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ABSTRACT 

Materials with large optical nonlinearity, especially in the visible 

spectral region, are in great demand for applications in all-optical information 

processing and quantum optics. Two-dimensional (2D) hybrid 

Ruddlesden−Popper halide perovskites (RPPs) with tunable ultraviolet-to-

visible direct bandgaps, exhibit large nonlinear optical properties due to the 

strong excitonic effects present in their multiple quantum wells (MQWs). In this 

thesis, the nonlinear optical properties of 2D RPP nanosheets mechanically 

exfoliated from five different lead halide RPP single crystals, are systematically 

investigated. Using a microscopic Z-scan setup with femtosecond (fs) laser 

pulses tunable across the visible spectrum it is demonstrated that the 2D RPP 

nanosheets possess unprecedentedly large nonlinear refraction and absorption 

coefficients near excitonic and plasma resonances. It is also demonstrated that 

2D RPP nanosheets exhibit strong two-photon absorption (2PA) in the near-

infrared (NIR) spectral region under two-photon-resonant excitation. By taking 

advantage of the large nonlinear absorption coefficients of 2D RPPs in the NIR, 

highly efficient polarization-resolved sub-bandgap photodetection based on 2D 

RPP phototransistors is realized. Moreover, the 2D RPP nanosheets are shown 

to exhibit ultra-strong third-harmonic generation (THG) under three-photon-

resonant excitation. Using an ultrafast pump-probe spectroscopy setup it is 

found that, under sub-bandgap excitation, ⁓100-nm thick 2D RPP sheets allow 

up to ⁓2% reflectivity modulation within a 20-fs period, due to the nonlinear 

refraction and absorption.  
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Chapter 1 Introduction 

 

1.1 Optical Nonlinearity 

When light strikes a material, its alternating electric field resonantly 

polarizes the electrons (bound and/or free) in the material, forcing them to 

perform harmonic vibrations as shown in Figure 1.1. Assuming that the medium 

responses instantaneously to the applied optical field, the induced polarization 

(P"(t), scalar), defined as the sum of the dipole moments of all vibrating electrons 

per unit volume, can be expressed as a Taylor-series in the strength (E"(t), scalar) 

of the optical field [1]: 

P"(t) = εo(χ(1)E"(t) + χ(2)E"2(t) + χ(3)	E"3(t) + ...) = P"(1)(t) + P"(2)(t) + P"(3)(t) + …    (1.1) 

where εo is the vacuum permittivity and χ(i) is the ith-order optical 

susceptibility of the medium; a tensor of rank (i+1) with 3i components. Under 

weak optical fields, P"(t) is proportional to E"(t) and the predominant first-order 

(linear) susceptibility χ(1) is responsible for the linear optical response of the 

material such as linear absorption, emission, refraction, etc. On the contrary, for 

higher field strengths, the material response to the applied field may become 

nonlinear, and nonlinear optical (NLO) phenomena, e.g., frequency 

multiplication, frequency division and frequency mixing with higher optical 

susceptibilities (e.g. χ(2) and χ(3)) can be observed. χ(i) is a complex function with 

real (χ&
(()) and imaginary (χ*

(()) components, and χ(i) is typically several orders of 

magnitude larger than χ(i+1). 
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Figure 1.1. An electromagnetic wave with electric field E passing through an 
atom and thereby inducing a dipole oscillation P(E). The atom is represented as 
a positively charged core and a surrounding, negatively charged electron cloud. 
Reproduced with permission [2]. 

 

1.1.1 First-Order Optical Susceptibility χ(1)  

The linear optical properties of materials associated with χ(1) can be 

characterized by typical techniques such as absorption spectroscopy, 

ellipsometry and prism coupling. The real and imaginary components of χ(1) 

describe, respectively, how well the medium bends or absorbs electromagnetic 

radiation passing through it. The linear susceptibility of dielectric materials 

originates from the forced harmonic vibrations of their bound valence electrons 

under the influence of the driving electric field, and can be calculated by Lorentz 

model [3]:   

χ+,&-./0
(1) = 	

345

36
57357*38	

                                       (1.2) 

where 9:		is the resonance (angular) frequency of the bound state, 9 is 

the frequency of the driving electric field of the incident light beam, 9p is the 

Lorentz plasma frequency, and ; is the damping factor. 9p is defined as: 9p =



3 
 

<
=-5

e6>?

 ; N is the number density of the Lorentz oscillators, e is the charge 

magnitude, eo is the vacuum permittivity and me is the charge mass.  

The free electrons existing in semiconductors and metals at room 

temperature also contribute to the linear susceptibility and their contribution can 

be calculated by Drude model:  

χ@&AB-
(1) = 	

345

7357*38	
		                                         (1.3) 

The Lorentz model (Equation 1.2) reduces to the Drude model (Equation 

1.3) for 9:→ 0 (no oscillation). It should be noted that 9p and ; have different 

values in Equation 1.2 and Equation 1.3. Knowing χ(1) of a material system, one 

can readily calculate its dielectric function (eC) and linear refractive index (DC): 

eC = DCE = 1+ χ(1) = 1+ χ+,&-./0
(1)  + χ@&AB-

(1)                 (1.4) 

1.1.2 Second-Order Optical Susceptibility χ(2) 

The NLO processes described by a χ(2) susceptibility can be 

demonstrated by considering an applied electric field E"(F)  comprising two 

frequency components:    

E"(F) = 	G1H7*3I/ + 	GEH7*35/ + K. K.                                                           (1.5) 

where c.c. denotes the complex conjugate. By substituting Equation 1.5 

into Equation 1.1, one obtains several terms at new frequencies for the second-

order polarization P(2):  

P"(E)(F) = ε,χ
(E)[G1

EH7E*3I/ + GE
EH7E*35/ + 2G1GEH7*

(3IP35)/ +

2G1GE
∗H7*(3I735)/ + K. K. ] + 2ε,χ

(E)[G1G1
∗ + GEGE

∗]                                  (1.6)                                       



4 
 

Hence, the complex amplitudes of the frequency components of the 

nonlinear polarization are:   

P(E) = S(291) ≡ ε,χ
(E)G1

E                                                                           (SHG) 

        +	S(29E) ≡ ε,χ
(E)GE

E                                                                           (SHG) 

        +	S(91 + 9E) ≡ 2ε,χ
(E)G1GE                                                             (SFG)                            

        +	S(91 − 9E) ≡ 2ε,χ
(E)G1GE

∗                                                               (DFG) 

        +	S(0)	≡ 2ε,χ
(E)(G1G1

∗ +	GEGE
∗)                                                          (OR) 

										+	K. K.                                                                                               (1.7) 

Each of the terms on the right-hand side of Equation 1.7 corresponds to 

a particular second-order NLO process, as indicated in brackets. Figure 1.2 

illustrates the second-order NLO processes, including second-harmonic 

generation (SHG), sum-frequency generation (SFG), difference-frequency 

generation (DFG) and optical rectification (OR). The applied field frequency is 

often called the pump frequency, while the output nonlinear frequency is called 

the signal frequency.  

SHG (or frequency doubling) is a NLO process in which two pump 

photons with the same frequency ω are combined, and a new photon of 

frequency 2ω is simultaneously created. On the other hand, SFG and DFG are 

nonlinear processes based on the annihilation of two pump photons with 

different frequencies, ω1 and ω2, while, one new photon at frequency ω3 = ω1 + 

ω2 or ω3 = ω1 – ω2, is simultaneously generated, respectively. The zero-
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frequency OR process does not lead to the generation of new frequencies; it 

only leads to the generation of a static electric field across the nonlinear material.  

 

Figure 1.2. Second-order nonlinear dipole transitions, showing SHG, SFG, and 
DFG. (a)-(c) depicts the geometry of the different nonlinear interactions, while 
(d)-(f) describes their energy levels. Adapted with permission [1]. Copyright 
(2008) Academic Press. 

 

The solid lines of the energy-level diagrams in Figure 1.2 and 1.3 

represent the energy eigenstates of the nonlinear crystal, and the dashed lines 

represent virtual energy levels. These virtual levels are attributed to the 

combined energy of one of the energy eigenstates of the crystal and of one or 

more photons of the radiation field. If the excited states correspond to virtual 

energy levels, then the relaxation processes take place almost instantaneously. 

In view of this, many of the nonlinear processes are ultrafast.  

1.1.3 Third-Order Optical Susceptibility χ(3) 

Similarly, the third-order NLO phenomena can be illustrated by 

considering an applied field E"(F) consisting of three frequency components:  

E"(F) = 	G1H7*3I/ + 	GEH7*35/+	GWH7*3X/ + 	K. K.                                                    (1.8) 
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Substituting Equation 1.8 into Equation 1.1 gives the following 

amplitudes of the third-order polarization P(3): 

P(W) = S(91) ≡ ε,χ
(W)(3G1G1

∗ + 6GEGE
∗ + 6GWGW

∗)G1                                               

        +	S(9E) ≡ ε,χ
(W)(6G1G1

∗ + 3GEGE
∗ + 6GWGW

∗)GE                             ⟹	(PM) 

        +	S(9W) ≡ ε,χ
(W)(6G1G1

∗ + 6GEGE
∗ + 3GWGW

∗)GW         

        

        +	S(391) ≡ ε,χ
(W)G1

W                  

        +	S(39E) ≡ ε,χ
(W)GE

W                                                                    ⟹ (THG) 

        +	S(39W) ≡ ε,χ
(W)GW

W  

 

       +	S(91 + 9E + 9W) ≡ 6ε,χ
(W)G1GEGW 

       +	S(91 + 9E − 9W) ≡ 6ε,χ
(W)G1GEGW

∗  

       +	S(91 + 9W − 9E) ≡ 6ε,χ
(W)G1GWGE

∗  

       +	S(9E + 9W − 91) ≡ 6ε,χ
(W)GEGWG1

∗  

       +	S(291 + 9E) ≡ 3ε,χ
(W)G1

EGE   

       +	S(291 + 9W) ≡ 3ε,χ
(W)G1

EGW                                

       +	S(29E + 91) ≡ 3ε,χ
(W)GE

EG1 

       +	S(29E + 9W) ≡ 3ε,χ
(W)GE

EGW                                                   ⟹	(FWM) 
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       +	S(29W + 91) ≡ 3ε,χ
(W)GW

EG1 

       +	S(29W + 9E) ≡ 3ε,χ
(W)GW

EGE  

      +	S(291 − 9E) ≡ 3ε,χ
(W)G1

EGE
∗  

      +	S(291 − 9W) ≡ 3ε,χ
(W)G1

EGW
∗  

      +	S(29E − 91) ≡ 3ε,χ
(W)GE

EG1
∗  

      +	S(29E − 9W) ≡ 3ε,χ
(W)GE

EGW
∗  

      +	S(29W − 91) ≡ 3ε,χ
(W)GW

EG1
∗  

      +	S(29W − 9E) ≡ 3ε,χ
(W)GW

EGE
∗  

      +	K. K.                   (1.9)  

The third-order nonlinear phenomena can be classified into three main 

groups: phase modulation (PM), third-harmonic generation (THG) and four-

wave mixing (FWM). PM arises out of dipole excitations induced by three 

photons (for instance, all have the same frequency ω1). PM leads to an intensity-

dependent refractive index change (ñ2), which modifies the spectral 

composition of the same pulse ω1 (self-phase modulation (SPM)) or a different 

pulse at ω2 (cross-phase modulation (XPM)). THG (or frequency tripling) is a 

NLO phenomenon in which three pump photons with the same frequency (ω) 

are annihilated, and generate a new photon with three times the optical 

frequency (3ω). The remaining terms in Equation 1.9 describe the generation of 

new waves through four-wave mixing (FWM), in which two or three pump 

frequencies produce two or one new frequencies. Figure 1.3 depicts the energy-

level diagrams of third-order nonlinear dipole transitions. 
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Figure 1.3. The energy-level description of third-order nonlinear dipole 
transitions, including (a) self-phase modulation (SPM), (b) cross-phase 
modulation (XPM), (c) two-photon absorption (2PA), (d) third-harmonic 
generation (THG) and (e) two of the possible four-wave mixing (FWM) 
processes described by Equation 1.9 that can occur when three input waves 
interact in a medium characterized by a χ(3) susceptibility. Adapted with 
permission [2]. Copyright (2010) Nature Publishing Group.  

 

As reflected in its perturbative nature, the NLO response of conventional 

nonlinear materials is usually weak. Among the many frequency components 

present in the nonlinear polarization, Equation 1.7 and 1.9, only those that 

maintain both energy and momentum conservation (known as phase-matching) 

will be efficiently excited with appreciable nonlinear signal intensities [1]. 

Consequently, a particular NLO process among the other nonlinear processes 

can more or less be selected by choosing the pump frequencies and phase-

matching appropriately. It should be pointed out that unlike the second-order 

nonlinear interactions that occur only in noncentrosymmetric crystals (i.e., 

crystals that do not display inversion symmetry), the third-order nonlinear 

interactions are present in all materials. 
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1.2 Two-dimensional (2D) Hybrid Organic-Inorganic Perovskites  

2D hybrid organic-inorganic perovskites (HOIPs) have emerged as a 

promising class of materials due to their outstanding optoelectronic properties 

[4]. 2D HOIPs can be regarded as semiconductor/insulator multiple quantum 

wells (MQWs) systems consisting of inorganic perovskite semiconductor layers 

sandwiched between organic dielectric layers. Archetypical examples of this 

class of layered materials are 2D hybrid Ruddlesden−Popper halide perovskites 

(RPPs) with the general formula (RNH3)2A(n-1)BnX3n+1 (where R ≥ 4C is an alkyl 

or aromatic moiety; A is monovalent organic cation, e.g., CH3NH3
+ and 

NH2CHNH2
+; B is divalent metal cation, e.g., Pb2+, Sn2+; X is I–, Br– or Cl– and 

n = 1, 2, 3, 4,…) [5, 6].  The inorganic perovskite layers are comprised of metal 

halide [MX6]-4 octahedra which are connected at the four corners with halide 

ions X- on the plane. The –NH3
+ ends of the organic ammonium cations bind to 

the anionic layers of [MX6]-4 through both the equatorial and axial halide ions 

in a specific orientation determined by hydrogen bonding [7]. The long organic 

ammonium cation prevents the continuous 3D stacking of the metal halide 

lattice as observed in conventional 3D hybrid perovskites, leading to an 

alternating organic–inorganic layered structure. In addition, the organic chain 

spacers encapsulate the hygroscopic M-X and NH3 functional groups making 

2D hybrid perovskites more moisture resistant compared to 3D hybrid 

perovskites which are extremely moisture sensitive [5, 8-11]. 

The organic layer in RPPs has a larger bandgap and lower dielectric 

constant than those of the inorganic layer and thus, brings about strong spatial 

(quantum) and dielectric confinement effects [12-14]. This enhances the 

coulomb interaction of an electron-hole pair and reduces the screening of 
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carriers in the inorganic layers, leading to pronounced excitonic effects in RPPs 

at room temperature. To illustrate this, lead halide is a well-known ionic crystal 

with exciton binding energy (E-_`a ) of only 30 meV as opposed to 2D hybrid 

lead halide RPPs which have exciton binding energies of 300-400 meV [15, 16]. 

As a result, the optical properties of RPPs are strongly dominated by excitons. 

The electronic landscape of RPPs can be widely tuned over the entire near-

UV/visible range by changing the nature of the cationic and anionic species. For 

instance, the excitonic absorption and emission of (RNH3)2PbX4 are found to 

redshift from ultraviolet to blue to green when X changes from Cl– to Br– to I–, 

respectively [17].   

The band gap of RPPs can be further tuned by varying the quantum well 

width, i.e., increasing the number of inorganic layers within each quantum well 

(increasing n in the formula), which gradually relaxes the exciton confinement 

[6, 18]. In the extreme case where n ® ¥, the structure transits into a 3D hybrid 

perovskite. Figure 1.4 schematizes the monolayer configurations of the 

homologous series of butylammonium metal halide RPPs (n varies from 1 to 4).  

 

Figure 1.4. Schematic diagram showing side view of RPP monolayer series (n 
= 1 (left) to 4 (right)). The metal ions (M2+) are represented in orange color, 
halogen ions (X-) in purple color, ammonium groups (–NH3) in blue color and 
methyl groups (–CH3) in dark green color. 
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Compared to the common inorganic semiconductors that require 

complicated epitaxial fabrication processes, 2D RPPs can be synthesized simply 

by soft chemical methods at ambient conditions [6, 19]. The synthesis process 

typically involves two steps: the synthesis of the precursor ammonium salts and 

the preparation of the perovskite solution. In the first step, an amine (RNH2) is 

converted to the corresponding ammonium salt (RNH2.HX) by reacting the 

amine with a halogen acid (HX). In the second step, the dried ammonium salt 

is mixed with a metal halide (MX2) and dissolved in a solvent under agitation 

or in an ultrasonic bath to form the perovskite solution via a coordination 

reaction. This can be described by the chemical formula:  

2(RNHE. HX) + 	MXE → 	 (RNHW)EMXg																																																										(1.10) 

The perovskite molecules can then be self-assembled into 2D layered 

RPP single crystals via a temperature-lowering crystallization method [19]. 

