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Chapter 1

Introduction

1.1 Motivation

Nowadays, semiconductor-based electronic devices, such as computers, smart phones
and digital cameras, already become the base of our modern life. Currently, one
of the biggest challenges for the semiconductor industry is the miniaturization
of semiconductor devices. Following the trend predicted by Moore!, the size of
the basic unit for most semiconductor devices — field effect transistor — already
steps into nanometre scale and will reach the physical limit soon. Therefore low-
dimensional semiconductor structures, such as two-dimensional quantum wells,
one-dimensional quantum wires and zero-dimensional quantum dots, are required
to continue the miniaturization of semiconductor devices and develop new tech-
nologies taking advantages of various miraculous quantum effects. Among differ-
ent low-dimensional semiconductor nanostructures, colloidal nanocrystals (NCs)
attract much attention due to their importance in fundamental research on zero-
dimensional structures and great potential in a variety of practical applications,
such as spintronics?, quantum information®? | light emitting diodes®, optically
pumped lasing®, and biolabeling 8.

Colloidal semiconductor nanocrystals are crystallized semiconductor nanos-
tructures synthesized using wet chemical method®!°. Since the discovery of col-
loidal NCs, they have suffered a lot from the non-radiative Auger process for a long
time!'*!2 which significantly limits the practical application of colloidal nanocrys-
tals. However, the situation has changed with the growth of CdSe/CdS core/thick-
shell NCs, recently reported by two groups'®!*. The interest on this new type of
thick-shell colloidal NCs is stimulated by their optical properties that are superior
to any other NC heterostructures fabricated up to now. The photoluminescence is
never completely quenched in these NCs'® and the blinking is almost completely

d13,16

suppresse . The structures demonstrate suppression of non-radiative Auger

recombination!'™!® and almost 100% photoluminescence quantum yield®'®. Op-
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tical properties of colloidal NCs are determined by the fine structure of exciton
complexes. Until now, although the exciton fine structure of conventional thin-shell
NCs have been studied both theoretically2:21:22:23 and experimentally 20:24:25,26,27.28
there is still a lack of systematic study of the fine structure of exciton complexes
in the new type of thick-shell CdSe/CdS NCs. In addition, there is no study of the
spin dynamics of exciton complexes in this type of NCs which is rather important
for both the fundamental understanding of properties of thick-shell CdSe/CdS NCs
and practical applications.

Besides optical properties of individual colloidal NCs, the interaction between
colloidal NCs is also a very interesting topic for fundamental research and can be

29,30,31

potentially used in a variety of fields, such as photovoltaics , hanophotonic

34 One of the most important

circuitry*2, light emitting diode®® and biosensors
ways for colloidal NCs to communicate with each other is long-range non-radiative
Forster resonant energy transfer (FRET)? realized via dipole-dipole interaction.
FRET in an ensemble of colloidal NCs has been intensively studied in different
material systems, such as CdTe NCs3¢, CdSe NCs?" and PbS NCs?®®, with differ-

39,40

ent shapes and structures, such as monodispersed ensemble NCs*!42 bilayer

1341 and cascaded energy transfer structure?®. It was found that the

structure
energy transfer (ET) rate between colloidal NCs could be as fast as hundreds of
picoseconds*” and the ET efficiency is influenced by temperature*® and the dis-

19,43 However, most of previous studies were performed at

tance between NCs
room temperature, where bright- and dark-exciton states are already fully ther-
mally mixed. To have a deep insight into the FRET in colloidal NCs, a study
conducted at cryogenetic temperatures is needed. Additionally, up to now there
is no detailed study of the influence of magnetic field on FRET in colloidal NCs.
Although an enhancement (~7%) of ET efficiency by mangetic field (10 T) was
reported®, these data were estimated indirectly with low accuracy. To correctly
and accurately estimate the enhancement of ET rate by mangetic field, experi-
mental techniques allowing direct measurement of the ET rate has to be employed

and a more detailed model is required.

For a long time, the synthesis of colloidal NCs was limited to zero-dimensional
quasi-spherical nanocrystals. Later on, the route to quasi-1D behavior was opened
by the fabrication of rod-shaped® and tetrapod-shaped®® nanocrystals. However
one of the problems of these colloidal nanostrucutres is that in the ensemble sam-
ple, these colloidal nanostructures are randomly oriented, which on the one hand
limits their practical application and on the other hand complicates the inter-
pretation of experimental results. Very recently, zero-dimensional colloidal NCs
with two-dimensional shell — dot-in-plate structure® — and two-dimensional col-

5155 — were successfully synthesized. These new

loidal nanostructure — nanoplatelet
types of colloidal nanostructures overcome the orientation problem and show much
narrower line width compared with that of ensemble quasi-spherical NCs, which

indicates a highly improved uniformity of the size of these nanostructures®. Since
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these two-dimensional colloidal nanostructures are only available recently, until
now there are very few study on their basic magneto-optical properties and the
exciton fine structure is still unclear. Therefore, to have a comprehensive under-
standing of these colloidal nanostructures, a detailed temperature dependence and
magneto-optical study are needed.

1.2 Thesis structure

The aim of this research is to investigate fundamental properties, e.g. g-factor of
exciton complexes, spin dynamics and bright-dark splitting, of a variety of colloidal
nanostructures and explore new interesting phenomena in these colloidal nanos-
tructures using magneto-optical experimental techniques. The summary of the re-
sults is organized in the following way: Firstly the motivation and a brief literature
review for this research field is presented in Chap. 1. Secondly, the existed theo-
retical basis and newly developed theories needed to understand and explain the
experimental results are introduced in Chap. 2. Thirdly, samples and experimental
techniques employed in this research are described in Chap. 3. Fourthly, the spin
dynamics of negative trions in CdSe/CdS core/thick-shell colloidal nanocrystals
are discussed in Chap. 4. Fifthly, following the study of CdSe NCs, spin dynamics
and FRET phenomenon in CdTe colloidal NCs are explored and the results are
shown in Chap. 5. Finally, the experimental results about recombination and spin
dynamics of CdSe-based platelet colloidal structures are presented and discussed
in Chap. 6.






Chapter 2

Theoretical background

This chapter introduces existed theoretical basis and newly developed theories
used in our study on colloidal nanostructures. The chapter is organized as fol-
lows: firstly, the definition of colloidal semiconductor nanostructures is briefly
explained. Secondly, exciton fine structure in colloidal nanocrystals (NCs) are
presented. Thirdly, the temperature dependence of recombination dynamics in
colloidal NCs is introduced. Fourthly, the PL polarization degree of excitons and
negative trions in colloidal NCs is derived. Fifthly, the spin relaxation mechanism
of negative trions in thick-shell CdSe/CdS colloidal NCs is discussed. Finally,
a model describing the non-radiative energy transfer process in colloidal NCs is
introduced.

2.1 Colloidal semiconductor nanostructures

Colloidal semiconductor nanostructures are semiconductor nanostructures syn-
thesized using wet chemical method in which colloidal nanostructures are self-

%10 In past

assembled in a solvent heated up to sufficiently high temperature
decade, the most intensively studied colloidal nanostructure is quasi-spherical col-
loidal nanocrystals (NCs). Quasi-spherical colloidal NC is crystallized semicon-
ductor sphere with a diameter of a few nanometers. In the solvent, colloidal NCs
tend to conjugate to bigger clusters. To prevent the aggregation of NCs, the core
of colloidal NCs is usually protected by ligands or an additional shell. Figure 2-1
shows a transmission electron microscopy (TEM) image of core/shell CdSe/CdS

colloidal NCs with a core diameter of 1.5 nm and shell thickness of 6 nm.

In additional to spherical colloidal NCs, even more complicated structures,

56,57

such as dot-in-rod structures (spherical core in cylindrical shell) , nanoplatelets

(nanostructures with two-dimensional confinement)®®, dot-in-plate structures®

40,52

and dot-in-tetrapod structures , can be fabricated by varying the synthesis

conditions.
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Figure 2-1: The transmission electron microscopy (TEM) image of core/shell CdSe/CdS
colloidal NCs. The diameter of the core is 1.5 nm and the shell thickness is 6 nm'®. The
image was taken on a JEOL 2010 field electron gun microscope operated at 200 keV.
This figure is adapted from Ref. 18.

2.2 Exciton fine structure in colloidal NCs

Optical properties of neutral colloidal NCs are determined by the exciton fine
structure. Since the Coulomb interaction between electron and hole can be con-
sidered as perturbation in strong confinement regime, the exciton fine structure
can be calculated from solving the Schrodinger equation of electron and hole in a
spherical potential respectively with effective mass approximation. Wave functions
and energy of the ground state of an electron in a two-fold degenerated conduction
band (the projection of electron spin s, = £1/2) and a hole in a four-fold degen-
erated valence band (the projection of the total momentum: M = +1/2,£3/2) in
a spherical potential with infinite potential barrier for carries are?:

(2.1)

ule) = €(6)50) = 2D 0150 2.2

Bual$) = 5 20 23)
Uar(r) =2 Z RlT(—l)M_3/2 % Z <3£2 Tln E{]\i) Yim(Q)uH (2.4)

Eys and 1, (r) are the energy and wave function of electron. Es/o(3) and 1y (r)
are the energy and wave function of hole. The two-fold degenerated electron state
and four-fold degenerated hole state result in a eight-fold degenerated exciton state
(155/215.) whose wave functions and energy are characterized by the sum of the
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projection of the electron spin and hole total momentum, .J, = s,+M.% In colloidal
NCs, the degeneracy of the 153,515, state is lifted by three factors: electron-
hole exchange interaction originating from the coupling between electron spin and
hole angular momentum, shape asymmetry, such as prolate or oblate shape, and
internal crystal structure anisotropy, such as hexagonal crystal structure. The
energy of these three factors can be written as?:

ﬁexch = _(2/3)€exch(a0)35(re - rh>UJ
Aint = Acrv(ﬂ)
Ash = 2pu(B) E3/2(8) (2.7)

where = ¢/b — 1. ¢ and b are the major and minor axes of the ellipsoid.

~

By solving the secular equation (E—¢p|) = 0 which takes into account all three
factors above, wave functions and energy of the eight states can be obtained?’:

€lFj=2 = —3n/2 — A/2 (2.8)
Uoa(re, rn) = W) _3/2(re,Th) (2.9)
Wo(re,Th) = Wt 3/2(re, ) (2.10)
e = 1/2E V(20— A)2/4+ 307 (2.11)
U (re, 1n) = FiCT W4 1 o(re, 1) + C7 U 3o (Te, 1) (2.12)
UL (re, 1) = FiC Uy _ypa(re, 1) + CFT) _yjo(re, 1) (2.13)
€Fime =1/2— A2+ 2 (2.14)
WU (g0, 1) = %[;NT,_I 2(Fer ) + Uy 1o (er )] (2.15)

where A(a, 5, 11) = A + Agn. It can be seen that the energy of these states
are highly dependent on the size a and shape p of colloidal NCs. Figure 2-2 and
2-3 shows the calculated size dependence of exciton fine structures in hexagonal
CdSe colloidal NCs and cubic CdTe colloidal NCs with different shapes. It can be
seen that in most cases, except spherical CdTe NCs, the lowest state is optically
passive state (or dark state), which makes optical properties of colloidal NCs quite
different from epitaxial grown quantum dots (QDs).

2.3 Temperature dependence of recombination dy-

namics

Although the exciton fine structure is complicated, since these energy levels are well
separated due to the strong confinement, the recombination dynamics of excitons
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Figure 2-2: Size dependence of exciton fine structure in hexagonal CdSe NCs with (a)
spherical (1 = 0) (b) oblate (x = —0.28) and (c) prolate (1 = 0.28) shape. 8 = 0.28.

Figures are adapted from Ref. 20.
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Figure 2-3: Size dependence of exciton fine structure in cubic CdTe NCs with (a)
spherical (¢ = 0) (b) oblate (x = —0.28) and (c) prolate (p = 0.28) shape. 8 = 0.086.

Figures are adapted from Ref. 20.
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Figure 2-4: Energy level scheme of excitons in colloidal NCs. |A) and |F) are optically
allowed state (bright state) and optically forbidden state (dark state). |G) is the ground
state. AFar is the energy difference between bright and dark states. 7 is the relaxation
rate from bright state to dark state at 7' = 0. At T > 0, excitons can be thermally
excited to bright state from dark state and relax back. In the case of one-phonon assisted
relaxation, this process is characterized by v9Ng, where Ny is the Bose-Einstein phonon
number at temperature 7' (Ng = 1/[exp(AE/kgT)—1])%. I'x and I'r are recombination
rates of bright and dark states.

in colloidal NCs can be well described by a three-level model which involves the
lowest dark state and the lowest bright state (see Fig. 2-4)5°. The recombination
dynamics of such a system excited by a short laser pulse is described by rate
equations:

dNy

T —Na(T'a +7(1+ Ng)) + NeyoNs (2.16)
dN;
d_tF = —Np(I'r +7%Ng) + Navo(1 + Np) (2.17)

In the case of nonresonant excitation, Na(t = 0) is equal to Np(t = 0) = 0.5.
Due to the existence of non-radiative channels in colloidal NCs, not all excitons
relaxing to the ground state are converted to photons. By taking into account the

non-radiative channel, the PL intensity can be written as®:

I(t) = nATANA + nel'r Np (2.18)

where 74 and np are radiative quantum efficiency of bright and dark states. By
solving rate equations and Eq. (2.18) in the approximation o >> 'y >> I'p, the
radiative recombination dynamics can be obtained?®:
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Figure 2-5: Calculated temperature dependence of =1, in CdTe colloidal NCs. Param-
eters: T'p = 0.162 ns™%, 'y = 0.003 ns™!, App = 1.7 meV.

