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ABSTRACT 

 Hybrid organic-inorganic perovskites (HOIPs) are rapidly emerging as functional 

materials for novel optoelectronic and quantum electronic devices. Recently, the power 

conversion efficiency for a single-junction HOIPs based solar cell having an analog of 

MAPbI3 (where MA = CH3NH3) as the absorber layer exceeded 26%. The high-power 

conversion efficiency observed for these materials may be related to the degree of spin 

orbit coupling (SOC) strength present in their crystal structure. It has been hypothesized 

that the breaking of structural and bulk inversion symmetry in combination with the strong 

intrinsic spin-orbit coupling (SOC) from heavy Pb atoms in the superlattice gives rise to 

large Rashba-Dresselhaus SOC, where spin-dependent properties can be manipulated by 

electric fields.  

In this dissertation, I will present my study on Rashba-Dresselhaus SOC in 3D 

(MAPbI3) and 2D Ruddlesden-Popper perovskite superlattices (BA)2MAn-1PbnI3n+1 with n 

= 1, 2, and 3 (where BA = CH3(CH2)3NH3). I have utilized several experimental techniques 

to investigate the spin-dependent processes in HOIPs including (i) magnetic field effect 



(MFE) in electroluminescence and conductivity of HOIPs-based light emitting diodes 

(LEDs), where the Rashba-Dresselhaus SOC strengths versus applied electric fields are 

measured, (ii) circular dichroism (CD) and circularly polarized luminescence (CPL) 

spectroscopies on HOIP thin films in which the degeneracy lifting of the electronic ground 

states and excited states by the Rashba-Dresselhaus field can be measured by CD and CPL 

spectroscopies, respectively. We found that the Rashba-Dresselhaus SOC is very large in 

2D Ruddlesden-Popper perovskite (BA)2MAn-1PbnI3n+1 when n = 1 and n = 2 and 

monotonically decreases as n increases. (iii) Finally, I will study and elucidate the energy 

transfer and energy upconversion processes between the MAPbI3 perovskite and rubrene 

singlet fission molecules C42H28 by the magnetic field effect on photoluminescence (MPL). 

Our studies may have a significant impact on future development of electrically-controlled 

spin logic devices via Rashba-Dresselhaus effects and high-performance solar cells. 
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CHAPTER 1 

INTRODUCTION TO PEROVSKITE MATERIALS 

In this first chapter, I will present the general information and properties of the 3D 

MAPbI3 and 2D Ruddlesden-Popper perovskites. Fundamentals of spin-orbit coupling and 

Rashba-Dresselhaus spin-orbit coupling are also reviewed.    

1.1 HYBRID ORGANIC INORGANIC PEROVSKITE  

Perovskite is a calcium titanium oxide mineral (CaTiO3), which was discovered by 

Gustav Rose in 1839. It was named after Russian mineralogist Lev Perovski (1792-1856). 

After that, the term “perovskite” has also been used for to denote a class of compounds 

which have the same type of crystal structure as calcium titanium oxide. The perovskite 

compound has the general chemical formula of ABX3 where A and B are two cations and 

X is an anion that bonds to both cations. In hybrid organic inorganic perovskites (HOIPs), 

A is an organic cation, B is a metal cation and X is halide anion. HOIPs such as MAPbX3 

(MA = CH3NH3, X = Cl, Br, and I) and MASnBrxI3-x were first synthesized and 

characterized in the 1980s5, but they have become a very hot research topic for the last 10 

years. A study in Materials journal reported that the number of publications on perovskites 

in 2018 has reached 8000 papers.6 This means that there are more than 20 papers on 

perovskites published every single day! HOIPs have shown that they are great materials 

for photovoltaic, optoelectronic and electronic applications including solar cell, light 

emitting diode7, laser6 and spintronics devices8. However, most of the research on HOIPs 

focuses on solar cell applications. The first perovskite based solar cells using 
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CH3NH3PbBr3 and CH3NH3PbI3 were fabricated in 2009 with a power conversion 

efficiency of 3.8%9, but it quickly passed other kinds of solar cells in the race for high 

power conversion efficiency (PCE). In 2015 the PCE of perovskite solar cell reached 20% 

and the PCE of 26% was reported in 202110. For a comparison, the amorphous silicon based 

solar cell has a theoretical limit of efficiency of 15%.11 The commercial amorphous silicon 

based solar cell has an efficiency of 6 to 7%. HOIPs such as CH3NH3PbBr3 and 

CH3NH3PbI3 possess desired properties as excellent candidates for solar cells due to the 

following reasons. First, they have large absorption coefficient, and the absorption 

spectrum of perovskite is very broad, from 350 nm  up to 800 nm.12 Second, perovskite is 

easily fabricated; one can simply fabricate a perovskite thin film by solution processes. The 

solution can be readily prepared by mixing the precursors in an appropriate solvent. This 

leads to another reason that perovskites are well-suited to solar cells: the perovskite based 

solar cell is cheap, and any technology which is cost-efficient would be attractive and 

Figure 1.1. Crystal structural phases of MAPbI3. (a) orthorhombic phase when T < 160 K, 

(b) tetragonal phase when 160K < T < 330 K, and (c) cubic phase when T > 330 K.  



 

3 

promising. The most interesting property of perovskite is that the carrier lifetime13 and 

diffusion length14 are very long . In single crystal perovskite, the lifetime of a carrier can 

be up to ten microseconds, and the diffusion length can be up to 175 μm under full light 

illumination and 3 mm under low light illumination.15 Thanks to this extremely long 

diffusion length, a thicker layer of perovskite material, up to 500 nm, can be utilized. 

Therefore, the sun light is more efficiently absorbed. HOIPs also has strong spin-orbit 

coupling (SOC) due to the heavy atoms in its chemical formula, for example, lead (Pb). 

The high power conversion efficiency observed for HOIPs may be related to the degree of 

Figure 1.2. Photoluminescence (PL) spectrum of MAPbI3 with temperature (a) PL 

spectrum over 370 to 300K, (b) PL spectrum over 300K to 160K, (c) PL spectrum over 

160K to 80K and (d) the variation of peak wavelength of the PL emission with 

temperature (λex = 400 nm). The black arrow in (a) and (b) illustrate the shift in peak 

wavelength with temperature. Graph is adopted from ref.1 
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SOC strength.16 One of the most studied hybrid perovskite materials is CH3NH3PbI3 

(MAPbI3, or MAPI) where the organic cation is methylammonium (CH3NH3 - MA), the 

metal cation is lead (Pb) and the anion is Iodine (I). MAPI has three crystal structural 

phases, including cubic structure with a space group of Pm-3m when temperature is from 

330 K or higher, a tetragonal I4/mcm phase when the temperature is from 160 K to 330 K, 

and an orthorhombic Pnma phase when temperature is below 160 K.16-17 All the crystal 

structures and photoluminescence spectra of MAPI corresponding to different phases are 

illustrated in Figure 1.1 and Figure 1.2, respectively. 

1.2 2D RUDDLESDEN-POPPER HYBRID LEAD IODIDE PEROVSKITE  

Recently, a new class of HOIPs, which is 2-dimensional (2D) Ruddlesden-Popper 

perovskite has emerged and attracted attention from research community.18-21 2D 

Ruddlesden-Popper perovskites are considered as excellent materials for optoelectronics 

devices thanks to desired properties such as: large exciton binding energy, strong quantum 

confinement effect, and superior stability to moisture compared to 3D perovskites20, 22. 2D 

Ruddlesden-Popper perovskites are formed by splitting along lattice orientation <001> and 

<110> from 3D perovskite. The general chemical formula of Ruddlesden-Popper 

perovskites is (A′)2(A)n-1BnX3n+1 where A’ is R-NH3 or H3N-R-NH3. R is a large aliphatic 

alkyl chain or an aromatic ligand and is the organic layer that isolate the inorganic layers 

that composed of metal halide octahedral units.23 A is small cation, can be MA (CH3NH3), 

B is divalent metal cation, and X is referred to halides. The number of perovskite layers 

that are sandwiched between organic chains n can be adjusted by the ratio between 

precursors in synthesis process. Due to the different of refractive index between the organic 

chain (~1.5) and the perovskite layers (~2.3)22, these materials are indeed hybrid quantum 
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well systems, where the width of the quantum well can be changed by changing the number 

of perovskite layers n.22 Therefore, the value of n, especially when n is small, determines 

the crystal structure and optical properties of 2D Ruddlesden-Popper perovskites, such as 

bandgap tunability and broadband emission wavelength. In this dissertation, the 2D 

Ruddlesden-Popper perovskite studied is (BA)2(MA)n-1PbnI3n+1 where A’ is 

butylammonium BA CH3(CH2)3NH3, A is methylammonium CH3NH3. (Figure 1.3) 

The 2D Ruddlesden-Popper perovskites are also an excellent material for solar cell 

applications. Even though the efficiency is lower than that of the 3D perovskite, it is 

attracting a lot of attention from research community due to its excellent stability in 

humidity. Tsai et. al’ s work on Nature is one of the earliest works on 2D Ruddlesden-

Popper perovskite solar cell.18 The authors have shown that using the 2D Ruddlesden-

Popper perovskite (BA)2(MA)n-1PbnI3n+1 with n = 3 and n = 4, they could achieve a solar 

Figure 1.3. Representation of the crystal structure at room temperature of 2D Ruddlesden-

Popper perovskites (BA)2MAPbnI3n+1 and 3D perovskite MAPbI3. 
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cell with PCE up to 12.52%, and the cells showed a significant improvement in stability 

when subjected to light, humidity and heat in comparison to 3D perovskite solar cells.18 

Very recently, Liang and co-workers presents another improvement when they use the 2D 

Ruddlesden-Popper phase-pure quantum wells (QWs) instead of the multi quantum wells 

perovskite. The cell using pure phase QWs show a PCE greater than 16%, a high open 

circuit voltage of 1.31 V. The cell showed less than 10% efficiency degradation after being 

kept under humidity of 65 ± 10%, or after working at 85° C for 558 hours, or under 

continuous light illumination for 1100 hours.24  

The 3D MAPI and 2D Ruddlesden-Popper (BA)2(MA)n-1PbnI3n+1 perovskites were 

fabricated by my collaborator, Dr. Eric Amerling (Department of Chemistry, the University 

of Utah). The perovskite crystals were then kept inside nitrogen gas-filled vials to prevent 

material degradation. X-ray diffraction (XRD), absorption and photoluminescence 

spectroscopies were taken and compared between the films fabricated in 2 laboratories to 

make sure the quality of materials are the same. Details of the 3D MAPI and 2D 

Ruddlesden-Popper perovskites fabrication processes and characterization are described in 

Appendix A.  

1.3 RASHBA-DRESSELHAUS SPIN-ORBIT COUPLING 

1.3.1 SPIN-ORBIT COUPLING  

An interesting and fundamental question that has puzzled perovskite’s researchers 

is why HOIPs (both 3D and 2D Ruddlesden-Popper perovskites) are excellent materials 

for solar cell. More specifically, why do HOIPs have large absorption range and a small 

recombination rate, and why are the diffusion length and lifetime of carriers so long?  
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There is a leading hypothesis for the answer: the Rashba effect makes the band gap indirect 

and slows down carrier recombination rate.25-26 There are many studies of Rashba SOC in 

3D perovskites suggesting that strong Rashba SOC exists in 3D perovskite and 2D 

Ruddlesden-Popper perovskites.25, 27-28 We will talk in more detail about this in the next 

section. Now, let me first provide some essential knowledge of spin-orbit coupling.  

Spin is an intrinsic angular momentum of elementary particles. An electron has spin 

�⃗  that has a value of either 1/2 or -1/2, and a magnetic moment ������⃗  = -g.μB. �⃗/ℏ where g is 

electron g factor, μB is the Bohr Magneton, and ℏ is the Planck constant.  

When an electron orbits around the nucleus of an atom one can consider that 

electron is stationary and the nucleus is orbiting around it from a relativistic perspective, 

as depicted in Figure 1.4. The nucleus includes Z protons, so it has electric charge +Ze and 

creates an effective magnetic field at the electron’s location. Under a magnetic field, the 

Figure 1.4. Representation of spin-orbit coupling. (a) electron is orbiting around atom’s 

nucleus with the velocity v in the lab frame. (b) in the electron frame, the nucleus is orbiting 

around electron with the velocity -v.  



 

8 

electron spin has potential energy, which is the energy of the interaction. The interaction 

can be described by the Hamiltonian:  

��	
 = �
�⃗  ∙ �����⃗   (1.1) 

Where 
�⃗  is the orbital angular momentum operator, �⃗ is the electron spin operator, and b 

is the coupling constant. This phenomenon is detectable as a splitting of spectral lines, 

which can be thought as a Zeeman effect when considering electron spin angular 

momentum �⃗ under the effective magnetic field B. Indeed, the existence of electron spin 

actually was postulated by Goudsmit and Uhlenbeck in 1925 based on the observation of 

splitting of spectral lines in the alkali elements (fine structure).29  

Equation (1.1) can be simply derived from semi-classical electrodynamics. Details can be 

found from modern physics textbook, e.g. Fundamental of Modern Physics by Robert 

Eisberg (1961). 

The charged nucleus moving with velocity −������⃗  constitutes a current element:  

�⃗  =  −����⃗  /c 

This current produces a magnetic field, at the position of the electron, which is given by:  

���⃗ = �⃗  ×  �⃗
��  =  − ��

�  ��⃗ × �⃗
��  

According to Coulomb’s law:  

��⃗  =  +�� �⃗
�� 

From these two equations, we have:  

���⃗  =  −1
�  ��⃗  ×  ��⃗  

And the magnetic field will cause a Larmor precession of the spin magnetic moment with 

angular frequency:  
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����⃗ � =  � �!ℏ ���⃗  

The magnetic field will produce a potential energy:  

∆# =  −$%����⃗ ∙ ���⃗  =  � �!ℏ &⃗  ∙ ���⃗   
Both of these quantities are evaluated in a frame of reference in which the electron is at 

rest, but what we are really interested in is these values in the normal frame in which the 

nucleus is at rest. When transforming back to the normal frame, these values change due 

to the kinematic effect from relativity theory. The change of the precession frequency was 

first discovered by Thomas in 1926, and is called Thomas precession30.   

�'�����⃗  =  �
2)�* ��⃗  ×  ��⃗  

The precession frequency in the normal frame is: 

 ����⃗ =  − �
)�* ��⃗  × ��⃗  +  �

2)�* ��⃗  × ��⃗  =  − �
2)�* ��⃗  ×  ��⃗   

We see that the spin precession frequency is reduced by a factor of 2 when transforming 

from the frame in which the electron is at rest to the normal frame in which the nucleus is 

at rest. The potential energy, when transformed back to normal frame is also reduced by a 

factor of 2: 

∆#�∙+ =  ,
*   -./0

ℏ &⃗  ∙ ���⃗   

We can express this term of the quantity &⃗  ∙ �⃗. Since 

 ���⃗  =  1,
2  ��⃗  ×  ��⃗  

−���⃗ = 3⃗ 

Where 3⃗ is the force acting on the electron:  

3⃗ = − 45(�)
4�  �⃗� 
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Putting the equations together, we have: 

���⃗ = − 1
��

1
�

45(�)
4� ��⃗ ×  �⃗ 

Then  

���⃗ = 1
�)�

1
�

45(�)
4�  �⃗ 

Thus, the potential energy is: 

 ∆#&∙� =    -./0
*892ℏ

,
:

;<(:)
;: &⃗  ∙ �⃗  

Or, 

∆#&∙� =    ,
*9=2=

,
:

;<(:)
;: &⃗  ∙ �⃗  

Although this derivation of the spin-orbit energy is based on the Bohr theory, the result is 

exact in agreement with the result from relativistic quantum mechanical treatment.  

In the absence of spin-orbit coupling and magnetic field, the magnitudes and z 

component of the spin and the orbital angular momentum &⃗ and �⃗ would have fixed values, 

determined by the quantum numbers l, ml, and ms. However, there is a strong magnetic 

field ���⃗  whose orientation is determined by �⃗ that produces a torque on the electron spin &⃗. 

Torque does not change the magnitude of &⃗ and �⃗ but it provides a coupling between them, 

which makes the orientation of each vector dependent on the orientation of the other. Both 

of the vectors &⃗ and �⃗ will precess about the total angular momentum vector A⃗  =  �⃗  +  &⃗ . 

Let us evaluate the spin-orbit coupling energy ∆#&∙�  

The expectation value of ∆#&∙� can be calculated from the equation: 

< ∆#&∙� >= D EFGH9I
∗ ∆#&∙�K  EFGH9I  �* LMNO4�4O4P 

Or 
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< ∆#&∙� >= D EFGH9I
∗ ( 1

2)*�*
1
�

45(�)
4� &⃗  ∙ �⃗) EFGH9I  �* LMNO4�4O4P 

For Coulomb potential 5(�)  =  −��*/� , so 45(�)/4� =  ��*/�* and the equation 

becomes:  

< ∆#&∙� >= ��*
2)*�* D EFGH9I

∗ 1
�� (&⃗ ∙ �⃗)EFGH9I  �* LMNO4�4O4P 

We have:  A��⃗  =  �⃗  +  &⃗ 

 A��⃗ ∙   A��⃗   =  (�⃗  +  &⃗) ∙  (�⃗  +  &⃗) 

So  
 A��⃗ ∙   A��⃗   =  (�⃗ ∙ �⃗ + &⃗ ∙ &⃗  +  R&⃗ ∙ �) 

Therefore,  
 &��⃗ ∙  ����⃗   =  1

2 (A⃗ ∙ A⃗  −  �⃗ ∙ �⃗  − &⃗ ∙ &⃗) 

Or  
 &��⃗ ∙  ����⃗   =  ,

* (SR −  T*  −  UR)   (1.2) 

Putting  &��⃗ ∙  ����⃗  back into equation (1.2), then we obtain: 

< ∆#&∙� >= V8=
W9=2= ∭ EFGH9I

∗ ,
:Y (SR −  TR  − UR)EFGH9I  �* LMNO4�4O4P       (1.3) 

EFGH9I
∗  is an eigenfunction of SR, TR, and UR operators, with the eigenvalues j(j+1)ℏ2, 

l(l+1)ℏ2 and 
,
* (,

* + 1)ℏ2.  

We have  

(SR −  TR –  UR)EFGH9I  =  [j(j+1) – l(l+1) – ¾ ] ℏ2EFGH9I  

Then we only have to evaluate the integral  

D EFGH9I
∗ 1

�� EFGH9I  �* LMNO4�4O4P 
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The integral over O and P both give unity because of the normalization property of the 

eigenvalue EFGH9I . The integral over r can be evaluated:  

] ^FG∗ (�) 1
�� ^FG(�)�*4�  = < 1

�� > =  ��

_�̀N�a(a + 12)(a + 1)  

Plugging the result back into equation (1.3), we obtain the expectation value of spin-orbit 

coupling energy: 

< ∆#&∙� > =  �W�*ℏ*
4)*�*_�̀  [(c(c + 1)  −  a(a + 1) − 34] 

N�a(a + 12)(a + 1)  

The strength of spin-orbit coupling is theoretically proportional to Z4. However, in reality,  

due to shielding effect in atom, the experimental results prove the exponent is from 2-431. 

Spin orbit coupling becomes large and is an important interaction when the atomic number 

Z becomes large. SOC energy also can be written in terms of the fine structure 

constant f ≡  �*/ℏ� ≈  1/137 and the unperturbed energy of the states #F =  19V=8j
*ℏ=F=  

< ∆#&∙� > =  �*|#F|f*
2N  [(c(c + 1) −  a(a + 1) − 34] 

a(a + 12)(a + 1)  

There is another important interaction in the atom, which is Hyperfine Interaction (HFI). 

