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Vinattieri, A. and Giorgi, G., ‘‘Halide perovskites for photonics: Recent history and 
perspectives’’ in Halide Perovskites for Photonics, edited by A. Vinattieri and G. Giorgi (AIP 
Publishing, Melville, New York, 2021), pp. 1-1–1-28.

1.1  INTRODUCTION

Since the revolution introduced by bandgap engineering in the last decades of the past century [see 
the work of Capasso (1987) for a complete review], a link has been created between the community 
of material scientists (physicists and chemists) and the engineers mostly interested in technological 
developments. The possibility of designing a material with a priori definition of its properties (optical, 
electrical, mechanical, etc.) has opened the route to the dramatic innovation and impact that materials 
science and device technology have generated on society. The last decades of the 20th century can be 
considered as the era of epitaxially grown semiconductors with the undoubted advantage of a high 
crystalline quality of the grown material regardless of the highly expensive technique (Capper et al., 
2017). Recently, the ability of realizing high-quality semiconductor materials through solution-based 
techniques has rapidly driven the focus of research on halide perovskites (HPs) (Xing et al., 2014). In 
fact, the ease and low-cost chemical growth/deposition, the control of the material bandgap by fine 
tuning the stoichiometry, and the possibility of realizing several types of nanostructures have made 
HPs among the most interesting classes of semiconductors for innovative devices (Huang et al., 2018).

HPs have a chemical stoichiometry ABX3. The X-site anion is a halide (mainly Cl, Br, and I), which 
plays a major direct role in determining the bandgap of the halide perovskite. The A-site cation can be 
an organic one such as methylammonium (MA = CH3NH3

+), formamidinium [FA = +HC(NH2)2], or 
guanidinium [GA = +C(NH2)3], with the latter forming alloys with other cations (Giorgi et al., 2015; 
Giorgi and Yamashita, 2015a; De Marco et al., 2016; Jodlowski et al., 2017; and Wu et al., 2019); it can 
also be an inorganic cation, mainly a group I alkali metal (Cs and Rb). The B-site cation is usually Pb 
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(the archetypal compound of such a class is represented by MAPbI3, hereafter also MAPI) even if Sn 
and Ge (Mg to a lesser extent) are under study for the production of eco-friendly HPs. In this sense, 
other perovskites, namely halide double perovskites with stoichiometry A2B′B″X6 (Palummo et al., 
2020a), both hybrid (Giorgi and Yamashita, 2015b) and full-inorganic (Slavney et al., 2016; Volonakis 
et al., 2017; Giorgi et al., 2018; Wu et al., 2018; and Palummo et al., 2020b), are obtained by aliovalently 
replacing Pb pairs with couples of +1/+3 metals and have been reported to have improved properties 
in terms of stability.

Even though the first synthesis of an HP by Wells (1893) dates back to 1893, and then only recognized 
as a perovskite in 1957 by Møller (1957, 1958), HPs have been rediscovered, both in hybrid organic–
inorganic HPs (OIHPs) and in the full-inorganic forms [David Mitzi, in the mid-1990s (Mitzi et al., 
1994; and Mitzi, 1999, 2001), was already paying close attention to two-dimensional (2D) systems], 
after the work of Miyasaka et al. (Kojima et al., 2009), who at first used three-dimensional (3D) bulk 
MAPbX3 (X = Br, I) as a light harvester in solar devices, exploiting the unique features that such a class 
of materials embodies in a single compound, i.e., an exceptional diffusion length of the carriers (Xing 
et al., 2013; Stranks et al., 2013; and Du, 2014), a bandgap very close to ideal for single-junction devices 
(Baikie et al., 2013), and a symmetrical (ambipolar) behavior of the carrier effective masses (Lee et al., 
2012; Heo et al., 2013; Giorgi et al., 2013; and Giorgi and Yamashita, 2015c). Stability issues ascribed to 
the presence of a short-chain organic cation, being a strong limitation for device implementation, have 
somehow oriented the interest of the scientific community toward full-inorganic HPs, and especially 
toward CsPbI3 [see the work of Shi et al. (2019) for a complete review], which nowadays finds similar 
application both in optoelectronics and in photonics (Song et al., 2015; Li et al., 2016; Su et al., 2017; 
Tang et al., 2017; and Zhang et al., 2017). As direct bandgap semiconductors, the field of photonics takes 
great advantage of their unique features, and significant advancements in the last decade have been 
demonstrated with the realization of novel tools for applications in photovoltaics (PV), light emission, 
sensing, signal processing, etc. (Chen et al., 2015; Sutherland and Sargent, 2016; Schönemann et al., 2017; 

Ferrando et al., 2018; Berestennikov et al., 2019; 
Jena et al., 2019; Makarov et al., 2019; Liu et al., 
2020; and Zhao et al., 2020).

