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Chapter-1 Introduction  

1.1 Introduction to Perovskite single crystals (PSCs) 

 Due to the intriguing optoelectronic properties of organic-inorganic hybrid 

perovskites (OIHPs) are considered frontline candidates, such as large stopping power, long 

diffusion length, high resistivity, high mobility-life time product and low trap states. However, 

unstable surfaces prone to degradation significantly affect the device performances and 

circumscribe commercialization. Additive engineering has become the most effective strategy 

to improve the quality of 3D perovskite single crystal (PSC). Herein the additive engineering 

resulting in high-quality transparent PSCs by employing various aliphatic, aromatic, and chiral 

ammonium salts are demonstrated for the photodetection, terahertz (THz) device applications 

besides its effect on the higher-order harmonics generation (HHG). Remarkably the engineered 

crystal surfaces showed more stability than pristine ones, thereby enhancing the 

transmission/reflection of THz pulses. 

Interestingly, a blue shift in the harmonics (both nano second-ns and pico second-ps 

Laser induced plasmas-LIPs) has been observed. The current thesis is anticipated to open new 

sources of additive-based SCs used entirely for THz devices and tunable high-order harmonic 

generation avenues. Exploring the inanimate materials via the additive inclusion in perovskite 

SCs opens new avenues to achieve the blue-shifted UV spectra for diverse applications in 

attosecond physics and nonlinear spectroscopy, including tunable THz devices because of easy 

tunability of THz absorption property, i.e., their phonon modes in an OIHPSCs.  
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1.2. PSCs Photodeters 

This material possesses an ABX3 structure, A+ (cations) located in the voids of these 

interlinked octahedra indirectly affect these materials’ bandgap. M2+ and X− combined to form 

MX6( octahedral unit) as illustrated in Fig. 1.1, the bandgap of these materials formed by 

combining the metal (M) and halide (X) s, p orbitals. Changing the concentration of X−  and 

M2+ can directly influence the bandgap where as A+ indirectly affect bandgap (Fig. 1.2). 

Generally, the material selection and thickness of the detector material will be tuned 

according to the targeted application to achieve these properties. They depended upon the 

energy of incident radiations. We can design for various devices ranging from smoke detectors, 

thermoelectric power generators, atomic-structural analysis, medical diagnostic treatment, 

food preservation, industrial structural analysis, metal-rolling, radiocarbon dating, etc. (Fig. 

1.3). With an ongoing trend in perovskites towards high energetic radiation Detection, organic-

inorganic hybrid perovskites are emerging as an alternative to conventional detectors owing to 

their low cost, relatively easy manufacturing process, and flexibility. Ever since the pioneering 

Fig. 1.1 Perovskite materials unit cell structure. 
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work of Kojima et al. on metal halide perovskites for sensitized solar cells, a significant 

scientific allure has been drawn by these materials for energy harvesting and optoelectronic 

applications, which owes to their superior light-absorbing ability and more extended charge 

carrier lifetime.1 For the last decade, perovskites have been explored as a semiconductor 

detector material to detect a broad range of radiations (ranging from UV rays to high-energy 

gamma rays). High-energy radiation detectors are topics of continuous interest as they find a 

wide range of applications from medical diagnostics, non-destructive testing of materials at 

airports and industries, structural characterizations/crystallography, and even space technology. 

Several literature reports have been available, mainly focusing on crystallization methods of 

PSCs and their actual results compared to commercially available NaI:Tl, Si, and CZT 

detectors. Unfortunately, getting very high energetic radiation detection with long-term 

Fig. 1.2 Energy diagram of the [PbX6]¯ units wherein atomic levels, representing 

bandgap of perovskite materials. 
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stabilization has been recognized as a fundamental challenge for commercializing these 

emerging devices. 

 

1.2.1. Types of PD 

Mainly two detection modes are available for high-energy radiation detection, optical-

based scintillators and electronic-based semiconductors. Scintillation detectors have a higher 

energy harvesting capacity. However, they suffer from the intrinsic non-proportionality of the 

light yield, making it challenging to accurately measure energies at ambient temperature. 

Whereas in a semiconductor detector, the output pulse height is proportional to the charge 

Fig. 1.3 varied applications ranging from smoke detectors, thermoelectric power generators, 

atomic-structural analysis, medical diagnostic treatment, food preservation, industrial 

structural analysis, metal-rolling, radiocarbon dating etc. 
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induced over a specific time interval resulting in superior accuracy in energy resolution. The 

semiconductor materials generate charge carriers (electron/hole) from incident photons, 

directly converting this energy into measurable electrical current under an applied electric field. 

These are usually called direct converters/detectors. The indirect detectors, like the 

scintillators, generally undergo a secondary process of generating photons, which are 

subsequently detected by a photo-multiplier tube and then converted to electrical signals.   

1.2.3. Working principle of PD 

A photodetector is a device that harnesses light irradiation and transduces it into a 

usable electrical signal through the photoelectric effect (Fg. 1.4).2 The detection rate depends 

on a detector's signal resolution and recombination efficiency. Furthermore, detector systems 

Fig. 1.4 Working principle of Perovskite PDs device. 
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need to have reasonable sizes for practical purposes PDs can be mainly divided into four types 

of device architectures depending on the device structure and operation mechanism, including 

vertical photodiodes, vertical photoconductors, lateral photoconductors, and phototransistors. 

Usually, in Photoconductors, one type of charge carrier can circulate several times through an 

external circuit before charge recombination, resulting in a large photocurrent, high 

responsivity, and high gain. Photodiodes are devices that convert light into electric current. In 

photodiodes, electron−hole pairs generated by light can be easily separated by electron and 

hole transfer layers and then transferred to the opposing electrodes. Photodiodes exhibit high 

detectivity of light, low noise, and a response time shorter than the electron−hole combination 

time. Phototransistors are extremely sensitive to light due to the high gain provided by the 

transistor. Some basic requirements must be met for a high-energy radiation detector to detect 

the presence of radiation.2 First, detector material must efficiently absorb radiations that pass 

through it. Second, a spectral response from the device must enable the identification and 

characterization of radioactive sources. Detectors that satisfy the criteria mentioned above can 

produce high signal-to-noise ratios while interacting with radiation, which enables the 

detection of radioactive sources.  

 The impact of these promising properties has been explained incoming section. 

Detectors that satisfy the above criteria can produce high signal-to-noise ratios, enabling 

radioactive sources detection. The detection rate depends on signal resolution and 

recombination efficiency in a sensor. Furthermore, the characteristics of detectors and the 

performance of a PD are characterized by detectivity. 1) Responsivity (R) indicates how 

efficiently a PD can produce an electric signal from incident light.  
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1.3. Promising Properties of PSCs  

 In order to design PD with a high energy-resolved spectrum, greater photon-electron 

conversion efficiency is desperately needed. Subsequently, fast detection speed and low dark 

current are desirable for PD. Recent studies showed that perovskite materials have good 

potential for high energy resolution; innovative designing of perovskite material may lead to 

large stopping power, long diffusion length, high resistivity, high mobility-life time product, 

reduction of trap states, and long-term stability. 

1.3.1 Large Absorption Coefficient 

 High-energy electromagnetic radiation penetration power is very high. The stopping 

power of the semiconductor material used in -ray detection must be high for complete 

absorption of gamma rays within the material's depth, resulting in the maximum electron-hole 

pair generation. The stopping power of any material is directly proportional to its average 

atomic number. The constituent elements of lead halide perovskite material are generally large 

atomic number elements like Pb, Sn, Cs, Br, I, Cl, CH3NH3 etc. Thus the average atomic 

Fig. 1.5 Promising Properties of PSCs 
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number of lead halide perovskite is greater than that of silicon and comparable to CZT, as listed 

in Table 1.1. The incorporation of higher atomic number elements in perovskite may lead to 

higher stopping power; the large atomic number of lead halide perovskite material endows a 

large attenuation coefficient, compared to silicon and germanium, as evidenced from Fig. 1.5, 

and thus makes perovskite a promising candidate for HEIR detection. 

1.3.2 Tunable Bandgap 

 The electronic properties, which are responsible for the high energy resolution of the 

HEIR Sensor, are dictated by the semiconductor's bandgap. Thermally generated or alternately 

intrinsic charge carriers do not contribute towards electric signals. A high signal-to-noise ratio 

(SNR) is crucial for high performance. As intrinsic charge carriers increase, SNR decreases, so 

the semiconductor bandgap should be as large as possible to lower the population of intrinsic 

charge carriers in the bulk of the semiconductor. The energy resolution will be high if less 

energy is required for electron-hole pair generation. In this context, the semiconductor 

bandgaps should be low for a maximum number of electron-hole pair generations. Thus, the 

optimization of a bandgap is needed for high energy resolution and high signal-to-noise ratio. 

Generally, a band gap greater than 1.4eV for room temperature operation is necessary.3 Recent 

studies showed that the bandgap, in the range of 1.6 - 3.0 eV, works well to reduce the spectral 

noise caused by thermally generated charge carriers. The leading and commercialized detector 

material is the Cd0.9Zn0.1Te (CZT) which has a bandgap energy of 1.65 eV.4 Silicon and 

germanium have a low bandgap, around 0.66 eV and 1.12 eV, so cooling is required to suppress 

the generation of intrinsic charge carriers when Si and Ge are used as HEIR detector material.5,6 

Interestingly, lead halide perovskite material can tune the band gap by doping or altering the 
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composition of its constituent element. According to recent studies, the band gaps of MAPbX3 

perovskites are 1.5, 2.2, and 3.1 eV, where X is I−, Br−, and Cl− respectively. 7 In 

methylammonium lead iodide (CH3NH3PbI3), when methyl ammonium (CH3NH3
+) is replaced 

by CH(NH2)2
+, the bandgap is reduced by 0.07 8 and when Pb2+ is partially or completely 

replaced by Sn2+, band gaps reduced from 1.55 eV to the range, 1.17-1.30 eV.9 When the Iodide 

ion is completely replaced by Br− in MAPbI3, the bandgap increases from 1.55 to 2.3 eV.10 

Noh et al., proposed an empirical equation to determine the bandgap when iodine (I) is replaced 

partially or completely by bromine (Br) in MAPbI3, which is as follows: 11 

 Eg(x) = 1.57 + 0.39X + 0.33X2                    (1.1) 

Fortunately, PSCs bandgap can be adjusted according to need by carefully doping other halogens or 

suitable elements (Fig. 1.6). 
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Table 1.1  Electronic properties of semiconductor material as reported in the literature 

Materials Avg. atomic 

number 

Bandgap 

(eV) 

Resistivity 

(Ω cm) 

 

(μτ)e 

(cm2/V) 

Ref. 

CdZnTe (CZT) 49.3 1.57 

 

109-1010 7.5×10-3 12 

CdTe (CT) 50.2 1.44 1×109 1-2×10-2  13 

TiBr 58 2.68 1×1010 3×10-3 14 

HgI2 62 2.15 1×1013 3×10-4 15 

Fig. 1.6 Change in bandgap with changing composition in ABX3. 
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*Only operable at cryogenic temperature; SC denotes single crystal. 

1.3.3. Long Diffusion Length and Large Mobility-Lifetime Product 

When γ ray interacts with the semiconductor material, charge carriers, i.e., electron-hole pairs, 

are generated within the bulk of the material. After generation, these charge carriers are collected 

towards the corresponding electrodes under bias and thus producing signal current. The energy 

resolution of the signal, a critical parameter of the γ-ray sensor for its performance, directly correlates 

with the collection of charge carriers at electrodes. Collecting the charge carried at electrodes for high 

energy resolution of signal in γ-ray spectroscopy is highly desirable. 

When detector material interacts with high-energy γ- rays, electrons jump from the top of the 

valence band to the bottom of the conduction band, creating holes in the valance band and electrons in 

the conduction band. There is a higher probability of band-to-band recombination (radiative), and trap 

or defect-assisted recombination (non-radiative) of these γ-ray generated charge carriers, resulting in 

the loss of these charge carriers. Charge carriers generation and charge carrier recombination compete 

with each other, and the recombination of electron-hole pairs must be suppressed for maximum 

CdZnSe 38 2.00 2×1010 1×10-4 16 

CdTeSe 44.7 1.47 5×109 4×10-3 17 

Si* 14 1.06-1.12 104 >1 6 

Ge* 32 0.66 50 >3 5 

MAPbI3 SC 48.9 1.54 108-109 1×10-2 18 

MAPbBr3:Cl SC - 2.3 3.6×109 1.2×10-2 19 

FAPbI3 SC  1.43 106-109 1.8×10-2 20 

FACsPb(BrI)3 SC - 1.52 108-109 1.2×10-1 21 

CsPbBr3 SC 65.9 2.3 3×1011 1.34×10-3  22 
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collection of charge carriers at electrodes. Radiative and non-radiative, both types of recombination 

may be suppressed by improving the quality of the material or reducing the defects and trap states in 

the bulk of the material. In other words, the diffusion length, the length travelled by electrons or holes 

before it recombines again with each other or at any trap centre, must be greater than the thickness of 

the semiconductor layer so that charge carriers can reach the electrode and contribute towards the signal 

current. The mobility-lifetime product (µτ), an important figure of merit directly related to diffusion 

length, predicts charge carriers'  collection efficiency (CCE) at electrodes. The CCE depends on µτ  as,23 

 CCE(z)*d = E()e [1 – e-(d-z)/()
e] + E()h [1 – e-(d-z)/()

h]                                         (1.2) 

The mobility-lifetime product () value of electron is generally determined by classical Hetch 

equation: 23 

H/HO = ()e*(V/d2)*(1-exp{-d2V/()e})             (1.3) 

Where H/HO is measured as relative pulse height, V is the applied bias voltage, and d is the 

thickness of the detector material. The above equation holds good for large pixels, but in the 

case of a small pixel, the  the modified Hetch equation can accurately determine value. 23 

 The detection efficiency of the Sensor increases with the thickness of the 

semiconducting material, so the value of  must be sufficient for an entire collection of charge 

carriers at electrodes before recombination within the thick layer of semiconducting material. 

Table 1.1 compares the  value of different semiconductors, which has been used so far as 

PD. In recent years lead halide perovskite has seen intensive investigation, and its excellent 

optoelectronic property makes it a promising candidate for γ-ray detection. Stompous et al., 

reported the  value of 1.3×10-3 for CsPbBr3 single crystal.4 The mobility-lifetime product 
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() of MAPbI3 and MAPbBr3 single crystals are comparable to that of CZT single crystal, as 

shown in Table 1.1 Wei et al., reported the  value of 1.2×10-2 cm2 V-1 for MAPbBr3 single 

crystal, corresponding to a long diffusion length of 175 micrometres.24 In 2017, Nazarenko et 

al., developed Cesium formamidium lead halide single crystal via solution growth method and 

 value of 0.12 was reported, which is larger than that of commercially available CZT.21 

1.3.4. Large Resistivity 

The resistivity of semiconductor material is an important figure of merit in selecting 

the material for γ-ray detection. When the electric field is applied between the electrodes, 

leakage current develops because of thermally charged carriers or intrinsic charge carriers. 

Which is the source of the noise? The resulting noise produced from the leakage current of the 

detector deteriorates the high signal-to-noise ratio, so the large resistivity of semiconductor 

material is highly desirable to suppress the leakage current when electrodes are biased. CZT, 

the leading material in the γ-ray sensor, has a resistivity of order 10, corresponding to 1% 

energy resolution.25 Lead iodide perovskite material has a comparatively lower resistivity of 

order 107. However, replacing iodide ions with bromide or chloride ions can reduce intrinsic 

charge carriers due to an enlarged bandgap. When chloride ion Cl− incorporated in lead bromide 

perovskite MAPbBr3, reduced noise and leakage current was observed, resulting in impressive 

spectra with 6.5% energy resolution at 662 keV.19 By doping in lead halide perovskite material, 

the resistivity of perovskite material can be increased up to 1010, sufficient for γ-ray detection.19 
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1.4. Recent Advancements in PD  

 Gamma rays are high-energy EM waves (> 100 keV) generated by nuclear explosions 

and radioactive decay. Unlike alpha or beta radiations, gamma radiations consist of photons 

(without mass or charge) of energy emitted from unstable nuclei, making them travel farther 

than other ionizing radiations. They cannot be captured and reflected by mirrors as their 

wavelength is short enough to pass through the atoms of an interacting material. These highly 

penetrative radiations interact with a matter by either photoelectric effect Compton scattering 

or pair production. These collisions create charged particles that the sensors can detect.  

X-rays and γ-rays are ionizing radiations of high energy and short wavelengths 

demanding some common pool of properties for detector materials viz. high effective atomic 

number (large linear attenuation coefficient), large detecting volume, significant 

photoconductivity response, good µτ value, low charge trap density, and large energy gap (Eg) 

of 1.6−3.0 eV range (low dark current). But fundamentally, the photon flux generated by X-

rays and gamma-rays are different. The detector for γ-rays acts as a single photon detector as 

the detector material individually detects and collects the incident rays due to limited photon 

flux of γ-rays. But in X-rays, the detector works in a dynamic equilibrium due to higher flux 

of X-rays. Semiconductor based detectors for detection of γ-rays are relatively more efficient 

as compared to scintillator-based detectors as they offer better signal to noise ratio which allow 

the detection of radioactive sources from a large distance. From more than one decade, many 

attempts have been made in the development of room temperature semiconductor detector 

(RTSD) materials which are expected to be easy to use and more robust. Most commonly used 

CdTe and CdZnTe detectors offer bandgap of 1.4 and 1.57 eV respectively which makes them 
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easy to operate at room temperature conditions. Three important parameters should be 

considered in the development of RTSD material viz. resistivity (>108 Ω cm), electron-hole 

pair creation energy and µτ value (> 10−5 cm2/V s). Large resistivity values lead to low dark 

current and noise in a radiation detector material.26 In recent years, halide lead perovskites have 

emerged as a promising material for -ray detection due to their large stopping power, 

outstanding charge transport properties leading to a high mobility-lifetime product, tunable 

bandgap and low-cost solution-processed method of material preparation at low temperature.19 

Due to having a unique combination of the above properties, lead halide perovskite materials 

have yielded high energy resolution -ray spectra and, thus, have shown the capacity of being 

future semiconductor material for -ray detection. 

 As discussed, Huang et al. introduced the idea of introducing a large organic molecule 

at the A site of ABX3 lattice in MAPbI3 single crystals and fabricated the DMAMAPbI3 (DMA: 

dimethylammonium) and GAMAPbI3 (GA: guanidinium) crystals showing high resistivity and 

charge carrier mobility compared to MAPbI3 single crystals.27 Later, Peng et al. used a similar 

strategy and alloyed MAPbI3 single crystals with ethyl ammonium (EA) cations to form 

EA0.17MA0.83PbI3 crystals with good thermal stability and enhanced the charge carrier lifetime 

compared to MAPbI3 single crystals.28 Rybin et al. fabricated Cr/MAPbBr2.85Cl0.15/Cr device 

with varying chlorine content in perovskite to evaluate their role in gamma-ray detection.29 

This incorporation of Cl in MAPbBr3-xClx suppresses the bromine ion migration. Despite 

reduced effective carrier masses, a significant increase in γ-ray detection ability for MAPbBr3-

xClx compared to pristine MAPbBr3 single crystals.28 Recently, Liu et al. reported improved 

dark resistivity of 1×109  m at low reverse bias using Cl(6%) doped CH3NH3PbBr3 single 

crystals, using high work function contacts to block out the dark noise, thus allowing for 
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efficient pulse collection.30 Yang et al. studied the operation stability of the hybrid perovskite 

Cs0.05FA0.81MA0.14PbI2.55Br0.45 under hard γ-rays.31 

 The excellent optoelectronic properties of perovskite single crystals were exhibited to 

aid in the development of detectors for sensing various high energy radiations viz. X-rays, α-

rays and β-rays. These applications require a common pool of properties; good stopping power, 

high resistivity, wider bandgap and good μτ value. These selection parameters ensure effective 

radiation absorption and efficient photo-carrier collection in thick detector materials. In the last 

decade, the development of perovskite-based X-ray detectors evolved parallel to the γ-ray 

detectors with the pioneer efforts of Stoumpos et al. 4 In a very recent and exciting attempt by 

Nafradi et al. MAPbI3 single crystal was demonstrated to be a multifunctional radiation 

protection component exhibiting triple function:  a detector, a power generator and a radiation 

shield.32 They studied the gamma voltaic response of MAPbI3, MAPbBr3 and MAPbCl3 single 

crystals in the vicinity of the core of a nuclear reactor. Among these, MAPbI3 depicts good 

energy harvesting ability, radiation shielding, and radiation stability and proposes their possible 

application in nuclear batteries.32  

1.5. General Description of Nonlinear Optics 

1.5.1 Materials for Nonlinear  

In the past few decades, scientists have been fascinated by the optical nonlinearity of 

numerous interesting optical materials for their momentous applicability.33,34 The diverse 

applicability of novel entities in the nonlinear domain establishes them as potential candidates 

in significant photonic applications such as optical switching, optical limiting, optical 
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communications, biomedical imaging etc. In recent years significant reports and reviews in 

PNCs have emerged as remarkable optical materials in NLO and electronic responses 

interacting with an ultrafast laser pulse, giant 2/multi-photon absorption (PA).35-39 Generally, 

over a broad range of excitation wavelengths,  PCNs have shown ¾ PA.40 Some of the research 

groups have established their candidature as strong saturable absorbers.41 Rhodamine B (Rh 

B), an organic laser dye, was recently doped in layered hybrid halide perovskite (LHHP) bis(4-

methoxybenzylammonium) tetra-chlorido cadmate (4MBA2CdCl4) using simple and cost-

effective slow solvent evaporation technique. The NLO properties of this perovskite have been 

studied using the Z-scan method with a 785 nm CW laser, where the RSA with a low optical 

limiting threshold of 0.8 MW/cm2 was reported by Ranjhani et al.42 Zhang et al.43 also reported 

the NLA coefficient of Cs4CuxAg2−2xSb2Cl12 double PNCs using 800 nm, 250 nJ, 500 Hz fs 

laser to be ~10-8 cm/W. The NLO properties of Cs2AgBiBr6 double PNCs, exhibiting TPA cross 

sections of ~1906 GM and TPA coefficient of ~10-11 cm/W, were investigated.44 Our group has 

extensively conducted broadband ultrafast laser-interaction triggered spectroscopic studies 

engaging novel systems such as nano entities, PNCs, organic, inorganic compounds etc. 45-50 

unveiling their exotic photonic responses in the NLO domain. The present work, FAPbBr3 is 

chosen as a prototype to investigate its interactions with Sr2+, Cl− ions and its advancement 

toward NLO studies. 

Femtosecond (fs) Z-scan studies have been performed using the Z-scan technique 

initiated by Sheik-Bahae and co-researchers.46 We aimed to divulge the electronic nonlinearity 

of these novel perovskite entities using fs excitation. A schematic NLO experimental setup has 

been presented in Chapter 2. These novel doped NCs exhibited reverse saturable absorption (it 

could be one of the 2/3/multi-PA) in the open aperture experimental configuration. In the case 
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of closed aperture mode, the same nonlinear systems displayed a positive intensity-dependent 

refractive index (n2) with a valley-peak nature. In-depth theoretical fitting and analysis led to 

the thorough estimations of specific fundamental NLO parameters such as multi-PA cross-

sections (σ) and NLO susceptibility [χ(3)]. The mathematical relations corresponding to the 

transmittance of the output beam beyond its interaction with the sample can be expressed using 

the equations (1, 2). The multi-PA-induced open aperture transmittance beam can be expressed 

as  

……..(1.4) 

 

The transmittance of the beam in closed aperture mode can be mathematically depicted 

as 

          

                                                                           ……. (1.5) 

where z0 is the Rayleigh range, ∆ is the NLO phase-shift, and z is the position of the 

sample. The equations (1, 2) were primarily used to fit the experimental data. The extracted 

NLO parameters were retrieved from the theoretical fits, and the remaining fundamental NLO 

parameters were subsequently estimated. Our previous reports have detailed elaborations on 

the Z-scan calculations using fs pulses.46,47 
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1.5.2. Higher-Order Harmonics Generation (HHG) 

High harmonic generation (HHG) is a non-linear process in which an intense laser pulse 

illuminates a sample. Under such conditions, the sample will emit the high harmonics of the 

generation beam. In the 2nd HHG frequency of emitted beam is twice the fundamental 

frequency due to the coherent nature (Fig 1.7). HHG is a prerequisite of attosecond physics. 