Higher 2D RPP homologues (n > 1) are prepared in a similar way by adjusting 

the stoichiometric amounts of the reactants. Other methods such as thermal 

evaporation, two-step dip-coating and spin-coating can also be used to prepare 

2D RPP polycrystalline films [20, 21].  

Owing to their remarkable optical and electrical properties such as 

widely tunable bandgaps, high coefficients of optical absorption, high exciton 

binding energies, together with low manufacturing costs and improved stability, 

2D RPPs have excited the optoelectronic research community, holding great 

promise for applications in photovoltaics [5], light-emitting diodes (LEDs)  [22-

24], photodetectors [25] and lasers [26]. To date, 2D RPPs have achieved a PCE 

of 15% in solar cell operation under ambient conditions [9, 27].  
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1.3 Optical Nonlinearity in 2D Hybrid Organic-Inorganic Perovskites 

The strong quantum and dielectric confinement effects present in the 

RPP MQWs lead to pronounced excitonic effects in RPPs at room temperature, 

including a large exciton binding energy of hundreds of meV, a large oscillator 

strength, a short exciton decay time, and a reduced effective exciton radius [18, 

19]. This makes the confined 2D excitons stable against thermal dissociation at 

room temperature (kBT ~ 26 meV). Excitons in RPPs are delocalized within the 

inorganic perovskite layer with a Wannier-Mott-like nature [28]. In the 

perpendicular direction, however, excitons remain localized (Frenkel-like 

nature), leading to high oscillator strengths that facilitate the generation of high 

exciton densities. Under intense optical fields, the large populations of 

thermally stable and delocalized excitons in the RPP quantum wells can 

strongly interact through anharmonic terms, decay and/or relaxations of 

excitons. These exciton-exciton interactions can lead to a situation where the 

excitons cannot be modelled as noninteracting ideal bosons (i.e., harmonic 

oscillators), and thus they contribute to the nonlinear optical responses, e.g. χ(3) 

[29].  

For a semiconductor quantum well sandwiched by dielectric layers with 

a smaller dielectric constant and a larger energy gap, the excitonic χ(3) can be 

expressed as [30, 31]:  

χ(W) =
|S,|g

ℏW(9 − 9, + kΓ)E
	

1
(9 − 9, − kΓ)

	

× n
;o

;
+	

2kΓ − 9*./
9 − 9, − 9*./ + kΓ

p
1
q
																																										(1.11) 
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where S,  is the macroscopic transition dipole moment of the lowest 

exciton, 9 is the frequency of the pump laser beam, 9:		is the exciton resonance 

frequency of the RPP crystal, 9*./ is the frequency corresponding to an exciton-

exciton interaction energy of ℏ9*./, ; is one-half of the radiative longitudinal 

decay rate of the exciton (Γ, = 2;), ;o is the dephasing rate of the exciton, Γ is 

the transverse relaxation constant of the exciton (Γ  = ;  +;o ), and q  is the 

optically active volume of the quantum well.  

The macroscopic transition dipole moment is defined as:  

S, = n
2rE

stE
p
1/E

	v`w. Ĥy																																																																																									(1.12) 

Here r is the optically active area of the quantum well, t is the exciton 

radius, v`w  is the band-to-band transition dipole moment, and Ĥy  is the unit 

polarization vector of the incident radiation field.  

Let us consider the case in which the thermal relaxation of excitons is 

negligible, and the radiative decay is dominant, i.e., ;o = 0 and Γ = ;. In this 

case, one can predict strong third-order optical nonlinearities in 2D RPPs under 

resonant exciton excitation for the following reasons. First, the reduced 

effective exciton radius enhances S, by a factor L/a given by Equation 1.12 and 

χ(W)  by (r/t)4. Secondly, the 2D coherency of excitons with respect to the 

center-of-mass motion over the whole optically active region of the quantum 

well also enhances S,  by a factor r /t  together with the first effect. This 

macroscopic enhancement of  S, is attainable as long as the temporal and spatial 

coherences of the radiation field and the 2D exciton are maintained. Thirdly, the 

lack of translational symmetry in the direction perpendicular to the quantum 
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well ensures rapid radiative decay of the 2D exciton. The radiative decay rate 

of the 2D exciton is described as:  

Γ,(9) =
16	|v`w|E	9,E

ℏK9tE
= 24s	{

|
t
}
E

;~ 	�
9,
9
Ä
E
																																																	(1.12) 

where  

;~ 	=
4	|v`w|E

3ℏ|W
 

For nearly resonant excitation, ℏ|9, − 9| ≤ E-_`a 	  and the radiative 

decay rate Γ,(9)  is almost independent of 9 . As a result, the excitonic 

interactions becomes evident, making the nonlinear response finite. 

1.4 Scope and Objectives of the Thesis  

Over the last two decades, many research efforts have been made to 

study the nonlinear optical properties of RPPs. Nonlinear optical processes, 

including dipole-forbidden triplet exciton [32], biexciton [33], triexciton [34], 

third-harmonic generation (THG) [35] and four-wave mixing (FWM) [36, 37], 

have been demonstrated for RPPs. However, these nonlinear optical studies 

have been carried out mainly on bulk single crystals and polycrystalline films. 

Drawbacks of using bulk crystals and polycrystalline films when it comes to 

investigating the fundamental nonlinear optical properties of RPPs are that the 

former hinders the study of thickness-dependent phenomena, while the latter 

suffers from many defect-related trap states due to grain boundaries. Such 

defects limit the coherent length of the 2D excitons and hence, weak nonlinear 

responses have been reported for 2D RPPs [6, 38]. 
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Investigating the fundamental nonlinear optical properties of single-

crystalline RPPs at the nanoscale has remained largely unexplored. The weak 

van der Waals forces between the organic chains of adjacent layers make it 

possible to exfoliate bulk 2D hybrid RPP crystals into thin sheets which are of 

interest for both fundamental studies and potential applications. The main 

objective of this thesis is to investigate the linear and nonlinear optical 

properties of 2D hybrid RPP nanosheets mechanically exfoliated from five 

different butylammonium lead halide RPP single crystals, shedding light on 

their potential use in all-optical processing applications. 

1.5 Thesis Outline  

The thesis consists of six chapters, all of which focus on the NLO 

properties of 2D RPPs. Experimental results with thorough analysis and 

discussion can be found in Chapter 2 to 5.  

Chapter 1 provides an overview of optical nonlinearity and 2D hybrid 

perovskites for a better understanding of the experimental data presented in the 

thesis.  

In Chapter 2, we perform a systematic study on the intensity-dependent 

refractive index change of five different RPP crystals under one-photon-

resonant excitation. Using a microscopic Z-scan setup with femtosecond laser 

pulses tunable across the visible spectrum, we demonstrate that the RPP 

nanosheets possess unprecedentedly large nonlinear refraction and absorption 

coefficients near excitonic resonances. Room-temperature insulator (exciton)–

metal (plasma) Mott transition is found to occur near the exciton resonance of 

the thinnest quantum well RPPs, boosting the nonlinear response. Owing to the 
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rapidly changing refractive index near a resonance, a single RPP crystal can 

exhibit different nonlinear functionalities across the excitation spectrum.  

In Chapter 3, we look into the 2PA response of the RPP nanosheets in 

the NIR spectral region showing that RPPs exhibit extremely large 2PA 

coefficients under two-photon resonant excitation. In addition, highly efficient 

polarization-resolved sub-bandgap photodetection based on 2D RPP 

phototransistors is realized. 

In Chapter 4, we investigate the THG response of RPPs showing that 

the RPP nanosheets exhibit strong THG under three-photon resonant excitation. 

Due to signal depletion effects and phase-matching conditions, the strongest 

nonlinear response is achieved for thicknesses below 100 nm.  

In Chapter 5, we study the nonlinear dynamics of RPPs using an ultrafast, 

nondegenerate pump-probe spectroscopy. We find that, under sub-bandgap 

excitation, ⁓100-nm thick RPP sheets allow up to ⁓2% reflectivity modulation 

within a 20-fs period, due to the nonlinear refraction and absorption.  

Chapter 6 summarizes the main findings and proposes future work. 
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Chapter 2 Optical Kerr Nonlinearity in 2D Hybrid Perovskites  

2.1 Introduction 

When an intense optical beam propagates through a medium, it induces 

nonlinear optical (NLO) effects, and the refractive index (ñ) of the medium can 

be approximated as ñ = ño + ñ2I, where ño is the linear (low-intensity) refractive 

index, ñ2 is the nonlinear refractive index, and I is the beam intensity [1]. Both 

indices are frequency-dependent complex functions, i.e., ño (ω) = no (ω) + iko (ω) 

and ñ2 (ω) = n2 (ω) + ik2 (ω), with real and imaginary components describing, 

respectively, the strength of the retardation or absorption of the electromagnetic 

radiation inside the medium. Explicitly, no and n2 denote the linear and 

nonlinear refractive index coefficients, while ko and k2 stand for the linear and 

nonlinear extinction coefficients, correspondingly. The photoinduced change 

(Dñ = ñ – ño = ñ2I) in the refractive index is a third-order NLO effect, which has 

been utilized in a wide range of applications such as optical modulation, 

switching, and power limiting [2-4].  

Although many techniques have been developed to characterize ñ2, the 

most dominant technique in the literature is the Z-scan method. The Z-scan 

method is a simple and sensitive technique used for measuring the nonlinear 

refractive index (Kerr) coefficient (n2) and the nonlinear absorption (attenuation) 

coefficient (Ç =
gÉy5
Ñ

) [5, 6]. A thin nonlinear sample is scanned along the Z 

axis of a focused Gaussian laser beam, giving the technique its name. The laser 

intensity at the focus is high enough to induce nonlinear responses but low 

enough at the out-of-focus positions of the scanned range to exhibit only a linear 
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response. By monitoring the transmitted intensity as a function of the z-position 

on a detector placed in the far-field, the nonlinear coefficients can be determined 

by fitting the experimental data to theory. In the first measurement, known as 

the open aperture (OA) scan which measures β, all the power transmitted 

through the sample is focused on the detector. If the nonlinear response is 

dominated by two-photon absorption (TPA or 2PA), i.e., β > 0, a characteristic 

dip is seen in the OA scan at the focus where nonlinear absorption is strongest. 

On the other hand, if the sample is subject to saturable absorption (β < 0), a peak 

is seen at the focus as more light is transmitted.  

A second measurement known as the close aperture (CA) scan measures 

n2. In this case, an aperture is placed in front of the detector to block some 

portion of the transmitted light. For self-focusing nonlinearity (n2 > 0), the 

sample will behave as a positive Kerr lens near the focus. Thus, for the sample 

positioned prior to focus, the far-field beam divergence is increased due to 

additional focusing from the Kerr lens, and therefore less light will pass through 

the aperture. With the sample positioned after the focal plane, the sample will 

slightly re-focus the diverging beam and, as a result, more power reaches the 

detector. Consequently, a decrease in transmittance (valley), followed by an 

increase (peak) is seen in the CA scan as the sample is scanned from in front of 

to behind the focus (valley-peak behavior). For a self-defocusing sample (n2 < 

0), analogous arguments explain the appearance of characteristic peak-valley 

behavior. In the absence of nonlinear absorption, the normalized CA scan can 

be fitted to give the n2 value. If a sample experiences both nonlinear refraction 

and nonlinear absorption, the normalized CA scan is divided by the normalized 

OA scan to obtain a new, purely refractive scan before fitting. A schematic 



21 
 

representation of the Z-scan method can be viewed in Figure 2.1 including 

examples of both OA and CA scans [7].  

 

Figure 2.1. Schematic representation of the Z-scan method. (a) Open-aperture 
scan of a sample that experiences two-photon absorption (2PA) wherein the 
entire beam is focused onto the detector. An idealistic dip shape of the detected 
transmitted intensities as a function of the sample position as shown under the 
layout.  (b) Closed-aperture scan of a self-focusing sample wherein only the 
center of the beam reaches the detector. A characteristic valley-peak 
configuration of the detected transmitted intensities as a function of the sample 
position is shown under the layout. Reproduced with permission [7]. Copyright 
(2011) CleanEnergyWIKI, University of Washington. 

 

As reflected in its perturbative nature, the third-order NLO response of 

conventional nonlinear materials is usually weak. Hence, it is necessary to use 

high optical intensities and large interaction volumes in order to achieve strong 

and efficient NLO responses, hindering the development of low-power 

miniaturized nonlinear photonic devices. Relying on the fact that ñ2 increases 

either with increasing third-order nonlinear susceptibility (Ö(W)) or decreasing 

no [8], two main approaches have been introduced to enhance the nonlinear 
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index. The first approach is based on the enhancement of Ö(W)  by means of 

resonant excitation [9], extended delocalized electron systems [10], and 

plasmonic and quantum effects [11-13]. The second and more recent strategy 

takes advantage of materials with epsilon-near-zero (ENZ), ε ≈ 0, or mu-near-

zero (MNZ), μ ≈ 0, and thus a near-zero no. In this regime, ñ2 becomes 

anomalously large and consequently, the nonlinear contribution to the refractive 

index can exceed the linear one (nonperturbative nonlinear response) [14, 15]. 

Although these approaches have led to a large enhancement of the NLO 

response, they have been mainly applied in the infrared (IR) region and relied 

on brittle materials (e.g. semiconductor saturable absorber mirrors (SESAMs) 

and transparent conducting oxides (TCOs)), which are hard to interface with 

typical photon conduits, such as optical fibers. In addition, these nonlinear 

materials require complicated epitaxial fabrication processes, precluding large-

scale production.  

Solution-processed 2D hybrid RPPs with tunable ultraviolet-to-visible 

direct bandgaps, exhibit unique nonlinear optical properties due to the strong 

excitonic effects present in their natural multiple quantum wells (MQWs), as 

discussed in the preceding chapter. Here, we have synthesized five centimeter-

sized, pure phase RPP bulk single crystals of butylammonium lead halide (n = 

1 to 4), which show excitonic emission in the visible 400-to-700 nm wavelength 

range. Exfoliating these single crystals onto transparent quartz substrates yields 

large-sized (>100 μm in lateral size) RPP nanosheets (<200 nm in thickness) 

and enables us to investigate their third-order optical nonlinearities using the Z-

scan method, performed with a tunable femtosecond laser. We discover that the 

exfoliated RPP sheets exhibit extremely large n2 and Ç  near their optical 
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bandgaps. We also find that the magnitude and sign of n2 and β vary strongly 

with the excitation wavelength. 

 

2.2 Experimental Methodology 

2.2.1 Crystal Growth and Characterization 

Five centimeter-sized, pure phase RPP single crystals with the general 

formula [(BA)2(MA)n-1PbnX3n+1] (where BA = butylammonium (C4H9NH3), 

MA = methylammonium (CH3NH3), X = I– or Br–, and n is the number of 

inorganic layers within each quantum well) were synthesized through a 

temperature-programmed crystallization method (for iodide-based RPPs) or an 

antisolvent vapor diffusion method (for bromide-based RPPs) [16, 17]. The 

synthetic process was carried out in an argon-filled glove box due to the 

hydroscopic nature of the reactants.  

For (BA)2PbI4 (n = 1), PbO and BAI (1/1 by molar, 0.57 M) were 

dissolved in a concentrated mixture of HI and H3PO2 (10:1, v/v), and then 

heated at 110 °C while stirring for 40 minutes to give a clear yellow solution. 

Subsequently, the solution was quickly transferred to an oven set at 110 °C and 

allowed to cool down slowly to room temperature at a rate of 3 °C/h, after which 

orange crystals were obtained. For (BA)2MAPb2I7 (n = 2), PbO, BAI and MAI 

(1.9/1.4/1 by molar, MAI: 0.31 M) were dissolved in a concentrated mixture of 

HI and H3PO2 (9:1, v/v). The subsequent steps were conducted in a similar way 

as described above to obtain dark red crystals. For (BA)2(MA)2Pb3I10 (n = 3), 

PbO, BAI and MAI (3/1/2 by molar, BAI: 0.2 M) were dissolved in a 

concentrated mixture of HI and H3PO2 (9:1, v/v). The subsequent steps were 

carried out in a similar way as described above to obtain dark brown crystals. 
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For (BA)2(MA)3Pb4I13 (n = 4), PbO, BAI and MAI (4/1/3 by molar, BAI: 0.17 

M) were dissolved in a concentrated mixture of HI and H3PO2 (7.6:1, v/v). The 

subsequent steps were carried out in a similar way as described above to obtain 

metallic black crystals. Finally, for (BA)2PbBr4 (n = 1), an anti-solvent vapor 

diffusion method was used for crystallization. First, PbBr2 and BABr (1/2 by 

molar, PbBr2: 0.5 M) were dissolved in N,N-dimethylformamide (DMF) under 

magnetic stirring until a clear and colorless solution was obtained. Subsequently, 

(BA)2PbBr4 single crystals were grown by the slow diffusion of the vapor of the 

anti-solvent dichloromethane (DCM) into the solution. 

