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ABSTRACT 

The functional materials are of critical importance to the development of semiconductor devices, 

medical imaging, energy storage, etc. In this dissertation, two functional materials, halide 

perovskites (HPVs) and organic long persistent luminescence (OLPL) material, are studied. 

Chapter 1 of this dissertation presents an introduction to HPV and OLPL materials. 

The first functional material, halide perovskite (HPV), has been heralded as one of the most 

promising emerging technologies owing to its remarkable photovoltaic performance and low-cost 

solution processability. The three-dimensional (3D) HPV solar cells have achieved an efficiency 

comparable to the commercialized solar cells. The bulk polarization and spin states are critical for 

promoting solar cell efficiency, however, the significant photo-induced bulk polarization process 

in 3D HPVs is still controversial and the interaction between polarization and spin-orbit coupling 

is still unclear. Chapter 2 identifies the photoinduced bulk polarization and the interaction between 

dipolar polarization and spin-orbit coupling in 3D HPVs. Furthermore, the highly tunable crystal 

structure of HPVs enables their various dimensionalities from 3D structure to 0D structure, and 

the 0D HPV typically exhibits larger bandgaps due to the spatial confinement effect. Nevertheless, 

recent reports insufficiently decipher the origin of the abnormal far below bandgap low-energy 

emission and explore their non-linear optical properties. In Chapter 3, we revealed the origin of 

the far below bandgap green emission in 0D HPV, also showed its polarized emission in both 

down-conversion and up-conversion emission regimes. 

The other functional material, OLPL material, has achieved remarkable breakthroughs in recent 

years that enable long-lived light emission in metal-free purely organic materials at room 

temperature. However, the experimental evidence to identify spin characteristics of the critical 

long lifetime excited states in room temperature OLPL is still lacking. In addition, the non-linear 

optical properties in OLPL materials have not been well studied. Here, Chapter 4 deciphers the 

spin characteristics of the special intermolecular light-emitting states, also exhibits a slow phonon 

effect which is critical to the generation of OLPL. Chapter 5 exhibits the multiphoton up-

conversion afterglow phenomenon and identifies the long-lived excited states within the 

ferroelectric lattice in OLPL material. 
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1.1 Introduction of halide perovskite materials 

1.1.1 Structure and basic properties of halide perovskites 

Halide perovskites (HPVs) have attracted numerous attentions as an emerging material for 

application in renewable solar energy owing to their remarkable photovoltaic performance and 

low-cost solution processability. [1,2,3] HPV solar cells with outstanding photovoltaic properties are 

typically composed of ABX3 structure as shown in Figure 1.1. The ABX3 structure is composed 

of monovalent cations at A site and inorganic cages [BX6]
4- (B = Pb2+, Sn2+; X = I-, Br-, Cl-). The 

methylammonium (CH3NH3
+ or MA) and formamidinium (CH(NH2)2

+ or FA) are the most 

common A-site organic cations for hybrid organic-inorganic perovskites with outstanding 

photovoltaic performance. [4,5] And Cesium (Cs) is the most common inorganic A-site cation for 

fabricating full inorganic perovskite devices. Theoretical investigations on the electronic structure 

of HOIPs demonstrated that the bandgap of HOIPs is dominated by BX6 inorganic cages. For 

example, the conduction band minimum (CBM) and the valence band maximum (VBM) of 

CH3NH3PbI3 are determined by Pb 6p orbital and I 5p/Pb 6s orbitals, respectively. [4,5] 

In recent years, the low dimensional HPVs including 0D, 1D, and 2D HPVs have also been heavily 

studied due to their better stability, high photoluminescence quantum yield, strong anisotropy, 

etc.[6,7,8,9]  The 2D HPVs showed a chemical formula of A’An-1BnX3n+1, where A’ is the interlayer 

organic cation, the n value represents the number of inorganic layers in one period within each 

organic spacer cations. The 0D HPVs have a unique A4PbX6 structure, the isolated lead halide 

octahedra [PbX6]
4− is surrounded by Cs+ cations. [10] The individual octahedron makes 0D HPVs 

exhibit special intrinsic properties and large bandgap. [11] 

The unique structures of HPVs lead to outstanding properties such as remarkable long-range 

ambipolar charge transport characteristics [12], high dielectric constants [13], low exciton binding 

energies [14], intrinsic ferroelectric polarizations [15,16], and spin-dependent responses. [17] These 

intrinsic photophysics properties and spin-physics properties make HPV a promising candidate for 

solar cells, LED, and other applications. 

1.1.2 Polarization in halide perovskites 

As a promising material for next-generation solar cells, HPVs exhibit several significant physical 

properties which should be responsible for the outstanding photovoltaic properties, including high  
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Figure 1.1. Schematic diagram to show the structure of (a) 3D ABX3 HPVs; (b) 0D A4PbX6 

HPVs.[18] 

  



 

4 

 

defect tolerance,[19] low exciton binding energy,[14] spin-orbit coupling (SOC),[20] large polaron,[21] 

and ferroelectric.[16] The electrical polarization plays an important role in suppressing the charge 

recombination, facilitating charge transport, and even polarizing excited states, which are critically 

important to the development of photovoltaic, light-emitting, lasing, optically-tunable ferroelectric, 

and optically-tunable mechanical properties in HPVs. 

In HPVs, which is similar to other common semiconductor materials, typically there are four kinds 

of dielectric polarization mechanisms: Firstly, the interface or space charge polarization, which 

involves limited movement of charges resulting in the alignment of charge dipoles under applied 

field; Secondly, the dipolar or orientation polarization, which is due to the slower realignment of 

any dipolar species; Thirdly, the ionic contribution, which is due to the response of lattice 

vibrations (phonon modes) and proportional to the polarity of the chemical bonds and the softness 

of the vibrations; Fourthly, electronic or atomic polarization, involves the separation of the center 

of the electron cloud around an atom with respect to the center of its nucleus. The four kinds of 

polarizations have different response times depend on the ability of dipoles to orient themselves 

to the direction of the field. As a result, electronic polarization is the fastest and typically 

polarization which persists at frequencies between ~1013-1015 Hz. In contrast, ionic polarization is 

sluggish and occurs at frequencies between ~109-1013 Hz. While dipolar polarization involving the 

movement of molecules happens below 109 Hz. And the interface or space charge polarization 

occurs at frequencies below 105 Hz (Figure 1.2). 

Under photoexcitation, an incident electromagnetic wave generates an electronic polarization 

occurring at the frequency of 1014 Hz with a much lower amplitude as compared to the dipolar 

polarization regime.[27,22] Bulk polarization is governed by dipolar polarization within the MHz 

frequency range.[23] Thus, there has been a fundamental question on whether a photoexcitation can 

induce a dipolar polarization change, and this topic is still controversial because of the difficulty 

of detecting photo-induced bulk polarization. Impedance spectroscopy measurement has been 

used to explore the photoinduced polarization in HPVs, the early studies attributed the largely 

enhanced capacitance under photoexcitation in the low-frequency regime to the enhanced  

dielectric constant.[24] However, further studies suggested this phenomenon comes from surface 

polarization induced by the accumulation of photoactivated ions.[25] Later on, a new method was 

used to investigate photo-induced bulk polarization by ruling out the contribution from ions. [26] In 

this method, the ions were continuously driven by gradually scanning the DC bias from -0.1 V to 
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Figure 1.2. Illustration of the frequency-dependent dielectric spectrum typical of HPVs. The x-

axis is scaled to provide an indication of the frequency at which the physical resonances are 

observed. The smooth (top) and piecewise (bottom) curves represent the real (ε1) and imaginary 

(ε2) components, respectively. The inset images schematically demonstrate the physical 

mechanisms which induce the various components of the static dielectric response (εr) εv refers to 

the vacuum permittivity. [27] 
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+1.5 V in capacitance-voltage (C-V) measurements. In this situation, a low AC bias (50 mV), 

required to detect capacitance signals, does not cause any response from continuously driven ions 

under gradually scanning DC bias, offering a method to detect photo-induced bulk polarization by 

monitoring the C-V signals under photoexcitation. However, this method was still questioned by 

considering the possibilities that capacitance signals may arise from the photoactivated ions 

accumulated in bulk and interface, which can be modulated by photoexcitation. [23]  Therefore, the 

existence of photo-induced bulk polarization needs to be further studied by new methods. 

1.1.3 Spin-orbit coupling in halide perovskites 

In HPVs, the presence of relatively heavy elements (Pb2+ and I-) leads to significant SOC that 

generates two significant phenomena in HPVs: Rashba effects [28] and multiple states (dark and 

bright excitons), [29]. In particular, Rashba effects generate both direct and indirect characters in 

bandgap with allowed and forbidden transitions, forming an important principle to control 

photovoltaic and light-emitting properties. [ 30 , 31 , 32 ] Dark and bright states have distinct 

contributions to recombination and dissociation, directly influencing exciton dynamics. The bright 

triplet exciton and dark singlet exciton have been identified in HPVs (Figure 1.3), which pointed 

out a direction to develop perovskite light-emitting devices and photovoltaic devices.[29, 33 ] 

Therefore, understanding SOC effects is a fundamentally important issue towards controlling the 

optoelectronic performance such as photovoltaics and light emission in HPV devices.  

1.2 Introduction of purely organic long persistent luminescence materials 

The recent experimental studies have shown an emerging phenomenon where a long persistent 

light emission can be observed with the photoluminescence (PL) lasting from seconds to minutes 

and hours after ceasing photoexcitation, leading to the afterglow in purely organic molecules at 

room temperature.[34,35,36,37,38,39,40,41,42] Technically, the persistent PL provides the opportunities to 

use for light-emitting optical recording[ 43 ], medical imaging[ 44 ], sensing[ 45 , 46 ], and display 

applications[47,48] with solution-processing thin-film formation capabilities.  

1.2.1 Development of purely organic long persistent luminescence materials 

Long-lived light emission, also known as long-persistent luminescence (LPL) and afterglow, is a 

phenomenon that materials can still emit light after the end of external light stimulation. [49] This 

phenomenon was recorded on ancient Chinese paintings about one thousand years ago. Until the   
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Figure 1.3. Multiple states in HPVs. (a) The expected fine structure of the band-edge exciton for 

CsPbBr3 perovskite;[29] (b) Diagrams of energy levels of the band-edge exciton fine structure of 

FAPbBr3 perovskites for three different crystal anisotropies (lattice or shape). The lowest state is 

a dark state while the others are optically active.[33] 
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end of the 20th century, zinc sulfide doped with copper/cobalt is the dominant LPL material. [50] 

Then, revolutionary lanthanide-activated inorganic materials were developed in 1990th and have 

been heavily studied till now. [51] However, the inorganic LPL material requires high-temperature 

and complicated fabrication processes, so the OLPL materials with more economical and flexible 

synthetic processes have been developed to address this concern. 

The typical organic long-lived light emission is phosphorescence, which is from the deactivation 

between the states with different multiplicities. Two spin-forbidden intersystem crossing processes 

(ISC) are required to generate phosphorescence. One is the transformation from excited singlet 

state (S1) to excited triplet state (T1), and the other one is from excited triplet state (T1) to ground 

singlet state (S0). Obviously, SOC effects are critical to generating phosphorescence by enhancing 

the ISC process.  

Another significant long-lived emission in organic materials is persistent luminescence. Although 

the detailed mission mechanism for persistent luminescence is still controversial, it is no doubt 

three key steps are required to generate persistent luminescence: ionization, transportation, and 

liberation.[49] The ionization step is a charge carrier separation process, where electrons and holes 

are separated under photoexcitation. Then, intermediate states will be involved in the charge-

carrier transportation process, following by the slow charge-carrier recombination process to 

generate persistent luminescence. However, the charge-carrier separated states are difficult to be 

formed in organic molecules, the conventional two-photon ionization process usually required low 

temperature and high excitation intensities, leading to the difficulty to develop room-temperature 

persistent luminescence in organic materials. Recently, Kabe and Adachi successfully developed 

a room temperature purely OLPL material formed by two simple organic molecules, which can be 

excited at low excitation intensity and last more than one hour.[52] This work is revolutionary and 

brings new opportunities to develop purely OLPL materials and flexible and large-area devices. 

The following works showed that the energy gap between the lowest singlet excited state and 

lowest triplet excited state is critical to this donor-acceptor OLPL system, indicating the ISC 

process is significant for this OLPL emission process. [53] 

Besides phosphorescence and persistent luminescence, the two most common long-lived emission 

mechanisms, long-lived emission in organic materials can also be induced by other mechanisms 

such as TADF and twisted intramolecular charge transfer (TICT) fluorescence. The lifetime of 
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TADF is short while the TICT fluorescence can be longer than 1 s. The TICT was first reported in 

1970th that the p-(9-anthryl)-n, n-dimethylaniline derivatives showed a photoinduced molecular 

structural twisting, leading to a long-loved emission from singlet excited states. 

The organic long-lived light emission materials have achieved remarkable growth in recent years, 

and have been applied in various fields such as optical recording,[ 54 ] medical imaging,[ 55 ] 

sensing,[56 ] and display applications.[48]  However, there are still challenges ahead for OLPL 

materials. A deeper understanding of mechanisms in long-lived light emission needs to be further 

explored, which can point out a clearer direction for promoting the performance of long-lived light 

emission materials and devices. Particularly, SOC is one of the most significant mechanisms which 

needs to be explored. 

Fundamentally, the persistent PL implies that light-emitting states can undergo an abnormal 

dynamic process to become long-lived states towards developing a persistent light emission in 

organic materials at room temperature. In general, organic materials are formed with both singlet 

and triplet states to generate fluorescence and phosphorescence with the lifetimes in the order of 

nanoseconds[57,58] and microseconds[59,60], respectively. We should note that a photoexcitation is 

only allowed to generate singlet states due to the spin selection rule, normally leading to 

fluorescence from singlet transitions (Sn to S0), where Sn and S0 are singlet excited and ground 

states.[61] When spin-orbital coupling (SOC) is occurred to flip spins, the singlet states can be 

converted into triplet states, giving rise to an intersystem (Sn → Tn) crossing.[62,63] In this situation, 

the triplet states (T) can become allowed transitions (T → S0) through spin flipping to generate a 

phosphorescence with the lifetime in the order of microseconds typically in the presence of heavy 

elements.[64,65] It should be noted that simply using singlet and triplet transitions is difficult to 

generate a long persistent PL with an ultralong lifetime in the order of seconds up to minutes in 

organic molecules at room temperature. This is because un-restricted singlet and triplet transitions 

normally occur within the time scale less than microseconds in both intra- and inter-molecular 

states. Clearly, the recently observed ultralong lifetimes imply there exist new fundamental 

mechanisms to convert the short-lived light-emitting states into ultralong-lived states to generate 

a persistent light emission in organic molecules at room temperature. Such persistent PL was 

initially reported in the 1970’s by considering the singlet excitons formed with slow molecular 

twist induced by photoexcitation. [66,67,68] Recently, the triplets have been widely considered to be 
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responsible for long persistent PL through de-trapping dynamics, supported by theoretical 

calculations.[53,69] Essentially, this consideration relies on the possibility that aromatic aldehyde, 

heavy halogen, and deuterated carbon structures can generate a spin-orbital coupling (SOC) to 

convert optically generated singlet excitons into triplet excitons. [70,71,72,73,74,75,76]
 

1.2.2 Principles to enable long persistent light emission in purely organic materials  

Purely organic long persistent light emission materials without metal s are still rare. Based on 

fundamental molecular design principles, crystallization-induced long persistent light emission has 

been reported as an effective approach to achieve purely organic long persistent light emission. 

The crystallization has been reported that help construct rigidity of the system to suppress non-

radiative transitions, isolating oxygen molecules that could easily quench the triplet state, and 

improving inter-system crossing by decreasing the energy gap between singlet and triplet at al. For 

example, Kim et al.[75] developed a bright mixed crystal material with high RTP quantum yield 

through directed heavy-atom effect directed by halogen bonding. Huang et al. [77] designed a series 

of purely organic molecules with ultralong room temperature phosphorescence lifetimes ranging 

from 0.21 to 1.35 s through H-aggregation in single crystals. (Figure 1.4) However, the exact role 

of molecular packing in crystal to the long persistent light emission is still unclear. Strong SOC 

aims to harvest triplet via efficient ISC is significant to achieve phosphorescence in organic 

materials. As shown in Figure 1.5, there are three most commonly considered approaches to 

enhance SOC: 1) Heavy atom effect. SOC is heavily affected by heavy atom effects, atoms with 

high atomic numbers will lead to stronger SOC. Therefore, heavy-atom complexes were the most 

widely used material when the organic phosphorescence study was at an early stage.[42] 2) 

Heteroatoms with lone pair electrons such as N, O, P, S. By introducing heteroatoms with abundant 

lone pairs, S1 with (n,π*) configuration will be introduced,  which enable a large SOC constant by 

the large configuration difference between S1 and Tn states according to the El­Sayed rule.[13] 

Therefore, aromatic carbonyl, carbazole, and other organic groups with heteroatoms have been 

widely used for room temperature long-lived emission materials.[43] 3) Halogen bonding. Organic 

crystals contain both halogen atoms and aromatic aldehyde can exhibit strong halogen bonding, 

which is a non-covalent interaction between neighboring molecules. Directed heavy atom effects 

can be induced by halogen bonding, which will largely enhance SOC. This halogen bonding which  
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Figure 1.4. Proposed mechanism for ultralong organic phosphorescence by constructing lower-

lying energy states to stabilize the lowest triplet excited state (T1). [77] 

 

 

Figure 1.5. Principles to enhance SOC in organic long-lived emission materials. (a) heavy atom 

effect; (b) heteroatoms with lone-pair electron; c, halogen bonding. 
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leads to directed heavy atom effects is one of the most commonly used methods for generating 

phosphorescence in heavy-metal free organic materials. 

 

1.3 Characterization of spin dynamics 

1.3.1 Magneto-photoluminescence 

Magneto-photoluminescence refers to the phenomenon that photoluminescence intensity is 

changed by applying a magnetic field. Generally, photoluminescence can be generated from both 

intermolecular and intramolecular excited states under photoexcitation. When a magnetic field 

changes the singlet and triplet population ratio in intermolecular and intramolecular excited states, 

magneto-photoluminescence can be observed due to the different recombination rates of singlet 

and triplet excited states. [78] 

In general, magnetic field effects can provide three basic indications on (i) whether light-emitting 

states are intramolecular or intermolecular types, (ii) whether the intersystem crossing favors the 

singlets or triplets, and (iii) whether the intersystem crossing is governed by SOC or hyperfine 

interaction. First, the intermolecular and intramolecular excitons possess low and high exchange 

energies (𝐽 ∝ 𝑒𝑅𝑒ℎ, Reh: the distance between electron and hole in an exciton) due to their spatially 

extended and localized wavefunctions with allowed and forbidden intersystem crossing, leading 

to appreciable and negligible magnetic field effects [78, 79 ] as shown by intermolecular and 

intramolecular excitons in both solid and liquid states (Figure 1.6). Second, the intersystem 

crossing can increase or decrease light-emitting states. It has been experimentally shown that 

positive magnetic field effects of PL can be observed if the intersystem crossing increases the 

singlet light-emitting states, exampled in intermolecular charge-transfer states and polaron pairs 

in fluorescent molecules.[78] Third, magnetic field effects of PL can be observed at low and high 

field (< 10 mT and > 10 mT) when hyperfine interaction and SOC govern the intersystem crossing, 

respectively.[80] Magneto-photoluminescence can be used as an effective experimental tool to 

investigate the spin-dependent excited states formation, charge dissociation, and recombination 

process of organic semiconductors. Furthermore, exploring the fundamental mechanism of the 

magneto-optical phenomenon can lead to the development potential application of light and 

magnetic field sensing based on organic light-emitting materials. 
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Figure 1.6. Magnetic field effects for light-emitting exciplex systems in solid and liquid states. (a) 

Magnetic field effects of PL measured for light-emitting exciplex in liquid (pyrene:DMA in DMF),  

pure DMA : DMF, and pure pyrene : DMF liquid solution at 375 nm excitation; (b) Magnetic field 

effects of PL measured for light-emitting exciplex in solid state (BBOT:TPD in PMMA). (DMA: 

N,N-dimethylaniline; BBOT: 2,5-bis(5-tert-butyl-2-benzoxazolyl)-thiophene; TPD: N,N'-

diphenyl-N,N'-bis(3-methylphenyl)-[,11'-biphenyl]-4,4'-diamine) 
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1.3.2 Magneto-photocurrent 

Magneto-photocurrent refers to the phenomenon that photocurrent is changed by applying a 

magnetic field. Under illumination, photoexcitation quickly generates free carriers within 1 ps, 

free carriers have the opportunity to recombine to bright and dark states.[29] Spin mixing induced 

by SOC can lead to the conversion from dark to bright state, while the spin conserving process 

induced by exchange interaction tends to prevent the conversion between bright and dark states. 

