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 Abstract: Two-dimensional (2D) metal halide perovskites are natural quantum 
wells which consist of low bandgap metal-halide slabs, surrounded 
by organic spacers barriers. The quantum and dielectric 
confinements provided by the organic part lead to the extreme 
exciton binding energy which results in a huge enhancement of 
exciton fine structure in this material system. This makes 2D 
perovskites a fascinating playground for fundamental excitonic 
physics studies. In this review, we summarize the current 
understanding and quantification of the exciton fine structure in 2D 
perovskites. We discuss what is the role of exciton fine structure in 
the optical response of 2D perovskites and how it challenges our 
understanding of this fundamental excitation. Finally, we highlight 
some controversy related to particularly large bright-dark exciton 
states splitting and high efficiency of light emission from these 
materials. This can result from the unique synergy of excitonic and 
mechanical properties of 2D perovskites crystals.  
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Introduction  

Despite being known for more than 100 years, organic-inorganic perovskites have 

recently emerged as revolutionary materials for lighting and energy harvesting applications. 

The unprecedented potential of organic-inorganic lead halide perovskites results from a 

unique combination of their optoelectronic and mechanical properties [1]. They exhibit 

strong broadband absorption [2,3], together with a long carrier lifetime, diffusion length [2] 

and defect tolerance [4,5], which makes them almost ideal materials for photovoltaic 

application. Unfortunately,  the intense investigation of bulk (3D) metal halide perovskite 

highlighted their intrinsic instability to moisture, which directed the interest of the scientific 

community toward different, more stable, members of the perovskites family, such as 2D 

layered perovskites [6-8]. Besides maintaining good performance in photovoltaic and light-

emitting applications [6-11] 2D perovskites exhibit supreme tunability of their optical 

properties [7,12,13] in comparison with their 3D counterparts.   

 In parallel to the great potential in real-life applications, 2D perovskites also 

constitute a fascinating playground for fundamental excitonic physics studies, where the 

unique synergy of soft lattice and optoelectronic properties challenges our understanding of 

this elementary optical excitation [1,11,14]. Despite intensive investigations, many 

fundamental questions about exciton physics remain unanswered in the case of 2D 

perovskites.  Here in this article, we revise the current understanding and open questions 

related to the exciton physics in 2D perovskites with special attention devoted to the exciton 

fine structure and its role in the surprising light emission efficiency.   

 

2D perovskites  

Metal-halide perovskites are ionic crystals, characterized by AMX3 structure, shown in 

Figure 1. In the AMX3 structure A is typically an organic cation, e.g., A = CH3NH3
+= MA 

(MethylAmmonium) or A =CH(NH2)2= FA (FormAmidinium) or inorganic Cs+, while M = Pb2+, 

Sn2+ and X = Clˉ, Iˉ or Brˉ. The metal cation (M) is situated inside the halide (X) octahedral 

cage. The octahedra join via corners and the space between them is filled with the organic 

or inorganic A cation. As a consequence of its ionic nature perovskite crystal lattice is around 

10 times softer than conventional (covalent) semiconductors which has an important impact 

on the optoelectronic properties of these semiconductors [1,14,15].  

The 2D perovskite structure can be conceptually derived from the corresponding 3D 

crystal. For example, in the case of MAPbI3, the crystal structure consists of PbI6
4 octahedra 

https://paperpile.com/c/XnXFnA/pA5zT
https://paperpile.com/c/XnXFnA/1HzGv+MqLI9
https://paperpile.com/c/XnXFnA/1HzGv
https://paperpile.com/c/XnXFnA/ER7zH+CxzAy
https://paperpile.com/c/XnXFnA/q6h82+GMvfa+dhpQm
https://paperpile.com/c/XnXFnA/GMvfa+67DKL+6d9JS+AEJa5+q6h82+dhpQm
https://paperpile.com/c/XnXFnA/GMvfa+uIcPE+i8Tkk
https://paperpile.com/c/XnXFnA/5vYvI+pA5zT+AEJa5
https://paperpile.com/c/XnXFnA/ggEVI+pA5zT+5vYvI
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forming a layer interconnected to other layers via the halogen atom sites with the space 

between neighboring octahedral cages filled by small methylammonium cations. The 

incorporation of larger organic cation spreads the 3D perovskite structure into slabs, which 

are separated by long organic chains [7,11] (schematically presented in Figure 2b). By 

changing the stoichiometry of long and small organic cations, it is possible to tune the 

thickness of the inorganic slab [16]. The layered structures can be divided into two 

categories: Ruddlesden-Popper (RP) [7] phase with general formula A′2An-1MnX3n+1, and Dion-