Currently, gases are frequently used as HHG medium sources.51-53 The study on HHG 

experiments utilizing gases is somewhat limited because there are just a few different types of 

elements in gas states in nature. Hence, several researchers focused on demonstrating HHG 

from various solid and liquid elements.54,55 The laser intensity utilized in the experiment is 

constrained because of the solid's damage threshold. The photon energy resulting from this 

method is not particularly high. Strong mid-infrared laser pulses recently demonstrated HHG 

from thin films from MAPbX3 (X = I, Br, Cl).54,55 The near IR wavelength 800 nm is the current 

work-driving pulse, which possesses stronger energy than the mid-infrared pulses. Therefore, 

there might be a chance of strong ablation leading to damage to the bulk PSCs. Suppose we 

choose the DP laser energy below the damage threshold of PSCs due to the illumination of 

strong photoluminescence; the DP, along with harmonics (if generated), will not transmit from 

almost ~1 mm thick SCs.  Therefore, in the present experiment, we pay attention to the method 

of LIPs [produced by 800 nm (200 ps) and 1064 nm (5ns) wavelengths] to generate harmonics 

from five bulk PSCs for the first time. Additionally, substantial resonance enhancement can be 

used to increase harmonic conversion efficiency by utilizing the HHG from LIPs of various 

metals.56,57 The impact of additives (CB, PEA, PXA, and API) on MA SCs were analyzed by 

measuring HHG spectra in terms of harmonics intensity, cut-off, and spectral shift. Initially, we 
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describe the stability of crystals, then harmonic-cut-off and spectral shift in the following sub-

sections. 

  

Fig. 1.7 Energy diagram representing 1PA, 2PA and HHG in perovskite materials. 

 The presence of plasma components (atoms, ions, nanoparticles, clusters) could be 

identified by the ICCD spectrometer. Meanwhile, It is well aware that HHG is a three-step 

model58 [(i) ionization by the intense laser field, (ii) acceleration in the laser field, and (iii) 

recombination with the parent ion lead to the generation of high energy photons. The emission 

of high-order harmonics (high energy photons corresponding to driving laser field) is widely 

subject to plasma components of PSCs. The emitted harmonics are the superposition of the 

individual contribution of each plasma component. The plasma components' ionization 

potential (Ip) could influence the harmonics' intensity and cut-off. These parameters are 

significantly more affected in ps LIPs than in ns LIPs.  
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2. Materials & Methods   

The materials, methodologies, characterization techniques, and concepts employed for 

this Ph.D. thesis are briefly summarised in this chapter. This chapter gives detailed information 

about the materials and standard techniques used for synthesis, and device fabrication, to study 

the non-linear optical properties (NLO) and characterization at various phases of research 

activity. The methods used to purify desired materials and solvents are described in this chapter. 

Furthermore, a brief explanation of the materials and device characterization techniques 

employed for PSCs is provided in the context of the results in this thesis.  

2.1. Synthetic Methods  

 For a few years, many affords have been devoted to growing single crystals because of 

having low trape density, more carrier mobility, and readily available reagents with low cost1. 

Many synthetic methods are available; however, the ways that showcase the promising 

properties with low-cost material and don't require any critical environment are mentioned 

here. We can control crystal orientation and morphology in optoelectronic devices by adopting 

the appropriate synthetic method. Finally, these active materials' promising outlooks were 

highlighted.1 Most of the existing lead halide perovskite crystals are synthesized by solution 

methods like top-seeded solution growth (TSSG), solution temperature-lowering (STL) method, 

antisolvent vapour-assisted crystallization (AVC) and Inverse Temperature Crystallisation 

(ITC) method (Fig. 2.1).2,3 Dong et al. reported high-quality MAPbI3 single crystals with a 

temperature gradient. They observed lower trap density (3.6×1010 cm−3), more significant 

carrier mobility (as measured by the Hall effect method), longer carrier life and diffusion length 

under solar light intensity could exceed 175 μm.4 Furthermore, it was presumed that the carrier 
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diffusion distance could exceed 3mm under 0.003 mW cm−2 weak light intensity. In 2016, Lian 

et al. demonstrated that centimetre-sized MAPbI3 single crystals with a low trap density of 108 

cm−3) were grown using the solution temperature-lowering (STL) method.5 In recent studies, 

crystal growth technique to grow MAPbX3 single crystals using the inverse temperature 

crystallisation (ITC) method. Although commercially inorganic single crystals cadmium zinc 

telluride (CZT), cadmium telluride (CT), germanium (Ge), and silicon (Si) have been widely 

used in -ray detectors, these materials are difficult to deposit uniformly on the film substrate 

to read out the detection signal. The MAPbBr3 single crystal is grown directly on a silicon 

Fig. 2. 1 Synthetic strategy for growing perovskite single-crystal a) Antisolvent Vapour-

Assisted Crystallization (AVC) B) Top-Seeded Solution Growth (TSSG) C) Melt 

Crystallization Growth Method d) Inverse Temperature Crystallization (ITC). 
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substrate. Huang and coworkers reported they modified with small organic molecules by 

chemical bonding so that the detection signal could read out now. Cesium formamidium lead 

single halide crystal via solution growth method and  value of 0.12 reported by Nazarenko 

et al. developed, larger than commercially available CZT.  

 

Fig. 2. 2 MAPbBr3 SC grown using the ITC method on ITO.  

 2.1.1. Synthesis of MAPbBr3 Crystals Growth with additives: 

        We used additives to grow methylammonium lead bromide (MAPbBr3) [hereafter 

abbreviated as MA] crystals to investigate the impact of different ammonium salts as an 

additive on optoelectronic and structural properties. Ammonium salts used are aliphatic, 

aromatic, and chiral additives to see the effect on HHG studies. Aliphatic like Choline bromide 

(CB), aromatic additives like Phenylethylamine hydrochloride (PEA), P-Xylylenediamine 

(PXA), and chiral additives like (R)3-Aminopiperidine dihydrochloride (API).6 
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2.1.1.1. Chemicals:  

Lead bromide (≥98%), methylammonium bromide (99.9% trace metals basis), 

dimethylformamide (DMF) (HPLC, 99.8%), and dimethyl sulfoxide (DMSO) (anhydrous, 

≥99.9%), were purchased from Sigma-Aldrich. Phenylethylamine hydrochloride (PEA), (R)3-

aminopiperidine dihydrochloride (API), P-xylylene diamine (PXA), and choline bromide (CB) 

were purchased from TCI and used as received.  

2.1.1.2 Synthesis:  

Optimal volume ratios of the solvents are prepared by dissolving the MABr, PbBr2, with 1:1 

equivalents labelled as precursor solution (MA crystal without additive for comparison) by 

following the previous literature in the glove box.7 We have optimized the percentage of 

additives (A) from 0.1 to 0.2 equivalents in precursor solution for MA-A crystal growth. For 

example, we grow MA-API crystal by adding an optimal percentage of API to precursor 

solution. The precursor solution was then kept for stirring for eight hours and filtered through 

a polytetrafluoroethylene (PTFE) filer with 0.45 μm pore size. Initially, tiny perovskite crystals 

with an average length of 1.5 mm, were obtained, which were used as seed crystals for growing 

larger crystals. Further, a larger crystal was achieved by carefully transferring seed crystals to 

the freshly prepared 1M precursors solution. We observed a possible shape control of the 

crystal by the geometry of crystals using the additive. Finally, add the dichloromethane (DCM) 

to the crystals after removing the precursor solution using the syringe; a white residue will 

appear on the surface of the crystals need to add; the DMF for clean the excess unreacted 

material from the surface. Repeat the same procedure until the solution becomes colourless 

when adding DCM.2 Finally, perovskite SCs were dried in a vacuum oven and stored in the 

https://en.wikipedia.org/wiki/Dimethylformamide


Chapter-2   35 

 

 

University of Hyderabad  Sarvani Jowhar Khanam 

desiccator. The thickness of the SCs are measured using the  digital vernier callipers, and  MA, 

MA-CB, MA-PEA, MA-PXA and MA-API have a thickness of 1.02, 1.18, 1.12, 1.10, 1.03 

mm, respectively.  

For modified crystal growth, we have taken one molar solution containing 1:1:0.2 equivalents 

of PbBr2 and MABr and API (3-Aminopiperidine dihydrochloride) in DMF, The precursor 

solution was kept for stirring for 12 hours and was filtered using 0.45 μm pore size 

polytetrafluoroethylene (PTFE) syringe filter. Five millilitres of the filtrate were placed in a 

vial, and the vial was kept in an oil bath undisturbed at 80 C. All procedures were carried out 

under an N2 atmosphere. Once the SCs were formed, they were collected and dried in a vacuum 

oven. 

2.1.2. Synthesis of Cl-doped MAPbBr3 SCs 

2.1.2.1. Chemicals 

  Lead(II) bromide (PbBr2) (≥98%), lead(II) chloride (PbCl2) (≥98%), methylammonium 

bromide (MABr) (99.9% trace metals basis), dimethylformamide (DMF) (anhydrous, 99.8%), 

and dimethylsulfoxide (DMSO) (anhydrous, ≥99.9%), were purchased from Sigma-Aldrich. 

Phenylethylamine Hydrochloride (PEA), and P-Xylylenediamine (PXA), were purchased from 

TCI and used as received.  

2.1.2.1. Synthesis  

MHSCs has grown using the inverse crystallization method (ITC). A precursor solution 

has been prepared by taking a stoichiometric ratio of PbBr2 (330.30 mg),  PbCl2 (34.11 mg) 

and MABr (111.97 mg) to 1ml of DMF.P4 The precursor solution was then stirred for eight 
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hours after adding the additives (for modified MHSCs growth) and then filtered through a 

PTFE filer with a 0.45 μm pore size. Initially, tiny perovskite crystals, with an average length 

of 2 mm, were obtained, which were used as seed crystals for growing larger crystals. Further, 

larger SCs can be achieved by carefully removing and placing them in a new 1M solution. The 

modified MHSCs have been grown by taking less than 50 µl of 1M additives solution in the 

precursor solution. We observed a possible shape control of the crystal by the geometry of 

crystals using the different additives. Finally, add the dichloromethane (DCM) to crystals 

afterwards, using the syringe to remove the precursor solution, and clean the excess unreacted 

material from the surface using the DMF. Repeat the same procedure until the solution becomes 

colourless when adding DCM7. One can set only a few crystals by balancing the composition 

of additives and temperature conditions. Observed the crystals' nucleation temperature changes 

to a more significant value from 80 oC to 89 oC, indicating different interactions of ammonium 

slats with the crystalloids towards controlling the nucleation process.8 

2.1.3. Synthesis of FAPbBr3 PNCs 

2.1.3.1. Chemicals 

 Formamidinium bromide (FABr) (99.9% trace metals basis) was purchased from 

Dyesol. Dimethylformamide (DMF) (anhydrous, 99.8%), toluene (anhydrous, ≥99.9%), 

acetonitrile (ACN), chloroform, dimethyl sulfoxide (DMSO) (anhydrous, ≥99.9%), oleic acid 

(OA) and oleylamine (OAm) were purchased from Sigma-Aldrich. Lead(II) bromide (PbBr) 

(≥98%) and SrCl2 were purchased from TCI and used as received. 
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2.1.3.2. Synthesis  

 FAPbBr3 NCs were doped using the strontium chloride (SrCl2) at 2%, 4% and 6% 

concentrations to investigate the SrCl2-doped FAPbBr3 NCs in the NLO studies and labelled as 

FB-2, FB-2 and FB-4, respectively. The steps involved in synthesizing PNCs are illustrated in 

Fig. 2c. The FAPbBr3 PNCs synthesis was carried out under the glovebox using the room-

temperature synthetic (RTS) method. In a typical procedure, FABr (0.1 mm) and PbBr2 (0.1 

mm) were dissolved in 1 ml of DMF and stirred for 4 h. The solution was filtered via a 0.45 

μm pore polytetrafluoroethylene (PTFE). Subsequently, 40 and 120 μL of OAm and OA were 

added to the filtered solution. Thereafter, 100 μL were taken from this solution and injected 

into anti-solvent chloroform to obtain PNCs, followed by purification using 1.5 ml of 

ACN/toluene solution in (1:1), centrifugation at 3500 rpm for 10 min, and finally, stored in 
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toluene with an FB-1 label (pristine solution). The preparation of doped FAPbBr3 PNCs (FB-2 

to FB-4), followed the same procedure mentioned above.    

2.2. Device architecture: 

 For the fabrication of thin films, one-step\two-step solution and vapour-phase 

deposition methods have been developed. Usually, Perovskite nanocrystals deposit from 

precursor solutions1 QDs/0D and 2D perovskite-based photodetectors effectively act as 

ultrasensitive to broadband (UV to near IR) and ultraviolet to the visible region. At the same 

time, 1D perovskite materials applications in photodetectors are hindered due to the low-quality 

Fig. 2. 3(a) Polyhedral representation of the unit cell of SrCl2 doped FAPbBr3 and (b) schematic 

illustration of PNCs with OA. Moreover, (c) & (d) depicts photographs of pristine and SrCl2-doped 

FAPbBr3 NCs in ambient and UV light, respectively. (e) Steps involved in colloidal solution 

preparation. 
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(Q) factor and extremely long response time. Carbon nanotubes (CNTs) and gold wires 

improve the sensitivity of perovskite-based materials due to high conductivity and slight 

surface roughness. Therefore, this advancement has attracted many studies regarding the 

combination of 1D materials and 3D bulk perovskite materials. More importantly, bulk single 

crystals and the largescale halide perovskite thin films have recently made tremendous success 

in -ray radiation detection due to their compelling characteristics. They can also be deposited 

conveniently from the solution by the facile available manufacturing technique. In 2018 Wu et 

al. reported lead-free Cs4EuX6 (X=Br−, I−) 0D perovskite single crystals as self-activated 

scintillators.3     

 

 Perovskite-based photodetectors with different architectures, including photodiodes, 

photoconductors, and phototransistors. Usually, the photodiodes adopt a vertical-type 

architecture to reduce dark currents. Device configuration plays a crucial role in evolving the 

overall performance of perovskite in radiation detection. Here, we demonstrate two 

approaches: (i) p-i-n architecture with Au\TPD \PSC \fullerene\BCP\Ag and (ii) another 

approach using an n-i-p architecture with Ga\perovskite\Au or even a simple architecture with 

Au\PSC\Au. MAPbBr3−xClx crystals have comparable high resistivity reported with both p-i-n 

or p-i-p device configurations.8 

Fig. 2. 4 Device architecture 
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2.2.1. Thermal Evaporator 

Thermal evaporation is used to deposit the metal (Au, Ag, Al, Cu et.,) on the substrate 

by the physical vapour deposition method. The metal is placed in the crucible and heated by 

passing a high current until all the material is vaporized via sublimation or boiling. Some of 

the vapour particles reach the substrates and condense. The thickness of the film was measured 

using quartz crystal placed next to the substrate. 

 

Fig. 2. 5 Photo images of thermal evaporator for gold deposition at    SoC, UoH. 
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2.3. Characterization 

2.3.1. Structural Characterization 

2.3.1.1. X-ray Photoelectron Spectroscopy (XPS):  

Surface elementals mapping of crystals has been done using Thermo Fisher Scientific Pvt. 

Ltd, X-ray Photoelectron Spectroscopy. 

2.3.1.2. Single crystal XRD:  

The X-ray crystal data of the MA and Modified MA PSCs were collected on an Xtlab Synergy 

Rigaku oxford diffraction with HyPix- 3000 detectors, equipped with graphite monochromated 

Mo Kalpha radiation (= 0.71073 A) at 293K. The 2T range for data collection was from 5.082 

to 50. The data interpretation was processed with CrysAlisPro, Xtlab Synergy Rigaku oxford 

diffraction,  version 171.39.exe and an absorption correction based on the multi-scan method. 

2.3.1.3. Powder XRD spectra:  

The structural studies have been analyzed by a PANalytical xpert3 powder diffractometer 

with Cu Kα radiation and the step size of 0.016711° with 73.025 times per step in ambient 

conditions. 

The microcrystalline strain was calculated using Williamson-Hall (W-H) plots 

(Equation 1) from powder XRD data. 

β ℎ𝑘𝑙𝑐𝑜𝑠𝜃 =  
 𝐾𝜆

𝐷
+ 4𝜀 𝑠𝑖𝑛𝜃                                                          (1) 
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Where D = crystalline size, K = shape factor (0.9), and λ = wavelength of Cukα radiation, 

instrumental broadening (βhkl). The strain ε was estimated from the slope of Equation 1.6,9  

Peak shift maybe attributed 

1. changes in stoichiometric composition by doping. 

2. Instrumentations (Doppler effect during counts) 

3. Microstructure parameters (crystallize size and lattice strain" 

4. Thermal annealing 
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2.3.2. Optical Characterization 

2.3.2.1. Uv-Vis Spectroscopy 

It is very useful to understand the electron transition of the synthesized organic molecules from 

the ground state (GS) to the excited state (ES), it works depending on the electron transition 

method. It gives the absorption spectrum of wavelength vs absorption. We predict the band gap 

and type of transition by using the onset value from this spectrum. The electrons are transition 

occurs from bonding or non-bonding orbitals to antibonding orbitals when we excite the 

synthesized molecules between 200 nm and 750 nm. These energy orderings are as follows: σ–

σ* > n–σ* > π–π* > n–π*. By using the Beer–Lambert law, we estimate the absorption and 

bandgap values.6 

 

Fig. 2. 6 UV used for bandgap investigations at    SoC, UoH. 
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 𝐴 =  𝑙𝑜𝑔
𝐼𝑜

𝐼
=  𝜀𝑐𝑙……….. (2.6) 

Where A = absorbance (no units),  

I0 =  incident light intensity 

I=  transmitted light intensity 

 = molar extinction coefficient 

 C =  the concentration of the absorbing analyte  

l = path distance through the sample or cell in cm. 

 We determine PSCs absorption and band gap value by using JASCO (V-750) UV-visible 

spectrometer. For Uv absorption measurement, we make samples in various solvents with 

different concentrations, and all are given in respective chapters.  

2.3.2.2. Confocal Raman Images:  

Confocal Raman Images were taken with a Confocal Raman Microscope (Model: Witec-

Alpha300) 
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2.3.2.3. Emission Spectroscopy 

It is a complementary measurement to UV-Vis spectroscopy, demonstrating the electrons' 

transition from the ES to GS and emitting radiative and non-radiative energy based on the 

molecules. We determine the emission spectra from the photoluminescence spectroscopy (PL) 

as a function of wavelength (nm). The excited state molecules come to the ground state by 

emitting the photon with lower energy than the initial absorbed photon energy, leading to the 

emission spectrum.7 By using this technique, we determine the bandgap by the intersection of 

the absorption and emission spectra of the organic molecules from the following equation. 

 

                                      E0−0  =
1240

λ𝑜𝑛𝑠𝑒𝑡
………………. (2.7) 

Fig. 2. 7 UV used for bandgap investigations at    

SoC, UoH. 
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Where,  

𝜆𝑖𝑛𝑡 = onset value at the intersection of UV-Vis & PL spectra. 

𝐸0−0 = Zero-Zeroth level band gap.  

We have used Jasco Fu-8500 Spectro fluorometer instruments for recording the PL of the 

synthesized molecules in various solvents with different concentrations are given in Chapters 

3, 4, and 5.  

Photoluminescence (PL) spectra recorded with a Confocal Raman Microscope (Model: Witec-

Alpha300) using 405 and 488 nm laser and for 800 nm wavelength Ti: Sapphire (Spectra-

Physics) laser pulses of 35 fs and 1 kHz repetition rate were used. 

2.3.2.4. Time-resolved photoluminescence TRPL 

TRPL is a tool for quickly examining electronic deactivation processes that cause the 

emission of photons is called time-resolved fluorescence. It is also known as time-correlated 

single photon counting (TCSPC). Lifetime Measurements Photoluminescence (PL) decays and 

PL lifetime has been recorded on a time-resolved Micro-Time 200 confocal fluorescence 

lifetime imaging microscopy (FLIM) setup (Pico Quant) equipped with an inverted microscope 

(Olympus IX 71) using laser 370. A molecule typically has a lifespan of a few picoseconds to 

a few nanoseconds in its lowest excited singlet form. These measurements were performed at 

room temperature on a powder-deposited cover slip under atmospheric conditions. Samples 

were excited at 405 nm ps laser with a stable repetition rate of 20 MHz (FWHM: 176 ps). We 

explain the TRPL in upcoming Chapters. 
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2.3.2.5. FTIR Spectroscopy  

Fourier Transform Infrared Spectroscopy (FTIR) is mainly used to determine the 

functional group in synthesized molecules using the infrared absorption/emission spectrum.4 

These instruments give vibrational modes based on the various functional groups. It was 

recorded on a Nicolet iS5 ATR-FTIR (Thermo Scientific, India) spectrometer in the range of 

4000-1100 cm-1 with a nominal resolution of 4 cm-1 using 32 scans by using material in powder 

or liquid form and analyzed by Origin software. 

2.3.3. Thermal Properties 

2.3.3.1. Thermogravimetric Analyzer (TGA) 

TGA is a powerful technique to evaluate the thermal degradation or stability of the 

compounds used in various applications like PSCs, OSCs, DSSCs and OLEDs device 

fabrication.   Using this technique, we find the thermal stability of composite materials for 

varied applications.  

By considering the degradation of materials as 1st order reaction, the Kinetics 

thermodynamic parameters of the reaction can be calculated using the equations below. A 

detailed description with more explanation is given in Chapter 5.6 

𝑑𝑥

𝑑𝑡
= 𝑘 1 − 𝑥                                                                                                         (2) 

where  𝑥 =  
𝑤𝑖−𝑤𝑡

𝑤𝑖−𝑤𝑓
                                                                                                      (3) 

wi is the initial weight, wt is the weight of the sample at a particular time t and wf is the 

final weight. A straight line of plotted graph (Fig. 5.2c) using Equations 2 and 3  for the 
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selected phase confirms the first-order reactions. Kinetics parameters were determined using a 

modified form of the Coats and Redfern model as described in Equation 4. 

ln[− ln 1− x ] = ln
𝐴𝑅𝑇2

𝛽𝐸𝑎
−

𝐸𝑎

𝑅𝑇
                                                                              4  

Where A is the pre-exponential factor,  𝛽 is a heating rate (10 C/min), R is the general gas 

constant (8.3143 J mol−1 K−1), 𝐸𝑎 is the activation energy, and T is the temperature (K). 

TGA measurements were done using a PerkinElmer, Simultaneous Thermal Analyzer 

STA 6000 instrument. A small amount of 1 to 1.5 mg of crystal powder in the alumina crucibles 

is supported by a platinum pan. Samples were measured under nitrogen from room temperature 

to 665 °C at the ramp rate of 10 °C/ min or 20 10 °C/ min. 

Fig. 2. 8 Thermogravimetric analyzer used for thermal 

properties at SoC, UoH. 
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2.3.3.2. Differential scanning calorimetry (DSC) 

DSC is a thermal analysis apparatus used to determine how the physical properties of a 

sample change, along with temperature vs time. The glass transition (Tg) and phase transition 

temperature materials can be confirmed using this experiment. We performed this experiment 

by using ~ 2 mg of a compound in an aluminium sample holder and an empty reference plate. 

It operated at 10 oC /min or 20 10 °C/min under a nitrogen atmosphere from 30 to 450 oC (Fig. 

2.9).  

2.3.4. Electron Microscopes 

Electron microscopes (EM) have a 50 pm resolution and magnifications of up to about 

10,000,000x owing to greater resolving power than a light-powered optical microscope because 

Fig. 2. 9 Differential scanning calorimetry (DSC) used for change in 

material behaviour with temperature at    SoC, UoH. 
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electrons have wavelengths about 100,000 times shorter than visible light (photons) and can 

achieve better than. In contrast, ordinary, non-confocal light microscopes are limited by 

diffraction to about 200 nm resolution and useful magnifications below 2000x. High energy 

electrons accelerated onto material result in many interactions (Inelastically and Elastic 

scattering) with the atoms of the target sample, as shown in Fig. 2.10.a Imaging quantitative 

and semi-quantitative information of the target sample and generating an X-ray source results 

from the number of elastic and inelastic signals of the materials. Quantitative and semi-

quantitative analysis of compounds could be done by the secondary electrons (SE), 

backscattered electrons (BSE), cathode-luminescence (CL), auger electrons and characteristic 

X-rays which could be useful in covering the signals which are used for imaging. X- rays are 

used for as well as element mapping. Elastic scattering may occur if the entered electrons come 

out without any interactions.  

