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ABSTRACT 

 

Hybrid organic-inorganic perovskites have drawn much attention over the past decade because of 

their excellent electrical properties, which have allowed for their implementation in photovoltaics, 

optoelectronics, and other device applications. Within the broader class of hybrid organic-

inorganic perovskites, there are subclasses based on the dimensionality and structure of the 

perovskite material. One notable subclass is the 2 dimensional Ruddlesden-Popper perovskite 

family. 2D Ruddlesden-Popper perovskites exhibit high quantum confinement due to their layered 

quantum well structure. The 2D Ruddlesden-Popper phase perovskites have also drawn significant 

attention due to their superior ambient stability compared to their 3D counterpart. The broad 2D 

class of semiconducting materials have also garnered much intrigue since the discovery of 

graphene for ultra-thin devices with exceptional performance. One bottleneck to increasing the 

efficiency of 2D semiconducting material and perovskite based devices is non-radiative 

recombination losses and charge scattering caused by defects and charge perturbations at contact 

interfaces. In this work, I identify an effective methodology which can be used to study the charge 

screening behaviors of 2D Ruddlesden-Popper perovskites. Using kelvin probe force microscopy, 

the surface potential, which is affected by charge transfer and perturbations, can be mapped for 2D 

perovskite samples of various thicknesses thereby giving insights to the charge screening lengths 

of the various perovskite materials. This work investigates the charge screening behavior of C4n1, 

C4n2, C4n3, and C4n5 2D perovskites. Results show trends of increasing charge screening 

behavior with layer number for each perovskite sample. Furthermore, it is shown that higher n-

number 2D perovskite samples are more effective at screening charge perturbations compared to 

the low n-number perovskites. Overcoming the hurdle of charge transfer efficiency losses due to 

charge perturbations at interfaces is crucial to enabling the engineering of more efficient perovskite 

devices. Future studies using this methodology can be used to identify how charge screening 

behavior depends on the organic ligands of various 2D perovskites.   
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NOMENCLATURE 

 

HOIP Hybrid Organic-Inorganic Perovskite 

LED Light Emitting Diode 

RP Ruddlesden-Popper  

AFM Atomic Force Microscopy 

KPFM Kelvin Probe Force Microscopy 

Eg Electronic Band Gap 

EVAC Vacuum Level 

EF Fermi Level 

CBM  Conduction Band Minimum 

VBM Valence Band Maximum  

EA Electron Affinity  

IE Ionization Energy  

WF Work Function 

3D Three Dimensional  

2D Two Dimensional  

MAPbI3 Methylammonium Lead Iodide  

SKPM  Scanning Kelvin Probe Microscopy 

EFM  Electrostatic Force Microscopy  

C4n1 Butylammonium Lead Iodide 2D Perovskite (BA)2PbI3 

C4n2 (BA)2(MA)1Pb2I7 2D perovskite  

C4n3 (BA)2(MA)2Pb3I10 2D perovskite 

C4n5 (BA)2(MA)4Pb5I16 2D perovskite 
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XRD X-Ray Diffraction 

CPD  Contact Potential Difference  
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1. INTRODUCTION 

 

Hybrid Organic-Inorganic Perovskites (HOIPs) are a class of materials which exhibit 

extraordinary optical and electrical characteristics, namely, broad light absorption spectra1, tunable 

band gaps2, high charge carrier mobility3, and long carrier lifetimes4.  These materials have also 

displayed a high level of tunability based on the HOIP chemical composition, dimensionality, and 

doping5-6. These properties make HOIPs extremely versatile materials and allow for their 

incorporation in a plethora of device applications such as, solar cells7, light-emitting diodes 

(LEDs)8, transistors9, lasers10, and photodetectors11. Within just a decade of research and 

development, perovskite photovoltaics have surpassed conventional silicon photovoltaics 

achieving power-conversion efficiencies of 25.5% and tandem perovskite solar cells achieving 

29.5%12. Despite these impressive advances, one limiting factor for HOIP-based devices is non 

radiative recombination losses and charge carrier scattering due to defects within the HOIP 

materials and at contact interfaces with other materials13. Additionally, charge perturbations due 

to impurities at contact interfaces are known to negatively affect carrier mobility in graphene-SiO2 

interfaces14. To this end, exploring the charge screening capabilities of HOIPs for the sake of defect 

and charge perturbation passivation becomes an imperative field of study. Understanding the 

charge screening behaviors of HOIPs may enable the engineering of smaller and more efficient 

HOIP devices in their wide variety of applications. 

 

1.1 OBJECTIVES 

 While perovskites display incredible properties, one bottleneck to the engineering of 

efficient nano-scale devices is charge perturbation induced carrier scattering. The charge 

perturbation screening behaviors, specifically the screening lengths, of 2-Dimensional Ruddlesden 
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Popper (RP) perovskites remains largely unknown. The objective of this study is to unveil the 

charge screening behaviors of 2D RP perovskites with the general formula (BA)2An-1BnX3n+1 while 

varying the quantum well number of the perovskites (n = 1, 2, 3, and 5). This is accomplished by 

employing kelvin probe force microscopy (KPFM) to monitor how the 2D RP perovskite surface 

potential changes as the layer number of the investigated perovskite flakes increases. This work 

serves to elucidate two main points: 1) The charge screening behaviors of the specific perovskite 

materials being investigated and 2) How changing the quantum well number of these perovskites 

influences those charge screening behaviors. In the future, this may enable 2D perovskite based 

devices with improved efficiencies in a variety of applications.  

