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ABSTRACT 

 

Charge Carrier Dynamics at the Interface of Semiconductor Nanocrystals  

Ghada H. Ahmed 

 
Understanding and controlling the ultrafast charge carrier and exciton dynamics at the interface 

of semiconductor nanocrystals (NCs) offer an excellent opportunity to improve the charge 

collection and the overall performance of many optoelectronic and energy-based devices. In this 

dissertation, we study how interfacial engineering of these materials can have a direct influence 

on controlling the charge transfer and the nonradiative losses in different donor-acceptor 

systems. The first introductory chapter provides an overview of all the fundamental 

photophysical processes controlling the interfacial phenomena. Then, the second chapter 

highlights all the chemicals and synthesis methods employed during this thesis. The subsequent 

two chapters discuss the detailed experimental studies and observations related to different 

materials and interfaces. First, it describes how we can dramatically tune the intersystem crossing 

(ISC) rate, the triplet state lifetime, turn on/off the electron injection at the CdTe-Prophyrin interface 

via tuning either the quantum dot size or the porphyrin molecular structure. Also, how the 

intermolecular distances, electronic coupling, and subsequently, the photoinduced charge 

transfer can be controlled by the interfacial electrostatic interactions at CdTe-Fullerene 

interfaces. Second, due to the promise that of perovskite NCs holds for improving many solar cell 

and optoelectronic applications, chapter 3 highlights the tremendous effect that the shape of 

perovskite nanocrystals has on the rate and the mechanism of charge transfer at the MAPbBr3-
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TCNE interface. Besides, it demonstrates how the confinement effect brought by changing the 

dimensionality influence the charge transfer dynamics at the MAPbBr3-BQ interface. Finally, it 

explains how the effective passivation of the surface defects and the subsequent suppression of 

the formation of surface nonradiative recombination centers in CsPbCl3 NCs controls the 

photoluminescence quantum yield and the photodetector performance.  
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CHAPTER 1: INTRODUCTION 
 

1. 1 Nature of Light 
 

After traveling almost 150 million kilometers through space, solar energy reaches the Earth in 

the form of radiation or “light”. The sun transforms 120 million tons of its mass into 

electromagnetic radiation every minute into our space. Only one billionth of that enormous 

radiation reaches the Earth.1-2 The sun is the ultimate source of all energy that sustains life on 

Earth. Through photosynthesis, the sun gives energy to the green plants that supply the food and 

oxygen.3 Our fundamental understanding of the nature of light has been very controversial in the 

past few centuries between two contradictory points of view.4 It was debatable whether the light 

consists of particles or waves. In the 16th century, Newton’s mechanistic view prevailed that light 

is being made up of small particles. By the early 18th century, Young and Fresnel’s experiments 

introduced the interference effect in light beams, showing that light was made up of waves. By 

late of the 18th century, Maxwell’s theories of electromagnetic radiation were introduced, and 

the light was admitted to be part of a broad spectrum of electromagnetic waves with different 

wavelengths. Then, in the 19th century, the introduction of quantum mechanics by Einstein 

revolutionized the picture once again and solved this apparent paradox by the introduction of 

the photoelectric effect, assuming that light consists of discrete energy packets or quanta called 

“photons.”4 Nowadays, this compatible nature of light is well accepted, as light can behave as a 

stream of particles or as a wave.5 It is referred to such phenomenon as the “particle-wave duality” 

and it is summarized by equation (1.1).6   
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 𝐄 = 𝐡𝛎 = 𝐡𝐜/𝛌 (1. 1) 

Equation (1) shows that the photon energy (𝐸, in Joules) is directly proportional to the radiation 

frequency (𝜈) (i.e., inversely proportional to the wavelength, 𝜆). The proportionality constants 

are ℎ, the Planck's constant (ℎ =6.63 × 10−34 𝐽 𝑠) and 𝑐, the velocity of propagation or speed of 

light (𝑐 = 3 × 108 𝑚 𝑠−1 in a vacuum).7-8 

Today, the term "Light" refers to electromagnetic radiation (EMR) that spans over the entire 

spectral range from the far-ultraviolet (UV), followed by visible light (VIS) up to the near-infrared 

(NIR) spectral region.9 The visible region corresponds to wavelengths between 400 and 760 nm 

(the only part accessible to the human eye), the high energy ultraviolet (UV) portion spreads from 

200 to 400 nm and the near-infrared (IR) region, spans from 760 to 2500 nm, as shown in Figure 

1.1. As indicated, most of the electronic transitions in the atom occur mostly in the VIS and the 

UV region. However, vibrational transitions occur in the IR region. Our focus in this thesis will be 

mainly on the ultraviolet UV and VIS regions of interactions. 
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Figure 1. 1 Schematic illustration displays the electromagnetic spectrum at different regions as a 

function of frequency and wavelength. The visible light covers a small portion of the entire range 

of EMR, which spans from the high-frequency gamma rays to the very low-frequency radio 

waves.  

 

1. 2 Absorption of Electromagnetic Radiation  
 

The absorption of electromagnetic radiation needs two essential requirements:  a) photon 

energy (hν) that matches the energy gap between two quantum states, and b) a coupling 

mechanism between the EMR and the transition between those states. The energy match is given 

by equation (1.2)8: 

 ∆𝑬 = 𝑬𝟐 − 𝑬𝟏 = 𝐡𝛎 = 𝐡𝐜/𝛌 (1. 2) 



20 
 

where 𝐸1 and 𝐸2 are the energies of both the lower and higher energy states, respectively.  ∆𝐸 

is the energy difference between those two quantum states,  ℎ is the Planck’s constant, 𝑐 is the 

speed of light, 𝜈 is the light frequency, and 𝜆 is the wavelength of the absorbed light.  

This energy-matching criterion is crucial for light absorption, and if not met, the light photons will 

not be absorbed, and the material will either transmit, reflect, or scatter the excitation light. For 

monochromatic radiation, the extent of light absorption varies enormously from one substance 

to another, where the probability of light absorption is being designated by the molar absorption 

coefficient (𝜀). As light is being absorbed, the intensity of the light incident on the substance, 𝐼0 

is higher than the intensity of the transmitted light 𝐼𝑡. Hence, Beer Lambert’s law is used to 

describe the exponential relationship between the relative absorption (𝐼0/𝐼𝑡), the concentration 

(𝑐) and the path length (𝑙) of the absorbing material as follow: 

 𝑰𝒕 𝑰𝟎⁄ = 𝟏𝟎−𝜺𝒄𝒍 (1. 3) 

using log10This gives: 

 𝐀 = 𝐥𝐨𝐠𝟏𝟎(𝑰𝒕 𝑰𝟎⁄ ) = −𝜺𝒄𝒍  & 𝐥𝐨𝐠𝟏𝟎(𝑰𝟎 𝑰𝒕⁄ ) =  𝜺𝒄𝒍   (1. 4) 

Where log10(𝐼𝑜 𝐼𝑡⁄ ) is the absorbance (A), or the optical density (OD), and it linearly varies with 

both the concentration and the optical path length.8  

1. 3  Light-Matter Interactions 

As a result of the interaction of light and matter, solar energy or radiation is converted into useful 

energy forms employing photophysical and photochemical reactions. When a beam of light 

passes through a matter, several processes can take place, and the foremost initial step in all the 
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photosensitization reactions is the absorption of light by a chromophore. It can be described by 

a very general form as in (equation 1.5).6 

 𝑨 + 𝒉𝝂 = *𝑨 (1. 5) 

Where ℎ𝜈 is the energy of the absorbed photon and 𝐴 and *𝐴  are the ground state and excited 

state molecule, respectively.8 

1. 4 Excited-state Relaxation Processes 

Once a molecule is promoted (excited) to the excited-state by photon absorption, it immediately 

loses the excess energy and undergoes several deactivation (dissipative) pathways to the ground-

state configuration via photophysical or photochemical reactions.8 The reason for such behavior 

is that the excited states are short-lived transients. Therefore, if the excited molecule relaxes 

back to the ground-state, then, the dissipative process is photophysical. However, if this decay is 

accompanied by the formation of a new molecular species, then the dissipative process is 

photochemical in nature.6  Generally, the photophysical relaxation processes are classified as 

radiative transitions, which involve the release of EMR as the excited molecule returns back to 

the ground state, i.e., (fluorescence and phosphorescence); or nonradiative transitions, where 

the deactivation process implies that no emission of EMR accompanies the deactivation process, 

i.e., (vibrational relaxation, internal conversion, and intersystem crossing).6-8, 10-11 However, an 

example of the excited-state deactivation via photochemical processes includes (static and 

dynamic quenching, photoinduced electron transfer, energy transfer, proton transfer or 

isomerization processes).  Figure 1.2 below summarizes most of the photophysical and 

photochemical processes.  
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Figure 1. 2 Different deactivation processes of the excited state. 

 

Now, we will focus on the basic photophysical deactivation processes.  Jablonski diagram is used 

to illustrate the properties of excited-states and their relevant photophysical relaxation 

processes. It represents the energy and the molecular electronic states which are typically singlet 

(𝑆0, 𝑆1, … 𝑆𝑛) and triplet states (𝑇1, … 𝑇𝑛).5-7, 10, 12-13 The primary electronic states of the molecule 

are represented by bold horizontal lines as depicted in Figure 1.3. For ease, the vibrational levels 

are only included for 𝑆0 to 𝑆𝑛  or 𝑇𝑛  and represented by thin horizontal lines. Also, for clarity, the 

radiative transitions are indicated by straight vertical arrows, while the wavy horizontal lines 

represent the non-radiative transitions. It worth noting that, the ground state (i.e., the least 

energetic state) of a fluorophore is typically singlet 𝑆0 state. The first excited singlet and triplet 

state are denoted, respectively with S1 and T1 while higher energy states are  𝑆2  and 𝑇2 . 

As shown here, by increasing the energy, the energy gap between the electronic states decreases. 

For such reason, the triplet state is always less in energy and more stable than the corresponding 

singlet state as defined by “Hund’s Rule”.5  
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Figure 1. 3 Jablonski diagram and the fate of the excited state processes. The left side represents 

an example of absorption, fluorescence, and the phosphorescence spectra of TRP-BP adapted 

from reference14. 

The singlet states have a special property that the spins of the electrons are usually paired, 

meaning that for every electron with an ‘up’ spin (𝑆 =  + 1 2⁄  ) there is an electron with a ‘down’ 

spin (𝑆 =  − 1 2⁄ ). The name “singlet” comes from the fact that the singlet states have spin 

multiplicity equal to 1. The spin multiplicity is defined by (𝑀 =  2𝑆 +  1), and 𝑆 is the total spin 

number (the sum of all individual spins). For a singlet state, 𝑆 =  0 and hence 𝑀 =  1. The triplet 

state molecules, however, have an unpaired spin configuration with 𝑆 =  1 and 𝑀 =  3 (hence 

the name triplet).5, 13 The electronic transitions between both the singlet and triplet states are 

considered to be “quantum mechanically forbidden”. It would mean that they have a very low 

probability of occurring. By considering “Pauli’s exclusion principle” which states that: “two 
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electrons cannot have exactly the same quantum numbers” as the electrons in the electronic 

ground state are usually paired (+ 1 2⁄ , − 1 2⁄ )”, the highest occupied molecular orbital (HOMO) 

cannot be filled by two electrons with the same spin (both down or both up).5, 10, 13 Also, it is very 

difficult that an electron in the lowest occupied molecular orbital (LUMO) of the triplet state 

molecule would simultaneously flip its spin and relax to the HOMO. So, the radiative relaxation 

from the 𝑇1 to 𝑆0  state (via phosphorescence) is therefore quite difficult, and thus, the triplet 

state is very stable (typical lifetimes are in the order of microseconds, seconds, or even longer). 

In general, the absorption of a photon is a very fast process that takes place in one femtosecond 

(𝑆0 − 𝑆𝑛 ). After the photon absorption, the fluorophore is promoted most likely in a higher 

vibrational energy level of the 𝑆1  state. This process occurs because of the Frank-Condon 

principle, which requires an inevitable “overlap between the vibrational wave functions of the 

two electronic states for a transition to occur between them”. Once it reaches the 𝑆1  state, it 

takes only sub-to few picoseconds before the fluorophore relaxes back to the lowest vibrational 

level of 𝑆1  through heat or energy dissipation. This energy dissipation (before the emission of a 

photon)”, represents the difference in energy between the excitation/absorbed photon and the 

emitted photon (Stokes shift). The lifetime of the 𝑆1  state is usually in the range of nanoseconds. 

Thus, because of the large energy difference between 𝑆1 and 𝑆0  states, the relaxation via heat 

dissipation is less probable and takes a longer time than the vibrational relaxation.3, 5  

Internal conversion (IC) is a process that involves the transition to a state of the same spin 

multiplicity. Whereas intersystem crossing (ISC), represents the transition to a state of different 

spin multiplicity. IC vibrational relaxation is usually very fast from 𝑆𝑛 𝑡𝑜 𝑆1 𝑜𝑟 𝑆1 𝑡𝑜 𝑆0, and 

from 𝑇𝑛 𝑡𝑜 𝑇1 , following Kasha’s rule stating that—"the emission occurs from the lowest excited-
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state of a given multiplicity”.5-7, 10 Therefore, the non-radiative processes rate rapidly decrease 

as the energy gap between the two electronic states increases. Also, according to the “energy-

gap law”, the nonradiative processes are slower between states with large energy differences 

and are faster between states with close energy difference.6 Figure 1.3 (left side) shows an 

example of the typical absorption, fluorescence, and phosphorescence spectra adapted from 

reference14 and highlighting the relevant electronic transitions between states. 

In this thesis, we greatly focus on some of these photophysical and photochemical processes. 

Figure 1.4 below summarizes in (orange color) the time scale and the relevant photochemical or 

photophysical processes discussed within this thesis. 
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Figure 1. 4 The time scale and the related photochemical or photophysical processes. 

 

1. 5 The Rate of the Excited-state and the Quantum Yield  

The intramolecular photophysical processes that can take place from 𝑆1 state are fluorescence, 

intersystem crossing, and internal conversion.8, 15 By applying a standard solution of the first-

order chemical kinetics, the decay rate of the excited-state 𝑆1 molecules, 𝐾𝑡𝑜𝑡𝑎𝑙  is given by: 

 
𝑲𝒕𝒐𝒕𝒂𝒍 = −

𝒅[𝑺𝟏]

𝒅𝒕
= (𝑲𝒓𝒂𝒅 + 𝑲𝒏𝒐𝒏−𝒓𝒂𝒅)[𝑺𝟏] = 𝑲𝒕𝒐𝒕𝒂𝒍[𝑺𝟏] 

(1. 6) 

where the negative sign (−) indicates that the excited-state 𝑆1 decays with time, or in other 

words, (its concentration decreases with time) and K𝑟𝑎𝑑 and K𝑛𝑜𝑛−𝑟𝑎𝑑 are the radiative and the 



27 
 

nonradiative recombination rates, respectively. The solution of this equation gives the 

exponential decay form of the transient excited-state molecule 𝑆1: 

 [𝑺𝟏]𝒕 = [𝑺𝟏]𝟎 𝒆𝒙𝒑(−𝒕 𝝉)⁄  (1. 7) 

where [𝑆1]0 and [𝑆1]𝑡 are the concentration of the excited-state molecule 𝑆1 at time 𝑡 =

 0  (right after the excitation pulse) and at time 𝑡, respectively. And, 𝜏, is the excited singlet-state 

lifetime of S1, which represents the average lifetime the electron spends in the excited-state 

before returning back to the ground-state.16 

when  𝑡 = 𝜏: 

 
[𝑺𝟏]𝒕 = [𝑺𝟏]𝟎 𝐞𝐱𝐩(−𝟏) = [𝑺𝟏]𝟎 𝒆⁄  

(1. 8) 

Thus 𝜏 is given by the time required for 𝑆1 concentration to decrease 1 𝑒⁄   of its original value, 

where 

 𝟏
𝒆⁄ = 𝟎. 𝟑𝟔𝟕𝟗 ≈ 𝟑𝟔. 𝟖% (1. 9) 

From above, the radiative lifetime of the singlet state is given by: 

 
𝝉𝟎 =

𝟏

𝑲𝒓𝒂𝒅
 

    (1. 10) 

Also, similarly, the excited singlet-state lifetime: 

 
𝝉 =

𝟏

(𝑲𝒓𝒂𝒅 + 𝑲𝒏𝒐𝒏−𝒓𝒂𝒅)
=

𝟏

𝑲𝒕𝒐𝒕𝒂𝒍
 

    (1. 11) 

 

Sometimes a more practical quantity can be used: the half time 𝑡1 2⁄ , where half of the population 

has already decayed. In the case of a monoexponential process, the time constant and the half 

time are related by the relationship: 
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 𝒕𝟏/𝟐 = 𝛕𝟎  𝐥𝐧 𝟐 (1. 12) 

Now, the fluorescence quantum yield (Φ) is defined by the rate of fluorescence, 𝐾𝑟𝑎𝑑 , divided 

by the rate of absorption, 𝐾𝑎𝑏𝑠:8 

 
𝜱 =

𝑲𝒓𝒂𝒅

𝑲𝒂𝒃𝒔
 

(1. 13) 

Under conditions of illumination, the rate of formation of excited state molecules 𝐴∗ is going to 

be equal to the rate of deactivation by the intramolecular processes: 

 𝑲𝒂𝒃𝒔 = 𝑲𝒕𝒐𝒕𝒂𝒍 (1. 14) 

Therefore, 

 
𝜱 =

𝑲𝒓𝒂𝒅

𝑲𝒓𝒂𝒅 + 𝑲𝒏𝒐𝒏−𝒓𝒂𝒅
 

(1. 15) 

 

It should be noted that the rate of the radiative and nonradiative decays can be calculated from 

the 𝛷 and the 𝜏𝑎𝑣𝑒𝑟. Since the 𝛷 can also define the radiative recombination and the total 

recombination, as explained earlier. Thus, the average lifetime can also be represented by the 

inverse of the total recombination as follow: 

 
𝝉𝒂𝒗𝒆𝒓 =

𝟏

𝑲𝒓𝒂𝒅 + 𝑲𝒏𝒐𝒏−𝒓𝒂𝒅
 (1. 16) 

Where τ𝑎𝑣𝑒𝑟 could be extracted and calculated from the time-resolved PL decay fitting. Thus, the 

radiative and nonradiative recombination rates can be calculated. In this thesis, most of the 

decay lifetime of the samples used showed multiexponential function that can be fitted with bi-

exponential or tri-exponential fitting relation: 
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 𝑰(𝒕) = 𝑨𝟏. 𝒆𝒕 𝝉𝟏⁄ + 𝑨𝟐. 𝒆𝒕 𝝉𝟐⁄ + 𝑨𝟑. 𝒆𝒕 𝝉𝟑⁄ + ⋯ (1. 17) 

In which 𝐴1, 𝐴2, 𝐴3 are the amplitudes of each a series of components and 𝜏1, 𝜏2 and 𝜏3 are the 

corresponding lifetime constants. 

And the τ𝑎𝑣𝑒𝑟 can be calculated as follow,  

 
𝛕𝒂𝒗𝒆𝒓 =

(𝑨𝟏𝝉𝟏 + 𝑨𝟐𝝉𝟐 + 𝑨𝟑𝝉𝟑 + ⋯ )

(𝑨𝟏 + 𝑨𝟐 + 𝑨𝟑 + ⋯ )
 

(1. 18) 

Therefore, we calculate the radiative and non-radiative recombination rates in this thesis using 

the following relation: 

 
𝑲𝒓𝒂𝒅 =

𝜱

𝝉𝒂𝒗𝒆𝒓
 

(1. 19) 

And 

 
𝑲𝒏𝒐𝒏−𝒓𝒂𝒅 =

𝟏 − 𝜱

𝝉𝒂𝒗𝒆𝒓
 

(1. 18) 

 

1. 6 Excited-state Quenching 

Apart from the photophysical processes highlighted in the previous section, the excited-state 

lifetime can also be quenched or shortened by other complex quenching processes. The term 

“quenching” generally refers to the photochemical excited state reactions that result in short-

lived photoproducts.6-7It is worth mentioning that the quenching processes can either be 

unimolecular (only the excited molecule is involved) or bimolecular, which involve (interactions 

with other molecules).6-7, 17 For bimolecular quenching reactions, static and dynamic quenching, 
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excitation energy transfer and photoinduced electron transfer may occur. In this thesis, we focus 

on these quenching processes, as highlighted in red in Figure 1. 2, in the next section. 

1. 6. 1 Static and Dynamic  

In bimolecular systems, it is required that both the donor and the acceptor are at a certain 

reacting distance.5 For static quenching to occur, both the donor and the acceptor should be 

close enough at the moment of photoexcitation. To facilitate such a condition, it is required that 

the quencher concentration [𝑄] must be very high in the solution, and a ground-state complex 

will accordingly be formed between 𝐴 and 𝑄.14, 17 However, for dynamic quenching or also called 

collisional quenching, the diffusion is introduced to the picture. Quenching takes place as the 

𝑄 molecule diffuses into the quenching volume of 𝐴∗. Thus, the quenching in both cases will lead 

to a decrease in the luminescence intensity (i.e., fluorescence or phosphorescence), which is 

related to the quencher concentration [𝑄] as expressed by the “Stern–Volmer” equation (1.21): 

From this, the Stern-Volmer expression gives the ratio of the fluorescence characteristics without 

and with the quencher in terms of [𝑄], where 𝐾𝑆𝑉  is Stern-Volmer constant.5-8, 15, 17 

 𝑰𝒐 𝑰⁄ = 𝟏 + 𝑲𝑺𝑽[𝑸] (1. 19) 

𝐾𝑆𝑉 can be easily extracted from the slope after linearly plotting the (𝐼𝑜 𝐼⁄ ) ratio as a function of 

the concentration [𝑄]. It must be kept in mind that in some cases especially at high quencher 

concentrations, both static and dynamic quenching can co-occur, where some 𝐴∗ molecules have 

to interact with the quencher right after excitation, while others are being diffused in solution. 

In such a case, the typical Stern-Volmer plot will display an upward curvature at high [𝑄] instead 

of a linear line. 
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1. 6. 2 Energy Transfer (ET) 
 

Another important quenching process is via energy transfer reactions.5, 10, 15 As by definition, 

energy transfer occurs via transferring energy from the donor to the acceptor, which has an 

energetically lower excited state. This energy transfer reaction can occur in a radiative or 

nonradiative manner. Radiative energy transfer is a simple process that occurs when the acceptor 

(A) absorbs a photon that was emitted by the excited-state donor (D*). However, in the 

nonradiative energy transfer, two different models can occur. The first model is based on a 

singlet-energy transfer mechanism (dipole-dipole Förster mechanism), that requires a coupling 

between the transition dipole moments of both the donor and acceptor. While the second model 

is via a double electron exchange mechanism (Dexter), where an electron is transferred from the 

HOMO of the acceptor to the HOMO of the excited donor, and meanwhile, an electron is 

transferred from the LUMO of the donor to the LUMO of the acceptor. For efficient energy 

transfer reactions to occur, not only the distance between the donor and acceptor must be close 

enough, but also the spectral overlap between the emission of the donor and the absorption of 

the acceptor is another essential requirement.5, 15   

1. 6. 3 Photoinduced Electron Transfer (PET) 
 

Photoinduced electron transfer (ET) is one of the most fundamental and straightforward 

photochemical phenomena that occur without breaking or forming of any chemical bonds at an 

ultrashort time scale.18-19 It involves a transfer of an electron from a donor to an acceptor. As 

shown in Figure 1.5, upon photoexcitation of the donor, absorption occurs and an electron is 

promoted from its HOMO to its LUMO forming a charge-separated state (CS) or fragmented 
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radical ion pairs. The positively charged radical cation represents the donor and the negatively 

charged radical anion represents the acceptor.20-21 Then, the charge-separated state 

relaxes/decays to the ground state via charge recombination (CR). According to this concept, PET 

can be classified as a quenching or non-radiative deactivation pathway.  

 

Figure 1. 5 Schematic illustration of the photoinduced electron transfer (PET) process. 

 

1. 7 The Theory of Electron Transfer 

Since the 1940s, the PET phenomenon has been subjected to various theoretical and 

experimental studies. But, due to very fast electron transfer rates, the kinetic investigations were 

inaccessible for a long period of time. Then, with the development of fast experimental 

techniques (i.e., pulsed laser spectroscopy), a better connection between theory and experiment 

was achieved.18 The PET theory was developed from the 1950s to the 1960s by several 

independent scientists. The core contribution to the electron transfer theory comes from the 
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Marcus model that set the stage for a notable series of experiments that chart the dynamics of 

PET in homogeneous solution, the solid-state, and organized assemblies.21-25 In Marcus model, 

harmonic oscillator approximation and Eyring’s transition state theory treats the electron 

transfer reactions.23 In Eyring’s theory, the donor and the acceptor are strongly coupled, forming 

an active complex. However, in Marcus theory, the donor and the acceptor are weekly coupled 

and must preserve their original forms and the reorganization of the environments, the solvent, 

and the ligands create a geometrically favorable situation before the electron transfer process. 

 

Figure 1. 6 PET can be studied based on understanding the harmonic potential-energy surfaces 

of the ground state (𝐷𝐴), the excited state (𝐷𝐴∗), and the charge-separated state (𝐷+𝐴−, product 

state) along with the reaction coordinate. In the Marcus approach, the free energy of a reacting 

system is represented as a function of nuclear geometry on the horizontal axis. The initial step is 

the photoexcitation and promotion of D and A couple to the excited state by a vertical transition 

(Franck-Condon), and this step rapidly undergoes equilibrium. The electron transfer takes place 
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at the crossing point between the equilibrated excited-state surface of the reactant (𝐷𝐴∗) and 

the product state (𝐷+𝐴−). ∆𝐺0 here expresses the driving force, 𝜆  is the total reorganization 

energy and ∆𝐺#corresponds to the energy difference between the minimum point on the 

excited-state and the point of intersection (as modified from reference 23). 

The potential energy surfaces where the electron transfer process occurs can be represented by 

a simple two-dimensional intersecting parabolic curves as depicted in Figure 1.6.23 These 

potential energy surfaces quantitatively relate the rate of electron transfer to the reorganization 

energy (λ) and the free energy changes for the electron transfer process (∆𝐺0) and activation 

energy ((∆𝐺#). Following the definition, ∆𝐺# is the free energy of activation, which is the free 

energy needed to reach the transition state (#). λ is the reorganization energy, which 

corresponds to the total reorganization of the donor, acceptor, and solvent molecules during 

electron transfer. ∆𝐺0, is a measure of the driving force of the overall process and it represents 

the free energy difference between the equilibrium configuration of the reactant (𝐷𝐴∗) and 

product states (𝐷+𝐴−).  