2.3.4.1. Field Emission Scanning Electron Microscope (FESEM) 

 FE-SEM is a flexible method for evaluating the physical characteristics of materials, 

such as shape, texture, precipitation, phase transition, and particle size distribution in 3D form. 

We can also determine the structure of nanoparticles. The micro to the nanoscale range images 

is acquired by FESEM and viewed through the top and cross-sectional paths with a resolution 

of less than 10 nm. For the FESEM, we prepare a sample mounting on the metal stub using a 

sticky carbon disc to increase conductivity. On top of the specimen, we coated conductive 

material; generally, we use gold (Au) to avoid charge build-up on the sample.  
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Fig. 2. 10 a) Electron Specimen Interactions. b) Schematic illusion of SEM 

In FESEM, the electron guns (thermos ionic gun or field emission gun) are generally 

used to generate a fine, controlled electron beam that passes through the lenses and strikes the 

sample's surface at a low vacuum level. The position of the electron beam on the specimen is 

controlled by scan coils positioned over the objective lens. The electron beam scanned the 

surface of the sample through the coils. Finally, the signals are generated from the interaction 

of the specimen, and the electron which generates images is detected by the detector, which 

contains the composition and surface morphology of the material. Depending on the 

accelerating voltage and sample density, the high-energy electron beam penetrates a few 

microns deep into the sample and generates signals in the form of secondary electrons, 

backscattered electrons, and characteristic X-rays schematic illustration given in Fig. 2.10b. 

We are using Carl Zeiss FESEM operating at 3 kV to record the FESEM images of the 

perovskite single crystals and nanocrystals included in upcoming working Chapters.  
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2.3.4.2. High-Resolution Transition Electron Microscope (HRTEM) 

TEM images are recorded using a JEM-F200 kV (Fig. 2.11). The sample was prepared by 

taking the powder on the Cu grid, and TEM image analysis was done using Gatan Digital 

software. 

Fig. 2. 11 TEM used for investigations of nanoparticle 

morphology  at SoC, UoH. 
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2.3.5. Electrical measurement: 

2.3.5.1. Space charge limited current (SCLC) 

 The trap density of the synthesized PSCs has been calculated in dark conditions using 

Keithly 2400 as a source meter. For this measurement, we fabricate hole only a device as 

Au/PSCs/Au configuration. We analyze it by using the following Equation (2.1).10 A detailed 

explanation of SCLC measurement is given in Chapter 3,4.6,11 

𝐽 =
9

8

𝜀𝜀𝑜𝜇ℎ𝑉
2

𝐿3
 ……………..(2.1) 

Where, 

J= Current density 

𝜀= permittivity of the material 

𝜀0= Vacuum permittivity 

V=Voltage 

L= Thickness of the material 

𝜇ℎ= Hole mobility 

2.3.5.2. Electrochemical impedance spectroscopy (EIS) 

The current-voltage (I-V) measurement and electrochemical impedance spectroscopy (EIS) 

under temperature and light were carried out using a Biologic Potentiostate SP 300 and 

Laboratory of Advance Synthesis and Characterization (LASC) probe station. The thin layers 

of gold (Au) were deposited on the surface of all crystals examined for all the measurements 
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present in the manuscript. A detailed explanation of EIS measurement with analysis is given in 

Chapter 4. 

2.4. Experimental details of Terahertz time-domain spectroscopy 

(THz-TDS) 

We have built the THz-TDS system in the 0.1 to 3.0 THz range. The setup consists of 

a Ti: Sapphire laser (800 nm, 35 fs, 1 kHz). A beam splitter (90:10) was used to split the output 

beam into pump (generation arm) and probe (detection arm) sources. We have fixed the pump’s 

laser pulse energy at 1.5 mJ and 3 µJ for probe pulses. The pump and probe pulses were focused 

by a spherical lens of 150 mm (beam waist (o) =16.5 µm ) and 300 mm (o= 30.75 µm) focal 

lengths. A 200 µm thick type 1 BBO crystal was used to convert the fundamental 800 nm to 

second harmonic 400 nm wavelength and placed between the spherical lens and its focus 

position. The generated THz radiation from air plasma was guided by four gold-coated half-

axis parabolic mirrors (PM) until the THz signal was focused on the ZnTe (110) crystal 

(EKSMA optics) having a 1 mm thickness. For the SCs THz reflection and transmission 

measurements, the SCs are positioned at 0o and 45o  to the incident THz pulse. The THz pulse 

reflection from single crystals was collected by PM5 and guided with a gold-coated mirror. In 

the case of transmission, this mirror was flipped down. THz radiation was detected using an 

electro-optical sampling technique consisting of ZnTe crystal, quarter waveplate, Wollaston 

prism, and balanced photodiodes. The residual input laser was blocked by high-resistivity float 

zone silicon (HRFZ-Si) after the PM1. The output of the balanced diode signal was connected 

to the lock-in amplifier (Stanford Research Systems, model no. SR830). The pump pulse is 
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chopped at 500 Hz using a mechanical, optical chopper as a reference to the lock-in amplifier. 

The LabVIEW program controlled the delay stage’s data acquisition and motion control.  

2.5. HHG experimental setup:  

The schematic used for HHG measurements was earlier reported.6 In brief, we used a Ti: 

Sapphire laser (800 nm, 35 fs) operated at a 1 kHz pulse repetition rate used as a DP. Used 

picoseconds (800 nm, 200 ps, 1 kHz) and nanoseconds (1064 nm, 5ns, 10 Hz) HP to create the 

plasma plumes of SCs. The picoseconds pulses are obtained from an uncompressed portion of 

Fig. 2. 12 Experimental layouts for (a) terahertz time-domain spectroscopy and (b) 

high-order harmonics from laser-induced plasma plumes of single perovskite 

crystals. 
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amplified laser pulses of the same Ti: Sapphire laser system. The delay between the fs DP and 

ps HP was fixed at approximately 80 ns. In contrast, the delay dependence between ns HP and 

fs DP was varied using the digital delay line and controlled by a delay generator (DG535, 

Stanford Research Systems). The DPs and HPs are focused using a spherical lens of 500 mm 

and 200 mm, respectively. In case of ps HPs the HHG studies were carried out at (a) different 

DP intensities between 1.5 to 9 × 1014 W/cm2 at fixed ps HP intensity 1.17 × 1010 W/cm2 and 

(b) ps HP intensities are varied from 0.6 to 2.25 × 1010 W/cm2 at fixed DP intensity 6.0 × 1014 

W/cm2. In the case of ns HP its intensity was fixed at 7 × 1010 W/cm2. The synthesized SCs are 

placed on a glass substrate and kept perpendicular to the HP propagation in the target chamber. 

The DPs propagated through the plasma plumes approximately 0.2 mm above the target 

surface. The emitted harmonics from LIPs were directed to the XUV spectrometer chamber, 

consisting of a gold-coated cylindrical mirror, flat field grating, and a microchannel plate. The 

harmonic spectra were recorded using a charge-coupled device camera.  

2.6. Introduction to the Z-scan Technique 

 NLO experimental setup has been presented Fig. 2.13. These novel doped NCs 

exhibited reverse saturable absorption (it could be one of the 2/3/multi-PA) in the open aperture 

experimental configuration. In the case of closed aperture mode, the same nonlinear systems 

displayed a positive intensity-dependent refractive index (n2) with a valley-peak nature. In-

depth theoretical fitting and analysis led to the thorough estimations of specific fundamental 

NLO parameters such as multi-PA cross-sections (σ) and NLO susceptibility [χ(3)]. The 

mathematical relations corresponding to the transmittance of the output beam beyond its 
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interaction with the sample can be expressed using the equations (1, 2). The multi-PA-induced 

open aperture transmittance beam can be expressed as  

……..(1) 

 

The transmittance of the beam in closed aperture mode can be mathematically depicted 

as 

          

          ……. (2)                                                                         

 

where z0 is the Rayleigh range, ∆ is the NLO phase-shift, and z is the position of the 

sample. The equations (1, 2) were primarily used to fit the experimental data. The extracted 

NLO parameters were retrieved from the theoretical fits and the remaining fundamental NLO 

parameters were subsequently estimated.  

𝑇𝐶𝐴 =

 

 
 

1 ±  
4  

𝑧
𝑧0
 ∆

 9 +  
𝑧
𝑧0
 

2

  1 +  
𝑧
𝑧0
 

2

 
 

 

 
 

 1 

𝑇𝑂𝐴 𝑛𝑃𝐴 =  
1

[1 + (𝑛 − 1)𝛼𝑛𝐿(𝐼0/(1 +  
𝑧
𝑧0
 

2

))𝑛−1]
1

𝑛−1

 1 



Chapter-2   58 

 

 

University of Hyderabad  Sarvani Jowhar Khanam 

 

Fig. 2. 13 Femtosecond Z-scan experimental schematic. 
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ABSTRACT 

Albeit the organic-inorganic hybrid perovskites are considered frontline candidates 

owing to their intriguing optoelectronic properties, the unstable surfaces prone to degradation 

significantly affect the device performances and hence circumscribe the commercialization. 

Additive engineering has become the most effective strategy to improve the quality of  3D 

perovskite single crystal (PSC). Herein the additive engineering resulting in high-quality 

transparent methylammonium lead bromide (MAPbBr3) PSCs by employing various aliphatic, 

aromatic, and chiral ammonium salts are demonstrated for the terahertz (THz) device 

applications besides sources for the higher-order harmonics generation (HHG). Remarkably 

the engineered crystal surfaces showed resistance to surface degradation compared to pristine 

ones, thereby enhancing the transmission/reflection of THz pulses. Moreover, a noticeable blue 

shift in the harmonics (both nano second-ns and pico second-ps Laser induced plasmas-

LIPs) has been achieved compared to pristine MAPbBr3 (MA). The current research is 

anticipated to open new sources of additive-based SCs used entirely for THz devices and 

tunable high-order harmonic generation avenues.  Exploring the inanimate materials via the 

additive inclusion in MA SCs opens new avenues to achieve the blue-shifted UV spectra for 

diverse applications in attosecond physics and nonlinear spectroscopy, including tunable THz 

devices because of easy tunability of THz absorption property, i.e., their phonon modes in an 

OIHPSCs.  
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3.1. Introduction  

Perovskite materials have acquired much interest in optoelectronics research, e.g., 

photovoltaics,1–5 light-emitting diodes (LEDs),6–10 memristors,11 laser12,13 luminescent solar 

concentrators,14 and detectors,3,15–22 owing to their promising optoelectronic properties and 

practical processability.23–28 The tuneable bandgap from 1.48–1.62 eV makes the organic-

inorganic hybrid perovskites (OIHPs)  alluring semiconductors suitable for photovoltaic 

application and > 2.23 eV for Higher Energy Radiation Detection (HERD), 

respectively.20,21,29,30 Notably, surface quality is paramount to the efficacies of numerous device 

applications. The surface quality, crystallinity, and morphology of single crystals mainly 

depend on the PSC growth techniques,31 including solvents,32 the concentration/composition 

of the precursors,33,34 annealing temperature,31,32,34,35 and time duration for crystal growth.35 So 

far, various crystallization techniques have been reported, including the inverse temperature 

method (ITC),36 temperature lowering method,37 and anti-solvent vapour assisted method 

(AVC).38,39  A comprehensive comparison of PSCs and their application in literature is 

presented in the Appendix I Table 3.1. Nevertheless, the marginal PSCs performance and 

stability issues, such as surface degradation40,41 and hysteresis 42–44  are the pressing challenges 

for commercialization. 

The additive engineering method is one of the versatile approaches to growing more 

stable, high-quality PSCs, which is explored further in the case of 2D and quasi-2D perovskite 

materials synthesis.16,29,45–49 Fu et al. studied second harmonic generation circular dichroism 

(SHG-CD) in one dimensional (1D) [(R/S)-3-aminopiperidine]PbI4.
50 On the other hand, 
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terahertz (THz)-wave absorption properties in a mixed phase of 3D FAPbI3 with theoretically 

performed (ab initio) calculations was demonstrated by Maeng et al.51 Herein, the current work 

aimed to study the changes in THz and HHG properties by changing the additives in 3D MA 

SCs grown using the additive engineering method (Appendix I Table 1). Therefore, we have 

taken different ammonium salts as an additive (A) to investigate their role in preventing PSCs 

degradation. We used the ammonium salts of aliphatic: Choline bromide (CB), aromatic: 

Phenylethylamine hydrochloride (PEA), P-Xylylenediamine (PXA), and heterocyclic: (R)3-

Aminopiperidine dihydrochloride (API) as an additive, and respective crystals labelled as 

MA:A (A=CB, PEA, PXA, API), images of crystals obtained are presented in Fig. 1(a)-(e). 

The pragmatic role of the additive’s interaction on morphological, optical and surface 

properties of 3D PSCs is obscured and yet to be explored for THz and high-order harmonic 

generation (HHG) application. Herein, our work focused on designing the stable 3D MAPbBr3 

(MA) PSCs using the additive engineering method as reported elsewhere in the literature for 

2D materials16,29,45–49 and the structure-property-performance correlations between the pristine 

(MA) and modified PSCs. Furthermore, as a way towards advanced characterizations, HHG of 

these PSCs from their laser-induced plasmas(LIPs) using 800 nm and 35 fs as driving pulses 

(DP) and heating pulses (HP) of 800 nm, 200 ps and 1064 nm, 6 ns. Recently, we have 

demonstrated the higher-order harmonics from LIPs of Ni-doped CsPbBr3 2D nanocrystals 

having average size distribution of 20 nm using different DP and LIPs created by the same HP 

and explained how the Ni-dopants play a crucial role in enhancing harmonics and cut-off.52,53 

Generally, the blueshift of harmonics could be achieved for a particular DP with negative 

chirps.53–56 
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 Interestingly, in the current scenario, the blueshift of harmonics is obtained due to the 

additive’s influence on MA SCs.57–60 Experimental layout for THz-time-domain spectroscopy 

(THz-TDS) and HHG generation from LIPs of reported PSCs shown in Appendix I Fig. 1(a) 

and (b). A detailed description of both setups is given in the SI. 

Fig. 3. 1(a-e) Structure of additives used and photographs of the PSCs with labels on the 

bottom. (f) A possible model for additive coordination with unit cell while crystal growth 

process in solution, (g) ITC method used for crystal growth. 
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3.2. Results and Discussion 

3.2.1. Morphology and Structural Properties Properties  

One of the significant challenges associated with the surface sensitivity of these PSCs 

to high levels of relative humidity (RH ≥ 55%) as the surface transforms and becomes 

disordered due to hydration, masking its actual properties. Recent reports have revealed from 

SEM images that exposure to humidity for several days results in surface degradation of thin 

films.61 However, for PSCs, it has been found that their surface properties differ from bulk 

properties, including morphology, absorption coefficients, carrier mobility, photocurrent, 

carrier dynamics and optical bandgap. Such effects have been marginally exploited in PSCs 

with changing additives; therefore, the surface recombination losses, which play a decisive role 

in determining the intrinsic optoelectronic properties, must be fully understood. While MABr 

is hygroscopic salt, in ambient conditions, it absorbs moisture and converts to MA by leaving 

the PbBr2 crystal surface or vacant surface. Typically, PbBr2 PbBr2-rich textures with pinholes 

and the construction of hydrate phases are formed.  The N-based additives interact differently 

with the facet and have higher stability than their MABr counterparts. Hence, surface 

degradation of modified and pristine PSC to the environment has been studied using SEM 

measurements when exposed to ambient air. Confocal and SEM micrographs were recorded on 

the surface of fresh PSCs (Appendix I Fig. 3(a)-(j)). 

Furthermore, to study the change in morphology and pinholes after exposure to ambient 

conditions for three and seven days, SEM images were collected (Appendix I Fig. 4(a)-(j)). 

The lower surface roughness has been observed for additive-based PSCs than pristine MA; this 
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implies that additives act as adequate passivating layers on the crystal surface. The chemical 

reaction on the surface of the crystal is shown below in Equation. (1) 

The attachment energy (AE) model developed by Hartman and Bennema helps predict 

how additives interact with the surface of the growing facet and SCs shape.62,63 AE of a facet 

is the release of energy when layers of atoms are attached to the growing PSC surface; this 

energy depends on the bonding strength and number of bonds at a given facet. A possible 

mechanism for the additive engineering method can be explained using a model in Fig. 1(f): 

where the positively charged ammonium group coordinates with Br¯ ions on the growing facet 

surface (with electrostatic interactions). Consecutively blocks the incoming CH3NH3
+ (methyl 

ammonium ion) or Pb2+ and maintains the same AE all over the growing facet (Fig. 1(f)). 

Herein, the strength of interaction between the ammonium ion and facet decides the outcome 

quality of the crystal, which depends on the number of hydrogen bonds and electron density 

around the ammonium ion. The previous reports concluded that heterocyclic amine could 

effectively coordinate with a growing facet of the crystal, resulting in lower defects and 

enhancing crystallinity without altering the unit cell structure.16,64–67 In Table. 3.1, we have 

demonstrated the possible number of active groups with elements and the number of H bonds 

among all additives. API additive can coordinate more effectively among all additives owing 

to more electron density groups around the N atom (+I inductive groups are present) and can 

form 5 H-bonds more effectively with less steric hindrance. The cuboid, transparent modified 

PSCs with lower roughness were obtained without any polishing to improve the crystal surface 

(3.1) 
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quality (Fig. 1(a)-(e)).68,69 Interestingly, we observed enhanced optical and THz transmission 

properties, elaborated on in subsequent experimental results. 

Table 3.1. The active groups and H bonds are possible in the additives. 

Additive Number of active 

groups (elements) 

Possible 

number of H 

bonds 

CB 2, (3 N, O) 3 

PEA 1, (1 N) 3 

PXA 2, (1 N) 6 

API 2, (2 N, 1 N) 5 

*Primary (1°), secondary (2°) and tertiary (3°) amines. 

Furthermore, to study the hydrate phase traces and chemical state behaviour on PSCs 

surface, XPS studies have been conducted. Interestingly, a single peak has been observed in C 

1s and N1s core-level bonding state chemical behaviour of MA-API SCs, indicating no new 

chemical state (Fig. 2a,b). On the other hand,  more intense molecular defect peaks were seen 

in MA-PXA SCs. A striking shift towards higher energy has been observed in modified PSCs 

Pb 4f core-level spectrum, as shown in Fig. 2c, attributing to increased binding energy and 

decreased halide vacancies.70–72 Additionally, we confirmed the H bond strength difference 

among the additives depending on the chemical state shift seen for the Br 3d core-level spectra 

compared to the pristine crystal; this might be due to a decrease in the electron cloud around 
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the halide ion. Subsequently, oxygen levels in modified crystals were minimal, indicating the 

passivating nature of additives and the presence of the hydrate phase on the crystal surface, 

which shows the main component around 532 eV corresponding to the O−H, as discussed 

above.73 It is to be noted that an increase in oxygen concentration is linked with the breakdown 

of MABr to CH3NH2 and HX, which destroys the perovskite structure by incorporating deeper 

into PSCs, which is consistent with long-term exposed PSCs SEM images.73 Detailed XPS 

analysis of these modified PSCs indicated that the additive engineering method allows the 

Fig. 3. 2(a-d) XPS data of C 1s, N 1s, Pb 4f , and Br 3d core-level spectra 

with molecular level defect and chemical states behaviour in MAPbBr3 

SCs with changing additives (labels are mentioned at the right side, 

follows the same order (a-d)).  (e) XPS survey spectra. 
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formation of fewer molecular defects. Among all the modified PSCs surface, it is evident that; 

CB, PEA and API effectively passivated the surface and decreased the trap density, which is 

consistent with SCLC measurement values. We conducted powder XRD to determine whether 

additives were incorporated deeper into the lattice crystal lattice. Interestingly, no additional 

peak has been observed relating to additives (Fig. 3(a)). Instead, increased peak intensities and 

a slight shift in the diffraction peaks to lower angles in modified PSCs were observed (from 

15.621 to 14.688 for API-MA crystal) with increased peak intensity. This might be attributed 

to replacing some Br− with Cl− ions and non-preferential crystal growth in all directions with 

higher crystallinity.74 The peaks at 2 = 15.62, 30.77, 46.62 correspond to the miller indices 

of (100), (200), and (300) of the MA PSCs, matching with the previously reported data.38,75–78 

Notably, the negative strain values in the case of MA-API SCs indicate lower ionic vacancies 

and compositional uniformity.69–72 Further, the single crystal X-ray diffraction (SC-XRD) data 

Fig. 3. 3(a) XRD pattern of a typical MAPbBr3 SC grown by additive-based ITC technique. (b-f) TEM 

images of pristine and modified PSCs. 
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for MA and modified PSCs were collected at 25 C. Subsequently, data processing and indexing 

were automated within the CrysAlis Pro software, and these results are in convergence to a 

cubic cell for MA SCs refined in the cubic space group Pm−3m similar to that reported by 

Baikie et al.79 However, no change in unit-cell was observed by changing the additives, which 

may be indicative that additives act as the passivating layer on a surface without disturbing the 

unit-cell structure (Appendix I Table. 5). 

Subsequently, higher-resolution transmission electron microscopy (HR-TEM) of PSCs 

has been performed to study changes in SAED pattern with changing additives (Fig. 3(b)-(f)). 