I'ANg + npl t N; t
I(t) = A% ATYB T TR Fexp (——) +nal'a {NA(O) B } exp (——)

1+ 2Ny . 1+ 2Ng Ts
(2.19)
_ I'a+T'g I AFar
= — tanh 2.20
L 2 ( 2 ) M 2ksT (2.20)
75" = (1 + 2Np) (2.21)

where kg is the Boltzmann constant. The temperature dependence of PL decay of
excitons in neutral colloidal NCs can be clearly explained by equations above. The
PL decay consists of a short component and a long component with decay time
71, and 7g respectively. In the low temperature limit kg7 << AFEsr, the decay
time of the short component is only determined by vy and the decay time of the
long component is only determined by vr. With the increase of temperature, both
short component and long component becomes faster. In the high temperature
limit kg1 >> AF,p, the amplitude of the short component approaches to zero in
the case of nonresonant excitation and the PL decay only contains one component
with the decay time of (I's + I'r)/2%. With all parameters determined in the low
and high temperature limit (o, 'y and I'y), the bright-dark splitting energy AFEap
can be extracted by fitting the temperature dependence of the decay time of the
long component. A calculated temperature dependence of 71, of CdTe colloidal
NCs is shown in Fig. 2-5.
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2.4 Effect of magnetic field on exciton complexes

Magnetic field plays a key role in the recombination dynamics and spin dynamics of
an exciton complex, e.g. a neutral or charged exciton, in colloidal NCs. In neutral
colloidal NCs with hexagonal crystal structures and/or non-spherical shape, the
spin of hole is always aligned along a special quantization axis originating from
the internal crystal anisotropy and shape asymmetry. The spin of electron is also
aligned along this quantization axis due to the exchange interaction between hole
and electron. Therefore,the Zeeman splitting of excitons is dependent on exciton
g-factor, magnetic field and the angle between magnetic field and the quantization
axis:

AE =2gugB - J/h = 2gupBJ.cos(f) (2.22)

where pp is the Bohr magneton. J is the sum of spin of electron and total mo-
mentum of heavy hole. J, = s, + M is the project of J on the quantization
axis. ¢ is the angle between magnetic field and the quantization axis. The trans-
verse component of magnetic field which is perpendicular to the quantization axis
mixes the bright- and dark-exciton states resulting in an acceleration of both the
recombination dynamics of the exciton?’.

The same principle can also be applied to negative trions. Negative trions
consist of two electrons and one hole. The spin of two electrons are antiparallel
at the ground state. Therefore the spin of negative trion is solely determined by
the total momentum of heavy hole (M = £3/2). For negative trions in NCs with
hexagonal crystal structures and/or non-spherical shape, the Zeeman splitting can
be written as:

AEw, = —2gugBMcos(0) (2.23)

The transverse component of magnetic field mixes the heavy-hole and light-hole
states, and this mixing efficiently accelerates the spin relaxation of negative trions.
But this mixing does not affect the recombination dynamics because trions do have
dark states and trions with heavy hole and light hole have the same recombination
rates.

By contrast, the Zeeman splitting of positive trion is not influenced by the
angle between magnetic field and quantization axis because the Zeeman splitting
of positive trions is only determined by the electron, and the exchange interaction
between an electron and two holes with opposite total momentum is zero, which
means the electron spin is not aligned along any axis.
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The situation in spherical colloidal NCs with cubic crystal structure is rather
simple. Since in such NCs, there is no quantization axis, the Zeeman splitting of
exciton complexes is only dependent on the g-factor and magnetic field.

2.5 PL polarization in colloidal nanocrystals

The helicity of PL from colloidal NCs is determined by the spin of exciton com-
plexes. Therefore analysis of the PL circular polarization induced by the external
magnetic field is a powerful tool to investigate the spin levels of exciton complexes,
to identify their charging state and to obtain information on spin dynamics. The
degree of circular polarization (DCP) is defined as:

It(t)—1I(¢)
P.(t) = m (2.24)
Here I*(t) and I~ (¢) are the ot and o~ polarized PL intensities, respectively,
measured at time delay t after pulsed excitation. Note that in Refs. 25, 60, other
definition of P, has been used, namely P, = (I — I")/(I~ + I'"), which gives
inverted sign for DCP compared to the definition used here. The time-integrated
DCP P can be evaluated by integrating the corresponding PL intensities:

_JdtIt(t) — [dtI~(2)

PM(B.T) = [dtr+(t) + [dtI~(t)

(2.25)

In case of CW excitation the measured polarization degree corresponds to P,

2.5.1 PL polarization in a single NC

Now let us consider how to relate the PL polarization to the spin polarization of
exciton complexes in colloidal NCs. Firstly, we consider the spin polarization in a
single NC. Figure 2-6 shows the energy level scheme of two Zeeman-split levels of
exciton complexes in colloidal NCs in external magnetic field. The recombination
dynamics of such system is described by the following rate equations:

AN + + Tt
o =-N"(T+T")+NT™+G"(t) (2.26)
dN~ _ _ _
—— =N (4T )+ NTTT 4+ G (t) (2.27)

In the condition of continuous excitation where G(t) = G, the solution of rate
equations for the steady state regime (dN*/dt = 0) is:
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Figure 2-6: Energy level scheme of two Zeeman-split levels of exciton complexes in
colloidal NCs in external magnetic field. |+) and |-) are the higher and lower energy
states. |G) is the ground state. AFE,_ is the Zeeman splitting. '™ and '™ are spin
relaxation rate from |+) to |-) and |-) to |+) respectively. I is the recombination rate of
excitons at |+) and |-).

N-— Nt T
i 2.28
P=N-F N+~ Pr o (2.28)

where

=1/ +T7) (2.29)

r+—1r-
- 2.30
PO e - (2:30)

In the condition of short pulse nonresonant excitation where we assume that
the short nonresonant excitation of the ground state with § pulse produces the
population of the levels N*(t = 0) = N~ (¢t = 0) = Ny/2 and G(t) = 0 for t > 0,
the time evolution of the created population and the rise of the spin polarization
are described by

N-—N*

) =N+

= po(1 — exp(—t/75)) (2.31)

The time-integrated DCP P™defined by Eq. (2.25) is:

Jo (N~(t) = N*(t))dt _ o

fOOO(N*(t) + N*(t))dt T+ Ty

pint(B, T) = (2.32)

At t — o0, the population distribution approaches to thermal equilibrium and
the polarization saturates. The saturated value of the polarization at ¢ — oo is
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given by:
rt—r-

=—— 2.
I+ 40 (2:33)

Poo = Po

It should be noticed that for dark excitons, the relaxation between two Zeeman-

split levels may be realized indirectly through interaction with other exciton sub-

levels. So rates I'" and I'™ may correspond not to the one step process but to more

complicated processes, but it does not change the conclusions of this consideration
as far as we assume that the process leads to the thermal equilibrium.

Since in the thermal equilibrium state, the population distribution of exciton
complexes at different energy levels should obey Boltzmann distribution, therefore
the spin polarization degree of exciton complexes in two Zeeman-split levels is:

po = tanh(AE /2kgT) (2.34)

AF is the Zeeman splitting of exciton complexes. It should be emphasized that as
mentioned in Sec. 2.4, in colloidal NCs with hexagonal crystal structures and/or
non-spherical shape, the Zeeman splitting of excitons and negative trions is not
only determined by magnetic field but also influenced by the angle between the
magnetic field and the quantization axis. By contrast, the Zeeman splitting of pos-
itive trion is not influenced by the angle between magnetic field and quantization
axis.

Now let us consider how to derive PL polarization from spin polarization. For
excitons in spherical NCs with cubic crystal structure, the PL polarization is fully
determined by the spin polarization of excitons. If we ignore the non-radiative
channel, the time-dependent DCP P,(t), time-integrated DCP P"* and thermal
equilibrium DCP P9 of PL have the same form as the spin polarization (see also
Egs. (2.31, 2.32 2.34)):

Pe(t) = po(1 — exp(—t/7)) (2.35)
P™(B,T) = o - (2.36)
FE = po (2.37)

The PL polarization of excitons in NCs with hexagonal crystal structure and /or
non-spherical shape is more complicated. According to the electric dipole approx-
imation and Boltzmann distribution between two Zeeman-split levels, in thermal
equilibrium condition, the relative intensity of detected o and o~ polarized light
from a neutral NC measured along the direction of magnetic field is?°:
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IF =1+ 2% F 2vpo(B, 2, T) (2.38)
where = = cos(f). 6 is the angle between the quantization axis and magnetic field.

Therefore the thermal equilibrium DCP of a single NC is:

pea _ It—1 _ _2xpo(B,2,T)
¢ It —1- 1+ 22

(2.39)

Combining with Eq. (2.31) time-dependent DCP and time-integrated DCP of
PL from a single NCs with hexagonal crystal structure and/or non-spherical shape
can be obtained:

_pro(B, z,T)(1 — exp(—t/75))

Pi(t) = — (2.40)
. 2xpo(B, 2, T)
P™(B,T) = — o EE (2.41)

The resulting equation is also applicable for the PL polarization degree of
negative trions. The only difference is that in the case of negative trion we are
dealing with the Zeeman splitting of the heavy-hole state instead of the Zeeman
splitting of the exciton.

It can be seen that the angle between magnetic field and quantization axis of
a NC plays a key role in the measurement of the PL polarization. This angle not
only influences the Zeeman splitting that determines the spin polarization, but
also modifies the finally detected PL polarization, which means the measured PL
polarization degree is different from the spin polarization degree in the case of

0] #0,7/2.

2.5.2 PL polarization in an ensemble of NCs

The PL polarization of excitons in an ensemble of spherical cubic colloidal NCs has
the same form as that of a single NC (see Egs. (2.35, 2.36, 2.37)). To calculate the
PL polarization of excitons in an ensemble of randomly oriented NCs with hexag-
onal crystal structure and/or non-spherical shape, one has to take into account
the influence of #, the angle between magnetic field and the quantization axis. In
an ensemble of NCs, the quantization axis is randomly oriented with respect to
the magnetic field, therefore 6 varies from 0 to /2. The time-dependent DCP,
time-integrated DCP and thermal equilibrium DCP of excitons in an ensemble
of randomly oriented NCs with hexagonal crystal structure and/or non-spherical
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Figure 2-7: Schematic presentation of the spin level structure and the optical transitions
between these levels for negative and positive trions in an external magnetic field. Short
black and orange arrows indicate electron and hole spins, respectively. Polarized optical
transitions are shown by red (¢7) and blue (¢7) arrows. The more intense emission,
shown by thicker arrow, comes from the lowest in energy trion state with spin —3/2 for
the negative trion and with spin —1/2 for the positive trion.

shape can be obtained by integrating Eqs. (2.40, 2.41, 2.39) over all angles:

[ 22po(B, 2, T)(1 — exp(—t/7))da

P.(t) = — 2.42
) Jiy (1 + a2)dw (242)
1
. 2xpo(B,x, T)——dx
P™(B,T) _ o pf( j )7 (2.43)
Jo (L4 22)dx
1
2 B,z,T)d
Pfq(B,T):—fo w0l o, T)d (2.44)

Jo (1 + a?)da

Next, let us discuss PL polarization of trions in colloidal NCs with hexagonal
crystal structure and/or nonspherical shape. The spin structure of negative and
positive trions in CdSe/CdS NCs subject to a magnetic field is shown in Fig. 2-7.
The external magnetic field lifts the spin degeneracy of an unpaired hole or electron
in the negative and positive trion, respectively. The ground state of the positive
trion has spin projection, s, = —1/2, on the magnetic field direction, because in
CdSe NCs the electron g-factor, ge, is positive and the electron spin level energies
are given by F, = s,g.upB.

The ground state of the negative trion consists of two electrons in a singlet
state and a hole with momentum projection M = +3/2 onto the quantization
axis. Its spin level energy is strongly anisotropic and can be described as Ey, =
—Mgnup B cosf, where gy is the hole g-factor, § € [0;7/2] and cos® > (02061
Since the hole g-factor is negative?®%2 in CdSe NCs, the lowest hole spin sublevel
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in magnetic field has momentum projection —3/2 (see Fig. 2-7).

After trion decay, the remaining resident carrier occupies one of its spin sub-
levels. The spin allowed optical transitions between the trion and resident carrier
spin sublevels are shown by arrows in Fig. 2-7. o polarized photon emission is
connected with transitions, which changes the spin projection by +1 (red arrows),
and o~ polarized photons result from transitions, which changes the spin projec-
tion by —1 (blue arrows). At low temperatures, when kg7 is smaller than the trion
Zeeman splitting, stronger emission intensity arises from the energetically lowest
trion state.