The powder XRD data were collected on a Bruker D8 Advance X-ray 

diffractometer using Cu Kα radiation (λ = 1.548 Å) generated at 40 kV and 40 

mA. The data were recorded in a 2θ range of 5 - 80° at room temperature. 

2.2.2 Micro-mechanical Cleavage  

The bulk 2D crystals were mechanically exfoliated onto clean quartz 

substrates using the scotch-tape method in an argon-filled glove box. The 

transferred flakes were then covered with an h-BN layer via the poly (dimethyl 

siloxane) (PDMS) stamp-transfer method. After the encapsulation of the 2D 

perovskite flakes with h-BN, the samples were taken out of the glove box for 

optical characterization. Atomic force microscopy (AFM) was used to measure 

the thickness of the exfoliated flakes. 

2.2.3 Optical Characterization 

The spectroscopic ellipsometry (SE) measurements were carried out on 

a J. A. Woollam ellipsometer with a wavelength range of 200 nm – 2000 nm. 

The sample was measured at an incidence angle of 70°. The Z-scan setup used 
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a Yb:KGW femtosecond PHAROS laser system as a pump of a collinear optical 

parametric amplifier ORPHEUS with a LYRA wavelength extension option 

(Light Conversion Ltd, pulse duration of 150 fs, tunable excitation wavelength 

of 310 nm – 2700 nm, and repetition rate of 100 Hz –100 kHz). The samples 

were mounted on a motorized Thorlabs PT1/M-Z8 stage and scanned through 

the focus of the laser along the optical axis. The laser beam was focused onto 

the RPP flakes with an objective lens (10x, NA = 0.17) and the transmitted light 

was collected with a Thorlabs DCC1545M CMOS camera to record open 

aperture and closed aperture Z-scan traces in a single measurement by 

integrating over appropriate parts of the pixel array. Positioning the laser spot 

(2.1 μm diameter at λ = 500 nm) on an RPP flake was achieved using an imaging 

system consisting of a second camera of the same type and a white light source 

coupled to the beam path with a semitransparent mirror and a flip-in mirror (see 

schematic in Figure 2.4a). Laser input power was controlled with an optical 

attenuator. In order to fulfill the thin sample approximation, it was ensured that 

the Rayleigh range (20 µm), which could be extracted from fits to the data, was 

considerably larger than the thicknesses of the RPP flakes (< 200 nm).  

2.2.4 Determining the Nonlinear Refraction and Absorption from the Z-
scan Measurements 

The Z-scan OA data was analyzed using a model with saturable linear 

and two-photon absorption [18, 19],  

BÜ
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= −
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à

àâäã
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	åE                                                                         (2.1) 
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where I is the light intensity, z is the coordinate inside the sample, í 

means the linear absorption coefficient, β2PA stands for the two-photon 

absorption coefficient, and Isat and Isat,β represent the saturation intensities. 

In order to compare the parameters to previous results using a single 

figure of merit, an effective βeff = −ÇEìî − ï
7á

Üâäã
ñ corresponding to the second-

order term in the Taylor expansion of the model (Equation 2.1) was defined. 

For the nonlinear refractive index change, the closed scan trace was 

divided by the open scan trace to obtain a purely refractive scan, as described in 

Reference 6, which was then fitted using [20]: 

	ó̀ ò,~-B(ô) = 1 +
göõú67(ö5PW)ù5éèû6+?üü

√E(ö5P1)(ö5P°)
                                                      (2.2) 

With the two-photon absorption coefficient ÇEìî set to zero, the peak 

intensity of the laser I: , the effective length of the sample r-££ , the sample 

position z relative to the focus, and the peak on-axis nonlinear phase shift 

Δϕ: = ¶nEI:r-££. It needs to be mentioned that this is only valid within ⁓10% 

error for cases where the imaginary part of Ö(W) is larger than the real part [6], 

so for the scans with too large saturable absorption, no value for n2 could be 

extracted using this method. It should also be mentioned that our h-BN covered 

quartz substrates have shown a negligible nonlinear response (OA fluctuations 

of ± 0.4% and CA/OA fluctuations of ± 0.75% at an excitation intensity of 198 

TW m-2) compared to the RPP values. 
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2.3 Results and Discussion 

2.3.1 Linear Optical Characterization 

Figure 2.2 schematizes the various obtained configurations, 

[(BA)2PbBr4] (n = 1), [(BA)2PbI4] (n = 1), [(BA)2(MA)Pb2I7] (n = 2), 

[(BA)2(MA)2Pb3I10] (n = 3) and [(BA)2(MA)3Pb4I13] (n = 4), hereafter denoted 

as Brn=1, In=1, In=2, In=3 and In=4, respectively (see Figure S2.1 in Appendix for 

photographs of the RPP single crystals). In all cases, the as-grown large-sized 

crystals showed single phase purity, as evidenced by X-ray diffraction (XRD) 

analysis performed on powder ground from a large batch of crystals (refer to 

Figure S2.2 for XRD data). 

 

Figure 2.2. Diagram showing a side view of the bilayer crystal configurations 
corresponding to the different 2D RPP crystals. 

To study the dispersion and absorption properties of the RPP series (n = 

1 to 4), we performed Spectroscopic Ellipsometry (SE) measurements on the 

bulk synthesized crystals. Figure 2.3a,b depicts the variation of the real (e1) and 
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imaginary (e2) components of the complex dielectric function e(ω) = e1 (ω) + 

ie2 (ω) = DC,E  with wavelength. The e2 peaks in Figure 2.3b represent the 1s 

exciton resonances of the different RPP crystals. The optical (excitonic) and 

electronic bandgaps of the crystals were estimated by the Tauc law (refer to 

Section S2.8 for more details) [16]; the results are summarized in Table 2.1. It 

can be noticed that as the RPP’s quantum well width increases with the number 

of inorganic layers, the optical bandgap, the electronic bandgap, and the energy 

difference between them (i.e., exciton binding energy (E-_`a )), decrease due to a 

reduced confinement [22]. In addition, Brn=1 exhibits a larger bandgap compared 

to In=1 due to the enhanced stabilization of the predominantly halide-based 

valence band with increasing electronegativity of the halide [23]. E-_`a  is 

determined to be 510 meV, 350 meV, 220 meV, 160 meV and 150 meV for 

Brn=1, In=1, In=2, In=3 and In=4, respectively. These values are significantly larger 

than corresponding values for 3D (76 meV for CH3NH3PbBr3 and 50 meV for 

CH3NH3PbI3) [24] and 2D (480 meV, 80 meV, 50 meV, 20 meV and 10 meV 

for Brn=1, In=1, In=2, In=3 and In=4, respectively) [25, 26] hybrid lead halide 

perovskites reported previously. 

 

Figure 2.3. Real (a) and imaginary (b) components of the dielectric function 
for the different RPP crystals. (c) The real and imaginary components of the 
dielectric function of In=1 plotted together for illustration. 
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Table 2.1. The electronic (E©) and optical (E©
,™/) bandgaps of the different RPP 

single crystals. 

Crystal       ´¨ (eV)             ´¨
≠ÆØ (eV) 

Brn=1 3.55 (l = 349 nm) 3.04 (l = 408 nm) 
In=1 2.75 (l = 450 nm) 2.40 (l = 515 nm) 
In=2 2.39 (l = 518 nm) 2.17 (l = 570 nm) 
In=3 2.21 (l = 560 nm) 2.05 (l = 605 nm) 
In=4   2.07 (l = 599 nm)   1.92 (l = 645 nm) 

 

Regarding the electrical polarization response (e1) shown in Figure 2.3a, 

it changes rapidly around the exciton resonance, exhibiting an anomalous 

dispersion region. An anomalous (descending) dispersion is associated with a 

decrease in e1 (or no) with increasing frequency and usually takes place in the 

immediate vicinity of an electronic, excitonic, vibrational or rotational 

resonance. The frequency dependence of e1 and e2 can be qualitatively described 

by treating the RPP crystal as a collection of optically-driven, damped harmonic 

oscillators (Lorentz oscillator model) [27]. Thereby, e1 and e2 can be expressed 

as:  

e1 = D:
E −	¶:

E = 1 + 9™E 	
9:
E − 9E

(9:
E − 9E)E +	;E9E	

																																														(2.3) 

eE = 2D:¶: = 	9™E
;9

(9:
E − 9E)E +	;E9E	

																																																										(2.4) 

where 9:		 is the exciton resonance (angular) frequency of the RPP 

crystal, 9 is the frequency of the driving electric field of the incident light beam, 

9p is the Lorentz plasma frequency, and ; is the damping factor. 9p is defined 
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as: 9p = <
=-5

e6>?

 ; N is the number density of the Lorentz oscillators (excitons), e 

is the charge magnitude, eo is the vacuum permittivity and me is the charge mass.  

From Equation 2.3 and 2.4, it is clear that the dispersion and absorption 

of the RPP crystal depend strongly on the difference between the applied 

frequency (9) and the resonance frequency (9:). e2 approaches a maximum 

with a steep gradient in e1 when 9  gets close to 9: . Experimentally, the 

damping (loss) factor is defined as the full width at half maximum (FWHM) of 

the absorption peak or the width of the anomalous dispersion region as 

illustrated in Figure 2.3c. A smaller value of ; leads to larger values of e1 and 

e2 near resonance, indicating that the radiation-induced energy loss of the n=1 

RPP crystals are the smallest among all crystals.  

Interestingly, we find that e1 reaches zero at the high-frequency end of 

the anomalous dispersion region of the n = 1 crystals, revealing the formation 

of a quasi-free electron-hole plasma [28]. This can be ascribed to the larger 

oscillator strength of the weakly damped n = 1 systems which facilitate in the 

generation of high exciton densities near resonance. The large exciton 

populations can lead to efficient dipolar screening and phase-space filling, 

reducing E-_`a  and the effective bandgap (i.e., bandgap renormalization) and 

hence, triggering a Mott transition (MT) to a metal-like ionized plasma [29, 30]. 

Such an exciton MT in 2D systems has previously been observed only at 

sufficiently low temperatures (typically few to tens of Kelvin) and exciton 

densities on the order of 1010–1012 cm−2 [31, 32]. The optically-induced exciton 

MT in RPPs attests to the strong excitonic effects in these hybrid quantum 

systems and present the first demonstration of an insulator (exciton)–metal 
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(plasma) transition at room temperature. It should be mentioned that our spin-

coated polycrystalline n = 1 RPP films did not show a MT near resonance 

(Figure S2.3), probably due to the presence of defects, grain boundaries and 

surface inhomogeneities that limit the coherent length of excitons and prevent 

efficient excitonic interactions.  

2.3.2 Nonlinear Optical Characterization 

In order to investigate the NLO response of the RPP crystals, we 

performed microscopic Z-scan measurements [6] (the schematic setup is shown 

in Figure 2.4a) on RPP nanosheets mechanically-exfoliated from the five 

different RPP single crystals. Prior to the measurement, the exfoliated flakes 

were encapsulated with a thin layer of transparent hexagonal boron nitride (h-

BN) to avoid any photo-oxidation. Figure 2.4b,c shows an exfoliated In=2 flake 

before and after h-BN coverage, respectively. 

 

Figure 2.4. (a) Schematic diagram of the Z-scan experimental setup. Optical 
images of an exfoliated In=2 flake (92 nm thickness) on a quartz substrate before 
(b) and after (c) encapsulation with h-BN. Scale bars, 20 μm.   
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The OA Z-scan profile of In=2 at the excitonic resonance is displayed in 

Figure 2.5a as a representative example. βeff was determined by fitting the data 

as described in Section 2.2.4. The results are shown in Table 2.2 for all samples, 

for both the exciton resonance and the plasma resonance, if present. The 

negative values of βeff indicate saturable absorption (SA) in all cases. The 

associated saturation intensity (Isat) values are also included in the table. 

 

Figure 2.5. (a) Open-aperture Z-scan trace of In=2 at the exciton resonance (570 
nm). (b) Closed-aperture (normalized to open) Z-scan traces of In=2 around the 
exciton resonance. Solid lines indicate the theoretical fits to the measured data. 
The repetition rate of the laser is 1 kHz. 

 

Extremely high SA values of RPPs at exciton resonance can be observed 

in Table 2.2, which can be explained by the filling of the exciton band edge 

under intense optical fields, leading to Pauli blocking [33]. For the n = 1 crystals, 

βeff presents a notable increase in magnitude at the plasma resonance wavelength 

compared to the resonant excitonic values. Such an increase in the nonlinear 

response at the plasma frequencies of Brn=1 and In=1 could be due to the 

ponderomotive and relativistic nonlinear effects introduced by the plasma 

formation [1]. We note that these values of < -100 cm MW-1 are about 103 times 

larger in magnitude than those of TCOs at plasma resonance for normal 

incidence [14], and much higher than previously reported values for 2D 
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materials (refer to Table 2.2 for comparison with graphene, reduced graphene 

oxide (R-GO), transition metal dichalcogenides (TMDs), topological insulators 

(TIs) and black phosphorus (BP)). When considering all homologues, the results 

indicate that In=2 features the largest resonant βeff (see Figure S2.4, S2.5 and S2.6 

for the Brn=1, In=1, In=3 and In=4 data).  

The saturation intensities of the RPP nanosheets are found to be several 

orders of magnitude larger than those of traditional semiconductor materials, 

e.g., GaAs (79 W cm-2) [34]. The low saturation intensities of the higher 

homologues (n > 1) compared to the n = 1 crystals can be ascribed to exciton 

localization effects originating from the MA organic cation motion [35]. The 

strong SA response of the RPP crystals at resonance suggests that they are 

potential candidates as optical modulators for directly generated visible pulsed 

lasers; a field that currently lacks efficient laser sources and optical modulators 

in the visible region [36, 37].  

Table 2.2.  βeff and Isat of the different RPPs at exciton and plasma resonances. 
Literature values for other 2D materials measured using femtosecond laser 
pulses at 1-2 kHz repetition rate, are also included for comparison.  

Material Thickness (nm) Pump wavelength (nm) Pump intensity (TW m-2) βeff (cm MW-1) Isat (TW m-2) 
Brn=1

a) 175 407 (exciton),  
403 (plasma) 

256,  
89 

−82,  
−126 

55,  
46 

In=1
a) 150 515 (exciton),  

510 (plasma) 
116,  
215 

−69,  
−116  

61,  
27 

In=2
a) 92 570 4.8 −256 9.2 

In=3
a) 78 610 8.6 −165 8 

In=4
a) 149 650 7.5 −45 21 

Graphene[29] Dispersion 790 160   −0.09 250 
R-GO[30] Dispersion 790 1200 −0.025b) 1700 
MoS2

[31] 51.84−53.28 800 N/A −0.25b) N/A 
WS2

[31] 13.5−15 515 N/A −0.397b) N/A 
WS2

[31] 0.75−2.25 515 170 −29b) N/A 
Bi2Se3

[32] 30 532 / 800 N/A −20 / −65b) 19.2 / 8.5 
Bi2Te3

[32] 35 532 / 800 N/A −32 / −21b) 10.4 / 9.7 
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a)This work; b)The nonlinear absorption coefficient (not the effective one).  

 

The CA (normalized to OA) Z-scan profiles of RPPs reveal that n2 is at 

the transition between positive n2 (self-focusing) and negative n2 (self-

defocusing) around the exciton resonance, crossing zero at 9:  as shown in 

Figure 2.5b for the case of In=2. This implies that the nonlinear refractive index 

is purely imaginary at the optical bandgap. However, as shown next, its 

magnitude and nature vary strongly with the excitation wavelength.  

2.3.2.1 Wavelength Dependence of the Nonlinear Optical Response   

Figure 2.6a,b presents, respectively, the wavelength dependence of n2 

and βeff for In=2 as a representative example. n2 manifests self-focusing behavior 

for frequencies above 9: and self-defocusing behavior for frequencies below 

9:. The nonlinear refraction is paramount at the boundaries of the anomalous 

dispersion region (see Table 2.3 for extracted maximum values) and weakens 

as the driving frequency further departs from resonance. We find that the n2 

values of the RPP flakes near resonance are three to four orders of magnitude 

higher than those of typical optical switching materials such as GaAs (3.25 × 

10-17 m2 W-1) [38] and Si (4.5 × 10-18 m2 W-1) [39], and comparable to or higher 

than those of other 2D materials (refer to Table 2.3 for comparison with other 

2D materials).  

