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ABSTRACT 

Mikhail Zamkov, Advisor 

Colloidal semiconductor nanocrystals are becoming widely used materials in developing high 

performing light emitting devices in the Infrared region. The ability of tuning their properties at 

the colloidal stage and easy-low-cost processing of these Quantum Dot solutions in to nanocrystal 

solid devices makes them a perfect candidate in the device engineering process. One of the main 

challenges that present methods of making Infrared emitting thin film devices face is that both 

quantum yield efficiency and stability is compromised when processing them from colloidal stage 

to the solid state. The proposed method provides a better solution to this problem allowing a 

better assembly of Infrared emitting PbS nanocrystals encapsulated into an all inorganic matrix of 

wide band gap CdS. The newly proposed Semiconductor Matrix Encapsulation Nanocrystal Array 

(SMENA) method provides a better passivation in the PbS surfaces which can be optimized to 

reduce the non-radiative exciton decaying processes preserving the emission characteristics of the 

film. Due to the strong localization of the electrical charges, the films fabricated using modified 

SMENA method shows a bright emission yield compared to the current reported techniques. In 

addition to a high emission quantum yield, fabricated films exhibit excellent thermal and chemical 

stability, which avails their integration into solid state IR emitting technologies.
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CHAPTER 1:  INTRODUCTION 

1.1 Background 

Semiconductor nanocrystals have become widely studied materials emerging new 

technologies in chemistry, physics, materials engineering and recently in the fields of medicinal 

sciences and bioengineering. The confinement of the excitons in three dimensions gives these 

semiconductor nanocrystals, “quantum dots” (QDs), properties between its bulk form and of the 

single molecules1 allowing them to be used in broad range of applications in making light 

emitting devices (LEDs)2-9, lasers10-12, solar cells13-19, and other electronic devices20-24.  

The extensive use of these QDs was mainly due to the ease of controlling the properties of 

these nanocrystals depending on the materials and architecture, and the flexibility of varying the 

inbuilt properties during the growth. These alterations were handled according to the application 

by changing the size, shape and the structure of these QDs via changing the temperature 

conditions, precursors and solvents. Another important factor for the wide-range use of these 

nanocrystals is the simple deposition techniques on thin films rather than the conventional 

deposition techniques that use high temperature and high vacuum systems, which makes these 

QDs ideal in making cost effective devices. 

1.2 Core/shell structure 

The preservation of the optical characteristics of these QDs associated with the colloidal 

phase is a crucial fact when determining the efficiency of the devices that are to be produced. 

Typically, QDs consist with an inorganic core of several hundred atoms surrounded by surface 

ligands. Even with this passivation by ligands, QDs, shows a significant amount of trap states 

driving the percentage of the non-radiative de-excitation for the photo-generated charge carrier to 
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a higher level, which significantly affect the quantum yield25.  One method to reduce the effect of 

surface trapping in QDs is to use a passivation with a core/shell structure of these nanocrystals 

during their growth has which enhance the efficiency improving the fluorescence and providing 

a better stability.  

The appropriate use of the materials during the synthesis allows these QD core/shells to 

create three different types of alignments Type I, Type II or reverse Type I of the band structures 

at the hetero-interface of the materials. These types can be used in desired applications over a 

large spectral range according to the different mechanisms that the photo-induced charges 

undergo.  

Figure 1.1 – Alignment of energy levels of different core/shells structures. (a) Type I 

hetero-structure, (b) & (c) Type II hetero-structure and (c) Reverse Type I hetero-structure. 

In Type I alignment, the band gap of the core lies in between the band gap of the shell and 

vice-versa in Reverse Type I, which drives the recombination of the photo-excited charges 

enhancing the optical properties of the material either in core or the shell. The band gap of the 

shell of Type II alignment is mostly smaller than of the core material providing a complete or 

(a) (b) (d) (c) 
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partial confinement of the charges depending on the thickness of the shell; thus, opening 

applications in photovoltaics, catalysis and other electronic devices.  

When fabricating thin-film devices, these core-shell structures have more control in fusing 

the films in with fewer defects which improves the efficiency and the performance of the films25. 

1.3 Nanocrystal light emitting materials 

The size dependent optical properties of these QDs have been extensively researched to 

find bright fluorophore, which are more stable in solution state as well as in the solid state26. 

Different methods of production of light emitting materials have been reported over the past 

decades where the abovementioned Type I core/shell structures were frequently used in making 

high luminescent nanocrystaline materials. By choosing correct materials of the desired emission 

wavelength , scientist have presented many methods in fabricating better light materials with the 

emission in the visible and UV ranges27-31.  

1.4 Infrared emitting materials 

Nanocrystal materials have created a greater impact on the opto-electronic device 

fabrication challenging the current technologies. The use of these nanocrystaline materials to 

emit Infrared (IR) has become more dominant in many fields ranging from telecommunication to 

medicinal science. The interest in IR nanocrystal materials started with the necessity of optical 

amplification in the telecommunication media, ranging from 1.3 µm to 1.7 µm with a main focus 

on the C-band around 1.55µm32.   On the other hand, the use of near-IR nanocrystals in 

medicinal sciences has become more rapidly used for the biomedical imaging of the live tissues. 

However, the research on discovering better IR emitting materials in spectral range from 800nm 
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to 2000nm has a great impact in these technologies as the present work in that area is limited26. 

Most of the organic or inorganic materials that are presently used in building these devices 

confront an inability produce IR emission in the required range as the quantum yield of the 

emission is considerably low compared to that of the light emitting materials in visible range.  