 

1.2 LIMITATIONS    

 

 The formulation of this study’s research goals is quite specific. To further shed light on the 

charge screening properties of 2D perovskites, the methodology used herein can be applied to 

investigate the effect of the organic spacer molecule on the charge screening properties. However, 

this study does show the efficacy of the technique used and details the methodology which can 

easily be applied to study other structural influences of perovskites on their charge screening 

properties.   

 

1.3 ORGANIZATION OF THIS STUDY  

 

 This study is organized into 5 sections: the introduction, background information, materials 

and methods, results and discussion, and finally, the conclusion. The introduction aims to give a 
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brief overview of the significance of this study and how it is conducted. It also details the objectives 

of the study, its limitations, and the organization of the summarized work. The background section 

presents detailed information on semiconductor properties with a focus on defects and their 

influence on carrier mobilities, electrical characteristics, charge screening effects, HOIP structure 

and dimensionality, AFM and KPFM, and a literature review of charge screening studies 

conducted on perovskites and other 2D materials. This section lays the necessary foundation for 

understanding the methodology and interpreting the results of the study. The methods and 

materials section introduces the exact materials and their structures used in this research, briefly 

overviewing their synthesis and characteristics, then goes into the preparation of the samples used 

in the experiments and the methodologies for data gathering and analysis. This is followed by the 

results and discussions section which presents the main findings of this research and discusses the 

significance of these findings. Finally, the conclusion section summarizes the work and proposes 

future studies that may follow from it.  

2. BACKGROUND 

2.1 SEMICONDUCTOR FUNDAMENTALS 

 Semiconductors display intermediate conductivities between that of metals and insulators 

generally in the range of 10-6 to 104 
Ω

𝑚
15. In conductive and semiconducting materials, an important 

property is the charge carrier mobility. This carrier mobility defines the ease with which charge 

carriers can move through a crystal lattice. In an ideal crystal, when an electric field is applied, 

electrons will accelerate indefinitely in a direction opposite to that of the electric field due to their 

negative electric charge15. However, in real materials there does exist some constant current that 

is achieved over time when an external bias is applied. This constant current, which is the limitation 

to the charge carrier acceleration is indicative of certain forces that exist which limit charge carrier 
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mobility in real crystals. These forces counter the charge carrier acceleration and result from the 

scattering of charge carriers from various lattice defects. These defects are manifested in a crystal 

as impurity atoms, interstitial atoms, vacancies, thermal vibrations of lattice atoms (phonons) and 

dislocations. All of these defects serve to hinder the path of charge carriers, depleting their kinetic 

energy with every scattering event. Although there are scattering events, charge carriers will still 

have a net movement based on the applied electric field. This net movement is known as the drift 

velocity of the charge carriers. The drift velocity is defined by the strength of the electric field and 

the frequency of the scattering events which is known as the charge carrier mobility. For example, 

the drift velocity of an electron can be denoted by equation 1.  

𝑣𝑑 = 𝜇𝑒𝐸                                                                    (1) 

 

Figure 1: Depiction of scattering events encountered by an electron in an applied electric field15.  

 

 There are many factors that can influence the charge carrier mobilities of semiconducting 

materials. Two of these factors are impurity content and temperature. Semiconductor materials can 

intrinsic or extrinsic semiconductors. Silicon, germanium, and some compound materials display 

intrinsic semiconduction. Intrinsic semiconductors are semiconductors in which their 

semiconducting behavior is based on the inherent electronic properties of the materials themselves. 
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In contrast, extrinsic semiconductors are those whose electrical behaviors are dictated primarily 

by external impurity atoms known as dopants. Dopant atoms introduce additional charge carriers 

into the lattice that can engage in conduction. P-type dopants introduce more holes and n-type 

dopants introduce more free electrons. The concentration of dopant atoms influences the carrier 

mobility as these impurities increase the probability of scattering events occurring. As for 

temperature dependency, there is a competition between enhanced kinetic energy available to the 

charge carriers and enhanced probability for scattering events to occur given that thermal scattering 

increases with rising temperature. In general, the mobility which defines the frequency of 

scattering events decreases with increasing temperature.  

 

2.2 ELECTRONIC ENERGY LEVELS AND METAL SEMICONDUCTOR CONTACT 

 In discussing charge screening, it is imperative to understand the effect that interfaces have 

on the electronic structure of the semiconducting materials. These effects can be understood by 

looking at how the electronic energy levels of the semiconductor are affected by contact at the 

interface. Doping, the type of contacting material, and the morphology and crystal orientation of 

the semiconducting material all influence the electronic band structure and thereby the degree of 

so called band-bending at interfaces between the semiconductor and other materials.  