Unlike many 2D materials (e.g. group-VI TMDs) that show direct 

bandgap and enhanced linear and nonlinear optical properties only at the 

monolayer level [40, 41], RPPs exhibit a thickness independent direct bandgap, 

a robust excitonic nonlinearity and a tunable nonlinear refractive index which 

BP[33] Dispersion 400 / 800 5150 −16.2×10-6 / 
−6.17×10-6 b) 

4553 / 3346 
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are pertinent to next-generation NLO applications in the visible waveband (refer 

to Figure S2.7 for thickness-dependent NLO study of RPPs). The strong NLO 

response of the 2D hybrid RPP crystals is attributed to the resonant 

enhancement of the macroscopic transition dipole moment (Po) of the excitonic 

transitions that arises from the coherent excitation of the confined 2D excitons 

[42]. This produces a large Ö(W)  enhanced by the fourth power of the 

macroscopic transition dipole moment (Ö(W)	~ |S,|g ) [1]. Furthermore, the 

breakdown of the translational symmetry in the direction perpendicular to the 

quantum well ensures rapid radiative decay of the 2D exciton and thus fast 

optical response time of the order of picoseconds or below [35]. 

Figure 2.6b shows how the βeff peak levels off away from resonance, 

where its value decreases to zero (i.e., Ö(W)  is purely real) and eventually 

becomes positive, indicating two photon absorption (2PA), and therefore |βeff| = 

|β2PA|. Since nonlinear absorption generates long-lifetime free carriers in the 

conduction band that substantially slow down the speed of the nonlinear 

photonic devices [4], it has been a long-standing goal in ultrafast nonlinear 

optics to develop materials with both a large n2 and a small β2PA. Such materials 

with a large figure of merit (FOM = 
1

l
	
.5
ç5éè

), e.g., RPPs at their β-zero-crossing 

wavelengths (i.e., l = 545 nm and 588 nm for In=2), are the choice candidates 

for ultrafast nonlinear photonic applications.  
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Figure 2.6. n2 (a) and βeff (b) as a function of wavelength at a repetition rate of 
1 kHz for In=2. The nonlinear coefficients are measured with different pump 
intensities as indicated by the color bars. 

 

The resonant trends of n2 (positive on the high-frequency side of 9: and 

negative on the low-frequency side) and βeff satisfy the Kramers-Kronig relation 

[1], and present the reverse shape of the linear refractive index components of 

no and k, respectively [43, 44]. We observe that no enhancement of the NLO 
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response was found at the edge of the conduction band (e.g. l = 518 nm for In=2 

as shown in Table 2.1) of the RPP crystals due to free charge carrier nonlinearity.  

Table 2.3. n2 of the different RPPs near resonance. Literature values for other 
2D materials measured using femtosecond laser pulses at 1-2 kHz repetition rate, 
are also included for comparison.  

Material Thickness 
(nm) 

Pump 
wavelength 

(nm) 

Pump 
intensity 
(TW m-2) 

n2 (m2 W-1)  
Self-focusing 

Pump 
wavelength 

(nm) 

Pump 
intensity 
(TW m-2) 

n2 (m2 W-1) 
Self-defocusing 

Brn=1
a) 175 390 61.7 3.0 x 10-14 410 48.6 −2.9 x 10-14 

In=1
a) 150 500 57.6 4.7 x 10-14 520 8.9 −3.5 x 10-14 

In=2
a) 92 560 6.4 8.2 x 10-14 580 10.1 −1.2 x 10-13 

In=3
a) 78 600 7 9.2 x 10-14 615 12 −1.8 x 10-14 

In=4
a) 149 640 14.1 3.2 x 10-14 660 28.5 −3.0 x 10-15 

R-GO[30] Dispersion 790 1200 7.5 x 10-16 — — — 
Bi2Se3

[40] 50 800 104 2.26 x 10-14 — — — 
WS2

[36] 0.75 800 2750 8.1 x 10-13 — — — 
MoS2

[37] 0.72 — — — 700 46.3 −6.97 x 10-12 
MoS2

[37] Multilayer — — — 700 46.3 −1.16 x 10-14 
Oxidized 
BP[41] 

Dispersion — — — 800 3500 −3.61 x 10-20 

a)This work. 

2.3.2.2 Repetition Rate and Power Dependent Studies of the Nonlinear 
Optical Response 

Thermal effects, i.e., heat accumulation caused by insufficient heat 

dissipation between laser pulses, can largely contribute to the nonlinear optical 

response. Thermally-induced optical nonlinearities are usually the dominant 

nonlinear optical mechanism for continuous-wave and long pulse width (e.g. 

nanosecond and picosecond pulses) lasers [1]. In order to determine the impact 

of the repetition rate of our 150 fs laser pulses on the extracted parameters, for 

example in the form of thermal or cumulative excitonic effects, we performed a 

series of measurements at constant intensity and wavelength as close to 

resonance as possible, while still having an analyzable CA trace. The resulting 

n2 and βeff are shown in Figure 2.7a,b. For n2, all data points are well within 
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error margins, while there is a non-negligible difference between the βeff values 

at 1 kHz and 2 kHz. These results suggest that due to cumulative effects on a 

100 μs to 1 ms timescale the saturable absorption is stronger than it would 

otherwise be. Due to setup limitations, i.e. low light levels on the camera, it was 

not possible to explore smaller repetition rates at constant peak power to 

determine the exact contribution. Therefore, the relative error due to cumulative 

effects around a repetition rate of 1 kHz was estimated by taking the difference 

between the values at 500 Hz and 2 kHz, yielding an extra error of ⁓15%. As 

the data was taken close to resonance, this error estimate was assumed to be 

representative and was applied to all values of βeff in this article.   

Furthermore, we investigated the power dependence of the nonlinear 

optical response. Figure 2.7c,d elucidates the variation of the nonlinear response 

of In=2 with the laser power at different wavelengths, where the magnitudes of 

the resonant βeff and n2 monotonically decrease with increasing power. This can 

be attributed to the increased temperature of the illuminated area of the RPP 

crystal, which may give rise to hot phonons. The collisions between the excitons 

and the thermally excited phonons result in exciton dissociation [45]. These 

processes are difficult to model within the constraints of an effective third-order 

nonlinearity or a simple saturable absorption model, and the power dependence 

of the extracted values suggests that higher order effects are at play. However, 

the Z-scan data do not exhibit enough reliable features to justify going beyond 

the applied theoretical description. 
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Figure 2.7. n2 (a) and βeff (b) as a function of repetition rate at 560 nm for In=2. 
n2 (c) and βeff (d) as a function of the laser intensity at 1 kHz for In=2. 
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Chapter 3 Two-Photon Absorption in 2D Hybrid Perovskites  

3.1 Introduction 

Two-photon absorption (2PA) has been widely utilized in sub-bandgap 

photodetection [1] by converting light with photon energies (ℎ±) below the 

bandgap (G©) of a semiconductor into electrical signals. Such nonlinear sub-

bandgap photodetection is highly desirable for applications in optical 

communications, solar energy harvesting, and quantum technology [2-5]. 

Relying on the fact that the 2PA photon-to-current efficiency increases either 

with decreasing G© or increasing transition dipole moment (v) [6, 7], most of 

the commercially available 2PA detectors are based on narrow-bandgap 

semiconductors that operate in the mid-infrared (mid-IR) spectral region [8, 9]. 

Furthermore, hyper-doped semiconductors with enhanced v  have been 

employed for sub-bandgap detection at a temperature of 10 K [10]. However, 

the third-order nonlinear 2PA response of the conventional nonlinear materials 

is inherently weak hindering the development of efficient small-scale nonlinear 

photodetectors that can function in a room-temperature environment. Nonlinear 

sub-bandgap detection at shorter-wavelengths (e.g. near-IR) has also remained 

challenging.  

The strong light-mater interaction in 2D RPPs makes it possible to attain 

exceptionally high optical nonlinearity at subwavelength scales, opening new 

opportunities for ultrathin efficient nonlinear optical devices. The optical 

transition dipole moments associated with the excitonic-resonant 2PA process 

are expected to be large for RPPs and would result in desirable 2PA coefficients 

[11, 12]. Upon illuminating RPPs with laser pulses in the NIR region, np-
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excitons (n = 2, 3, …) are created through degenerate 2PA (D-2PA). 

Intrinsically, the np-excitons can either decay to the lowest excitonic states (1s-

exciton) [13] or dissociate to form free charge carriers under a bias voltage [14], 

as indicated in Figure 3.1b. The former leads to 2PA-excited photoluminescence 

(2PPL), as shown in Figure 3.1c, while the latter generates sub-bandgap 

photocurrents at room temperature.  

Based on a recently reported quantum perturbation theory on 2D 

excitons [12, 15], we can derive an approximation for the D-2PA coefficient (Ç) 

associated with near-resonant 2p-excitonic states as: 

Ç≤→E™ = ≥
=¥5	(µPE)∂

∑54∏54
tπg                                                                                                        (3.1) 

Here, ∫  is the density of the active unit cells; 	ªE  refers to the 

probability of forming 1s-excitons in a 2D material; 	º  is the electric 

permittivity; 	GE™  and ΓE™  are the 2p-exciton energy and line-width, 

respectively; 	tπ  is the effective Bohr radius of the 2D exciton; and ≥  is a 

material-independent constant which has a value of 3 × 101:	in the units such 

that Ç≤→.™ is in KΩ	ªæ71, ∫ is in KΩ7W, GE™ and ΓE™ are in Hq, and tπ is in 

meters (Derivation details can be found in Appendix S3.1). As suggested by 

Equation 3.1, large values of ∫ªE and tπ [16, 17] are preferable for efficient 

excitonic-resonant 2PA processes. Employing this quantum model, the D-2PA 

coefficients of 2D RPPs are calculated to be on the order of 0.3–2 KΩ	ªæ71 

per monolayer in the spectral range from 0.8 to 1.6 vΩ. 

In this chapter, we demonstrate that 2D RPPs (In=1, 2, 3, 4) exhibit 

extremely large D-2PA coefficients under two-photon excitonic-resonant 
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excitation. The experimental results are well consistent with the quantum theory. 

By taking advantage of these large D-2PA values, we have constructed two-

photon detectors based on In = 4, as illustrated in Figure 3.1a, for the detection of 

femtosecond laser pulses in the 0.8–1.6 vΩ waveband. The In=4 detectors show 

excellent detection performance: a two-photon current (2PC) responsivity up 

to	1.2 × 10g	KΩEæ7Eƒ71, two orders of magnitude greater than the standard 

InAsSbP-pin photodiode [9]; and a dark current as low as 2 ≈∆  at room 

temperature. More intriguingly, the 2D-RPP-based detectors are sensitive to the 

polarization of the incoming photons, showing a considerably large anisotropy 

in its D-2PA coefficients (Ç[::1] Ç[:11] = 2.4⁄ , 70% more than the ratios 

reported in literature) [18]. We also demonstrate that In = 2 can be utilized for 

three-photon detection in the 1.3– 1.6	vΩ spectral range. 
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Figure 3.1. (a) Schematic representation of sub-bandgap photodetection based 
on 2D RPPs. Right: a side view of the molecular structure of monolayer 2D RPP 
In=4. (b) Energy level diagram for degenerate two-photon absorption (D-2PA), 
indicating two possible pathways for the 2p excitons; non-radiative decay to 1s 
state and disassociation to free carriers. (c) Photoluminescence (PL) of 2D-
RPPs (In=1, 2, 3, 4). 

 

3.2 Experimental Methodology 

3.2.1 Sample Preparation  

Field effect transistor (FET) devices on 285 nm SiO2/Si substrates were 

fabricated by standard electron beam lithography (EBL), thermal evaporation, 

and liftoff. The graphene patterns were first defined using EBL with a 

polymethylmethacrylate (PMMA) positive resist as an etch mask. Metal 

electrodes were then deposited through thermal evaporation of Cr (3	DΩ)/Au 

(5	DΩ) and a subsequent liftoff step was employed to wash away the resist. For 

the 2PPL measurements, the 2D-RPP crystals were mechanically exfoliated 

onto clean quartz substrates using the scotch-tape method. For the 

optoelectronic measurements, the bulk RPP crystals were first exfoliated on 

PDMS and uniform perovskite flakes were then selected and transferred onto 

the pre-patterned FET electrodes using a transfer stage. The exfoliation and 

transfer processes were carried out in an argon-filled glove box. The transferred 

RPP flakes were covered with a thin layer of h-BN before taking out of the glove 

box for optical and optoelectronic characterizations. AFM was used to measure 

RPP-flake thickness. 

3.2.2 Optical Characterization 

One-photon-excited photoluminescence (1PPL) measurements were 

performed using a confocal microscope with 473 nm (for In = 1) and 532 nm (for 
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In= 2, 3, 4) laser excitation wavelengths. The laser beam was focused on the 

samples using a 100x objective lens, and the PL signals were collected at a 

backscattering angle with the same objective lens. The PL emission was routed 

via a bundled optical fiber to a monochromator (Acton, Spectra Pro 2300i) 

coupled to a CCD (Princeton Instruments, Pixis 400B).  

For the two-photon-excited PL (2PPL) measurements, a confocal 

microscope combined with a laser system (Light Conversion Ltd, pulse duration 

of 110  ƒ, excitation wavelength of 1030 DΩ, and repetition rate of 1 ªÀô) 

was used. The laser beam was reflected by a short-pass dichroic mirror (Di02-

R635-Semrock-25 × 36) and focused onto the sample (~2	vΩ spot size) with an 

objective lens (Nikon Plan Fluor 20x/0.50, working distance (WD) 2.1 mm). 

The average power of the laser pulses was measured with an optical power 

meter (Optical Power Meter 1917-R, Newport). The 2PPL emission was 

collected in a back-scattering configuration via the same objective and detected 

by a spectrometer (Model Ocean Optics QEpro). For polarization-dependent 

2PPL measurements, the orientation of the linear polarized laser pulses was 

varied by a half-wave plate. Positioning the laser spot on an RPP flake was 

achieved using an imaging system consisting of an objective and a white light 

source (Spectra Products, Xenon Light Source, ASB-XE-175) coupled to a 

CCD (Model TOUPCAM-UCMOS03100KPA). To obtain the D-2PA 

coefficients of the 2D-RPPs, the 2PPL signal from a CdS crystal was measured 

under the same conditions and setup as a reference. 

3.2.3 Sub-bandgap Photodetection Measurements 

A Ti:sapphire femtosecond laser system (Coherent Inc., Libra, 150  ƒ, 

800 DΩ , 1 ¶Àô ) was used as a pump of an optical parametric 
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generator/amplifier (Coherent Inc., TOPAS-C) for the generation of near-

infrared laser pulses (800 – 1600 DΩ with a step of 50 DΩ). The 2D-RPP device 

was loaded into a vacuum chamber (<10−3  FÃÕÕ) and the laser pulses were 

focused onto the device channel through a window using a lens. The 

photocurrent was measured by a source-meter (KEITHLEY 2636B), when the 

2D RPP device was positioned at the focal plane of the laser pulses, where a 

maximal photocurrent was observed. In the polarization-dependent 2PC 

measurements, the same half-wave plate was used to vary the orientation of the 

linearly polarized laser pulses. 

3.3 Results and Discussion 

3.3.1 Two-Photon-Excited Photoluminescence (2PPL) Measurements 

Thin flakes of 2D RPP crystals (In=1, 2, 3, 4) were prepared on quartz 

substrates and encapsulated with protective layers of h-BN (optical images of 

the samples are shown in Figure S3.1). Using 1030-nm (~1.2 eV) femtosecond 

laser pulses with 1-MHz repetition rate as an excitation source, the thin RPP 

(In=1, 2, 3, 4) flakes showed 2PPL with spectral peaks at 525, 587, 618, and 653 

DΩ, respectively (see Figure 3.2c). These 2PPL peaks correspond to the lowest 

excitonic energy levels for each RPP crystal and are consistent with those 

excited by 1PA (refer to Figure S3.2 for the 1PPL spectra). As a representative 

example, Figure 3.2a,b show the expected square dependence of 2PPL on the 

excitation laser intensity for In=4. Moreover, the experimental results revealed 

that the interaction length can be scaled up to at least 250 DΩ (see the inset of 

Figure 3.2b). This was expected as the excited volume is proportional to the 

thickness (~r × sÕE ). To obtain the D-2PA coefficient of the RPP crystals, the 
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2PPL signal from a bulky CdS crystal (5 × 5 × 0.5	ΩΩW) measured using the 

same set-up was used as a reference. 

 
 

Figure 3.2. (a) 2PPL spectra for a 155-nm thick In=4 flake. (b) 2PPL versus laser 
intensity on a log-log scale for the 155-nm thick flake. Inset: thickness 
dependence of 2PPL for RPP In=4. (c) 2PPL spectra measured on 316-nm thick 
In=1 flake, 582-nm thick In=2 flake, 154-nm thick In=3 flake, 155-nm thick In=4 
flake, and 0.5-ΩΩ  hick bulk CdS. The 2PPL peaks are normalized by the 
thickness. (d) Experimentally measured (colored dots) and theoretically 
calculated (colored curves) D-2PA spectra. The vertical bars indicate the two-
photon excitonic-resonant D-2PA coefficients calculated by Equation 3.1. The 
laser intensity is defined here as the maximum intensity of the laser pulses after 
considering the surface’s Fresnel loss. 