In contrast to these materials, the use of these QDs or semiconductor IR emitting 

nanocrystals materials have become promising materials in the direction of making better IR 

light emitting devices. Use of Ag2Te/ZnS core/shell near IR emitting materials was reported by 

Chen et al., 33 with a PL emission range from 900nm to 1400nm with a relative quantum yield up 

to 5.6%, and Zhu et al.,34 shows optical emission around the same range using Ag2Se.  But recent 

studies show that using Pb2+ chalcogenide (PbS, PbTe and PbSe) semiconductor nanocrystals 

scientists were able to obtain a better quantum confinement that the emission quantum yield was 

enhanced up to 50%, with contrast to the efficiency of 3-5% using traditional Ga, Si bulk 

semiconductor devices26, 35, 36.  

For example, the exciton Bohr radius of PbSe is 46nm and it is 20nm for the PbS37. In 

order to have better quantum confinement, the radius of the synthesized QDs of these Pb2+ 

chalcogenids should be smaller than these Bohr radius values which allow us to have better 

optical transition at the desired range from 1µm up to 3.35 µm 37. Choosing a better core/shell 

structure by using wide band gap material for the shell material will enhance this efficiency even 

to a higher value as excitons will be more confined to the core allowing an efficient de-

excitation. Apart from the better efficiency, these semiconductor nanocrystals are stable at 

colloidal state, providing an inexpensive method of making better thin-films by processing those 

solutions.  
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1.5 IR emitting films 

The development of competitive IR emitting devices is largely dependent upon the ability 

to assemble them into stable structures or matrices that will preserve the monodispersity of the 

used materials. Apart from the bright band gap emission, these solid matrices should demonstrate 

a significant thermal stability as well as a better chemical stability. Also, in order to utilize them 

as waveguides, these matrices should also contain a high refractive index. Additionally, these 

devices should acquiring high QD loading factor (filling factor) which is essential in obtaining 

large gain magnitude. 

The existing matrix encapsulation strategies relying on organic polymer mixes38-42 are 

noticeably successful in transforming these nanoparticle solutions into thin films that can be 

implemented as devices, but attaining a considerable nanoparticle packing density (filling factor) 

and the phase separation of the polymer/semiconductor layers has been a challenge.  

The method proposed by Sundar et al., 43 and Petruska et al., 44 by introducing sol-gel 

titania matrices have helped overcoming some of these challenges. By the use of these titania 

functional groups transferring directly to alcohol–terminated amine ligands, increasing the filling 

factor and the preservation of the monodispersity. Also using this method, a high volume loading 

up to 20% was reported along with an improved thermal stability in the TiOx-incorporated CdSe 

NC films44. However, even with a higher filling factor, the ligand termination at the NC surface 

still generates poor stability and low quantum yield efficiency when incorporating these QDs in 

films.  

More recently, a novel matrix encapsulation method was reported by Kovalenko et al., 35 

which focus on embracing PbS/CdS core/shells in to a solid metal complex of As2S2 amorphous 
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matrix. The –As2S3 matrix with a high refractive index and with an optical insulation ranging 

from near IR to mid IR optical region acts as a good nonlinear optical waveguide material. This 

method have enable a route to produce highly stable, all-inorganic nanoparticle films with a large 

refractive index approximately 5.1 which leads to a significant increase in the conductivity of the 

film. The low temperature solution processing technique provides an ability to deposit such 

nanocrystals virtually on any material35.  . 

 Even with the accomplishments and the considerable progress in fabricating stable 

nanocrystal thin film materials that have been made in the recent years, the reported methods still 

suffer from several shortcomings. The significant reduction of the quantum yield and the drop of 

the fluorescence lifetime of the solid form of these materials have always been a major drawback 

when trying to imprint the QDs to solid matrices. For example, the fluorescence quantum yield 

of tethered CdSe nanocrystals in to Titania matrix was reported to decrease from 70% to an 

average value close to 10%44.  Similarly, the proposed method by Kovalenko et al.,35 the longest 

fitted fluorescence lifetime of the PbS/CdS-As2S3 films was dropped down to ~530ns compared 

to ~2600ns obtained when the PbS/CdS nanocrystals in tetrachloroethylene (TCE) solution 

which is a 4.9 fold difference in upon the fusion into a glassy matrix. 

1.6 Proposed Matrix Encapsulating method 

Having these aforementioned challenges faced by the recent encapsulation methods, it has 

been clearly identified that the quenching of the fluorescence in these QDs in films mostly 

occurs due to the non-radiative decay pathways. Apart from the radiative de-excitation of the 

charges which if longer, two distinct processors can be stated significant when considering the 

non-radiative decay of the excitons. Among the two processors, the transfer of energy or the 
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excited charges from one QD in the film to the nearest or to QD near the vicinity can lead create 

‘dark’ excited states. The loss of charges or energy can directly affect the radiative 

recombination reducing the quantum yield efficiency.  On the other hand, due to the interfacial 

defects at the nanocrystal-matrix hetero-interface or the trapping of charges on dangling bonds 

can create another non-radiative decay of charges.  

Figure 1.2 – Charge and energy dissociation processors of a photo-excited QD 

The significant process from above two mechanisms, the charge transfer process of the 

excited charges in an encapsulated system, was shown to be almost exponential with the 

interparticle distance (Redge) and the height ( ) of the potential barrier between two 

neighboring nanocrystals.45 There for this charge transfer process can be restrained by using a 

core/shell structured QDs using a wide band gap material as the shell material or by increasing 

the interparticle distance to a sufficient value so that the hopping of charges between the 

embedded QDs will be suppressed.   

Even with ensuring the suppression of the charge transfer to adjacent nanocrystals, trapping 

of the excited charges at the surface intermediate states still creates a challenging problem in the 

E∆
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embedded nanocrystals. In the titania matrices, the long organic ligands were used to lower the 

density of trap states at the surfaces of the nanocrystals while fusing them in the films44. But the 

emission of the nanocrystals was affected when the surface ligands were desorbed from the 

nanocrystals due to the thermal and electrical stimulation. The embedded nanocrystals in a glassy 

matrix provide a better solution to this problem reducing the density of trap states35. However, 

the fusion of the nanocrystals in to the glassy matrix still causes an imperfect surface 

passivation31. 