 We begin this discussion with a formulation of energy  band structures in solids. For any 

atom, there are specific energy levels which may be occupied by electrons. These discrete energy 

levels are described by shells (n=1,2,3…) and subshells (s, p, d, and f) which are occupied by the 

electrons. The electrons are arranged in the shells in accordance with the Pauli exclusion principle 

filling the subshell levels with 2 electrons per subshell containing opposite spins. This is the 

arrangement of isolated atoms. As atoms of a solid coalesce into a continuous solid forming 
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covalent bonds and decreasing the interatomic separation, the discrete energy levels described by 

atomic orbitals are perturbed and split into closely packed electronic states. The distance between 

each energy level of a solid is very small and as such, the electronic structure of continuous solids 

is effectively described by bands of these very closely packed energy levels.  

 

Figure 2: Schematic representation of electronic band structure as a function of decreasing  

interatomic separation causing the formation of electronic bands16. 

 

The formulation of the energy band structure of semiconductors allows for defining parameters 

which are critical to fundamentally understanding conductive materials and their interfaces. These 

parameters are depicted in figure 3; they are the energy band gap (Eg), vacuum level (Evac), fermi 

level (EF), conduction band minimum (CBM), valence band maximum (VBM), electron affinity 

(EA), ionization energy (IE) and work function (WF). The electronic band structures of materials 

and thus their associated band parameters can vary based on various internal and external factors. 
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For example, materials purity or doping concentration, crystallographic structure and surface 

orientation, surface morphology or roughness, and surface contamination can all affect the 

electronic parameters of conductive materials17. The conduction and valence bands are essentially 

the electron and hole transport levels respectively in semiconductors. The electronic band gap is 

the energy difference between the CBM and the VBM. This bandgap defines the energy required 

for electrons in the valence band to be promoted and participate in conduction in the conduction 

band. EVAC is defined as the energy level of a stationary electron (no kinetic energy) positioned 

right outside of the surface of the material. This is essentially a reference state for the other energy 

levels of charge carriers in the semiconductor. The EA and IE of charge carriers can be defined 

relative to the EVAC as the difference between it and the CBM and VBM respectively. Thus, the IE 

can be understood as the energy necessary to remove an electron from the system, considering that 

most electrons in an undoped or not excited system will contain the majority of electrons near the 

VBM. Similarly, the EA is the energy gained by an electron taking it from the vacuum level into 

the CBM.  

Figure 3: Energy level diagram depicting important electronic band structure parameters17. 
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The parameter most important to this study is the WF. This is the property that can be 

probed by KPFM. The work function is defined as the difference between the vacuum level and 

the fermi level of the semiconductor. The fermi level in metals is the boundary between occupied 

and unoccupied states. For semiconductors, the fermi level is a statistical value defined by the 

Fermi-Dirac distribution which falls between the CBM and the VBM for non-degenerate 

semiconductors. The WF can be understood as the energy barrier for electrons at the fermi level 

to escape to the vacuum level i.e., escaping the solid. The work function of a material has two 

contributing components, a bulk component and a surface component. The bulk component of the 

work function depends on the electron density and density of states in the material. Density of 

states defines the proportion of occupied states at specific system energies. The surface component 

has an additional arising from the redistribution of charges at the surfaces of solids which are a 

result of crystallographic orientation of atoms at the surface of the material17.  

 

2.3 ELECTRIC FIELD SCREENING 

 Electric field screening, also known as charge screening, is an essential effect to understand 

in thin materials such as 2-dimensional materials. Charge screening determines the effectiveness 

with which substrate and interlayer interactions affects the electronic properties of the materials in 

device applications. Additionally, defects introduced at interfaces in materials act as scattering 

centers which can bottleneck device performance. One crucial parameter to understand with 

regards to charge screening is the charge screening length. At the charge screening length, 

electrical perturbations from the substrate charge transfer doping, interlayer effects, and defects 

are completely screened. Thus, at this length, device performance is expected to be optimized 

while active material thinness is miniaturized yielding highly efficient ultra-thin devices.  
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2.4 HYBRID ORGANIC-INORGANIC PEROVSKITES 

 Perovskites are a large class of materials having the same crystallographic structure as 

prototypical perovskite calcium titanate (CaTiO3). This ABX3 structure is known as the perovskite 

structure in which A and B are cations and X is an anion. Ideally, perovskite materials consist of 

a perfect cubic structure consisting of corner-sharing BX6 octahedra. In this ideal structure, the B-

X-B bond angle is 180° and the A cations inhabit the interstitial sites18. However, lattice distortions 

which are deviations from the ideal crystal structure can occur based on the ions used in the 

perovskite structure. These deviations can also be caused by phase transitions into the lower 

symmetry orthorhombic and tetragonal phases at lower temperatures19-20. The Goldschmidt 

tolerance factor describes the distortion of perovskite structures and their stability for different 

ions in the structure21. The Goldschmidt tolerance factor is given by equation 2 where rA and rB 

are the A and B-site cationic radii respectively and rX is the anionic radius. The Goldschmidt 

tolerance factor can be interpreted by its numerical value, for example, t=1 indicates a perfectly 

stable perovskite structure. A t value between 0.8 and 1 perovskites will generally form, and t 

value greater than 1 indicates that the A site cation is too large relative to the other ions and a stable 

perovskite will not form22.  