Next, we only consider negatively charged NCs. In this equilibrium, the trion
spin polarization along the NC quantization axis, M®4, is given by M*4(B,0,T) =
—(3/2)(N_3/2 — Ng/g)/(N_3/2 + Ng/g) = —<3/2),00<B, .Z’,T)7 where x = COS(Q) and

(2.45)

po(B,z,T) = tanh (M)

2kgT

Here AEyw,(B,0) = —3gnupBcosf is the trion Zeeman splitting determined by
the Zeeman splitting of the heavy hole in the trion. In the randomly oriented
NC ensemble the value of the Zeeman splitting depends on the angle 6 between
quantization axis and magnetic field direction. This results in different M in
differently oriented NCs. In turn, the contribution of the individual NCs to the
ensemble polarization also depends on the angle 2%, The ensemble equilibrium
PL polarization P79 is obtained from averaging over all possible orientations of the
NCs.

After short pulse unpolarized excitation, the polarization dynamics in each NC
can be described by M(B,0,T,t) = —(3/2)p(B, z,T,t), where

o(B, 2, T,t) = po(B, z,T) (1 _exp (-ﬁ)) (2.46)

Here 74 is the spin relaxation time, which depends on temperature, external mag-
netic field and the angle 6. For negative trions 7, describes the spin-flips of the hole
with M = £3/2, as seen from Fig. 2-7. From Eq. (2.46) it is clear that p(t) — po
and M(B,0,t) — M*®(B,0) for t > 7,. Consequently the ensemble average value
P(B) can be taken from experiment as saturation value of the time-dependent
DCP: P*(B) = P.(B,t — ).

The PL polarization arises from the difference in the populations of the two
lowest spin sublevels of the negatively charged trion with momentum projection
M = +3/2 and M = —3/2 on the quantization axis that are split by the external
magnetic field leads to the PL polarization. The DCP in thermal equilibrium
of the negative trions PL from an ensemble of randomly oriented NCs can be
obtained by integrating a single negatively charged NC (see Eq. (2.41)) over all
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NC orientations:

fol 2xpo(B,x,T)dx
fol(l + 22)dx

P(B,T) = - (2.47)

In thermal equilibrium, the DCP depends only on Zeeman splitting and tem-
perature, but does not depend on the spin relaxation time, as one can see from
Eq. (2.47). To describe the time-dependent ensemble polarization P.(B,T,t) and
the time-integrated ensemble polarization P"*(B,T) spin relaxation should be
taken into account.

By integrating the time-resolved DCP of a single negatively charged NCs (see
Eq. (2.40)) the time-dependent DCP in the ensemble of randomly oriented NCs

can be obtained: .
fo 2zp(B,x,T,t)dx

[ (14 a2)da

where p(B,z,T,t) is given by Eq. (2.46). Obviously the time-dependent DCP of
the negative trion in individual NCs is controlled not only by the trion equilibrium

P.(B,T,t) = — (2.48)

polarization, M® o po(B,z,T), but also by the spin relaxation time 74(B,z,T).

Using the time-dependent DCP of trion a negatively charged NC (see Eq. (2.41)),
time-integrated circular polarization degree for an ensemble of randomly oriented
NCs can be obtained:

fol 2xps(B, z, T)dx
fol(l + a?)dx

P™(B,T) =~ (2.49)

where
Ty

7s(B,x,T) + 7
It should be noticed that the theory about the PL polarization degree of an en-

ps(B7$7T) :pO(Bava> (250)

semble of randomly oriented negatively charged colloidal NCs is newly developed.

2.6 Spin relaxation of negative trions in thick-shell
CdSe/CdS NCs

The spin relaxation process of exciton complexes is the process in which exciton
complexes flip the spin from one state to another. The spin relaxation can be real-
ized through various channels, such as hyperfine interaction, spin-orbit interaction

and carrier-lattice (or phonons) interaction®.

Here we focus on the spin relax-
ation mechanism of negative trions between two Zeeman-split levels in thick-shell
CdSe/CdS colloidal NCs. The spin of negative trion is determined by the total

momentum of heavy hole (M = £3/2). Figure 2-8 illustrates the spin relaxation
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Figure 2-8: Schematics of spin relaxation of negative trions between two Zeeman-split
levels in thick-shell CdSe/CdS at (a) B = 0 T and (b) B # 0 T. B is the external
magnetic field.

mechanism of negative trions in thick-shell CdSe/CdS NCs. In zero magnetic field,
the two trion states | + 3/2) and | — 3/2) are degenerated. The difference of the
spin between these two states is 3. According to the conservation law of total
momentum, to flip the spin from +3/2 to -3/2, the difference of the spin 3 has to
be compensated. One possible way is to flip the spin with the assistant of phonons
which can take away some angular momentum. The total momentum of phonons
in a confined system can be 0, 1, 2, 3 or even more. However, the phonon with an-
gular momentum of 3 does not couple with heavy holes%. Therefore, one-phonon
assisted spin flip is forbidden at 0 T. But two-phonon-assisted spin relaxation via
virtual states is possible (see red arrows in Fig. 2-8(a)). The negative trion can
jump to a virtual state by absorbing a phonon with total momentum of 1 or 2,
and then relaxes back by emitting a phonon with angular momentum of 2 or 1.

In an external magnetic field, the relaxation mechanism of negative trions in
thick-shell CdSe/CdS colloidal NCs is controlled by the mixing of the heavy-hole
states M = £3/2 with light-hole states M = +1/2 , induced by the component of
the magnetic field perpendicular to the NC quantization axis (see Fig. 2-8(b)). The
mixing between heavy-hole and light-hole states accelerates the spin relaxation
in two ways. Firstly, this admixture reduces the difference between momenta
of the initial and final states from 43 to =1 or 2. This difference in angular
momentum conservation required for the spin-flip transition can be satisfied by
emitting and absorbing phonons with angular momenta 1 or 2. These phonons are
coupled with the M = 41/2,43/2 hole states®. Secondly, two-phonon-assisted
spin relaxation is accelerate because now negative trions can involve phonons with
angular momentum of 0 in the virtual transition. The mixing matrix element
Visgjo+1/2 ¢ Bsinf, as shown in Ref. 20. As a result, the probability of virtual
transitions between +1/2 and £3/2 states is proportional to |Viss 412>/ A7y
B?(1—2?), where Ary is the splitting between the heavy-hole and light-hole states.
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The theory is specifically developed for colloidal NCs.

According to this suggestion the spin relaxation rate of negative trions between
two Zeeman-split levels can be written as
1 1

(BT = (D) +a(T)B*(1 — x*) (2.51)

where 75(T") which is independent on magnetic field is the spin relaxation time
between the M = £3/2 and M = F3/2 hole states in zero magnetic field. «(7)
is the coefficient that describes the phonon-assisted mechanism, that flips a hole
from the virtual +1/2 intermediate state to the F3/2 second sublevel of the ground
state, which allows to conserve the momentum during spin flip process. It should
be stressed that this theory is newly developed specifically for negative charged
thick-shell CdSe/CdS colloidal NCs.

2.7 Non-radiative energy transfer process in an en-
semble of NCs

Energy can be transferred non-radiatively between closely-packed colloidal NCs.
This can be the Forster process due to the dipole-dipole interaction or other pro-
cess involving the higher oder multipoles (like Dexter process). However, the
dipole-dipole interaction if allowed is stronger and the observed effect of the tem-
perature and magnetic field on the energy transfer supports the assumption about

18,50.60  Tn this section we present A. V. Rodina’s

the dipole-dipole mechanism
theoretical model which describes the recombination dynamics in acceptor NCs
and allows to extract the energy transfer rate I'gp from the experimental data. Tt
should be emphasized that this model is general for any resonant non-radiative

energy transfer process.

Let us consider an ensemble of closely-packed colloidal NCs. Larger NCs emit-
ting at the energy F, at the low energy side of the PL band play mostly the role of
the acceptor NCs. Smaller NCs emitting at the energy Fy > E, + E4, may play a
role of the donor NCs for the chosen acceptor if there is nonzero overlap between
donor PL spectrum and acceptor absorption spectrum. Therefore the minimum
energy distance Eg, should be not smaller than the Stokes shift in the acceptor
NC and is considered as the parameter of the model.

The energy transfer process between donor NC with energy F4q and acceptor
NC with energy F, is shown schematically in Fig. 2-9 This process can be described
by rate equations for the evolution of donor N4 and acceptor N, population with
time. We will assume the model of bright (optically-allowed |A) state) and dark
(optically-forbidden |F) state) exciton states with energy splitting AEr for both
donor and acceptor NCs and population N4, = N(ﬁa + Nj,.. We assume that
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Figure 2-9: Schematic of the energy transfer process between donor NC with energy
FEq and acceptor NC with energy F,.
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first initial excitation of the NC happens at the excited level from which excitons
relax very fast (instantly) to populate |A) and |F) states in equal proportion.
During the energy transfer process the same fraction f of population from both
bright fN3* and dark fN! exciton states of the donor NC is transfered resonantly
to some excited level of the acceptor NC which lays by energy Fq, > AFEap
above the lowest bright and dark exciton level of acceptor NC. Then the fast
energy relaxation from the excited state leads to the increase of the N* and NF
populations in equal proportion. The evolution of the donor and acceptor NC
populations can be described by the following rate equations:

AND

P —N} (X + 78 + v + Tir) + Nivi (2.52)
a d\lF ™ Vh ET d \0 T Yt .
and
dNéA A A a a F _a ATA FF
T =N, (T +796 +vh) + Navih +0.5f(Ng T + Ny D) (2.54)
dNaF a a
i —NE(DR +98) + N8 +78) + 0.5 (N Ty + NiThp) (2.55)

Here T9* and I'i* are the recombination rates (including radiative and non-
radiative recombination) of the bright and dark excitons, respectively. In the
analysis below we assume them to be the same for donor and acceptor NCs and
omit the respective upper indexes. The same we apply to the relaxation rates
from bright to dark-exciton states at zero temperature 7§ = g = 7o and to
9o = g9* /(exp(AEar/ksT) — 1) = gy which describes the thermal mixing of
bright and dark excitons in the case of the one phonon process. The rates ['ap
and T'Ly describe the energy transfer from bright- and dark-exciton states of donor
NCs. In the case of the dipole-dipole Forster energy transfer, the nonzero energy
transfer rate Ty from the dark-exciton state is possible due to the admixture
of the bright to dark state, therefor one may expect the approximate relation
[hy /Ty & TR4/TR4, where 'R are respective radiative recombination rates of
the bright and dark excitons.

Rate equation Eq. (2.53) describe the time evolution of donor population frac-
tion N(gf ) = f N4 participating in the energy transfer as well as the fraction
Nél_f) = (1 — f)Nq which does not participate. For the last case one has to
assume 'y = 'L = 0. The rate equations should be completed by the initial
conditions at ¢t = 0:

=
E
I

N§(0) = NJ/2 (2.56)
N2A(0) = NF(0) = N?/2 (2.57)

a
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While for each particular NC the initial number of created excitons is 1, the intro-
duced N? and N reflect the total number of the NCs emitting at the respective
energies E, and Ey. At the limit cases of low temperatures (when approximation
g = 0 is valid) and large temperatures (when approximation N,y = N}, is valid)
the analytical solutions for these rate equations can be easily obtained:

Ni (1) = (N§/2) exp(—t/7) (2.58)
Ny (t) = —(N3/2)(g5/g") exp(—t/78) + (NG /2)(1 + (g5/93)) exp(—t/7q) (2.59)

where
1 d A
— = 9At 9y + grr (2.60)
Tq
1
— = gr + gpr (2.61)
Tq
ga =1/ —1/7y (2.62)

These solutions are also valid for the NCs that do not participate in energy transfer
process if one put gity = gbr = 0. So comparing the life times determined by fitting
at the high energy side one can estimate all parameters. For the acceptor NCs we

obtain:
NA(t) = Apexp(—t/72) + Agexp(—t/73) + Agexp(—t/7h) (2.63)
Nf(t) = exp(—t/Tf) + I exp(—t/TdA) + Fy eXp(—t/TdF) + Fy exp(—t/TaF)
(2.64)
where
1 A
A T 9aT 9 (2.65)
1
T gr (2.66)

and amplitudes A; and F; can be found from equations and initial conditions.

The PL intensity from donor NC I4(FEq4,t) and acceptor NC I,(FE,,t) is given
by

I4(Ey,t) = IV (By, t) + 11 (Eq, 1) (2.67)
IY(Eq,t) = paTaANM 4 ppTpNE@ (2.68)
]a(Ea7 t) = T]AFANaA + UFFFNaF (269)

where nar = Frj’% /T'ar gives the radiative quantum efficiency of the bright- and
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dark-exciton states.