As for an ideal matrix encapsulated system of nanocrystals should have a high chemical 

and thermal stability and should consist with well bonded surface passivation layer. The 

proposed methodology demonstrates the assembling of IR emitting PbS nanocrystals via hot 

injection methods and encapsulation of them in to all inorganic matrices. The surfaces of the core 

nanocrystals structure were completely passivated using wide band gap shell of CdS, replacing 

the organic ligands. The heteroepitaxial passivation of the PbS nanocrystals surfaces enables the 

better quantum confinement of the generated excitons providing a better shield from the external 

environment and reduces the density of dangling bonds with one-to-one capping of surface ions 

compared to the traditional ligand passivation strategies that depends on the donor-acceptor 

interaction. It was observed that the encapsulated nanocrystal structure demonstrated a 

considerably improved emission quantum yield compared to the previously reported values and 

an excellent chemical and thermal stability. 
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CHAPTER 2:  EXPERIMENTAL SECTION 

2.1 Chemicals 

oleic acid (OA, 90% Aldrich), 1-octadecene (ODE, 90% Aldrich), sulfur (S, 99.999% Acros), 

bis(trimethylsilyl) sulfide (TMS2, Aldrich, synthetic grade),  lead(II) oxide powder (PbO, 

99.999% Aldrich), cadmium oxide (CdO, 99.99%, Aldrich), isopropanol (anhydrous, 99.8% 

Acros), hexane (anhydrous, 95% Aldrich), cadmium acetate dihydrate ((CH3COO)2Cd·2H2O,  

3-mercaptopropionic acid (3-MPA, 99% Alfa Aesar), chloroform (anhydrous, 99%, Aldrich), 

98%, Acros), sodium sulfide nonanhydrate (Na2S·9H2O, 98% Alfa Aesar), ethanol (anhydrous, 

95% Aldrich), acetone (anhydrous, Amresco, ACS grade), toluene (anhydrous, 99.8% Aldrich), 

methanol (anhydrous, 99.8% Aldrich), octane (anhydrous, 99% Aldrich) were used for all the 

reactions and procedures as received without further purification. For thin film fabrication, glass 

substrates (Corning Microscope Slides, 0.96-1.06 mm, 0215 Glass) were obtained from Corning 

Inc. 

2.2 Methods 

2.2.1 Synthesis of PbS nanocrystals 

The colloidal stage of the PbS nanocrystals were prepared according to the procedure 

described in Hines et al.46 An amount of 0.49 g of lead(II) oxide powder (PbO) was mixed with 

18 mL of 1-octadecene (ODE) and desired amount of oleic acid (OA) (1-16 mL of OA was used 

depending on the required size of the PbS nanocrystal grown) in a three neck flask and the 

mixture was degassed at 120°C for 2 hours to dissolve the PbO while overcoming any unwanted 

contamination. The degassed mixture containing PbO was then carefully switched to Argon (Ar) 
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and the temperature was increased to 135 °C. At the same time the Pb precursor solution was set 

to degas, 10 mL of ODE was also degassed for two hours at 120°C.The degassed ODE was 

switched to Ar and cooled to room temperature and 0.21 ml of bis(trimethylsilyl) sulfide (TMS2) 

was carefully added into the flask. After letting to stir for one minute, the well mixed 

TMS2/ODE mixture was quickly injected to the flask with the Pb-precursor at 135°C. After 

addition of TMS2/ODE mixture, the reaction was continued to heat at 135°C for 0-5 minutes 

depending on the required size of the PbS nanocrystals (longer cooking time at 135°C results 

larger nanocrystals). Then the reaction was quenched by removing the heating of the flask and 

placing it in an iced water bath.  

The cleaning of the prepared nanocrystals was performed after letting the mixture to be 

cooled to room temperature. The nanocrystals were precipitated by centrifuging with distilled 

acetone. The residue was saved by pouring off the liquid and again it was re-dispersed in 

toluene. The cleaning process of precipitation and re-dispersion was performed 2-3 times and 

finally the PbS nanocrystals were re-dissolved in 4-5 mL of hexane. 

For a typical fabrication of PbS nanocrystal with a diameter of 3.0 nm (exciton absorption 

peak approximately at 950 nm), the PbS precursor was contained with 1.5mL of OA and the 

heating time was 1 minute. For nanocrystals with a diameter of 3.85nm (exciton absorption peak 

at 1140 nm), 10 mL of OA was used in the mixture and the growth time was 2 minutes. For larger 

diameters approximately 6.0 nm (absorption peak at 1700nm) PbS nanocrystals, 15 mL of OA 

was used in the mixture and the heating was continued for 4 minutes.  
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2.2.2 Synthesis of PbS/CdS core/shells through cation exchange 

The CdS shell growth around the PbS cores were performed using the cation exchange 

method illustrated in Pietryga et al.26 In a typical synthesis of making CdS shell, 0.95g 

(7.6mmol) of cadmium (II) oxide powder (CdO) was mixed with 18 mL of ODE and 10 mL of 

OA in a three-neck 50 ml flask and the mixture was heated at 240 °C under Ar flow, until the red 

solution was tuned clear. Upon all the CdO was turned to Cd-oleate, the temperature was 

decreased to 130 °C. At the same time, in a 25 mL three-neck flask under Ar flow, 4 mL of PbS 

seeds (cores) dissolved in hexane was heated at 100 °C for 2 minutes to remove the solvent 

(hexane). At the temperature of 135 °C, the heated PbS nanocrystals were added to the Cd-oleate 

solution with vigorous stirring. Then, the mixture was heated at 135 °C for 7minutes (The 

desired shell thickness was determined by using a proper temperature at a range from 120 °C to 

160 °C). The flask was placed in an iced-water bath to quench the further growth of the shell. 

