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碲化鎘膠體量子點之能量共振轉移 

研究生：王威智        指導教授：周武清 教授 

國立交通大學電子物理研究所 

中文摘要 

    我們利用光激螢光及時間解析光頻譜技術來分析單一種尺寸(5.1 奈米)與混合兩種

尺寸(3.4 和 5.1 奈米)的水溶性碲化鎘量子點之 Förster 能量共振轉移。 

    在單一種尺寸樣品中，我們觀察到量子點薄膜之光激螢光能量相較於水溶液有一個

紅移的現象。我們也利用時間解析光譜分析載子的複合機制，發現載子的生命期會隨著

不同量子點尺寸而改變。綜合以上討論可證實載子以非輻射性的方式將能量從小的量子

點轉移到大的量子點。並且發現能量紅移與樣品的尺寸分佈有關。 

我們將兩種不同尺寸的量子點混和。從光激螢光光譜上可以觀察到小量子點的螢光

強度受到抑制，伴隨著大量子點的螢光強度增強，這是由於小量子點的放射光譜與大量

子點的吸收光譜之間的重疊增加，導致量子點之間的偶極交互作用力增強，造成明顯且

有效率的能量轉移。 

最後，我們發現對於能量轉移的效率而言，小量子點與大量子點的混和濃度比例會

是一個很重要的影響因素。當小量子點與大量子點的混和比例越大，大量子點充分地被

小量子點包圍，提升小量子點的能量轉移效率。小量子點的數量持續增加，大量子點的

比例相對減少，此時小量子點的載子複合機制將不受到大量子點的影響。 
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Resonant Energy Transfer of  

CdTe Colloidal Quantum Dots 

Student：Wei-Jhih Wang        Advisor：Prof. Wu-Ching Chou 

Institute of Electrophysics 

National Chiao Tung University 

Abstract 

The dynamics of Förster resonance energy transfer (FRET) in mono-dispersed (5.1 nm) 

and mixed-size (50 % 3.4 nm and 50 % 5.1 nm) water-soluble CdTe quantum dots (QDs) 

were studied by using photoluminescence (PL) and time-resolved PL (TRPL) spectroscopy. 

A significant PL energy red-shift was observed for the mono-dispersed CdTe colloidal 

QDs films when compared with that of the mono-dispersed CdTe colloidal QDs solutions. 

The energy dependent TRPL spectra directly reveal the energy transfer from small to large 

QDs. We found that the amount of PL energy red-shift is independent of CdTe QDs’ size but 

depends on the PL line-width.  

To study the effect the spectral overlap of donor emission and acceptor absorption on the 

FRET efficiency, a mixture of two different sizes CdTe QDs (50 % 3.4 nm and 50 % 5.1 nm) 

was studied. The quenching/enhancement of PL intensity and lifetime of donors/acceptors are 

evidences of FRET effect in mixed-size water-soluble CdTe QDs.  

Furthermore, the donor to acceptor concentration ratio in the mixed-size CdTe QDs films 

is an important parameter to influence the FRET efficiency. As the ratio is increased, the 
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FRET rate and the efficiency is firstly enhanced and then decreased. It is due to the fact that 

acceptors are surrounded by more and more donors in the beginning. However, the relative 

amount of available acceptors is decreased if the ratio is further increased.  
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Chapter 1.  Introduction 

This thesis studies the Förster resonance energy transfer in water-soluble CdTe colloidal 

quantum dots (QDs) by using the photoluminescence (PL) and time-resolved PL (TRPL) 

spectroscopy. Chapter 1 introduces the optical characteristics and potential applications of 

colloidal QDs (Section 1.1). The Förster resonance energy transfer (FRET), which is a 

non-radiative dipole-dipole coupling mechanism, is discussed (Section 1.2). The motivation 

of this study is also illustrated (Section 1.3). Chapter 2 describes the experimental methods 

used in this study. Chapter 3 discusses the FRET mechanism in mono-dispersed and 

mixed-size CdTe QDs films. Finally, Chapter 4 summarizes this thesis. 