 

𝑡 =
𝑟𝐴+𝑟𝑋

√2(𝑟𝐵+𝑟𝑋)
                                                                (2) 
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Figure 4: (a) ABX3 perovskite lattice depiction where the x anions are shown in green, the B 

cations are shown in black at the center of the BX6 octahedra, and the A cation is shown in grey. 

(b) Goldschmidt tolerance factor graph depicting the tolerance factors of two common HOIPs23. 

 

So far the structure mentioned pertains to 3-dimensional perovskite structures in which the 

ABX3 lattice depicted in Figure 4a is tessellated throughout the volume of the crystal in every 

direction. Additionally, the prototypical calcium titanate is an example of an inorganic perovskite. 

The perovskite subcategory that has garnered much interest because of their rise in photovoltaic 

performance are hybrid organic-inorganic perovskites (HOIPs). 3-dimensional HOIPs adopt the 

same ABX3 crystal structure but consist of an organic monovalent A-site cation (for example, 

CH3NH3
+), a divalent B-site metal cation (for example, Sn2+ or Pb2+), and halide X-site anions (for 

example, I- or Br-). The crystal structure of these 3D HOIPs consists of corner-sharing BX6
4- 

octahedra with the organic A cations filling the interstitial sites. 3D HOIPs such as the prototypical 

methylammonium lead iodide (MAPbI3) have shown outstanding characteristics, however, display 

an inherent instability to moisture and prolonged light exposure24-34.  
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For this reason, lower dimensional 2D HOIPs have been engineered which have a layered 

quantum well structure which are formed by layers of BX6
4- octahedra sandwiched between 

organic ligands. These 2D perovskites, and namely the Ruddlesden-Popper (RP) type perovskites 

have garnered increasing attention due to their superior ambient stability35. The general formula 

of these RP HOIPs is (RNH3)2An-1BnX3n+1 (n = 1,2,3,...), where RNH3 is a linear or aromatic 

alkylammonium cation sandwiching the inorganic layers and n indicates the number of BX6
4- 

octahedral layers within each quantum well.  In these materials, the hydrophobic organic layers 

protect the inorganic layers from moisture in ambient air leading to higher stability compared to 

the 3D analogue36-39.  

Figure 5: (a) Diagram depicting perovskite dimensionality showing inorganic layers with different 

thicknesses up to the 3D conformation. (b) Depiction of the stacked quantum well structure of 2D 

RP perovskites40. 

 

 The quantum well electronic structure of these 2D RP perovskites implies quantum 

confinement of charge carriers along one dimension. This quantum confinement occurs as a result 

of dielectric organic layers inhibiting charge transport between inorganic layers. Furthermore, the 
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electronic properties of these 2D perovskites can be easily tuned by varying the type of organic 

dielectric used and the number of inorganic layers, n41. 

 

2.5 ATOMIC FORCE MICROSCOPY AND KELVIN PROBE FORCE MICROSCOPY 

 The primary techniques used in this study are scanning probe microscopy based techniques. 

Atomic force microscopy (AFM) is an extremely versatile and powerful technique in probing the 

nanoscale properties of materials. AFM is a scanning probe based technique using a probe with an 

extremely small contact radius, usually in the tens of nanometer range, to measure sample 

topography and properties with nanometer resolution.  There are multiple basic operational AFM 

modes. The primary function of AFM is to determine sample topography. This can be done in 

contact or tapping modes. AFMs can also be used to measure force spectra of materials which can 

yield information on the Young’s modulus and other mechanical properties of materials42. 

Functional modes of AFM exist which extend the capabilities of the base modes to measure 

electrical43, thermal44, magnetic45, and a whole suit of other material properties46.  
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Figure 6: Depiction of basic AFM modes (a) contact (b) non-contact (c) tapping47. 

 

The basic topography modes of AFM include contact and tapping modes. Contact mode 

AFM involves “dragging” the AFM tip across the sample surface to determine the sample 

topography. The detection method used by AFMs involves using a laser deflected off the probe 

onto a photodiode which induces a voltage based on the reflected laser spot’s position on the diode. 

Initially, the laser spot is adjusted so as to produce a 0 voltage on the center of the photodiode. 

Then as the tip is brought into contact with the sample, the physical deflection of the probe 

translates to a shift in the laser spot’s position on the photodiode which produces a voltage. A 

setpoint voltage is then defined by the user which the AFM feedback loop uses to readjust the 

cantilever deflection via piezoelectric actuators which control the stage height. In contact mode, 

as the tip traces the sample surface and encounters high or low features, the piezoelectric actuator 
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readjusts the probe deflection using the setpoint voltage and the feedback loop. Depending on the 

voltage required to readjust the tip position, the sample topography is traced in real time as it raster 

scans over the sample surface area. Contact mode AFM may erode the tip of the AFM probe over 

time if a durable probe such as a diamond or diamond like carbon probe isn’t used.  

Tapping mode is more typically used for looking at sample topography than contact mode. 

