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ABSTRACT 

Liangfeng Sun, Committee Chair 

Due to their tunable energy gap and high quantum efficiency, lead sulfide (PbS) 

nanosheets exhibit high potential in photovoltaics and optoelectronics applications. Exciton 

dynamics play a vital role in the performance of the devices based on this material. We measured 

the time-resolved photoluminescence spectra of PbS nanosheets to study the dynamics of the 

excitons in PbS nanosheets. The photoluminescence peak of the nanosheets shifts to longer 

wavelengths in a few hundred nanoseconds time window after excitation by a picosecond pulsed 

laser.  

The Stark effect leads to the redshift of the photoluminescence spectrum of the PbS 

nanosheets. The dangling bonds of the surface sulfur atoms lead to a static electric field which 

reduces the energy gap of the nanosheet – so called Stark effect. Under pulsed laser excitation, 

the photoexcited charge carriers (excitons) screen the static electric field, reducing the Stark 

effect. Consequently, a blue-shifted photoluminescence peak, corresponding to a larger band 

gap, is observed. The carrier recombination resumes the Stark effect, leading to a red shift of the 

photoluminescence peak. Since the surface states, either charged or polarized, attract the excitons 

to them before they undergo recombination, the time-dependent photoluminescence spectrum 

reveals the exciton diffusion process in the 2D nanosheets. The control experiment using 

quantum dots, however, does not show such time-dependent red shift of the photoluminescence 

spectrum. The absence of the red shift is due to the small size of the quantum dots where no 

excess excitons exist to reduce the Stark effect.  
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CHAPTER 1. INTRODUCTION 

1.1 Quantum Confinement and Nanomaterials 

The development of science and technology in the past few years has allowed scientists 

to manipulate materials at the atomic and molecular levels leading to the advancement of 

nanotechnology. Nanotechnology is emerging as a new and relevant sector with the potential for 

revolutionizing a broad range of fields, from electronics1, 2 and medicine3-6 to environmental 

sciences7, 8 and agriculture9, 10. Nanotechnology refers to engineering materials on a scale of 1 

nm to 100 nm and exploring their properties for various applications. The development of 

nanotechnology has brought advancements that were unimaginable a few decades ago. 

Nanomaterials’ unique properties result from the phenomenon called the quantum confinement 

effect, which refers to the change in the behavior of materials when confined to nanoscale 

dimensions. 

Quantum confinement refers to the profound effect of size reduction on the electronic 

and optical properties of the materials11-13. Reducing the size of materials from bulk to nanoscale 

dimensions shows a notable increase in the energy band gap and the nature of energy bands. In 

bulk materials, the energy bands are overlapped, allowing for the flow of electrons. However, 

when the size of the material becomes comparable to the exciton Bohr radius, the continuous 

energy levels of the bulk materials transform into discrete energy levels14, 15. The exciton Bohr 

radius is a critical limit determined by the materials’ lattice structure and dielectric property16, 17. 

We can calculate the exciton Bohr radius using the following formula16. 

𝑎𝑎0 =
4𝜋𝜋𝜋𝜋ℏ2

𝑚𝑚∗𝑞𝑞2



2 

In this equation, ε is the dielectric constant of the material, ℏ is the reduced Plank’s 

constant, m* is reduced effective mass of the electron and hole, and q is a charge of an electron. 

Exciton Bohr radii of general semiconductor range from 0.7 nm for CuCl18  to 65.6 nm 

for InSb19. The materials of our interest have Bohr radii of 20 nm for PbS, 46 nm for both PbSe 

and 104 nm for PbTe20, 21. 

As the size of the nanomaterial decreases further, the confinement effect becomes more 

pronounced. Nanomaterials are classified as zero-dimensional (0-D), one-dimensional (1-D), and 

two-dimensional (2-D) materials based on the directions of confinement. 0-D materials are 

confined in all three directions, 1-D materials are confined in two directions, and 2-D materials 

are confined in one direction. The direction of confinement restricts the electrons from moving in 

that specific direction. Figure 1 represents the density of states (DOS) for different structural 

dimensions of the material22. 

Figure 1. Schematic representation of the density of states of bulk, 1-D confined, 2-D confined, 

and 3-D confined materials from left to right. 

0-D, 1-D, and 2-D nanomaterials are named quantum dots (QDs), nanorods/nanowires 

(NWs), and nanosheets (NSs), respectively. This classification system provides a framework for 

understanding nanomaterials’ varying degrees of confinement and helps illustrate their unique 
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properties. The effective band gap of 3-D confined quantum dots is given by the following 

equation23. 

In this equation, Eg is the band gap of bulk form, R is the radius of the quantum dot, me 

and mh are the effective mass of the electron and hole, respectively, and ϵ is the dielectric 

constant of the semiconductor. The second term on the right represents the confinement energy, 

and the last term is the Coulomb interaction. The radius of the quantum dot contributes to an 

increase in the band gap due to confinement and a decrease in the band gap due to Coulomb 

interaction. But the contribution in confinement is higher than the Coulomb interaction. 

1.2 Objective of This project 

The unique and versatile properties of nanomaterials because of the quantum 

confinement effect led to the possibilities of a vast range of applications. Several processes are 

developed to make typical quantum-confined structures. Chemical vapor deposition (CVD) and 

Molecular beam epitaxy (MBE) are the popular methods for making thin films. The solution 

methods are gaining more popularity as these methods are significantly cheaper despite the 

process being dirty and difficult to characterize. The colloidal synthesis process involves mixing 

precursors at high temperatures, and the reaction contains ligands that are attached to the 

particles’ surface, which keep them from aggregation24 and provide an oleophilic surface for 

solubility. The size of quantum dots can be tuned, varying the reaction temperature and the 

amount of ligands in the solution 25.  