1.1  Colloidal Quantum Dots 

Chemically synthesized semiconductor nanocrystals (NCs) or colloidal quantum dots 

(QDs) have been studied extensively over the past few years. In QDs, the charge carriers 

confined to three dimensions resulting atomic-like electronic energy levels [1]. It is possible 

to change their electronic and optical characteristics via tuning their chemical composition, 

shapes, and sizes. As the dot size is reduced, the emission energy of QD shifts to high energy 

due to quantum confinement effect [2]. Besides, QDs exhibit of high PL quantum yield 

(PLQY). Y. He et al. have synthesized high-quality CdTe nanocrystals in aqueous phase by 

utilizing illumination methods and the PLQY reaches 98% [3]. Based on tunable band gap 

and efficient quantum yield of QDs, they are potential candidates for optoelectronics [4-7]. 

Furthermore, the photostability of colloidal QDs is higher than classical fluorescence dye 

markers [8], colloidal QDs are used to replace fluorophores or dyes for use in biolabeling and 

biosensing [9].  
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1.2  Förster Resonance Energy Transfer (FRET) 

Förster resonance energy transfer (FRET) is a non-radiative dipole-dipole coupling 

mechanism, which occurs not only between a molecular pairs or organic dyes but also 

between semiconductor QDs. The mechanism governed to a large extent by spectral overlap 

between the normalized emission spectrum of small dots (donors) and absorption spectrum of 

large dots (acceptors), as well as by the spatial distance between donors and acceptors. 

According to the Förster theory, the energy transfer rate is given by [10]  

601
( ) ( )T

D DA

R
k r

R
 ,                            (1) 

where D  is the lifetime of the donor in the absence of the acceptor and DAR  is the distance 

between the donor and acceptor. 0R  denotes the Förster critical radius at which the energy 

transfer efficiency is 50%. The Förster critical radius depends on the overlap between 

normalized emission spectrum of donor and absorption spectrum of acceptor. Generally, 0R  

is in the range of 15 – 60 Å  [11]. 0R is given by the following equation 

2 4 1/6

0 0.2108[ ( )]donorR n J   (Å ),                    (2) 

where 2  is the dipole orientation factor and ranges from 0 to 4, n  is the refractive index 

of medium, donor  is the PL quantum yield of donor in the absence of acceptor, and ( )J   is 

the integral spectral overlap between the absorption peak of acceptor and emission peak of 

donor. ( )J   is described as follows  

4

0
( ) ( ) ( )D AJ F d     



  ,                       (3) 

where ( )DF   is the normalized emission spectral of donor and ( )A   is the absorption 

coefficient of the acceptor. The FRET efficiency ( ) is accounted for the fraction of excitions 

transferred from donors to acceptors and is defined as  
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1/

T T

D T D T

k k

k k k



 

 
,                             (4) 

Using Eqs. (1), the FRET efficiency can be related to the ratio
0/r R : 

6

0

1

1 ( / )DAR R
 


.                                  (5) 

The FRET efficiency can also obtain from the PL lifetime and PL intensity of the donor, 

which are given by [12] 

1 M

D





  ,                                 (6)  

1 M

D

F

F
   ,                                       (7) 

where M  and D  are the PL lifetime of the donor mixed with acceptors and that of pure 

donor, respectively. MF  and DF  are the PL integral intensity of the donor mixed with 

acceptors and that of pure donor, respectively.  

Recently, the FRET process between semiconductor QDs has been investigated in 

closely packed mixed layers and in separated donor and acceptor layers [13-16]. Feldmann’s 

group has demonstrated a cascaded FRET in artificial solids formed by layers of QDs [17]. 

Efforts to improve the FRET process have been focused on structures with reduced 

donor-acceptor QDs’ separation, improved spectral overlap of the donor emission and 

acceptor absorption spectra, and increased packing density of the layers. Achermann et al. 

have proposed a method to inject excitons from InGaN quantum well into CdSe/ZnS colloidal 

QDs indirectly via FRET process. This approach can eliminate the limitation of colloidal QDs 

for applications in optoelectronics because the electrical pumping is designed on InGaN 

quantum well. They found that the transfer efficiency is greater than 50 percent [18].  
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1.3  Motivation 

The FRET-related studies, in the past few decades, are all focused on CdSe QDs [19-22]. 