In contrast to contact mode, tapping mode AFM involves the AFM probe intermittently coming 

into contact with the sample surface which preserves the sharpness of the tip and thereby the 

resolution of the AFM. The tip is vibrated at it’s resonance frequency and the oscillation amplitude 

of the AFM probe is detected instead of the constant deflection in contact mode. The resonance 

frequency of the probe can be found by sweeping through a range of frequencies and detecting the 

oscillation amplitude. As the tip raster scans across the sample surface, and encounters high and 

low features, the oscillation amplitude of the AFM probe changes. A feedback loop is also used in 

this mode to readjust the probes oscillation to the setpoint amplitude.   

The functional mode of AFM used in this research is kelvin probe force microscopy 

(KPFM). KPFM, also known as scanning kelvin probe microscopy (SKPM), is based on the 

macroscopic kelvin probe method to investigate surface potentials. In dual-pass KPFM, the first 

pass over the sample is used to scan the topography on a single scan line. Then the second pass is 

used to map the surface potential by lifting the probe above the sample surface at a predefined 

height above the sample. The first pass is typically done in tapping mode using a piezoelectric 

element to mechanically oscillate the probe at its resonance frequency. During the KPFM pass, the 

probe is electrically driven (no mechanical oscillation via piezo element) using an applied bias.  
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Figure 7: Schematic showing the two passes in KPFM, 1 being the topography scan, and 2 being 

the subsequent KPFM scan at a lifted height above the sample48. 

 

This voltage difference between the tip and the sample is the difference between the 

difference between any DC component of the applied bias and the surface potential summed with 

the AC component of the applied bias.  

𝑉 = (𝑉𝐷𝐶 − 𝑉𝑠) + 𝑉𝐴𝐶 sin 𝜔𝑡                                               (3) 

 We can also describe the tip-sample system as a parallel plate capacitor in which the 

capacitive force is proportional to the gradient of capacitance and the square of the applied 

potential as described in equation 4. 

𝐹 =
1

2

𝜕𝐶

𝜕𝑧
𝑉2                                                               (4) 

 Thus, substituting equation 3 into equation 4 with some algebraic manipulation we arrive 

at an equation modeling the tip sample capacitive force shown in equation 548. 

 

𝐹 =
1

2

𝜕𝐶

𝜕𝑧
([(𝑉𝐷𝐶 − 𝑉𝑠)2 +

1

2
𝑉𝐴𝐶

2 ] + 2[(𝑉𝐷𝐶 − 𝑉𝑠)𝑉𝐴𝐶 sin(𝜔𝑡)] − [
1

2
𝑉𝐴𝐶

2 cos(2𝜔𝑡)])      (5) 
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This force, which is proportional to the electrically induced oscillations of the cantilever 

during KPFM, is minimized when the applied DC voltage is equal to the surface potential of the 

sample. The lock-in amplifier of the KPFM system is used to track the cantilever oscillations at ω. 

This makes the last term of the equation have a negligible effect on the force. The KPFM system 

is then able to map the surface potential of the sample by applying a DC bias to nullify the 

oscillations of the cantilever thereby minimizing the capacitive force.  

KPFM requires use of an electrically conductive tip. The surface potential that is mapped 

by KPFM is also the contact potential difference. This is a measure which relies of the WF 

difference between the tip and the sample. As such, KFPM yeilds a relative work function 

measurement of the sample with respect to the tip. If the tip work function is calibrated before-

hand on a sample with known work function such as highly oriented pyrolytic graphite or gold, 

then the absolute work function of the sample can be determined using equation 6, where VCPD is 

the contact potential difference, ϕtip is the tip WF, ϕsample is the sample WF, and e is the elementary 

charge49.   

𝑉𝐶𝑃𝐷 =
𝜙𝑡𝑖𝑝 − 𝜙𝑠𝑎𝑚𝑝𝑙𝑒

𝑒
 

 

2.6 LITERATURE REVIEW 

 

 To date, there have not been investigations directly on the charge screening behaviors of 

2D HOIPs. However there have been various studies on the charge screening properties of other 

2D materials. These studies used either electrostatic force microscopy (EFM) or KPFM to 
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investigate the thickness dependent charge screening properties of 2D materials on their own or in 

heterostructures.  

 Gomez et al. investigated the charge screening behaviors of MoS2 layers50. In this work 

they investigated the charge screening behaviors of MoS2 layers via EFM. They found that the 

monolayer MoS2 was ineffective at screening perturbations at the MoS2-SiO2 interface, however 

the screening effect saturates at 20 layers. They also discuss the importance of interlayer coupling 

effects on the charge screening behavior of MoS2. Feng et al. also investigated the charge screening 

behavior of MoS2 under various humidifies and determined a screening length of 5 layers using 

KPFM51. Similarly, Datta et al. conducted EFM investigations on graphene and determined a 

charge screening length of five layers52. A similar investigation was done using KPFM on 

graphene by Lee et al. In this study, it was found that the surface potential of graphene decreases 

exponentially as a function of graphene layers53. Additionally, the absolute work function of 

different layer numbers of graphene were calculated from the KPFM information. A similar study 

was conducted by Li et al. on hexagonal boron nitride flakes in which it was determined via EFM 

that h-BN displays weak layer dependency on charge screening54.  