Most colloidal quantum dots are binary compound semiconductors combining III-V, II-

VI, and IV-VI groups' elements forming the quantum dots25, 26 of size 2-10 nm. Our interest and 

work are on lead sulfide (PbS), an IV-VI combination. PbS has a rock-salt crystal structure with 
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a lattice constant of 5.934 Ao. The bulk PbS has an energy band gap of 0.41 eV27. PbS quantum 

dots have a tunable energy gap from 0.6 eV to 1.8 eV 26, 28, covering the energy range around the 

near-infrared (NIR) region. Since PbS has an exciton Bohr radius of 20 nm, it is easier to make 

its quantum-confined structures. They also have a higher quantum yield (QY) in NIR 

wavelengths than organic fluorophores 29-31. 

  Exploring static and temporal photoluminescence and studying the exciton decay 

dynamics of colloidal lead sulfide (PbS) nanosheets is the goal of this project. A tunable energy 

band, large carrier mobility, and good absorbance make PbS a suitable candidate for 

optoelectronic and photovoltaic applications. Therefore, we studied the photoluminescence (PL) 

decay dynamics to investigate the dynamics of excited states in PbS nanomaterials which is 

important for applicational purposes. 

1.3 PbS Quantum Dots Versus Nanosheets 

Recent research has shown that nanosheets are becoming increasingly popular due to 

their advantages over quantum dots. Unlike quantum dots, nanosheets have better mobility of 

electrons in their lateral direction because the surface ligands in quantum dots act as an obstacle 

for charge transport32, as shown in Figure 233. Additionally, quantum dots have a hindrance to 

their efficiency due to non-radiative Auger recombination caused by strong exciton-exciton 

interaction. This problem is reduced in PbS nanosheets because their broader lateral dimensions 

provide more space for excitons, which decreases their interaction with each other33. Therefore, 

nanosheets are emerging as solutions to the shortcomings of quantum dots preserving their 

confinement properties32, 34-37. 
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Figure 2. Electrons mobility schemes between quantum dots and within a nanosheet. 

The synthesis of PbS nanosheets involves the two-dimensional oriented attachment of 

PbS quantum dots32, facilitated by chloroalkane. The thickness of nanosheets is tuned by 

changing the reaction temperature35 and growth time38. PbS nanosheets have an emission range 

that varies from 720 nm to 2100 nm depending on their lateral size and thickness32, 34-36, 39, 40. The 

lateral widths of  PbS nanosheets affect their performance as narrower nanosheets have higher 

quantum yields (QY) than broader ones due to the presence of fewer surface states39. 

1.4 Excitons and Stark Effect in Colloidal PbS Nanoribbons 

Exciton is a quasiparticle that forms when a material absorbs a photon. Each 

semiconductor possesses its unique energy band gap, which is the separation between valence 

band and conduction band. When a material is hit by a beam of light, the electrons get excited 

and jump from the valence band to the conduction band, leaving positively charged holes in the 

valence band, as shown in Figure 3. This electron-hole pair is known as exciton and are bounded 

together by the Coulomb force. The behavior of excitons is impacted by the dimensionality, 

morphology, and presence of trap states in the nanomaterials. Exciton can deactivate through 

various channels. They can undergo radiative recombination, where energy is released as a 

photon, or non-radiative recombination, where energy is dissipated through phonons or defects. 

Radiative recombination occurs by emitting a photon with an energy equal to the band gap. This 
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process is crucial for optoelectronic devices and photovoltaic applications, where the efficient 

conversion of excitonic energy into light is required. 

Figure 3. Exciton; a bound state due to Coulomb attraction between a hole and an electron 

excited by absorbing a photon. 

In this project, we compared exciton decay dynamics in PbS quantum dots and PbS 

nanoribbons within a few hundred nanoseconds after exciting the sample using a pulsed laser. 

We see the red shift in the PL spectrum of delayed emission and confirm that the surface trap 

states are responsible for the shift. The presence of surface defects in nanoribbons results in 

building an electric field, which interacts with excited states shifting the original energy levels, 

and the phenomenon is called the Stark effect. The Stark effect is the shifting and splitting of 

spectral lines in the presence of an external electric field. 

We also studied the effect of excitation intensity on the PL spectrum. As the intensity 

increases, multiple excitons are generated in the nanosheets, creating an inbuilt electric field. 

This electric field causes a change in the PL spectrum, which we observed during the 

experiment. We noted a blue shift in the PL emission as excitation power increased, which can 

be attributed to the screening of the Stark effect resulting from the inbuilt electric field by the 

excited electrons. 
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CHAPTER 2. EXPERIMENTAL METHODS 

2.1 Synthesis Setup 

We used a standard Schlenk line system setup, as shown in Figure 441, inside the fume 

hood for all the synthesis. The Schlenk line system is designed to supply nitrogen or provide a 

vacuum and create air-free conditions to prevent the reaction from atmospheric contamination. 

The Schlenk line system consists of two parallel glass tubes called a dual manifold, which is the 

central body part of the system. One tube is connected to the nitrogen supply and the oil bubbler. 