The crossing rate of the transitional state is the Arrhenius function of the activation energy (∆𝐺#) 

along with pre-exponential factors which are the frequency (𝜈𝑛) of nuclear motion passing 

through transition state and the crossover transmission probability (𝑘𝐸𝑇). Thus, the rate of 

electron transfer can be expressed by:  

 𝑲𝑬𝑻 = 𝒌𝑬𝑻 𝝂𝒏 𝐞𝐱𝐩 (
−∆𝑮#

𝑲𝒃𝑻
) (1. 20) 

where 𝜈𝑛 is the vibrational frequency of  the transition state, 𝑘𝐸𝑇 is the electronic transmission 

factor, 𝐾𝑏 is Boltzmann constant, T is temperature and ∆𝐺# is the Gibbs free energy of activation. 

∆𝐺#  can be expressed by the Marcus relationship as: 
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 ∆𝑮# =
−(∆𝑮𝟎 + 𝝀)𝟐

𝟒𝝀
 (1. 21) 

The reorganization energy, , can also be expressed as the sum of energy involved in solvation 

and vibration as, 𝜆 = (𝜆𝑠 + 𝜆𝑣). Equation 1.22 suggests that the electron transfer rate depends 

on the reorganization energy along with the change in free energy (∆𝐺0). Based on the values of 

both the  and ∆𝐺0 the electron transfer process can be recognized in three different regions as 

illustrated in Figure 1.17.  

• A normal region of electron transfer, where (𝜆) is greater than the thermodynamic driving 

forces (−∆𝐺0). In this case, the electron transfer rate increases with increasing the value −∆𝐺0. 

• An activationless/ barrier less region (so-called because (−∆𝐺# = 0); in this case, the change 

in the thermodynamic driving force has a negligible effect on the electron transfer rate. 

• An inverted region where the value of the (−∆𝐺0) is greater than the value of . So, the rate 

of electron transfer decreases with increasing the value thermodynamic driving force −∆𝐺0 .  
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Figure 1. 7 Marcus theory predictions of the relation between the rate of the electron transfer 

and the thermodynamic driving force (−∆𝐺0) highlighting the three different regimes. 

 

In a donor and acceptor system, the strength of electronic coupling indicates if the ET reaction is 

adiabatic or non-adiabatic in nature.18 For example, in the non-adiabatic reaction, the electronic 

coupling is weak, i.e., HAB, the electronic coupling matrix is small compared to the reorganization 

energy, and donor and acceptor retain their original forms as shown in Figure 1.8. Oppositely, in 

the adiabatic case, the coupling is significant and the gap of 2 𝐻𝐴𝐵 is larger, therefore the system 

stays on the lower potential energy curve. Marcus theory as, highlighted above, represents the 

non-adiabatic condition. 



37 
 

 

Figure 1. 8 Energy diagram of the electronic coupling matrix HAB of a typical electron transfer 

reaction.   

 

By solving this, one reaches at the fundamental equation of Marcus theory (for non-adiabatic or 

in the week coupling regime)18, 21-25: 

 
𝑲𝑬𝑻 =

𝟐𝝅

ℏ
|𝑯𝑨𝑩|𝟐

𝟏

√𝟒𝝅𝝀𝑲𝑩𝑻
𝒆𝒙𝒑 (−

(𝝀 + 𝚫𝑮𝟎)𝟐

𝟒𝝅𝝀𝑲𝑩𝑻
) 

(1. 22) 

where 𝐾𝐸𝑇 is the electron transfer rate constant and |𝐻𝐴𝐵|  is the electronic coupling matrix 

between the reactant and product states. 

1. 8 Photoinduced Electron Transfer in this Thesis 
 

In the present thesis, we focus on studying the interfacial electron transfer reactions between 

different semiconductor nanocrystals (we will discuss them in the next section) and several 

organic acceptors or molecular adsorbates. In most cases, electron transfer takes place due to a 
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certain coupling between the conduction band (CB) of the semiconductor nanocrystal (NC) and 

the LUMO of the acceptor molecules. The forward electron transfer (ET) occurs from LUMO of 

molecular acceptor to the conduction band of the semiconductor nanocrystals, while the back-

electron transfer (BET) takes place from the CB of the semiconductor NC to the HOMO of the 

organic acceptor. A schematic representation of the ET and BET processes in 

semiconductor/molecular acceptor interface is illustrated in Figure 1.9. 

In the ET process, the reactant state is mostly localized on organic acceptor molecule LUMO, 

while the product state is consisting of continuous states of the conduction band. Therefore, an 

average density of state of the product state is considered for the ET process. Figure 1.9 

demonstrates that for forward ET reaction (from the LUMO level of the acceptor to the CB of the 

NCs), the value of 𝜆 is greater than – 𝛥𝐺𝐸𝑇
0 . Then, the ET rate between these interfaces increases 

with increasing the value of – 𝛥𝐺𝐸𝑇
0  where (– 𝛥𝐺𝐸𝑇

0 = 𝐸𝐶𝐵 − 𝐸𝐿𝑈𝑀𝑂). From this we can conclude 

that this forward ET process is taking place in Marcus' normal region. On the other hand, the BET 

(from CB of the NCs to the HOMO level of the organic acceptor) occurs in Marcus inverted region 

because (– 𝛥𝐺𝐵𝐸𝑇
0 = 𝐸𝐶𝐵 − 𝐸𝐻𝑂𝑀𝑂) and – 𝛥𝐺𝐸𝑇

0  is larger than the reorganization energy value. 

Thus, the rate of BET decreases with increasing the value of change in free energy. Furthermore, 

due to the presence of surface trap states in the NCs, the electrons may be trapped within the 

surface states located below CB edge of semiconductor; as a result the rate BET varies from 

system to system.  
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Figure 1. 9 The electron transfer (ET) and back electron transfer (BET) reactions in semiconductor 

(electron acceptor)/molecular adsorbate (electron donor) system. 

 

1. 9 Interfacial Charge Transfer Dynamics in Light-Harvesting Systems 
 

Understanding and controlling the photophysical and photochemical processes at the interface 

of semiconductor nanocrystals offer an excellent opportunity to improve the charge collection 

and the final performance of many optoelectronic devices like solar cells, photodetectors, and 

light-emitting diodes.26-30 Several donor-acceptor systems have been widely studied considering 

the interface as one of the primary contributors to the mode of operation and functionality of 

any device. In photovoltaics, for example, the overall charge collection occurs following three 

fundamental processes: (a) light absorption and exciton generation in the donor or the acceptor, 

followed by charge carrier migration to the donor-acceptor interface; (b) formation of charge 

transfer (CT) state at the interface; and (c) dissociation of the CT state. These processes can also 
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be expressed by reaction rates as illustrated in Figure 1.10: (i) ( 𝐾𝐸𝑅 ) the rate of exciton 

generation and migration to the interface, (ii) (𝐾𝐸𝐷) the rate of exciton dissociation to CT state 

and (iii) (𝐾𝐶𝑆) the charge separation rate, that competes with the rate of the charge 

recombination (𝐾𝐶𝑅).31-32  

An efficient photovoltaic or light-harvesting device requires that the exciton dissociation occurs 

at a faster rate than the exciton recombination and that charge separation occurs faster than the 

charge recombination process.33 Moreover, there are many factors that may increase the charge 

carrier photogeneration in light-harvesting materials and improve the final charge transfer (CT) 

efficiency at the donor-acceptor (D/A) interface. For instance, (i) the presence of an energy offset 

between the HOMO and LUMO energies of the D and A, (ii) the presence of an appropriate 

distance between the D and A, (iii) the morphology and the molecular structure of the both the 

D and A, (IV) the presence of an electronic coupling between the D and A, and any other 

properties that would provide a driving force for charge separation.34-36 Thus, both the D and A 

should be carefully selected to facilitate the photoinduced electron transfer reaction to occur. 
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Figure 1. 10 Schematic illustrations of interface-related mechanisms in a typical photovoltaic 

device. 

In this dissertation, we focus on studying the interfacial properties and their related excited state 

carrier dynamics in a range of state-of-the-art light-harvesting materials such as quantum dot 

and perovskites nanocrystals. The interfacial phenomena and the excited-state dynamics were 

found to be related to the size, shape, dimensionality, and composition of these materials. A 

short introduction about the materials will be given in the next section before we explain how 

we probe the interfacial processes. 

1. 10 Colloidal Semiconductor Nanocrystals 
 

1. 9. 1 Quantum Dot  
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One of the main characteristic features of semiconductor nanocrystals is the energy gap (𝐸𝑔) 

separating both the valence band (VB) and the conduction band (CB). Also, the bandgap width of 

these materials directly defines the optical absorption and emission bands.37-38 Opposite to bulk 

semiconductors, in relatively small semiconductor nanocrystals (with typical dimensions span 

over 5-10 nm), the bandgap is not only dependent on the composition, but also the particle 

dimensions. This fact arises due to the quantum confinement effect or the spatial confinement 

of both the electron and hole wavefunctions.38-39 The size regime where this confinement effect 

becomes notable is identified as the “quantum confinement regime,” and the NCs that exist 

within this size range are often called “Quantum Dots (QDs).”  

In bulk semiconductors, both the electron and hole are bound together by a Coulomb interaction 

forming a "Mott-Wannier" exciton and where the Bohr excitonic radius is given by:37-38, 40-42  

 
𝒂𝑩 =

ħ𝟐𝜺

𝒆𝟐𝝁𝒆,𝒉
 

(1. 23) 

Where ɛ is the dielectric constant and 𝜇𝑒,ℎ is the reduced effective mass of the electron and hole, 

respectively.  

The Bohr excitonic radius (radius of the exciton) defines the length scale at which quantum 

confinement effects start to become significant and is calculated from its reduced mass (𝑚𝑒𝑥
∗−1 =

𝑚𝑒
∗−1 + 𝑚ℎ

∗−1). In another word, the exciton Bohr radius is defined as  “the length scale at which 

an electron or hole “feels” the walls of the QD as the nanoparticle size is decreased”.40  

Also, for any QD, the Bohr radii can define three quantum confinement regimes: (a) a 

weak confinement regime, in which the QD radius 𝑎 is greater than both the electron and hole 

Bohr radii (i.e., 𝑎 > 𝑎𝐵,𝑒, 𝑎𝐵,ℎ), (b) an intermediate confinement regime, in which 𝑎  is less than 



43 
 

the Bohr radius of one charge carrier, but greater than that of the other (e.g., 𝑎𝐵,ℎ <  𝑎 < 𝑎𝐵,𝑒 ), 

and (iii) a strong confinement regime, in which 𝑎  is less than both the electron and hole Bohr 

radii (i.e., 𝑎 < 𝑎𝐵,𝑒 , 𝑎𝐵,ℎ ).37, 40 

Instead of continuum energy levels in bulk semiconductors, in semiconductor nanocrystals or 

QDs, the quantum confinement effect leads to discrete energy levels as it follows particle-in-a-

box like behavior, see Figure 1.11. 

For a spherical semiconductor nanocrystal surrounded by an infinite potential barrier, the 

electron and hole energy can be expressed by a parabolic approximation as: 

 
𝑬𝒏,𝑳 =

ħ𝟐𝝓𝒏,𝑳
𝟐

𝟐𝒎𝑹𝟐 
 

(1. 26) 

where ħ  is the Planck’s constant and 𝑚 is the particle mass, which can be defined by the effective 

electron (𝑚𝑒) or hole (𝑚ℎ) mass. 𝜙 𝑛,𝐿 values are used to define the quantized states energy 

order that form the following sequence: 𝜋 (𝑛 = 1, 𝐿 = 0), 4.49 (𝑛 = 1, 𝐿 = 1), 5.76 (𝑛 =

1, 𝐿 = 2), 2𝜋 (𝑛 = 2, 𝐿 = 0), etc. So, the resultant states are 1𝑆, 1𝑃, 1𝐷, 2𝑆, etc. See Figure 

1.11; (right side).  
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Figure 1. 11 The electronic states in a bulk semiconductor are represented by a continuous 

conduction and valence band energies separated by an energy gap 𝐸𝑔,0 (on the left). The right 

side displays the discrete atomic-like energy states of a spherical QD of the same material. 

 

In semiconductor QDs, the bandgap energy (𝐸𝑔) is represented by the spacing between the band-

edge of both the electron (1𝑆𝑒) and hole (1𝑆ℎ) levels (see Figure 1; on the right). This bandgap 

energy can be calculated as the sum of the bulk bandgap (𝐸𝑔,0) and the 𝐸1,0 energies of the 

electron and the hole as follow: 

 
𝑬𝒈 = 𝑬𝒈,𝟎 +

ħ𝟐𝝅𝟐

𝟐𝒎𝒆𝑹𝟐 
+

ħ𝟐𝝅𝟐

𝟐𝒎𝒉𝑹𝟐 
= 𝑬𝒈,𝟎 +

ħ𝟐𝝅𝟐

𝟐𝒎𝒆𝒉𝑹𝟐 
 

(1. 27) 

Where 𝑚𝑒ℎ is the reduced electron-hole mass that equals to  𝑚𝑒ℎ = 𝑚𝑒𝑚ℎ/(𝑚𝑒 + 𝑚ℎ). 

 

By considering the quantum confinement effect, the energy gap of the NC, and accordingly, the 

optical properties, i.e., emission or absorption wavelength can be tuned by controlling their QD 
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size.38-39, 43 Compared to traditional semiconductors, this unique feature of size-tunability has 

encouraged much interest in QDs’ potential use in optoelectronic technologies. See Figure 1.12.  

 

Figure 1. 12 Schematic illustration of the quantum confinement effect of semiconductor NCs. As 

depicted, the discrete energy levels arise at the band-edges, and the bandgap increases with 

decreasing the NC size. The lower part is adapted from reference44, and shows typical images for 

a range of colloidal CdSe QD dispersions with different sizes, under a UV excitation.  

 

1. 9. 2 Charge Carrier Dynamics in Quantum Dot  
 

In recent years considerable attention has been devoted toward studying the correlation 

between the charge carrier transfer, trapping or recombination, and the semiconductor NCs' size, 

shape, and surface characteristics. It was noticed that the charge-carrier dynamics in 

semiconductor QDs are quite different from the bulk due to the quantum confinement effect and 

an enhanced surface-to-volume ratio.36, 40, 45-46 Another important factor is the presence of a high 
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trap state density on the QD surface brought by either extrinsic point defects or surface dangling 

bonds. These trap states are located within the semiconductor bandgap and trap the 

photogenerated charge carriers.47-48 

In general, upon optical excitation of a quantum dot, a “hot exciton” (an exciton with energy 

higher than the bandgap) is generated. Then, the photoluminescence occurs as a result of the 

radiative recombination of the charge carriers at a time scale > 10 𝑛𝑠. However, nonradiative 

recombination of the excitons can also occur by trap-assisted or Auger recombination49, as 

depicted in Figure 1.13. The trap-assisted recombination process is considered as a two-step 

decay route. In such case, the excited electron decays to a trap state ((shallow trap (ST) or a deep 

trap (DT)) within the bandgap, where the electron will be trapped and recombine with a hole 

located in the VB; this process occurs over a time scale between nano-to microseconds. However, 

Auger recombination is a three-particle decay process, where the energy released by the 

recombination of one exciton is used to excite another charge carrier (electron or hole) above 

the bandgap and such process occurs within a time scale of about 100 picoseconds.49 It should 

be noted that the Auger recombination process is frequently observed in charged QDs or when 

multiple excitons are generated upon applying high irradiation flux.  
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Figure 1. 13 Schematic diagrams of the charge carrier dynamics and the possible exciton 

recombination channels in semiconductor nanocrystals. As depicted the exciton recombination 

pathways can either be radiative, via emitting a photon with an energy equals to the bandgap or 

nonradiative by either decaying to a trap state (shallow trap (ST) or deep trap (DT)) or by (Auger 

recombination) via using the bandgap energy to excite a third charge carrier. The right side is 

modified from reference.49 

1. 9. 3 Perovskites Nanocrystals  

 

Perovskites were introduced after the discovery of the CaTiO3 mineral by the Russian 

mineralogist Lev Perovski in 1839.50-53 Later, many materials with the same three dimensional (3-

D) framework were discovered. Perovskite NCs typically crystallize from organic and/or inorganic 

salts in an ABX3 lattice formula.50, 52-56 In which (A) is a cation that can be organic, i.e., 

(methylammonium, MA, formamidinium, FA) or inorganic; i.e., (cesium, Cs). (B) is another metal 

cation (typically Pb or Sn), and (X) is a halide anion that can be (Cl, Br, I, or combination of them). 

The 3-D perovskite structures are generally consisting of the three primary ions. The BX6 

octahedra form a corner-sharing network in three dimensions, while the A-site cation occupies 

12-fold coordinated holes (filling the voids) and balancing the charge of the BX3 extended anion 
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as shown in (Figure 1.14).50, 52-54, 56 The perovskite structure, in general, is stabilized by the 

electrostatic interaction between the A-site cations and the anionic B−X framework.53, 56 

 

Figure 1. 14 Perovskite unit cell structure representing the organic A cation in (orange), the metal 

B cation in (blue), and the X halide anion in (green). The left side shows, the perovskite crystal 

lattice characterized by a corner-shared 3D network of (BX6)4− octahedral anion, with both (B) 

cations at the center and (A) cations between them, adapted from reference57. 

 

To form the perovskite crystal structure, several conditions must be fulfilled. Firstly, to maintain 

the charge balance of the ABX3 formula, the valences of (A; monovalent) and (B; divalent) cations 

must, sum to three times that of (X).56, 58Also, the crystal structure should only accommodate 

certain combinations of ions due to some restrictions related to their relative sizes. These 

restrictions are expressed by the “Goldschmidt tolerance factor,” 𝑡 and the ionic radii 𝑟𝑖, of the 

(A, B, and X) ions: 
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𝒕 =

𝒓𝑨 + 𝒓𝑿

√𝟐 (𝒓𝑩 + 𝒓𝑿)
 

(1. 28) 

Where 𝑟𝐴, 𝑟𝐵 and 𝑟𝑋 are the ionic radii the cations and anions.  

To maintain high symmetry, cubic, and stable 3D perovskite structures, the ionic radii of (A), (B), 

and (X) should meet the requirement that 𝑡 is close to ≈ 1; if not, the cubic structure will be 

distorted, and the crystal symmetry will be decreased.50, 54, 56 So, to satisfy the 𝑡 = 1 condition, 

the relative size of (A) ion must be larger than that of (B) ion. Since the (B) site is usually occupied 

by a large Pb or Sn atom, the (A) ion must be very large. In case of Cs, even being the largest 

group-I element in the periodic table, it is still not large enough to hold and stabilize the 

perovskite cubic structure, so it is sometimes being replaced by a larger molecule. This is the 

reason why CH3NH3PbI3 is more stable than CsPbI3.59 However, smaller 𝑡 values may lead to lower 

symmetry orthorhombic or tetragonal phase structures. And, larger t values (𝑡 >  1) may 

destabilize/distort the three-dimensional (3D) B–X network or lead to lower dimensional (0D, 1D 

or 2D) perovskite structure forming larger and often indirect energy bandgaps.54 Therefore, only 

certain A-cations i.e., (Cesium, Methylammonium, and Formamidinium) can lead to stable 

structures of lead-halide perovskites.  

It should be noted that, when the perovskite structures are at the limit of the tolerance factor 

condition, as in case of FAPbI3 (𝑡 ≈ 1) and CsPbI3 (𝑡 ≈ 0.8), a phase transition occur at room 

temperature to more stable hexagonal and orthorhombic phases. 

The perovskite structure is further being constrained by another stability factor defined as the 

“octahedral factor,” 𝜇. It reflects the stability of the [BX6]2− octahedral unit, and it is defined by 

both (B) and (X) ions;  𝜇 =𝑟𝐵/𝑟𝑥. And, the stability range of the octahedral factor 𝜇 is between 
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0.442 and 0.895.60  Also, one of the reasons behind the high crystallinity and low-temperature 

processability of perovskite structures is that their structures are typically held together by some 

sorts of ionic bonding.61  

In the case of perovskite NCs, a range of outstanding and exceptional features can be observed. 

For instance, changing the halide composition, or altering the size or the shape of the NCs may 

lead to different properties.  Thus, the NCs can be specially designed toward having tunable 

emission wavelengths over the visible and IR- spectral ranges.  Also, the perovskite NCs exhibit 

narrow linewidths around 100 meV. These linewidths are defined by the full width at half 

maximum (FWHM). For example, 12 nm, 20 nm and 40-45 nm are usually the range limit of 

CsPbCl3, CsPbBr3 and CsPbI3 NCs, respectively. Also, the radiative lifetimes of perovskite NCs are 

characterized by being in the range of 1−29 ns, and their photoluminescence quantum yields 

(QYs) can approach up to 100%.62-65 See Figure 1.15 below. 

As mentioned above, one of the exceptional features of perovskite NCs is that their PL emission 

can approach up to 100% without electronic surface passivation.62 This indicates that their 

electronic properties are highly tolerant toward the surface defects and the defect states will not 

create any mid-gap states; instead, it forms states within the valence and conduction bands.54, 62, 

66 Thus, perovskite NCs are often denoted to be “defect-tolerant materials”. It worth noting that 

the PLQY values reported in both the green region and the red spectral region are in the range of 

80–95% however, only 10–20% can be achieved for the blue region, indicating the presence of 

other defect states in this case responsible for the nonradiative recombination.  

Below is a summary of all the significant benefits of the defect tolerance property: 
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a)  Concerning the presence of point defects inside the perovskite lattice, only (A) and (X) 

site vacancies are observed. These kinds of defects have very low formation energies and, 

therefore, are more likely to be observed. However, interstitial and antisite defects can 

form deep trap states within the perovskite structure. These defects, however, are less 

likely to occur due to their depths in the bandgap and due to the difficulty of misplacing 

ions in the perovskite lattice. 

b)  The bandgap of conventional semiconductor NCs (defect-intolerant), i.e., cadmium 

chalcogenides, is usually formed between bonding (𝜎) and antibonding (𝜎∗) orbitals. 

Hence, the point defects or the surface dangling bonds appear as weak bonding or 

antibonding states in the bandgap. On the contrary, lead halide perovskites are defect-

tolerant. Their bandgap is formed between two antibonding (𝜎∗) orbitals. Therefore, the 

defects states create only shallow traps or placed in the conduction (CB) or valance band 

(VB). Thus, the photoluminescence quantum yields (PLQYs) without surface passivation 

in lead halide perovskite NCs are considerably high.  

c) Perovskite lattices are characterized by their very soft and dynamic nature, thus are being 

defined as crystalline liquids. Such characteristic features protect the charge carriers from 

trapping and scattering. Also, due to the strong structural dynamics of the perovskite 

lattices at room temperature (RT), polarons can be formed through the coupling of both 

the electrons and holes with the ionic displacements. It has also been proposed that these 

polarons can screen the Coulombic potential and reduce the carrier trapping and 

scattering.54, 62  



52 
 

 

Figure 1. 15 (a) Colloidal CsPbX3 perovskite NCs under UV lamp and (b) Typical 

photoluminescence (PL) spectra (c) The absorption and PL spectra (d) Time-resolved PL decays. 

(H) A high-resolution TEM image of CsPbBr3 NC. (I) Photograph of very luminescent CsPbX3 

NC/polymethylmethacrylate monoliths (J) CsPbBr3 /mesoporous silica under UV illumination. 

Below are the factors contributing to the defect-tolerant property in lead halide perovskites 

showing the different types of defects and their defect formation energy correlations. All figures 

are adapted from references.54, 62-63 
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1. 9. 4 Charge Carrier Recombination Dynamics in Halide Perovskites 
 

As highlighted in section 1.12.2, the charge carrier recombination dynamics of semiconductor 

NCs play a crucial role in controlling the overall functionality of solar cells and optoelectronic 

devices. Snaith and co-workers highlighted that hybrid perovskites are beneficial for 

photovoltaics because of their considerably low charge carrier recombination rates and high 

charge carrier mobilities.57, 67 Using time-resolved terahertz photoconductivity and PL 

measurements they managed to explore a free charge carrier density 𝑛(𝑡) decay, through the 

rate equation as follow, Figure 1.16:68 

 𝒅𝒏

𝒅𝒕
= −𝒌𝟑𝒏𝟑 − 𝒌𝟐𝒏𝟐 − 𝒌𝟏𝒏 

(1. 249) 

where 𝑛 is the charge density and 𝑘1 is the rate constant of the trap-assisted monomolecular 

recombination, which could be excitonic recombination. 𝑘2, is the rate constant of the 

bimolecular charge carrier recombination and represents the intrinsic electron-hole 

recombination, that depends on both electron (𝑛𝑒) and hole (𝑛ℎ) densities, therefore 𝑛𝑒𝑛ℎ = 𝑛2. 

 𝑘3  is the Auger rate constant resulted from Auger recombination and is strongly depends on the 

charge carrier density57.  

All the three recombination mechanisms contribute to the total recombination rate 𝑟(𝑛, 𝑡), 

which accordingly affects the charge carrier diffusion length LD as below: 

 𝒓(𝒏) = 𝒌𝟑𝒏𝟑 + 𝒌𝟐𝒏𝟐 + 𝒌𝟏𝒏 (1. 25) 

 

𝑳𝑫(𝒏) = √
𝝁𝒌𝑩𝑻

𝒓(𝒏)𝒆
 

(1. 31) 
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where 𝜇 is the charge carrier mobility, 𝑘𝐵 is the Boltzmann constant, 𝑇 is the temperature, and 

𝑒 is the elementary charge. 

So, based on the required device application, the importance and the contribution of each of the 

above mechanisms will vary.57 

 

Figure 1. 16 Schematic illustration showing the possible recombination mechanisms in hybrid 

halide perovskites adapted from reference57. 

1. 9. 5 Colloidal Synthesis of Semiconductor Nanocrystals:  
 

In this thesis, semiconductor NCs have been synthesized using different synthetic protocols. To 

study and track the charge carrier dynamics, it is essential to have very high-quality 

monodispersed size distributed NCs. Therefore, in this section, we summarize the fundamental 

concepts behind the colloidal synthesis of these NCs. Besides, the detailed experimental 

procedures are going to be described in chapter 2.  

Two main methods have been carried out during this thesis: i) Hot-injection method and 

ii) Ligand assisted reprecipitation (LARP) method.  
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The hot-injection method allows the synthesis of a narrow size distributed semiconductor NCs 

via separating both the nucleation and the growth steps. In general, during the colloidal synthesis 

of NCs, nucleation, growth, and precipitation processes instantaneously occur, which makes it 

very hard to regulate the size distribution of the NCs. Therefore, the main benefit of the hot 

injection method is that it separates the nucleation and growth processes so that a better and 

narrow size distribution can be achieved. Also, there are several important factors that help to 

control the size, size distribution, and shape of the NCs. For instance: (a) the surfactants to the 

precursor’s ratio; (b) the injection temperature; (c) the reaction time; and (d) the precursors’ 

concentrations. Also, the capping agents play another significant role in facilitating the effective 

binding to the surface of the NCs and accordingly controls the growth and prevent agglomeration, 

and it also helps to passivate the trapped surface states.  LaMer diagram in Figure 1.17 

schematically depicts the major experimental steps involved in the synthesis of colloidal NCs in 

solutions.60, 69-71  

However, the Ligand assisted re-precipitation method is a typical supersaturated recrystallization 

process. In this method, the desired ions are dissolved into a solvent until it reaches an 

equilibrated concentration, then the solution is being transferred into a supersaturated or a 

nonequilibrium state. Following this, an instantaneous precipitation and crystallization reactions 

occur until the equilibrium state is achieved again. If the recrystallization process occurs in the 
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presence of ligands, it can be named as a “ligand-assisted re-precipitation” (LARP) approach. 