Hyperfine interaction is the dipole-dipole interaction between magnetic moments of 

nucleus and electron’s magnetic moment, or simply the interaction between electron spin 

and the nuclear spin. Since the electron can interact with more than one nucleus, the HFI 

can be described by the Hamiltonian:  

�lmn = o pq r⃗q ∙
s

q
�⃗ 
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Where I is the nucleus spin operator, S is the electron spin operator, and Ai is the coupling 

constant. When an electron interacts with N nuclei spins, the effective HFI strength can be 

rewritten as �lmn = _r⃗ ∙ �⃗, where a is the effective coupling constant describes by a ~ 

A/√u. The more nuclei the electron interacts with, or the more delocalization of electron’s 

wavefunction, the weaker the HFI is.32-33  

The fine structure splitting in atom spectrum is corresponding to spin orbit 

coupling, can be larger up to hundreds of milli electron volts, whereas the hyperfine 

structure splitting corresponding to HFI is 1 to 2 orders smaller. 

1.3.2 RASHBA-DRESSELHAUS SPIN-ORBIT COUPLING 

Note that in the intrinsic SOC that we just discussed above, the electric field 

originates from the gradient of potential energy from the nucleus. But the electric field that 

induces the effective magnetic field can come from other sources. 

Dresselhaus was the first to propose the hypothesis that, in zinc-blende III–V 

semiconductor compounds such as GaAs or InSb, there is a crystal electric field.34 This 

electric field is induced from Bulk Inversion Asymmetry (BIA) in the compounds whose 

crystals lack a center of inversion. Later, Bychkov and Rashba found that the interfacial 

electric field at the surface or interface of heterostructure also resulted in a SOC35 induced 

from Structure Inversion Asymmetry (SIA). In bulk semiconductor, the Rashba-

Dresselhaus SOC removes the electron spin degeneracy and splits each of the valence and 

conduction band edge, resulting in an indirect bandgap.36-37  

Let us study the effect of Rashba-Dresselhaus SOC on the energy band diagram of 

semiconductor.  
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The spin degeneracy of electron and hole states in semiconductors is the combined 

effect from inversion symmetry in space and time. Both symmetry operators change the 

wave vector w��⃗  into −w��⃗ , but time inversion also flips the spin. This results in a twofold 

degeneracy #x(w��⃗ ) = #1(w��⃗ ). When an electron or hole moves under an inversion-

asymmetric potential, the spin degeneracy is removed. Therefore, the energy dispersion is 

split into two branches #x(w��⃗ ) and #1(w��⃗ ). In quasi-2D quantum wells and heterostructures, 

the spin splitting can be the results of a BIA, or of a structure inversion asymmetry (SIA).  

For simplicity, let us consider the effect of Rashba SOC:  

The Rashba Hamiltonian is given by35 : 

Figure 1.5. (a) schematic representation of two-fold spin degeneration electronic band in 

semiconductor. (b) spin-polarized sub-bands separated in k-space due to Rashba-

Dressealhaus SOC. ΔE denotes the energy difference between 2 branches at the 

characteristic momentum k0 and ERD is the Rashba-Dresselhaus energy. 
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�y�	
 =  fz  {��⃗  ∙ (|} × wy)  =  fz(~���  − ~���) 

Where {��⃗  is the unit vector along the z-axis.  

The Pauli matrices: 

�� =  �0 11 0� , �� =  �0 −MM 0 �, �� =  �1 00 −1� 

Then �y�	
 can be expressed as: 

�y�	
 =  fz � 0 −M(~� + M~�)
M(~� − M~�) 0 � 

~� = ~��LO , ~� = ~LMNO 

So  

~� + M~�  =  ~(��LO + MLMNO)  =  ~�q� 

~� − M~�  =  ~(��LO − MLMNO)  =  ~�1q� 

It leads to: �y�	
 = fz~ � 0 −M�q�
M�1q� 0 � 

Let |E,⟩ and |E*⟩ be the eigenkets of �y�	
 

Solving the problem, we have the eigenkets:  

 |E,⟩ = ,
√*  � 1M�1q��  with eigenvalue fz~ and |E*⟩ = ,

√*  � 1−M�1q�� with eigenvalue -fz~. 

�y�	
|E,⟩ = fz~ � 0 −M�q�
M�1q� 0 � |E,⟩ = fz~ � 0 −M�q�

M�1q� 0 � 1
√2 � 1M�1q�� 

�y�	
|E,⟩  =  ���
√* ( −M*

M�1q�) = 
���
√*  ( 1M�1q�) =  fz~|E,⟩ 

Similarly, �y�	
|E*⟩ = −fz~|E*⟩ 

�y` is the Hamiltonian of free electron: 

�y`  =  ℏ*~*
2) �1 00 1� 
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We see that  |E,⟩ and |E*⟩ are also the eigenkets of �y`: 

�y`|E,⟩  =  ℏ*~*
2) �1 00 1� |E,⟩  = ℏ*~*

2)  |E,⟩   
And  

�y`|E*⟩  =  ℏ*~*
2) �1 00 1� |E*⟩  = ℏ*~*

2)  |E*⟩   
Note that [�y`, �y�	
] = 0, so |E,⟩ and |E*⟩ are eigenkets of �y  =  �y` + �y�	
 

�y|E,⟩  =  (�y` + �y�	
)|E,⟩   =  (ℏ*~*
2)  |E,⟩ + fz~ |E,⟩)  =  (ℏ*~*

2) + fz~) |E,⟩ 

�y|E*⟩  =  (�y` + �y�	
)|E*⟩   =  (ℏ*~*
2)  |E*⟩ + fz~ |E*⟩)  =  (ℏ*~*

2) − fz~) |E*⟩ 

From these equations, we see that the eigenvalues are  #± =  ℏ=�=
*9  ±  fz~ 

The effect of the Rashba SOC is illustrated in Figure 1.5. Around the minimum of 

the conduction band, the energy dispersion can be approximated as a parabola, with 

twofold spin degeneration (Figure 1.5a). When Rashba SOC is present (Figure 1.5b), the 

energy dispersion is split into two branches with energy #± =  ℏ=�=
*9  ±  fz~ where fz is 

Rashba coefficient.  

1.3.3 RASHBA-DRESSELHAUS SPIN-ORBIT COUPLING IN HYBRID ORGANIC-

INORGANIC PEROVSKITES 

In recent years, several publications have reported the strong Rashba-Desselhaus 

effects in HOIPs.35, 38-40 As a consequence, the spin degeneracy in k-space is lifted and the 

valence band maxima and/or conduction band minima of up- and down-spin states are 

shifted away from the symmetry points in the Brillouin zone triggering an indirect bandgap 

transition in the materials.37, 39-42 Indirect bandgap transitions due to Rashba effects have 

been experimentally characterized by time-resolved photoconductivity measurements43 
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and polarization- and angle-resolved photoemission spectroscopy (ARPES)44, and have 

been further supported by recent observations of a circular photogalvanic effect.45 Opto-

electronically, the indirect energy-band structure in a material demonstrating Rashba 

effects leads to a forbidden indirect transition that suppresses electron-hole pair 

recombination rates, which is beneficial for high solar cell performance. Large Rashba 

coefficients on the order of several eV·Å  have been measured by ARPES in 3D HOIPs44 

and by electroabsorption spectroscopy in 2D HOIPs.27  These results are very promising 

for spin-logic device applications42 such as spin field-effect transistors, in which a spin 

current is manipulated by an applied electric field.46-48 
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CHAPTER 2 

MAGNETIC FIELD EFFECT IN PEROVSKITE LIGHT EMITTING DIODES 

In this chapter, we explore the possibility of manipulating the spin dynamics of 

charge carriers in the superlattice-like Ruddlesden-Popper hybrid lead iodide perovskite 

semiconductors, 2D (BA)2(MA)Pb2I7 (with MA = CH3NH3, and BA = CH3(CH2)3NH3), 

and 3D MAPbI3 by applied electric field. Magnetic field effect (MFE) on conductivity and 

electroluminescence in their light emitting diodes (LEDs) at cryogenic temperatures will 

be used to probe the Rashba-type spin orbit coupling (SOC) strength.. The sign and 

magnitude of the magneto-conductance (MC) and magneto-electroluminescence (MEL) 

responses will be quantitatively explained in the framework of the Δg-based excitonic 

model using rate equations. the Rashba coefficient in (BA)2(MA)Pb2I7 with approximately 

7 times larger than that in MAPbI3 will be shown. First, I will introduce light emitting 

diodes (LEDs) and the MFE in LEDs. Second, I will present our results of studying the 

Rashba-Dresselhaus spin orbit coupling by the MFE on 2D/3D perovskite -based LEDs. 

2.1 LIGHT EMITTING DIODES 

A light emitting diode (LED) is a semiconductor device that emits light when 

charge current flows through it. Electrons recombine with holes in the semiconductor, 

releasing energy in the form of photons. The first LED, a near-infrared LED based GaAs, 

was invented in 1962 by James R. “Bob” Biard and Gary Pittman.49 Twenty five years 

later, Tang and Van Slyke introduced the first organic light emitting diode (OLED).50 

Comparedto LEDs, OLEDs have many advantages, including environmental friendliness, 
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lower energy consumption, better light quality, faster response time, wider viewing angle, 

higher flexibility, lower cost, and ease of fabrication. Since 2013, OLEDs have been 

commercialized and have been used in various electronics devices such as cell phone, 

computer screen, television, and sensors.51-54  

The structure of a typical OLED is shown in Figure 2.1. The OLED device is 

usually fabricated on a glass substrate or clear plastic with transparent electrodes. An 

Figure 2.1. OLED working mechanism. The HUMO and LUMO energy levels of hole 

transport layer, emissive layer and electron transport layer are drawn tilted due to the 

influence of external applied voltage. Relevant processes are assigned: (1) charge carriers 

(electrons and holes) are injected from cathode and anode, respectively. (2) charge 

carriers transport in electron and hole transport layers. (3) exciton formation in emissive 

layer. (4) exciton decay or e/h recombination process to emit a photon.  
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organic semiconductor layer (emissive layer), where electrons and holes recombine and 

emit photons, is sandwiched between cathode and anode.55-56 To help improve the injection 

of electrons and holes to emitter from cathode and anode, electrons and hole transport 

layers (ETL and HTL, respectively) are introduced. An anode is a transparent electrode 

which injects holes into the organic semiconductor layer. An anode material requires a high 

work function and low roughness to reduce light internal reflection. A typical anode 

material is indium tin oxide (ITO). Hole transport layers are materials with high hole 

mobility and electron blocking capacity. Commonly used HTL materials in OLEDs include 

4,4',4''-Tris[phenyl(m-tolyl)amino]triphenylamine (m-MTDATA), N,N′-Di(1-naphthyl)-

N,N′-diphenyl-(1,1′-biphenyl)-4,4′-diamine (NPB or NPD), copper phthalocyanine 

(CuPc), and poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS). 

Electron transport layers are materials with high electron mobility and has hole blocking 

ability. Tris(8-hydroxyquinoline)aluminum(III) (Alq3), Bathocuproine (BCP), and 1,2,4-

triazole-based 3-(biphenyl-4-yl)-5-(4-tertbutylphenyl)-4-phenyl-4H-1,2,4-triazole (TAZ) 

are usually used for ETL. The emissive layer is placed between the HTL and ETL. It should 

be a good emitter of visible photons and have a high photoluminescence efficiency. 

Emissive layer materials can be small organic molecules (Alq3, tris(2-

phenylpyridine)iridium(III) (Ir(ppy)3)) or polymers ((Poly[2-methoxy-5-(2-

ethylhexyloxy)-1,4-phenylenevinylene] (MeHPPV), Poly(3-hexylthiophene-2,5-diyl) 

(P3HT)) . Cathode materials are often metals with low work function such as calcium (Ca), 

magnesium (Mg) or aluminum (Al) for a high efficiency of electron injection.57  

The LED working mechanism is depicted in Figure 2.1. There are 4 important 

processes: (1) electrons and holes are injected from cathode and anode due to the external 
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applied voltage. (2) The electrons and holes transport through ETL and HTL. In these 

layers, electrons and holes form negative and positive polarons. A polaron is a bound state 

of electrons (holes) with atoms/ions in crystal. Due to interaction to atoms, polarons 

havelower energy, lower mobility, and higher effective mass in comparison to the free 

charge carrier. An understanding of polarons is important for designing highly-efficient 

optoelectronics and photovoltaic devices. (3) positive and negative polarons form excitons, 

which can be either singlet excitons or triplet excitons that can (4) emit photon through 

fluorescence or phosphorescence, respectively. Singlet and triplet excitons are electron-

hole pairs with the spin multiplicity (2S+1, where S is exciton’s total spin angular 

momentum) of 1 and 3, respectively. Spin-allowed radiative emission (fluorescence) arises 

from the singlet exciton only, whereas phosphorescence is from triplet exciton. However, 

the phosphorescence process is very weak, because the transition is quantum mechanically 

spin-forbidden.58   

Figure 2.2. Electron hole pair spin states and corresponding wavefunctions 
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When opposite charge polarons meet in the emissive layer, they first form neutral 

electron-hole pairs, or polaron pairs which are the precursor states of excitons. The 

necessary condition for the formation of a pair is that the distance between polarons 

(electron and hole) becomes smaller than the Coulomb capture radius. Even though the 

carriers in the polaron pairs are coulombically bound, they can have a large separation 

distance and can be located on different molecules.56, 59-60 They still can still dissociate 

back into polarons and free carriers. Figure 2.2 illustrates the spin states of an electron-

hole pair and their corresponding wavefunctions. The spins of electrons and holes precess 

around a common quantization axis and are either upward (indicating a spin-up state) or 

downward (indicating a spin-down state). If the total spin of an electron-hole pair is 0, the 

electron-hole pair is in singlet state (S). If the total spin is 1, the pair is in the triplet states. 

There are 3 configurations of the triplet states: T+1 when the total spin is parallel, T0 when 

the total spin is perpendicular and T-1 when it is antiparallel to the quantization axis. When 

the charge carriers with random spin configuration form electron-hole pairs, it follows from 

statistics that 25% of the formed pairs are singlet and 75% of the formed pairs are triplet. 

When the separation distance between electron and hole in a pair becomes small enough 

for their wavefunctions to overlap, the pair evolves into an exciton, a bound state of 

electron and hole. In semiconductors, there are two kinds of excitons: Frenkel excitons and 

Wannier-Mott excitons. Frenkel excitons appear in materials with a relatively small 

dielectric constant. For example, in organic semiconductors, the Coulomb interaction 

between an electron and a hole may be strong while the exciton size is small (on the same 

order of the unit cell). Due to the strong interaction of electrons and holes, the binding 

energy in Frenkel excitons is large, on the order of 0.1 to 1 eV. Molecular excitons can 
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even be entirely located on the same molecules, as in fullerenes.61 In inorganic 

semiconductors such as perovskites, the dielectric constant is generally large. Therefore, 

electric field screening tends to reduce the Coulomb interaction between electrons and 

holes. Consequently, the exciton, termed a Wannier-Mott exciton, has larger radius in 

comparison to the crystal’s lattice. The binding energy of Wannier- Mott exciton is much 

smaller than that of Frenkel excitons, and is typically on the order of 0.01 eV. A Wannier-

Mott exciton has an energy and radius associated with it, called the exciton Rydberg energy 

and exciton Bohr radius, respectively.62 The energy is: 

#(N)  =  � �)` �:* ^� �
N*  ≡  − ^�N*  

Where ^� is the Rydberg constant, �:  is the static relative permittivity, � =
 ()8∗)�∗ )/()8∗ + )�∗ ) is the reduced mass of the electron and hole, )8∗  and )�∗  are electron 

and hole effective mass, respectively. whereas m0 is the electron mass.  

The radius of a Wannier-Mott exciton is:  

�F =  �)` �: _l� � N*  ≡  _� N* 

Where _l is the Bohr radius. For example, in GaAs, the relative permittivity is 12.8 and 

effective mass of electron and hole are 0.067 m0 and 0.2 m0, giving an exciton binding 

energy of 4.2 meV and exciton radius of 13 nm. In 3D perovskites, recent investigation 

showed direct observation of 1s and 2s exciton states at low temperature in MAPbI3 and 

MAPbBr3 single crystal. The binding energy and Bohr radius in MAPbI3 are 16 meV and 

4.6 nm, and 14 meV and 3.8 nm, respectively.63-65  

In the 2D Ruddlesden-Popper perovskite materials, exciton luminescence 

contributes significantly to the photoluminescence spectra, and the exciton Rydberg states 
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were observed.19, 22 Due to the confinement effect in quantum well structure, the binding 

energy in 2D Ruddlesden-Popper is much larger compared to their 3D counterparts. With 

2D n = 1 perovskite (BA)2PbI4, the exciton binding energy is 470 meV, and the Bohr radius 

~ 0.6 nm. When n increases, the binding energy decreases and the Bohr radius increases. 

With n =5 (BA)2MA4Pb5I16, the binding energy is 125 meV and the Bohr radius is ~1.2 

nm.22 

The spins of electrons and holes in an electron-hole pair and exciton interact with each 

other via a spin-spin interaction with a Hamiltonian:66  

� �qF1 �qF =  −ℏ�(�)(1
2 − 2�8���⃗ ������⃗ ) 

Where J(r) ~ exp(-r) is an exchange parameter, �8���⃗  and ������⃗  are spin of electron and hole, 

respectively. Because of this interaction, the energy levels of a singlet state S and triplet 

state T0 are separated with a value of ΔEST. ΔEST in polaron pairs is small, and may be 

negligible if the distance between electron and hole are large (loose-bound pair).56, 60 ΔEST 

in exciton state, because the distance between electron and hole in exciton is small, is much 

larger than that of polaron pair.  

Intersystem Crossing (ISC) 

Because the energy difference between singlet and triplet polaron pairs is small, a 

process called “Intersystem Crossing”, in which a singlet state becomes a triplet state, or a 

triplet state becomes a singlet state, can occur. The compensated energy can come from 

HFI or SOC, depending on which mechanism is dominant in the material. A singlet state 

can transform into all triplet state configurations. However, when polaron pairs are placed 

under applied magnetic field, triplet state energy levels are split due to the Zeeman effect. 

The large difference between singlet state S and triplet states T+1 and T-1 will prevent ISC.60 
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This explains the reason why “Magnetic field effect” happens, which we will discuss in 

more detail in the next part. In short, the magnetic field effect is a tool for evaluating the 

strength of the HFI or SOC field. More useful details of MFE on OLEDs can be found in 

the dissertation of Dr. Ulrich.67 

Internal and External Quantum Efficiency of Light Emitting Diodes 

The internal quantum efficiency, ηint, is defined as the ratio of the number of 

photons produced within the device to the number of electrons flowing in the external 

circuit:58  

 �qF� =  �� � � 

Where γ is the ratio of the number of exciton formation events within the device to the 

number of electrons flowing in the external circuit. � � is the fraction of excitons which are 

Figure 2.3. Scheme representation of intersystem crossing (ISC) between singlet and triplet 

electron-hole pairs. In the case there is no magnetic field, the energy difference between 

singlet and all triplet states is ΔEST, which is small and HFI or SOC can be the mechanism 

for the transition. If there is an external magnetic field B, the energy level of triplet states 

with difference spin configurations are split due to Zeeman effect. Because energy splitting 

is proportional to magnitude of B, large enough B can prevent all the ISC between singlet 

states and triplet states T+1 and T-1.  
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formed as singlets, and � is the efficiency of radiative decay of these singlet excitons. To 

achieve high-efficiency electroluminescence, it is necessary to have a good balance of 

electrons and hole current, effective formation of excitons in the emissive layer, and high 

radiative transition probability of singlet excitons.  

