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1. Introduction 
 

The increased amount of CO2 emission over the last decades around the globe encourages 

to search for alternative renewable sources of energy that are more environment friendly. 

Renewable sources of energy imply to exploit the energy of the sun, wind, geothermal resources 

and etc. for the sake of human demand. For that a solar cell (SC) is a device that may be used 

in order to convert the energy of the sun light into electricity. The basic principles of solar cells 

are quite straight-forward: the sun light is absorbed in an absorber layer of the SC, free charge 

carriers are generated as a result of light absorption and then the charge carriers are collected. 

An absorber of good solar cell should have large absorption coefficient, appropriate band gap 

close as much as possible to a band gap predicted by Shockley-Queisser limit for single-junction 

SCs, should be non-toxic, abundant, sustainable, stable at various environment conditions, and 

as defect-free as possible.  

Silicon is the most commercially used material in the solar cell market due to its many 

outstanding properties: it is abundant, non-toxic and is obtained by well-known manufacturing 

processes1. The current record efficiency of silicon-based SCs has overcome 26 % [NREL, 

efficiency chart: https://www.nrel.gov/pv/cell-efficiency.html].  However, alongside with all 

advantages, the silicon possesses relatively low absorption coefficient coming from indirect 

band gap of the material2 that requires to use much material and increases the thickness of the 

absorbing layer in SC.  Moreover, the manufacturing of pure (non-defect and non-impurity) 

silicon  is an expensive process that may ultimately limit the final prices of solar modules1.  

To overcome these issues related to Si-based SCs, a variety of materials was found for 

application in thin film photovoltaics, such as amorphous silicon (a-Si), cadmium telluride 

(CdTe), copper indium gallium selenide (CIGS). The possibility of cheap production compared 

to silicon based SCs together with high absorption coefficient favors the drastic reduction of 

amount of the material used in SC and thus potentially lower cost. However, so far these 

materials reveal lower power conversion efficiency (PCE) in part because of the presence of 

grain boundaries and high defects concentrations1. 

Therefore, the attempts were undertaken to discover the materials that could combine low 

cost production as well as would deliver high efficiencies.  Relatively recently in 2009 the metal 

halide perovskites have shown themselves as a promising material for this role for application 

in thin film photovoltaics.  
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The perovskites were discovered in 1839 and named after Russian meteorologist Lev 

Perovski. The perovskite material has a structure that can be described by the chemical formula 

ABX3, where A and B are cations and X is an anion. The first studies of metal halide perovskites 

(MHP) are dated back to 19583, when the photoconductive response in CsPbX3 was observed. 

However, real large interest in photovoltaics applications the perovskites started just a decade 

ago.   

The growth of the photoconversion efficiency of the perovskite-based SCs has been 

tremendous just within a decade of active research in these materials. The first perovskite-based 

SC was built according dye-synthesized technology and had an efficiency of a bit above 3%4. 

The current record efficiency of perovskite SCs has already overcome 25 % [NREL chart: 

https://www.nrel.gov/pv/cell-efficiency.html] and is comparable to commercialized Si-based 

SCs efficiencies. The tremendous success of perovskites is, on one hand, due to enormous 

progress in chemical engineering, but, on another hand, is due to outstanding electronic and 

optical properties of this material.  

Among the remarkable optoelectronic properties one can account for an appropriate for 

SCs band gap, that can be tuned by composition5, simple and cheap manufacturing processes6, 

long charge carriers diffusion length7,8, moderate mobility9, low trap state densities10,11, long 

lifetimes7 and large absorption coefficient12,13. However, along with these advantages, the 

metal-halide perovskites suffer from a lack of chemical stability under exposure to moisture, 

reveal light-induced phase segregation14 and are toxic due to use of lead.  

The several approaches were proposed in order to overcome the issues related to chemical 

stability of metal halide perovskites. The first one is related to composition modification of the 

perovskites materials by replacing or mixing the cations and halides15,16. Another approach is 

based on intercalation of the large bulky hydrophobic organic cations, that slice the perovskite 

structure and reduce the dimensionality of the perovskite into two-dimensional perovskite 

structure17. Alternatively, the stability can be enhanced by development of appropriate 

encapsulation techniques18. 

One of the key parameters that plays an important role in SC operation is mobility of the 

absorber material19. The charge carrier mobility in MHPs is relatively modest compared to 

many standard compound semiconductors like GaAs or InP. The reported mobility values are 

in the range from 0.1 to 40 cm2V-1s-1 depending on the composition of perovskites, its 

dimensionality and the measurements technique9. Different approaches were introduced to 

explain the relatively low mobility in MHPs at room temperatures, including polaron 
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formation20,21, scattering at optical and acoustic phonons22,23, dielectric drag24, Rashba effect25, 

dynamic disordering26 in three-dimensional perovskites, exciton formation  in two and one-

dimensional  perovskites. However, none of the applied theories has clearly explained the 

observed modest mobility values in MHP.  

This thesis is dedicated to investigation of charge carrier transport and dynamics in three-, 

two-dimensional and nanocrystalline MHPs thin films characterized by THz Spectroscopy and 

consists of six chapters..  

Chapter 2 is dedicated to theoretical background of linear charge carrier transport theory 

based on relaxation time approximation and includes the theory of charge carrier scattering at 

optical and acoustic phonons, charged and neutral impurities as well as basics of polaron theory 

and exciton formation theory.  

THz Spectroscopy, or Optical Pump THz Probe Spectroscopy (OPTP), is a contact free 

technique and yields the sum of electron and hole mobility within grains (intra-grain mobility). 

The THz set-up, used in this work, principles of THz pulse generation and detection as well as 

the data analysis with  the models interpreting the measured data are introduced in chapter 3.  

Chapter 4 deals with charge carrier transport in three-dimensional polycrystalline MAPbI3, 

(Cs,FA)PbI3 and (Cs,FA,MA)Pb(I,Br)3 thin films, prepared by S. Zhang and Dr. M. Stolterfoht 

in the research group Prof. Dr. D. Neher at the Potsdam University and CsPbI3, prepared by Dr. 

P. Becker in the group of Dr. T. Unold at Helmholtz Zentrum Berlin. Charge carrier mobility 

spectra in the frequency range from 0.5 to 2.5 THz are shown and analyzed by the modified 

Drude-Smith model. Furthermore, the mobility spectra in MAPbI3 are analyzed in a broad range 

of temperatures from 10 K to 295 K. The calculation of electron and hole mobility scattered at 

polar optical and acoustic phonons, charged and neutral impurities is performed as a function 

of temperature as well as impact of exciton formation on charge carrier mobility is discussed. 

The scattering mechanisms are discussed in details in a broad range of temperatures with the 

main focus on low temperature mobility. Finally, the impact of cations on charge carrier 

mobility at various temperatures is discussed.  

Two-dimensional perovskites have emerged as an appropriate material class to enhance the 

chemical stability in MHPs. However, the power conversion efficiency of two-dimensional 

perovskites-based solar cells is still lower than in the most three-dimensional perovskites SCs 

mostly due to poor charge carrier transport properties because of quantum and dielectric 

confinement.  Chapter 5 is dedicated to charge carrier mobility spectra analysis in two-
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dimensional perovskites thin films BA2MAn-1PbnI3n+1 with n =2-4 prepared by hot-casting 

technique and provided by S. Zhang from the research group Prof. Dr. D. Neher at Potsdam 

University. Finally, the photoconductivity transients are shown and the charge carrier dynamics 

in these thin films is discussed.  

Another new emerging class of perovskites are colloidal nanocrystalline MHPs that possess 

high photoluminescence quantum yield (PLQY).  However, similar to two-dimensional MHPs, 

the nanocrystalline MHPs suffer from relatively low PCE due to poor nanocrystal coupling. 

The charge carrier mobility spectra for nanocrystalline MHPs thin films are shown in the final 

experimental chapter 6. The nanocrystalline MHPs with nanocrystal of size 8-20 nm were 

prepared by hot-injection technique by Martin Kaergel in the group of Dr. T. Unold and 

underwent post-production treatments in order to increase the coupling between the 

nanocrystals. The influence of post-treatment processes on the charge carrier mobility and 

dynamics in these thin films are studied in detail.   
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2. Charge carrier transport theory 
 

2.1. Introduction 

While moving in the crystal the free (mobile) charge carriers undergo scattering at atoms. 

If there is no any electric field, the charge carriers randomize their momentum after collisions 

and there is no any directed motion of charge carriers in the crystal (no current). If an electric 

field 𝐸 is applied in the crystal, then charge carriers move with drift velocity proportional to the 

applied electric field: 𝑣𝑑 = 𝜇𝐸 where 𝜇 is mobility of charge carriers. Mobility has a simple 

relation to the scattering time 𝜏 – average time between collisions,  𝜇 = 𝑒/𝑚 ∙ 𝜏 , where m is 

effective mass and e electron charge.  

The charge carrier scattering in the crystal are associated with scattering at phonons, at 

charged or neutral impurities, or at other electrons and holes at high charge carrier densities. 

The scattering implies the change of the momentum from a momentum state k to a state 𝒌′ 

accompanied with energy conservation (elastic scattering) or loss of part of the energy (inelastic 

scattering).  

The phonons in the lattice are associated with collective motion of the atoms in the lattice. 

One may distinguish between optical and acoustic phonons. The optical phonons are associated 

with vibrating dipoles in polar materials, while the acoustic phonons are in turn associated with 

deformation of the lattice due to thermal motion of the atoms. In polar materials the charge 

carrier may induce strain in the crystal due to electrostatic interaction with dipoles. The self-

induced strain has piezoelectric nature and it is associated with acoustic phonons that interact 

with charge carriers via piezoelectric potential. The scattering at polar optical phonons has 

electrostatic nature and scattering occurs in inelastic way, i.e. with partial loss of energy. Due 

to low energy of acoustic phonons, the scattering at acoustic phonon is often considered as 

(quasi-) elastic.   

Alongside with scattering at phonons, in polar materials with low energy optical phonons 

the charge carrier may become coupled to these low energy optical phonons and create a 

polaron. Furthermore,  in the material with low dielectric constants the electrons and holes may 

create a bound state-exciton. The formation of various quasiparticles like polarons or excitons 

may in general influence the charge carrier transport. 
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The scattering at impurities may occur at charged impurities by means of Coulomb 

interactions and at neutral impurities by means of weak interactions. Since the mass of 

impurities is much larger than a mass of the charge carriers, the scattering at impurities is elastic.  

The interaction of charge carriers at other charge carriers occur by means of electrostatic 

interactions only if the distance between the charge particles is sufficient to have an impact on 

each other. Thus, this scattering mechanism is important at very high densities of the charge 

carriers. 

Regardless of the scattering mechanisms, the scattering limits the transport in the materials 

and thereby reduces the mobility. Mobility is proportional to the momentum relaxation time of 

a particle 𝜏, that in turn depends on the probability of a particle undergo a transition from a 

momentum state k to a state 𝑘′. In general the dependency of scattering time on the transition 

probability cannot be obtained analytically and requires solution of the Boltzmann transport 

equation, which describes the evolution of the system (charge carrier distribution function) after 

perturbation. However, assumptions of the linear transport and average momentum relaxation 

approximation simplify the relation between scattering time and transition probability 

simplifies: scattering time is inverse proportional to the transition probability that can be 

determined from the Fermi Golden rule if the scattering Hamiltonian is known.   

This chapter deals with description of different mechanisms of scattering and its influence 

on temperature dependent charge carrier mobility that is further used to calculate the mobility 

in this thesis.  This chapter is based on the following books on charge carrier transport in 

semiconductors: Jacoboni Theory of electron transport in semiconductors27; Ridley, “Quantum 

Processes in Semiconductors”28; Yu, “Fundamentals of Semiconductors”29; the polarons 

theory section is based on Devreese, “Polarons”30 and Devreese, Alexandrov “Froehlich 

polaron and bipolaron: recent developments”31; The exciton section is based on the following 

reviews: Katan etal., “Dielectric and Quantum Confinement Effects in Lower-Dimensional 

Metal Halide Perovskites”32 and Marongiu et al., “The role of excitons in 3D and 2D  in lead 

halide perovskites” 33.  
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2.2. Boltzmann transport equation within linear transport 

Boltzmann equation 

Boltzmann transport equation describes the evolution of the system in the non-equilibrium 

state. The state of such a system is described by the distribution function 𝑓(𝒌, 𝒓, 𝑡) that defines 

the probability of occupation of a state k with energy Ek. The distribution function is in general 

a function of a particle position r, momentum k (velocity v) and time t.  

In equilibrium state in the absence of external forces, the electrons and holes obey the 

Fermi-Dirac distribution:  

 
𝑓𝐹𝐷 =

1

exp
𝐸 − 𝐸𝐹

𝑘𝑇
 + 1

 
(2.1) 

where  𝐸𝐹 is a Fermi energy, T is a temperature and k is the Boltzmann constant.  

However, if the electron (hole) gas is perturbed by some external forces, the distribution 

function changes in time. There are three processes that account for a change of the distribution 

function:  

1. Diffusion – charge carriers move into and out of the considered volume in r and 

k –space. 

2. Applied external field that forces the charge carriers to change their momentum.  

3. Scattering – collision with other particles, e.g. atoms, impurities, phonons, other 

charged particles with a change of momentum state from k to another momentum state 

𝑘′. 

Then the total change in the distribution function represents the sum of contributions due 

to each of these three processes: 

  𝑑𝑓

𝑑𝑡
= (

𝜕𝑓

𝜕𝑡
)

𝑑𝑖𝑓𝑓
+ (

𝜕𝑓

𝜕𝑡
)

𝑓𝑖𝑒𝑙𝑑
+ (

𝜕𝑓

𝜕𝑡
)

𝑠𝑐𝑎𝑡𝑡
 

(2.2) 

In case of steady state 
𝑑𝑓

𝑑𝑡
= 0 and then the sum of diffusion, field and scattering terms is 

equal to zero. In case of perturbed system  
𝑑𝑓

𝑑𝑡
≠ 0.  

By considering the partial derivatives for each of the processes one may obtain the 

following formula27: 
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 𝑑𝑓

𝑑𝑡
= −𝒗 ∙ 𝛁𝒓𝑓 − �̇� ∙ 𝛁𝒌𝑓 + (

𝜕𝑓

𝜕𝑡
)

𝑠𝑐𝑎𝑡𝑡
 

(2.3) 

where v is a velocity of a particle, k is its momentum, the first term on the right in the equation 

(2.3) represent the change of the distribution function due to diffusion, and the second one is 

due to applied external forces. The equation (2.3) represents the Boltzmann transport equation. 

In order to define the scattering term in equation (2.3) we should introduce the probability 

𝑃(𝑘′, 𝑘) of a particle to undergo a transition from a momentum state k to another unoccupied 

momentum state 𝑘′. If 𝑓𝑘′is a number of charge carriers in 𝑘′ state, then a number of available 

state is 1 − 𝑓𝑘′ and the total probability of a charge carrier scatters from momentum state k to a 

momentum state 𝑘′: ∫ 𝑃(𝑘, 𝑘′)(1 − 𝑓𝑘′)𝑑𝑘′. If the total number of electrons in a state k is equal 

to fk, then the total number of electrons scattered from state k to a momentum state 𝑘′ is equal 

to  𝑓𝑘 ∫ 𝑃(𝑘, 𝑘′)(1 − 𝑓𝑘′)𝑑𝑘′. The reverse process of scattering from a state 𝑘′ to a state k is 

also possible. Applying the same approach, the total number of charge carriers scattered into a 

state k from a state 𝑘′ is equal to (1 − 𝑓𝑘) ∫ 𝑓𝑘′𝑃(𝑘′, 𝑘) 𝑑𝑘′. By taking into account the 

difference in number of charge carriers scattered into and out of volume 𝑑𝑘′, the scattering term 

is given by27  

 
(

𝜕𝑓

𝜕𝑡
)

𝑠𝑐𝑎𝑡𝑡
=  

𝑉

(2𝜋)3
∫[𝑓𝑘′𝑃(𝑘′, 𝑘)(1 − 𝑓𝑘) − 𝑓𝑘𝑃(𝑘, 𝑘′)(1 − 𝑓𝑘′)] 𝑑𝑘′ 

(2.4) 

This integral expression is known as collision integral. The factor (2𝜋)3 comes from the 

definition of density of states in k-space and V donates the volume, resulting from density of 

states.  

The probability 𝑃(𝑘′, 𝑘) can be in turn determined from Fermi’s golden rule by knowing 

the scattering Hamiltonian �̂�𝑠𝑐𝑎𝑡𝑡: 

 
𝑃(𝑘′, 𝑘) =  

2𝜋

ℏ
|⟨𝑘′|�̂�𝑠𝑐𝑎𝑡𝑡|𝑘⟩|

2
𝜌(𝐸𝑘) 

(2.5) 

 However, it is important to note that such an approach to calculate the probability of 

transition from one state to another is valid only at sufficiently high momentum relaxation times 

between collisions.  

As seen above, the Boltzmann transport equation is a differential equation containing an 

integral and in most cases can be solved only numerically.  This makes transport analysis for 

particular scattering mechanisms difficult. However, making linear transport and average time 

approximations one can obtain the analytical expressions for mobility.  
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Linear transport approximation 

The linear transport approximation is based on the assumption that external forces, 

perturbing the electron gas from an equilibrium state, are small enough. Then perturbed 

distribution function 𝑓𝑘 can be expanded to the first order of perturbation27,29: 

 𝑓𝑘 =  𝑓𝑘
0 + 𝑔𝑘 (2.6) 

where 𝑓𝑘
0 may be regarded as Fermi-Dirac distribution or Maxwell distribution for non-

degenerate gas and 𝑔𝑘 is the expansion term of the first order, dependent on the applied Force 

F.  

Momentum relaxation time approximation 

The collision integral (2.4) can be approximated as a 𝑔𝑘 divided by momentum relaxation 

time 𝜏 that is in general dependent on energy27: 

 
(

𝜕𝑓

𝜕𝑡
)

𝑠𝑐𝑎𝑡𝑡
≈ −

𝑔𝑘

𝜏
 

(2.7) 

The expression (2.7) constitutes the momentum relaxation time approximation. The 

collision integral vanishes in the Boltzmann equation (2.3) within momentum relaxation time 

approximation.  

The momentum relaxation time approximation implies that if the force F is applied to 

distribution function fk and brings it out of equilibrium, then when the force is removed, the 

distribution function will relax to its equilibrium with some relaxation time as: 

 
𝑔𝑘(𝑡) = 𝑔𝑘(0) exp (−

𝑡

𝜏
) 

(2.8) 

Equation (2.8) can be simply obtained by substitution of linear transport approximation 

(2.6) into equation (2.7). The time derivative of steady state distribution function (
𝜕𝑓𝑘

0

𝜕𝑡
)

𝑠𝑐𝑎𝑡𝑡
=

0 and solution of differential equation (2.7) yields exponential decay 𝑔𝑘that represents change 

of the equilibrium distribution function after perturbation.  

Elastic scattering 

The momentum relaxation time approximation simplifies the relation between the 

scattering rate 1/𝜏 and the probability of transition. Within the momentum relaxation time, an 
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approximation of the scattering rate can be simply obtained by knowing the probability of 

scattering of charge carriers from a state k to an unoccupied state 𝑘′. If the initial momentum 

state is k, the final momentum state 𝑘′, the scattering angle between k and 𝑘′ is equal to 𝜃, and 

the scattering occurs with conservation of energy. Then the scattering rate 1/𝜏 within 

momentum relaxation time approximation is given by34 

 1

𝜏
=  ∫ 𝑃(𝑘′, 𝑘)(1 − cos 𝜃)𝑑𝑘′

=
2𝜋

ℏ
∫|𝑀𝑘𝑘′|2𝜌(𝐸 − 𝐸𝑘 − 𝐸𝑘′)(1 − cos 𝜃)𝑑𝑘′ 

(2.9) 

The equation after the equality sign takes into account the Fermi’s golden rule for 

probability 𝑃(𝑘′, 𝑘) with transition matrix elements |𝑀𝑘𝑘′|. As it is seen from equation (2.9) 

that the forward scattering 𝜃 ≈ 0 results in very low scattering rates (almost zero) and to high 

extent the scattering at high scattering angles 𝜃 contribute to the scattering, e. g. backward 

scattering.  

The scattering can be regarded elastic for scattering at impurities due to their heavier 

masses compared to the masses of charge carriers and the scattering at acoustic phonons due to 

phonons low energies.  

Inelastic scattering 

If the scattering occurs with change of momentum and of the energy (inelastic scattering), 

then the scattering rate 1/𝜏 cannot be determined so straightforward from the probability of the 

transitions. In this case, the scattering rate within the momentum relaxation time approximation 

time is written as 34 

 1

𝜏
=  ∫ 𝑃(𝑘′, 𝑘) (1 −

𝑔𝑘′

𝑔𝑘

𝑓𝑘
0

𝑓𝑘′
0 ) 𝑑𝑘′ 

(2.10) 

The charge carriers undergo inelastic scattering at optical phonons as the latter ones have  

considerable energy.  

Average momentum relaxation time and mobility 

If we know the scattering rate 1/𝜏 from the probability that charge carriers undergo a 

transition from one to another momentum state, then the effective scattering time, reverse to 

scattering rate, can be found by averaging all scattering times in energy Ek as follows  
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𝜏𝑒𝑓𝑓 =

∫ 𝜏(𝐸𝑘)𝐸𝑘𝑓(𝐸𝑘)𝑑𝐸𝑘

∫ 𝑓(𝐸𝑘)𝑑𝐸𝑘

 
(2.11) 

If the charge carrier gas is non-degenerate, then Boltzmann distribution can be taken as a 

distribution function 𝑓(𝐸) = exp (−
𝐸𝑘

𝑘𝑇
). 

By knowing the effective, or average, scattering time the mobility can be found simply as 

a product of electron charge carrier and effective scattering time divided by effective mass of 

charge carrier in the material of interest. 

 𝜇 =
𝑒𝜏𝑒𝑓𝑓

𝑚
 

(2.12) 

The dependence of the distribution function on temperature T allows finding the 

dependency of mobility on temperature that is specific for various scattering processes at 

phonons, impurities and the alloys.  

To sum up, considering the linear transport approximation and the momentum relaxation 

time approximation simplifies, to high extent, the solution of the scattering problem of charge 

carriers. In the most cases, the problem of charge carrier transport reduces to calculation of 

scattering rates and mobility by knowing the transition probability for particular scattering 

mechanism. In addition, other assumptions are often considered such as band structure, inter- 

or intra-valley scattering, elastic or inelastic scattering and etc.   

In the next sections of this chapter, a detailed description of the scattering mechanisms will 

be given and the mobility for scattering at optical and acoustic phonons and impurities will be 

described taking into account these approximations without detailed solving the Boltzmann 

equation.  

Polar optical phonons 

The phonons are associated with collective motions of atoms at the lattice nodes in the 

crystal. In case of polar materials, the charge is non-uniformly distributed within the lattice cell 

even in the absence of an electrical force, i. e. there are parts of the cell with positive and 

negative charges and the lattice cell has a dipole moment, but the charge is in total balanced 

and the charge of the lattice cell is zero. The collective motion of the atoms in this case can be 

regarded as vibrations of dipoles at the lattice nodes and such vibrations are associated with 

polar optical phonons. The electrostatic interaction of mobile charge carriers in the crystal with 

vibrating diploes at the nodes is regarded as scattering at polar optical phonons.  
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The energy of the optical phonons is in the range of a few tens of meV35 for many 

compound semiconductors and the free charge carriers in the crystal undergo inelastic scattering 

at polar optical phonons with a change of energy after scattering. Since the thermal energy kT 

is around 25 meV at room temperature, the scattering at optical phonons is efficient at room 

temperatures. It makes the scattering at optical phonons dominating for many standard 

semiconductive compounds like GaAs. As temperature goes down, the optical phonon 

population decreases, which lowers the chance for free charge carriers to emit or absorb a 

phonon at low temperatures and thereby limits the scattering at optical phonons.  