The cleaning process of synthesized PbS/CdS nanocrystals was done by adding ethanol 

and centrifuging at 5000RPM. The clear liquid was discarded and the residue was re-dispersed 

in toluene. The steps were repeated two times to further purification and the final precipitate was 

dissolved in a 4-5 mL of hexane. 

The growth of the shell around PbS nanocrystals were monitored by the shifting of the 

exciton absorption peak to the blue region compared to its original position. Assuming the size 

of the PbS original core remains unchanged, the subtraction of the difference of the core size 

was used to determine the thickness of the shell after exchanging the Pb2+ ions with the Cd2+. 

This method provides a better accuracy of the shell growth than the TEM images.  
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With the above ratios of precursors and the growth temperature, a 330 nm blue shift of the 

exciton absorption peak was measured. The estimated CdS shell thickness was calculated to be 

0.8 nm. For thick shell of CdS, higher ratios of ODE/OA, higher temperatures and longer 

reaction time was used.   

2.2.3 Synthesis of CdS nanoparticles 

The synthesis of CdS cores was adapted from the method reported in Yu et al.47 In a Cd- 

precursor was prepared by mixing 0.0384 g (0.3 mmol) of CdO with 1 ml OA and 12 ml ODE in 

a 50 ml 3-neck flask and heating the mixture at 240 ºC under inert conditions until the formation 

of Cd-oleate solution (until the solution turned colorless). Then, the temperature was raised to 

250 ºC. At the same time, the sulfur precursor was prepared by mixing 0.0048 g (0.15 mmol) 

sulfur powder 5ml of ODE and heating the mixture at 120ºC until the powder was dissolved 

completely. Then the sulfur precursor was quickly injected to Cd-oleate solution and the reaction 

was stopped by removing the heating after 5-9 minutes. The desired size of the CdS seeds was 

determined by monitoring the exciton absorption peak and the final seeds had a diameter from 

3.5nm – 4.5 nm depending on the reaction time of the mixture. 

The first step of the purification of the synthesized CdS cores involved with the 

methanol/hexane extraction to remove the unreacted Cd-oleate from the solution. Then the CdS 

seeds in the extracted yellow solution were precipitated by the addition of ethanol and 

centrifuging at 5000RPM for 10 minutes. The colorless solution was discarded and the yellow, 

oily precipitate was re-dispersed in 4-5 mL of hexane and stored in a dark place for the thin film 

production. 
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2.2.4 Preparation of the glass substrate 

 For the preparation of the nanocrystal coated films on glass slides (dimensions of 2.5 cm x

 2.5 cm), the substrates were cleaned and dried for the optimal performance. First the substrates 

were washed with Alconox detergent in warm water and rinsed with deionized water. Afterward, 

the substrates were sonicated in methanol, acetone and finally in isopropanol for 5 minutes and 

left to dry under inert conditions. 

2.2.5 Processing solution of PbS/CdS nanocrystals for thin film fabrication 

The fabrication of the all-inorganic thin films of PbS/CdS nanocrystals was done by a 

layer-by-layer deposition method adapted from Kinder et al.48 All the steps of the reported 

Semiconductor Matrix Encapsulation Nanocrystal Array (SMENA) methodology was performed 

inside the glove box with inert conditions to avoid unwanted oxidation in the films.  

As the first step of the deposition technique, the PbS/CdS nanocrystals (in hexane) were 

added drop wise (4-5 drops) on to FTO glass substrate while spinning at 5800 RPM rate. The 

addition of the core/shells was carefully done until the substrate was fully covered and then 

allowed to dry. OA ligands on the spin coated core/shells were then exchanged to 3-

mercaptopropionic acid (MPA) by adding 10 drops of a solution mixture containing 1:4 

MPA/methanol, as completely covering the substrate. After allowing the glass to stand for five 

seconds, it was spun at 5800RPM for 10 seconds. The unexchanged, excess MPA ligands in the 

film were rinsed using 10 drops of methanol followed by spinning at 2500 RPM for 10 seconds. 

And as the final step of the cycle, the film was washed with 10 drops of hexane and spun at 2500 

RPM for 10 seconds. 
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After two successful layers, the film was annealed at 150 °C for 15 minutes to evaporate 

the exchanged MPA ligands in the core/shells and for the better fusion of the encapsulated 

nanocrystals. For a typical thin film that was used for the measurements, 4-6 layers were 

deposited on the FTO glass substrate to have a thin film with a 300 nm thickness.  

The modified SMENA films used in this project were fabricated with an addition of 

synthesized CdS cores along with the PbS/CdS cores/shell when spin coating the films. The 

proportion of the added PbS/CdS and CdS in a film was calculated by dividing the optical 

densities of the first exciton absorption peaks of the solutions. For PbS/CdS the considered peak 

was 850nm-900nm and for CdS seeds the peak was 430 nm. The final ratios of the nanocrystals 

were calculated using the TEM data obtained from the same solutions. 

2.2.6 In-filling of nanocrystal solids pores with CdS 

The fabricated nanocrystal films were processed through Successive Ionic Layer 

Adsorption and Reaction (SILAR) method adapted from Pathan et al., 49 to fill the pores between 

the QDs with additional CdS. The deposition technique involves the soaking of SMENA films in 

prepared solutions of Cd2+ and S2- in methanol. 0.113g of cadmium acetate dihydrate 

((CH3COO)2Cd.2H2O) was dissolved in 20 mL of methanol solution to prepare the required 

cadmium bath and the sulfur bath was prepared by dissolving  0.098g of sodium sulfide 

nonanhydrate (Na2S·9H2O) in 20 mL of methanol.  

For the pore-filling process, first the prepared thin films were dipped in the Cd2+ solution 

for 1 minute followed by rinsing with pure methanol for 1 minute and then dipped in the S2- 

solution for 1 minute again followed by the rinsing in pure methanol for 1 minute to complete 

one cycle. For a film with a high quality and good performance, 2-10 pore-filling cycles were 
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performed and according to the number of monolayers of CdS needed. For better fusion of the 

adsorbed CdS in the films, the films were annealed at 150 °C under inert conditions for 15 

minutes. 