 There have also been several studies on heterostructures of the charge screening behaviors 

of 2D materials. The effect of mixing layers of materials with different electrical properties on 

screening behaviors of fabricated devices were previously uninvestigated. Li et al. investigated the 

charge screening behaviors of MoS2 and graphene heterostructures55. They found that their 

fabricated heterostructures displayed asymmetric electric field screening. They also found that the 

screening effect could be enhanced by using more MoS2 layers instead of the graphene layers. 

These types of heterostructure investigations yields insights into tuning devices based on the 

material screening properties.  
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 Although much work focused on the layer dependent charge screening nature of HOIPs 

has not been conducted, there has been some work on HOIP charge screening. For example, Su et 

al. reported a dielectric-screening effect in formamidinium-cesium lead halide perovskites in solar 

cell applications56. They found that by doping the perovskite with potassium based species they 

could effectively tune the dielectric response of the perovskite material. These changes lead to 

changes in the coulomb interactions which in turn affect the defect capture cross section. The 

defect capture cross section is the probability with which mobile carriers are trapped by defects. 

By decreasing the defect capture cross sections, the non-radiative recombination pathways are 

suppressed which leads to a higher performance. The group showed that a solar cell made by tuning 

the defect screening showed an improved PCE of 22%.  

 Electrical doping of HOIPs also has an effect on perovskite devices. Electron and hole 

conductivities depend on the carrier concentration and the carrier mobility. The dependence of 

carrier mobility on different scattering mechanisms is approximated as the sum contributions of 

carrier mobility limitations by impurities, phonons, and defects57. Introducing dopants into the 

perovskite matrix contributes to the coulombic interactions and affects the charge mobility of 

carriers in the materials5. Additionally, surface charge doping from contacting interfaces have been 

shown to shift the work function of the perovskite by charge injection at contact interfaces58. 

3. MATERIALS AND METHODS 

3.1 MATERIALS  

 To investigate how the charge screening behavior depends on the quantum well number, 

the perovskite samples were standardized with respect to the organic ligand. The perovskite 

materials used in this study were C4n1, C4n2, C4n3, and C4n5. C4n2 was synthesized by Doyun 

Kim in the materials science and engineering department at Texas A&M University. The 
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perovskite flakes were characterized via X-ray diffraction to determine phase purity. C4n1, C4n3, 

and C4n5 were synthesized by Dr. Ioannis Spanopoulos of Northwestern University. The 

crystallographic structure of these materials are shown in figure 8 where the pink layers depict the 

BX6
- octahedra. These quantum well layers are separated by butyl ammonium ligands which are 

depicted in grey in the figure. 

 

 

Figure 8: Crystal structures of (BA)2(MA)n-1PbI3n-1 (n= 1, 2, 3, and 5)59. 

 

 Perovskite synthesis follows a general procedure in which PbO precursor is dissolved in 

HI solution and heated with stirring to form a yellow solution. For n>1 HOIP samples, 

methylamine hydrochloride is added to this hot solution. In a separate vial, a solution of butyl 

ammonium in aqueous H4PO2 is mixed. The butylammonium solution is then mixed with the PbO 

dropwise under continuous heating. The solution is thoroughly mixed and then allowed to cool 

down slowly to room temperature. As the solution cools down, 2D HOIP crystals crash out of 
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solution. These flakes are then filtered out of the solution via suction filtration and dried in a low 

pressure environment. The flakes are then analyzed for phase purity using XRD. The collected 

XRD spectrum compared to the calculated spectrum for C4n2 samples used in this experiment are 

shown in figure 9 as an example. Different HOIPs are synthesized using different precursor ratios. 

In general, higher n number HOIPs use a larger amount of PbO. 

 

 

Figure 9: X-ray diffraction spectrum of the synthesized C4n2 flakes used in this research 

compared to the calculated spectrum.  

 

3.2 SAMPLE PREPARATION  

 Samples were prepared by mechanical exfoliating perovskite flakes onto clean SiO2 

substrates which were mounted onto a glass slide for analysis under the AFM. First, the SiO2 
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substrates were cleaned by ethanol sonication for five minutes and subsequent rinsing with 

deionized (DI) water. The substrates were then submerged for 20 minutes in a piranha solution 

which was made my mixing a 3:1 ratio of concentrated sulfuric acid and 30% hydrogen peroxide. 

During piranha cleaning, the substrates were placed on a glass vial on top of a hot plate which was 

heated to 115℃.  

 When dealing with perovskite samples, much care was taken to reduce exposure of the 

flakes to the ambient environment. This was a precautionary measure taken to ensure that the 

perovskite samples would not degrade in the presence of ambient humidity. The ambient humidity 

in the lab was measured with a hygrometer and noted to be between 40-60% RH. A glove box was 

used during sample preparation, specifically mechanical exfoliation, of the perovskite samples. 

The humidity within the glove box was controlled by introducing a constant flow of dry air. The 

relative humidity within the glove box generally fluctuated between 3-10% RH. Furthermore, the 

AFM was modified by sealing the AFM head with a plastic bag with was taped down to ensure a 

good seal. A dry air line was also introduced to this set up to maintain a humidity of 3-4% RH in 

the AFM head when the system stabilized.  