In Fig. 1.1, the main characteristics of the HPs 
of interest for photonics are summarized. The 
tunable bandgap, the significant excitonic 
features up to room temperature (RT), and 
the high photoluminescence (PL) efficiency 
represent the foundation for the development 
of photonic devices. If we focus on light 
generation, both incoherent and coherent, 
CsPbBr3 has been proven to be a valid 
substitute for InGaN, given the similar value 
of the bandgap (∼2.4 eV at RT) of interest for 
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FIG. 1.1
Main properties of halide perovskites for photonics.
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efficient green emission but with much higher defect tolerance (Kang and Wang, 2017). In this way, 
a solution to the green-gap problem (Tong et al., 2018), which has been widely debated, seems to 
have been found. Less investigated is CsPbCl3, with a bandgap of ∼3.1 eV at RT (Protesescu et al., 
2015), which is therefore the most suitable for the realization of white light-emitting diodes (LEDs) in 
combination with CsPbX3 (X = Br, I) (Yoon et al., 2016; and Yao et al., 2017) and for the development 
of photonic structures in the blue spectral range.

One of the most interesting peculiarities of HPs is the control of material morphology by synthesis/
deposition techniques: bulk and different kinds of nanostructures can be realized. Furthermore, light-
induced self-assembly was recently demonstrated (Liu et al., 2019), which opens the way to post-
growth modification of the material nanostructure. Depending on the envisaged application, control 
of the material assembly constitutes a powerful tool for the optimal design of a device. In Fig. 1.2, the 
most common nanostructures are indicated with the specific applications for light emission.

In recent years, the integration of HPs in hybrid structures for photonics (see Fig. 1.3) has become 
a frontier research field; in fact, the possibility of combining the consolidated experience in silicon 
photonics with HP nanostructures (Gonzalez-Rodriguez et al., 2016; Tiguntseva et al., 2017; Furasova 
et al., 2018; Rocks et al., 2018; and Giorgi 2020), the use of plasmonic coupling, and the realization of 
perovskite metasurfaces have opened a wide possibility, which is highly promising for the development 
of innovative devices (Zhang et al., 2019a).

The most commonly used techniques for the synthesis/deposition of halide perovskites on several 
kinds of substrates (dielectrics, semiconductors, metals, etc.), such as spin-coating and dipping, make 
possible the integration in photonics structures. Recently, sputtering has been demonstrated to be 
a powerful technique for the deposition of nanometric films of inorganic HPs on a large variety of 

Quantum dots and nanocubes for lasing and Mie resonators

Nanowires for lasing and waveguided modes

Nanoplates for lasing and whispering gallery modes

FIG. 1.2
Typical nanostructures of halide perovskites and corresponding application as light-emitting devices.
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substrates with a reduced surface roughness and a controlled deposition thickness between 50 and 
500 nm. Moreover, samples prepared by sputtering show superior performance in terms of stability 
even in the absence of post-growth treatments (Borri et al., 2020; and Falsini et al., 2021). With 
this technique, multilayer deposition will become a much easier task with deposition control at the 
nanoscale, which is of relevance for device fabrication.

In this introductory chapter, we will focus on a few of the several experimental and theoretical aspects 
concerning the application of HPs to photonics.

1.2  AMPLIFIED SPONTANEOUS EMISSION AND LASING 
IN BULK AND NANOSTRUCTURES: EXPERIMENTS

One of the most interesting aspects concerning light emission in HPs is the possibility of a transition 
from an incoherent light-emission regime, i.e., photoluminescence or electroluminescence, to a 
coherent regime which is revealed by amplified spontaneous emission (ASE) and lasing. The main 
signatures of such a transition are a narrowing of the emission linewidth with the appearance of 
a modal structure and a decrease of the radiative lifetime when the excitation density exceeds a 
threshold value.

Initially, ASE and lasing were reported in MAPX3 (X = Cl, Br, I) films and wires (Xing et al., 2014; and 
Zhu et al., 2015), which demonstrated that the long carrier lifetime, the high PL yield, the robustness to 
defects, and the slow Auger recombination make HPs a valid alternative to traditional semiconductors 
(e.g., III–V, II–VI, and nitrides) for the development of lasers both at the micrometer and nanometer 
scales. Later, to improve the material stability, inorganic HPs, in particular CsPbBr3 and CsPbI3, were 
considered. To the best of our knowledge, the use of CsPbCl3 for lasing in the blue spectral region has 
been scarcely explored (Kondo et al., 2005).

Waveguide Photonic cavity

Hybrid structures

Microcavity

FIG. 1.3
Hybrid structures for photonics with halide perovskites.



Halide Perovskites for Photonics      1-5

scitation.org/books

In Fig. 1.4, typical results of the transition from incoherent (PL) and coherent (lasing) emission is 
shown for CsPbBr3 quantum dots prepared with and without a surface treatment (Wang et al., 2018b). 
The appearance of a modal structure in the luminescence spectrum goes with a speeding up of the 
recombination dynamics which typically turns out to be resolution limited (Biccari et al., 2017).

It is relevant to remark that the onset of a coherent regime can have a different origin depending on 
the material morphology. Typical examples are reported in Fig. 1.5, where several modes are observed 
above a threshold in the PL of a spin-coated MAPI film (left); the modes are usually unstable and 
change with time, while one/two modes are observed in a MAPI microwire (right).