The D-2PA coefficients of the 2D RPP crystals can be determined using 

the following equation:   

Œ*©.œò	,£	Eìì+	(–ìì)

Œ*©.œò	,£	Eìì+	(—BŒ)
∝ 	

(”ç)‘éé×+×’&5

(”ç)÷◊ÿ×EŸ⁄×’&5
                                                          (3.2) 

Here, €, = 12	vΩ is the Rayleigh length;  ‹	 is the quantum efficiency 

of 2PPL, which is estimated to be 26% [19] and 10% [20] for 2D RPP and CdS 
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crystals, respectively; L is the flake thickness; and Õ = 2	vΩ is the spot radius 

of the focused laser beam. Because the CdS crystal thickness is much greater 

than the Rayleigh length, its effective volume of 2PPL is estimated to be 

~	2€, × sÕE.  

Figure 3.2d shows that the experimentally measured D-2PA coefficients 

at 1030 nm (colored dots) which are in good agreement with the theoretically 

calculated values (colored curves). The D-2PA coefficients are maximum at the 

two-photon-resonant excitation as shown by the vertical bars in Figure 3.2d, 

revealing that the dominant optical transitions are from 1s-excitons to 2p-

excitons. The D-2PA coefficients of the single-crystalline 2D RPPs, especially 

the higher In = 4 homologue, are much higher than the previously reported values 

for polycrystalline (powder) perovskites, bulk perovskites, and non-degenerate 

(ND) 2PA in traditional semiconductors (e.g. GaN, GaAs and ZnSe) [2, 21, 22], 

refer to Table S3.2 for comparison with other nonlinear materials. As suggested 

by Equation 3.1, if the operating temperature is cooled down to 77 Kelvin, the 

D-2PA coefficients would further increase by at least one order of magnitude 

due to reduced linewidth (ΓE™) [15]. 

3.3.2 Sub-bandgap Photodetection 

We selected 2D RPPs (In=4 and In=2) for the sub-bandgap photodetection 

measurements because their theoretically calculated D-2PA coefficients exhibit 

the maximal and minimal peak values, respectively. The RPP-based 

phototransistors have been fabricated on graphene electrodes to achieve low-

resistive ohmic contacts with low Schottky barrier heights [16, 17] (Figure 3.1a). 

Figure 3.3a,b shows the optical images of the 2D RPP (In=4 and In=2) devices. A 

femtosecond laser system with a pulse duration of ~150 fs (FWHM) and a 
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repetition rate of 1 ¶Àô  was used for the sub-bandgap photodetection 

measurements (refer to Section 3.2.3 for more details). The RPP-based 

phototransistors were first placed at the laser beam focal plane, and thereafter 

the laser beam was adjusted laterally (along either › - or fi -axis) until a 

maximum photocurrent signal was observed. The photocurrent was measured 

with a low-noise source-meter (Keithley, 2636B), and no sophisticated means 

of detection (e.g. mode-locking or transimpedance amplifier) was required.  

 

Figure 3.3. Optical images of RPP In=4 (a) and In=2 (b) devices. Both devices 
are encapsulated with thin h-BN layers (in green/blue) for highly stable 
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performance. The circular region in white illustrates the laser spot, where a 
maximum photocurrent signal was observed. (c) Photo-switching behavior 
under alternating ON and OFF laser pulses for the RPP In=4 device. (d) and (e) 
Photocurrent vs. effective laser pulse energy on a log-log scale for the RPP In=4 
and In=2 devices, respectively. (f) 2PC spectral responsivity (in red) of the RPP 
In=4 and In=2 devices, and 3PC spectral responsivity (in blue) of the RPP In=2 
device.  

With an excitation wavelength of 1200 nm, a back-gate voltage (q©) of 

0 q and a drain-source voltage (qB~) of 1 q, the RPP In = 4 devices show an 

extremely high sensitivity at room temperature where a noise current of ~ 2 ≈∆ 

was measured, corresponding to a noise equivalent energy of 0.4 Dfl (see Figure 

3.3c,d). The quadratic dynamic range (QDR) of effective pulse energy was 

measured to be from 0.4 Dfl to 3.5 Dfl at 1200-nm excitation wavelength (see 

Figure S3.3). 

As shown in Figure 3.3d, with an illumination wavelength of 600 nm 

(~2.06 Hq > 	G1~ = 1.90	Hq), the one-photon-generated current (1PC) 

predominates in the photocurrent generation of the RPP (In = 4) device, resulting 

in a fit-line slope of 1.0.  The 1PC responsivity of 0.3 mA/W can be derived 

from a division of the photocurrent by the average laser power (that is the 

product of laser pulse energy and repetition rate). As the laser wavelength is 

tuned from 800 to 1600 nm (ℎ‚/GE™ = 0.4 – 0.8), the fit-line slopes are ~2; an 

evidence for 2PC processes. By analyzing the response in this region, we can 

extract the 2PC responsivity as: 	;Eì— =
Üé÷
-

î

ì5
(ó ∙ ‰)  [8], where åì—  is the 

generated photocurrent, S is the average laser power, ∆ = 18 × 5	vΩE is the 

active area of the photodetection, ó is the repetition rate of the laser pulses, and 

‰ is the pulse duration. As shown in Figure 3.3f, the measured 2PC responsivity 

is in the range of 	(0.2– 1.2) × 10gKΩEæ7Eƒ71 . The maximum ;Eì—  is 
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achieved at 1200 nm (~1.03 eV), that is nearly the half of	GE™  = 2.003	Hq, 

consistent with the near-resonant D-2PA coefficients shown in Figure 3.2d. 

Normalizing the data by the flake thickness, each In=4 single layer is found to 

possess a D-2PA coefficient as large as 2.5	KΩ	ªæ71.  

The maximum ;Eì—  value of the In=4 device is significantly larger than 

those of a 3D perovskite CH3NH3PbBr3-based two-photon detector (;Eì—  

estimated at ~4.6 × 10WKΩEæ7Eƒ71 at 800 nm) [22], a commercial InAsSbP–

pin photodiode ( ~580	KΩEæ7Eƒ71  at 8 μm), a commercial InAsSbP–

photoresistor (~69	KΩEæ7Eƒ71 at 8 μm), and a GaN-based ND-2PA detector 

( ;Eì— = 0.45	KΩEæ7Eƒ71  at 390 nm) [2, 9]. Interestingly, the RPP In=4 

detector responds better than the previously reported monolayer MoS2 detectors 

[12] (see Table 3.1), despite that its D-2PA coefficient is less than that of 

monolayer MoS2 as shown in Table S3.2. This better performance can be 

attributed to the thickness independent direct bandgaps of 2D RPPs that lead to 

efficient excitonic-resonant D-2PA for any given thickness, while MoS2 shows 

direct bandgap only at the monolayer level.  

Interestingly, the RPP In=2 devices can perform either a two-photon or a 

three-photon photodetection depending on the laser wavelength. In the spectral 

range of 800–1250	DΩ, the photocurrent is predominated by D-2PA with fit-

line slopes in the range of 1.8–2. The 2PC responsivity is maximized at 1100 

nm, with 	;Eì— 	≈ 	150	KΩEæ7Eƒ71 . This value is one order of magnitude 

lower than that of the In = 4 devices which can be understood from the difference 

in their D-2PA coefficients. The three-photon-absorption- generated 

photocurrents (3PC) becomes predominant as the laser wavelength is increased 
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from 1300 to 1600 nm. The fit-slopes are in the range of 2.7–2.9 (see two 

examples in Figure 3.3e), confirming that the 3PC predominates. The values of 

3PC responsivity are calculated by	;Wì— =
Ü4Ë
-

î

ìX
	(ó ∙ ‰)E and shown using blue 

symbols in Figure 3.3f. The 3PC performance of the In=2 devices in the 1300–

1600 nm spectral range is anticipated because of  G1~/3 < ℎÍ < 	G1~/2 and 

G1~	= 2.11 Hq.  The results suggest that 3PC-based In=2 devices are efficient 

photodetectors in the spectral window of fiber-optic communications, 

indicating their potential use in telecommunications.  

Table 3.1. Performance of sub-bandgap photodetection of different nonlinear 
materials at room temperature.  

 

a) R. R. (FWHM): Repetition Rate (Full-Width at Half Maximum of laser 
pulses); b) QDR: Quadratic Dynamic Range. 

Material Area 
(Thickness) 

Spectral 
range (nm) 

R. R.a) 
(FWHM) 

2PC 
Responsivity 

(;E™`, 
KΩEæ7Eƒ71) 

Dark 
Current 

 

QDRb) 
(nJ) 

 Reference 

In=4 18
× 5	vΩE 
(80 – 90 

nm) 

800 – 1600 1 kHz 
(150 fs) 

(0.2	– 1.2) 
 × 10g 

2 pA 0.4 – 3.5  This work 

CH3NH3PbBr3 						4.9
× 3.3	ΩΩE 

(3 mm) 

800 76 MHz 
(100 fs) 

4.6 × 10W N/A N/A  [22] 

MoS2 8 × 4	vΩE 
(0.65 nm) 

800 – 1100 1 kHz 
(150 fs) 

315 – 855 
 

2 pA 10 – 80  [12] 

GaN 
(ND-2PA) 

 

0.25	ΩΩE 
(5 	vΩ) 

390 (signal) 
+ 5600(gate) 

 

1 kHz 
(150 fs) 

0.45 3.6 pA N/A  [2] 

GaN 
(ND-2PA) 

 

0.25	ΩΩE 
(5 	vΩ) 

5600 (signal) 
+ 390 (gate) 

1 kHz 
(150 fs) 

0.048 3.6 pA N/A  [2] 

InAsSbP 2 × 2	ΩΩE 
( N/A) 

8000 10 Hz 
(10 ns) 

69 1.5 nA (1 – 20) 
 × 10W 

 [9] 

InAsSbP-pin 									s
× 0.15	ΩΩE 

(N/A) 
 

8000 10 Hz 
(10 ns) 

580 4 nA (1 – 20) 
 × 10W 

 [9] 
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3.3.3 Polarization Dependence of Two-Photon Current (2PC) 

Remarkably, the photocurrent of the 2D RPP phototransistors exhibits a 

distinct polarization dependence. Figure 3.4 depicts the 2PC oscillation of the 

In=4 phototransistors with periodicity of 90o as the incident laser’s polarization 

vector is rotated. In our experimental geometry, θ is the angle between the 

polarization vector and the [001] crystallographic direction when laser pulses 

propagate in the perpendicular direction to the quantum wells. We find that the 

2PC reaches maximum value when the polarization vector is parallel to the [001] 

direction. As the polarization direction changes from the [001] direction to the 

[011] direction, the 2PC decreases systematically. Accordingly, minimum value 

of the 2PC is obtained when polarization vector is parallel to the [011] direction. 

The ratio of the maximum to minimum 2PC is	åEì—	[::1] åEì—	[:11] = 2.4⁄ .  

As reported elsewhere [25], the In=4 RPP crystal adopts the orthorhombic 

Ccmm space group at room temperature. The polarization-resolved 2PC can be 

modeled [26] by fi = ∆{1 + 2[Ï1ƒkDg(Ì + Ó) − ÏEƒkDE(Ì + Ó)]}  with 

anisotropy parameters	Ï1 = 1.18	and	ÏE = 1.01, see the red curves in Figure 

3.4. Here, ∆  is a constant that is directly proportional to the third-order 

nonlinear susceptibility	Ö(W) and Ó is the angular offset. The intrinsic in-plane 

permutation symmetry results in three independent Ö(W)  tensor 

elements,	Ö____
(W) ,	Ö__

(W)  and Ö__
(W)  [26, 27], giving rise to the anisotropy in the 

2PC. The orbitals of D-2PA generating np-excitons follow the RPP crystal 

orientation and thus result in D-2PA dichroism configurations as: 
ç[::1]

ç[:11]
=

1

17ÒI E⁄
 and 	

ç[:1:]

ç[:11]
=

1

17Ò5 E⁄
. Here, Ç[001] = 	

W

E

3

µ6.6
5`5

åΩ[Ö____
(W) ] is the D-2PA 
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coefficient along the [001] direction, which is shown in Figure 3.2d. Compared 

to zinc-blende semiconductors, the effective D-2PA anisotropy of RPP In=4 is 

70 % greater [18]. In addition, the measured 2PPL spectra of 2D RPPs under 

linearly polarized illumination have shown similar anisotropic behavior, as 

shown in Figure S3.4. 

 

Figure 3.4. (a) and (b) Measured photocurrent under linearly polarized laser 
illumination at λ = 1200 nm as a function of the half-wave plate angle for the 
RPP In=4 device. The red lines are fitted curves. 
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Chapter 4 Third-Harmonic Generation in 2D Hybrid 
Perovskites  

4.1 Introduction 

Search for materials that can efficiently convert low-frequency light 

photons into high-frequency light photons through NLO processes [1] has been 

a subject of extensive studies for many years. Among various NLO processes, 

SHG and THG have been widely utilized to convert near- and mid-IR light into 

UV/visible light, which can be applied in a wide range of applications such as 

nonlinear correlation spectroscopy [2], photovoltaics [3], coherent ultraviolet 

light generation [4], bioimaging [5], and lasers [6]. Recently, 2D materials 

including graphene [7, 8], hexagonal boron nitride (h-BN) [9], black 

phosphorus (BP) [10, 11], MoS2 [12-14], MoSe2 [15, 16], WS2 [17], WSe2 [18], 

GaSe [19], and InSe [20] have shown potential as ultra-thin NLO materials with 

large nonlinearities. It has also been found that thickness tuning [11], electrical 

control [21] and resonant excitonic excitation [10, 13, 22, 23] can significantly 

enhance the nonlinear optical response of 2D optical media. However, 

frequency conversion at the nanoscale turns out to be very challenging due to 

the difficulty in achieving high nonlinear conversion efficiency and 

subwavelength phase control [24]. To improve the efficiency of light-matter 

interactions, nanostructured optical components based on plasmonic and 

dielectric nanoantennas [25-27], metasurfaces [28-30] and MQWs 

semiconductor media [31, 32], have been introduced to enhance optical 

nonlinearities at subwavelength volumes.  

In this chapter, we perform parametric nonlinear optical characterization 

of 2D perovskite nanosheets (n = 1 – 3), from which we observe ultra-strong 
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THG with a maximum effective third-order susceptibility (χ(3)) of 1.12 × 10-

17 m2 V−2. A maximum conversion efficiency of 0.006% is attained, which is 

more than 5 orders of magnitude higher than previously reported values for 2D 

materials. The THG emission is resonantly enhanced at the excitonic bandgap 

energy of the 2D RPP crystals and can be tuned from the violet to the red by 

selecting the RPP homologue with the requisite resonance. Due to signal 

depletion effects and phase-matching conditions, the strongest nonlinear 

response is achieved for thicknesses below 100 nm. In addition, due to their 

centrosymmetric orthorhombic crystal structure, the butylammonium lead 

halide RPP crystals show negligible second-order nonlinearities, in contrast to 

the defect-related SHG reported previously for the polycrystalline crystals [33]. 

4.2 Experimental Methodology 

4.2.1 Sample Preparation  

The bulk 2D RPP crystals were mechanically exfoliated onto clean 

Si/SiO2 substrates using scotch-tape method in an argon-filled glove box. The 

transferred flakes were then covered with h-BN (<10 nm) via PDMS stamp-

transfer method. After the encapsulation of the 2D perovskite flakes with h-BN, 

the samples were taken out of the glove box for the NLO measurements. AFM 

and optical contrast were used to estimate the thickness of the exfoliated flakes. 

The AFM characterization was performed using Bruker Atomic Force 

Microscopes inside a glove box (MultiMode 8-HR AFM) or in air (tapping 

mode).  

4.2.2 Optical Characterization 

PL measurements were performed using 325 nm (Brn=1), 473 nm (In=1) 

and 532 nm (In=2,3) laser excitation wavelengths. The laser beam was focused 
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on the samples using a 100x objective lens, and the PL signals were collected 

at a backscattering angle with the same objective lens. The PL emission was 

routed via a bundled optical fiber to a monochromator (Acton, Spectra Pro 2300i) 

coupled to a CCD (Princeton Instruments, Pixis 400B). For the THG and MPPL 

characterization, a pulsed Yb:KGW PHAROS laser system was used as the 

pump of a collinear optical parametric amplifier ORPHEUS with a LYRA 

wavelength extension option (Light Conversion Ltd, pulse duration of 150 fs, 

repetition rate of 100 kHz). The excitation beam (l = 1100 – 1900 nm) was 

reflected using a shortpass dichroic mirror (Thorlabs DMSP1000 or Thorlabs 

DMSP805) and focused onto the sample with a 100x (NA = 0.9) air objective 

from Nikon (~ 1 μm2 spot size). The nonlinear emission was collected in a back-

scattering configuration via the same objective and detected with an avalanche 

photodiode (MPD PDM Series by Picoquant) for imaging, or by a spectrograph 

(PI Acton SP2300 by Princeton Instruments) for spectral measurements. The 

sample was fixed to an XYZ piezo-scanner stage (Nano-Drive, Mad City Labs) 

to perform the scanning. The power of the collected THG emission was 

measured with a calibrated silicon photodetector (Newport), while the 

excitation power was characterized with a germanium photodetector (Thorlabs). 