The external quantum efficiency (EQE),  �8��, is defined as:  

 �8�� =  �qF�  ��� 

Where  ��� is the light-out coupling,  ���  ≈  ,
*F=  ≈  20%  for a glass substrate with index 

of refraction of 1.5. Therefore, without using light output coupling strategy, the theoretical 

limit of  �8�� is ~5% when  �qF� reaches its maximum value, 25%, when all ratios, � , � 

,and � � reach their maximum values, which are 1, 1, and 0.25.  

Hybrid organic inorganic perovskites-based light emitting diodes  

Hybrid perovskites are also promising materials for LEDs, thanks to their facile 

solution processing, high color purity and tunable bandgap.68-69 A lot of effort has been 

made to obtain stable and high-efficiency perovskite LEDs. A few excellent works that 

demonstrated a device with EQE of larger than 20% can be listed here.70-72 By applying a 

new strategy for managing the compositional distribution in the device to boost the 

luminescence and balance charge injection, Lin et al. reported 20.3% of external quantum 

efficiency of Perovskite CsPbI3/MABr LED.70 Another strategy to obtain highly efficient 

Perovskite LEDs is maximizing the light output coupling. Cao et al. reported that by simply 

introducing amino-acid additives into the perovskite precursor solutions, submicrometer-

scale perovskite structure can be formed, which helps extract light and passivate perovskite 

surface defects and reduce nonradiative recombination. The peak EQE from his work 

reacheded 20.7%.71 Another noteworthy report is by Zhao et. al. To enhance radiative 
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emission processes in LED, they prepared a heterostructure from a combination of quasi 

2D/3D perovskites and a wide optical gap polymer. Thanks to efficient energy transfer 

process between 2D and 3D perovskites, a nearly 100% internal quantum efficiency was 

achieved, and the hybrid perovskite LED reached an EQE of 20.1%.72    

2.2 MAGNETIC FIELD EFFECT ON LIGHT EMITTING DIODES 

Magnetic field effect (MFE) is the general term used for several effects including: 

1. Magnetoresistance (MR) or Magnetoconductance (MC): resistance of a device 

(light emitting diode, spin valve, or solar cell) changes under an applied magnetic 

field.  

2.  Magnetoelectroluminescence (MEL): electroluminescence of light emitting diodes 

changes under an applied magnetic field. 

3. Magnetophotocurrent (MPC): photocurrent intensity of solar cells changes under 

an applied magnetic field.  

4. Magnetophotoluminescene (MPL): photoluminescence intensity of semiconductor 

materials changes under an applied magnetic field. 

In this chapter, only the MFE on light emitting diodes (MC and MEL) is studied. In chapter 

4, MPL will be used for investigating the energy transfer between perovskite and singlet 

fission materials.  

The first report on magnetic field effect on light emitting diode was given by Kalinowski 

et al. in 2003.73 The MC and MEL of an Alq3-based OLED are observed and up to 3% 

under an applied magnetic field of 500mT. This observation received increasing the 

attention from research community and after that, a lot of excellent work and effort have 

been dedicated to investigate the phenomenon.74-76  
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Figure 2.4 depicts a schematic of the MFE measurement setup. The sample (OLED) is 

mounted on the cold finger of a closed-cycle helium cryostat purchased from Advanced 

Research Systems. The cryostat is placed between two poles of an electromagnet that can 

produce a magnetic field up to 300mT with a one-Gauss resolution. The devices were 

driven at constant voltage using a Keithley 2400 source-meter unit and the EL intensity 

was simultaneously measured by a Si photo-detector, while sweeping B. The MC is defined 

as follows:  

��(%) =  r(�) − r(0)
r(0) 100% 

Figure 2.4. Magnetic field effect (MFE) measurement setup. The sample (OLED) is 

mounted on the cold finger of a closed-cycle helium cryostat purchased from Advanced 

Research System. The cryostat is placed between two poles of an electromagnet that can 

produce a magnetic field up to 300mT with a one-Gauss resolution. The devices were 

driven at constant voltage using a Keithley 2400 source-meter unit and the EL intensity 

was simultaneously measured by a Si photo-detector, while sweeping B. 



 

29 

Where I(B) and I(0) are the current flowing through the device with and without an applied 

magnetic field B. Similarly, MEL is defined as:  

�#
(%) = #
(�) − #
(0)
#
(0) 100% 

Figure 6 Magnetic field effect (MFE) on conductance (bold lines) and EL (thin 

lines) in a PEDOT/Alq3 (~150nm)/Ca device measured at several different 

constant voltages at room temperature. The current-voltage characteristics of the 

device and the chemical structure of Alq3 are shown as inset. Adapted from 

reference3  
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Where EL(B) and EL(0) are the device’s electroluminescence intensity with and without 

an applied magnetic field B.  

The typical results of MC and MEL from OLED is illustrated in Figure 2.5, which shows 

the MC and MEL from an Alq3-based OLED3. The MC and MEL curves obey the empirical 

laws 
∆n
n  ~ !=

 !=x!¡=¢ or 
∆n
n  ~ !=

(|!|x!¡)= , depend on material. The constant B0  is ~ 5mT for 

most organic materials.77   

Magnetic field effect’s mechanism 

There are a few mechanisms have been proposed to account for magnetic field 

effects in OLED. The main mechanisms, which are widely accepted from the spintronics 

research community, are the bipolaron mechanism, loosely-bound polaron pair 

mechanism, triplet-exciton polaron quenching mechanism and Δg mechanism.33, 56, 74, 78-81 

Each of these mechanisms tries to explain how the transition (ISC) rate between singlet 

and triplet states in the material change under the applied magnetic field. Details of the 

models’ explanation can be found in an excellent review from Geng et al.56 However, it is 

noteworthy that there are two interactions which decide the mechanisms. In organic 

materials, HFI is dominant and is the reason for spin mixing (HFI-based ISC). A lot of 

experimental results and theoretical works have proved the role of HFI in MFE on 

OLEDs33, 74, 78, 82. In materials with heavy Z number atoms, SOC is the dominant interaction 

and is the reason for ISC through Δg mechanism. The Δg mechanism relies on the 

difference in gyromagnetic g factor between electron (negative polaron, g-) and hole 

(positive polaron, g+). Since electron and hole’s spins precess with different Larmor 

frequencies, the ISC rate (or mixing rate between singlet and triplet states) is proportional 

to (g+ - g-).B = Δg.B.83  
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Magnetic field effect on Perovskite thin films and devices 

Besides our report on magnetic field effect on perovskites-based LEDs,84 up to this 

point in time, (March 2021) there have been only 4 papers on this interesting topic. The 

first two reports of MFE on perovskite are both on 3D CH3NH3PbI3-xClx perovskite-based 

solar cell.81, 85 In 2019, Wang et. al. presented Giant magnetoresistance (GMR) in 

MAPbBr3-based spin valve.86 In 2020, Pan et. al. observed MEL from 3D-MAPbI3 and 2D-

(PEA)2PbI4 (PEA = C6H5(CH2)2NH3)2).87 In these report, the magnetic field effect on 

perovskite thin films and devices are observed with a much smaller magnitudes comparing 

to those from organic light emitting diode. In details, Zhang et. al. reported MC in 3D 

perovskite-based solar cell from 0.03% to 2.4%, depending on the perovskite film’s 

morphology and power conversion efficiency.81 MEL from the corresponding perovskite’s 

films also observed, with extremely small magnitudes, in the range of 0.03%  to 0.12%. 

Hsiao et. al. showed a magnetic field effect on photocurrent in the same perovskite solar 

cell (based CH3NH3PbI3-xClx) with the magnitude depending on the excitation intensity. 

The maximum MPC observed were ~ 0.5% whereas the magnitude of MPL from the 

corresponding perovskites films, also depends on excitation intensity, and can be large up 

to 1.2% at room temperature.88 In perovskite thin films, the large SOC significantly 

decreases the spin lifetime τ of electrons and holes. Therefore, to observe MFE, the Δg in 

perovskite should be much larger than that of organic semiconductors, where the Δg value 

is on the order of 10-3. Using field induced circularly polarized photoluminescence and 

electron-hole pair lifetime measurements by picosecond pump-probe spectroscopy 

techniques, Zhang et. al. found that the Δg value in 3D CH3NH3PbI3-xClx perovskite is 

~0.65, which makes the Δg mechanism viable for MFE generation. Δg mechanism were 
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also used to explain the observation of MEL in 2D-(PEA)2PbI4-based LED. The spin 

lifetime in 2D and 3D perovskites were estimated by MEL results and validated by 

picosecond transient polarized photoinduced absorption technique (TPPA). The results 

reveal that the spin lifetime in 2D-(PEA)2PbI4 is ~80 ps, which is 5 times smaller than that 

of the 3D MAPbI3. This indicates the SOC in 2D-(PEA)2PbI4 is much larger than that of 

the 3D.  

2.3 MAGNETIC FIELD EFFECT IN PEROVSKITE LIGHT EMITTING DIODES 

In this part, I will present our results from studying the SOC in 2D and 3D HOIPs 

by using MFE on perovskite-based LEDs. The Rashba-Dresselhaus SOC is expected to 

larger in 2D perovskites due to the non-centrosymmetric property and quantum 

confinement effect of the 2D materials. Although there are some reports in literature on the 

study of SOC of 2D Ruddlesden-Popper and 3D MAPI, for example, large Rashba 

coefficients on the order of several eV·Å  have been measured by angle resolved photo 

electron spectroscopy (ARPES) in 3D HOIPs44 and by electroabsorption spectroscopy in 

2D HOIPs,27  there has been no direct comparison of SOC strength in 2D and 3D 

perovskites. Moreover, they are all based on optical methods, and no one has tried to 

manipulate or control the SOC by external electric field. It is our motivation to conduct an 

experiment that can directly compare the SOC in 2D and 3D perovskites, and we would 

like to see how an external electric field can manipulate the SOC strength in perovskites. 

Therefore, MFE in perovskite-based LEDs is an ideal experimental tool for this study.  

The perovskite-based LED architecture is depicted in Figure 2.6a. The fabrication 

of the organic sandwich devices started with patterning 40 nm of indium-tin-oxide (ITO) 

on a glass substrate using photolithography and chemical etching. Then, the ITO-coated 
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glass substrate was thoroughly cleaned with soap, distilled water, acetone, and isopropanol 

in an ultrasonic bath. The conducting polymer poly(3,4-ethylenedioxythiophene)-poly 

(styrenesulfonate) (PEDOT) from Ossila was spin coated at 4000 rpm for 60 s on top of 

the ITO-coated glass substrate yielding a thin PEDOT layer of ≈ 20 nm thick to provide an 

efficient hole injecting electrode. All other fabrication steps were carried out in a nitrogen 

filled glovebox. Inside the glovebox, the perovskite solutions and glass substrates were 

preheated to 80°C for 30 min. Then, the perovskite solution was spin coated onto the 

substrate at 5000 rpm for 30 s resulting in films with thicknesses of ≈ 50 nm and ≈ 130 nm 

Figure 2.6. (a) Light emitting diodes (LED) based on 3D and 2D HOIPs. The current-

voltage (I-V) and electroluminescence-voltage (EL-V) characteristics for 3D and 2D HOIP 

based LEDs are shown in (b) and (c) at 10 K. The insets in (b) and (c) show the energy 

diagram of devices. (d) EL quantum efficiency of the LEDs. 
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for MAPbI3 and (BA)2(MA)Pb2I7, respectively. Next, a phenyl-C61-butyric acid methyl 

ester (PCBM) solution with a concentration of 20 mg/ml in toluene was spin coated directly 

on the perovskite film to form a thin electron transport layer of ≈ 20 nm-thick. Finally, a 

50 nm-thick Au top electrode was deposited through a shadow mask using an electron 

beam evaporator at a rate of 0.5A/s in a base pressure of ≈ 1 × 10− 6 mbar. The LED active 

area is ≈ 1 mm2. We note that we used the Au electrode as an electron-injector in order to 

maximize the applied electric field on the devices.89 But such a structure commonly yields 

a low EL quantum efficiency. The band diagrams of the devices are shown in the insets of 

Figure 2.6b and 2.6c.  

Figure 2.6b and Figure 2.6c respectively show the current-voltage (I-V) and 

electroluminescence-voltage (EL-V) for MAPbI3 and (BA)2(MA)Pb2I7 based LEDs as 

described in Figure 2.6a. The spin dynamics of phase-pure HOIPs were investigated at 10 

K because the luminescence response is much stronger at low temperatures than at room 

temperature. The turn-on voltage for the EL (at ≈ 2.3 V and ≈ 10 μA) in 3D MAPbI3 LED 

is lower than that observed in 2D (BA)2(MA)Pb2I7 LED (at ≈ 8.6 V and ≈ 12 μA) mainly  

because the (BA)2(MA)Pb2I7 LED has a thicker emissive layer ( ≈ 130 nm) than that in 

MAPbI3 LED (≈ 50 nm).90 In addition, the larger band-gap in (BA)2(MA)Pb2I7 HOIP (≈ 

2.0 eV in comparison to ≈1.5 eV in the MAPbI3 HOIP) also results in the higher EL turn-

on voltage. Finally, the low out-of-plane conductivity of (BA)2(MA)Pb2I7 LED may also 

play a detrimental role in charge transport across the highly oriented organic sheets which 

have low hoping/tunneling charge mobility. We note that the devices have Ohmic contacts 

with hole-only transport at the voltage below the EL-turn on voltages. However, the 

electron-hole recombination is quite strong at higher applied voltages.    
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The EL quantum efficiency (ELQE), which is proportional to the ratio of the EL intensity 

over the current density, is plotted in Figure 2.6d. The ELQE in both devices 

monotonically increases from zero and saturates at a current density of ≈ 200 μA/mm2. 

However, the ELQE in 2D (BA)2(MA)Pb2I7 continues to decrease at higher current 

densities. This slight ELQE reduction may be associated with exciton loss due to strong 

exciton-exciton annihilation when the dense excitons at high current densities are confined 
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Figure 2.7. (a) Magneto-conductance (MC), and (b) magneto-electroluminescence (MEL) 

of a typical 3D MAPbI3 based LED at several device currents. (c) Extracted MC and MEL 

magnitudes versus device current. The lines are guides for the eyes. (d) The haft width at 

half maximum (HWHM) of MEL response extracted directly from (b) versus device 

currents. 
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in a 2D well. Next, we will show MFE studies on the devices’ conductivity and EL intensity 

at different current densities in the Ohmic and exciton recombination regimes. 

Figure 2.7a shows the typical MC responses up to 3 kG at six different current densities 

for a 3D MAPbI3 LED, where the MC magnitude is found to increase with increasing 

current density and saturate at ≈ 200 μA. At a current of 75 μA, the MC is about (0.01 ± 

0.005) % while at a current of 1200 μA, the MC reaches (0.05 ± 0.005) % at an applied 

field of 3 kG. We do not observe any MC response within 0.005% noise when the current 

density is below the turn-on current density for the EL (see MC at ≈ 9 μA/mm2 in Figure 

2.7a). It is also important to note that the MC current noise level may distort the shape of 

the MC at low current densities.  For example, the MC at 75 μA is less than 0.01%, which 

is only about 2 times larger than the noise level. Figure 2.7b shows the corresponding 

MEL responses at several current densities. In contrast to the MC response, the MEL 

response remains the same magnitude of ≈ (0.22 ± 0.03) % at all current densities. The 

magnitude of MC and MEL versus the device current extracted directly from Figure 2.7a 

and Figure 2.7b are plotted in Figure 2.7c where the MC magnitude monotonically 

increases from zero and saturates at ≈ 200 μA, in agreement with studies of the magneto-

photocurrent trend reported in Zhang et al.81 Interestingly, the MC magnitude trend is the 

same as the ELQE response as shown in Figure 2.7d. In general, the MEL and MC 

responses are similar with an exception observed at low current density of 75 μA/mm2. 

This suggests that the MEL and MC share the same physical interpretation. Since the MFE 

is not observed when the EL is absent and the MEL magnitude is much larger than the MC 

magnitude, the magnetic field must primarily act on the EL, and MC is just a secondary 

effect, e.g. from electron-hole pair dissociation. This indicates that the MC response must 
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have an excitonic origin where the intersystem crossing between singlet and triplet 

electron-hole pairs81 or triplet-charge interaction (or trion)91 may take place. We note that 

both mechanisms require the existence of trapped charges, and long exciton lifetimes to 

have sizable magnetic field effect.81 Nevertheless, the triplet-charge interaction requires a 

long-lived triplet exciton in the ms range, typically found in organic semiconductors. This 

long-lived triplet exciton is unlikely to occur in HOIPs due to the exceptionally strong 
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Figure 2.8. (a) Magneto-conductance (MC), and (b) magneto-electroluminescence (MEL) 

of a typical 2D (BA)2(MA)Pb2I7 based LED at 10, 25, 46, and 180 μA device currents. The 

lines show best fits with a double-Lorentzian function. (c) MC magnitude and MEL 

magnitude versus device currents. The lines are guides for the eyes. (d) The half at half 

maximum (HWHM) of the MEL response obtained from the Lorentzian fitting versus device 

currents. 
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SOC. In fact, to the best of our knowledge, the trion formation has not been reported in 

HOIP thin films. Zhang et al. showed that electron-hole lifetimes of HOIP films is in the 

ps range and increases with trapped charges.81 The authors found that the magneto-

photocurrent is associated with the intersystem crossing rate between singlet-triplet 

excitons, which is not affected by the hyperfine interaction, but the so-called Δg 

mechanism. Remarkably, the half width at half maximum (HWHM) of the MEL response 

or effective local magnetic field in Figure 15d slightly increases with increasing the current 

density. This implies that the applied electric field might influence the spin mixing 

processes among the spin sublevels or the intersystem crossing rate between singlet and 

triplet electron-hole pairs via the Rashba effect.56, 92-93    

Figure 2.8a and Figure 2.8b show the MC and MEL responses for a 2D 

(BA)2(MA)Pb2I7 LED. Similar to the response for MAPbI3, the MC magnitude increases 

monotonically and saturates at ≈ (0.11 ± 0.02)% while the MEL magnitude is larger and 

remains essentially the same at ≈ (0.20 ± 0.02)% with increasing current density (see 

Figure 2.8c). The MC response is not detectable within 0.01% noise when the current 

density is smaller than 10 μA/mm2. Both MC and MEL contain two components at small 

field and high field, which are usually observed in organic semiconductors with strong 

intrinsic SOC.93-94 Since the MC magnitude versus the LED current follows the same trend 

as the ELQE trend shown in Figure 2.8d, we conclude that MC in 2D (BA)2(MA)Pb2I7 

LED device must have the same excitonic origin as the MC in the 3D MAPbI3 LED device. 

Since the MEL response of 2D (BA)2(MA)Pb2I7 is noisy and very broad, we are not able 

to saturate the response at an applied field of 3 kG. Instead, we fitted the data with a double-
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Lorentzian function (MEL1*B2/(B2+B1
2) + MEL2*B2/(B2+B2

2), where MEL1, MEL2, B1, 

B2 are fitting parameters. All fitting parameters are presented in Table 1. 

Table 1. Fitting parameter of the 2D perovskite LED's MEL responses with a double-

Lorentzian function. 

Current (μA) MEL1 MEL2 B1 (G) B2 (G) B2 error (G) 

25 0 -0.00223 0 1030.4 53.2 

46 0.0001 -0.00269 0.10 1480.4 49.7 

160 0.00015 -0.0021 0.17 2150.3 81.9 

180 0.00022 -0.00342 0.11 2278.1 77.7 

Figure 2.9. MEL responses getting from the fits of the experimental MEL responses 

as such in Figure 16b. The data is plotted up to 20kG.  
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The lines in Figure 2.8b shows the fit result up to 3 kG while Figure 2.9 shows the fit 

lines up to 20 kG. The HWHM of the MEL response extracted from the fitting in Figure 

2.9 (B2 values in Table 1) versus the LED current is plotted in Figure 2.8d. The width 

nonlinearly increases with increasing current density. Clearly, the spin dynamics in 2D and 

3D materials follow the same mechanism.  