The oil bubbler provides pressure to the nitrogen supply, which helps to observe the rate of 

nitrogen flow in the system. The other tube is connected to the vacuum pump via a cold trap. The 

cold trap is submerged in Dewar with liquid nitrogen, which stops harmful solvents from 

entering the pump. Those solvents from the reaction can damage the pump oil and the pump. 

Figure 4. Schematic diagram of Schlenk line system. 

2.1.1 Synthesis of PbS Nanoribbons 

The synthesis of colloidal PbS nanoribbon is adapted from a method developed by Sun’s 

group39. The lead precursor is prepared by dissolving 506 mg lead oxide in 10 ml diphenyl ether 

and 1.8 ml oleic acid in a 3-necked flask at 110oC for 1 hour. Then the mixture is over-degassed 
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for 20 minutes at 100oC. After degassing, 1 ml of 1,1,2-trichloroethane is added at 110oC, and 

allow the reaction to complete for 30 minutes. The sulfur precursor is prepared by dissolving 12 

mg thioacetamide in 70 μl dimethylformamide and 930 μl trioctylphosphine in a nitrogen 

environment in another 3-necked flask. The sulfur precursor is then injected into the flask with 

lead precursor set at the desired temperature (70oC to 130oC), as shown in Figure 5, and the 

reaction time is set accordingly. After completing the reaction, the solution is let alone to cool 

down, reaching room temperature. The final product is washed with toluene two times and 

precipitated using a centrifuge. Finally, the precipitated nanoribbons are re-dispersed and stored 

in toluene. 

Figure 5. Experimental setup for the synthesis of PbS nanosheets42. 

2.1.2 Synthesis of PbS Quantum Dots 

The synthesis of colloidal PbS quantum dots is in the identical setup to the synthesis of 

nanoribbons, and the recipe for the synthesis is adopted from Hines’s group method26. In this 

process, the lead precursor is prepared by dissolving 220 mg lead oxide in 5 ml Oleic acid and 5 

ml 1-octadecene (varying the amount of Oleic acid and 1-octadecane so that the total volume is 

10 ml leads to the formation of different sizes of quantum dots) using a magnetic stir bar in a 3-
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necked flask at 150oC for 1 hour. The reaction is sealed using a rubber septum and heated in a 

nitrogen environment. Then the mixture is degassed for 20 minutes at 100oC. The sulfur 

precursor is prepared by mixing 6 ml 1-octadecane and 126 μl hexamethyldisilathiane in another 

3-necked flask with a magnetic stir bar under a nitrogen environment for 30 minutes. The sulfur

precursor is then injected into the flask with lead precursor set at the desired temperature (90oC 

to 150oC). The mixture can complete the reaction in 1 minute and is immediately cooled using an 

ice bath. All the processes are performed under the nitrogen environment. The final product is 

washed with methanol and butanol two times and precipitated using a centrifuge. Finally, the 

precipitated quantum dots are re-dispersed and stored in hexane. 

2.2 Photoluminescence (PL) Spectroscopy 

Photoluminescence (PL) spectroscopy studies light emission from a material after it 

absorbs photons. It is a non-destructive method in which the sample is hit with a laser or intense 

light. The sample absorbs photons, and electrons jump from lower or ground states to higher 

energy states. Electrons cannot stay in those higher energy or excited states forever, known as 

metastable states. Therefore, the excited electrons relax back to the ground states emitting 

photons. By studying the emission spectrum, we can extract information about the band gap, 

energy levels, defects, purity, etc. Figure 643 shows the general PL emissions processes. 
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Figure 6. Schematic diagram of Fluorescence and Phosphorescence demonstrating the processes 

of excitation of electrons by absorbing energy and recombination through radiative and non-

radiative channels. 

The emitted photon is red-shifted compared to the absorbed photon in PL emission. The 

reason is that incident photon energy dissipation occurs through different relaxation processes 

like vibrational relaxation and non-radiative recombination other than fluorescence and 

phosphorescence. 

A home-built spectrometer system, as shown in Figure 7, is used to measure PL emission. 

The system consists of an argon laser, a monochromator, and an infrared detector. Other than 

that, two reflecting mirrors and two irises are used to align the laser beam. A system of ND 

(Neutral Density) filters is used to tune the intensity of the laser, and a chopper is used to 

modulate the continuous laser into a pulsed one. Finally, two convex lenses collect the emitted 

photons from the sample into the detector. A long pass filter is placed at the entrance of the 

detector to cut off the laser signal. The sample is separated from the toluene and dispersed in 

tetrachloroethene for the PL measurement to avoid absorption by toluene. The colloidal solution 

is put in a quartz cuvette for the PL measurement. Figure 8 is the schematic diagram of the 
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spectrometer system to measure the PL emission. This system is run by software programmed in 

LabVIEW. 

Figure 7. Schematic diagram of a system for measuring PL spectrum. 

2.3 Time-Resolved Photoluminescence (TPL) Spectroscopy 

Time-resolved photoluminescence (TPL) is measured using time-correlated single photon 

counting (TCSPC) system. An infrared pulsed laser (1064 nm) is a light source to excite the 

sample. The intensity of the laser is set between 0.1-0.8 watts and a frequency of 200 kHz for the 

measurement. Potassium titanyl phosphate (KTP) crystal generates a second harmonics of laser 

(532 nm) to excite the sample. A neutral density (ND) filter placed in the laser beam line tunes 

the intensity of the laser to avoid multiple excitons generation. And the photomultiplier tube 

(PMT) collects the emission signal into the TCSPC.  