2.3 Characterization 

All the exciton absorbance data were measured using Simadzu UV-3600 UV-vis-NIR and 

CARY 50 scan spectrophotometers. The Photoluminescence (PL) data were measured using a 

Jobin Yvon Fluorolog FL3-11 fluorescence spectrophotometer and using a custom-built PL 

spectroscopy apparatus. The apparatus consisted with an Acton SP-2357 Monochromator 

(Princeton Instrument), an Argon ion laser Reliant 150M (Laser Physics) and with an IR detector 

PDA30G (Thorlabs).  

The JEOL 3011UHR (operated at 300 kV) and 2010 transmission electron microscope (200 

kV) was used to obtain High-resolution transmission electron microscopy (HR-TEM) 

measurements. The preparation of the sample for the TEM measurements we done by scrapping 

a small part of nanocrystal films, dissolved in toluene by sonication and deposited on to a 

carbon-coated copper grip and allowing it to dry. To obtain the colloidal state TEM images, a 

diluted sample of the nanocrystal in hexane was deposited on the TEM grid and dried in air. 

The setup for the time-resolved fluorescence measurements in 900nm region consists with 

a time-correlated single photon counting setup utilizing SPC-630 single-photon counting PCI 

card (Becker & Hickle GmbH). A picosecond diode-laser was used as the photo-excitation 

source operated at 400 nm (Picoquant) along with an id50 avalanche photodiode (Quantique). 

The filtration of the signals was done by using 400nm, 532nm, 750nm and 900nm long-pass 

optical filters. Time – resolved PL measurements in 1300 nm region were obtained by Time-
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Correlated Single Photon Counting (TCSPC) system based on InGaAs TE cooled single photon 

avalanche photodiode (ID Quantique) with a resolution of 200 picoseconds to obtain 10% 

quantum efficiency, SPC-130-EM Counting Module and BDL-488-SMN laser (Becker & 

Hickle) with pulse duration of 50 picoseconds and wavelength of 488 nm, CW power equivalent 

of about 0.5 mW, externally triggered at 1MHz repetition rate. Long-pass optical filters at 500 

nm and 1300nm were used to exclude the laser line and the possible emission of CdS matrix of 

the detected emission signal. 

2.4 Fluorescence quantum yield measurements. 

A similar technique as described in Semonin et al., 50 was used to obtain the absolute value 

of quantum yield measurements. The elimination of a reference and the ability of simultaneous 

measurement of the absorbance at the excitation wavelength with correction to reflectance and 

scattering losses using integrating sphere were advantageous in the project. A CW Laser Diode 

Module (wavelength of 808nm with power of 1 W modulated by optical chopper at 30Hz) was 

used as the excitation source and IS200-4, (Thorlabs) was applied for the spatial averaging the 

integrating sphere. This light was measured by broadband of 0.1-20 μm with a UM9B-BL-DA 

pyroelectric photo detector (Gentec-EO) and a lock-in amplifier SR 830 (Stanford Research) was 

used to modulate the signal from the detector. To set the light intensity to the optimum range of 

the detector and the lock-in amplifier, the signal receiving from the integrating sphere was 

attenuated with a neutral density filter. The energy yield obtained from the ratio between emitted 

and absorbed light was transformed to the quantum yield considering the difference in photon 

energies for the laser and the PL band (PL band was used average energy). And the final 

quantum yield value was corrected by transmission of applied edge pass filters. 
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CHAPTER 3:  RESULTS AND DISCUSSION 

The encapsulation of the near IR emitting PbS nanocrystals in to solid matrices was done 

using the recently reported SMENA method, 48 allowing these QDs to have gap-free fusion in to 

a wide band gap semiconductor host matrices. As the first step of the reported SMENA 

methodology, the nanocrystals were synthesized using the hot-injection method to grow 

monodisperse PbS nanocrystals, followed by the formation of a wide band gap semiconductor 

material via cation exchange. The formation of monodisperse QDs in endorsed by the use of 

non-coordinating solvents like ODE for the synthesis47. The lattice-matched hetero-interface 

between PbS and CdS creates a Type I band alignment as illustrated in Figure 3.1, providing 

localization of excited both electrons and holes in the core of the structure. 

Figure 3.1 – Relative Type-I alignment of PbS/CdS core/shell structure with PbS diameter of 4 

nm and 6 nm 

As the second step, the semiconductor nanocrystal core/shells were spin coated on to a 

FTO glass substrate which after which the OA ligands were exchanged to thermally degradable 
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MPA ligands. The film was heated at 150 °C to promote the removal of the exchanged MPA and 

to allow the respective CdS domains to be fused well to perform the array of PbS/CdS 

core/shells. Then, the nanocrystal film was processed through the SILAR method49 to fill the 

additional pores to neutralize the carrier trapping at the surfaces of the CdS matrix. This pore-

filling method increases the stability of the PbS nanocrystal array increasing the average 

refractive index of the film (n).  