The HR-TEM image of MA provides the lattice fringes at  0.522 nm, related to the (200) 

planes of the cubic structure, close to the calculated value from powder XRD using the Bragg 

diffraction equation. SAED result for pure SCs complies with reported data.80–82 The TEM 

images of pristine and modified PSCs have been collected from various spots on the grid (as 

samples were very sensitive to incoming electrons).  
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3.2.2 Optical properties  

Steady-state absorption spectra of crystals were collected from the diffuse reflectance mode 

(DR). The bandgap (Eg)  of MA, MA-CB, MA-PEA, MA-PXA, and MA-API have been 

calculated from Tauc plots (Fig. 4(a)), (Eg)  values are 2.174, 2.125, 2.133, 2.129, and 2.130 

eV, respectively. As discussed for XPS data, a decrease in halide vacancy and incorporation of 

Fig. 3. 4(a) UV-visible spectra, (b) photoluminescence spectra with 1PA and 2PA 

photoexcitation and (c) average lifetime of MAPbBr3 SCs with changing additives. 
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Cl is expected to increase the bandgap of modified crystals. In this work, the bandgap values 

for MA SCs are similar to the earlier work reported in the literature.28,32  

The photoluminescence spectra  (PL) have been recorded using 405, 488 and 800 lasers; 

interestingly, the peaks shifted towards a high wavelength (from 520 nm to 579 nm for MA) 

observed. Single photon absorption (1PA) [at 488 nm and 405 nm] and two-photon absorption 

(2PA) ( at 800 nm) were used to photoexcite the surface and bulk PSCs to record the 

photoemission spectra.74 The appropriate reason for a shift in PL peak position with 2PA in 

comparison to 1PA could be due to the following factors; a) the reabsorption of bulk emission 

by the thick PSC on route to the detector resulting in the absorption of the high energy region 

of the emission spectrum, which is minimal.83,84 b) The band shift from the bulk to the surface.85 

A blue shift in steady-state PL spectra for modified crystals in the case of 1PA indicates fewer 

ionic vacancies   (causing trap states), as discussed in XPS data. The PL values for pristine PSC 

agree well with reported crystals grown by ITC and AVC methods (Fig. 4(b)).32,86–88 Modified 

Table 3.2. Comparative study of PSCs fitted parameters for the TRPL decay profiles, VTFL and  traps 

PSCs τ1 

(ns) 

τ2  

(ns) 

τ3 

 (ns) 

τ  

(ns) 

VTFL 

(V) 

 traps 

(× 1010 cm–3) 

MA 

 

2.48 80.11 857.37 2.48 1.67 5.24 

MA-CB 2.47 

 

101.08 

 

864. 96 

 

2.14 1.64 5.16 

MA-PEA 2.88 

 

87.58 

 

684.78 

 

2.89 1.61 5.07 

MA-PXA 2.41 81.35 765.30 

 

2.41 

 

1.66 5.20 

 MA-API 3.79 

 

116.1121 

 

949.014 6.25 1.53 4.79 

RA = Relative Amplitude 
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PSCs showed a slight change in optical properties confirmed from steady-state PL. Transient 

evolution of the electron-hole population after impulsive photoexcitation can be calculated 

from time-resolved PL (TRPL) measurements (Fig. 4(c)). Subsequently, the decay curves of 

the excited carrier in the modified PSCs are fitted using a tri-exponential decay model to 

quantify the carrier dynamics, and the fitted parameters are summarized in Table. 3.2. The 

relatively faster decay components (τ1 and τ2) are attributed to charge carrier trapping defect 

states, while the slower decay components (τ2) are assigned to bimolecular radiative 

recombination in the bulk crystals. In proportion to the fast decay component (τ1) observed, a 

slower trapping time constant (2.88 ns for MA-PEA and 3.79 ns for M-API) compared to that 

of the pristine PSCs (2.48 ns), which is indicative of a reduced defect density. Furthermore, the 

τ3 value enhanced from 857.37 ns (pristine) to 949.01 ns (MA-API), suggesting that the 

additives elongate charge carrier lifetimes within the bulk crystal. As a result, the average PL 

lifetime significantly enhanced from 2.48 ns to 6.25 ns (MA-API) (Fig. 4(c)).89,90 To unveil the 

difference in electronic properties with additives in-gap deep electronic trap states measured 

using the current-voltage (I-V) response of the PSCs in the space-charge limited current 

(SCLC) regime for all PSCs(Appendix I Fig. 5(a)-(e)). The SCLC values obtained for MA and 

MA- API SCs has shown in Fig. 5(a) and (b). At low voltages, the I-V response was ohmic 

(i.e., linear), as confirmed by the fit to an I ≈ V (n =1). At intermediate voltages, the current 

exhibited a rapid nonlinear rise. It signalled the transition onto the trap-filled limit (TFL)—a 

regime in which the injected carriers filled all the available trap states and were linearly 

proportional to the density of trap states (trap). Correspondingly, we found remarkably low 

traps for modified PSCs (MA-API  traps = 4.79 × 1010 cm–3) together with the extremely clean 

absorption and PL profiles points to a nearly defect-free electronic structure. The lower defect 
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density might be the origin of the reduced charge carrier trapping. The obtained VTFL for all the 

samples (Appendix I Fig. 5(a)-(e)) with trap parameters are summarized in Table. 3.2. This 

result suggests a more significant trap-induced recombination rate in the MA, which has a much 

higher trap density than the MA-API SCs, explained using a model (Fig. 5(c) and (d)).90 A 

focused explanation of the change in photodetection properties with additives has been 

explained in our recently published work.91,92 

Fig. 3. 5 Current-voltage traces and trap density. Characteristic I-V trace (Green 

markers) showing different regimes (at 300 K). A linear ohmic regime is followed 

by the trap-filled regime, marked by a steep increase in current. (c-d) The 

electronic band structure model in pristine and modified PSCs represents 

decreasing surface defects by adding additives schematically. 
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3.2.3. THz spectroscopy 

THz spectroscopy is well-explored in various scientific research fields.93–98 The 

transmission and reflection of the reported PSCs were performed using THz-TDS, one of the 

well-known methods to ascertain the material response in the far-infrared (IR) to near 

microwaves region (THz region).  

We have measured PSC’s transmittance, reflectance, and absorption coefficients (at positioned 

normal incidence to THz pulses, referred to as T @0). From the THz temporal profiles (electric 

field), one can obtain the real and imaginary refractive indices (n,k) and absorption coefficient 

using the Equations. (3.1-3.4) provided below.  The complex FFT transmission data of the 

sample is compared to that of the reference given by 

                              
𝜓𝑆

 𝜓𝑟𝑒𝑓
= 𝜌 𝜔 𝑒−𝑖𝜙 𝜔                                       (3.2) 

Where 𝜓𝑆 and 𝜓𝑟𝑒𝑓  is the complex FFT of the sample (single crystals) and reference THz 

pulse, and 𝜙 𝜔  is the phase difference (phase samp- phase ref), and 𝜌 𝜔  is the ratio of peak 

amplitudes of single crystal and reference pulses (transmittance). The real part of the refractive 

index (nS) and imaginary part of the refractive index (kS) can be written in terms of 𝜙 𝜔  and 

𝜌 𝜔  as follows 99,100 

                               𝑛𝑆 ω = 1 +
𝑐𝑜

𝜔𝑑
 𝜙 ω                                  (3.3)                                                         

                      𝑘𝑆 ω =
𝑐𝑜

𝜔𝑑
 𝑙𝑛  

4 𝑛𝑆 𝜔 

𝜌 𝜔  𝑛𝑆 𝜔 +1 2
                             (3.4) 
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Where co is the speed of light and d is the single crystal thickness. From the imaginary part of 

the refractive index, one can determine the absorption coefficient  (cm-1) as 

                                𝛼 ω =
2

𝑑
𝑙𝑛

4 𝑛𝑆 𝜔 

𝜌 𝜔  𝑛𝑆 𝜔 +1 2
                          (3.5) 

 

Fig. 3. 6(a-c) THz electric field (temporal profile) and (d-f) measured transmittance (T) @0, 

T@45 and reflectance (R) @45, respectively. The legend is shown in (b) applicable to all 

panels; Black: solid line, Red:solid line, Green: double line, Blue: thick-thin line, Wine: thin-

thick line, and Magenta: triple lines are corresponding to reference pulse, for SCs MA, MA-

CB, MA-PEA, MA-PXA.and MA-API. 
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To measure the transmittance/ reflectance, ns, ks, and ;  amplitude and phase of reference pulse 

and transmitted/reflected THz from PSCs are important parameters. Therefore, we have 

converted the THz electric field into a frequency domain using Fast Fourier Transform (FFT). 

In addition to amplitude and phase, we have shown the frequency in dB for three 

measurements, i.e., T@0, T@45 and R@45  in Appendix I Fig. 6(a)-(c), respectively.  

The ratios of amplitudes of reference and samples for three measurements are shown in 

Fig. 6(d)-(e). Either from amplitudes (Appendix I Fig. 6 (a)) or frequency spectra in dB (Fig. 

Appendix I Fig. 6(c)), or the transmittance/reflectance (Fig. 4(d)-(e)), the modified PSCs 

showed enhancement in THz transmission/reflection than the pristine MA. Meanwhile, it is 

observed that this increment is not only bound to overall THz pulses; the modified SCs show 

a massive impact on the bandwidth (fullwidth half maximum (FWHM) for transmitted and 

reflected THz pulse from PSCs) and variations in the central frequencies of THz pulses. In this 

regard, we have fitted the THz amplitude data shown in Appendix I Fig. 6 (d) with Lorents 

fits to obtain the central frequency and FWHM of THz pulses ( Fig.7(a)). Here, it can be 

identified that the tendency of central frequency and FWHM is increased from MA to MA-API 

PSCs. The presented results indicate that the transmittance and reflectance are increased for 

modified SCs and follow the order of MA<MA-CB<MA-PEA<MA-PXA<MA-API. 

Therefore, it is reasonable to establish that the minimum crystal defects with good surface 

quality enhanced the optical and structural properties in modified SCs. Further, this can be 

reflected in measured real and imaginary refractive indices shown in Fig.7(b). It is identified 

that ns values are higher than the ks values (ks related to the amount of absorption), which 

indicates that the samples possess an ordinary refractive index and have a small amount of 

absorption (ks values are non-zero). If the ks value is 0, the material is non-absorbing.  However, 
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the studied PSCs. Crystals absorb considerably because the ks values are non-zero (Fig.7(b),  

bottom panel). Subsequently, we have measured absorption coefficient () using experimental 

THz-TDS data at T@0o using Equation. (5) as shown in Fig. 7(c, left Y-axis) and compared 

the phonon vibrations of reported PSCs 99,100 with theoretical IR absorption spectra of cubic 

MAPbBr3, earlier reported by Maeng et al.72 shown in Fig. 7(c, right Y-axis). The 

experimentally calculated absorption peak values of MA approximately match theoretically 

predicted values. 72  However, in the case of modified PSCs, the absorption amount is 

decreased, with a slight difference in the peak positions.  

In organic-inorganic hybrid perovskite, the organic unit possesses molecular vibrations, 

leading to lattice vibrations due to a weak interaction between the organic and inorganic parts. 

Maeng et al.72 demonstrated that the molecular defects do not influence the three major phonon 

modes originating from the transverse vibration (0.8 THz) and longitudinal optical vibrations 

(1.4 THz) of the Pb–Br–Pb bonds and the optical Br vibration (2.0 THz). However, in the 

present case, the modified PSCs showed slight variations in the optical and vibrational 

frequencies due to changes in their interplanar distances. The powder XRD measurements in 

the present study revealed that interplanar distance is increased slightly for modified SCs. 

Therefore, this might be a reason for decreasing optical/vibrational absorption in modified SCs 

compared to MA; the results are shown in Fig. 7(c). Interestingly, the MA-API shows more 

negligible THz absorption, with peak positions at 0.48, 0.96, and 1.56 THz. At 1.56 THz, the 

other crystals do not have any peak positions. The THz peak amplitude curve for MA-API 

(magenta: triple curve) is almost identical to the reference pulse (solid black line), having lower 

values, as shown in Fig. S6(a). Similarly, the absorption coefficients decreased for SCs grown 

in CB, PEA, and PXA additives. Overall, the THz measurements indicate that the modified 
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SCs possess higher transmission and reflection than pristine MA, which offers advantages to 

utilizing these PSCs for THz devices.  

Fig. 3. 7(a) The measured FWHM and central frequency of reference THz pulse, transmitted and 

reflected THz pulses from SCs. (b) The measured real refractive index (ns), imaginary refractive 

index (ks) and (c) left Y-axis; absorption coefficients () of single crystals at transmittance (T) @ 

0o. (c) right Y-axis: theoretical IR absorption spectra of cubic MAPbBr3 SC (data is adapted from 

the Ref [72]). 
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3.3. Application of PSCs toward the generation of higher-order 

harmonics generation 

Currently, gases are frequently used as HHG medium sources 101–103. The study on HHG 

experiments utilizing gases is rather limited because there are just a few different types of 

Fig. 3. 8 2D colour map of harmonics spectra for different (a, c) driving pulses 

intensities(IDP)  for ps LIPs, at ps heating pulse intensities (Ips,HP) = 1.77 × 1010 W/cm2) and 

ns LIPs (Ins,HP = 7 × 1010 W/cm2), respectively, (b) at fs driving pulse intensities (IDP) = 6.0 

× 1014 W/cm2 w.r.to ps heating pulse intensities (Ips,HP). (d) the delay dependence between 

ns HP and fs DP. 
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elements in gas states in nature. Hence, several researchers focused on demonstrating HHG 

from various solid and liquid elements. 104,105 The laser intensity utilized in the experiment is 

constrained because of the solid’s damage threshold. The photon energy resulting from this 

method is not particularly high. Recently, strong mid-infrared laser pulses demonstrated HHG 

from MAPbX3 (X = I, Br, Cl) thin films.104,105 The near IR wavelength 800 nm is the current 

work-driving pulse, which possesses stronger energy than the mid-infrared pulses. Therefore, 

there might be a chance of strong ablation leading to damage to the bulk PSCs. Suppose if we 

choose the DP laser energy below the damage threshold of PSCs due to the illumination of 

strong photoluminescence, the DP, along with harmonics (if generated), will not transmit from 

almost ~1 mm thick SCs.  Therefore, in the present experiment, we pay attention to the method 

of LIPs [produced by 800 nm (200 ps) and 1064 nm (5ns) wavelengths] to generate harmonics 

from five bulk PSCs for the first time. Additionally, substantial resonance enhancement can be 

used to increase harmonic conversion efficiency by utilizing the HHG from LIPs of various 

metals.106,107 The impact of additives (CB, PEA, PXA, and API) on MA SCs were analyzed by 

measuring HHG spectra in terms of harmonics intensity, cut-off, and spectral shift. Initially, we 

describe the stability of crystals, then harmonic-cut-off and spectral shift in the following sub-

sections.   

3.3.1. Harmonics intensity to describe the stability of PSCs 

In the case of ps LIPs, the 2D color map of harmonics spectra of PSCs for different DP 

intensities between 1.5 to 9 × 1014 W/cm2 range (at fixed ps HP intensity 1.77  1010 W/cm2) 

shown in Fig. 8(a), and with variation in ps HP intensities between 0.6 to 2.25 × 1010 W/cm2 

at fixed  IDP =6 × 1014 W/cm2 presented in Fig. 8(b), the corresponding maximum harmonic 
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signal for studied PSCs are shown in Fig. 9 (a) and (b), respectively. With the increase of DP 

intensity, the modified SCs show a higher harmonic signal than the pristine MA. The additives 

PEA, PEX, and API required a minimum of 3.0  1014 W/cm2 to obtain the harmonic spectra, 

whereas MA and MA-CB show the harmonic spectra even at 1.5 × 1014 W/cm2. From Fig. 8(b), 

or Fig. 9(b), it is observed that for MA SCs and MA-API, the harmonics emission obtained 

within the range of 0.6 to 2.25 × 1010 W/cm2 range, whereas for MA-PEA, MA-CB, and MA-

PEX, the harmonics emission imitated at 1.05, 1.18 and 1.77 × 1010 W/cm2, respectively. This 

confirms that adding additives to the MA increased the stability of PSCs, which required high 

intensity of ps pulses to create the plasma plumes. The maximum harmonic signal for additives 

PEA and  API is slightly higher than MA, whereas for CB and PEX, the intensity of the 

harmonic signal is less than MA.  

Likewise, ps LIPs harmonic spectra from SCs (Fig. 8(a) and (b)), the harmonic emission from 

modified crystals at fixed ns HP intensity 7 × 1010 W/cm2 compared with pristine crystals for 

different IDP is shown in Fig.8(c), and the delay dependence harmonics spectra between ns HP 

and fs DP is denoted in Fig. 8(d). The maximum harmonic signal obtained from these Fig. 8(c) 

and (d) HHG spectra were shown in Fig. 9(c) and (d). In the case of ns LIPs, the intensities 

of harmonics among the PSCs are almost close to each other with respect to the increase in the 

IDP (at 6.0 ×1014 W/cm2 MA-PEX possess high intensity among all). However, the advantages 

of ns HPs could be useful for measuring delay dependence harmonics spectra. The additive-

based PSCs increased the emission of harmonics at longer delays, as shown in Fig. 9(d). The 

cut-off delays were achieved at 1400, 1500, 1700, 1600, and 1700 ns for MA, MA-CB, MA-

PEA, MA-PEX, and MA-API, respectively. Within these delay ranges, MA shows the first and 

second maxima of harmonics achieved at delays of 300 and 600 ns, respectively. At the same 
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time, the maxima are moved for modified  PSCs. For MA-CB, MA-PEA, MA-PEX, and MA-

API, the first maxima presented at 400, 500, 600, and 700 ns, and the second maxima were 

obtained at 700, 900, 1000 and 1100 ns, respectively. Subsequently, in the case of MA-PEX, 

an additional maximum is presented at 300 ns; for MA-API, the maxima are located at 200 ns 

and 500 ns. The periodicity of maximum harmonic signals indicates that the PSCs possess not 

only single components atoms or ions but the small- to large-sized clusters produced by ns HP 

and travel at different velocities. Overall, the studies of recording HHG spectra in the case of 

ps HP intensities variations and ns HP with delay dependence revealed that the modified SCs 

show higher stability than pristine MA. The stability of SCs also confirmed by ablating them 

with ns HP at a fixed position on the sample surface and collecting the HHG spectra within the 

exposure time (Fig. S7). The harmonic spectra shown in (Fig. S7(a)) indicate that pristine MA 

ablation continuously produced the plasma plumes for 2.66 mins (frame rate 100 ns, saving 

five frames in 1 s using CCD). However, as shown in Fig. S7(b)-(e), the MA-CB, MA-PEA, 

MA-PEX, and MA-API have some gaps in presented harmonic spectra and extend the stability 

of the signal until 3.10, 3.31, 3.19, and 3.46 mins, respectively. The gaps in harmonic spectra 

for additive-based crystals revealed that plasma formation requires more ablating laser pulses. 

The cut-off of time duration until the harmonic’s emission vs studied SCs (Fig. 9) showed that 

the time duration is increased from MA to MA-API. This is direct evidence that modified SCs 

possess longer stability than pristine MA with exposure to ns HP.   

3.3.2. Harmonics Cut-off:  

The maximum cut-off achieved for ns LIPs is close to 21 to 23H. As shown in Fig. 9(c), 

the cut-off of MA and MA-CB at IDP= 1.5 × 1010 W/cm2 possess 19 H; this cut-off increased to 
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23H with an increase in the IDP. Similarly, MA-PEA, MA-PXA, and MA-API  possess almost 

21H-23H [due to the appearance of plasma lines for these PSCs, the 23H could not be able to 

see in the HHG spectra of Fig. 8(c) 3 to 5 panels (top to bottom)]. HHG spectra for ns LIPs are 

only one order smaller than ps LIPs (25 H). Earlier, we have shown that in the case of Ni-doped 

CsPbBr3, perovskites nanocrystals in the case of ps LIPs produce 27 H and ns LIPs 21 H using 

800 nm DP.52 In the present case for ps LIPs, the cut-off for five PSCs with respect to changes 

in IDP is shown in Fig. 9(e). MA possess a minimum cut-off at 15H, and a maximum at 27H, 

and the modified MA-SCs possess a higher cut-off at a lower IDP. This indicates that the 

presence of additive plasma components might lead to an increase in overall density. As a 

result, a higher cut-off and highly intense harmonics are achieved for modified SCs. The 

general tendency of the harmonic cut-off, as shown in Fig. 9(e), is increasing with further  

growth in IDP because it will well know that  energy cut-off is linearly proportional to the input 

driving pulse intensity (as per the energy cut-off formulae 𝐸𝑐𝑢𝑡−𝑜𝑓𝑓 = 𝐼𝑝 + 3.17𝑈𝑝. Where Ip 

is the ionization potential, Up = 9.33×10−14 I (W/cm2) λ2 (µm)).108  

3.3.3. Spectral shift of harmonics 

The intensities of ps HP variation and ns & fs delay dependence studies due not 

influence the harmonic spectra in terms of their spectral shift. Because we have utilized the 

same IDP for these measurements, the variation in Ips and delay between ns and fs pulses leads 

to changes in the density of plasma components, which impacts the harmonics’ intensity. 
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However, the clear small blueshift of harmonics can be visible with respect to variation in IDP 

Fig. 3. 9 The maximum harmonic signal obtained (from data shown in Fig. 8 (a-d)) for (a) at fixed ps 

heating pulse intensity (Ips,HP) = 1.77 × 1010 W/cm2 for changes in driving pulses intensity (IDP), (b) at 

fixed IDP = 6.0 × 1014 W/cm2, variation in Ips,HP. In case of ns LIPs (at Ins, HP = 7 × 1010 W/cm2) (c) 

w.r.to IDP, (d) the delay dependence between ns HP and fs DP, respectively.   (e) harmonic cut-off in 

case of ps LIPs with changes in IDP.  (f) the cut-off of time duration until the harmonic’s emission (left 

Y-axis), and the delay cut-off (right Y-axis) for studied single crystals.   
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variation shown in Fig. 10(a) and (c) for ps and ns LIPs.  Generally, the blue shift of harmonics 

could be achieved by changing the chirp of driving laser pulses. The HHG spectra from the 

same material with variation in the DP intensity may not impose the shift of harmonics. 

However, in these modified PSCs, probably due to the presence of additive components leads 

to the variation of bandgap and crystallinity changes, which leads to interaction with the lower 

spectral components of DP 800 nm. This bluer shift is more prominent in the case of ps LIPs 

than ns LIPs, as shown in Fig. 10 (a) and (b). Fig. 10(a) and (b) shows the 9H (88.88 nm), 

11H (72.72 nm) to 13H (61.53 nm), 15H (53.33 nm) HHG spectra for ns LIPs and ps LIPs at 

driving pulses intensity 6 × 1014 W/cm2, respectively. The shift of harmonics towards shorter 

wavelengths (bluer shift) is more prominent for additive-based SCs. Fig. 10(c) and (d), shows 

the plasma plumes formed by the ablation of MA-API SCs with ns and ps pulses. A similar 

pattern has been achieved for all other PSCs. It is observed that with the ablation of ns pulses, 

only the plasma plumes expanded from the surface of PSCs. In the case of ps pulses, the PSCs 

themselves illuminate the green emission along with plasma plume expansion. In the case of 
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ns pulses, used 1064 nm as an ablating laser pulse, and for ps pulses, the excitation wavelength 

is 800 nm; due to the nonlinear absorption of 800 nm, there is PL emission. Therefore, it is 

assumed that the plasma components (atoms, ions, and nanoparticles) of PSCs may interact 

with the blue spectral components of 800 nm and decrease their harmonics wavelengths. Fig. 

10(e) depicts the normalized PL spectra of PSCs measured at 800 nm, 35 fs, and 1 kHz pulses 

with an average power of 100 mW. This blueshift order of PSCs matches the HHG case and 

the order followed by MA-API>MA-PEA>MA-CB>MA-PXA>MA. 

Fig. 3. 10 HHG spectra 9H to 15H for (a) ns LIPs (b) ps LIPs at driving 

pulses intensity 6× 1014 W/cm2. For MA-API (c) plasma plumes obtained 

from ns HP, and (d) plasma plumes obtained from ps HP.  (e) The 

normalized PL spectra at pump wavelength 800 nm. 
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The presence of plasma components (atoms, ions, nanoparticles, clusters) could be 

identified by the ICCD spectrometer. Meanwhile, It is well aware that HHG is a three-step 

model109 [(i) ionization by the intense laser field, (ii) acceleration in the laser field, and (iii) 

recombination with the parent ion lead to the generation of high energy photons. The emission 

of high-order harmonics (high energy photons corresponding to driving laser field) is widely 

subject to plasma components of PSCs. The emitted harmonics are the superposition of the 

individual contribution of each plasma component.  The ionization potential (Ip) of plasma 

components could influence the harmonics’ intensity and cut-off. The molecular formulae and 

the first and second ionization potentials of the reported five PSCs are shown in Appendix I 

Table 3. The MA and modified PSCs have C, H, N, Pb, Br, O, and Cl chemical components. 

Among them, Pb possesses the lowest first ionization potential, i.e., 7.41 eV, by shortening the 

chemical elements in ascending order as per their first ionization potential followed by 

Pb<C<Br<Cl<H<O<N. Interestingly, the Pb, Br and N weight percentage increases, and the C 

quantity decreases than MA (Fig. S2(a)). MA-CB has additional O, and MA-PEA, MA-PXA, 

and MA-API have additional Cl quantities compared to pristine MA. Therefore, it is expected 

that the modified PSC will contain a higher number of chemical components. Due to this, the 

plasma density (contains atoms and singly charged ions) will be higher in the case of these 

modified PSCs ablated by ns HP and ps HP. Therefore, the intensity of harmonics, cut-off (ps 

LIPs), and a spectral higher shift have been observed for modified PSCs than pristine MA 

PSCs. These parameters are significantly more affected in ps LIPs than in ns LIPs. 

Experimentally, we cannot directly differentiate or estimate plasma components’ contributions. 

We could not flexibly control the relative concentrations of the ions’ distinct charge states, as 
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they are always present in plasma. However, as mentioned above, we might estimate their 

contributions by assuming the overall HHG yield is proportionate to the plasma density. 

3.3. Conclusions 

Understanding the surface properties of PSCs, including their crystallinity, surface 

qualities, and stability, is essential to improve the transmission of these crystals. Here, we 

directly visualized the surface transformation of pristine PSC using spectroscopy and 

microscopy techniques. The results based on THz time-domain spectroscopy revealed that 

additive-engineered SCs are prominent for applications in the THz regime. Out of all the 

additives used, the transmission/reflection of THz pulse, higher intensity of HHG signal and 

stability improved in MAPbBr3: API SC in comparison to pristine crystal because of effective 

passivation of heterocyclic moiety (piperidine) with fewer molecular defects. Interestingly, a 

bluer shift was observed in the HHG spectra of additive-based MAPbBr3 SCs with DP 800 nm. 