It has been extensively studied in organic semiconductors that strong SOC suppresses 

the MFE magnitude while broadening the HWHM.93-94 The MFE studies in 2D and 3D 

HOIPs based LEDs agree very well with those in organic semiconductors. In contrast, the 

MFE in HOIPs is insensitive to hyperfine interaction due to ultra-short exciton lifetime.81 

Figure 2.10. The HWHM of MEL response for 2D and 3D OIHP based LEDs versus 

applied electric field. The dashed lines show linear fits. The inset shows the 

photocurrent response of the devices. 
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In addition to the intrinsic SOC, HOIPs may exhibit strong Rashba type SOC with 

exceptionally large Rashba coefficients due to the bulk and structural symmetry breaking 

as discussed in the introduction. Such properties allow the control the Rashba SOC 

strength, and hence spin dynamics, by an applied electric field.47-48, 95 Figure 2.7d and 2.8d 

clearly show that the spin response becomes stronger at larger current density or larger 

applied voltage.  

To investigate the effect of Rashba SOC on the MEL response, we replotted the results 

presented in Figures 2.7d and 2.8d as a function of applied electric field rather than the 

current density. It is reasonable to assume that the electric field drops are negligible across 

the PEDOT:PSS hole transport layer and PCBM electron transport thin layers.89 Therefore 

the applied electric field, E, can be estimated by E = (V-VOC)/d, where V is the applied 

voltage, VOC is the open circuit voltage which can be extracted from the photocurrent (see 

Figure 2.10, inset) in which the I-V characteristics were taken under 450 nm laser 

illumination at 100 mW/cm2, and d is the thickness of the HOIP thin film. Interestingly, 

for both 3D and 2D HOIPs, the MEL HWHM increases linearly with the applied electric 

field. We fit the data with a linear function. We found that the effective SOC energy 

(BRashba) in the (BA)2(MA)Pb2I7 HOIP increases at a large rate of 58.2 G·m /MV in 

comparison with 8.6 G·m /MV for the MAPbI3 HOIP (Figure 2.10). The applied electric 

field along the 2D wells in the (BA)2(MA)Pb2I7 HOIP causes significant manipulation of 

local electric field, E and hence BRashba. Our results are consistent with the experimental 

results reported by Wang et al. who observed the linear dependence of Rashba SOC energy 

on the applied electric field in GaAs quantum wells.48 In the first approximation, this 

suggests that the Rashba coefficient in (BA)2(MA)Pb2I7 HOIP is about 7 times larger than 
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the coefficient in MAPbI3 HOIP. These results are in agreement with recent calculation of 

Rashba SOC coefficients on those materials using the second harmonic generation 

experimental data, where the ratio of the Rashba coefficient in the (BA)2(MA)Pb2I7 HOIP 

over the MAPbI3 HOIP is about 8 times.96 Clearly, the (BA)2(MA)Pb2I7 HOIP is more 

suitable for the electrically controlled spin logic device. Interestingly, the effect of electric 

field on the MC line shape in (BA)2(MA)Pb2I7 HOIP  is essentially the same as the effect 

reported by Takase et al. who studied the highly gate-tunable Rashba spin-orbit interaction 

in InAs nanowire metal-oxide-semiconductor field-effect transistor.47 

There are several mechanisms for the spin mixing event from the spin sublevels causing 

intersystem crossing between singlet and triplet electron-hole pairs. These include HFI, 

SOC, exchange, and Δg mechanism. Since the spin relaxation time in HOIPs is very fast 

due to strong SOC, much slower spin precession caused by the hyperfine field cannot cause 

the spin mixing between the singlet and triplet electron-hole pairs.97 We note that the 

magnetic field from the SOC including the Rashba-type SOC is significantly larger than 

the hyperfine field of ≈ 50 G77, 82. The large SOC field might result in a fast spin precession 

time that is comparable to the exciton lifetime causing the MEL and MC. For the Δg 

mechanism, the large spin mixing rate, ∆£� ∝ �∆�, is possible at large applied magnetic 

field, B, and different g factors between the electron and hole in the spin pair. A ∆�  value 

of ≈ 1.0 in the HOIPs was found to be significantly larger than that in organic 

semiconductors (≈ 10-3).22, 81 Therefore, the ∆� spin mixing is more likely a dominant 

mechanism in HOIPs. Because the ∆� in 2D (BA)2(MA)Pb2I7 HOIP (∆� ≈ 1.2) is found 

to be smaller than that in 3D MAPbI3 HOIP (∆� ≈ 1.7),22 the spin mixing in 

(BA)2(MA)Pb2I7 HOIP would be slower than that in MAPbI3 HOIP. Therefore, we would 
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expect to have a broader MFE response in (BA)2(MA)Pb2I7 based LEDs. The Rahsba 

energy increases with increasing applied electric field in our experimental results in Figure 

2.10 implies that the ∆� value must be smaller under a larger applied electric field or larger 

BRashba. We note that such a model has been used to explain the MFE in photocurrent, 

which is a different concept81. Next, we will examine MFE using the excitonic electron-

hole pair model that has been successfully applied to explain the MFE in organic LEDs. It 

is therefore natural to ask whether this model can explain the sign and the magnitude of 

MC and MEL responses in HOIPs. The electron-hole pair dynamics can be described as 

following: When electrons and holes are injected from the cathode and anode into the 

Figure 2.11. The schematic energy level diagram illustrates the simplest possible pair 

mechanism model, which includes three different species: free charges with 

population C, singlet electron-hole pairs with population S, and triplet electron-hole 

pairs with population T0. Various transition rates are indicated. 
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organic layer, they form negative and positive charges, respectively. When the separation 

between an electron and a hole is less than the Coulomb capture radius, the carriers are 

organized in loosely bound electron-hole pairs with the rate kC, statistically 25% spin 

singlet pair S with zero spin, 75% spin triplet pairs T0, T1, and T-1
 where 0, 1 and -1 is the 

spin triplet multiplicity. Since the electrons and holes in HOIPs are highly delocalized due 

to the dielectric screening, electrons and holes in the excitonic form are loosely bound with 

an excitonic binding energy of a few meV 98-99. In the first approximation, the exchange 

interaction energy between singlet and triplet electron-hole pair is negligible. Finally, the 

singlet and triplet electron-hole pairs can recombine with the rate RS and RT or dissociate 

to form free charges (C) with the rate dS and dT, respectively. The rate RS (RT) might include 

radiative recombination with the rate RSR (RTR) or non-radiative recombination with the rate 

RSN (RTN). We now formulate the appropriate rate equations. The relevant levels and 

transition rates are shown in Figure 2.11.  

The basic idea of the exitonic model is that the multiplicity of the singlet and triplet 

electron-hole pairs changes with time due to spin dynamics induced by either the Δg 

mechanism or SOC. While the SOC can mix all triplet excitons with singlet excitons, the 

non-zero difference in the g-factor of electrons and holes, Δg, leads to the spin mixing rate, 

kISC between the isoenergetic S and T0. Since Δg is significantly larger in HOIPs, the Δg 

effect is more likely to play a crucial role in the observed Rashba effect. Therefore, the 

schematic energy diagram in Figure 2.11 based on the Δg mechanism is examined.   

Several rate equations can be written from the diagram in Figure 2.11: 

−~
� + 4�� + 4¥¦` = §
     (2.1) 

~
� − (4� + ^� + ~n�
)� + ~n�
¦` = 0  (2.2) 
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~
� + ~n�
� − (4¥ + ^¥ + ~n�
)¦` = 0 (2.3) 

where GC is the generation rate for C, which is equal to the rate of carrier injection minus 

the rate of emission of carriers at the electrodes. At zero applied magnetic field, it is obvious 

that kISC = 0. At large applied magnetic fields, we supposed that the kISC is much larger 

than other transition rates. We suppose dS = dT, the LED current ≈ C, and #
 ≈ ^�z� +
^¥z¦ ≈  ^�z� ~ ^�� for most HOIPs100. We obtain the following solutions from the rate 

equations (2.1-2.3): 

�#
 = (,1z¨/z©)
�,x�¨�©�(;¨/z©x,)  (2.4) 

�� = � 1(,1z¨/z©)=
*(,xz¨/z©)(,xz¨/; )(;¨/z©x,)    (2.5) 

where � is the fraction of the injected carriers that form electron-hole pairs. In general, 

MEL and MC are non-zero if the recombination rate of singlet and triplet are different. 

Now, the MC and MEL responses in Figures 2.7 and 2.8 can be examined using equation 

(4) and (5). The magnitude of MC is significantly smaller than MEL because of the 

following reasons. First, MC is a second order effect, while MEL appears in first order in 

(1-RS/ RT). If RS ≈ RT, MEL magnitude is generally larger than MC magnitude. Next, 

because the applied magnetic field does not act on the non-emissive excitons, T1 and T-1
, 

free charge carriers dissociated from these states do not contribute to increasing the MC 

effect. In fact, the MC effect is about 50% smaller than that in equation (5), while MEL in 

the first order approximation is unaffected by the dissociation/recombination of these dark 

exciton states. Finally, � in our device structures is small due to the imbalance of 

positive/negative injected carriers and the small Coulomb binding energy. The small value 

of  � may lead to a significantly small MC. Considering the sign of the MC and MEL effect, 
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the model predicts that MC is always negative while MEL is more likely to be negative 

since ^� is usually large than ^¥ for most HOIPs100. 

2.4 CONCLUSION 

We studied the Rashba-type SOC in 2D (BA)2(MA)Pb2I7 and 3D MAPbI3 HOIPs using 

the MFE on the conductivity and the EL. We found that the MC magnitude in LEDs 

constructed with these HOIPs increases monotonically and saturates at a large current 

density. The MC follows the same trend as the ELQE of the device, while the MEL 

response remains almost unchanged and has similar shapes as the MC response, but with a 

significantly larger magnitude. This implies that the underlying mechanism of the MFE in 

the materials is excitonic. Notably, we found that the width of the MEL, or BRashba, in these 

materials linearly increases with increasing the applied electric field. The Rashba 

coefficient in (BA)2(MA)Pb2I7 HOIP is estimated to be about 7 times larger than that in 

MAPbI3 HOIP. An excitonic model was developed to evaluate the MFE mechanism. We 

found that both sign and magnitude of MEL and MC responses can be explained through 

this model. An important prediction of our experimental results is that the ∆� must be 

smaller under the effect of an applied electric field. Our studies may have a significant 

impact on future development of electrically-controlled spin logic devices via Rashba-like 

effects. 
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CHAPTER 3 

OPTICAL STUDIES OF SPIN ORBIT COUPLING IN PEROVSKITE THIN FILMS 

In this chapter, optical and magnetooptical complementary methods will be utilized to 

study the energy degeneracy splitting in 2D Ruddlesden-Popper and 3D MAPbI3 HOIPs 

due to Rashba-Dresselhaus SOC magnetic field. First, complementary techniques, 

including circular dichroism (CD), circularly polarized luminescence (CPL), magnetic 

circular dichroism (MCD), and Faraday Rotation (FR) spectroscopies will be introduced. 

Then, our experimental results of CD, CPL, MCD and FR on HOIPs films will be discussed 

in detail. Finally, density functional theory (DFT) calculations will be used tosupport the 

experimental results.  

3.1 CIRCULAR DICHROISM, CIRCULARLY POLARIZED LUMINESCENCE, 

MAGNETIC CIRCULAR DICHROISM, AND FARADAY ROTATION  

Circular dichroism (CD) and circularly polarized luminescence (CPL) measure the 

difference in absorption and photoluminescence between the left and right circular light. 

CD and CPL are initially the methods of probing the molecule’s ground and excited chiral 

electronic states, respectively.101  

Figure 3.1 describes the setup for CPL measurement. The perovskite thin films were 

kept inside a cryostat at the desired temperatures (from 10K to room temperature) and were 

excited by a linearly polarized laser source at ~ 3.06 eV energy (405nm wavelength). The 

photoluminescence spectrum was focused into a spectrometer by using a concave mirror 
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after passing through a quarter wave plate and a polarizer. The degree of CPL polarization 

(or emission dissymmetry factor) is defined as102 :  

P(%) = n(µ¶) 1 n µ·¢
n(µ¶) x n(µ·) (3.1) 

where I(σ1) and I(σx) is the photoluminescence intensity of the left circular light (LCL, 

σ-) and right circular light (RCL, σ+), respectively. PL intensities were calculated by 

integrating the PL curves in the PL-wavelength graph, i. e. r = » ¼
( ½)4½. 
The circular dichroism (CD) and magnetic circular dichroism (MCD) of the perovskites 

thin films were measured by a home-built setup using a photo-elastic modulator (PEM) 

combined with a noise-reduction lock-in amplifier technique, which is illustrated in Figure 

3.2. A Xenon lamp and monochromator provided a monochromatic and collimated light to 

the thin films at a normal incident angle. A polarizer was placed before the PEM to generate 

the left and right circular light. For MCD measurement, an out-of-plane applied magnetic 

Figure 3.1. Circularly Polarized Luminescence (CPL) set-up 
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field of 1.8T was created by an electromagnet. More details of the set up and measurement 

can be found in our works.103-104 

CD and MCD can be represented in terms of ellipticity or anisotropy g factor.105-106 

Here, we present our results in ellipticity (milli degree, or mdeg). The ellipticity, in mdeg, 

is calculated from the equation:  

θ()4��) = ∆p �GF,`
W � �,¿````

À �  (3.2) 

Where ∆p is the difference in absorption between left and right circular light.  

FARADAY ROTATION 

Figure 3.2. Circular dichroism and magnetic circular dichroism setup 

Figure 3.3. Faraday rotation measurement setup 



 

50 

Figure 3.3 presents the Faraday rotation setup, which is similar to the MCD setup. 

The difference is the addition of an analyzer and the PEM was placed after the 

electromagnet. The perovskite thin films’ refractive indices were taken using a 

spectroscopic ellipsometer (M-2000, J. A. Woollam Co., Inc.) at incident angles of 65°, 

70°, 75°, and 80°, respectively, over a wavelength range of 370 – 1000 nm.107 

3.2 CIRCULAR DICHROISM, AND CIRCULARLY POLARIZED LUMINESCENCE 

OF HOIPS 

Over the last decade, hybrid organic-inorganic perovskites (HOIPs) have emerged 

as excellent materials for applications in photovoltaic, optoelectronics, and spintronics 

owing to their superb properties including simple thin-film preparation from solution 

processing,108 long carrier diffusion length14, long carrier lifetime13, large absorption 

coefficient12, and strong spin-orbit coupling (SOC).8, 109 Massive research efforts have been 

put forward to understand the material’s properties.14, 41, 110-111 Recently, the chiral 2D 

HOIPs have garnered attention from the spintronic research community because they 

potentially possess an extra degree of spin control by an applied electric field that enables 

chiral 2D HOIPs as promising materials for spin-logic devices such as spin transistor.84, 102, 

112-118 Optically, the spintronic properties of these chiral 2D HOIPs are usually studied by 

two complementary methods: circular dichroism (CD) and circularly polarized 

luminescence (CPL). The CD process originates with the structure in their thermally 

equilibrated electronic ground state, while the CPL process originates from the 

vibrationally relaxed electronic excited states.101  Numerous interesting observation of CD 

and CPL in chiral 2D HOIPs has been reported. Long et al. observed a CPL of 3% in 2D 

chiral R- and S- methylbenzylammonium lead bromide ((R-MBA)2Pb2Br7 and (S-
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MBA)2Pb2Br7) even in the absence of applied magnetic field.113 Ma et al. reported a large 

CD of more than 100 mdeg and CPL of nearly 20% from the chiral 2D perovskites (R-

MBA)2PbI4 and (S-MBA)2PbI4 at 77K.114 In those chiral 2D HOIPs, large CD and CPL are 

attributed to the manifestation of “chirality transfer” from the chiral organic chains to the 

octahedral layer [PbX6]4- where X is halide elements (Br or I).36, 112, 117 Although “chirality 

transfer” is widely accepted and used to explained CD and  CPL in others chiral organic-

inorganic system e.g. chiral molecules- Quantum Dot (QD)119, chiral molecules – colloidal 

perovskite nanoplatelets120 and chiral perovskites36, 112, 117, there remain some open 

questions. In the work from Ma. et al.114, a large degree of polarization from CPL 

measurement was observed in chiral perovskites (R-MBA)2PbI4 and (S-MBA)2PbI4  by 

using the 473 nm laser excitation. This excitation energy is not enough to excite the chiral 

molecules to excited states. Therefore, there is absolutely no polarized electron or hole 

transferred from chiral molecules to the excitonic transition of perovskites octahedral layer 

[PbI6]4-.114 Moreover, CD and CPL were also observed in monolayer,121 2D heterostructure 

of transition metal dichalcogenides,122 and non-chiral quantum dots and nanorods.123 

Therefore, whether “chirality transfer” is the only reason for the large CD and CPL is not 

known. Recently, Sercel et al.124 theoretically demonstrated that non-chiral orthorhombic 

perovskite lead layers can exhibit large extrinsic circular dichroism (CD) in the absence of 

an applied magnetic field. In this work, non-chiral materials might exhibit extrinsic chiral 

behavior when interacting with light. The circularly polarized dependent absorption is 

caused by the combined effect of strong Rashba-Dresselhaus splitting (Zeeman splitting 

caused by Rashba-Dresselhaus magnetic field in the order of 10 T), in-plane symmetry 

breaking, and the effect of the exciton momentum on its fine structure. However, circularly 
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polarized spectroscopies that are used to establish the relationship between the inversion 

asymmetric structures, Rashba-Dresselhaus SOC, and circularly polarized response in non-

chiral HOIPs has not been reported in the literature.  

In this chapter, we systematically study the CD and CPL of non-chiral 2D Ruddlesden-

Popper Perovskites (BA)2MAn-1PbnI3n+1 with n = 1, 2, and 3 and 3D CH3NH3PbI3 

(MAPbI3) (n = ∞). Remarkably, we observe a giant CD ~ 100 mdeg at room temperature 

and CPL ~ 4.8% at 10 K and ~2.8% at 293 K from the 2D Ruddlesden-Popper (RP) 

perovskite thin film with n = 1 in the absence of an applied magnetic field. However, the 

measured CD and CPL signals are an order of magnitude smaller in the RP perovskite thin 

film with n = 2 and are not detectable for the perovskite thin films with n = 3, and n = ∞. 