Figure 3.2 – Illustration of the key steps involving the conventional SMENA approach 

In the modified SMENA approach (Figure 3.3), the colloidal state of the semiconductor 

nanocrystals used for the films contained a mixture of PbS/CdS core/shells with CdS seeds of 

430 nm size. As explained in the experimental section, the ratios were calculated according to 

first exciton absorption peaks of the respective QDs.  
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Figure 3.3 – Illustration of the key steps involving the modified SMENA approach (PbS/CdS is 

mixed with CdS seeds with similar diameter) 

The key factor of enhancing the radiative recombination probability of a matrix 

encapsulated nanocrystal array is the confinement of the photo-induced charges. The work of 

Khon et al., 31 report achieving a better localization of the excitons by increasing the thickness of 

the shell structure, ΔH, at the colloidal stage which determines the optimum value of the Redge 

value (Redge = 2 x ΔH) in a film. A larger Redge leads to the better separation between embedded 

nanocrystals; providing a better suppression to the interparticle charge and energy transfer 

increasing the radiative recombination more probable. Also, the charge transfer rate between 

adjacent nanocrystals is dependent on the Redge value or the shell thicknesses of nearby core/shell 

structures as illustrated in the Figure 3.4. 
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Figure 3.4 – WKB calculation of the coupling energy (β) dependence on the interparticle 

distance (Redge) in relative units of scale. The colored areas indicate the regime of 

strongly localized charges 

It is assumed that the rate of the charge tunneling between them is identified as a single 

exponential dependant function of the width of the potential barrier separating the neighboring 

nanocrystals. By the use of Wentzel-Kramer-Brillouin (WKB) approximation, this tunneling rate 

can be simplified to             31. Here the potential barrier height between

electron and hole state in nearby nanocrystals is denoted by ΔE. The regime of strong 

localization of charges is obtained when the coupling energy of these nanocrystals ( β = ħωΓ ) 

becomes lower than the thermal energy (kT), which is also known as the Mott Insulator 

Transition (MIT). Since the localization of the photo-induced charges in the Type I aligned 
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core/shells are more prominent in larger QDs (Figure 3.1), the Redge distance which this MIT 

occurs gets shortened with the increase of the diameter of the QD. This is significantly observed 

by the comparison of coupling energies of adjacent dots for the case of PbS QDs of 4 nm and 

6nm in diameter encapsulated in to CdS matrix by SMENA procedure. According the Figure 3.4, 

it is clear that the Redge value associated with the MIT in 6 nm PbS/CdS solids is about 2 times 

less than the value of 6 nm PbS/CdS solid. The figure preserves the correct lengths ratio 

corresponding to MIT transitions between different dot diameters.  

Due to the small potential barrier that electrons are facing in PbS QDs with a small 

diameter, it is necessary to have a thick shell of CdS to achieve a strong localization of the 

excited charges. But the practical growth of a thick shell of CdS can lead to a higher interfacial 

strain of the lattice structure increasing the probability of the formation of defect structures. 

These defects can create additional non-radiative decaying of the generated excitons, lowering 

the performance of the films.51-53 

As an alternative solution to this challenge, the Redge value of these nanocrystals can be 

increased by introducing CdS QDs of the same size, replacing a part of the PbS/CdS core/shell 

structure as described in modified SMENA method (Figure 3.3). This method would allow a 

greater interparticle separation without any additional shell growth on the PbS QDs providing a 

strong localization of the charges.  On top of the greater performance, this method provides a 

better mode of controlling the balance between the packing density (filling factor) of the IR QDs 

and the emission quantum yield by changing the ratio of used PbS/CdS to CdS seeds at their 

colloidal stage. For instance, using a low density of the PbS nanocrystals in the solid matrix 

results a enhancement of the recombination of the photo-excited charges due the low rate of 
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tunneling between adjacent QDs. Even with a relatively low packing density, this would result a 

greater emission quantum yield of the solid matrix. Conversely, increasing the filling factor of 

the PbS nanocrystals in the matrix would result a reduction of the average separation (low Redge 

distance) between the PbS domains. But due to the high rate of tunneling (incomplete 

localization) of the excited carriers present a significant drop of the fluorescence quantum yield.  

To investigate the dependence of the photo-excited emission of the IR emitting PbS QDs 

on the interparticle separation, two separate sets of PbS embedded nanocrystal solids were 

fabricated using the aforementioned two techniques. In the first set, the Redge distance was 

controlled using the conventional SMENA technique by varying the thickness of the synthesized 

PbS/CdS core/shells. In the second set, to control the Redge distance, the modified SMENA 

technique was used by embedding the core/shells with a tunable fraction of CdS QDs of the same 

size. The synthesis of the PbS/CdS core/shells was performed using the cation exchange 

method35 since this method provides an accurate control over the growth of the CdS shell which 

determines the optimum value of Redge in both film architectures. A uniform formation of CdS 

shell on PbS core of a PbS with a diameter of 2.7 nm core surrounding a 1.3 nm CdS shell is 

illustrated in Figure 3.5 obtained from high resolution TEM image.   
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  Figure 3.5 - (a), (b). High resolution TEM images of 2.7-nm PbS nanocrystals coated with a 

1.3-nm CdS shell. (c). The mixture of PbS/CdS nanocrystals and 5.0-nm CdS 

nanocrystals prior to the deposition on a glass substrate. Scanning electron 

microscope (SEM) (d) and photo (e) images of a CdS-encapsulated PbS nanocrystal 

film. 

When analyzing the time-resolved spectroscopic measurements of the near-IR emitting PbS 

nanocrystals in the solid matrices, the films fabricated using the conventional SMENA method 

showed an increase in the fluorescence decay with the increase of the Redge value. This is 

aligning well with the predictions, that the transfer of charges via non-radiative decaying gets a 

lower fraction of the excited charges in larger Redge values. In principle, charge trapping on 

surfaces of the unpassivated CdS matrix can shorten the decay of excitons in PbS solids; 
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however, the rate of this process is slower than the rate of charge and energy transfer within the 

solid matrices.54  

Figure 3.6 – Fluorescence lifetime of PbS in CdS matrix using conventional SMENA method 

As illustrated in Figure 3.6, the fast component of the fluorescence lifetime decay 

represents the mobilization of the charges between the nanocrystals in the film and the slow 

component represents the trapping of the charges in the unpassivated CdS matrices.  