However, CdSe/ZnS QDs cannot be directly used in biological applications due to their 

hydrophobic character. A general approach is to transfer the hydrophobic QDs from the 

organic phase to aqueous solution by wrapping an amphiphilic polymer around the particles 

[23]. Although this method is efficient, it is relatively complicated. Another effective 

approach is to substitute the hydrophilic molecules, which have strong polar groups such as 

carboxylic acid or reactive groups such as Si-O-R, for surface-binding TOPO [24]. However, 

the PLQY of the CdSe QDs decreases rapidly when the QDs are transferred into water.  

Recently, CdTe QDs have attracted much attention because their emission wavelength 

can reach near-infrared (better penetrability) range and the QDs exhibit high PL quantum 

yield. Most importantly, they are water soluble and can be directly synthesized in aqueous 

solution. Therefore, CdTe QDs possess potential for using in biology and optoelectronics. 

FRET-related studies in CdTe QDs are recently of increasing interest in both physics and 

biology research activities. However, studies on FRET mechanism of mono-dispersed and 

mixed-size CdTe QDs still lack in the literature. Xu et al. investigated FRET between CdTe 

QDs during the evaporation of the solvent using only PL measurement [25-26]. From the PL 

spectra, they found that the integral PL intensity of small dots decrease sharply while that of 

the large dots increase only slightly. It implies that the transfer efficiency is quite low and the 

FRET process cannot be fully supported in this case due to the lack of TRPL results. 

In this thesis, we study the Förster resonance energy transfer in mono-dispersed and 

mixed-size CdTe QDs films by using PL and TRPL measurements. In order to shorten the 

inter-dot distance, CdTe QDs were drop cast onto glass slide from aqueous solution. After 

evaporation, the CdTe QDs deposited on the glass slide and formed a close-packed solid state 

film. To study the effect the spectral overlap of donor emission and acceptor absorption on the 
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FRET efficiency, a mixture of two different sizes CdTe QDs (50 % 3.4 nm and 50 % 5.1 nm) 

was studied. We also found that the donor to acceptor concentration ratio in the mixed-size 

CdTe QDs films is an important parameter to influence the FRET efficiency. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 6 

Chapter 2.  Experimental Setup 

    In this chapter, we will introduce the experimental systems used in this thesis. The 

experimental systems include micro-photoluminescence (μ-PL) system and time-resolved 

photoluminescence (TRPL) system. 

2.1  Micro-Photoluminescence System 

    The experimental setup of the μ-PL system is shown in Figure 2.1. The samples were 

deposited on a glass slide and loaded on the stage of microscope. The GaN pulsed diode laser 

(405 nm) was used as an excitation source at room temperature. An incident beam from a 

diode laser was focused to about 5 μm in diameter on the sample using a 20x 

long-working-distance (~ 20 mm) microscope objective. The PL signal was collected by the 

same microscope objective and guided to an optical fiber. The 415 nm edge filter was utilized 

to filter out the incident laser light. The iHR550 spectrometer, which is equipped with a 

multichannel LN2-cooled charge-coupled device (CCD), was used to analyze the PL spectra. 

The spectrometer is controlled by a computer which is also used to store and plot the collected 

data.  
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2.2  Time-Resolved Photoluminescence System 

    The experimental setup of TRPL system is similar to the PL system and shown in Figure 

2.2. The only differences are: (1) the trigger from the pulsed laser diode is used to define the 

start (t = 0) of decay profile, (2) a high speed PMT instead of CCD is used the detect the PL 

signal. The diode laser produces light pulses with a repetition rate of 2.5 MHz. The signals 

were further analyzed by a Time Harp counting card, which was triggered with a signal from 

the diode laser. The decay traces were recorded using the time-correlated single photon 

counting technique (Time-Harp, PicoQuant). The overall temporal resolution is around 400 

ps.  
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Fig. 2.1. The experimental setup of PL system. 
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Fig. 2.2. The experimental setup of TRPL system. 
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Chapter 3.  Results and Discussion 

In this chapter, we study the FRET dynamics in close-packed CdTe colloidal QDs films 

via PL and TRPL measurements. In Section 3.1, the FRET mechanism in mono-dispersed 

CdTe colloidal QDs films will be discussed. In Section 3.2, we discuss the FRET mechanism 

in mixed-size CdTe QDs films. In addition, the FRET of the mixed-size CdTe QDs films with 

different donor to acceptor concentration ratios will also be investigated. 