Details about both methods will be explained in detail in chapter 2. 

 

Figure 1. 17 Schematic diagrams of hot injection method and LaMer growth curve, showing 

different phases (monomer generation, nucleation, and growth) that are involved in the colloidal 

synthesis of nanocrystals, adapted from references.60, 69 

1. 11 How to Probe Charge Carrier Dynamics at the Interface? 

As we mentioned in the previous sections that the charge transfer processes in semiconductor 

NCs take place in the sub-ps time domain. Thus, the ns time resolution of the time-correlated 

single-photon counting, TCSPC) is not enough to investigate the exact time scale of such ultrafast 

processes. Also, the non-radiative process, such as the charge carrier relaxation, charge 

separation or charge recombination, etc. can't be identified through time-resolved PL studies. 

Accordingly, to investigate the ultrafast interfacial processes, it is essentially required to bring 

the molecules to the excited state with an optical excitation that is faster than the population 

dynamics of under investigation. Also, complementary information can be attained by measuring 
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and comparing the absorbance change (𝛥𝐴) of the excited and ground-state molecules. Such 

information can be acquired using what is so-called “Transient Absorption (TA) Spectroscopy”. In 

this thesis work, femtosecond-time resolved TA was one of the main tools used to characterize 

the excited-state processes, a more detailed description is going to be highlighted in the following 

section, where we will start with a broad introduction about the laser systems in general.  

1. 10. 1 The Laser 

The term laser is an abbreviation of “Light Amplification by Stimulated Emission of Radiation”. A 

laser emits a beam of EM radiation that is always monochromatic (photons of single 

wavelength/frequency), collimated (photons are slightly diverged from their starting point and 

parallelized) and coherent (photons are in phase).72-75 In 1960, Maiman introduced the 1st laser 

system named “Ruby Laser”. This laser system consists of three key components: i) lasing 

material, also known as “amplifying gain, where stimulated emission can occur. ii) stimulating 

energy source (pump) which creates the needed environment for light amplification via supplying 

the required energy to the lasing medium and ii) an optical resonator which generally consists of 

two mirrors allowing the photons to pass back and forth along the lasing medium length; one 

mirror should be partially transparent in order to let the beam exit out.72, 75  

The lasing medium, in general, is consisting of atoms that are surrounded by electrons. When the 

atom absorbs or releases energy, these electrons move between different energy levels. There 

are 3 main mechanisms of interactions between the light photons and the electrons. i) 

Absorption: where an electron in its ground-state energy level (𝐸1) absorbs a light photon energy 

ℎ𝜐 and goes to an upper-level. (ii) Spontaneous Emission: where an electron in an upper (𝐸2) 

level spontaneously decay to the lower (𝐸1), level, and a photon of energy ℎ𝜐 is emitted. (iii) 
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Stimulated Emission: in an excited atom, an incident photon makes an upper-level electron decay 

to the lower energy level emitting a ‘stimulated’ photon with identical properties (direction, 

phase, and wavelength) as those of the incident photon; therefore, photon duplication occurs. 

To operate a laser system, stimulated emission should be favored over absorption and 

spontaneous emission; thus, more excited-state electrons are generated. Following pumping, 

some atoms are going to be continuously promoted to the excited state while others are going 

to rapidly undergo a spontaneous transition to the lower level (difficult for population inversion 

(PI) to occur). But, in order to meet the stimulated emission criteria, the pumped electrons should 

remain in the excited state a long time enough, typically 10–4 seconds.  

It should be noted that it is very challenging to create the population inversion (PI) state as it 

contradicts the thermal Boltzmann distribution so that, pumping or (feeding energy) to the laser 

material is necessary to populate the excited state efficiently. Therefore, three-level or four-level 

systems are commonly used and are suitable for the pumping process, as illustrated in Figure 1. 

18.72, 75 
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Figure 1. 18 Laser with two, three, or four levels systems. 

As illustrated, in the three level system, after optical pumping, the lower (𝐸1) state is 

depopulated, meanwhile the upper (𝐸2) state (metastable state) is rapidly occupied by a 

nonradiative transition from the (𝐸3) state. Since 𝐸2 is a metastable state, the atoms would 

remain in this state for longer time 10–3 seconds than the short-lived state 𝐸3 10– 8 sec. In this 

case, the population of the 𝐸2 state is larger than 𝐸1 state, thus resulting in population inversion 

(PI). 

 In a four-level system, 𝐸1 is a ground-state, 𝐸2 is another excited state, 𝐸3 is a metastable state 

as we highlighted before and 𝐸4 is a pumping level. The advantage of this level system is that, 

the lower (𝐸2) state rapidly undergoes depopulation to the (𝐸1) state first, therefore more 

coherent population inversion occur.72, 75-76 

In addition to the optical amplification, the laser system should also have an optical cavity where 

the positive feedback between the amplifying medium and the emitted light is realized. Since 
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each photon in the material, two photons will be emitted; thus, very high amplification can be 

achieved when these emitted photons pass through the amplifying medium many times.76 

Also, the propagating waves within the optical cavity must follow a standing wave pattern, where 

all wavelengths will interfere destructively. The optical path length traveled by a wave between 

consecutive reflections should be an integral multiple of the wavelength. 

Eq. 1.32, shows the relation between the wavelength (𝜆) of the sustained axial modes and the 

length of the cavity (𝐿) and n is an integer. 

 
𝑳 = 𝒏

𝝀

𝟐
= 𝒏

𝒄

𝟐𝝊
 

(1. 32) 

Following the above equation, the axial modes of the gain material that are within the stimulated 

emission band will be amplified.  

Figure 1.19 below shows a typical example of the emission spectrum of the laser beam.72, 75, 77  

 

Figure 1. 19 Spectral characteristics of laser emission showing the gain profile of an active 

medium and axial mode frequencies. 
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1. 10. 2 Generation of Short Optical Pulses 
 

Lasers can be continuous or pulsed. Several ways can be used to obtain shorter pulses as 

follows:74, 78-80 

1. Q-switching is one way that can be used to obtain shorter pulses (10 to 200 ns). In this system, 

first, the laser cavity remains “switched off” during the pumping process accordingly, a massive 

PI can be created. Following that, the cavity is switched on, generating an intense pulse of 

stimulated emission. 

2. Mode-locking is another way to obtain even shorter optical pulses (with picosecond or 

femtosecond durations). The mode-locking is concerned with locking the phases of axial modes 

of the laser emission beam altogether. Therefore, the axial modes will “interfere destructively 

everywhere in the cavity except at one position, where a single pulse (wavepacket) is formed.  

Three techniques can be used to achieve the mode-locking mode: 

 i) Active mode-locking: this mode periodically switches the cavity on and off at a 𝜐 equal to the 

roundtrip time of the cavity. Thus, a “shutter” is used.  

ii) Passive mode-locking: this mode involves the inclusion of a saturable absorber into the cavity.  

iii) Self-mode locking: this mode is observed in some laser materials that have nonlinear 

properties, which will naturally enhance the intensity maxima, i.e., (Kerr lens effect).  

Higher pulse energies can be obtained using a technique called chirped pulse amplification is 

employed, and the laser system implementing this technique is called a regenerative amplifier. 

This technique is applied to the laser system used in this thesis. 
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1. 12 Transient Absorption Spectroscopy  
 

1. 11. 1 Pump-probe spectroscopy 

 

In pump-probe spectroscopy, two essential steps should occur: 

 1) a short laser pulse named a “pump” excites the sample at time delay zero (𝛥𝑡 =  0). The 

term “short” here means being significantly shorter than the lifetime of the transient species 

under investigation. 

2) another laser pulse named the “probe” passes through the excited sample to measure the 

pump effect. For accurate time-resolution measurement, the probe beam is being temporally 

delayed (by changing the optical path length) with respect to the pump thus, the response of the 

system to the pump at different time delays can be measured. This step is done by using a 

computer-controlled delay stage.81  

The following equation demonstrates how to measure the time delay 𝛥𝑡 by changing the optical 

path length 𝛥𝑥.  

 

 
𝚫𝒕 =

𝒏. 𝚫𝒙

𝒄
 

(1. 33) 

Where 𝑛 is the refractive index of the medium where the laser beams propagate and 𝑐 is the 

speed of light in vacuum. Higher refractive index optical elements (e.g., lenses) can lead to more 

delayed beams. The signal to the detector depends on the delay of the probe beam concerning 

the pump beam, ∆𝑡.  

It worth mentioning that, in order to reduce the noise introduced by the laser pulse intensity 

fluctuations, the monitored pulse is divided into a probe pulse that is spatially overlapped with 
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the pump pulse in the sample and a reference pulse that passes through a region of the sample 

which is unaffected by the pump. Details of the experimental setup are demonstrated in the next 

section.  

The change in optical density [𝛥𝐴, 𝛥𝑡], which can be obtained from Beer-Lambert law, is 

described below. 

 

Figure 1. 20 Schematic illustrates the fundamental concept of the pump-probe experiment. 

 

The intensity of the probe pulse [𝐼0(𝜆𝑖)] and after [𝐼(𝜆𝑖 , Δ𝑡)] the pump pulse excitation can be 
given by  
 
 𝑰(𝝀𝒊, 𝚫𝒕) = 𝑰𝟎(𝝀𝒊) × 𝟏𝟎−𝜺 𝝀𝒊 𝑵∆𝒕 𝒍 (1. 34) 

So, change in absorption, ∆𝐴 (∆𝑡)can be expressed as 

 
∆𝑨 (∆𝒕) = ∆𝑶𝑫(∆𝒕) = 𝒍𝒐𝒈  

𝑰𝟎(𝝀𝒊)

𝑰(𝝀𝒊, 𝜟𝒕)
= 𝜺𝝀𝒊

𝑵∆𝒕 𝒍 

 

(1. 35) 

Assuming an exponential decay of transient species considering, 𝑁∆𝑡 = 𝑁0𝑒−Δ𝑡
𝜏⁄ , we will have 

 
𝐥𝐧( ∆𝑨 (∆𝒕)) = 𝐥𝐧 𝜺𝝀𝒊

𝑵∆𝒕 𝒍 −
∆𝒕

𝝉
 

(1. 36) 
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Thus, in pump-probe transient absorption spectroscopy, the population dynamics, 𝑁(∆𝑡), are 

monitored by changing optical density as a function of the delay time, ∆𝑡, at a given wavelength 

of the probe beam (𝜆𝑖 ) where ∆𝑡 =
2∆𝐿

𝑐
 , L is the optical path length, and 𝑐 is the speed of the 

light. The measured signal can be expressed as: 

 ∆𝑨 = 𝑨𝒘𝒊𝒕𝒉 𝒑𝒖𝒎𝒑 − 𝑨𝒘𝒊𝒕𝒉𝒐𝒖𝒕 𝒑𝒖𝒎𝒑 (1. 37) 

 

Where 𝐴𝑤𝑖𝑡ℎ 𝑝𝑢𝑚𝑝=log
𝐼𝑜

𝑝𝑟𝑜𝑏𝑒 
(𝜆𝑖)

𝐼𝑝𝑟𝑜𝑏𝑒(𝜆𝑖,Δ𝑡)
 and 𝐴𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑝𝑢𝑚𝑝=log

𝐼𝑜
𝑝𝑟𝑜𝑏𝑒 

(𝜆𝑖)

𝐼𝑝𝑟𝑜𝑏𝑒(𝜆𝑖)
 

So, 

 
∆𝑨 = 𝐥𝐨𝐠

𝑰𝒐
𝒑𝒓𝒐𝒃𝒆 

(𝝀𝒊)

𝑰𝒑𝒓𝒐𝒃𝒆(𝝀𝒊, 𝚫𝒕)
− 𝐥𝐨𝐠  

𝑰𝒐
𝒑𝒓𝒐𝒃𝒆 

(𝝀𝒊)

𝑰𝒑𝒓𝒐𝒃𝒆(𝝀𝒊)
= 𝐥𝐨𝐠

[𝑰𝒑𝒓𝒐𝒃𝒆(𝝀𝒊)]𝒘𝒊𝒕𝒉𝒐𝒖𝒕 𝒑𝒖𝒎𝒃

[𝑰𝒑𝒓𝒐𝒃𝒆(𝝀𝒊, 𝚫𝒕)]𝒘𝒊𝒕𝒉 𝒑𝒖𝒎𝒃
 

(1. 38) 

 

The possible processes in the pump-probe experiment are summarized in Figure 1.21 below. 

From the above equation, it is clear that ∆𝐴 will be negative when [𝐼𝑝𝑟𝑜𝑏𝑒(𝜆𝑖 , Δ𝑡)]𝑤𝑖𝑡ℎ 𝑝𝑢𝑚𝑏 >

[𝐼𝑝𝑟𝑜𝑏𝑒(𝜆𝑖)]𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑝𝑢𝑚𝑝 which is referred as “bleach”. This is possible only when sample has 

a ground state absorption and stimulated emission as illustrated in Figure 1.21. When the sample 

has a ground state absorption, after excitation by the pump pulse, the ground state population 

will be depleted and consequently more light will be transmitted in the signal probe with respect 

to reference probe. A similar observation, i.e., the increase of transmitted light in the reference 

signal also possible when the probe wavelength coincides with emission spectrum (termed as 

stimulated emission). It should be noted that the dynamics of the GSB is the ground state 

recovery band. The reverse phenomena i.e., PA, is observed when ∆𝐴 is positive. This is possible 
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only when [𝐼𝑝𝑟𝑜𝑏𝑒(𝜆𝑖 , Δ𝑡)]𝑤𝑖𝑡ℎ 𝑝𝑢𝑚𝑏 < [𝐼𝑝𝑟𝑜𝑏𝑒(𝜆𝑖)]𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑝𝑢𝑚𝑝. This positive absorption, 

𝑃𝐴 arises due to higher excited state transition caused for the probe pulse which is referred as 

process (ii) in Figure 1.21  

 

Figure 1. 21 Schematic representation of the possible states involved in a pump-probe 

experiment. (a) depletion of the ground state (bleach) (b) excited state absorption (positive 

absorption) and (c) stimulated emission (bleach) by the probe pulses. 

1. 11. 2 Experimental setup of femtosecond TA 
 

In this thesis, Ultrafast Systems; Helios UV-NIR femtosecond transient absorption spectroscopy 

was used to study the samples. Generally, a complete system requires three main components, 

first, an optical amplifier; (Spitfire). Secondly, a pump laser to energize the optical amplifier, here 

we use Empower (Diode-pumped Nd:YLF). Finally, a seed laser to deliver the original pulses 

(MaiTai SP). Figure 1.22 shows the typical setup. 
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 To function, the Spitfire is pumping the amplifier that it is seeded by a Mai Tai laser system and 

pumped by an Empower laser. The maximum output energy of a solid-state amplifier is usually 

limited by the optical damage threshold of the crystalline material used in the system (Here, Ti: 

sapphire). The Spitfire circumvents this limitation of the crystals by using “chirped pulse 

amplification” that we have highlighted earlier in the previous section.  

This technique, first, stretches a very short pulse (i.e., increasing its duration) that is supplied by 

a stable, mode-locked ps or fs laser and reduce its peak power using a multi-pass grating and 

mirror combination then amplifies it. The pump laser excites the Ti: sapphire crystal by sending 

a synchronous energy pulse to it just before the stretched seed pulse arrives. The seed pulse then 

generates a stimulated emission that amplifies the pulse in the same direction and same 

wavelength. Finally, the seed pulse recompresses/shortens the pulse to a width close to its 

original duration through using a second grating/mirror combination, before the pulses are 

directed out of the Spitfire. This results in a significantly increased peak power while avoiding 

optical damage to the amplifier. Therefore, the Spitfire amplifier should contain the following 

three assemblies: a) an optical pulse stretcher, b) a regenerative amplifier, and c) an optical pulse 

compressor as depicted in Figure 1.22 inside the Spitfire Pro XP. 

As we mentioned, the Spitfire gain medium in our case is a titanium-doped sapphire crystal. The 

Ti: sapphire is a crystalline material formed by adding Ti2O3 into a melt of Al2O3, where the Ti3+ 

ions replace a small percentage of the Al3+ ions. Thus, it can also be referred to as Ti: Al2O3. The 

Ti: sapphire has broad absorption transitions spanning from 400 to 600 nm, and it’s emission 

bands extend from 600 to greater than 1000 nm. 
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So, in order to prevent the optical damage to the crystal, when an intense beam travels through 

a Ti: sapphire crystal, it tends to undergo “self-focusing” which is a nonlinear optical effect in 

which an intense light beam modifies the refractive index of the material that it is passing 

through, focusing the beam and intensifying it even further. Consequently, it helps in limiting the 

peak power of the pulse in the Ti: sapphire crystal to less than 10 GW/cm2.  

It is now clear that the Spitfire amplifier system contains all the components necessary to amplify 

low-energy Ti: sapphire laser pulses to energy levels as high as mJ. However, the femtosecond or 

picosecond seed pulses to be amplified are provided by a separate mode-locked Ti: sapphire laser 

system (MaiTai) in our system. 

A Scheme overview of the overall optics of the femtosecond transient absorption spectrometer 

is given in the figure below. In brief, the Helios ultrafast system is supplied with CMOS VIS 

spectrometer spanning over the range from 350 to 800 nm with 1.5 nm resolution at 9500 

spectra/s and InGaAs NIR spectrometer that covers the range from 800 to 1600 nm with 3.5 nm 

resolution at 7900 spectra/s. 

The probe beam is generated from Spectra-Physics Spitfire Pro 35F-XP regenerative femtosecond 

amplifier that yields 35 fs pulses at 800 nm with 4 mJ of energy per pulse. It amplifies individual 

laser pulses that are selected from a stream of pulses and produced by a separate, mode-locked 

Ti: sapphire laser.  

A small portion (≈ 100 µJ) of the Spitfire Pro XP output is directed via a computer-controlled delay 

line and some optics, (i.e., adjustable pinholes, focusing lens, variable neutral density filter (NDF), 

and some mirrors, towards a crystal for the white-light continuum (WLC) generation; and further 
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to the sample. It should be noted that the delay-line is used here to change the delay time 

between the pump and probe pulses, which allow transient absorption measurements within a 

6 ns time window.  

Also, 1 mJ of the Spitfire output is used to pump out the TOPAS-C two-stage optical amplifier 

allowing tuning the frequency from 230 to 2600 nm. The TOPAS-C output beam is routed by some 
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optics, i.e., (adjustable pinholes, variable neutral density filter, depolarizer, chopper wheel, and 

focusing lens) for exciting the sample.  

Then, both the Pump and probe beams are spatially and temporally overlapping on the sample. 

Then, the probe beam is lastly collected by the spectrometer to attenuate the white-light around 

the Spitfire fundamental at 800 nm.  

 

Figure 1. 22 A typical experimental setup of femtosecond transient absorption spectroscopy.  
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Figure 1. 23 A zoomed schematic of the detailed pump-probe experiment and relative 

alignment on the sample during measurement.  
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CHAPTER 2: MATERIALS AND METHODS. 
 

2.1 Materials  
 

TGA-capped CdTe QDs (structure given in Scheme 1, Appendix 1) with diameters ranging from 

1.2 to 6.3 nm were purchased from Sigma Aldrich and were used as received. These reagents 

were dissolved in deionized water. TPyP measurements were carried out in a mixture of 

methanol and deionized water for solubility issues.  

Meso-Tetra (N-methyl-4-pyridyl) porphine (TMPyP), 5,10,15-tri(N-Methyl-4-pyridyl)-20-(4-

pyridyl) porphine trichloride (Tri-MPyP), meso-cis-di(N-methyl-4-pyridyl)diphenyl porphine 

dichloride(Cis-diMPyP), and 5,15-diphenyl-10,20-di(N-methyl-4-pyridyl) porphine dichloride 

(Trans-diMPyP) were purchased from Frontier Scientific.  

Two water-soluble fullerene derivatives, C60-(N,N dimethyl pyrrolidinium iodide) adduct and C60-

(malonic acid)n were obtained from Solaris Chem Inc. Deionized water was used to prepare the 

sample solutions. C60-(malonic acid)n, was prepared by mixing (80:20) % water; dimethyl sulfoxide 

(DMSO) was used to improve solubility. 

Methylamine (CH3NH2, 33 wt. % in absolute ethanol, Aladdin), Octylamine (CH3(CH2)7NH2, 99%, 

Aladdin), HBr (48 wt. % in water, Aladdin), Oleic acid (OA, 90%, Alfa Aesar), n-Oleylamine (OLA, 

70%, Sigma-Aldrich), PbBr2 (98%, Alfa Aesar), PbCl2 (99%, Alfa Aesar), PbI2 (99%, Alfa Aesar), N,N-

dimethylformamide (DMF, 99.8%, Sigma-Aldrich), Acetonitrile (99.9%, Alfa Aesar), 1-Octadecene 

(ODE, technical grade 90%, Sigma-Aldrich), Toluene (Honeywell Burdick & Jackson), 

tetracyanoethylene (TCNE, Sigma-Aldrich).  
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Methylammonium bromide (CH3NH2Br, 98%, Sigma-Aldrich), lead (II) bromide (PbBr2, 99.9%, 

Sigma-Aldrich), N,N-dimethylformamide (HCON(CH3)2, anhydrous, 99.8%, Sigma-Aldrich), 

pyridine (C5H5N, anhydrous, 99.8%, Sigma-Aldrich), oleic acid (CH3(CH2)7CH=CH(CH2)7COOH, 

90%, Alfa Aesar), n-oleylamine, (CH3(CH2)7CH=CH(CH2)7CH2NH2, 70%, Sigma-Aldrich), toluene 

(C6H5CH3, anhydrous, 99.8%, Sigma-Aldrich), and p-benzoquinone (C6H4(=O)2, > 98%, Sigma-

Aldrich). 

Cesium carbonate (Cs2CO3, 99.995%, metal basis), 1-octadecene (ODE, technical grade 90%), 

Lead (II) chloride (PbCl2, powder 98%), Oleylamine (OA, technical grade 70%), Trioctylphosphine 

(TOP, technical grade 90%), Yttrium (III) chloride (YCl3, anhydrous, powder, 99.99% trace metals 

basis), Yttrium (III) acetate hydrate (YCl3.6H2O, 99.9% metals basis), Lanthanum(III) chloride 

heptahydrate (LaCl3. 7H2O, 99.999% trace metals basis), Gadolinium(III) chloride (GdCl3, 

anhydrous, powder, 99.99% trace metals basis),  Indium(III) chloride (InCl3, powder, 98%) all 

purchased from Sigma-Aldrich. Oleic acid (OA, technical grade 90%) was purchased from Alpha 

Aesar, hexanes (99%, pure) were purchased from ACROS Organics.  

All chemicals were used as received without further purification. 

2.2 Synthesis Methods 
 

2.2.1 Synthesis of Ag29 NCs 

Ag29 NCs were prepared according an earlier report.1 In brief, silver nitrate was dissolved in a 

mixture of methanol and dichoromethane prior to the addition of benzenedithiol ligands. The 

solution turned turbid with insoluble yellow flakes, indicating the formation of an Ag−S complex. 
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The reaction mixture was reduced with an aqueous solution of sodium borohydride, and the 

resulting dark-brown solution turned orange over 5-7 h of stirring. To purify the product, it was 

centrifuged at 9000 rpm for 2-3 min and collected at the bottom of the centrifuge tube. The 

products consisted of a dark-brown precipitate that was discarded after failing to re-disperse in 

other solvents, and dark-orange NCs were washed several times with ethanol to ensure the 

removal of all unreacted compounds.  

2.2.2 Synthesis of Methylammonium Bromide (CH3NH3Br, MABr) and 

Octylammonium Bromide (CH3(CH2)7NH3Br, OABr) 

Both chemicals were synthesized through the reaction of hydrobromic acid (HBr, 5ml) with 

methylamine (12 ml) and octylamine (7ml), respectively 2-3, followed by recrystallization from 

ethanol at 0oC under stirring. Finally, a rotary evaporator was used to remove solvents, and the 

product was washed three times with ethanol to yield the final product.  

2.2.3 Synthesis and Purification of MAPbBr3 NCs 

The synthesis of halide perovskite NCs was carried out via a modification of the re-precipitation 

method by Zhang et al.4 In a typical synthetic procedure, a mixture of methylammonium bromide 

(MABr) and lead (II) bromide (PbBr2) in N,N-dimethylformamide (DMF) along with oleic acid (OA) 

and oleylamine (OLA) was injected into toluene at different temperatures in order to get different 

NCs shapes. For the spherical and cubic nanostructure, 0.2 mmol MABr and 0.2 mmol PbBr2 was 

dissolved in DMF (5 mL) with OLA (200 µl) and OA (500 µl) to form a precursor solution. 4 ml 

precursor solution was quickly injected into 20 ml toluene. When the temperature was set at 40 

◦C and 100 ◦C, the spherical and cubic NCs were formed, respectively. For the platelets, we 
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adopted 0.1 mmol MABr, 0.1 mmol OABr, and 0.2 mmol PbBr2 with 100 µl of OLA and 500 µl of 

OA at 88 ◦C. 

2.2.4 Isolation and Purification of MAPbBr3 NCs 

The 20 ml crude solution was centrifuged at 3000 rpm for 3 minutes to remove the bulk MAPbBr3 

microcrystals. The supernatant became much brighter. Then, acetonitrile (8 ml) was added into 

the colloidal solution (supernatant) and centrifuged at 8000 rpm for 5 min to precipitate the NCs. 

After centrifugation, the supernatant was discarded, and the NCs were re-dispersed in toluene. 

2.2.5 Synthesis of 3D MAPbBr3 Nanostructures 

MAPbBr3 nanostructures were prepared by modifying a previously reported precipitation 

method.4-5 Briefly, 0.05 mmol PbBr2 and 0.04 mmol CH3NH3Br were dissolved in 2 ml DMF. In a 

separate vial, 20 µL oleylamine and 200 µL oleic acid were mixed together and directly injected 

into the precursor solution. Meanwhile, three vials, each containing 10 mL toluene, were 

prepared either at (0°C) in an ice bath, at room temperature (25°C), or heated to 60°C. Afterward, 

500 µL of the precursor mixture was rapidly injected into each of the vigorously stirred toluene 

solutions to initiate the crystallization of the nanostructures, which was indicated by an 

instantaneous change in color of the solution to pale yellow for the 0°C solution and greenish-

yellow to very bright green for higher temperatures. The crude solutions were centrifuged at 

14500 rpm for 5 minutes to remove unreacted precursors and bulk materials, and the resultant 

precipitate was re-dissolved in fresh toluene. In fact, different ratios of oleylamine have been 

tried to reach the optimum conditions for the NCs formation and to obtain the maximum 

emission as presented in Figure S1 (b).  