To gain insights into the different behavior, polarization measurements can be helpful; in fact, no 
polarization is found for the random modes of the disordered sample, as expected for a random lasing 
condition, while in the presence of a sample structure with smooth surfaces acting itself as a cavity, 
strong polarization is detected. An example is provided in Fig. 1.6; in this case, no polarization is found 
with no change below and above the threshold for a MAPI spin-coated film [Fig. 1.6(a)], while two 
orthogonally polarized modes, which correspond to a lasing occurring between the two orthogonal 
axes of the rectangular wire, are detected in a MAPI microwire [Figs. 1.6(b)–1.6(d)].

The morphology of the perovskite structure clearly plays a major role in determining the occurrence 
of a coherent regime for the emission (Zhang et al., 2019b). As illustrated in Fig. 1.2, the different 
morphologies of the HP nanostructures, which are highly controllable by the selection of fabrication 
protocols, allow us to explore several configurations for photonic applications. Quantum dots/
nanoparticles, being light-emitting subwavelength nanostructures, in consideration of the high 
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refractive index, can efficiently confine light enhancing its interaction with matter and, as a consequence, 
improving the light emission. From this point of view, HP nanoparticles (NPs) are under study as Mie 
resonators, which offer better advantages with respect to metal NPs traditionally used for plasmonic 
coupling but with higher losses. Recently, light-emitting nanoantennas were shown to possess a 
significant luminescence enhancement owing to the efficient coupling of excitons with the dipolar 
and multipolar Mie resonances (Tiguntseva et al., 2018). The morphology of nanowires is such that 
they can act as Fabry–Perot microresonators guiding the light along the wire axis with a cavity quality 
factor as high as a few thousands (Eaton et al., 2016). Nanoplates behave as microcavities sustaining 
the lasing action over a few transverse modes (Eaton et al., 2016) and eventually in whispering gallery 
modes (Zhang et al., 2016). From the definition of the quality factor of a cavity, Q = f/Δf, where f 
is the frequency of the mode and Δf is the broadening, given that the HPs of interest emit in the 
visible spectral range, it turns out that the Q-factor values of a few thousands correspond to line 
broadening of a few tenths of nanometers; better Q factors could be obtained by further reduction of 
the inhomogeneous broadening and cavity losses. Microcavity configurations have been considered 
to promote the exciton–cavity coupling; the Purcell effect at room temperature (Wang et al., 2016) has 
been reported and wavelength-tunable excitonic lasing demonstrated (Wang et al., 2018a). The strong 
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coupling regime was earlier explored and found for hybrid perovskites (Brehier et al., 2006) with a 
Rabi splitting of 150 meV (at RT). Metallic halide perovskites have also been investigated for exciton–
polariton lasers [for a complete review, see the work of Du et al. (2019)]. Nanowires have been explored 
acting themselves as microcavities (Du et al., 2018), taking advantage of the high quality of the facets, 
which demonstrates the achievement of a strong coupling regime, as shown in Fig. 1.7.

A recent work (Guvenc et al., 2020) has indicated the occurrence of a strong coupling between inorganic 
perovskite nanocrystals and plasmons when the nanocrystals are close to chemically functionalized 
metal films, which gives rise to a mixed mode plasmon–exciton. In all the previously mentioned cases, 
HPs demonstrate that higher performances can be obtained through cavity configuration, which has 
been studied for a long time with traditional semiconductors (i.e., arsenides, nitrides, selenides, etc.) 
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in terms of mixed modes and radiative rate enhancement. Therefore, HPs have proven themselves 
as candidates for the development of efficient lasing sources and polariton lasing systems at RT. The 
achievement of a strong coupling regime with Rabi splitting of several tens/hundreds of meV allow 
for the exploration of exciton–polariton condensation at room temperature, which therefore provides 
the possibility to investigate the nonlinear regime in the condensate as developed in the microcavities 
of III–V and II–VI semiconductors at cryogenic temperatures.