Jacobson (DJ) [12] phase described by A′An-1MnX3n+1. A′ is 1+
 or 2+

 organic spacer cation for 

example phenylethylammonium (PEA) or Butylammonium (BA) for RP or 3-

(aminomethyl)piperidinium (3AMP) or 4-(amino-methyl)piperidinium for DJ phase, A is a 1+ 

cation (MA, FA, Cs, EA, GUA), and  M can be Pb2+, Sn2+, Ge2+, Cu2+, Cd2+, etc., X = Clˉ, Brˉ, 

Iˉ and n=1,2,3... is the number of octahedra in the inorganic slab. In the further part of the 

article, we will focus on the RP phase since the DJ phase is much less investigated.  

 

Fig. 1. (a) Schema of the 3D perovskite structure (b) 2D perovskite structure for n=1 and n=2 in in 

Ruddlesden-Popper pahse. M stand for metal cation (Pb2+, Sn2+), X is a halide anion (Iˉ, Brˉ, Clˉ) and  
A is a cation situated in the voids between octahedral (MA, FA, or Cs+). (c) Schematics of 2DPs of 

different thicknesses (indicated by n) together with the spatial profiles of conduction and valence 
bands and dielectric screening. (d) The energy of ground exciton state and single-particle band gap as 

a function of n for (PEA)2MAn-1PbnI3n-1. (where PEA stands for phenylethylammonium) (e) Exciton 

binding energy and exciton radius as a function of n for (PEA)2MAn-1PbnI3n-1. Panel (d) and (e) 

reprinted with permission from [17] Copyright 2021 American Chemical Society. 

The presence of organic spacers provides extra knobs to tune the properties of 2D 

perovskites in addition to well-known for other quantum well (QW) systems methods of 

chemical composition or quantum well width modifications [11,18,19]. The length and cross-

section of the organic spacers determine the distortions of the octahedral units in the soft 

https://paperpile.com/c/XnXFnA/GMvfa+AEJa5
https://paperpile.com/c/XnXFnA/64HU4
https://paperpile.com/c/XnXFnA/GMvfa
https://paperpile.com/c/XnXFnA/uIcPE
https://paperpile.com/c/XnXFnA/k7bBT
https://paperpile.com/c/XnXFnA/AEJa5+fK9BW+TnPgY
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inorganic part of QW (which is called templating effect) modifying band structure and 

vibrational properties of the lattice [19-24]. Since there are a plethora of organic molecules 

which can be used as spacers [7], this provides a very convenient way to tune electronic 

properties such as bandgap, exciton binding energy or effective mass of carriers 

[17,19,20,22,25]. 

 

Excitons in 2D perovskites  

2D perovskites are often regarded as natural quantum wells, not plagued by interface 

roughness or intermixing characteristics of epitaxially grown quantum wells. The wells 

consist of planes of lead-halide octahedra, as shown schematically in Figure 1c, while the 

barriers are formed by the organic spacers. This basic structure is periodic in the out-of-the-

plane direction, with a typical type I band alignment between the inorganic well and the 

organic spacers [11,26]. In addition to quantum confinement, the significant difference 

between dielectric constants of the organic spacers and the inorganic slabs (see examples in 

Table 1) results in dielectric confinement [11,18,25,27-30]. Both types of confinement 

increase the exciton binding energy far more than in fully inorganic quantum well systems 

(for example GaAs/AlGaAs) or theoretical 2D limit (a four-fold increase of exciton binding 

energy), reaching typical values of a few hundred of meV [17,18,29,31]. Therefore, the 

optical properties of these materials are dominated by excitons even at room temperature. 

Like in other QW systems when the thickness of the QW well increases both the exciton 

binding energy and bandgap decrease while the exciton radius increases [17,18] as shown in 

Figure 1d and 1e.  

Table 1. Examples of high-frequency dielectric constants of QW and barriers of a few representatives 

of 2D perovskites together with exciton binding energy.  