3.1  FRET in Mono-Dispersed CdTe Colloidal Quantum Dots 

Figure 3.1(a) shows PL emission and absorption spectra of mono-dispersed CdTe QDs 

(D = 5.1 nm) solution (1.0 × 10
-5

 M). The PL emission peak is situated at ~ 719 nm. The 

CdTe QDs were then drop cast onto glass slide from aqueous solution. After evaporation, the 

CdTe QDs deposited on the glass slide and formed a close-packed solid state film. Figure 

3.1(b) displays the PL spectra of 5.1 nm mono-dispersed CdTe QDs solution and film. An 

energy red-shift of about 40 meV can be observed for the QDs film. This energy red-shift 

could be caused by (1) the change of QDs’ surface environment (oxidation) and (2) energy 

transfer among QDs. In the case of (2) energy transfer among QDs, the red-shift should be 

influenced by the inter-dot distance. On the other hand, the change of surface environment 

(oxidation) is not sensitive to the inter-dot distance. In order to identify the origin of the 

energy red-shift, a diluted CdTe QDs solution (1.0 × 10
-7

 M) was prepared and drop cast 

onto glass slide. Figure 3.2(a) shows the PL spectra of diluted CdTe QDs solution and film. 

We found that indeed the profile and the peak position of the normalized PL spectra remain 

the same as shown in Figure 3.2(a). Thus, we conclude that such a large energy red-shift in 

the close-packed film is attributed to the existence of energy transfer.  

Energy transfer, including radiaive energy transfer and non-radiative energy transfer, 

strongly depends on the inter-dot distance. Radiative energy transfer is a two step process 
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(see Figure 3.2(b)): a photon emitted by a donor is absorbed by an acceptor (reabsorption). 

Under the process of radiative transfer, the average distance between donor and acceptor 

must be larger than the wavelength and the fluorescence lifetime of donors is unchanged 

[11]. In our system, the inter-dot distance in the dense film is approximately 7 nm. Figure 

3.2(c) presents the TRPL spectra of dense and diluted film recorded at 734 nm. The lifetime 

in the dense film (6.5 ns) is shorter than in the diluted film (40.0 ns). Therefore, the energy 

red-shift accompanied with the quenching of lifetime of small QDs is evidence of FRET 

effect between proximal QDs.  

The non-radiative energy transfer by dipole-dipole interactions in mono-dispersed CdTe 

QDs film can be further confirmed by wavelength dependent TRPL measurements. Figure 

3.3(a) displays PL spectra of mono-dispersed 5.1 nm CdTe QDs solution (1.0 × 10
-5

 M) and 

film. Figure 3.3(b) shows the TRPL spectra of mono-dispersed 5.1 nm CdTe QDs film as a 

function of wavelength (from 670 to 800 nm). A TRPL spectrum of the solution recorded at 

734 nm is also displayed in Figure 3.3(b). In order to resolve the time constants, all of the 

decay curves were analyzed by two PL decay times, the initial (fast) and the slow PL decay 

time. In Figure 3.3(b), as the dot size increases, the initial PL decay time increase from 2.8 

ns (at 670 nm) to 31.0 ns (at 800 nm), indicating the energy transfer from small to large dots 

right after the initial excitation. However, the slow decay time remains constant (52.0 ns) 

throughout the whole spectrum range. The decay time of CdTe QDs solution at 734 nm is 

about 55.0 ns, which is very close to the slow decay time of the film. Due to the large 

inter-dot distances in the solution, the dipolar coupling effect between adjacent QDs can be 

neglected. Thus, the decay time origins from the QDs in the absence of energy transfer 

process. This implies that the slow decay times of the film origin from a subset of CdTe QDs 

in the film do not participate in energy transfer because of the absence of proximal resonant 

acceptors [13].  

Figure 3.4 shows the instantaneous PL spectra of the mono-dispersed 5.1 nm CdTe 
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QDs film. After the excitation of the mono-dispersed 5.1 nm CdTe QDs film, the PL 

emission is peaked at 719 nm. It is identical with the emission from the 5.1 nm CdTe QDs 

solution. The emission peak shifts to the red rapidly before 20.0 ns and then becomes almost 

constant at 734 nm after 40.0 ns. Figure 3.5 shows the dynamic red-shift of the PL peak 

emission of the mono-dispersed 5.1 nm CdTe QDs film. It indicates that all excitons transfer 

from small to large dots and the transfer process will be suppressed as time passes [13].  