PL decay dynamics are studied using TPL spectroscopy and calculate the PL lifetime. 

Optically excited electrons in the conduction band relax back to the valence band, emitting 
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photons. The average time for an electron to return to the valence band after excitation is called 

PL lifetime. TCSPC system counts the photons emitted by relaxing electrons with time after 

excitation by a pulsed laser. The data of time against the emitted photon's intensity is fitted to the 

appropriate decay model to calculate the PL lifetime. In general, PL lifetime is the time to 

decrease the total intensity of emissions by factor 1/e or 37%. The total emission depends on the 

concentration of the sample, but the PL lifetime is independent of the concentration.  

The PL lifetime of single exponential decay dynamics is calculated by fitting the data in 

the following equation. 

𝐼𝐼(𝑡𝑡) = 𝐼𝐼𝑜𝑜𝑒𝑒
−𝑡𝑡𝜏𝜏

In this equation, I(t) is the intensity of emitted photons at time t, Io is the intensity of 

emitted photons at time t = 0, and τ is the PL lifetime. 

The PL lifetime of double exponential decay dynamics is calculated by fitting the PL 

decay using the following equation. 

𝐼𝐼(𝑡𝑡) = 𝐴𝐴1𝑒𝑒
− 𝑡𝑡
𝜏𝜏1 + 𝐴𝐴2𝑒𝑒

− 𝑡𝑡
𝜏𝜏2

In this equation, A1 and A2 are total fluorophores corresponding to lifetimes τ1 and τ2, 

respectively. 

2.4 Time-Dependent PL Spectrum 

We investigated the photoluminescence (PL) emission spectrum at various times after 

excitation. Our analysis was conducted through time-resolved photoluminescence (TPL) 

spectroscopy to measure the PL decay over time. Each data point correspondeds to a small 

wavelength increment. We then analyzed these datasets to determine the steady-state PL across a 

range of emission wavelengths at various times following excitation by a pulsed laser. Our 

objective is to examine and interpret the temporal trends in PL emission over time.  
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2.5 Photoluminescence Quantum Yield (PLQY) 

Photoluminescence quantum yield measurements involve a quartz-tungsten-halogen 

lamp, an integrating sphere, a monochromator, and an IR detector. The inside of the integrating 

sphere has polytetrafluoroethylene (Teflon) coating, which helps to get uniform distribution of 

incident light inside the sphere. An 850 nm long pass filter and a 1000 nm short pass filter are 

placed at the entrance of the integrating sphere. The nanosheets dispersed in TCE are put in a 

quartz cuvette and mounted inside the integrating sphere for measurement. As shown in Figure 

844, three separate measurements are required to calculate the QY. The first measurement is to 

find the intensity of light, off and on position measurements are with sample off and on the light 

beam pathway. 

Figure 8. PLQY measurement using integrating sphere (a) measuring the intensity of light, (b) 

measuring the intensity when the sample is at off position from the light, (c) measuring the 

intensity when the sample is at on position from the light. 

PLQY calculations are done following the procedure developed by Friend’s group45 as 

follows. 𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 (𝜂𝜂) =
𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑜𝑜𝑜𝑜 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑝𝑝ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑜𝑜𝑜𝑜 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑑𝑑 𝑝𝑝ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 (𝐴𝐴) = 1 −
𝐿𝐿0𝑛𝑛
𝐿𝐿𝑜𝑜𝑜𝑜𝑜𝑜
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𝜂𝜂 =
𝑃𝑃𝑜𝑜𝑜𝑜 − (1 − 𝐴𝐴)𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜

𝐿𝐿𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐴𝐴

In these equations, A is the percentage of absorption, and Llamp, Lon, and Loff are lamp 

spectrum intensities measurements a, c, and b, respectively. And Pon and Poff are lamp spectrum 

intensities multiplied by wavelengths of measurements b and c, corresponding to the number of 

photons. 

2.6 X-Ray Diffraction (XRD) 

The Bruker D8 XRD machine is used for XRD analysis. It is used to analyze the crystal 

structure of nanosheets and quantum dots. The sample was prepared by drop-casting the colloidal 

solution on a glass slab several times and letting it dry until an opaque thin film was formed. The 

thickness of nanosheets is estimated using the Scherrer equation below. 

𝐿𝐿 =
𝑘𝑘𝑘𝑘

𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽

In this equation,  L is the thickness of the nanosheet, k = Scherrer constant, λ = X-ray 

wavelength, β = (full-width half maximum) FWHM of XRD peak, and θ = Bragg angle. 

2.7 Transmission Electron Microscopy (TEM) 

TEM works by directing an electron beam onto the sample, with the detector gathering 

the scattered electrons through the sample to produce an image at high resolution. This technique 

is used to verify the morphology of quantum dots and nanosheets. To prepare the sample for 

TEM, nanosheets or quantum dots diluted in TCA are drop cast on a special copper grid and 

allowed to dry for several minutes. 

2.8 Thickness Measurement of Nanoribbons Using HRTEM Images 

High-resolution transmission microscopy (HRTEM) images are used to measure the 

thickness of nanoribbons. Nanoribbons can stand on their side instead of lying flat on the surface 
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due to their smaller lateral dimensions. A free software, ImageJ, is used for measurement. We 

can use this software to measure the dimensions of any TEM images. First, a fixed scale is set on 

the software. Then we can draw a line across any part of the image and record the length. As the 

thickness of nanoribbons are not uniform, and the measurement is not precise, we need to take 

the data large enough to reduce the measurement errors and get an accurate average of the 

thickness. 