 εw εb EX (meV) 

(PEA)2PbI4 6.1 [32] 3.3 [32] 190 [33] 
200 [34] 
260 [22] 
310 [32] 

(PEA)2SnI4 5.19 3.3 174 [18] 

(PEA)2PbBr4 6.1 3.3 450 

(BA)2PbI4 4.0 [18] 2.1 [18] 370 [35] 
470 [18] 

 

https://paperpile.com/c/XnXFnA/TnPgY+FqTAm+QYzkp+0QG5K+jchNe+jYCf2
https://paperpile.com/c/XnXFnA/GMvfa
https://paperpile.com/c/XnXFnA/TnPgY+FqTAm+qwwpo+k7bBT+0QG5K
https://paperpile.com/c/XnXFnA/AEJa5+pyAkT
https://paperpile.com/c/XnXFnA/fK9BW+qwwpo+AEJa5+O3Cc+QIvx+Ec4qu+6kUdM
https://paperpile.com/c/XnXFnA/fK9BW+ylnwS+Ec4qu+k7bBT
https://paperpile.com/c/XnXFnA/k7bBT+fK9BW
https://paperpile.com/c/XnXFnA/hraV8
https://paperpile.com/c/XnXFnA/hraV8
https://paperpile.com/c/XnXFnA/1Hwv4
https://paperpile.com/c/XnXFnA/KfWC
https://paperpile.com/c/XnXFnA/0QG5K
https://paperpile.com/c/XnXFnA/hraV8
https://paperpile.com/c/XnXFnA/fK9BW
https://paperpile.com/c/XnXFnA/fK9BW
https://paperpile.com/c/XnXFnA/fK9BW
https://paperpile.com/c/XnXFnA/m0c3
https://paperpile.com/c/XnXFnA/fK9BW
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Like in any other semiconductor, excitonic states are affected by the exchange 

interaction between the spins of the electron and hole which leads to the so-called fine 

structure splitting (FSS) [36-40].  Exchange interaction lifts the degeneracy of the states with 

different angular momenta (different electron and hole spin configurations). The induced 

spacing of the excitonic states might have a dramatic impact on the optical properties of 

materials [41-42]. For example, the low-lying dark exciton states can be an effective channel 

for nonradiative recombination, while bright state splitting is crucial for single photon 

sources, or entanglement photon sources [43,44]. The detailed excitonic energetic order in 

2D perovskite results from a characteristic, “inverted” band structure (with the conduction 

band predominantly built from p-like states and valence band states composed of s-type 

orbitals). Due to strong spin-orbit interaction and crystal field the degeneracy of electron 

states with respect to angular momentum is lifted and states at the bottom of the conduction 

band are characterized by a total angular momentum 1/2, the same as holes at the top of 

the valence band [30,38,45]. Therefore, band-edge excitons are built from electrons and 

holes, both characterized by a total angular momentum of 1/2. As a result, there are four 

excitonic states (as shown in Figure 2) characterized by a different total (J=0 or 1) and z-

component (Jz=0 or ±1) of angular momentum.  

 

Fig. 2. Evolution of the exciton state structure with exchange interaction and symmetry of 2D 

perovskites. In D4h the two in-plane states (orange) are circularly polarized and are eigenstate of Jz 
operator with eigenvalue ±1. In lower symmetry case the two in plane states are superposition of 

circularly polarized states and therefore they have linear polarization. In typical experimental 

configurations the optical response comes from the in-plane state.   

https://paperpile.com/c/XnXFnA/saXdH+TspaW+NPDBX+Z4o5j+mfjeJ
https://paperpile.com/c/XnXFnA/1YGl7+ylmdA
https://paperpile.com/c/XnXFnA/es8uM+B5Le6
https://paperpile.com/c/XnXFnA/6kUdM+D6Gk9+NPDBX
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The degeneracy between dark singlet (J=0) and bright triplet states (J=1) is always 

lifted by the exchange interaction and the dark state becomes the ground state, while three 

optically active states lie at higher energies. In a quantum well-like system, the lack of 

symmetry in  the z-direction further lifts the degeneracy of J=1 states, which results in two 

degenerate states with Jz =±1 and one  Jz =0. The pair of degenerate states have a dipole 

moment in the xy plane of the crystal and couples to left- or right-handed circularly polarized 

light, while the non-degenerate state has a dipole moment perpendicular to the metal-halide 

octahedral plane (see Figure 2). In the case of broken in-plane symmetry, the degeneracy of 

the triplet states is completely lifted and new in-plane states couple to linearly polarized light 

along x or y direction [38,46].  Since the exciton in 2D perovskites is very tightly bound the 

exchange interaction is strongly enhanced [36] which results in significant splitting of the 

excitonic states, far more than in conventional (epitaxial) low dimensional systems. For 

example, according to available reports, the bright-dark exciton state splitting can reach the 

value of tens of millielectronvolts for the thinnest perovskite quantum wells [47-50]. This is 

one or two orders of magnitude larger than in epitaxial structures or nanocrystals 