In order to take into account the contribution of all donor NCs into the acceptor
PL I.(FE,,t) one has to replace the last term in Eq. (2.55) describing the energy
transfer related feeding by

+o0
05 [ #(B) (NMEITE(E) + N (B (E)) dE.
Ey+Eqa

The consideration can be considerably simplified if one assumes that energy trans-
fer rates FS’TF and the fraction f are the same for all donor NCs similar to the
already used approximation of the constant recombination rates I'y p and relax-
ation rate 7o over the spectrum. With this assumption, the Eqgs. (2.53, 2.55) can be
solved without any modification while the initial conditions at ¢t = 0 of Eq. (2.57)
should be completed by an additional constrain:

Ni = 1oy (2.70)
S, Bxp [H(E — Eo)*/(20°)] dE
ro = Exp|— (B, — E0)2/(202)] (2.71)

Here parameter ry, gives the ratio of the total number of the NCs with energy
E, + Eg4, to the number of the NCs with fixed energy F,.



Chapter 3

Samples and experimental
techniques

This chapter describes the samples and experimental techniques used in the study
of colloidal nanostructures. Our study on colloidal nanostructures was started
from the magneto-photoluminescence (PL) of colloidal nanocrystals (NCs) mea-
sured using polarization-resolved magneto-PL technique. From the PL polar-
ization degree evaluated according to the polarization-resolved magneto-PL, the
g-factor of exciton complexes can be estimated. However, this stationary tech-
nique does not directly reveal any information about dynamical processes, such
as the decay of exciton PL, spin relaxation processes and Forster resonant energy
transfer (FRET) process. In order to explore such kinds of dynamical processes,
polarization-resolved PL decay technique was adopted. In addition, to comprehen-
sively understand the optical properties of colloidal nanocrystals, the fluorescence
line narrowing technique was employed to characterize exciton fine structures and
optically-induced spin orientations. In the following, the samples studied will be
presented first, and then these three experimental techniques will be described.

3.1 Samples

Colloidal semiconductor nanostructures are synthesized using wet chemical method
in which colloidal nanostructures are self-assembled in a solvent heated up to suffi-
ciently high temperature®!?. Properties of colloidal nanostructures are dependent
on the material, size and shape. To explore how these factors influence proper-
ties of colloidal nanostructures, a systematic study was performed on a variety of
samples listed in Table 3-1.

Sample #1 to #7 have a core/shell structure, namely a spherical CdSe core

is covered by several CdS layers. In the following chapters we refer to them as
"C/S", where C is the CdSe core radius and S the CdS shell thickness, both in

25
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sample | material structure parameters (nm)
#1 | CdSe/CdS | core (w)/shell (w) NC core/shell 2.5/2
#2 | CdSe/CdS | core (c)/shell (w) NC core/shell 2.5/2
#3 | CdSe/CdS | core (c)/shell (w) NC core/shell 2.5/3
#4 | CdSe/CdS | core (c)/shell (w) NC core/shell 2.5/4
#5 | CdSe/CdS | core (c)/shell (w) NC core/shell 2.5/5
#6 | CdSe/CdS | core (c)/shell (w) NC core/shell 2.5/7
#7 | CdSe/CdS | core (c)/shell (w) NC core/shell 2.5/10
#8 CdTe Thoil-capped NC (c) core: 2.3
#9 CdTe Thoil-capped NC (c) core: 3.4
#10 CdTe Thoil-capped NC (c) core: 3.7
#11 | CdSe/CdS dot in plate (w) core: 2.5, plate size: 100
#12 CdSe nanoplatelet (w) thickness: 1.9, size: 100
#13 CdSe nanoplatelet (w) thickness: 2.2, size: 100

Table 3-1: Parameters of studied samples. (w) and (c¢) in the structure column denote
wurtzite and cubic crystal structures respectively.

nanometers. The valence band offset of the core/shell CdSe/CdS NC sample is
around 400 meV. The conduction band offset is around -50 meV at T" =200 K
and decreases with the decrease of temperature. These samples were provided by
Laboratoire de Physique et d’Etude des Matériaux, CNRS. Sample #8 to #10
are CdTe cores capped by Thoil. These samples were provided by Photonics and
Optoelectronics Group, CeNS, Ludwig-Maximilians-Universitdt Miinchen. Sample
#11 has a dot-in-plate structure where a zero-dimensional spherical CdSe core
is embedded in a two-dimensional CdS plate with a width of around 100 nm.
Sample #12 and #13 have a quasi-two-dimensional structure. The thickness of
these samples is rather small (few nanometers) compared with their lateral width
(around 100 nm). Sample #11 to #13 are also from Laboratoire de Physique et
d’Etude des Matériaux, CNRS.

Optical properties of colloidal nanostructures are greatly influenced by the sur-
face. The exposure of the ideal fresh sample to air should be prevented because the
surface of colloidal nanostructures can be oxidized. Also, colloidal nanostrucutres
can conjugate to big clusters, therefore the surface oxidation plus the conjugation
effect can ruin the optical properties of colloidal nanostructures. For example, the
DCP of old samples can be much lower than that of fresh samples and is no longer
dependent on the temperature. Moreover, illuminate the sample with white light
source for at least 60 minutes before the measurement. If the sample is kept in
dark at room temperature for a long time, some charge carriers can be trapped
by defects on the surface of colloidal nanostructures and, consequently, lower the
quantum yield due to the Auger process. By illuminating the sample with a white
light source, trapped charge carriers are released from surface traps. Additionally,
if possible, excite the sample with a pulsed laser. The PL intensity of colloidal
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nanostructures can decrease in time when illuminated by a CW laser. This is a
problem especially for the polarization-resolved magneto-PL measurement intro-
duced in Sec. 3.2, because the measurement of o+ and o~ polarized PL at the
same magnetic field is performed at different time (time interval > 60 minutes).
This problem can be solved by exciting the sample with a pulsed laser.

3.2 Polarization-resolved magneto-PL technique

The exciton g-factor reflects the band structure of colloidal nanostructures. Its
value characterizes the energy splitting of exciton complexes subjected to an ex-
ternal magnetic field, and from the sign of the g-factor one may deduce the type of
the exciton®-%. The g-factor of an exciton complex can be evaluated from the PL
polarization degree (see Sec. 2.5) measured by polarization-resolved magneto-PL
technique.

The schematic of the experimental setup for polarization-resolved magneto-PL
measurement is shown in Fig. 3-1. The sample was mounted in Faraday geometry
(external magnetic field B perpendicular to the quartz plate and parallel to the
light wave vector) in the core of a superconducting solenoid generating magnetic
fields up to 15 T (see area in the green rectangular). The sample chamber was
immersed in a liquid helium bath. Thermal contact between the sample and liquid
helium was established by filling the sample chamber with helium gas (pressure of
about 0.1 bar). By heating the sample chamber with a resistor, the temperature at
the sample position can be varied from T = 2.4 up to 20 K. A higher temperature
(up to 300 K) could be achieved by reducing the helium gas pressure.

For polarization-resolved magneto-PL. measurements, the PL was excited via a
multimode optical fiber, using a continuous wave (CW) diode laser with a photon
energy of 3.33 eV, and collected through a detection fiber. The excitation laser
is unpolarized. A circular polarizer (the combination of linear polarizer and \/4
plate) inserted between the sample and the detection fiber allowed us to detect
oT and o~ polarized PL by alternating the magnetic field direction. The collected
signal was dispersed with a 0.55 m spectrometer (model: JOBIN YVON SPEX,
TRIAX 550) equipped with three gratings (grating #1: 600 lines/mm, grating #2:
900 lines/mm and grating #3: 2400 lines/mm) and detected by a liquid-nitrogen-
cooled charge-coupled device (CCD) camera (model: JOBIN YVON SPEX, CCD
3500) (see the area in dashed green rectangular).

3.3 Polarization-resolved PL decay technique

Polarization-resolved PL decay technique can be used to study various dynamical
processes, such as radiative decay process, spin relaxation process and Forster
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Figure 3-1: The experimental setup for the polarization-resolved magneto-PL and
polarization-resolved PL decay technique.
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energy transfer process, in colloidal nanostructures. Firstly, by measuring the PL
decay the radiative decay time 7, that characterizes how fast exciton complexes
recombine, can be evaluated. Furthermore, the bright-dark splitting energy of
excitons can be extracted from the temperature dependence of 7, (see Sec. 2.3).
Secondly, the spin relaxation time which characterizes how long exciton complexes
are able to keep their spin on one state can be extracted from measuring the
polarization-resolved PL decay (see Sec. 2.5). Thirdly, in combination with the
spectrally resolved technique, this method is also a powerful tool to investigate the
Forster energy transfer process in closely packed colloidal nanostructures.

The experimental setup for the polarization-resolved PL decay technique is
shown in Fig. 3-1. The sample located in the 15 T cryostat was excited by an
unpolarized pulsed diode laser (photon energy 3.06 eV, pulse width 50 ps, repetition
rate: 0.2 Hz to 5 MHz). The PL was either filtered out from scattered laser light
by a band-pass filter (full width at half maximum (FWHM) of transmission was
50 nm, i.e. about 150 meV) with center wavelength at the PL maximum of colloidal
nanostructures (see the area in the black dashed rectangular) or dispersed with a
0.55 m spectrometer (see the area in the green dashed rectangular). Finally the
PL was detected by an avalanche photodiode connected to a conventional time-
correlated single-photon counting setup (PicoHarp 300, highest time resolution:
4 ps). The time resolution of the setup was limited by modal dispersion in the
fiber. The instrumental response function of the setup was 0.8 ns at FWHM.

The working principle of the time-correlated single-photon counting setup is as
follows: The single-photon counting module has two channels. The first channel
receives the trigger signal from the laser controller. The second channel receives the
signal from the avalanche photodiode. The single-photon counting module counts
the time interval between the trigger signal and the signal from the avalanche diode.
Once the single-photon counting module received the signal from the avalanche
diode, the counting stops until the arrival of the next trigger signal. This circle
repeats many times depending on the total accumulation time and the time reso-
lution of the setup. The graph of the sum of the total number of photons detected
at specific time delay versus the time corresponds to the decay of the PL (see
Fig. 3-2). The radiative decay time of the exciton complex can be extracted by
fitting the PL decay with exponential functions.

3.4 Fluorescence-line-narrowing technique

Usually, PL spectra of an ensemble of colloidal nanocrystals measured with non-
resonant excitation are rather broad (FWHM of ~ tens of meV?>%) compared
with that of a single NC (FWHM < 1 meV?%) due to the size dispersion. This
size dispersion of NCs limits the possibility to accurately determine the Zeeman
splitting . This problem can be overcome by exciting the sample resonantly. Under
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Figure 3-2: The PL decay of thin-shell CdSe/CdS NCs measured at 7' = 4.2 K. Core
radius: 2.5 nm. Shell thickness: 2 nm.

resonant excitation, only a small portion of colloidal NCs with quite small size
dispersion limited by the width of the excitation laser are excited. In comparison
to the non-resonant excitation, the spectra obtained under resonant excitation are
much narrower, therefore, this PL. measurement with resonant excitation is also
named as fluorescence-line-narrowing (FLN). The FLN technique is a powerful
tool to study optical orientation, and with sufficiently high spectral resolution,
even exciton fine structure can be directly observed from an ensemble of colloidal
NCs.

Figure 3-3 shows the scheme of the experimental setup for the FLN technique.
The sample was mounted in a 10 T cryostat in Faraday geometry with direct optical
access through windows and excited resonantly with a circularly polarized laser
beam generated by a dye laser. The PL was sent into a triple spectrometer (spectral
resolution: ~ 30 peV for for all three stages in the additive mode) through a cross
slit and recorded by a CCD camera. Since the laser line was quite close to the
zero-phonon line, a triple spectrometer was required to suppress the scattered laser
light. The reliability of the optical orientation measurement strongly depended on
to what extent the scattered laser light could be suppressed. The cross slit allowed
us to spatially select specific sample areas and further filter out scattered laser
light. o™ and o~ polarized PL could be selected by the linear polarizer and \/4
plate in the detection path.
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Figure 3-3: Experimental setup for fluorescence-line-narrowing technique.






Chapter 4

Spin dynamics of negative trions in
CdSe/CdS colloidal nanocrystals

The study on colloidal nanostructures was started from a new type of thick-shell
CdSe/CdS colloidal nanocrystals (NCs). Compared with conventional thin-shell
colloidal NCs, whose practical applications are limited by the intermittency of the
photoluminescence intensity (or blinking), the blinking in thick-shell CdSe/CdS
NCs is almost completely suppressed '3'¢ and the photoluminescence (PL) is never
completely quenched .

There is consensus today that under illumination all NCs can become charged
(or ionized), and subsequently neutralized. One of the photoexcited carriers (elec-
tron or hole) may be ejected from the NC. At some later time, the ejected carrier
can return to the NC restoring charge neutrality. This process is seen in the
blinking of single NCs, for which the non-radiative Auger recombination is faster
than the radiative recombination of charged excitons (trions)%”. In NCs with
suppressed Auger processes the charging/neutralization processes do not result in

blinking, but it causes intermittency of the PL decay times%®.