1.3  HALIDE PEROVSKITES FOR 
PHOTONICS AND METAOPTICS

Both the commonly used solution-based synthesis/deposition techniques and the other procedures, 
such as chemical vapor deposition and sputtering, facilitate the integration of HP nanostructures and 
thin films in photonic cavities to manipulate the electric field properties in terms of polarization, field 
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distribution, etc. In fact, the synthesis/deposition techniques used for the preparation of HP thin films 
and nanostructures do not suffer from the limitation imposed by epitaxial growth when III–V and 
II–VI semiconductors are used as active materials in photonic crystal cavities. On one side, embedding 
HPs in photonic cavities can be an alternative route for the realization of efficient coherent laser sources 
with the control of the electromagnetic field properties, and on the other side, the deposition on 
photonic structures allows for the realization of metasurfaces and opens the route for the development 
of metaoptics. Very recently, significant advances have been reported concerning the realization of 
active metaoptics and dielectric nanophotonics using HP nanostructures as the active medium [see 
Berestennikov et al. (2019) and references therein]. As a newly born research field, impressive results 
have already been reported concerning the possibility of enhancing the photoluminescence in the 
presence of Mie resonances and at the same time, given the strong excitonic character of the emission, 
significant Fano resonances are expected at RT. The presence of Mie resonances for NPs deposited in 
a regular pattern on a surface allows for the realization of selective reflection and absorption by the 
metasurface which can also be realized in a dynamic way (Gao et al., 2018). Broadband antireflective 
metasurfaces were recently realized (Dang et al., 2020), which exhibited a strong suppression of the 
reflection (<4%) and a spectrally broad transparency (∼90%) region. Such results make possible the 
applications to multifunctional metadevices, in addition to the use in PV cells. Another relevant property 
that makes HPs of interest for metaoptics is the nonlinear response of this kind of material, which has 
been less explored until now. Outside of the linear regime, nonlinear optics based on HPs is a very recent 
and promising field (Xu et al., 2020; and Zhou et al., 2020). Despite their lattice centrosymmetric nature, 
second harmonic generation (SHG) is detected owing to the presence of ferroelectric domains; breaking 
of symmetry can also be induced by pressure and temperature, being thus related to the structural phase 
transitions characteristic of this class of materials. An in-depth discussion of harmonic generation can 
be found in the paper by Zhou et al. (2020). Moreover, in halide perovskites, efficient high-harmonic 
generation has been proven, which would be of extreme interest for photonic devices that operate in 
the attosecond timescale and for the realization of broadband light sources. Among the several kinds of 
nonlinearities, such as the mostly investigated harmonic generation (HG) and multiphoton absorption, it 
is worth noting that ultrafast light modulation by means of perovskite-based saturable absorbers already 
allows for the realization of stable mode-locked laser sources [see Xu et al. (2020) and references therein].

1.4  THEORETICAL TOOLS FOR ATOMISTIC 
DESCRIPTION OF THE MATERIAL PROPERTIES 
AND FOR THE ENHANCEMENT OF LIGHT 
ABSORPTION OF HP-BASED DEVICES

1.4.1  Finite-difference time-domain (FDTD) approaches
The area of modeling is becoming increasingly important for the mechanistic understanding and 
rational design of photonic nanostructures. Photonics has been revealed to be extremely suitable for 
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the computational approach because of the formal exactness of Maxwell’s equations. Additionally, the 
relevant properties in photonics are not too small in the length scale making the ab initio simulation an 
excellent tool for supporting experiments and predicting novel features for nanofabrication techniques 
of photonic devices possessing a high degree of complexity.

In recent years, numerical techniques and algorithms have been developed to solve Maxwell’s equations. 
Simulations of light scattering are of great help to understand the ideal size and distribution of NPs in 
the matrix. Such algorithms are exploitable in the study of electromagnetic photonic phenomena, with 
some limitations mainly associated with the dimensionality/size of the system under investigation. 
Three-dimensional space domains are characterized by massive computational costs, costs which 
become even higher once the simulations involve nonlinearities. In this numerical/computational 
scenario, two main approaches have emerged, one working in the time domain (TD), the other in the 
frequency domain (FD). The investigation of electromagnetic engineering systems has been influenced 
by the availability of computational resources with increasing performances. While indeed, at the very 
beginning, the main methods were based on numerical results obtained by infinite-series analytical 
solutions, later, the FD working setup has offered the possibility to obtain results about systems with 
higher complexity (Keller, 1962; and Kouyoumjian and Pathak, 1974). FD approaches show strong 
limitations in simulating the volumetric complexity and nonmetallic compositions of interest. Even 
more detrimental is the fact that in such approaches, the inclusion of device nonlinearities in the FD 
solutions to Maxwell’s equation is a very cumbersome task that has motivated the search for alternative 
approaches to investigate electromagnetic engineering systems more efficiently. These challenges posed 
by the FD solution to Maxwell’s equations were circumvented by the community after the seminal work 
of Yee who realized the advantages of a direct integration in the time domain and who first developed the 
so-called FDTD method (Yee, 1966). Driving forces that motivate the use of the FDTD method are the 
fact that no limitations in principle are present for the number of field unknowns that can be modeled 
and run as a consequence of a simplified integration compared with that of the frequency domain. It 
is indeed an explicit calculation that can easily treat nonlinearities of electromagnetic systems (Taflove 
and Hagness, 2005). The method originally fully exploits the time-dependent Maxwell’s equations in 
an isotropic medium, which are (MKS units)

∂
∂
+∇× =

B
E

t
0, 	

(1.1)

∂
∂
+∇× =

D
H J

t
, 	

(1.2)

and

B H H= =µ µ µr 0 ,	 (1.3)