The red-shift of PL energy can also be observed in CdTe QDs films with different dot 

sizes (2.3 nm and 3.4 nm in this study). We found that the amount of PL energy red-shift is 

independent of CdTe QDs’ size but depends on the PL linewidth of the sample. Figure 3.6 

plots the PL energy shift (ΔE) versus full width at half maximum (FWHM) of the CdTe QDs. 

The data are also listed in Table 3.1. Obviously, as the FWHM of the CdTe QDs increases, 

the PL energy red-shift increases. It suggests that the broader the dot size distribution, the 

larger the spectral overlap between the emission of small dots and absorption of large dots. 

[27].  
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3.2  FRET in Mixed-Size CdTe Colloidal Quantum Dots 

In this section, we discuss the mixed-size CdTe QDs films. In Section 3.2.1, a mixture of 

two different sizes CdTe QDs film will be studied. In Section 3.2.2, the influences of donor to 

acceptor concentration ratios in mixed-size CdTe QDs films will be discussed. 

3.2.1  The Dependence of FRET on Spectral Overlap  

in Mixed-Size CdTe QDs 

Figure 3.7(a) shows absorption and PL spectra of 2.3, 3.4, and 5.1 nm CdTe QDs in 

aqueous solution at room temperature. To study the mechanism of the FRET, we prepare a 

mixed solution having 50 % of 3.4 nm dots and 50 % of 5.1 nm dots (with larger spectral 

overlap) in water. The small (large) dots play of the role of donors (acceptors). Figure 3.7(b) 

displays the PL spectra of pure donors, pure acceptors, and the mixed films. The PL peak 

energy for the films exhibits an energy red-shift as compared with that of the solutions. This 

is because the energy transfer between proximal dots due to QDs’ size distribution discussed 

in Section 3.1. Moreover, we observe that the PL intensity of donors quench and that of 

acceptors enhance in the mixed film. It is attributable to the electronic energy transfer from 

donors to acceptors, since the inter-dot distance between donors and acceptors are reduced 

[14,28].  

Further evidences for energy transfer in the mixed film were obtained from TRPL 

measurements. Figure 3.8(a) shows fluorescence decay curves for the pure donors and mixed 

films monitored at the peak (635 nm) energy. The decay rate of the mixed film clearly 

increases with respect to the pure donors. Furthermore, in Figure 3.8(b), the decay rate of the 

mixed film recorded at peak (734 nm) position decreases with respect to the pure acceptors. 

The PL decay rate of donors is increased while that of the acceptors is decreased in the mixed 

film when both the donors and acceptors are excited. The results in the PL (Figure 3.7) and 
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TRPL (Figure 3.8) spectra are consistent with FRET from donors to acceptors [14,28]. 

Figure 3.9 shows true-color images of the pure donors, pure acceptors, and mixed CdTe 

QDs in solutions and films. The images of pure donor (acceptor) QDs in both solution and 

film exhibit light red (dark red). The image of the mixed QDs solution presents the color 

between light red and dark red. However, the image of the mixed QDs film displays almost 

the same color (dark red) with the pure acceptors. It implies that the decrease of the inter-dot 

distance in the mixed film results in more efficient FRET between donors and acceptors [25].  

To have a quantitative understanding of FRET mechanism, we fit the PL decay curves by 

the bi-exponential function and then obtain the average lifetime of donors [12]. As can be 

seen in Figure 3.8(a), the lifetime of donors in the mixed film (4.2 ns) is faster than that of 

pure donors (11.3 ns). The FRET efficiency (η ~ 63 %) can be calculated using Eq. (5). The 

value is larger than the FRET efficiency (η ~ 25 %) of the mixture film of 2.3 and 3.4 nm 

CdTe QDs. The increased FRET efficiency is mainly attributed to the increase of spectral 

overlap between donor emission and acceptor absorption, which is listed in Table 3.2. From 

Eq. (2), the critical distance of FRET (R0) is calculated to be 5.9 nm which closes to the value 

of 4.7 nm of CdSe QDs reported previously [14,27]. Using Eq. (4), the inter-dot distance (RDA 