The probability of scattering at polar optical phonons depends on static 휀 and high-

frequency 휀∞dielectric constants, effective mass of charge carriers 𝑚 and the energy of optical 

phonons ℏ𝜔𝐿𝑂 and is given by27 

 
𝑃(𝑘, 𝑘′) =  

𝜋𝑒2

𝑉
𝜔𝐿𝑂 [

1

휀∞
−

1

휀
] (

𝑁𝐿𝑂

𝑁𝐿𝑂 + 1
) 𝒢 (

𝑞

𝑞2 + 𝑞0
2)

2

 

× 𝛿(𝐸𝑘′ − 𝐸𝑘 ∓ ℏ𝜔𝐿𝑂) 

(2.13) 

where e is the electron charge,  𝑁𝐿𝑂 is a phonon population density, that is taken in case of 

absorption of phonons and 𝑁𝐿𝑂 + 1 – the factor that is taken in case of emission of phonons, 𝒢 

is an overlap integral, 𝒢 is an overlap integral that is in general dependent on scattering angles, 

𝑞 is an optical phonon momentum, 𝑞0 is an inverse screening length and 𝛿(𝐸𝑘′ − 𝐸𝑘 ∓ ℏ𝜔𝐿𝑂) 

shows the energy conservation after scattering.  

Unlike to scattering at acoustic phonons, while scattering at optical phonons a charge 

carrier undergoes a change of its kinetic energy but the minor change of momentum, i. e. 

forward scattering is favored. In this case, the total scattering rate, defined by equation (2.10), 

is equal to zero – no momentum relaxation time. Therefore, the mobility and average scattering 

time cannot be described within the momentum relaxation time approximation, described above 

in the previous section, and the solution of Boltzmann equation is required for the case of 

scattering at polar optical phonons.   

However, the characteristic mobility expression for polar optical phonon was obtained by 

Stratton36 and then by Conwell37 by applying the scattering rates in a drifted Maxwell 

distribution:  

 
𝜇𝐿𝑂 =

3(2𝜋ℏ𝜔𝐿𝑂)1/2

4𝑚
1
2𝐸∘𝑛(𝑥∘)(𝑥∘)

3
2𝑒

𝑥∘
2 𝐾1(𝑥∘/2)

 
  

(2.14) 
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where 𝐸∘ =
𝑚𝑒ℏ𝜔𝐿𝑂

4𝜋𝜀0ℏ2
[

1

𝜀∞
−

1

𝜀
], ,휀0 − vacuum permittivity,  𝑥∘ =

ℏ𝜔𝐿𝑂

𝑘𝑇
 and 𝑛(𝑥∘) =

1

𝑒𝑥∘−1
   - Bose-

Einstein distribution and 𝐾1(𝑥∘/2) – Bessel function. 

The detailed description of application of equation (2.14) is given for perovskites in 

chapter 4 of this thesis and it is shown there how the incoming parameters influence the 

mobility in a broad range of temperatures. 

Acoustic phonons 

In-phase movements of atoms in the lattice are associated with acoustic phonons. There 

are two distinctive mechanisms of charge carriers interaction with acoustic phonons: interaction 

via the deformation potential and via the piezoelectric potential. The acoustic phonons 

related to the deformation potential are associated with deformation of the lattice resulted from 

the thermal vibrations of the atoms. In polar crystals with a lack of inversion symmetry, the 

deformation of the lattice due to thermal vibrations results in the self-induced strain that is 

associated with acoustic phonons of the piezoelectric potential, i. e. both mechanisms of 

scattering exist simultaneously in polar crystals.  

The energy of acoustic phonons is in the range of a few meV29. Such relatively low energies 

of acoustic phonons result in a large phonon population and significant scattering with charge 

carriers even at low temperatures. Therefore, the scattering at acoustic phonons is often 

dominating at low temperatures. For the reason of low energy of acoustic phonons, the 

scattering occurs with a very small change of energy, therefore, acoustic scattering is considered 

as quasi-elastic. 

The scattering probability at acoustic phonons of deformation potential is given by27:  

 
𝑃(𝑘, 𝑘′)𝐴𝐷 =

2𝜋𝑘𝑇𝐸1
2

ℏ𝑉𝜌𝑣𝑠
2

𝛿(𝐸𝑘′ − 𝐸𝑘) 
(2.15) 

where 𝐸1- deformation potential, ℏ − Plank constant, 𝑘 − Boltzmann constant, 𝜌– mass 

density, 𝑣𝑠 – speed of light in the material and 𝑚 − effective mass of a charge carrier. 

The further integration of probability over all possible scattering states 𝑘′ by equation (2.9) 

yields the scattering rate 1 𝜏⁄ , and then the average relaxation time and mobility can be 

determined by equations (2.11) and (2.12), respectively 27,28 
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𝜇𝐴𝐷 =
2

3
2𝜋

1
2𝑒ℏ4𝜌𝑣𝑠

2

3𝑚
5
2𝐸1

2

(𝑘𝑇)−
3
2 

 

(2.16) 

The scattering probability for acoustic phonons of piezoelectric potential is as follows27:  

 
𝑃(𝑘, 𝑘′)𝐴𝑃 =

2𝜋𝑘𝑇𝑒2𝑝2

휀2ℏ𝑉𝜌𝑣𝑠
2

(
𝑞

𝑞2 + 𝑞0
2)

2

𝛿(𝐸𝑘′ − 𝐸𝑘) 
(2.17) 

where 𝑝 − piezoelectric coefficient, 휀 is a static dielectric constant, 𝑞- acoustic phonon 

momentum and 𝑞0- inverse screening length.  

The charge carrier mobility on acoustic phonons of piezoelectric potential is given by 27,28  

 
𝜇𝐴𝑃 =

16√2𝜋

3

휀0
2휀2ℏ2𝜌𝑣𝑠

2

𝑝2𝑒𝑚
3
2𝐹𝑃𝐸(𝑇, 𝑛𝑒 , 휀, 𝑚)

(𝑘𝑇)−
1
2 

 

(2.18) 

where 𝐹𝑃𝐸 = 1 −
𝜖0

4𝑘𝑇
lg (1 +

8𝑘𝑇

𝜖0
) +

1

1+8𝑘𝑇 𝜖0⁄
, where 𝜖0 =

 ℏ2𝑒2 𝑛𝑒

2𝑚𝜀𝑘𝑇
. The factor 𝐹𝑃𝐸depends on 

temperature 𝑇, dielectric constant 휀, electron effective mass 𝑚 and electron density 𝑛𝑒 in 

conductance band.  This factor can be regarded as a constant in a broad range of temperatures.  

The comparison of the mobility behavior for the two mechanisms of scattering at acoustic 

phonons reveals two distinct power-law dependencies on temperature: the scattering at acoustic 

phonon has more steep decay with temperature 𝜇𝐴𝐷~𝑇−3 2⁄  while the scattering at acoustic 

phonons of piezoelectric potential  𝜇𝐴𝑃~𝑇−1 2⁄ . 

Impurity scattering 

The scattering may occur at charged or neutral impurities. Due to large masses of impurities 

in the crystal, the scattering of charge carriers can be regarded as elastic and the scattering rate 

may be calculated from equation (2.9) by knowing the scattering potential at impurities.  

Charged impurity. The scattering at charged impurities occurs by means of electrostatic Coulomb 

interactions with the scattering potential  

 
𝑉 =

𝑧𝑒2

4𝜋휀0휀𝑟
 

(2.19) 
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where z is a charge number of an impurity.  

However, this potential does not take into consideration the screening effect from the rest 

of electrons in the surrounding of the impurity atoms (ions). Brooks and Herring27 proposed 

more general approach, based on solution of charge carriers scattering problem at Yukawa 

potential, that take into account the screening effect and it is given by   

 
𝑉 =

𝑧𝑒2 ∙ exp[−𝑞0𝑟]

4𝜋휀0휀𝑟
 

(2.20) 

where 𝑞0 = √
𝑒2𝑛𝑒

𝜀0𝜀𝑘𝑇
 is an inverse screening length and 𝑛𝑒is the charge carrier concentration. The 

probability to be scattered from a state k to a state 𝑘′, obtained from the Fermi’s golden rule 

with given above the scattering potential, is given by27 

 
𝑃(𝑘, 𝑘′) =

2𝜋

ℏ
𝑛𝐼𝐼

𝑧2𝑒2

휀0
2휀2𝑉

1

[𝑞2 + 𝑞0
2]2

 𝒢𝛿(𝐸𝑘′ − 𝐸𝑘) 
(2.21) 

where 𝑧 − charge number, 𝑛𝐼𝐼 − ionized impurity density. 

The further integration over the states 𝑘′ and the averaging over the energy, gives the 

mobility for Brooks-Herring method that is as follows28 

 𝜇𝐵𝐻 = 𝐹𝐵𝐻(𝑇, 𝑛𝐼 , 휀, 𝑚, 𝑛𝑒)
64√𝜋휀0

2휀2

𝑛𝐼𝑧2𝑒3√𝑚
(2𝑘𝑇)

3
2 (2.22) 

where the factor 𝐹𝐵𝐻 = log(1 + 𝜉) −
𝜉

1+𝜉
 where 𝜉 =

24𝑚𝜀0𝜀(𝑘𝑇)2

ℏ2𝑒2𝑛𝑒
  depending on temperature 𝑇, 

dielectric constant 휀, effective mass 𝑚 and excited charge carriers concentrations 𝑛𝑒. 

Neutral impurity. The scattering at neutral impurities is often neglected due to weak 

interactions of charge carriers with neutral impurities. There are many approaches to calculate 

the electron mobility scattered at neutral impurity28. One of the pioneers was Erginsoy28. He 

considered the scattering of electrons with effective mass 𝑚 at neutral hydrogen-like 

impurities and showed that the average relaxation time of charge carriers reversely depends 

on neutral impurity density 𝑛𝑁𝐼 and is constant with temperature28: 

 
𝜏𝐸 =

𝑒2𝑚2

80𝜋휀0휀ℏ3𝑛𝑁𝐼
 

(2.23) 
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Another approach was proposed by Sclar38. According to his approach, a charge carrier 

becomes trapped into a state 𝐸𝑇 by neutral impurity and a problem of scattering at neutral 

impurity was considered as scattering at square-well potential. The average momentum 

relaxation time is 28 

 
𝜏𝑆 =

𝑚
3

2⁄

2
3

2⁄ 𝜋ℏ2𝑛𝑁𝐼

(
𝐸𝑘 + 𝐸𝑇

√𝐸𝑘

) 
(2.24) 

where 𝐸𝑘 is an electron kinetic energy, 𝐸𝑇 is the trapping energy – energy, required for an 

electron to be added to neutral Hydrogen atom. This trapping energy can be estimated 

empirically from equation 𝐸𝑇 = 0.75
𝑚

𝜀
 [eV], where m is effective mass of a charge carrier in 

electron mass units m0 and 휀 is dielectric constant28.  

The temperature dependency of Sclar mobility can be given by 38,39  

 

𝜇𝑆 = 0.82𝜇𝐸 [
2

3
(

𝑘𝑇

𝐸𝑇
)

1
2

+
1

3
(

𝐸𝑇

𝑘𝑇
)

1
2

] 

(2.25) 

where 𝜇𝐸is Erginsoy mobility obtained by integration over energy Ek in equation (2.11). As 

seen from the equation (2.25), the Sclar mobility represents a product of Erginsoy mobility and 

the temperature dependent term. Therefore, the equation can be regarded as temperature 

dependent extension of Erginsoy approach of scattering at neutral impurities. At high 

temperatures the mobility depends on temperature as 𝜇𝑆 ∝ 𝑇0.5.  

It is important to point out that charge carrier mobility at impurities increases with 

temperature, which is opposite to the behavior due to scattering at optical or acoustic phonons. 

Band transport implies that charge carriers while moving in the crystal undergo collisions at 

atoms (atomic nodes). Since the phonon density is increasing with increase in temperature, the 

collisions are happening often and the mobility is decreasing.  The increasing mobility with 

temperature is similar to a hopping behavior when the charge carriers jump off one localized 

site to another with help of thermal energy that serves as an activation energy. Moreover, the 

temperature dependencies for charged and neutral impurities show different power law 

dependency on temperature. The scattering at charged impurities have  ~𝑇1.5 while the neutral 

impurities shows a more modest increase ∝ 𝑇0.5.  
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2.3. Matthiessen rule 

Usually many scattering mechanisms are involved simultaneously. If we regard the 

scattering mechanisms at polar optical, acoustic phonons of deformation and of piezoelectric 

potentials, scattering at charged and neutral impurities, then the total mobility is defined by the 

Matthiessen rule as follows27: 

 1

𝜇𝑡𝑜𝑡
=

1

𝜇𝐿𝑂
+

1

𝜇𝐴𝐷
+

1

𝜇𝐴𝑃
+

1

𝜇𝐼𝐼
+

1

𝜇𝑁𝐼
 

(2.26) 

 

2.4. Polaron 

As we know from the optical phonons section, the polar optical phonons are associated 

with collective motions of dipoles (atoms with non-zero dipole moment in polar crystal) in the 

lattice nodes. If the energy of those vibrations is sufficiently low, then a free electron, while 

moving in the crystal, may polarize the surrounding medium (atoms, dipoles) near itself and an 

electron may become coupled to low energy phonon modes, associated with dipole vibrations. 

An electron surrounded by phonon clouds is called a large polaron. Polaron formation was 

predicted by Landau in 1933 and the interaction of electrons with low energy optical phonons 

was studied by Fröhlich in 1954 for the first time. He considered the following Hamiltonian for 

electrons30,31: 

 
𝐻 =  −

∇2

2𝑚
+ ∑ 𝜔𝒒(𝑎𝒒

†𝑎𝒒 + 1/2)

𝒒

+ ∑(𝑉𝒒𝑎𝒒𝑒𝑖𝒒∙𝒓 + ℎ. 𝑐. )

𝒒

 
(2.27) 

where the first term is Hamiltonian for free electrons, the second is for phonon with phonon 

population density 𝑛𝑞 = 𝑎𝒒
†𝑎𝒒, where 𝑎𝒒

†
 and 𝑎𝒒 are annihilation and creation operators, and the 

third term is an interaction potential between electrons and phonons.  

The potential 𝑉𝒒was obtained based on the following assumptions30: 1) the polaron 

extension is larger than the lattice parameters; 2) spin and relativistic effects are neglected; 3) 

there is a parabolic electron band; 4) the energy of LO phonons is sufficiently low. 
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The potential 𝑉𝒒 ∝ (4𝜋𝛼 𝑉⁄ )0.5, where 𝛼 is a Fröhlich coupling constant, that shows the 

strength of electron-phonons coupling (interaction)30:  

 

𝛼 =  
1

8𝜋휀0
(

1

휀∞
−

1

휀
)

𝑒2

ℏ𝜔𝐿𝑂

√
2𝑚𝜔𝐿𝑂

ℏ
 

(2.28) 

 

where 휀, 휀∞ are static and high-frequency dielectric constants, ℏ𝜔𝐿𝑂 is LO phonons energy, 𝑚 

is an electron(hole) effective mass.  

Depending on values 𝛼, the polaron can be distinguished as a large polaron (𝛼 ≈ 1 − 2) or 

small polaron (𝛼 ≫ 1). The large polaron is spread over many lattice cells (sites) and may 

regarded as a free electron with enhanced effective mass called polaron effective mass that is 

within weak coupling can be given by: 

 
𝑚𝑝 = 𝑚 (1 +

𝛼

6
) (2.29) 

 

Small polaron in turn is strongly localized within a single lattice cell and reveals a hopping-

like transport behavior. This results in specific behavior of mobility with temperature: mobility 

of large polarons decreases with increase in temperature 
𝜕𝜇

𝜕𝑇
< 0 and vice versa for small polaron 

𝜕𝜇

𝜕𝑇
> 0. 

All coupling theory (Feynman theory) 

The Fröhlich Hamiltonian describes the large polaron behavior within weak coupling 

regime when 𝛼~1. In early 1960s, Feynman has developed more general theory of large 

polarons that covers all possible interaction regimes, therefore, it is often called all coupling 

theory.  

The Feynman’s approach was based on solution of path integral, introduced by Feynmam 

himself. The path integral was supposed to determine the evolution of the ground state of the 

system. If a ground state of the system is defined as |0,0⟩ then a change in the ground state |0,𝜏⟩ 

in time 𝜏 will be given by31 
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⟨0, 𝜏|0,0⟩ = ∫ 𝒟𝒓(𝜏)𝑒−𝑆(𝒓,�̇�,𝜏) 

(2.30) 

where 𝑆(𝒓, �̇�, 𝑡) is an action functional that is defined via Lagrangian of the system ℒ(𝒓, �̇�, 𝑡) =

𝑇(𝒓, �̇�, 𝑡) − 𝑈(𝒓, �̇�, 𝑡): 𝑆(𝒓, �̇�, 𝜏) = ∫ ℒ(𝒓, �̇�, 𝑡)𝑑𝑡
𝜏

0
, 𝑇(𝒓, �̇�, 𝑡) and 𝑈(𝒓, �̇�, 𝑡) are kinetic energy 

and potential of the system, respectively. The integral (2.30) is called Feynman path integral.  

Feynman has defined the action functional for free electrons, undergoing Coulomb 

interactions with surrounding environment 31 

 
𝑆 =  ∫

�̇�2

2

𝜏

0

−
𝛼

23/2
∫ ∫

𝑒−|𝑡−𝑡0|

|𝑟(𝑡) − 𝑟(𝑡0)|

𝜏

0

𝜏

0

𝑑𝑡𝑑𝑡0 
(2.31) 

The form of Coulomb potential should be understood as interaction of electron at time t 

with the electrostatic field induced by electron itself at the previous position at time t0
31. The 

first term represent a kinetic energy of a free electron. All the constants in equation (2.31) such 

as electron mass, charge and phonon energy are supposed to be equal to 1.  

In order to find a bound energy of polaron, Feynman has introduced variation approach. 

Instead of true action functional (2.31) he used a trial action functional that was based on 

interaction of electrons with phonon clouds by means of harmonic oscillator with force constant 

k and the phonons were regarded as hypothetic particles of mass M. This trial action potential  

looks as follows31 

 
𝑆0 =  ∫

�̇�2

2

𝜏

0

−
𝐶

2
∫ ∫ |𝑟(𝑡) − 𝑟(𝑡0)|2𝑒−𝑤|𝑡−𝑡0|

𝜏

0

𝜏

0

𝑑𝑡𝑑𝑡0 
(2.32) 

where C and w are variation parameters and the second term is a trial potential that represents 

harmonic potential. The relation between the variational parameters and force constant k and 

mass M can be written as 𝑤 = √𝑘 𝑀⁄ , 𝑘 = 4𝐶 𝑤⁄  and 𝑣2 = 𝑤2 + 𝑘.  

The variation parameters are varied in such a way that the error by using the trial action 

functional instead of the true one has a minor impact on upper bound energy for polaron ground 

state31: 

 
𝐸 = 𝐸0 − lim

𝜏→∞

1

𝜏
〈𝑆 − 𝑆0〉 

(2.33) 
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where 𝐸0 is the energy of the ground state.  

Polaron mobility 

The different approaches were developed in order to derive the polaron mobility as function 

of temperature. All these techniques were obtained either within Feynman formalism or within 

Boltzmann transport equation and they have limitations depending on the coupling regime and 

temperature range.  

One of the first who has found the polaron mobility was Feynman. He used his variation 

approach, based on path integral in 1962 and could estimate the impedance function from 

current, induced by alternating electric field. Following the Feynman approach, the polaron 

mobility is given by40 

 
𝜇𝐹𝐻𝐼𝑃 = (

𝑤

𝑣
)

3 3𝑒

4𝑚𝑏

exp(𝛽)

𝜔𝐿𝑂𝛼𝛽
exp [

𝑣2 − 𝑤2

𝑤2𝑣
] 

(2.34) 

where 𝛽 = ℏ𝜔𝐿𝑂 𝑘𝑇⁄  is a ratio between the phonon energy ℏ𝜔𝐿𝑂 and thermal energy kT. The 

polaron mobility is valid for all coupling regimes but fails at low temperatures20.  

Alternatively, Kadanoff et al. 41 has applied Boltzmann transport equation for the Feynman 

polaron model and obtained the following expression for polaron mobility 

 
𝜇𝐾 = (

𝑤

𝑣
)

3 𝑒

2𝑚𝑏

exp(𝛽)

𝜔𝐿𝑂𝛼
exp [

𝑣2 − 𝑤2

𝑤2𝑣
] 

(2.35) 

Kadanoff mobility for large polaron has limitations at low temperatures and may be exploited 

only for weak coupling regimes for low coupling constant 𝛼.  

Relatively recently Hellwarth et al.42 has derived the equation for polaron mobility that is 

valid also at low temperatures regardless of the coupling regimes (all coupling regimes).  

 
𝜇𝐻 = (

𝑤

𝑣
)

3 3𝑒

𝑚𝑏

sinh(𝛽/2)

𝜔𝐿𝑂𝛼𝛽5/2
𝐾−1 

(2.36) 

where 𝐾 = ∫ 𝑑𝑢(𝑢2 + 𝑎2 − 𝑏 cos(𝑣𝑢))−3/2∞

0
cos(𝑢) is polaron response to a change in 

driving force 20,31𝑎2 = (𝛽/2)2 + (
𝑣2−𝑤2

𝑤2𝑣
)

2

𝛽 coth(𝛽𝑣/2) and 𝑏 = (
𝑣2−𝑤2

𝑤2𝑣
)

2
𝛽

sinh(𝛽𝑣/2)
.  
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2.5. Exciton 

The bound state of electron and hole, attracted by Coulomb force, is called an exciton. The 

potential of interaction between holes and electrons is determined by the Coulomb potential32: 

 
𝑉(𝒓𝑒, 𝒓ℎ) = −

𝑒2

4𝜋휀|𝒓𝑒 − 𝒓ℎ|
 

(2.37) 

where |𝒓𝑒 − 𝒓ℎ| is distance between an electron and hole, 휀 is dielectric constant and e is 

electron charge.  

The dielectric properties of a material (the dielectric constant) have an enormous impact 

on exciton behavior. Lower values for the dielectric constant 휀 result in less sufficient screening 

of the electron and hole interaction and thereby results in stronger binding between electrons 

and holes. Depending on the strength of interaction between hole and electron one may 

distinguish between two types of excitons. Excitons with relatively strong  coupling between 

electron and hole are called Frenkel excitons, while Wannier-Mott excitons are only weakly 

bound.  The strength of interaction also influences how far electron and holes spread in the 

lattice. The size of Frenkel exciton is in the range of the size of a single lattice cell while 

Wannier-Mott exciton is spread over many lattice sites in the crystal.  

The description of Wannier-Mott exciton is based on solving the Schrödinger equation for 

Hydrogen atom. Within this model an electron is considered to undergo the relative motion 

around the hole in the center of mass coordinate system.  The Schrödinger equation for 

Wannier-Mott exciton, generalized for low dimensions 𝛼 =  2, 3,  is well known and is given 

by32: 

 
[−

ℏ2

2𝜇𝜌𝛼−1

𝜕

𝜕𝜌
(𝜌𝛼−1

𝜕

𝜕𝜌
) +

𝑙2

2𝜇𝜌2
− −

𝑒2

4𝜋휀𝜌
] Ψ(𝜌, 𝜃)

= (𝐸 − 𝐸𝐺)Ψ(𝜌, 𝜃) 

(2.38) 

where ℏ is Planck constant, 𝜇 = (1/𝑚𝑒 + 1/𝑚ℎ)−1is a reduced effective mass of exciton, 𝜌 =

|𝒓𝑒 − 𝒓ℎ| and 𝜃 are polar coordinates, 𝐸𝐺  is an energy gap of the material and l is angular 

momentum operator.  