2.9 Surface Passivation of Nanoribbons by Trioctylphosphine (TOP) 

Surface passivation deactivates the surface trap states responsible for reducing the 

efficiency of the nanocrystals. Those trap states impair the mobility of charge carriers46 and 

promote non-radiative recombination. To address these challenges, we passivate the PbS 

nanoribbons by TOP, where the phosphine of TOP is attached to bare Sulfur47 on the surface, 

effectively neutralizing the trap site. The lead atoms on the surface are attached to oleic acid 

during growth and passivate themselves. Surface passivation suppresses the non-radiative decay, 

and enhances the photoluminescence decay lifetime, hence the quantum yield. 

First, transfer the synthesized nanoribbons stored in toluene to passivate the sample to 

tetrachloroethylene (TCE) for passivation. Separate the nanoribbons from toluene by 

centrifuging or nitrogen dying process. Add one ml TCE and 0.1 ml TOP to the dried 

nanoribbons in the nitrogen environment. The container is filled with nitrogen gas, sealed using 

parafilm, and stored in a dark place. 
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CHAPTER 3. RESULTS AND DISCUSSIONS

3.1 TEM Images 

Figure 9 shows TEM images of PbS nanoribbons synthesized at 70oC. We can see the 

lateral dimensions are close to 20 nm wide. Nanoribbons can stand by their sides and form 

flower-like clusters, as in Figure 10(b). 

Figure 9. TEM images of nanoribbons synthesized at 70oC (a) Nanoribbons with a width of 

about 20 nm, lying flat on the substrate (b) Nanoribbons stacked forming floral pattern 

indicating good crystallinity. 

Figure 10 is the HRTEM of nanoribbons showing the side of it, where we can see arrays 

of atoms and count the stacks of the atomic layer in a nanoribbon. We can measure the thickness 

of nanoribbons and their interplanar spacing using this image. 

Figure 10. HRTEM image of PbS nanoribbons synthesized at 70oC. 
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The thickness of PbS nanoribbons is measured using ImageJ software. This data is 

obtained through a rigorous process of conducting repetitive measurements of thicknesses using 

numbers of HRTEM images. All the measured data is plotted as a histogram in Figure 11. 

Figure 11. The histogram of the distribution of thicknesses of PbS nanoribbons synthesized at 

700C, which were measured using ImageJ software. The average thickness is found to be 1.8 nm. 

3.2 X-Ray Diffraction Measurement 

The XRD results are used as the confirmatory indicators for the formation of PbS crystals 

in our synthesis. We can estimate the crystallite size of the nanoribbons from this measurement, 

which corresponds to the thickness of the nanoribbons. The thickness measured using this 

technique is not accurate because of the orientation of the crystal planes during the X-ray 

diffraction. Figure 12 shows the XRD measurements of PbS nanoribbons. 
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Figure 12. XRD spectrum of PbS nanoribbons synthesized at 70oC. 

We can see peaks corresponding to (111), (200), and (311) crystal planes of the PbS 

crystal structure. FWHM at 30o peak is used to calculate the crystallite size of PbS nanoribbons 

using the Scherrer equation. We have the equation to calculate the thickness (L): 

3.3 Photoluminescence Spectroscopy Measurements 

Figure 13(a) shows the photoluminescence emission spectrum of original and TOP 

passivated PbS nanoribbons prepared at 70oC, and Figure 13 (b) is an emission spectrum of 

PbS quantum dots synthesized at 90oC. Quantum dots are brighter than nanosheets. TOP 

passivation can significantly enhance the emission of those nanosheets. 
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Figure 13. Photoluminescence spectrum of (a) PbS nanoribbons before and after TOP 

passivation, (b) PbS quantum dots. 

The full-width half maxima (FWHM) of the emission spectrum are the characteristics of 

the sample's homogeneity. The photoluminescence spectrum becomes broader if the sample 

comprises a different thickness range. Our synthesis processes are refined over time to get 

homogeneous enough samples so that we do not have to separate the nanocrystals of varied sizes. 

The photoluminescence spectrum also provides information about the thickness of most 

nanocrystals in the sample. The relation between the thickness and emission spectrum of PbS 

nanosheets and quantum dots is shown in Figure 1435. The energy gap of nanosheets decreases 

with an increase in their thickness. It is the consequence of the quantum confinement effect. 

Similarly, the energy gap decreases with the increase in the diameter of the quantum dot. 
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Figure 14. Relation between energy gaps (solid dots) and thickness of PbS nanosheets. Green 

squares are DFT-calculated data. Inset is the thickness dependence energy of quantum dots35. 

 The thickness of nanosheets and the size of quantum dots are tuned by changing the 

reaction temperature. It shows the emissions of nanoribbons prepared at a temperature range 

70oC to 150oC. We know the nanosheets prepared at higher temperatures are thicker than the 

nanosheets prepared at lower temperatures. Thinner nanosheets emit shorter wavelengths, and 

thicker ones emit longer wavelengths, as shown in Figure 1544. 