~ 5.5 nm) between donors and acceptors can also be obtained. The FRET rate γ  is 0.15 ns
-1

 

and it is calculated by Eq. (1). All of the FRET parameters discussed are shown in the Table 

3.2. Our results demonstrate that it is feasible to investigate the influence of inter-dot distance 

and spectral overlap between donor emission and acceptor absorption on the coupling system 

by mix two different sizes QDs. 
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3.2.2  The Dependence of FRET on Donor to Acceptor  

Concentration ratios in Mixed-Size CdTe QDs 

In this section, we discuss the dependence of FRET on the donor to acceptor 

concentration ratios (D/A) in the mixed-size CdTe QDs films. Figure 3.10(a) shows the PL 

spectra of mixed-size CdTe QDs solutions with different donor to acceptor concentration 

ratios (D/A = 1, 3, and 5). As the ratio is increased, the PL intensity of donors is strongly 

enhanced. Slightly increases in PL intensity of acceptors can be assigned to the spectral 

overlap between the emissions of donors and acceptors. FRET from donors to acceptors in the 

mixed solution can be ruled out, since no obvious lifetime changes in both donors and 

acceptors as the ratio increases. Figure 3.10(b) shows the PL spectra of mixed-size CdTe QDs 

films with different donor to acceptor concentration ratios (D/A = 1, 3, and 5). In comparison 

with the experimental results shown in Figure 3.10(a), as the donor increases, the PL intensity 

of acceptors is significantly enhanced. This indicates that the efficiency of FRET from donors 

to acceptors is enhanced because acceptors are surrounded by more and more donors [28].  

Figure 3.11(a) displays the PL decay curves of donors detected at 635 nm in the mixed 

CdTe QDs films with different D/A ratios. Figure 3.11(b) displays the PL decay curves of 

acceptors in the mixed CdTe QDs films with different D/A ratios detected at 734 nm. With an 

increasing amount of donors, the lifetime of donors (acceptors) in the mixed CdTe QDs film 

decreases (increases). As can be seen shown in the inset of Figure 3.11(b), the lifetime curves 

of acceptors in the mixed CdTe QDs films with high D/A ratios exhibit pronounced prolonged 

excitation during the first few nanoseconds. It is because the magnitude of donor per acceptor 

is increased and the large number of excitation energy will be transferred from donors to 

acceptors over first several nanoseconds. The prolonged excitation of acceptors in the mixed 

films with high D/A ratios must be due to the feeding effect. Moreover, this effect becomes 

even more pronounced upon recording of the long-wavelength emission. It is remarkable that 
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the energetic feeding of the acceptors lasts over several nanoseconds, even though the 

emission of the donors drops within the first nanosecond. Franzl et al. reported that excitation 

energy in small CdTe QDs can be trapped and subsequently be transferred in a stepwise 

manner to the layer of large QDs [29]. Because the trapped excitations of donors do not 

contribute to fluorescence, the trapped excitation is not visible in the decay curves of the 

donors in the mixed film as shown in Figure 3.11(a). However, after the transfer of the 

trapped excitations to proximal acceptor, the excitations become visible again through the 

emission from acceptor which is called trapped exciton recycling effect. The simultaneous 

occurrence of decreasing of the donor decay time and feeding of acceptor decay time provides 

a strongly evidence of FRET. 

Figure 3.12(a) shows the TRPL image of mixed-size CdTe QDs film (D/A = 5). Initially 

after excitation, the donor emission is peaked at 615 nm and the acceptor emission is peaked 

at 719 nm. Besides, the PL intensity of donors is about three times higher than that of 

acceptors. As time passes, the PL intensity of donors falls sharply and the emission from 

acceptors dominates the whole spectrum. Moreover, the PL emission peaks of donors and 

acceptors shift dramatically towards the low energy side within the first 10.0 ns after 

excitation. It indicates that the excitons are in the process of energy transfer from small dots to 

large dots, resulting in the quenching of PL intensity and lifetime of donors as well as an 

enhancement of acceptors. Beyond 10.0 ns, the emission peak is almost constant at 635 and 

734 nm for donors and acceptors, respectively, revealing that all excitons have transferred to 

large dots and the energy transfer is suppressed. The dynamics of energy transfer can be 

further depicted by the temporal evolution PL spectra as shown in Figure 3.12(b).  