The populations on the two states reach equilibrium via the competition between the spin mixing 

process and spin conserving process. After applying a magnetic field, the magnetic field would 

introduce coherent spin procession to the excited states, leading to the change of the ratio between 

bright and dark states, then resulted in a magnetic field-dependent photocurrent.[78] With a stronger 

SOC, it is more difficult for an external magnetic field to change the populations between dark and 

bright states, leading to a broader line shape in magneto-Jsc characteristics. With a weaker SOC, 

it is easier for an external magnetic field to change the populations between dark and bright states, 

giving a narrower line shape in magneto-Jsc characteristics. Therefore, the line shape of magneto-

Jsc can indicate whether the internal SOC is increased or decreased upon materials processing. 

Specifically, broader/narrow line shape of magneto-Jsc represents a stronger/weaker SOC. 

According to this, Zhang et al. compare the SOC difference in Pb-based and Sn-based solar cells 

based on the magneto-Jsc measurement (Figure 1.7); Dou et al. also study the change of SOC upon 

organic cation change by this measurement. [81,82] 

1.3.3 Magneto-capacitance 

Magneto-photocurrent refers to the capacitance change by an applied magnetic field. Since four 

kinds of dielectric polarization mechanisms are dominated under different frequencies, the 

mechanism of magneto-capacitance under different frequencies would be different. Thus, 

magneto-capacitance at different frequency ranges can be used to explore various physical 

processes in semiconductor materials. Magneto-capacitance at a low frequency around 5 KHz has 

been used to explore the spin-orbit coupling between perovskite and ferromagnetic surface (Figure 

1.8 a) [ 83 ] Magneto-capacitance at high frequency could be used to study the bulk dipolar 

polarization in perovskites since the magnetic field cannot change mobile ions at room temperature 

as shown in Figure 1.8b, the dipolar polarization becomes the only possibility to interact with the 

applied magnetic field. [84] 
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Figure 1.7. Magneto-photocurrent measurement. (a) Schematic of photocurrent generation in 

photovoltaic devices; (b) Normalized magneto-Jsc curves to show internal magnetic parameter B0 

derived from Lorentizan function.[81] 

 

 

 

Figure 1.8. Magnetodielectric effects in HPVs. (a) Magnetodielectric effects were measured for 

both the in-plane and out-of-plane directions. The inset shows the normalized in-plane and out-

plane magnetodielectric signals. (b)Principle to generate magneto-capacitance signal at 1MHz: 

magnetic field B scatters orbital magnetic dipoles, leading to out-phase orbital polarizations and 

decreasing bulk dipolar polarization. [83] 
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1.3.4 Polarization-dependent photocurrent 

Linear/circular photoexcitation-modulated photocurrent change (ΔJsc) refers to the measurement 

where the photocurrent Jsc is monitored while switching the photoexcitation between linear and 

circular polarizations. [81,85] Here, ∆Jsc is defined by ∆𝐽𝑠𝑐 =
𝐼𝐶𝑖𝑟𝑐𝑢𝑙𝑎𝑟−𝐼𝐿𝑖𝑛𝑒𝑎𝑟

𝐼𝐿𝑖𝑛𝑒𝑎𝑟
× 100%, where ILinear 

and ICircular are the Jsc values under linear and circular photoexcitations, respectively. Essentially, 

a circularly polarized photoexcitation (+) generates the same-directional orbital magnetic dipoles 

between excitons, while a linearly polarized photoexcitation (the combination of + and -) gives 

rise to opposite-directional orbital magnetic dipoles between excitons, as shown in Figure 1.9. 

When considering the interaction between orbital magnetic dipoles within orbit-orbit interaction 

between excitons, circularly and linearly polarized photoexcitations induce stronger and weaker 

total orbital magnetic dipoles, leading to higher and lower total SOC, respectively. [86] Because the 

SOC provides an underlying mechanism to convert optically generate bright states to dark states, 

changing the SOC can consequently modify the Jsc value since the bright and dark states have 

different recombination rates. Therefore, switching the photoexcitation between linear and circular 

polarizations at the same intensity causes a change on Jsc, leading to a Jsc phenomenon in 

perovskite solar cells.[81,87 ] We should note that the optically operated orbit-orbit interaction 

detected by switching the photoexcitation between linear and circular polarizations competes with 

intrinsic orbit-orbit interaction. Specifically, larger/smaller Jsc corresponds to weaker/stronger 

intrinsic orbit-orbit interaction in HPVs. Here, using Jsc value upon switching the 

photoexcitation between linear and circular polarizations provides a unique method to evaluate the 

intrinsic orbit-orbit interaction between excitons. 

 

1.3.5 Multi-photon up-conversion 

The up-conversion process is a unique process that the high-energy emission can be excited by a 

low-energy excitation beam. In general, the up-conversion process can be generated through two 

mechanisms include multi-photon absorption or triplet-triplet annihilation (TTA) as shown in 

Figure 1.10.[ 88 ] For multi-photon up-conversion, multi coherent photons can be absorbed 

simultaneously from ground state to excited state which enables the higher energy emission. The 

multi-photon up-conversion usually required an intense pulsed laser enabled high excitation 

density. For the TTA induced up-conversion, a bimolecular system including sensitizer and 
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acceptor is required. The low-energy light is absorbed by the sensitizer singlet states and transfer 

to triplet states by the intersystem crossing process. Subsequently, an energy transfer process from 

sensitizer triplet states to acceptor triplet states will occur. Then, the TTA process will be enabled 

by a large number of long-lived triplet states. Since the triplet states are required for the TTA 

process, materials with heavy-atom are more commonly applied for TTA-based up-conversion.  
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Figure 1.9. Orbital magnetic dipoles between excited states generated by circularly and linearly 

polarized photoexcitations. 

 

 

Figure 1.10. Jablonski diagrams of (a) Two photon up-conversion (dual energy level model) and 

(b) TTA up-conversion.[89]  
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Chapter 2: Photoinduced Bulk polarization in Mixed Cation Halide 

Perovskites 
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Two papers based on this chapter were originally published by Yixuan Dou etc., Yixuan Dou 

designed and performed the experiments, analyzed the data, and wrote the manuscript. 

1. Dou, Y., Wang, M., Zhang, J., Xu, H. & Hu, B. Identifying Photoinduced Dipolar 

Polarization and Orbit–Orbit Interaction between Excitons in Organic–Inorganic Hybrid 

Perovskites. Advanced Functional Materials 30, 2003476 (2020). 

2. Dou, Y., Xu, H., Liu, Y., Wang, M., Zhang, J., Ovchinnikova, O.S. and Hu, B., Tuning 

spin-orbit coupling towards enhancing photocurrent in hybrid organic-inorganic 

perovskites by using mixed organic cations. Organic Electronics 81, (2020). 

 

2.1 Abstract 

Photoinduced polarization and orbit-orbit interaction are important issues in hybrid perovskites 

towards developing optoelectronic functionalities. This chapter identifies that photoinduced 

polarization occurs in hybrid perovskites (MAxFA(1-x)PbI3)  by measuring bulk polarization at 1 

MHz in the magnetic field. Interestingly, when the internal dipole moment is increased upon 

increasing the MA:FA ratio, the photoinduced dipolar polarization can be substantially enhanced, 

clarifying the controversial issue of whether photoexcitation can induce a dielectric polarization 

within dipolar polarization regime in hybrid perovskites. Furthermore, upon increasing 

photoinduced dipolar polarization, it was found that the intrinsic orbit-orbit interaction between 

excitons can be increased, revealed by monitoring photocurrent change (Jsc) upon switching the 

photoexcitation between linear and circular polarizations. This presents those organic cations are 

directly involved in the orbit-orbit interaction within band structures. Clearly, our studies provide 

an insightful understanding on the dipole moment effects on photoinduced dipolar polarization 

and orbit-orbit interaction between excitons in hybrid perovskites towards controlling the 

optoelectronic properties. 
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2.2 Introduction 

Organic-inorganic hybrid perovskites have been heavily studied owing to their remarkable 

photovoltaic performance and low-cost solution processability.[1,90,91,92,93] Perovskites with ABX3 

structure are typically composed of organic cations at A site and inorganic cages BX6 (B = Pb2+, 

Sn2+; X = I-, Br-, Cl-).[94,95] Owing to the small rotational energy and non-spherical nature, the 

organic cations with intrinsic dipole moment induce a dipolar polarization.[27,96] And the presence 

of the heavy elements (Pb2+ and I-) in APbI3 leads to significant spin-orbit coupling (SOC), thus 

excitons in hybrid perovskites possess both orbital (L) and spin (S) momentums with the total 

momentum J = L + S.[29,97] In general, the electrical polarization plays an important role in 

suppressing the charge recombination, facilitating charge transport, and even polarizing excited 

states, which are critically important to the development of photovoltaic, light-emitting, lasing, 

optically-tunable ferroelectric, and optically-tunable mechanical properties in organic-inorganic 

hybrid perovskites.[ 98 , 99 , 100 , 101 , 102 ] Under photoexcitation, an incident electromagnetic wave 

generates an electronic polarization occurring at the frequency of 1014 Hz with a much lower 

amplitude as compared to the dipolar polarization regime.[22] Bulk polarization is governed by 

dipolar polarization within the MHz frequency range.[23] Thus, there has been a fundamental 

question on whether a photoexcitation can induce a dipolar polarization change, which can provide 

an underlying mechanism to control the dynamic behaviors of excited states towards developing 

optoelectronic functionalities.  

Using impedance spectroscopy, the early study attributed the largely enhanced capacitance under 

photoexcitation in a low-frequency regime to the enhanced dielectric constant.[24] However, further 

studies suggested this phenomenon comes from surface polarization induced by the accumulation 

of photoactivated ions.[25] Later on, a new photo-induced capacitance-voltage method was used to 

investigate photoinduced bulk polarization by ruling out the contribution from ions. [26] In this 

capacitance-voltage (C-V) measurements, the ions were continuously driven by the DC bias 

gradually scanning from -0.1 V to +1.5 V. In this situation, the AC bias for detecting capacitance 

signals is only 50 mV, which cannot cause any response from continuously driven ions under 

gradually scanning DC bias. Thus, this C-V measurement provides a method to detect 

photoinduced bulk polarization by monitoring the C-V signals under photoexcitation. However, 

this method was still questioned by considering the possibilities that the low-frequency capacitance 
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signal change may induced by the photoactivated ions accumulated in bulk and interface, which 

can be modulated by photoexcitation. [101]  

In this work, we intend to identify the photoinduced bulk polarization by using magnetic field 

effects of dielectric polarization, and to explore the orbit-orbit interaction between excitons via 

monitoring the circularly polarized photoexcitation-modulated photocurrent. The mixed cation 

MAxFA(1-x)PbI3 perovskites whose electrical dipole moment can be changed upon using different 

MA/FA ratios were used to apply the  In our early studies, we have established the materials 

processing procedure to change the spin-orbital coupling (SOC) by adjusting the MA/FA ratio in 

the MAxFA(1-x)PbI3.
[82] We observed that the SOC can be changed upon using different MA/FA 

ratios in perovskite solar cells. This indicates that changing MA/FA ratio can lead to high-quality 

property-tunable hybrid perovskites. Especially, this observation provides the necessary 

perovskite samples to explore the photoinduced bulk polarization and the orbit-orbit interaction 

between excitons in hybrid perovskites. Here, to clarify whether photoinduced polarization can 

occur in the dipolar polarization regime, we detect the photoinduced bulk polarization signal via 

magneto-capacitance measurement. An applied magnetic field was used to directly probe the 

dipolar polarization at 1 MHz and keep ions intact during capacitance measurements under 

photoexcitation. Because a magnetic field cannot change mobile ions at room temperature, the 

dipolar polarization becomes the only possibility to interact with the applied magnetic field. Here, 

we observed that applying a magnetic field can change the dipolar polarization, leading to a 

magneto-capacitance signal at 1 MHz in MAxFA(1-x)PbI3 hybrid perovskites in dark condition at 

room temperature. In addition, it was found that photoexcitation can largely increase the magneto-

capacitance signal, clarifying the existence of photoinduced dipolar polarization in hybrid 

perovskites. Furthermore, we use circular/linear photoexcitation modulated photocurrent 

measurements to explore the interaction between orbit-orbit interaction between excitons upon 

photoinduced dipolar polarization. A smaller photocurrent difference (∆Jsc) was observed as 

dipole moment decreases by tuning MA:FA ratio in perovskites, indicating organic cations are 

directly involved in the orbit-orbit interaction within band structures.  
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2.3 Material processing and Methods 

2.3.1 Materials 

Lead (II) iodide (PbI2, ultra-dry, 99.999 %, metals basis), Nickel(II) formate dehydrate, and 

Ethylene glycol (99 %) were purchased from Alfa Aesar. Methylammonium iodide (MAI) was 

purchased from Xi’an p-OLED Inc. Formamidinium iodide (FAI) was purchased from Greatcell 

Solar Limited. Phenyl-C61-butyric acid methyl ester (PC61BM) was purchased from 1-Material. 

Dimethyl sulfoxide (DMSO), γ-butyrolactone (GBL), toluene, chlorobenzene, polyethylenimine 

(PEI, Mw~2000, 50 wt. % in water), and isopropanol were purchased from Sigma-Aldrich. All 

materials were used as received.  

2.3.2 Device fabrication 

The MAPbI3 (or FAPbI3) precursor solutions were prepared by dissolving MAI (or FAI) and PbI2 

with the concentration of 1.2 and 1.26 M in a mixed solvent of γ-butyrolactone (GBL) and dimethyl 

sulfoxide (DMSO) (7:3 v/v). Then the two precursor solutions (MAPbI3 and FAPbI3) were mixed 

with volume ratios of 1:0, 1:1, 1:3 to get MAPbI3, MA0.5FA0.5PbI3 and MA0.25FA0.75PbI3 solutions. 

All solar cells studied in this work were fabricated with a planar structure of 

ITO/NiOx/perovskite/PC61BM/PEI/Ag (Figure 2.1). The precursor solution of NiOx layer was 

prepared by adding 0.5 M Nickel(II) formate dehydrate, 1M equivalents of ethylenediamine in 

ethylene glycol. Then the NiOx layer was spin-casted on top of the precleaned indium tin oxide 

(ITO) substrate at 4000 rpm for 90 s and followed by the thermal annealing at 300 °C for 1 h in 

ambient conditions.[103] The MAxFA(1-x)PbI3 perovskite thin films were spin-casted on top of NiOx 

layer with a two-step spin-coating process (1000 rpm for 10 s and 4000 rpm for 60 s), in which 

400 μL toluene was dropped as the antisolvent at the 22nd second during the second step. Then 

the MAPbI3 and MAxFA(1-x)PbI3 films were annealed at 100 °C and 110°C for 10 min, respectively. 

After cooling down, the 20 mg/mL PC61BM Chlorobenzene solution was spin-coated on top of the 

perovskite layer at 2000 rpm for 60 s. After 30 min, 0.5 mg/mL PEI solution (Mw~2000, 50 wt. % 

in water) in isopropanol was then spin-casted on top of PC61BM layer at 5000 rpm for 60 s. Finally, 

90 nm silver electrode was thermally deposited. The devices were encapsulated in glovebox and 

used for measurements in ambient condition. 
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Figure 2.1. (a) schematic diagram of perovskite solar cell; (b) Energy level diagram of perovskite 

solar cell. 

  



 

25 

 

2.3.3 Characterizations 

Current density-voltage (JV) characteristics were measured by Keithley 2612 source meter in 

glovebox with nitrogen atomsphere under the illumination of 100 mW/cm2 from a solar simulator 

(Thermal Oriel 96000 300 W, Newport). Absorption spectra were taken by a UV/VIS spectrometer 

(Lambda 35, PerkinElmer). The magneto-capacitance measurements were performed under an 

external magnetic field (B) parallel to the device plane scanning from 0 to 900 mT. The capacitance 

was measured by using Agilent E4980A LCR meter under an alternating bias of 50 mV with a 

frequency at 1 MHz. The detection limit of the magneto-capacitance measurements is about 

0.001 %. The capacitance-voltage measurements were conducted on the same instrument with an 

alternating bias of 50 mV under 5 kHz. For the circular/linear photoexcitation-modulated 

photocurrent measurements, the photocurrents from the perovskite solar cells were monitored by 

Keithley 2400 source meter under short-circuit condition upon switching the photoexcitation 

between linear and circular polarizations at same intensity. The linearly and circularly polarized 

photoexcitations were generated by using continuous-wave 488 nm laser in combination with a 

linear polarizer and a quarter wave plate. 

 

2.4 Results and discussion 

2.4.1 Photovoltaic performance 

MA and FA are the two most used organic cations in hybrid perovskites for highly efficient 

perovskite solar cells. FA cation has a much smaller dipole moment (μ = 0.2 D) and larger 

orientation-potential barrier (Erot = 13.9 kJ/mol) than MA cation (μ = 2.3 D, Erot = 1.3 kJ/mol), [104]  

as shown in Figure 2.2. Here, we explored the organic cations’ dipole moment effects on 

photoinduced bulk polarization based on the MAxFA(1-x)PbI3 perovskites with different MA:FA 

ratios. MAxFA(1-x)PbI3 perovskites solar cells were fabricated with an inverted (p-i-n) architecture 

of ITO/NiOx/MAxFA(1-x)PbI3/PC61BM/PEI/Ag (Figure 2.2b). As shown in Figure 2.3, the PL 

spectra of perovskites with three different MA/FA ratios both showed good Gaussian distribution, 

indicating no phase segregation behavior inside mixed-cation perovskites. In addition, the peak 

shift has good linear dependence upon MA:FA ratio change, which further verifiedthe uniform 

distribution of FA and MA in perovskite films. Figure 2.2c presents the current-voltage (J-V)  
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Figure 2.2. Device structure and performance of MAxFA(1-x)PbI3 solar cells. (a) Schematic diagram 

of MA and FA cations. (b) Schematic diagram to show the device structure of perovskite solar 

cells. (c) J−V characteristics of MAxFA(1-x)PbI3 solar cells; (d) Absorption spectra of MAxFA(1-

x)PbI3 thin films. The inset shows the enlarged area around the band edge to indicate the calculated 

bandgaps. 
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Figure 2.3. PL characterization of MAxFA(1-x)PbI3 film. (a) PL spectra of MAxFA(1-x)PbI3 

perovskites with MA:FA ratio of 1:0, 0.5:0.5, and 0.25:0.75; (b) Comparison between literature 

and this work of the variation of bandgap with MA:FA ratio change. The literature data is extracted 

from reference [105]. 
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characteristics of MAxFA(1-x)PbI3 solar cells with different MA:FA ratios (MAPbI3, 

MA0.5FA0.5PbI3, and MA0.25FA0.75PbI3). Table 1 summarizes the photovoltaic parameters 

including short-circuit current (Jsc), open-circuit voltage (Voc), fill factor (FF), and power 

conversion efficiency (PCE). The MAxFA(1-x)PbI3 solar cells show decent PCEs ranging between 

16.43 % and 16.81 %, indicating great perovskite film quality. The statistics on the photovoltaic 

parameters for each type of perovskite solar cells are shown in Figure 2.3. It should be noted that 

additional perovskite film preparation techniques, such as chlorine doping [ 106 ], polymer 

modification [107], and composition engineering [108,109], have been used to further improve the 

device performance. In order to study the intrinsic bulk polarization change in a simple system, 

we use the standard MAxFA(1-x)PbI3 perovskite preparation method without additional 

modifications. Figure 2.2d shows the absorption spectra of the MAxFA(1-x)PbI3 perovskite thin 

films, from which the bandgaps are calculated to be 1.57 eV, 1.50 eV, and 1.49 eV for MAPbI3, 

MA0.5FA0.5PbI3, and MA0.25FA0.75PbI3, respectively (Inset of Figure 2.2d). The bandgaps of the 

MAxFA(1-x)PbI3 perovskites with different MA:FA ratios follow the same trend as compared with 

the well-established relationship between bandgap and MA:FA ratio.[110] Meanwhile, the PL peaks 

of the corresponding MAxFA(1-x)PbI3 perovskite thin films also follow the same trend with the 

bandgaps (Figure 2.4). This indicates the MA and FA cations are uniformly distributed in the 

MAxFA(1-x)PbI3 perovskite thin films.  

