbon-based electrodes and hybrid systems 
could lead to widespread PSC commercialization.

PSCs have numerous compelling advantages over existing pho-
tovoltaic technologies. Single-junction PSCs have already surpassed 
the efficiency of organic solar cells and are approaching inorganic 
solar cells, such as silicon, CdTe and copper indium gallium sele-
nide cells, typically 15–20% efficiency. In tandem configurations with 

silicon or a perovskite layer of different chemical compositions, PSCs 
can exceed 30% efficiency, outperforming commercial thin film pho-
tovoltaics. The potential for lower manufacturing costs and simpler 
fabrication processes contrasts favourably with the energy-intensive 
production of crystalline silicon and the complex deposition methods 
required for thin film cells. Unlike rigid silicon cells, perovskites can 
be fabricated with mechanical flexibility. This is a property shared 
with organic solar cells, but PSCs have superior efficiency and greater 
tunability of optical and electronic properties. The versatility of PSCs, 
characterized by their lightweight nature, mechanical flexibility and 
semi-transparency, is advantageous for BIPV and portable electronics 
applications. Although PSCs are a promising next-generation technol-
ogy, there are challenges with long-term stability and environmental 
considerations, which are not present for established technologies 
such as crystalline silicon. Addressing these challenges through 
innovative fabrication methods, materials design and encapsulation 
strategies is an important focus of ongoing research efforts.

In conclusion, PSCs are on the cusp of transformative progress. 
Optimizing manufacturing processes, reducing costs and scaling-up 
production are crucial for PSCs to compete with established photovol-
taic technologies. Their compatibility with roll-to-roll manufacturing 
offers a path to lower production costs through high-throughput 
fabrication of large-area modules. Although there are challenges with 
stability and environmental concerns, ongoing research is rapidly 
addressing these barriers. The near future is likely to see PSCs transition 
from laboratory innovations to commercial realities. Breakthroughs 
are expected in encapsulation techniques and materials engineering to 
enhance long-term stability. The versatility of PSCs could lead to novel 
applications beyond traditional solar panels, including BIPV and flex-
ible electronics. Tandem structures combining perovskites with other 
materials could push solar cell efficiencies beyond current limits. As 
production scales up, PSCs are expected to be used in diverse markets, 
from portable electronics to utility-scale solar farms. The potential for 
low-cost, high-efficiency solar conversion could accelerate the adop-
tion of renewable energy, particularly in developing regions. Overall, 
PSCs promise to bring major changes to how solar energy is harnessed 
and used, helping to meet global sustainability goals.

Published online: xx xx xxxx
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