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Abstract

The dynamics of Forster 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



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 Forster 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 Forster 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].



1.2 Forster Resonance Energy Transfer (FRET)

Forster 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 Forster theory, the energy transfer rate is given by [10]

k; (r) = i(;—0)6, (1)

Tp Rpa

where 7z, is the lifetime of the donor in the absence of the acceptor and R, is the distance
between the donor and acceptor. R, denotes the Forster critical radius at which the energy

transfer efficiency is 50%. The Forster critical radius depends on the overlap between
normalized emission spectrum of donor and absorption spectrum of acceptor. Generally, R,

is in the range of 1560 A [11]. R,is given by the following equation
Ry = 0.2108[x° NG J ()] ° (), (2)
where x? is the dipole orientation factor and ranges from 0 to 4, n is the refractive index

of medium, 4, is the PL quantum yield of donor in the absence of acceptor, and J(A1) is

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

donor. J(A4) is described as follows
J(A) =, Fo(Dea()A'dA, 3
where F,(A4) is the normalized emission spectral of donor and &,(4) is the absorption

coefficient of the acceptor. The FRET efficiency (7) is accounted for the fraction of excitions

transferred from donors to acceptors and is defined as
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Using Egs. (1), the FRET efficiency can be related to the ratior /R, :

1
T1+ (R, /R ®)

n

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

which are given by [12]

—1—M

== (6)
_1_ FM

n=logn, ™

where 7,, and 7, are the PL lifetime of the donor mixed with acceptors and that of pure
donor, respectively. F, and F, 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].



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 Forster 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



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.



Chapter 2. Experimental Setup

In this chapter, we will introduce the experimental systems used in this thesis. The
experimental systems include micro-photoluminescence (u-PL) system and time-resolved

photoluminescence (TRPL) system.

2.1 Micro-Photoluminescence System

The experimental setup of the pu-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 wm 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 iIHR550 spectrometer, which is equipped with a
multichannel LN,-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.



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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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 x 10®° 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 x 107 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

10



(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 x 10° 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

11



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 (AE) 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

13



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 (n ~ 63 %) can be calculated using Eqg. (5). The
value is larger than the FRET efficiency (n ~ 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 (Ry) 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 (Rpa
~ 5.5 nm) between donors and acceptors can also be obtained. The FRET rate y is 0.15 ns™
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™
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.

Diameter FWHM Red-shift
Sample
(nm) (meV) (meV)
A 2.3 150 30
34 210 50
C S5 180 40
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Table 3.2 Amount of spectra overlap, FRET efficiency, FRET rate, Forster 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).

Distance
Forster between
Amount FRET FRET .
o Critical Donor
of Efficiency Rate Radius and
Sample Overlap
n y R Acceptor
) (%) (ns?) 0 R
(nm) DA
(nm)
3.4 nm
+ 5.0 x 10" 63 0.15 5.9 5.5
5.1 nm
2.3 nm
+ 1.3 x 10 25 0.05 4.7 5.7

3.4nm
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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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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.
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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).
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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 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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