2.4.2 Photoinduced capacitance-voltage  

Firstly, we used the C-V measurements under photoexcitation condition to provide preliminary 

information on the photoinduced dipolar polarization. In the C-V measurements, gradually 

increasing the DC bias from -0.1 V to 1.5 V can continuously drift the mobile ions within hybrid 

perovskite films. In this situation, the continuously drifted mobile ions have little opportunities to 

respond to the low AC bias of 50 mV during the detection of impedance signals. This provides a 

possibility to separate mobile ions from the detection of photoinduced dipolar polarization in 

hybrid perovskites. As shown in Figure 2.5a, broad C-V capacitance signal enhancement can be 

observed in MAPbI3 perovskite solar cell at the depletion region from -0.1 to +1.5 V when 

increasing the excitation intensity from 0.1 sun to 1 sun condition. This broad capacitance signal 

enhancement (∆C) in the depletion zone under photoexcitation is an indication of the photoinduced 

dipolar polarization in perovskites. In addition, we excluded the contribution from the 

photoinduced thermal effects to the C-V measurements through the controlled temperature  
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Table 1. Photovoltaic Parameters of the MAxFA(1-x)PbI3 solar cells. 

Sample name Jsc (mA/cm2) Voc (V) FF PCE (%) 

MAPbI3 23.44 1.03 0.68 16.58 

MA0.5FA0.5PbI3 23.70 1.03 0.67 16.43 

MA0.25FA0.75PbI3 24.47 1.02 0.67 16.81 
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Figure 2.4. Photovoltaic parameters of the MAxFA(1-x)PbI3 solar cells with different MA:FA ratios. 

(a) Jsc, (b) Voc, (c) Fill factor, and (d) PCE. 
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Figure 2.5. Photoinduced C-V characteristics measured under simulated sunlight with variable 

intensities in perovskite solar cells with different MA:FA ratios. (a) MAPbI3. (b)MA0.5FA0.5PbI3. 

(c) MA0.25FA0.75PbI3. 
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measurements, as shown in Figure 2.6. Furthermore, the magnitude of ∆C drops from 41.51 % to 

0.68 % with decreasing the MA:FA ratio (Figure 2.5 b and c), indicating the reduced dipolar 

polarization with less MA cation. It should be noted that FA cation has a much smaller dipole 

moment and larger orientation-potential barrier than MA cation. Therefore, the reduction of ∆C 

with decreasing the MA:FA ratio indicates that photoinduced dipolar polarization is largely 

influenced by the organic cation dipole moment.  

2.4.3 High-frequency magneto-capacitance 

To further confirm the dipolar bulk polarization, the magneto-capacitance measurement was taken 

on MAxFA(1-x)PbI3 perovskites within the dipolar polarization regime at 1 MHz. The magneto-

capacitance measurement was carried out by detecting the change of capacitance signal upon the 

applied magnetic field. Figure 2.7a shows a negative magneto-capacitance signal observed from 

the MAPbI3 perovskite with the device architecture of ITO/PMMA/MAPbI3/PMMA/Ag under the 

dark condition in dipolar polarization regime at 1 MHz. Besides, the negligible magneto-

capacitance signal can be observed in a low-frequency regime at 1 kHz. It should be noted that 

capacitances measured in 1 kHz and 1 MHz mainly come from the surface and the bulk of the 

perovskite films, respectively, as shown in Figure 2-7b. The mechanism of the negative magneto-

capacitance signal in the dipolar polarization regime at 1 MHz is shown in Figure 2.7c. The 

magnetic field scatters orbital magnetic dipoles, leading to out-phase orbital polarizations and 

decreasing bulk dipolar polarization. Since an external magnetic field has no effect on mobile ions, 

this magneto-capacitance measurement provides a unique experimental method to study bulk 

polarization when mobile ions become an issue. 

Besides, the low-frequency surface polarization result from the accumulation of mobile ions 

cannot respond to the high frequency of about 1 MHz. [111] Notably, the magneto-capacitance signal 

becomes disappeared at the frequency beyond dipolar polarization regime, exampled as the non-

detectable magneto-capacitance signal at 1 kHz. This further verifies that magneto-capacitance 

measurement is valid for detecting bulk polarization in dipolar polarization regime in hybrid 

perovskites. Furthermore, the magneto-capacitance signal measured at 1 MHz under dark 

condition decreases its amplitude as the internal electrical dipole moment is decreased by 

increasing the FA ratio (Figure 2.8a-c). This indicates that magneto-capacitance amplitude can 

indeed reflect the bulk polarization in dipolar polarization regime. 
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Figure 2.6. C-V characteristics measured under different heating temperatures in MAxFA(1-x)PbI3 

solar cells with various MA:FA ratios under dark condition. (a) MAPbI3. (b)MA0.5FA0.5PbI3. (c) 

MA0.25FA0.75PbI3. Under the simulated sunlight illumination (one-sun condition), the device 

temperature is increased from 294 K to 302 K. With increasing device temperature through heating, 

the capacitance shows a negligible change in depletion zone (-0.1 V to 0.5 V) in C-V characteristics. 
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Figure 2.7. Magneto-capacitance measurement mechanism. (a) Magneto-capacitance signal 

detected in dipolar polarization regime at 1 MHz in ITO/PMMA/MAPbI3/PMMA/Ag. (b) 

Schematic diagram to show surface and bulk dipolar polarization. (c) Principle to generate 

magneto-capacitance signal: magnetic field B scatters orbital magnetic dipoles, leading to out-

phase orbital polarizations and decreasing bulk dipolar polarization. 
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Now we discuss the photoinduced bulk polarization by using magneto-capacitance measurement 

under photoexcitation. As shown in Figure 2.8a, applying photoexcitation can largely increase the 

magnitude of magneto-capacitance signals from 0.037 % to 0.07 % at 1 MHz in the MAPbI3 

perovskite. Because mobile ions have no response to an external magnetic field, this observation 

provides direct experimental evidence to clarify that a photoexcitation can indeed increase the bulk 

polarization in dipolar polarization regime. Moreover, the photoinduced magneto-capacitance 

amplitude decreases from 0.07 % to 0.014 % and 0.012 % when the MA:FA ratio is changed from 

1:0 to 0.5:0.5 and 0.25:0.75. This presents clear information that decreasing internal electrical 

dipole moment can cause a reduction on photoinduced bulk polarization in hybrid perovskites. 

Therefore, our magneto-capacitance measurements provide un-ambiguous evidence to indicate 

that photoexcitation generates dipolar polarization in organic-inorganic hybrid perovskites. We 

should note that the observed magneto-capacitance signals experimentally indicate that an external 

magnetic field can change the dipolar polarization. This implies that an external magnetic field can 

interact with orbital magnetic dipoles, causing spin randomness between orbital magnetic dipoles 

and leading to out-phase orbital polarizations to show a change in dipolar polarization. 

Consequently, this generates a magneto-capacitance signal excluding any involvement from 

mobile ions. Nonetheless, magneto-capacitance provides a unique experimental method to study 

photoinduced bulk polarization in hybrid perovskites.  

2.4.4 Orbit-orbit interaction 

Now, we use circular/linear photoexcitation-modulated photocurrent measurements to explore the 

orbit-orbit interaction upon changing dipole moment through MA:FA ratio. In our early study we 

observed that changing MA/FA ratio can lead to different SOC values and consequently changes 

the photocurrent in perovskite solar cells based on hybrid perovskites (MAxFA(1-x)PbI3). This 

observation indicates a convenient approach to change the SOC in hybrid perovskites. Here, we 

explore a new phenomenon where the exciton-exciton interaction can occur through orbital 

magnetic dipoles or orbital polarizations, leading to orbit-orbit interaction between excitons. Since 

the exciton-exciton interaction exists in photovoltaic, light-emitting, and lasing actions, this 

exploration can provide a deeper and insightful understanding of controlling the optoelectronic 

properties in hybrid perovskites. The excitons in hybrid perovskites possess both orbital and spin 

momentums, giving rise to total exciton angular momentum J (J = L + S). [97] Therefore, the 

exciton-exciton interaction can occur through orbital dipoles or through spin dipoles, leading to  
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Figure 2.8. Magneto-capacitance signals measured from perovskite devices 

[ITO/PMMA/MAPbI3/PMMA/Ag] with different MA:FA ratios under dark and light conditions. 

(a) MAPbI3. (b)MA0.5FA0.5PbI3. (c) MA0.25FA0.75PbI3. 
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electric-type and magnetic-type orbit-orbit interactions between excitons. Especially, we have 

developed a unique method to identify these two types of orbit-orbit interactions by using the 

positive and negative Jsc or PL while switching photoexcitation from linear to circular 

polarizations.[112,113,114] Here, we found that the exciton-exciton interaction occurs through orbital 

magnetic dipoles (i.e. spin dipoles), leading to magnetic-type orbit-orbit interaction between 

excitons in the MAxFA(1-x)PbI3 perovskite devices. Specifically, a circularly polarized 

photoexcitation (+) generates the same-directional orbital magnetic dipoles between excitons, 

while a linearly polarized photoexcitation (the combination of + and -) gives rise to opposite-

directional orbital magnetic dipoles between excitons, as shown in Figure 2.9. When considering 

the interaction between orbital magnetic dipoles within orbit-orbit interaction between excitons, 

circularly and linearly polarized photoexcitations induce stronger and weaker total orbital 

magnetic dipoles, leading to higher and lower total SOC, respectively. [112] Because the SOC 

provides an underlying mechanism to convert optically generate bright states to dark states, 

changing the SOC can consequently modify the Jsc value since the bright and dark states have 

different recombination rates. Therefore, switching the photoexcitation between linear and circular 

polarizations at the same intensity causes a change on Jsc, leading to a Jsc phenomenon in 

perovskite solar cells.[113,115] We should note that the optically operated orbit-orbit interaction 

detected by switching the photoexcitation between linear and circular polarizations competes with 

intrinsic orbit-orbit interaction. Specifically, larger/smaller Jsc corresponds to weaker/stronger 

intrinsic orbit-orbit interaction in hybrid perovskites. Here, using Jsc value upon switching the 

photoexcitation between linear and circular polarizations provides a unique method to evaluate the 

intrinsic orbit-orbit interaction between excitons as the MA:FA ratio is varied. Interestingly, Figure 

2.10 shows that the ∆Jsc increases from 0.08 % to 0.42 % with MA:FA ratio decrease from 1:0 to 

0.25:0.75. Here, ∆Jsc is defined by ∆𝐽𝑠𝑐 =
𝐼𝐶𝑖𝑟𝑐𝑢𝑙𝑎𝑟−𝐼𝐿𝑖𝑛𝑒𝑎𝑟

𝐼𝐿𝑖𝑛𝑒𝑎𝑟
× 100%, where ILinear and ICircular are 

the Jsc values under linear and circular photoexcitations, respectively. This observation provides 

evidence that decreasing the internal dipole moment by changing the MA:FA ratio can essentially 

decrease the orbit-orbit interaction through orbital magnetic dipoles between excitons.  This 

provides a convenient mechanism to tune the intrinsic orbit-orbit interaction between excitons by 

changing the internal electrical dipole moment in hybrid perovskites. 
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Figure 2.9. Orbital magnetic dipoles between excited states generated by circularly and linearly 

polarized photoexcitations. 
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Figure 2.10. JSC measured by switching linearly and circularly polarized photoexcitations in 

perovskite solar cells with different MA:FA ratios. (a) MAPbI3. (b) MA0.5FA0.5PbI3. (c) 

MA0.25FA0.75PbI3. 
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2.5 Conclusion 

In summary, the photoinduced dipolar polarization, suggested by C-V measurements under 

photoexcitation conditions, was identified by measuring bulk polarization in the magnetic field. 

Because mobile ions cannot respond to an external magnetic field, magneto-capacitance 

measurement provides a unique method to determine whether photoexcitation can induce a bulk 

dipolar polarization in hybrid perovskites. Specifically, we observed that a photoexcitation can 

clearly increase the magneto-capacitance signal generated by internal dipolar polarization, 

providing direct evidence that photoinduced bulk dipolar polarization indeed exists in the hybrid 

perovskites (MAxFA(1-x)PbI3). Furthermore, we found that decreasing the internal dipole moment 

by introducing FA component leads to a reduction in photoinduced dipolar polarization, as 

reflected by the reduced magneto-capacitance signals under photoexcitation. This provides a new 

approach to control the optic, electric, ferroelectric, and mechanic properties in hybrid perovskites 

by adjusting internal electrical dipole moment. Moreover, by using linearly/circularly polarized 

photoexcitation-modulated photocurrents, we showed that changing the internal dipole moment 

by changing the MA:FA ratio can change the intrinsic orbit-orbit interaction through orbital 

magnetic dipoles between excitons. As the internal dipole moment is decreased by increasing the 

FA ratio, the intrinsic orbit-orbit interaction between excitons is decreased. This provides an 

insightful understanding of the orbit-orbit interaction between excitons towards controlling 

photovoltaic, light-emitting, and lasing properties in hybrid perovskites.  
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Chapter 3: Polarized Light Emission in Down-conversion and Up-conversion 

Excitation Regimes of 0D Cs4PbBr6 Perovskite Single Crystal  
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A manuscript organized based on this chapter by Yixuan Dou etc. is under submission, Yixuan 

Dou designed and performed the experiments, analyzed the data, and wrote the manuscript. 

Dou Y., Wang M., J. Keum, Dryzhakov B., Hu B.*; Vacuum-annealing Induced Polarized Light 

Emission in Down-conversion and Up-conversion Excitation Regimes in Cs4PbBr6 Single Crystal 

Embedded with CsPbBr3 Nanocrystals; To be submitted 

 

3.1 Abstract  

The zero-dimensional (0D) Cs4PbBr6 perovskite has attracted intense attention due to the 

unexcepted strong low-energy green emission around ~2.4 eV that is far from its calculated 

bandgap (3.2-3.99 eV). Here, a series of Cs4PbBr6 single crystals from non-green emissive to green 

emissive prepared by a vacuum annealing process were studied systematically to unveil the 

abnormal green emission. The new low-energy emission of the Cs4PbBr6 crystals exhibited 

nanocrystal size-dependent emission behaviors, and the X-ray diffraction results further verified 

the existence of CsPbBr3 nanocrystal after vacuum annealing. Then, the lifetime and low-

temperature results illustrated reduced defects stats and weak electron-phonon coupling in the new 

green emission recombination process, indicating the limited nonradiative recombination should 

be responsible for boosting green emission intensity. The new low-energy emission in the  

Cs4PbBr6 crystals was found to be linear polarized, and new green emission can also be excited 

under infrared excitation via a two-photon upconversion process. In addition, the infrared excited 

up-conversion green emission is also linear polarized. In summary, this work unveiled the origin 

of the strong green emission in Cs4PbBr6 crystal. Also, the observed polarized emission in both 

down-conversion and up-conversion excitation regimes indicates 0D perovskite is a promising 

candidate for multifunctional material. 
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3.2 Introduction 

Over the last decades, lead halide perovskite materials have been heavily studied due to their 

remarkable performance in optoelectronics areas. [116,117,118,119]  Typical three-dimensional (3D) 

perovskite showed a unique ABX3 structure, where A represents monovalent cation, B represents 

divalent metal cation, and X represents halide anion.[120,121] In recent years, low dimensional 

perovskites including 0D, 1D, and 2D perovskites have been heavily studied due to their better 

stability,  high photoluminescence quantum yield, strong anisotropy, etc.[6,122,123,124] Among the 

low dimensional perovskites, the 0D A4BX6 perovskite shows a much larger band-gap than its 3D 

analog due to the spatial confinement effect from the isolated [BX6]
4− lead halide octahedra 

structure.[125,126] However, researchers have observed the strong green emission around 2.4 eV 

from the 0D Cs4PbBr6 perovskite, which is far below the calculated bandgap (3.2-3.99 eV) of this 

0D perovskite.[ 127 , 128 ] Intensive efforts have been devoted to deciphering this abnormal 

phenomenon, and several mechanisms have been proposed to explain this phenomenon. The 

proposed mechanisms could be broadly divided into two theories.[129,130] One theory attributed the 

low energy green emission to defects/trap states, several defects/trap states have been proposed 

based on simulation results, including bromide vacancy, hydroxide induced defect states, 

etc.[ 131 , 132 , 133 , 134 ] The other theory is the embedded 3D CsPbBr3 impurity in 0D Cs4PbBr6 

perovskite matrix leading to the green emission. The embedded 3D CsPbBr3 phase has been 

exhibited by various experimental evidence, such as high-pressure Raman, XRD, and transmission 

electron microscopy (TEM).[135,136,137,138,139] However, how the embedded 3D CsPbBr3 perovskite 

could induce such a strong robust green emission is still unclear.  

In this work, the behaviors of a series of Cs4PbBr6 crystals from non-green emissive to green 

emissive were monitored to reveal the origin of the strong green emission. After processing with 

a vacuum annealing method, a new low-energy emission started to show up in the prepared non-

green emissive 0D Cs4PbBr6 crystal. With the increase of vacuum annealing time, the new 

emission gradually red-shifted from blue to green with decreasing FWHM (full width at half 

maximum) and boosting PL intensity, which is similar to the size-dependent phenomenon of 

nanocrystals. Then, the XRD result further verified the existence of the 3D CsPbBr3 phase in the 

Cs4PbBr6 perovskite crystal after vacuum annealing. Interestingly, the PL lifetime change of the 

new emission showed a positive correlation with the PL intensity change, implying the non-

radiative recombination process should be critical to the PL intensity boosting of the new green 
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emission. Then, the low-temperature behavior of the new green emission further verified the weak 

non-radiative recombination, particularly weak electron-phonon coupling, in the green emissive 

Cs4PbBr6 crystal. Moreover, the new emission from blue to green was found to be linear polarized, 

and polarization degree decreased from 2.73% to 1.45% when the emission redshifted from 494 

nm to 512 nm. Finally, a two-photon up-conversion emission from blue to green under infrared 

excitation was observed from the Cs4PbBr6 crystal. More intriguingly, the up-conversion emission 

is also linearly polarized with a similar polarization degree to the corresponding down-conversion 

emission. Thus, this work deciphered the origin of the strong low-energy emission from the 

Cs4PbBr6 single crystal. Moreover, the observation of down-conversion and up-conversion 

linearly polarized emission indicate 0D perovskite can be a promising multifunctional material in 

the future. 

3.3 Experimental Methods  

3.3.1 Single crystal preparation 

 The Cs4PbBr6 single crystal preparation refers to the method reported by Zhang et al. [140] The first 

step is to prepare the nearly-saturated CsBr solution, 5 g CsBr (Xi’an p-OLED Inc.) was added 

into 5 mL water, and keep the solution stir at 90°C for about 2 h. Then, the PbBr2 solution was 

prepared by adding 0.049 g PbBr2 (99.998%, Alfa aser) into 0.5 mL concentrated hydrobromic 

acid. Next, adding the PbBr2 acid solution to the CsBr solution under 90°C drop by drop with 

vigorous stirring. Keep the mixed solution at 90°C under vigorous stirring for about 2 h. Next, 

taking out the magnetic stir bar, and slowly cooling down the solution with a rate of 2°C/h from 

90°C to 25°C. After the cooling down process, the obtained Cs4PbBr6 single crystal would be 

transparent and non-green emissive.   

3.3.2 Vacuum annealing method 

The vacuum annealing method was putting the fresh transparent single crystal into a vacuum oven, 

and it under vacuum mode with a temperature of 100°C.  

3.3.3 Characterizations of PL properties 

The PL spectra of both time-resolved state and steady-state were measured by SPEX Fluorolog 3 

spectrometer. The time-resolved photoexcitation source was generated by the harmonic generator 

(Ultrafast Systems LLC, third harmonic) with a Pharos laser (Light Conversion, 290 fs). The low-
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temperature condition was conducted by the cryostat with a water-cooled helium compressor 

(Advanced Research Systems, Inc.).  