The NC neutralization, however, takes sometimes hours as measured in CdS
NCs embedded in a glass matrix%®, so that for all practical reasons such ionized
NCs can be considered as permanently charged. It was demonstrated that optical
excitation creates positive charge in (Cd,Zn)Se/ZnSe alloyed NCs™ and negative
charge in CdSe/CdS core/shell NCs in vacuum'®. Permanent charge can be in-
duced in NCs also by applying a bias voltage "7, This electro-chemical method
leads to negative charging of CdSe/CdS NCs'67. The less controllable optical
charging method developed for CdSe/ZnS NCs ™" leads mainly to positive charg-
ing 7.

Magneto-optical spectroscopy is a powerful tool for investigating the energy
levels and selection rules of excitons, trions, and biexcitons responsible for the

77,78,79

band-edge PL in semiconductors . Such measurements have allowed one to

33
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understand the basic optical properties of uncharged core/shell CdSe/ZnS colloidal
N(Cg20:24:25.26.27.28 and more generally the fine structure of excitons and their PL
properties in quasi-spherical NCs composed of direct band semiconductors?®. In
quasi-spherical wurtzite CdSe NCs, the lowest eight-fold degenerated exciton states
are split into five energy levels by the crystal field of the hexagonal lattice and the
electron-hole exchange interaction?’. The dependence of the band-edge exciton fine
structure on the shape and size of the NC is well established theoretically20:21:22:23,
Most importantly, the ground exciton state is an optically passive dark state with
total angular momentum projection on the hexagonal axis of +2. The PL at
low temperatures originates from phonon-assisted recombination of dark excitons
or the mixing of bright- and dark-exciton states by magnetic impurities or by

dangling bonds at the NC surface?$2580, The dark exciton can be also activated

by an external magnetic field, which mixes it with the bright-exciton states2425:80,

While trion lines are commonly seen in the PL of epitaxial quantum dots (QDs),
fast non-radiative Auger recombination of trions does not allow measurement of
PL from charged colloidal CdSe or CdSe/ZnS NCs. Only by pump-probe time-
resolved Faraday rotation techniques, which do not require a finite time for signal
formation as in case of the PL, two important characteristics of charged NCs
could be measured, namely the size dependence of the electron g-factor and its spin

62,81

dephasing time . These measurements, however, do not provide information on

the fine structure of the trion levels and the mechanisms of trion thermalization
in NCs. The situation has changed with the growth of CdSe/CdS core/thick shell
NCs in which the trion demonstrates strong PL efficiency. Indeed, it has been
shown recently that the long-lived resident charge created optically in CdSe/CdS
core/thick shell NCs is the electron and the PL of these NCs arises from negatively

charged trions'®.

In this chapter we focus on the spin dynamics in thick-shell CdSe/CdS NCs.
The structure of this chapter is as follows: firstly by analyzing the recombina-
tion dynamics and FLN spectra, we prove that the emission of thin-shell NCs
is contributed by neutral excitons, while for thick-shell NCs it is dominated by
charged excitons. Secondly, using the sign of the PL polarization, we unambigu-
ously demonstrate that these trions are negatively charged. Thirdly, based on A.
V. Rodina’s model of the PL polarization in an ensemble of randomly oriented NCs
(see Sec. 2.5), the hole g-factor in CdSe/CdS NCs is evaluated. Fourthly, from di-
rect measurements of the spin relaxation rate dependences on magnetic field and
temperature we identify the mechanism of the negative trion spin relaxation as
two-phonon-assisted Raman scattering between the hole spin sublevels mixed by
the applied magnetic field. Finally, we show that the rise time of the degree of
PL circular polarization can be used as a criterion to distinguish neutral NCs and
charged NCs.
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4.1 Experimentals

The core/shell CdSe/CdS NCs were synthesized by a method similar to the one
described in Refs. 13, 82. The initially fabricated zinc-blende CdSe cores with
radius of 2.5 nm were overgrown by wurtzite CdS shells with thicknesses varying
from 2 to 10 nm. As defined in the previous chapter, these samples are referred as
"C/S", where C is the CdSe core radius and S the CdS shell thickness, both in
nanometers.

Figure 4-1(a) shows a transmission electron microscopy (TEM) image of thick-
shell CdSe/CdS colloidal NCs. The shape of NCs is rhombohedral rather than
spherical. NC shape asymmetry are generally expected to reduce the symmetry of
the electronic level structure of CdSe/CdS NCs, lifting, for examples, degeneracies.

The samples were prepared for ensemble measurements by drop casting the
CdSe/CdS NC solution on a quartz plate. For magneto-optical experiments at
low temperatures the sample was mounted in Faraday geometry (external magnetic
field B perpendicular to the quartz plate and parallel to the light wave vector) in
the core of a superconducting solenoid generating magnetic fields up to 15 T. The
sample was in contact with helium gas so that the bath temperature could be
varied from 7' = 2.4 up to 20 K.

For time-integrated measurements, the PL was excited through a multimode
optical fiber, using a continuous wave (CW) diode laser (photon energy 3.33 eV),
and collected through a detection fiber. A circular polarizer inserted between the
sample and the detection fiber allowed us to detect the o+ and o~ polarized PL by
alternating the magnetic field direction. The collected signal was dispersed with
a 0.55 m spectrometer and detected by a liquid-nitrogen-cooled charge-coupled
device camera.

For time-resolved measurements the excitation laser was replaced by a pulsed
diode laser (photon energy 3.06 eV, pulse width 50 ps, repetition rate 1 MHz). The
PL was filtered from scattered excitation light by a band-pass filter (full width at
half maximum (FWHM) 50 nm, i.e. about 150 meV) with center wavelength at
the PL maximum of NCs, and detected by an avalanche photodiode connected to
a conventional time-correlated single-photon counting setup. The time resolution
was limited by modal dispersion in the fiber, the instrumental response function of
the setup was 0.8 ns at FWHM. All measurements were performed at low excitation
density of 0.1 mW /em? to suppress any multiexcitonic contribution in the emission
spectra.

Figure 4-1(b) shows normalized PL spectra of thin-shell (2.5/2) and thick-shell
(2.5/10) CdSe/CdS NCs measured at T' = 4.2 K. The FWHM of the PL spectra
are ~ 57 meV corresponding to 3% size dispersion of the NCs. The thin-shell
NC spectrum is shifted to higher energy by 12 meV with respect to the PL of
the thick-shell NCs. Inhomogeneously broadened structure-less PL spectra do not
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Figure 4-1: (a) Transmission electron microscopy image of 2.5/10 CdSe/CdS colloidal
NCs. The image was taken on a JEOL 2010 field electron gun microscope operated at

200 keV. (b) PL spectra of thin-shell (2.5/2) and thick-shell (2.5/10) CdSe/CdS NCs
under CW excitation.

allow identification what excitons are responsible for the PL, namely, whether
neutral or charged excitons dominate the emission. There may be differences for
NCs with varying shell thickness, as the photocharging mechanisms, based on
e.g. the carrier capture at a surface state, can critically depend on this thickness.
We address this problem by investigating the temporal dependence of the low
temperature PL intensity and the polarization degree as functions of temperature
and in external magnetic field. Here we focus on results for the NCs with the
thinnest (2 nm) and the thickest (10 nm) fabricated shells, which demonstrate
very different behaviors in recombination and spin dynamics.

4.2 Charged versus neutral NCs

The PL decays of the thin-shell and thick-shell CdSe/CdS NCs measured at differ-
ent temperatures and magnetic fields are shown in Fig. 4-2. At T = 4.2 K, the PL
decay of the thin-shell (2 nm) NCs shows a biexponential behavior with an initial
fast decay occurring within our temporal resolution (<1 ns) and a subsequent slow
decay with about 100 ns time constant. When rising the temperature to 20 K, the
contribution of the fast decay vanishes and the slow decay shortens to about 20 ns.
Additionally, when applying a magnetic field at T" = 4.2 K, the slow component
shortens to 30 ns at 15 T (see insert in Fig. 4-2(c)).

Such magnetic field and temperature behavior of the PL is well known for NCs.
It has been observed in the PL of neutral excitons of the heavily studied wurtzite
CdSe NCs, and was explained considering the spin and radiative properties of the
exciton levels. In these NCs the crystal field and shape anisotropy split the four-
fold degenerate hole ground state with total momentum |K| = 3/2 into two states
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with projections M = +3/2 (heavy holes) and £1/2 (light holes) onto the low-
symmetry (quantization) axis?’. The neutral exciton formed from the ground hole
sublevels with M = +3/2 is further split by electron-hole exchange interaction into
optically forbidden (dark) states, |F'), with momentum projection £2 and optically
allowed (bright) states, |A), with momentum projection 1 (see Figure 4-2(a)).

We note, that despite the cubic crystal structure of the CdSe core, several
factors can reduce the symmetry of the electronic level structure in our CdSe/CdS
NCs and lead to a splitting Ay between light- and heavy-hole states. Among
these factors are (i) anisotropic strain induced by the CdS wurtzite shell, and
(ii) NC shape asymmetry as suggested in Ref. 76 and as seen in Fig. 4-1(a).
This allows us to assume that the exciton fine structure in our CdSe/CdS thin
shell NCs is similar to the fine structure of wurtzite CdSe NCs. In this case we
relate the fast component of the PL decay at 4.2 K seen in Fig. 4-2(c) to rapid
thermalization of the excitons from the |A) to the |F) state at a rate 7y, while
the long component corresponds to the dark exciton recombination rate I'e. With
increasing temperature the dark excitons are activated to the bright states and
relax back via absorption or emission of phonons. In the case of one-phonon
process, the rate is given by 7oNp, where Ng = 1/[exp(AE/kgT) — 1] is the
Bose-Einstein phonon number at temperature 7. For N > 7 both states
contribute to the PL and the PL decay rate is determined by their thermally-
equilibrium population tending to (I'y + I'r)/2 at high temperatures®’29838485
The shortening of the slow PL component with magnetic field in this model is
caused by the admixture of the bright to the dark-exciton state by a magnetic
field perpendicular to the NC quantization axis?52860:8084 Therefore, we conclude
that for our experimental conditions the PL in the thin-shell NCs is dominated by
recombination of neutral excitons.

Considerably different recombination dynamics are observed for the 10 nm
thick-shell NCs shown in Fig. 4-2(d). The initial decay with 8 ns time constant
at T = 4.2 K is much longer than the one in the thin-shell NCs. This short-
termed decay contributes to approximately 90% to the PL intensity in the studied
temperature range. The decay time only slightly increases with temperature and
is independent of the magnetic field, see insert of Fig. 4-2(d). This behavior is
typical for trion emission® and cannot be explained within the framework of the
bright-dark exciton model just discussed. The slow PL component in the thick-
shell NCs, which behaves very similar to the slow decay in the thin-shell NCs, i.e.
shortens with increasing temperature and magnetic field, we assign to the exciton
recombination in a small portion of neutral NCs. The lowest trion states consist of
singlet configurations of either two electrons and a hole (negative trion) or of two
holes and an electron (positive trion). These states are always optically allowed
and have short radiative lifetime, which are almost independent of temperature
and magnetic field™%. Worthwhile to note that the thermal or magnetic-field-
induced mixing of the trion states with |M| = 3/2 and 1/2 would not result in
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Figure 4-2: Energy level schemes of (a) neutral excitons and (b) negative trions. |A),
|F) and |G) denote bright exciton, dark exciton and ground states, respectively. AEap
is the bright-dark splitting. 7 is the spin-relaxation rate from the bright to the dark-
exciton state. 7/Np is the spin-relaxation rate between bright- and dark-exciton states
induced by thermal mixing. I'a and I'r are recombination rates of bright and dark
excitons. |+1/2) and |£3/2) are negative trion states with M = £1/2,4+3/2. |G,e) is
the ground state of the negative trion, which is a resident electron in the CdSe core. AFr
is the splitting between heavy-hole and light-hole. (c), (d) Temperature dependences of
normalized PL decay of CdSe/CdS NCs with shell thicknesses of 2 and 10 nm at B =0 T.
Insets: normalized PL decay at B =0 and 15 T for T'= 4.2 K.
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Figure 4-3: (a) Temperature dependence of FLN spectra of thin-shell (2 nm) CdSe/CdS
NCs measured at B = 10 T from 1.6 to 20 K. (b) Enlarged zero-phonon lines shown in
(a). The x-axis is the energy shift with respect to the laser line. The sample was excited
with o+ polarized laser light, and o— polarized PL was detected.

changing trion recombination time, as these states have the same radiative rate®.
Fig. 4-2(b) shows schematically the level structure of a negative trion with lowest
state |£3/2) determined by the heavy hole. From the recombination dynmics, one
can conclue that the PL emission of thick-shell CdSe/CdS NCs is dominated by the
recombination of trions. This assumption is further justified by the fluorescence-
line-narrowing (FLN) measurement.

Figure 4-3(a) shows FLN spectra of thin-shell (2 nm) CdSe/CdS NCs mea-
sured at B = 10 T from T =1.6 to 20 K. At 1.6 K, the zero-phonon line shows rich
features which are shown more clearly in Fig. 4-3(b). These rich features originate
from different bright- and dark-exciton states (see Fig. 2-2). With the increase of
temperature, these features merges with each other due to the thermal mixing of
bright- and dark-exciton states. It can be seen in Fig. 4-3(a) that the first optical
phonon line consisted of optical phonon lines originating from various bright- and
dark-exciton states shows a blue shift at higher temperature. This is not because
the band structure changes with temperature, at least not in such small tempera-
ture range, but due to the thermal mixing between the lowest dark-exciton states
and higher states.