79 
 

2.2.6 Synthesis of 2D MAPbBr3 Nanostructures 

For the formation of 2D nanostructures, a similar reaction procedure was followed, with the 

addition of 40 µL pyridine, along with the oleic acid and oleylamine mixture, to the precursor 

solution. It worth mentioning that the same molar ratio of octylamine was tried instead of 

pyridine and the NCs were not formed at all (see figure S1 (a)). In fact, the NCs were formed with 

the maximum emission intensity when a part of oleylamine is being replaced by pyridine 

molecules which indeed confirms the specific role of pyridine. 

2.2.7 Preparation of Cesium Oleate Solution 

Typically, Cs2CO3 (0.814 g), ODE (40 mL) were loaded into a 100 mL 2-neck flask and dried under 

vacuum at 120oC for 1 hour. After degassing, the solution was transferred into an N2 atmosphere. 

Then, (2.5 ml) of oleic acid (OA) was injected into the solution, and the solution kept under N2 at 

120oC until Cs2CO3 was completely dissolved. 

2.2.8 Synthesis and Purification of CsPbCl3 NCs 

(25 mL) of ODE, (260 mg) PbCl2 were stirred in a 100 mL 3-neck flask, dried under vacuum at 

120oC for 10 min before filling the flask with nitrogen. (2.5 mL) of OAm and (2.5 mL) of OA were 

injected and stirred under nitrogen. Then, the solution was heated up to 150oC, and (5 mL) TOP 

was swiftly injected into the solution. The solution was then stirred for a few hours until the PbCl2 

salt was completely dissolved. The temperature was increased up to 170oC and (2 mL) of cesium 

oleate solution rapidly injected into the reaction mixture. After 5−10 seconds, the reaction was 

quenched by the immediate immersion of the reaction flask into an ice bath. Then, the crude 

solution was centrifuged at 8000 rpm for 10 minutes. The supernatant containing unreacted 

precursors was discarded, and the precipitate was collected and dispersed in 10 ml hexanes. The 
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obtained solution was again centrifuged at 3000 rpm for 5 min to remove all residual reactants. 

After the second centrifugation, the supernatant solution was kept in a glass vial and stored in a 

fridge for one day. After self-purification, the solution was finally centrifuged at 3000 rpm for 5 

minutes without adding any external agent, and a clear colorless solution was obtained.  

2.2.9 Surface Treatment of CsPbCl3 NCs 

The surface treatment step was achieved using purified CsPbCl3 samples. The trivalent metal ion 

salts ex: (YCl3) were directly added to the solution and stirred for a few minutes. An immediate 

turbid solution was formed after mixing the salt into the purified NCs. Then, the samples were 

centrifuged at high speed (12000 rpm for 30 seconds) to remove the excess salt. Then, the clean 

supernatant solution was used for further characterization. 

2.2.10 Stability Test of CsPbCl3 NCs 

Pristine and treated CsPbCl3 samples dispersed in hexanes were prepared, showing the same 

optical density absorption (ODA). Then, PL measurements were conducted on both samples 

every day for (14 days), with the PL data intensities recorded. 

2.2.11 Metal-ion Doping 

CsPbCl3 NCs were doped by adding three different concentrations (1%, 5% and 10%) of YCl3 along 

with PbCl2. Then, Cs-oleate was injected at 170oC, and the reaction quenched in an ice bath 

before being isolated and purified. 
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2.3 Structural and Materials Characterization  

2.3.1 Bandgap Measurement  

Band gaps were estimated by the Tauc plot derived from the absorbance measurements 

performed using the diffused reflectance accessory in absorbance mode with an integrating 

sphere on a Cary 6000i spectrophotometer. The Model AC-2, used for photoelectron 

spectroscopy in air (PESA), contains an open counter as an electron detector, which can operate 

in air and detect and count small numbers of low-energy photoelectrons. The UV photons 

emitted from a deuterium lamp were monochromatized by a grating spectrometer and focused 

on the sample at 50 nW. The photoelectrons emitted from the sample were counted by the open 

counter. The energies of monochromatized UV photons were shifted at 0.1 eV intervals up to 

6.20 eV.  

2.3.2 XRD Analysis  

Powder XRD diffraction patterns were measured using a Bruker AXS D8 diffractometer using Cu 

Kα radiation (λ=1.54178 Å). 

2.3.3 Surface Area Measurement  

The Brunauer–Emmett–Teller (BET) method was used to calculate the total surface area/ gm for 

the sphere and cube shapes. In a typical experiment, Krypton adsorption isotherms in a relative 

pressure range were obtained on ASAP 2420 (Micromeritics, USA) at -196 °C. Before the 

measurements, all the samples were degassed under vacuum for approximately 12 h at 50 °C. 

2.3.4 Transmission Electron Microscopy 

TEM was carried out with a Titan TEM (FEI Company) operating at a beam energy of 300 keV and 

equipped with a Tridiem post-column energy filter (Gatan, IQD). The samples were imaged in 
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EFTEM mode with a 20 eV energy slit inserted around the zero-energy loss electrons to acquire 

high-resolution TEM (HRTEM) micrographs.  

2.3.5 Steady-state Spectroscopy  

2.3.5.1 Steady-state Absorption and Fluorescence  

Steady-state absorption and fluorescence spectra were obtained using a Cary 5000 UV−VIS-NIR 

spectrometer (Varian Inc.) and Fluoromax-4 spectrofluorometer (Horiba Scientific), respectively. 

2.3.5.2 Quantum Yield Measurements 

Quantum yield was measured using an Edinburgh Instruments integrating sphere with an FLS920-

s fluorescence spectrometer.  

2.3.5.3 Raman Spectroscopy 

A LabRam Aramis Raman spectrometer (Horiba Jobin Yvon) equipped with a 477-nm Argon ion 

laser excitation source was employed to acquire vibrational Raman spectra. The Raman signal 

was acquired using an integration time of 60 s. Raman bands were observed in the fingerprint 

region from 300 to 1700 cm-1 at a spectral resolution of 1.1 cm-1. 

2.3.5.4 X-ray Photoelectron Spectroscopy 

XPS studies were carried out under 1.0 x10-9 Torr vacuum using a Kratos Axis Ultra DLD 

spectrometer equipped with a monochromatic Al Kα X-ray source (hν = 1486.6 eV) operating at 

45 W, a multi-channel plate and a delay line detector. Measurements were performed in hybrid 

mode using electrostatic and magnetic lenses, with a take-off angle (angle between the sample 

surface normal and the electron optical axis of the spectrometer) of 0o. All spectra were recorded 

using an aperture slot of 300 μm x 700 μm. The survey and high-resolution spectra were collected 
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at a fixed analyzer pass energy of 160 and 20 eV, respectively. Samples were mounted in floating 

mode to avoid differential charging. Charge neutralization was required for all samples. Binding 

energies were referenced to the C 1s peak (set at 284.8 eV) of the sp3 hybridized (C-C) carbon in 

oleyalmine and oleic acid. The data were analyzed using commercially available software, 

CasaXPS. The individual peaks were fitted by a Gaussian (70%)–Lorentzian (30%) (GL30) function 

after linear or Shirley-type background subtraction. 

2.3.6 Time-resolved Spectroscopy 

2.3.6.1 Time-resolved Fluorescence Spectroscopy 
 

2.3.6.1.1 Single Photon Counting  

 

TCSPC measurements were done using a Halcyone ultrafast spectrometer (Ultrafast System). 

Halcyone is an all-in-one box that uses a PMT detector with a spectral range of 200-700 nm where 

the instrument response function (IRF) is approximately 250 ps and a time window up to 200 

s. This unit is integrated into our existing laser system described above. The samples were 

measured in 2-mm cuvettes, and a magnetic stirrer was used to ensure that experiments were 

performed continuously on fresh portions of the sample.  

2.3.6.1.2 Streak Camera  

Time-resolved photoluminescence measurements were conducted using a Hamamatsu C10910 

streak camera system. The pump beam was generated using the second harmonic (410 nm) of a 

Spectra-Physics MaiTai HP and Inspire HF-100 OPO with a repetition rate of 2 MHz. Room-

temperature measurements were performed with an excitation fluence of 10 nJ/cm2. 
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2.3.6.2 Time-Resolved Absorption Spectroscopy 

2.3.6.2.1 Transient Absorption Spectroscopy  

Ultrafast fs-transient absorption measurements were performed using a Helios UV-NIR transient 

absorption spectrometer system provided by Ultrafast Systems, LLC. Helios is equipped with 

CMOS VIS and InGaAs NIR spectrometers covering a range of 350-800 nm with a 1.5-nm 

resolution at 9500 spectra/s and a range of 800-1600 nm with a 3.5-nm resolution at 7900 

spectra/s, respectively. The fundamental output is delivered by a Spitfire Pro 35fs-XP 

regenerative fs amplifier, which produces 35-fs pulses at 800 nm with 4 mJ/pulse and a repetition 

rate of 1 kHz. The white-light continuum probe beam is generated by focusing a few µJ pulse 

energy of the fundamental beams onto a 2-mm-thick sapphire plate/2-mm-thick Calcium Floride 

(CaF2) plate. The spectrally tunable fs pulses with a few µJ energy are generated in an optical 

parametric amplifier (Light Conversion Ltd). Note that the solution was continuously stirred to 

keep a fresh sample volume for each laser shot and to avoid photodegradation. The pump and 

probe beams were overlapped spatially and temporally on the sample solution, and the 

transmitted probe light from the samples was collected and focused on the broad-band UV-

visible-NIR detectors to record the time-resolved excitation-induced difference spectra. 

To measure the transient spectra from ns to µs time delays, an EOS from Ultrafast Systems with 

a time resolution of 200 ps and a detection limit of up to 400 µs was used. EOS utilizes a 

supercontinuum light source to generate the probe beam. In both Helios and EOS, a two-channel 

probe-reference method was used to split the probe beam in two: one beam travels through the 

sample and the other is sent directly to the reference spectrometer that monitors fluctuations in 

the intensity of the probe beam. The pump was generated by introducing the fundamental beam 
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into an optical parametric amplifier to select a certain wavelength from the tunable output (240-

2600 nm). Samples were measured in aqueous solutions at room temperature. Transient 

absorption spectra were recorded at low-intensity excitation to prevent Auger recombination of 

the photogenerated charge carriers. 

2.3.6.2.2 Nanosecond Flash Photolysis  

Transient absorption spectra in the microsecond time domain were recorded on a Nanosecond 

Flash Photolysis Proteus spectrometer (Ultrafast Systems). The excitation source was the third 

harmonic (355 nm) of a 10 ns pulsed Nd:YAG Q-switched laser.  

2.3.7 Density functional theory (DFT) calculations 

The DFT calculations were performed using the Vienna ab initio Simulation Package (VASP).6,7 

The projector augmented wave (PAW) method, and the PerdewBurke-Ernzerhof (PBE) 

formulation of the generalized gradient functional (GGA) for exchange-correlation energy was 

used in our calculations. The GGA+U approximation was used to better describe the Coulomb 

interaction between f electrons of Y atoms (U = 5 eV, J = 1 eV). The energy cutoff for the wave 

function expanded in the plane-wave basis was 500 eV. Monkhorst−Pack-type k-meshes of 6×6×6 

and 6×6×1 were used for the cubic-phase bulk CsPbCl3, and the 2×2 slabs are exposing the (001) 

surface, respectively. We considered three models of (i) ideal CsPbCl3 surface, (ii) with a removed 

Pb−Cl ion pair on the surface, and (iii) with a filled Y−Cl ion pair. All the slabs were separated by 

a vacuum layer (∼15 Å) to prevent spurious inter-slab interactions. Each structure was optimized 

until the forces on every single atom were smaller than 0.01 eV/Å. The molecular graphics viewer 

VESTA was used to plot crystal structures and charge densities.  
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2.3.8 Photoelectrical Measurements  

The photoelectrical properties for all devices were measured using a Cascade Microtech MPS 150 

probe station under ambient conditions with an Agilent 1500A semiconductor parameter 

analyzer. A 365 nm continuous-wave semiconductor laser diode (Shanghai Dream Lasers 

Technology Co., Ltd.) was used as an excitation source. After self-purification, different portions 

of the supernatant solutions of treated and non-treated CsPbCl3 NCs were deposited onto PTFE 

filter membranes (<0.1 mm, Advantec) via a vacuum-assisted filtration method. The resulting 

films were dried under vacuum at 80 °C for 3 h. Using e-beam evaporation, parallel Au electrodes 

(100 nm thick) were deposited onto the CsPbCl3-based flexible films under a vacuum pressure of 

10-6 Torr using a patterned shadow mask. The channel length and width of a single device is 

70 mm and 1 mm, respectively. 
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CHAPTER 3: CHARGE CARRIER DYNAMICS at CdTe QUANTUM DOT INTERFACE 

 

3.1 Quantum Confinement-Tunable Intersystem Crossing and Triplet State Lifetime of 

Cationic Porphyrin-CdTe Quantum Dot Nano-assemblies 

 

3.1.1 Abstract 

 

Harvesting the triplet state exciton that results from intersystem crossing (ISC) is a unique 

solution for optimizing the conversion efficiency in organic photovoltaic cells due to its long 

lifetime.  However, to our knowledge, precise tunability and control over the ISC and triplet state 

lifetimes of organic or inorganic materials have never been reported in the literature. Here, we 

use a cationic porphyrin-CdTe quantum dots (QDs) assembly as a model system to clearly 

demonstrate how we can dramatically tune the ISC rate and the triplet state lifetime. The cross-

talk between the positively charged pyridinium moieties in porphyrin and the negatively charged 

carboxylate groups of the thiol ligands coating the surface of the QDs causes the two systems to 

electrostatically approach each other to form TMPyP–CdTe QD nanoassemblies. Our time-

resolved transient absorption and fluorescence results demonstrate that the ISC rate and triplet 

lifetime can be tuned by factors of 4 and 6 by changing the size of the QDs from 6.3 to 1.3 nm. 

These findings suggest the need for further studies of tunable ISC for other absorber materials, 

and perhaps most importantly, they open new avenues for triplet state light harvesting in solar 

cell applications. 



89 
 

 

 

3.1.2 Introduction 

Light absorption, exciton dissociation, and charge collection are considered to be the three key 

processes that control the overall power-conversion efficiencies of organic photovoltaic 

devices.6-7 Matching the exciton diffusion length with the respective optical absorption length is 

a challenge for achieving high power-conversion efficiencies in solar cells.7,8 In this respect, 

photo-generated singlet excitons exhibit very short lifetimes because of their dipole-allowed spin 

radiative decay; consequently, they have short diffusion lengths.8 In contrast, the radiative decay 

of triplet excitons is dipole forbidden; therefore, their lifetimes are considerably longer.8 This has 

motivated interest in the triplet state and its impact on solar cells.7-8 Being in this regime, 

porphyrins, the essential chromophores within nature’s most efficient energy conversion 

device,9 have received special attention due to their good thermal stability and remarkable 

photo-electrochemical properties.10-11 Driven by their potential applications in the fields of 

artificial photosynthesis and photovoltaics, the excited-state dynamics of porphyrins, have 

attracted increased research attention.12-13 The electronic transitions of the Soret and Q-bands 



90 
 

that appear in the visible spectral range are related to the symmetry of the macrocyclic moiety 

of porphyrins and have intense absorptions in the visible spectral region.14 The excitation of 

porphyrins in the Soret band leads to internal conversion to the lowest singlet excited state (S1). 

This conversion is followed by either decay to the ground state or by a singlet (S1)-triplet (T1) 

intersystem crossing (ISC) to populate the low-lying triplet state.15 The rate of the ISC process 

depends on both the energy gap between S1 and T1 and the spin-orbit coupling.16-17  

The excited-state properties of porphyrins can be systematically adjusted by introducing 

distortion into the porphyrin macrocycle18, which has triggered several interaction studies with 

the porphyrin tetrapyrrole macrocycle. More specifically, the interactions of porphyrins with 

nanostructures, such as gold nanoparticles,19 silver nanospheres,20 semiconductor QDs,21-22 

metal oxide nanoparticles,23 carbon nanotubes24, and graphene,25 have also attracted 

considerable interest. These studies predominantly focused on distinguishing and understanding 

the photoinduced electron transfer from energy transfer in the porphyrin nanoassemblies. Time-

resolved pump-probe spectroscopy provides crucial information for the complete understanding 

of the photoinduced excited state transitions,26-27 including electron and energy transfer in their 

nanoassemblies.28 

3.1.3 The scope of the work 

In this study, we explore the excited-state deactivation processes of 5,10,15,20-Tetrakis(1-

methyl-4-pyridinio)porphyrin tetra(p-toluene-sulfonate)  (TMPyP) upon the addition of water-

soluble thioglycolic acid (TGA)-capped CdTe QDs (structure is given in scheme S1). The four 

pyridinium moieties result in TMPyP being positively charged at neutral pH and can strongly bind 
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with the negatively charged TGA groups capping the surface of the CdTe QDs through 

electrostatic interactions to bring the TMPyP and CdTe QDs units into close proximity. Among the 

chalcogenide-based nanoscale materials, CdTe QDs were selected for this study due to their 

bandgap energy in the UV-Vis region, water solubility and high affinity for porphyrins.21-22 In the 

electrostatic binding and nanoassembly formation of TMPyP with CdTe QDs, the rate of the ISC 

and the triplet state lifetime of TMPyP were found to be sensitive to the size of the QDs. For 

comparison purposes, we investigated the interactions between neutral 5,10,15,20-tetra(4-

pyridyl)-porphyrin (TPyP) and CdTe QDs, revealing that the positive charge on the meso units is 

the key for controlling the photo-physical processes. 

3.1.4 Results and Discussions 

As shown in Figure 3.1.1, the free-base TMPyP typically has an intense Soret band at 416 nm and 

weaker Q-bands at 515, 555, 586, and 640 nm. The successive addition of 1.3 nm QDs to a 

solution of TMPyP resulted in a decrease in the intensity of the Soret band, followed by the 

appearance of a new band at 460 nm with an isosbestic point at 436 nm, providing clear evidence 

for ground-state equilibrium between the free TMPyP and TMPyP-CdTe QD nanoassembly. At 

the same time, the Q-bands transform into simple broadband with two peaks at 586 and 640 nm. 

Because the Soret and Q-bands correspond to the electronic structure of the macrocyclic cavity 

of TMPyP,20, 23 these observed spectral modifications are strong indications for interactions 

between TMPyP macrocyclic and CdTe QDs. In such a nanoassembly, a considerable distortion in 

the structure of TMPyP from its free-base structure is expected to occur due to out-of-plane 

displacements upon the complexation of the TMPyP cavity with the QD. Because the size of QDs 



92 
 

is considerably larger than that of the macrocyclic cavity, the TMPyP–CdTe QD nanoassembly 

should adopt the sitting-atop (SAT) configuration related to complexation outside the 

macrocyclic cavity.23  

 

Figure 3.1. 1 Absorption (on left) and emission (λex= 580 nm) (on right) of (A) TMPyP (50 µM) with 

successive additions of CdTe QDs (1.3 nm), (B) CdTe QDs (2.8 nm), and (C) CdTe QDs (6.3 nm); 

the concentrations are given in the figure. 

 

The formation of TMPyP-CdTe QD nanoassembly was also indicated by quenching of the emission 

of TMPyP. Upon excitation at 580 nm in the absence of CdTe QDs, TMPyP exhibits a broad 
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fluorescence band over the range of 625–800 nm, which corresponds to the S1-S0 transition. The 

successive addition of CdTe QDs led to a blue-shift along with a decrease in the fluorescence 

intensity of TMPyP (Figure 3.1.1A). In addition, a more resolved spectrum with two peaks at 625 

and 670 nm was observed, providing clear evidence for disruption of the intramolecular charge 

transfer (CT) between the cavity and the meso unit.29 To evaluate the dependence of the 

quenching behavior on the size of the QDs, we also examined the absorption and fluorescence 

spectra of TMPyP in the absence and presence of different sizes of CdTe QDs. We observed that 

the changes in both the absorption and emission spectra exhibited the same trend, but the 

spectral changes and emission quenching became considerably smaller as the size of the QDs 

increased; see Figure 3.1.1(A-C). This result is consistent with the so-called effect of the surface-

to-volume ratio of the QDs, emphasizing that the charge density or quantum confinement and 

surface coverage of the QDs are responsible for the fluorescence quenching. In this sense, we 

hypothesized that the charge density should be determined by the Cd2+ ions at the surface of the 

QDs, which bound to the thiol ligands,30 and that surface coverage is facilitated by electrostatic 

interactions between the positively charged pyridinium moieties that serve as anchoring groups 

in TMPyP and the negatively charged carboxylic groups of the thiol ligands on the surface of the 

QDs.  

To investigate this hypothesis, we evaluated the interaction between the CdTe QDs with neutral 

TPyP, a porphyrin derivative closely related to TMPyP without positively charged anchoring 

groups in its structure, under the same experimental conditions. As shown in Figure S1, we found 

that the successive addition of CdTe QDs up to 14.3 µM into the TPyP solution had no effect on 

either the absorption or emission spectra. Thus, this finding, along with the reduction potentials 
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of the two porphyrins (-1.01 V for TMPyP and -1.55 V for TPyP)31 and the lack of the spectral 

overlap between the emission of the porphyrin and the absorption of the CdTe QDs, suggests 

that electron and energy transfer from TPyP to CdTe has a very low probability, indicating very 

low nanoassembly formation, if any, between the CdTe QDs and the neutral TPyP. This 

observation supports the hypothesis that a positive charge on the porphyrin is required to form 

a nanoassembly with CdTe QDs. The formation of the TMPyP–CdTe nanoassembly was also 

confirmed by the Raman spectra of TMPyP in the absence and presence of CdTe QDs (see SI and 

Figure S2). The number of TMPyP molecules accommodated on single QDs can be approximately 

estimated by calculating the surface area of the TMPyP and QDs.20 Because the interaction 

between TMPyP and QDs is controlled by electrostatic interactions between the peripheral 

pyridinium functional groups and the carboxylic group on the QDs surface, we can assume that 

the porphyrins make a monolayer parallel on the QDs surface. From the effective diameter of 

TMPyP being ~2 nm20 we estimated the number of TMPyP molecules accommodated on single 

QDs to be 2, 8, and 40 for the QDs of 1.3, 2.8, and 6.3 nm in diameter.  
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Figure 3.1. 2 Nanosecond TA spectra of TMPyP (A) and of TMPyP in the presence of CdTe QDs 

(6.3 nm) (B) and CdTe QDs (1.3 nm) (C) collected after excitation of 355 nm. An identical 

absorption spectrum of porphyrin solutions before and after TA measurements excludes the 

possibility of any photo-degradation. 

As stated above, the steady-state studies provided clear evidence for ground-state interactions 

between the porphyrin cavity and different sizes of CdTe QDs, it is important to explore the 

changes that occurred on the electronically excited state as a result of the proposed interaction. 

To access such information, we conducted femto- and nanosecond transient absorption and 

time-correlated single-photon counting measurements (TCSPC). Nanosecond transient 

absorption (ns-TA) spectra of aqueous solutions of TMPyP and TMPyP–CdTe QDs of the smallest 
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and largest CdTe QDs (1.3 and 6.3 nm) are presented in Figure 3.1.2. It is worth mentioning that 

T1-Tn absorption spectra (450–650 nm range) were collected after optical excitation at 355 nm, 

which is the third harmonic generation of the 1064 nm Nd:YAG Q-switched laser. More details 

about setups are given in the experimental section. This observation is in excellent agreement 

with the literature for the transient triplet state absorption. 32-33 Although there is overall spectral 

similarity for the T1-Tn absorption spectra of free TMPyP in Figure 3.1.2A with that of TMPyP–

CdTe (6.3 nm) and TMPyP–CdTe (1.3 nm) nanoassemblies in Figures 3.1.2B and 2C, respectively, 

a significant shift in the spectra to higher wavelengths as the free TMPyP transitions to its 

complex (nanoassembly) with the CdTe QDs can be observed. A similar shift in T1-Tn absorption 

reported when going from free-base porphyrin to metallated porphyrins.34 This is also in line with 

the higher energy shift of metalloporphyrin triplet state compared to free-base ones.33 

Moreover, we have conducted a control experiment monitoring T1-Tn absorption change of 

TMPyP after metallated using CdCl2, and the clear spectral shift is observed (see Figure S3), 

supporting our proposed mechanism. In other words, the observed shift can be attributed to the 

interaction with CdTe QDs rather than spectral overlap with ground state bleach. Moreover, the 

magnitude of this shift, in Figure 3.1.2, is found to be dependent on the size of QDs used for the 

interaction with TMPyP. Although a shift of 6 nm is observed in the TMPyP mixture with the 6.3-

nm CdTe QDs, a larger shift of approximately 20 nm is observed for the 1.3-nm CdTe QDs. 

This different magnitude of shift suggests not only different positions for the T1 energy of TMPyP 

adopted in the complex relative to the free TMPyP but also different strengths of interaction 

between TMPyP cavity and the surface of the CdTe QDs. Another interesting observation is the 



97 
 

significant differences in the triple-state lifetimes extracted from the TA decay profiles, as shown 

in Figure 3.1.3.  

 

Figure 3.1. 3 Kinetic traces of nanosecond transient absorption of the free TMPyP (grey) and 

TMPyP in the presence of CdTe QDs (1.3 nm; red), CdTe QDs (2.8 nm; green), and CdTe QDs (6.3 

nm, cyan) collected after excitation at 355 nm. 

 

Free TMPyP exhibited a lifetime of 2.16 µs, which is approximately 6 times shorter than those 

extracted from the signal collected in the presence of the smallest CdTe QDs. Moreover, the 

lifetime becomes longer as the size of the QDs is decreased: 3.23, 5.43, and 12.25 µs in the 

nanoassemblies of TMPyP with CdTe QDs with sizes of 6.3, 2.8, and 1.3 nm; respectively. This 

observed difference is referring to the significant impact of QD’s surface-to-volume ratio on the 

interaction with TMPyP. We anticipate, based on spectral and lifetime results, different degrees 

of S1-T1 mixing dependent on the change in energy levels associated with the different surface-

to-volume ratio of the investigated QDs. Being in this regime, the observed longer triplet lifetime 

for the TMPyP-QD nanoassembly compared to TMPyP alone can be due to faster ISC from the 

0 15 30 45 60

0.0

0.2

0.4

0.6

0.8

1.0

 Time delay (s)

 

 

A
b

s
o

rb
a
n

c
e
 c

h
a
n

g
e
 (

N
o

rm
.)