Our observation indicates that there is a mechanism other than “chirality transfer” that 

causes the giant CD and CPL in these 2D HOIPs.124 We hypothesize that the strong 

observed CD and CPL are associated with the strong Rashba-Dresselhaus splitting in the 

2D RP perovskite superlattices due to strong lattice distortions at the organic/inorganic 

interface: more interfaces leads to more distortions, and thus, larger Rashba-Dresselhaus 

splitting.124 This hypothesis is confirmed by density functional theory (DFT) calculations 

where the inter-layer distortions of the superlattices leads to the major Rashba-Dresselhaus 

splitting. To quantify to magnitude of the Rashba-Dresselhaus effect, we conduct magnetic 

circular measurement and estimate the Rashba-Dresselhaus effective magnetic field in 2D 

RP perovskites with n = 1 ~ 500mT. From our perspective, these results establish CD, 

MCD and CPL as new methods to evaluate the Rashba-Dresselhaus SOC strength.  
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3.3 RESULTS OF CIRCULAR DICHROISM, AND CIRCULARLY POLARIZED 

LUMINESCENCE OF 2D RUDDLESDENCE POPPER HOIPS 

Morphology characterizations 

The structure of the 3D MAPbI3 perovskite and 2D RP perovskites are shown in 

Figure 1.1 and Figure 1.3, respectively. At room temperature, the MAPbI3 crystal presents 

the tetragonal phase with a space group of I4/mcm16, while the 2D RP perovskites have 

orthorhombic structure with C2v symmetry.21 Such crystallographic structure can be 

characterized by the X-Ray Diffraction (XRD), and the results are shown in Figure A1, 

Appendix A confirm a successful fabrication process that yields the same crystal structure 

Figure 3.4. Atomic Force Microscope images of 2D RP HOIPs thin films with n = 1 (a) 

and n = 2 (b). The thicknesses of the films were extracted are 140 nm and 200 nm for n = 

1 and n = 2 thin films, respectively.  
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as reported.20-21 It is noteworthy to mention that for the 2D RP n = 1 thin film, the XRD 

pattern demonstrates well-defined diffraction peaks corresponding to the {00l} family of 

planes, indicating the formation of a highly oriented inorganic layer parallel to the 

substrate. From n = 2 and 2D RP thin films of larger n, the present of MA+ cation leads to 

a dramatic change in the crystal structure. With n = 2, the XRD pattern shows diffraction 

peaks with the {0k0} family of planes that reveal the vertical growth of the compound with 

respect to the substrate plane.20 Both 2D RP HOIP thin films with n = 1 and n = 2 are phase 

pure. However, with n = 3, the XRD pattern shows the presence of two different families 

of planes, that is, {0k0} and {111}. This indicates that the 2D RP n = 3 thin film is 

composed of quantum wells with n = 2 and n = 3.125  Figure 3.4 shows the AFM images 

of 2D RP perovskites with n = 1 and n = 2. The domain area in the n = 1 thin film is quite 

large, up to 1 μm2. The thickness of the 2D RP perovskite thin films from AFM 

measurement are 140 and 200 nm for n = 1 and n = 2, respectively.  

Circularly Polarized Luminescence Studies 

Figure 3.5 shows the PL spectra from LCL (σ-) and RCL (σ+) of the 2D RP 

perovskite with n=1 at 10K.  PL spectra recorded with various temperatures from 10 – 293 

K (room temperature) (Figure 3.6) were consistent with those reported by literature19, 21. 

Blancon et al.22 reported that in 2D RP perovskites, due to the strong dielectric 

confinement, excitons exists in the Rydberg states series of the Wannier-Mott exciton. At 

10 K, the largest peak in the PL spectrum of 2D RP perovskites n = 1, which is located at 

2.52 eV (491 nm), is attributed to the lowest energy 1s Rydberg state.22 The second PL 

peak which appears at 2.39 eV (518 nm) is indeed the room temperature phase feature 

which still exists at low temperature. In our previous report, the optical absorption taken at 
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various temperatures indicated the coexistence of two distinctive phases in the 2D RP n = 

1 thin film which were attributed to the sudden reduction of the inter-layer spacing at 

approximately 250 K.126 The long tail in PL spectrum  at ~2.2 eV which shows up only at 

temperature less than 100 K is attributed to the self-trapped exciton or in-gap states.127 At 

room temperature, there is only the PL peak which appears at 2.37 eV and corresponds to 

exciton resonance identified from absorption measurement with a slight Stokes shift of 

0.05 eV.125 (see absorption spectra, Figure A2, Appendix A) The difference of PL 

intensity between the two circularly polarized light is obvious and is largest, ~5.6 %, at the 

Figure 3.5. Circular Polarization Luminescence (CPL) of 2D RP perovskite with n=1 (a) 

and n=2 (b) at 10 K. (c) Polarization degree (%) of all 2D and 3D perovskites at 10K. (d) 

Polarization degree (%) of 2D Perovskite n=1 at various temperatures. 
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PL shoulder ~2.46 eV(Figure 3.5a, inset), where the degree of polarization at a certain 

wavelength λ is calculated in Equation 3.1. The degree of polarization of whole spectrum, 

observed in the absence of applied magnetic field, is ~4.8%, which is ~1.6 times larger 

than that from the reduced-dimensional chiral perovskite at 2K113. More recently, Ma et al. 

reported a huge CPL up to 17% from chiral (S-MBA)2PbI4 at 77K.114 When the number of 

lead halide octahedral layer [PbX6]4- in the wells of RP perovskites increases, the degree 

of polarization is again substantially quenched. From Figure 3.5b, the degree of 

polarization of the 2D RP perovskite with n = 2 and n = 3 is ~0.05% and ~0.3% at 10K, 

respectively. When n = ∞ (3D MAPbI3), the degree of polarization is ~0.07%. The CPL at 

Figure 3.6. PL of 2D RP n = 1 thin film at various temperature in the range 10 - 293 K.
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10K of all perovskites thin film is summarized in Figure 3.5c. The CPL experimental error 

of ~0.2% (occurs when the polarizer is rotated between +45 and -45 degree) is determined 

by a control experiment with an anisotropic PL from an organic semiconductor thin film 

made of tris(8-hydroxyquinolinato) aluminum (Alq3, Figure 3.7). We conclude that all 

measured values of CPL of 2D RP thin film with n Â 2 is within the noise level of the 

instrument.  

Due to the unexpected large CPL value of the 2D RP perovskite with n = 1, we 

carefully studied the CPL in this thinnest superlattice with various temperatures. Figure 

3.5d shows the temperature dependence of CPL. The degree of polarization of the whole 

Figure 3.7. Control experiment CPL of Alq3 
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PL spectrum was remained around 4.5% in the temperature range of 10K to 250K and only 

started to decrease sharply when the temperature exceeded 250K, at which the structural 

phase transition occurs.126 At 275 K and room temperature, the degree of polarization drops 

from ~ 4.5 % to 3.6 % and 2.7 %, respectively. We speculate that the reduction of the CPL 

above 250 K is associated with the expansion of the organic inter spacing which causes the 

reduction of Rashba-Dresselhaus SOC strength.126 This hypothesis is verified by the DFT 

calculations in the DFT Calculations Section. 

To further investigate the polarization of PL, the degree of polarization each PL 

peak was calculated. The results (Figure 3.8) show that all the PL peaks at low temperature 

Figure 3.8. Degree of polarization of each exciton at various temperature in the range 10 

K – 293 K.  
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(2.52 eV, 2.4 eV and 2.2 eV) have a degree of polarization ~ 4.4 %. Meanwhile the 

polarization of the PL peak at higher temperature phase (at 2.37 eV) drops when 

temperature increases, which has a similar trend shown in Figure 3.5d.  We note that such 

sharp decrease in CPL at phase transition temperature was also observed in a previous 

study when MAPbI3 and MAPbBr3 thin films were pumped with circularly polarized light 

(Hanle effect).128 However, it is noteworthy that in their work, the authors did not observe 

CPL when using linear polarized excitation. It is surprising that the degree of polarization 

of 2D RP perovskite  in the low temperature phase does not depend on temperature as 

previously reported in chiral Perovskites114, where the degree of polarization decreased 

monotonically from 17% at 77K and vanished at room temperature. This implies that the 

mechanism of CPL in this 2D RP n = 1 perovskite thin film is sensitive to the crystal 

structure of the material. In the next section, we show the results of the complementary CD 

studies on investigating the electronic structures of the perovskite superlattices. While CPL 

is used to study the difference of left and right circular light in emission from excited states, 

CD is used to study their difference in absorption from ground states.101 The information 

obtained from CD and CPL spectra might reveal the structural change in the material is in 

its ground state and emitting state.  

Circular Dichroism Studies 

Figure 3.9a and 3.9b show the CD spectrum (red lines) of the 2D RP perovskites 

with n = 1 and n = 2, respectively. Interestingly, the CD shapes of both the two thin films 

are very well-fit with the derivative of absorption spectra (blue lines). CD’s ellipticity 

measured from the 2D RP perovskite with n = 1 reached ~100 mdeg (peak-to-peak 

magnitude) at the exciton resonance (2.42 eV) which is surprisingly larger than those 
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previously reported from chiral perovskite thin films.112-113, 117 We note that in the 

absorption spectrum of the 2D RP n = 1, there is also a gradual rise in the absorption signal 

at energies of 2.6 to 2.8 eV, which is attributed to the band gap continuum.125 However, no 

trace of CD was observed within the measurement resolution of 0.1 mdeg. This indicates 

that the observed CD here is associated with the excitonic absorption. When the number of 

[PbI6]4- layer is double with n = 2, CD’s ellipticity was quickly reduced to 8 mdeg. Similar 

to the n = 1 film, the derivative-like CD in the n = 2 film associates with the highest 

excitonic absorption peak at 2.18 eV. There is a tiny CD of ~ 0.5 mdeg appearing around 

Figure 3.9. Circular dichroism (CD) and derivative of absorption spectra (red and blue 

lines, respectively) of the 2D Ruddlesden-Popper (BA)2MAn-1PbnI3n+1 with n = 1 (a), n = 2 

(b), and n = 3 (c). (d) Magnitude of CD of all the 2D and 3D HOIPs with the Rashba 

strength calculated from second harmonic generation from Yu’s work. 
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2.05 eV, where a smaller a peak present in the absorption spectrum. This small absorption 

peak was attributed to the exciton resonance for a mixed-phase 2D RP HOIPs thin film 

comprising of n = 2 and n = 3. This contradiction between absorption and XRD results, 

which indicated that the thin film is comprising only the quantum well with n = 2, were 

pinpointed in our previous work.125 We note the CD rather than the CPL were observed in 

the superlattice with n = 2 due to the increased sensitivity of the former which is granted 

by the high-frequency modulation and lock-in detection. Apart from these band-edge 

features, the CD of both the n = 1 and n = 2 2D RP perovskites thin films is quenched to 

zero which is clearly different from the CD spectra of chiral perovskites.112-113 For the 2D 

RP perovskite with n=3 thin film, we did not observe any trace of CD to the resolution of 

0.1 mdeg even at the exciton resonance 2.0 eV which agree with the CPL study (Figure 

3.9c). In the absorption spectrum of the thin film, we observed very small peaks at 2.05 eV 

and 2.18 eV, which are attributed to the resonance from (BA)2(MA)2Pb3I10 and 

(BA)2(MA)Pb2I7 quantum wells. The weak excitonic resonance in this thin film might be 

the consequence of weaker Coulomb interaction due to the increasing in quantum well 

thickness. Moreover, comparing to other 2D RP thin films, the 2D RP with n = 3 has the 

most phase heterogeneity.125 Similar to the 2D RP perovskite with n = 3, no trace of CD 

more than the measurement’s resolution was observed from the 3D perovskite thin film.  

Noticeably, the CD signal in these RP perovskites has a derivative-like feature 

(− ;Ã
;Ä) of the corresponding material absorption spectrum, A (see blue lines, Figure 3.9). 

This characteristic is analogous to the magnetic circular dichroism (MCD) where applied 

magnetic field causes Zeeman splitting and diamagnetic shift that modify the optical 

transition of LCL and RCL.22, 129-130 This implies that there is an intrinsic internal magnetic 
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field inside material, which strongly depends on the width of the superlattice or quantum 

well. Our result is in agreement with the recent theory proposed by Sercel et al.124 where 

non-chiral orthorhombic perovskite lead layers can exhibit large extrinsic circular 

Figure 3.10. (a) Energy splitting due to Rashba-Dresselhaus effect at the bottom of 

conduction band. The parabola was split into two branches corresponding to opposite spin 

orientations. (b) Optical selection rules for the absorption at the band gap. The red and 

the blue arrows demonstrate the absoption of the left and right circular light, respectively. 

The thicker line indicates the stronger absorption. (c) Exciton energy level picture in 

photoluminescence process.  
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dichroism (CD) in the absence of an applied magnetic field due to the presence of strong 

Rashba-Dresselhaus magnetic field in the order of 10 T.  

There was concrete experimental evidence that proves the existence of a giant 

Rashba-Dresselhaus effect in the 2D HOIPs. Using the transient spectroscopy technique, 

Zhai et al. estimated the magnitude of the energy splitting of 40 meV and Rashba parameter 

of 1.6 eV•A in 2D Ruddlesden-Popper HOIPs (C6H5C2H4NH3)2PbI4 (2D-PEPI). Liu et al. 

observed the circular photogalvanic effect in 2D-PEPI and confirmed the energy splitting 

due to Rashba effect is 35 ± 10 meV.131 Figure 3.10a illustrates the splitting of energy 

levels of the two spin in energy - momentum dispersion relation graph at the conduction 

bands’ minimum of HOIPs.37 The origin of the spin dependent energy splitting comes from 

the effective Rashba-Dresselhaus magnetic field34-35, 132induced by the bulk inversion 

asymmetry (BIA) and/or structure inversion asymmetry (SIA) in the crystal. In the 2D RP 

perovskites crystal, there might be a few mechanisms that could simultaneously contribute 

to the effective Rashba field: First, the structures of the 2D RP perovskites crystal are 

orthorhombic point group. This symmetry is a low symmetry and lack of bulk inversion 

symmetry that theoretically gives rise to Dresselhaus magnetic field.21 Second, the 

discrepancy of dielectric constant between the organic chain BA+ layers and the inorganic 

lead halide octahedral [PbI6]4- layers22 induces an electric field at the interface of the two 

layers.22 In other words, the dielectric confinement effect in 2D RP perovskites crystal 

gives rise to SIA or Rashba magnetic field. We note that the Dresselhaus and Rashba fields 

(denoted as Rashba-Dresselhaus field) might coexist in the perovskites. Moreover, another 

mechanism also suggested in some theoretical and experimental works are the dynamics 

of the MA cation26, 28 and the distortion of the inorganic lead halide octahedral [PbI6]4- 
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lattice due to the dynamics of organic cations.26, 36, 133 The latter has been proven to be the 

cause of large Rashba-Dresselhaus splitting in the studied superlattice (see our DFT 

calculations below). 

To understand the observed CD mechanism, a simple picture of electronic states of 

electrons and holes at the top of valence band (VB) and bottom of conduction band (CB) 

in HOIPs is shown in Figure 3.10b. In HOIPs, the conduction band bottom has the states 

with total angular momentum J=1/2 (J=L+S, with L=0 and S=1/2), whereas the top of 

valence band has states with spin angular momentum S=1/2. 113, 128, 134-137 The transition 

between states from valence band to conduction band for the circularly polarized light 

needs to satisfy the optical selection rule ΔmJ = ±1.  The carriers (electrons or holes) with 

opposite spin direction have different energy levels, due to the splitting caused by Rashba-

Dresselhaus magnetic field. The derivative-like feature of the CD spectrum was due to the 

shifted of the absorption peaks from the left and right circular light, which stems from the 

energy splitting from Rashba-Dresselhaus field demonstrated in Figure 3.10b. Moreover, 

the CD spectrum is asymmetric, which is due to the different absorbance of the left and 

right circular lights at their corresponding peaks. The absorption rate is governed by the 

Fermi’s golden rule:   

W = *Æ
ℏ Ç〈Eq|�|EÉ〉Ç*Ë #É − #q − ℏω¢   (3.3) 

where W is the transition probability, which is proportional to the absorption rate. Ei and 

Ef are energy level of initial and final states of electron at valence and conduction band, 

respectively. Ç〈Eq|�|EÉ〉Çis transition matrix element, where Eq and EÉ  are wavefunctions 

of electron of the unperturbed initial and final state. ω is the frequency of the photon.  H is 

the Hamiltonian of an electron. When considering the effect from Rashba-Dresselhaus 
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SOC, one needs to include the Rashba-Dresselhaus Hamiltonian term35: HSO = α [σ x k] ν 

where α is the Rashba coefficient, σ is the Pauli matrix and ν is the unit vector 

perpendicular to the plane that electron is confined. In Equation 3.3, a large transition rate 

is directly associated with a large α coefficient or Rashba-Dresselhaus splitting. This 

indicates that the superlattice with n = 1 is expected to have the largest Rashba- Dresselhaus 

effect corresponding to its large exitonic oscillator strength. In addition, due to the effect 

of the Rashba-Dresselhaus term in the Hamiltonian, the two opposite spin states would 

have different transition probabilities, which leads to the observed CD in 2D RP 

perovskites thin films. Details in the calculation of Rashba splitting and CD in HOIPs can 

be found from the theoretical work of Kepenekian et al.37 and Sercel et al.124. 

Figure 3.10c depicts the PL from RCL and LCL in the exciton energy picture. The 

red and blue circles are the exciton corresponding to the helicity of +1 and -1. After its 

creation when the electron from conduction band absorbs a photon with helicity +1 (or -1), 

exciton at the excited states relax to the 1s state, the lowest energy exciton in the Rydberg 

states. The Rydberg exciton states are usually observed in the low dimension 

semiconductor138, where the Coulomb interaction between electron and hole are enhanced. 

The strongest PL peak in 2D RP perovskites is indeed the luminescence from the 1s 

Rydberg state.22, 139 The exciton with helicity of +1 and -1 come back to the exciton ground 

state by emitting a right and left circular light, respectively. Due to the discrepancy of 

transition matrix element original from Rashba-Dresselhaus SOC term, the two emissions 

have different emission rates, which is reflected in the CPL results. There is experimental 

evidence for the formation of helical excitons in 2D RP single crystal by using high-

resolution and angle-dependent spectroscopic ellipsometry.140 We note that the two exciton 
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states with different helicity have different energy levels, but the splitting is too small to 

be observed by PL spectroscopy and needs to be studied by a more sensitive technique. 

To understand the nature of the internal field and estimate the effective Rashba-

Dresselhaus magnetic field strength, the MCD study is performed. Figure 3.11a shows the 

MCD spectra of the 2D RP with n = 1 under the applied magnetic field of +1.77 T, -1.77 

T. The two curves present derivative-like feature (− ;Ã
;Ä)  and are symmetric about the x-

axis, which is normally observed in magnetic circular dichroism spectroscopy.129-130 We 

Figure 3.11. Magnetic Circular Dichroism (MCD) spectra of the 2D RP perovskites thin 

film with n = 1 (a) and n = 2 (b) under applied magnetic fields of ±1.77 T. All materials 

showed the derivative-like features at absorption peaks. MCD with various applied 

magnetic field B of 2D RP perovskites thin films with n = 1 (c) and n = 2 (d). 
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note that both of the peak and dip from CD and MCD spectra of the 2D RP perovskite thin 

film with n = 1 appear at almost the same locations corresponding to the two Gaussian 

peaks (2.39 and 2.45 eV) from the fitting of absorption line (Figure 3.12). These two peaks 

are widely observed in 2D RP perovskites and assigned to the exciton 1s level and the 

exciton 1s coupling to phonon.141-142 There are noticeably small shifts in peak position of 

the CD spectrum and MCD spectrum in n = 1 film (in Figure 3.9a is located at 2.42 eV 

and 2.45 eV. Meanwhile, the peak and dip of MCD spectrum in Figure 3.11a is presented 

at 2.40 eV and 2.47 eV, respectively). However, we point out that the effect from Zeeman 

splitting is much smaller than the 20 meV shift here22, 141. One can estimate the splitting 

energy due to Zeeman effect by the Gaussian fitting method.117, 143-145 The splitting energy 

is:   

∆#V889ÍF =  *µ∆Ã
Ã     (3.4) 

where σ is the halfwidth of Gaussian fitting curve from absorption spectrum, ΔA and A are 

the CD (MCD) and absorption intensity at the excitonic transition, which can be obtained 

from Figures 3.9a and 3.11a, respectively. From Equation 3.4, we calculate Zeeman 

Figure 3.12. Gaussian fitting of absorption spectra of 2D RP HOIPs n = 1 (a) and n = 2 (b).
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splitting energy in 2D RP n = 1 under external B = + 1.77 T is ~ 0.3 meV. Figures 3.11c 

and 3.11d present the MCD spectra of the 2D RP thin film with varied applied field B. 