[36,37,42,51]. This large splitting, together with all available methods of band structure and 

confinement engineering makes 2D perovskites potentially an excellent platform for the 

investigation of exciton FSS physics. However, despite intensive optical studies and all 

advantages of 2D perovskites, the detailed exciton structure still awaits precise quantification 

and understanding of how it can be controlled. For example, so far reported bright-dark 

exciton splitting varies strongly even for nominally the same materials, spanning the range 

from 4 to 30 meV, which is summarized in Table 2.  

Table 2. Summary of reported bright dark states splitting together with the used method (PL - 

temperature dependent PL spectroscopy, Magnetic field - optical spectroscopy in magnetic field), for 

different 2D perovskites of thickness n=1. 

Methods (PEA)2SnI4 (PEA)2PbI4 (BA)2PbI4 (PEA)2PbBr4 (BA)2PbBr4 

PL  10 meV [50] 10 meV [49] 4meV [52] — 30 meV [48] 

Magnetic 
field 

18 meV [47] 22 meV [47] 
16 meV [53] 

— 27meV [47] — 

 

 

 

 

 

 

https://paperpile.com/c/XnXFnA/IzOJZ+NPDBX
https://paperpile.com/c/XnXFnA/saXdH
https://paperpile.com/c/XnXFnA/VN6Sz+I10pi+Sh6PN+vLhpb
https://paperpile.com/c/XnXFnA/saXdH+TspaW+ZdUw2+ylmdA
https://paperpile.com/c/XnXFnA/vLhpb
https://paperpile.com/c/XnXFnA/Sh6PN
https://paperpile.com/c/XnXFnA/UtPbI
https://paperpile.com/c/XnXFnA/I10pi
https://paperpile.com/c/XnXFnA/VN6Sz
https://paperpile.com/c/XnXFnA/VN6Sz
https://paperpile.com/c/XnXFnA/kHSH6
https://paperpile.com/c/XnXFnA/VN6Sz
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Determination of dark bright state splitting  

 
Fig. 3.  (a) Schematic of excitons energy levels, recombination and scattering paths between exciton 

states (the splitting of the bright state is neglected). (b) dependence of PL intensity as a function of 
temperature for (BA)2PbI4 (BA stands for butylammonium). (c) Temperature-dependent PL decay 

traces between 5 and 80 K for n=4  Csn-1PbnBr3n+1 nanoplatelets. Panels (b) and  (c) reprinted with 

permission from [52] and [54] respectively.  

 

Many of the attempts to extract bright-dark states were based on photoluminescence 

(PL) studies [49,50,52,54]. In this type of experiment, the splitting between optically inactive 

and optically active bright states is extracted from the temperature-dependent evolution of 

PL intensity and PL dynamics. This is an indirect approach where the energy difference 

between optically active and inactive levels is determined by modelling the PL intensity and 

dynamics as a function of temperature assuming thermal activation from dark to bright states 

[42,54-57] as schematical shown in Figure 3a. If the dark state is the lowest-lying state it is 

expected that with increasing temperature the PL intensity will rise (see a yellow rectangle in 

Figure 3b). Simultaneously at the lowest temperature, the PL signal is dominated by the fast 

decay due to the relaxation of excitons to an optically inactive dark state and eventually 

weak long-living component being a hallmark of weakly efficient back-scattering of excitons 

from dark to the bright state. With the rise of temperature, the dominating part of PL decay 

https://paperpile.com/c/XnXFnA/UtPbI
https://paperpile.com/c/XnXFnA/DS4xB
https://paperpile.com/c/XnXFnA/Sh6PN+vLhpb+UtPbI+DS4xB
https://paperpile.com/c/XnXFnA/bCKLA+jqe5v+4lSRL+DS4xB+ylmdA
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elongates since the excitons in a dark state are more and more effectively activated to the 

bright state. In this way, the long-living dark state contributes more to the PL decay signal 

(see Figure 3c). Such PL behaviour was observed for different 2D perovskites [49,50,52,54]. 