Different behaviors of thin- and thick-shell CdSe/CdS NCs are seen in the
magnetic field dependence of FLN spectra. As shown in Fig. 4-4(a), by applying
magnetic field, zero-phonon line of thin-shell CdSe/CdS NCs shifts to lower energy
and more features appears due to the mixing between the lowest dark-exciton states
and higher states. By contrast, the zero-phonon line of thick-shell CdSe/CdS
NCs keeps as a single peak at all magnetic field (see Fig. 4-4(b)). This behavior



40 Spin dynamics of negative trions in CdSe/CdS colloidal nanocrystals

2.7 {sample: 2.5/2 (a) Sample: 2.5/10 ' (b)
T=16K : T=5K L 24
Excitation: o+ E Excitation: o+ E
|Detection: o | Detection: o- |
2 | : 2
= X =
=} S
£ o
s s
= =
= ‘D
c e
(0] : (&)
- 4T | _|
a : a
LOcqgs LOcdse zPLf |
-(38 meV (29 meV)
0T
00 T T T T I

— T T T T
-50 40 -30 -20 -10 0
Shift (meV) Shift (meV)

Figure 4-4: Magnetic field dependence of FLN spectra of (a) thin-shell (2 nm) and (b)
thick-shell (10 nm) CdSe/CdS NCs. The x-axis is the energy shift with respect to the
laser line. The sample was excited with o+ polarized laser light, and o— polarized PL
was detected.

evidences that the PL of thick-shell CdSe/CdS NCs is dominated by trions which
have only one bright state. Additionally, optical phonon lines originating from the
recombination of trions with the assistant of phonons from both CdSe core and
CdS shell are observed (see the blue line). The optical phonon energy of CdSe and
CdS is 29 meV and 38 meV, respectively. It is worth mentioning that the ratio
between the intensity of LOcqs phonon line and that of the LOgqse phonon line
can be used as a tool to evaluate the shell thickness. It can be seen that compared
with thin-shell NCs, the intensity of LO¢qs phonon line relative to that of LO¢qse
phonon line in thick-shell NCs is stronger, which indicates a larger shell thickness.

Based on the magnetic field and temperature dependence of the PL dynamics
and FLN spectra, we conclude that the PL in the thick-shell NCs is dominated by
recombination of trions. The recombination dynamics and FLN spectra however
are not sufficient to identify the type of trion. This information can be obtained
uniquely from measurements of the degree of circular polarization (DCP) in an
external magnetic field, as demonstrated in Ref. 18. We will discuss the connection
between the charge of the trion and the sign of PL polarization in detail below
and will show that the PL in our thick shell CdSe/CdS NCs is dominated by the
emission of negative trions.
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Figure 4-5: (a) Polarized PL spectra of thick-shell 2.5/10 CdSe/CdS NCs at B = 0
and 15 T measured under CW excitation with 50 mW /cm? power. Insert: Magnetic field
dependences of the integral PL intensity summed over both polarizations (It +17). (b)
Magnetic field dependence of the time-integrated DCP measured for CW (triangles and
squares) and pulsed (circles) excitation on thick-shell 2.5/10 NCs. T' = 4.2 K.

4.3 Determination of the resident carrier sign

Figure 4-5(a) shows polarization-resolved PL spectra of thick-shell CdSe/CdS NCs
at B = 0 and 15 T. The external magnetic field polarizes the PL enhancing its
o~ component. The same sign of circular polarization was reported for CdSe/ZnS
NCs?. The integral PL intensity summed over both polarizations does not change
with the magnetic field, see insert, which substantiates the conclusion of Ref. 18,
that non-radiative recombination plays a minor role for the CdSe/CdS NCs we
study.

There is no spectral dependence of the PL polarization degree, P, for the
studied NCs which allows us to present in the following the PL intensity spectrally
integrated over the whole PL line or spectral range of the band-pass filter without
any loss of information. Figure 4-5(b) shows the spectrally integrated DCP mea-
sured under various excitation conditions and evaluated according to Eq. (2.25).
One sees that the DCP measured under CW excitation (red triangles) and pulsed
excitation (black circles) using similar low excitation powers almost coincide. The
DCP shows a slightly nonlinear dependence on magnetic field for B < 10 T, and
for higher fields it has the tendency to saturate. A high polarization degree of
—0.60 is achieved at B =15 T.

The DCP only slightly decreases with increasing the CW excitation density by
three orders of magnitude up to 50 mW /cm? (blue squares). This implies that the
lattice and spin temperatures do not change notably and the trion emission remains
dominant for the excitation densities we use. Besides, already a very low excitation
density is sufficient to provide photocharging of the CdSe core for the majority of
thick-shell CdSe/CdS NCs'®. The sign of the resident charge responsible for the
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trion PL in CdSe/CdS NCs can be unambiguously determined from the sign of PL
polarization. This identification tool was first reported in semiconductor quantum
wells, considering different combinations of electron and hole g-factor values®-6¢,

The spin structure of negative and position trions in CdSe/CdS NCs subject
to a magnetic field is determined by the g-factor of hole and electron respectively.
In CdSe/CdS NCs, the g-factor of electron is positive. In bulk CdSe g, = +0.68%7
and g, increases with the quantum confinement in NCs reaching g. = +1.2 for
wurtzite CdSe NCs with core radius 2.5 nm®. A slightly smaller g, value can be
expected for our cubic core NCs, which have smaller confinement energy (optical
transition at 1.95 eV instead of 2.05 eV for wurtzite NCs)®-#. The hole g factor
was found to be negative both theoretically, g, = —1.09, as a result of calculations
using the effective mass parameters of bulk CdSe?°, and experimentally —0.73 as
a result of fitting of the exciton effective g-factor in CdSe NCs%2. The spin level
structures in CdSe/CdS NCs is shown in Fig. 2-7. It is clear from the scheme
of Fig. 2-7 that the negative DCP measured in our experiments directly identifies
the trion in CdSe/CdS NCs as negatively charged. This allows us to conclude
that the electron is the resident carrier in the CdSe core as a result of the NC
photocharging.

4.4 Spin dynamics of negative trions in thick-shell
NCs

4.4.1 Time-resolved DCP

It is generally known that the degree of PL polarization can significantly deviate
from the thermal equilibrium value which is determined solely by the thermal
populations of the two emitting spin sublevels”®. The equilibrium population in
many cases cannot be reached due to the competition between spin relaxation
time and radiative decay time. A convenient way to study that is to measure the
temporal dependence of the degree of PL polarization. The idea of this experiment
is illustrated in Fig. 4-6 and shows the decay of the % and o~ polarized PL
intensities measured for thick-shell NCs at B = 5 T as well as the DCP time
evolution calculated based on Eq. (2.24).

The DCP increases rapidly after pulsed excitation at zero time delay and then
saturates at a level of -0.32, which corresponds to the equilibrium polarization of
negatively charged trions in the randomly oriented NC ensemble (see Fig. 4-6). On
the 100 ns time scale the populations N3/ and N_3/, of the trion spin sub-levels
|[+3/2) and |—3/2) should reach thermal equilibrium.

The temporal dependence of the experimentally recorded ensemble PL polar-
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Figure 4-6: Polarization-resolved PL decay and time-resolved DCP for thick-shell
2.5/10 CdSe/CdS NCs measured under pulsed excitation with density 0.1 mW /cm?.

ization can be described using the following empirical expression :
Fe(B,t) = {1 — exp[—t/7(B)]} FZ(B) (4.1)

where 78 is the experimentally measured spin relaxation time in the NC ensemble.
Note, that this is an averaged characteristic quantity, as the spin relaxation time
in individual NCs depends on 6. Fitting of the experimental data in Fig. 4-6 with
Eq. (4.1) gives 79 ~ 12ns at B=57T.

Figure 4-7(a) shows the magnetic field dependences of the time-resolved DCP
of thick-shell CdSe/CdS NCs. With increasing magnetic field the DCP saturation
level increases up to —0.60 at B = 15 T, and also the rise time of the DCP shortens
considerably. It should be noted, that the DCP rise time in thick-shell NCs is
much longer than the one of conventional thin-shell NCs (< 1 ns)%. Figure 4-
7(b) shows the temperature dependences of time-resolved DCP at B = 5 T. The
spin relaxation time 7P becomes shorter for elevated temperatures. Additionally,
the temperature increase reduces the DCP saturation level, as expected from the
reduction of the equilibrium spin polarization M® o po(B,z,T), see Eq. (2.45).

The magnetic field dependences of the spin relaxation and radiative recombi-
nation times extracted from the time-resolved data of Fig. 4-7(a) are collected in
Fig. 4-8(a). Here the DCP rise time 79 is compared with the trion lifetime 7,
evaluated by fitting the PL decay during the initial 50 ns by a single exponential
decay function. The trion lifetime is almost independent of the magnetic field at
a value of 7, = 8 ns. On the other hand, 7J*" decreases strongly from 58 ns at
B =1T down to 1 ns at 15 T. It is important, that with increasing magnetic field
the system turns over from a regime where 75*P >> 7, to a regime with 75 << 7,.
As a result, in weak magnetic fields equilibrium spin polarization is not reached
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Figure 4-7: Time-resolved DCP of thick-shell 2.5/10 CdSe/CdS NCs: (a) at different
magnetic fields and 7' = 4.2 K, and (b) at different temperatures and B =5 T. Red lines
are fits according to Eq. (4.1).

during trion lifetime, but it is reached in high fields.

The magnetic field dependences of 1/78P at different temperatures and its
temperature dependences at different magnetic fields are shown in Fig. 4-9. Re-
markably, the rise of 1/75*P with increasing magnetic field for each temperature is
proportional to B2 Further, at each magnetic field the temperature dependence
of the spin relaxation rate is proportional to T2

The strong deviation of the trion spin system from equilibrium is seen directly
in Fig. 4-10, where the PS9(B) values (open circles) evaluated from the saturation
level of P.(B,t) are compared with the time-integrated DCP, P (B), determined
for ensemble according to the definition Eq. (2.25) (closed circles). The finite spin
relaxation time causes the reduction of P"(B) from the maximum value equal
to Pf4(B). The relative difference between these values is large in weak magnetic
fields and decreases with growing field.

The experimental results presented in this section allow us to evaluate the
hole g-factor gy, which determines the Zeeman splitting of spin sublevels and the
polarization of the negative trion, as well as the magnetic field dependence of the
spin relaxation times in individual NCs. This requires, however, a model, which
takes into account the distribution of the NC axes relative to the magnetic field
direction which is presented in Sec. 2.5. Based on this model, the hole g-factor gy
can be extract by fitting the magnetic field dependence of DCP shown in Fig. 4-10.
The red line in Fig. 4-10(a) shows the theoretical fit of experimental data for the
thermal equilibrium DCP measured at T' = 4.2 K using Eq. (2.47). The hole g-
factor g, = —0.54 is obtained as only fit parameter. To further justify the model,
DCPs measured at various temperature are fitted using Eq. (2.47) with the same
g-factor (-0.54) (see Fig. 4-11). It can be seen that the calculated DCP (red lines)
fit the experimental data quite well. Note, that this is the direct measurement of
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Figure 4-9: (a) Magnetic field and (b) temperature dependences of the ensemble spin
relaxation time of trions, 75 * (circles). Red lines are guides for the eye.
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Figure 4-10: (a) Magnetic field dependences of the equilibrium DCP, P (open circles),
and time-integrated DCP, Pi"* (closed circles), measured for thick-shell 2.5/10 CdSe/CdS
NCs at T = 4.2K. The red and blue lines show the results of calculations based on
Eqgs. (2.47) and (2.49), respectively, with g, = —0.54. (b) Magnetic field dependences of
the time dependent DCP, P, (t) measured for 2.5/10 CdSe/CdS NCs at time delays of
t = 1,2,8 and 100ns. Solid lines show the results of calculations after Eq. (2.48) with
75(B,z,T) from Eq. (2.51).

the hole g-factor in CdSe NCs. The value is in reasonable agreement with previous

experimental and theoretical estimates of gy, 2962

4.4.2 Spin relaxation mechanism

Let us consider now the mechanism responsible for the spin relaxation of the
negative trion in the thick shell CdSe/CdS NCs. The observed slow spin relaxation
is connected with the absence of spin-orbit perturbations, which directly mix the
+3/2 and —3/2 hole states. In addition, phonons with angular momentum, [ = 3,
which are required for direct transitions between these spin sublevels, do not couple
with them®. The important clue comes from the square dependence of the spin
relaxation rate 1/78P on magnetic field and temperature shown in Fig. 4-9.