 TMPyP

 TMPyP-CdTe QD (1.3nm)

 TMPyP-CdTe QD (2.8nm)

 TMPyP-CdTe QD (6.3nm)

 Fitting

 nsTA: Triplet-Triplet kinetics



98 
 

singlet state in the nanoassemblies enhanced by virtue of spin-orbit coupling in the presence of 

CdTe QDs.35,36 It should be noted that upon interaction with CdTe QDs the free rotation of the 

meso-N-methyl pyridinium units attached to TMPyP is suppressed, which expected to result in 

elongation of the excited state lifetime. In this regard, several reported examples indicate that 

hindered or restricted molecular rotation rigidifies the molecule and in turn reduces the non-

radiative excited-state deactivation processes.37-38 It has been reported that electronic density of 

the triplet state is mostly located on the macrocyclic core of the porphyrin.39-40 The radiationless 

deactivation of the triplet state in porphyrin requires flipping of the pyridinium groups in TMPyP 

around the macrocyclic core of the porphyrin.39-40 Consequently, any restriction or hindrance 

imposed on this rotation will reduce the non-radiative deactivation of the excited state and 

subsequently increase the triplet state lifetime. The changes detected in the steady-state 

measurements indicate the adoption of sitting-atop porphyrin complex structure.23, 41 Such 

structural changes most likely introduced some extra restrictions on the rotation of the meso 

group together with the increased  ISC by adopting the metallated porphyrin symmetry, as 

indicated by ground state measurements, leading to the observed increase in lifetime. As 

observed in the kinetic profiles (Figure 3), the enhancement is strongly dependent on the size of 

the QDs used. Because the steady-state measurements suggested a correlation between the 

degrees of complexation with the size of QDs, we anticipate different degrees of ISC in the same 

order due to the different degrees of spin-orbit coupling by CdTe QD, similar to the heavy atom 

effect.32, 42-43 

Further confirmation for the proposed mechanism can be obtained from the S1 lifetime 

determined using (TCSPC) technique, and the kinetics traces are shown in Figure S4. The lifetime 
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profile extracted from the fluorescence decay of TMPyP is found to be approximately 4.01 ns, 

which is in good agreement with the fluorescence lifetime of TMPyP reported in the literature.34, 

44 On the other hand, the lifetimes collected for TMPyP in its assembly with CdTe QDs (1.3-nm) 

is 0.97 ns, with CdTe QDs (2.8-nm) is 1.15 ns and with CdTe QDs (6.3-nm) is 2.45 ns, as shown in 

Figure S5. The observed decrease in fluorescence lifetime of TMPyP in its assemblies with QDs is 

pointing out to enhancement of non-radiative routes for excited-state deactivation. Since the 

energy and electron transfer is rolled out based on the lack of spectral overlap between TMPyP 

emission (which is selectively excited under our experimental conditions) and QD’s absorption, 

and on a control experiment carried out using femtosecond TA studies using TMPyP and TMPyP-

QD where no spectral signature for radical ions was detected (see Figure S6). 

 Due to the strong spectral overlap between the excited singlet and triplet states absorption, 

accurate values for the rate of intersystem crossing (KISC) cannot be extracted. However, we were 

able to calculate the KISC for TMPyP free and in presence of CdTe QDs using the method described 

by Pettersson et al.,45 by which we found that the KISC is 5.9 x107 for free TMPyP, 7.3 x 107 for 

TMPyP with 6.3 QD, and 16.8 x 107 for TMPyP with 1.3 QD. The increase in KISC or the decrease in 

lifetime can be understood in terms of the SAT or Out of Plane Complex structure. This type of 

deformation can dramatically changes the photophysical properties of the porphyrin.46-47 These 

short fluorescence lifetimes obtained for the TMPyP–CdTe QD assemblies suggest enhancement 

in the ISC. Accordingly, we can anticipate that the complex formed on the surface of the CdTe 

QDs will result in excited state deformation. This excited state deformation and metalation like 

structure on the surface of CdTe QDs can enhance the spin-orbit coupling and consequently 

speed up the -ISC. This change in the energy barrier for the ISC appears to be a function of the 
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energy alignment of TMPyP with the CdTe QDs. Our interpretation is supported by the decrease 

of the fluorescence lifetime recorded using TCSPC together with the elongation observed in the 

triplet lifetime. Moreover, the red-shift for the transient triplet absorption, as shown in Figure 

3.1.2, indicates a shift in the position of T1 to higher energy levels. This is supported by the 

comparison of the nsTA recorded given in Figure 3.1.2 and Figure S3 as well as literature.33, 35 

Consequently, the S1-T1 energy gap changes as a function of the size of employed CdTe QDs.  

3.1.5 Conclusion 

In summary, the time-resolved results demonstrate, for the first time, the possibility of 

modulating the ISC rate and the triplet state lifetime of TMPyP by controlling both the distance 

and the strength of binding between the porphyrin cavity and the surface of CdTe QDs. 

Fluorescence quenching of TMPyP upon the addition CdTe QDs is observed and found to be 

sensitive to the size of the QDs, demonstrating the impact of quantum confinement on the 

observed quenching. Notably, the novel insights reported in this manuscript provide an 

understanding of the key variables involved in the nano-assembly, thus paving the way toward 

the exploitation of efficient ISC and subsequently elongating the triplet-state lifetime, which are 

required for light-harvesting in the triplet state as one of potential solutions to overcome the 

poor exciton mobility to achieve high power-conversion efficiency.7 
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3.2 Molecular-Structure Control of Ultrafast Electron Injection at Cationic Porphyrin-

CdTe Quantum Dot Interfaces 

 

3.2.1 Abstract:  

Charge transfer (CT) at donor (D)-acceptor (A) interfaces is central to the functioning of 

photovoltaic and light-emitting devices. Understanding and controlling this process on the 

molecular level has been proven to be crucial for optimizing the performance of many energy-

challenge relevant devices. Here, we report the experimental observations of controlled on/off 

ultrafast electron transfer (ET) at cationic porphyrin-CdTe quantum dot (QD) interfaces using 

femto- and nanosecond broadband transient absorption (TA) spectroscopy. The time-resolved 

data demonstrate how one can turn on/off the electron injection from porphyrin to the CdTe 

QDs. With careful control of the molecular structure, we are able to tune the electron injection 

at the porphyrin-CdTe QD interface from zero to very efficient and ultrafast. In addition, our data 

demonstrate that the ET process occurs within 120 femtoseconds, which is one of the fastest 

times recorded for organic photovoltaics. 
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3.2.2 Introduction 

The unique electronic properties of quantum dots (QDs) have attracted widespread interest 

because they offer excellent platforms for the design of a new generation of bioelectronic, 

biosensing, and photovoltaic devices.1-6 Additionally, the porphyrin family of compounds has 

been central to studies of organic solar cells due to their remarkable photo-electrochemical 

properties, and they have recently received very special interest in the photovoltaic community.7-

13  The electrostatic or covalent combination of porphyrins and QDs produce unique 

nanoassemblies with many potential applications.14-15 Although there is a huge number of 

reports on the interactions of porphyrins with nanostructured materials such as gold 

nanoparticles,16 silver nanospheres,17 semiconductor QDs,7-8, 18 metal oxide nanoparticles,19 and 

graphene20-21 that have aimed to distinguish and decipher the photoinduced ET from energy 

transfer in these porphyrin nanoassemblies, to our knowledge no progress has been made on 

using molecular structure control to turn on/off the ET process at the porphyrin-nanostructure 

interface. 

3.2.3 The Scope of the work 

In this letter  using the state-of-the-art time-resolved laser spectroscopy with broadband 

capabilities, we present the first report of on/off ET control between water-soluble thioglycolic 

acid (TGA)-capped CdTe QDs and four charged porphyrins: meso-Tetra (N-methyl-4-pyridyl) 

porphine tetrachloride (TMPyP), 5,10,15-tri(N-Methyl-4-pyridyl)-20-(4-pyridyl) porphine 

trichloride (Tri-MpyP), meso-cis-di(N-methyl-4-pyridyl)diphenyl porphine dichloride (Cis-

diMPyP), and 5,15-diphenyl-10,20-di(N-methyl-4-pyridyl) porphine dichloride (Trans-diMPyP). In 
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these systems, switching between ET and intersystem crossing (ISC) is found to be possible by 

controlling the number and location of the positively charged pyridinium groups on the meso 

positions of the porphyrin macrocycles (see Figure 1). For the TMPyP- and Tri-MPyP-CdTe QDs 

nanoassemblies, only intersystem crossing is observed. In sharp contrast, ultrafast electron 

injection from diMPyP to the QDs is evident for the Cis-diMPyP-CdTe QD assembly. In addition, 

our time-resolved data indicate that a combination of ISC and ET processes are responsible for 

the excited state deactivation of Trans-diMPyP in its nanoassembly with CdTe QDs.  

 

Figure 3.2. 1 The different interaction mechanisms at the interface of porphyrin-CdTe QD 

assemblies, as tailored by the number and position of positively charged substituents. 

 

3.2.4 Results and Discussion 

As shown in Figure 2, all of the free porphyrins exhibit the intense Soret band (S0-S2) at 420 nm 

together with the four Q-bands (S0-S1) over the range of 515–670 nm. For both TMPyP and Tri-

MPyP, the addition of CdTe QDs results in a decrease of the initial Soret band absorption intensity 

accompanied by the appearance of a new 30 nm red-shifted spectral feature. Moreover, the 
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number of Q-bands is reduced from four to two bands, providing a clear indication of the change 

in symmetry of the porphyrin macrocycle, i.e., a metalation-like structure is produced.22 

Accordingly, the macrocycle for these two porphyrins adopts the out-of-plane or sitting-atop 

(SAT) configurations associated with assembly formation outside of the macrocyclic cavity.19 On 

the other hand, for Trans-diMPyP and Cis-diMPyP, in addition to a weak shoulder observed at 

450 nm, a new broadband feature appears in the 515-700 nm spectral range. These bands are 

characteristic of the formation of a ground-state CT complex between porphyrins and QDs.23-25 

It is worth mentioning here that Q-bands of these porphyrins still exhibit the same vibronic 

features of the free porphyrin after the addition of the QDs, which indicates no change in the 

symmetry in contrary to the TMPyP and Tri-MPyP.  The steady-state emission recorded after 

porphyrin-selective excitation at 550 nm is displayed in Figure 3.2.2, which shows strong 

fluorescence quenching upon the addition of CdTe QDs. It is worth mentioning that fluorescence 

quenching may also be achieved by energy transfer, but this mechanism can be ruled out due to 

the lack of spectral overlap between the absorption of CdTe QDs and the emission of the 

porphyrins (see Figure S1). In addition, based on the results of control experiments conducted at 

low porphyrin concentration (see Figure S2), we can exclude the possibility of porphyrin 

aggregation.  

As shown in Figure 3.2.2, a blue-shifted emission band appears upon the addition of CdTe QDs 

to TMPyP and Tri-MPyP. This confirms that the SAT configuration of these porphyrins on the 

surface of the QDs is facilitated by the cross-talk between the positive charge on the methyl-

pyridinium (+N-CH3) meso units of the porphyrin and the negatively charged TGA groups capping 

the surface of the CdTe QDs. In this configuration, the energy gap between the highest occupied 
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molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) is increased 

compared with the free-base porphyrin.26 Hence, the observed quenching can be attributed to 

an increase in the rate of singlet-to-triplet ISC by virtue of the heavy atom effect associated with 

Cd2+ on the QD surface.27 The new blue-shifted band is very small in the case of Cis-diMPyP, for 

which only strong fluorescence quenching is observed. To understand the difference in the 

interaction for the case of Cis-diMPyP, we need to consider the difference in the number and 

position of the +N-CH3  meso units. It is known that the electron-acceptor (EA) properties of +N-

CH3 substituents on TMPyP will dissipate electron density from the porphyrin macrocycle via 

intramolecular CT.28 Hence, decreasing the number of these EA units will localize the electron 

density on the porphyrin macrocycle, and consequently different modes of interaction are 

anticipated. 
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Figure 3.2. 2 Absorption (left) and emission (right, ex=550 nm) of (A) TMPyP, (B) Tri-MPyP, (C) 

Trans-diMPyP, and (D) Cis-diMPyP with successive additions of CdTe QDs. 

It should be noted that Trans-diMPyP might have similar charge localization on the macrocycle. 

However, based on the location of the two cationic meso units in Trans-diMPyP, the interaction 

with the QD surface is expected to be different compared with that of Cis-diMPyP. These different 

modes of interaction are confirmed by Raman spectra measured for the porphyrins with and 

without the addition of CdTe QDs (see Figure 3.2.3).  
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Figure 3.2. 3 Raman spectra of (A) TMPyP and TMPyP-CdTe QDs, and (B) Cis-diMPy and Cis-

diMPyP-CdTe QDs. 

For the TMPyP-CdTe QD assemblies, the disappearance of the peaks corresponding to the in-

plane bending mode at 335 cm-1,19, 29  the in-plane bending of pyridine at 970 cm-1, and the free-

base TMPyP macrocycle moiety at 1300 cm-1 indicates the formation of a metalation-like 

structure in the nanoassembly.19, 29 On the other hand, for Cis-diMPyP, only an overall 

enhancement of the Raman spectra recorded for the free porphyrin is observed for the 

corresponding QD nanoassembly, which is attributed to CT complex formation at the porphyrin-

QD interface.25 

We mention here that we ruled out metalation with free Cd2+ ions given the following evidences: 

1) the lack of interaction between neutral 5,10,15,20-tetra(4-pyridyl)-porphyrin (TPyP) and CdTe 

QDs as shown in Figure S3. The TPyP is accessible for metal interaction, but we did not detect 

and observe such an interaction; 2) the steady-state absorption and emission spectra of 
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porphyrin metallated by cadmium chloride and porphyrin on the surface of the CdTe QDs show 

clear differences in both energy position and spectral shape (Figure S4); 3) the nanosecond TA 

and lifetime of the triplet state shown in Figures S5 and S6 exhibit a larger red-shift as well as a 

longer triplet state lifetime induced by the QD compared with Cd2+;  4) additional experimental 

evidence of the effect of QD size on the triplet lifetime is shown in Figure S7 where a longer triplet 

lifetime is evident for nanoassemblies formed with smaller size QDs; 5) finally, several previous 

studies addressed the interaction in porphyrin-CdTe QD nanoassemblies and reported no 

observations of the presence of Cd2+-free ions in solution.8, 10, 14, 30-34        

Because TA provides detailed information about excited-state deactivation mechanisms 

including CT, ISC, and charge recombination (CR),35-38  we performed fs TA spectroscopy after 

porphyrin-selective excitation at 650 nm which correspond to the last vibronic band in the Q-

bands absorption of the porphyrins while far from the QD confinement band (see Figure S1); and 

the resulting TA spectra with and without CdTe QDs are displayed in Figure 3.2.4, and kinetic 

traces are presented in Figure 5. For all of the free porphyrins, the TA spectra show similarity and 

agreement with those reported in the literature.39-40 The TA spectra of TMPyP and Tri-MPyP with 

and without CdTe QDs exhibit the same features and no signature of the electron transfer is 

observed (see Figures 4A and 4B).  



113 
 

 

Figure 3.2. 4 TA spectra (exc.=650 nm) of (A) TMPyP, (B) Tri-MPyP, (C) Trans-diMPyP, and (D) 

Cis-diMPyP (left) and their corresponding  nanoassemblies with CdTe QDs (right).   

However, a clear spectral shift is recorded and can be associated with the suggested SAT 

configuration adopted by the porphyrin on the surface of the QDs,27,41-42 On the other hand, the 

di-(+N-CH3) substituted porphyrins interacted differently with CdTe QDs, as indicated from the 

steady-state experiments and TA spectra (see Figs. 4C and 4D). For Trans-diMPy, a spectral 

feature at 550 nm overlapping with transient features of the free porphyrin is observed, but 

decays quickly and ends up with the TA spectra of the excited of the free porphyrin. This new 
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feature at 550 nm is attributed to a porphyrin cation radical43-44 resulting from ET from the 

porphyrin to the CdTe QDs.  However, the residual free porphyrin spectral signature at long 

delays indicates that the ET process is not very efficient at deactivating the excited state. The 

kinetic profiles monitored at two different wavelengths, 398 nm (excited state absorption) and 

550 nm (radical cation absorption) are given in Figure 3.2.5. 

 

Figure 3.2. 5 Kinetic traces of porphyrin-QD assemblies(exc.=650 nm) collected at A) 398nm and 

B) 550 nm of TMPyP(red), Tri-MPyP(green),  Trans-diMPyP(cyan), and  Cis-diMPyP(yellow), (left) 

and their corresponding  nanoassemblies with CdTe QDs (right). The solid blue lines are the 

corresponding fits.  

The decay profile at 550 nm was fit to a double exponential decay function, which has a fast 

component of 11.7 ± 2.6 ps and a slow component of 420 ± 29 ps. The short-lived component 
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can be assigned to CR following the ultrafast ET from the porphyrins to the CdTe QDs, while the 

long-lived component may be attributed to ISC of the porphyrins that did not undergo ET. On the 

other hand, the Cis-diMPyP-CdTe QD assembly shows only a broadband feature over the 500-

600 nm spectral range formed within 120 fs, which is our temporal resolution. Again, this band 

can safely be assigned to the radical cation of the porphyrin43-44. The kinetic trace collected here 

is dominated by CR with characteristic time constants of a few and tens of ps. Importantly, the 

complete disappearance of the free porphyrin TA in the case of Cis-diMPyP, while being detected 

for Trans-diMPyP, indicates that the ET for the Cis isomer is more efficient.   

Further confirmation of the above-suggested mechanisms (see eqs. 1&2) came from the 

nanosecond TA spectra collected following 650 nm excitation (see Figure S8).  

 

The obtained TA spectra agree in terms of shape, peak location, and a lifetime with the triplet-

triplet absorption of the free porphyrins.45-46 As can be seen in Figure S8 and S9, there are two 

major differences between the ns TA spectra of free TMPyP and that of its QD assembly. The first 

is the red-shift of the high-energy absorption band in the nanoassembly, which is consistent with 

the change in configuration discussed above. The second difference is the longer triplet-state 

lifetime, as indicated by the kinetic trace displayed in Figure S9 (A). The suggested SAT 

configuration adopted by the porphyrin on the QD surface most likely introduces some extra 

restrictions on the rotation of the meso group together with increased ISC by adopting the 

metallated porphyrin symmetry. 
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On the other hand, the TA spectra collected for the Trans-diMPyP-CdTe nanoassembly shown in 

Figure S8(B) also exhibit the triplet-triplet absorption. This observation together with the fs TA 

data suggests that both ET and ISC participate in the excited state deactivation. In contrast, as 

shown in Figure S8, the Cis-diMPyP-CdTe nanoassembly exhibits a very weak feature, and the 

extracted kinetic trace displayed in Figure S9 shows a very short lifetime (likely associated with 

CR of separated ions) compared with that of free Cis-diMPyP. Accordingly, ET in the singlet state 

is the dominant process for the deactivation of the excited state. 

3.2.5 Conclusion 

In summary, several studies using various state-of-the-art experimental techniques and 

computational methods have been performed not only to access, evaluate, and provide new 

insights into the rate of the ET and CR at D/A interfaces but also to link such fundamental 

dynamical processes to practical photovoltaic-device studies. However, to our knowledge, using 

molecular structure control to turn on/off the ET process at the D/A interface is a research 

direction that has until now seen no progress. Here, we have reported the first experimental 

observations of controlled on/off ultrafast electron injection using cationic porphyrin-CdTe QD 

nanoassemblies as a unique model system. Our results clearly demonstrate the possibility of 

modulating the ET process at the porphyrin-CdTe QD interface. It can be tuned from zero to very 

efficient and ultrafast by controlling the charge localization of the porphyrin macrocycle and the 

number of positively charged meso units. Finally, the novel insights reported in this study provide 

an understanding of the key variables involved in the nanoassembly, thus paving the way toward 

the exploitation of efficient ET at D/A interfaces which is the key element and urgently required 

for optimal device performance. 
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3.3 The Impact of Electrostatic Interactions on Ultrafast Charge Transfer at Ag29 

Nanocluster- and CdTe Quantum Dot-Fullerene Interfaces 

 

3.3.1. Abstract  

A Profound understanding of charge transfer (CT) at semiconductor quantum dots (QDs) and 

nanoclusters (NCs) interfaces is extremely important to optimize the energy conversion efficiency 

in QDs and NCs- based solar cell devices. Here, we report on the ground- and excited-state 

interactions at the interface of two different bimolecular non-covalent donor-acceptor (D-A) 

systems using steady-state and femtosecond transient absorption (fs-TA) spectroscopy with 

broadband capabilities. We systematically investigate the electrostatic interaction between the 

positively charged fullerene derivative C60-(N,N dimethylpyrollidinium iodide) (CF) as an efficient 

molecular acceptor and two different donor molecules: Ag29 nanoclusters (NCs) and CdTe 

quantum dots (QDs). For comparison purposes, we also monitor the interaction of each donor 

molecule with the neutral fullerene derivative C60-(malonic acid)n, which has minimal 

electrostatic interaction. Our steady-state and time-resolved data demonstrate that both QDs 

and NCs have strong interfacial electrostatic interactions and dramatic fluorescence quenching 

when the CF derivative is present. In other words, our results reveal that only CF can be on close 

molecular proximity with the QDs and NCs, allowing ultrafast photoinduced CT to occur. It turned 

out that the intermolecular distances, electronic coupling, and subsequently CT from the excited 

QDs or NCs to fullerene derivatives can be controlled by the interfacial electrostatic interactions. 

Our findings highlight some of the key variable components for optimizing CT at QD and NC 

interfaces, which can also be applied to other D-A systems that rely on interfacial CT. 
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3.3.2. Introduction 

To achieve a high light-to-energy conversion efficiency of solar cell devices, rapid electron 

injection at donor-acceptor (D-A) interfaces is a highly desirable dynamical process.1 Overall 

charge transfer (CT) efficiency at D-A interfaces is dependent on the distance, energy level 

alignment, redox potentials and electron coupling between the electron donor and acceptor 

moieties.2-3 In our previous studies, we have demonstrated that strong interfacial electrostatic 

interactions and π-π stacking in non-covalent D-A systems, including porphyrin-graphene 

carboxylate4-5 and quantum dot-porphyrins6-7, are integral aspects of facilitating the interfacial  

CT process.  

Ligand-protected metal clusters that are less than 2 nm in size are an interesting class of materials 

because they have features between those of small organometallic compounds and 

nanocrystals.8-9 Their unique optical10-11 and electronic12-13 properties and the rare physical and 
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chemical properties they exhibit are attributed to the quantum confinement effect.14-17 To date, 

several bright-emitting gold (Au) and silver (Ag) nanoclusters (NCs) with thiolate ligands have 

been synthesized12-13, 18-21 for potential applications.22-23 The remarkable properties of Au and Ag 

NCs make them attractive for use in sensing applications.24-25 Furthermore, they act as 

photosensitizers that donate electron rapidly to molecular acceptors, making them promising for 

application to solar cell devices.4  

Other quantum-confined materials, CdX, (X= S, Se or Te) have also emerged to define this group 

as a promising class of semiconducting nanocrystals.26-28 CdX QDs typically range in size between 

2 and 10 nm and feature their own characteristics different from bulk semiconductors and 

organic photosensitizers.26 CdX QDs also have unique optical and electrical properties29-30, 

including wide optical absorption, a large extinction coefficient, bandgap tunability and 

outstanding photostability, which make them popular as electron donors. In addition, the ability 

of CdX QDs to produce multiple exciton generation lends higher efficiency to nanocrystal-based 

solar cells.31-32 With their advantages applied, numerous applications have been developed in 

areas of laser technology33 and biological labeling34-36 along with advancements in the capacities 

of light-emitting diodes (LEDs)37-38 and photovoltaic devices. 27, 39-42 

3.3.3. The scope of the work 

Therefore, we were motivated to investigate the CT dynamics at the interface of well-defined 

thiolate-capped Ag29 NCs and carboxyl-capped CdTe QDs with different molecular acceptors. The 

functional groups of capped ligands cause their surfaces to be negatively charged and active for 

electrostatic interaction with positively charged molecular acceptors. To evaluate the 

photoinduced CT process and its new deriving force at anionic NC and QDs interfaces, we 
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carefully selected two different fullerene derivatives: a positively charged C60-(N,N 

dimethylpyrollidinium iodide) (CF) and a neutral C60-(malonic acid)n (NF). These materials are 

considered to be strong electron acceptors with a relatively high electron affinity and are 

generally used in high-performance bulk-heterojunction polymer solar cell devices.43-44 Our 

steady-state and time-resolved data indicate that interfacial electrostatic interactions are 

essential to efficient CT processing in these systems. 

3.3.4. Results and Discussion 

Steady-State Absorption and Emission Measurements 

The absorption spectrum of Ag29 NCs is located between 350–700 nm with a strong peak 

centered at 448 nm, as shown in Figure 3.3.1 A-B. Upon successive addition of either CF or NF, 

the intensity of the peak gradually increased due to the superposition of the absorption of the 

NCs and absorption tail of the fullerene derivative. To evaluate the excited-state interaction at 

the surface of clusters, we monitored the fluorescence quenching of Ag29 NCs upon successive 

addition CF and NF. As depicted in Figure 3.3.1 A-B (right panels), the Ag29 NCs fluorescence 

spectrum centered at 645 nm upon excitation at 450 nm, and successive addition of CF results in 

quenching the emission of the NCs, where 75% quenching was observed upon addition of (13.0-

µM). This suggests a strong excited-state interaction between the NCs and CF. In sharp contrast, 

the addition of the same concentration of NF induced no photoluminescent quenching, indicating 

an absence of an excited-state interaction between NCs and NF. 
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Figure 3.3. 1 Normalized absorption (left) and fluorescence spectra (right) after excitation of Ag29 

NCs at 450 nm upon the successive addition of (A) positively charged fullerene (CF) and (B) a 

neutral fullerene derivative (NF). Concentrations of the fullerene derivatives are indicated in the 

figure. 

In the case of CdTe QDs/CF system, Figure 3.3.2 A-B presents the absorption spectrum of CdTe 

QDs recorded in the range of 500–800 nm where the first excitonic peak of the QDs is located. 

Upon 565 nm excitation, CdTe QDs show a fluorescence spectrum centered at 710 nm. Results 

were very similar to the response by Ag29 NCs. Successive titration of CF (up to 27.3-µM) results 

in strong quenching of the emission of QDs, where 90% quenching was observed, suggesting a 

robust excited-state interaction between the QDs and CF. Also, the addition of the same 

concentration of NF induced nearly no photo-luminescent quenching, indicating an absence of 

an excited-state interaction between QDs and NF, as shown in Figure 3.3.2 B, right panel). 

As stated above, the presence of carboxyl groups on the surface of QDs and thiolate groups 

capping the surface of Ag29 NCs is central to the electrostatic binding with CF, bringing the pairs 
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of components into close molecular proximity for CT to occur. Furthermore, both steady-state 

absorption and fluorescence spectra in Figure 3.3.1 and 3.3.2 clearly indicate that anionic QDs 

and Ag29 NCs do not form close contact with the NF derivative, preventing any CT from taking 

place. These results point out electrostatic interaction as the driving force facilitating the 

nanoassembly formation, consequently controlling the excited state interaction at CdTe QDs and 

Ag29 NCs interfaces. Furthermore, the presence and absence of electrostatic interactions 

between Ag29 NCs and CdTe QDs with positively charged and neutral fullerene derivatives result 

in distinct photoexcitation dynamics that can be resolved by ultrafast transient absorption (TA) 

spectroscopy 45-46, as we discuss below. 