Figure 15: Photoluminescence spectrum of PbS nanoribbons synthesized at 

different temperatures from 70oC to 150oC. 
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In Figure 13(a), we can see that the spectrum is shifted towards the longer wavelength 

after TOP passivation. A similar phenomenon was reported in a study48, that the dipoles of 

different ligands contract the crystal lattice causing the delocalization of electrons is partially 

responsible for the red shift in emission. Also, PbS nanosheets and quantum dots exhibit a blue 

shift in emission with time, known as the aging effect. Sometimes we can see the blue shift after 

TOP treatment as TOP is known to have an etching effect on PbS nanosheets, reducing the 

thickness, which explains the blue shift. 

3.4 Photoluminescence Quantum Yield Measurements 

Much research is going on to improve the quantum yield of semiconductor 

nanomaterials. It is crucial for efficient device applications. Understanding exciton dynamics in 

materials is essential to enhance quantum yield. A lot of work has been done on PbS quantum 

dots relating to their quantum yield efficiency and reported a range of improved efficiency up to 

70%49. PbS quantum dots have a higher quantum yield than nanosheets. We have worked 

thoroughly on enhancing the photoluminescence quantum yield of PbS nanosheets in our group. 

Despite having a higher quantum yield, quantum dots have limitations for device applications. 

Therefore, enhancing the yield of nanosheets is in our interest. 
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Figure 16. Absolute photoluminescence quantum yield measurement of PbS nanoribbons 

synthesized at 70oC. The quantum yield was found to be 7.3%. 

We found the quantum yield of quantum dots to be around 20% and of nanoribbons less 

than 10%, as shown in Figure 16. The quantum yield of nanoribbons after passivating their 

surface using TOP improves the quantum yield to more than 26%44. Also, the quantum yield of 

quantum dots significantly drops when we measure them in their solid-state form. The decrease 

in quantum yield is due to the loss of surface ligand in solid state and activation of surface trap 

states facilitating the non-radiative recombination. On the other hand, the quantum yield of 

nanoribbons measured at solid state does not drop notably compared to quantum dots, as the 

nanosheet structure favors the densely packed ligands32. Therefore, nanoribbons are more 

advantageous than quantum dots for applicational purposes. 

3.5 Time-Resolved Photoluminescence Measurements 

Figure 17(a) shows the time-resolved photoluminescence decay spectrum of PbS 

nanoribbons before and after TOP passivation. There is a significant increase in 

photoluminescence lifetime after surface passivation. We find that, by deactivating the surface 
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defects, there is suppression in the non-radiative emission and enhanced efficiency of 

nanoribbons after TOP passivation. Also, nanoribbons exhibit double exponential 

photoluminescence decay, indicating surface trap states' significant presence. Figure 17 (b) is the 

photoluminescence decay of PbS quantum dots synthesized at 90oC. The decay trend is single 

exponential, which denotes fewer surface trap states on them. 

Figure 17. Time-resolved photoluminescence decay dynamics of (a) as-synthesized and TOP 

passivated PbS nanoribbons prepared at 70oC. (b) PbS quantum dots prepared at 90oC. 

3.6 Time-Dependent Photoluminescence Spectrum 

We plot the steady-state photoluminescence spectrum at various times after exciting the 

sample using a pulsed laser. Figure 18 shows the emission spectrum of PbS nanoribbons at 

various times. This data is obtained from the time-resolved PL spectrum measured at 

wavelengths over the emission spectrum of the nanoribbons. We measured the time-resolved 

photoluminescence decay using the TCSPC system. Each measurement is done in the interval of 

3 nm, and the time at which the intensity is maximum is set as 0 ns. All the maximum intensities 

measured over the range of wavelength are plotted as photoluminescence spectrum at 0 ns. 

Similarly, the photoluminescence spectrum at various times in Figure 18 is plotted, extracting the 

data points from all the time-resolved photoluminescence decay measurements. 
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Figure 18. Time-dependent photoluminescence dynamics of as-synthesized PbS nanoribbons 

synthesized at 70oC. 

As time progressed from zero ns to 90 ns, we observed a gradual red shift of the PL 

spectrum. Also, the emission intensity gradually decreases with time, which implies that delayed 

emission is not the dominating phenomenon. The redshift of the spectrum is due to the loss of 

energy during the process. The reason can be that the excited electrons experienced some 

anomaly costing time and energy before recombination.  

The photoluminescence emission peak wavelength is plotted against the corresponding 

time to see the scale of the redshift. Figure 19 shows the trend of the shift in emission peak with 

time. There is a 40 nm redshift in emission peak in a 100 ns time interval. 
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Figure 19. The photoluminescence peak emission wavelength of as-synthesized PbS 

nanoribbons at various times after excitation by a pulsed laser. 

We suspect the redshift is due to the surface states and repeat the experiment using the 

surface passivated nanoribbons using TOP. Figure 20 is the static photoluminescence spectrum 

at various times after excitation for passivated nanoribbons. We can observe the spectral shift of 

surface passivated nanoribbons for a significantly longer time after excitation than the 

nanoribbons before passivation.  

The increase in photoluminescence decay lifetime after TOP capping enhances the 

emission intensity later. The longer decay lifetime enables us to see the photoluminescence 

spectrum shift for a longer time. In Figure 19, we can see the emission intensity of nanoribbons 

before TOP passivation diminished significantly at 90 ns. However, the emission intensity of 

TOP passivated nanoribbons is quite large until hundreds of ns after excitation by the pulsed 

laser. 
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Figure 20. Time-dependent photoluminescence dynamics of TOP passivated PbS nanoribbons 

synthesized at 70oC. 