Using Equation 3.4 and the MCD results from Figure 3.11c and 3.11d, one can estimate 

the Zeeman splitting energy and deduce a g factor of 2.8 and 3.1 for the 2D RP perovskite 

thin film with n = 1 and n = 2, respectively. More details of the calculation can be found in 

Appendix B.  The g-factor values are in agreement with a recent report of g factor of 2D 

RP perovskite from MCD measurement.146 Figure 3.11c shows the MCD of the 2D RP n 

= 1 thin film with various applied B. We observed that the MCD is linearly dependent on 

the applied magnetic field B. With the same magnitude of applied B (and opposite 

direction), the MCD magnitude results in similar values, for example, with B = ± 1.77 T, 

MCD magnitudes at 2.4 eV are 236 and 248 mdeg. This is surprising, because one might 

expect to see an asymmetry feature of MCD due to a huge CD peak magnitude ~ 85 mdeg 

value observed at 2.4 eV, when the applied B = 0. Even with a small applied magnetic 

field,e.g 0.22 T, the MCD magnitude of 40 mdeg still follows the linear dependent trend 

and is much smaller than CD magnitude. A plausible scenario may be that the applied 

magnetic field B, even when small, can “erase” the effect of the relativistic Rashba-

Dresslhaus field. Electrons and holes with a velocity v under an applied magnetic field B, 

will feel a real Lorentz force. Since the direction of applied ��⃗  is fixed (perpendicular to the 

quantum well plane), the Lorentz force makes electrons and holes’s trajectory a cycle in 

the quantum well planes, which leads to a zero Î⃗ average of electrons and holes. Therefore, 

the effective Rashba-Dresslhaus field is zero.  

From Equation 3.4, for 2D RP perovskites with n = 1 ΔEZeeman CD/ΔEZeeman MCD = 

ΔACD/ΔAMCD (1.77 T) = 100 mdeg/360 mdeg = 5/18. Since ΔEZeeman = g.μB.B, where g is the 
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g-factor, μB is the Bohr magneton (5.788 eV. T-1) and B is the magnetic field that induces 

the splitting. Therefore, BCD/BMCD = ΔEZeeman CD/ΔEZeeman MCD, and we can estimate the BCD 

or internal Rashba-Dresselhaus magnetic field effect in the range of 400 mT~ 500 mT.  

Figure 3.11c The MCD under the applied B = ±0.44 T (440 mT) also shows an equivalent 

magnitude to that of CD.  We note that the CD/MCD magnitude ratio strongly depends on 

the morphological characteristics of the films e.g crystal orientation, grain size, defect 

density, etc. For example, the CD magnitude and spectrum’s shape of chiral perovskites 

thin film strongly depends on fabrication details such as the precursors’ solution 

concentration, as reported by Ahn et al.112 There is a large difference in our estimation of 

the RD magnetic field of 500 mT in comparison to the calculation from Sercel et al., where 

the Rashba-Dresselhaus magnetic field in 2D perovskite (PEA)2PbI4 (PEA = 

C6H5(CH2)2NH3) was estimated ~ 24 T.124 Experimentally, our optical spot size (~ 1 cm2) 

is several orders of magnitude greater than the average grain size within the polycrystalline 

thin film (~ 1 μm2, Figure 3.4). There is a nonuniform distribution of grain orientations 

and therefore opposing orientation Rashba-Dresselhaus magnetic fields cancel one another 

in our observed CD signal. That leads to such a significantly smaller magnitude in 

comparison to that of Sercel’s work, in which the RD magnetic field was calculated locally. 

Figure 3.11b shows the MCD measurement of the 2D RP perovskite with n=2. The peak 

and dip of both the CD and MCD appear at 2.2 eV and 2.16 eV, respectively. Besides this 

main peak and dip, there is a very small peak at 2.03 eV observed in both CD (peak 

magnitude ~ 0.7 mdeg) and MCD (peak magnitude ~ 24 mdeg under applied -1.77 T) 

spectra. This small peak is from the effect of an absorption shoulder at 2.05 eV, which 

originates from the mixed phase of the 2D RP perovskite with n = 3.125 The Gaussian fitting 
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of the absorption line is shown in Figure 3.12. The ratio of CD and MCD magnitude is 8 

mdeg/ 171 mdeg ~ 0.047 that leads to the estimated Rashba-Dresselhaus magnetic field in 

2D RP perovskite with n = 2 is ~ 83 mT.  

Figure 3.9d presents the anisotropy factor g that calculated from CD ellipticity with the 

Rashba strength coefficients of the 3D and 2D perovskites from Yu’s theoretical work.96 

The anisotropy factor is the ratio of CD ellipticity calculated by the equation:  

�ÍÏ  =  ÃÐ1Ã�
(ÃÐxÃ� )/* (3.5) 

Where AL and AR are the absorbance of the left and right circular light, respectively. Since 

the difference ΔA = AL – AR is very small in comparison to AL and AR, then �ÍÏ ≈
 2ΔA/A, where A is the absorbance of the material. The anisotropy factor of the 2D 

perovskites is the highest, ~17 x 10-4, when the inorganic layer is 1, then quickly drops to 

2 x 10-4 when the number of inorganic layers n is double. With n = 3 and ∞ (3D), no CD 

was observed, then g(n=3) and g(3D) = 0. Our anisotropy g factor trend is in  good 

agreement with the Rashba strength coefficient’s trend that Yu estimated from second 

harmonic generation conforming that the origin of large CD and CPL in RP HOIPs is 

associated with the strong Rashba-Dresselhaus effects.96   

3.4 DENSITY FUNCTIONAL THEORY CALCULATION 

In this part, Density Functional Theory (DFT) calculation is performed by my 

collaborators, Dr. Huan Tran from Georgia Institute of Technology (Georgia Tech) and Dr. 

Tuoc Vu from Hanoi University of Science and Technology (HUST). The main goal of our 

first-principles simulation is to estimate the trend of some structural and electronic 

structure properties of the series of (BA)2(MA)n-1PbnI3n+1. Three members of this 2D 

organic-inorganic hybrid perovskites series, which correspond to n = 1, 2, and ∞ (the last 



 

71 

one is asymptotically 3D MAPbI3) were considered. The most notable structural distortion, 

which has been discussed very intensively during the last several years, is the breaking of 

the inversion symmetry of 3D MAPbI3, the n = ∞ member of this series. The atomic model 

of 3D MAPbI3 was chosen to be the centrosymmetric tetragonal I4/mcm structure (a = 8.80 

Å and c = 12.69 Å).16, 147 Then, the 2D models corresponding to n=1, and 2 were crafted 

from the I4/mcm structure of MAPbI3, introducing the required BA cations. The 2D models 

consist of alternating layers of BA cations and (MA)n-1PbnI3n+1. All of these models are 

visualized in Figure 3.13. Our first-principles calculations were performed at the level of 

density functional theory (DFT) using the projector augmented wave method148 as 

implemented in Vienna Ab initio Simulation Package (VASP).149-152 A basis set of plane 

waves with kinetic energy up to 500 eV was used to represent the Kohn-Sham orbitals. 

While the generalized gradient approximation Perdew-Burke-Ernzerhof (PBE) exchange-

correlation (XC) functional153 was used throughout this work, the vdW interactions were 

estimated using the method of Grimme.154 The Brillouin zone of n =  ∞ model was sampled 

by a Monkhorst-Pack k-point mesh of 5 × 5 × 3 while for those of n = 1, and 2 models, 

we used the mesh of 5 × 5 × 1. Convergence in optimizing the structures was assumed 

when the atomistic forces become less than 0.01 eV/A. 

The organic-inorganic nature of 3D MAPbI3 has unique and profound implications on 

its structure. At the atomic level, the PbI3 network and the MA cations are held together by 

very weak van der Waals (vdW) and Coulombic interactions while within each of these 

constituents, the atoms are bonded strongly by ionic and covalent interactions. Because the 

MA cations are relatively small compared to the cages formed by the PbI3 network, they 

can easily vibrate rotationally at rather low frequencies (f ≤ 1THz).155 On one hand, such 
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motion makes the asymmetric MA cations appear (effectively) symmetric while preserving 

the inversion symmetry of the PbI3 perovskite structure.16 On the other hand, it makes 

experimental and computational investigations more challenging. Although the Wyckoff 

sites of MA can be experimentally resolved, each of them often has a certain probability to 

be occupied by a given species.147 From the computation standpoint, selecting a particular 

“state” of such a “quantum superposition” is required for any static calculations, e.g., those 

for obtaining the electronic band structure. However, this practice will certainly destroy 

Figure 3.13. Atomic models for n = ∞, 1, and 2 of the series of (BA)2(MA)n-1PbnI3n+1. 

During the optimization, Pb and I atoms in shared regions were relaxed selectively in order 

to account for the rotational vibration MA. 



 

73 

the inversion symmetry of the “entropy stabilized” configuration, hereby artificially 

magnifying some related effects, e.g., Rashba spin-orbit coupling.16, 96 In a practical 

solution proposed in 201816 for addressing this challenge, the atomic positions of the PbI3 

framework are fixed at the experimental values while the MA cations are relaxed without 

constraints. Using this this procedure, the experimentally measured Rashba effects96 in 3D 

MAPbI3 can be correctly reproduced using DFT.16 The key point of this solution is that 3D 

MAPbI3 is essentially electronically decoupled, i.e., its electronic structure is dominated 

by the connected PbI3 framework, while the MA cations are isolated and play minor roles. 

Noting that the approximations adopted in the exchange-correlation functionals used 

by DFT generally lead to a systematic numerical error of ≈ +1 - 2 % in the bond length and 

lattice parameters, we proposed an improved version of the procedure suggested by Frohna 

et al. 16 In the first step of our procedure, the relative coordinates of all the atoms and the 

shape of the simulation box are fixed while its volume is relaxed. In the second step, the 

box shape and volume as well as the parts of the PbI3 framework that are far from the 

interface and enclose MA cations were fixed while the atomic degrees of freedom of BA 

cations and the I atoms at the organic/inorganic interfaces were freely optimized (see 

Figure 3.13). These two steps were repeated until the equilibration is obtained. The first 

step aims at releasing the aforementioned systematic numerical error while preserving the 

designed symmetries of the PbI3 framework. The second step is similar to that proposed in 

the reference16 simulating the reconstruction of the organic-inorganic interface where the 

inversion symmetry is broken, while maintaining the entropy-stabilized symmetry of the 

PbI3 framework.16 
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With the aforementioned setup, all of the goals of our procedure were obtained. In 

particular, the optimized a and b (the in-plane directions) of models corresponding to n = 

1, 2, and ∞ are 8.89 Å, 8.88 Å, and 8.82 Å, respectively. For the 3D MAPbI3, the lattice 

parameters are about 1% higher than the experimental values (8.80 Å). Moreover, the 

Figure 3.14. Electronics structure of (top) 3D MAPbI3, i. e., n = ∞, (middle) 2D 

(BA)2(MA)Pb2I7, and (bottom) 2D (BA)2PbI4. 
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tetragonal symmetry I4/mcm of the far-from-surface part of the PbI3 framework was 

preserved. 

There are two distinct classes of structural reconstructions that break the inversion 

symmetry. The major class involves the relative position of two consecutive (MA)n-

1PbnI3n+1 layers enclosing a BA layer while structural distortions within each (MA)n-

1PbnI3n+1 is much smaller. These two classes of distortions that induce two types of Rashba 

spin-orbit splitting, as shown in Figure 3.14. For 3D MAPbI3, the splitting is small, being 

consistent with experimental96 and computational16 reports. For the n = 1 2D (BA)2(MA)n-

1PbnI3n+1 model, the band gap is significantly widened. These effects are commonly 

reported in the literature. Moreover, the inter-layer distortion leads to the major Rashba 

spin-orbit splitting while intra-layer distortions further split the electronic bands at a 

smaller magnitude. The degrees of energy splitting for spin-up and spin-down charges in 

the conduction and valance bands observed in Figure 3.14 and its insets are attributed to 

the different Rashba SOC strengths in the materials in which is the largest SOC strength is 

for n = 1, and the smallest one is for 3D MAPbI3. The calculated result qualitatively agrees 

well with our experimental results. 

3.5 FARADAY ROTATION OF 2D RUDDLESDEN-POPPER HOIPS 

In this part, I will present the experimental results of another complementary magneto-

optical effect in 2D RD HOIPs, the Faraday effect. We observed large magnetic circular 

dichroism effect in the materials, then it is naturally to expect a large Faraday effect would 

happen because they are both stem from discrepancy of the left and right circular light 

when interacting with the materials under an applied magnetic field. The Faraday effect, 

or Faraday rotation, is a magneto-optical phenomenon in which the polarization of light 
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rotates when it travels through materials under a magnetic field applied along the 

propagation direction.156-158 Figure 3.15 illustrates the Faraday effect: the polarization of 

light (red arrow) is rotated when travelling through the material under a magnetic field 

applied along the propagation direction.  The Faraday effect has applications in measuring 

instruments, the most common being theoretical isolator. In research, Faraday rotation and 

time-resolved resonant Faraday rotation spectroscopy is a powerful tool to study spin 

dynamics and magnetic properties of materials.157, 159  

The Faraday effect was discovered by Michael Faraday in 1845 and was the first 

experimental evidence that light and electromagnetism are related. In some materials, the 

Faraday effect happens even with no applied magnetic field, which is called optical 

rotation. The Faraday effect is caused by the difference of speed of the left and right circular 

light under the applied magnetic field, which is known as circular birefringence. The 

rotation angle, θ, can be expressed by the difference between refractive index of the left 

and right circular light.  

O = ,
* (N:~4 −  NG~4)  (3.6) 

Where nr and nl are the refractive index of the right and left circular light, d is the sample 

length and k is the wave number of the light.  

In general, linearly polarized light along the x-axis can be decomposed into right 

circular light (RCP) and left circular light (LCP) using Jones matrix formalism.160  

# = �q(��1Ó�) �10� = �q(��1Ó�)
2 �1M � + �q(��1Ó�)

2 � 1−M� 

Let nr and nl be the refractive index of the RCP and LCP. d is the sample’s length. When 

light transmits through the sample, the electric field vector becomes: 
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#′ = �q(FÕ�;1Ó�)
2 �1M � + �q(FÖ�;1Ó�)

2 � 1−M� 

Let P = ,
* (N:~4 + NG~4) and O = ,

* (N:~4 − NG~4) , we shall get:  

#′ = �q(×1Ó�)(8ØÙ
* �1M �  + 8¶ØÙ

* � 1−M�) = �q(×1Ó�) � ��LO−LMNO�  (3.7) 

Equation (3.7) shows that the initially linearly polarized light has rotated an angle O 

because of circular birefringence. The rotation angle O is proportional to the applied 

magnetic field B,  

O = �45  (3.8) 

Figure 3.15. Illustration of Faraday effect. The polarization of light (red arrow) is rotated 

when travelling through the material under a magnetic field applied along the propagation 

direction. 
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where B is the applied magnetic field, d is the samples’ length and V is Verdet constant.  

It can be derived classically and quantum mechanically the formula of Verdet constant:156  

5 =  8
*9¡2 £ ;F

;Ó     (3.9) 

Where e and m0 are electron’s charge and mass, respectively. c is the speed of light, ω is 

light’s frequency and n is the refractive index of the material.  

A high Verdet constant is the key criteria for material used in optical rotator. The 

industry standard material in the visible range is terbium gallium garnet (TGG), which has 

extremely high Verdet constant (~ 134 rad/(T.m) at the wavelength of 632 nm.161-162 

Figure 3.16. Faraday rotation of the 2D RD HOIPs and 3D MAPbI3 thin films (black dot 

lines) under the applied magnetic field 3.5 T. The orange lines are the first derivatives of 

the real part of the refractive index.  
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Recently, Sabatini et al. have reported that single crystal 3D perovskite MAPbBr3 exhibits 

a similar or greater magnitude, up to 2.5 times of Verdet constant in comparison to TGG.163 

Therefore, it is expected that the 2D RD HOIPs would possess an even higher Verdet 

constant. Next, I will present my results on Faraday rotation of perovskite thin films.  

Figure 3.16 presents the Faraday rotation of the 2D RP HOIPs and 3D MAPbI3 at room 

temperature under an applied magnetic field of 3.5 T. The black dot lines are the Faraday 

rotation spectra while the orange lines are the first derivative of the real part of the 

refractive index, which were measured using a spectroscopic ellipsometer. (see details in 

Figure C2, Appendix C). Our results show an excellent fit between Faraday rotation and 

the derivative of the real part refractive index, n, which are in agreement with equation 

(3.9). The FR features appear at the excitons’ resonance, as in the MCD signals from part 

3.3. Here, we observe the same trend in that the FR magnitude monotonically decreases as 

the number of perovskite layers n increases. For the 2D RP thin films, the peak-to-peak 

FRs are ~300, 200 and 60 mdeg, when n = 1, n = 2 and n = 3, respectively. Finally, when 

n = ∞, which corresponds to the 3D counter MAPbI3, the peak-to-peak FR is dropped to 

~15 mdeg. We note that the FR magnitude depends on the thickness of the films as 

described in equation (3.8). Therefore, to fairly compare the strength of Faraday effect, we 

need to count on the Verdet constants. The thickness of all the 3D and 2D RP perovskites 

thin films are measured by a profilometer. The results are shown in Figure C1, Appendix 

C. Figure 3.17 shows the Verdet constants spectra of all the perovskite thin films. All the 

perovskite materials show extremely high Verdet constants. From the results in Figure 

3.17, The Verdet constant of the 3D perovskite has a magnitude of 1121 rad/T.m at 788 

nm, which is 8 times higher than that of TGG at 632nm. The highest value of the Verdet 
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constant is 8689 rad/T.m at 520 nm from the 2D RP n = 1 thin film. However, we note that, 

the since the peak and dip of FR spectra appear around the excitonic transition, the 

transmittance is quite low at the wavelengths where the Verdet constant reaches its 

extrema. For examples, at 520nm for 2D n = 1 thin film, the transmittance is only 12.5%, 

and at 582 nm (2D n = 2), the transmittance is 29.5%. Away from the resonance, the Verdet 

constants of 2D perovskite thin films are still extremely large. For instance, comparing to 

TGG at 632 nm, the Verdet constant of 2D n = 2 thin film is 18 times higher, while the 

transmittance is 88%. This indicates a very high potential for application of the solution-

Figure 3.17. Verdet constants of the 2D RP and 3D perovskites thin films 
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processed optical rotator. More details on the Verdet constant of the perovskite thin films 

can be found at Table 4, Appendix C.  

3.6 CONCLUSIONS 

We have systematically studied the CD and CPL effects in non-chiral 2D RP 

perovskites and found the unusually large CD and CPL effects, especially with n = 1. Our 

results indicate that “chirality transfer” is not the only mechanism causing the CD and CPL 

in HOIPs in general. We attributed the large CD and CPL to the giant Rashba-Dresselhaus 

splitting in the materials. DFT calculations reveal that the main reason for strong Rashba-

Dresselhaus splitting in RP HOIPs, especially for n = 1 is the inter-layer distortions in the 

inorganic layers while the intra-layer distortions further split the electronic bands at a 

smaller magnitude. The Rashba-Dresselhaus field of ~500 mT in the superlattice with n = 

1 was estimated by the MCD spectroscopy. The strong Faraday effect is also observed in 

the 2D and 3D HOIPs thin films. The Verdet constant in 2D perovskites is a dozen times 

higher than that of industry’s standard TGG. Our findings suggest applications of 2D RP 

perovskites in novel spintronics and optics devices. More experiments will be conducted 

to explore the numerous physics in these interesting class of materials.  
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CHAPTER 4 

STUDY OF ENERGY UPCONVERSION AND ENERGY TRANSFER PROCESSES 

IN RUBRENE/PEROVSKITE SYSTEM BY MAGNETO-PHOTOLUMINESCENCE  

The photovoltaics of organic–inorganic lead halide perovskite materials have 

shown rapid improvements in solar cell performance. Recently, it has been interested in 

using perovskites as an excellent light absorber for triplet sensitizer to achieve 

upconversion luminescence under low energy excitation photons. The upconversion occurs 

when two triplet excitons transferred from perovskite to singlet fission molecules 

annihilates to create a higher-energy singlet exciton. In a MA0.15FA0.85PbI3/rubrene bilayer 

system (MA = methylammonium, FA = formamidinium) an upconversion efficiency in 

excess of 3% has been recently reported. However, the underlying mechanisms associated 

with the triplets transferred from MA0.15FA0.85PbI3 to rubrene and the singlets transferred 

back to the MA0.15FA0.85PbI3 have not been thoroughly studied. In this chapter, I will use 

the magnetophotoluminescene (MPL) to track and resolve the exciton transfers in the 

MAPbI3/rubrene system, and to understand the triplet-triplet annihilation (upconversion) 

process. 