 

Figure 3.3. 2 Normalized absorptions (left) and fluorescence spectra (right) after excitation of 

CdTe QDs at 565 nm upon the successive addition of (A) CF and (B) NF. Concentrations of the 

fullerene derivatives are indicated in the figure. 
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Fig. 3 shows the TA spectra of Ag29 NCs in the absence and presence of CF and NF recorded after 

excitation at 530 nm using (fs-TA) spectroscopy with broadband capabilities.47-48 In the absence 

of fullerene (Figure 3.3.3 A), excitation causes ground-state bleach (GSB) at 446 nm and excited-

state absorption (ESA) bands centered at 408 and 487 nm. Meanwhile, no change in the dynamics 

of either GSB or ESA within a few hundred ps time delay indicates slow dynamics. Note, however, 

within a few hundred ps in the presence of CF (18.4-µM), the GSB is recovered by 15%, indicating 

ultrafast CT from excited NCs to the CF, followed by charge recombination (CR) processes. In 

sharp contrast, in the presence of NF (Figure 3.3.3 C), the TA spectra resemble those of Ag29 NCs 

alone, illustrating that NCs do not interact with NF and that TA spectra represent only free or 

unbound Ag29 NCs. Although excited-state decay is possible by energy transfer, it is unlikely to 

happen in this case because we observed no change with the addition of NF, which has a very 

similar spectral overlap with Ag29 NCs. 

The kinetics of GSB at 446 nm for Ag29 NCs in the absence and presence of CF and NF reveal that 

the GSB recovery of the Ag29 NCs and Ag29 NC/NF are relatively slow, much longer than the 200-

ps observation window, while those of the Ag29 NC/CF system show an additional fast component 

caused by the CT from Ag29 NCs to CF. Furthermore, a single exponential fit to the data suggests 

that the kinetics of the GSB recovery of the Ag29 NC/CF system has a time component of 3.9 ± 0.4 

ps.  

Next, we measured the photoexcitation dynamics of Ag29 NCs in the absence and presence of CF 

in the ns to µs time scales using nanosecond transient absorption (ns-TA) spectroscopy. Figure 

3.3.4 shows the ns-TA spectra of Ag29 NCs and Ag29 NC/CF at time delays up to a few hundred ns, 

confirming slow GSB recovery and ESA decay. The kinetics of GSB recovery and ESA decay of Ag29 
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NCs fit a single exponential function with a time constant of 120±10ns; similar time constants 

were also observed in the absence and presence of CF. These results indicate that dynamics in 

the ns time scale are related to excited free-standing or uncomplexed Ag29 NCs even when 

fullerene derivatives are present in the solution. This observation confirms that CT is driven by 

electrostatic interactions and that it is static in nature. 

 

Figure 3.3. 3 Fs-TA spectra of Ag29 NCs (A) in the absence of fullerene derivatives, (B) in the 

presence of 18.4-µM CF, and (C) in the presence of 18.4-µM NF; data were recorded within 221 

ps after excitation at 530 nm. (D) Kinetic traces of Ag29 NCs in the absence and presence of 

fullerene derivatives. Solid lines represent the best kinetic fit of the data. 
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The analogous photoexcitation dynamics, of the CdTe QD system, are displayed in Figure 3.3.5 

after excitation at 475 nm. In the absence of CF, fs-TA spectra show the GSB at 680 nm, consistent 

with values for steady-state absorption. Similar to Ag29 NCs, the TA spectra within a few hundred 

ps time delay show a slight change in GSB recovery, as shown in Figure 3.3.5 A. This small change 

observed may be attributed to state trapping caused by an incompletely passivated QD surface, 

which can provide additional recombination pathways.47, 49 In the QD/CF system, a spectral 

redshift of a few nanometers takes place by increasing the time delay, which might be explained 

by a transient population flow between two optical transitions of comparable energy within a 

manifold involving multiple coupled band states.49-50  

It is worth mentioning that spectral shift due to the ground state complexation between QDs and 

CF is another possible explanation for the broadening and the spectral shift of ground-state 

bleach. In this case, an ultrafast charge recombination of the complexed species takes place, 

leading to the fast ground state bleach recovery and subsequently, the contribution from the 

uncomplexed part is more prominent which may also cause the observed redshift. From the TA 

spectra we observed that within a few hundred ps time constant, the GSB is recovered up to 75%, 

indicating that the CT from excited QDs to CF is ultrafast. To confirm the process of CT between 

NCs and QDs to CF, fs-TA spectra of both donors in the presence of CF were measured in the 

infra-red (IR) range (Fig. S1). The appearance of a new peak around 850 nm was assigned to the 

formation of the fullerene anion radical (CF-•), clearly confirming the donor-acceptor relationship 

between NCs and QDs with CF.51-54 
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Figure 3.3. 4 Ns-TA spectra of Ag29 NCs (A) in the absence of CF and (B) in the presence of 18.4-

µM CF. (C) The kinetic traces of Ag29 NCs in the absence and presence of CF. Solid lines represent 

the best kinetic fit of the data. 

Kinetic fits of the data indicate that the GSB recovery of the QD/CF system is single exponential; 

the recorded time constant was 45.8 ± 0.8 ps was assigned to the CR process. We suspect that 

the electron injection from QDs to CF occurs within our temporal resolution of 120 fs. Fig. S2 
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shows the QD/CF system using ns-TA absorption. The spectra show similar rates of recovery with 

no spectral change for both CdTe QDs and CdTe QD/CF systems at time delays up to a few 

hundred ns, further confirming that CT is static in nature. 

 

Figure 3.3. 5 Fs-TA spectra of CdTe QDs (A) in the absence of fullerene derivatives and (B) in the 

presence of 27.32 µM CF. (C) Kinetic traces of CdTe QDs in the absence and presence of CF. Data 

recorded within a 600 ps- time delay and after excitation at 475 nm. Solid lines represent the 

best kinetic fit of the data. 
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Figure 3.3. 6 Band alignment of Ag29 NCs and CdTe QDs with respect to CF. Conduction band 

and valence band values were estimated from PESA measurements. 

3.3.5. Conclusions  

In conclusion, we have demonstrated that interfacial electrostatic interactions have a significant 

influence on CT processes from excited anionic Ag29 NC and CdTe QD surfaces to cationic 

fullerene. We used steady-state absorption and fluorescence measurements to prove that both 

systems show strong electrostatic interactions in the presence of CF but not in the presence of 

NF. Furthermore, our fs-TA spectroscopic data clearly demonstrate that the time constant of CT 

from excited Ag29 NCs and CdTe QDs to CF occurs within the instrument temporal resolution of 

120 fs, which is much faster than the excited lifetimes of QDs and NCs themselves. Thus, 

electrostatic interactions at D-A interfaces may be useful for preserving rapid CT process upon 

photoexcitation, which is among the key components in determining the overall efficiency in 

both photovoltaic and photo-catalysis applications. 
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CHAPTER 4: CHARGE CARRIER DYNAMICS AT PEROVSKITE NANOCRYSTALS 

INTERFACE 
 

4.1. Shape-tunable Charge Carrier Dynamics at the Interfaces between 

Perovskite Nanocrystals and Molecular Acceptor 

 

4.1.1 Abstract  

 

Hybrid organic-inorganic perovskites have recently emerged as an important class of materials 

and have exhibited remarkable performance in photovoltaics. To further improve their device 

efficiency, an insightful understanding of the interfacial charge transfer (CT) process is required. 

Here, we report the first direct experimental observation of the tremendous effect that the shape 

of perovskite nanocrystals (NCs) has on the interfacial CT in the presence of a molecular acceptor. 

A dramatic change in CT dynamics at the interfaces of three different NC shapes, spheres, 

platelets, and cubes, are recorded. Our results clearly demonstrate that the mechanism of CT is 

significantly affected by the NC shape. More importantly, the results demonstrate that the 

complexation on the NC surface acts as an additional driving force not only to tune the CT 

dynamics but also to control the reaction mechanism at the interface. This observation opens a 

new venue for further developing perovskite NCs-based applications. 
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4.1.1 Introduction 

Hybrid organic/inorganic perovskites have recently emerged as a highly esteemed material in the 

field of optoelectronics, with the exceptional upsurge in their performance in a remarkably short 

time frame, particularly in photovoltaics.1 The key to this remarkable success is their large 

absorption co-efficient, excellent charge carrier mobility, small exciton binding energy and easy 

solution processability of these materials.2-6 Along with bulk perovskites, the synthesis of 

perovskite nanocrystals (NCs) with different sizes and shapes has evolved enabling additional 

degrees of freedom to tune their optical and electronic properties.7-9 In this regime, the control 

of size, shape, and composition of semiconducting NCs is generally the key factor to tune the 

carrier dynamics at the interfaces of these NCs and consequently unlock their full potential for 

solar and light-emitting applications.5, 10 Despite extensive research efforts over the past several 

years on the synthesis and technological development of perovskite NCs, notably little progress 

has been made towards understanding the charge carrier dynamics at the interface of these 

materials, which remains superficial and creates a major bottleneck that significantly impedes 

the development and optimization of these devices. To the best of our knowledge, only few 
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papers have been reported about the ultrafast exciton dynamics and interfacial charge transfer 

(CT) properties of CsPbBr3 perovskite quantum dots and molecular acceptors.11-12  

4.1.2 The scope of the work 

Herein, we report for the first time a detailed study of the interfacial charge carrier dynamics of 

methylammonium lead bromide (MAPbBr3) NCs in the presence of tetracyanoethylene (TCNE) as 

a strong electron acceptor.13 We explore the effect of the shape variation of these NCs on the 

interfacial CT using steady-state and time-resolved femtosecond transient absorption (TA) 

spectroscopy with broadband capability.14 Our experimental results indicate that the CT rate 

significantly varies from one shape to the other. Additionally, the electron transfer mechanism is 

static for spheres, where the molecule is preadsorbed to the NCs surface and diffusion-controlled 

for cubes where CT occurs upon collision of the NCs with a freely diffusing molecular acceptor.15-

16 However, for platelets, a combination of static and dynamic mechanisms occurs. These findings 

provide a fundamental understanding of the charge carrier dynamics at any device interface 

incorporating these donor-acceptor systems and open a new avenue to tailor the efficiency of 

perovskite-based photovoltaic devices.  
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4.1.3 Results and discussion 

 

Figure 4.1. 1 Top panel: Transmission electron microscopy (TEM) images of colloidal MAPbBr3 

NCs (A) spheres (B) platelets and (C) cubes. Bottom panel: corresponding optical UV-Vis 

absorption and emission spectra of each related shape dispersed in toluene. The emission 

spectra were collected after optical excitation at 380 nm. 

MAPbBr3 NCs were synthesized using the modified re-precipitation method (see experimental 

section).16 Figure 4.1.1 (A-C) top panel shows the transmission electron microscopy (TEM) images 

of the as-synthesized sphere- (A), platelet- (B) and cube- (C) shaped NCs (Additional TEM images 

at different magnifications provided in supporting information, Figure S1). The diameter of the 

spherical particles is approximately 5 nm as represented in Figure 1, inset, and the edges of the 

cubes are of 8-9 nm, whereas the platelets have a thickness of ~1.8-5 nm as previously reported 

(see Figure S2).17 Perovskite structural formation is further confirmed from the XRD analysis of 

the NCs synthesized (Figure S3, S4), where all the peaks match with that of the cubic phase of 

MAPbBr3 with a Pm m space group. To account for the broadening and shifting of the Bragg 
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reflections, all the measurements are carried out on a standard Si-specimen and are corrected 

accordingly. The shift in the peak positions in all the NCs is in accordance with the literature 

compared to the bulk perovskite and for each shape as previously reported.16-20 

The absorption and photoluminescence (PL) spectra for each shape of NCs, as presented in the 

bottom panel of  Figure 1, exhibit well-defined excitonic peaks, where the spectra of the platelets 

and cubes are redshifted compared to the spheres, which is consistent with the literature.17 It 

should be noted that the PL quantum yields of the synthesized spheres, platelets, and cubes are 

found to be 13.5%, 66.5%, and 84%, respectively.  Figure 4.1.2 (A-C) shows the steady-state 

absorption and emission spectra of three different shaped MAPbBr3 NCs with successive addition 

of TCNE as a molecular acceptor. The addition of a notably low concentration of TCNE (186 µM) 

to the NCs dispersed in toluene causes significant PL quenching in all three cases, which suggests 

an efficient excited-state interaction with the NCs. However, the nature of the change in the 

spectra remains different for different shapes upon addition of an identical concentration of 

TCNE.  

For the spherical NCs, the intensity of both the absorption and emission peaks at 445 nm and 450 

nm, respectively, gradually decreases with a small redshift of the peak positions with a higher 

concentration of TCNE. Simultaneously, a new broad absorption feature appears in the range of 

500-560 nm, and an emission peak appears at approximately 507 nm. The intensities of these 

bands enhance with the increase in TCNE concentration, which suggests a ground-state complex 

formation between the NCs and TCNE.21-23 

It is worth mentioning that TCNE can also form complexes with aromatic hydrocarbons.24-25 In 

particular, the TCNE-toluene complex has been reported to exhibit charge transfer character and 
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absorption band in the visible range at high TCNE concentrations.24-28 However, as we used an 

extremely low concentration of TCNE (186 µM), it did not show any signature of such complex 

formation, and no absorption or emission bands were observed when excited at 380 nm (Figure 

2 dashed lines in left and right panels). This clearly indicates that the complexation between TCNE 

and toluene is negligible if exists at all in this case, and hence toluene is acting only as a solvent 

medium. This indeed proves that the changes observed in the absorption and emission spectra 

of the NCs after addition of TCNE solely comes from the interaction of perovskites NCs with TCNE; 

where insignificant concentrations of TCNE can dramatically quench the PL intensity of the 

perovskites NCs, indicating the efficiency of the excited state interactions between both. 

To confirm the origin of the new emission peak for the spherical NCs, we have measured the 

excitation spectrum at different emission wavelengths (Figure S5), which shows clearly that the 

new emission peak originates from the ground-state complex species formed between TCNE and 

spherical NCs.  

For the platelets, similar behavior is observed upon successive TCNE addition, with significant 

quenching and the red shifting of the characteristic absorption and emission peaks at 490 nm 

and 509 nm, respectively. In this case, a featureless broad absorption tail also appears in the 

range of 520-600 nm. However, unlike the spherical-shape case, there is no appearance of a well-

defined peak in the emission spectra, which suggests a different degree of complexation between 

NCs and TCNE as well as different excited-state interaction.29 For the cubes, the absorption 

spectrum does not show significant change, and the emission spectrum shows quenching with 

no shift in peak position. No spectral shift for the cubes reflects very weak ground-state 

complexation, if any at all, with TCNE compared to the other two shapes.23  
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It is worth noting that the shape of the NCs typically remains identical before and after TCNE 

addition, as shown in TEM images (Figure S6). XRD analysis of the NCs after TCNE addition also 

reveals the presence of MAPbBr3 characteristic peaks for each shape which indicates the stability 

of the perovskite NCs and the perovskite phase (Figure S3, S4). The cubic NCs show almost no 

changes upon TCNE addition, suggesting the weaker interaction of TCNE with cubic NCs. 

However, the spherical NCs showed definite spectral shift, which suggests an apparent 

complexation of TCNE with sphere NCs. Such signature from XRD for complexation has also been 

reported for other donor-acceptor systems.30  

To investigate the nature of the interaction between the NCs and TCNE, we conducted X-ray 

photoelectron spectroscopy (XPS) for the spherical and cubic shapes of NCs before and after 

TCNE addition. The Pb4f and Br3d peaks remain essentially the same as shown in Figure S7, 

suggesting there is no change in the oxidation state of these elements after TCNE addition. 

However, there is a distinguishable change in the N1S spectra for spherical NCs after TCNE 

addition as shown in Figure S8. The N1S spectra before adding TCNE can be deconvoluted into 

two peaks at 401.8, and 400.1 eV. The peak at 400.1 eV can be assigned to the amine group while 

the peak at 401.8 eV can be assigned to NH3
+ in MABr,30-31 whereas in the presence of TCNE, it 

can be deconvoluted into three peaks at 399.1, 400.1, 401.8 eV. The additional peak is observed 

in the N1S spectra for the NCs after addition of TCNE confirmed the binding of TCNE in the NCs. 

A similar observation has been reported for the complexation of PbS QDs with different 

molecular acceptors.32-33  

In colloidal solutions of donor-acceptor moieties, quenching of the donor emission may take 

place either in a static way, i.e., via complex formation between the donor (NCs in this case) and 
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the acceptor (TCNE), or a dynamic way where the excited state donor (NCs) is deactivated by 

being in contact with the acceptor molecule (TCNE) in solution, and hence depends on the 

diffusional behavior of the excited state.  Accordingly, to get further insights into the interaction 

between the NCs and TCNE in our case, we analyzed the PL quenching data using Stern-Volmer 

equation: (Io/I = 1+Ksv [TCNE]), where Io and I are the fluorescence intensities before and after the 

TCNE addition, respectively. Ksv is the quenching constant, and [TCNE] is the TCNE 

concentration.34  

 

Figure 4.1. 2 Steady-state absorption (left) and emission spectra (right) of MAPbBr3 perovskite 

NCs of different shapes ((A) sphere, (B) platelet, and (C) cube) upon successive 

tetracyanoethylene (TCNE) additions. The final concentration of TCNE added to the samples was 

186 µM. The absorption and emission spectrum of blank TCNE in toluene have also been provided 
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in dotted lines. The perovskite NCs were selectively excited at an excitation wavelength of 380 

nm. 

In general, static and dynamic quenching can be distinguished from the slope of Stern–Volmer 

plot, however, it has been reported in the literature that both static and dynamic quenching may 

give a linear Stern-Volmer plot34-36, and deviation from linearity is only expected at high 

concentrations of the molecular acceptor.37 In our case also, the relation between the 

fluorescence intensities (Io/I) and [TCNE] shows a linear behavior for all the three NCs shapes 

(figure S9). One of the reasons behind this may be the extremely low concentration of TCNE used 

in our experiments. Despite that, the magnitude of the Stern–Volmer quenching constant, Ksv can 

be used to distinguish between static and dynamic quenching. The value of the quenching 

constant Ksv remains different for each shape with Ksv being highest for the spheres (0.090 M-1), 

followed by Ksv = 0.055 M-1 for the platelets and 0.028 M-1 for the cubes, respectively. This 

suggests that the strongest interaction with TCNE occurs for the spherical NCs, and also that the 

interaction might be static in nature. We presume that lower values obtained for the other two 

shapes might be due to the presence of another parameter that needs to be explored. Thus, 

additional information is required to distinguish between the two mechanisms; for example, the 

lifetime dependence measurements, as we will discuss later in the manuscript.  

Transient Absorption (TA) spectroscopy has proven to be a critical method to study excited-state 

interactions.38 Here, we used it to monitor the carrier dynamics at the interface between 

different shaped NCs and TCNE. Figure 4.1.3 shows the femtosecond (fs)-TA spectra of the NCs 

in both the absence and the presence of TCNE, which were measured after a 380 nm laser pulse 

excitation. For pristine NCs, a clear ground-state bleach (GSB) due to the removal of the occupied 
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valence band population upon excitation and positive absorption bands attributed to the excited-

state absorption of the excited charge carriers are observed in all cases, whereas recovery of the 

GSB with time reflects the relaxation of the excited carriers to the ground-state as a result of 

CR.39-40   

 

Figure 4.1. 3 fs-TA spectra of (A) MAPbBr3 spheres NCs, (B) platelets, and (C) cubes NCs without 

and with TCNE. The data were recorded from 1 ps to nearly 1 ns probe delays after 380 nm laser 

pulse excitation. 

For spherical NCs, when coupled with TCNE, the GSB band is slightly red-shifted by 5 nm, which 

may be related to a similar spectral shift in the steady-state absorption spectra (Figure 3A) 

because of the ground-state complexation between NCs and TCNE. Also, a new GSB is observed 

at 527 nm, which confirms the existence of a new species that formed with NCs and TCNE. For 

the platelets (Figure 3B), the TCNE addition causes a spectral shift of the GSB band from 502 to 

529 nm, which again confirms the ground-state complexation between MAPbBr3 and TCNE.23 In 

sharp contrast, the GSB band of the cubes (Figure 3C) at approximately 515 nm remains 
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essentially identical, with no spectral change after the TCNE addition. Interestingly, in all three 

cases, the extent of GSB recovery increased in the presence of TCNE, which suggests the 

existence of an additional deactivation pathway for the photogenerated electrons in MAPbBr3 to 

TCNE, whose extent is maximum for the spherical NCs, followed by the platelets and cubic shape. 

The faster GSB recovery results from quenching of NCs excitons by TCNE, indicating ultrafast 

electron injection from the NCs conduction band to the LUMO of the TCNE. 

To obtain a quantitative picture of the carrier dynamics, we compared the kinetic traces of both 

GSB recovery in Figure 4.1.4 A (left panel), and the excited-state decays (Figure S10, S11) before 

and after TCNE addition for all three NCs, after a 380 nm laser pulse excitation. The data were 

fitted with a bi-exponential decay using eq. 1, and the obtained time components are provided 

in the supporting information, Table S1. 

𝑦 = 𝑦0 + 𝐴1𝑒−𝑡/𝜏1 + 𝐴2𝑒−𝑡/𝜏2  ……………………………………………………………………………… (1) 

The GSB recovery kinetics for all NCs have one fast component with a time constant of tens to 

hundreds of picoseconds, based on each shape, and one slow component in the range of ns 

(Table S1). Similarly, the ultrafast (within a few ps) decay of the excited states of the NCs in the 

presence of TCNE is also observed, suggesting the presence of additional deactivation channels, 

as indicated by the GSB recovery data, with similar decay time constants. However, the time 

constant of the slow component cannot be accurately extracted because it extends beyond our 

time window. 

In pristine NCs, the fast component observed in the GSB recovery kinetics may originate from 

electron trapping by surface states near the conduction band, whereas the slow one originates 

from the excitonic recombination of the NCs.16 In the presence of TCNE, both time constants 
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decrease, which indicates a faster GSB recovery and suggests the presence of additional ultrafast 

CT and CR channels in the system. This hypothesis is also supported by the ultrafast excited-state 

decay of the NCs in the presence of TCNE within a few ps, Figure S11). To obtain more details 

regarding the nature of the excited-state interactions between MAPbBr3 and TCNE, we measured 

the PL decay lifetime based on the time-correlated single-photon counting (TCSPC) with a 150 ps 

temporal resolution (the emission decay traces are measured at the emission maxima of each 

shape; 450, 507 and 520 nm for sphere, platelets, and cubes, respectively). As observed in Figure 

4.1.4 (B), the lifetime decay for all shapes can be fitted with a bi-exponential function (time 

constants provided in Table S2). The fast component can be attributed to the radiative excitonic 

recombination in these NCs, whereas the slow component may arise from the radiative 

recombination that involves the trap states.14, 29, 41-42 For the spherical NCs, the PL excited-state 

decay remained nearly identical with and without TCNE, which again indicates that the quenching 

occurred via a static mechanism that was driven by a ground-state complex formation between 

these NCs and TCNE, as indicated in the steady-state measurements. On the contrary, for both 

platelets and cubes, the lifetime decreased (the cubes having a shorter lifetime than the 

platelets), which suggests that the quenching mechanism in these cases is dynamic. However, for 

the platelets, the steady-state spectra also show a signature of ground-state complex formation. 

Hence, a combination of static and dynamic quenching mechanisms is presumably responsible 

for the fluorescence quenching of the platelets.43  
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Figure 4.1. 4 (A) Kinetic traces of the bleaching recovery profiles of spheres, platelets, and cubes 

MAPbBr3 perovskite NCs in the absence (Cyan) and presence of TCNE (orange), which were 

recorded after a 380 nm laser pulse excitation. The solid lines are the best kinetic fit of the data. 

(B) Fluorescence lifetime measurement based on the time-correlated single-photon counting 

(TCSPC) decay of free MAPbBr3 NCs and MAPbBr3 in the presence of TCNE, which were collected 

after laser excitation at 400 nm. 

The quenching mechanism varies for different shapes, possibly because of different degrees of 

complexation and different surface areas.42 For example, the specific surface areas of the spheres 

and the cubes were determined from Krypton adsorption isotherms using the Brunauer–

Emmett–Teller (BET) model, which is one of the most widely used methods for calculating the 

surface area of NCs. The calculated surface areas of the spheres and cubes are 6.816 𝑚2/g and 

3.505 𝑚2/g, respectively. These results support that spherical NCs, which have the largest surface 
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area, can accommodate more TCNE molecules, which enables efficient ground-state complex 

formation between the two components. It is worth mentioning here that we also measured the 

ns- s transient spectra for the NCs before and after the addition of TCNE (Figure S12) and they 

showed similar trends as that of PL excited state decay kinetics affirming our conclusion about 

the quenching mechanism.   

 

Figure 4.1. 5 Bandgap offset of MAPbBr3 NCs of spheres, platelets and cubes shapes with respect 

to LUMO value of TCNE.44-45 

It is well-known that the Marcus theory correlates the relation between the free energy driving 

force (-∆G), which is the energy difference between the acceptor and donor moieties, and the 

rate of CT. As the energy difference increases, the rate of electron transfer increases.40, 46 As 

depicted in Figure 4.1.5, there is a clear difference of electron affinities between each shape of 

NCs and TCNE, with the energy offset between the conduction band of the NCs to the LUMO level 

of TCNE is the highest for the spherical particles flowed by the platelets and the cubes. So, 

according to Marcus model, when the perovskites NCs interact with TCNE, a faster CT rate is 
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expected in the spherical shape than the platelets or cubes, in a good agreement with the static 

nature of interaction for the spherical NCs as previously mentioned in the manuscript.  