HHG studies based on ps and ns LIPs found that additives such as CB, PEA, PXA and API 

increase the stability of SCs and good emitters of HHG. Several pieces of evidence from our 

experimental results indicate that modified PSC surfaces with fewer defects have enhanced 

transmittance and structural properties compared to pristine MA. These findings open a new 

avenue for THz devices and tunable HHG applications using additive-based PSCs.   
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Abstract 

Single crystals (SCs) of Metal halide perovskites (MHPs) are known to possess superior 

properties. However, the surface of the SCs possesses higher defect density which can 

deteriorate the optoelectronic properties of SCs. Herein, we have engineered the growth of 

methylammonium lead tribromide (MAPbBr3) SCs using (R)-3-aminopiperidine 

dihydrochloride (API). The modified crystals also showed improved photoresponse validated 

by increased photocurrent. The modified crystal showed the highest photosensitivity of 0.47 

mA/W and defectivity of 3.7 x 1011 Jones at 2 V applied bias. On the other hand, the control 

crystal showed 0.32 mA/W resistivity and detectivity of 1.0 x 1011 Jones. This shows that the 

API additive improves the charge collection efficiency and reduces recombination. The charge 

accumulation and ion migration was further studied using electrochemical impedance 

spectroscopy and capacitance-frequency measurement. Thus, this study presents a systematic 

investigation of the electrical response of additive-modified crystals. 

Keywords: Halide perovskites, single crystals, additive engineering, recombination, crystal 

growth 

4.1. Introduction 

Metal halide perovskites (MHPs), archetypically CH3NH3PbX3 (X = I, Br, Cl), have drawn 

considerable attention due to their outstanding optoelectronic properties.1,2 Beyond their 

properties, the feasibility of solution processing makes them promising candidates for 
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laboratory and industrial applications.3,4 Owing to these advantageous properties, the power 

conversion efficiency (PCE) of perovskite solar cells (PSCs) has reached > 25% in a short time 

span.5 However, some fundamental questions on stability and the intrinsic properties of 

material need to be answered.6–8 Single crystals (SCs) provide an ideal platform to discern these 

properties.9 It is well established that the SCs of MHPs possess even superior optoelectronic 

properties than polycrystalline thin films.10,11 

However the surface of the SCs possesses dangling bonds, point defects and under-coordinated 

atoms.12 This results in relative high defect density on the surface than the bulk region.13 In 

view of this, the exact nature of traps and their effect on the optoelectronic properties is under 

active investigation.14–16 Many efforts have been devoted to passivating the defects to increase 

the stability and performance of the halide perovskites SCs. To this end, one approach is to 

treat the crystals with various lewis acid or base-based ligands post-synthesis12,17,18 or to control 

the growth of SCs using additives.19,20 Duim et al. investigated the mechanism of surface 

passivation of MAPbBr3 SCs using benzylamine, and it was reported that exposure to 

benzylamine results in the formation of two-dimensional (2D) (BA)2PbBr4 on the surface of 

three-dimensional (3D) perovskite by replacing the methylammonium cations.17 They studied 

the mechanism of surface passivation and stabilization of 2D perovskite using in-situ imaging. 

However, the electrical response of the crystals after passivation was not studied.  In our 

previous report, we showed the surface passivation of Methylammonium lead tribromide 

(MAPbBr3) SCs with lead sulphate by in-situ reaction with octyl ammonium sulphate.12 The 

hydrophobic layer of lead sulphate suppressed ion migration and improved the electrical 

properties of the crystal. In the case of additive engineering for SCs, the growth of the crystal 

is modulated by the addition of various ligands directly in the growth solution. Recently, Liu 
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et al. reported the use of 3‐(decyldimethylammonio)‐propane‐sulfonate inner salt (DPSI) as an 

additive to regulate crystal growth.19 The DPSI ligand bonded with the surface Pb atoms and 

controlled the crystal growth, which yielded high-quality crystals. There are not many reports 

on the additive engineering of crystals as compared to the polycrystalline thin films.21 In this 

case, the electronic properties of the resulting crystals are equally important with the 

mechanism of the crystal growth for the targeted application in devices. However, there are a 

very few reports present on this topic.22–24  

In this paper, we report the use of (R)-3-aminopiperidine dihydrochloride (API) as an additive 

in the growth of MAPbBr3 SC. Our results suggest that API increases the thermal stability of 

the crystal. It effectively reduces the defect density in the modified crystal, as validated by the 

lower dark current in these crystals. Additionally, the modified crystal showed improved 

photoresponse, as evident by the current-voltage (I-V) characteristics. The Iphoto – Plight data 

suggests better collection efficiency and reduced recombination after doping. This is consistent 

with the improved photoresponsivity and detectivity as compared to the control crystals 

without additives. We further performed Electrochemical Impedance Spectroscopy (EIS) and 

Capacitance – frequency measurement to validate the charge accumulation and ion migration 

in crystals. Thus, this study gives a systematic overview of the electrical response of additive-

assisted growth of the crystal. 

4.2. Results and Discussion 

We synthesized MAPbBr3 SC using the previously reported inverse temperature crystallization 

(ITC) method denoted as control crystal hereafter.25 We modified the crystal growth by adding 

(R)-3-aminopiperidine dihydrochloride (API) in an optimized amount (denoted as modified 
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crystal). The detailed experimental procedure is presented in Supporting Information. Fig. 

S1(a) and S1(b) present the optical image of MAPbBr3 SCs and additive-based SCs. Powder 

x-ray diffraction (pXRD) measurement was performed on the crystals to check their crystal 

structure and phase purity (Appendix II Fig. S1c). Interestingly, we observed decreased 

microcrystalline strain in additive-based crystal in comparison to pristine crystal. The 

diffraction peaks correspond to the cubic MAPbBr3 perovskite, and it matches well with the 

previously reported data.26 We have confirmed molecular ion peak [M+H+] at 174.0611 related 

to API (3-Aminopiperidine dihydrochloride) from High-resolution mass spectrometry 

(HRMS) data which is collected by dissolving modified crystal in DMSO solvent representing 

the presence of API in the modified crystal (Appendix II Fig. S5). 

To understand the changes in the thermal properties of the modified crystal, we calculated the 

phase transition temperature of reference and modified SCs using the DSC250 differential 

scanning calorimetry. The obtained results showed no change in the phase transition 

temperature with additive, obtained at around 328.28 oC for two samples, and this value is 

nearly close to the earlier reported (Fig. 4.1a).27,28 We also performed thermogravimetric 

analysis (TGA) of the crystals. The modified crystal exhibits a two-step decomposition process 

with weight losses of 22.7% and 73.41% at each step, whereas in the control crystal, two-step 

decomposition with weight losses of 20.8% and 66% is observed (Fig. 4.1b). The thermal 

decomposition of the modified crystal began and finished at 265.7 and 447.6 °C, respectively. 

As compared with the control crystal, the thermal stability of the modified crystal is relatively 

high. The enhanced thermal stability of the modified crystal can be attributed to its increased 

crystallinity and passivating effect of API on the crystal.  
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Fig. 4. 1 (a) Differentia scanning calorimetry and (b) Thermogravimetric analysis of control 

and modified crystals 

To investigate the effect of API on the electronic properties of SCs, we first recorded the I-V 

characteristics of the crystals. For this, 100 nm Au electrodes were thermally deposited on the 

surface of both crystals. The dark current is an important measure for the application of SCs in 

photodetectors. It is established that dark current originates from material imperfections such 

as traps.29 The modified crystal showed a dark current of 7.04 x 10-6 mA, which is one order 

of magnitude lower than the control crystal with a dark current of 3.14 x 10-5 mA at 2 V applied 

bias (Fig. 2a). This lower dark current suggests that modified crystal has lower defect density 

than the control crystal. The lower defect density can also be due to the passivation of defects 

induced by API cation.30 Fig. 2(a) compares the dark currents of both the crystals upto 5V 

applied bias. Furthermore, we recorded the photo-response of both crystals. Fig. 2(b) and 2(c) 

present the illumination power-dependent current-voltage characteristics of control and 

modified crystals, respectively. As evident from the Fig., the photocurrents increase with the 

increase in illumination power and bias for both crystals. However, the rising rate of 
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photocurrent is different for both crystals. In the case of a control crystal, the photocurrent 

increases exponentially, whereas, in the case of a modified crystal, the current increases 

dramatically up to 0.5V and then the rise in the rate is slow at a higher bias. Under 575 Wm-2 

illumination, the modified crystal showed a photocurrent of 8.79 x 10-3 mA, whereas the control 

crystal showed a photocurrent of 5.7 x 10-3 mA at 2 V applied bias (Appendix II Fig. S2a); 

this can be understood by the fact that photon absorption generated electron-hole pairs in the 

crystal which drifted to each electrode by the potential difference between electrodes. In the 

case of a modified electrode, vacancy-assisted carrier recombination is reduced as the trap 

states are reduced, leading to a higher net current. Appendix II Fig. S2(b) compares the 

photocurrents of both crystals as a function of illumination intensity. According to the light 

power low, I = APθ, where I, A, P and θ represent the photocurrent, the constant de-pending on 

the wavelength, the light power intensity and the exponent determining the response to light 

intensity, respectively.31 

  The control and modified crystal showed θ value of 0.87 and 0.93, respectively. The 

different value of θ suggests different charge collection efficiency of both the crystals. We next 

studied the effect of doping on hysteresis in the crystals, as perovskites are known to exhibit 

hysteretic behaviour because of ion migration.32,33 Fig. 4.2(d) compares the I-V characteristics 

measured under forward and reverse scan direction under 575 Wm-2 illumination. As evident 

from Fig. 4.2(d), the difference in current under forward and reverse bias (ΔI = Ibackward – Iforward) 

is marginal, suggesting that both the crystals possess fewer defect densities and therefore 

suppressed ion migration. Therefore it is difficult to comment on ion migration comparing the 

hysteresis response observed. To further check the surface of both crystals, we carried out an 

SEM analysis. As evident from Appendix II Fig. S3, the modified crystal showed a smooth 
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surface as compared to the control crystal.  Peng et al. also reported lower hysteresis in the case 

of 2D perovskite than 3D perovskite owing to the fact of mobile MA+ dominant hysteresis.34 

 

Fig. 4. 2 (a) Semi log plot of I-V characteristics of modified and control SCs in the dark, I-V 

characteristics as a function of light intensity for (b) Control and (c) modified crystals (d) I-V 

characteristics at 575 Wm-2 in forward and reverse scan direction for both the crystals. Scan 

rate 100 mV/s. 

Subsequently, we calculated the responsivity (R) and detectivity (D) of the crystals using the 

expression 𝑅 =  
𝐼𝑃𝐶 − 𝐼𝑑𝑎𝑟𝑘

𝑃𝑖𝑟𝑟𝑎. 𝑆
⁄  and 𝐷 = 𝑅

 2𝑒𝐼𝑑𝑎𝑟𝑘 
0.5⁄ , where 𝐼𝑃𝐶  and 𝐼𝑑𝑎𝑟𝑘 are 

photocurrent under illumination and under dark, 𝑃𝑖𝑟𝑟𝑎 is irradiation power density, and S is the 

effective area of the detector.35 Fig. 4.3 displays the R and D curves for control and modified 
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crystals. It can be seen from Figure that both R & D are remarkably affected by bias. The 

highest value of R and D obtained for the control crystal is 0.32 mA/W and 1.0 x 1011 Jones, 

respectively, at 2V applied bias and 88 Wm-2 incident illumination intensity. In contrast, the 

highest value of R and D for modified crystal is 0.47 mA/W and 3.7 x 1011 Jones, respectively. 

This improved photoresponsivity is in accordance with the Iphoto-Plight data discussed above. 

The higher photoresponsivity suggests lower binding energy in the case of modified crystals, 

and additionally, the API molecule passivates the defects present in the crystal.36 Therefore, the 

photogenerated carriers are collected efficiently at the electrode.  

 

Fig. 4. 3(a) Photo-responsivity and (b) Detectivity for control and modified crystals at 88 Wm-

2 in white light 

The response time of both crystals was further investigated by performing time-related current 

measurements triggered by periodic illumination with different illumination intensities. Fig. 

4.4(a) and 4(b) depict the crystal's temporal response. The photocurrent increases as soon as 

the light is turned on and drops to zero when the light is turned off, indicating a quick transfer 

from optical to electrical signal. However, the photocurrent changing tendency is quite 
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different. In the control crystal, the photocurrent increases gradually and reaches the maximum 

when the light is turned on. On the other hand, in the modified crystal, it decreases rapidly after 

getting the maximum value.  

Additionally, the rise time (photocurrent increases from 10% to 90% of the peak value) and fall 

time (photocurrent decreases from 90% to 10% of the peak value) were extracted from the 

normalised photoresponse characteristics (Fig. 4.4c).37 The control crystal showed a rise time 

of 180 ms. This is reduced in the case of modified crystal (170 ms). In principle, the rise and 

fall time should be related to charge trapping and de-trapping processes, as the other 

phenomenon is much faster.38 The faster rise time in the case of a modified crystal can be due 

to reduced defect sites or ion migration. As for lead halide perovskite materials, the low 

activation energy of site vacancy enables ion migration and causes anomalous photocurrent 

hysteresis in various perovskite solar cells. Physically, the ion migration in perovskite will lead 

to complex electrical phenomena, such as the accumulated charge-induced localized interfacial 

electric field, which may accelerate or decelerate charge transport or charge rearrangement in 

response to ionic migration and slow drift and diffusion of ionic defects.36,39 However, the 

abovementioned hysteresis suggests little influence of API doping on ion migration. Therefore, 

we performed EIS and capacitance-frequency measurements to further understand the charge 

accumulation and recombination in these crystals.  
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Fig. 4. 4 Temporal response of (a) Control and (b) modified crystals at different illumination 

intensities (c) Enlarged view of rise and fall regions for both the crystals. 

EIS is considered a powerful tool to understand the charge accumulation and recombination 

dynamics of an electrochemical system.40 EIS of control and modified SCs are measured as a 

function of illumination intensity in the frequency range of 1 MHz to 1 Hz (Fig. S4). The 

Nyquist spectra of both samples exhibit two semicircles with a difference in magnitude in the 

probed frequency range. The semicircles centred at 10 Hz and 1200 Hz in the case of control 

crystal and 10 Hz and 25000 Hz in the case of modified crystal at low illumination level (88 

Wm-2), which shifts to 10 Hz and 22000 Hz at high illumination (575 Wm-2) in case of control 

crystal and 10 Hz and 29000 Hz in case of modified crystal.  In both cases, the semi-circle 

centred at 10Hz is found to be illumination independent. Similar behaviour of low frequency 

centred frequency or corresponding time response with change in illumination is observed by 

other authors.41 It is well established that in perovskite materials, the low-frequency arc 

corresponding to a time scale of ms or sec is due to ion motions and is found to be mostly due 

to halides.42 One can ignore the contribution of incorporated API cation on the low frequency 

as relaxation time is generally in Sec or hour range. Interestingly the incorporation of API in 

reference SCs significantly alters the resistive properties. The series resistance of 0.59 and 0.26 
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MΩ is found at an illumination level of 88 Wm-2 and has been reduced to 68.8 kΩ and 0.19 

MΩ at 575 Wm-2illumination for control and modified SCs. Reduced series resistance is 

because of the improved surface conductivity and smooth surface of the modified crystals. The 

smooth surface of the modified crystal is also evident in SEM images, as discussed above. With 

an increase in illumination level, the series resistance and the arc of low and high frequency 

for both the crystals change significantly, which signifies the change in surface and bulk 

conductivity. However, the faster rate of change of resistance and lower order of magnitude of 

resistance in modified crystals signifies that the incorporation of API significantly improves 

the conductive properties of crystals. The change in low and high-frequency resistance with 

illumination for both the crystals is shown in Fig. 5(a) and 5(b). Both the high and low-

frequency resistance decreases drastically with the increase in illumination intensity in 

modified crystals as compared to control crystals. 

 

Fig. 4. 5(a) High-frequency and (b) low-frequency resistance as a function of light intensity 
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Looking at the hysteresis behaviour in Fig. 2(d), a comparatively similar behaviour was noted. 

To further confirm this behaviour capacitance-frequency plot of both the crystals is measured 

and shown in Fig. 6(a) and 6(b) for the control and modified crystal, respectively. A 

comparative value of capacitance at low frequency further confirms the similar hysteresis 

behaviour in both crystals. From the analysis of hysteresis in J-V, peak frequency of low arc in 

Nyquist spectra and capacitance-frequency plot, it is interpreted that both the crystals depict 

similar behaviour in terms of ions accumulation or ions motion. To further confirm the nature 

of ions capacitance-frequency plot as a function of temperature is measured and shown in Fig. 

6(c) and 6(d) for control and modified crystal, respectively.  The capacitance plot of the crystals 

depicts similar values and trends in the probed low-frequency region (<100Hz). From the 

shown plot, one can expect the comparable ion activation energy to signify that the 

incorporation of API modulates the structural and conductive properties while ions' behaviour 

is the same.  
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Fig. 4. 6 Capacitance-frequency plot as a function of light intensity for (a) control and (b) 

modified crystals, Capacitance-frequency plot as a function of temperature for (c) control and 

(d) modified crystals 

4.3. Conclusion 

In summary, we have modulated the crystal growth of MAPbBr3 SCs using a heterocyclic 

additive with two active nitrogen sites. The modified crystal effectively passivates the defects, 

improves charge collection efficiency and reduces recombination. The lower dark current of 
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7.04 x 10-6 mA, compared to the control crystal with a dark current of 3.14 x 10-5 mA, suggests 

lower trap density in the modified crystal. Furthermore, the modified crystal showed improved 

photoresponsivity and detectivity, which is in accordance with the result obtained Iphoto-Plight 

data. The high and low-frequency resistance as a function of illumination intensity also shows 

drastically reduced resistance in the case of modified crystals with increasing light intensity. 

Thus, we have systematically studied the effect of heterocyclic additives on the electrical 

response of halide perovskite SCs. 

Supporting Information 

Optical Images of crystals, Plots of XRD, SEM, Current –Voltage, Nyquist spectra of EIS 
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ABSTRACT 

Mixed-halide perovskite materials (MHSCs) are alluring materials for photonics 

applications. Tunable bandgap, defect tolerance properties, and easy processability made these 

materials promising for many applications. However, the commercialization of these materials 

is severely affected by Phase segregation. Current work focuses on the change in higher 

harmonics in MAPbBr3-xClx single crystals (MHSC) with changing nitrogen-based additives. 

These additives act as a passivating layer and improve the nano-level crystallinity. The additive 

engineering strategy has an impact on morphological and optical properties. Moreover, the x-

ray diffraction data revealed no influence on unit cell structure in modified MHSCs. 

Subsequently, of higher bond strength of 3-aminopiperidine (API), HHG MH: API crystal 

compared to other modified MHSC. 

 

Keywords: High-order harmonics, Laser, Mixed halides, 3D perovskite single crystals, 

additives. 
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5.1.1 Introduction  

Organic-inorganic hybrid mixed-halide perovskites are auspicious resources 

in nearly all fields of science and technology like light-emitting diodes (LEDs),1–10 leaser,11,12 

luminescent solar concentrators,13,14 memristors,15 photovoltaics,16,17,26,18–25 X-rays,27 and 

gamma rays because of its tunable bandgap, and higher optoelectronic properties with a large 

dielectric constant28 and low-cost processability.29 This material possesses an ABX3 structure 

in which a bandgap is formed by combining the metal and halide (MX6( octahedral unit) s, p 

orbitals. Changing the concentration of halides and metals can directly influence bandgap 

tuning. Cations located in the voids of these interlinked octahedra indirectly affect these 

materials’ bandgap.30–33  

Crystals are grown either by optimizing the material composition or by optimizing the 

temperature. Some crystallization methods include the inverse temperature method (ITC),34 

temperature lowering method,35 top-seeded crystallization method,36 anti-solvent vapor 

assistant method (AVC),37,38 Bridgman growth method,39 low-temperature gradient 

crystallization,40 cavitations triggered asymmetrical crystallization and room temperature 

liquid diffused separation induced crystallization (LDSC).41 Although PSCs growth techniques 

have rapidly improved the surface quality1,42 and crystals’ performance, stability issues like 

phase segregation,43–45 rapid material degradation,46,47 hysteresis,48,49 and environmental 

factors, such as moisture and heat50 are the challenge that hampers the commercialization of 

these materials.1,20,22,34,41,42 

 Phase segregation has been explained using experiments with a continuous wave (CW) 

diode laser in the case of microcrystalline thin films. Additionally, forming formamidinium and 
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cesium lead iodide solid-state alloys stabilized the perovskite structures by tuning the tolerance 

factor.45 Cl-doping into perovskite precursor solutions has been widely reported to tune the 

optoelectronic properties of perovskite materials.51,52 Meanwhile, a traditional class of 

MAPbBr3-xClx (x = 0 to 3) SCs at different concentrations of Cl doping has been investigated 

by Tyler Mix et al. with increased LED performances in the case of x= 0.06 (2% Cl).52 

However, only a few reports are available in the literature on the additives engineering strategy 

for 3D MHSC growth and its tunable HHG.  

In this work, different additives added to the targeted 2% Cl-doped MHSCs band gap 

of 2.3 eV were reported elsewhere to study the change in HHG in modified MHPSCs.52 owing 

to its outperformed its 2.3 eV counterpart in optoelectronic properties with increased Cl 

fraction. We have used the additive engineering method to stabilize the MHSCs surface further 

and improve the transparency by increasing the crystallinity. Injecting different additives into 

a mixed halide precursor solution has been reported herein to provide an adequate 

understanding of improving the MHPSCs surface morphology and crystallinity with changing 

bonding interactions. This formats an ionic interaction with the crystallites in a solution that 

can modify the nucleation and prevent preferential directional growth and crystal growth 

dynamics. Herein, successive experiments have been carried out to investigate the structural, 

morphological and optical properties of pure and additive-engineered SCs (modified SCs). This 

paper addresses the stability issue of MHPSCs for tunable HHG applications using the N group 

additives with aliphatic, aromatic and heterocyclic moieties during crystal growth. 
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5.1.2. Results and Discussion 

5.1.2.1. Morphology and Structural Properties  

N-based aliphatic, aromatic with one or two amine groups and heterocyclic organic 

molecules as an additive interact differently with the surface and have higher stability than their 

MABr counterparts. In the present work, we have chosen salts of additives like choline bromide 

(CB, aliphatic), phenylethylamine hydrochloride (PEA, aromatic), P-xylylenediamine 

dihydrochloride (PXA, aromatic) and (R)3-aminopiperidine dihydrochloride (API, 

heterocyclic) to grow the MAPbBr2.94Cl0.06 SC (pristine), which acts as a passive layer on the 

surface of MHSCs. The PL measurements carried out using a 488 nm laser observed the blue 

shift as the Cl concentration increased in the modified MHSCs, as shown in Fig. S1a. Further, 

the change in Cl concentrations of SCs confirmed using EDX measurements (Fig. S1b). 

Fig. 5. 1. 1 a) Average lifetime of MHPSCs with changing additives. b) 

schematic representation of decreasing surface defects by adding additives to 

electronic band structure model in modified MHPSCs with comparison to 

pristine. 
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Generally, the transient evolution of the electron-hole population after impulsive 

photoexcitation can be calculated from time-resolved PL (TRPL) measurements. As discussed 

above, Modified PSCs showed a slight change in optical properties confirmed by steady-state 

PL. Furthermore, to investigate the changes in average exciton lifetime, TRPL has been 

recorded. Subsequently, the decay curves of the excited carrier in the modified PSCs are fitted 

using a tri-exponential decay model to quantify the carrier dynamics, and the fitted parameters 

are summarized in Table. 5.1. The average PL lifetime considerable increase from 0.37 ns 

(pristine) to 1.51 ns in MH-CB SCs (Fig. 5.1a).53,54  

5.1.2.2. Thermogravimetric/Differential Scanning Calorimetric Analysis 

 The thermodynamic properties in modified MHPSCs have been anlyzed using 

Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) with a heating 

rate of 10 C/min in an N2 atmosphere. Interestingly, a change in the phase transition 

temperature (Ts) in modified MHPSCs was observed, around 328.69 to 329.52 °C in DSC. 