However, such an approach provides only a rough estimation of the splitting since PL 

behaviour can be additionally affected by trap states and thermally activated nonradiative 

recombination processes as indicated by the non-monotonic behaviour of PL intensity with 

the temperature as visible in Figure 3b. Nevertheless, determined with this approach bright 

dark state splitting is in the range of several meV (Table 2). This is significantly more than in 

other QW or quantum dots systems [36,37,42,51] pointing out that extreme enhancement of 

excitonic effects in 2D perovskites leads to extreme bright-dark exciton state splitting, one or 

two orders of magnitude larger than in many other semiconductor material systems. 

Much more reliable results can be obtained if the energy of the dark exciton state can 

be measured directly. A simple solution is based on exploiting an external magnetic field 

which brightens the dark state, facilitating its direct observation by optical spectroscopy 

methods. Such an approach has been extensively exploited in the case of different 

nanocrystals and epitaxial quantum dots [37,42,56]. However, for 2D perovskites where 

splitting between the bright and dark states is expected to be significant, a particularly 

strong magnetic field is needed to mix bright and dark excitonic states. Therefore only very 

recently with the magnetic field as high as 65T direct measurements of the dark exciton in 

2D perovskites has been successful [47,53].  

When the magnetic field is on, the intrinsic symmetry of the crystal is broken and as 

a result, bright and dark exciton states mix with each other. Still, the magnetic field-induced 

states can be expressed as a linear combination of states without a magnetic field. The way 

how the exciton states mix with each other depends on the relative orientation of magnetic 

field B, light wave vector k and crystal c axis orientation [37,45,58].  

In Faraday geometry, where B||k||c, the magnetic field lifts the degeneracy of the 

bright in-plane states and mixes the dark state with the out-of-plane dipole moment state  

(Z state). In the so-called Voigt geometry where B⟂k||c dark and out of plane state mixes 

with both in-plane exciton states in such a way that brightened dark state has transition 

dipole oriented along the magnetic field (longitudinal states) while out of plane state became 

visible for the light polarization perpendicular to the B (transverse state). The exciton states 

mixing is schematically presented in Figure 4. The detailed formulas describing the evolution 

of each state in a magnetic field can be found in ref. [45,47,58]. It is worth noting that 

mixed states are perfectly parallel (or perpendicular) to magnetic field only when the two in-

https://paperpile.com/c/XnXFnA/Sh6PN+vLhpb+UtPbI+DS4xB
https://paperpile.com/c/XnXFnA/saXdH+TspaW+ZdUw2+ylmdA
https://paperpile.com/c/XnXFnA/TspaW+jqe5v+ylmdA
https://paperpile.com/c/XnXFnA/VN6Sz+kHSH6
https://paperpile.com/c/XnXFnA/D6Gk9+LyTtd+TspaW
https://paperpile.com/c/XnXFnA/D6Gk9+VN6Sz+LyTtd
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plane states are degenerate. When two bright in-plane exciton states are not degenerate the 

polarization of states mixed by magnetic field is in principle slightly tilted from direction of 

the field.      

 

 

 

Fig. 4. Schematic representation of different configurations of excitons levels when the magnetic field 

is on for Faraday (left) and Voigt (right) geometry. E is a light electric field vector.   

 

 

Fig. 5. (a) Spectra of (PEA)2PbBr4 measured at zero magnetic fields (black) and at B = 65 T (coloured 

lines). Transmission in the low-energy region indicated by the dashed rectangle shows the appearance 

of the brightened dark exciton (DX) transition at a high magnetic field. (b) Transmission spectra 
measured at a magnetic field of B = 65 T, with the excitation light polarized along and normal to the 

magnetic field B. (c) Evolution of transition energy for all four excitonic states in a magnetic field for 
the (PEA)2PbBr4. (d) Bright-dark energy splitting at B = 0 T vs exciton binding energy. (e) PL spectra 

of (PEA)2PbI4 measured under different magnetic fields. The shading indicates the position of the 

brightened dark state. (f) Dark exciton transition PL intensity versus magnetic field showing quadratic 
dependence for (PEA)2PbI4.  Panels (a)-(d) are reprinted from [47]. Panels (e) and (f) reprinted with 

permission from [53] Copyright 2022 American Chemical Society. 