4.1.4 Conclusion 

In conclusion, although the control of the shape of semiconducting NCs has gained significant 

progress over the last decade and has a huge potential for solar and light-emitting applications, 

not much progress has been made in the shape-tunable ultrafast charge carrier dynamics at the 

interface of these NCs. Here, we present the first direct observation of the tremendous effect of 

shape variation of perovskite NCs on interfacial charge transfer dynamics with molecular 

acceptors using time-resolved femtosecond transient absorption (TA) spectroscopy with 

broadband capability. The time-resolved data reveal that the rate and mechanism of electron 

transfer strongly depend on the shape of the NCs. We have found that the spherical NCs have 

the maximum rate, followed by the platelets and the cubes.
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4.2 Pyridine-induced Dimensionality Change in Hybrid Perovskite Nanocrystals 
 

 

4.2.1 Abstract  

Engineering the surface energy through careful manipulation of the surface chemistry is a 

convenient approach to control quantum confinement and structure dimensionality during 

nanocrystal growth. Here, we demonstrate that the introduction of pyridine during the synthesis 

of methylammonium lead bromide (MAPbBr3) perovskites nanocrystals can transform three-

dimensional (3D) cubes into two-dimensional (2D) nanostructures. Density functional theory 

(DFT) calculations show that pyridine preferentially binds to Pb atoms terminating the surface, 

driving the selective 2D growth of the nanostructures. These 2D nanostructures exhibit strong 

quantum confinement effects, high photoluminescence quantum yields in the visible spectral 

range, and efficient charge transfer to molecular acceptors. These qualities indicate the suitability 

of the synthesized 2D nanostructures for a wide range of optoelectronic applications. 
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4.2.2 Introduction 

Engineering the surface of nanomaterials is the key to control their growth as well as their physical 

and chemical properties, which are sensitive to the increased surface-to-volume ratio.1-3 The 

careful selection of surface-binding ligands is the most convenient way to manipulate the surface 

energy, passivate surface dangling bonds, and stabilize the nanostructures. However, selective 

binding of ligands can drive the crystal growth in certain directions, leading to nanostructures 

with different shapes and dimensions, which in turn can affect the quantum confinement of the 

nanocrystals.4-7 Ligands can also have a crucial effect on intrinsic photophysical properties, such 

as photoluminescence quantum yield, charge carrier lifetime, multiple exciton generation, 

photoconductivity and carrier mobility, which in turn determine the suitability of the nanocrystals 

for specific optoelectronic applications.8-12  

Organometallic halide perovskites have been at the forefront of recent optoelectronic materials 

research due to their high absorption coefficients (>105 cm−1), long diffusion lengths, high carrier 

mobilities, and balanced ambipolar transport properties. As nanomaterials, organometallic halide 

perovskites offer additional levers, for tuning the optical bandgap by methods such as halide 

exchange.13-27 It was recently noted that lowering the dimensionality of perovskite 

nanostructures opens new degrees of freedom to improve their optical and electronic properties, 

as well as stability. More specifically, 2D platelets exhibit strong quantum confinement effects, 

which lead to an increase in the exciton binding energy due to the large dielectric confinement 

between the inorganic and organic layers. The absorption cross-section of 2D platelets is also 

dramatically increased with respect to their bulk counterparts.28-35 Additionally, 2D 
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nanostructures are more compatible with conventional thin-film device design and fabrication 

techniques owing to their planar geometry, which also leads to fast in-plane charge transport 

arising from reduced hopping barriers.36-37 Furthermore, solar cell devices consisting of a 2D 

hybrid perovskite absorber layer show better moisture stability under ambient conditions 

compared to its 3D analog.38-39  

The colloidal synthesis of 2D perovskite nanoplatelets with different layer thicknesses using a 

mixture of long-chain aliphatic acids and amines as ligands was recently reported.28-29, 31-32, 40-44 

However, the long hydrocarbon chain of all the ligands adds to the formation of an insulating 

barrier across the nanocrystal surface and is detrimental to its application for photoconductive 

purposes.  

4.2.3 The Scope of the work  

Herein, we design a synthesis to obtain for 2D methylammonium lead bromide (MAPbBr3) 

nanostructures with tunable layer thickness primarily capped by pyridine, a small molecule. 

Notably the synthesis occurs at relatively low temperatures with a simple reprecipitation 

approach.45 The selective binding of pyridine on the surface of MAPbBr3 directs the 2D-specific 

growth of the nanostructure. Upon temperature variation, the thickness of these 2D 

nanostructures can be tuned effectively, and they can be assembled in different ways, leading to 

the formation of face-stacking nanoplatelets (number of unit cell layers (n)2), thin sheets (n4) 

and thicker quasi-2D nanostructures (n6). A remarkable blue shift in the emission of the 

nanostructures coupled with an increases in the photoluminescence quantum yield after the 

addition of pyridine indicates strong quantum confinement in the 2D structures. Theoretical 

calculations show that unlike alkylammonium cations, which bind to Br in the PbBr6 octahedra 
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when using alkylamines and acids as ligands, pyridine molecules bind to Pb atoms on the surface; 

thus, a complex interplay between the two moieties upon variation of the reaction temperature 

controls the thickness of the formed 2D nanostructures. Furthermore, efficient interfacial charge 

transfer between these 2D nanostructures and benzoquinone as a molecular acceptor is 

reported, indicating the suitability of these 2D nanostructures for photovoltaic applications. 

4.2.4 Results and Discussion 

3D MAPbBr3 nanostructures were synthesized by following a modified reprecipitation method.45-

46 In a typical procedure, the precursor solution was prepared by dissolving lead bromide (PbBr2) 

and methylammonium bromide (CH3NH3Br) in dimethylformamide (DMF), followed by the 

addition of an oleylamine and oleic acid mixture. This precursor solution was injected into toluene 

under vigorous stirring at three different temperatures (0°C, 25°C, 60°C) to initiate the 

crystallization of the nanocrystals (Figure 4.2.1). For the synthesis of 2D MAPbBr3 nanostructures, 

we introduced a new component, pyridine, to the precursor solution mixture, while the rest of 

the reaction procedure was kept the same. In both cases, an instantaneous change in color of the 

solution indicates formation of the nanocrystals, which were purified afterward to remove 

unreacted precursors and bulk materials. Details of the synthesis technique and procedure 

optimization are provided in the methods in the supporting information (see figure S1) 
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Figure 4.2. 1 Schematic illustration of the synthesis of 2D MAPbBr3 nanostructures following the 

re-precipitation method at the indicated temperatures using oleic acid, oleylamine, and pyridine 

as ligands. The chemical structures of the ligands are also provided. 

Figure 4.2.2 shows the transmission electron microscopy (TEM) images of the as-synthesized 

MAPbBr3 nanostructures. When pyridine is not added to the reaction system, cubic 

nanostructures are formed, with an increase in size from 4.5 to 5 nm, 9.5 to 13 nm, and 14 to 18 

nm with reaction temperatures of 0°C, 25°C, and 60°C, respectively (Figure 2a-c). Interestingly, 

in the presence of pyridine, 2D nanostructures are formed. Face-to-face stacked platelets with 

thicknesses of 1.5 to 2 nm oriented perpendicular to the carbon support film of the grid were 

formed at 0°C. Flat-lying sheets with thicknesses of 3 to 3.6 nm were formed at 25°C, and 4.3 to 

5.5 nm thick quasi 2D nanostructures were formed at 60°C (Figure 2d-f and Figures S2-S3). XRD 

analysis of the samples (Figure 3a) indicates the cubic phase (Pm-3m space group) of these 

nanostructures, with a series of diffraction peaks at lower angles for the samples synthesized 

with pyridine. Interestingly, these lower angle peaks originate from the stacked superstructures 

of 2D nanocrystals, which is consistent with earlier reports in the literature,31, 42 and thus confirms 
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the formation of 2D structures with pyridine. For example, the XRD reflection patterns indicate 

the stacking distance between the layers to be 1.59 nm for n=2 sample as represented in figure 

S4. 

 

Figure 4.2. 2 TEM images of the MAPbBr3 perovskite nanostructures. The upper panel shows the 

3D nanostructures synthesized without pyridine at different precipitation temperatures: 0°C (a), 

25°C (b), and 60°C (c). The lower panel shows the 2D nanostructures obtained at 0°C (d), 25°C (e) 

and 60°C (f) after pyridine addition. Additional TEM images at different magnifications are 

provided in Figure S2. 

The absorption and emission spectra of the nanostructures are shown in Figure 4.2.3 b. For the 

cube-shaped nanostructures formed without pyridine, the absorption and emission spectra 

range from 452 nm to 506 nm and from 470 to 519 nm, respectively, with an increase in the 

dimension of the cubes. By contrast, for the 2D nanostructures formed with pyridine, both the 

absorption and emission spectra for all the three sets synthesized at different temperatures, 
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particularly for the nanostructures synthesized at lower temperatures, are comparatively shifted 

to high energy values. This result indicates thickness-dependent quantum confinement in the 

nanostructures, with the absorption and emission position ranging from 443 to 501 nm and from 

445 to 508 nm, respectively. From the absorption and emission peak positions, the number of 

unit cell layers in the nanostructures can be assigned to be 2, 4 and 6 for the sample synthesized 

at 0°C, 25°C and 60°C, respectively, as obtained from the literature.32, 41 The photoluminescence 

FWHM of the 2D nanostructures is also narrowed by few nms, with quantum yields of 33% (0°C), 

28% (25°C) and 80% (60°C), which are much higher compared to those without pyridine addition 

(8% for 0°C, 20% for 25°C, and 40% for 60°C). One possible explanation for such enhancement in 

the emission intensity in the presence of pyridine could be a reduction in shallow trap density, as 

previously reported.47 

 

Figure 4.2. 3 (a) XRD patterns of the synthesized nanostructures, which correspond to the cubic 

phase of MAPbBr3 perovskites. The highlighted part indicates lower angle peaks obtained for the 

2D nanostructures. (b-c) UV-visible absorption spectra and normalized photoluminescence 
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spectra of the synthesized MAPbBr3 perovskite nanostructures dissolved in toluene upon 

excitation at 365 nm. The solid line spectra correspond to the 3D nanostructures formed without 

pyridine, whereas the dotted line spectra correspond to the 2D nanostructures formed by adding 

pyridine as a co-ligand. 

Based on these experimental observations, it becomes clear that pyridine plays a key role in the 

formation of the 2D nanostructures, which indicates that it must bind to the surface of the 

nanostructures to alter the surface energy and direct the 2D growth. To reveal the underlying 

mechanism and understand the attachment of pyridine to the MAPbBr3 surface, we carried out 

density functional theory (DFT) calculations on slab structures of MAPbBr3 with different 

thicknesses and surface terminations (MABr and PbBr2) (the slab structures can be found in 

Figure S3b of Supporting Information).48-50 The calculated bandgap at the PBE level for the bulk 

cubic-phase MAPbBr3 is 2.05 eV, which is somewhat lower than the experimental value (2.30 eV) 

(see Figure S5a,b) and agrees well with a previous similar DFT study.51 After pyridine 

modifications, the experimental bandgaps of the 2D MAPbBr3 nanostructures become 2.80 eV 

for the 0°C sample (n  2), 2.72 eV for the 25°C sample (n  4), and 2.45 eV for the 60°C sample 

(n  6). As shown in Figure 4a, the calculated bandgaps (2.5-1.8 eV) of pyridine-modified PbBr2-

rich slabs (PbBr2-Py, n = 2-6) are close to these experimental values, if we take into account the 

energy difference (0.25 eV) between the experimental and calculated values for the bulk. Note 

that the bandgap reduction of PbBr2-Py slabs in comparison to pure PbBr2 is due to a contribution 

from the lowest unoccupied molecular orbital (LUMO) of pyridine to the conduction band 

minimum (CBM) of the whole slabs, as confirmed by the projected density of states in Figure 

S6a,b. In the case of the MABr-rich surface, the bandgap is seen to increase sharply when the 
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thickness reaches above 2.5 nm as the pyridine LUMO level then appears above the CBM of 

MABr-rich slabs in such weakly interacting pyridine/MABr complexes with weak interactions.  

 

 

Figure 4.2. 4 (a) Calculated bandgaps of the MAPbBr3 perovskite (001) 2D nanostructures with 

MABr- and PbBr2-rich surfaces before and after pyridine addition—i) MABr (black); ii) MABr-Py 

(blue); iii) PbBr2 (orange); and iv) PbBr2-Py (green)—at the PBE level of theory, together with the 

experimental values of the MAPbBr3 2D nanostructures with pyridine modifications (solid red 

dots). (b) Surface charge redistribution of the MAPbBr3 nanostructures after ligand modification. 

Figure 4.2.4 b illustrates how pyridine modification affects the surface charge density. On the 

PbBr2-rich surface, pyridine forms a dative NPb bond and links vertically to a surface Pb atom; 

charge redistribution occurs in the N (pyridine)-Pb (surface)-Br (surface and subsurface) region. 

On the other hand, pyridine lays almost flat on, and is farther away from the MABr-rich 

surface due to the strong interaction between surface MA and pyridine; charge redistribution 

remains localized between the pyridine and surface Br atoms and MA cations. The calculated 

binding energy of pyridine on the PbBr2-rich surface is accordingly much higher than on the 

MABr-rich surface (0.74 eV vs. 0.21 eV). We note that the formation of N-Pb bonds on these 
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PbBr2-rich surface slab structures is different from the way a mixture of oleic acid and oleylamine 

functions as ligands: Oleylamine gets protonated in the presence of the acid and the resulting 

oleylammonium cations bind to Br atoms in the PbBr6 octahedra of the nanocrystals.41, 44 It 

should be noted that the Lewis base passivation through dative binding of the pyridine lone pairs 

to the under-coordinated (acidic) Pb cations on the MAPbBr3 surface is expected to decrease the 

surface defect densities.52-53  

Thus, it can be concluded that pyridine molecules bind to Pb2+ ions present on the surface of the 

growing nanostructures, slowing down the vertical growth rate and leading to the formation of 

2D nanostructures. This effect becomes most dominant in samples synthesized at low 

temperatures (0°C), at which thin platelets (with n2) are formed. By increasing the temperature, 

pyridine appears to become more labile, and the dynamic bonding on the surface leads to an 

increase in the thickness of the nanostructures. At 25°C, 2D nanosheets (with n4) are formed 

with lateral-oriented attachments of the 2D platelets, whereas at 60°C, even thicker quasi-2D 

layered structures are formed with n6, with a complex interplay between pyridines and 

oleylammonium ions at elevated temperature. Additionally, to investigate the existence of 

pyridine on the 2D-nanostructures surfaces, we conducted X-ray photoelectron spectroscopy 

(XPS) for the nanocrystals synthesized at 0oC in the absence and presence of pyridine and 

compared the N1s and Pb4f spectra (see Figure S7). The pyridine signal was observed in the 2D 

NCs, which clearly points out the presence of pyridine on the NCs surface. 
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Figure 4.2. 5 (a) Steady-state absorption and (b) photoluminescence spectra of the quasi-2D 

MAPbBr3 nanostructures synthesized at 60°C after pyridine modification with successive 

additions of benzoquinone (BQ). Inset is the Stern-Volmer plot showing the photoluminescence 

intensity of the perovskite nanocrystals as a function of the concentration of the quencher (BQ). 

The progressive increase in the absorption intensity after the addition of BQ is due to the 

absorption spectra of BQ, which overlaps with that of the nanostructures. The lower panel is the 

time-resolved photoluminescence spectra and the lifetime of perovskite nanostructures without 

(c) and with (d) 1.98 mM BQ, measured using a Streak Camera upon 410 nm optical excitation. 

The inset represents the intensity versus time extracted from the photoluminescence spectra. 

As the main interest in perovskite materials stems from their efficiency as absorber material in 

photovoltaic devices we investigated the interfacial charge transfer kinetics of the quasi-2D 

MAPbBr3 nanostructures (n6) with benzoquinone (BQ), as efficient charge transfer between the 

donor and acceptor moieties, holds the key to controlling the performance of the device.54-59 It 

should be noted that quasi-2D nanostructures were chosen here to avoid any excitation of the 
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molecular acceptor and to give us the ability to extract clean charge transfer dynamics from the 

perovskite to BQ. Upon addition of a low concentration (1.9 mM) of BQ to the perovskite solution, 

the photoluminescence intensity is quenched by 90%, which indicates efficient electronic 

interactions between the two species (see Figure 4.2.5 b). The photoluminescence quenching 

can in principle arise from electron and/or energy transfer from the excited perovskite 

nanostructures to BQ.60 However, energy transfer can be safely ruled out as a significant 

mechanism here because of the lack of spectral overlap between the nanostructure emission and 

BQ absorption (Figure 5a,b). Being in the charge-transfer regime, we constructed a Stern−Volmer 

plot for the emission quenching using the equation I0/I = 1 + KSV[BQ], where I0 and I are the 

fluorescence intensity of the nanostructures in absence and presence of BQ, respectively, KSV is 

the Stern−Volmer quenching constant, and [BQ] is the BQ concentration (see inset in Figure 5b). 

The quenching rate constant is calculated using the equation Kq = KSV/tF, where tF is the 

fluorescence lifetime (10.12 ns, see Figure 5c) in the absence of BQ, to be 1.47×108 M−1 s−1
.
61 In 

order to gain physical insight into the reaction mechanism of the transfer process, we have 

performed time-resolved fluorescence experiments using Streak Camera with picosecond 

resolution. The results indicate that the average photoluminescence decay lifetime decreases 

from 10.12 ns to 7.28 ns after BQ addition (Figure 5c,d). The clear change in lifetime in the ns 

time scale upon BQ addition, along with the slow quenching rate, indicates that electron transfer 

occurs via a diffusion-controlled mechanism. A similar observation for 3D nanostructures in 

presented for comparison purposes in Figure S8. As expected, the quenching rate in 2D structure 

is much faster than the 3D ones. By comparing the insets in figure 5 and figure S8, it is clear that 

the quenching rate reaching 0.2 in 2D NCs however, 0.8 was obtained with the 3D counterpart in 
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the presence of BQ. Also, almost double of the BQ concentration was required to quench the 3D 

perovskites NCs. This clearly indicates that the 2D structures are more efficient at the interface. 

3D materials with molecular acceptors have recently been reported.62 A comparison of lifetimes 

τe (1/e) of both 3D and 2D NCs synthesized at 60oC in the absence and in the presence of 

benzoquinone of BQ is summarized in table S1. 

4.2.5 Conclusion 

In summary, surface engineering of MAPbBr3 perovskites by introducing pyridine as a co-ligand 

leads to the selective formation of 2D nanostructures with controllable thickness and electronic 

properties. DFT calculations on slab structures of MAPbBr3 with different thicknesses and surface 

terminations show that pyridine is strongly linked to the surface of the nanocrystals through the 

formation of NPb bonds. These 2D nanostructures show stronger quantum confinement 

effects and higher photoluminescence quantum yields compared to their 3D analogs. Moreover, 

efficient interfacial charge transfer from these 2D nanostructures to benzoquinone, along with 

bandgap tunability and appropriate optical behavior, demonstrates their suitability for 

optoelectronic applications. Thus, our findings provide a new way to tailor the properties of 

perovskite nanocrystals by introducing a judiciously chosen small molecule, such as pyridine, 

during crystal growth. Pyridine not only provides the ability to control the structure 

dimensionality during crystal growth but also improves the intrinsic photophysical properties, 

which in turn makes these nanostructures attractive for optoelectronic applications.
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4.3 Giant Photoluminescence Enhancement in CsPbCl3 Perovskite Nanocrystals by 

Simultaneous Dual-Surface Passivation 

 

 

4.3.1 Abstract  

The presence of localized trap states on the surface of CsPbCl3 perovskite nanocrystals (NCs) is 

one of the greatest challenges precluding the development of optoelectronic applications of 

these NCs. Passivation of these defect sites provides a promising pathway to remediating their 

electronic and optical properties, such as photoluminescence quantum yield (PLQY). Herein, we 

demonstrate a post-synthetic dual-surface treatment using trivalent metal ion salts, i.e., YCl3, as 

a new passivation approach that enhances the PLQY by 60-fold while preserving the NC size and 

crystal structure. Such remarkable enhancement of the PLQY along with prolongation of the 

average PL lifetimes of treated NC samples indicates effective filling of the surface defects and 

subsequent suppression of the formation of surface non-radiative recombination centers. As a 

segue towards optoelectronic applications, we probed the photoelectric performance of the NCs 

using ultra-flexible devices; we found that YCl3-treated CsPbCl3 NC films exhibit an order of 

magnitude larger photocurrent compared to their non-treated counterparts. Our experimental 

and theoretical results provide an insightful understanding of the effective passivating roles of 

Y+3 cations and Cl- anions on the surface of CsPbCl3 NCs, as well as offers a new path to synthesize 

high-quality NCs for UV-light conversion applications. 
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4.3.2 Introduction  

Inorganic cesium lead halide CsPbX3 (X = Cl, Br, I) perovskite nanocrystals (NCs) have recently 

attracted great attention as a promising new class of luminophores that offer substantial 

improvements in optoelectronic applications such as light-emitting diodes (LEDs)1-4, lasers5-7, and 

photodetectors.8-14 This is due to their extraordinary photo-physical properties, including high 

photoluminescence quantum yields (PLQY) with narrow emission bandwidths, wide color gamut 

and highly tunable bandgaps throughout the ultraviolet, visible, and near-infrared spectra 

controlled by halide-ion substitution and compound stoichiometry.1-2, 15-21 

Unlike conventional semiconductor NCs (i.e., CdSe, InP), the soft ionic crystalline structure of 

lead-halide perovskites show a high defect-tolerance.22-24 This paramount feature can be 

rationalized as being due to the location of the defect energy levels of perovskite NCs within the 

valence band (VB) or conduction band (CB) rather than the bandgap itself. Still, the presence of 

typical defects such as undesirable cation or anion vacancies tends to have energy states that fall 

within the CB and VB, leading to a significant loss in radiative carrier recombination.22-23 Colloidal 

synthesized CsPbBr3 and CsPbI3 NCs are highly luminescent in the green and red spectral regions; 
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their PLQY is close to unity.15-16, 25-26 In sharp contrast, extremely low PLQY is reported for CsPbCl3 

NCs, which could possibly result from the presence of different types of vacancy sites at the 

surface of the NCs.27-30  

Post-synthetic surface passivation has been demonstrated to be an effective method that 

introduces surface functionalities and removes the defect points on the NC surfaces. Post-

synthetic surface treatment of CsPbBr3 and CsPbI3 NCs has been widely investigated with the aim 

to boost the PLQY near to unity using a range of organic and inorganic salts such as thiocyanate 

salts25, lead bromide salt15, DDAB31-32, or even bidentate chelating agents such as IDA.16 However, 

for the surface modification of CsPbCl3 NCs, to the best of our knowledge, only tetrafluoroborate 

salts have been applied to the surface of CsPbCl3 NCs, showing a notable enhancement in the 

PLQY of CsPbCl3 NCs of up to 50%.33  

4.3.3 The Scope of the work 

In this work, we explore the dual-surface passivation of CsPbCl3 NCs using trivalent metal-chloride 

salts, i.e., YCl3. We conducted a throughout optical and structural characterization tools as well 

as density functional theory (DFT) calculations to understand the role of YCl3 on the surface 

stability and optical performance. The steady-state spectroscopic results show a remarkable 

increase in the PLQY, from 1% to 60%, while maintaining the shape, size and crystal structure. 

DFT calculations demonstrate that Y and Cl ions efficiently occupy the surface vacancies, enriching 

the density of states in the CB without creating any mid-gap states. In addition, we probe the 

photoresponse of two different arrays of ultra-flexible devices made of CsPbCl3 NCs before and 

after treatment. The improved device performance of the treated NCs vs the non-treated ones 
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correlates very well with the aforementioned results in terms of effectiveness of surface 

passivation. 

4.3.4 Results and Discussion 

To study and decipher the effect of the surface passivation, transmission electron microscopy 

(TEM) measurements were performed. According to the HRTEM images and the size-distribution 

histograms  (Figure 4.3.1 a-d), both the pristine and the YCl3-treated samples are highly 

crystalline in structure, present regular cubic shape morphologies with narrow size distributions 

and nearly the same average diameter of 9 ±0.7 nm and 9.4 ±0.6 nm for the untreated and 

treated sample (insets (a,c)), respectively. The high-resolution TEM (HR-TEM) images (Figure 

4.3.1 (b, d)) also show the same inter-planar distance of 0.38 nm for both pristine and treated 

NCs with clear lattice fringes corresponding to the inter-planar distance of the (110) crystal plane 

for the cubic phase of CsPbCl3 NCs.1, 28 Also, the crystal structures of the as-synthesized CsPbCl3 

samples were investigated using X-ray diffraction (XRD), Figure S1. According to the XRD patterns, 

both pristine and treated NCs possess a cubic crystalline perovskite structure. Also, the peak 

positions remain unchanged after treatment indicating no structural changes occurred upon 

treatment.1, 26, 28  

To confirm the surface modulation upon YCl3 treatment, X-ray photoelectron spectroscopy (XPS) 

was conducted for as-synthesized, and YCl3-surface treated CsPbCl3 NCs. Figure 4.3.1 e 

represents the XPS spectra for the Cs 4P3/2 /Y 3d region for both pristine and passivated CsPbCl3 

NCs compared with the Y 3d core level spectrum of the pure YCl3 salt. Whereas, the Cs 4 P3/2 core 

level overlaps with the Y 3d core level. For pristine CsPbCl3 NCs, a single peak centered at ~ 158.7 
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eV corresponding to Cs 4P3/2 core level was observed. However, for YCl3 passivated CsPbCl3 NCs, 

a new peak at approximately ~ 160.3 eV was manifested. For the YCl3 passivated NCs, the Cs 4P3/2 

/Y 3d spectrum can be fitted with one doublet (Y 3d5/2, Y 3d5/2) located at 158.3 and 160.3 eV, 

respectively, accompanied with Cs 4P3/2 core level peak centered at ~158.7 eV.  

For the free-standing YCl3 salt in the lower panel, the Y 3d3/2 and Y 3d5/2 components are observed 

at 160.8 eV and 158.7 eV, respectively. Interestingly, in the treated CsPbCl3 NCs, the Y 3d3/2 

component observed at 160.3 eV is shifted to lower binding energy by 0.5 eV compared to the Y 

3d3/2 component observed at 160.8 eV in the pure YCl3 salt.34 This result indicates new bond 

formation with the yttrium elements.34 We attribute this effect to the filling of the Pb atom 

vacancies on the surface by yttrium metal ions, as supported by DFT calculations (see below). 

Quantitative XPS analysis for CsPbCl3 NCs indicates a Cl/Pb ratio of 2.6/1 for the untreated 

surface. However, following the yttrium salt treatment, this ratio increases to 3.2/1, which is 

attributed to the development of a Cl-rich surface. The new yttrium bond formation along with 

the increase in the Cl/Pb ratio after NC treatment demonstrates the dual-surface passivation by 

YCl3. It should be noted that the XPS analysis shows no significant changes in the Cs 3d, Pb 4f, Cl 

2p and N 1s core-level spectra for both samples (Figure S2). These results suggest that YCl3 is 

competently anchored on the surface, i.e., forms a new bond, fills the Pb and Cl atom vacancies 

and heals the uncoordinated atoms as well as the shallow trap states localized on the surface. 
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Figure 4.3. 1 Representative TEM images of the CsPbCl3 NCs. The upper panel (a,b) shows low- 

and high-resolution TEM images of pristine NCs. The lower panel (c,d) shows low- and high-

resolution TEM images of the YCl3-treated NCs. Insets in (b, d) show the Selected Area Electron 

Diffraction (SAED) patterns for both pristine and passivated NCs. Insets in (a, c) show the size-

distribution histograms for both pristine and passivated NCs. (e) XPS spectra for the Cs 4P3/2 /Y 

3d region for both pristine and passivated CsPbCl3 NCs compared with the Y 3d core level 

spectrum of the pure YCl3 salt.  