3.3.4 XRD measurement 

XRD was measured on a PANalytical X’Pert Pro MPD equipped with an X’Celerator solid-state 

detector. For the XRD measurements, the X-ray beam was generated at 45 kV/40 mA, and the X-

ray beam wavelength was =1.5406 Å (Cu Kα radiation). The step size (2) was 0.016° and the 

exposure time at each step was 40 seconds.  

 

3.4 Results and discussions 

3.4.1 Photo-physics of Cs4PbBr6 single crystals 

In this study, the non-green emissive Cs4PbBr6 single crystal was prepared by an aqueous solution 

inverse temperature growth method. As shown in the purple curve in Figure 3.1a, the obtained 

transparent crystal showed high energy PL emission peaked around 3.4 eV (362 nm). The deep-

blue PL emission energy of the fresh Cs4PbBr6 crystal corresponds to the calculated wide bandgap 

of Cs4PbBr6 perovskite (3.2-3.99 eV). This indicated the high energy PL emission at 362 nm 

should be the intrinsic PL emission of Cs4PbBr6 crystal. Then, the fresh non-green emissive crystal 

was processed by a vacuum annealing method. As shown in Figure 3.1a, after vacuum annealing 

at 100 °C for about 7 h, the crystal turned to be strong green emissive with a new PL emission 

peak appeared at 510 nm. In the published works, the green emissive Cs4PbBr6 single-crystal 

usually showed the green emission only PL spectrum without the intrinsic short-wavelength blue 

emission peak. Here, under excitation wavelengths of 325 nm and 375 nm, the green emissive 

Cs4PbBr6 single crystal also showed green emission only spectra (Figure 3.1b).  However, under 

an excitation wavelength of 290 nm, the dual emission spectrum can be observed (Figure 3.1b). 

From the excitation spectra (Figure 3.1c) monitored at intrinsic emission peaked at 362 nm and 

green emission peak peaked at 510 nm, it can be observed that the intrinsic emission at 362 nm is 

difficult to be excited by the excitation longer than 325 nm, while the green emission was easier 

to be excited by the excitation longer than 300 nm. Thus, to compare the change of intrinsic 

emission and green emission simultaneously, the excitation should be smaller than 300 nm. Then, 

the detailed PL changes of both intrinsic emission and new green emission under different vacuum  
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Figure 3.1. PL characteristics of nongreen emissive and green emissive Cs4PbBr6 single crystals 

(a) PL spectra of Cs4PbBr6 single crystals before and after vacuum annealing (100°C, 7 h); (b) PL 

spectra of Cs4PbBr6 single crystal after vacuum annealing under excitation wavelengths of 290 nm, 

325 nm, and 375 nm; (c) Excitation spectra of Cs4PbBr6 single crystals before and after vacuum 

annealing. 
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annealing times were monitored to have a better understanding of the green emission in Cs4PbBr6 

crystal (Figure 3.2a). From Figure 3.2b-c, it can be observed that the intrinsic emission peaked at 

362 nm showed no peak shift and negligible intensity change after vacuum annealing. In other 

words, the high energy intrinsic emission at 362 nm is independent of vacuum annealing time, 

which further verified this high energy peak should result from wide bandgap Cs4PbBr6 perovskite 

crystal, and vacuum annealing has a negligible effect on the Cs4PbBr6 crystal structure. Besides 

the intrinsic peak, a new PL emission started to show up with a vacuum annealing time of 0.5 h. 

After increasing the vacuum annealing time from 0.5 h to about 9 h, the new peak showed a 

dramatic PL intensity increase (Figure 3.2d). And green PL emission intensity reached the highest 

value when the vacuum annealing time is about 7 h, which is about 12 times larger than the crystal 

with a vacuum annealing time of 0.5 h. Moreover, the FWHM (full width at half maximum) of the 

new emission peak decreased from 39 nm to 26 nm with increasing vacuum annealing time from 

0.5 h to 9 h. This phenomenon is similar to the size-dependent properties of CsPbBr3 nanocrystal, 

in which CsPbBr3 nanocrystal can exhibit a redshift with the increase of grain size.[141,142] In 

addition, the decreased FWHM could be induced by the more uniform nanocrystal size distribution 

after long-time vacuum annealing. Therefore, the vacuum annealing new PL emission in Cs4PbBr6 

crystal can be attributed to the appearance of CsPbBr3 nanocrystals.  

To further explore whether there was a new phase has been introduced after vacuum annealing, 

XRD measurement was conducted on both non-green emissive and green emissive crystals. As 

shown in Figure 3.3, new peaks which are identified to result from the CsPbBr3 phase do show up 

in the green-emissive Cs4PbBr6 crystal after vacuum annealing. The XRD result provided direct 

and solid evidence of the existence of 3D CsPbBr3 nanocrystal in green-emissive Cs4PbBr6 crystal, 

which should be responsible for the low energy strong green emission.   

3.4.2 Limited non-radiative recombination in Cs4PbBr6 single crystals 

Although the green emission from the green emissive crystal has been identified to be induced by 

the embedded CsPbBr3 crystal, the mechanism of boosting green emission intensity after vacuum 

annealing is still unclear. To answer why this Cs4PbBr6 crystal with embedded CsPbBr3 

nanocrystal can lead to such a strong green emission, the lifetimes of Cs4PbBr6 single crystals were 

measured. Interestingly, as shown in Figure 3.4a the lifetime of new emission peaks of Cs4PbBr6 

single crystals increased with the increase of vacuum annealing time. Also, it can be observed in  
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Figure 3.2. PL characteristics of Cs4PbBr6 single crystals under different vacuum annealing times 

(a) PL spectra of Cs4PbBr6 single crystal under different vacuum annealing time; (b) PL intensity 

change upon different vacuum annealing time of intrinsic peak and new peak; (c) PL peak position 

change upon different vacuum annealing time of intrinsic peak and new peak; (d) PL FWHM 

change upon different vacuum annealing time of the new peak. 
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Figure 3.3. XRD spectra of Cs4PbBr6 single crystal under vacuum annealing time of 0 h, 0.5 h, 

and 7 h. 
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Figure 3.4b that the new emission peak reached the longest lifetime at vacuum annealing of 7 h, 

which is similar to PL intensity change tendency upon vacuum annealing. The same change 

tendency of PL intensity and PL lifetime indicating the suppressed nonradiative recombination 

process should be responsible for the boost green emission intensity. Then, since the electron-

phonon coupling is one of the most important nonradiative recombination processes, the low-

temperature behaviors of the green emissive Cs4PbBr6 single crystal were investigated. As shown 

in Figure 3.5a and 3.5b, the Cs4PbBr6 single-crystal PL peak position only showed a very small 

blue shift about 3 nm when the temperature decreased from 298 K to 80 K, the PL intensity also 

showed a very limited increase, and the bandwidth showed nearly no change.  It should be noted 

that if the electron-phonon coupling is highly involved in the emission process, the emission would 

show a significant PL intensity decrease, large peak shift, and big bandwidth broadening.[143,144] 

Thus, the small PL peak shift, intensity change, and FMHW change with decreasing the 

temperature indicated weak electron-phonon coupling in the green emission process of the green 

emissive Cs4PbBr6 single crystal. Moreover, the lifetime of the green emission increased under 

higher temperatures (Figure 3.5c). It is well-known that electron-phonon coupling would lead to a 

shorter lifetime under higher temperatures.[ 145 ] So this increased lifetime with increasing 

temperature further proved the weak electron-phonon coupling. The longer lifetime under high 

temperature could be induced by the weaker non-radiative recombination result from defect states 

change. Then, the emission-excitation intensity dependence under different temperatures of the 

green emissive Cs4PbBr6 crystal was explored, the PL peak intensity change versus different 

excitation power was plotted and fitted to the power-law 𝐼 ∝ 𝑃𝛼 (I represents the PL intensity, P 

represents the excitation intensity) as shown in Figure 3.5. It should be noted that with an α value 

smaller than 1, a smaller α value indicates more nonradiative recombination may be induced by 

defects/trap states.[146] It can be observed the green emissive Cs4PbBr6 crystal showed a larger α 

value which is closer to 1 with increased temperature,  which should be resulted from suppressed 

non-radiative recombination process induced by fewer defects/trap states under high temperature. 

3.4.3 Polarized emission in the down-conversion regime of Cs4PbBr6 single crystals 

From our study, the embedded CsPbBr3 nanocrystal has been verified to be responsible for the 

strong green emission from the Cs4PbBr6 single crystal. Since CsPbBr3 perovskite nanocrystal has  
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Figure 3.4. PL decay dynamics of Cs4PbBr6 single crystals under different vacuum annealing times 

(a) PL decay curves at the peak position of the new peaks of Cs4PbBr6 single crystal under different 

vacuum annealing time; (b) PL lifetime as the function of vacuum annealing time. 

 

 

400 450 500 550 600
0

5

10

15

20 Excitation

P
L
 i
n
te

n
s
it
y
 (

a
.u

.)

Wavelength (nm)

 80 K

 150 K

 220 K

 250 K

 298 K

a Increasing T343 nm

100 200 300

512

513

514

515

343 nm 

Excitation

Temperature (K)

P
L
 p

e
a
k
 (

n
m

)

b

16

18

20

P
L
 I
n
te

n
s
it
y
 (

a
.u

.)

 

0 200 400 600 800
10

0

10
1

10
2

10
3

10
4

343 nm 

Excitation

P
L
 I
n
te

n
s
it
y
(a

.u
.)

Time (ns)

 80 K

 150 K

 220 K

 250 K

 298 K

c

100 200 300 400

5x10
4

10
5

298 K  

Slope = 0.92

220 K  

Slope = 0.87

P
L
 i
n
te

n
s
it
y
(a

.u
.)

Excitation intensity(mW/cm2)

80 K Slope = 0.86

343 nm excitationd

 

Figure 3.5. PL characteristics of green emissive Cs4PbBr6 single crystals under different 

temperatures (a) PL spectra from 80 K to 298 K of Cs4PbBr6 single crystal; (b) PL peak position 

and intensity change upon temperature; (c) Time-resolved PL spectra from 80 K to 298 K of 

Cs4PbBr6 single crystal; (d) Emission-excitation intensity dependence of Cs4PbBr6 single crystal 

under 343 nm excitation at different temperatures. 
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been reported to exhibit polarized emission,[147,148,149] then we investigated whether polarized 

emission could be generated from the Cs4PbBr6 single crystals embedded with CsPbBr3 

nanocrystal. Interestingly, the Cs4PbBr6 single crystals with different vacuum annealing times 

exhibited polarized emission with different polarization degrees. As shown in Figure 3.6, with a 

vacuum annealing time about 0.5 h, where the new emission peak of the crystal is about 494 nm, 

the PL emission intensity change upon polarization angle change is about 2.73% 

( 𝑃𝑜𝑙𝑎𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝑑𝑒𝑔𝑟𝑒𝑒 =  
𝐼𝑚𝑎𝑥−𝐼𝑚𝑖𝑛

𝐼𝑚𝑎𝑥 +𝐼𝑚𝑖𝑛
, where Imax/Imin is the maximum/minimum PL intensity by 

changing the polarization degree of excitation beam). For perovskite bulk single crystal, it is hard 

to exhibit polarized emission because the small zero-field splitting (~ 1 meV) cannot be 

distinguished in the broad PL spectra of the bulk single crystal.[150] While the nanocrystal with a 

size that comparable to the Bohr diameter exhibited narrower emission since the electronic density 

of states has been modified.[151,152,153] So, the polarized emission from Cs4PbBr6 single-crystal 

further verified the existence of embedded CsPbBr3 nanocrystal in green emissive Cs4PbBr6 crystal. 

Also, the previous study showed the CsPbBr3 quantum dot only showed polarized emission in 

solution while the thin film exhibited no polarized emission because of the distortion of the cubic 

structure.[153] So, the CsPbBr3 nanocrystal should be highly dispersed in the Cs4PbBr6 bulk crystal.  

In addition, the polarized emission of Cs4PbBr6 single-crystal decreased from 2.73% to about 1.45% 

when the PL peak red-shifted from 494 nm to 513 nm (Table 1). Since the red-shifted emission 

should be induced by a larger nanocrystal size, the decreased polarized emission should also be 

induced by the increase of nanocrystal size with a longer vacuum annealing time. Therefore, the 

tunable polarized emission from Cs4PbBr6 crystal provides new evidence to support the embedded 

CsPbBr3 nanocrystal-induced green emission theory. In addition, since the perovskite bulk crystal 

is difficult to generate polarized emission, the Cs4PbBr6/CsPbBr3 binary system provides a new 

direction to develop polarized emission in perovskite bulk crystal as well as broaden the 

applications of Cs4PbBr6 single crystal. 

3.4.4 Polarized emission in the up-conversion regime of Cs4PbBr6 single crystals 

Interestingly, under a below bandgap 1025 nm excitation, the green emissive Cs4PbBr6 single 

crystal showed a strong up-conversion emission as shown in Figure 3.7 a. The up-conversion 

emission from the green emissive Cs4PbBr6 single crystal showed the same emission wavelength 
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Figure 3.6. Polarized emission from Cs4PbBr6 single crystals. (a) PL spectra and (b) Polarization 

properties of Cs4PbBr6 crystal with vacuum annealing time of 0.5 h, 2 h, and 9 h under 343nm 

laser excitation( 𝑃𝐿 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑐ℎ𝑎𝑛𝑔𝑒 =  
𝐼 −𝐼𝑚𝑖𝑛

𝐼 +𝐼𝑚𝑖𝑛
, where I is PL intensity. 

 

 

               Table 2.Polarization of Cs4PbBr6 crystal with different vacuum annealing time 

Vacuum annealing time  PL emission peak  Polarization* 

0.5 h 494 nm 2.73% 

2 h 502 nm 1.95% 

9 h 513 nm 1.45% 

*Polarization was calculated by the equation: 𝑃 =  
𝐼𝑚𝑎𝑥 −𝐼𝑚𝑖𝑛

𝐼𝑚𝑎𝑥 +𝐼𝑚𝑖𝑛
, I represents PL intensity. 
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with down-conversion. The emission-excitation intensity dependence measurement demonstrated 

this up-conversion should be a two-photon process (Figure 3.7b). Since the bandgap of the 3D 

nanocrystal (2.4 eV) is two times the energy of the 1025 nm (1.2 eV) excitation, as shown in Figure 

5c. This provided evidence that the green up-conversion emission should result from the embedded 

CsPbBr3 nanocrystal (Figure 3.7c). Moreover, the up-conversion emission also showed polarized 

emission with a similar polarization degree to down-conversion emission (Figure 3.7d). The up-

conversion polarized emission in 0D perovskite materials is observed for the first time, this 

observation indicated 0D perovskite is also a candidate for non-linear optics applications and 

multifunctional materials. Moreover, at low-temperature, the up-conversion PL change tendency 

is similar to the down-conversion green emission (Figure 3.8), which indicated the electron-

phonon coupling process is also weak in the up-conversion process of the green emissive Cs4PbBr6 

crystal. 

 

3.5 Conclusion 

In summary, by observing the PL emission change on a series Cs4PbBr6 crystal from non-green 

emissive to green emissive controlled by a vacuum annealing treatment, the green emission from 

Cs4PbBr6 crystal was proposed to result from a new CsPbBr3 phase, which was further proved by 

XRD results. The lifetime and low-temperature results illustrated the suppressed non-radiative 

recombination should be responsible for boosting green emission intensity. Finally, the polarized 

emission from the Cs4PbBr6 crystal further verified new green emission should result from the 

embedded CsPbBr3 nanocrystal. The polarized emission observed in both down-conversion and 

up-conversion regimes pointed out a new direction to develop perovskite bulk crystals with 

polarized emission and broaden the applications of 0D Cs4PbBr6 single crystal, indicating 0D 

perovskite is a promising multifunctional material. 
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Figure 3.7. Up-conversion characteristics of Cs4PbBr6 single crystals at room temperature (a) Up-

conversion PL spectrum of Cs4PbBr6 single crystal after vacuum annealing (100°C, 0.5 h, 2 h, 

and 7 h); (b) Emission-excitation intensity dependence under below bandgap 1025 nm excitation; 

(c) Diagram of the two-photon up-conversion process; (d) Polarization properties of Cs4PbBr6 

crystal with vacuum annealing time of 7 h under 1025 nm laser excitation 

( 𝑃𝐿 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑐ℎ𝑎𝑛𝑔𝑒 =  
𝐼 −𝐼𝑚𝑖𝑛

𝐼 +𝐼𝑚𝑖𝑛
, where I is PL intensity) 
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Figure 3.8. Up-conversion characteristics of Cs4PbBr6 single crystals at different temperatures (a) 

PL spectra from 5 K to 298 K of Cs4PbBr6 single crystal under 1025 nm excitation; (b) PL peak 

position and intensity change upon temperature under 1025 nm excitation; (c) Time-resolved PL 

spectra from 80 K to 298 K of Cs4PbBr6 single-crystal under1025 nm excitation; (d) Emission-

excitation intensity dependence of Cs4PbBr6 single crystal under 343 nm excitation at different 

temperatures under 1025 nm excitation. 
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Chapter 4: Spin-orbit Coupling and Slow Phonon Effects Enabled Persistent 

Photoluminescence in Organic Crystal  
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A version of this chapter was originally published by Yixuan Dou etc., Yixuan Dou designed and 

performed the experiments, analyzed the data, and contributed to the writing of the manuscript. 

Y. Dou, M. Wang, C. Demangeat, B. Dryzhakov, T.L. Bahers, E. Kim, K. Lee, A. Attias*, B. Hu*; 

Spin-orbital Coupling and Slow Phonon Effects enabled Persistent Photoluminescence in Organic 

Crystal under Isomer Doping; Nature Communications, 12(1), 1-10, 2021. 

4.1 Abstract  

Long-persistent luminescence (LPL) material has attracted intensive attention in recent years since 

the breakthrough of achieving the LPL at room temperature in purely organic materials with the 

absence of heavy-atom. However, the mechanism, particularly spin-characteristics to explain the 

LPL in metal-free organic molecules with weak spin-orbit coupling is still unclear. In this chapter, 

we studied the slow-phonon effects within the crystalline structure and the spin characteristics of 

our CD49 metal-free organic LPL material. The CD49 showed a dual emission spectrum including 

long-wavelength LPL emission with a lifetime of 0.43 s and short-wavelength prompt 

photoluminescence. The ratio between these two emissions is highly crystalline structure 

dependent. Interestingly, the long-wavelength LPL demonstrates magnetic field effects, showing 

as crystalline intermolecular charge-transfer excitons with singlet spin characteristics formed 

within ferroelectric-like lattice. Then, the singlet charge-transfer stats are found to be formed by 

using internal minority/majority carrier-balancing mechanism through isomer doping effects 

towards increasing electron-hole pairing probability. Our magneto-dielectric response shows that 

crystalline intermolecular charge-transfer excitons are interacted with ferroelectric-like lattice, 

leading to exciton-lattice coupling within periodically packed intramolecular donor-acceptor 

structures. Furthermore, our photoinduced Raman spectroscopy reveals unusual slow relaxation of 

photoexcited lattice vibrations, indicating slow phonon effects occurring in the ferroelectric-like 

lattice. Essentially, the slow phonon effects provide the fundamental possibility to evolve 

crystalline intermolecular charge-transfer excitons into ultralong-lived light-emitting states 

through exciton-lattice coupling towards realizing persistent PL at room temperature upon 

periodically packing intramolecular donor-acceptor structures.  
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4.2 Introduction 

The recent experimental studies have shown an emerging phenomenon where a persistent light 

emission can be observed with the photoluminescence (PL) lasting from seconds to minutes and 

hours after ceasing photoexcitation, leading to an afterglow phenomenon in organic molecules at 

room temperature.[154,155,156,157,158,159,160,161] In general, the optically generated excitons in organic 

materials showed a lifetime normally less than microseconds,  so there should be new fundamental 

mechanisms lead to the ultralong-lived light-emitting states from seconds to minutes and hours at 

room temperature. Notably, the triplets have been widely considered to be responsible for 

persistent light emission in organic molecules. In this scenario, it has been proposed that the triplets 

can directly recombine into phosphorescence or convert into singlets through the intersystem 

crossing, leading to persistent PL based on phosphorescence and delayed fluorescence. It should 

be noted that both phosphorescence and delayed fluorescence require a substantial spin-orbital 

coupling (SOC) to flip the spins of triplets towards either direct recombination or intersystem 

crossing. [ 162 , 163 ] Therefore, establishing a SOC becomes a critical issue to generate 

phosphorescence and delayed fluorescence towards realizing a persistent PL. It has been 

considered that directed heavy atom effect, [163,164] aromatic aldehyde, [165] and deuterated carbon 

structures[166,167] can generate a SOC in organic molecules to flip the spins. Recently, by using 

magnetic field effects of PL, we have observed that the charge-transfer states formed between 
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donor and acceptor components within light-emitting exciplex systems can directly establish a 

SOC by asymmetrically polarizing the orbital wavefunctions from optically generated 

dipoles.[ 168 , 169 ] However, the persistent PL is still lacking the direct evidence on SOC to 

experimentally verify the role of triplets through either phosphorescence or delayed fluorescence. 