 After piranha cleaning, the substate was rinsed well with DI water and then dried by 

blowing dry air over the substrate. Substrate was handled with cleaned tweezers. The substrate and 

perovskite sample of interest was then placed inside the glove box which had stabilized to a dry 

environment. Perovskite crystals were then mechanically exfoliated 8 times using scotch tape to 

create a grid of samples and transferred to the substrate surface. The now exfoliated perovskite 

sample on the substrate was then mounted on a glass slide using scotch tape. A grounding wire 

was attached to the glass slide and electrically connected to the substrate surface using electrically 
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conductive silver paste to ground the sample. The sample was then transferred to the AFM in a 

petri dish with desiccant to further limit the effects of humidity on the sample.  

 

3.3 EXPERIMENTAL PROCEDURE 

 AFM and KPFM images were taken using an Asylum Research MFP 3D Infinity. A 

conductive cantilever was chosen for KPFM measurements but was also used for topographic 

imaging. The cantilevers used were Budget Sensor ElectriMulti75-G. These cantilevers have a 

typical force constant of 3 N/m, with a resonance frequency in the 60-90 kHz range and a tip radius 

of less than 25 nm. These cantilevers have a conductive chromium and platinum coating. The 

cantilever was mounted and tuned for tapping mode.   

 While on the AFM stage under a dry environment (4% RH), thin to thick flakes of each 

perovskite were identified and KFPM images of the flakes were taken. Good sample areas 

consisted of monolayer, bilayer, and thicker flakes up to bulk samples. These areas were first 

identified via optical contrast on the AFM camera based on the flake color and transparency. These 

areas were then confirmed to be good sample areas by conducting topography imaging. 

Topographic height of the flakes were used to determine the layer number. Once a good sample 

area was found, electrical tuning for KPFM was done and the KPFM scan was conducted at a very 

slow (0.25 Hz) scan rate. This scan rate was necessary to avoid tip contamination which would 

change the measured contact potential difference by the KPFM.  

 Acquired images were then analyzed by drawing masks using the AFM software on the 

images to obtain histograms of surface potential data from masked areas. The histograms of the 

surface potential data was then fit using a gaussian fit to determine the standard deviation and 

mean contact potential difference for each layer thickness for all of the 2D HOIPs analyzed.  
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4. RESULTS AND DISCUSSION 

4.1 C4n1  

 C4n1 perovskites displayed a relatively weaker charge screening behavior compared to the 

higher n number 2D HOIPs. As seen in figure 10, the perovskite effectively screens charge 

perturbations at a thickness of about 18 nm where the normalized contact potential difference is 

shown to plateau. The monolayer of C4n1 seen at the bottom of figure 10 clearly shows a contrast 

from the adjacent slightly thicker flake of about 5 nm and the bulk flake which is about 40 nm 

thick. In this image, there is a slight gap in the data after 20 nm which makes it unclear if the 

contact potential difference truly plateaus, however it was confirmed that the surface potentials of 

C4n1 at and greater than 20 nm do not show a significant difference in another round of imaging.  
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Figure 10: Topography, surface potential and normalized contact potential difference graph of 

C4n1.  

 

4.2 C4n2 

 C4n2 displays a slightly stronger charge screening behavior compared to C4n1. C4n2 

seems to completely screen out charge perturbations at a thickness of about 11 nm. Figure 11 

shows monolayer up to bulkier surface potentials of C4n2, however this data on its own is 

ambiguous and unclear as to the charge screening length of this material. Figure 12 shows another 

set of thicker flakes that were scanned to determine the true plateau point of this material. This set 

of data convincingly shows that the surface potential does not significantly change after 11 nm.  
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Figure 11: Topography, surface potential and normalized contact potential difference graph of 

C4n2. 
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Figure 12: Topography, surface potential and normalized contact potential difference graph of 

thicker C4n2 flakes to determine the screening length. 

 

4.3 C4n3 

 C4n3 shows stronger charge screening behavior as the surface potential of this sample 

plateaus quicker with layer number compared to the C4n1 and C4n2 flakes. Charge perturbations 
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are completely screened by this material with close to just four layers of material, corresponding 

to a thickness of about 10 nm as seen in figure 13c.  

 

 

Figure 13: Topography, surface potential and normalized contact potential difference graph of 

C4n3 
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 This data set contains a large gap  between 15 and 25 nm which was filled by collecting 

some data from thicker flakes which is shown in figure 14a. The trend from this data set and the 

previous data set are in good agreement with each other however additional data filling the gap 

between 15 and 20 nm is needed.  
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Figure 14: Topography, surface potential and normalized contact potential difference graph of 

thicker C4n3 flakes to determine the screening length. 

 

Figure 15: Topography, surface potential and normalized contact potential difference graph of 

thicker C4n3 flakes to determine the screening length with data between 15 and 20 nm. 

 Figure 15c shows the data filling the gap between 15 and 20 nm and shows that the 

charge screening length is about 15 nm for c4n3.   
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4.4 C4n5 

 C4n5 shows the strongest charge screening behavior by far. After just a monolayer of this 

materials charge perturbations are completely screened out. This can be seen in figure 16b which 

shows the monolayer with clear contrast in the contact potential difference compared to the 

adjacent bilayer, trilayer, four-layer flake and five-layer flake.  
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Figure 16: Topography, surface potential and normalized contact potential difference graph of 

C4n5. 