To study the impact of surface passivation on the physical properties of the NCs, the absorption 

and PL spectra were recorded for the samples before and after surface treatment. As shown in 

Figure 4.3.2 a, the as-synthesized pristine CsPbCl3 NCs exhibit sharp excitonic absorption and 

emission peaks at 394 nm and 404 nm, respectively. Following the YCl3 treatment (Y and Cl ions), 

a red shift of less than 1 nm in the emission peak is observed. Also, both pristine and the treated 

NCs exhibit narrow PL emission with linewidths of 11 nm, confirming the high uniformity of the 

NCs. Remarkably, a ~60-fold enhancement in the PL intensity is observed following the YCl3 
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treatment. This significant improvement is providing clear experimental evidence for the removal 

of shallow-trap states on the surface of NCs, see (Figure S3, S4).16, 25, 32-33 

To support the dual-surface treatment by (Y and Cl ions), we have examined the effect of Y-

acetate salt on the CsPbCl3 NC surface, Figure 4.3.2 b.  Remarkably, we have found that the 

optical properties of the NCs were improved to some extent. Thus, this finding highlights that the 

existence of Y ions on the CsPbCl3 NC surface is essential. This observation also indicates that Cl 

ions are indispensable, which can further passivate the surface defects of CsPbCl3 NCs. To explore 

the impact of the surface treatment on the colloidal stability, a photostability test is conducted, 

which shows that the PL intensity of pristine NCs is quenched by up to 30% after two weeks. In 

contrast, the YCl3-treated NCs can maintain almost 100% of their original PL intensity during the 

entire 14 days. This study confirms that YCl3 not only removes the defects or the related surface 

traps, but also improves the durability of the PL properties Figure 4.3.2 c. 

To further investigate the surface treatment effect of other trivalent ions, we treated the as-

synthesized CsPbCl3 NCs with different trivalent metal-chloride salts such as InCl3, LaCl3, GdCl3,
 

and YbCl3.  Interestingly, although the other trivalent ions also lead to an improvement in the 

optical properties of the NCs, the Y was most efficient in improving the PLQY as well as ensuring 

the stability of the NCs, Figure S5. We have also studied the surface treatment effect on CsPbCl3 

NCs utilizing monovalent and divalent ions such as Na, Zn, and Cd; however, none of them were 

comparatively effective, Figure S6. These findings underscore the high affinity of trivalent ions 

towards the surface of CsPbCl3 NCs. 
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Figure 4.3. 2 (a) Steady-state optical absorption and PL spectra for the as-synthesized CsPbCl3 

NCs dispersed in hexanes before and after YCl3 surface passivation. (b) Steady-state absorption 

and the relative PL spectrum for both pristine and yttrium acetate treated NCs. (C) The relative 

stability test represented by the normalized PL Intensity as a function of time (day) for pristine 

NCs and YCl3 passivated NCs after exposure to ambient conditions. The PL spectrum obtained 

upon 365-nm excitation. (d, e) Time-resolved PL spectra and lifetime of pristine CsPbCl3 NCs and 

YCl3 passivated NCs obtained using a streak camera and optical excitation at a wavelength of 390 

nm. Insets show the transient PL spectra at different time delays before and after treatment, as 

indicated in the figure. 

It has been previously demonstrated that doping impurity ions inside the lattice is considered as 

an efficient way to enhance the optical properties of perovskite NCs.30, 35 Therefore, we were also 

interested to try the doping strategy to improve the PLQY of CsPbCl3 NCs. We have studied the 

doping effect using three different concentrations of YCl3 (1%, 5%, and 10 %) inside the CsPbCl3 

lattice. However, we could not observe much improvement in the PLQY as was achieved by the 
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post-synthetic treatment method. The PLQY of the doped NCs was approximately 3-5 %, even 

after applying the same surface passivation conditions to the surface a PLQY of only 25 % was 

achieved. This may be due to the mismatch in the 6- coordinate ionic radii of Y (90 pm) and Pb 

(119 pm). These results again highlight the significant influence of the surface defects in CsPbCl3 

NCs compared to the bulk, Figure S7-S9. 

It is well known that the existence of trap states on the NC surface, increases the non-radiative 

surface states, which leads to a shortening of the lifetime. Thus, passivating the surface defects 

of the NCs would have a substantial influence on the charge carrier lifetime, and, accordingly, 

lead to prolonging the excited-state lifetime. For this purpose, time-resolved PL spectroscopy was 

conducted using a streak camera with picosecond resolution, Figure 4.3.2 (d, e). The time-

resolved PL decay curves measured for as-prepared NCs were fitted with bi-exponential decay 

functions. The short and long-lived PL lifetime components and the relative amplitudes (%) are 

listed in Table S1. The radiative and non-radiative decay rates were estimated from the PLQYs, 

with the corresponding average PL decay times presented in Table S2. The significant increase in 

the average PL decay lifetime from 0.4 to 1.7 ns, after YCl3 treatment, indicates absolute surface 

state passivation. Our average lifetime results are consistent and slightly longer than the reported 

lifetimes for CsPbCl3 NCs.33 Also, we observed that the non-radiative decay rates which were 

estimated from the PLQYs; are reduced from 2.475 ns-1 to 0.236 ns-1after surface treatment 

(Table S2) These findings imply that our YCl3-treated samples successfully suppress the formation 

of non-radiative recombination centers on the surface of the CsPbCl3 NCs.36-39  
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We performed DFT calculations to understand the mechanism of PL enhancement after surface 

treatment using YCl3. In the wet-chemistry synthesis of CsPCl3 NCs, the surface traps are 

unavoidably formed due to the appearance of non-passivated sites (like Pb or Cl vacancies), 

which can become non-radiative centers that can degrade the optical performance. Based on this 

mechanism, we considered three models, as given in Figure 4.3.3: a) ideal CsPbCl3 surface, b) 

with Pb-Cl defect vacancies on the surface, and c) treatment with Y-Cl ions at the surface defect 

sites. In the ideal case, the hole and electron wave function distribution are separated well such 

that holes are delocalized on the top layers, and electrons are delocalized in the bulk. The surface 

vacancies lead to the formation of trap states above the conduction band (highlighted in red 

area), and holes that are highly localized on the top surface layer, which acts as a hole-trapping 

center. Interestingly, once the Pb and Cl vacancies are occupied by the Y cations and Cl anions, 

they do not create any new mid-gap states but enrich the density of states in the conduction 

band region. Thus, the surface treatment using YCl3 can not only fill the Pb vacancies with metal 

dopants but also provides extra Cl atoms to passivate the dangling metal atoms on the surface, 

Figure 4.3.3 d. 
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Figure 4.3. 3 Projected density of states and electronic charge density for the VBM and CBM for 

(a) CsPbCl3 slab; (b) with surface Pb-Cl vacancies (VPb and VCl); and (c) with Y-Cl ions at the surface 

vacancy sites (d) Schematic representation of the crystal structure of CsPbCl3 NCs and the 

mechanism proposed for the YCl3 surface treatment. 

To assess the effect of YCl3-passivation on the photoelectric capability of CsPbCl3, we fabricated 

two arrays of treated and non-treated CsPbCl3 flexible devices, and studied their photoresponse 

upon UV excitation at a wavelength of 365 nm (see Experimental section for fabrication details). 

A photograph of an array of CsPbCl3-YCl3 flexible devices on a polytetrafluoroethylene (PTFE) 

membrane is displayed in Figure 4.3.4 b. The fabricated two-terminal, lateral-type devices, (see 

Figure 4.3.4 a), function as planar photodetectors, where the existence of a free carrier is 

sufficient to detect any photocurrent under an applied voltage bias. The value of that 

photocurrent is proportionate to the power intensity of the incident laser beam. Nonetheless, 

the excitation of CsPbCl3 and CsPbCl3-YCl3 devices at the same UV power intensity yielded distinct 

output photocurrents (Figure 4.3.4 c). This was attributed to the difference in the free carrier 

density and/or mobility between treated and non-treated CsPbCl3. In principle, a photocurrent 

would depend on the generation of electron-hole pairs, where the sub-bandgap trap states 

would favor the capture of one carrier, i.e., electron or hole, over the other. Upon excitation, 

those free carriers can be captured by the aforementioned traps and freely flow through the 

biased electrodes.40-42 However, in the case of non-passivated CsPbCl3, the flow rate of such 

carriers is hindered by the trap states localized on the surface of the NCs. Thus, at the same 

excitation power, the photoconductivity of pristine CsPbCl3 is much less when compared to its 

YCl3-passivated counterpart, which is ascribed to the effective filling of surface defects. The 

current-voltage (I-V) characteristics of YCl3-treated and non-treated CsPbCl3, as a function of the 
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incident power intensity, are displayed in Figure 4.3.4 d and Figure S10a, respectively. The 

responsivity of the fabricated CsPbCl3-based devices, before and after YCl3-passivation, were 

calculated and depicted in Figure S10c and Figure 4.3.4 e, respectively. In analogous to previous 

reports, the calculations were conducted assuming that the noise current is primarily dominated 

by the shot noise.43 The decrease in responsivity versus the increase in power density (Figure 

4.3.4 e) was ascribed to the filling of the trap states, which provide higher photoconductivity at 

low power densities.44 The effect of surface passivation was further highlighted by 40% reduction 

in the rise of the temporal photoresponse of treated versus non-treated NCs (see Figures 4.3.4 f 

and S10d).   
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Figure 4.3. 4 (a) Schematic illustration of the device fabrication and photoelectric measurements 

for a CsPbCl3 single cell. (b) Photograph of an array of two-terminal, lateral-type thin film CsPbCl3 

devices on a PTFE flexible membrane. Inset: Magnified photograph of a single cell. (c) Linear scale 

I-V characteristics for YCl3-treated (violet) and non-treated CsPbCl3 (magenta) devices before 

(dashed lines) and after (solid lines) UV (365 nm) light illumination at a power density of 330 

mW/cm2. All devices are kept under a bias voltage of ±10 V. (d) Semi-log scale I-V curves for YCl3-

treated CsPbCl3 under UV illumination at different power densities. Inset: Photograph of a rolled 

CsPbCl3-YCl3 film with several cells. (e) Photocurrent (left) and responsivity (right) at -10 V as a 
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function of UV power density. (f) Temporal photoresponse of CsPbCl3-YCl3 under alternating dark 

and UV illumination. 

 

4.3.5 Conclusion 

In conclusion, we demonstrate how a simultaneous dual-surface passivation approach using Y 

and Cl ions can significantly improve not only the emission properties, but also the surface 

stability of CsPbCl3 NCs. Our results suggest that YCl3 can robustly fill the Pb and Cl vacancies on 

the NC surface, enhancing the PLQY by 60 times compared to untreated samples. We were also 

studied the photoelectric response of CsPbCl3 thin films before and after YCl3 treatment, with the 

results showing a noticeable photocurrent enhancement after treatment. These results unravel 

the underlying mechanism behind the low PLQY of CsPbCl3 NCs and highlight the enormous effect 

of surface vacancies on CsPbCl3 NCs. Such findings highlight the potential for CsPbCl3 NCs to be 

utilized as efficient blue-emitters for a range of optoelectronic applications.
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APPENDIXES 
 

Appendix 1 

 

Scheme 1 Structure of TGA-capped CdTe QDs 
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Figure S1 (A) Absorption and (B) emission after excitation at 580 nm of TPyP with successive 

additions of CdTe QD (1.3 nm). 
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The Raman shifts in the 300–500 cm-1 region provide clear evidence for strong interactions 

between TMPyP and CdTe QDs, as indicated by the disappearance of the band at 332 cm-1 of 

free-base TMPyP and the appearance of a new vibrational band at 374 cm-1 of TMPyP in the 

presence of the CdTe QDs. The band at 332 cm-1 has been assigned to the in-plane bending mode 

of the macrocycle moiety of free-base TMPyP,1-2 and the band at 403 cm-1 has been attributed to 

the in-plane bending modes of the macrocycle and pyridinium groups of TMPyP bound to metal 

atoms.1 Therefore, the Raman shifts shown in Figure SI 2 indicate that TMPyP binds to the CdTe 

QDs through strong electrostatic interactions between the porphyrin macrocycle and the surface 

of the QDs, similar to other metalation-like nanocomposites or the SAT configuration of 

porphyrin–nanoparticles.2-7 

 

Figure S2 Raman spectra of TMPyP (A) and of TMPyP in the presence of CdTe QDs (1.3 nm) (B), 

and CdTe QDs (2.8 nm) (C). 
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Figure S3 Nanosecond transient absorption spectra of TMPyP (blue), TMPyP-CdTe (1.3 nm) QD 

(red), and TMPyP after interaction with CdCl2 (orange). 

 

Figure S4 Time-correlated single photon counting decay of TMPyP and TMPyP in the presence of 

CdTe QDs (1.3 nm) collected after excitation at 450 nm. 
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Figure S5 Schematic illustration comparing free TMPyP and its assemblies with the different CdTe 

QDs used in terms of energy levels (as deduced from spectral changes), fluorescence lifetime 

extracted from (TCSPC measurements), and triplet state lifetime (from nsTA). 

 

Figure S6 Femtosecond transient absorption spectra of TMPyP-CdTe QDs (1.3 nm) nanoassembly 

collected after excitation at 460 nm. 
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Appendix 2 

 

Scheme 1 Chemical structure of all the porphyrins used in the study. 

 

TMPyP Tri-MPyP

Cis-diMPyPTrans-diMPyP

TPyP
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Figure S1 Ground state absorption spectra of CdTe QD (left) and steady state emission of 

different porphyrins entitled in the study (right) collected using λex=590 nm. 

                            

Figure S2 Ground state absorption (left) and steady state emission (right; λex=590 nm) of A)Trans-

diMPyP-CdTe QDs and B)Cis-diMPyP-CdTe QDs; concentration are given in the figure. 
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Figure S3 (A) Absorption and (B) emission after excitation at 580 nm of TPyP with successive 

additions of CdTe QD (1.3 nm). 
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Figure S4 Steady-state A) absorption and B) emission (λex = 580 nm) of TMPyP(blue), TMPyP-CdCl2 

(orange), and TMPyP-CdTe QDs (pink). 

 

 

Figure S5 Nanosecond delay transient absorption showing triplet-triplet absorption of 

TMPyP(blue), TMPyP-CdCl2 (orange), and TMPyP-CdTe QDs (pink) collected using photoexcitation 

at 355 nm. 

 

Figure S6 Kinetic profile of triplet-triplet absorption of TMPyP monitored at 485 nm free (yellow), 

in presence of CdCl2 (orange), and CdTe QD (purple); collected using photoexcitation at 355 nm. 
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Figure S7 Kinetic profile of triplet-triplet absorption of TMPyP monitored at 485 nm free (black), 

and in presence of three different sizes of CdTe QD: 1.3nm (red), 2.8nm (green), and 6.3nm 

(blue); collected using photoexcitation at 355 nm. 

 

 



198 
 

 

Figure S8 Nanosecond transient absorption spectra after excitation at 650 nm of (A) TMPyP, (B) 

Trans-diMPyP, and (C) Cis-diMPyP (on left) and their nanoassemblies with CdTe QD (on right); 

the delay times are given in the figure. 
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Figure S9 Kinetic traces after excitation at 650 nm of A)TMPyP (red) and TMPyP-CdTe (green), 

B)Trans-diMPyP (red) and Trans-diMPyP-CdTe (green), and C) Cis-diMPyP (red) and Cis-diMPyP-

CdTe (green); monitoring wavelengths and extracted lifetimes are given in figure. 
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Appendix 3 

 

Figure S1 Temperature dependent fluorescence experiment of Ag29 NCs upon successive addition 

of positively charged fullerene (CF) after excitation at 450 nm, at 20oC and 50oC, respectively. 

Concentrations of the fullerene derivatives are indicated in the figure. 
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Figure S2 Femtosecond Transient Absorption spectra of CdTe QDs and Ag29 NCs in the IR region 

(A) CdTe QDs in presence of 27.32 µM CF, and (B) Ag29 NCs in presence of 18.4 µM CF. Data 

recorded up to 4.72 ns after excitation at 610 nm. 
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Figure S3 Nanosecond TA spectra of CdTe QDs (A) in the absence of fullerene derivatives, (B) in 

the presence of 27.32 µM positively charged fullerene CF. Data recorded up to 285 ns after 475 

nm excitation. And (C) the kinetic traces of CdTe QDs in the absence and presence of positively 

charged fullerene. The solid lines are the best kinetics fit of the data. 
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Figure S4 Time-correlated single photon counting decay of CdTe (QDs) and CdTe (QDs) in 

presence of CF collected after excitation at 475 nm.
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Appendix 4 

 

Figure S TEM images of (A) Spheres, (B) Platelets and (C) Cubes at different magnifications.  
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Figure S2 TEM images (a, b) of the MAPbBr3 platelets. The drop casting method led to estimate 

the thickness of the standing platelets from the dark contrast TEM micrographs. Note: The PL 

spectrum of the sample  ( Fig 1 B), showed an acceptable wideness of the peak especially after 

purification, which can be translated to the availability of an acceptable size distribution of the 

plates represented by a clear contrast difference between the flat and vertical standing platelets. 

 

Figure S3 XRD pattern of MAPbBr3 perovskite colloidal spheres. Inset showing the peak shifting 

to higher 2θ with TCNE. 
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Figure S4 XRD pattern of MAPbBr3 perovskite colloidal cubes. 

 

Figure S5 Photoluminescence excitation spectra of MAPbBr3 Sphere NCs with (dotted-lines) and 

without TCNE (solid-line) at emission wavelengths of 450 (red) and 520 nm (blue). 

 

Figure S6 TEM image of the MAPbBr3 spherical NCs (A) Before and (B) after the addition of TCNE. 
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Figure S7 MAPbBr3 NCs XPS data: (A,E) Sphere, (B,F) Cubic, (C,G) Sphere-TCNE, (D,H) Cubic-TCNE. 

In the Pb4f spectra, two peaks were observed at ~138.5 and ~143.4 eV due to the spin orbit 

splitting that correspond to Pb4f7/2 and Pb4f5/2 levels, respectively. B.E peak positions for Br 

3d5/2 and Br 3d3/2 are at 68.2 and 69.2 eV, respectively which are in agreement with the 

literature values.1-2  

 

Figure S8 XPS N1s of MAPbBr3 spherical NCs in absence and presence of TCNE. (S) Refers to 

spheres NCs. 
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Figure S9 (A), (B) and (C) Stern-Volmer plots for the spheres, platelets and cubes, respectively 

with Stern-Volmer rate constant Ksv obtained from the straight line as represented by the linear 

fitting. 
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Figure S10  Femtosecond transient absorption spectra for (A) neat MAPbBr3 (S) and (B) MAPbBr3 

(S) NCs with TCNE recorded within 1ps probe delays after 350 nm laser pulse excitation and in a 

2 mm optical cell representing the excited state absorption decay. (S) Refers to spheres NCs. 
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Figure S11 Kinetic traces of the excited state decays of spherical, platelet and cubic MAPbBr3 

perovskite NCs in the absence (orange) and presence of TCNE (blue), which were recorded after 

a 380 nm laser pulse excitation. The solid lines are the best kinetic fit of the data. 

 

 



212 
 

 

Figure S12 (A, B) ns TA Kinetic traces of the bleaching recovery profiles of spheres and cubes 

MAPbBr3 perovskite NCs in the absence (cyan) and presence of TCNE (orange), which were 

recorded after a 380 nm laser pulse excitation. (C, D) Fluorescence lifetime measurement based 

on the time-correlated single photon counting (TCSPC) decay of free MAPbBr3 NCs and MAPbBr3 

in the presence of TCNE, which were collected after laser excitation at 400 nm. The solid lines are 

the best kinetic fit of the data. 

 

Table S1 Fitted Kinetic data of ground state bleach (GSB) recovery of MAPbBr3 perovskites NCs 

collected at the emission maxima of each shape; 450, 507 and 520 nm for spheres, platelets and 

cubes, respectively in the absence and presence of TCNE.  

Shape A1 t1 (ps) A2 t2 (ns) 

Spheres 60% 27 40% 2.9 

Platelets 66% 60 33% 2.5 

Cubes 50% 148 50% 1.7 
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Table S2 Fitted Kinetic data obtained from TCSPC of MAPbBr3 Pervoskites NCs collected at the 

emission maxima of each shape; 450, 507 and 520 nm for sphere, platelets and cubes, 

respectively in the absence and presence of TCNE. 

Shape A1 t1 (ns) A2 t2 (ns) 

Spheres 40% 3.3 60% 13 

Plateletss 44% 5 56% 9.2 

Cubes 42% 3.2 58% 9.1 

 

 

 

 

 

References 

(1) Gonzalez-Carrero, S.; Galian, R. E.; Perez-Prieto, J. Maximizing the Emissive Properties of 

CH3NH3PbBr3 Perovskite Nanoparticles. J. Mater. Chem. A 2015, 3, 9187-9193. 

Shape A1 t1 (ps) A2  t2 (ns) 

Spheres 75% 17 25% 1.4 

Platelets 57% 37 42% 1.2 

Cubes 53% 133 46% 1.1 

Shape A1 t1 (ns) A2 t2 (ns) 

Spheres 32% 3 68% 11.08 

Platelets 68% 1.2 32% 5.4 

Cubes 73% 0.8 27% 5.3 
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Appendix 5 

 

Figure S1 (a) Dispersions of 0oC-3D MAPbBr3 NCs obtained at different oleylamine concentrations 

also when same molar concentration of octylamine ligand was tried instead of oleylamine. (b) PL 

spectra of the 0oC-3D MAPbBr3 NCs obtained by varying the amount of oleylamine (OAm) to 

optimize the NCs synthesis procedure.  
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Figure S2 TEM images of (a,b,c) 0oC, (d,e,f) 25oC and  (g,h,i) 60oC synthesized MAPbBr3 2D-

nanostructures after pyridine modifications presented at different magnifications. 

 

 



217 
 

 

Figure S3 TEM image of the 2D MAPbBr3 nanostructures synthesized at 25oC in the presence of 

pyridine. The thickness of the nanostructures is measured from the vertically standing 

nanostructures on the TEM grid.  

 

Figure S4 The average distance between the stacked 2D layers has been estimated from the XRD 

reflections periodicity measured in figure 3a (blue line-highlighted part) for 0oC-py MAPbBr3 NCs 

of (n=2). The d-spacing has been extracted from 2θ positions by applying Bragg equation 2d sin 
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θ = n λ, it was found to be 1.58 nm. It worth mentioning that, the metal-halide octahedron unit 

is about 0.59-0.6 nm as previously reported in the literature.6 Accordingly, for n=2, they occupy 

approximately 1.15 nm and the stimulated length of the pyridine unit is 0.43 nm. So, for n=2 the 

distance between the layers is estimated to be about 1.58 nm. 

 

Figure S5 (a) Band structure of cubic-phase bulk MAPbBr3 calculated at the DFT-PBE level of 

theory; (b) optimized MAPbBr3 (001) slab structures (thickness= 3.65 nm) with MABr- and PbBr2-

rich terminations before and after pyridine addition. 
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Figure S6 Projected density of states of (a) MABr-rich and (b) PbBr2-rich MAPbBr3 (001) surfaces 

after pyridine-ligand modifications. 

 

Figure S7 XPS data comparison of 3D and 2D MAPbBr3 nanostructures synthesized at 0oC. The 

purple arrow shows that the pyridine signal is located at 399.8 eV, which indicates the presence 



220 
 

of the pyridine on the NCs surface. It should be noted that, the signal of pyridine is weak in this 

case because the concentration of the pyridine used in the synthesis procedure is very low. 

 

Figure S8 (a) Steady-state absorption and (b) photoluminescence spectra of the 3D MAPbBr3 

nanostructures synthesized at 60°C with successive additions of benzoquinone (BQ). Inset is the 

Stern-Volmer plot showing the photoluminescence intensity of the perovskite nanocrystals as a 

function of the concentration of the quencher (BQ). The progressive increase in the absorption 

intensity after the addition of BQ is due to the absorption spectra of BQ, which overlaps with that 

of the nanostructures. The lower panel is the time-resolved photoluminescence spectra and the 

lifetime of perovskite nanostructures without (c) and with (d) 3.4 mM BQ, measured using a 

Streak Camera upon 410 nm optical excitation. The inset represents the intensity versus time 

extracted from the photoluminescence spectra. 
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τe 3D 2D 

No BQ 7.67 8.6 

BQ 5.8 6.2 

Table 1 A comparison of lifetimes τe (1/e) of both 3D and 2D NCs synthesized at 60oC in the 

absence and in the presence of benzoquinone. 
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Appendix 6 

 

Figure S1 XRD patterns of the synthesized CsPbCl3 NCs before and after YCl3 passivation. The XRD 

patterns observed are corresponding to the cubic phase structure. 
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Figure S2 XPS Cs 3d, Pb 4f, Cl 2p and N 1s core level spectra of untreated (green) and treated NCs 

(purple). 

 

 

Figure S3 Colloidal solutions for pristine and YCl3-treated CsPbCl3 NCs at normal light exposure 

and under 365 nm UV excitation.  
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Figure S4 PLQY results obtained by using integrating sphere setup. The measurements were 

obtained by preparing ~ 0.5 ODE solutions for both pristine and treated samples and excited at 

365 nm. 
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Figure S5 Steady-state PL and absorption (insets) spectra for pristine (green) and treated (purple) 

CsPbCl3 NCs with different trivalent metal ions (InCl3, YbCl3, LaCl3 and GdCl3).  
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Figure S6 Steady-state absorption (left) and PL spectra (right) of pristine CsPbCl3 NCs (green) and 

monovalent (Na) and divalent (Cd and Zn) metal ion treated NCs (purple). 
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Figure S7 1% YCl3-doped CsPbCl3 NCs. 

 

Figure S8 5% YCl3-doped CsPbCl3 NCs. 
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Figure S9 10% YCl3-doped CsPbCl3 NCs. 

 

Table S1 Extracted lifetime components and distribution coefficients (%) in the ns time scale for 

the treated and non-treated samples. 

 τ1 (ns) A1 (%) τ2 (ns) A2 (%) 

Before 

treatment 
0.321 96% 2.78 4% 

After treatment 1.7 72% 8.04 28% 

 

Table S2 The radiative (kr) and non-radiative (knr) rates extracted from PLQY and average lifetime 

values for treated and non-treated samples. 
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Before 

treatment 
1± 0.5 0.4 0.025 2.475 

After treatment 60 ±5 1.7 0.352 0.236 

 

 

Figure S10 (a) Linear scale I-V curves of non-treated CsPbCl3 under UV illumination at different 

power densities. (b) Photocurrent and (c) Responsivity at -10 V as a function of the UV (365 nm) 

power density. (d) Temporal photoresponse of pristine CsPbCl3 under alternating dark and UV 

illumination. 

References: 



230 
 

(1) Kresse, G.; Hafner, J. Ab Initio Molecular Dynamics for Open-Shell Transition Metals. Phys. Rev. B 
1993, 48, 13115-13118. 

(2) Kresse, G.; Furthmüller, J. Efficient Iterative Schemes for ab Initio Total-Energy Calculations using 
a Plane-Wave Basis Set. Phys. Rev. B 1996, 54, 11169-1118



231 
 

 