For <1 pW THG powers, corresponding values were determined from the 

measured nonlinear spectra. 

4.3 Results and Discussion 

4.3.1 Linear Optical Characterization 

The linear optical properties of the RPP crystals were studied by SE and 

PL measurements. Figure 4.1a,b shows the real (e1) and imaginary (e2) 

components of the dielectric function, e = e1 + ie2, as determined through SE. 
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Due to Miller’s rule [1], a higher e1 implies a larger third-order nonlinear 

response, and therefore, based on this only, In=2 would provide the best THG 

performance, when considering pump wavelengths in the near-infrared. e2, on 

the other hand, describes absorption losses. In Figure 4.1b, the different peaks, 

which correspond to optical bandgap absorption, are found to shift to longer 

wavelengths following the sequence Brn=1® In=1® In=2® In=3, covering 

frequencies from violet to red. Figure 4.1c exhibits the PL spectra registered for 

the n = 1 to 3 homologues, which are dominated by excitonic emissions. A shift 

in emission wavelength reflects bandgap narrowing with a higher n number, 

following the trends of e2.  

 

Figure 4.1. Real (a) and imaginary (b) components of the dielectric function (e) 
for the four studied 2D RPP crystals, and corresponding PL spectra (c). 
Excitation wavelengths employed for (c) are 325 nm (Brn=1), 473 nm (In=1) and 
532 nm (In=2,3). 

Following bulk characterization, the different crystals were exfoliated 

into thin flakes and transferred onto commercial Si/SiO2 substrates for 

thickness-dependent optical analysis. The exfoliation and dry transfer processes 

were carried out in a controlled argon environment to avoid degradation in air. 

Before exposing the samples to normal atmospheric conditions, they were 

covered with h-BN thin layers (< 10 nm) to prevent direct contact with air. We 

found that the exfoliated flakes show narrow linewidth PL peaks with small 

Stokes shifts of less than 13 nm (see Table S4.1 in Appendix for more details), 
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as does the bulk, demonstrating that the exfoliation process does not diminish 

the quality of the crystals. We also notice that the PL peak position slightly blue-

shifts as the flake thickness decreases as can be seen in Figure 4.2, probably due 

to in-plane crystal lattice expansion [34].  

 

Figure 4.2. PL spectra of exfoliated In=1 flakes with thicknesses in the 180 nm 
(red) - 11 nm (blue) range. 

 

Figure 4.3a shows an optical image of the obtained In=2 flakes as a 

representative example. As highlighted in the figure, the thickness (t) of the 

flakes varies from 2 nm (i.e., 1 monolayer º 1 ML) to 300 nm. Figure 4.3b 

shows the same area region as in Figure 4.3a after h-BN encapsulation, where a 

slight change in the color of the flakes can be perceived, together with a greenish 

surrounding introduced by the added h-BN layer. It is important to note that no 

degradation in the optical properties of the h-BN covered samples was observed 

throughout a period of several months, due to the effective encapsulation by h-

BN (refer to Figure 4.5 for stability data). The unprotected 2D RPP flakes 

showed visible degradation in air, as illustrated in Section S4.1. Next, we 
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investigated to see if the excitonic effects in RPPs can resonantly enhance the 

THG response. 

4.3.2 THG Optical Characterization  

To analyze third-order nonlinear characteristics of the In=2 sample shown 

in Figure 4.3b, we studied its THG response when exciting at lpump = 1675 nm, 

so that the THG emission wavelength is resonant with the exciton energy. 

Figure 4.3c shows a THG image of the sample registered at l = lpump/3 = 558 

nm, wherein a high contrast with respect to the h-BN background can be 

appreciated. Interestingly, it is observed that it is neither the thickest nor the 

thinnest layer that generates the largest nonlinear response, as the THG signal 

from the t = 300 nm and t = 1 monolayer regions is essentially negligible. The 

maximum THG signal occurs for intermediate t values, i.e. t = 90 nm. The 

corresponding nonlinear spectra of the sample in Figure 4.3b are presented in 

Figure 4.3d for selected conditions. In particular, at lpump = 1675 nm, it is 

observed that the THG signal is 4 orders of magnitude lower for t = 300 nm 

compared to t = 90 nm. In addition, it is found that the high emission intensity 

registered for the t = 90 nm flake reduces significantly when the excitation 

wavelength is detuned so that the THG wavelength occurs at 600 nm, just 

outside the excitonic absorption peak region (see Figure 4.1b). These results 

indicate that there is a strong photon-exciton coupling in 2D RPPs that enhances 

the third-order nonlinear signal at resonant exciton excitation; at the same time, 

thickness-associated absorption and phase matching effects prevent the thickest 

flakes from being the most efficient.  

The excitation power dependence of the nonlinear signal in the 0-2 µW 

(average) pump power range (0-110 W peak power range), as shown in Figure 
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4.3e for t = 90 nm at lpump = 1675 nm, reveals the expected cubic behavior 

characteristic of THG, as evidenced by the third-order polynomial fit (solid line). 

However, as shown in the inset of Figure 4.3e, the THG efficiency, calculated 

as the ratio between THG and excitation powers, starts to saturate above 2 µW. 

This saturation effect can be ascribed to heating effects, which can cause exciton 

dissociation and change optical characteristics of the material. Up to the 

maximum laser power used, no hysteresis of the THG signal as a function of 

pump power was observed, suggesting that the sample was not damaged. 

Remarkably, a maximum THG conversion efficiency of 0.006% is attained for 

In=2 RPP crystals, which is more than 5 orders of magnitude higher than values 

reported for 2D materials [11, 14], and comparable to the highest THG 

efficiency reported using hybrid metal/dielectric nanoantennas [35]. 

 

Figure 4.3. (a)-(b) Optical image of In=2 flakes on Si/SiO2 substrate before (a) 
and after (b) encapsulation with h-BN. The values in (a) denote corresponding 
thickness values (ML stands for monolayer). (c) THG image of the sample in 
(b) at lpump = 1675 nm. The acronym APD in the color scale stands for 
avalanche photodiode. (d) Corresponding THG spectra for selected excitation 
wavelengths and thicknesses labeled in the graph. (e) Excitation power 
dependence of the THG signal at lpump = 1675 nm for t = 90 nm. The line in the 
plot is fitted considering cubic dependence with the pump power. The inset 
shows the computed THG efficiency, ηTHG, for a wider range of excitation 
powers (ηTHG = THG power/pump power µ (pump power)2). The red solid line 
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connecting the experimental dots is found to deviate from a quadratic behavior 
(black dashed line) for pump powers larger than 2 µW. (f) Acquired spectrum 
at lpump = 1100 nm for t = 90 nm showing multiphoton absorption PL emission. 

 

Regarding SHG, there has been considerable debate over the crystal 

symmetry of butylammonium lead halide 2D RPPs, where nonpolar 

(centrosymmetric) and polar (noncentrosymmetric) assignments of their crystal 

structure have been reported [33]. In our case, when the pump wavelength is 

lowered to pump = 1100 nm so as to induce resonant SHG at 550 nm, no SHG 

signal was observed, as shown in Figure 4.3f. In fact, only multiphoton 

absorption PL (MPPL) was detected in the visible range (see Figure 4.1c for 

comparison with linear PL results, and refer to Section S4.3 for additional 

MPPL experimental data). This finding contrasts with previous studies where 

strong SHG signal was measured due to the presence of defects that breaks the 

centrosymmetry of the crystals, and suggests that high-quality butylammonium 

2D RPPs crystallize in centrosymmetric orthorhombic Pcab (n=1), Ccmm (n=2), 

and Acam (n=3) space groups at room temperature [33]. 

4.3.2.1 Wavelength Dependence of THG  

The results for the n = 1 to 3 RPP flakes are shown in Figure 4.4 (optical 

images of the samples are shown in Figure S4.4). Figure 4.4a exhibits the THG 

spectra recorded for each type of crystal (Brn=1, In=1, In=2, In=3) when the pump 

wavelength was varied. Notably, in all cases, the THG signal is strongly 

enhanced when it is in resonance with the exciton absorption energy. This 

resonant behavior in the third-order nonlinear response can be understood from 

the coherent nature of the exciton excitation, which enhances the transition 

dipole moment throughout the optically active region [36]. Moreover, this effect 
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is boosted by the increased exciton binding energy that results from the strong 

confinement effect in the 2D perovskite layers. Figure S4.5 shows THG 

measurements in the 400-600 nm range for In=2. We remark that no enhancement 

of the nonlinear signal was found in spectral regions other than those of the 

optical bandgaps. Furthermore, we have measured its THG signal two months 

apart and found no significant difference, as demonstrated in Figure 4.5.  

 

Figure 4.4. (a) Fundamental wavelength dependence of the THG spectrum for 
the most efficient flakes of the different perovskite crystals (t = 20 nm for Brn=1; 
t = 80 nm for In=1; t = 90 nm for In=2; t = 80 nm for In=3). Each spectrum 
corresponds to a different fundamental wavelength of triple that of the central 
THG wavelength. The envelopes of the sets of spectra, normalized to have equal 
maximum intensity, are represented in dashed lines. (b) Dependence of the THG 
signal on the layer thickness for the four different types of crystals excited at 
resonance. Excitation power used is 1 μW. The solid lines are fits of the 
experimental data using Equation 4.1.  
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Figure 4.5. Integrated THG intensity measured at different pump wavelengths 
in the 1200-1800 nm range. Black squares correspond to results acquired two 
months after red circle data. 

 

4.3.2.2 Thickness Dependence of THG  

To gain insight into this resonance feature, we studied the dependence 

of the THG signal on the flake thickness under resonant excitation for the n = 1 

to 3 RPP crystals, as shown in Figure 4.4b. In all cases, the maximum nonlinear 

emission is found to occur for intermediate thickness values, as anticipated from 

the In=2 results shown in Figure 4.3. To describe this behavior, it is necessary to 

consider the absorption of the generated THG signal by the emitting material, 

together with phase-matching conditions between the THG and the fundamental 

waves, as both these characteristics introduce thickness-dependent effects. To 

account for these effects, we utilize the expression for the THG intensity, åW3, 

by solving Maxwell’s nonlinear equations assuming undepleted excitation for a 

sufficiently thin material [11], 

åW3(F)

=
99E

16|DCW3||DC3|WÚ:
EKg

å3W ÛÖ
(W)Û

E
n
H7Eá/ − 2 cos(Δ¶F) H7á/ + 1

íE + Δ¶E
p H7Eá/					(4.1) 
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where DC3 and DCW3 are the complex refractive indices at the fundamental 

and harmonic wavelengths, respectively, Ö(W)  is the third-order nonlinear 

susceptibility of the material at the pump wavelength, α is the absorption 

coefficient at the THG wavelength, and Δ¶ the phase mismatch between the 

fundamental and harmonic waves. The other parameters in the equation have 

their usual meaning. Considering that DC3 and DCW3 can be directly obtained from 

the dielectric function results in Figure 4.1 (Re(DC) = <
|µ|PµI
E

;	Im(DC) = <
|µ|7µI
E

), 

it is possible to use Equation 4.1 to fit the experimental data in Figure 4.4b to 

extract the associated nonlinear susceptibilities. As shown in the figure, notably, 

a very good quality of the fitting is achieved, as demonstrated by the solid lines 

in the graph.  

Table 4.1 presents the obtained nonlinear susceptibilities for each 

perovskite crystal, together with the thickness values corresponding to the 

maximum nonlinear signal under resonant excitation, defined here as tmax, and 

reported values for other relevant 2D materials for comparison. It can be noticed 

that the crystals that present the smallest tmax values are Brn=1 and In=1, which 

can be understood from their strong e2 at the exciton resonance energies (Figure 

4.1b). At the same time, it is found that the largest nonlinear susceptibilities 

occur for the crystals with the biggest e1 at the pump wavelengths (i.e., In=2 and 

In=3), in agreement with Miller’s rule. Remarkably, the Ö(W) values obtained here 

are between one and two orders of magnitude larger than those reported for BP, 

MoS2, graphene or 2D perovskite powders [11, 14, 37]. In particular, since In=2 

presents the highest tmax and Ö(W) of all samples, it produces the largest THG 

efficiency. 
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Table 4.1. χ(W) and tmax values obtained from the fitting of Equation 4.1 to the 
experimental data in Figure 4.4b. Literature values for BP (black phosphorus), 
MoS2, and graphene are also included for comparison. 

Material tmax (nm) ˆ(˜)(10-18 m2/V2) Fundamental wavelength (nm) Reference 
Brn=1 22 4.7 1210 This work 
In=1 48 3.5 1500 This work 
In=2 61 11.2 1675 This work 
In=3 56 5.1 1800 This work 
BP 14.5 0.14 1557 [11] 
MoS2 monolayer  0.24 1560 [14] 
Graphene monolayer  0.15 1560 [14] 
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Chapter 5 Ultrafast Nonlinear Dynamics of 2D Hybrid 
Perovskites  

5.1 Introduction 

The ability to modulate light propagation in a certain material by an 

applied external stimulus is essential for a vast number of photonic applications, 

ranging from optical interconnects and pulse generation to biosensing and 

medical applications [1-4]. A variety of external stimuli such as applied fields 

(optical fields, electric fields, or magnetic fields), sound, temperature and 

mechanical force, have been employed to achieve all-optical, electro-optic, 

magneto-optic, acousto-optic, thermo-optic and mechano-optic modulations, 

respectively [5-23]. The key parameters used to characterize an optical 

modulator are modulation speed, modulation depth, insertion loss and power 

consumption [1]. The dominant approach, electro-optic modulation, suffers 

from issues of speed limitations, energy consumption and cross-talk, making it 

unsuitable for applications that require fast modulation (e.g. high-speed data 

transmission) [24-27].   

Alternatively, a purely nonlinear all-optical modulation offers intrinsic 

advantages in terms of faster operating speed and lower heat generation [28-30]. 

This strategy utilizes an initial high-power light pulse (switching beam) that 

induces nonlinear optical effects in the material such as nonlinear absorption 

and nonlinear refraction, to control the propagation of a second low-power pulse 

(signal). The switching beam changes the material’s complex refractive index 

by producing a non-equilibrium carrier population, which relaxes in an ultrafast 

manner, typically on the fs timescale [7, 20]. Thus, it allows for signal 

processing to be accomplished fully in the photonic domain with modulation 
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speeds well beyond 100 GHz, holding great promise for applications such as 

network interconnects, fibre-to-the-home, astronomical and medical 

applications [27].  

Driven by the growing need for cost-effective, efficient, fast and 

compact optical modulators, materials with a two-dimensional (2D) nature have 

been considered as promising candidates for the realization of integrated all-

optical operations as they support strong light-matter interactions [31-34]. In 

particular, 2D hybrid RPPs have been recently demonstrated to exhibit an 

exceptionally high and tunable optical nonlinearity near their optical bandgap 

[35]. However, if the excitation wavelength is resonant with the excitonic 

absorption of the 2D material, any fast nonlinear response will be accompanied 

by linear absorption, which converts a considerable fraction of light into heat, 

degrading the modulation performance [20, 36, 37]. Here, we investigate both 

resonant and non-resonant all-optical modulation effects in single-crystalline 

2D RPP nanosheets using nondegenerate pump−probe spectroscopy with sub-

10 fs pulses. We find that a slow relaxation signal, in the picosecond time range, 

dominates the optical response when the pump excitation is resonant with the 

excitonic absorption of 2D RPP nanosheets. However, using sub‐bandgap 

pumping, we can achieve ⁓2% reflectivity modulation depth and sub-20 fs 

temporal response in the visible/near-infrared spectral region. The non-resonant 

ultrafast behavior is attributed to the optical Kerr effect (OKE), with two-photon 

absorption (TPA) acting as a counteracting effect that prevents an even higher 

modulation, as shown by numerical simulations.  
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5.2 Experimental Methodology 

5.2.1 Sample Preparation  

Bulk single crystals of In=2 and In=4 were mechanically exfoliated onto 

clean quartz substrates using the scotch-tape method in an argon-filled glove 

box. The transferred flakes were then covered with an h-BN layer via the PDMS 

stamp-transfer method. After the encapsulation of the 2D perovskite flakes 

with h-BN (<10-nm thick), the samples were taken out of the glove box for 

optical characterization. AFM was used to measure the thickness of the 

exfoliated flakes. 