The discrete binding energies of excitons can be found after solving the Schrödinger 

equation (2.38) and they are given by 32: 
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𝐸𝑏,𝑛 =

𝜇

휀2

𝑅𝑦

(𝑛 +
𝛼 − 3

2 )
2 

(2.39) 

where n =1, 2, 3, …,  𝛼 =  2, 3 is the dimension and 𝑅𝑦 is Rydberg constant, which  depends 

on dielectric permittivity of the material.  

Quantum confinement 

For an infinite extended semiconductor, the charge carriers occupy continuous energetic 

bands. However, if charge carriers are squeezed in dimensions comparable to Bohr radius, then 

the density of states changes and can become discrete in energy. The phenomenon of spatial 

confinement with resulted quantization of energy levels is known as quantum confinement.  

The quantum confinement has an enormous impact on electronic and optical properties of 

the semiconductive materials, such as an increase of the band gap energy and the rise in the 

density of states with decrease of dimensionality. Furthermore, the charge carrier transport is 

lowered, the exciton binding energy increases, and the radiative recombination is enhanced32.  

Later in this thesis the charge carrier transport and dynamics in two-dimensional 

multilayered perovskites are studied, where one of the dimensions is confined. For layered 

materials, the effect of quantum confinement on the exciton binding energy is given by equation 

(2.39). In this case the dimensionality 𝛼 is regarded as function of layer thickness  𝛼 = 3 −

exp(−𝐿/𝑎𝐵) 32, where 𝑎𝐵 is Bohr radius and L is layer thickness. For thick materials, L is quite 

large, the exponential term in 𝛼 can be neglected. However, in two-dimensional layered 

structures like multilayered 2D perovskites, the thickness of layers approaches the Bohr radius 

values and the exponential term should be taken into consideration. For such a case one the 

dimensionality 𝛼 is between 2 and 3. 

Dielectric confinement 

Dielectric confinement occurs in layered structures when the layers have different 

dielectric constants. A neighboring layer with a lower dielectric constant results in less 

sufficient screening of the electron-hole interaction and thereby results in an increase of the 

binding energy of excitons in two-dimensional structures.  

Similarly to quantum confinement, the dimensionality 𝛼 can expressed as follows43: 
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 𝛼 = 3 − γ exp(−𝐿/𝑎𝐵) (2.40) 

where γ is a factor responsible for dielectric confinement, γ = 1 if no dielectric confinement 

and γ > 1 if dielectric confinement is taken into account. If the thickness of layers is much 

larger than Bohr radius, then  contribution from dielectric confinement is negligible. 

Saha equation  

In general excitons exist along with unbound electrons and holes. Relationship between the 

thermal energy kT, determined by temperature, and exciton binding energy defines the stability 

of the excitons. One of the requirements for stable existence of excitons is that thermal energy 

must be lower than exciton binding energy. If the thermal energy is higher than binding energy, 

then the exciton is likely to dissociate. Alongside with temperature and the exciton binding 

energy, the charge carrier concentration influences the fraction of excitons over free charge 

carriers. A larger concentration of photoexcited charge carriers results in a higher probability 

that electrons and holes meet each other and form an exciton. The Saha equation governs the 

equilibrium of free electron—holes pairs and excitons 33: 

 𝛽2

1 − 𝛽
=

𝑛𝑒𝑞

𝑛𝑡𝑜𝑡
 

(2.41) 

where 𝛽 = 𝑛𝑓𝑟𝑒𝑒 𝑛𝑡𝑜𝑡⁄  is a fraction of free charge carriers to the total injected charge carriers 

𝑛𝑡𝑜𝑡 and 𝑛𝑒𝑞 = (
𝑚∗𝑘𝑇

2𝜋ℏ2 )
3

2⁄

exp (−
𝐸𝑏

𝑘𝑇
)  is a equilibrium concentration, where 𝑚∗ is a reduced 

effective mass of exciton and 𝐸𝑏 is a binding energy of exciton.  
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3. Experimental method and data analysis  

3.1. Introduction 

The Optical Pump THz Probe (OPTP) Spectroscopy is a unique technique that allows 

investigating the transport properties of charge carriers in the THz frequency range. Another 

often used name for OPTP Spectroscopy is time resolved THz Spectroscopy (TRTS). This 

chapter is based on several reviews on THz Spectroscopy applications: Ulbricht , “Carrier 

dynamics in semiconductors studied with time-resolved terahertz spectroscopy” 44; Joyce, “A 

review of the electrical properties of semiconductor nanowires: Insights gained from terahertz 

conductivity spectroscopy” 45 and S. Dexheimer, “Terahertz spectroscopy. Principles and 

Applications” 46.  

 

Figure 3.1. The relative position of THz radiation in the electromagnetic spectrum.  

 

The THz range is in the far infrared region on the border with microwave region. 1THz is 

equal to 1012 Hz and corresponds to the processes that occur in the time scale of ~1 ps, with 

energies of ~ 4 meV, typical wavelength of ~300 𝜇m or wave number of ~ 33 cm-1 (figure 3.1). 

The time scale ~ 0.1-1ps is typical relaxation time (scattering time)47,48for many compound 

semiconductors, the energies of a few meV are comparable to binding energies of excitons in 

many semi-conductive materials49, also these energies are typical for  plasmons45. Furthermore, 

optical and acoustic phonons energies, associated with collective vibrations of atoms and 

molecular oscillations, lay in the range of a few meV. Thus, THz radiation is an ideal tool to 

probe low energy electronic processes, occurring in the fs-ps time scale50,51.  

The THz Spectroscopy exists in two different modifications: THz time-domain 

Spectroscopy (THz - TDS) and the OPTP. The THz-TDS probes the material of interest in the 
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equilibrium state and yields the dielectric function, refractive index and/or phonon absorption 

in THz frequency range. The OPTP is in turn conducted under photoexcitation of the sample 

and thereby it probes the photoexcited state, yielding the real and imaginary parts of 

photoconductivity or mobility spectrum. Additionally, this technique is time resolved and 

allows recording photoconductivity transients. Thereby the various kinetics processes such as  

polaron and exciton formation, charge carrier cooling and also lifetimes of charge carriers, can 

be studied with a time-resolution of up ~100 fs 45,52–54. Thus, THz Spectroscopy in both 

modifications is a powerful method that characterizes transport and opto-electronic properties 

of the material of interest including the sum of electron and holes mobility 𝜇Σ, and lifetimes 𝜏 

of charge carriers, which together determine the diffusion length. Moreover, the frequency-

dependence of the mobility allows determining some transport properties  including effective 

masses of charge carriers, scattering times, localization length in nm-scale and etc., which  will 

be detailed in this chapter.   

The OPTP is the main technique, that is used in this thesis to characterize the charge carrier 

transport properties in the perovskite materials of various dimensions. Therefore, this chapter 

is dedicated to the principles of the THz Spectroscopy. Further, in this chapter, detailed 

description of the set-up is given as well as  principles of data analysis and interpretation models 

are introduced. 

 

3.2. Basic principles of THz spectroscopy 
 

THz-TDS. As stated above, the THz-TDS is steady state technique and probes the sample 

without preliminary photoexcitation. In order to perform the THz-TDS measurements two 

different kind of samples are needed, first a bare substrate, used as a reference sample, and the 

substrate with the thin film deposited onto it. The properties of the thin film are probed. For 

example, in this thesis the charge carrier properties of various perovskites materials are studied 

which were deposited on quartz substrate.  

The basic principles of THz-TDS technique are shown in figure 3.2 (a). First, a few ps long 

THz pulse ETHz(t) is incident onto the reference substrate and the electric filed of the transmitted 

THz pulse 𝐸𝑟𝑒𝑓(𝑡) is detected. Secondly, the THz pulse transmits through the substrate with 

thin film deposited onto it, and again the transmitted electric field 𝐸𝑡𝑓(𝜔) is recorded. The THz 

pulse 𝐸𝑡𝑓(𝜔), transmitted through the thin film and substrate, is attenuated due to absorption in 
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the thin film and delayed due to the longer optical path length transferring through the additional 

thin film. The frequency dependency of the transmitted pulses is obtained by Fourier transform 

and the final transmission function is defined as follows: 

 
𝑇(𝜔) =  

𝐸𝑡𝑓(𝜔)

𝐸𝑟𝑒𝑓(𝜔)
 

(3.1) 

 

  

 

Figure 3.2. Principle of THz Spectroscopy in two different modifications: (a) Scheme of THz- Time domain 

Spectroscopy (THz-TDS) modification; (b) Scheme of OPTP Spectroscopy. 

 

Within thin film approximation, the transmission function is related to the conductivity 

𝜎(𝜔), that in turn allows to determine the dielectric function of the material of interest by 
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휀(𝜔) = 1 − 𝑖 𝜎(𝜔) 𝜔휀0⁄ , where 휀0 = 8.9∙10-12 Fm-1 is vacuum permittivity, and refractive 

index by 𝑛(𝜔) = √휀(𝜔) in the low THz range (figure 3.2 a). The frequency dependent real 

part of dielectric function 휀(𝜔) in turn allows to determine the static 휀𝑠𝑡 and high-frequency 휀∞ 

dielectric constants while the imaginary part of dielectric function allows to find the frequency 

positions of TO optical phonon modes excited by THz radiation.  

OPTP (TRTS). The OPTP Spectroscopy is a modification of the THz-TDS, as shown in 

figure 3.2 (b). This method probes the photoexcited state in the material of interest. The 

photoexcitation of the sample results in pump-induced change of electrical conductivity, called 

photoconductivity∆𝜎(𝜔) = 𝑒𝑛𝜇Σ, where e is the elementary charge, n is the concentration of 

excited charge carriers (photoelectrons and photoholes) and 𝜇Σ is a sum of the effective electron 

mobility and the effective hole mobility.  

The measurement is performed similar to THz TDS. First, a short THz pulse is incident 

onto the thin film that is not photoexcited and the transmission of the THz pulse  is detected. 

Then the thin film is photoexcited by optical pump pulse with energy above the band gap energy 

in order to transfer the charge carriers from the valence to conductance band (electron-hole 

pairs excitation). After some delay time the short THz pulse is transmitted through the 

photoexcited sample and the THz field is recorded. This THz pulse is attenuated and delayed 

compared to the one before photoexcitation. The transmitted THz pulses with (pump on) and 

without (pump off) photoexcitation is converted into the frequency domain by Fourier 

transformation. The difference between THz pulses in equilibrium and photoexcited states is 

called pump-induced change in THz pulse ∆𝐸(𝜔) = 𝐸𝑇𝐻𝑧
𝑜𝑓𝑓

(𝜔) −  𝐸𝑇𝐻𝑧
𝑜𝑛 (𝜔). The transmission 

function in this case is given by:  

 
𝑇(𝜔) =  

∆𝐸(𝜔)

𝐸𝑇𝐻𝑧
𝑜𝑓𝑓

(𝜔)
 

(3.2) 

 

By knowing the transmission function it is possible to determine the photoconductivity and 

consequently the mobility as a function of frequency.  

Since the OPTP Spectroscopy is a time-resolved method, it is possible to record the 

photoconductivity transients by varying the delay time between the THz and pump pulses. The 

analysis of the photoconductivity transients yields information about charge carrier kinetics in 

the material of interest.     
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3.3. Set-up 

In this work, the OPTP setup is based on a  Ti-Sapphire laser system that delivers 70 fs 

long pulses centered at 800 nm wavelength with repetition rate 150 kHz. The pulses from this 

laser are split into three branches by a beam splitter BS1 and BS2: a beam for THz generation 

beam, a beam for THz detection beam and a pump beam for photoexcitation of the sample. The 

scheme of the setup, exploited in this work, is shown in figure 3.3. 

 

Figure 3.3. The scheme of the OPTP set-up used in this work.   

 

THz generation beam. The  generation beam is focused onto the THz emitter after passing 

the delay stage DS1. THz emitter is a ZnTe crystal, which generates the THz pulses by optical 

rectification in the frequency range from 0.5 THz to 2.5 THz. Optical rectification is non-linear 
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optical process that generates the difference between the frequencies in the bandwidth of the 

optical laser pulse. Since a Si or PTFE-based filter is used to filter out residual infrared light 

from the path and the only THz pulse is focused by off-axis parabolic mirror onto the sample 

surface. Then the focused THz pulse transmits through the sample. Another pair of  off-axis 

parabolic mirrors collimates and refocuses the transmitted THz pulse onto a second ZnTe 

crystal for pulse detection.  

THz detection beam. The detection beam is also focused onto the detection ZnTe crystal. 

The THz detection path length should be equal to THz generation path length to assure that 

both beams temporarily overlap at the detection crystal. Since the duration of the laser pulse is 

much shorter than the duration of THz pulse (70fs vs ~ 1ps), the laser pulse can sample 

individual parts of the THz pulse.  Varying the delay time by moving the delay stage DS1, it is 

possible to scan the full THz pulse and to measure its electric field as a function of time. The 

detection of the electric field of the THz pulse occurs due to changes in the polarization of the 

detection beam. The electric field of the THz pulse induces the changes in refractive index of 

the ZnTe crystal via electro-optic effect and makes the detection crystal birefringent. This 

birefringence rotates the polarization of the detection pulse, which is proportional to the 

amplitude of the electric field of the THz pulse. The polarization of the detection beam is turned 

into circular (or elliptic when modulated by the THz beam) by passing a 𝜆 4⁄  plate. A Wollaston 

prism splits the beam into two beams of two orthogonal polarizations to each other (s- and p-

polarization). They are guided to a pair of balanced photodiodes afterwards that yields no signal 

if the THz pulse is not overlapping with the detection pulse in the ZnTe crystal. However, if the 

THz pulse does overlap with the detection pulse, the two beams incident on the balanced diode 

are not equal anymore and the generated electric current is proportional to the electric field of 

the THz pulse.  

Pump beam. The pump beam is an optical pulse, which is used to excite the charge carriers 

in the sample from the valence band to the conductance band. The pump pulse with an initial 

wavelength of 800 nm (pump beam) passes through the delay stage DS2 and a BBO crystal that 

converts the pump beam into photons with wavelength of 400 nm  by second harmonic 

generation. The delay stage DS2 allows to control the arrival time between the pump pulses and 

the THz pulse. After passing through the delay stages and BBO crystal, the pump beam is 

guided onto the surface of the sample. It is important that the pump photoexcites the sample 

homogeneously in the area larger than the area probed by the THz pulse, which has FWHM of 

~1mm. Therefore, the pump beam is expanded by a lens to a FWHM of around 3 mm. A part 
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of the pump beam may be transmitted through the sample, therefore, the second silicon filter is 

required behind the sample so as to avoid the incidence of the optical pump beam onto the 

balanced diodes. In order to avoid the absorption of the THz radiation in the air, the 

measurement is normally carried out in the nitrogen atmosphere.  

Dual phase lock-in amplifier.   In order to minimize the measurement noise, the dual 

phase lock-in amplifier is exploited in the OPTP system. To this end, pump and probe beams 

are both chopped by mechanical choppers C1 and C2 at different frequencies, respectively. The 

chopper C1 transmits and blocks the pump pulse and thereby alternates the excitation of the 

sample (pump off and pump on). Consequently, the transmitted THz pulse through excited 

𝐸𝑇𝐻𝑧
𝑜𝑛 (𝑡) and unexcited 𝐸𝑇𝐻𝑧

𝑜𝑓𝑓
(𝑡) sample is detected.  The first lock-in amplifier of the pump 

beam is locked to the frequency of chopper C1 and delivers half of the difference in the THz 

pulse of excited and unexcited sample (pump-induced change ∆𝐸(𝑡)) into the channel 𝑋1 =

0.5∆𝐸(𝑡) =  0.5(𝐸𝑇𝐻𝑧
𝑜𝑓𝑓(𝜔) − 𝐸𝑇𝐻𝑧

𝑜𝑛 (𝜔)). The second lock-in amplifier, locked to the THz beam 

chopper C2, records the difference between unexcited sample 𝐸𝑇𝐻𝑧
𝑜𝑓𝑓(𝑡) and the channel 𝑋1  into 

the channel 𝑋2 = 𝐸𝑇𝐻𝑧
𝑜𝑓𝑓(𝑡) − 𝑋1. Thus, by knowing the signals in the channels 𝑋1  and 𝑋2 one 

may calculate the transmission function according to 𝑇(𝑡) =
∆𝐸(𝑡)

𝐸𝑇𝐻𝑧
𝑜𝑓𝑓 (𝑡)

=
2𝑋1

𝑋2+𝑋1
 55.  

Photoconductivity spectra and transients. The photoconductivity spectra are recorded at 

fixed pump-probe delay (the mechanical stage DS2 does not move) and the stage DS1 is  

scanning the electric field of the THz pulse. The recorded pump-induced change ∆𝐸(𝑡) and 

THz field 𝐸𝑇𝐻𝑧
𝑜𝑓𝑓(𝑡) are converted into frequency domain by Fourier transform and are analyzed 

by the so-called thin film approximation to retrieve the photoconductivity spectra in the 

frequency domain. Figure 3.4 illustrates the THz signal in time domain (figure 3.4 (a)) and 

Fourier transform of the transmitted THz pulse in the frequency domain (figure 3.4 (b)).   

The photoconductivity transient is recorded by moving the stage DS 1 and thereby 

changing the time of excitation of the sample. Before starting the measurement, the DS2 is 

shifted to the position that the optical detection pulse samples the THz pulse at its peak. Then 

the stage DS2 is fixed, which guarantees the same arrival time for THz pulse. The maximum 

pump-probe delay time is limited by the length of the delay stage. For the set-up in this work 

the maximum delay time is around 1850 ps.  
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Figure 3.4.  The THz pulse in the time domain (a) and the amplitude and phase of the same 

pulse in the frequency domain (b). 

 

3.4. Thin film approximation and mobility spectra calculation 
 

As stated above, the transmission of THz pulse through the unexcited sample 𝐸𝑇𝐻𝑧
𝑜𝑓𝑓(𝑡) and 

its pump-induced change ∆𝐸(𝑡) are measured as a function of time. This allows calculating the 

transmission function 𝑇(𝜔) (3.2) by performing the Fourier transform. The transmission 

function can in general to be connected to the photoconductivity by transfer matrix method44
. 

However, for thin films, usually the thin film approximation (3.3) is used, where ns is refractive 

index of the substrate, d is a thickness of the thin film, c is a speed of light and 휀0 is vacuum 

permittivity. It can be applied if the thin film is excited homogeneously, if the thickness of the 

thin film is small compared to the wavelength of the THz pulse (𝑑 ≪ 𝑛𝜆𝑇𝐻𝑧), and if the 

thickness of the underlying substrate is larger than wavelength of the THz pulse (𝑑𝑠 ≫ 𝜆𝑇𝐻𝑧). 

All these conditions are satisfied for the samples probed in this thesis.  

 
∆𝜎(𝜔) = −𝑐휀0(1 + 𝑛𝑠)

∆𝐸(𝜔)

𝐸𝑇𝐻𝑧
𝑜𝑓𝑓

(𝜔)
 

(3.3) 

The negative sign in equation (3.3) reflects the attenuation of the transmitted THz pulse after 

photoexcitation: ∆𝐸(𝑡) < 0.  

By knowing the photoconductivity ∆𝜎(𝜔) and the concentrations of the photoexcited charge 

carriers n, the complex mobility can be determined:  

 
𝜇Σ(𝜔) =  

∆𝜎(𝜔)

𝑒𝑛
 

(3.4) 
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It is important to point out that mobility measured in the THz set-up is a sum of electron and 

hole mobility. The photocarriers concentration is equal to absorbed photon flux (number of 

absorbed photons per area and time) 𝜙 = 𝐴 ∙ 𝑃 (𝑓𝑆𝐸𝑝ℎ)⁄ , where f is the laser repetition rate, P 

is the power of incident pump pulse, S is the area of the incident pump pulse and 𝐸𝑝ℎ is the 

photon energy at the wavelength 𝜆 and A is the fraction of absorbed photons (absorbance). If 

the reflectance of the optical pump pulse at the sample surface is R and the transmittance is T , 

then the absorbance is 𝐴 = (1 − 𝑅 − 𝑇). In this case the photo-carrier concentration is equal to 

a number of absorbed photons 𝑛 = 𝐴𝜙. Finally, the analytical expression for mobility within 

thin film approximation is given by 

 
𝜇Σ(𝜔) = − 

𝑐휀0(1 + 𝑛𝑠)

𝑒𝜙(1 − 𝑅 − 𝑇)

∆𝐸(𝜔)

𝐸𝑇𝐻𝑧
𝑜𝑓𝑓

(𝜔)
 

(3.5) 

The further analysis of mobility spectra is based on applying the appropriate models 

(Drude, Drude-Smith and etc.), which are described in detail bellow. They allow to obtain the 

further transport parameters such as DC mobility (mobility at 𝜔= 0 THz, mobility when no 

external force field), effective mass of charge carriers, scattering rates and localization 

parameters and etc.  

 

Figure 3.5. The illustration of the calculation of the mobility form the peaks of the THz and 

pump-induced pulses (inset) in the time domain.  

The DC mobility may be not always assigned from the mobility spectra for some reasons 

(i. e. the spectra is overload with phonon features and etc. ). For some cases, when the mobility 

spectra exhibit a weak frequency dependency and real part of mobility may be approximated as 

a constant within the measurement frequency range while imaginary part of mobility is close to 

zero, than the mobility may be assigned form the peak of THz pulse (figure 3.5) in the time 

domain as it is given by   
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𝜇Σ =  −

𝑐휀0(1 + 𝑛𝑠)

𝑒𝑛𝑑

∆𝐸(𝑡𝑇𝐻𝑧 = 0)

𝐸𝑇𝐻𝑧
𝑜𝑓𝑓

(𝑡𝑇𝐻𝑧 = 0)
 

(3.6) 

 

3.5. Data analysis 
 

After obtaining the mobility spectra (real and imaginary parts), the various models may be 

applied in order to interpret the data. They can reveal information about the transport such as 

effective mass, DC mobility, scattering time, localization parameters and the localization area 

size and etc..  

Drude model 
 

  
 

Figure 3.6. The THz spectrum, measured for InP wafer, and applied Drude model that yields 

the effective mass meff = 0.088m0, 𝜏 = 108 fs and DC mobility 𝜇𝐷𝐶 = 2200 cm2V-1s-1 (a); The 

behavior of Drude mobility at various scattering times 𝜏 = 1 ps, 250 fs, 5 fs (b); the schematic 

illustration of origin of Drude mobility, coming from scattering of charge carriers at lattice 

nodes (c).   
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This model describes the behavior of the charge carriers that undergo the scattering events 

at some scattering centers at the rate 𝛾 or scattering time 𝜏 = 1 𝛾⁄ . Within this model the charge 

carriers are regarded as the free charge carriers. The frequency dependent mobility is given by: 

 
𝜇(𝜔) =

𝑒𝜏

𝑚

1

1 − 𝑖𝜏𝜔
 

(3.7) 

where 𝜇𝐷𝐶 = 𝑒𝜏 𝑚⁄  is DC mobility at 𝜔 = 0, m is a charge carrier effective mass.  

Figure 3.6 (a) shows the real and imaginary parts of the mobility spectrum for an example of 

InP. It can be seen that real part of the mobility spectra starts at zero frequency with its 

maximum and gradually decreases while the imaginary part is always positive for free charge 

carriers. The application of this model to experimental results may yield the scattering time, the 

effective mass of charge carrier, as well as the DC mobility. However, in some cases, the real 

part is almost constant and imaginary part is around zero, then the scattering time and effective 

mass of charge carriers from a fit are rather ambiguous. In such a case the analysis is limited 

by only DC mobility by extrapolation the spectra to y axis (𝜔 = 0) (figure 3.6 (b)). 