Angular and magnetic field dependence

The square dependence of the spin relaxation rate on magnetic field suggests that
the relaxation mechanism is controlled by the mixing of the heavy-hole states M =
+3/2 with light-hole states M = +1/2, induced by the component of the magnetic
field perpendicular to the NC quantization axis. According to this suggestion,
the spin relaxation rate can be written as Eq. (2.51) according to A. V. Rodina’s
model (see Sec. 2.6). To determine «(7'), the coefficient that describes the phonon-
assisted spin relaxation of hole from M = +1/2 states to F2/3 states, we fit the
DCP rise dynamics at different magnetic fields using Eqs. (2.48, 2.51) at each
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Figure 4-11: Magnetic field dependences of the equilibrium DCP, P:¢ measured for
thick-shell 2.5/10 CdSe/CdS NCs measured from 7" = 4.2 to 20 K. Red lines show the
results of calculations based on Eq. (2.47) with g, = —0.54.

temperature. At 7' = 4.2 K these time dependences are shown in Fig. 4-7(a). The
magnetic field dependence of the spin relaxation rate 1/7;(x, B,T') estimated at
various temperatures for = 0 is shown in Fig. 4-12.

Similarly to the spin relaxation rate 1/75*P extracted according to the empir-
ical model (see Fig. 4-9), 1/7, also shows square magnetic field dependence at all
measured temperatures but with larger value. The difference of the value between
1/78%P and 1/7; results from the random orientation of quantization axis in an
ensemble of NCs. The empirical model assumes that all NCs have the same spin
relaxation rate. Since the spin relaxation rate is actually dependent on the angle
between the quantization axis and magnetic field, 1/75P can be considered as a
sort of averaged spin relaxation rate. This "averaged" spin relaxation rate must
be smaller than the fastest possible spin relaxation rate in NCs with quantization
axis perpendicular to magnetic field (x = 0). Being extracted at different mag-
netic fields the parameter 1/75 and «(7") have some dispersion and we take its
average value. At T' = 4.2 K this procedure gives 1/75 = 0.015 £ 0.007 ns™! and
a=0.01440.001 ns~ T2

The fastest spin relaxation occurs in NCs oriented perpendicular to the mag-
netic field direction (z = 0). Figure 4-14 shows the magnetic field dependence of
7(0 = 90°) calculated according to Eq. (2.51) with « obtained by fitting for each
magnetic field (red squares). The red curve shows the 75(f = 90°) magnetic field
dependence calculated with the averages o = 0.014 ns™'T~2 using Eq. (2.51). One
sees, that 75(6 = 90°) decreases from 44 ns at B =1 T down to 0.3 ns at 15 T.
Note that here 0.3 ns is evaluated time, therefore it is not limited by the time
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Figure 4-12: The magnetic field dependence of the calculated spin relaxation rate
1/7s(x, B,T) in thick-shell (2.5/10) CdSe/CdS NCs estimated at various temperatures
for z = 0. Symbols are calculated spin relaxation rate according to Eq. (2.51) with
x = 0. 1/7y and « were obtained by fitting the time-resolved DCP (e.g. see Fig. 4-
7) with Egs. (2.48, 2.51). Being extracted at different magnetic fields, 1/750 and a(T)
have some dispersion. Dashed lines show fitting of the magnetic field dependence of 74
according to Eq. (2.51) with a constant 1/75 and «.

resolution of experimental setup (0.8 ns), as in fact longer times are measured.

The maximum trion polarization can be reached in NCs, which are oriented
along the magnetic field. In these NCs, however, the magnetic field does not
shorten the spin relaxation time, which stays equal to 7y. As a result, in the
studied thick shell CdSe/CdS NCs with 7y > 7, the equilibrium trion polarization
is never reached. On the other hand, in NCs oriented perpendicular to the magnetic
field, which have the shortest spin relaxation time, there is no Zeeman splitting of
the trion spin sublevels and the trions do not become polarized in these NCs.

Figure 4-13 shows the dependences of 7./[15(B,z,T) + 7], po(B,x,T) and of
their product ps(B, z,T) as function of 6 for T' = 4.2 K and B = 15 T. One can see
that the maximum contribution to dynamical spin polarization —(3/2)ps(B,z,T)
(see Eq. (2.50)) comes from NCs oriented at the angle 6°P* ~ 39° (z°P* ~ 0.78). In
Fig. 4-14 we show also the magnetic field dependence of 72" calculated according
to Eq. (2.51) with 2 = 2°°*(B) determining the orientation of the NCs that give
the largest contribution to the DCP at each magnetic field. The black line gives
an accurate approximation of this dependence and is also shown for comparison
in Fig. 4-8. The magnetic field dependence of 72P' reproduces the empirically
obtained magnetic field dependence of 7P with very high accuracy.

We note, that the admixture of the hole states with M = +1/2 to the states
with M = £3/2 may lead also to a small nonzero splitting of the trion sublevels
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Figure 4-13: Dependences of 7./[rs(B,x,T) + 7|, po(B,z,T) and their product
ps(B,x,T) on the angle 6 (lower axes) and = = cos 6 (upper axes) calculated for 7' = 4.2 K
and B=15T.

in the NCs oriented perpendicular to the magnetic field which is not taken into
account in po(B,z,T). We assume however, that the admixture is weak and the
respective corrections to the Zeeman splitting are small, given by the parameter
Visjoa12? /A%y < /(1 — z) already for very small z. Accounting for these cor-
rections would modify the dependence of the product ps(B, z,T) shown in Fig. 4-13
only in a narrow region near x = 0 and is not important for the presented analysis.
Our assumption is supported by the fact that the magnetic field dependencies of
the saturation value of P24(B,T) are well fitted with the same value of gy, that is
independent of B and T.

Using Eq. (2.49) with a and 7y determined at 7' = 4.2 K, we are able to re-
produce the time-integrated DCP, Pi*(B), shown in Fig. 4-10(a). The theoretical
curve in Fig. 4-10(a) shown by the blue line is in good agreement with the ex-
perimental data. We emphasize, that this agreement is achieved without any fit
parameters. The decay and spin relaxation times, 7, and 75(B,z,T'), used in the
calculations, were measured experimentally in the polarization-resolved PL decay
experiments and the g-factor (g, = —0.54) was obtained by fitting the saturation
value of the time-resolved DCP (see red line in Fig. 4-10(a)).

One can see in Fig. 4-10(a), that Pi™(B) is always smaller than P*4(B). Com-
parison of Eqgs. (2.47) and (2.49), which define these two DCPs, shows that this
difference is controlled by the dynamical factor 7./[r(B,z,T) + 7]. At low mag-
netic fields, the ensemble average 7P is longer then 7, as shown in Fig. 4-8(a).
In this case, trions will be in nonequilibrium state for a long time during the trion
lifetime, which significantly reduces Pi™, e.g., at B =4 T to —0.12 compared to
P4 = —0.26. By contrast, at high magnetic fields 7** < 7. In this case, the
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Figure 4-14: Calculated magnetic field dependence of spin relaxation times: red squares
for NCs with fastest spin relaxation rate, 75(6 = 90°); and black squares for NCs, which
give the maximum contribution to the dynamical spin polarization, 75 Pt Blue line shows
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majority of the trions is in thermal equilibrium at the beginning of the PL decay.
As a result, P at high magnetic fields is very close to P, see Fig. 4-10(a).

In addition, in Fig. 4-10(b) we show the magnetic field dependences of the
time-resolved DCP measured at delays of ¢ = 1,2,8 and 100 ns. At 100 ns (blue
circles) the DCP is well reproduced by the equilibrium model because ¢ > 75. At
smaller delays the magnetic field dependence of the DCP is a complex function of
the magnetic-field-dependent spin relaxation time and the radiative decay time.
These complicated dependences, however, are well reproduced by Eq. (2.48) with
75(B,z,T) from Eq. (2.51) and the previously determined parameters 75 and a.
This agreement is a strong confirmation of the correctness of the suggested spin
relaxation model.

Temperature dependence

We turn now to the discussion of the strong temperature dependence of the exper-
imental spin relaxation time, 75 (B, T'), shown in Fig. 4-9(b). In A. V. Rodina’s
model (see Sec. 2.6) the temperature dependence is determined by the a(7") and
1/750(T") parameters of the spin relaxation time 74(B,z,T) defined in Eq. (2.51).
We extracted a(T') and 1/74(7") from the temperature-dependent time-resolved
DCP shown in Fig. 4-7 using Eq. (2.48) and plot the obtained values in Fig. 4-15.

a(T) and 1/75(T) and, consequently, the spin relaxation rate, which is pro-
portional to them, increase rapidly with temperature as 72. This temperature
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behavior indicates that the spin relaxation process of the hole in the negative
trion is assisted by two-phonon scattering®?!. In a Raman two-phonon scattering
process, the initial hole spin state is promoted to a virtual intermediate state by
absorption (or emission) of one phonon and then from the virtual state to the final

63, This process requires

state by emission (or absorption) of the second phonon
presence of phonons and the probability to find the phonons rapidly increases with

temperature.

In contrast to one-phonon relaxation processes, two-phonon processes occur
even when the initial and final states are degenerate. The relaxation rate is pro-
portional to the product of two Bose-Einstein occupation probabilities because
the relaxation is accomplished by absorbing one phonon and emitting another
one. The energies of the phonons differ by the value of the hole Zeeman split-
ting. We neglect this difference and fit the temperature dependences of a(7") and
1/750(T") in Fig. 4-15 using the following expression:

o) = Aot Bop R (12
_ 4y + By Eo/keT) (4.3)

T50(T) lexp(Eo/kpT) — 1]2

The fit parameters are A, = 0.015 ns™'T~2 and B, = 0.0138 ns~'T~2 for «
and Ag = 0 ns™! and By = 0.003 ns™! for 1/75. Note that A, # 0 describes spin
relaxation mechanisms which are different from the two phonon assisted process
considered above. The fit also gives the energies of the phonons E, = 0.6 meV
and Ey = 0.2 meV participating in the spin relaxation process.

The small energies of the phonons participating in the spin relaxation suggest
that these phonons are quantized acoustical phonons of the CdS shell. One can es-
timate the energy of these phonons assuming that they are vibrational eigenmodes
of the CdS sphere with 12.5 nm radius"®%2. We neglect effects of the CdSe core
since it represents less than 1% of the NC volume. Using a longitudinal sound
velocity of CdS: ¢, = 4289m-s~!, we find 0.67meV and 0.25meV for the [ = 0
and [ = 2 eigenmodes, respectively. These energies are in good agreement with
the activation energies extracted from the fit. The spin relaxation rate described
by Eq. (2.51) with coefficients «(T") and 1/74(T") evaluated from Eq. (4.3) indeed
reproduces ther measured T? dependence when kgT > E, > Ej.

4.5 Shell thickness dependence

Finally, we discuss methods to distinguish neutral and charged NCs. The transition
from neutral NCs to charged NCs can be clearly seen from the shell thickness
dependence of PL decay and time-resolved DCP. Figure 4-16 shows the PL decay
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Figure 4-15: Temperature dependences of a(7T') (closed squares) and 1/74(7T) (open
squares) that determine the spin relaxation time 7y in thick-shell 2.5/10 CdSe/CdS NCs.
Red and blue lines show temperature dependences calculated according to Egs. (4.2) and
(4.3), respectively. Calculations were done using activation energies of E, = 0.6 meV
and Ey = 0.2meV. Other fit parameters are given in text.

of CdSe/CdS NCs with a core radius of 2.5 nm and shell thicknesses from 2 nm to
10 nm at 7" = 4.2 K. It can be seen that PL decays of all samples consist of a fast
component and a slow component. With the increase of the shell thickness, the
slow component (~ 100 ns) originating from the recombination of dark excitons in
neutral NCs remains constant for any shell thickness, while the short component
lengthens from < 1 ns to 6 ns (see the insert). Since the short component in PL
decay of samples with thinnest shell (black line) and thickest shell (blue line) is
from bright excitons and trions respectively. The evolution of the short component
with the increase of shell thickness reflects the increasing probability that a NC is
charged. Such evolution can also be seen from the shell thickness dependence of
time-resolved DCP.

Figure 4-17(a) shows the time-resolved DCP of CdSe/CdS core/shell NCs with
different shell thicknesses measured at B = 3 T and T = 4.2 K. The DCP rise
time of thin-shell (< 5 nm) NCs is quite short (< 3 ns). With increasing shell
thickness, the rise time becomes significantly longer (32 ns for the 10 nm shell).
Figure 4-17(b) shows the shell-thickness dependence of 78 for the CdSe/CdS NCs
at different magnetic fields.

Two types of spin relaxation behavior can be identified from Fig. 4-17. The
first one is seen when the shell thickness is less than 5 nm. In this case, the
DCP rise time is quite fast (< 3 ns) and increases slowly with increasing shell
thickness. The second regime occurs when the shell thickness is larger than 5 nm.
Here the DCP rise time is much longer and increases much faster with increasing
shell thickness. Since NCs with thin shell (2 nm) are neutral and NCs with thick
shell (10 nm) are charged, as we have proved in this paper, it can be concluded
that permanent charging of NCs occurs when the shell thickness is between 4 and
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5 nm. The majority of NCs with thin shell are neutral and characterized by a short
DCP rise time. By contrast, the majority of NCs with thick shell are charged and
have much longer DCP rise time. Therefore, the DCP rise time can be used as a
criterion to distinguish neutral NCs and charged NCs.