https://paperpile.com/c/XnXFnA/VN6Sz
https://paperpile.com/c/XnXFnA/kHSH6
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In the work [47] with the use of a magnetic field up to 65T the brightening of the 

dark state in Voigt configuration was observed for (PEA)2SnI4, (PEA)2PbI4, (PEA)2PbBr4 2D 

perovskites where PEA stand for phenylethylamine. As shown in Figure 5a applied magnetic 

field resulted in a new spectral feature visible on the low energy side which was attributed to 

the brightened dark state. The polarization resolved studies (see Figure 5b) allowed to track 

the evolution of all 4 excitonic states in a magnetic field (see Figure 5c) and with the use of 

appropriate fitting to extract the energy of the dark state at 0T field. According to the 

expected selection rules [45,59]  the dark state was observed only when the electric field of 

the light was parallel to the magnetic field and in perpendicular configuration the hallmark of 

the out-of-plane state was visible. Studies performed for three different chemical 

compositions of 2D perovskites allowed for observation of how bright-dark state splitting 

evolves with exciton binding energy. Bright-dark states splitting at 0T field increase from 18 

meV for  (PEA)2SnI4 up to almost 30 meV for (PEA)PbBr4 i.e. increase with increasing exciton 

binding energy which is summarized in Figure 5d. 

The above investigations consider only the simplest form of 2D perovskites with 

thickness n=1. So far there are not too many studies regarding the dependence of bright-

dark state splitting as a function of 2D perovskite quantum well thickness. The only 

systematic work was performed on Csn-1PbnBr3n+1 nanoplatelets [54], which can be 

considered as a form of 2D Rudlesden-Popper perovskites. In this work, the authors 

performed experimental and theoretical studies and concluded that bright-dark state splitting 

changes from about 32 meV for nanoplatelets of thickness n=2 to around 2 meV for 

nanoplatelets of thickness n=8. Again this trend follows the expectation that bright-dark 

state splitting decreases with decreasing exciton binding energy. It can be also noticed that 

despite the thinnest sample being n=2 the bright dark splitting is very close to (PEA)2PbBr4 

(n=1) which can be related to different organic spacer used in the case of nanoplatelets 

namely oleylamine instead of PEA and/or to the influence of lateral confinement due to finite 

size of nanoplatelets. 

Recently also the observation of the dark states in Faraday configuration was 

reported for (PEA)2PbI4, single crystals [53]. Thanks to the use of a high numerical aperture 

objective it was possible to see PL emission from the dark state (see Figure 5e) even though 

it gains oscillator strength from the out-of-plane bright state [45,58,59]. The origin of this PL 

emission was corroborated by its increasing quadratically intensity (see Figure 5f). 

Interestingly the extracted in this study bright dark state splitting was close but clearly lower 

https://paperpile.com/c/XnXFnA/VN6Sz
https://paperpile.com/c/XnXFnA/NbROY+D6Gk9
https://paperpile.com/c/XnXFnA/DS4xB
https://paperpile.com/c/XnXFnA/kHSH6
https://paperpile.com/c/XnXFnA/LyTtd+NbROY+D6Gk9
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than those extracted in the absorption studies in Voigt configuration [47] (~16meV and 

22meV respectively).    

 

Bright exciton fine structure 

As we mentioned above the degeneracy of the bright states can be also lifted 

depending on the symmetry of the system. The structure of the bright states is also a 

subject of ongoing discussions. For example, in the ladder of excitonic states presented in 

Figure 2, we place the out-of-plane state above the in-plane bright states after [47]. 

However, there are reports that suggest that the Z state is below bright in-plane states 

[48,60,61], like in 3D perovskites [40] or that its position depends on 2D perovskite QW 

thickness [54]. Also, some controversy appears regarding the in-plane exciton states 

splitting. For example (PEA)2PbI4 possesses two inequivalent x and y axes [62]. Therefore, it 

is expected that the degeneracy of the in-plane states is lifted. Indeed, polarization-resolved 

PL studies show splitting of the in-plane states of around 2 meV (see Figure 6a). However, 

the reported number of transitions observed in photoluminescence [46] (PL), ascribed to 

bright in-plane excitonic transitions [46,63] was larger than two which is in obvious 

contradiction to band-structure analysis. In contrast, very recent results of polarization-

resolved reflectance spectra show only two in-plane bright state transitions [53] with 

perpendicular dipole orientation as shown in Figure 6b and 6c. In the same work, it was 

proposed that the multiple peak structure of PL emission spectra is related to the exciton-

polaron emission which derives from the bright in-plane state preserving their selection rules. 