Moreover, Drude model does not account for charge carrier localization. Such localization  has 

a distinct frequency-dependence, which can be described by the Drude-Smith model or the 

Lorentzian oscillator model.  

Truncated Drude-Smith model 

Smith et al.56 proposed a modified Drude model in order to describe the transport properties 

of the localized charge carriers. According to this approach, the charge carriers undergo typical 

Drude scattering, where they are preferentially scattered backwards. The mobility is given by 

equation (3.8). In this model the phenomenological parameter c1 is introduced that can vary 

from 0 to -1. For c1= 0, the  Drude mobility (3.7) of free charge carriers is derived. For c1= -1,  

the charge carriers are totally localized and the DC-mobility is zero. The negative values of the 

parameter results in suppression of the DC mobility 𝜇𝐷𝐶 = 𝑒𝜏(1 + 𝑐1) 𝑚⁄  and the imaginary 

part of the mobility is becoming negative in the low frequency range. The negative imaginary 

part is the most distinctive feature, indicating the presence of charge carrier localization. Figure 

3.7 (a) illustrates the behavior of the Drude-Smith mobility compared to Drude model, 

described in the previous section, and the application of Drude-Smith fit (figure 3.7 (b)) to the 

mobility spectra of perovskite thin film at low temperatures with extracted fir parameters: 

scattering time 𝜏 =80 fs  and the phenomenological parameter c1=-0.7.  
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𝜇(𝜔) =

𝑒𝜏

𝑚

1

1 − 𝑖𝜏𝜔
[1 +

𝑐1

1 − 𝑖𝜏𝜔
] 

(3.8) 

 

Figure 3.7. Illustration of suppression of real part of mobility and negative imaginary part 

within Drude-Smith model at c1 = -0.6 (a); application of Drude-Smith model to mobility 

spectra of triple cation (Cs,FA,MA)Pb(I,Br)3  thin film: fit parameters meff = 0.2m0, c1 = -

0.7, 𝜏 = 80 fs (b); Explanation of differences in truncated and modified by (Cocker at al, 

2017)57 Drude-Smith models (c). 

  

However, the Drude-Smith model has a number of disadvantages. Firstly, this model was 

derived by considering preferential backscattering only in the first scattering event, which is 

has not been motivated. Regrading backscattering for all events even leads again to the Drude-

model, which is irritating. Therefore,  the parameter 𝑐1 will be used as a phenomenological 

merit for charge carrier localization in the material of interest. But the clear physical meaning 

of this parameter is questionable.  

Modified Drude-Smith model  

(Cocker et al, 2017)57 has recently modified the Drude-Smith formula and showed a good 

agreement of his approach by Monte-Carlo Simulation. He considered a charged particle that 

is localized in a box of size 𝐿 with walls with reflectivity 𝑅 =1 and this particle undergoes the 
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scattering events at effective scattering time 𝜏 = 1 𝜏𝐷⁄ + 2𝑅𝑣𝑡ℎ/𝐿, where 𝜏𝐷is scattering time,   

derived by Drude model. Alongside with scattering, a charge carrier travels between the walls  

of the box at the rate1 𝑡⁄ = 𝑣𝑡ℎ 𝐿⁄ , where 𝑣𝑡ℎis a thermal velocity 𝑣𝑡ℎ = √3𝑘𝑇/𝑚. He also 

generalized the formula for the case when the reflectivity of the walls is lower than 1 and 

introduced the modified Drude-Smith formula as follows: 

 𝜇𝐷𝑆(𝜔) =
𝑒𝜏

𝑚

1

1 − 𝑖𝜏𝜔
(1 +

𝑐1(𝑅)

1 − 𝑖𝜔/𝑎
) 

(3.9) 

where 

 𝑎 =
12

𝑡
(

𝜏

𝑡 + 2𝜏
) 

(3.10) 

The phenomenological parameter 𝑐1depends only on walls reflectivity R and 𝐿 shows the 

localization scale of charge carriers. Figure 3.7 (c) illustrates the differences in modified and 

truncated Drude-Smith models.  

Thus, compared to the truncated Drude-Smith approach, all parameters, encountered in the 

modified version of the Drude-Smith model, obtain the physical meaning: first, a charge carrier 

is treated as localized in a space, restricted by two walls with some probability to be transmitted 

through the walls or be reflected back; phenomenological parameter c1(R) is now dependent 

only on the reflectivity of the walls R, t is a diffusion time between the walls and L is localization 

length - the travelling distance for charge carriers between the walls.  

Lorentzian oscillator 

Another approach, used to describe the charge carrier localization, is Lorentzian oscillator 

response. The Lorentzian oscillator represents localization of a charge carrier in a parabolic 

potential. The mobility for Lorentzian oscillator looks like a resonance at the frequency 𝜔0 and 

it is given by the following equation: 

 
𝜇(𝜔) =

𝑒

𝛾𝑚

𝑖𝜔

𝜔2 − 𝜔0
2 + 𝑖𝛾𝜔

 
(3.11) 

 where 𝛾 = 1/𝜏 is the scattering rate, defining the width of the resonance, 𝜔0is the frequency 

position of the resonance.  

In case of Lorentzian oscillator, the DC mobility is zero and the imaginary part is negative at 

low frequencies. The typical mobility spectra for charge carriers localized in a parabolic 

potential is shown in figure 3.8. 
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Figure 3.8. Lorentzian mobility calculated for 𝛾 =1.3 THz, 𝜔0 =0.5 THz.  
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4. Charge carrier transport in 3D Halide Perovskites  
 

4.1. Introduction 
 

Metal-halide perovskites have generated an enormous interest in photovoltaic applications 

due to their outstanding optoelectronic properties. These materials have strong absorption 

coefficients, 𝜇m-long diffusion length, long minority carrier lifetimes, low defect 

concentrations, low non-radiative recombination rates and energy gap in the visible range that 

can be tuned by varying the composition of the perovskite5. Moreover, within only about 10 

years of active research, the efficiency of perovskite-based solar cells has reached very high 

levels of  25.2 %58 and, thus, comparable to the best, more established inorganic solar cells. 

Despite many outstanding optoelectronic properties of halide perovskites, they suffer from 

light segregation and composition instability in the air. Also the studies on charge carrier 

transport by Hall measurements, Microwave and THz Spectroscopies have shown that halide 

perovskites have modest mobilities ranging between 1 - 100 cm2V-1s-1 8,59–63. These values are 

almost two orders of magnitude lower than in standard semiconductors such as InP or GaP 

under comparable charge carrier effective masses.  

To explain the limitation of charge carrier mobility in halide perovskites, several models 

were introduced. So, for instance, some of the authors20–22,64 proposed the polaron formation 

and scattering at LO optical phonons as the main scattering mechanisms at room temperatures. 

The studies of mobilities at low temperatures have shown that scattering at acoustic phonons is 

unlikely to play an important role at low temperatures as measured mobilities are too low 

compared to expected ones from theory22,23. The low temperatures are rather influenced by 

scattering at charged impurities65. Also many authors measured mobility in a broad range of 

temperatures and perform the power law fit Tm, where m = -2.8 – -0.528,64,66–69. However, this 

approach makes an unambiguous assignment difficult and indicates that likely various 

scattering processes superimpose, thus leading to a rather complex temperature-dependence.  

 Along with stated above models, there are some other approaches to explain the limitation 

of charge carriers mobility in halide perovskites, i.e. dynamic disordering theory26,70 Rashba 

effect25 and dielectric dragg24. 

In this chapter we analyze and discuss the mobility spectra of various halide perovskites 

thin films samples measured by OPTP that is in details described in the previous chapter 3 
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“Experimental Method and Data Analysis”. We also calculate mobilities regarding various 

scattering mechanisms with the focus on low temperatures. We show the mobility at low 

temperatures can be modelled by scattering at both charged and neutral impurities. 

Additionally, we analyze the impact of exciton formation on mobility at low temperatures. 

Finally, we discuss the influence of cation compound on charge carrier transport in a broad 

range of temperatures.  

 

4.2. Sample preparation 
 

In this chapter charge carrier transport properties of polycrystalline 3D perovskite thin 

films with various cation compounds MAPbI3, (Cs, FA)PbI3, (Cs, FA, MA)Pb(I, Br)3 and 

CsPbI3 are discussed. 

The thin films with stoichiometry MAPbI3, [CsPbI3]0.05[FAPbI3]0.95 and triple cation 

[CsPbI3]0.05[(FAPbI3)0.83(MAPbBr3)0.17]0.95 were provided for measurements from Potsdam 

University by Dr. Martin Stolterfoht from the research group of Prof. Dr. Neher.  The thin films 

were prepared and spin coated as it is described in the following papers71,72. (Cs,FA)PbI3 sample 

was prepared similar to triple cation thin film with only difference that thin film preparation 

was done without adding MAPbBr3 and 120 𝜇l of 1.5M CsI was dissolved in DMSO and then 

it was mixed with 3 ml FAPbI3 solution.  The thin films were deposited on the quartz substrate. 

The polycrystalline perovskite thin film CsPbI3 was prepared by physical vapor deposition 

at the Helmholtz Zentrum Berlin as described in Becker, et al73  and deposited on quartz 

substrate and encapsulated (glued) on the top with another quartz substrate.      

 

4.3. Phonon modes in the low THz frequency range 
 

OPTP measures the change in the transmission ΔT/T of a terahertz pulse after 

photoexcitation of the sample by optical pump. Under known excitation conditions, the analysis 

derives the sum mobility µ∑ of the electron mobility and hole mobility that is given by equation 

(3.5).   
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Figure 4.1. Real and Imaginary part of mobility spectrum measured by OPTP (a), THz transmission spectrum 

measured by THz-TDS (b) and comparison of measured THz- TDS results in this work with calculated IR active 

modes intensities in the work Perez-Osorio et al.74(c). The arrows in the (a) and (b) show the correlation 

between phonon features in mobility spectrum and excited phonon modes in MAPbI3.  

Figure 4.1 shows the frequency-dependent AC mobility and THz transmission spectra for 

measured polycrystalline thin film MAPbI3. The mobility spectrum exhibits an imaginary part 

close to or slightly below zero and a relatively constant real part, which are overlaid by two 

features at 1 THz and 1.8 THz.  

These absorptive features in figure 4.1 (a) should not be attributed to the mobility of 

photoinduced charge carriers, but arise from a shift or attenuation of the phonon absorption 

modes upon photoexcitation. Phonon transitions are also visible in the transmission spectra of 

the unexcited sample, which were measured by static time-domain THz spectroscopy (THz-

TDS) and are shown in figure 4.1 (b).   

The origin of these features was studied in a number of works21,74. In the work (Perez-

Osorio et al)74  frequencies and intensities of Raman and IR active modes in MAPbI3 by density 

functional perturbation theory were calculated and compared with measurements performed by 

THz-TDS in the low THz frequency range and Fourier Transform Infrared Spectroscopy at 
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above 1.8 THz. Figure 4.1 c) shows the comparison of reverse THz transmission spectrum, 

done in this thesis, with results obtained by (Perez-Osorio et al, 2015)74.  Table 4.1 shows the 

some calculated IR active modes intensities relevant in the low THz frequency range, adopted 

from the same paper.  

 

Figure 4.2. (a), (c), (e) real and imaginary parts of mobility spectra in polycrystalline thin films 

(Cs,FA)PbI3, (Cs, FA, MA)Pb(I, Br)3 and CsPbI3 respectively and (b), (d), (f) their THz transmission spectra. 

 

According to the calculations (see table 4.1), several modes result from vibrations of Pb-I 

bonds. The mode at 1.9 THz results from MA librations in the measurement range between 0.5 

and 2.5 THz. The peak at around 1 THz correlate well with ones calculated at 0.93 and 0.96 

THz that result from vibrations of Pb-I-Pb rocking bonds. Thus, one may conclude that the peak 

at 1THz is an overlap of these two at 0.93 and 0.96 THz. In the upper THz range from 1.5 to 

2.5 THz there are some intense modes at 1.5 THz and 1.8 THz resulted from Pb-I-Pb blending 

bonds and Pb-I stretching modes respectively. Also, there is a single mode at 1.9 THz that 

originates from MA librations. This indicates, that at around 1.8 THz all these modes overlapp 

and the Pb-I-Pb blending and Pb-I stretching modes as well as MA librations can be assigned 

to the peak at 1.8 THz. Thus, it can be concluded that the features in the mobility spectrum 

originate from Pb-I lattice vibrations excited by the THz field. 

As most of the excited modes result from metal-halide network vibrations, the perovskites 

with various cations compositions show similar features at the same frequencies in their 
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mobility spectra, displayed in figure 4.2. Similar to MAPbI3, clear correlation between the 

features in the obtained mobility spectra in figure 4.2 (a, c, e) and the phonon modes in figure 

4.2 (b,d,f) can be seen. Indeed, the THz transmission spectra of the (Cs, FA)PbI3  thin film 

exhibits identical behavior as in MAPbI3 thin film. Also, the THz transmission of triple cation 

(Cs, FA, MA)Pb(I, Br)3 sample look similar as in MAPI with slightly broadened second peak 

at around 1.8 THz. The broadening is assumed to be due to complex halide composition of two 

different atoms: iodine and bromine.  

The transmission spectrum for fully inorganic CsPbI3 thin film shows two split peaks at 

around 1.5 and 1.8 THz. Such splitting was previously observed in the work (Damle et al, 

2018)75. In this work the low frequency Raman spectra of pure MAPbI3,  CsPbI3 thin  films and 

mixed (Cs, MA)PbI3 thin films with various concentrations of Cs in the low frequency range 0 

– 200 cm-1 (0  - 6 THz)  were studied. It was shown that MAPbI3 reveal broadened and smoothed 

Raman spectra while the increase in Cs concentrations in perovskite makes the peaks from 

metal-halide vibrations more distinctive and better resolved. As explained in this work, the 

increase of content of Cs atoms in the perovskites material results in suppression of anharmonic 

motions of cations and local thermal phonon fluctuations. Therefore, we assume that splitting 

in transmission spectrum of the inorganic CsPbI3 thin film comes from less broadening of the 

transmission lines due to rather fixed position of Cs atoms in lattice cage than in case of fully 

organic perovskites containing MA.     

 

Table 4.1. Frequency positions and calculated IR intensities of rocking, blending and stretching modes of Pb-I 

network and MA librations in MAPbI3 adopted from (Perez-Osorio et al)74. 

 

Group Symmetry Frequency position,  (THz) Calculated IR intensity, 

[(D/A)
2
/amu] 

B1u, B2u, B3u, B2u, B3u 

(Pb-I-Pb rock) 

0.82, 0.85, 0.93, 0.96, 1 0.1, 0.2, 1.3, 2.6, 1.0 

B2u, B1u, B3u, B2u 

(Pb-I stretch) 

1.6, 1.7, 1.8, 1.9 7.8,  14.1, 14.3,  9.3 

B1u, B3u, B1u 

(Pb-I-Pb blend) 

1.4, 1.5, 2.5 0.7, 2.1, 3.1 

MA librations 1.9, 4.4, 4.8 2.6, 6.1, 4.2 
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4.4. Charge carrier mobility at room temperature 

Drude Model 

The motion of free charge carriers can be described by the Drude-model44, which  is described 

in details in the chapter 3 Experimental Method and Data Analysis.  The mobility µD is 

given by the Drude equation (3.7), in which the first factor determines the DC-mobility and the 

second factor determines the frequency-dependence of the mobility.  

To model the OPTP-derived sum mobility of electrons and holes, the individual effective 

masses and scattering times of electrons and holes should be regarded in principle. However, 

the effective masses for electrons and holes have been found to be similar in perovskites 𝑚𝑒 ≈

𝑚ℎ 20,76 and we also assume here similar scattering times 𝜏𝑒 ≈ 𝜏ℎ. Under such assumtions, the 

sum of electron and hole mobility can be described by equation (3.7) if the  effective mass is 

regarded as half of the effective mass  for electron or holes.  

Figure 4.3 shows the modeling of the measured terahertz mobility in the thin films by 

Drude formula (dashed dot lines), yielding DC mobilities as it is specified in table 4.2. 

However, the effective mass and scattering time are somewhat ambiguous, as the frequency-

dependence is rather weak in the measured 0.5 to 3 THz range. Still a lower limit of τ < 4  fs 

can be obtained from the fit by Drude model for all thin films, if the effective masses of 

electrons and holes are set to the average literature value of ~0.2 me
76–78

. This result is in good 

agreement with the scattering time 4fs obtained by Karakus et al.61. However, negative 

imaginary mobilities, as slightly observed for all thin films in figure 4.3, cannot be modeled by 

the Drude-model and indicates the presence of localized charge carriers.  

Truncated Drude-Smith model 

Localized charge carriers can be caused by exciton formation or small polaron formation, 

atomic disorder, or potential barriers on the nm-scale. These phenomena have been discussed 

using individual models such as oscillator-like behavior, hopping transport or backscattering 

and can be phenomenologically described by the Drude-Smith model44,45,56 that is in details 

described in the chapter 3 “Experimental Methods and Data Ananlysis”. The equation (3.8) 

gives the mobility formula for Drude-Smith model. 

The Drude-Smith equation (3.8) models the frequency-dependence of the mobility much 

better than the Drude model, as shown in figure 4.3. It derives a localization parameter c1 of 
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around -0.7 and the scattering time 7.3 fs for CsPbI3 and 12.6 fs for MAPbI3, which indicates a 

significant mobility reduction by charge carrier localization. There are a few works79,80,81  

 

 

Figure 4.3. The real and imaginary parts of mobility spectra for MAPbI3 (a), (Cs,FA)PbI3 (b), (Cs, 

FA,MA)Pb(I,Br)3 (c) and CsPbI3 (d) respectively and imposed Drude(dashed dot line), truncated Drude-

Smith(dot line) and modified Drude-Smith (straight line) fits above the spectra.  

using the Drude-Smith model and discussing charge carrier localization in halide perovskites. 

For instance, in the work (Ruf et al. 2019)79  the localization parameter 𝑐1= - 0.63 and the 

collision frequency Γ = 2.29 THz , corresponding to the scattering time 𝜏 = 69 fs, were obtained 

for MAPbI3 and this localization parameter 𝑐1agrees well with our results. The fit results for all 

thin films are shown in table 4.3. The origin of charge carrier localization may be attributed to 

charge carrier – phonon coupling or polaron formation at room temperatures.  

Only a few works81,82 measured at THz frequencies above 3 THz. However, at such higher 

THz frequencies difference between the Drude model and the Drude-Smith model will bemore 

pronounced that would allow more accurate determination of scattering times. Therefore, such 

measurements are highly desired.  
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Modified Drude-Smith model 

The applied so far Drude-Smith model has several disadvantages, described in the previous 

chapter 3 “Experimental method and data ananlysis”. Therefore, the modified Drude-Smith 

model, developed by Cocker et al.57, was applied as well to compare the results. The equation 

(3.9) yields the formula for mobility in modified Drude-Smith model. The fit results for thin 

films are given in table 4.2 and are shown in figure 4.3 (straight line). 

The modified Drude-Smith model describes the mobility spectra similarly to truncated 

Drude-Smith model with signs of localization of charge carriers (𝑐1 ≈ −0.6). Interestingly, the 

localization parameter L, that shows the localization scale of charge carriers, is around 5 nm for 

the thin films what is very close to the specified in the literature polaron radii (5 nm) in halide 

perovskites21.  

Compared to truncated Drude-Smith model, modified DrudeSmith model, introduced by 

Cocker57,allows to estimate not only presence of localization but also estimate the scale of 

charge carriers localization as well as the phenomenological parameter c1 becomes more clear 

physical meaning and depends only on the reflectivity of the scattering walls (see chapter 3). 

Therefore, the further analysis of mobility spectra in this thesis is performed by modified 

Drude-Smith model, since it gives more insight into localization of charge carriers  

However, regardless of the applied models, the derived DC-mobilities are quite close to 

each other for all methods as it is seen from figure 4.3 and table 4.2. Also, the derived scattering 

times are in the range of 2.5 - 4 fs for Drude model, 7.3 - 12.6 fs and 3.5 - 8.4 fs for truncated 

and modified Drude-Smith models, respectively. All these approaches yield relatively short 

scattering times compared to conventional high-mobility semiconductors such as GaAs and Si 

that have 165 fs83 and 200 fs84, respectively. Therefore, short scattering times can be identified 

as one of the origins of the relatively small DC-mobilities in perovskites. 

The thin films in this work reveal extremely low scattering times lower than 10 fs for most 

of the thin films regardless of the applied fit models, resulting in the weak frequency 

dependency of the mobility. This allows an approximation of the DC mobility from the THz 

pulse in the time domain as given by formula (3.6). We calculated the mobilities in the thin 

films according to this approach and we obtained the following values of mobility (33.0±3.0) 

cm2V-1s-1 for MAPbI3, (25.4±2.5) cm2V-1s-1 for (Cs, FA)PbI3 and (Cs, FA, MA)Pb(I, Br)3, 

(21.5±2.2) cm2V-1s-1 for CsPbI3. These mobilities are in good agreement with the estimated 
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mobility values by Drude, truncated and modified Drude-Smith models. Table 4.2 summarizes 

the mobilities and fit parameters for all thin films at room temperature.  
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Injection dependent mobility 

The OPTP measurements that were presented in the previous section, were conducted at 

pump beam excitations around 21 𝜇Jcm-2 that corresponds to injected charge carrier 

concentration 6.4∙1017 cm-3 in MAPbI3. These charge carrier concentrations are above the 

concentrations of charge carrier generated in solar cells operating normally under AM 1.5G 

illumination conditions what is about 3∙1016 cm-3 for MAPbI3. Therefore, it is essential to 

investigate the charge carrier transport properties under various excitation levels.  

The mobility spectra for all thin films were recorded at fluences between 0.5 and 21.1 

𝜇Jcm-2. The fluence F is in turn determined by power of pump beam Ppump per an area S and a 

laser repetition period T = 1/frap. The corresponding photo-excited charge carrier concentrations 

(density) ∆𝑛 are determined according to the following formula: 

 
∆𝑛 =  

𝐴 ∙ 𝐹

𝑊

𝜆

ℏ𝑐
 

(4.1) 

where A is absorbance, W is a thin film thickness, 𝜆 is a wavelength,  ℏ - Planck constant and c 

is the speed of light.  

Figure 4.5 shows the mobility spectra (figure 4.5 a, c, e) and the DC mobilities determined 

from time domain THz spectra at various excitations (figure 4.5 b, d, f) for different perovskite 

thin films. It is seen from these graphs that the mobility spectra of all thin films have similarities. 

The imaginary part does not undergo any significant changes and remain close to zero or 

negative at various excitations. The real part in turn shifts upwards while the excitation level 

decreases. The phonon features and the shape of the spectra remain unchanged regardless of 

excitation levels. Thus, the transport properties qualitatively do not change in halide perovskites 

at various injection conditions and the changes occur only due to changes in DC mobilities that 

vary from 33.3 to 42.6 cm2V-1s-1 for MAPbI3, from 25.6 to 34 cm2V-1s-1 for (Cs, FA)PbI3 and 

from 25.4 to 38.3 cm2V-1s-1 for (Cs, FA, MA)Pb(I,Br)3. Thus, all thin films reveal the decrease 

of mobility with increase in excitation intensity. The same tendency of reduction of mobility 

with increase in injection level was shown in some other works63,86 (see figure 4.5 b).   