Subsequently, indicates whether the process is exothermic or endothermic, as shown in Fig. 

5.2a. Most PSCs’ thermal decomposition follows two steps, first organic moiety and second 

lead halide decomposition in TGA, as shown in Equation 1.55  

             (1) 
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Fig. 5. 1. 2 a)  Change in phase transition temperature (insert) second heating in Differential 

scanning calorimetry and b) TGA of pristine and modified MHPSCs. c)  Plot of ln (1− x)] vs 

Time and d) Plot of ln[− ln(1− x)] vs 1000/T of organic moiety decomposition in MHPSCs. 

TGA of pristine and modified MH-PXA SCs have shown a decomposition with weight 

losses of 22.7, 73.41%, and 20.8, 66% at each step, respectively (Fig. 5.2b). Herein, the organic 

moiety degradation stat and ends at  300 and 382 C. Considering phase one transformations 

as a first-order reaction, the Kinetics and thermodynamic parameters of the reaction were 

calculated using the equations reported in the literature.56 
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𝑑𝑥

𝑑𝑡
= 𝑘 1 − 𝑥                                                                                                         (2) 

where  𝑥 =  
𝑤𝑖−𝑤𝑡

𝑤𝑖−𝑤𝑓
                                                                                                      (3) 

wi is the initial weight, wt is the weight of the sample at a particular time t, and wf is 

the final weight. A straight line of plotted graph (Fig. 5.2c) using Equations 2 and 3  for the 

selected phase confirms the first-order reactions. Kinetics parameters were determined using a 

modified form of the Coats and Redfern model as described in Equation 4. 

ln[− ln 1− x ] = ln
𝐴𝑅𝑇2

𝛽𝐸𝑎
−

𝐸𝑎

𝑅𝑇
                                                                              4  

Where A is the pre-exponential factor,  𝛽 is a heating rate (10 C/min), R is the general gas 

constant (8.3143 J mol−1 K−1), 𝐸𝑎 is the activation energy, and T is the temperature (K). 

Table 5.1 Comparative study of MHPSCs thermodynamic properties of phase one 

transformations. 

MHPSCs Temperature 

(Ts) C 

Ea 

(kJ mol-1) 

Hs  

kJ/g 

S 

J/g C 

G 

(kJ mol-1) 

MH 328.69 177.93 172.43 -32.14 193.70 

MH-CB 329.52 127.98 122.39 -104.99 192.93 

MH-PEA 328.70 169.77 164.20 -46.299 195.23 

MH-PXA 328.97 183.79 178.34 -20.251 191.62 

 MH-API 328.69 168.19 162.61 -49.259 195.69 
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Activation energy (Ea) values extracted from the slope of ln[− ln(1− x)] vs 1000/T plot (Fig. 

5.2d). Furthermore, changes in entropy (S), enthalpy (H) and  Gibbs free energy (G) were 

determined using basic thermodynamic equations.56 Resulted, values obtained for phase one 

were tabulated in Table 5.1 and plotted in Appendix III Fig. 2. Herein, positive values of H 

and G show that the decomposition of the organic moiety is a non-spontaneous reaction. From 

overall thermodynamic parameters, it could be concluded that MH-CB SCs have relatively 

higher thermal stability than the pristine ones. The enhanced thermal stability of the modified 

crystal can be attributed to its increased interactions of additives with the crystal surface. 

Moreover, our results are nearly close to previous observations in the literature.57,58   

5.1.2.3. Higher-order harmonics generation from their laser-induced 

plasma plumes. 

 

Nowadays, several researchers focus towards demonstrating HHG from various solid 

and liquid elements.59,60 Recently, high-order nonlinear properties using higher-order 

harmonics generation (HHG) in laser-induced plasma plumes (LIPs) of Ni-doped CsPbBr3 2D 

colloidal nanocrystals have been researched, and the improvement of harmonics was 

determined for optimized % of Ni.61,62 Harmonic spectra of modified crystals were obtained as 

stacks illustrated in Fig. 5.3a-d. In the first step, (a) at DP intensity, i.e., 6 × 1014 W/cm2, we 

measured the harmonic spectra by changing the ps HP intensities. All the samples emitted the 

harmonics at lower ps HP intensity (Ips) of 0.75 × 1010 W/cm2. The harmonics intensity and cut-

off were significantly improved with a further increase in the Ips up to 1.77 × 1010 W/cm2. 
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Fig. 5. 1. 3 Harmonic spectra (in pixels) for different a) ps heating pulse intensities at Ifs= 

6.0×1014 W/cm2, b) driving pulses intensities for ps LIPs (at Ips = 0.9 × 1010 W/cm2), and c) ns 

LIPs (Ins = 7 × 1010 W/cm2), respectively. d) The delay dependence between ns HP and fs DPs. 

The spectrum’s colour bar is similar in the top right corner. 

Notably, at low Ips for MH obtained, the harmonics cut-off up to 13H, whereas for additive-

based SCs, the cut-off was extended to 19H. This indicates that plasma plume density was 

enhanced in the case of additives than MH. In the second and third steps (b, c), we measured 

the harmonics spectra individually at fixed ps and ns HP intensities, i.e., 0.9 and 7× 1010 W/cm2, 

and varied the DP intensity (Ifs) between 1.5 to 9 × 1010 W/cm2 range. In the case of ps LIPs, 

the cut-off achieved up to 19H (MH) and 21H (MH-CB, MH-PEA and MH-PEX). In contrast, 
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it is increased up to 25H for MH-API. However, in the case of ns LIPs, the cut-off is similar 

for all the crystals, i.e., up to 21H.  

In the fourth step (d), we fixed the ns HP intensity (Ins) at 7× 1010 W/cm2 and measured 

the harmonic spectra concerning the delay between ns HP and fs DPs. In the case of ns LIPs, 

either variation in Ifs or change in the delay, we could not observe much difference in the 

harmonic cut-off. However, the intensity of harmonics is improved for additive-based crystals 

at longer delays, as shown in Fig. 3d. The cut-off delays were achieved at 1200 ns for MH, 

while for MH-CB, MH-PEA, and MH-API is similar to around 1600 ns, whereas for MH-API, 

it is up to 1500 ns. MA shows the first maxima at 100 ns delay within these delay ranges, 

continuously decreasing the harmonic intensity and having peaks at every 200 ns, whereas MH-

PEX and MH-API have 300 ns. The modified SCs also show a similar trend with MH while all 

their peaks appear at each 200 ns delay. This indicates the ejection of plasma components such 

as atoms, ions, and nanoparticles with different masses. The DP is propagating above the target 

surface at approximately 0.2 mm distance. Meanwhile, it is observed that the harmonics 

emitted for additive SCs show a shift compared to MH. Fig. 4e,f shows the normalized intensity 

of 9H in the case of ns and ps LIPs, respectively. The shift in ps LIPs is much higher than the 

ns LIPs. In the case of ns LIPs, the MH-CB, MH-PEA and MH-API show a bluer shift, whereas 

MH-PXA shows a redshift in both cases of plasma plumes. The DP we have used is 800 nm, 

and in the case of ns pulses, we used 1064 nm as an ablating laser pulse, and for ps pulses, the 

wavelength is the same as DP. Nonlinear absorption of MHPSCs at 800 nm emits PL radiation 

and ejection of plasma components during laser ablation. At the same time, only plasma plume 

formation is achieved in the case of ns laser ablation. Therefore, it is assumed that the plasma 

components (atoms, ions, and nanoparticles) of modified MHPSCs with low/higher bandgaps 
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might be interacted with the blue/red spectral components of 800 nm and decrease/increase the 

wavelengths of the harmonics.Moreover, as discussed, the order of PL emission intensity 

follows the order of   MH>MH-PEA>MH-PXA>MH-CB>MH-API; this order is reversed in 

the case of harmonics intensity, as appears in Fig. 4a-c. This confirms that at probing of 800 

nm, the MHPSCs lead to higher absorption and principals to PL emission (either by ablation 

of ps and ns pulses) and decrease the intensity of the harmonics compared to the modified 

MHPSCs. The MH-CB and MH-PEA SCs have first maxima around 800 ns and 700 ns, 1200 

ns range.  
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Fig. 5. 1. 4 The maximum harmonic signal for different a) ps heating pulse intensities at Ifs=6.0× 1014 

W/cm2, b) driving pulses intensities for ps LIPs (at Ips=0.9× 1010 W/cm2), and c) ns LIPs (Ins=7 × 1010 

W/cm2), respectively. d) The delay dependence between ns HP and fs DPs. The shift of 9H for all SCs 

in case of e) ns LIPs and f) ps LIPs. 

In addition, we measured the harmonics spectra continuously until the disappearance 

of harmonic signal from SCs plasma plumes. Fig. 5.5a,b depicts the harmonic spectra of MH 

and MH-API as a function of time. The plasma plumes are produced by ns heating pulses at a 

fixed position of the crystal surface, and recorded the harmonic spectra as a movie (.avi file)  

using CCD. Each frame harmonics spectra plotted as a vertical stack image. It is observed that 

the MH crystal emits the harmonics until 3.15 mins, and the modified MHPSCs are exceeded 

this time duration. For example, the MH-API (shown in Fig. 5.5b) emits the harmonic signal 

for up to 3.35 mins. Approximately a similar time was achieved for MH-CB, MH-PEA and 

MH-PEX. Therefore, one can assume that the additives increased the stability of crystals.  

Overall, the measured harmonics spectra, either ps or ns LIPs from these SCs, the additives 

increased the stability of crystals further, which leads to enhancing the intensity and possessing 

the shift in the harmonics. Among all reported SCs, MA-API has a higher intensity than others, 

and in the case of ps LIPs, MH-PXA shows a larger redshift (for 9H, ∆ =+1.05 nm). The HHG 

studies with various laser parameters, such as intensities of DP, HP, and delay dependence 

between DP and HP, revealed that the additives-based SCs enhanced the emission of harmonics 

in the XUV region more than pristine MHPSCs. 
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Fig. 5. 1. 5 The harmonic spectra of a) MH and b) MH-API concerning time. The harmonic 

spectra were recorded as movies and plotted as vertical stack images. Right panels of a) and b) 

represent some portion marked with pink and green lines, respectively. 

5.1.3. Conclusions. 

In summary, we have successfully demonstrated an additive engineering strategy for 

mitigating the mixed halide phase segregation effect of 2% Cl-doped MHSCs with the 

additives. Out of all the additives we have observed, a bluer shift in PL emission for MH-PXA 

SC when exited with a 2PA source laser indicates more nonradiative recombination. 

Interestingly, we observed increased crystallinity with mitigated phase separation (concluded 

from PXRD and XPS studies). The heterocyclic amine (API) coordination with crystallite 

facets resulted in enhanced harmonics emission and stability. From overall basic 

characterization and HHG observations, it’s estimated that additives’ interaction with the 
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surface plays an essential role in passivation along with Cl incorporated into the perovskite 

lattice with decreasing halide vacancies rather than being sacrificed as a volatile phase. The 

lattice constant of the API-MHSCs is more than other additives, suggesting increased Schottky 

order and transparency in the bulk perovskite. This explanation is consistent with the increased 

interaction between the formation of MHPSCs, with API additives being more 

thermodynamically preferred than other additives. The present work will open the doors for 

tuning the higher-order harmonics’ wavelength without changing the driving pulse’s chirps, 

i.e., either positive or negative. Interestingly, in modified MHSCs, enhanced harmonics 

intensity and stability have been observed. Therefore, we can conveniently use modified 

MHPSC in plasma HHG with advanced properties in harmonic spectroscopic applications. 
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Abstract 

Perovskite materials are distinguished by their tunable bandgap, heigh attenuation 

coefficient, easy fabrication, and carrier mobility. mixed-halide perovskite (MHP) materials 

are promising candidates for photonics applications because to their pronounced optoelectronic 

properties. However, phase segregation in these materials severely impacts their scalability. 

Additive engineering (AE) strategy in most perovskite crystal's (PSC) growth has proved more 

effective. Current work focused towards enhancing the stability of 6.67% Cl-doped methyl 

ammonium lead(II) bromide single crystals (MHSC) using aromatic nitrogen-based additives. 

Modified MHSC showed enhanced terahertz (THz) radiation transmission and reflection. 

Moreover, the evidence from powder x-ray diffraction (p-XRD), x-ray photoelectron 

spectroscopy (XPS) and THz transmission in modified MHSCs revealed the mitigated phase 

segregation in modified MHSCs. 

5.2.1 Introduction  

MHSCs are auspicious resources in nearly all fields of science and technology, such as 

light-emitting diodes (LEDs),1-5 laser,6,7 memristors,8 photovoltaics,9-16 photocatalysis17 and 

higher energy radiation detectors.18,19 MHSCs are promising materials for future application 

owing to their tunable bandgap, higher optoelectronic properties, dielectric constant20 and low-

cost processability.21 ABX3 type of unit cell structure is present in these materials in which 

monovalent 'A' cations are located in the voids between interlinked octahedra, indirectly 

affecting the bandgap.22-26 The bandgap is formed by combining the metal and halide (MX6, 

octahedral unit) s, p orbitals. Changing the concentration of halides/metals can directly affect 
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the bandgap.27 The standard crystallization techniques are anti-solvent vapour assistant 

crystallization (AVC)28,29 and inverse temperature crystallization (ITC).30,31  

The potential factors influencing surface quality, crystallinity, and halide segregation 

depend on crystal growth technique,32 the stoichiometry of concentration/composition,33,34 

including solvent,35 the precursor's annealing temperature,36 and crystal growth period.37 Cl-

doping into perovskite precursor solutions has been widely reported to tune the optoelectronic 

properties of OIHPs.38,39 Tyler Mix et al. investigated different Cl-doping concentrations and 

reported that increased LED performances in optimized MHSCs outperformed their 

counterpart in optoelectronic properties.38 However, the challenges associated with MHSCs 

are phase segregation and compositional instability under ambient conditions, which are yet to 

explore more in MHSCs.38,39 The phase segregation effect is well described in microcrystalline 

Fig. 5. 2. 1 Shematics of surface degradation of MHSCs (a) in presence of 

atmosphere moisture. Left Each column from (b-d), (e-g) and (h-j) represents 

the MABr, PEA, and PXA, chemical structure  photographs and SEM 

images, respectively. 
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thin films.40,41 During this process, the perovskite demises into regions of differing halide 

content, adversely affecting the optoelectronic properties by acting as traps, limiting the 

prospects of MHSCs technology.42 Hence, decreasing/ increasing Cl concentration in MHSCs 

is anomalous and distinctly different from the monotonic growth trend reported in Br/Cl 

double-halide alloys, which depends on the nature of molecular bonds on the surface.42-44 

Nevertheless, limited reported techniques are available on the additives engineering for 3D 

MHSCs in the literature to mitigate phase segregation.42-44 Herein, in this work, we have taken 

optimized 6.67% Cl-doped MHSCs to study the effect of aromatic additives on MHSCs' 

structural and optical properties. The aromatic additives used are phenylethylamine 

hydrochloride (PEA) and P- xylylene-diamine dihydrochloride (PXA). 

5.2.2. Results and Discussion 

5.2.2.1. Morphology and Structural Properties  
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Methylammonium bromide (MABr) is hygroscopic salt: on the surface of the crystals, 

it absorbs moisture and converts to MA, resulting in the lead(II) halide (PbX2) and halogen 

gases (X2) forming a vacant surface on MHSCs, as illustrated in Fig. 1a.45 The N-based 

aromatic organic molecules with mono and diamine groups are prone to interact more with the 

inorganic octahedra and are more stable than their MABr counterparts.   Each column in Fig. 

1 from (b-d), (e-g) and (h-j) represents the chemical structure of MABr, PEA and PXA, grown 

crystal images and changing crystal surface recorded using SEM, respectively. Interestingly, 

Fig. 5. 2. 2(a-e) XPS data of Cl 2p, Br 3d, Pb 4f, C 1s, and N1s core-level spectra with 

molecular level defect and chemical states behaviour in MHSCs with changing additives. (f) 

Change in XPS survey of each SCs with different additive and (g) atomic % values 
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we observed flat surfaces with more transparency and low surface roughness in modified 

MHSCs,  suggesting the reduced surface trap states owing to effective bonding interaction with 

additives on the surface.46 Weight % values of modified and pristine MHSCs (Fig. S2) and 

elemental ratios extracted from the EDX data (Appendix IV Table 6). 

XPS studies have been conducted to predict the change in the chemical state behaviour 

of core-level orbitals with additives. A considerable shift in Cl 3d and Br 3d core-level 

spectrum toward the lower energies was observed in MH-PXA and MH-PEA SCs, indicating 

Fig. 5. 2. 3 The XRD pattern of the modified and pristine SCs, (a, b) Splitting and shifting of 

powder and single crystal (SC) p- XRD, (100) peaks shows the transition from single-phase 

MHSCs to double-phase segregation with different additives. (c, d) Change in FWHM 
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the decreased binding energy resulting from increased halide vacancies (Fig. 2a, b).47 

Interestingly, intensities of the additional peak in Pb 4f, C1s and N 1s core-level binding 

relating to a residual molecule Pb0 and (CH3NH2) have decreased in modified crystal compared 

to pristine crystal (Fig. 2c-e). However, more intense molecular defects and Pb0 peaks were 

seen in PXA-modified crystals. The XPS survey and changes in halides' atomic percentage (%) 

for MHSCs with additives are illustrated in Fig. 2f,g. The Cl-to-Pb ratio of the SC surface also 

increased when a higher fraction of Cl was injected into the precursor solution. 

  Further, p-XRD was conducted to verify the effect of additives on lattice parameters 

and diffraction angles (2θ values) for powder and SC samples. The pristine Brawice latices 

MHSC corresponding to (100), (200) and (300) planes comply with the previously reported 

data (Fig. S3).38,48 Generally, replacing Br¯ with Cl¯ in the perovskite lattice fosters the unit 

structure to expand due to the confinement effect caused by decreased Pb-X distances. 

Meanwhile, if the peak shift is towards higher angles, the host unit cell structure is contracting 

and vice-versa. From Fig. 3b, we could observe the diffraction peak of MHSCs toward the 

smaller diffraction angle after using the additives, indicating lattice expansion depending on 

the Cl concentration. As in MH-PEA, the bandgap evolution inflexion point (or the phase 

boundary between the single-phase double-halide alloy and phase segregation) consistently 

increased with increased N content. Fig. 3c,d indicates a more comprehensive single-phase 

range fullwidth half maxima (FWHM) and greater tolerance to phase segregation in the 

perovskite with higher Br content than that of MH-PXA with higher Cl content.49 

Subsequently, the microstrain values have been calculated from powder XRD data using 

Williamson-Hall (W-H) plots, 8.436  10−4, 8.140  10−4 and 0.950 for MH,   MH-PEA, and 

MH-PXA, respectively (Fig. S4 (a-c)).50 Higher lattice strain is observed in the case of MH-
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PXA with more FWHM and peak splitting, which might be due to increased intrinsic defects 

due to halide segregation on the surface of PSCs. XPS data also strengthened the argument of 

increased intrinsic defects by decreasing the photoemission energy. However, structural 

evolution observed with XRD  reveals the bandgap decrease at high Cl content was caused by 

phase segregation into two perovskite phases (Fig. 3a insert). Trends obtained in XRD peaks 

are consistent with the elemental ratios calculated using the XPS atomic % and suggest the 

segregation of a high-Br/Cl phase, which left behind a Br-rich surface. 

Furthermore, Transmission Electron Microscopy (HR-TEM) measurements have been 

done to check the changes in the selected area electron diffraction (SEAD) pattern by changing 

Fig. 0-4 Fig. 4. From (a-c), (d-f) and (g-i) represnts TEM images, HRTEM images with lattice fringes and SAED of 

each MH, MH-PEA and MH-PXA SCs, respectivley.  

Fig. 5. 2. 4 From (a-c), (d-f) and (g-i) represnts TEM images, HRTEM images with lattice fringes and 

SAED of each MH, MH-PEA and MH-PXA SCs, respectivley. 
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additives.51,53 Higher Resolution TEM images, lattice fringes and SAED have been recorded 

(Fig. 4a-c, d-f and g-i). The bright lattice fringes of modified MHSCs in HRTEM images 

depicted lattice plane distances (d space) 0.216, 0.345 and 0.250, corresponding to (220), (111), 

and (200) planes, respectively. SEAD patterns exhibit a well-defined crystalline nature of 

modified MHSCs. Consequently, for all MHSCs, the calculated lattice constant from TEM 

images (using GATAN software) is very close to the estimated value from p-XRD using the 

Bragg diffraction equation. 

 The collected TEM images were taken by selecting a spot from different locations on 

the grid because perovskite materials are volatile in high-energy electron beams. Hence, 

analyzing the element distribution for long-time electron beam exposure is challenging. 

5.2.2.2 Optical properties  

In general, replacing Br¯ with Cl¯ in the perovskite lattice increases the band gap of 

materials, which is attributed to the downshift of the Valence band maximum  (VBM) 

(increased electronegativity)  and the upward shift of Conduction band minima (CBM)  

(increase in ionization energy). The decrease in Pb-X distances causes the confinement effect; 

both the electronegativity effect and the confinement effect of halides eventually increase the 

band gap. Hence, MH-PXA SC has more band gaps than other modified MHSCs. Band gap 

values of pristine MHSC are in congruence with previous reports.38,39 As discussed in XPS 

measurements, a 0.112 eV increase in Pb+2 orbitals binding energy was attributed to the reduced 

halide vacancies in MH-PEA SCs over the pristine. Considering both the contributions of 

surface defects towards photo-instability and optimized Cl ratio, this assumed that photo-

induced phase segregation was reduced in the case of MH-PEA. Optical studies have been 
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carried out to further validate the generality of the defect-free surface on modified MHSCs and 

to investigate the impact of additives on bandgap. UV-VIS, spectroscopic measurements were 

performed in diffuse reflectance spectra (DRS) mode (Fig. 5a), and the bandgap was calculated 

based on the empirical Kubelka-Munk function (Fig. 5b). A slight decrement and increment of 

0.002eV and 0.003 eV have been observed in MH-PEA and MH-PXA SCs. 

To compare the light-induced phase segregation of modified MHSCs over the pristine 

PL measurements recorded under 800 nm laser (two-photon absorption ) in ambient conditions 

(Fig. 5c). This two-photon absorption spectroscopy gives the details of the bulk materials. PL 

blue shift of modified MHSCs at a high Cl concentration level strongly suggests that 

incorporating Cl into the lattice employs the halide phase-segregation pathways, indicating the 

increase in nonradiative recombination (induced by deep traps Pb0, MA, etc.).55,56 The order of 

PL emission intensity for SCs follows MH>MH-PEA>MH-PXA. The PL intensity shows 

quadratic dependence up to the 50 mW laser power; after that, it shows the saturation for all 

samples. R.A. Ganeev et al. showed a similar dependence of PL emission from MAPbBr3 thin 

films.57 This order is more visible after crossing the 50 mW laser power. It represents the 

photostability of modified MHSCs at different laser power, forming the more halide-

concentrated domains at high-intensity lasers. The XPS and PL data suggested a combination 

of mechanisms: suppress the nonradiative recombination, thereby increasing/decreasing the 

stability/defect states on the surface depending on the bonding interactions of additives, and an 

increase in intrinsic defect concentration concluded from structural and optical properties. The 

trends in the lattice constant and band gap were consistent; in all cases, the band gap–raising 

rate was ~0.002 eV, with each percentage of Cl alloyed.38,39,58 The Fourier transform infrared 

(FT-IR) generally confirms the presence of additives using the functional group vibrational 
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modes strength in the spectrum and change in the vibrational modes.59 The FT-IR spectrum of 

the pristine MHSC showed major shifts of the prominent peaks at 894 cm−1, 1245 cm−1, 1451 

cm−1, and 3097 cm−1, which attribute to the C–N stretch (υ5), sym-NH3
+ bend (υ3), asym- NH3

+ 

bend (υ9), and sym-NH3
+stretch (υ1), respectively. This peak shifted by adding the additives 

owing to changes in the MA+ interaction with the Pb–X inorganic octahedron. The N–H stretch 

trend should increase (band position increases) for Cl concentration as it is more 

electronegative than bromide. In the spectra of the modified MHSCs, the characteristic peaks 

of unsaturated benzene C-H vibrational mode in region 3005 cm−1 are visible in the modified 

MHSCs spectrum, indicating the presence of aromatic additives on the surface, coordinated 

with the Pb+2 ions. Change in vibrational modes with additives in the modified MHSCs from 

1000 to 600 cm−1 provided in SI, Fig. S5. 