5.2.2 Optical Characterization 

A pulsed Yb:KGW PHAROS laser system coupled to a collinear optical 

parametric amplifier ORPHEUS with a LYRA wavelength extension (Light 

Conversion Ltd., pulse duration of ⁓180 fs, repetition rate of 100 kHz, 

wavelength range: 315-2600 nm) was used to generate supercontinuum light by 

focusing 1120 nm wavelength at 200 mW average power onto a 5-mm thick 

sapphire plate using a plano-convex lens of 5-cm focal length. The 

supercontinuum beam was collimated with a spherical mirror and split into 610-

745 nm and 760-980 nm spectral components using dichroic beam splitters. The 

wide-spectrum beams were coupled to a MIIPS (Multiphoton Intrapulse 

Interference Phase Scan) device (MIIPSBox640-P by Biophotonic Solutions 

Inc.), able to compress the pulses in time down to bandwidth-limited ⁓7 fs 

pulses at the position of the sample, as verified through interferometric-FROG 

autocorrelation measurements performed with the same device. A motorized 

optical delay line by Thorlabs was used to introduce controlled time differences 

between the different trains of pulses with <1 fs accuracy. The two pulsed beams, 
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used interchangeably as pump and probe beams, were focused into the sample 

using a metal objective of 0.5 numerical aperture. The size of the excitation spot 

is estimated to be ⁓1 µm in diameter. A spectrograph (PI Acton SP2300 by 

Princeton Instruments) coupled to a low-noise Si photodiode (picowatt 

photoreceiver series PWPR-2K by FEMTO) was used for spectral 

characterization of the probe light reflected by the sample. The measurements 

were carried out with lock-in detection by modulating the pump beam at <1 kHz 

frequency using an optical chopper. We observe here that no significant 

variations were found in the ultrafast response across homogeneous regions of 

the characterized flakes. 

The third-order nonlinearities of the 2D RPP samples in the 600-1000 

nm wavelength range were estimated with the single-beam Z-scan technique, as 

described in Chapter 2. The laser beam from the tuneable laser system 

mentioned above was focused onto the RPP flakes with an objective lens (10x, 

NA = 0.17) and the transmitted light was collected with a Thorlabs DCC1545M 

CMOS camera to record open aperture and closed aperture Z-scan traces in a 

single measurement by integrating over appropriate parts of the pixel array. The 

samples were mounted on a motorized Thorlabs PT1/M-Z8 stage and scanned 

through the focus of the laser along the optical axis. 

5.2.3 Numerical Simulations 

The nonlinear numerical simulations were implemented via the finite-

difference time domain (FDTD) technique using the commercial software suite 

Lumerical FDTD Solutions. Linear refractive index data for the ⁓150-nm thick 

In=4 perovskite flake was taken from ellipsometry measurements, while for the 

quartz substrate standard values for SiO2 were used [38]. The ultra-thin (<10 
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nm) h-BN protective layer was neglected in these simulations due to a lack of 

accurate linear and nonlinear refractive index data for this wavelength regime. 

The pulses were focused on the top perovskite surface via linearly polarized 

Gaussian focuses at normal incidence using a numerical aperture of 0.5 in 

accordance with the experimental conditions. To avoid unwanted reflections, 

perfectly-matched layers (PML) were used as the simulation boundary 

conditions. To accurately model the ultrafast pulses used in the experiment, 

custom sources were implemented to match the experimental pulse spectra and 

temporal characteristics, the details of which can be found elsewhere [29]. The 

nonlinear instantaneous OKE and TPA effects in the perovskite film were 

realized using the formulism presented by Suzuki [39] to include third order 

nonlinearities in the Yee FDTD algorithm. This was accomplished in the 

Lumerical FDTD Solutions software through a custom material plugin. More 

information on how the nonlinear optical parameters were implemented in the 

FDTD algorithm can be found elsewhere [29]. In the simulations, the nonlinear 

properties of the quartz substrate were neglected as the high intensity focus was 

on the perovskite film. By scanning the nonlinear properties of the perovskite 

film at the experimental pump/probe pulse powers and examining the resultant 

peak -ΔR/R spectrum, we were able to approximately match the experimental 

results. 

5.3 Results and Discussion 

5.3.1 Linear Optical Characterization 

Two different millimeter-sized homologous 2D hybrid lead iodide RPP 

single-phase purity crystals, (C4H9NH3)2(CH3NH3)Pb2I7 (n = 2) and 

(C4H9NH3)2(CH3NH3)3Pb4I13 (n = 4), hereafter denoted as In=2 and In=4, 
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respectively, were prepared through a temperature-programmed crystallization 

method [40, 41]. The single-phase purity of the as-grown crystals was 

confirmed by X-ray diffraction (XRD) analysis, as reported in previous works 

[40, 41]. Figure 5.1a shows the absorption coefficient of the two crystals, as 

determined through spectroscopic ellipsometry. The registered peaks 

correspond to excitonic bandgap absorption, occurring at 570 nm (In=2) and 645 

nm (In=4) wavelengths. For the ultrafast studies, the different crystals were 

exfoliated into thin flakes and transferred onto quartz substrates. The exfoliation 

and dry transfer processes were carried out in a controlled argon environment 

to avoid degradation in air. Before exposing the samples to normal atmospheric 

conditions, they were covered with h-BN thin layers to prevent direct contact 

with air. Figure 5.1b,c shows representative optical images of In=2 and In=4 flakes. 

 

Figure 5.1. (a) Absorption spectra of In=2 and In=4 samples. Light blue-shaded 
region corresponds to the wavelength range chosen for the ultrafast studies. (b,c) 
Optical pictures of In=2 (b) and  In=4 (c) flakes. Scale bars, 20 μm. 
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5.3.2 Ultrafast Pump–Probe Spectroscopy Measurements 

The ultrafast dynamics of the 2D perovskite samples was studied 

through a nondegenerate pump-probe spectroscopy technique (schematized in 

Figure 5.2a) using sub-10 fs pulses. Two laser beams, composed of short (610-

745 nm) and long (760-980 nm) wavelength components, respectively, were 

used interchangeably as pump and probe beams (see spectrum in Figure 5.2b). 

The pump and probe pulses were measured to have a pulse width of ⁓7 fs, giving 

rise to an instrument response function (IRF) for the technique of 10.9 fs 

FWHM (full width at half maximum) (Figure 5.2c). The IRF is defined as the 

convolution between the intensity envelopes of the measured temporal 

responses of the two pulsed beams. More details about the pump-probe 

experimental setup can be found in Section 5.2.2.  

 

Figure 5.2. (a) Schematic representation of the experimental setup employed 
for the pump-probe spectroscopy measurements. M: Mirror; D-M: D-shape 
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mirror; BS: Beam splitter; D-BS: Dichroic beam splitter; SLM: Spatial light 
modulator; L: lens (focal length, 50 mm); R-R: Retroreflector; PD: Photodiode. 
(b) Spectrum of the supercontinuum pulses used for the experiment, 
interchangeably used as pump and probe beams. (c) Instrument response 
function (IRF) of the pump-probe technique, computed as the temporal 
convolution between the two different trains of pulses. 

Differential reflectivity (-ΔR/R) results are shown in Figure 5.3a as 

measured by pumping a ⁓150-nm thick In=4 perovskite flake with the short 

wavelength beam at 1.5 µW average power (20 pJ/μm2 peak energy density), 

using the long wavelength beam as the probe, with a 5:1 pump:probe power 

ratio, as a function of the probe wavelength and the pump-probe delay time (t). 

A strong reduction in the reflectivity can be observed at t > 0 fs, reaching 

modulation values up to ⁓1%. Figure 5.3b presents results at a reference probe 

wavelength of 850 nm for an extended time range, revealing the presence of a 

sharp response near t = 0 ps that vanishes within a <100 fs period, and a slow 

response with a characteristic decay time of t = (184±5) ps, as deduced from an 

exponential decay fit. Such a long t would originate from the relaxation of high-

energy carriers excited by the pump beam, which resonates with the excitonic 

absorption peak of the perovskite. Regarding the ultrafast response, it is thought 

to arise from nonlinear TPA and OKE, which can modify the complex refractive 

index of the medium in a virtually instantaneous manner.  
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Figure 5.3. (a) Differential reflectivity spectra of the In=4 sample as a function 
of pump-probe delay time, when pumped with the short wavelength beam (610-
745 nm) at 1.5 µW average power (20 pJ/μm2 peak energy density). (b) Cross-
section of the data plotted in (a) at λ = 850 nm for an extended time range. Solid 
red line in the graph corresponds to a fit considering an exponential decay 
function. (c) Average pump power dependence of -ΔR/R at 705 nm probe 
wavelength with corresponding linear fit.  (d) Differential reflectivity contour 
plot taken when pumping the sample with the long wavelength beam at 1.5 µW. 
(e) Dynamic response at 705 nm probe wavelength when pumping with the long 
wavelength beam at 3.5 µW. Solid red line corresponds to a fit considering the 
convolution between the IRF and a Lorentzian function. (f) -ΔR/R vs t at 705 
nm probe wavelength at 6 µW pump power. The inset shows data from (e) for 
an extended time range. 

To exploit this material for ultrafast all-optical signal processing 

applications, the nonlinear response needs to be isolated from the slow excitonic 

relaxation signal. To that end, experiments were performed by pumping the 

sample at lower energies, to suppress linear excitonic excitation. Figure 5.3d 

shows differential reflectivity results measured by pumping the perovskite flake 

with the long wavelength beam at 1.5 µW average power, using the short 

wavelength beam as the probe, with a 5:1 pump:probe power ratio. A flip in 

sign at bandgap wavelengths can be appreciated (see encircled region in the 

graph), accompanied by faint long-lived tails. As described in the literature [42],  

a flip in sign in the differential reflectivity response, as seen in our experiments, 
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corresponds to absorption bleaching, and is a consequence of pump-induced 

depopulation of the valence band through TPA. However, given that no 

electronic transitions are allowed at lower energies than that of the bandgap, no 

substantial response is expected at longer wavelengths, except for nonlinear 

effects. Indeed, above 670 nm, the optical signal is found to be purely positive 

and concentrated only near t = 0 fs, as anticipated. Moreover, by increasing the 

pump power to 3.5 µW, differential reflectivity values can surpass 1.5%, while 

keeping an ultrafast nature, as observed in Figure 5.3e, which shows the signal 

measured at 705 nm probe wavelength. We note that this performance is up 

to >5 times better than that reported for single Si-based photonic nanoantennas 

and metasurfaces [28, 30]. It should also be mentioned that the volume of 

interaction between the perovskite sample and the laser beams is only ⁓0.1 µm3, 

which is comparable to the volume of the studied nanoantennas [28]. Noticeably, 

the measured optical response presents a FWHM of 13 fs, and a full width at 

tenth maximum (FWTM) of 43 fs, which would enable modulation speeds over 

20 THz. Figure 5.3c exhibits the dependence of -ΔR/R on the average pump 

power, demonstrating a linear trend as expected for non-degenerate OKE and 

TPA induced refractive index modulation, with no saturation behavior. 

However, it should be noted that slower effects start to take place when further 

increasing the pump power, as shown in Figure 5.3f, which displays the results 

for 6 µW pump power. In this case, the signal does not vanish even after 800 fs, 

presumably due to the slow decay of high-energy carriers generated through 

TPA by the pump beam. For reference, the inset of the graph presents the same 

data as in Figure 5.3e for an extended time range. 
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To theoretically model the ultrafast response, we performed nonlinear 

pump-probe simulations considering the OKE and TPA using the commercial 

software Lumerical FDTD Solutions (see Methods section for simulations 

specifics). The complex refractive index of a Kerr medium can be approximated 

as DC = (D: + k¶:) + å(DE + k¶E), where n0 and k0 are the low-intensity real and 

imaginary parts of the refractive index, correspondingly, n2 and k2 are the 

nonlinear index and nonlinear absorption, respectively, and I is the intensity of 

the pump beam. The parameter k2 and the TPA coefficient, βTPA, relate through 

the equation ¶E = (|Ç¯ìî)/(4s). To estimate n2 and βTPA, degenerate Z-scan 

measurements were conducted in the 600-1000 nm range (see Methods section 

for experimental details of the Z-scan technique). Average values of n2 = -

20×10-17 m2/W and βTPA = 60×10-11 m/W were attained across the wavelength 

regime, with standard deviations of 8×10-17 m2/W and 20×10-11 m/W, 

respectively, without considering the anomalous behavior at bandgap 

wavelengths (refer to Chapter 2 for representative Z-scan plots of this kind of 

sample and comparison with nonlinear parameters from other 2D materials). 

Since the actual values of nondegenerate n2 and βTPA relevant to the pump-probe 

experiments cannot be determined from the degenerate ones, we analyzed 

possible values in the vicinity of the measured range that would lead to the 

measured differential reflectivity signals.  

Figure 5.4a shows the simulated differential reflectivity of the In=4 

sample plotted against n2 and bTPA at 705 nm probe wavelength and 3.5 µW 

pump power, when pumping with the long wavelength beam. The numerical 

calculations show that OKE and TPA produce opposite effects in the differential 

reflectivity signal. Since n2 and βTPA are of negative and positive sign, respectively, 
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OKE reduces the reflectivity of the sample, while TPA increases it, indicating that 

the magnitude of the modulation response could be greatly improved by having 

both nonlinear parameters of the same sign. Good agreement with the 

experimental results is found when considering n2 = -0.4×10-17 m2/W and βTPA 

= 10×10-11 m/W, as shown in Figure 5.4b, which compares experimental and 

simulated reflectivity changes as a function of probe wavelength at t = 0 fs. It 

should be noted that the nondegenerate nonlinear parameters n2 and βTPA vary 

depending on the pair of pump and probe wavelengths, so the obtained values 

should only be regarded as effective ones. 

 

Figure 5.4. (a) Calculated dependence of the differential reflectivity signal on 
the nonlinear parameters n2 and βTPA at 705 nm probe wavelength, pumping the 
In=4 sample with the long wavelength beam (760-980 nm) at 3.5 µW. The white 
region corresponds to -ΔR/R < 0%. (b) Experimental and simulated differential 
reflectivity spectra of the sample at t = 0 fs, normalized by the average pumping 
power. 
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To study the effect of having no excitonic resonance throughout the 

whole pump and probe spectrum, a ⁓95-nm thick In=2 flake was also analyzed 

(see absorption spectrum in Figure 5.1a). For this sample, degenerate Z-scan 

measurements provided average values of n2 = -47×10-17 m2/W and βTPA = 

62×10-11 m/W across the studied wavelength range, with associated standard 

deviations of 20×10-17 m2/W and 40×10-11 m/W, which are comparable to the 

nonlinear values determined for In=4. Figure 5.5a exhibits differential reflectivity 

results measured by pumping the sample with the short wavelength beam at 1.5 

µW average power, and using the long wavelength beam as the probe, with a 

5:1 pump:probe power ratio. Opposite to that observed for the In=4 perovskite 

sample in Figure 5.3a,b, no slow response is observed, confirming that the 

previously attained long t was indeed a consequence of linear excitonic 

excitation. Figure 5.5b shows the result for 3.8 µW pump power at a reference 

probe wavelength of 850 nm for the In=2 sample, where a similar behavior to 

that observed at 705 nm for In=4 (Figure 5.3e) is found. Noticeably, an even 

shorter FWHM of 6 fs (FWTM of 19 fs) compared to that for In=4 is obtained, 

which could be understood from the extended transparency range of this sample, 

which allows a faster response due to Heisenberg’s uncertainty principle [28]. 

When comparing this temporal width with the reported case of bulk GaP [29], 

we find that the In=2 perovskite can be up to three times faster. Moreover, while 

the modulation depth for this 2D system is one order of magnitude smaller than 

that for bulk GaP, the volume of interaction between the sample and the laser 

beams is over 2 orders of magnitude smaller for the perovskite film. 
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Figure 5.5. (a) Differential reflectivity spectra of the In=2 sample as a function 
of pump-probe delay time, when pumped with the short wavelength beam (610-
745 nm) at 1.5 µW average power (20 pJ/μm2 peak energy density). (b) 
Dynamic response at 850 nm probe wavelength when pumping with the short 
wavelength beam at 3.8 µW. Solid red line corresponds to a fit considering the 
convolution between the IRF and a Lorentzian function. (c) Differential 
reflectivity contour plot taken when pumping the sample with the long 
wavelength beam (760-980 nm) at 1.5 µW. (d) Average pump power 
dependence of -ΔR/R at 850 nm probe wavelength with corresponding linear fit. 