Again, the photoluminescence emission peak wavelength of TOP-treated 

nanoribbons is plotted against the corresponding time to see the scale of the redshift. Figure 21 

shows the shift in emission peak with time. There is a 25 nm redshift in emission peak in a 100 

ns time interval. The trend is like the data of PbS nanoribbons before TOP treatment, but the 

time duration is significantly longer.  
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Figure 21. The photoluminescence peak emission wavelength of TOP passivated PbS 

nanoribbons at various times after excitation by a pulsed laser.  

Comparing the emission shift of nanoribbons before and after TOP treatment, as shown 

in Figure 22, there is about a 40 nm shift in 100 ns and a 24 nm shift in 1000 ns, respectively. It 

is a substantial decrease in redshift with time. The suppression in the red shift in passivated 

nanoribbons signals surface defects is the reason for the redshift. The excited electrons might 

have been trapped in the surface states due to defects, delaying relaxation and losing some 

energy in the process before recombination. 

Figure 22. Comparison of photoluminescence peak shift of as-synthesized and TOP 

passivated PbS nanoribbons. 
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To confirm the contributions of trap states for the red shift in the emission spectrum, we 

did the control experiment with the specimen having a significantly lower number of surface 

defects. PbS quantum dots have a much lesser number of surface defects than nanosheets, which 

is confirmed by their photoluminescence decay lifetime and higher quantum. So, we repeat the 

experiment with PbS quantum dots, and the resulting time-dependent photoluminescence 

spectrum is shown in Figure 23. 

Figure 23. Time-dependent photoluminescence dynamics of PbS quantum dots synthesized at 

90oC. 

The longer photoluminescence lifetime of PbS quantum dots allows us to see the static 

photoluminescence spectrum of a few hundred nanoseconds time after excitation. The delayed 

emissions from PbS quantum dots do not show any redshift this time. Since the quantum dots 

have very few surface states compared to nanoribbons, we can confirm that the presence of trap 

states on the surfaces of nanoribbons contributes to the redshift on delayed photoluminescence 

emission. 
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3.6.1 Discussions 

We confirmed that surface defects play a role in the redshift of the photoluminescence 

spectrum at later times after excitation. Electrons excited by absorbing photons are trapped in the 

surface states while diffusing in the conduction band, as shown in Figure 24. The higher defect 

density prevents the excitons from diffusing further away and traps them into those surface 

states, which explains the low photoluminescence decay lifetime of the original nanoribbons. 

After surface passivation, excited electrons can diffuse in the conduction band further away, 

increasing the photoluminescence lifetime.  

Figure 24. Excitons trapped in surface defects of nanoribbons before TOP passivation. 

The energy loss is due to the excited electrons experiencing the instantaneously formed 

energy states by the interference of trap states and regular energy states. Any quantum-confined 

system exposed to an electric field along the confinement direction gives rise to the quantum-

confined Stark effect (QCSE)50. As-synthesized nanoribbons have a larger number of surface 

defects which can induce a certain electric field, resulting in the Stark effect. The Stark effect 

shifts the energy level of holes and electrons, decreasing their energy gap51-53. Which 
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consequently shifts the photoluminescence emission to the lower energy, causing the speculated 

redshift. There are fewer defects after TOP passivation, as shown in Figure 25, decreasing the 

defects-induced electric field, which will eventually lower the Stark effect, eliminating the 

redshift. 

Figure 25. Excitons do not get trapped in defects of nanoribbon after TOP passivation, as there 

are reduced numbers of defects affecting fewer excitons. 

On the other hand, quantum dots are tiny compared to nanosheets; as shown in Figure 

26, they cannot generate multiple excitons. The single exciton is not strong enough to screen the 

Stark effect caused by the surface defects. Also, quantum dots have fewer defects at different 

orientations compared to nanoribbons and thus cannot generate a notable Stark effect. Therefore, 

there is no redshift in the time-dependent photoluminescence spectrum of PbS quantum dots. 

This verifies that the surface defects in nanoribbons are the cause of the redshift in the time-

dependent photoluminescence spectrum. 
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Figure 26. Excitons in nanoribbon compared to quantum dot after excitation by a pulsed laser, 

indicating not enough excitons in quantum dot to screen the Stark effect. 

3.7 Effects of Excitation Power on Photoluminescence Spectrum 

Figure 27. Photoluminescence spectrum of PbS nanoribbons by exciting sample by laser power 

(a) 0.1 milliwatts, (b) 0.4 milliwatts, (c) 1.6 milliwatts, and (d) 6.4 milliwatts.
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We studied the effect of excitation power on static and time-resolved photoluminescence. 

Figure 27 shows the static photoluminescence spectrum from PbS nanoribbons at excitation laser 

power from 0.1 milliwatts (mW) to 6.4 milliwatts. The intensity of emission increases with an 

increase in excitation power, but the emission spectrum is shifted towards the higher energy. The 

photoluminescence peaks shift towards shorter wavelengths with an increase in excitation laser 

power. Emission peaks at different excitation powers are shown in Table 1.  

Laser power (mW) PL peak (nm) 

0.1 1233 

0.4 1225 

1.6 1220 

6.4 1217 

The photoluminescence peak is at 1233 nm when the excitation laser power was 0.1 mW 

and decreases to 1217 nm when the laser power increased to 6.4 mW. This shift in emission 

spectrum could be raised due to an increased number of excited electrons, or it may occur by the 

degradation of nanoribbons by continuous exposure to the laser beam.  