Fig. 5. 2. 5(a) UV-visible spectra, enlorged view in insert.  (b) The energy vs F(R(h))2 plot. 

The MH, MH-PEA and MH-PXA SCs are photoexcited with 800 nm, the corresponding (c) 

PL spectra (d) PL intensity vs input laser power and (e) FT-IR spectra, vibrational modes 

with respect to additives in the modifed MHSCs. 
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5.2.2.3. THz spectroscopy 

THz studies were conducted in transmittance and reflection modes to justify surface 

artefacts and to study the crystal depth profile of MHSCs.THz radiation could be generated by 

focusing femtoseconds amplifier pulses of  800 nm and its second harmonic wavelengths (two-

colour pump) into ambient air, which is one of the potential sources.60–65 Several researchers 

explored the diversity of THz applications in optics, photonics, biomedical, and imaging.66–70 

Meanwhile, THz-TDS has developed a promising technique in sciences and medicines.71–74 

Earlier, research groups have studied a variety of organic-inorganic halide perovskites in the 

THz range.75–83 Therefore, THz-TDS is one of the prominent techniques to ascertain a 

material's response in terms of transmission and reflection properties and can obtain the 

absorption coefficient raised due to the optical phonon vibrations. In the present study, we 

measured THz pulses' transmission and reflection from MH series PSCs. Fig. S1 depicts the 

experimental set-up used for THz time-domain spectroscopy. The corresponding transmission 

of the THz electric field (temporal profile) from MH, MH-PEA, MH-PXA; positioned at 

normal incidence to the reference THz pulse (transmission at 0o) (Fig. 6a), 

transmission/reflection 45o (Fig. 6b/c) for delay (ps). At the same time, transmission at 0o (Fig. 

6d),  transmittance/reflectance at 45o (Fig. 6e), absorption coefficients (Fig. 6f), and real 

conductivity at 0o and 45o (Fig. 6g), measured respective to frequency (THz). 

The measured transmittance for PSCs at 0o (THz amplitude for PSCs/ THz amplitude 

reference pulse) (Fig. S6a). The reference THz pulse has a bandwidth of up to 3.0 THz having 

maximum peak intensity of around 1 THz. The transmitted/reflected THz pulses have less peak 

intensity and bandwidth due to the absorption of SCs. The SCs possess higher reflection than 
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transmission. Also, the reflectance (Fig. S6) (b, bottom panel); the additive SCs are much 

superior to transmittance (Fig. S6(b, upper panel)) compared to pristine. The transmission at 

45o is lower than 0o due to extended path length because the orientation of MHSC at 45o 

increases the interacting length of THz pulses. It is familiar that based on the transmission data 

of THz pulses from SCs, one can obtain the absorption coefficient and conductivity by knowing 

the real/imaginary parts of the refractive index. The equations used for these measurements 

were reported elsewhere.84–89 Here, the thickness of PSCs plays a key role in these 

measurements.   The measured thickness of MH, MH-PEA, and MH-PXA, using digital vernier 

callipers, is followed by 1.45, 1.44, and 1.47 mm, respectively. The measured absorption 

coefficients and real conductivity of SCs at T0o and T45o (Fig. 6g,h), respectively. The peak 

position absorption and conductivity for each SCs are almost identical except for the 1.5THz 

for MH.  

Meanwhile, it is observed that the modified MHSCs shift in their 

absorption/conductivity peaks compared to the pure MH crystal; this might be due to a change 

in the morphology and chemical composition of additive-based MHSCs. Earlier, three phonon 

modes (0.8,1.4, and 2.0 THz) associated with pure MAPbBr3 SCs were determined by Inhee 

Maeng et al.47 using first-principles simulations. The Pb–Br–Pb bonds show transverse and 

longitudinal optical vibrations at 0.8 and 1.4 THz, respectively. Whereas the 2.0 THz 

corresponds to optical Br vibration. However, other vibrational frequencies are present in the 

optical IR vibrational spectra reported by Inhee Maeng et al.47 Those frequencies are labelled 

as solid red lines, and the corresponding values are shown on the top axis of Fig. 6g. Earlier, 

the vibrational modes of MAPbX3 (X= Cl, Br, and I) using Raman spectroscopy and theoretical 

simulations were demonstrated by Brivio F. et al.90 Chlorine-contained PSCs have higher 
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vibrational frequencies than the bromide and iodine-based SCs.91 In the present case, we have 

grown the MHSCs in different additives (PEA and PXA). Therefore, these additives 

contributed to the weight and atomic % changes in modified MHSCs than the pristine (C, N, 

Pb, Br and Cl) confirmed by XPS data. As a result, the vibrational frequencies depend on the 

chemical bonding between Pb-Br/Cl-Pb and individual Br and Cl optical vibrations. Hence, the 

frequencies of the resultant absorption /conduction spectra are shifted compared to pure MH 

SC. Moreover, the additive PEA has influenced crystal morphology and enhanced THz 

transmission and reflection. As a result, the absorption/conductivity becomes weaker, which 

implies the applicability of additive-based PSCs in the THz range.  

Fig. 5. 2. 6 The THz electric field of THz pulse. Transmission from MH, MH-PEA, MH-PXA 

SCs at (a)  0o, (b) 45o and (c) reflection at 45o with repective to delay (ps). Transmittance MH, 

MH-PEA, MH-PXA SCs (d) at 0o, (e) transmittance/reflectance at 45o, (f) absorption 

coefficients, and (g) real conductivity at 0o and 45o, measured with repective to frequency 

(THz). 
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5.2.3. Conclusions. 

In summary, we have successfully demonstrated an AE strategy for mitigating the 

mixed halide phase segregation effect of 6.67% Cl-doped MHSCs with the additives. Out of 

all the additives we have observed, a bluer shift in PL emission for MH-PXA SC when exited 

with a 2PA source laser indicates more nonradiative recombination. Interestingly, we observed 

increased crystallinity with mitigated phase segregation (concluded from p-XRD and XPS 

studies). The lattice constant of the PEA-MHSCs is more than other additives, suggesting 

increased Schottky order and transparency in the bulk perovskite. This explanation is consistent 

with the increased interaction between the formation of MHSCs, with PEA additives being 

more thermodynamically preferred than other additives. The present work will open the doors 

for getting more transparent flat surface crystals with low trap states for photodetection 

applications, particularly THz and higher energy radiation detection with excellent resolution. 
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Albeit, the size-dependent perovskite nanocrystals (PNCs) have manifested tremendous 

improvement in nonlinear optical (NLO) studies owing to their remarkable optical and 

electrical properties. However, the industrialization of these materials has been circumscribed 

by toxicity and instability. The quest for alluring candidates in the frontline for NLO properties 

explored to date includes both the organic-inorganic hybrid perovskites (OIHPs). Given the 

remarkable stability of formamidinium cation (HC(NH2)
2+ = FA+)) over methylammonium 

cation (MA+) in hybrid perovskites, the FAPbBr3 is chosen as a prototype to investigate its 

interactions with Sr2+ ions. Intriguingly, SrCl2-doped FAPbBr3 PNCs showed enhanced three-

photon absorption (3PA) comparable/superior to some recently reported PNCs. This work 

paves the way for developing more stable, less toxic organic-inorganic hybrid (OIHPs) PNCs 

for optoelectronic applications. 

6.1. Introduction  

 OIHPs materials are alluring candidates in almost all technology fields, such as 

photovoltaics,1–5 luminescent solar concentrators,6 light-emitting diodes (LEDs), leaser (or 

laser),7,8 memristors.9–13 Given the phenomenal performances of the OIHPS, the true potential 

of PNCs in the targeted optoelectronics needs to be ameliorated and is yet to plateau. Generally, 

perovskite materials rest in the ABX3 crystal structure, where A and B are monovalent, divalent 

cations, and X is a halide anion, respectively. The B cation coordinates with six halide anions 

forming the octahedra, and interconnecting these octahedra creates the voids in which A cations 

are located. In these materials, the upper edge of the valence band (VB) is dominated by the p 
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orbital of X, with minor antibonding contributions from Pb 6s. In contrast, B metal p orbitals 

contribute to the conduction band (CB) lower edge. Whereas A+ ions indirectly contribute to 

the formation of the bandgap of these materials.14 In literature, nine alternatives of B metal 

cations have been reported, Co, Cu, Fe, Mg, Ni, Sn and Zn, to check the tolerance impact on 

perovskite films towards photovoltaic application.15 Interestingly, <3% of this metal replaced 

with Pb has higher tolerance without any loss in performance.16 In 2015, Federico Bella used 

perovskites with polymer electrolytes for Solar Cells (SC) application.17 Sansoni et al. 

synthesized CsPbBr3 NCs in ambient conditions via a top-down approach.18 OIHPs PSCs were 

used in a highly integrated flexible photo-rechargeable system based on quasi-solid-state zinc-

ion micro-batteries.19 Interestingly, OIHPs-based SCs achieved a power conversion efficiency 

(PCE) of 25.8%.20 Herein, higher performance has been achieved by tuning the optoelectronic 

properties of OIHPs. Notably, bandgap engineering was achieved using different halides,21 

metals15 and organic cations14   as the dopants. 22,23,24 Cumulative study on OIHPs devices as a 

renewable energy source to split water into H2 and O2 was done by Pirrone et al.25 Cheaper and 

large-scale processable technique for stable large-area perovskite SCs (PSC) using carbon-

based materials was demonstrated by Fagiolari et al.26 However, considering the lead toxicity, 

more recent advances in lead-free PSCs for sustainable and clean energy production have been 

reviewed in literature and achieved High Open-Circuit Voltage Cs2AgBiBr6 Carbon-Based 

PSC.27,28 

 In the past few decades, scientists have been fascinated by the optical 

nonlinearity of numerous interesting optical materials for their momentous applicability.29,30 

The diverse applicability of novel entities in the nonlinear domain establishes them as potential 

candidates in significant photonic applications such as optical switching, optical limiting, 
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optical communications, biomedical imaging etc. In recent years significant reports and 

reviews in PNCs have emerged as remarkable optical materials in NLO and electronic 

responses interacting with an ultrafast laser pulse, giant 2/multi-photon absorption (PA).31-35 

Generally, over a broad range of excitation wavelengths,  PCNs have shown ¾ PA.36 Some of 

the research groups have established their candidature as strong saturable absorbers.37 

Rhodamine B (Rh B), an organic laser dye, was recently doped in layered hybrid halide 

perovskite (LHHP) bis(4-methoxybenzylammonium) tetra-chlorido cadmate (4MBA2CdCl4) 

using simple and cost-effective slow solvent evaporation technique. The NLO properties of this 

perovskite have been studied using the Z-scan method with a 785 nm CW laser, where the RSA 

Fig. 6. 1 Distinct count of NLO coefficients for each bandgap broken down by morphology. Colour 

shows details about NLO characteristics. SC–Single crystal, F–Film, NC–Nanocrystal, NS-Nanostructure. 
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with a low optical limiting threshold of 0.8 MW/cm2 was reported by Ranjhani et al.38 Zhang 

et al.39 also reported the NLA coefficient of Cs4CuxAg2−2xSb2Cl12 double PNCs using 800 nm, 

250 nJ, 500 Hz fs laser to be ~10-8 cm/W. The NLO properties of Cs2AgBiBr6 double PNCs, 

exhibiting TPA cross sections of ~1906 GM and TPA coefficient of ~10-11 cm/W, were 

investigated.40 Our group has carried out extensively broadband ultrafast laser-interaction 

triggered spectroscopic studies engaging novel systems such as nano entities,41-43 PNCs,29,30 

organic, inorganic compounds etc.,44-46 unveiling their exotic photonic responses in the NLO 

domain. In the present work, FAPbBr3 is chosen as a prototype to investigate its interactions 

with Sr2+, Cl− ions and its advancement toward NLO studies. A summarized presentation 

regarding the NLO responses of the recently reported perovskites has been included in Fig. 1.  

6.2. Materials and methods  

Synthesis of FAPbBr3 PNCs 

 FAPbBr3 NCs were doped using the strontium chloride (SrCl2) at 2%, 4% and 

6% concentrations to investigate the SrCl2-doped FAPbBr3 NCs in the NLO studies and 

labelled as FB-2, FB-2 and FB-4, respectively. The FAPbBr3 PNCs synthesis was carried out 

under the glovebox using the room-temperature synthetic (RTS) method.47,48 For the 

preparation of doped FAPbBr3 PNCs (FB-2 to FB-4) followed the same procedure as 

mentioned in Chapter 2.    
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6.3. Experimental Details 

 The absorption spectra were obtained using a UV−Vis spectrophotometer (UV-

2600 of SHIMADZU). PL spectra were recorded with an FP-8500 spectrometer. UV and PL 

data were recorded using toluene. The structural studies have been done by using a Bruker D8 

Advance powder diffractometer (powder X-ray diffraction (p-XRD) with Cu Kα radiation and 

5 to 85 for 15 min in ambient conditions. High-resolution transmission electron microscopy 

(HR-TEM) of JEM-F200 kV was used to record selected area electron diffraction (SAED). 

ImageJ and Gatan Digital Micrograph (GDM) software were used to analyze the TEM images. 

 To perform the NLO studies, a femtosecond (fs) laser (M/s Coherent, Libra), 50 

fs, 1 kHz, 800 nm, has been utilized. Complete details of the experiments have been reported 

in our earlier work.16 A LabVIEW-based lock-in amplifier and a photo-diode for the signal 

collection were engaged. We have utilized a linear translational stage to scan the sample within 

the Rayleigh range to obtain the NLA and intensity-dependent refraction data.  

6.4. Results and Discussion 

6.4.1. Morphology and structural properties 

 The electronic properties of PNCs strongly depend on the morphology, particle 

size, crystallinity and crystal orientation.54 A few well-established techniques for efficient 

PNCs synthesis involve hot-injection (HI) methods and ligand-assisted reprecipitation (LARP) 

methods. Nevertheless, small fluctuations in the temperature may result in poor quality 

control. Hence, most of the efforts have been devoted to the RTS method. 47,48 Herein, PNCs 
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were synthesized using the RTSM to achieve higher quality. Further, the optical spectroscopic 

measurements (UV-Visible and PL) were carried out periodically (˃10 times) to check the 

reproducibility employing the RTS method. The noticeable difference in the band gap that was 

observed as time increased for data collection (Fig S4) was in the tolerable limit in the case of 

doped samples compared to undoped samples. The spectroscopic characterization techniques 

such as Fourier transform infrared (FTIR), energy-dispersive X-ray (EDX) and UV−Visible 

spectroscopy were used to characterize the reported compounds. EDX and mapping on 

Fig. 6. 2 TEM micrographs and calculated particle sizes for each sample at right to it for (a-d) 

powder and (e-h) solutions respectively. 
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individual grains confirmed the homogeneous distribution of Sr2+ and Cl− ions on the film 

surface (Fig. S1(a-c)). Additional characterization techniques, p-XRD and TEM, facilitated to 

draw off a more detailed picture of the chemical composition of doped FAPbBr3 (FA-2 to FA-

4). Diffraction peaks were indexed to Pm-3m cubic structure, which was in good agreement 

with previously reported values for pristine PNCs (FA-1) (Fig. 4(a,d)).49,50 The lower angle 

shift of the (001) Bragg plane for the excess doping of SrCl2 was attributed to lattice expansion 

and negative surface tension by incorporating Cl− and Sr2+ ions (Fig. 4d).51 Importantly, no 

additional peaks were seen in the doped samples, which could be due to the not affected crystal 

unit cell structure with the replacement of Br− with Cl−. The corresponding interplanar distance 

with complementary diffraction angles and micro-strain associated with the crystal in the lattice 

was calculated using the Williamson-Hall plot (W-H) plots. However, an increase in lattice 

strain in the case of 6% doping (FB-4 sample) is attributed to an increasing concentration of 

Sr2+ and Cl− ions in the FB-4 sample compared to others (Fig. S2(a-d)). Furthermore, to predict 

the tendency of particle agglomeration in doped PNCs, we have calculated particle sizes using 

TEM micrographs in colloidal and dry samples, illustrated in Fig. 3. Interestingly, in the FB-3 

sample, we have not observed much difference in particle size between the two forms, 

representing the lower agglomeration in the samples. An interplanar distance of 0.28 nm was 

observed in a pristine (FB-1) sample, corresponding to the (022) Bragg plane of the cubic 

structure, very close to the values obtained from the P-XRD data using the Bragg diffraction 

equation, which agrees well with the reported FAPbBr3 PNCs (Fig. S3(a-d)).49,50,52–54   
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6.4.2. Optical properties  

  The optical properties of materials are of prime importance for any 

optoelectronic application.55 Optical characterizations have been recorded using UV-Vis 

spectra and PL emission for 4 PNCs in toluene, a solvent. Absorption spectra and band gap 

values for pristine PCNs (Fig. 4(e)) are similar to those reported in the literature.47,48 Notable 

differences in absorption values for doped PNCs indicate particle size changes with increasing 

doping concentration. Whereas blue-shift in PL of the FB-3 sample with 3% of the SrCl2 

concentration (Fig. 4(f)), attributed to quantum confinement effects (lower average size 

distribution), was consistent with the sizes calculated from the powder sample HR-TEM 

micrographs.55,56 Significant enhancement in photoluminescence quantum yield (PLQY) was 

observed from 40% to 72% upon increasing SrCl2 doping to pristine PNCs in colloidal 

form.47,48  We used two organic surfactants during the synthesis: OAm enhances the solubility 

of lead salts, while OA acts as a hydrophobic ligand. The presence of surface ligands was 

analyzed using FTIR, as shown in Fig. 4(b,c). From previous reports, it has been noticed that 

purification may etch the surface of the QDs with the removal of the ligand.57 Intriguingly, no 
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significant change was observed between the four samples in the FTIR spectrum, indicating 

that all surfactants (OA and OAm) were retained after purification. Hence, it can be fairly 

established from the data obtained from the UV, PL, p-XRD and FTIR +that toluene did not 

induce a measurable change in the state of the surface of the PNCs, and it represents the stable 

4% doped (FB-3) sample compared to the pristine (FA-1).  

6.4.3. Applications of SrCl2 doped FAPbBr3 PNCs towards NLO 

 Femtosecond (fs) Z-scan studies have been performed using the Z-scan 

technique initiated by Sheik-Bahae and co-researchers.42 We aimed to divulge the electronic 

nonlinearity of these novel perovskite entities using fs excitation. A schematic NLO 

Fig. 6. 3 (a) p-XRD diffraction pattern. (b, c) FT-IR spectra. (d) p-XRD peak at 15 degrees showing the 

lower angle shift (e) UV−visible absorption spectra and (f) PL spectra of FAPbBr3 NCs (FB-1) along with 

doped samples as labelled from FB-2 to FB-4 
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experimental setup has been presented in Chapter 2 (Fig. 2.13). Our previous reports have 

detailed elaborations on the Z-scan calculations using fs pulses.42,43 

We engaged 50 fs, 1 kHz and 800 nm amplifier pulses to systematically experiment 

with a ~230 GM/cm2 peak intensity. In interaction with the fs amplifier pulses, all four different 

concentrations of SrCl2 doped FAPbBr3 were observed to depict a strong 3PA. The inherent 

NLA phenomena can be attributed to the reverse saturable absorption (RSA) nature observed 

in the open aperture transmittance curves. Particularly from our detailed NLO studies involving 

the doped FAPbBr3 NCs, we retrieved the NLO parameters such as 3PA cross-section σ3PA 

(cm6s2), 3PA coefficient γ (cm3W-2), nonlinear refractive index n2 (cm2/W) and third-order 

NLO susceptibility index [χ(3)], corresponding to each colloidal nanocrystal system. Among all 

the four samples, FB-1, FB-2, FB-3 and FB-4, depicting prominent RSA nature, FB-2 NLA 

was inherently RSA, but with comparatively a higher 3PA coefficient. We believe that the 

Table. 6.3. Detailed NLO parameters corresponding to four SrCl2 doped FAPbBr3 PNCs. 

NCs 

 

β × 10-11 

(cm W-1) 
        × 10-22 

        (cm3/W2) 

3 

(cm6 s2) 

10-77 

n2 × 10-16 

(cm2/W) 

Re [χ (3)] 

× 10-14 (e.s.u.) 

FB-1 

 

- 1.3 2.6 7.1 6 

FB-2 

 

- 2.3 4.7 7.7 6.5 

FB-3 

 

- 1.4 2.9 7.8 6.6 

FB-4 - 1.6 3.3 8.8 7.4 

   Toluene 0.29 - - 0.2 - 

3pa 
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percentage of SrCl2 dopant and the average size of the NCs can be attributed as determining 

factors for generating more defect states suitable for resonant multi-photon transitions and 

tuning the optical nonlinearity. The theoretically fitted data unveiled the 3PA coefficients (γ) to 

be 1.3 × 10-22 cm3/W2, 2.3 × 10-22 cm3/W2, 1.4 × 10-22 cm3/W2, 1.6 × 10-22 cm3/W2, respectively, 

for FB-1, FB-2, FB-3 and FB-4, respectively. The corresponding 3PA cross-sections were 

estimated to be 2.6 × 10−77 cm6 s2, 4.7 × 10−77 cm6 s2
, 2.9×10−77 cm6 s2

, and 3.3×10-77 cm6 s2. The 

correlation of the observed change in NLO absorption coefficients with different amounts of 

SrCl2 doping can be established partly by understanding the variation in energy levels. The 

linear transmittance for FB-1, FB-2, FB-3 and FB-4 were 0.78, 0.80, 0.76 and 0.81, 

respectively. The experiments were performed with similar concentrations for all the samples. 

The nonlinear absorption also depends strongly on the structural deviation (in terms of size), 

which is also related to the linear optical absorption  (revealing the change in electronic energy 

levels). The nonlinear absorption also depends on the excitation strength of high-intensity laser 

pulses and the concentration of the nanoparticles. In the UV-visible absorption signature of FB-

1 [Fig. 4(e)], two possible inter-band transitions, i.e., 430 nm and 488 nm, were observed in 

the perovskite system, which supports resonances for effective 3PA (2PA + excited state 

absorption). The disappearance of the ~430 nm peak in all the FB-2, Fb-3 and FB-4 spectra of 

Fig 4(e) significantly conveys a rearrangement of the energy levels and changes in the 

corresponding charge transitions due to SrCl2 doping. On the other hand, in the FB-2 absorption 

spectrum, the noticeable maximum redshift in the ~488 nm peak towards ~518 nm compared 

to FB-3 and FB-4. The enhanced 3PA can be attributed to the relatively larger sizes and 

distribution of the NCs (Fig. 3) achieved for FB-2 (25 nm; 10 nm-70 nm) in comparison with 

FB-3 (14 nm; 8 nm – 22 nm) and FB-4 (16 nm; 10 nm -26 nm). The variation in the SrCl2 
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doping has led to the size alteration of the NCs and optical responses of the same, subsequently. 

The size alternation has been significantly interrelated with the lattice expansion and negative 

surface tension by incorporating Cl− and Sr2+ ions on the NCs surfaces.  This variation in size 

distribution has decisively controlled the tunability of the optical absorption, leading to the 

alteration in the inherent electronic states and the band gap. A combination of energy level 

restructuring (with doping) and the size effects could have resulted in an enhanced 3PA for FB-

2. In the case of the closed aperture mode, the intensity-dependent valley-peak type refractive 

index phenomenon was observed. The n2 measured here is ultrafast and depends on the electron 

distribution, which again has been altered due to doping; this could be a reason for the strong 

n2 observed in the case of FB-4. The overall third-order nonlinearity depends on the sizes of 

the NCs owing to quantum confinement effects.55,56 A reasonable structure-property 

relationship can only be achieved with equal-sized pure and doped PNCs and experiments 

performed with similar conditions such as concentrations, peak intensity, etc. The PNCs closed 

aperture data conspicuously revealed a positive refractive index based on the Kerr-lens effect. 