As mentioned before, the rate of tunneling between resonant states diminish exponentially 

with Redge, while the rate of energy transfer diminishes with a dependence of Redge
6 with the non-

radiative dipole-dipole coupling approximation (Förster Resonance Energy Transfer).55 The 

comparison experiment of the effect of the charge and the energy transfer to the fluorescence 

decay if illustrated from the Figure 3.7(b). The fast component (τfast) of the each decay rate for 

different Redge values in the Figure 3.7(a) was plotted with the WKB (~ eαRedge) and FRET 

(~Redge
6). From the curve, it is evident that the fast component of the fluorescence decay rate 
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corresponds mainly due to the interparticle charge transfer process with a single exponential 

decay and not to the energy transfer. This is an important finding that the primary mechanism 

that involved with the formation of the dark states by exciton dissociation is due to the charge 

transfer through the nanocrystals in the solid matrix. 

Figure 3.7- (a) Fluorescence intensity decay of conventional SMENA films representing 

different Redge values. (b) The comparison of predicted (WKB approximation using a 

single fitting parameter - C) and measured exciton lifetimes for CdS-encapsulated 

PbS nanocrystals. 

The measured fluorescence lifetime value of matrix-encapsulated films using the 

conventional SMENA technique acquired a maximum value of 190 nanoseconds with a Redge 

value 4.4 nm. It is significant that this saturated limit of the lifetime if far less than the value of 

the same PbS/CdS core/shell structure in its colloidal state which is 2.8 microseconds which is 

illustrated in the Figure 3.8.  
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Figure 3.8 – Fluorescence intensity comparison of the PbS/CdS core/shell at colloidal state. 

Beyond this saturation limit, the further increase of the CdS shell thickness fails to enhance the 

lifetime even in the solution state, since the trap state emission becomes more dominant process in 

the charge carrier dissociation. With further growth of 3-4 monolayers results a high strain at the 

hetero-interface, increasing the trap state emission compared to the band gap emission.47   

Figure 3.9 - CdS trap state emission affecting the PbS band gap emission 

On the other hand, the modified SMENA technique provides a better method of increasing 

the Redge value in films despite of growing additional monolayers of CdS shell around the PbS 
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nanocrystals. This allows a better suppression of the escaping of the photo-induced charges 

without any additional strain in the solid matrices preventing any rate-limiting defects. 

To investigate the characteristics of the proposed method, several films were fabricated 

varying the fraction of the CdS seeds to PbS/CdS core/shells as an increasing order. All the 

calculations related to the ratios were done by considering the absorbance peak of the samples 

used. In principal, when integrating additional CdS domains in the core/shell structure in a film, 

the average particle distance become more than twice the value of the thickness of the shell 

 The relationship between the molar concentrations of the both types of nanoparticles and 

the partial number density of the particles in the mixture was analyzed using the TEM images. 

From the Figure 3.10, the ratio of the PbS/CdS to CdS nanoparticles can be easily identified by 

the corresponding population of each dot in the TEM image.  

Figure 3.10 - A characteristic TEM image of 4.3-nm CdS and 6.0-nm PbS/CdS nanocrystal 

mixture. Arrows mark the location of PbS/CdS core/shell structures 

From the TEM image, it is clearly identified the core/shell nanocrystals with a larger radii 

and a darker shading marked by white arrows. The image corresponds to 5.2 nm PbS/CdS 
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core/shell structure and 4.3 nm sized CdS seeds. Since the initial concentration of the solutions 

used were known, the number density of each nanoparticle can be estimated using this method. 

The ratio of the CdS to PbS/CdS dots in the film is used to PbS volume fraction, vPbS, using the 

following equation.  

Suppose that on average a unit length of the mixed nanocrystal film contains Nc of CdS 

and Np and core/shell nanocrystals. A unit volume of such film be given by 3
/ )( CCCPP DNDN +

, where Dp/c and Dc are the average diameters of PbS/CdS and CdS NCs, respectively. The 

number of PbS cores in a unit volume will be given by 3)(/ CPp NNNN +× , where 

CP NNN += , where N = Nc + Np. Therefore the volume fraction can be expressed as:  

Here, the value n=NPbS/NCdS, and Rcore is the average radius of the PbS core in PbS/CdS 

core/shell NCs.  
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Figure 3.11 - Fluorescence intensity decay of near-IR emitting PbS NCs (a) d=2.7 nm and (b) 

d=4.1 nm encapsulated into CdS matrices as a function of increasing NPbS/NCdS. 

Figure 3.12 – Steady-state emission of modified SMENA films (a) dPbS = 2.7 nm with 

NCdS
/NPbS=0 (black) and NCdS

/NPbS=4 (red) and (b) dPbS = 4.1 nm with NCdS
/NPbS=0 

(black) and NCdS
/NPbS=4 (red). 
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Figure 3.11shows that with the increase in Redge value by the mixture of CdS (dCdS = 4.3 

nm) and PbS/CdS (dPbS = 2.7 nm), increases of fluorescence lifetime decay as expected from the 

WKB approximation. The fastest decay process in Figure 3.11with a Redge of 1.2 nm corresponds 

to film fabricated without any CdS nanocrystals in between PbS domains, which is similar to the 

films fabricated by conventional SMENA technique. Compared to the other films, the thin CdS 

shell (ΔH~ 1 nm) in this film, enable only a partial localization of the photo-induced charges 

leading to a lifetime of 95 ns. Increase of the CdS ration to the PbS used in the film leads to the 

increase of interparticle distance, Redge, from a value of 1.2 nm to 11 nm providing a maximum 

separation of the nanoparticles than of the conventional approach. With the maximum value of 

the Redge value, a fluorescence decay time of 0.98 microseconds was observed, which is four 

times greater value of the best performing nanocrystal solid fabricated using the conventional 

SMENA method. Likewise, the observed exciton lifetime was found to be longer than that of 

previously reported PbS film architectures utilizing hybrid molecular ligands.35 This 

phenomenon can tentatively attributed to a suppressed non-radiative decay in CdS-encapsulated 

nanocrystals. However, the fluorescence lifetime of larger PbS nanoparticles (λ ≈ 1300 nm) was 

observed to be shorter than that of the smaller PbS QDs. As shown in Figure 3.11(b), the longest 

report lifetime is τ = 480 ns which could be explained by the difference in the radiative decay of 

PbS nanoparticle according to the diameter. Also, red shift of ~20 nm of the fluorescence peak 

can be observed when increasing the NCdS
/NPbS which could be mainly due the delocalization of 

the electronic wave function in to the CdS matrix.  