Nonetheless, it demands much fundamental effort to understand the underlying mechanisms that 

evolve the light-emitting states into ultralong-lived states to generate a persistent PL. Interestingly, 

it has been reported that the isomer molecules function as donor to induce the charge-separated 

states with intrinsic molecules and consequently generates a persistent PL based on proposed 

phosphorescence from triplets in carbazole derivatives.[ 170 ] This observation indicates that 

inducing charge transfer plays an important role in developing ultralong-lived light-emitting states 

in organic molecules. On the other hand, it was reported in the 1970s that the singlet excitons 

associated with a photoinduced molecular structural twist can give rise to a persistent PL with the 

lifetime in the order of seconds in p-(9-anthryl)-n, n-dimethylaniline derivatives at room 

temperature.[171,172,173]  

In this work, we utilized magnetic field effects and photoexcitation-assisted Raman spectroscopy 

to explore SOC and slow phonon effects to understand the underlying spin-physics and 

photophysics of evolving photoexcited excitons into ultralong-lived light-emitting states in 

developing persistent light emission based on our synthesized light-emitting CD49 molecules (9-

(3-(5-bromopyridin-3-yl)prop-2-yn-1-yl)-9H-carbazole) with the PL lifetime in the order of 

seconds. The long-wavelength persistent PL peaked at 542 nm observed from the CD49 molecular 

crystal demonstrates magnetic field effects, showing as crystalline charge-transfer excitons with 

singlet spin characteristics through the formation of electron-hole pairs within Coulomb capture 

radius in periodically packed intramolecular donor-acceptor (D-A) structures. Essentially, the 

periodically packed intramolecular D-A structures act as ferroelectric-like dipolar lattice, shown 

by strong second harmonic generation (SHG) signal, to host crystalline intermolecular charge-

transfer excitons towards establishing exciton-lattice coupling, providing a ready condition for 

realizing persistent PL in the CD49 molecular crystal. Furthermore, our photoinduced Raman 

spectroscopy revealed an unusual slow relaxation of photoexcited lattice vibrations in the order of 

seconds upon applying/removing photoexcitation in the CD49 molecular crystal. This unusual 

slow relaxation of photoexcited lattice vibrations provides a basic mechanism to evolve crystalline 

charge-transfer excitons into ultralong-lived light-emitting states through exciton-lattice 
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interaction within periodically packed intramolecular D-A structures with ferroelectric-like dipolar 

polarization towards realizing persistent PL. On the other hand, the CD49 molecular crystal 

functions as a common p-type semiconductor where photoexcited electrons and holes have much 

shorter and longer lifetimes shown by distinctly low and high mobilities, serving as minority and 

majority carriers, respectively. This can largely decrease electron-hole pairing probability within 

Coulomb capture radius due to unbalanced electron/hole carriers, causing difficulty to establish 

crystalline intermolecular charge-transfer excitons for realizing a persistent PL at room 

temperature. Consequently, it requires n-type doping to balance minority/majority carriers to 

increase the electron-hole pairing probability within Coulomb capture radius towards forming 

crystalline intermolecular charge-transfer excitons within organic molecular crystals. Our 

magneto-dielectric studies show that crystalline intermolecular charge-transfer excitons are 

coupled with ferroelectric-like lattice, leading to exciton-lattice coupling in periodically packed 

intramolecular D-A structures. Based on this exciton-lattice coupling, the slow phonon effects 

provide a fundamental possibility to evolve crystalline intermolecular charge-transfer excitons into 

ultralong-lived light-emitting states towards developing persistent PL once the carrier-balancing 

mechanism is activated in organic molecular crystal.  

 

4.3 Methods 

4.3.1 Organic material synthesis 

The CD49 compound was synthesized according to the following two-step procedure[174]: (1) 

preparation of 9-H-propargyl-carbazole and (2) its subsequent Sonogashira cross-coupling with 3-

bromo-5-iodopyridine.  

9-H-propargyl-carbazole: Synthesis was adapted from the literature.[ 175 , 176 ] To a solution of 

carbazole (2.5 g, 15.0 mmol) in DMF (30 mL) was added solid KOH (1.26 g, 22.5 mmol) at 0 °C. 

After 20 min. stirring at this temperature, propargyl bromide (80 % solution in toluene – 2.52 mL, 

22.5 mmol) was added. The reaction was allowed to stir for a further 6 h at room temperature 

before water (50 mL) was added. The mixture was extracted with AcOEt (3 x 30 mL) and the 

combined organic layer dried over CaCl2. The solvent was removed under reduced pressure. The 

crude product was purified under column chromatography using EtOAc/n-hexane – 9/1 as eluent 
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to obtain 9-propargylcarbazole as white crystals (2.4 g, 78%). 1H NMR (300 MHz, CDCl3)  8.08 

(d, J = 7.8 Hz, 2H), 7.50-7.44 (m, 4H), 7.28-7.22 (m, 2H), 5.00 (s, 2H), 2.22 (t, J = 2.4 Hz, 1H).  

9-(3-(5-bromopyridin-3-yl) prop-2-yn-1-yl)-9H-carbazole – CD49: Pd(PPh3)2Cl2 (0.07 g, 0.1 

mmol) CuI (0.04 g, 0.2 mmol), 3-bromo-5-iodopyridine (0.57 g, 2.0 mmol), 9-propargylcarbazole 

(0.41 g, 2.0 mmol) and triethylamine (10 mL) were added into a 100 mL two-necked flask under 

a nitrogen atmosphere. After stirring at room temperature for 12 h, water (15 mL) was added, and 

the mixture was extracted with AcOEt (3 x 15 mL). The combined organic layers were dried over 

CaCl2, and the solvents were removed under reduced pressure. The crude product was purified 

under column chromatography using CHCl3/n-hexane – 8/2 as eluent to afford the expected 

product as a colorless crystal (0.65 g, 90%), mp 144–145 °C. 1H NMR (300 MHz, CDCl3): 8.57 

(d, J= 2.1 Hz,1H); 8.10 (d, J= 7.8 Hz, 2H); 7,69 (dd, J= 2.1, 8.1 Hz, 1H); 7.53-7.50 (m, 4H); 7.30-

7.25 (m, 2H); 7.17 (d, J= 8.1 Hz, 1H); 5.28 (s, 2H).13C NMR (300 MHz, CDCl3): 151.10, 140.77, 

139.88, 138.86, 128.29, 126.03, 123.30, 120.51, 119.68, 108.80, 84.80, 82.28, 33.01. 

The CD102 isomer was prepared using a similar procedure starting from pure 1H-benzo[f]indole. 

All the products were characterized by NMR with satisfactory results.  

4.3.2 Photoluminescence measurement  

PL emissions in both steady and dynamic regimes were measured by the SPEX Fluorolog 3 

spectrometer. The time-resolved photoexcitation source was from a pulsed laser beam (342 nm, 4 

mW) generated through a harmonic generator (Ultrafast Systems LLC, third harmonic) with a 

Pharos laser (Light Conversion, 1 KHz, 1025 nm, 290 fs). The low temperature was generated by 

the cryostat with helium compressor (Advanced Research Systems, Inc.). 

4.3.3 Photoexcitation-assisted Raman measurement 

Photoexcitation-assisted Raman spectroscopy was characterized by using Horiba Xplora plus 

system confocal Raman microscope with built-in 785 nm laser beam in combination with an 

external photoexcitation of 375 nm laser beam.  

4.3.4 Magneto-PL measurement 

Magnetic field effects of PL (MFE-PL) were measured by monitoring PL intensity as a function 

of the magnetic field. The MFE amplitude is defined by the intensity change in percentage: MFE 

= 
𝑰𝑩−𝑰𝟎

𝑰𝟎
, where IB and I0 are PL peak intensities with and without magnetic field.  
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4.3.5 Nuclear magnetic resonance (1H and 13C) spectrum 

Nuclear magnetic resonance (1H and 13C) spectra were obtained on a Bruker Ultra Shield 300 MHz 

spectrometer for CDCl3. The chemical shift was relative to tetramethylsilane as the internal 

standard. Resonance patterns are reported with the notation s (singlet), d (doublet), t (triplet), and 

m (multiplet). 

4.3.6 High-performance liquid chromatography measurement 

The HPLC was conducted on Agilent 1200 coupled with a DAD (Diode-Array Detection) detector, 

the column is Agilent Eclipse XDB-C18 (5 um, 4.6x150 mm). The HPLC injection volume of 

CD49 solution was 20 µL The CD49 solution was added into the solvent of 70/30 acetonitrile-

water (v/v) with a concentration 0.2 mg/mL, and keep the mixture under ultrasonic bath about 10 

min to dissolve the CD49. 

4.3.7 Magneto-capacitance measurement 

The capacitance measurement was performed by using the Agilent E4980A LCR meter 

(alternating bias: 50 mV). The magneto-PL and magneto-capacitance were measured by 

monitoring signal intensity while applying a magnetic field. The amplitude for magnetic field 

effects is defined as MFE = 
𝑰𝑩−𝑰𝟎

𝑰𝟎
, where I0 and IB are signal intensities without and with the 

magnetic field, respectively. 

 

4.4 Results and discussions 

4.4.1 CD49 persistent material characterizations 

The light-emitting CD49 molecular crystal shows short-wavelength and long-wavelength PL 

peaked at 363 nm and 542 nm with short and ultralong lifetimes at room temperature, known as 

prompt and persistent light emission (Figure 4.1a and 4.1b). The long-wavelength PL peaked at 

542 nm leads to an afterglow phenomenon lasting up to 2 s after ceasing photoexcitation (Figure 

4.2). The curve-fitting on the time-resolved PL decay spectrum shows a lifetime of 0.43 s, 

indicating ultralong-lived light-emitting states formed in the CD49 molecular crystal at room 

temperature. In contrast, the short-wavelength prompt PL peaked at 363 nm exhibits a lifetime of 
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0.45 ns, representing short-lived intramolecular excitons, known as Frenkel excitons. Interestingly, 

the persistent PL is highly dependent on crystallinity, as shown by the large decrease of persistent 

PL intensity from molecular crystal to drop-cast film, and disappeared in amorphous spin-cast film, 

as illustrated in Figure 4.1c. Simultaneously, the lifetime of long-wavelength persistent PL is 

decreased from 0.43 s to 0.12 s when lowering the crystallinity from molecular crystal to drop-cast 

film (Figure 4.1d). The different morphological structures in molecular crystal, drop-cast film, and 

spin-cast film are reflected by optical images shown in Figure 4.3. The crystallinity-dependent 

persistent PL indicates that the ultralong-lived light-emitting states are essentially crystalline 

intermolecular charge-transfer excitons formed within periodically packed intramolecular D-A 

structures in the CD49 crystal.  
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Figure 4.1. PL characteristics of CD49 molecular crystal, drop-cast film, and spin-cast film (a) PL 

spectra measured from CD49 molecular crystal under 325 nm laser excitation (Inset: chemical 

structure for CD49); (b) PL decay dynamics for short-wavelength PL peaked at 363 nm and long-

wavelength PL peaked at 542 nm. PL lifetime was fitted with exponential decay equation, the 

average lifetime was calculated by the equation: 𝜏𝑎𝑣𝑒 =
∑ 𝛼𝑛∗𝜏𝑛

2𝑛
𝑖=1

∑ 𝛼𝑛∗𝜏𝑛
𝑛
𝑖=1

; (c) PL spectra for CD49 
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molecular crystal, drop-cast film, and spin-cast film; (d) PL decay dynamics for CD49 molecular 

crystal and drop-cast film.  

 

 

Figure 4.2. The photograph with and after UV excitation of CD49 molecular crystal. 
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Figure 4.3. (a) XRD pattern for CD49 molecular crystal (Inset: optical image); (b) Optical 

microscopy of CD49 molecules from molecular crystal, drop-cast film, and spin-cast film. 
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4.4.2 Crystalline intermolecular charge-transfer excitons 

It should be emphasized that organic materials especially carbazole derivatives are well-known as 

p-type semiconductors where photoexcited electrons and holes possess much unbalanced lifetimes 

due to distinctly low and high mobilities,[177,178] acting as minority and majority carriers. The 

distinctly unbalanced carrier lifetimes can largely lower the electron-hole pairing probability 

within the Coulomb capture radius and causes difficulty to generate crystalline intermolecular 

charge-transfer excitons in the organic molecular crystal at room temperature. It has been found 

that introducing isomer molecules in carbazole derivatives can induce persistent PL, and lacking 

the isomer leads to the disappearance of persistent PL.[170] It was proposed that the isomer, namely 

Benzoindole (Bd), can form charge transfer with intrinsic carbazole derivatives towards 

developing the persistent PL. Here, we consider that the isomer molecules are essentially 

functioning as n-type dopants to donate electrons into the conduction band of CD49 molecular 

crystal to provide a carrier-balancing mechanism towards forming crystalline charge-transfer 

excitons through electron-hole pairing action within Coulomb capture radius in periodically 

packed intramolecular D-A structures. Indeed, our CD49 samples prepared with the commercial 

carbazole (Sigma) contain the isomer molecules (CD102) as demonstrated by the HPLC (high-

performance liquid chromatography) data shown in Figure 4.4. When synthesizing the CD49 target 

from pure carbazole, the long-wavelength persistent PL becomes disappeared in the isomer-free 

CD49 crystal at room temperature (Figure 4.5a). Interestingly, the persistent PL can be recovered 

by lowering the temperature in the absence of isomer molecules (Figure 4.5b). At 5 K, the long-

wavelength PL shows the ultralong lifetime of 0.17 s in the isomer-free CD49 crystal. This 

experimental observation provides the following three critical understandings. First, the crystalline 

intermolecular charge-transfer excitons are essentially formed between periodically packed 

intramolecular D-A structures, rather than between isomer and CD49 molecules, to develop a 

persistent PL. Second, the isomer molecules are functioning as n-type dopants to provide a carrier-

balancing mechanism to increase electron-hole pairing probability towards forming crystalline 

intermolecular charge-transfer excitons within the Coulomb capture radius. Third, when the n-type 

doping molecule (CD102) is absent, lowering the temperature can increase the Coulomb capture 

radius, increasing the electron-hole pairing probability to form crystalline intermolecular charge-

transfer excitons in organic crystal.  
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Figure 4.4. Characterization of isomer molecules in CD49 MeCN/H2O solution. (a) HPLC 

spectrum monitored at onset absorption of 320 nm of CD49 MeCN/H2O solution; (b) HPLC 

spectrum at 2.54 minutes monitored at onset absorption of 320 nm; (c) Absorption spectra at 

different times; (d) TLC results to indicate isomer impurities for CD49 samples prepared from 

Sigma-Cz and lab synthesized-Cz (Eluent is n-hexane/ EtOAc with the volume ratio of 9/1), and 

mixed Sigma-Cz and lab-synthesized Cz labeled as both. Lab-synthesized isomer-free CD49 (Cz-

lab) does not show isomer impurities.  
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Figure 4.5. PL characteristics in isomer-free CD49 crystal at room temperature (298 K) and low 

temperature (5 K). (a) Steady-state PL spectra; (b) PL spectra at different delay times at 0 ns and 

1 ms at 298 K and 5 K; (c) PL lifetime at 550 nm under 5 K. 
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It is also noted that isomer-free and isomer-containing CD49 crystals show slightly different long-

wavelength persistent PL spectra but similar short-wavelength prompt PL. This indicates that the 

isomer molecules can somewhat change the crystalline packing in the CD49 molecular crystal.  

Now we discuss the formation of crystalline intermolecular charge-transfer excitons within the 

periodically packed intramolecular D-A structures in the CD49 molecular crystal. When 

photoexcitation generates equal numbers of electrons and holes, the largely different carrier 

lifetimes can inevitably decrease electron-hole pairing probability within Coulomb capture radius, 

presenting a difficulty to form crystalline intermolecular charge-transfer excitons for realizing a 

persistent PL, shown by the absence of persistent PL in the isomer-free CD49 molecular crystal. 

However, this difficulty can be removed by introducing n-type dopants into p-type materials 

through a carrier-balancing mechanism. Figure 4.6 schematically illustrates that the isomer 

molecules (CD102) act as n-type dopants to activate the carrier-balancing mechanism towards 

increasing the electron-hole pairing probability for forming crystalline intermolecular charge-

transfer excitons in the CD49 molecular crystal. Essentially, the n-type doping effects can be 

realized by satisfying two necessary conditions: (i) energy conservation while donating electrons 

from n-type dopants to the conduction band of intrinsic lattice and (ii) the electron wavefunction 

overlap between dopants and intrinsic lattice to allow electron donation through Dexter transfer. 

Clearly, isomer molecules can conveniently satisfy these two necessary conditions through lattice-

substitutional occupation, enabling n-type doping effects towards forming crystalline 

intermolecular charge-transfer excitons to realize a persistent PL in p-type molecular crystals.  

We should point out that, without n-type doping from isomer molecules, lowering temperature can 

offer an alternative approach to increase the probability for minority electrons to pair with majority 

holes by increasing the Coulomb capture radius towards forming the crystalline intermolecular 

charge-transfer excitons. The Coulomb capture radius can be given by 𝑟𝑐 =
𝑒2

4𝜋𝜀𝐾𝑇
 , where  is the 

dielectric constant, K is the Boltzmann constant, T is the temperature. Theoretically, lowering the 

temperature can largely increase the Coulomb capture radius, consequently increasing the 

probability of finding minority electrons to form electron-hole pairs towards forming crystalline 

intermolecular charge-transfer excitons. We can see in Figure 4.5 c that lowering the temperature 

to 5 K can clearly induce the long-wavelength persistent PL with a lifetime of 0.17 s in the isomer-

free CD49 molecular crystal.  
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Figure 4.6. Schematic diagram to show the formation of electron-hole pairs in crystalline lattice 

through Coulomb capture between minority electrons and majority holes towards generating 

crystalline charge-transfer excitons (CTE) in p-type organic crystal under n-type doping. Isomer 

molecules are functioning as n-type dopants to donate electrons into p-type organic crystal. 
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This low temperature-induced persistent PL in the isomer-free CD49 crystal verifies that the 

ultralong-lived light-emitting states are the crystalline intermolecular charge-transfer excitons 

formed between periodically packed intramolecular D-A structures towards developing persistent 

PL. At room temperature when artificially adding the isomer molecules (CD102) into isomer-free 

CD49 solution, the prepared crystal shows the recovered long-wavelength persistent PL with a 

lifetime of 0.17 s at room temperature (Figure 4.7). This further indicates that the isomer molecules 

embedded into the crystalline structure can function as n-type dopants to provide the carrier-

balancing mechanism necessary to increase electron-hole pairing probability within Coulomb 

capture radius towards forming crystalline charge-transfer excitons within periodically packed 

intramolecular D-A structures to realize a persistent PL at room temperature.  