We see two possible mechanisms explaining the reduction of mobility with increase in 

injection levels: (1) enhanced interaction between photo-excited charge carriers (electron-

electron scattering) or (2) enhanced scattering at optical phonons due to hot phonon bottleneck 

effect or due to heating the sample by optical pump pulse at high fluences.    
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In order to estimate the impact of electron-electron scattering on charge carrier mobility at 

high injections we may use the empirical formula 1 𝜏⁄ =10-5∙ 𝑛, provided in the book (Ridley, 

1999)28. This relation shows the connection between the scattering time 𝜏 and the threshold 

charge carrier concentration 𝑛, at which the electron-electron scattering has an impact on 

mobility. As shown in the previous section , the scattering time for MHPs is around 5 fs, the 

substitution of this value into the relation yields the charge carrier concentration n = 2∙1019 cm-

3. This is 1 order of magnitude higher than concentrations that we excite in our thin films. 

Therefore, based on the obtained result, we may conclude that scattering between the charge 

carriers is unlikely to be responsible for mobility reduction at high fluences.   

Enhanced scattering of electrons and holes at optical phonons may occur by means of hot 

phonon bottleneck effect and/or heating of the sample by optical pump pulse. After 

photoexcitation, the charge carrier have an excess energy. The loss of the energy usually occurs 

within a few ps by emitting the optical phonons. This process is usually called charge carriers 

cooling. At high injection there are many excess charge carriers, each of them emit the optical 

phonons while cooling. The high population density of optical phonons during charge carriers 

cooling may strongly limit the mobility of photo-excited charge carriers in the first picosecond 

after photoexcitation. In some cases the charge carrier cooling may last up to 10-100 ps. It 

happens when the energy of optical phonons is much higher than energy of acoustic phonons, 

the thermal energy from optical phonons can not be transferred to acoustic phonons that transfer 

the heat further into the crystal. In this case the optical phonons will become absorbed by 

electrons again. The constant absorption and emission of optical phonons result in increase of 

average cooling time of charge carriers. This phenomenon constitutes the hot phonon bottleneck 

effect. A number of work have shown that charge carriers cooling in MHPs occur within ~ 100 

ps87,88. Since the spectra for the thin films were recorded at pump-probe delay 10 ps, it could 

be that the charge carriers were not yet cooled down to the band edge and, therefore, enhanced 

scattering at hot optical phonon could limit the mobility at high fluences. Based on this 

discussion, we may conclude that the decrease of mobility with increase of injection levels 

happens rather due to enhanced scattering at optical phonons.   

The charge carrier concentration, excited under AM 1.5G illumination conditions, is 3∙1016 

cm-3 for MAPbI3.  The mobilities, corresponding to these concentrations, are around 43 cm2V-

1s-1 for MAPbI3, 34 cm2V-1s-1 for (Cs, FA)PbI3 and 33 cm2V-1s-1 for (Cs, FA, MA)Pb(I,Br)3. 
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Figure 4.5. The mobility spectra measured at various fluences and time domain mobility versus fluences 

(injected charge carriers densities) for MAPbI3 (a,b), (Cs,FA)PbI3 (c,d), (Cs, FA,MA)Pb(I,Br)3 (e,f) 

respectively. 

 

4.5. Temperature dependent charge carrier mobility  
 

Charge carriers in a crystal can scatter at optical and acoustic phonons, at impurities 

(dopants or defects) or/and at other charge carriers (electrons and holes). In some cases, such 

interactions may result in formation of quasiparticles such as polarons or excitons. These 
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scattering mechanisms have specific temperature dependencies as discussed in the theoretical 

chapter 2 “Charge carrier transport Theory”. Thus, the study of the temperature dependent 

mobility can shed light on the scattering mechanisms that rule out the charge carrier transport 

properties in a broad range of temperatures.  

In this section we perform analysis of mobility spectra for MAPbI3 measured in a broad 

range of temperatures. Then we model the temperature dependence of the mobility for several 

scattering mechanisms including scattering at various phonons, impurities and finally excitons 

by using available in the literature parameters for MAPbI3. These results are compared to 

previous works.  Also, we study the impact of cation on charge carrier mobility in halide 

perovskites for other thin films with different cation composition.  

Time Domain and DC Mobility at various Temperatures 

 
Figure 4.6. The real and imaginary parts of mobility spectra for MAPbI3  with imposed above fitting curves at 

temperatures 10K (a), 120K (b), 200K (c)and 295K (d).  

 

To investigate the transport properties in MAPbI3 further in more detail, we recorded the 

mobility spectra in the range of temperatures between 10 and 295 K. The mobility spectra for 

MAPbI3, recorded at 10 ps after excitation at temperatures 10 K, 120 K, 200 K and 295 K with 



57 
 

imposed fits above are shown in figure 4.6. The mobility spectrum at 10 K reveals signs of 

Drude-like behavior: the imaginary part is positive and it keeps growing with frequency while 

the real part of mobility exhibits a decrease. Furthermore, the applied Drude model suits well 

the experimental data thereby supporting the idea of free charge carrier motion at low 

temperatures. However, with increase in temperature the real part of mobility starts increasing 

with frequency and the imaginary part becomes negative, indicating a presence of localized 

charge carriers at higher temperatures. Furthermore, the phonon features, described in the 

section “Phonons modes in the low THz range”, are becoming more prominent with increase 

of temperatures.  

In order to describe quantitatively the mobility behavior, we applied the modified Drude-

Smith model for mobility spectra at 120 K, 200 K and 295 K. The modeling was performed by 

varying the scattering time 𝜏, parameter c1, localization length L and diffusion time t. The 

effective mass was set to the literature value 𝑚𝑒𝑓𝑓 = 0.2𝑚0 76–78. The fit results are given in 

table 4.3. The negative values of the parameter c1 stand for the localization of charge carriers. 

Also the signs of localization reveal the localization length (parameter) L, that gradually drops 

from 7.4 nm at 120 K to 5 nm at 295 K.  

Table 4.3. Parameters of Drude and modified Drude-Smith for MAPbI3 with fixed effective mass 𝑚𝑒𝑓𝑓 =

0.2𝑚0. 

T, K 𝜏, fs 𝑐1 𝜇𝐷𝐶, 

cm2V-1s-1 

𝜇𝑡(time-

domain), 

cm2V-1s-1 

t, fs L, nm 

10 34 0 299.2 279 - - 

120 28.2 0.6 93.4 103 70.1 7.4 

200 18.7 -0.65 57.3 61.1 53.5 6.6 

295 8.4 -0.6 30.2 33.5 36.9 5 
 

 

The DC mobilities obtained from the modeling (fit) μDC and the THz pulse in time domain 

μt are also shown in table 4.3 and in figure 4.7 (a). As it is possible to see from the table, the 

mobility values determined by two different methods are in good agreement in a broad range 

of temperatures. Although it is known that at approximately 160 K the perovskite structure in 

MAPbI3 undergoes a transition from the orthorhombic phase into the tetragonal phase, no clear 

influence of this transition on the mobility can be observed. The decreasing character of 

mobility with temperature indicates band-like transport in the materials, i.  e. the scattering at 

phonons is a source of mobility reduction with temperature. Thus, summing up all above, if the 
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scattering at phonons is likely to be main scattering mechanism that limits the mobility in HPs, 

then we may conclude that localization of charge carriers at room temperatures may occur due 

to charge carriers-phonon coupling or polaron formation in MAPbI3 thin film. The detailed 

analysis of scattering at phonons will be given in the next section.  

 
Figure 4.7. The dependence of mobility (a) and modified Drude-Smith fit parameters (b) in MAPbI3.  

 

4.6. Modeling of charge carrier mobility 
 

The further sections represent the analysis of temperature dependent mobility in halide 

perovskites. The analysis is split into two parts: the analysis of temperatures at room 

temperatures by scattering at LO optical phonons and polaron formation and then analysis of 

mobility at low temperatures by scattering at acoustic phonons, impurities, and exciton. 

Scattering at LO optical phonons 
 

Charge carrier transport at room temperatures in many well studied polar semiconductors 

such as InP and GaAs is strongly impacted by scattering at LO optical phonons that are 

associated with vibrating dipoles at lattice nodes. Therefore, to explain the limitations of charge 

carrier mobility in halide perovskites, a number of authors applied Boltzmann transport theory 

for scattering at LO optical phonons 22,25,89or the polaron theory20,21,90,91 that is also based on 

interactions of charge carriers with LO optical phonons. The basic background of Boltzman 

transport and polaron theories are given in chapter 2.  

 The characteristic mobility for optical phonons is given by equation (2.14) in the chapter 

2. As seen from equation (2.14), the dielectric properties, LO optical phonons energy and 

effective mass of charge carriers are the key quantities that determine the electron- phonon  
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Figure 4.8. Sum of electron and hole mobility in MAPbI3 scattered at LO optical phonons (a) and transformation 

of mobility at LO optical phonons from MAPbI3 to GaAs by varying the LO phonon energy (b), by varying the 

dielectric constants (c), by varying effective mass (d).   

interactions and thereby strongly influence the mobility. Many studies on dielectric properties 

in MHPs have revealed the large aspect ratio between static and high-frequency dielectric 

constants21,64: average static (ionic) dielectric constant 휀 = 30.4 and high-frequency (electron) 

dielectric constant 휀∞ = 5.5. Furthermore, the LO optical phonon energy is around 11.5 meV64 

what is several times lower than in standard semiconductors such as InP (ℏ𝜔𝐿𝑂= 38.2 meV)51 

and GaAs (ℏ𝜔𝐿𝑂 = 36)35. Also some works76,92,93 deal with DFT calculation of the band 

structure in HPs and determined the effective masses from the curvature of the band minima of 

the conductance band for electrons and from maxima of the valence band for holes. The results 

show identical effective masses for electrons and holes, varying from 0.1m0  to 0.3m0.  

For calculation of mobility on LO optical phonons we set the following values from the 

literature64: static (ionic) dielectric constant 휀 = 30.4, high-frequency (electron) dielectric 

constant 휀∞ = 5.5, energy of LO optical phonons  ℏ𝜔𝐿𝑂 = 11.5 meV and average effective mass 

𝑚 =0.2m0 for electrons and holes. All of the parameters are also summarized in table 4.4. Since 

we measure the sum of electron and hole mobility in the OPTP experiment and the incoming 
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parameters, specified above, are common for electrons and holes, then final sum of mobility is 

just doubled mobility given by equation (2.14).   

Figure 4.8 (a) illustrates the calculated results. The LO optical phonon mobility decreases 

with temperature and starts approaching the experimental data at temperatures above ~ 130 K 

when the LO optical phonon density starts increasing at 𝑇 ≥ ℏ𝜔𝐿𝑂/𝑘. The obtained sum of 

electron and hole mobility at room temperature is around 200 cm2V-1s-1.  

The problem of modest mobilities in MHPs compared to standard compound 

semiconductors was of large concern so far. However, the difference in mobilities may be quite 

easily explained within the concept of electron – LO optical phonon interactions by comparing 

available in the literature dielectric constants, optical phonon energies and effective masses for 

MHPs, given above, and for any standard semiconductor, for instance, GaAs. 

The LO optical phonon energy determines the phonons density 𝑛(ℏ𝜔𝐿𝑂/𝑘𝑇) =

1/ (𝑒
ℏ𝜔𝐿𝑂

𝑘𝑇 − 1)  and threshold temperature 𝑇𝑡ℎ ≥ ℏ𝜔𝐿𝑂/𝑘 below which the phonon density 

starts drastically decreasing. It is known that the LO optical phonon energy for GaAs is ℏ𝜔𝐿𝑂 = 

36 meV35 what exceeds several times the LO optical phonon energy 11.5 meV for MHPs. 

Larger energies results in lower phonon density and higher mobilities for GaAs at fixed 

temperatures as it shown in the figure 4.8 (b). At temperatures 𝑇𝑡ℎ ≥ ℏ𝜔𝐿𝑂(𝐺𝑎𝐴𝑠)/𝑘 = 418 K 

the difference in mobility is not so prominent anymore. Thus, LO optical energy has a stronger 

impact on mobility at lower temperatures and the difference vanishes at higher temperatures, 

when the phonon densities for both materials become rather equal.  

While the energy of optical phonons affects the low temperature range of mobility, 

dielectric constants and effective mass have an impact on mobility rather at room (higher) 

temperatures. So, for instance, the static and high-frequency dielectric constants in GaAs are 휀 

= 13.6 and 휀∞ = 11.535, respectively.  The further substitution of the dielectric constants for 

GaAs into equation (2.14) shows (see figure 4.8 (c)) that high temperature mobility are strongly 

impacted by the dielectric properties and the lower aspect ratio between static and high-

frequency dielectric constants (the lower difference in dielectric constants) leads to increase in 

mobilitiy.  

The effective masses of electrons and holes in GaAs are mh = 0.45m0 and me = 0.067m0
35, 

respectively. Even though the holes are much heavier than electrons, the total mobility tends to 

increase at fixed temperature after substitution of these values into equation (2.14) as shown in 
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the figure 4.8 (d). Hence, since the effective masses in MHPs vary between 0.1 and 0.3 m0
76–78

 

in in literature, these discrepancies also result in deviations of mobility.  

Table 4.4. Parameters used for calculation of mobility in MAPbI3. 

 

Quantity MAPbI3 

Dielectric constant 휀 30.4 64 

High frequency dielectric 

constant 휀∞ 

5.5 64 

LO Phonons energy ℏ𝜔𝐿𝑂 11.5 meV 64 

Electron effective mass 𝑚𝑒/𝑚0 0.2 78 

Hole effective mass 𝑚ℎ/𝑚0 0.2 78 

Density 𝜌 4.15 g/cm3 94 

Sound velocity 𝑣𝑠 3100 m/s 22 

Deformation potential 𝐸1 2.5 eV 95 

Piezoelectric constant 𝑝 0.38 C/m2 96 

 

The obtained LO optical mobility in GaAs at room temperatures is around 9550 cm2V-1s-1 

that is very close to experimental results 8900 cm2V-1s-1 35. The good agreement between 

experimental and theoretical results thereby suggests that the charge carrier mobility in GaAs 

is limited by scattering of charge carrier – LO optical phonons at room temperatures.  

On one hand, the large aspect ratio in dielectric constants, low LO optical phonon energy 

and higher effective masses explains why the mobility in halide perovskites are expected to be 

at least one order of magnitude lower than in standard compound semiconductors. However, on 

another hand, the calculated mobility from scattering at only LO optical phonons in MAPbI3 is 

around 200 cm2V-1s-1what is still much higher than the ones obtained from the experiment 33.5 

cm2V-1s-1. The lower values of mobility from experiments suggests that alongside with 
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interaction with LO optical phonons some other mechanisms or effects should be taken into 

consideration in order to completely explain the reduction of charge carrier mobility at room 

temperatures. For instance, the polaron formation, Rashba effect and anharmonicity in 

perovskites structure are examples of such mechanisms. Therefore, the next sections are aimed 

to give an insight into these mechanisms in details.   

Polaron mobility vs optical phonon mobility with polaron effective mass 
 

 
Figure 4.9. Comparison of polaron and LO optical phonon mobility calculated with parameters taken from 

paper (Frost, 2017)20. 

The theoretical background of polaron theory is given in chapter 2. Polaron theory was 

one of the first models proposed to explain the limited mobilities in MHPs. According to 

polaron theory electron (hole) by moving in the polar crystal polarizes medium near itself and 

start interacting (or get trapped in) with self-induced electric field. The strength of these 

interactions may be described by Fröhlich coupling constant 𝛼 and given by equation (2.28). 

Our studies of the temperature dependency of mobility in thin films reveal a clear 

tendency of decrease in mobility with temperature. Also, our results are supported by other 

authors8,61,64,66–69 who showed the same mobility behavior with temperature. Moreover, recent 

studies20,21,64 reveal the modest values of coupling constants. Such a mobility behavior and 

modest coupling constants values indicate that large polaron formation is likely to form in 

MHPs.  

There are several authors20,21,91, who calculated the polaron mobility in halide 

perovskites. All of these works are based on the calculation of mobility by Hellwarth equation, 

given by equation (2.36), that is in general based on solving the Feynman path integral and 

minimization of variation parameters. This is in general a complicated method.  
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Table 4.5. Summarizing Polaron parameters calculated in the (Frost, 2017)20 and in this thesis. 

 

Materials 𝒎
𝒎𝟎

⁄  𝜺 𝜺∞ ℏ𝝎𝑳𝑶, 

meV 

𝒎𝒑
𝒎𝟎

⁄  𝜶 𝝁𝑯, 

cm2V-1s-

1 

𝝁𝑳𝑶 with 

polaron 

effective 

mass, 

cm2V-1s-1  

MAPbI3 

(Frost, 

2017)20 

0.12 (e) 

0.15 (h) 

4.5 24.1 9.30 0.16 (e) 

0.21 (h) 

2.39 

(e) 

2.68 

(h) 

136 (e) 

94 (h) 

184 (this 

work) 

MAPbI3 

(this work) 

0.2078 (e 

and h) 

5.564 30.464 11.5064 0.28 2.35 - 131 (this 

work) 

Since a large polaron is regarded as a free electron (hole) with enhanced effective mass, 

given by eq. (2.29), and undergoes the scattering at LO optical phonons in the crystal, we 

assume that Hellwarth equation of polaron mobility can be approximated by equation (2.14) of 

LO optical phonons mobility, obtained within Boltzmann transport theory, provided the charge 

carrier effective mass is regarded as a polaron effective mass according to equation (2.29). To 

validate this assumption, we took the dielectric properties, effective masses and LO optical 

phonon energies as they were used for calculation of the polaron mobility in the work (Frost, 

2017)20: static 휀 = 4.5 and high-frequency휀∞= 24.1 dielectric constants, effective mass 𝑚𝑒 = 

0.12𝑚0 for electrons and 𝑚𝑒 = 0.15𝑚0 for holes, optical phonon energies ℏ𝜔𝐿𝑂 = 9.30 meV. 

Then we substituted them into equation (2.14).  Instead of charge carrier effective mass we used 

the polaron effective mass 𝑚𝑝 with coupling constants 𝛼𝑒= 2.39 for electrons and 𝛼ℎ= 2.69 for 

holes calculated by Frost20. 

In figure 4.9 we show the results. As seen, the mobilities calculated by two different 

approaches yields rather similar results at lower temperatures and with increase in temperature 

the mobilities start deviating from each other, wherein mobility at the LO optical phonons yields 

lower values at room temperatures.  The estimated polaron mobility by Frost is 240 cm2V-1s-1 

20and the mobility at LO optical phonons with polaron effective mass is 184 cm2V-1s-1 what is 

a bit lower than predicted by Hellwarth equation.  Nevertheless, the mobilities, estimated by 

these two approaches at the same incoming parameters, yield quite close results in a broad range 
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of temperatures and despite the deviations at room and higher temperatures the mobility at LO 

optical phonons can be used to estimate the polaron mobility without involving complicated 

calculations of Feynman path integral and variation of parameters in Hellwarth formula. For 

that reason, for the further calculation of the polaron mobility we will for simplicity use the 

polaron effective mass, approximated by equation (2.14).  

Since the parameters, used by Frost for polaron mobility, differ from the ours, that we use 

for mobility calculation in this thesis, we also calculate the polaron mobility for parameters 

from table 4.4. . For electron and hole effective masses 𝑚 = 0.2𝑚0, static 휀 = 30.4 and high-

frequency dielectric constants 휀∞ =  5.5 and LO phonon energy ℏ𝜔𝐿𝑂= 11.5 meV, the resulting 

mobility is 131 cm2V-1s-1. Table 4.5 summarizes the parameters, used for calculations in the 

thesis and in the work (Frost, 2017)20 as well as obtained mobilities.  

Even though the polaron model describes better the mobility at room temperatures than 

Boltzmann theory of scattering at LO optical phonons, but the resulted mobility is still far from 

experimental values.  Alongside with interaction of charge carriers with LO optical phonons 

the further mechanisms such as Rashba effect25, Dynamic Disorder26 or Dielectric Dragg24 were 

considered.   Figure 4.10 shows the comparison of results in this work and other approaches 

available in the literature for MAPbI3. It is clearly seen from figure that including of additional 

effect, whether polaron with enhanced effective mass, Rashba effect or Dynamic Disorder, to 

the scattering at LO optical phonons, results in further reduction of mobility. In spite of all of 

the discrepancies due to the input parameters in calculations all these models still set upper limit 

of  mobilities above 100 cm2V-1s-1  at room temperature with the lowest mobilities obtained for 

Dynamic Disorder 135 cm2V-1s-1 and for scattering at LO optical phonons with polaron 

effective mass  in this work 131 cm2V-1s-1. Table 4.6 summarizes the mobility values obtained 

by various theoretical approaches.  
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Table 4.6. The  mobilities in MAPbI3 at room temperatures estimated by various approaches . 
 

Mechanism Mobility, cm2V-1s-1 

LO (this work) 200 

LO w/ polaron effective 

mass 

(this work) 

131 

Polaron 24020 

LO + Rashba Effect 20025 

Dynamic Disorder 13526 

Experiment (this work) 33.5 

 

Figure 4.10. Comparison of temperature dependencies of mobility in MAPbI3 in this work and in literature. The 

abbreviations RE stands for Rashba effect and DD stands for Dynamic Disorder.  
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Scattering at acoustic phonons 

 
Figure 4.11. The sum of electron and hole mobility calculated on polaron, LO optical and acoustic phonons.  

The early studies61,97,98 on charge carrier transport in MHPs in a broad range of 

temperatures were based on power law modeling of the temperature dependent mobility Tm with 

m = -1.6 - -1.4 what is very close to m = -1.5, typical mobility behavior of charge carrier  

scattered at acoustic phonons of deformation potential. However, more recent research 

works22,64,99, and it is also supported with our results from the previous section, show that room 

temperature mobility is rather influenced by electron – LO optical phonons interaction.  

However, acoustic phonons have usually low energy of a few meV and therefore it does not 

have such a steep decay with temperature, compared to optical phonons. Therefore, they may 

have an impact on charge carrier mobility at lower temperatures. There are only a few 

works23,65,25 conducted by considering the scattering at acoustic phonons of deformation 

potential and, to our best knowledge, there are no any studies on acoustic phonons of 

piezoelectric potential. That is why, in this section we provide with mobility on acoustic 

phonons of both types by using the quantities known from literature.   

For the calculation of mobility according to equations (2.16) and (2.18) we took the 

following parameters from literature for MAPbI3: deformation potential E1 = 2.5 eV95, density 

𝜌 = 4.15 g/cm3 94, speed of sound vs = 3100 m/s 22, piezoelectric constant p = 0.38 C/m2 96, 

dielectric constant 휀 = 30.4 64, electron and hole effective mass m = 0.2m0 
64. Table 4.4 

summarizes the used for calculation quantities from literature and references for them.  

Figure 4.11 shows the temperature dependency of mobility, calculated on optical and 

acoustic phonons and their total mobility, calculated according to Matthiessen rule, given by 
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equation (2.26). The resulting temperature-dependent mobility on acoustic phonons of both 

potentials predicts the room temperature mobility of around 104 cm2V-1s-1 what is more than 2 

orders of magnitude higher than measured values. Due to the low energies of acoustic phonons, 

the density of acoustic phonons does not decay so fast with temperature compared to optical 

phonons and thereby the scattering at acoustic phonons is not prohibited even at very low 

temperatures. However, considering only scattering at optical and acoustic phonons, the total 

mobility, dominated by acoustic phonons, is of 106 cm2V-1s-1 for piezoelectric potential and 107 

cm2V-1s-1 for the deformation potential at 10 K. These values also exceed far the measured 

experimental values.  The scattering at acoustic phonons piezoelectric potential results in lower 

mobility at low temperatures  compared to scattering at deformation potential due to weaker 

dependency on temperature 𝜇𝐴𝑃𝑃~𝑇−1 2⁄  vs 𝜇𝐴𝐷𝑃~𝑇−3 2⁄ for piezoelectric constant p = 0.38 

C/m2 96.  There are also some other works22,23,65 that considered the scattering at acoustic 

phonons. So, for instance in the work (Mante et al., 2016)23 the estimated mobility is 2800 

cm2V-1s-1 for electrons and 9400 cm2V-1s-1 for holes at room temperature. The sum of these 

values is in good agreement with our results.   