In order to investigate the dependence of FRET on the D/A ratios to an extended range, 

mixed-size CdTe QDs films with the ratio of 6, 7, 8, and 9 were further studied. Figure 3.13(a) 

shows the TRPL spectra of donors in mixed-size CdTe QDs films detected at 635 nm for D/A 

= 5, 6, 8, and 9. Obviously, when the ratio exceeds 6 and reaches 9, the lifetime of the donor 
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increases and approaches that of pure donors. Figure 3.13(b) plots the average PL lifetime of 

donors recorded at peak position in the mixed-size CdTe QDs films as a function of D/A 

ratios. As the ratio is increased from 1 to 6, the FRET rate is changed from 0.13 to 0.93 ns
-1

 

and the efficiency is changed from 63 to 91 %. This is because acceptors are surrounded by 

more and more donors. It can be estimated that each acceptor dot is approximately surrounded 

with six donor dots when the ratio is 6 [25]. However, as the ratio is further increased and 

reached 9, the lifetimes of donors is increased and approached to that of pure donors. It is 

because the relative amount of available acceptors is decreased, i.e. the donor emission 

dominates the entire PL spectrum. 
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Table 3.1  FWHM for 2.3 nm, 3.4 nm, and 5.1 nm CdTe QDs solution, and the amount of 

red-shift for 2.3 nm, 3.4 nm, and 5.1 nm CdTe QDs film. 

 

Sample 
Diameter 

(nm) 

FWHM 

 (meV) 

Red-shift 

(meV) 

A 2.3 150 30 

B 3.4 210 50 

C 5.1 180 40 
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Table 3.2  Amount of spectra overlap, FRET efficiency, FRET rate, Förster critical radius, 

and the distance between donor and acceptor for the mixture of two QDs size (3.4 nm + 5.1 

nm and 2.3 nm + 3.4 nm). 

 

Sample 

Amount 

of 

Overlap 

J(ω) 

FRET 

Efficiency 

η 

(%) 

FRET 

Rate 

γ 

(ns
-1

) 

Förster  

Critical 

Radius 

R0 

(nm) 

 

Distance 

between 

Donor 

and  

Acceptor 

RDA 

(nm) 

 

3.4 nm  

+  

5.1 nm 

5.0 × 10
14

 63 0.15 5.9 5.5 

2.3 nm  

+  

3.4 nm 

1.3 × 10
14

 25 0.05 4.7 5.7 
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FIG. 3.1.  (a) Absorption and normalized PL spectra of mono-dispersed 5.1 nm CdTe QDs 

solution at room temperature. (b) Normalized PL spectra of 5.1 nm mono-dispersed CdTe 

QDs solution (red line) and film (black line). 
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FIG. 3.2.  (a) Normalized PL spectra of diluted CdTe QDs solution (red line) and film (black 

line). (b) Schematic draw of radiative energy transfer. (c) PL decay curves of diluted film 

(black line) and dense film (red line) measured at 734 nm. 
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FIG. 3.3.  (a) Normalized PL spectra of mono-dispersed 5.1 nm CdTe QDs solution (red line) 

and film (black line). (b) TRPL spectrum of 5.1 nm CdTe QDs solution recorded at 734 nm is 

also displayed.  
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FIG. 3.4.  Instantaneous PL spectra of the mono-dispersed 5.1 nm CdTe QDs film. 
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FIG. 3.5.  Dynamic red-shift of the PL peak emission of the mono-dispersed 5.1 nm CdTe 

QDs film.  
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FIG. 3.6.  The amount of red-shift versus FWHM for 2.3 nm (square), 3.4 nm (circle), 5.1 

nm (triangle) CdTe QDs size. 
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FIG. 3.7.  (a) Absorption (dash) and normalized PL spectra (solid) for mono-dispersed 2.3 

nm (blue line), 3.4 nm (green line) and 5.1 nm (red line) CdTe QDs solution at room 

temperature. (b) PL spectra for film of 3.4 nm (green line), 5.1 nm (red line), and mixture of 

the two (black line). 
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FIG. 3.8.  (a) PL decay curves of the pure 3.4 nm CdTe QDs film (green line) and the 

mixed-size CdTe QDs film (black line) measured at 635 nm. (b) PL decay curves of the pure 

5.1 nm CdTe QDs film (red line) and the mixed-size CdTe QDs film (black line) measured at 

734 nm. 