4.4.3 Spin characteristics of ultralong-lived light-emitting states 

Now we discuss the spin characteristics of ultralong-lived light-emitting states by using magnetic 

field effects of PL. It is noted that both singlet and triplet states have been proposed to be 

responsible for persistent PL through the optically induced molecular twist and de-trapping 

dynamics.[171, 172, 173] Recently, triplets have been widely considered to discuss persistent PL in 

organic molecules. [154,155,159,179]  It was further proposed that the triplet excitons, converted from 

optically generated singlet excitons through the intersystem crossing, can undergo a Dexter triplet-

triplet transfer towards enhancing persistent PL based on carbazole-bromodibenzofuran 

molecules.[180] However, the spin characteristics of ultralong-lived light-emitting states are still 

experimentally lacking to support the theoretically proposed triplet states in persistent PL. Here, 

we explore the spin characteristics of crystalline intermolecular-charge transfer excitons by using 

magnetic field effects of PL. In general, magnetic field effects of PL can provide direct evidence 

on whether the light-emitting states are singlets or triplets, identifying the spin characteristics of 

light-emitting states in organic materials. We have shown that magnetic field effects of PL can be 

conveniently observed from intermolecular charge-transfer excitons formed between donor and 

acceptor components in organic molecules.[168,181,182] When photoexcited electrons and holes are 

randomly paired at donor and acceptor interfaces, both singlet and triplet intermolecular charge-

transfer excitons are formed with the ratio of 1:3 through non-germinate recombination in organic 

materials, as shown in Figure 4.8a. Notably, the triplets are normally having higher energy than 

the singlets in intermolecular charge-transfer excitons governed by spin-exchange interaction,  



 

82 

 

 

       

300 400 500 600 700
0.0

0.3

0.6

0.9

0.0

0.3

0.6

0.9

0.0

0.3

0.6

0.9

P
L
 I
n
te

n
s
it
y
 (

a
rb

.u
n
it
s
)

CD102

 

Wavelength (nm)

Isomer-free CD49

 

 

 

b
CD49/CD102 0.05%

 

0 1 2 3 4 5
10

0

10
1

10
2

10
3

= s

CD49  = s

CD49/CD102 0.05% 

P
L

 C
o

u
n

ts
 (

a
rb

.u
n

it
s
)

Time (s)

c

0 300 600 900

0

1

2

P
L

 c
h

a
n

g
e

 (
%

)

Magnetic field (mT)

d Long-wavelegth persistent PL

CD49 crystal 
synthesized with isomer

Isomer-free CD49 crystal 
artificially added isomer

PL 

Figure 4.7. Isomer doping effects. (a) Chemical structures for CD49 and isomer (CD102) 

molecules; (b) PL spectra of CD49 without isomer, isomer (CD102), and CD49 doped with 0.05% 

CD102; (c) PL lifetimes for CD49 synthesized with isomer and isomer-free CD49 artificially 

added with 0.05% isomer (CD102); (d) Magnetic field effects of persistent PL for CD49 

synthesized with isomer and isomer-free CD49 artificially doped with 0.05% CD102.  
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Figure 4.8. Characteristics of crystalline intermolecular charge-transfer excitons (CTE) in organic 

molecular crystal. (a) Diagram to show electron-hole pairing to form singlet and triplet crystalline 

intermolecular charge-transfer excitons (CTE) with 25 % and 75 %. SOC flips spins, enabling 

exothermic triplet-to-singlet intersystem crossing in crystalline intermolecular charge-transfer 

excitons. Magnetic field increases triplet-to-singlet intersystem crossing by introducing faster and 

slower spin precessions due to different g factors on electrons and holes; (b) Magnetic field effects 

measured for long-wavelength persistent PL (at 542 nm with ultralong lifetime of 0.43 s) and short-

wavelength prompt PL (at 363 nm with short lifetime of 0.45 ns) (ex = 325 nm); (c) The diagram 

to show crystalline intermolecular charge-transfer excitons through three different electron-hole 

captures labeled with I, II, and III within crystalline lattice from periodically packed intramolecular 

D-A structures. Each dot represents an intramolecular D-A structure. 
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opposite to intramolecular Frenkel excitons where the singlets are always having higher energy 

than triplets due to the kinetic energy difference governed by Pauli exclusion controlled 

wavefunction distributions in intramolecular states. [80, 183 , 184 ]  We should emphasize that 

intermolecular charge transfer can simultaneously induce electrical dipole (D+→A-) and spin 

dipoles (D+ and A-) due to unpaired electrons under photoexcitation. We have shown that an 

electric-magnetic coupling can be formed between photoinduced electric dipoles and spin dipoles 

within charge-transfer states, presenting an artificially-engineered SOC to flip the spins. [181,182]  

Essentially, this induces an intersystem crossing from high-energy triplets to low-energy singlets, 

an exothermic process occurring in intermolecular light-emitting states. Furthermore, we have 

observed that a magnetic field can increase the triplet-to-singlet intersystem crossing in 

intermolecular charge-transfer excitons, generating positive magnetic field effects where the PL 

intensity increases with magnetic field in the case that singlets serve as light-emitting states.[182,185]  

Therefore, magnetic field effects of PL have been commonly observed in fluorescence,[182,186] 

phosphorescence, [187,188] delayed fluorescence, [162] and lasing emission [189] in organic molecules 

when intermolecular-type excited states such as charge-transfer states, exciplexes, excimers, and 

polaron pairs are involved in light emission, as verified by positive magnetic field effects of PL in 

organic mixtures where singlets serve as light-emitting states (Figure 4.9). As shown in Figure 

4.8b, magnetic field effects are clearly occurring and lacking in long-wavelength persistent PL and 

short-wavelength prompt PL, respectively. Here, our positive magnetic field effects provide 

immediate evidence that the ultralong-lived light-emitting states possess singlet spin 

characteristics towards generating a persistent PL in our CD49 molecular crystal. It should be 

emphasized that the singlet spin characteristics of ultralong-lived light-emitting states are 

conserved when artificially adding the isomer molecules (CD102) functioning as n-type dopants 

into isomer-free CD49 solution to form a crystal, shown by positive magnetic field effects of 

persistent PL in isomer-containing CD49 crystal (Figure 4.7d). Essentially, the ultralong-lived 

light-emitting states are evolved from crystalline intermolecular charge-transfer excitons formed 

between different lattice units in periodically packed intramolecular D-A structures, as illustrated 

in Figure 4.8c.  

In general, magnetic field effects can be observed at low and high fields (< 10 mT and > 10 mT) 

when hyperfine interaction and SOC govern the singlet -triplet intersystem crossing, 

respectively.[162, 190,191] The early studies in the 1970s showed that the delayed fluorescence in  
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Figure 4.9. PL spectra and magnetic field effects for light-emitting exciplex systems in solid and 

liquid states. (a) PL spectra for pyrene:DMA and pure pyrene/DMA solutions (DMF solvent) at 

375 nm excitation. (b) Magnetic field effects of PL; (c) PL spectra for BBOT:TPD and pure BBOT/ 

TPD in solid states at 375 nm excitation; (d) Magnetic field effects of PL.  

Note: DMA, DMF, BBOT, TPF represent N,N-dimethylaniline, N,N-Dimethylmethanamide, 2,5-

bis(5-tert-butyl-2-benzoxazolyl)-thiophene, and N,N'-diphenyl-N,N'-bis(3-methylphenyl)-[,11'-

biphenyl]-4,4'-diamine.  
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aromatic structures can exhibit magnetic field effects at the lower field (< 10 mT). [192,193] This 

indicates that aromatic molecules are dominated by hyperfine interaction in developing 

intersystem crossing, giving rise to magnetic field effects at low field. For the persistent PL, 

magnetic field effects obviously occurred at the high field up to 900 mT. This provides direct 

evidence that the ultralong-lived light-emitting states are formed with a SOC within periodically 

packed intramolecular D-A structures. When SOC is established, there is a question on whether 

the persistent PL involves TADF (thermally activated delayed fluorescence). The TADF is an 

endothermic process to convert triplet excitons into singlet excitons, extending fluorescence 

lifetime from nanoseconds to microseconds to generate a delayed fluorescence.[194,195] In TADF, 

SOC provides a necessary spin-flipping mechanism to convert non-emissive triplet excitons into 

light-emitting singlet excitons at the condition that the singlet-triplet energy difference is matched 

by thermal energy. We should note that the singlet-triplet intersystem crossing can often occur in 

electron-hole pairs such as charge-transfer states and polaron pairs commonly observed in organic 

OLEDs.[196,197,198] However, the singlet-triplet intersystem crossing occurring in electron-hole 

pairs does not appreciably extend the fluorescence lifetime, which is fundamentally different from 

TADF phenomenon. Nonetheless, whether the TADF is involved in the persistent PL is an 

important issue. We should note that the TADF lifetime can be appreciably decreased by 

increasing temperature because the thermal energy facilitates the triplet-to-singlet 

conversion.[199,200] However, the persistent PL lifetime exhibits a slight increase in the order of 

seconds from 0.35 s to 0.43 s when the temperature is increased from 5 K to 295 K (Figure 4.10), 

opposite to the TADF phenomenon. Therefore, the persistent PL is not governed by the TADF 

because of the absence of lifetime-temperature dependence.  

It has been reported that crystalline packing can induce a long-wavelength PL with the ultralong 

lifetime of 5.4 ms in the organic crystal [2,5-Dihexyloxy-4-bromobenzaldehyde] at room 

temperature.[163] This long-wavelength PL with an ultralong lifetime was proposed to be a 

phosphorescence. This leads to the hypothesis that SOC can be formed to activate the T→S0 

transition with phosphorescence outcome in crystalline molecular packing. However, direct 

experimental evidence on crystalline packing-induced SOC is still lacking. We have shown that 

SOC can be generated once the charge-transfer states are formed in organic D-A structures in the 

absence of heavy elements in organic molecules.[168,169] Essentially, charge-transfer states  
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Figure 4.10. PL characteristics at different temperatures and time windows in CD49 molecular 

crystal synthesized with isomer molecules. (a) Steady-state PL spectra at different temperatures; 

(b) PL decay dynamics under 5 K and 295 K; (c) Time-resolved PL spectra under 5 K. 
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simultaneously possess electrical and spin polarizations with mutual interaction, leading to an 

electric-magnetic coupling shown as an artificially-engineered SOC. Normally, charge-transfer 

states are formed between different molecules with high and low electron negativities. However, 

charge-transfer states can still be formed between the same type of molecules, exampled as light-

emitting excimers occurring between carbazole units in poly(N-vinyl carbazole).[201,202] In this case, 

the same type of molecules can exhibit different electron negativities caused by inhomogeneous 

structural morphologies, leading to partial charge transfer. Here, our magnetic field effects occur 

in persistent PL through crystalline intermolecular-charge transfer excitons. Essentially, 

crystalline intermolecular charge-transfer excitons are generated through the formation of 

electron-hole pairs within Coulomb capture radius in periodically packed intramolecular D-A 

structures when photogenerated carriers occurred in organic molecular crystals. When the 

photoexcited electrons and holes are randomly paired within crystalline lattice, both singlet and 

triplet crystalline intermolecular charge-transfer excitons are formed with the ratio of 1:3 based on 

spin statistics, as indicated in Figure 4.8a. When the spin-flipping mechanism is activated by SOC, 

the triplets can be spin-flipped into singlets through an exothermic process, leading to triplet-to-

singlet intersystem crossing in intermolecular charge-transfer excitons. Particularly, an external 

magnetic field can enhance the spin-flipping mechanism by introducing different spin precessions 

on electron and hole within an intermolecular charge-transfer exciton through different g factors 

between electron and hole, increasing the exothermic triplet-to-singlet intersystem crossing and 

leading to an increase in PL intensity from singlets. This reflects as positive magnetic field effects 

of PL when singlets are responsible for light emission. It should be emphasized that fluorescence 

and phosphorescence are normally having lifetimes in the orders of nanoseconds and microseconds 

in organic materials, respectively. Therefore, there must be a new mechanism to evolve crystalline 

intermolecular charge-transfer excitons into ultralong-lived light-emitting states towards the 

realization of persistent PL in organic molecular crystals.  

4.4.4 Slow phonon effects 

Now we address the fundamental mechanism to slowly relax the crystalline intermolecular charge-

transfer excitons into ultralong-lived light-emitting states towards developing a persistent PL in 

CD49 crystal. The crystallinity-dependent persistent PL indicates that the formation of ultralong-

lived light-emitting states requires periodic packing of intramolecular D-A structures in the CD49 
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molecules.  Amorphously packing intramolecular D-A structures does not form the ultralong-lived 

light-emitting states, as shown by the absence of persistent PL in spin-cast film at room 

temperature (Figure 4.1c). We should note that the CD49 molecules carry the AIE (aggregation-

induced emission) properties operated by the suppressed molecular rotations with reduced 

nonradiative emission upon molecular packing, leading to an increase in PL intensity with 

increasing concentration, as illustrated in Figure 4.11c. However, the AIE properties do not lead 

to a persistent PL in the absence of periodic packing of intramolecular D-A structures, as shown 

by amorphous packing in the spin-cast film with disappeared persistent PL (Figure 4.1c). At 

cryogenic temperature (77 K), the frozen CD49 liquid does not show the long-wavelength 

persistent PL that was observed in the molecular crystal at room temperature (Figure 4.11b). 

Furthermore, when the higher and lower crystallinity are selected in CD49 crystals (shown as 

stronger and weaker polarizations of persistent PL), the persistent PL lifetime is consequently 

decreased from 0.39 s to 0.22 s (Figure 4.12).  Clearly, the periodically packing intramolecular D-

A structure presents a necessary condition to evolve the crystalline charge-transfer excitons into 

ultralong-lived light-emitting states.  

Here, we utilized photoexcitation-assisted Raman spectroscopy to explore extremely slow 

relaxation of photoexcited lattice vibrations to understand the underlying mechanism of evolving 

crystalline intermolecular charge-transfer excitons into ultralong-lived light-emitting states. In our 

experimental method, the lattice vibrations were monitored by Raman spectroscopy while the 

photoexcitation was applied and removed in the CD49 crystal. Figure 4.13 shows the Raman 

spectra detected by using the 785 nm laser beam while simultaneously applying/removing the 375 

nm laser photoexcitation. Intriguingly, the Raman signals between 50 cm-1 and 200 cm-1 from the 

lattice vibrations are slowly increasing at 0.3 s and 1.0 s after the 375 nm photoexcitation is applied 

(Figure 4.13a). After removing the 375 nm photoexcitation, the Raman signals are slowly 

decreasing at 0.5 s and 2.0 s (Figure 4.13b). As a reference, the silicon does not show any 

detectable slow modulation on Raman signals upon applying/removing an external photoexcitation 

(Figure 4.14). Essentially, our photoexcitation-assisted Raman studies indicate that 

applying/removing photoexcitation slowly increases/decreases the lattice vibrations to a new 

equilibrium within the time scale of seconds, leading to unusual slow relaxation of photoexcited 

lattice vibrations within periodically packed intramolecular D-A structures in the CD49 crystal, 

defined as slow phonon effects. Normally, photoexcited lattice vibrations can quickly evolve into 
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Figure 4.11. Spectral characteristics for CD49 THF solution (2.5 mg/mL). (a) Absorption and PL 

spectra. (b) PL spectra under 77 K and 295 K; (c) Photograph with different solution concentrations. 
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Figure 4.12. Polarized emission from CD49 crystals with different crystallinity. (a) Stronger and 

weaker polarized persistent PL at 542nm to show higher and lower crystallinities selected from 

CD49 crystals under 375 nm excitation; (b) PL decay dynamics for higher and lower crystallinities 

in CD49 crystals. 
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Figure 4.13. Photoexcitation-assisted Raman characterizations upon applying/removing 375 nm 

excitation (785 nm laser beam for Raman). (a) Raman spectra measured at different illumination 

times after applying 375nm laser excitation; (b) Raman spectra measured at different times after 

removing 375 nm laser excitation; (c) Raman signal intensity at 67 cm-1 and PL intensity at 542 

nm are plotted as a function of time upon applying/removing 375 nm laser excitation; (d) Raman 

signal intensity of molecular crystal at 67 cm-1 and amorphous film at 59 cm-1 plotted as a function 

of time upon applying/removing 375 nm laser excitation; e. Raman spectra measured with heating 

to 70 0C and cooling-down to room temperature conditions. 
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a new equilibrium via the assistance from a large number of local vibrations/rotations, leading to 

an increased density of phonons within femtoseconds to picoseconds in semiconductors.[203,204] 

Here, we should emphasize that, within the persistent light-emitting CD49 molecules which carry 

AIE (aggregation-induced emission) properties, the molecular vibrations/rotations are 

significantly restricted by ordered intermolecular packing within crystalline lattice. Apparently, 

the un-usual slow lattice relaxation upon applying/removing photoexcitation is caused by the 

limited energy dissipation of photoexcited lattice vibrations to the suppressed intramolecular 

vibrations in periodically packed intramolecular D-A structures due to AIE properties. This leads 

to a hypothesis that there exists a strong coupling between optical and acoustic phonons within 

periodically packed intramolecular D-A structures. Consequently, suppressing the acoustic 

phonons through AIE properties can slow the relaxation of optical phonons towards slowly 

relaxing the crystalline intermolecular charge-transfer excitons. Notably, the photoexcitation-

induced slow modulation of lattice vibrations is occurring within a similar time window as 

compared to persistent PL, as illustrated in Figure 4.13c. We should note that the Raman peak 

positions stay unchanged upon applying/removing photoexcitation, indicating that the lattice 

constants do not change in the CD49 molecules under photoexcitation. As a distinct comparison, 

Figure 4.13e shows that heating decreases the Raman signal intensity and also shifts Raman peaks 

to lower frequencies. This indicates that heating simultaneously expands the lattice constants and 

decreases the phonon density in the CD49 crystal. This confirms that slow photoexcitation-induced 

modulation of lattice vibrations is not a heating effect. Clearly, the photoexcitation-induced slow 

modulation of lattice vibrations presents a fundamental mechanism to slowly relax crystalline 

intermolecular charge-transfer excitons into ultralong-lived light-emitting states if the interaction 

between crystalline intermolecular charge-transfer excitons and lattice vibrations occurs within 

periodically packed intramolecular D-A structures in the CD49 molecular crystal. We should point 

out that the CD49 crystal without the isomer molecules still demonstrates similar un-usual slow 

lattice relaxation at room temperature upon applying/removing photoexcitation, shown as slowly 

increasing/decreasing Raman signal intensity of lattice vibrations when the photoexcitation is 

applied/removed (Figure 4.15). Clearly, in the isomer-free CD49 crystal, periodically packing 

intramolecular D-A structures still provides the un-usual slow relaxation of photoexcited lattice 

vibrations at room temperature, presenting a ready condition to develop ultralong-lived light-

emitting states. However, when the isomer molecules are removed, the crystalline intermolecular 
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Figure 4.14. Photoexcitation-assisted Raman spectroscopy for Silicon characterized with 785 nm 

laser beam after applying 375 nm laser excitation. Raman signal remains unchanged upon 

applying/removing photoexcitation. 
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Figure 4.15. Photoexcitation-assisted Raman spectroscopy for isomer-free CD49 crystal. Raman 

spectroscopy was activated by using built-in 785 nm beam. Photoexcitation was applied by an 

external 375 nm beam. (a) Raman spectra measured at different times after applying 

photoexcitation; (b) Raman spectra measured at different times after removing photoexcitation; (c) 
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Raman signal intensity at 65 cm-1 was monitored as a function of time upon applying/removing 

photoexcitation.  
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charge-transfer excitons are difficult to form in the CD49 crystal at room temperature due to 

largely unbalanced lifetimes between photoexcited electrons and holes, shown as the absence of 

persistent PL. When the Coulomb capture radius is increased by lowering the temperature, the 

isomer-free CD49 crystal can recover the persistent PL at 5 K with a lifetime of 0.17 s based on 

the already-existed un-usual slow relaxation of photoexcited lattice vibrations, as indicated in 

Figure 4.5c. 

4.4.5 Ferroelectric polarization 

Here, we discuss the ferroelectric-like lattice in periodically packed intramolecular D-A structures 

in the CD49 molecular crystal based on SHG studies. The ferroelectric-like lattice can provide the 

necessary condition to establish crystalline exciton-lattice interaction when crystalline 

intermolecular charge-transfer excitons are formed within periodically packed intramolecular D-

A structures. Figure 4-16a shows a strong SHG for both isomer-containing and isomer-free CD49 

crystals under 1025 nm laser illumination at room temperature. The SHG signals show typical 

quadratic power dependence with excitation intensity (Figure 4.16b). The strong SHG signal 

confirms that the periodically packed intramolecular D-A structures are indeed formed with 

inverse symmetry breaking properties as ferroelectric-like lattice in both CD49 crystals prepared 

with and without isomer molecules. Furthermore, this SHG phenomenon implies that introducing 

the isomer molecules does not destroy the ferroelectric-like lattice with inverse symmetry breaking 

properties in the CD49 crystal. Clearly, the CD49 crystal presents as ferroelectric-like lattice by 

periodically packing the intramolecular D-A structures. Now, we identify whether the 

ferroelectric-like lattice is coupled with crystalline intermolecular charge-transfer excitons. 