D E E= =ε ε εr 0 , 	 (1.4)

where D and B are the electric and magnetic flux, respectively; E and H the electric and magnetic 
field, respectively; and J is the electrical current density. Here, ε(µ), εr(µr), and ε0(µ0) are the electrical 
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(magnetic) permittivity, the relative permittivity (permeability), and the free-space permittivity 
(permeability), respectively. The vector components in linear, isotropic, lossy, and nondispersive 
materials provide the six scalar equations, which are the bases of the FDTD algorithm that describes 
the interaction between the electric and magnetic fields with a 3D object:
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Grid points for electric and magnetic fields (depicted in Fig. 1.9) are selected to properly satisfy a set 
of boundary conditions where, in a 3D space, every electric (magnetic) field component is surrounded 
by four magnetic (electric) components. The solution provided by Yee is a set of differential equations 
for Maxwell’s equations, where (i, j, k) (in Fig. 1.9) correspond to (iΔx, jΔy, kΔz) where i, j, and k are 
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(a) Schematic of an individual CsPbBr3 microsphere on a silicon substrate. (b) Excitation power-dependent lasing spectra from 
one single CsPbBr3 microsphere. (c) Lasing oscillation mode along with a Lorentzian fit with the indication of Q-factor. Adapted 
with permission Tang, B. et al., ACS Nano 11(11), 10681–10688 (2017). Copyright 2017 American Chemical Society.
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integers and Δs are increments along the three directions x, y, and z, respectively, and for any function 
of time and space, it is

F n t i x j y k z F i j kn∆ ∆ ∆ ∆, , , , , .( )= ( ) 	 (1.11)

The core of the approach of Yee is based on a few points that provide robustness to the algorithm. 
Electric and magnetic fields are solved in time and space by means of the coupling of Maxwell’s 
equations, which offers a much improved result at variance with approaches based on the separated 
solution for the two fields. Concerning then the time propagation of the fields, the algorithm exploits 
the so-called leapfrog arrangement that allows for the self-consistent solution (at a selected time) 
of the magnetic field computations based on the previously calculated (and stored) data about the 
electric field. This somehow helps in saving computational time and also, according to the nature of the 
leapfrog arrangement, avoids issues related to simultaneous operations (no matrix inversion is required 
as in the case of the competing approach which is the finite element method) (Monk et al., 2003).

The scattering problem in two dimensions describes the field components as formally independent 
from the z coordinate. In such a case, Maxwell’s 2D equations will be decomposed into two independent 
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sets of equations, one called the transverse magnetic (TM) and the other the transverse electric (TE) 
mode, the latter propagating following (here Ez = 0, Hx = Hy = 0; J = 0)
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and the former (here Hz = 0, Ex = Ey = 0; J = 0)
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In the two sets of equations, there are no common field vector components, and they actually can exist 
without interactions and may describe totally different physical phenomena. While the TM mode 
can describe the electric field that is negligible at a metal surface (Taflove and Hagness, 2005), the TE 
mode can do the same for an electromagnetic field bound to the surface. For such modes, Yee (1966) 
has suggested a set of finite-difference equations that, once that proper field points are selected, can 
be applied and satisfy the boundary condition. The Yee approach still represents one of the most valid 
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(a) Schematics of a unit cell with dimensions Lx × Ly × Lz of a glass–perovskite–spiro OMeTAD system, each layer characterized 
with refractive indexes, ñG(ω), ñP(ω), and ñs(ω), respectively, containing a gold nanoparticle (AuNP) of radius r centered at 
(x,y,z = 0,0,0) nm. (b) Schematics of the same system as that in panel (a) containing two AuNPs with a gap distance dg in 
a double volume 2(Lx × Ly × Lz). Reproduced with permission Carretero-Palacios, S. et al., H., J. Phys. Chem. C 119(32), 
18635–18640 (2015). Copyright 2015 American Chemical Society.
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and suitable approaches for the simulation of complex problems of electromagnetism. Nevertheless, 
further refinements have been suggested in the last two decades to the original formulation. These 
more refined algorithms allow one to circumvent issues associated with inhomogeneous media and 
complex geometries, which represent the critical points of the initially developed method, maintaining 
in this way a very high accuracy of the final electromagnetic simulation (Yefet and Petropoulos, 2001; 
Xie et al., 2002; Cai and Deng, 2003; Hesthaven, 2003; and Zhao and Wei, 2004).

1.4.2  Density functional theory
As introduced, the photonics community aims to investigate the ways in which the electromagnetic 
fields work at the nanoscale by means of Maxwell’s equation. However, quantum chemistry and 
condensed matter scientists try to determine the properties of molecules and solids at the atomic 
length scale by solving the many-body Schrödinger equation. Finding a solution for such an equation, 
even in its approximated forms (Born and Oppenheimer, 1927), has been a formidable challenge 
for theoreticians since its very first schemes provided by the Hartree–Fock method, with the biggest 
breakthrough resulting from the development of the density functional theory (DFT), the theoretical 
tool par excellence in modern condensed matter theory (Hohenberg and Kohn, 1964 and Kohn and 
Sham, 1965).

DFT has the fundamental merit of transforming the solution of a formally unsolvable electronic many-
body problem into an easier, single-particle self-consistent one through a set of equations (Kohn et al., 
1996). Solids and molecules, i.e., systems where electrons and ions interact, are governed by the many-
body Hamiltonian
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where the first two terms account for the kinetic energy of the ions and of the electrons, respectively, 
while the third, fourth, and last terms describe the ion–ion, electron–electron, and ion–electron 
interactions, respectively. This formalism would, in principle, provide the ground-state description 
of any state, but its complete solution is still not accessible, and it requires a substantial simplification.