Figure 5.5c presents the results measured by pumping the In=2 flake with 

the long wavelength beam at 1.5 µW average power, using the short wavelength 

beam as the probe, with a 5:1 pump:probe power ratio. Different to that found 

for In=4 under the same measurement conditions (Figure 5.3d), no sign-flip in 

the signal is observed at any wavelength, and only the ultrafast nonlinear 

response is present, consistent with the absence of bandgap absorption in this 

spectral range. Regarding the dependence of -ΔR/R with pump power, a linear 

trend was measured as for the In=4 perovskite, as shown in Figure 5.5d for the 

chosen reference probe wavelength of 850 nm.  
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Chapter 6 Conclusion and Future Work 

 

6.1 Conclusion 

The primary goal of this thesis was to investigate the linear and 

nonlinear optical properties of different single-crystalline butylammonium lead 

halide RPPs. In Chapter 2, we have demonstrated that 2D hybrid RPPs exhibit 

an extremely large third-order optical nonlinearity near their optical band gap 

due to exciton and plasma resonances. The strong third-order NLO response is 

attributed to a large transition dipole moment boosted by the high exciton 

binding energy of the hybrid organic-inorganic MQWs. We also show that the 

third-order nonlinear response of RPPs can be purely imaginary, purely real or 

a combination of both, depending on the excitation frequency. Rapid change in 

the RPP’s refractive index at low-power optical fields, makes them promising 

candidates for a wide range of nonlinear photonic application, such as optical 

switching and modulation. The solution-processibility of RPPs offers an 

inexpensive alternative to current epitaxially grown semiconductors and can be 

easily integrated into compact photonic systems.  

In Chapter 3, we have demonstrated that 2D RPP nanosheets exhibit 

extremely large D-2PA coefficients as giant as 0.2–0.64 cm/MW per monolayer 

in the near-IR under two-photon-resonant excitation. The results are well 

consistent with the quantum perturbation theory of two-dimensional excitons. 

We show that the TPA-excited excitons can dissociate to form free charge 

carriers and generate sub-bandgap photocurrents under a bias voltage. As such, 

we realize efficient polarization-resolved sub-bandgap photodetection at room 
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temperature by utilizing RPP-based phototransistors. The In=4 two-photon 

detectors have shown excellent detection performance; a two-photon-generated 

current responsivity up to	1.2 × 10g	KΩEæ7Eƒ71 , two orders of magnitude 

greater than the standard InAsSbP-pin photodiodes, and a dark current as low 

as 2 ≈∆ at room temperature. More intriguingly, the RPP detectors are highly 

sensitive to the light polarization of incoming photons, showing a considerable 

anisotropy in its D-2PA coefficients (Ç[::1] Ç[:11] = 2.4⁄ , 70% larger than zinc-

blende semiconductors). We have also demonstrated that the In=2 detectors can 

be utilized for three-photon photodetection in the 1.3– 1.6	vΩ spectral range.  

In Chapter 4, we have demonstrated that 2D hybrid RPPs exhibit 

extremely large third-order optical susceptibilities under three-photon-resonant 

excitation, achieving THG conversion efficiencies up to 0.006% for In=2 RPP. 

We have also shown that the THG emission intensity varies strongly with the 

thickness of the perovskite sheets due to signal depletion and phase-matching 

conditions, and that the optimal thickness lies in the range of 22-61 nm for n = 

1 to 3 RPP. This work shows the promise of h-BN encapsulated 2D RPP crystals 

as on-chip optical nonlinear components, paving the way for all-optical 

processing applications.  

In Chapter 5, we have shown that 2D RPPs have the potential for 

ultrafast all-optical modulation, demonstrating maximum modulation depths 

close to 2%, with a temporal response that would enable modulation speeds up 

to >50 THz, when linear bandgap excitation is avoided. When comparing the 

performance of In=4 and In=2 samples, we observe that the latter presents both 

the fastest response and widest ultrafast wavelength region.  By analyzing the 
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origin of this behavior, we find that TPA and negative nonlinear index OKE are 

the responsible effects. However, since they produce opposite differential 

reflectivity responses, a 2D perovskite material with nonlinear parameters of the 

same sign would be needed to further improve the modulation performance. The 

results demonstrate that 2D RPPs outperform Si-based nanoantennas and 

metasurfaces and lays the foundations for the search of more efficient ultrafast 

nanomaterials. 

6.2 Future Work 

The HOIP family offers rich multitudes of functional materials with 

many interesting physical and optical properties. The next step to be taken is to 

explore the linear and nonlinear response of other hybrid perovskite quantum 

systems with different metal halides (e.g. tin halide), organic chains (e.g. 

unsaturated chains including aromatic rings and delocalized electrons), crystal 

structures (e.g. hybrid Dion–Jacobson perovskites) and dimensionality (e.g. 0D 

and 1D). Other third-order NLO interactions (e.g. FWM and stimulated Raman 

scattering), as well as higher order NLO interactions (e.g. χ(5)), are ultrafast 

processes that have a wide range of applications, for instance in frequency 

conversion, parametric amplification and sampling. Investigating such effects 

in 2D RPPs and other hybrid perovskite systems would uncover new exciting 

NLO phenomena. Second-order effects like sum and difference frequency 

generation and spontaneous parametric down conversion find useful 

applications in laser technology, fiber optics, and quantum photonics. Thus, 

non-centrosymmetric hybrid perovskite materials that exhibit both second-and 

third-order nonlinear responses could greatly benefit the photonics community. 
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Further improvements to the nonlinear modulation depth of 2D RPPs 

could be obtained by combining them with a dielectric metasurface. This would 

add a non-dissipative resonance to the hybrid system, enabling similar 

modulation values at lower powers. The potential NLO applications of hybrid 

perovskites remain wide and will provide a wealth of interesting research topics. 
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Appendices 

 

A.  Appendix for Chapter 2 

 

 

Figure S2.1. (a)-(e) Photographs of the different large-sized RPP single crystals. 
(a) Brn=1. (b) In=1. (c) In=2. (d) In=3. (e) In=4. 
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Figure S2.2. Experimental powder XRD profiles of the different RPP crystals. 
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Figure S2.3. Real and imaginary components of the dielectric function of spin-
coated RPP In=1. 
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Figure S2.4. OA Z-scan traces of (a) Brn=1 at plasma resonance (403 nm), (b) 
Brn=1 at exciton resonance (407 nm), (c) In=1 at plasma resonance (510 nm), (d) 
In=1 at exciton resonance (515 nm), (e) In=3 at exciton resonance (610 nm) and 
(f) In=4 at exciton resonance (650 nm). 
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Figure S2.5. n2 (a,b) and βeff (c,d) as a function of wavelength at 1 kHz laser 
repetition rate for Brn=1 and In=1, respectively.  

 

 

 



100 
 

 

Figure S2.6. n2 (a,b) and βeff (c,d) as a function of wavelength at 1 kHz laser 
repetition rate for In=3 and In=4, respectively. 
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Figure S2.7. n2 and βeff as a function of thickness at 1 kHz laser repetition rate 
for In=4. All scans were measured at the same excitation intensity of 41 ± 3 TW 
m-2 within error.  

 

S2.8 Determining the Exciton Binding Energy of the Different RPP 

Crystals  

Using Maxwell’s equations, we can relate the complex linear refractive 

index [ño (ω) = no (ω) + iko (ω)] of the perovskite medium to its relative dielectric 

constant [eC (ω) = e1(ω) + ie2(ω)] as follows:  

D,(ω) = 	
1

√2
	˘<e1

E(ω) + eE
E(ω) + e1(ω)˙

1/E

 

¶,(ω) = 	
1

√2
	˘<e1

E(ω) + eE
E(ω) − e1(ω)˙

1/E

 

where no (ω) is the linear refractive index and ko (ω) is the linear 

extinction coefficient.    

Then, the absorption coefficient [í(ω)] can be expressed in terms of the 

extinction coefficient ko (ω) as:  
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í(ω) =
4π¶,(ω)

λ
 

Since e1(ω) and e2(ω) are known from our SE measurements, ko (ω) and 

í(ω) can be readily calculated.  

For our direct bandgap 2D RPP crystals, the absorption coefficient is 

related to the electronic bandgap (E©) by the following formula [1]: 

í(ω) = 	∆∗	˝ℏω − E©˛
1/E

 

where, ℏ  is the reduced Planck's constant and ∆∗  is a frequency-

independent constant. Therefore, the electronic bandgaps ( E© ) can be 

determined by extrapolating the straight line of (íℏω)E  versus ℏω  plot 

(absorption edge) to (íℏω)E = 0 axis, as shown in Figure S2.8. The below-

bandgap absorption peaks in the spectra are assigned to excitonic absorption. 

Refer to Table 2.1 for the extracted values of the electronic and optical bandgaps. 

From the energy difference between the electronic bandgap and the optical 

(excitonic) bandgap, we can calculate the exciton binding energy (Eˇ
!"#) of our 

2D RPP crystals, which are found to be 553 meV, 375 meV, 264 meV and 204 

meV for Brn=1, In=1, In=2 and In=3, respectively.  
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Figure S2.8. The Tauc plot (αℏω)E vs. ℏω of the different RPP crystals. The 
data was obtained from spectroscopic ellipsometry (SE) measurements.  
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B.  Appendix for Chapter 3 

S3.1 Determining the D-2PA Coefficients of the RPP Crystals from the 

Quantum Perturbation Theory of 2D Excitons  

Based on a second-order, time-dependent, quantum-mechanical 

perturbation theory [2], we derive an expression of the D-2PA coefficient as: 

Ç(ℎ±) = %∫ℎ± {Gò,`
G
}
g |v≤→1~|E

(G1~ − ℎ±)E + (Γ1~ 2⁄ )E
		

×& Ûæ.v1~→.™Û
E
Γ.™ 2s⁄

(G.™ − 2ℎ±)E + (Γ.™ 2⁄ )E
																																											('3.1)	

.

E

 

where v≤→1~ represents the transition dipole moment from the ground 

state to a 1s-exciton; v1~→.™ represents the transition dipole moment from the 

1s-exciton to a np-exciton; Γ1~ and Γ.™ are line-widths of the 1s-exciton and the 

np-exciton, respectively;  is the local-field correction 

factor;	%	is a material-independent constant which has a value of  in 

units such that Ç is in KΩ	ªæ71, ∫	is in KΩ7W, ℎÍ, G1~, G.™, (1~		and (.™ are 

in units of Hq, and v is in units of Hƒ); and Wn is the weight value of the np-

exciton with æ1
E +æE

E +æW
E +⋯ = 1 . Expressions of v≤→1~  and v1~→.™ 

have been derived in previous studies [3]. With parameters shown in Table S3.1, 

the D-2PA coefficients in the near-infrared spectra for 2D-RPP (In=1-4) were 

calculated and plotted in Figure 3.2d.  

For 2D excitons, the energies of the 1s- and np-excitons can be 

expressed as Rydberg states [4]: 

( )2
0

1 2
3

locE
n

E
æ ö

= +ç ÷
è ø

453.47 10´
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G1~ = G© − Ga																																																																																																								('3.2) 

and  

G.™ = G© −
Ga

(2D − 1)E
																																																																																								('3.3) 

On near-resonance with the np-exciton, Ç is approximated to be: 

Ç≤→.™ = ≥′∫ª
E	(º + 2)g

G.™Γ.™
tπgªo(D)																																																														('3.4) 

where	≥o = 5.7 × 101E is a constant proportional to	% in Equation S3.1; 

ª =	
-.→Iâ
-∙œ/

  ≈ 0.1	 for the case of 2D RPPs (In =1, 2, 3, 4); and ªo(D) =

0
°’5

×
1

ï.7
I
5
ñ
X ×	

(.7E)!
.! n∫ )EH7EAH

7
3

45I5 n
EA

.7
I
5

p r.7E
E n

EA

.7
I
5

p 6)7
:

p

E

is proportional 

to  Ûv1~→.™Û
E
.  Equation S3.1 was obtained from Equation S3.4 for D = 2 and  

≥ = ≥′ªo(2). 
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Figure S3.1. Optical images of thin RPP flakes of In=1 (a) In=2 (b) In=3 (c) and 
In=4 (d) exfoliated on quartz substrates. The dash circle in purple labels the 
illumination area through a 20x objective. Scale bars, 20 μm. 

 

 

Figure S3.2. Normalized PL spectra of the four 2D RPP crystals.  
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Figure S3.3. Photocurrent vs. effective laser pulse energy on a log-log scale for 
a RPP In=4 device. The blue region indicates the quadratic dynamic range while 
the orange region indicates the damage region. 
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Figure S3.4. (a)-(d) Measured 2PPL under linearly polarized illumination at λ 
= 1030 nm for the In=1-4 samples. The red lines are fitted curves. 

 

Table S3.1. Parameters used in the calculation of the 2PA coefficients of 
RPPs. 

 

Crystal Density of 
active 

atoms (N) 
(cm-3) 

            Refractive 
index 

Bandgap 

(8¨)	(eV) 

Binding 
Energy 

(89) (eV) 

Effective mass 

(:;<∗) 

Effective 
Bohr 

Radius 
(nm) 

FWHM 

(=)	(eV) 

In=1 0.6*1021 2.40 2.75 0.35 0.18 m0 1.53 0.3 
In=2 1.2*1021 2.54 2.39 0.26 0.16 m0 1.71 0.3 
In=3 1.8*1021 2.60 2.21 0.16 0.16 m0 1.79 0.3 
In=4   2.5*1021   2.88 2.07 0.15 0.16 m0 2.20 0.3 
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Table S3.2. 2PA coefficients of various semiconductors at room temperature. 

a) Calculated by the degenerate two-band model; b) Calculated by the non-
degenerate two-band model. 

 

Material Spectral range 
(nm) 

β (cm MW-1) 
Experiment 

β (cm MW-1)  
Theory 

Reference 

In=4 800 – 1300 0.64±0.19 

at 1030 nm 

0.36 – 2.53 
(D-2PA @ [001]) 

This work 

In=3 800 – 1300 0.26±0.08 

at 1030 nm 

0.01 – 0.73 
   (D-2PA @ [001]) 

This work   

In=2 800 – 1300 0.19±0.06 

at 1030 nm 

0.01 – 0.19 
(D-2PA @ [001]) 

This work 

In=1 800 – 1300 0.09±0.03 

at 1030 nm 

107W – 0.26 
(D-2PA @ [001]) 

This work 

CH3NH3PbI
3 

1064 0.047 < 	0.03 a) 

(D-2PA) 

[5] 

In=4 powder 900 – 1400 0.022 

at 1064 nm 

< 	0.03 a) 
(D-2PA) 

[5] 

In=3 powder 1064 0.021 N/A 
(D-2PA) 

[5] 

In=2 powder 1064 0.018 N/A 
(D-2PA) 

[5] 

In=1 powder 1064 0.015 N/A 
(D-2PA) 

[5] 

CH3NH3Pb
Br3 

800 0.008 0.01a) 
(D-2PA) 

[6] 

MoS2 800 – 1100 7.6  
at 1030 nm 

0.01 – 6.6 [7] 

GaN 390 (signal) 

+ 5600 (gate) 

N/A 0.24 b) 
(ND-2PA) 

[8] 

GaAs 1580 – 1700 
(signal) + 8700 

(gate) 

0.002 – 0.6 < 1.2	b) 
(ND-2PA) 

[8] 

ZnSe 850 – 1030 
(signal) + 5800 

(gate) 

0.006 – 0.3 < 0.6 b) 
(ND-2PA) 

[8] 
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C.  Appendix for Chapter 4 

 

S4.1 AFM Characterization of Exfoliated RPP Flakes  

 

 

Figure S4.1. (a)-(c) AFM images and corresponding height profiles of 
exfoliated Brn=1 flakes. (a) Freshly exfoliated flake measured inside a glove box. 
(b,c) Flakes measured in air.  

 

 

Figure S4.2. AFM images of (a) h-BN partially covered Brn=1 flake and (b) h-
BN fully covered Brn=1 flake measured inside a glove box. 
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S4.2 Multiphoton Absorption Photoluminescence 
 

Figure S4.3a shows the emission spectra of In=2 flakes obtained at 1030 

nm and 1100 nm excitation wavelengths. The arrows indicate the absence of 

second harmonic emission at half the excitation wavelengths. The fact that the 

spectrum remains unchanged upon changes in the excitation wavelength 

suggests that the emission registered corresponds to two-photon absorption 

photoluminescence (2PPL). Indeed, a very good agreement with the linear PL 

spectrum measured at 532 nm pump wavelength, shown in Figure S4.3b, is 

found.  

 

 

Figure S4.3. (a) Acquired spectra at lpump = 1030 nm and lpump = 1100 nm for 
t = 90 nm, In=2, showing MPPL emission. (b) The linear PL spectrum of bulk 
In=2 as reference. 
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Figure S4.4. Optical images of (a) exfoliated Brn=1 flakes, (c) exfoliated In=1 
flakes and (e) exfoliated In=3 flakes. (b), (d) and (f) are similar to (a), (c) and (e) 
with h-BN protection, respectively. Scale bars, 20 μm. Images corresponding to 
exfoliated In=2 flakes are shown in Figure 4.3. 
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Table S4.1. The exciton absorption peak and PL of the different RPP single 
crystals. 

Crystal Exciton Absorption Peak 
(eV) 

       PL (eV) 

Brn=1       3.04 (l = 408 nm)            3.00 (l = 413 nm)  

In=1       2.40 (l = 515 nm)           2.38 (l = 521 nm) 
In=2 2.17 (l = 570 nm) 2.13 (l = 582 nm) 
In=3 2.05 (l = 605 nm) 2.01 (l = 616 nm) 
In=4       1.92 (l = 645 nm) 1.90(l = 650 nm) 
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