Essentially, the coupling between the ferroelectric lattice and crystalline intermolecular charge-

transfer states can establish an exciton-lattice interaction towards developing ultralong-lived light-

emitting states once un-usual slow relaxation of photoexcited lattice vibrations is ready. We should 

note that the crystalline intermolecular charge-transfer states, equivalent to aligned intermolecular 

charge-transfer dipoles, carry a SOC. When photogenerated electrons and holes are captured into 

electron-hole pairs to form intermolecular charge-transfer states, SOC can demonstrate magnetic 

field effects of PL (Figure 4.8). Clearly, magnetic field effects represent the signature of 

intermolecular charge-transfer states. If the ferroelectric-like lattice is coupled with crystalline 

intermolecular charge-transfer states, magnetic field effects of polarization can be observed by   
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Figure 4.16. Ferroelectric polarization of CD49. (a)  SHG signals for CD49 crystals prepared with 

and without isomer molecules under 1025 nm excitation; (b) Excitation-emission power 

dependence for SHG signals; (c) Principle for using magneto-dielectric response to identify 

coupling between ferroelectric-like lattice and crystalline intermolecular charge-transfer excitons 

(CTE). Electrical polarization P was measured at 1 MHz while gradually increasing magnetic field 

B. When ferroelectric-like lattice is coupled with CTE, disturbing CTE by magnetic field leads to 

a change on electrical polarization, presenting magneto-dielectric response; (d) Magneto-dielectric 

signals were measured at 1 MHz as a function of magnetic field under 343 nm excitation as 

compared to dark condition. 
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monitoring electrical polarization with a gradually increasing magnetic field, as illustrated in 

Figure 4.16c. Therefore, magnetic field effects of polarization present a unique method to identify 

the coupling between ferroelectric-like lattice and crystalline intermolecular charge-transfer states. 

Here, magnetic field effects of polarization were performed by monitoring the polarization signal 

at 1 MHz while gradually scanning the magnetic field, at the condition that photoexcitation 

generates crystalline intermolecular charge-transfer dipoles. The frequency of 1 MHz was targeted 

at the intermolecular polarization occurring in crystalline lattice formed by periodically packing 

intramolecular D-A structures. Figure 4-16d shows magnetic field effects of polarization measured 

at 1 MHz for both CD49 crystals prepared with and without the isomer molecules. This observation 

confirms that the ferroelectric-like lattice is indeed coupled with crystalline intermolecular charge-

transfer dipoles, leading to exciton-lattice coupling in periodically packing the intramolecular D-

A structures. Essentially, this exciton-lattice coupling provides the ready condition to evolve 

crystalline intermolecular charge-transfer excitons into ultralong-lived light-emitting states 

through slow phonon effects within periodically packed intramolecular D-A structures. Therefore, 

persistent PL can be realized when crystalline intermolecular charge-transfer excitons and un-usual 

slow relaxation of lattice vibrations are simultaneously formed within ferroelectric-like lattice 

from periodically packed intramolecular D-A structures, as illustrated in Figure 4.17. 

 

4.5 Conclusion 

In summary, we found that the long-wavelength persistent PL is sensitive to the crystallinity in 

our CD49 crystal prepared with the isomer molecules. The lifetime of persistent PL is largely 

decreased from 0.43 s to 0.12 s by lowering the crystallinity from single crystal to drop-cast film, 

and consequently disappeared in spin-cast film at room temperature. This indicates that crystalline 

intermolecular charge-transfer excitons are responsible for persistent PL upon forming electron-

hole pairs through Coulomb capture within periodically packed intramolecular D-A structures. 

Essentially, organic molecular crystals are typical p-type semiconductors with distinctly shorter 

and longer lifetimes between photoexcited electrons and holes with much lower and higher 

mobilities, acting as minority and majority carriers. The distinctly shorter and longer lifetimes 

between photoexcited electrons and holes can largely lower the electron-hole pairing probability 

within Coulomb capture radius, causing a difficulty to form crystalline charge-transfer excitons in 

p-type organic crystals. Introducing isomer molecules can enable n-type doping effect to balance 
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Figure 4.17. Diagram of slow-phonon effects of CD49. Persistent light emission is enabled by slow 

relaxation of photoexcited lattice vibrations when coupling between crystalline intermolecular 

charge-transfer excitons (CTE) and ferroelectric-like lattice is occurred. Through slow relaxation 

of lattice vibrations, crystalline charge-transfer excitons are slowly evolved into ultralong-lived 

light-emitting states, leading to a persistent PL in ferroelectric-like lattice upon periodically 

packing intramolecular D-A structures. 
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the minority and majority carriers, providing a carrier-balancing mechanism to increase electron-

hole pairing probability within Coulomb capture radius towards forming crystalline intermolecular 

charge-transfer excitons for realizing a persistent PL. Consequently, the persistent PL can be 

observed at room temperature in our CD49 crystal when the isomer molecules are present, but 

becomes disappeared in the absence of isomer molecules due to unbalanced minority/majority 

carriers at room temperature. However, in the isomer-free CD49 crystal, the disappeared persistent 

PL can be recovered at low temperature when the isomer molecules are absent as n-type dopants. 

This confirms that crystalline intermolecular charge-transfer excitons, responsible for persistent 

PL, are essentially formed between periodically packed intramolecular D-A structures in our CD49 

molecular crystal. Interestingly, the persistent PL demonstrates positive magnetic field effects, 

indicating that crystalline intermolecular-charge transfer excitons carry singlet spin characteristics 

with spatially extended wavefunctions. To understand the basic mechanism of evolving crystalline 

intermolecular-charge transfer excitons into ultralong-lived light-emitting states, the slow 

relaxation of lattice vibrations and the exciton-lattice coupling was investigated by using 

photoinduced Raman spectroscopy and polarization characterizations. Our photoexcitation-

assisted Raman studies found a unique phenomenon where the Raman signals of photoexcited 

lattice vibrations are slowly increasing/decreasing when applying/removing an external 

photoexcitation, leading to un-usual slow phonon effects in the time window of seconds, providing 

the basic possibility to evolve intermolecular excitons into ultralong-lived light-emitting states 

when the exciton-lattice coupling is occurred in crystalline lattice. Furthermore, our SHG studies 

indicate that periodically packed intramolecular D-A structures are formed as ferroelectric-like 

lattice in the CD49 crystals. Especially, the magneto-dielectric response shows that crystalline 

intermolecular charge-transfer excitons are coupled with the ferroelectric lattice, presenting an 

exciton-lattice coupling in periodically packed intramolecular D-A structures. Based on the 

exciton-lattice coupling, the slow relaxation of lattice vibrations can evolve crystalline 

intermolecular charge-transfer excitons into ultralong-lived light-emitting states, leading to a 

persistent PL in organic molecular crystals. Therefore, our experimental studies provide an 

insightful fundamental understanding of the spin-physics and photophysics of ultralong-lived 

light-emitting states based on SOC and slow phonon effects towards developing persistent light 

emission in organic crystals.   
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Chapter 5: Afterglow Multiphoton Up-conversion Photoluminescence in 

Organic Crystal   
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A manuscript organized by Yixuan Dou etc. based on this chapter is under submission, Yixuan 
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writing of the manuscript. 

Dou Y., Wang M., Demangeat C., Dryzhakov B., Attias A., Hu B.*; Afterglow Multiphoton 

Up-conversion Photoluminescence Enabled by Ferroelectric Light-emitting Lattice Formed 

from Crystalline Donor-acceptor Structure; Under submission 

 

5.1 Abstract 

 

The organic CD49 molecule shows an afterglow up-conversion photoluminescence (PL) peaked 

at 542 nm lasting to 3 seconds after ceasing 1025 nm infrared excitation at room temperature, 

concurrently occurring with Second Harmonic Generation (SHG), in ferroelectric-light-emitting 

CD49 crystal designed with intramolecular donor-acceptor (carbazole-pyridine) structures. 

Essentially, the afterglow up-conversion PL results from crystalline charge-transfer excitons with 

singlet spin characteristics formed by electron-hole pairing, shown by magnetic field effects of PL. 

Because of distinctly different lifetimes between photoexcited electrons and holes, electron-hole 

pairing requires a carrier-balancing condition through isomer doping to form crystalline 

intermolecular charge-transfer excitons. Photoexcitation-assisted Raman spectroscopy indicates 

that photoexcited ferroelectric light-emitting lattice experiences an un-usual slow relaxation in the 

time window of seconds under multiphoton excitation. Our magneto-dielectric studies indicate that 

crystalline intermolecular charge-transfer excitons are coupled with ferroelectric light-emitting 

lattice, evolving crystalline intermolecular charge-transfer excitons into ultralong-lived light-

emitting states towards developing afterglow multiphoton up-conversion PL in isomer doped 

CD49 crystal.  
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5.2 Introduction 

Afterglow refers to the phenomenon that a PL can still be observed in the time window from 

seconds up to minutes and hours after ceasing an external photoexcitation, leading to the so-called 

persistent PL.[205,206,207] Originally, the afterglow phenomenon was widely observed in inorganic 

phosphor crystals when the trapped photogenerated carriers were slowly released through thermal 

activation.[208,209,210] Slowly releasing photoexcited carriers in energy traps has been functioning 

as a popular mechanism to generate an afterglow phenomenon at room temperature.[211,212,213] 

Recently, afterglow PL has become an emerging phenomenon in organic crystals through 

ultralong-lived light-emitting states.[214,215,216,217,218,219]  Normally, light-emitting states are formed 

as short-lived excitons in organic molecules to generate fluorescence and phosphorescence with 

lifetimes ranging from nanoseconds[220,221] to microseconds.[222,223,224,225] Clearly, the afterglow PL 

requires new fundamental mechanisms to evolve short-lived excitons into ultralong-lived light-

emitting states through unusual excited states dynamics in organic molecular crystals.  

 

In this work, we explore afterglow infrared-to-visible up-conversion PL through multiphoton 

excitation in carbazole-derivatives based crystal where intramolecular donor-acceptor structures 

are periodically packed to form the ferroelectric light-emitting lattice. We observe that an 

afterglow multiphoton up-conversion PL can be activated simultaneously with SHG in our CD49 

crystal doped with isomer molecules (CD102). This shows that the isomer-containing CD49 

crystal presents dual ferroelectric and light-emitting properties, leading to the ferroelectric light-

emitting lattice. Magnetic field effects indicate that the afterglow multiphoton up-conversion PL 

results from crystalline intermolecular charge-transfer excitons with singlet spin characteristics 

formed through the electron-hole pairing within Coulomb capture radius in such ferroelectric light-

emitting lattice under multiphoton excitation of an incident infrared laser beam. Essentially, 

electron-hole pairing requires the carrier-balancing condition to increase the electron-hole pairing 

probability within Coulomb capture radius towards forming crystalline intermolecular charge-

transfer excitons. Here, we observe that the isomer molecules can function as n-type dopants and 

consequently activate the afterglow infrared-to-visible multiphoton up-conversion PL in the CD49 

crystal. Therefore, providing carrier-balancing condition is a critical procedure to form crystalline 

intermolecular charge-transfer excitons in organic crystals towards developing an afterglow 

infrared-to-visible multiphoton PL in organic crystals which are naturally p-type semiconductors 
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with much unbalanced electron/hole lifetimes. Our magneto-dielectric studies reveal that 

crystalline intermolecular charge-transfer excitons are coupled with ferroelectric polarization, 

leading to exciton-lattice coupling order in a ferroelectric light-emitting crystal formed by 

periodically packing the intramolecular donor-acceptor structures. This can dually increase 

multiphoton excitation probability and evolve crystalline intermolecular excitons into ultra-lived 

light-emitting states to generate an afterglow multiphoton up-conversion PL. Our photoexcitation-

assisted Raman spectroscopy indicates that applying/removing multiphoton excitation leads to a 

very slow increase/decrease on Raman signal intensity of lattice vibrations in the time window of 

seconds, presenting an un-usual slow relaxation of photoexcited ferroelectric lattice vibrations in 

CD49 crystal. With the exciton-lattice coupling order, the slow relaxation of photoexcited 

ferroelectric lattice vibrations can evolve intermolecular charge-transfer excitons into ultralong-

lived light-emitting states, giving rise to an afterglow up-conversion PL in organic crystals with 

dual ferroelectric polarizations and light-emitting properties. Technically, the afterglow in 

infrared-to-visible multiphoton up-conversion PL provides an opportunity to develop highly 

sensitive infrared imaging techniques by collecting optical signals after ceasing infrared stimulus 

to avoid background noise.  

 

5.3 Methods 

5.3.1 Synthesis of CD49 compound:  

Same as the organic material synthesis in 4.3 Methods part. 

5.3.2 Photoluminescence measurement  

PL spectra in both steady and dynamic regimes were measured by the SPEX Fluorolog 3 

spectrometer. The time-resolved photoexcitation source was from a pulsed laser beam (342nm, 4 

mW) generated through a harmonic generator (Ultrafast Systems LLC, third harmonic) with a 

Pharos laser (Light Conversion, 1 KHz, 1025 nm, 290 fs). The SHG spectra and up-conversion 

emission were measured by the same excitation source as the time-resolved photoexcitation source 

under a frequency of 25 KHz laser. An 850 nm long-pass cutoff filter (Newport) was placed on 

the excitation beam path before the sample, an FSQ-KG5 short-pass filter (300-800 nm, Newport) 
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was placed on the emission beam path after the sample.  The low temperature was generated by 

the cryostat with a helium compressor (Advanced Research Systems, Inc.). 

5.3.3 Photoexcitation-assisted Raman measurement 

Photoexcitation-assisted Raman spectroscopy was characterized by using Horiba Xplora plus 

system confocal Raman microscope with built-in 785 nm laser beam in combination with an 

external photoexcitation of 1025 nm fs laser beam.  

5.3.4 Magneto-PL measurement 

Same as 4.3.4 part. 

5.3.5 Nuclear magnetic resonance (1H and 13C) spectra  

Same as 4.3.5 part. 

5.3.6 High-performance liquid chromatography measurement 

Same as 4.3.6 part. 

5.3.7 Magneto-capacitance measurement 

The capacitance measurement was performed by using the Agilent E4980A LCR meter 

(alternating bias: 50 mV). The magneto-PL and magneto-capacitance were measured by 

monitoring signal intensity while applying a magnetic field. The amplitude for magnetic field 

effects is defined as MFE = 
𝑰𝑩−𝑰𝟎

𝑰𝟎
, where I0 and IB are signal intensities without and with a magnetic 

field, respectively. A 1025 nm fs laser was applied to conduct the magneto-capacitance 

measurement under photoexcitation. 

 

5.4 Results and discussions 

5.4.1 Up-conversion of CD49 persistent material  

The light-emitting molecules [9-(3-(5-bromopyridin-3-yl)prop-2-yn-1-yl)-9H-carbazole] (CD49) 

were prepared by separately using commercial and home-synthesized carbazole molecules. It has 

been found that commercial carbazole contains isomer molecules while home-synthesized 

carbazole lacks isomer molecules.[ 226 ] Therefore, our samples can be categorized as isomer-
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containing CD49 and isomer-free CD49 crystals, namely doped and undoped CD49 crystals in this 

work. Here we can see an afterglow phenomenon occurring in infrared-to-visible multiphoton up-

conversion PL in the isomer-containing CD49 molecular crystal under 1025 nm excitation at room 

temperature. Figure 5.1a illustrates that the 1025 nm excitation generates the long-wavelength 

emission peaked at 542 nm and 590 nm in this doped CD49 crystal. Notably, the PL peaked at 542 

nm and 590 nm can last until 3 seconds after ceasing 1025 nm excitation (Figure 5.1b,c), presenting 

an afterglow multiphoton up-conversion PL at room temperature. Simultaneously, a sharp peak at 

512 nm is shown in the doped CD49 crystal under the 1025 nm excitation, giving rise to a strong 

SHG signal. Clearly, the doped CD49 crystal demonstrates dual ferroelectric polarization and 

ultralong-lived light-emitting properties, functioning as a ferroelectric light-emitting lattice. 

Interestingly, lowering the crystallinity largely decreases both the afterglow multiphoton up-

conversion PL and the SHG signal from molecular crystal to drop-cast film, which eventually 

disappeared when the crystallinity is largely removed in the spin-cast film. This indicates that the 

light-emitting states are intermolecular charge-transfer excitons formed with a spatial order, 

leading to crystalline light-emitting excitons within ferroelectric lattice for developing the 

afterglow phenomenon multiphoton up-conversion PL. Here, crystalline intermolecular charge-

transfer excitons exhibit structurally-resolved PL spectrum, as against structureless broad PL 

spectrum from amorphous intermolecular charge-transfer excitons. The curve fitting shows the 

lifetime of 0.43 s for the afterglow up-conversion PL peaked at 542 nm under 1025 nm excitation 

(Figure 5.1b). The power dependence between excitation and emission intensities shows the slope 

of 2.47 (Figure 5.1d), suggesting that this afterglow in infrared-to-visible up-conversion PL is 

essentially a three-photon excitation process occurring within ferroelectric lattice in the doped 

CD49 molecular crystal where the intramolecular donor-acceptor structures are periodically 

packed.  

5.4.2 Isomer induced n-type doping  

Essentially, crystalline intermolecular charge-transfer excitons can be formed when 

photogenerated carriers undergo the electron-hole pairing in Coulomb capture radius in organic 

crystals under multiphoton excitation.[227] We should note that photoexcited electrons and holes in 

organic crystals are naturally having significant unbalanced lifetimes due to their largely different 

mobilities. Carbazole derivatives possess distinctly lower and higher mobilities between electrons  
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Figure 5.1. Afterglow multiphoton up-conversion PL and SHG in isomer-containing CD49. (a) PL 

spectra for crystal, drop-cast film, and spin-cast film under 1025 nm excitation. Inset: chemical 

structure; (b) PL lifetimes (peaked at 542 nm) for crystal and drop-cast film under 1025 nm 

excitation. PL lifetime was fitted with exponential decay equation, the average lifetime was 

calculated by the equation: 𝜏𝑎𝑣𝑒 =
∑ 𝛼𝑛∗𝜏𝑛

2𝑛
𝑖=1

∑ 𝛼𝑛∗𝜏𝑛
𝑛
𝑖=1

; (c) The rise and decay profiles are shown for PL at 

542 nm with turning on/off 1025 nm laser excitation in CD49 crystal. (d) PL intensity at 542 nm 

is plotted against laser excitation intensity on a logarithmic under 1025 nm excitation for CD49 

crystal. 
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and holes with significantly different lifetimes.[228,229] This can largely decrease the electron-hole 

pairing probability within Coulomb capture radius, presenting a difficulty to form crystalline 

intermolecular charge-transfer excitons towards realizing an afterglow infrared-to-visible up-

conversion PL in organic crystals under multiphoton excitation. This difficulty can be conveniently 

overcome by using n-type doping to increase the electron-hole pairing probability within the 

Coulomb capture radius to form crystalline intermolecular charge-transfer excitons. Due to the 

electron-donating capability, the isomer molecules can serve as n-type dopants through 

substitutional occupation in the crystal, forming isomer-containing doped CD49 crystal. 

Essentially, the isomer molecules provide a carrier-balancing condition to increase the electron-

hole pairing probability within Coulomb capture radius towards forming crystalline intermolecular 

charge-transfer excitons. Figure 5.2a shows that the afterglow multiphoton up-conversion PL 

disappeared at room temperature in isomer-free CD49 crystal under 1025 nm excitation. 