To see the effect of the laser on the nanoribbons, we exposed the sample to the laser 

power of up to 9 mW for 4 minutes, which is more than the duration of our regular 

photoluminescence spectrum measurement. We recorded the static emission at a fixed 

wavelength of 1220 nm and measured the emission intensity over time. There was a negligible 

fluctuation in the emission intensity, as shown in Figure 28. Therefore, we ruled out that the 

degradation of the sample by the laser causes the blueshift.  

Table 1. The photoluminescence emission peak of PbS nanoribbons at different pumping power. 

The emission peak shifted towards a shorter wavelengths with an increase in laser power. 
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Figure 28. Static photoluminescence spectrum of PbS nanoribbons at measure at 1220 nm 

wavelength using 200-kilohertz pulsed laser of wavelength 532 nm. 

Next, we measured the photoluminescence decay of PbS nanoribbons with the 

excitation laser power ranging from 0.5 mW to 20 mW. Figure 29 shows the 

photoluminescence decay of excitons generated using the pulsed laser of various intensities. The 

photoluminescence decay rate is faster with an increase in excitation laser power. Therefore, 

blueshift in the static photoluminescence spectrum and the decrease in decay lifetime with an 

increase in excitation laser power should be related. 
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Figure 29. Time-resolved photoluminescence spectrum of PbS nanoribbons at different excitation 

intensities. 

The photoluminescence decay lifetime is estimated from the decay spectrum in Figure 29. 

The decay lifetime is the time taken by the numbers of originally photoexcited electrons to 

decrease by factor 1/e or 37%. The e-fold decay lifetime decreasing from maximum intensity to 

37% is shown in Table 2. The decay lifetime decreases from 44 ns to 13 ns when excited by laser 

power from 0.5 mW to 20 mW, respectively. 

Table 2. Photoluminescence decay 1/e lifetimes of PbS nanoribbons at different pumping 

power. The decay lifetimes showed a decreasing trend with an increase in laser power. 

Laser power (mW) Lifetime (ns) 

0.5 44 

1 38 

5 18 

10 16 

20 13 
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3.7.1 Discussions 

The change in static and time-resolved photoluminescence spectrum behavior results 

from the building of charge carriers on the conduction band with increased excitation laser 

power. Reale et al.54 report and explain the spectral shift with increased excitation power. The 

shift is due to more vigorous screening of the built-in electric field at increasing excitation 

power54. The same effect is responsible for the decrease in photoluminescence decay lifetime. 

The excited states are strongly screened by the electric field build-up by the excited electrons 

when using higher pumping power, forcing the excited electrons to recombine faster. Therefore, 

higher pumping power creates a stronger electric field which screens the excited states, 

decreasing the decay time. 

3.8 Conclusions 

Surface defects in nanosheets or nanoribbons can significantly affect their optical 

properties and behavior. Surface defects introduce an electric field that influences the energy 

levels of the nanosheets through a phenomenon called the Stark effect. The Stark effect refers to 

shifting energy levels in response to an external electric field. This effect causes a redshift in the 

static photoluminescence spectrum. To mitigate the impact of surface defects and counteract the 

redshift in the photoluminescence spectrum, the nanosheets and nanoribbons are treated with a 

surface ligand which helps eliminate or reduce the surface states and subsequently reduces the 

Stark effect, suppressing the redshift in the PL spectrum. Quantum dots, which have relatively 

defect-free surfaces, do not exhibit a redshifted photoluminescence emission and exhibit more 

stable and consistent emission properties than nanosheets. 

In a subsequent experiment on nanoribbons before surface passivation, the 

photoluminescence spectrum displays a blue shift as the excitation laser power increases. This 
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observation suggests that with increasing excitation power, the electric field generated by more 

excited electrons becomes stronger, effectively screening out the Stark effect. This screening 

allows the nanoribbons to establish their original energy gap (no Stark effect). 

The Stark effect arises from the interaction between the electric field and the electric 

dipole moment. The excitons can induce dipole moments around themselves, and any external 

electric field interacts with the dipole and causes the Stark effect. The recombination dynamics 

of excitons are affected by the Stark effect. The recombination rates depend on several factors, 

such as overlap between the electron and hole wavefunction, the density of states, and the 

selection rule governing the emission process. When an external field is applied, it alters the 

electron and hole wavefunctions due to the splitting and shifting of energy levels called Stark-

shifted states. If the Stark effect reduces the overlap of electron and hole wavefunction, it 

decreases the radiative recombination rate. Higher excitation power excites a higher number of 

electrons, which reduces the Stark effect, enhancing the recombination rate. The accurate impact 

of the Stark effect on the recombination rate depends on the strength and direction of the electric 

field induced by the surface defects. Therefore, the defect density plays a vital role in the 

recombination dynamics of excitons. 

These findings highlight the importance of understanding and controlling surface defects 

in nanomaterials, as they can significantly influence their optical properties, energy levels, and 

emission characteristics. Besides the Stark effect caused by the surface defects, there are other 

crucial factors that can affect the behavior of excitons, such as exciton-exciton interaction and 

Auger recombination. Our next step is evaluating the existence of these elements and their 

influence on the efficiency of nanomaterials so that we can enhance the efficiency of nanoscale 

optoelectronic devices and explore their potential applications in various fields. 
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