The valley-peak curves confirmed the focusing nature of the NC systems. The inherent n2 

values were retrieved from theoretical fittings of the closed aperture transmittance data. The 

calculated n2 values were 6 × 10−16 cm2/W, 6.5 × 10−16 cm2/W, 6.6 × 10−16 cm2/W and 7.4 × 

10−16 cm2/W for FB-1, FB-2, FB-3 and FB-4, respectively. Interestingly, the FB-4 exhibited 

superior nonlinearity in intensity-dependent focusing Kerr lens response. Subsequently, the real 

part of the third-order optical susceptibility [χ(3)] was also methodically assessed for each 

corresponding n2. The order of magnitude of the real part of χ (3)
 was found to be ~10−14 e.s.u. 



Chapter-6   203 

 

 

University of Hyderabad  Sarvani Jowhar Khanam 

Having the complete picture established, it is evident that the SrCl2 doping has decisively 

increased the NLO response of the NCs, making them superior candidates for all-optical 

switching and photonic applications. The nonlinear absorption coefficients are some of the 

strongest reported for such molecules in recent literature. The complete summary of the 

obtained NLO coefficients has been presented in Table 6.1. Thorough theoretical fitting aspects 

and mathematical relations utilized to calculate various NLO parameters have already been 

reported in our previous works. The solvent (toluene in this case) contribution to overall optical 

nonlinearity was also measured under identical experimental parameters. It was negligible 

(Appendix V Fig. 5). Perovskites have been explored in photovoltaics, light-emitting diodes 

Fig. 6. 4 Open aperture NLO data of (a) FB-1, (b) FB-2, (c) FB-3, (d) FB-4, respectively, under the 

excitation of 1 kHz, 70 fs, 800 nm fs pulses. Experimental data have been presented in 3-d (blue) 

spheres and theoretically fitted 3PA Z-scan data is represented by the solid red lines (top). The solid 

green line (bottom) in (a) represents the two-photon absorption fitting curve. Closed aperture Z-scan 

data can be observed in olive-colored spheres in (e) FB-1, (f) FB-2, (g) FB-3, (h) FB-4, along with the 

corresponding theoretical fits (red solid lines). 
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and lasers due to NLO properties with high chemical stability. Mushtaq et al.58 reported the 

femtosecond Z-scan method's NLO properties of lead-free double perovskite 

Cs2AgIn0.9Bi0.1Cl6 nanocrystals. The study demonstrates the presence of a strong 3PA, suitable 

for Kerr nonlinearity-based nonlinear applications such as optical shutters for picosecond 

lasers. Ban et al.59 experimented with NLO properties such as 2PA for individual CsPbBr3 

superlattices. TPA has been observed to be enhanced 16 times compared with randomly 

oriented nanocrystals. The polarization-dependent PL revealed a 4-fold symmetry similar to 

the single crystal film. The intensity-dependent absorption revealed that the TPA coefficient 

could be more prominent than WS2 and ZnO. Due to these strong NLO signatures, CsPbBr3 is 

used for NLO devices like optical power limiting and switching.  6.5. Conclusions We 

have successfully optimized and demonstrated the more stable SrCl2-doped FAPbBr3 NCs for 

ultrafast NLO studies. Enhanced stability and lowered agglomeration tendency were confirmed 

from the spectroscopy and TEM micrographs in the FB-3 sample, with enhanced 3PA. 

Interestingly, we observed an increase in PLQY with increasing dopant concentration from 

40% to 72%. This work paves the way for achieving more stable, less toxic organic-inorganic 

hybrid PNCs. The PNCs studied herein can be potential candidates for photonic applications, 

and further scope for improvement in the NLO parameters is possible by tuning their sizes. 

Further, wavelength-dependent studies in the NIR region can provide more possibilities for 

other optoelectronic applications of these materials. 
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7.1. Challenges and Future Directions 

 The major challenge is retaining fundamental properties such as absorption coefficient, 

bandgap, charge transport, higher resistivity & ease of fabrication. Getting a spectrum of -rays 

with high photopeak energy resolution at room temperature is one of the significant 

challenges.1 Major challenges in perovskite photodetectors are mentioned below. 

7.2. Performance enhancement 

 An ideal photodetector should possess excellent spectral selectivity, high responsivity, 

large detectivity, fast speed, and excellent stability. Getting a high-energy γ-ray spectrum is 

challenging precisely because high resistivity and high μτE are required, where E is the applied 

electric field. Moreover, a large bias can result in ion migration and thus lead to severe 

hysteresis phenomena in devices. 

  Doping makes perovskite attractive for radiation detection due to excellent 

optoelectronic properties; unfortunately, it is challenging to dope them intentionally—only part 

of photodetection characteristic enhancement achieved due to substantial technological issues 

in designing high-performance photodetectors. Novel perovskite structures and device 

configurations must develop for further performance improvement. 

7.3. Operational stability  

 At room temperature, the long-term continuous operation of halide perovskite devices 

under a large field to detect γ-rays is still a concern due to the polarisation effect. The 

environmental stability and durability determine the device's lifespan, so it is a crucial 
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parameter for photodetector. Unluckily, perovskites easily degrade in the air with oxygen and 

moisture. Postprocessing method, encapsulation has been demonstrated to enhance perovskite 

photodetector stability. However, it is a Degradation that still occurs before the encapsulation. 

More novel strategies are required to develop more stable perovskite at the beginning of the 

growth.2 

7.4. Environment-friendly perovskite materials 

 Most of the widely studied perovskite materials, such as MAPbI3 and MAPbCl3, 

consists of toxic Pb element, and their toxicities have cast a gloomy shadow over their 

application progress. Thus, more effort is needed to develop environment-friendly perovskite 

materials with nontoxic elements instead of Pb. Recently, Wu et al. reported lead-free Cs4EuX6 

(X=Br−, I−) perovskite single crystals as self-activated scintillators with superior performance 

for -ray spectroscopy.3 

7.5. Nanosystem with multifunction 

 Smart circuits, optoelectronic devices, and integrated nanosystems have aroused 

intensive research attention due to their wide application in the future. The multifunctional 

device can be attained in one nanosystem by coupling the perovskite photodetectors with other 

functional nanodevices, such as light-emitting diodes, solar cells, and nanolasers. The charge 

collection & charge recombination mechanism in these perovskite crystals is yet to be 

understood in a Broadway. Using various doping strategies with more electronegative anions 

(Cl−, Br−).5,6 & using high work function contacts to block out the dark noise7 and optimizing 

the bandgap, we can get more photopeak energy-resolved -ray spectrum.8 
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7.6. Future Outlook 

 Perovskite PDs are emerging tremendously compared to traditional semiconductors 

because of their simple preparation method, low cost of materials, and the application potential 

for flexible devices. Considering the merits and demerits PDs, some new concepts and 

strategies should be discussed. The toxicity caused by Pb cannot be ignored, threatening human 

health and polluting the environment. Many researchers have been focusing on lead-free 

perovskites, but the performance of the devices is not as good as lead-based photodetectors 

because after replacing Pb with Sn or Bi. The carrier's transfer resulted in poor performance 

and lower stability. Unfortunately, lead-free detectors are not so competitive with lead 

perovskite because lead plays the leading role in generating and transporting charges among 

the components. Lots of research have proved that the role of Pb is irreplaceable. Recently 

many research papers were published demonstrating the success of recycling lead from wasted 

batteries and electric devices by the following step-to-step chemical reactions. In the future, 

the development of photodetectors will focus on low-cost, highly efficient, more stable, room 

temperature based and lightweight. There is a demand for thermostability, long life, higher 

durability towards HEIRs, and high-performance self-driven photodetectors working under 

zero bias. Generally, the perovskite photodiodes with p-n, n-i-p, p-i-n or Schottky junction, 

similar to the structure of the solar cell, are easy to realize self-power without depending on 

load voltage. These perovskite photodetectors use the photovoltaic and triboelectric effects to 

convert incident light into electrical signals. The metal electrode periodically contacts the 

perovskite layer in the triboelectric effect device to generate an electromotive force.3 Besides 



Chapter-7                                                                217 

 

 

University of Hyderabad  Sarvani Jowhar Khanam 

the innovation of the photodetector structure self-powered electro-optic system was developed 

by using planar Perovskite solar as a power source to operate the photodetector. Flexible 

perovskite photodetectors are carriable and lightweight for applications in wearable or portable 

devices. The flexible perovskite photodetectors need to improve flexibility and repeatability in 

the future, better than rigid material like Si. These flexible and stretchable photodetectors have 

many applications in imaging and optical telecommunication. Another significant challenge 

towards the commercialization of perovskite-based photodetectors is the fabrication of large-

area photodetectors and their stability, so most current studies focus on the discrete, small-area, 

carriable PDs. 

 Despite the limitation of PSCs towards large applications, these materials have many 

potentials compared to conventional detectors that cannot be underestimated. The stability of 

a device can be increased by selecting different optimized inorganic perovskite materials (with 

mixed cat ion or halides), optimized material composites, selecting appropriate fabrication 

methods with different electrodes and engineering thickness of each layer. However, more 

Fig. 7. 1 
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scientific and technological research is ongoing on material stability and large-scale 

multifunctional device fabrication. Presciently inevitable success has been accelerated over the 

past decades in single perovskite crystals for gamma photon detection. Less leakage current 

was recorded in MAPbl3 and CsPbBr3 Schottky type device design and demonstrated 

successfully for gamma-ray Detection. 

  Further development of centimetre-sized PSC can be done by preparing SC with a low 

density of trap states, which remains challenging. Hybrid MA and FA-based perovskite are 

unstable compared to inorganic Perovskite-based detectors. FA-based perovskite undergoes 

phase transitions; this issue is solved by allowing A site cation with Cs to form. Another critical 

challenge is long-term device operation stability (LTDOS). The halide ion migration in hybrid 

perovskite is a barrier to commercialization; it degrades device performance by creating an 

internal electrical counter field.9 Still, we need to develop high-performance perovskite 

materials, invent advanced device structures, improve device performance and try more 

innovations.  
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Appendix I 

1. Materials and Methods:  

1.1. Synthesis of MAPbBr3 Crystals Growth with additives: 

Appendix I Table  1. Literature review 

Year Growth 

Method 

Additives 

used 

Perovskite material 

used 

Application Ref 

2016 ITC _ CH3NH3PbI3(Cl) Optoelectronic Devices 5 

2016 _ _ CH3NH3PbI3 single 

crystals. 

_ 6 

 

 

2017 ITC _ (FAPbI3; FA+ = 

HC(NH2)2
+) single 

crystals 

_ 7 

 

2018 AVC _ MAPbX3 Alpha Source 8 

 

2019 AVC _ CsPbBr3 microrod 

Single Crystals 

High Detectivity 

Photodetectors 

9 

 

2019 ITC 
 

MAPbBr3−XClX (MH) Scintillation 10 

 

2020 ITC _ MAPbBr3−XClX (MH) _ 11 
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2020 ITC _ MAPb(Br1−XClX)3 Electrical 

Properties 

12 

 

2020 ITC Choline 

Bromide 

(CB) 

CsPbBr3 Single Crystals γ-Ray Response 13 

 

2020 ITC _ MH-3D-Single Crystals Cr/MAPbBr3−XClX/Cr 

Γ-Ray Responses. 

14 

 

2021 ITC Polymer FAPbI3, MAPbI3, 

MAPbBr3, and FAPbBr3 

_ 15 

 

2021 Spin-

Coated 

2-(2-(2- 

Aminoethoxy

)ethoxy)acetic 

acid, 

FAPbI3-Film Perovskite LEDs 16 

 

2021 Bridgman 

crystal 

growth 

method 

_ CsPbBr3 Single Crystals Γ-Ray Response 17 

 

2022 ITC Polymer MAPbI3 Photodetection 18 

2022 ITC Chiral and 

non-Chiral 

additives 

MAPbBr3 THz and HHG This work 
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 Appendix I Fig. 1. Experimental layout for (a) terahertz time-domain spectroscopy 

and (b) high-order harmonics from laser-induced plasma plumes of single perovskite 

crystals. 
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Appendix I Fig. 2. (a) Atomic Ratio of MAPbBr3 perovskite single crystal with changing 

additives. (b) Lattice strain values of each reported crystal were calculated from the W-H plot 

using the XRD data. 

 

 

 

Appendix I Fig. 3. (a-e)  Confocal and (f-j) scanning electron microscopy (SEM) images of 

MA crystals grown using the additives corresponding to CB, PEA, PXA, and API samples, 

respectively. 
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Appendix I Fig. 4. SEM images taken after keeping PSCs in ambient conditions for three 

and (f-j) seven days, respectively. 

 

Appendix I Fig. 5. (a)-(e)  Surface degradation of SCs in the outer atmosphere at a constant 

temperature at different time intervals was studied using UV spectroscopy. 
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Appendix I Fig. 6. (a)-(b) Comparative Study of MHPSCs Thermogravimetric Analysis 

(TGA), and thermodynamic properties of phase one (P1- Organic part decomposition) for all 

the crystals. 

Appendix I Table  2. Crystal data and structure refinement for MA and modified PSCs. 

Single 

crystals 

Initial 

temperature  

Activation 

energy  
Entropy change 

Enthalpy 

change 

Gibbs free 

energy 

 (K) 

Ea 

(kJ mol-1) 

S 

(J/g K) 

H 

(kJ/g) 

G 

(kJ mol-1) 

MA 225 156.22 
-66.69 150.63 

195.52 

MA-CB 231 142.77 
-84.063 137.16 

193.91 

MA-PEA 230 155.05 
-65.44 149.41 

193.79 

MA-PXA 224 134.20 
-98.16 128.57 

195.12 

MA-API 232 170.03 
-44.032 164.42 

194.14 
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Appendix I Fig. 7. (a)-(e)  Current-voltage traces with insert showing SCs deposited with Au. 

The linear fitting is denoted with the green markers showing different regimes (at 300 K). 

 

Appendix I Table 3 Crystal data and structure refinement for MA and modified PSCs. 

Parameters MA MA-CB MA-PEA MA-PXA MA-API 

Temperature 296(2) K 293(2) K 293(2) K 295(2) K 299(2) K 

Wavelength 71.073 pm 71.073 pm 71.073 pm 71.073 pm 71.073 pm 

Crystal 

system 

Cubic Cubic Cubic Cubic Cubic 

Space group P m -3 m P -4 3 m P m -3 m P m -3 m P m -3 m 

Unit cell 

dimensions 

𝑎 = b = c

= 5.9 Å 

 = =  = 90° 

𝑎 = b = c

= 5.8 Å 

 = =  = 90° 

𝑎 = b = c

= 5.9 Å 

 = =  = 

90° 

𝑎 = b = c

= 5.9 Å 

 = =  = 

90° 

𝑎 = b = c

= 5.9 Å 

 = =  = 

90° 
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Volume 0.207885 nm3 0.20413 nm3 0.2073 nm3 0.20783 nm3 0.20712 nm3 

Z 1 3 1 1 1 

Density 

(calculated) 

5.984 mg/m3 4.319 mg/ m3 3.789 mg/ 

m3 

4.346 mg/ m3 4.257 mg/ m3 

Absorption 

coefficient 

34.73 mm−1 35.28 mm−1 34.70 mm−1 34.66 mm−1 34.77 mm−1 

F(000) 338 229 200 236 229 

Crystal size 0.240 x 0.200 

x 0.190 mm3 

0.24 x 0.14 x 

0.21 mm3 

0.250 x 

0.230 x 

0.170 mm3 

0.210 x 0.200 

x 0.170 mm3 

0.200 x 0.190 

x 0.140 mm3 

Theta range 

for data 

collection 

3.439 to 

26.930° 

3.457 to 

26.858° 

3.439 to 

27.508° 

3.439 to 

26.676° 

3.443 to 

26.966° 

Index ranges -7<=h<=7, -

7<=k<=7, -

7<=l<=7 

-6<=h<=7, -

7<=k<=6, -

7<=l<=5 

-7<=h<=7, -

7<=k<=7, -

7<=l<=7 

-7<=h<=7, -

4<=k<=4, -

7<=l<=4 

-7<=h<=7, -

7<=k<=6, -

7<=l<=7 

Reflections 

collected 

4933 787 1794 507 1500 

Independent 

reflections 

70 [R(int) = 

0.4355] 

107 [R(int) = 

0.9681] 

74 [R(int) = 

0.5778] 

69 [R(int) = 

0.4153] 

70 [R(int) = 

0.5472] 

Completeness 

to  = 25.242° 

100.0 % 98.2 % 100.0 % 100.0 % 100.0 % 

Refinement 

method 

Full-matrix 

least-squares 

on F2 

Full-matrix 

least-squares 

on F2 

Full-matrix 

least-

squares on 

F2 

Full-matrix 

least-squares 

on F2 

Full-matrix 

least-squares 

on F2 

Data/restraint

s/parameters 

70 / 0 / 9 107 / 0 / 8 74 / 0 / 8 69 / 0 / 5 70 / 0 / 5 
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Appendix I Fig. 8.  After the conversion of the THz electric field to FFT spectra, the 

obtained (a) THz amplitude, (b) phase, (c) frequency spectra in dB, (d) Lorents fits of data 

points from THz amplitude shown in (a),  for transmittance (T) @ 0o,(upper row), T@ 45o 

(middle row), reflection @ 45o from reference and perovskite single crystals, respectively. 

The legend is shown in (b, middle panel), applicable to all panels; Black: solid line, red: solid 

line, green: double line, blue: thick-thin line, wine: thin-thick line, and magenta: triple lines 

corresponding to reference pulse, for Singles crystals MA, MA-CB, MA-PEA, MA-PXA and 

MA-API. The Y-axis labels are shown on top of each column after the Fig. labels (a),(b),(c) 

and (d).   
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Appendix I Fig. 9. (a)-(e)The vertical representation of harmonic spectra of SCs. The spectra 

were recorded for time duration. The plasma plumes are produced by nanoseconds heating 

pulses at a fixed position on the surface of SCs. 
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Appendix I Table  4 First and second ionization potentials for chemical elements present in 

single crystals. 

Single crystal  Molecular formula Elements Ionization potential 

(eV) 

 

I  II 

MA CH3NH3PbBr3
 C 11.26  24.38  

H 13.59  - 

N 14.53  29.60  

Pb 7.41  15.03  

Br 11.81  21.80 

MA-CB CH3NH3PbBr3:C5H14BrNO O 13.61  35.11  

MA-PEA CH3NH3PbBr3:C8H12ClN Cl 12.96  23.81  

MA-PXA CH3NH3PbBr3:C8H14Cl2N2 *   

MA-API CH3NH3PbBr3:C5H14Cl2N2 *   
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Appendix II 

 

Appendix II Fig. 1. Optical images of (a) control and (b) modified SC (c) Powder X-ray 

diffraction (PXRD) pattern SC of both the. 

 

Appendix II Fig. 2. (a) Current-Voltage characteristics of both the crystals at 575 Wm-2 

illumination (b) Photocurrents of both the crystals as a function of illumination intensity  
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Appendix II Fig. 3. SEM images of (a) Control and (b) modified SCs. Scale bar 20μm. 

 

Appendix II Fig. 4. Nyquist spectra as a function of illumination for (a) Control and (b) 

Modified crystals recorded in the frequency range of 1 MHz to 1Hz. 



Appendix III                                                                238 

 

 

University of Hyderabad  Sarvani Jowhar Khanam 

 

Appendix II Fig. 5 HRMS data of modified crystal High-resolution mass spectrometry 

(HRMS) data. Molecular ion peak [M+H+] at 174.0611 related to API (3-Aminopiperidine 

dihydrochloride). 
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Appendix III 

Appendix III Table 1 Literature Review 

S.No  Year 
Growth 

Method 

Additives 

used 

Perovskite material 

used 
Application Ref 

1.  2015 ITC  MAPbBr3−XClX  PD 

(1)  

2.  2016 ITC _ CH3NH3PbI3(Cl) 
Optoelectronic 

Devices 

(2)  

3.  2018 ITC  CH3NH3PbI3−xBrx _ 

(3)  

4.  2019 ITC  MAPbBr3−XClX  Scintillation 

(4)  

5.  2020 ITC _ MAPbBr3−XClX  _ 

(5)  

6.  2020 ITC _ MAPb(Br1−XClX)3 

Electrical 

Properties 

(6)  

7.  2020 ITC _ 
MAPbBr3−XClX 

 

Γ-Ray Responses. 

(7)  

8.  2021 
Bridgma

n 
 

CsPbBr3−3nX3n (X = Cl, 

I) 
X-ray  

(8)  

9.  2021 ITC _ 
(FAXMAyCs1-x-

y)Pb(IzBr1-z)3 
Solar cell  

(9)  

10.  2022 ITC _ CH3NH3Pb(BrxI1−x)3 PD 

(10)  

11.  2023 ITC _ CH3NH3(Br1−XClX)3 _ 

(11)  
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12.  2023 ITC 
CB, PEA, 

PXA, API 
MAPb(Br1−XClX)3  HHG study This work 

 

 

 

Appendix III Table 2 Comparative study of MHPSCs TRPL decay profiles. 

MHPSCS  (ns) 

MH 0.37 

MH-CB 1.51 

MH-PEA 0.84 

MH-PXA 0.63 

 MH-API 0.56 

 

Appendix III Fig. 1 (a) PL spectra recorded with 488 nm laser and (b) EDX data representing 

elemental weight % correspond to MH, MH-CB, MH-PEA, MH-PXA, and MH- 

Appendix III Fig. 1. (a) PL spectra recorded with 488 nm laser and (b) EDX data 

representing elemental weight % correspond to MH, MH-CB, MH-PEA, MH-PXA, and MH-

API, respectively. 
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Appendix III Fig. 2 (a-e). Comparative study of MHPSCs thermodynamic properties of 

phase one (P1) and two (P2) transformations. 
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Appendix IV 

  

 

Appendix IV Table 1 The following table represents the elemental ratios extracted from the 

EDX data. 

SCs 

N : Pb : Br : Cl 

(Calculated) 

N : Pb : Br : Cl 

(Observed) 

MH 1 : 1: 2.8 : 0.2 1.3 : 1 : 2.8 : 0.3 

MH-PEA 1.02 : 1 : 2.8 : 0.21 1.4 : 1 : 3.1 : 0.4 

MH-PXA 1.03 : 1 : 2.8 : 0.22 1.2 : 1 : 3 : 0.3 

Appendix IV Fig 1. The EDX weight % values of the modified and pristine MHSCs. 
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Appendix IV Fig 2. The p-XRD pattern of the modified and pristine MHSCs, (a-c) single 

crystal (SC) and (d-f) powder samples. 
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Appendix IV Fig 3. (a-c) The calculated microstrain parameters from powder XRD data of 

each MH, MH-PEA, and MH-PXA SCs. 
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Appendix IV Fig 4. FT-IR spectra, changing vibrational modes with respect to additives in 

the modified MHSCs from 1000 to 600 cm−1. 
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Appendix IV Fig 5. The THz electric field of THz amplitude, phase and frequency spectra in 

dB (a-c) for reference pulse, (d-f) for single crystals transmission at 0o, (g-i) transmission at 

45o, and (j-l) reflection at 45o, respectively. The legends used for all the subgraphs in this Fig. 

are the same (Solid Wine: Reference THz pulse, Simple Black: MH, Double Red: MH-CB, 

Thick-Thin Blue: MH-PEA, Thin-Thick Magenta: MH-PXA, Triple Olive: MH-API). 
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Appendix V 

Stability Enhancement and Pronounced Three-photon 

Absorption in SrCl2-doped FAPbBr3 Nano Crystals  

 

Appendix V Fig. 1. (a-c) Elemental mapping of Cl (top panel) and Sr (bottom panel) ions 

for doped sample from left to right and accordingly labels at the top of each image. 
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Appendix V Fig. 2. The calculated microstrain parameters from powder XRD data of each 

sample; labels are at the top of each sample image, respectively. 
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Appendix V Fig. 3. (a-d) HR-TEM images and SAED pattern (below) patterns for each 

sample are illustrated from left to right, and labels are at the top of each sample image. 
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Appendix. I Fig. 1Fig. S4Distribution box plot represents the four samples repeated experimental values of (a) 

bandgap and (b) PL. 

Appendix V Fig. 4. Distribution box plot represents the four samples repeated experimental values of (a) 

bandgap and (b) PL. 
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Appendix V Fig. 5. (a) OA data for toluene (solvent) (b) CA data for toluene. Red lines in 

both OA and CA data represent the fitted curves, while the open hexagons represent the 

experimental data. 
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