4.1 OVERVIEW OF ENERGY TRANSFER PROCESSES BETWEEN RUBRENE AND 

PEROVSKITES 

Organic–inorganic hybrid perovskites with the advantages of low-cost, high 

absorption coefficients, long carrier diffusion lengths and high charge carrier mobilities, 

have been extensively studied in the field of photovoltaics in the past decade.164 The record 
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power conversion efficiency of a perovskite based single-junction solar cell has reached 

25.2%,165 approaching its theoretical Shockley–Queisser limit (~30.5%).166-167 In general, 

two promising strategies have been proposed to circumvent the Shockley-Queisser limit in 

single-junction solar cells. The first strategy is to reduce the thermalization losses caused 

by the absorption of excessive photo energy and enable better sensitivity to light by 

sensitizing the solar cell using singlet exciton fission, in which two triplet excitons are 

generated from a photoexcited state of higher energy singlet exciton.168-169 The second 

strategy is to collect below-gap photons by the energy upconversion process. In 

upconversion, light of a given photon energy is converted into higher energy photons. 

While this can be achieved under high light intensities using non-linear optical techniques 

and pulsed lasers (two-photon absorption, and second harmonic generation, etc.170), there 

has been recent interest in low-power, incoherent upconversion due to triplet–triplet 

annihilation (TTA) as described in Figure 4.1a.171 In this scheme, the triplet sensitizer 

absorbs a photon to yield a photo-excited singlet exciton. The exciton then undergoes 

intersystem crossing (ISC) to convert the singlet exciton into a triplet exciton with a lower 

energy by an exchange energy. The triplet exciton may transfer to the adjacent emitter 

molecule by the process such as Dexter energy transfer169 or sequential electron-hole 

transfer.172-173 Eventually, the upconverted light is produced through the reaction of triplet 

molecules in the emitter via the TTA process. This process can thus be affected under a 

weak and incoherent light such as from the sun.174 If this process can be made significantly 

efficient, it could be applied to single threshold solar cells to harvest that unused part of 

the solar spectrum of energy lower than the band-gap, boosting energy conversion 

efficiencies. Despite the importance of low-power upconversion, there is still no consensus 
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as to the theoretical upper limit for the TTA process. The upconversion efficiency of up to 

40% and 20% has been theoretically predicted and experimentally achieved.175  

Lead halide perovskite, MAPI3, thin films have shown great promise as excellent 

triplet sanitizer because of the following reasons. First, it has high absorbance as high as 

105 cm-1176 in a broad absorption spectrum down to the near IR region, the ideal condition 

for the light absorber thin film (about 280 nm of MAPbI3 is sufficient to absorb ∼80% of 

the incident sun light below the bandgap177). Next, due to the strong intrinsic spin-orbit 

coupling (SOC) and Rashba-Dressellhaus SOC, MAPbI3 has a slightly indirect band gap 

with negligible recombination. With a large dielectric constant,98-99 long carrier diffusion 

lengths on the order of 100 μm178, and high electron/hole mobility of ~ 100 cm2(Vs)-1 179, 

electrons and holes in MAPbI3 are delocalized and form Wannier-type exciton with 

negligible exchange energies, resulting in the negligible energy loss due to the singlet-to-

triplet interconversion process.180 Finally, strong SOC in MAPbI3 also allows fast 

intersystem crossing rate between singlet and triple excitons which is very promising for 

achieving up to100% triplet exciton yield when combining with suitable emitter molecules. 

Recently, Nienhaus. et al.172 have achieved an upconversion efficiency that exceeds 3% in 

a MA0.15FA0.85PbI3/rubrene bilayer system. Although the concept was demonstrated, the 

ultra-thin MAPbI3 of a little above 10 nm thickness causes ultra-small absorbance from the 

absorber, thus limiting its practical applications. Rubrene is an ideal TTA or singlet 

fission/fusion material whose triplet energy of ~1.14 eV181 is lower than triplet energy of 

~1.50 eV in the MAPbI3 that facilitates strong triplet Dexter energy transfer from MAPbI3 

to rubrene. However, according to Nienhaus et al.172 the dominant triplet energy transfer 

from MA0.15FA0.85PbI3 to rubrene in the bilayer system is not governed by the Dexter 
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energy transfer (Figure 4.1a) but by the sequential electron and hole transfer resulting in a 

bound triplet on the rubrene molecule as described in Figure 4.1b. The energetic band 

alignment indicates that when the electron-hole pair is generated in MAPbI3 by 

photoexcitation, the hole transfer from the perovskite valence band (VB) to the highest 

occupied molecular orbital (HOMO) of the rubrene can be very efficient due to the driving 

energy of ∼0.4 eV.182 An unbound electron on the other hand cannot transfer directly into 

the lowest unoccupied molecular orbital (LUMO) of rubrene due to the ∼1 eV energy gap 

between the perovskite conduction band (CB) and the rubrene LUMO, despite significant 

band bending reported by Ji et al.182 However, with a hole residing on the rubrene molecule, 

it may be possible to transfer the electron directly into the bound triplet state (T1) through 

a mediating charge-transfer state (CT) at the interface.183-184 If this is a case, the time scale 

Figure 4.1. (a) Jablonski diagram describing photon upconversion through triplet-triplet 

annihilation. (b) Band diagram of MAPbI3 and rubrene, showing the hole transport from 

the perovskite valance band (VB) to the rubrene HOMO. The electron cannot directly 

transfer from the perovskite conduction band (CB) to the rubrene LUMO due to an energy 

barrier of ∼1 eV. The inset shows the chemical structure of rubrene and MAPbI3. 
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for T1 in rubrene to be formed would be long. Nienhaus. et al.172 suggest that sequential 

charge transfer is likely to be the dominant triplet sensitization mechanism. However, if 

this scenario happens, the triplet formation in the triplet sanitizer MAPbI3 is not needed for 

the upconversion process.  In this chapter, I will employ the magnetic field effect on 

photoluminescence (MPL) to systematically study the energy/charge transfer and 

upconverstion processes in the MAPbI3/rubrene system which has slightly different energy 

levels than the MA0.15FA0.85PbI3/rubrene system (Figure 4.1b). Several MAPbI3/rubrene 

thin films including MAPbI3/rubrene blends, MAPbI3/rubrene bilayers, 

MAPbI3/insulator/rubrene trilayers are designed to distinguish the charge and triplet energy 

transfer processes. Since the MPL in rubrene and MAPbI3 films are very different, they 

will be used to analyze and resolve upconversion and energy transfer processes.  

 

Figure 4.2. MPL measurement setup. 
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4.2 SAMPLE PREPARATION, CHARACTERIZATION AND MEASUREMENT 

The thin films, including 3D perovskite MAPbI3 and the blend films (3D perovskite 

and rubrene) were prepared by solution casting method. The host-casting method was used 

as described in the previous chapter. The perovskite crystal was dissolved in DMF to get a 

solution with concentration of 0.25 M. Rubrene powder was dissolved in toluene to obtain 

a solution of 10 mg/mL. The two solutions were well mixed thank to the good solubility of 

the two solvents. The percentage of rubrene volume in the mixture were 2%, 25% and 50%. 

For the bilayer perovskite/rubrene and trilayer of perovskite/ Poly (methyl methacrylate) 

(PMMA)/rubrene samples, the perovskite layer (~50nm) was spin casted on glass substrate 

using the same procedure in Chapter 2 and 3. 20nm of PMMA and 100 nm of rubrene 

layers were thermal evaporated at a rate ~0.5 A/s under the vacuum of 1 x 10-6 mbar. The 

samples then were characterized with X-ray diffraction spectroscopy (XRD).  

Figure 4.2 depicts a schematic of the MPL measurement setup. The sample (thin film) 

is mounted on the cold finger of a closed-cycle helium cryostat purchased from Advanced 

Research System that keep the temperature of the film at 10 K. The cryostat is placed 

between two poles of an electromagnet that can produce a magnetic field up to 300 mT 

with a one-Gauss resolution. The thin film was excited by the continuous-wave laser 405 

nm (or 635 nm) and the PL intensity was simultaneously measured by a Si photo-detector, 

while sweeping B. The MPL is defined as follow:  

�¼
(%) =  ¼
(�) − ¼
(0)
¼
(0) 100% 

Where PL(B) and PL(0) are the current flowing through the device with and without an 

applied magnetic field B.  
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4.3 MAGNETO-PHOTOLUMINESCENCE IN RUBRENE/PEROVSKITE SYSTEMS 

Figure 4.3a shows the XRD spectra of the MAPbI3/rubrene bilayer and thin films 

with 0%, 2%, 25%, 50% rubrene blended in the MAPbI3 3D perovskite. The strong 

diffraction features of the MAPbI3 crystal at (110) and (220) crystallographic planes remain 

in all films.84 However, such peaks become weaker with the larger rubrene concentration 

in the film and are significantly suppressed with the 50% rubrene concentration. We 

conclude that the crystallinity of the MAPbI3 perovskite in the film starts collapsing at this 

Figure 4.3. (a) Absorption spectra of pure MAPbI3, pure rubrene thin films and thin films 

of their blends. (b) XRD spectra of the thin films. (c) PL spectra of the films excited by a 

405 nm laser. The inset shows the zoom-in of rubrene emission spectrum of the 50% 

rubrene film.  
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concentration. The rubrene nanocrystalline grain size of ~45 nm is estimated using the 

Scherrer formula.185 Using the same method, the perovskite nanocrystalline grain sizes are 

both ~52 nm for the pure perovskite and the 2% rubrene blend thin film. Interestingly, the 

perovskite grain size in 2% rubrene blend (52.4 nm) is slightly larger than that of the pure 

perovskite thin film (52.3 nm). It might be the reason for the improvement in absorption of 

the 2% rubrene bend thin film shown in Figure 4.3b. This might suggest that rubrene can 

be used as an additive for a better perovskite solar cell. The grain sizes become smaller 

when the concentration of rubrene in the blend increases: they are ~ 39 nm and 35 nm 

corresponding to the 25% and 50% blends, respectively. We note that at 50% rubrene 

concentration, additional strong diffraction features occur at below 10º and are assigned to 

the diffraction from rubrene nanocrystals. The features can be clearly seen in the XRD 

spectrum of the MAPbI3/rubrene bilayer but not in the pure MAPbI3 film (see Figure 

4.3a).186 Such features do not exist in the thin films with 2% and 25% rubrene 

concentrations indicating that the rubrene molecules are well-mixed in the perovskite at 

these concentrations and the rubrene morphology is amorphous. Figure 4.3b shows the 

absorption spectra of the thin films with 0%, 2%, 25%, 50%, 100% rubrene concentrations. 

The absorption features of MAPbI3 at ~760 nm and ~490 nm clearly remain in the blends 

with the exception of 50% rubrene film where those features are weak. Those absorption 

features are theoretically assigned to the band-to-band transitions in MAPbI3.187 The 

absorption spectral study confirms the crystallographic result by XRD in Figure 4.3a that 

the quality of MAPbI3 in the 50% rubrene film is highly suppressed. We note that the 

rubrene absorption features are not noticeable in the spectra of the blend due to the weak 

absorbance of rubrene relative to that in MAPbI3. Figure 4.3c shows the 
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photoluminescence (PL) spectra of all films under a laser excitation at 405 nm with 10 mW 

laser power. While the PL peak of MAPbI3 at 785 nm is clearly seen in all films, the PL 

spectrum of rubrene at below 660 nm can be weakly seen only in the 50% rubrene film.188 

There are two scenarios for the absence of the rubrene PL spectrum in such films. First, 

since the emission spectra of the rubrene are overlapped with absorption spectrum of the 

MAPbI3 (Figure 4.3b and 4.3c), fast Förster energy transfer rate occurs in the blend to 

transfer the single excitons from rubrene to single excitons in the MAPbI3, thus quenches 

the emission from the rubrene.189 Second, rubrene may emit photons with a slower rate 

than the energy transfer rate, typically in a ns time scale, that are immediately reabsorbed 

by MAPbI3. If this scenario occurs, most but not all photons emitted from lower rubrene 

concentration regime could be reabsorbed by the surrounding MAPbI3. Since the effective 

radius of faster non-radiative Förster energy transfer rate is just 10 nm while the rubrene 

grain size is 45 nm in the 50% rubrene film, both Förster energy transfer and reabsorption 

processes may simultaneously occur in the film. The clear rubrene emission from the film 

is observed since the MAPbI3 cannot absorbed all emitted photon from rubrene. In contrast, 

Figure 4.4. MPL responses of (a) a pure MAPbI3 film and (b) a pure rubrene thin film at 

10K. 
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in the 2% and 25% films, the rubrene is well-mixed with the perovskite probably causing 

the effective distance between the donor and the acceptor of less than 10 nm. It is likely 

that a singlet exciton in rubrene generated by either direct photoexcitation or by TTA 

immediately transfer into MAPbI3 located within the effective radius via the fast non-

radiative Förster energy transfer. This causes the absence of rubrene emission in these films 

even when they are excited by strong laser excitation of ~100 mW at 405 nm, 450nm and 

532 nm.  

Figure 4.4a shows the magneto-photoluminescence (MPL) of pure MAPbI3 thin 

film which is negative and has a very weak magnitude of 0.008% at the applied magnetic 

field B = ±300 mT and a broad response width, and is consistent with that reported by 

Zhang et al.190 The strong intrinsic SOC and Rashba-Dressellhaus SOC are believed to 

cause the broad MPL response and suppress the MPL magnitude.56, 190 Since the PL of 

MAPbI3 directly relates to the photo-excited electron-hole pairs, any explanation of the 

MPL must involve the spin dynamics of electron-hole pairs in the material. The most 

possible mechanism for the MPL is the so-called Δg mechanism as thoroughly discussed 

in Chapter 2. Since the g factors of the electron and hole in the spin-pair are largely 

different, their spin momenta precess around the applied magnetic field with different 

Larmor frequencies, Û ∝ ��, where g is the g factor of electron or hole. Obviously, large 

spin mixing rate between singlet, S0 and triplet spin-pairs, T0 depends on the g factor 

difference, Δg, between electron and hole and the magnitude of the applied magnetic field, 

B. Due to the large SOCs in MAPbI3, Δg has been measured to be very large in the order 

of unity.22 Figure 4.4b depicts the typical MPL response in a pure rubrene film versus the 

pump laser power at 405 nm when B is scanned from −300 mT to +300 mT. The positive 
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MPL magnitude slightly increases from 5.2% at 0.95 mW laser to 7.3% at 3.00 mW laser 

and slightly reduces when the pump laser intensity increases. Such power dependent MPL 

is very common in organic semiconductors where multiple spin dependent processes may 

simultaneously occur causing a complicated MPL response.56 In general, the MPL response 

in rubrene comprises of two components: very broad width in the order of several hundred 

mT and the narrow width with the half width at half maximum (HWHM) of about 5 mT. 

Such MPL behavior was explained by Merrifield more than 50 years ago by the mechanism 

Figure 4.5. MPL of (a) 2% and (b) 25% rubrene films with a 635 nm laser excitation at 

different laser power. The corresponding magnitudes of MPL in (a) and (b) are processed 

in (c) and (d) for 2% and 25% rubrene, respectively. The insets show the linear dependent 

of PL intensity on the pump power. All data were taken at 10K. 
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namely TTA mechanism.191-192 In this mechanism, a triplet-triplet pair with the spin 

multiplicity in one of the following states can be formed: one singlet states (total spin 0), 

three triplet states (total spin 3) and five quintet states (total spin 2). Therefore, the 

probability of forming a singlet state and hence a photon by the annihilation is 1/9. Based 

on the theory, the TTA process is B-dependent in such a way that the singlet probability 

slightly reduces at low B but increases at large B causing magnetic response as described 

in Figure 4.4b. Interestingly, since the small field effect has the HWHM of 5 mT which is 

similar to the typical hyperfine field in organic semiconductors, electron-hole pair 

mechanism which is based on the spin mixing between singlet and triplet electron-hole 

pairs by the hyperfine field can be used to explain the effect.180 Our MPL response is in 

agreement with the result reported by Tarasov et al.193 who found that the small field effect 

is significantly large in the polycrystalline film in compared to the amorphous film. 

Figure 4.5a and 4.5b shows the MPL response of the 2% blend and 25% blend film 

under different photo-excited laser intensities at 635 nm (~1.95 eV). This laser excitation 

has a smaller energy than the bandgap of rubrene but larger energy than the band gap of 

MAPbI3 (see Figure 4.1b). As the result, only photo-excited excitons in MAPbI3 are 

initially generated. We note that in both films, the PL intensity is linearly proportional to 

the laser intensity as shown in the insets of Figure 4.5c and 4.5d. In this case, we would 

expect to have similar MPL as seen in the pure MAPbI3 film if there is no optically and 

electrically coupling between materials (Figure 4.3a). Surprisingly, the MPL response in 

Figure 4.5a and 4.5b are positive, narrower, and larger in magnitude by an order compared 

to the MPL in pure MAPbI3. The HWHM of the MPL response essentially remains the 

same in both films. The MPL magnitude in 2% rubrene film stays essentially the same at 
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0.08% within the measurement noise. The MPL magnitude in 25% rubrene film increases 

from 0.06% at 0.05 mW laser power to 0.16% at 2.5 mW, and saturate for the larger laser 

power. The results imply that either the energy/charge transfer from MAPbI3 to rubrene or 

TTA process is saturated at 2% rubrene film. This is essentially correct since TTA is not 

sufficient at low rubrene concentrations. Due to the very different MPL responses at the 

MAPbI3 emission between pure and blended MAPbI3 films, we hypothesize that the photo-

excited triplet excitons in MAPbI3 must transfer to rubrene, and undergo energy 

Figure 4.6. (a) MPL response of the 50% rubrene film when the film was pumped by a 635 

nm laser at 0.5 and 5 mW powers. MPL of (b) the rubrene emission and (c) the MAPbI3

emission when the film was pumped with a 405 nm laser at different laser powers. All data 

were taken at 10 K.  
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upconversion to create singlet excitons in rubrene, which can partially transfer back to the 

MAPbI3. The TTA rate strongly relies on the rubrene density and morphology. The energy 

transfer rates between MAPbI3 and rubrene depend on the effective distance between the 

donors and accepters: typically ~10 nm for Förster energy transfer (a dipole−dipole based 

energy transfer mechanism), and ~1 nm for Dexter energy transfer (orbital overlap based 

mechanism), and therefore also depends on the rubrene concentration and morphology as 

well.194 Therefore, the MPL magnitude and shape in MAPbI3 has strong dependence on 

the rubrene density/morphology and magnetic field effect on rubrene. Since the line-shape 

of MPL in 2% and 25% films is very different from the MPL in rubrene shown in Figure 

4.4b, both TTA mechanism and electron-hole pair mechanism are not appropriate for 

explaining the shape of the observed MPL in the blended films. Because both triplet 

excitons and free holes exist in the rubrene layer, triplets may be annihilated not only by 

TTA, but also through triplet-charge annihilation (TCA). In the TCA process, a triplet 

exciton collides with an adjacent single charge and either scatters it.195 The magnetic field 

effect has been found to prevent TCA happening196, remains the triplet density in the 

rubrene, and thus increases the TTA rate. The response found in Figure 4.5 and 4.6 

perfectly agree with this TCA mechanism.  