Such interpretation is in agreement with theoretical predictions [45,59] and explains the 

origin of additional PL signals. As shown in Figure 6d the dominating PL band is redshifted 

with respect to excitonic transitions visible in reflectance spectra which is related to the 

reconfiguration of the soft and the ionic perovskite lattice [64-67] which  dress the free 

exciton states, leading to a complex PL response. The free excitonic transition in PL 

manifests only as weak features on the high-energy side of the spectra.  

 

Fig. 6 (a) Linearly polarized PL spectra form (PEA)2PbI4. (b) The reflectance spectrum of (PEA)2PbI4 

measured in two orthogonal linear polarizations showing clear splitting and only two in-plane exciton 

https://paperpile.com/c/XnXFnA/VN6Sz
https://paperpile.com/c/XnXFnA/VN6Sz
https://paperpile.com/c/XnXFnA/I10pi+x64ur+wszRz
https://paperpile.com/c/XnXFnA/mfjeJ
https://paperpile.com/c/XnXFnA/DS4xB
https://paperpile.com/c/XnXFnA/3ElKe
https://paperpile.com/c/XnXFnA/IzOJZ
https://paperpile.com/c/XnXFnA/IzOJZ+93qjY
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https://paperpile.com/c/XnXFnA/PuyJy+NjBfH+hqRv+OFtVy
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states. (c) Full dependence of reflectance spectrum versus polarization angle for (PEA)2PbI4. (d) PL 

(black) and reflectance (violet) response of (PEA)2PbI4; the shaded areas indicate the contribution of 
two in-plane free excitonic transitions to PL response.  Panel (a) reprinted with permission from [46] 

Copyright 2020 American Chemical Society, Panels (b),(c) and (d) reprinted with permission from [53] 
Copyright 2022 American Chemical Society. 

 

Discussion and Outlook 

The exciton fine structure is not unique to perovskites as it is observed for excitons in 

any semiconductor. However, what is unique about it is its huge magnitudes which put 

important questions about how its presence affects the properties of these materials. The 

particularly large dark-bright splitting in the range of a few tens of meV [47-50,68] should 

make us think how it is possible that 2D perovskites are so good light emitters even at 

cryogenic temperatures (PL efficiency in the range of few tens of percent’s [10]). Enhanced 

bright-dark state splitting should reduce device efficiency due to dominant occupation of the 

ground, not emissive, state at thermal equilibrium [37,42]. Therefore the understanding of 

the excitonic properties of 2D materials is not only a matter of scientific curiosity but might 

shape deterministic development strategies to enhance the operational parameters of future 

optoelectronic devices. In fact, such an intense PL emission at low temperatures indicates 

that the thermalization dynamic between bright and dark excitons is considerably slowed 

down resulting in a hot, non-thermal distribution of excitons which was partially corroborated 

by the magneto-optical studies [47]. The analysis of the thermal occupation factor and 

oscillator strength revealed that the exciton population temperature is around 35 K higher 

than the lattice temperature. However, a detailed understanding of the mechanism standing 

behind this hot emission is still missing.  

One of the explanations proposed during recent years joins superior light emission 

efficiency with the mechanical properties of perovskite crystals [1,42,69]. The softness of 

perovskites (including their bulk and lower dimensional forms) is one of the most striking 

features, which distinguish them from epitaxial semiconductors. The bulk moduli 

characterizing 3D and 2D perovskites are around ten times lower than the one describing 

silicon or gallium arsenide [70,71]. The soft lattice results in a specific exciton-phonon 

interaction in perovskite materials, in particular, excitons are known to couple very weakly to 

acoustic phonons, while they show a strong coupling to optical phonon modes [42,69,72,73]. 

It was proposed that in the case of perovskites nanocrystals this leads to extremely reduced 

phonon-assisted relaxation into dark exciton states, due to a mismatch between bright-dark 

state splitting and optical phonon energy as schematically shown in Figure 7.    

https://paperpile.com/c/XnXFnA/IzOJZ
https://paperpile.com/c/XnXFnA/kHSH6
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Fig.7 Scheme of exciton fine structure in 2D perovskites. The weak exciton-acoustic phonon coupling, 

together with the mismatch between optical phonon and bright-dark exciton splitting can lead to a 

phonon bottleneck.  