Interestingly, in the isomer-free CD49 crystal, lowering the temperature can lead to the recovering 

of the afterglow multiphoton up-conversion PL as shown in Figure 5.2b. Figure 5.2c indicates that 

the multiphoton up-conversion PL can be observed at 0.17 ms after ceasing the 1025 nm excitation 

in the isomer-free CD49 crystal at 5 K, giving rise to an afterglow phenomenon up-conversion PL 

at cryonic temperature. The time-resolved PL dynamics in Figure 5.2d illustrate the lifetime of 0.2 

s at 542 nm under 1025 nm excitation at 5 K in isomer-free CD49 crystal. This low-temperature-

recovered afterglow phenomenon confirms that the crystalline intermolecular charge-transfer 

excitons are indeed formed between periodically packed intramolecular D-A structures in the 

isomer-free CD49 crystal. Furthermore, this experimental phenomenon indicates that lowering the 

temperature can still increase the electron-hole pairing probability in the isomer-free CD49 crystal 

where the electron and hole lifetimes are much unbalanced due to largely different mobilities. This 

is because lowering the temperature can expand the Coulomb capture radius given by 𝑟𝑐 =
𝑒2

4𝜋𝜀𝐾𝑇
 , 

where  is the dielectric constant, K is the Boltzmann constant, T is the temperature.  Clearly, 

providing carrier-balancing conditions is an important procedure to form electron-hole pairs within 

the Coulomb capture radius towards generating crystalline intermolecular charge-transfer excitons 

for realizing afterglow up-conversion PL in organic crystals.  
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Figure 5.2. Isomer-free CD49 crystal: PL characteristics at room and low temperatures. (a) 

Lacking afterglow up-conversion PL at 298K in steady-state measurement; (b) Afterglow 

spectrum recovered at 5 K and 0.17 seconds after ceasing 1025 nm excitation; (c) Afterglow 

lifetime at 542 nm measured at 5 K. 
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5.4.3 Spin characteristics of up-conversion ultralong-lived light-emitting states 

To understand the spin characteristics of ultralong-lived light-emitting states, the persistent PL 

peaked at 542 nm was monitored with and without a magnetic field at room temperature. Here, the 

persistent PL was generated by using down-conversion excitation of a 325 nm laser beam. Figure 

5.3a shows that an external magnetic field can increase the persistent PL intensity in the CD49 

crystal at room temperature, leading to positive magnetic field effects of persistent PL. We have 

shown that magnetic field effects of PL can be conveniently observed when an applied magnetic 

field disturbs the singlet-triplet intersystem crossing by flipping the spins at the precondition that 

the exchange energy in light-emitting states is comparable with the magnetic energy of the applied 

field.[79,230,231], as illustrated in Figure 5.3b. This precondition can be satisfied in intermolecular 

charge-transfer excitons where spatially extended wave functions largely decrease the exchange 

energy to allow magnetic field effects. [78,80,232]  If exchange energy is much larger than magnetic 

energy, magnetic field effects become negligible. Clearly, positive magnetic field effects provide 

evidence that the ultralong-lived light-emitting states possess singlet spin characteristics towards 

developing an afterglow up-conversion PL under multiphoton excitation. The singlet spin 

characteristics given by positive magnetic field effects are based on the following two 

experimental arguments. First, the triplets are normally having higher energy than singlets in 

intermolecular charge-transfer excitons, on the contrary to intramolecular excitons (known as 

Frenkel excitons) where singlets are shown to possess higher energy than triplets.[16,233,234] Second, 

an applied magnetic field can increase the triplet-to-singlet intersystem crossing in intermolecular 

charge-transfer excitons by increasing spin flipping through magnetic scattering, leading to an 

increase in the PL intensity from singlets and consequently giving rise to positive magnetic field 

effects of PL.[235,236,237,238,239] Therefore, the up-conversion ultralong-lived light-emitting states are 

essentially singlet crystalline intermolecular charge-transfer excitons formed by electron-hole 

pairing within Coulomb capture radius upon providing carrier-balancing condition in the isomer-

containing CD49 crystal under multiphoton excitation.  

The isomer-containing CD49 molecular crystal is known as persistent light-emitting materials in 

down-conversion PL under UV photoexcitation. Figure 5.4a shows that the PL spectrum consists 

of short-wavelength and long-wavelength components peaked at 363 nm and 542 nm in a down-

conversion regime under 343 nm excitation in the isomer-containing CD49 molecular crystal. The 

short-wavelength PL is known as prompt light emission with a lifetime of 0.45 ns, also observed  
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Figure 5.3. Magnetic field effects of PL of CD49. (a) PL intensity at 542 nm was measured without 

and with magnetic field (900 mT) for isomer-containing CD49 crystal under 325 nm excitation; 

(b) Diagram is shown for magnetic field effects of PL through field-dependent spin flipping 

between singlet and triplet states in crystalline intermolecular charge-transfer excitons.  
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in liquid solution. Interestingly, the long-wavelength PL peaked at 542 nm is shown with the 

ultralong lifetime of 0.43 s only in the crystalline state where the intramolecular donor-acceptor 

structures are periodically packed as shown in Figure 5.4b, leading to an afterglow phenomenon 

in down-conversion PL in ferroelectric light-emitting lattice formed in the isomer-doped CD49 

crystal. It should be emphasized that the crystalline intermolecular charge-transfer excitons formed 

within periodically packed intramolecular donor-acceptor structures can respond to infrared 1025 

nm excitation, giving rise to an afterglow up-conversion PL with the peak wavelength at 542 nm 

in the isomer-doped CD49 molecular crystal. This presents a fundamental question on why 

periodically packed intramolecular donor-acceptor structures can exhibit a multiphoton up-

conversion PL with afterglow phenomenon in organic molecular crystals.  

The CD49 molecular crystal possesses dual ferroelectric and light-emitting properties, presenting 

as a ferroelectric light-emitting lattice. Clearly, the ferroelectric light-emitting lattice 

simultaneously gives rise to both the non-central symmetric polarization with SHG through 

crystalline intermolecular polarization and the multiphoton up-conversion PL with afterglow 

phenomenon through crystalline intermolecular charge-transfer excitons at room temperature in 

the doped CD49 crystal where the intramolecular donor-acceptor structures are periodically 

packed. To understand the afterglow multiphoton up-conversion PL, we use the photoexcitation-

assisted Raman spectroscopy through multiphoton excitation from the 1025 nm laser beam to 

explore the slow relaxation of photoexcited ferroelectric lattice vibrations in our CD49 crystal, 

serving as the basic mechanism to evolve crystalline intermolecular charge-transfer excitons into 

ultralong-lived light-emitting states. In photoexcitation-assisted Raman spectroscopy, the local 

ferroelectric lattice vibrations are monitored using the internal laser beam of 785 nm, serving as 

Raman scattering detection, in conjunction with an externally applied 1025 nm laser beam, serving 

as a multiphoton excitation. Figure 5.5 shows an interesting phenomenon: the Raman signal 

intensity below 200 cm-1 is slowly increased/decreased in the time window up to 3 seconds upon 

applying/removing the 1025 nm excitation in the CD49 molecular crystal. This presents an unusual 

slow relaxation of photoexcited ferroelectric lattice vibrations. Essentially, this indicates that the 

photoexcited ferroelectric lattice vibrations are slowly releasing the energy to reach a new 

equilibrium in periodically packed intramolecular donor-acceptor structures after ceasing infrared 

1025 nm photoexcitation, leading to an un-usual slow phonon effect in the ferroelectric light-

emitting lattice.  
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Figure 5.4. Down-conversion PL characteristics under 343 nm excitation in isomer-containing 

CD49 crystal. (a) PL spectrum under 343 nm excitation (dot-line for liquid sampel); (b) Time-

resolved PL dynamics at 363 nm and 542 nm. 
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Figure 5.5. Photoexcitation-assisted Raman spectroscopy characterized with 785 nm laser beam 

upon applying and removing 1025 nm photoexcitation in isomer-containing CD49 crystal. (a) 

Raman spectra after removing 1025 nm laser excitation of isomer-containing CD49 crystal; (b) 

Raman spectra after removing 1025 nm laser excitation of isomer-free CD49 crystal; (c) Raman 

signal intensity at 51 cm-1 as a function of time upon applying and removing 1025 nm laser 

excitation of isomer-containing CD49 crystal. 
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This slow phonon effect provides a basic mechanism to explain the evolution of crystalline 

intermolecular excitons into ultralong-lived light-emitting states through the lattice-exciton 

coupling in ferroelectric light-emitting lattice formed by periodically packing intramolecular 

donor-acceptor structures.  

With the slow phonon effect, it requires the coupling between ferroelectric lattice and crystalline 

intermolecular charge-transfer excitons, leading to an exciton-lattice coupling order, to realize an 

afterglow up-conversion PL under multiphoton excitation. Here, we explore the possibilities that 

the exciton-lattice coupling order can simultaneously increase the multiphoton excitation 

probability and evolve crystalline intermolecular charge-transfer excitons into ultralong-lived 

light-emitting states in ferroelectric light-emitting crystals. First, with exciton-lattice coupling 

order, the ferroelectric polarization shown by the nonlinear optical response provided the 

possibilities to facilitate the multiphoton excitation of generating crystalline intermolecular 

charge-transfer excitons. Second, when the slow relaxation of photoexcited ferroelectric lattice 

vibrations occurs, the crystalline intermolecular charge-transfer excitons can be evolved into 

ultralong-lived light-emitting states under multiphoton excitation through the lattice-exciton 

coupling. Figure 5.6a indicates that the strong SHG signal from the ferroelectric lattice, shown as 

the narrow spectrum peaked at 512 nm, can be observed before the afterglow up-conversion PL 

becomes appreciable at the lower excitation intensity 8.17 µJ/cm2 of 1025 nm laser beam in the 

isomer-containing CD49 crystal. The narrow spectrum peaked at 512 nm shows the power 

dependence slope of 1.99 (Figure 5.6b), confirming the SHG. Further increasing the 1025 nm 

excitation intensity leads to afterglow up-conversion PL peaked at 542 nm accompanied with SHG 

peaked at 512 nm. Here, we use magneto-dielectric measurement to reveal the coupling between 

ferroelectric polarization and crystalline intermolecular light-emitting excitons under infrared 

1025 nm excitation. Magneto-dielectric measurement is performed by monitoring the dipolar 

polarization at 1 MHz under infrared 1025 nm excitation while gradually scanning the magnetic 

field. We should point out that crystalline intermolecular charge-transfer excitons are shown with 

magnetic field effects (Figure 5.3). If the coupling between ferroelectric polarization and 

crystalline intermolecular charge-transfer excitons has occurred, gradually scanning the magnetic 

field can lead to a change in ferroelectric polarization, giving rise to a magneto-dielectric response.  
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Figure 5.6. Ferroelectric polarization under 1025 nm excitation in isomer-doped CD49. (a) PL 

spectra under low/high excitation intensity (8.17/12.79 µJ/cm2). Low excitation: only SHG. High 

excitation: both SHG and afterglow up-conversion PL; (b) PL intensity excitation at 512 nm 

plotted against laser intensity on a logarithmic; (c) Magneto-capacitance signal from the device of 

ITO/PMMA/CD49-film/PMMA/Ag at different excitation intensities; (d) Capacitance-frequency 

characteristics. 

  

0 300 600 900 1200

-0.04

-0.02

0.00

153 J/cm
2


C

a
p
a
c
it
a
n
c
e
 (

%
)

Magnetic field (mT)

Dark

127 J/cm
2

1 MHz
c

0.1 1 10 100 1000

1

2

3

Ag

PMMA

CD49

PMMA

ITO

1M Hz

250 KHz

C
a
p
a
c
it
a
n
c
e
 (

n
F

)

Frequency (KHz)

5 KHz

d



 

115 

 

In our early studies we have shown that, when a magnetic field disturbs the singlet/triplet ratio in 

intermolecular charge-transfer states, a magneto-dielectric signal can be observed in organic 

materials. [227,240 ,241,242] This is because singlets and triplets in intermolecular charge-transfer 

excitons are having stronger and weaker ionic properties due to their different spin-dependent 

asymmetric wavefunctions. When the ferroelectric polarizations are coupled with crystalline 

intermolecular charge-transfer excitons, a magnetic field can essentially change the ferroelectric 

polarizations by disturbing the singlet/triplet ratio in crystalline intermolecular charge-transfer 

excitons. Figure 5.6 shows the magneto-dielectric signal measured at 1 MHz under infrared 1025 

nm excitation based on the device architecture of ITO/PMMA/CD49-film/PMMA/Ag. The local 

crystallinity was introduced in the isomer-containing CD49 film by using a high-boiling-point 

solvent of dimethyl sulfoxide (DMSO). 

Under the infrared 1025 nm excitation, the electrical polarization monitored at 1 MHz is gradually 

changed with an increasing magnetic field, generating a magneto-dielectric signal within the 

dipolar polarization regime. Clearly, this magneto-dielectric signal measured at 1 MHz provides 

evidence that the ferroelectric polarization is coupled with crystalline intermolecular charge-

transfer excitons under the infrared 1025 nm excitation within periodically packed intramolecular 

donor-acceptor structures. Importantly, this coupling provides the possibility to evolve crystalline 

intermolecular charge-transfer excitons into ultralong-lived light-emitting states under 

multiphoton excitation when the slow relaxation of photoexcited ferroelectric lattice vibrations 

occurs, as illustrated in Figure 5.7. Coupling order is occurred between ferroelectric lattice and 

crystalline intermolecular charge-transfer excitons, increasing multiphoton excitation probability. 

Slow relaxation of photoexcited ferroelectric lattice vibrations evolves crystalline intermolecular 

charge-transfer excitons into ultralong-lived light-emitting states under multiphoton excitation in 

ferroelectric light-emitting crystals. 

5.5 Conclusion 

In summary, an afterglow infrared-to-visible multiphoton up-conversion PL was observed together 

with SHG in our CD49 molecular crystal formed with periodically packed intramolecular donor-

acceptor structures under the infrared 1025 nm excitation. The CD49 molecular crystal functions 

as a p-type semiconductor which requires a carrier-balancing condition by isomer doping to 

generate dual ferroelectric polarization and light-emitting properties. The afterglow multiphoton 

up-conversion PL exhibits a crystallinity dependence in isomer-containing CD49 molecular 
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Figure 5.7. Afterglow multiphoton up-conversion PL occurs in ferroelectric light-emitting lattice 

with both ferroelectric polarization and crystalline intermolecular charge-transfer excitons. (a)  
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crystals. Lowering the crystallinity largely decreases the afterglow multiphoton up-conversion PL 

when changing from molecular crystal to drop-cast film, and becomes disappeared in spin-cast 

film. Magnetic field effects indicate that the afterglow up-conversion PL results from crystalline 

intermolecular charge-transfer excitons formed with singlet spin characteristics through the 

Coulomb capture between photoexcited electrons and holes in ferroelectric light-emitting lattice 

under multiphoton excitation. Essentially, forming crystalline intermolecular charge-transfer 

excitons requires a carrier-balancing condition to increase the electron-hole pairing probability 

within Coulomb capture radius in organic crystals naturally shown as p-type semiconductors 

where photoexcited electrons/holes have largely shorter/longer lifetimes due to distinctly different 

mobilities. In this sense, the isomer molecules (CD102) can function as n-type dopants to donate 

electrons into the ferroelectric light-emitting lattice, providing a carrier-balancing condition to 

increase the electron-hole pairing probability within Coulomb capture radius towards forming 

crystalline intermolecular charge-transfer excitons for developing afterglow multiphoton up-

conversion PL. Furthermore, magneto-dielectric studies indicate that the crystalline intermolecular 

charge-transfer excitons are coupled with the ferroelectric light-emitting lattice in our CD49 

crystal. This coupling provides dual functionalities: facilitating multiphoton excitation through 

nonlinear optical response and evolving crystalline intermolecular charge-transfer excitons into 

ultralong-lived light-emitting states through slow relaxation of photoexcited ferroelectric lattice 

vibrations under multiphoton excitation in periodically packed intramolecular donor-acceptor 

structures. Our photoexcitation-assisted Raman spectroscopy shows that the photoexcited 

ferroelectric lattice experiences an un-usual slow relaxation upon ceasing multiphoton excitation, 

presenting a slow phonon effect in our CD49 crystal. With the exciton-lattice coupling, the slow 

relaxation of photoexcited lattice vibrations provides the basic mechanism to evolve crystalline 

intermolecular charge-transfer excitons into ultralong-lived light-emitting states to demonstrate an 

afterglow multiphoton up-conversion PL upon forming electron-hole pairs in n-type doped organic 

crystals.   
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Conclusions 

This dissertation focuses on exploring the spin characteristics and photophysics of halide 

perovskites and organic long-persistent luminescence materials, also points out the direction to 

optimize the performance of functional materials and devices. The research works can be divided 

into two parts, one focus on halide perovskite materials, the other one focus on room temperature 

organic long persistent materials.  

1. Halide perovskite materials 

MAxFA(1-x)PbI3 mixed cation perovskites with different dipole moments were designed to explore 

the photo-induced bulk polarization, which is still a controversial topic because of the difficulty to 

eliminate the effect of surface polarization. The high-frequency magneto-capacitance 

measurement provided solid evidence of the existence of photo-induced bulk dipolar polarization. 

Moreover, we showed that changing the internal dipole moment by changing the MA:FA ratio can 

change the intrinsic orbit-orbit interaction through orbital magnetic dipoles between excitons. The 

intrinsic orbit-orbit interaction between excitons is decreased as the internal dipole moment is 

decreased. This observation provided an insightful understanding of the orbit-orbit interaction 

between excitons towards controlling photovoltaics, light-emitting, and lasing properties in hybrid 

perovskites.  

Then, the low-dimensional 0D Cs4PbBr6 with boosting green emission was studied. The abnormal 

low energy emissions far below the bandgap from blue to green were activated by a vacuum 

annealing method. The unexpected low energy emissions were identified to be induced by 

embedded 3D CsPbBr3 nanocrystals, and the suppressed non-radiative recombination leads to the 

boosting emission intensity. Moreover, a novel two-photon polarized up-conversion was observed 

in the green emissive Cs4PbBr6 crystal. In addition, linearly polarized emissions in both down-

conversion and up-conversion regimes were observed from the Cs4PbBr6 crystal. This new 

phenomenon pointed out a new direction to develop perovskite bulk crystals with polarized 

emission and broaden the applications of 0D Cs4PbBr6 single crystal. 

2. Room temperature organic long persistent luminescence material 

In this work, we observed that the long-wavelength persistent PL is sensitive to the crystallinity in 

our pure organic CD49 crystal with doped isomer molecules, and confirm that crystalline 
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intermolecular charge-transfer excitons are responsible for persistent PL, which are essentially 

formed between periodically packed intramolecular D-A structures in crystal. This work provided 

an insightful fundamental understanding of the spin-physics and photophysics of ultralong-lived 

light-emitting states based on SOC and slow phonon effects towards developing persistent light 

emission in organic crystals. 

Then, the infrared-to-visible three-photon up-conversion afterglow was observed together with 

SHG in CD49 purely organic molecular crystal under the infrared 1025 nm excitation. The long-

lived excited states were identified to be formed with periodically packed intramolecular donor-

acceptor structures. The CD49 molecular crystal functions as a p-type semiconductor which 

requires a carrier-balancing condition by CD102 isomer doping to generate dual ferroelectric 

polarization and light-emitting properties. The observation of up-conversion afterglow in organic 

crystal indicates the metal-free organic afterglow material is a promising candidate for multi-

functional materials. 

 

Outlooks 

Our works explored the photo-physics and spin characteristics in two multi-functional materials: 

halide perovskite and organic long-persistent light emission materials. For perovskite materials, 

we found that decreasing the internal dipole moment by introducing FA component leads to a 

reduction on photoinduced dipolar polarization. The ferroelectric polarization is one of the 

promising methods to break the Shockley−Queisser (SQ) limit of perovskite solar cells. The 

internal dipole moment manipulated photo-induced bulk polarization provides a new approach to 

control the optic, electric, ferroelectric, and mechanic properties in hybrid perovskites by adjusting 

internal electrical dipole moment. Then, the linearly polarized emission is observed in both down-

conversion and up-conversion regimes from 0D perovskite crystal embedded with 3D perovskite 

nanocrystals. The control of emission and polarization dynamics provide new enables future non-

linear optic devices. For the organic long persistent light emission materials, our works point out 

a direction to optimize the long persistent light emission in organic materials by improving the 

crystallinity and introducing n-type dopants to balance the carrier lifetimes. The organic long 

persistent light emission materials with improved emission intensity and lifetime could lead to a 

breakthrough in organic bioimaging materials with better resolution and sensitivity.  
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