All stated above suggests that scattering at acoustic phonons does not seem to be the 

dominating scattering mechanism in MAPbI3 neither at room temperature nor at low 

temperatures.  The total mobility at room temperatures is likely to be limited mostly due to 

Fröhlich interactions and the mobility at low temperatures should be impacted by some other 

mechanisms such as impurities and/or exciton formation that will be discussed in detail in the 

next sections.  

Scattering at ionized impurities 

A number of studies have shown the presence of charged point defects in halide 

perovskites100,101 that may be treated as charged impurities and thereby may be considered as 

scattering centers for mobile charge carriers. The scattering at impurities has a specific 

temperature behavior compared to scattering at phonons. As it was shown in the previous 

section, the scattering at phonon has band-like transport properties and the mobility, or 

scattering time, decreases with increase in temperature. Scattering at impurities is controversial: 

it reveals rather hopping transport (charge carrier hop off from one scattering site to another) 

and thereby the mobility is growing with temperature. The mobility for charge carrier scattered 

at charged impurities is given by equation (2.22). Therefore, scattering at ionized impurities 

limits the charge carrier transport at low temperatures when the phonon population density is 
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low (no scattering at phonons). To our best knowledge, only a few authors65,89  performed the 

calculation at ionized impurities.   

In this work we use the Brooks-Herring approach as the one that takes into account the 

screening of the surrounding environment. The theoretical background is described in the 

chapter 2.   

For calculation of mobility at ionized impurities we have used effective masses and static 

dielectric constants as specified in the previous sections and varied the impurity densities 

 𝑛𝐼 =1016, 1017 and 1018 cm-3. We assumed charge number 𝑧 = 1. Moreover, it is important to 

point out that factor 𝐹𝐵𝐻 is dependent on charge carrier concentrations 𝑛𝑒  and it has usually a 

weak dependency with temperature under constant charge carrier concentrations and dielectric 

properties. However, at low temperatures the charge carrier concentration may drastically drop 

due to exciton formation and thereby may strongly influence the factor 𝐹𝐵𝐻.  Therefore, we 

took into account the reduction of charge carrier concentration with temperature that obey to 

Saha equation given in the chapter 2 of this thesis by equation (2.41). The detailed description 

of exciton on mobility is given in the next section.    

Figure 4.12 (a) shows the mobility for ionized impurities at various impurity density, 

optical LO phonons and their total mobility, obtained according to the Mattheissen rule. As 

expected, the decrease in the impurity density results in reduction of mobility. At impurity 

concentration 𝑛𝐼 =1016 cm-3 the mobility is around 9900 cm2V-1s-1 and it decreases up to 100 

cm2V-1s-1 at impurity concentrations 𝑛𝐼 =1018 cm-3 at 10 K. Hence, the impurity density 8∙1017 

cm-3 fits well the experimental value of mobility 280 cm2V-1s-1 at 10 K.  However, if the 

scattering at low temperatures were impacted only by scattering at ionized impurities, the 

mobilities at 40 K would constitute roughly 1000 cm2V-1s-1 what is not observed in the 

experiment. Thus, it makes highly unlikely scattering only at ionized impurities at low 

temperatures and some other mechanisms should be taken into account. Therefore, to explain 

the mobility behavior at low temperatures we took into account the scattering at neutral 

impurities. 

Scattering at neutral impurities 

Scattering at neutral impurities was neglected so far mostly due to low scattering cross-

section compared to ionized impurities. However, due to its relatively weak dependency on 

temperature, the neutral impurities together with ionized impurities may explain the mobility 
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behavior in the low temperature range. The scattering at neutral impurities is described in detail 

in the chapter 2. 

 
Figure 4.12. The electron and hole mobility in MAPbI3 scattered at ionized and LO optical phonons (a), at 

neutral impurities and LO optical phonons (b) and at ionized, neutral and polaron (LO optical phonons with 

polaron effective mass) (c) at various impurity concentrations. 

In figure 4.12 (b) we show the calculated Sclar mobility, given by equation (2.25), at 

various neutral impurity densities 𝑛𝑁𝐼. As it is seen from the figure, the mobility ranges from 

102 to 104 cm2V-1s-1 for densities 1016 – 1018 cm-3 and has the same range of magnitude as for 

ionized impurity scattering by Brooks-Herring formula. The mobility temperature behavior 

~𝑇0.5 increases less steeply with temperature compared to ionized impurity scattering 𝑇1.5 and 

it fits well the mobility in the range 20 - 80 K at 𝑛𝑁𝐼 ≅ 1018 cm-3. Moreover, the estimated 

charged and neutral impurity densities ~1018 cm-3 are in good agreement with point defect 

concentrations 1018 cm-3 in halide perovskites obtained by Polyakov102. Thus, both ionized and 

neutral impurities together seem to explain the mobility behavior at low temperatures at 

impurity concentrations in the range between 1017 - 1018 cm-3. The figure 4.12 (c) demonstrates 

the total mobility in MAPbI3 calculated at ionized, neutral impurities and LO optical phonons 

with polaron effective mass that guarantees the best fit to the experimental values of mobility 
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in a broad temperature range.  The dark blue curve in the figure 4.12 (c) indicates the Erginsoy 

mobility that does not depend on temperature.  

 Exciton influence on mobility

 
 

 
Figure 4.13.  (a) The reduction of free charge carrier concentration 𝛽 with temperature at exciton binding 

energy Eb = 13.5 meV according to Saha equation. (b) charge carrier concentration – mobility product 𝛽𝜇Σ at 

various exciton binding energies.  The mobility 𝜇Σ is calculated by scattering at acoustic (AP) and LO optical 

phonons with polaron effective mass (Polaron).  

Band edge excitation of electrons in semiconductors may result in bound electron-hole 

states, called excitons, that interact via Coulomb interactions. The binding energy of excitons 

is determined by effective mass of exciton and the relative dielectric constant of the medium 

where the exciton was formed. In the literature one may find a great deal of various values of 

the binding energies for MAPbI3 that may vary from a few meV to some tens of meV33,103,104. 

This is due to that the dielectric function for halide perovskites in the low THz range has many 

resonances105,106 resulting from metal-halide vibrations  that were described in the first  section 

of this chapter and thereby it reveals a large aspect ratio between static and high-frequency 

dielectric constants. The average values of binding energy in MAPbI3 is around 11-16 meV33,103 

at room temperatures. At such binding energies the exciton at room temperatures and low 

injection levels will dissociate into free electron and holes.  

However, with decrease in temperature the phonon population and energy is decreasing 

and the exciton becomes more stable leading to increase of exciton fraction at low temperatures. 

Thus, the population of free charge carriers and excitons must be carefully taken into account 

especially at low temperatures and it may strongly influence the charge carrier mobility, that is 
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a merit of difference in transmission of THz field of excited and unexcited thin film in the OPTP 

experiment.  

The population density (faction of free charge carrier to total injected density) may be 

calculated according to Saha formula33, given by equation (2.41). 

First, we can estimate the total injected electron-hole density after excitation 𝑛𝑡𝑜𝑡 =

𝐴𝑁𝑝ℎ 𝑑⁄   where 𝐴 is an absorbed fraction of incident light at excitation wavelength 𝜆, 𝑁𝑝ℎ =

𝑃𝑝𝑢𝑚𝑝𝑓𝑟𝑒𝑝𝜆/𝑆ℏ𝑐 is a photon density per area S at the excitation wavelength  𝜆 for excitation 

pump power 𝑃𝑝𝑢𝑚𝑝 at the laser repetition rate 𝑓𝑟𝑒𝑝  and 𝑑 is a thickness of the thin film. For 

excitation power 𝑃𝑝𝑢𝑚𝑝 = 6 mW with 𝑓𝑟𝑒𝑝 =150 kHz repetition rate, wavelength 𝜆 =400 nm,  

thin film thickness 𝑑 =500 nm, pump beam radius 0.15 cm and absorbance 𝐴 =0.72 for 

MAPbI3, obtained from UV-vis measurements, the total injected charge carrier density yields 

𝑛𝑡𝑜𝑡 =3.4∙1016 cm-3. For these concentrations and binding energy 𝐸𝑏 = 13.5 meV, a fraction of 

free charge carriers is  𝛽 = 0.89 at room temperature and 𝛽 = 0.05 at 30 K as it is shown in the 

figure 4.13 (a). It means that at low temperatures free electrons and holes may get into bound 

states and form excitons.  

Since THz Spectroscopy is sensitive to free charge carriers, then we assume that THz 

mobility of exciton is approximately equal to zero 𝜇𝑒𝑥𝑐 ≈ 0. Therefore, we assume that only 

free charge carriers (electrons and holes) contribute to mobility and, thus, in this case the total 

THz mobility is proportional to the charge carrier concentration 𝛽(𝑇), determined from Saha 

equation (2.41):  𝜇Σ(𝑇) ≈ 𝛽(𝑇)𝜇𝑒+ℎ(𝑇).  

In order to prove the concept, we calculated the mobility scattered at acoustic and optical 

phonons according to Matthiessen rule and multiplied to charge carrier concentration: 

𝛽(𝑇)[1 𝜇𝐴𝑃(𝑇) + 1 𝜇𝐿𝑂(𝑇)⁄⁄ ]−1. The number of electron – hole bound pairs (excitons) starts 

drastically increasing at temperatures below 100 K and thereby it may result in reduction of 

charge carrier mobility of around two orders of magnitude up to 102 – 103 cm2V-1s-1 at low 

temperatures.  We also analyzed the mobility at various exciton binding energies. Figure 4.13 

(b) demonstrates the total electron and hole mobility for optical and acoustic phonons at exciton 

energies 8.5, 13.5, 15 and 20 meV. It is quite clear that at higher binding energies and fixed 

temperature the concentration of free charge carriers is lower and thereby the mobility is lower 

according to our model. Thus, higher binding energies results in lower mobilities at low 

temperatures.  
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At room temperatures the exciton is unstable at calculated binding energies and the 

mobility is 𝛽𝜇Σ does not differ from 𝜇Σ, calculated without taking into account the exciton 

formation. 

 

4.7. Impact of cation compound on charge carrier transport 

 
Figure 4.14. Real and imaginary parts of sum of electron and hole mobility in (Cs, FA)PbI3 with imposed 

modified Drude-Smith fit on them at 10 K, 100 K, 200 K, 295 K ; (c) Variation of modified Drude-Smith 

localization length L and phenomenological parameter c1 with temperature; (d) Sum of electron and hole 

mobility in (Cs, FA)PbI3 with temperature.  

 

The analysis of temperature-dependent charge carrier mobility in the previous section was 

conducted on MAPbI3 thin film as the most well studied halide perovskite material.   However, 

it is known that MAPbI3 suffers from thermal stability, degradation and light-induced halide 

segregation, undergoes phase transition at near room temperatures and the record efficiency for 

MAPbI3 single crystal solar cells is now  21.092 %107. In order to overcome these issues for the 

last years of active research some other halide perovskites counterparts with organic,  
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Figure 4.15. Real and imaginary parts of sum of electron and hole mobility in (Cs,FA,MA)Pb(I,Br)3 with 

imposed fit on them at 10 K, 100 K, 200 K, 295 K ; (c) Variation of modified Drude-Smith localization length L 

and phenomenological parameter c1 with temperature; (d) Sum of electron and hole mobility in 

(Cs,FA,MA)Pb(I,Br)3  with temperature. 

 

inorganic and mixed cations were developed with enhanced optoelectronic properties, thermal 

stability and higher efficiency108. In this section we aim to investigate the impact of cation on 

charge carrier mobility in MHPs. Along with MAPbI3 thin film we had the following 

polycrystalline thin films: (Cs,FA)PbI3, (Cs,FA,MA)Pb(I,Br)3 produced by Dr. Martin 

Stolterfoht in the group Prof. Neher at  Potsdam University and CsPbI3 prepared in the group 

of Dr. Unold at the Helmholtz Zentrum Berlin. The detailed description and references on 

preparation are given in the section sample preparation of this chapter.   

The THz mobility spectra for thin films were recorded at temperatures in the range from 

10 K to 295 K. The spectra at 10 K, 100 K, 200 K, 295 K for (Cs,FA)PbI3 and triple cation (Cs, 

FA, MA)Pb(I,Br)3 are shown in the figures 4.14 (a, b) and 4.15 (a, b) respectively.  The mobility 

spectra for both of the thin films reveal similar behavior. The imaginary and real parts of 
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mobility at low temperatures are strongly dominated by phonon resonances at low temperatures, 

excited by THz field,  

 

Figure 4.16. The real and imaginary parts of THz mobility in CsPbI3 at 10 K (a) and 295 K (b), the temperature 

dependency of mobility (c). 

 

what makes complicated the analysis of mobility spectra.   However, despite the phonon 

features in the spectra, the upward shift of mobility spectra at low temperatures clearly indicates 

the increase of mobility with decrease in temperatures for both thin films. In contrast to 

MAPbI3, applied modified Drude-Smith modeling of the mobility spectra in (Cs, FA)PbI3 and 

(Cs, FA, MA)Pb(I, Br)3 thin films shows more evident signatures of localization in a broad 

range of temperatures. It is seen from the values of phenomenological parameter 𝑐1 that is 

negative for both thin films for all mobility spectra and with its maximum -0.52 for (Cs, FA)PbI3  

and -0.6 for (Cs, FA, MA)Pb(I, Br)3 at room temperatures. Moreover, the localization at low 

temperatures is stronger and reaches its minimum -0.72 for (Cs, FA)PbI3 and -0.69 for (Cs, FA, 

MA)Pb(I, Br)3 at 10K. Such a different behavior of 𝑐1 at low temperatures compared to MAPbI3 

may be explained by more complicated compound content of the thin films, when the uneven 

distribution of cation atoms may serve as additional scattering centers. The presence of 

localization at higher temperatures in turn may be explained by increasing electron-phonon 
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interactions or polaron formation. Interestingly, the values of localization length L are in range 

of 6-8 nm for the thin films and they start decreasing at 130-160 K with increase of temperature 

and reach 4.7- 5 nm at room temperatures what is very close to polaron radii calculated in some 

other works20,21,90.   

The mobility spectra for CsPbI3 were fully recorded at 10 K and 295 K, the rest of the 

OPTP measurement was performed by measuring at the THz pulse maximum due to large level 

of noise in the set-up. And then the mobility was determined from maximum of THz pulse in 

time domain. The figure 4.16 shows the mobility spectra and the dependency of mobility on 

temperature. The noisy THz signal makes complicated the analysis of the mobility spectra at 

10 K. However, it is seen from the figure 4.16 (a) that real part shows the slight decrease of 

mobility and imaginary part of mobility slight increase with imposed phonon features at around 

1 and 1.6 THz. Also the analysis of the spectra by modified Drude-Smith model indicates rather 

Drude behavior of mobililty at 10 K, close to the mobility behavior in MAPbI3 (free charge 

carrier motion). The room temperature mobility shows rather the fingerprints of localization 

with phenomenological parameter 𝑐1= -0.28 and very low relaxation time 3.5 fs. Thus, mobility 

behavior of fully inorganic CsPbI3 and fully organic perovskite MAPbI3 is quite identical and 

it shows the signs of free charge carrier motion at low temperatures, what is controversial for 

mixed cations thin films.  

The mobilities for the thin films were calculated from the maximum of the THz pulse in 

time domain as it is described in the chapter 3 “Experimental Method and Data Analysis”. 

Figures 4.14 (d), 4.15 (d), 4.16 (c) show the temperature dependency of mobility in thin films. 

The mobilities at room temperatures are quite similar for the thin films, yielding the highest 

mobility for MAPbI3 and the lowest for CsPbI3 as it is described in the section charge carrier 

transport at room temperature. However, at low temperatures, under 133K, the differences in 

mobility are more remarkable. The highest mobility of 280 cm2V-1s-1 is observed for MAPbI3 

at 10 K while mobility values for the rest of thin films are significantly lower and constitute 

100 cm2V-1s-1 for CsPbI3, 133 cm2V-1s-1 for (Cs, FA, MA)Pb(I, Br)3 and 100 cm2V-1s-1 for (Cs, 

FA)PbI3 at 10 K. The temperature dependent mobility for CsPbI3 and triple cation 

(Cs,FA,MA)Pb(I,Br)3 thin films shows clear reduction of mobility with temperature and 

thereby it has band-like charge carrier transport. However, the mobility in (Cs, FA)PbI3 is not 

continuously increasing with decrease in temperature. First, the mobility increases up to 128 

cm2V-1s-1 at 30 K and then it reduces up to 100 cm2V-1s-1 at 10 K. Such a decrease of mobility 

is not typical for band-like transport behavior (transport due to phonon scattering) and is likely 
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to result from scattering at impurities that are key scattering mechanism at low temperatures. 

The temperature mobility behavior is very similar for inorganic CsPbI3 and triple cation thin 

film (Cs, FA, MA)Pb(I, Br)3. Table 4.7 summarizes the charge carrier mobility and fit 

parameters in various halide perovskites.  

Table 4.7. Parameters of modified Drude-Smith in thin films with fixed effective mass 𝑚𝑒𝑓𝑓 = 0.2𝑚0. 

Material T, K 𝝉, fs 𝒄𝟏 𝝁𝑫𝑪, cm2V-

1s-1 

𝝁𝒕(time-

domain), cm2V-

1s-1 

t, fs L , nm 

(Cs, FA)PbI3 10 34.7 -0.72 83.9 101 85.8 2.4 

100 29.5 -0.77 60.8 72.2 67.7 5.9 

200 12 -0.64 37.6 39 46.9 5.8 

295 5.7 -0.52 24.3 25.4 31.4 4.7 

(Cs, FA, 

MA)Pb(I, Br)3 

10 24.8 -0.69 67.4 132.9 163.3 4.5 

100 27.2 -0.77 54.3 73.9 86.7 7.5 

200 12.2 -0.63 39 42.9 57.7 7.1 

295 6.9 -0.6 24.5 25.6 34.4 5.1 

CsPbI3 10 10.8 2∙10-18 95.3 105.2 52.5 7.9 

295 3.5 -0.28 21.9 22.2 31.4 4.7 
 

 

As it was shown in the transport modeling section for MAPbI3, the mobility at room 

temperatures is limited either by scattering at polar optical phonons or by polaron formation. 

Moreover, we have shown that polaron mobility may be defined by mobility on LO optical 

phonons with enhanced effective mass equal to polaron effective mass. Regardless of polaron 

or optical phonon scattering, both of mechanisms are fully described by the following 

quantities: charge carriers effective masses 𝑚, low – 휀 and high-frequency dielectric constants 

휀∞ and LO optical phonon energy ℏ𝜔𝐿𝑂. The provided in literature values of electron and hole 

effective masses are in the range ~ 0.1 – 0.3me for many perovskites76–78,109,110. The effective 

masses are defined from the curvature of conductance band minima (for electrons) or valence 

band maxima (for holes). It is known that the minima and maxima of band structure in halide 

perovskites are formed by metal-halide bonds5. Also reported values of low-frequency 휀 and 

high-frequency 휀∞ dielectric constants in CsPbI3 and MAPbI3 are quite similar: 휀 = 18 - 

3320,21,106 and  휀∞ = 4.5 – 6.520,21,106,109, revealing large aspect ratio between the dielectric 

constants. Furthermore, the LO optical phonons energies lay in the low THz frequency range  

and are also determined by bending and stretching modes associated with vibrations of metal-

halide bonds74,111. Thus, the most important parameters that limit mobility at room temperatures 
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are determined by metal-halide network but not the cation compound in halide perovskites. 

Therefore, we obtain the mobilities for various compositions relatively similar and may 

conclude that the cation has a minor impact on mobility in halide perovskites at room 

temperature. 

At temperatures below 𝑇 = ℏ𝜔𝐿𝑂/𝑘 = 133 K the population density of polar optical 

phonons is rapidly decreasing resulting in increase of mobility with temperature. At these 

temperatures the mobility for many semiconductors are normally influenced by charge-carrier- 

acoustic phonon interactions or by scattering at charged or neutral impurities. As we have 

already shown in the Modeling section for MAPbI3 the mobility obtained for scattering at 

acoustic phonons at low temperatures is around 107 cm2V-1s-1, what is 5 orders of magnitude 

higher than measured mobility for all thin films ~102 cm2V-1s-1. The mobility of charge carriers, 

scattered at acoustic phonons, depends on elastic constant C= 𝜌𝑣𝑠
2, given as  a product of 

material density 𝜌 and squared sound speed 𝑣𝑠 in the material of interest28 ,as well as  

deformation potential E1 as follows 𝜇𝐴𝐷~ 𝐶 𝐸1
2⁄  for acoustic phonons of deformation potential, 

or piezoelectric coefficient p as 𝜇𝐴𝑃~ 𝐶 𝑝2⁄ for acoustic phonons of piezoelectric potential. The 

deformation potential for holes and electrons for the most of semiconductors is in range of a 

few eV23,64,94 and the elastic constants are 2.7 GPa112 for FAPbI3 and 7.3GPa112 for MAPbI3. 

Thus, one may conclude that a cation in metal halide perovskites do not have a large impact on 

elastic constants and deformation potential and, therefore, the mobility for thin films with 

various cation composition is expected to be similar to mobility at acoustic phonons, calculated 

for MAPbI3..  Hence, if one excludes the scattering at acoustic phonons, the scattering at 

impurities is  the only scattering mechanism that limits the mobility in MHPs at low 

temperatures. The conducted in this work simulation on scattering at impurities in MAPbI3 

showed, that the scattering at charged impurities seems not to explain completely the mobility 

values at low temperature mostly due to steep increase with temperature 𝑇1.5. However, taking 

into account scattering at neutral impurities that have a mobility temperature dependency 

~(𝑇0.5 − 𝑇−0.5) we obtained the mobility values that fit well to measured mobility at impurity 

concentrations ~1018 cm-3 for MAPbI3 and this is in good agreement with measured donor 

concentrations in perovskites by Polyakov102. Thus, mobility in other perovskites are also likely 

limited by scattering at impurities.  

Another important aspect that may limit the mobility at low temperatures is exciton 

formation. At low temperatures when the phonon population density is low, the free (mobile) 

charge carriers may get bound into an exciton state. The exciton formation results in reduction 



78 
 

of mobile charge carriers and thereby resulting in reduction of mobility.  Figure 4.17 shows the 

mobility for all thin films measured in this work and summarizes the calculation of mobility at 

LO optical phonons and impurities (a) and LO optical and acoustic phonons taking into account 

the exciton formation at low temperatures (b).  

 
Figure 4. 17. The temperature dependent mobility for polycrystalline halide perovskite thin films and calculated 

mobilities at LO optical phonons and impurities (a) and LO optical and acoustic phonons taking into account 

the exciton formation (b).  

 

4.8. Conclusions 
 

The following polycrystalline metal halide perovskites thin films MAPbI3,  (Cs,FA)PbI3, 

(Cs,FA,MA)Pb(I,Br)3 and CsPbI3 were investigated by THz spectroscopy. The thin films reveal 

very similar transport behavior, regardless of cation composition, and have the mobility in the 

range from 21.5 cm2V-1s-1 for CsPbI3 and 30 cm2V-1s-1 for MAPbI3.  The room temperature 

mobility shows the signs of localization of charge carriers that may result from charge carriers-

phonon coupling, the phenomenological parameter c1, defined from the modified Drude-Smith 

fit, is in the range from -0.6 – -0.3. The recorded mobility spectra in the temperature range from 
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10 K to 295 K show the reduction of mobility with temperature, indicating thereby the band-

like transport in MHPs. The detailed analysis of mobility from scattering at phonons and 

impurities show that the room temperature mobility is rather affected by scattering at optical 

phonons, while scattering at charged and neutral impurities are dominating in the low 

temperature range. Furthermore, it was shown that exciton formation may have a drastic impact 

on charge carrier mobility in MHPs at low temperatures.    
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5. Charge carrier transport in two-dimensional halide perovskites.  
 