The basic feature that characterizes the theory is, as introduced, the reduction of the system from an 
interacting nonsolvable electron description to a noninteracting one, which is solved by means of a set 
of equations (Kohn–Sham equations) that exploit an effective single-particle potential which includes 
the so-called exchange-correlation potential (VXC), the core of the theory, where all the electron–
electron interactions are stored. As the exact form of VXC is unknown, approximations are required 
to solve it. The most representative ones are the local density (LDA) (Kohn and Sham, 1965) and 
generalized gradient (GGA) (Perdew and Wang, 1992 and Perdew et al., 1996) approximations, the 
latter developed to correct the inaccuracies of the former (e.g., overbinding tendency).
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The detailed description of the DFT features goes beyond the scope of the present contribution and, 
in this sense, we refer the readers to the plethora of reviews that have appeared in the literature in 
the last decades [see the works of Cohen et al. (2012); Becke (2014); and the references therein]. It is 
worth stressing that DFT is fundamental in studying the structural properties of molecules and solids; 
bond lengths, bond angles, as well as lattice parameters and the bulk modulus are only a few of the 
many observables that can be calculated by means of DFT, in the several flavors implemented in many 
computational codes, based both on plane waves [see the works of Kresse and Furthmüller (1996) 
and Giannozzi et al. (2009)] and on atomic orbitals [see the work of Soler et al. (2002)]. Although 
DFT, as implemented in the available computational codes, represents the most suitable tool for 
atomistic quantomechanical knowledge of any atomic/molecular/condensed phase system, its use for 
the description of a complex photonic setup remains quite cumbersome because of the object size, 
which usually is larger than that accessible to a bare DFT-based approach. Additionally, as DFT is 
a ground-state theory, it fails by construction in describing any excited-state properties, especially 
for semiconductors and insulators, yet it provides the best available starting point for excited-state 
property calculations (Onida et al., 2002; and Manzhos et al., 2021). Post-DFT methods, based on the 
use of both hybrid functionals and the Green function (GW), have been alternatively suggested. The 
former include an empirical fraction (often around 20%–25%) of Hartree–Fock exchange to correct 
the bandgap issue (Becke, 1993; and Heyd et al., 2003) and the latter provides the exchange-correlation 
interaction integrating over the product between the Green function, G(r, r′, ε) and the screened 
Coulomb interaction W(r, r′, ε), and where the quasiparticle energies of the material are calculated 
from a perturbative expansion of the electron self-energies (∑) and the dielectric function (ε) (Onida 
et al., 2002). Recent years have witnessed the resurgence of halide perovskites as materials of great 
interest in optoelectronics and photonics, and accordingly, HPs have become a natural playground 
for DFT and post-DFT investigations [see the works of Even et al. (2013, 2014); Mosconi et al. (2013); 
Amat et al. (2014); Du (2014); Filippetti and Mattoni (2014); Giorgi et al. (2014); Haruyama et al. 
(2014, 2015, 2016); Yin et al. (2014); Stroppa et al. (2015); and Giorgi and Yamashita (2016, 2017)]. 
Thus, in Sec. 1.4.3, we review some representative papers that have recently appeared in the literature 
which exploit FDTD simulations and also papers that embody both FDTD simulations and DFT-based 
calculations in the study of the optoelectronic features of HPs. Owing to the very large number of 
papers appearing in the literature using FDTD approaches, we have to limit our discussion to focus on 
the different dimensionalities (from 3D to clusters), selecting few representative papers for each class.

1.4.3  Applications
In recent years, FDTD-related methodologies and numerical simulations have become almost a 
standard for the study of electromagnetic fields and, in view of its primary role in optoelectronics, 
halide perovskites have been accordingly extensively investigated in the time domain. Almost all 
dimensionalities have been studied by means of FDTD-based approaches (Rahman and Fobelets, 2015). 
Carretero-Palacios et al. (2015, 2016) applied the FDTD methodology to the analysis of absorption 
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enhancement in hybrid HP films with embedded Au NPs in the attempt to provide a guideline for 
the plasmonic applications of such devices. In the case of Au NPs dispersed in hybrid perovskites, 
Carretero-Palacios et al. (2015) mimicked a system where NPs are in the geometrical center of the 
perovskite film, similarly studying the effect of NP dispersion (dimers are also investigated) in the 
perovskite medium and in the range of wavelengths considered [see Figs. 1.11(a) and 1.11(b)].