Unfortunately, the phonon bottleneck effect has been studied mainly in perovskite 

nanocrystals [42,69] which share a soft lattice with 2D perovskites but at the same time, the 

density of states are different in these two material systems. Therefore the extrapolation of 

these conclusions from one material system to the other has to be done with special 

attention requiring intensive studies in the field of microscopic modelling (understood as a 

modelling of exciton dynamics that takes in to account all possible scattering process of 

relaxing excitons) and experimental studies to corroborate the phonon bottleneck 

hypothesis. Nevertheless, it has to be noted that the correlation between vibration and 

emission properties was also observed for 2D perovskites [10,21]. Yet clear evidence for the 

phonon bottleneck between bright and dark exciton states in 2D perovskites was not 

presented. If the discussed hypothesis is true then 2D perovskites constitute an 

unprecedented playground to study the phonon bottleneck between bright and dark exciton 

states as they offer the possibility for independent modification of the excitonic fine structure 

by playing with the QW thickness and the phonon spectrum with the use of organic spacer 

[10,21,24,33,72,74]. This provides an opportunity to control phonon bottleneck for a 

deterministic design of novel highly efficient light emitters or solar cells.  

It is important to stress that so far in this review we neglect the polaronic character 

of metal-halide perovskites since the exciton fine structure seems to be quite well described 

with the standard semiconductor theory. However, there are reports suggesting that the 

polaronic nature of perovskites is crucial to properly address this aspect [66,75,76]. Indeed 

ones have to be aware that in general, description neglecting carrier interaction with the 

lattice in perovskites is a significant simplification. As we mentioned, the softness of 

perovskite crystals results in low energy phonon modes. This together with significant 

https://paperpile.com/c/XnXFnA/ylmdA+MDUWD
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contrast between static and optical frequency dielectric screening, characteristic for ionic 

crystals, promote strong carrier lattice interaction. Therefore dressing of carriers and 

excitons with a lattice deformation should be taken in to account in the Hamiltonian of the 

system to reveal how the properties of electrons, holes and excitons renormalize due to 

lattice dynamics [1,14,15,75,77]. Moreover the presence of large-amplitude anharmonic 

vibrations [21] at higher temperatures also can have nontrivial impact on the carriers and 

excitons in these material system. These large lattice motions can stabilize localized 

electronic excited states and are likely to reduce the charge carrier mobility of the materials 

[77-79].  It is important to note that there are several indirect experimental evidence 

pointing on crucial role of exciton-lattice coupling in these materials however there is still a 

need of experimental and theoretical development to directly probe unambiguously exciton-

polarons in 2D perovskites [66,75,76]. The knowledge about exciton-phonon coupling is 

certainly crucial to describe  the phonon-bottleneck effect however it seems also to be crucial 

to address such fundamental aspects as a proper description of electron and hole interaction 

in these materials [80-83]. While all these aspects are more and more intensively 

investigated in the case of 3D [80,84,85] perovskites for the 2D perovskites we are just at 

the beginning of these studies [75,86].  

 

Conclusions 

In this article we have reviewed the recent progress in understanding the exciton FSS 

in 2D metal-halide perovskites. As we have shown there is still ongoing debate about the 

precise quantification of the exciton state leader. Nevertheless, most of the recent 

experimental  reports seams to collaborate that bright-dark exciton states splitting is in the 

range of several to few tens of meV in thinnest 2D perovskites quantum wells and that the 

degeneracy of the in-plane exciton states is lifted. Despite the significant progress made in 

this field in recent years, still many questions await precise answers. Very little is known 

about the evolution of exciton fine structure with quantum well thickness in this materials 

system. It is not clear what is the  detailed mechanism related to very efficient light emission 

from 2D perovskites having in mind the extreme splitting of bright and dark states. It is very 

interesting to know if the possible phonon bottleneck effect can be controlled with the 

independent tuning of exciton states splitting and phonon spectrum.  This would provide an 

opportunity not only to thoroughly understand phonon-mediated relaxation between bright 

and dark exciton states but also to control phonon bottleneck for a deterministic design of 

novel highly efficient light emitters. 
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