5.1. Introduction  
 

Despite many outstanding optoelectronic properties of 3D halide perovskites and record 

power conversion efficiencies (PCE),  that reached 25.1 % over the last 10 year of active 

research, a lack of stability is the main hurdle on the way to industrial application of 3D MHPs. 

To overcome this difficulty and improve stability, several approaches were proposed113. One of 

them is to implement large organic hydrophobic molecules such as phenethylammnium (PEA) 

and butylammonium (BA) into perovskite structure that result in formation of metal-halide 

octahedral layers separated by layers of organic bulky cations (PEA, BA). Such a structure is 

known as two-dimensional (2D) organic-inorganic hybrid perovskites. The layer of spacer 

cations is aimed to block the penetration of moisture into the halide perovskites layer and 

thereby it improves stability.  

The general structure formula of 2D perovskites is A’
2A

’’
n-1BnX3n+1 where A’ is a large 

spacer cation (PEA, BA and etc.), A’’ is a cation (MA, FA, Cs), B is a metal cation (Pb, Sn) and 

X is a halide anion (Cl, I, Br), n specifies the number of perovskite octahedral [BX6]4− sheets 

in perovskite layer, what is determined by composition of the solution precursor. Depending on 

the number n, one may distinguish between pure 2D (n=1), quasi-2D (1 < n < 6) and quasi-3D 

(n>6), 3D (n=∞) perovskites. The schematic structure of 2D perovskites for various values n 

is depicted in figure 5.1.  

 

Figure 5.1. Schematic structure of 3D (n > 4), quasi-2D (n < 4) and 2D  perovskites (n = 1) 

. 

In spite of the enhanced stability, the efficiency of 2D MHPs solar cells has increased from 

4.73 % to 17.25 % for the last a few years114–117. However, the performance of the SCs based 

on 2D MHPs is still lower than 3D counterparts. The low PCE in 2D MHPs is attributed to poor 
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charge carrier transport, arising from dielectric and quantum confinement in the multilayered 

structures32. Another factor limiting the solar cells performance is larger band gaps in 2D 

perovskites113,115. 

 

 
Figure 5.2. Comparison of mobility measured by TRMC or THz Spectroscopy (a) and life (decay) times 

obtained from TRPL measurements (b) provided in literature for various 2D hybrid perovskites. 

 

The charge carrier mobility in 2D perovskites was previously studied by time resolved 

microwave spectroscopy (TRMC), optical pump THz probe spectroscopy (OPTP) and space 

charge limited current approach (SCLC). The mobility values vary in the range ~1 - 15 cm2V-

1s-1 (figure 5.2 (a))86,118–126,127,128 depending on measurement methods and number of metal-

halide sheets n   (perovskite layer thickness). Furthermore, a number of studies120,121 have 

shown that mobility in 2D perovskites depends on the orientation of the layers: metal-halide 

layers show better conductivity than bulky cations layers and thereby the layers separation 

prohibits the charge carriers migration from one layer to another. Thus, in order to collect the 

generated charge carriers properly, vertical growth of layers (perpendicular to a substrate) is 

preferential for better solar cell performance. Hence, improvement of charge carrier transport 

was achieved so far with focus on 1) reducing the dielectric confinement by development of 

new spacer organic cations117 or by modifying BA, PEA cations129,130 or by mixing them with 

other materials131; 2) reducing the quantum confinement by reducing spacing between bulky 
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cations121,132 or by increasing the n value (increasing 3D:2D ratio)133,134; or 3) the preferential 

(vertical) growth of layers by hot-casting tenchnique135–139 or by using some extra 

additives126,127,140,141 like NH4SCN or MACl during thin film preparation.

Alongside with poor charge carrier transport, quantum and dielectric confinement in 2D 

perovskites lead to exciton formation with high binding energies of hundreds of meV142,54,143. 

At such high binding energies, the exciton is stable at room temperatures and should have an 

enormous impact on charge carrier dynamics in 2D perovskites. The behavior of excitons 

depends on the number of [PbI6]4− sheets118,119,142 and excitation densities54. Several 

studies118,119 have shown that low concentrations (large n) of bulky organic cations results in 

reduction of monomolecular recombination rates due to passivation of traps at layer interfaces. 

However, the further increase in the content of spacer cations leads to increase in 

monomolecular, bimolecular and Auger recombination rates due to exciton recombination. In 

another work142 two distinctive kinetic mechanisms of exciton (charge carriers) recombination 

were proposed, depending on the number of [PbI6]4− layers n. According to this work142,  2D 

perovskites with n ≤ 2 the exciton decays via a non-radiative channel associated with trap states, 

resulting in shorter lifetimes, while for thin films with n>2 the dominating mechanisms is 

dissociation of exciton to long-lived free charge carriers that recombine via lower energy state 

by emission of photon, leading in turn to longer lifetimes. The lifetimes (decay times), estimated 

from different techniques, are in the range from a few ns to tens of ns (figure 5.2 

(b))117,123,127,131,142,144, depending on number of [PbI6]4− sheets n, treatment methods during 

thin films preparation or types of organic spacer cations. The largest lifetime is ~ 100 ns 

obtained for multiple aromatic ring ammoniums117. Furthermore, a number of authors proposed 

existence of polaronic excitons145–147 and biexcitons54 in 2D perovskites.     

This chapter is dedicated to the investigation of charge carriers transport and dynamics in 

various 2D Ruddlesden – Popper perovskites polycrystalline thin films (RPP) BA2MAn-1PbnI3n+1 

(n = 2 - 4) by means of OPTP Spectroscopy. In this study, we perform a detailed analysis of 

charge carrier mobility spectra by the modified Drude-Smith model, explain the behavior of fit 

parameters and mobility depending on the number and orientation of octahedral sheets n in the 

thin films. Finally, we study the charge carrier dynamics and show its sensitivity to exciton 

formation in 2D perovskites with low number of  [PbI6]4− layers n.     
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5.2. Sample preparation  
 

Four thin films BA2MAn-1PbnI3n+1 (n = 2 - 4) were provided by Shanshan Zhan from the 

group of Prof.  Neher at Potsdam University. Three samples BA2MAn-1PbnI3n+1 (HC) (n = 2 - 4) 

were prepared by hot-casting technique and one sample BA2MAn-1PbnI3n+1 (RT) (n = 4) was 

spin coated at room temperature. The thin films were deposited on quartz substrate. The detailed 

description of thin films preparation is given in Shanshan Zhan’s paper148. The performed out-

of-plane and in-plane X-ray Diffraction by Shanshan Zhan has shown the parallel and 

perpendicular orientation of the octahedral layers to substrate for BA2MAPb2I7 (n = 2) and 

BA2MAn-1PbnI3n+1 (n = 3 - 4), respectively148.   

 

5.3. Charge carrier mobility in two-dimensional perovskites 
 

In order to investigate the charge carrier mobility, all four thin films were measured by 

OPTP Spectroscopy (The method and set-up is described in  chapter 3 “Experimental method 

and data analysis”). Figure 5.3 (a) shows the mobility spectra for thin films,  measured at 

20 ps after photoexcitation, with modified Drude-Smith fit imposed above the spectra. The real 

parts of mobility show an increase with frequency while the imaginary parts gradually decreases 

and have negative values for all thin films. Such behavior of imaginary and real parts of THz 

mobility spectra indicate the presence of localized charge carriers in the thin films. Moreover, 

the mobility drops are observed at frequencies ~ 1 and 1.8 THz. These frequencies are the same 

as in the 3D counterparts and they are arising from coupling of charge carriers with metal-halide 

network vibrations.  Besides that, the depth of these mobility drops decreases with decrease in 

the number of sheets in perovskites structure.  

Due to the weak frequency dependency, thin film mobility values were determined from 

the time domain THz signal. As expected, the mobility decreases with decrease in the number 

of sheets  n. The highest values of mobility, equal to 8 cm2V-1s-1 and 5.9 cm2V-1s-1, were 

obtained for BA2MA3Pb4I13 (HC) and BA2MA3Pb4I13 (RT) thin films, respectively. The higher 

mobility for the thin film, prepared by hot-casting technique, was expected as multiple 

works136,137,139 have shown that this technique leads to improved power conversion efficiency 

due to improved alignment of the octahedral layers to the substrate and electrodes.  This thin 

film with highest mobility has also shown the best PCE in the finished solar cell148. The lowest 
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mobilities 3.7 cm2V-1s-1 and 5.1 cm2V-1s-1 were obtained for double (n=2) and triple layered 

(n=3) 2D perovskites respectively. The obtained mobility values for thin films are in good 

agreement with THz mobility values obtained in some other works86,118–120. 

 
Figure 5.3. (a) Mobility spectra and modified Drude-Smith fit for BA2MA2Pb2I7, (b) time-domain mobility, 

(c) localization length from the fit and (d) parameter c1 depending on the number of layers.   

 

Table 5.1. Parameters of applied modified Drude-Smith fit for measured 2D perovskites thin films. 

Sample Scattering 

time 𝝉, fs 

c1 DC mobility 

𝝁𝑫𝑪, cm2V-1s-1 

Time domain 

𝝁𝒕, cm2V-1s-1 

Localization 

length L, nm 

BA2MA3Pb4I13 

(RT, n =4) 

1 -0.72 4.9 5.9 3.7 

BA2MA3Pb4I13 

(HC, n = 4) 

1.4 -0.73 6.6 8 3.8 

BA2MA2Pb3I10 

(n = 3) 

2.1 -0.87 4.8 5.1 2.5 

BA2MAPb2I7 

(n = 2) 

6 -0.97 3.7 3.7 0.91 

 

 

In order to give more quantitative insight into the transport properties, the modified Drude-

Smith model was applied to all measured thin films spectra. The fit (modeling) was performed 
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by varying the scattering time 𝜏, parameter c1, localization length L and diffusion time 𝑡∘, while 

the effective mass m for charge carriers was set to average value available in literature 0.1m0
149, 

assumed equal to both electrons and holes due to similarity of effective masses in 2D  

 
Figure 5.4.(a)The scheme, explaining the dependency of mobility on layers orientation: electron (hole) 

acceleration by THz field, polarized parallel to the conductive  PbI6 layers (left) and localization of electron 

(hole) when the polarization plane of THz field is perpendicular to orientation of the layers (right); (b) The 

mobility spectra and modified Drude-Smith fit; (c) time-domain mobility depending on layers orientation for 

BA2MA3PbI12 (RT).  

 

perovskites, calculated by DFT in the various works.  The modeling also shows the decrease of 

localization length L and c1 with decrease in the number of metal-halide sheets n (Figure 5.3 c, 

d), indicating thereby the charge carrier localization in very thin meta-halide layers with low n 

value. Beside the difference in mobility in BA2MA3Pb4I13 (HC) and BA2MA3Pb4I13 (RT) thin 

films, there is not much difference in localization length L and c1 for both thin films. The 

relaxation time is in the range 1-6 fs for measured thin films (table 5.1) and thereby comparable 

to the ones in 3D counterparts. The localization length L is in good agreement with thicknesses 

of metal-halide [PbI6]4−layers. A typical thickness for a single [PbI6]4−sheet layer (n=1) is 

~0.6 nm150, indicating rather the charge carrier localization scale is within a perovskite layer.  
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The reduction of mobility with decrease in n may be easily understood by the increasing 

strength of quantum confinement of photogenerated charge carriers within layers (quantum 

wells). Another aspect limiting the mobility in multilayered structures is exciton formation due 

to dielectric confinement, which arises from periodic change in permittivity of the layers (the 

dielectric constants for spacer layers 휀 ~ 2 and for PbI6 octahedral layers 휀 ~ 5)118.  

In order to investigate in-plane and out-of-plane charge carrier mobility, we performed 

OPTP measurements after rotating the sample to angles of 0°, 45°, 90° and 135°. For this 

measurement we used a BA2MA3Pb4I13 (RT) thin film, where the layers were oriented 

perpendicular to the substrate according to XRD measurements, performed by Zhang148. By 

rotating the thin film the mobility is expected to change, reaching its maximum, when the 

polarization plane of THz filed is parallel to metal-halide layers, and reaching its minimum, 

when the polarization plane is perpendicular to the layers (figure 5.4 (a)).  

Figure 5.4 (b) shows the mobility spectra at various angles for the BA2MA3Pb4I13 (RT) thin 

film and figure 5.4 (c) shows the time domain mobility depending on the measurement angles. 

As shown in the graph, the time domain mobility of 2.8 cm2V-1s-1 is at its maximum at 0°, then 

it gradually decreases to its minimum value 0.4 cm2V-1s-1 at 90° and starts increasing again.  The 

similar effect of dependency of mobility on the layers orientation was also observed in some 

other 2D MHPs thin films120,121, measured by TRMC and in another measurement  

configuration by tilting the thin film with regard to the THz beam polarization plane. Since the 

performance of the SCs strongly depends on the charge carrier mobility, this effect may have a 

drastic impact on the SCs performance. Therefore, the vertical (perpendicular) orientation of 

the conductive [PbI6]4−layers with regard to selective contacts is preferential in order to 

guarantee the most efficient collection of charge carriers.  

 

5.4. Charge carrier dynamics 
 

In order to study charge carrier dynamics in two-dimensional perovskites, we measured the 

photoconductivity transients (decay of photoinduced change in THz pulse transmission  ∆𝑇 𝑇⁄ ) 

of the thin films by OPTP Spectroscopy at the maximum of THz pulse with pump beam fluence 

21.1 𝜇Jcm-2. Since the photoconductivity is a product of mobility 𝜇 and excess charge carrier 

density ∆𝑁 (photogenerated charge carrier density), it is assumed that mobility does not change 
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significantly with time after photoexcitation and the decay of  ∆𝑇 𝑇⁄  (literally 

photoconductivity) occurs due to the kinetics of excess charge carriers ∆𝑁(𝑡). 

  

 

  
 
Figure 5.5. The photoconductivity decay ∆T/T form THz measurements for thin films (a); comparison of 

photoconductivity decay ∆T/T in BA2MAPb2I7 (n = 2) in thin work with transient for PEAPbI4 in the work 

Burgos-Caminal et al., 2017. Indicating the exciton formation in two-dimensional perovskites(b); The scheme 

of charge carrier kinetics (dynamics) in 2D perovskites n =2(c) and   n = 3-4 (d). 

 

Figure 5.5 (a) shows the recorded transients for two-dimensional perovskites thin films 

compared to MAPbI3 thin films (3D perovskite). In order to clearly see the dynamics directly 

after photoexcitation of charge carriers, the plot is split into two subplots in the timeframes first 

from -1 to 3ps and then from 20 ps to 1860 ps. The BA2MAn-1PbnI3n+1 (n = 3-4) and MAPbI3 
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thin films show very identical behavior in the first ps of rise of  ∆𝑇 𝑇⁄  and then shows the 

plateau up to 100 ps for MAPbI3 and up to ~ 50 ps for the two-dimensional perovskites thin 

films (n = 3, 4). The plateau ( ∆𝑇 𝑇⁄  remain constant) up to tens of ps may be attributed to 

cooling of charge carriers in halide perovskites due to hot phonon bottleneck effect at high 

fluences, that was already observed in some other works87,151. According to  bottleneck effect, 

the charge carriers emit and reabsorb LO optical phonons, what in turn results in increase of 

effective cooling time – time needed for charge carriers to reach the band edges. After that 

 ∆𝑇 𝑇⁄  decays can be explained by  charge carrier recombination.  

Interestingly, the BA2MAPb2I7 (n = 2) shows a different dynamics than the other thin films. 

After photoexcitation,   ∆𝑇 𝑇⁄  shows a drastic decrease. As the OPTP is sensitive to free charge 

carrier density ∆𝑁(𝑡), the decrease of transmission  ∆𝑇 𝑇⁄  is likely to be due to that electrons 

and holes form the excitons. Moreover, identical behavior in two-dimensional perovskites was 

also shown in the work Burgos-Caminal et al.54(Figure 5.5 (b)) who studied the charge carrier 

dynamics in PEAPbI4 (n = 1) by time-resolved THz Spectroscopy (TRTS, OPTP) and 

fluorescence upconversion spectroscopy (FLUPS).  By comparing the results from TRTS and 

FLUPS, they concluded the exciton formation occurs within 350 fs after photoexcitation. By 

performing a three exponential fit, we have found the following first decay time 390 fs, which 

can be interpreted as the timeframe of exciton formation.  

The decay time of the transients may be estimated by performing the multi-exponential fit 

𝑦 =  𝑦0 + 𝐴 ∙ exp[−(𝑡 − 𝑡0)/𝜏1] + 𝐵 ∙ exp[−(𝑡 − 𝑡0)/𝜏2] + 𝐶 ∙ exp[−(𝑡 − 𝑡0)/𝜏3]and the 

total decay time is defined as 𝜏 = (𝐴𝜏1 + 𝐵𝜏2 + 𝐶𝜏3)/(𝐴 + 𝐵 + 𝐶). From the fit the following 

total decay times for the thin films are obtained: 5.7, 4.3 ns for BA2MA3Pb4I13 ( n = 4, HC, RT) 

respectively, 1.4 ns for BA2MA2Pb3I10 (n = 3) and 0.7 ns for BA2MAPb2I7  (n = 2). The defined 

decay times cannot be directly regarded as lifetimes of charge carriers, but we still may give 

some assumptions why they are different and decrease with  n.  Despite a bit different decay 

times for n = 4 thin films obtained from the exponential decay fit, both of them show similar 

behavior and the transients overlap in the ns time range. Thus, the preparation technique has a 

minor effect on charge carrier dynamics. However, the transients decay faster than the transient 

for MAPbI3. Due to low trap densities in MAPbI3 and passivation effect of the interface layers 

by organic spacer cations in two-dimensional perovskites, the faster decay of transients is likely 

to be owing to enhanced Auger recombination or radiative recombination, enhanced because of 

quantum confinement in 2D perovskites. With increase in content of organic spacer cations and 

decrease in thickness of the octahedral layers (lower n), the excitonic effects are becoming 
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stronger. According to the work (Blancon et al., 2017)142, in low dimensional perovskites at n 

<2, the  strong excitonic interactions between electrons and holes, result in recombination via 

traps and thereby result in shorter lifetimes.    

On the base of photoconductivity transients, described above, the following charge carrier 

dynamics may be proposed in two-dimensional perovskites (see figure 5.5 (c,d)). The analysis 

of transients indicates that charge carrier dynamics in 2D perovskites is dependent on the 

number of sheets n. For n = 3-4, where the  layers are thicker, we observe the charge carrier 

dynamics similar to the 3D counterparts: The slow cooling is observed within ~100 ps for MAPI 

and slightly shorter ~ 50 ps for two-dimensional perovskites n=3-4. After cooling and reaching 

the band edges the charge carriers are likely to undergo the radiative recombination or Auger 

recombination.  For n =2, where quantum and dielectric confinement are stronger, charge 

carriers form very fast the excitonic state within 390 fs after photoexcitation. The reduction of 

decay time, compared to 3D MAPbI3, is highly likely to be due to the confinement of the charge 

carriers within [PbI6]4− layers that may increase the rate of radiative or Auger recombination.     

 

5.5. Conclusions 
 

The two-dimensional MHPs thin films with various number of octahedral [PbI6]4− sheets 

(n = 2-4) were measured by THz Spectroscopy. The measured mobility is in the range from 3.7 

cm2V-1s-1 for n =2 and 8 cm2V-1s-1 for n = 4, prepared by hot-casting technique. Charge carrier 

mobility decreases with decrease in number of [PbI6]4− sheets n. This reduction of mobility 

can be explained by localization of charge carriers within these layers. The localization length 

L, determined from the modified Drude-Smith fit, is in the range from 0.9 nm to 3.7 nm, what 

is in good agreement with the thickness of metal-halide layers. Furthermore, poor transport 

properties are observed across the layers of separation molecules, which results in preferential 

charge carrier transport within  [PbI6]4− layers. We directly observed these preferential 

transports by sample rotation and could confirm vertical orientation of the conductive 

[PbI6]4−layers in BA2MA3Pb4I13 thin film. Moreover, the kinetics and lifetimes are strongly 

influenced by exciton formation for the thin film with n=2.  
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6. Charge carrier transport in nanocrystalline  perovskites 
 

6.1. Introduction 
 

Alongside with three- and two-dimensional perovskites, the colloidal 0-dimensional 

perovskites (quantum dots (QDs), nanocrystals (NCs)) have recently attracted much attention 

due to their low cost production, relatively low VOC losses, high PL quantum yield (PLQY), 

high defect tolerance, efficient multiple exciton generation and the potential to suppress the 

Shockley-Queisser limit by collecting hot charge carriers before they cooled down to the band 

edges152,153,154. However, in spite of all advantages, the power conversion efficiency (PCE) is 

still limited and is far from the PCE for their 3D counterparts, with its maximum so far value 

17.4 %155. The reason for relatively low PCE is poor charge carrier transport due to bad NCs 

coupling (large spacing between NCs). The measured mobility values in perovskites NCs are 

in the range of  0.01 - 2 cm2V-1s-1 156–160as shown in  figure 6.1, except the high values of  

mobility 2500 - 4500 cm2V-1s-1 for CsPbBr3 QDs in the works (Yettapu et al., 2015)160 and 

(Sarkar et al., 2016)159 (both from Mandal et al. group) and low values of mobility 2.6∙10-6 

cm2V-1s-1, determined from SCLC method by (Liu et al., 2020)158. The mobility varies 

depending on the measuring methods and composition of perovskite, but is lower than in 3D 

and 2D counterparts for the most cases.    

 
Figure 6.1. Comparison of mobility measured by various techniques in the perovskites of various dimensions.  

 

The most of the perovskites NCs thin films are produced according to ligand-assisted 

methods at room temperature for organic-inorganic PNCs, described by (Schmidt et al., 
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introduced by (Protesescu et al, 2015)163. Unlike conventional II-IV NCs, the octylamine or 

oleylamine (OLA) and oleic (OA) acids are the main surface ligands, used in the thin film 

preparation. OLA controls the kinetics of crystallization and thereby influences the size of 

colloidal NCs, while the OA suppresses the NCs aggregation and influences the colloidal 

stability162. However, these ligands are relatively long and thereby they limit the charge carrier 

transport in  perovskites NCs by creating the barriers between the NCs.. Figure 6.2 shows the 

difference in mobility in the THz range for CsPbI3 polycrystalline and nanocrystalline thin 

films. 

 In order to improve the charge carriers coupling in the PNCs, the main studies on ligands 

engineering is being conducted in the following directions: (1) by removing the ligands and 

replacing them with shorter ones157,164,165; (2) by controlling the amount of the ligands during 

the synthesis158,166,167; (3)partial replacement of OLA/OA with other ones such as 

octanoic/octylamine ligands168.  

 
Figure 6.2. The real parts of mobility spectra in CsPbI3 poly- and nanoncrystalline thin films (left) and 

schematic explanation of limitation of the mobility in nanocrystalline materials by introducing the barriers 

between the NCs from the ligands (right).   

 

The nm-size of the crystals implies that the photoexcited charge carriers may become 

confined or localized within nanocrystals, resulting in change of optoelectronic properties of 

the materials such as increasing the bandgaps. Furthermore, similar to 2D perovskites , the 

quantum confinement of the photoexcited charge carriers may trap them into a bound excitonic 

states. The studies on steady-state PL have shown that exciton binding energies in perovskites 

NCs vary in the range 20-75 meV169,170, what is in general higher than room temperature 

energies kT and therefore it makes the exciton stable even at room temperature in perovskites 

NCs. The presence of excitons and high defect tolerance in the perovskites NCs results in very 

high PLQY (around 90 %)163. A number of studies showed the formation of excitons, biexcitons 
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in the ps range154,171,172,173. Moreover, the confinement of charge carriers leads to enhancement 

of Auger/radiative recombination at high fluences and thereby limiting the lifetimes.  The 

characteristic lifetimes are in the range of 1-100 ns156,158,164,166,168,171,174–176, with the highest 

values for organic-inorganic perovskites NCs.   