In order to investigate the MPL effect in a stronger rubrene/MAPbI3 interaction 

system, the MPL in the 50% rubrene film with the nanocrystalline grain size of ~45 nm is 

studied. Figure 4.6a shows the MPL of the MAPbI3 emission with ~0.12% and ~0.14% 

magnitudes excited by a 635 nm laser at 0.5 mW and 5 mW, respectively. We note that no 

rubrene emission was detected within the noise level of our measurement system. In 

general, the magnitude and the line-shape of the MPL are similar to that observed in 25% 
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blend film. However, at the small applied field effect with 5 mW power, there is a very 

small feature that may come from either the effect of hyperfine field in electron-hole pair 

mechanism or from the TTA mechanism. Since the rubrene emission exists in the film 

under the 405 nm laser excitation, we decide to study the MPL of rubrene and MAPbI3 

separately. By using approximate long pass and short pass filters, the emission of each 

material can be studied independently under the effect of magnetic field. Figure 4.6b 

shows the MPL effect of the rubrene emission at different laser powers. The MPL line 

Figure 4.7. MPL in a bilayer films, glass/MAPbI3/rubrene (100nm) when (a) pumped with 

635 nm laser and (b) pumped with 405 nm laser where the MPL of rubrene and perovskite 

are separated. MPL in the bilayer films, glass/MAPbI3/PMMA(20nm)/rubrene (100nm) 

when pumped with (c) 635 nm nm and (d) 405 nm. All data were taken at 10 K. 
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shape is essentially like what was observed in the pure rubrene film (Figure 4.4b) with two 

contributions from the low and high field effect. However, while the small field MPL has 

a similar magnitude, the large field MPL of 0.2% in the 50% blend is much weaker than 

about ~6% MPL in the pure rubrene film. This might be because the 50% rubrene film has 

better crystallinity than the pure rubrene film (see the Figure 4.3a) causing the suppressing 

of the large field effect.193 The TTA-based MPL in rubrene films was shown to be strongly 

affected by the magnetic field dependent spin lattice relaxation.193 The MPL of MAPbI3 at 

different powers are shown in Figure 4.6c. Interestingly, the MPL with power larger than 

10 mW does not show small field effect as shown in the rubrene case in Figure 4.6b. We 

rule out the scenario that that the MPL in MAPbI3 is dominant the direct absorption of 

photons emitted from rubrene because if this is the case the MPL in MAPbI3 would have a 

similar response as the MPL in rubrene. Our hypothesis is strengthened by the opposite 

MPL sign at small applied B when the pump power is less than 10 mW. 

In order to have more control in the interfacial property between rubrene and 

MAPbI3, we perform the MPL in the rubrene/MAPbI3 bilayer film, where weaker 

energy/charge transfer occurs only at the interface between the two materials. Figure 4.7a 

show MPL of the bilayer film pumped at 635 nm laser with 5 mW power. We observed 

only PL spectrum from MAPbI3. Interestingly, the MPL is small and positive. The 

magnitude of ~0.03% is smaller than what have been observed in the 2% and 25% rubrene 

films. This result might be because the interface between the materials has been 

substantially reduced causing a weaker charge and energy transfers. Figure 4.7b shows the 

MPL of rubrene and MAPbI3 under the 405 nm laser excitation. Surprisingly, the MPL line 

shapes of rubrene and perovskite look essentially the same and the MPL in rubrene is two 
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orders of magnitude larger than that in MAPbI3. The result implies that they have the same 

origin. Furthermore, they also look the same as the MPL response of rubrene in Figure 

4.4b and 4.6b. We conclude that the singlet excitons in rubrene in Figure 4.7b are 

manipulated by the magnetic field. When transferred to MAPbI3 either by emitting a 

photon, or by Förster energy transfer, the single excitons in MAPbI3 would have the same 

modulation as that in rubrene. Since the rubrene film is 100 nm thick, the Förster energy 

transfer might not be a major effect in this process since Förster energy transfer has an 

effective range of 10 nm only.   

To completely eliminate the effect of the Förster, Dexter and charge transfer 

between the materials, we fabricated a 20 nm insulator, namely Poly(methyl methacrylate) 

(PMMA) between the perovskite and rubrene. Since 20 nm PMMA is thicker than the 

effective radius of Förster energy transfer, we would expect that the change in singlet 

excitons (MPL) in MAPbI3 perovskite is only from the energy reabsorption process. Figure 

4.7c show the MPL effect in MAPbI3 emission under the 635 nm laser excitation. When 

rubrene and MAPbI3 are decoupled, the MPL in the MAPbI3 is exactly the same as the 

MPL in the pure MAPbI3 thin film as shown in Figure 4.4a. This again reconfirm the 

energy transfers between two materials when they are coupled. Figure 4.7d shows the 

MPL of MAPbI3 and rubrene when the film is excited by the 405 nm laser. The MPL in 

rubrene is nearly two orders of magnitude larger than that in MAPbI3 but they have the 

same line shape due to the reabsorption process. We note that the small field effect in the 

trilayer film is much smaller than that in the bilayer films. This may be because the 

polycrystallinity of rubrene grown on perovskite is better than grown on PMMA. 
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Based on the PL and MPL studies of the films, we suggest a model as shown in 

Figure 4.8 for understanding the MPL and energy transfer between rubrene and MAPbI3 

perovskite. When the system is pumped by a 635 nm laser excitation, the singlet excitons 

are formed in MAPbI3 that quickly relaxes to the lowest excited singlet excitons, S1. A 

small portion of this excited states recombine radiatively to form photons. Most of them 

undergoes ISC to triplet states, T1, and dissociate to loosely bound electron-hole pairs and 

free carriers. The formation of the triplet excitons, T1, in rubrene can occur by either the 

short-range Dexter triplet energy transfer or by sequential electron-hole transfer although 

the latter is not as effective as in the system studied by Nienhaus et al.172 The effective 

radius of these process is typically ~1 nm. After singlet excitons, S1, in rubrene are formed 

by the triplet-triplet annihilation or singlet fusion, they are immediately transferred to 

singlet excitons, S1, in the MAPbI3 by the Förster energy transfer that has a long-range 

Figure 4.8. A simple diagram for the upconversion process in the rubrene/MAPbI3 system 

when it is pumped with a 635 nm laser. 
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interaction up to 10 nm and/or the reabsorption process. The reabsorption process is not 

effective since it would take several nanoseconds for the single excitons in rubrene to 

recombine radiatively while the Förster energy transfer occurs in the ps range.189 In 

addition, within this reabsorption process time, slow intersystem crossing between singlet 

and triplet loosely electron–hole pair in rubrene would cause the magnetic field effect at 

the small field of ~5 mT caused by the hyperfine field. We barely observe this magnetic 

field effect. We note that the MPL of MAPbI3 is dictated by the MPL of the rubrene triplet 

exciton density. In the strong interaction system (2% and 25% rubrene films), we found 

that the magnetic field effect on TCA process in rubrene is dominant while in the loosely 

coupled system, the magnetic field effect on TTA in rubrene is dominant. We observe the 

MPL in rubrene is about 2 orders of magnitude larger than that in perovskite. We find that 

the charge transfer is only effective in the low rubrene concentration blends. We note that 

the PMMA used in our experiment can simultaneously block the short-range Dexter energy 

transfer and sequential electron-hole charge transfer processes. Therefore, it is challenging 

to distinguish the main mechanism that produces the triplet excitons in rubrene.  

4.4 CONCLUSION 

By using PL and MPL studies of rubrene/MAPbI3 thin film system, we are able to 

prove the energy upconversion in rubrene and the energy transfer between rubrene and 

MAPbI3 in the system. In particular, we found that the major energy transfer from rubrene 

to MAPbI3 is governed by the Förster energy transfer. Both the Dexter and charge transfer 

occurs in the system and might be equally important for existence of triplet excitons in 

rubrene. We observe two competitive magnetic field effect mechanisms happening in the 

system. In the strong interaction system (2% and 25% rubrene films), we found that the 
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magnetic field effect on TCA process is dominant while in the loosely coupled system, the 

magnetic field effect on TTA in rubrene is dominant. We note that MPL method can used 

to effectively investigate the energy downconversion/single fission process as well, as long 

as we can find a singlet fission molecule whose triplet energy is higher than that in the 

MAPbI3.  
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CHAPTER 5 

FUTURE WORK 

5.1 SPIN HALL EFFECT  

By using magnetic field effect and optical studies, we have found that a large 

Rashba-Dresselhaus field exists in the 2D RD perovskites. We plan to probe this field by 

another method, which is based on spin Hall effects.  

Spin Hall effect (SHE) is a spin transport phenomenon predicted by Russian 

physicists Dyakonov and Perel in 1971.197-198 It originates from the coupling of the charge 

and spin currents due to spin-orbit coupling. After 33 years, the SHE was experimentally 

observed by two group in Santa Barbara, US4 and in Cambridge, UK.199  

The SHE consists of spin accumulation at the lateral boundaries of a current-carrying 

conductor, the directions of the spins being opposite at the opposite boundaries. SHE is 

Figure 5.1. SHE and inverse SHE (ISHE). The solid, broken, and dotted arrows indicate 

the direction of electric charge current, spin current and the motions of spin-up and spin-

down electrons. The figure is adopted from reference.2 
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somewhat similar to the normal Hall effect, where charges of opposite signs accumulate at 

the sample boundaries due to the action of the Lorentz force under applied magnetic field200 

but the SHE does not required an applied magnetic field.  

Figure 5.1 depicts the SHE and inverse Spin Hall effect (ISHE). ISHE is the effect 

in which charge current is induced by a spin current. A spin current can be thought of as a 

combination of a current of spin-up electrons in one direction and a current of spin-down 

electrons in the opposite direction, resulting in a flow of spin angular momentum with no 

net charge current.  

Two possible mechanisms have been proposed for understanding the origin of the 

SHE. The original one proposed by Dyakonov and Perel consists of spin-dependent Mott 

scattering, where opposite sign charge carriers diffuse in opposite directions when colliding 

with impurities in the material. The second mechanism is due to intrinsic properties of the 

materials, where the charge carriers’ trajectories are distorted due to the spin-orbit coupling 

as a consequence of the asymmetry in the materials.132 In HOIPs, especially 2D RD 

perovskites, strong Rashba-Dresselhaus SOC stem from bulk inversion asymmetry (BIA) 

and structure inversion asymmetry (SIA) were intensively studied in chapter 2 and chapter 

3. Therefore, there is a high possibility of sizable SHE and ISHE observation in these 

materials. 

An experimental tool for SHE is Kerr rotation microscopy which was used by Kato 

et al. to observe the SHE in unstrained gallium arsenide and strained indium gallium 

arsenide.4 Figure 5.2a shows the schematic of the GaAs samples and experimental 

geometry. An external electric field E = 10 mV/μm is applied in y direction. Figure 5.2f 

presents the normalized reflectivity R signal as a function of x. The two dips indicate the 
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position of the edges and the width of the dips gives an approximate spatial resolution. 

Figure 5.2c presents the result of Kerr rotation color map with applied B and x position of 

Figure 5.2. The spin Hall effect in GaAs (at 30K). (A) Schematic of the GaAs sample and 

the experimental geometry. (B) Measurement of Kerr rotation as a function of Bext for x 

= -35 μm (red circles) and x = +35 μm (blue circles) for E = 10 mV μm-1. Solid lines are 

fits. (C) Color map of Kerr rotation as a function of x and Bext for E = 10 mV μm-1.  (D) 

and (E) Spatial dependence of peak Kerr rotation A0 and spin lifetime τs, respectively, 

obtained from fits to data in (C). (F) Reflectivity R as a function of x. R is normalized to 

the value on the GaAs channel. The figure is adopted from the work of Kato et al.4  
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the measured point. Figure 5.2b and 5.2c show that the opposite spins are accumulated at 

the two edges of the sample. The observation that Kerr rotation is largest when the applied 

magnetic field B = 0 proves the existence of the spin Hall effect as theoretical prediction. 

Moreover, when an external magnetic field in the x direction is applied, which is 

perpendicular to the spin polarization direction, it will destroy the spin polarization. As 

seen in Figure 5.2b, the Kerr rotation magnitude shows a Lorentzian curve with applied 

magnetic field B, which is known as the Hanle effect. From these curves, one can find out 

the spin lifetime as shown in Figure 5.2e.  

Going forward, my plan is to perform this Kerr rotation experiment with the 2D 

RD HOIPs. I expect to observe the SHE in these materials, and from the results, we can 

obtain some fundamental information of the materials such as spin lifetime, g-factor and 

effective Rashba-Dresselhaus field. 
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APPENDIX A 

3D MAPbI3 and 2D Ruddlesden-Popper (BA)2(MA)n-1PbnI3n+1 perovskites fabrication and 

characterization. (Dr. Eric Amerling from the university of Utah’s work). 

The fabrication procedure of the 3D MAPI and 2D Ruddlesdence-Popper perovskites is 

quite simple. All the chemical reactions were performed in a controlled atmosphere.  Lead 

(II) oxide (PbO, ≥99.0% pure), n-butylamine (CH3(CH2)3NH2; 99.5% pure), and stabilized 

hydriodic acid (HI; 57 wt. % in H2O, contains ≤1.5% H3PO4 acid as a stabilizer) were 

purchased from Sigma Aldrich and used without further purification.  Methylammonium 

chloride (MACl) was purchased from Dyesol (now Greatcell Solar) and used without 

further purification. For the MAPbI3 (n = ∞), 4.8 mmol (1.1 g) of PbO was dissolved in 10 

mL of stabilized HI.  The solution was then heated at 60°C and stirred until completely 

dissolved and brilliantly yellow. Then, 7.2 mmol (500 mg) of MACl was added to the 

solution which turned black instantly. The solution was left to stir for 30 min. 

Subsequently, a black precipitate was formed. Prior to any characterization, this precipitate 

was washed with cold ether and dried in a vacuum oven at 60 oC for 2 h.  

For the synthesis of (BA)2(MA)n-1PbnI3n+1 single crystal, stoichiometric amounts of PbO 

were dissolved in stabilized HI, heated mildly (60 °C), and stirred until completely 

dissolved and brilliantly yellow. MACl powder was subsequently added causing the 

solution to immediately turn black. After a few minutes of heating and stirring, the MACl 

was completely dissolved and the solution returned to a bright yellow state. Next, n-

butylamine was added to the solution dropwise under vigorous stirring. The solution was 
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left to stir for 10 min. A molar 3:1 addition of NaI : PbI2 (2.2 g) was added to prevent 

decomposition and formation of defective perovskite phases. Finally, 6 mL of glacial acetic 

acid was added to quench the reaction and form the desired product. Prior to any 

characterization, the precipitate was washed with cold ether and dried in a vacuum oven at 

60 °C for 2 h. The exact amounts of each precursor used to yield the desired (BA)2(MA)n-

1PbnI3n+1 single crystal are summarized in Table 2. The single crystals of 2D RD and 3D 

perovskites were characterized with X-Ray Diffraction (XRD), the results are shown in 

Figure A1. XRD of the 3D MAPbI3 (black line) and 2D Ruddlesden-Popper perovskites

with n=1, n=2 and n=3 (red, blue, and green line, respectively.) thin film deposited on 

glass substrates. 
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Figure A1 confirm a successful fabrication process that yields the same crystal’s structure 

as reported.20-21   

The 2D and 3D HOIP powders were dissolved in a dimethylformamide (DMF) solution 

to yield a 0.25 M concentration. All other fabrication steps were carried out in a nitrogen 

filled glovebox. Inside the glovebox, the perovskite solutions and glass substrates were 

preheated to 80°C for 30 min. Then the perovskite solution was spin coated onto the 

substrate at 5000 rpm for 30 s.  

Absorption and photoluminescence spectra of the 3D MAPbI3 and 2D Ruddlesden-Popper 

perovskites were collected and presented in Figure A2 and Figure A3. The 3D MAPbI3 

thin film absorption shows a broad band from 1.6 eV, while the absorption of the 2D 

perovskites shows specific peaks associated to excitonic transition. Both absorption and 

Figure A2. Broad absorption spectrum of the 3D MAPbI3 (a) and absorption spectra of 2D 

Ruddlesden-Popper perovskite thin films (b). The UV-vis absorption spectrum for2D n=1 

film shows a prominent band at 2.4 eV, which is corresponds to a strong exciton resonance. 

From n=2, the absorption spectrum shows evolution of a strong exciton band at ~2.2 eV 

and a weak second band at 2.0 eV. Dashed lines indicate exciton absorption resonances. 
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photoluminescence spectra are similar to those reported in literature, indicate a successful 

material fabrication.20  

Table 2 – Summary of precursors used for crystal growth of BA2MAn-1PbnI3n+1 crystals.  

  HI (mL) PbO (g) MACl(mg) n-BA (uL) 

n = 1 BA2PbI4 10 1.1 0 593 

Figure A3. Photoluminescence spectra at various temperatures from 300 K (red) to 50 K 

(blue) for 2D Ruddlesden-Popper perovskites (BA)2(MA)n-1PbnI3n+1 thin films with n = 1, 

2, 3, and 4 (λex = 405 nm).  
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n = 2 BA2MAPb2I7 10 1.1 162 238 

n = 3 BA2MA2Pb3I10 10 1.1 216 158 

n = 4 BA2MA3Pb4I13 10 1.1 243 79 

n = ∞ 
(3D) 

MAPbI3 10 1.1 500 0 
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APPENDIX B 

g-factor calculation from the MCD – B dependence measurement  

One can estimate the splitting energy due to Zeeman effect by Gaussian fitting method.117, 

143-145 The splitting energy is:   

∆#V889ÍF =  *µ∆Ã
Ã      

Where σ is the halfwidth of Gaussian fitting curve from absorption spectrum, ΔA and A 

are the MCD and absorption intensity at the excitonic transition, which can be obtained 

from Figure 3.11c and Figure 3.11d.  

Table 1. Zeeman splitting energy calculation from equation (5) for the 2D RP perovskite 

thin film n = 1 and n = 2. 

B applied 

(T) 

MCD peak 2D 

n=1 (mdeg) 

Zeeman 

splitting n=1 

(meV) 

MCD peak 2D 

n=2 (mdeg) 

Zeeman splitting 

2D n=2 (meV) 

-1.77 278 0.309 122 0.298 

-0.88 136 0.151 66 0.161 

-0.44 52 0.057 33.8 0.082 

-0.22 22 0.024 19.3 0.047 

0.22 -34 -0.037 -13.4 -0.032 

0.44 -59 -0.065 -26.8 -0.065 

0.88 -135 -0.150 -63 -0.154 

1.77 -236 -0.262 -138 -0.337 
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Figure B1. g factor calculation from the MCD measurement. (a) g = 2.8 for the 2D RP n 

= 1 and (b) g = 3.1 for the 2D RP n = 2. 
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APPENDIX C 

Perovskite thin films thickness measured by the profilometer  

Table 2. The highest Verdet constants of perovskite thin films and the transmittance at the 

correspomding wavelengths 

Materials Verdet constant 

(rad/T.m) 

At wavelength 

(nm) 

Transmittance 

(%) 

Figure C1. Perovskite thin films thickness measured by the profilometer.  
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3D perovskite -595 752 62.8 

3D perovskite 1121 788 69.6 

2D n = 1 -7293 511 0.4 

2D n = 1 8689 520 12.5 

2D n = 2 -3695 566 8 

2D n = 2 3801 582 29.5 

2D n = 3 -873 600 20 

2D n = 3 396 618 29.3 

3D perovskite 34 632 53 

2D n = 1 - 632 - 

2D n = 2 2419 632 88 

2D n = 3 77 632 36 
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Figure C2. Refractive indices of the perovskite thin films measured by the ellipsometer. 
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