For the film thickness considered, the inclusion of plasmonic Au NPs in thin hybrid layers of halide 
perovskites leads to an overall enhancement of perovskite sunlight absorption (from 6% to 12%). 
For a sphere radius of 60 nm (90 nm), a maximum integrated solar absorption increase of 10% 
(6%) is found for a perovskite film thickness of ∼200 nm (300 nm). Interestingly, for thin films, 
the formation of dimers is found to be beneficial, enhancing the absorption, an effect that vanishes 
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(a and b) Schematic of simulated perovskite/gold geometries consisting of a perovskite (MAPbI3) thin film on top of corrugated 
gold surfaces with an ND or NH array arranged in a hexagonal pattern. Here, D and h denote the diameter and height for the 
NDs or NHs, respectively; p represents the pitch of the hexagonal lattice; and t is the perovskite film thickness. The gold layer 
thickness is assumed to be semi-infinite. (c–f) Simulated absorption spectra in the perovskite film of thicknesses t = 100 and 
300 nm for flat (dashed gray lines) and corrugated gold substrates (solid lines) with ND/NH diameter D = 125 nm and height 
h = ±70 nm. The pitch of the hexagonal pattern p = 200–350 nm. The vertical dashed line indicates λ = 560 nm, below which 
the transmitted light through the perovskite film is negligible owing to the large imaginary part of its refractive index. Reproduced 
with permission Shen, T. et al., J. Phys. Chem. C 122(41), 23691–23697 (2018). Copyright 2018 American Chemical Society.
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for thicker films. Shen et al. (2018) investigated the plasmonic absorption enhancement in MAPI. 
The authors here calculated the photoconversion enhancement using simulated electric fields in 
perovskite films coated on top of both corrugated and flat Au surfaces with a hexagonal pattern of 
nanodisks and nanoholes. The simulated structure was here a simplified solar device [no contacts 
or carrier transport materials, see Figs. 1.11(c)–1.11(f)]. A planewave light source with wavelengths 
ranging between 300 and 800 nm was placed above the cell stack. Other geometrical parameters were 
varied (hole diameter, D; height of the hole, h; pitch of the waveguide, p; perovskite film thickness, 
t) and the relative results were collected. Such results revealed that the 100 nm-thick perovskite film 
on top of corrugated Au electrodes can be characterized by a PCE increase of ∼52% compared with 
the flat substrate (29.2% vs 19.2%). By simulating a perovskite thickness growth up to 150 nm and 
with a proper back contact, the device can show a PCE of 31.3%, a value that is close to that of a 
400 nm-thick bulk-like device.

To achieve higher PCEs, novel device architectures have been recently suggested. Tandem devices 
formed by hybrid perovskites and silicon represent the latest frontier in this field (Bush et al., 2017). 
Such architecture overcomes the issues associated with the single-junction technology mainly related 
to the conversion of photons with energy lower than the material bandgap and of charges excited by 
photons with energy higher than the bandgap that thermalize partly losing their energy. For such 
systems, Hossain et  al. (2018) investigated the optical features by combining FDTD simulations 
with experimental measurements. The marked larger thickness of the tandem device compared to 
the wavelength of the incident light makes the simulation of the optical material properties quite 
cumbersome, thus requiring some experimentally measured data for the bottom cell. Accordingly, 
the authors mimicked the optical wave propagation in the top cell (consisting of ITO front contact, 
perovskite, ZnO back contact) and the coupling of light in the bottom solar cell. For the Si bottom 
cell (with infinite thickness and with surface texture), the quantum efficiency (QE) is calculated as the 
product between the transmission of the perovskite top cell and the QE of an experimentally reported 
single-junction solar device, while the QE of the top perovskite layer corresponds to its absorption 
(A). Results of such simulations performed by means of realistic input data predict a maximum energy 
conversion efficiency of 31.4% for Si/perovskite tandem devices, similarly claiming a potential increase 
of the open-circuit voltage of the top cell.