 

 

 

 

 

0 50 100 150 0 50 100 150

 pure donor film

 mixed film

 

N
o

r
m

a
li

z
e
d

 

P
L

 I
n

te
n

si
ty

 (
a

r
b

. 
u

n
it

s)

Time (ns)

recorded at 635 nm

 pure acceptor film

 mixed film

recorded at 734 nm

 

 



 

 28 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIG. 3.9.  True-color images of the pure donors, pure acceptors, and mixed CdTe QDs in 

solutions and films. 
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FIG. 3.10.  (a) PL spectra of mixed-size CdTe QDs solutions with different donor to acceptor 

concentration ratios (D/A = 1, 3, and 5). (b) PL spectra of mixed-size CdTe QDs films with 

different donor to acceptor concentration ratios (D/A = 1, 3, and 5). 

 

 

 

 

 

 

 

 



 

 30 

0 50 100 150 200

0 10 20 30 40 50

 

 

N
o
rm

a
li

ze
d

P
L

 I
n

te
n

si
ty

 (
a
rb

. 
u

n
it

s)

Lifetime (ns)

 D / A = 5 

 D / A = 3 

 D / A = 1 

 pure acceptor

 

 

N
o

r
m

a
li

z
e
d

P
L

 I
n

te
n

si
ty

 (
a

r
b

. 
u

n
it

s)

Time (ns)

CdTe QDs film

3.4 (D) + 5.1 (A)

recorded at 734 nm

(b)

0 10 20 30 40 50

(a) CdTe QDs film

3.4 (D) + 5.1 (A)

recorded at 635 nm

 

 

 

 

 

N
o

r
m

a
li

z
e
d

P
L

 I
n

te
n

si
ty

 (
a

r
b

. 
u

n
it

s)

Time (ns)

 D / A = 5

 D / A = 3 

 D / A = 1

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIG. 3.11.  (a) PL decay curves of donors detected at 635 nm in the mixed CdTe QDs films 

with different D/A ratios. (b) PL decay curves of acceptors detected at 734 nm in the mixed 

CdTe QDs films with different D/A ratios. The inset shows the initial PL decay curves of 

acceptors. 
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FIG. 3.12.  (a) TRPL image of mixed-size CdTe QDs film (D/A = 5). (b) Temporal evolution 

of PL spectra of mixed-size CdTe QDs film (D/A = 5). 
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FIG. 3.13.  (a) TRPL spectra of donors in mixed-size CdTe QDs films detected at 635 nm for 

D/A = 5, 6, 8, and 9. (b) Average PL lifetime of donors (open circles) recorded at peak 

position in the mixed-size CdTe QDs films as a function of D/A ratios. The PL lifetime of 

pure donors is also shown (red dash line). 
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Chapter 4.  Conclusions 

In conclusion, we demonstrated the FRET dynamics in mono-dispersed and mixed-size 

CdTe QDs films by using PL and TRPL spectroscopies. A significant PL energy red-shift was 

observed in mono-dispersed CdTe colloidal QDs films when compared with solutions. The 

energy dependent TRPL measurements directly reveal the energy transfer from small to large 

QDs within the sample inhomogeneous distribution. We found that the amount of PL energy 

red-shift is independent of CdTe QDs’ size but depends on the PL linewidth of the sample. 

The quenching/enhancement of PL intensity and lifetime of donors/acceptors are evidences of 

FRET effect in mixed-size (50 % 3.4 nm and 50 % 5.1 nm) water-soluble CdTe QDs. Finally, 

we also found that the donor to acceptor concentration ratio in mixed-size CdTe QDs films is 

an important parameter, influenced the FRET efficiency. As the ratio is increased from 1 to 6, 

the FRET rate is changed from 0.13 to 0.93 ns
-1

 and the efficiency is changed from 63 to 91 %. 

This is because acceptors are surrounded by more and more donors. However, as the ratio is 

further increased to 9, the lifetime of donors is approached to that of pure donors. It is because 

the relative amount of available acceptors is decreased.  
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