The fabricated films provide a better structure for the assembly of the PbS nanoparticles. 

However, the structure still contains interparticle gaps between the nanocrystal solids. To reduce 

the density of these gaps and fuse the core/shell structures, additional CdS were partially filled 
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using the SILAR method. It is reported that such treatment increases the refractive index 

reducing the density of dangling bonds. 31 According to the Figure 3.13, the application of 6 

SILAR cycles to a film with Redge of 1.5 nm, results a 55% increase of the fluorescence lifetime 

in the modified SMENA film. Numerically, the slower component of the fluorescence intensity 

decay has increase from a value of 90 ns to 150 ns which significantly express the reduction of 

charge trapping in the film. 

Figure 3.13 - Suppression of the charge trapping on the surface of modified PbS/CdS SMENA 

film by additional SILAR passivation. 
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Temperature dependence of the fabricated films is crucial fact when considering the 

performance when they are implemented on light emitting devices. In the present approach, the 

modified SMENA films shows and excellent resistivity to thermal degrading at lower 

temperatures as the hetero-epitaxial bonding of the PbS nanoparticle surfaces prevents low-

temperature oxidation processes. The thermal degradation is observed only at higher temperature 

via phase transition of the lattice structures. 

Figure 3.14 - Comparison of the thermal stability of (c) OA-capped and (b) CdS encapsulated 

PbS nanocrystal arrays. 

Here, the temperature dependency of the fabricated films was tested with comparison to the 

oleic acid (OA)-capped PbS nanocrystal films. Both types of films were subjected to heating in 

air while changing the temperature and the intensity of the band gap emission was measured at 

each temperature. Figure 3.14 shows the emission spectra of films versus the substrate 

temperature fabricated by (a) modified SMENA technique and (b) (OA)-passivated PbS 
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nanocrystal films with an Redge of 2.8 nm. It can be clearly seen that the band gap emission of 

both films results in a gradual drop which was identified as the sintering temperature of the PbS 

nanocrystal solids. The modified SMENA films shows an excellent thermal stability showing a 

better emission at higher temperatures as high as T ≈ 200 °C, compared to the OA-capped PbS 

nanocrystal solids which that value lies 90-100 °C below. The oxidation in the solid matrix 

surface is partially responsible for degradation of the emission in SMENA films which can be 

clearly identified by the Figure 3.15. 

Figure 3.15 - Time dependence of relative band-edge emission peak area for CdS-encapsulated 

PbS nanocrystal arrays at 170 oC (Regde ≈ 2.8 nm). 

The figure shows the time dependency of modified SMENA films, exposed to heat at 170 

°C for a longer time period in air and in an inert condition. A slightly faster decay of the curve in 

air compared to the film heated in inert environment suggests that oxidation is partly responsible 

for the loss of emission at elevated temperatures.  

When considering the performance of the IR emission of the modified SMENA films, the 

emission quantum yield was calculated for the films containing PbS QDs with larger diameter 
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(λFL ≈ 1300 nm). The methodology used is adapted from Semonin et al.,50 which was designed to 

eliminate the use of a reference dye and to provide the possibility for simultaneous measurement 

at excitation wavelength of absorbance. The emission quantum yield values of for different Redge

value is as illustrated below. The relative error of Quantum Yield measurement is about 15%. 

The effects of self-absorption were neglected due to low optical density of the samples.   

Sample 

(λPbS=1300 nm) 

PbS volume 

fraction (νPbS) 

Optical density 

@808 nm 

Quantum Yield, 

% 

Life time, ns 

Redge=2.5 nm 0.24 0.032 2.0 105 

Redge=6.5 nm 0.096 0.015 3.3 350 

Redge=7.9 nm 0.07 0.015 3.7 480 

Table 3.1- Quantum yield of CdS-encapsulated PbS nanocrystal solids emitting at λPbS = 1300 

nm. 

From the measurements, it can be clearly seen that the maximum value obtained for the 

emission quantum yield is 3.7 % in the solid matrix of 7.9 nm Redge value. This emission 

quantum yield can be identified as the largest reported value for IR emitting nanocrystal solid 

film. The considerable difference in the quantum yield measurements in the solid form and its 

colloidal state is attributed to the charge dissociation pathways when transferring the PbS 

nanocrystals from solution to its solid form. Even with this value, it is evident that the proposed 

method provides a better alternative in fabricating IR emitting PbS nanocrystal films which can 

be engineered in the device fabrication in the future.  
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CHAPTER 4:  CONCLUSION 

The reported strategy exhibits a better alternative in fabricating IR emitting PbS 

nanocrystal solids. The encapsulation of the PbS QDs in to all inorganic matrices of CdS 

provides a better passivation at the nanocrystal surfaces providing a better quantum confinement. 

The stable host matrices enable the suppression of non-radiative charge dissociation through 

surface trap states and inter-particle charge and energy transfer processes. Through this modified 

SMENA technique a significant increase in fluorescence lifetime was achieved with a highest 

value of 0.98µs for PbS QDs with a diameter of 2.7 nm which is four times greater the value 

obtained from the conventional SMENA technique. The well fused lattice structure provides a 

high emission quantum yield of 3.7% which is a significant value considering the solid state IR 

emission of the previously reported thin film devices. In addition to the higher quantum yield, 

these films show an excellent thermal stability, which is a promising fact when engineering them 

in to solid state IR emitting technologies. 
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