Tavakoli et al. (2015) investigated the optical features of flexible hybrid HP based solar devices assembled 
on ultrathin, robust, and transparent glasses. Films constituted by antireflection (AR) monocones were 
stuck on the front side of the glass with the purpose of enhancing the optical transmittance and reducing 
the moisture sensitivity of the device. Figure 1.12 shows the structure of the HP device investigated 
with particular focus on the structure of the polydimethylsiloxane (PDMS) cones attached to the 
surface of the front surface of the device. FDTD simulations were performed to support experimental 
data and the impact of the AR layer was investigated. Adding (removing) the AR layer had the effect 
of improving (reducing) absorption as shown by the absorption spectra and integrated absorption of 
perovskite thin film with nanocones integrated in the device shown in Fig. 1.13.
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The same group studied the possible implementation of MAPbBr3 LEDs on nanophotonic substrates, 
obtaining an external quantum efficiency (EQE) of 17.5% (Zhang et al., 2019a). This study is relevant as 
it offers a viable way to overcome the shortcomings (i.e., the light extraction) associated with the large 
refractive index difference existing among the materials forming the device. The optical modeling of 
the device was once more performed by means of FDTD simulations. The light extraction efficiency 
for several device geometries was calculated for the device consisting of seven layers, i.e., (i) the anodic 
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FDTD simulation. (a) Absorption spectra and (b) integrated absorption of perovskite thin film integrated with nanocone PDMS films 
with different aspect ratios. Integrated absorption is calculated by integrating absorption spectra with an AM1.5G solar spectrum. 
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alumina membranes (the real nanophotonic substrates consist of a layer of the nanodome array light 
coupler and a layer of nanowire array optical antennas), (ii) ITO, (iii) PEDOT:PSS, (iv) MAPbBr3 layer, 
(v) F8 [poly(9,9-dioctylfluorene)], (vi) Ca, and (vii) Ag, in addition to the supporting substrate. The 
FDTD simulations revealed that by optimizing the nanophotonic structure, EQE values up to 73.7% 
were achievable, which stresses the relevance of such two-step light extraction (via nanodomes and 
nanowires) in improving the HP-based LED performances. Similarly, to improve the light harvesting 
of the HP layer, Tao et al. (2019) assembled and investigated an optical coupling structure with a 
double-decker inverted pyramid structure. As in the previous case, PDMS antireflection coatings with 
different light-trapping structures were integrated at the air–glass interface of the planar heterojunction 
device. The final layered structure was formed as follows: an Au layer (0.08 µm thick at the bottom), 
2,2′,7,7′-tetrakis-9,9′-spirobifluorene (spiro-OMeTAD; 0.15 µm thick), MAPI (0.5 µm thick), TiO2 
(0.05 µm thick), FTO (0.286 µm thick), and the PDMS AR layer (5 µm thick), with the latter layer 
offering different (inverted pyramid, inverted circular cone, and inverted moth-eye structure) 
termination to the air. The FDTD simulations revealed that while light absorption increases (compared 
with the PDMS-free system) as a consequence of the three different micro–nano structures, the inverted 
pyramid was shown to maximize the AR property. The peculiar inverted-pyramid shape (with its high 
light-trapping effect) had the great advantage of enhancing light absorption of the HP layer. Integrating 
the double-decker inverted-pyramid geometry in the device may lead to HP-based solar devices that 
access massively higher photoconversion efficiencies.

Regardless of the different backgrounds of the two methodologies, interesting applications have 
exploited the combination of FDTD simulations and DFT calculations. Such combination has recently 
been proven to be useful for the study of HP optical features. In this context, Walters et al. (2020) 
combined FDTD and DFT to complement their experimental work that focused on directional 
emission from layered metal halide perovskites, nominally butylammonium-derived compounds 
(BA2MAn−1PbnI3n+1, n = 1, 2, 3). In detail, DFT was employed (VandeVondele et al., 2005) to calculate 
the (de)localization of the band edges in the layered systems and similarly the separation between 
carriers here interpreted as the exciton shape. However, by means of the FDTD approach, the LED 
emission efficiency was simulated. The device (see Fig. 1.14) was setup as stacked layers of different 
thicknesses of Al, LiF, electron transport material layer, perovskites, hole transport material layer, ITO, 
and glass (SiO2) (each layer characterized by its own optical properties).

Out-coupling and maximum emission quantum efficiency were calculated. Maximum device efficiencies 
of 20%–30% were possible (isotropic), but with anisotropic emission, these numbers increased to 
nearly 30%–50%. Moving from n = 1 to n = 3, a similar increase in the efficiencies was observed, 
which was ascribed to the decreased reabsorption in the perovskite (Walters et al., 2020), results that 
bear witness to the relevance of including emission anisotropy in photoluminescence quantum yield 
investigations of layered perovskites.

Still combining FDTD simulations and DFT calculations, Saffari et al. (2017), with a simple and 
effective approach, first characterized the structural and electronic properties of mixed Cl/I hybrid 
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perovskites, nominally CH3NH3PbI3−xClx (x = 1, 2, 3). FDTD analysis was performed using a five-
layer device simulated as follows: a 350 nm-thick perovskite layer sandwiched between the two carrier 
transport materials, 15 and 10 nm thick, respectively, and finally the bottom layer acting as a metallic 
electrode constituted by Ag with 100 nm thickness. A 80 nm thick ITO layer is also used at the top of 
the cell. The combined results from the two approaches revealed that the addition of chlorine induces 
an increase in the bandgap (as from DFT), as well as a decrease in the lattice constants, refractive index, 
and extinction coefficient of the structure. In addition, using light-trapping techniques can result in a 
significant enhancement in the light absorption in these cells, up to 83.13%.

We have here reviewed some experimental technologies and theoretical methodologies applied to 
halide perovskites for photonic applications. Attention has been paid to light emission features and 
material nanostructuring, and to their impact in the experiments discussed within the chapter, while on 
the theoretical side, results of FDTD simulations are similarly discussed in view of the great potential 
of such methodology in predicting the optical features of photonic devices. Photonic applications 
of halide perovskites investigated by means of FDTD simulations and DFT calculations are finally 
reviewed.
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FIG. 1.14
Benefits of anisotropic emission for LEDs. (a) Thin-film layer stack representing a typical perovskite LED, which is used 
in FDTD optical simulations. (b) Simulated external quantum efficiency (EQE) for LED structures with iodide layered 
perovskite emitters having purely in-plane or isotropic transition dipole moment distributions. Unity photoluminescence 
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