The ligands play an important role in stabilization and kinetics of the NCs and at the same 

time worsening the coupling between them. Therefore, in this chapter we investigate how 

various ligands treatments such as washing, annealing and replacement with shorter ones 

influences the charge carrier mobility and dynamics in perovskites CsPbI3 NCs.  

6.2. Sample preparation 
 

Nanocrystalline CsPbI3 thin films were prepared by Martin Kaergel in the group of Dr. 

Unold at Helmholtz Zentrum Berlin according to hot-injection method described in details by 

Protesescu et al.163. Instead of oleylamine acid (OLA), the dioctylamine acid was used as a 

surface ligand. Different treatment were carried out with thin films in order to investigate their 

impact on charge carrier transport: removal of the ligands from the surface of NCs by immersing 

into the solution of methyl acetat MeOAc; by annealing at 200 °C for 1 minute; or by 

replacement and coating with FA (formamidinium) and FA+Pb (formamidinium + lead) as 

described by Sanehira et al.164.  

Thus, we probed four different CsPbI3 nanocrystalline thin films with different ligands 

treatment: CsPbI3 NCs with washed ligands away by MeOAc, CsPbI3 NCs annealed at 200 °C, 

CsPbI3 NCs coated by FA and FA with Pb. The average size of nanocrystals is in the range of 

8-20 nm. Further in this chapter the charge carrier transport properties in nanocrystalline thin 

films are compared with polycrystalline CsPbI3 thin film, prepared by Pascal Becker in the 

group of Dr. Unold, which transport properties were described in chapter 4 3D perovskites.  

 

6.3. Charge carrier mobility in NCs perovskites 
 

In order to study charge carrier mobility, all treated thin films were measured by OPTP 

Spectroscopy (The technique is described in detail in the chapter 3 “Experimental Method 

and Data Analysis”). Figures 6.3 – 6.5 show the THz mobility spectra for the thin films.  
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The removal of the ligands was done by immersing the thin film into a bath with MeOAc. 

Figure 6.3 (a) shows the mobility spectrum for the thin film with washed (removed) ligands. 

As seen from the graph, both real and imaginary parts of mobility spectrum are very close to 0  

 
Figure 6.3. The real and imaginary parts of mobility spectra for CsPBI3 NCs with removed ligands in the 

solution of methyl acetat MeOAc. The SEM images were provided by Martin Kaergel.  

 

cm2V-1s-1 in the frequency range from 0.5 to 2 THz. From 2 THz real part of mobility shows a 

drastic drop of mobility while the imaginary part first slightly increases and sharply drops 

afterwards too. The behavior of mobility spectrum rather indicates the resonance character, 

arising from some phonon excitation by THz pulse. If the real and imaginary parts had an 

inverse tendency (i.e. if it had the positive sign), then the resonance could be regarded as a 

Lorentzian response of charge carriers, indicating the total localization of charge carrier.  

However, if we assume the resonance undergoes the frequency shift ∆𝜔 due to heating by pump 

pulse and take into account that we measure the difference in THz pulse transmission 𝜇~ ∆𝑇 𝑇⁄ , 

then the negative sign of real and imaginary parts may come from the difference of two 

Lorentzian curves shifted by frequency ∆𝜔 𝜇~𝐿(𝜔 + ∆𝜔) − 𝐿(𝜔). By performing the 

modeling of two shifted Lorentzian curves for ∆𝜔, it was found the resonance frequency 𝜔 =  
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2.8 THz with frequency shift ∆𝜔 = 0.1 THz fit well to experimental spectra (figure 6.3 b). Since 

the resonance dominates in all measurement frequency range, it is tough to assign the DC value 

of mobility. However, according to the insets in the figure 6.3, we may conclude that mobility 

is lower than 1 cm2V-1s-1. The low mobility in washed thin films may come from reduced 

colloidal stability resulted from partial removal of the ligands especially OA that is responsible 

for stability of the nanocrystals. 

 

In figure 6.4 the mobility spectrum for thin film that after the removal of ligands was also 

annealed at 200 °C. As see from the graph, the spectrum shows similar mobility behavior with 

clear domination of resonance at 2.8 THz. The DC mobility is also lower than 1 cm2V-1s-1.  

 
Figure 6.4. The real and imaginary parts of mobility spectra for CsPBI3 NCs annealed at 200 °C. The SEM 

image were provided by Martin Kaergel.  

 
Figure 6.5. The real and imaginary parts of the mobility spectra for CsPbI3 NCs coated by FA and by FA with 

Pb after ligands removal.  
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 A further attempt to improve the electron coupling was done by coating the nanocrystals 

with FA (formamidinium) and FA with Pb (formamidinium with lead) after removal of the 

ligands in methyl acetat MeOAc as it is described in the work (Sanehira et a., 2017)164. Figure 

6.5 shows the mobility spectra for the thin films. As it is seen from the figures, the mobility 

spectra are not so strongly dominated by resonance. The real part of mobility decreases in the 

low THz range and the imaginary part is negative, indicating the localization of charge carriers.  

The mobility spectrum for the thin film coated by FA reveals higher mobility and show the 

phonon features coming from electron-phonon coupling at frequencies 1 and 1.8 THz, resulting 

from excitation of PbI6 vibrations by THz field. This coupling may indicate that a perovskite 

phase forms between the NCs thus improving the transport properties. The applied modified 

Drude-Smith fit yields the following mobility values 1.5 and 1 cm2V-1s-1 for FA and FA w/ Pb, 

respectively. And for FA spectra we may observe the phonon resonance at 2.5 THz similar to 

washed and annealed NCs but much suppressed (weaker).  

6.4. Charge carrier dynamics in NCs perovskites 
 

In order to investigate the charge carrier dynamics in the thin films, the photoconductivity 

transients were measured by OPTP technique. The decay times were estimated by performing 

the triple exponential fit 𝑦 =  𝑦0 + 𝐴1 ∙ exp[−(𝑡 − 𝑡0)/𝜏1] + 𝐴2 ∙ exp[−(𝑡 − 𝑡0)/𝜏2] + 𝐴3 ∙

exp[−(𝑡 − 𝑡0)/𝜏3] with estimation of average decay time as follows 𝜏𝑎𝑣𝑔 = ∑ 𝐴𝑖𝜏𝑖
3
𝑖=1 /

∑ 𝐴𝑖
3
𝑖=1 . Figure 6.6 shows the normalized THz transients ∆𝑇 𝑇⁄  for all thin films. 

The longest decay time 6.9 ns was obtained for FA-coated CsPbI3 NCs while interestingly 

the thin films coated with FA and Pb show the fastest decay around 0.7 ns. The polycrystalline 

and nanocrystalline CsPbI3 show quite similar decay times 3.3 and 2.7 ns, respectively. Since 

the mobility spectra were overload from the resonance, arising likely from the heating of the 

sample by optical pump, it is not completely clear if the THz transients indicate the decay due 

to recombination processes or due to phonon effect. Since the mobility spectra from thin films 

with NCs coated with FA and FAw/Pb are not explicitly affected by phonon resonance, we 

assume that the decay time is defined by trapping-assisted recombination. The longest decay 

time for FA-coated CsPbI3 may reveal the largest total decay times that are likely to be due to 

passivation effect of the traps by coating with FA atoms. The possible reason for short decay 

times for FA/Pb-coated is probably due to formation of multiple phases of FAPbI3 and CsPbI3 

with recombination active phase boundaries, due to excess of lead Pb that may results in high 
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trap densities at the grain boundaries. The assignment of the decay times for the rest of the thin 

films is ambiguous due to the strong effect of the phonon resonance in the mobility spectra.  

 
Figure 6.6. The photoconductivity transients for variously treated CsPbI3 NCs with indicated decay times.  

 

6.5. Conclusions 
 

The nanocrystalline CsPbI3 thin films were studied by THz spectroscopy. The thin films 

were treated by various processes and the impact of post-treatments on charge carrier mobility 

was investigated. The thin films with removed ligands and annealed afterwards show very 

similar mobility behavior, dominated by the resonance feature, as assumed, due to the heating 

by optical pump pulse. The mobility is less than 1 cm2V-1s-1  for both thin films. The CsPbI3 

NCs, coated by FA and FAw/Pb, show the highest mobility in the rnage from 1-2 cm2V-1s-1.  

Also, the mobility spectra look rather the mobility spectra for their 3D counterparts, revealing 

the phonon excitation at 1 and 1.8 THz and with signs of charge carrier localization. The 

increased mobility for the coated thin films can be attributed to enhanced coupling between the 

perovskites NCs.  
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7. Conclusions and Outlook 
 

This thesis is dedicated to the investigation of charge carrier transport and dynamics in 

various metal-halide perovskites. The charge carrier mobility was measured by THz 

Spectroscopy (OPTP) at temperatures between 10-300K and the spectra were modeled by 

various models, including the Drude, truncated and modified Drude-Smith models. The charge 

carrier transport in three-dimensional metal-halide perovskites was also quantitatively analyzed 

in a broad range of temperatures with respect to the scattering of charge carriers at phonons and 

impurities within the linear transport and relaxation time approximations. The charge carrier 

dynamics was studied in low-dimensional halide perovskites by THz spectroscopy and the 

decays of the THz transients were analyzed by multi-exponential decay curves.      

The polycrystalline three-dimensional metal-halide solution processed thin films MAPbI3, 

(Cs,FA)PbI3 and (Cs,FA, MA)Pb(I,Br)3 were provided by Dr. M. Stolterfoht from Potsdam 

University and the polycrystalline CsPbI3 thin film, prepared by evaporation, was provided by 

Dr. P. Becker from Helmholtz Zentrum Berlin. 

The thin films reveal moderate mobilities with the highest mobility value (33.5±3.0) cm2V-

1s-1 for MAPbI3 and the minimum value (21.5±2.2) cm2V-1s-1 for CsPbI3 at room temperatures. 

The phenomenological parameter c1, determined from the modified Drude-Smith modelling, 

varies from -0.3 to -0.6, depending on the thin film. The negative values of the parameter c1 

along with negative imaginary part of mobility spectra indicate the presence of localization of 

charge carriers in the thin films. The scattering times in the metal halide perovskites are also 

very short and do not exceed 10 fs for any of the samples. These short scattering times can be 

regarded as one of the origins of moderate mobilities in metal-halide perovskites.  

The mobility tends to increase with decrease of temperature. This trend indicates band-like 

transport in three-dimensional perovskites, i.e. the mobility should be limited by scattering at 

phonons at higher temperatures. The mobility at low temperatures in turn stays relatively 

constant and reaches a plateau. Moreover, the phase transition in MAPbI3 at around 160 K does 

not impact the mobility significantly.  

The analysis of charge carrier mobility, conducted in this work, taking into account the 

scattering at various phonons and impurities, has shown that the scattering at polar optical 

phonons likely limits the mobility in metal-halide perovskites at room temperatures. To the best 

of our knowledge, for the first time, the mobility related to polar optical phonon scattering was 
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calculated by regarding the polaron effective mass and is compared to previous works on 

polaron mobilities in halide perovskites. The obtained electron and hole mobility, scattered at 

polar optical phonons with polaron effective mass, is equal to 184 cm2V-1s-1 and is lower than 

the polaron mobility 240 cm2V-1s-1 (sum of electron and hole mobility), calculated by the 

Hellwarth formula20. However, regardless of the applied models, the retrieved mobilities are 

much larger than the ones obtained from the experiments. The inclusion of dynamic disorder, 

of the Rashba effect or of dielectric drag have only partially lowered the modeled mobilities 

towards the experimental results. Additional, uncertainty or discrepancies in determination of 

input parameters, used in mobility calculation may contribute. Since the effective mass for 

electrons and holes varies in the range from 0.1 – 0.3me
76–78 in the literature, the choice of the 

largest available effective mass moves the predicted polar optical mobility toward the 

experimental results. The polaronic drag further increases the effective masses of electrons and 

holes by ~+25%.Therefore, more accurate determination of the effective mass of charge carriers 

is still required. Moreover, alongside with effective mass of charge carriers, the static and high-

frequency dielectric constants as well as polar optical phonons energy have also an impact on 

charge carrier mobility in metal-halide perovskites . As shown in this thesis, the similarity 

between the polaron and polar optical phonons mobility with polaron effective mass indicates 

that charge carrier mobility at room temperatures can be explained by both scattering at polar 

optical phonons and polaron formation. Therefore, it makes it hard to distinguish between 

scattering at polar optical phonon or polaron formation in metal-halide perovskites, based only 

on mobility values.   

The low temperature mobility reaches a plateau at around 80 K and stays relatively constant 

for most of the thin films except for a little reduction of mobility in (Cs,FA)PbI3 at 30 K. Such 

a behavior of mobility may be explained by scattering at impurities that often limit the mobility 

in semiconductors at low temperatures. The detailed analysis of charge carrier scattering at 

charged impurities shows that scattering at charged impurities is not sufficient to explain the 

mobility behavior. For the first time, in this work the scattering at neutral impurities was 

considered for lead-halide perovskites. The gentle increase of mobility with temperature for 

neutral impurity scattering together with charged impurity scattering describe the measured 

mobilities at low temperatures for impurity concentrations 𝑁 = 1017 – 1018 cm-3. Alongside 

with impurities, this thesis shows the importance of considering exciton formation at low 

temperatures. The scattering at acoustic phonons can be neglected since the mobility both at 

room and at low temperatures is much higher than the ones obtained from experiment.  
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The detailed analysis of mobility in metal-halide perovskites shows that the cation has a 

minor impact on charge carrier mobility. The temperature behavior is very similar to all thin 

films regardless of cation composition. At room temperature the mobility values are very close 

to each other and ranging from 21.5 to 30 cm2V-1s-1, as specified above. At low temperatures 

the difference in mobility at 10 K is more pronounce: the highest mobility 280 cm2V-1s-1 is 

obtained for MAPbI3 and the lowest one 100 cm2V-1s-1  is for CsPbI3 and (Cs,FA)PbI3 at 10 K. 

The mobility spectra at low temperatures for MAPbI3 and CsPbI3 show a rather Drude-like 

mobility behavior. Charge carrier localization becomes more evident with increase in 

temperature in these thin films. The perovskites thin films with more complicated cation 

composition (Cs,FA)PbI3 and (Cs,FA,MA)Pb(I,Br)3 show the signs of localization of charge 

carriers already at 10 K. The reduction of mobility for the last two thin films indicates a larger 

amount of impurities and the corresponding increase in scattering rate.  

Another class of materials of interest in this thesis is two-dimensional halide perovskites. 

The following thin films BA2MAn-1PbnI3n+1 with various number of metal-halide [PbI6]4− 

sheets layers (n=2-4), separated by layers of hydrophobic bulky cations,  were produced by hot-

injection method and were provided by S. Zhang from Potsdam University.  

The mobilities in thin films reduce from (8.0±0.9) cm2V-1s-1 for (n = 4) to (3.7±0.4) cm2V-

1s-1 (n = 2). The reduction of mobility with reduction of number of metal-halide sheets n is 

accompanied with decrease of the phenomenological parameter c1 from -0.72 (n = 4) to -0.97 

(n = 2). Such a decrease indicates the increase in localization of charge carriers in confined 

structures. The localization length L, defined from the modified Drude-Smith fit, is in the range 

from 3.7 nm for (n = 4) to 0.91 (n = 2). These values of localization lengths are comparable to 

thickness of metal-halide layers, indicating that charge carriers are rather localized within 

metal-halide layers. The reduction of mobility with n value is intuitively understandable due to 

charge carrier confinement within the metal-halide layers. However, the quantitative analysis 

of quantum and dielectric confinement and their impact on charge carrier transport are still 

required for 2D halide perovskites. 

The layers orientation may also have an impact on charge carrier transport in two-

dimensional halide perovskites thin films. The studies of mobility in this thesis, depending on 

the orientation of the layers with regard to polarization plane of THz field, clearly shows an 

anisotropy of the mobility.  
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Moreover, it was found that charge carrier dynamics in thin films (n = 3-4) have similarities 

to three-dimensional halide perovskites thin films (MAPbI3). For these thin films (n = 3-4) 

thermalization and charge cooling occur within picoseconds, similar to MAPbI3. The total 

decay times in thin films, obtained from the multi-exponential fit, increase from 1.4 ns to 5.7 

ns with increasing of the number of metal-halide sheets n. This is highly likely due to enhanced 

radiative or Auger recombination for increasing confinement. In contrast, charge carrier 

dynamics in the thin film with n = 2 exhibit an additionally very fast decay within 390 fs after 

sample photoexcitation, which is attributed to an enhanced exciton formation.  

The nano-crystalline thin films CsPbI3 were produced by hot-injection method and were 

treated afterwards by M. Kärgel at the Helmholtz Zentrum Berlin. The post-treatments, in 

particular removal of the ligands,  annealing and coating the NCs with formamidinium FA and 

formamidinium/lead FAw/Pb, were done in order to enhance the coupling between the 

nanocrystals. The impact of post-treatments on the charge carrier mobility was investigated by 

THz Spectroscopy. The thin films with washed ligands and annealed afterward show mobility 

lower than 1 cm2V-1s-1. The thin films coated with FA and FA w/Pb) show enhanced mobility 

1.5 and 1.0 cm2V-1s-1, respectively.  
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8. Appendices 

 

 

Abbreviation List 
 

SC   Sollar cell 

PCE   Power Conversion Efficiency  

MHP   Metal Halide Perovskites 

OPTP   Optical Pump THz Probe Spectroscopy 

PLQY  Photoluminescence quantum yield 

TRPL   Time Resolved Photoluminescence  

TRTS   Time Resolved THz Spectroscopy 

TRMC  Time resolved microwave spectroscopy 

SCLC   Space charge limited current  

MA   Methylammonium  

FA   Formamidinium 

OA  oleylamine 

OLA  octylamine 

MeOAc methyl acetat 

RPP   Ruddlesden – Popper perovskites 

AM   Air Mass 

NC  Nanocrystal 
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Abstract  
 

Halide perovskites are a class of novel photovoltaic materials that have recently attracted 

much attention in the photovoltaics research community due to their highly promising 

optoelectronic properties, including large absorption coefficients and long carrier lifetimes. The 

charge carrier mobility of halide perovskites is investigated in this thesis by THz spectroscopy, 

which is a contact-free technique that yields the intra-grain sum mobility of electrons and holes 

in a thin film.  

The polycrystalline halide perovskite thin films, provided from Potsdam University, show 

moderate mobilities in the range from 21.5 to 33.5 cm2V-1s-1. It is shown in this work that the 

room temperature mobility is limited by charge carrier scattering at polar optical phonons. The 

mobility at low temperature is likely to be limited by scattering at charged and neutral impurities 

at impurity concentration N=1017-1018 cm-3. Furthermore, it is shown that exciton formation 

may decrease the mobility at low temperatures. Scattering at acoustic phonons can be neglected 

at both low and room temperatures. The analysis of mobility spectra over a broad range of 

temperatures for perovskites with various cation compounds shows that cations have a minor 

impact on charge carrier mobility. 

The low-dimensional thin films of quasi-2D perovskite with different numbers of [PbI6]4− 

sheets (n=2-4) alternating with long organic spacer molecules were provided by S. Zhang from 

Potsdam University. They exhibit mobilities in the range from 3.7 to 8 cm2V-1s-1. A clear 

decrease of mobility is observed with decrease in number of metal-halide sheets n, which likely 

arises from charge carrier confinement within metal-halide layers. Modelling the measured THz 

mobility with the modified Drude-Smith model yields localization length from 0.9 to 3.7 nm, 

which agrees well on the thicknesses of the metal-halide layers. Additionally, the mobilities are 

found to be dependent on the orientation of the layers. The charge carrier dynamics is also 

dependent on the number of metal-halide sheets n. For the thin films with n =3-4 the dynamics 

is similar to the 3D MHPs. However, the thin film with n = 2 shows clearly different dynamics, 

where the signs of exciton formation are observed within 390 fs timeframe after 

photoexcitation. 

Also, the charge carrier dynamics of CsPbI3 perovskite nanocrystals was investigated, in 

particular the effect of post treatments on the charge carrier transport.  
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Zusammenfassung 
 

Metall-Halogenid Perowskite sind eine Klasse von photovoltaischen Materialien, welche 

in letzter Zeit sehr viel Aufmerksamkeit von Forschern bekommen haben. Der Grund dafür 

liegt in ihren vielversprechenden optoelektronischen Eigenschaften, wie beispielsweise hohe 

Absorptionskoeffizienten, lange Lebenszeiten der Ladungsträger und moderate 

Beweglichkeiten. 

Die Beweglichkeit der Ladungsträger und deren Kinetik wurde in dieser Dissertation mit 

Hilfe von Teraherzspektroskopie in verschiedenen Metall-Halogenide Perowskiten untersucht. 

Die polykristallinen Halogenide Perowskit-Dünnschichten, bereitgestellt von Dr. M. 

Stolterfoht von der Universität Potsdam, haben bei Raumtemperatur moderate 

Ladungsträgerbeweglichkeiten in einem Bereich von 21.5 bis 33.5 cm²V-1s-1. Die Analyse 

dieser Beweglichkeiten in Abhängigkeit der Temperatur zeigt, dass die Beweglichkeit bei 

Raumtemperatur durch die Interaktion mit polaren optischen Phononen limitiert wird. Bei 

niedrigeren Temperaturen sind die Beweglichkeiten durch Streuung an geladenen und neutralen 

Störstellen limitiert, wobei die Störstellenkonzentration bei ca. N =1017-1018 cm-3 liegt. 

Weiterhin wird es gezeigt, dass die Reduktion der Anzahl beweglicher Ladungsträger durch 

Exzitonenbildung ebenfalls bei niedrigen Temperaturen berücksichtigt werden muss. Streuung 

an akustischen Phononen kann sowohl bei Raum- als auch bei niedrigen Temperaturen 

vernachlässigt werden. Die Analyse der Beweglichkeitsspektren von Perowskiten mit 

unterschiedlichen Kationen und bei verschiedenen Temperaturspannen zeigt, dass diese 

Kationen einen sehr geringen Einfluss auf die Ladungsträgerbeweglichkeit haben.  

Niederdimensionale Perowskit-Dünnschichten aus alternierenden quasi-2D [PbI6]4−  

Schichten n (n=3-4) und organischen Trennschichten wurde von S. Zhang von der Universität 

Potsdam bereitgestellt. Diese zeigen Beweglichkeiten zwischen 3.7 und 8 cm²V-1s-1. Der 

signifikante Rückgang der beobachteten Beweglichkeit lässt sich auf die Anzahl der Metall-

Halogeniden Schichten n zurückführen, in welcher die Ladungsträger räumlich eingeschränkt 

sind. Die Lokalisationslänge reicht von 0.9 bis 3.7 nm und ist vergleichbar mit der Dicke der 

einzelnen quasi-2D-Schichten. Ebenfalls ist die Beweglichkeit abhängig von der 

Schichtenorientierung. Zusätzlich ist die Ladungsträgerdynamik abhängig von der Anzahl der 

Metall-Halogeniden [PbI6]4−Schichten n. Dicke quasi-2D-Schichten (n = 3-4) zeigen ähnliche 

Dynamik wie drei dimensionale Perowskite, wogegen die dünnen quasi-2D-Schichten (n = 2) 

schnelle Exzitonbildung innerhalb 390 fs nach der Ladungsträgeranregung zeigen. 
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Des weiteren wurde die Ladungsträgerdynamik von CsPbI3 Perovskite-Nanokristallen 

untersucht, insbesondere die Auswirkung von Ligandenaustausch und Temperierung auf die 

Ladungsträgerbeweglichkeit.   
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