 From these results, we learn the dependence of 2D perovskite charge screening on the 

quantum well number. As the quantum well number increases, the charge screening effect 

becomes stronger. These results may inspire studies which investigate the physical role of the 

inorganic layer on increasing the charge screening effect. Furthermore, we see a very strong 

charge screening effect from C4n5. The surface potential plateaus at a bilayer which is about 7 

nm thick which is the charge screening length of C4n5. We can compare this charge screening 

effect to other 2D materials such as graphene, MoS2, and hexagonal boronitride (BN) which was 

investigated using similar methodology50, 52-54. In these experiments, the charge screening length 

of 5 graphene layers is extrapolated from the data which corresponds to approximately 1.7 nm 

thick. The charge screening length of MoS2 was determined to be approximately 7 nm. The 

charge screening length of BN was found to be much larger at approximately 80 nm.  

 Compared to these 2D materials, the 2D perovskites measured in this study display 

tunable charge screening lengths between that of MoS2 and Graphene. The charges screening 

effect of these materials is stronger than that compared to BN which displays a very weak 

thickness dependent charge screening behavior.  

 Charge screening behavior is dependent on the substrate-semiconductor interaction. The 

charge screening length of materials can be thought of as the length at which charge exchange 

from the substrate ceases to influence the charge distribution in the semiconducting material. 2-

Dimensional materials have layered structures in which weak Van Der Waals interactions hold 

the layers together. As such the out-of-plane charge carrier properties of 2D may influence the 

charge screening lengths.  
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 From this we might gather that the organic dielectric layer of the perovskite materials 

may play a crucial role in their charge screening behavior. Additionally, the physical distance for 

out-of-plane charge transfer for 2D perovskite monolayers increases with increasing n number. 

These two factors may explain the trend in increasing the quantum well number as well as the 

sharp thickness dependent charge screening behavior of C4n5.  

 One other contributor to the screening behavior is the interstitial A site cations in the 2D 

perovskite materials. In this experiment these cations are methylammonium (MA) cations. 

Layers of these interstitial organic cations are found between the octahedra of the inorganic 

layers as shown pictured in figure 4. It is also important to note that the A site cations are not 

present in C4n1 as there are no interstitial areas for them to be as there is only one layer of 

inorganic octahedra. A previous study on 3D HOIP thin films with blended MA and FA A site 

cations investigated the influence of the A site cation on the charge transport properties, 

including screening, of the film60. In this study, it was found that for 0% and 75% FA HOIPs 

involved fast charge screening mechanisms based on electronic and ionic coupling mechanisms 

Whereas redistribution compared to fast charge transport processes in the 15% FA HOIP. This 

study outlined the importance of ionic conduction mechanisms and how the A site cations may 

affect this conduction mechanism. The trend seen in this study may also be related to the 

different amount of MA A site cations present in the different 2D HOIPs samples leading to 

different screening behaviors. 

 Additionally, these results speak to the tunability of 2D HOIPs. The result of this study 

guides the engineering of devices based on the application needs. The perovskite materials may 

be synthesized with specific quantum well thicknesses to accommodate application needs now 

that this dependence is known.  
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5. CONCLUSIONS AND FUTURE WORK 

5.1 SUMMARY  

 In conclusion, this study elucidates the charge screening behavior of 2D RP HOIPs and 

the dependence of the charge screening length on the quantum well number. The results show a 

trend of higher n number perovskites having a stronger charge screening effect. This is indicated 

by a decreased charge screening length of the HOIP samples as the n number increases. C4n1 

shows the weakest charge screening behavior, in stark contrast C4n5 displays very strong charge 

screening behavior as a bilayer is enough to completely screen all charge perturbations. This 

study opens the path to informing the engineering of efficient semiconducting devices based on 

2D perovskite materials which are unhindered by charge perturbations.  

 

Table 1: Summary of charge screening lengths of 2D perovskite samples 

Sample Charge Screening Length (nm) 

C4n1 18 

C4n2 12 

C4n3 10 

C4n5 7 

 

 

 

 

5.2 FUTURE WORK 
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 This study only looked at some samples from the butylammonium family of 2D 

perovskites. 2D perovskites are very versatile and highly tunable materials because the ease with 

which their structures can be manipulated. Many 2D perovskites have been synthesized using 

longer chain alkylammonium ligands61. A similar study to this one can be conducted to 

determine the effect of elongating the organic ligand on the charge screening behavior. The 

organic ligands discussed until this point have been linear alkyl ammonium chains. However, 2D 

perovskites with aromatic phenyl ammonium ligands have also been synthesized and 

investigated62. This study can also be expanded to studying the charge screening behavior of 

these materials.  

A natural next step from this study is to implement the different perovskite materials in 

small scale devices and measuring their performance. This type of study will serve to confirm 

that these materials can be used at their respective charge screening lengths to improve the 

efficiency of these devices without sacrificing size. This can be done by comparing the 

performance of devices made with 2D HOIPs below their charge screening length and above it. 
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