The conclusion such a short rise time of DCP is a characteristic property of
neutral excitons is in complete agreement with previous measurements of DCP in
CdSe/ZnS NCs?%0. Tt is well known that PL in these NCs is controlled by neutral
excitons. The rise of the DCP measured in these NCs after a short unpolarized
pulse excitation occurs on the time scale less than 1ns at low temperatures and
become unmeasurable above 40 K.

4.6 Summary

To summarize, we have measured the polarization-resolved PL and PL decay of
CdSe/CdS colloidal NCs in high magnetic fields at various temperatures. By
comparing the recombination dynamics and FLN spectra of thin-shell and thick-
shell CdSe/CdS NCs, we demonstrate that the PL of thick-shell NCs arises from
charged excitons. The negative sign of the trion charge is identified by means of
magneto-optical studies. A theory for describing the temporal dependence of the
PL polarization degree for ensemble of randomly oriented NCs has been devel-
oped and provides an excellent description of the experimental data. Comparison
of the experimental data with theory shows that ensemble measurements of the
time dependent polarization provide an independent access to NCs with arbitrary
oriented crystal axes.

We also report on a direct measurement of the spin relaxation rate of negatively
charged excitons in thick-shell CdSe/CdS NCs. The spin relaxation rate increases
quadratically with magnetic field and temperature. A two-phonon-assisted spin-
flip relaxation mechanism between hole spin sub-levels mixed by a magnetic field is
suggested for explanation of the observed phenomena. The mechanism provides a
complete description of the magnetic field and temperature dependences of the spin
relaxation time and suggests that confined phonons of the CdS shell are responsible
for the trion spin relaxation. Finally, we show that the rise time of DCP can be
used as a criterion to distinguish neutral NCs and charged NCs, which could be
useful for NC fabrication.



Chapter 5

Magneto-optical properties of CdTe
colloidal nanocrystals

Following the study of core/shell CdSe/CdS nanocrystals (NCs), to understand
how materials influence optical properties of colloidal NCs, cubic CdTe NCs were
investigated using similar experimental techniques. In this chapter, firstly we focus
on spin relaxation of excitons between two Zeeman-split levels in CdTe NCs. The
spin relaxation time was measured by polarization-resolved PL decay technique
and compared with that of CdSe NCs. Then, spin relaxation mechanisms are
discussed. Additionally, the observed low PL polarization degree of CdTe NCs in
high magnetic field is explained based on a model involving two types of CdTe NCs
with different geometries. Furthermore, in the study of spin dynamics in CdTe
NCs, we observed the Forster resonant energy transfer (FRET) between CdTe
NCs. A detailed study of the effect of magnetic field on the Forster resonant energy
transfer in CdTe NCs was performed. By fitting the magnetic field dependence of
photoluminescence (PL) decay of CdTe NCs based on a model proposed by A. V.
Rodina (see Sec. 2.7), it is found that the Forster energy transfer was enhanced
by external magnetic field.

5.1 Experimentals

Thiol-capped CdTe colloidal NCs were synthesized as described in Ref. 10. The
average core diameter of the two studied sample is 3.4 and 3.7 nm respectively.
For the optical experiments performed at cryogenic temperatures the solvent with
CdTe NCs was drop-casted on a glass slice and dried. The resulting film composed
of ensemble of NCs has inhomogeneous concentration of NCs, and selecting differ-
ent places on the sample with the focused laser beam ensembles with various NC
densities can be studied. Information on the relative changes in NC concentration
in different places can be received from the photoluminescence intensity.

%)
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The glass slice was mounted in a sample holder and inserted into a cryostat
equipped with a 15 T superconducting magnet. Magnetic field, B, was applied
in the Faraday geometry, it was perpendicular to the glass slice and parallel to
the light wave vector. A circular polarizer inserted between the sample and the
detection fiber allowed us to detect the o™ and o~ polarized PL by alternating the
magnetic field direction. The sample was in contact with helium gas so that the
bath temperature could be varied from 7" = 4.2 up to 300 K.

Photoluminescence was excited and collected through multimode optical fibers.
The collected signal was dispersed with a 0.55 m spectrometer. Time-integrated
PL spectra were measured under continuous-wave (CW) laser excitation with a
photon energy of 3.33 ¢V (wavelength 372 nm) and detected with a liquid-nitrogen-
cooled charge-coupled-device camera. We denote them as steady-state PL spectra.

For time-resolved measurements the sample was excited by a picosecond pulsed
laser (photon energy 3.06 eV, wavelength 405 nm, pulse duration 50 ps, repetition
frequency 150 to 500 kHz). PL signal was sent through spectrometer and detected
by an avalanche photodiode (time response 50 ps) connected to a conventional
time-correlated single-photon counting module. Instrument response function of
this setup was limited by the optical fiber dispersion to 800 ps. All measure-
ments were performed at low excitation density of 0.1 mW /cm? to suppress any
multiexcitonic contribution in the emission spectra.

5.2 Spin dynamics in CdTe colloidal NCs

Photoluminescence bands of 3.4 nm CdTe NCs measured under unpolarized CW
excitation at low temperature of 4.2 K are shown in Fig. 5-1(a). At a zero mag-
netic field the band maximum has an energy of 1.988 eV and a full width at half
maximum (FWHM) of the band caused by the size dispersion of nanocrystals is
120 meV.

In external magnetic fields the PL becomes circular polarized with the intensity
redistribution in favor of the ¢~ polarized component, i.e. the sign of the circular
polarization degree defined by Eq. (2.25) is negative. This polarization is caused
by exciton thermalization on the Zeeman-split levels and it reaches a value of
P = —(0.28 at B = 15 T. Spectral dependence of P shown in Fig. 5-1(b) is
about constant having some increase only for the high energy tail of the PL band
and in magnetic fields exceeding 6 T.

Figure 5-1(c) shows the magnetic field dependence of the PL band peak position
for ot and o~ polarizations. The energy splitting between two components reaches
2.3 meV at B = 15 T. The unusual here is the fact that the c~ component that has
stronger intensity is higher in energy. Such a behavior has been observed also for
CdSe NCs%%8% but the plausible explanation is still missing and further studies are
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Figure 5-1: (a) Polarization-resolved PL spectra of 3.4 nm CdTe NCs at B = 0 (black)
and 15 T (red for 0% polarization and blue for 07). Black arrows indicates positions
where the PL decay shown in Fig. 5-9 was measured. (b) Spectral dependence of DCP
at B=3, 7Tand 15 T and T = 4.2 K. (c) Magnetic field dependence of peak position of
the o and o~ components of the PL spectrum. (d) Magnetic field dependence of the
spectrally integrated DCP measured at T = 4.2, 10 and 20 K.

needed. Tentative mechanism might be related to the spin flip processes involving
dangling bonds on NC surface.

Magnetic field dependences of the spectral- and time-integrated degree of cir-
cular polarization (DCP) measured at three different temperatures are given in
Fig. 5-1(d). They have a typical behavior for the field-induced DCP with linear
increase in low magnetic fields and saturation in a high magnetic field limit, the
later is clearly seen for 7" = 4.2 K. Decrease of the DCP at elevated temperatures
is also typical, as the occupation of Zeeman levels is controlled by a ratio of the
Zeeman splitting to kg7 ™. Tt should be noticed that although the DCP at 4.2 K
already saturate at 15 T, the saturation level (-0.3) is much lower than theoretically
calculated saturation level of DCP of an ensemble of randomly oriented spherical
or prolate CdTe NCs with cubic structures (-0.75).

One possible explanation for the low saturation level of DCP involves a model
proposed by Rodina which takes into account the influence of shape anisotropy
on exciton fine structure. Assume the ensemble of CdTe NCs consist of NCs with
different shapes. It can be seen from the exciton fine structure of cubic CdTe
NCs (Fig. 2-3) that the spin of the ground state of oblate CdTe NCs is 0. In this
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case, the ground state does not split in external magnetic field and the PL circular
polarization degree from this type of NCs is 0. By contrast, the ground state of
prolate NCs is +2 which does spit in external magnetic field and give non-zero
PL circular polarization degree. The low saturation level of DCP results from the
zero PL circular polarization degree of oblate CdTe NCs.

According to this model, the exciton g-factor can be extracted by fitting the
magnetic field dependence of DCP. To fit the DCP, one has to take into account
the contribution from both of two types of NCs. Here we ignore the contribution
from spherical NCs because practically perfectly spherical NCs are rather rare. In
non-spherical CdTe NCs with cubic crystal structure, the total momentum of hole
is aligned along a quantization axis originating from the shape anisotropy. Due
to the exchange interaction between hole and electron, the electron spin is also
pined along this quantization axis. Therefore, the Zeeman splitting is not only
dependent on the g-factor of excitons but also dependent on the angle between the
quantization axis and magnetic field. Furthermore, since the quantization axis is
randomly oriented, the DCP of an ensemble of NCs has to be integrated overall
angles. The time-integrated DCP of an ensemble of randomly oriented prolate
CdTe NCs with cubic crystal structures has the same form as that of an ensemble
of oblate CdSe NCs with hexagonal crystal structures (see Eq. (2.43)). As one can
see from Eq. (2.43), the DCP depends on both the dynamical factor 7./(7 + 7)
and on the equilibrium spin polarization py = tanh(AFE/2kgT), where 7, is the
radiative decay time of excitons and 7y is the spin relaxation time. Time-resolved
experiments presented below show that in the studied CdTe NCs 7, < 7, and,
therefore, the equation for time-integrated DCP P (B) of prolate CdTe NCs is
reduced to the equation for thermal equilibrium DCP Pf(B) (see Eq. (2.44)).
Since the ground state of oblate CdTe NCs does not split in magnetic field, oblate
NCs only contribute to the total PL intensity. Based on the discussion above and
take into account the non-radiative channel, the time-integrated DCP P™(B) of
an ensemble of randomly oriented cubic CdTe NCs with oblate and prolate shape
can be written as:

[ 2p0(B, x, Ty (B, x)dx
(1 + CI’%(B, I)) fol(l + SL’2)77p(B7 ZL‘)d:I}

P™(B,T) = — (5.1)

where ¢ is the ratio of the number of oblate NCs to that of prolate NCs. 7, ,
(1 4+ 7/7a)" ! is the quantum efficiency of oblate NCs and prolate NCs?®. Next,
we discuss two extreme cases. Firstly, in the limit of high quantum yield (7, <<
Tar), To,p 1 independent on magnetic field and consequently independent on z, so
Eq. (5.1) is reduced to:
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fol 2xpo(B,x,T)dx
(1+q) Jo (1 + a2)da

P™(B,T) = — (5.2)

where ¢* = g1,/n,. The time-integrated DCP measured at three temperatures can
be well fitted with a fixed ¢* and variable g-factor using Eq. (5.2) (see red lines in
Fig. 5-1(d)). The fitting gives a g-factor of 2.4 at 4.2 K, 2.5 at 10 K and 1.9 at
20 K. The g-factor at 4.2 K most probably corresponds to dark-exciton g-factor.
The decrease of the g-factor at high temperature may be due to the thermal mixing
of bright- and dark-exciton states. The fitted factor ¢* is 1.5.

Secondly, in the limit of low quantum yield (7, >> 7,,), 7, iS proportional to
e p(1 —2%)%, and Eq. (5.1) has the following form:

fol 22p0(B,x, T)(1 — x?)dx
(1+q) fy (1 +22)(1 = 2?)dz

P™(B,T) = — (5.3)

where ¢** = qn;/n;. The fitting with Eq. (5.3) gives a similar g-factor as that
with Eq. (5.2). The g-factor is 2.9 at 4.2 K, 3 at 10 K and 2.3 at 20 K. The
fitted factor ¢** is 1. By comparing these two cases, it can be concluded that the
exciton g-factor of 3.4 nm-diameter CdTe NCs at low temperature (4.2 K) is in the
range from 2.4 to 2.9. It is noteworthy that by knowing the ratio of the quantum
efficiency of oblate NCs to that of prolate NCs, the ratio of the number of oblate
NCs to that of prolate NCs can be obtained from ¢* and ¢**. Therefore fitting the
magnetic field dependence of DCP provides a simple optical method to evaluate
the ratio of oblate NCs to prolate NCs in an ensemble of CdTe NCs.

Another possible explanation of the low DCP is that we only have prolate dots
with lowest dark +2 state, but this state can be also coupled to the optically active
0Y exciton state by phonons (see exciton fine structure in Fig. 2-3(c)). Then the
respective transitions only give contribution to the total intensity but not to the
polarization. The total intensity is 2 fol(l—xg)dx = 4/3 - the same as f01(1+x2)dx.
So for the first limit case 7n,,, = constant the results will be the same as in the
model with oblate NCs, but ¢ will be the ratio of the coupling parameter multiplied
by the oscillator strength for the 0V state and the sum of two optically active 1%
and 1Y states.

Next, let us present the experimental data for the exciton recombination dy-
namics. In order to exclude from consideration effects related to the Forster reso-
nant energy transfer we measured the spectrally integrated recombination dynam-
ics in the CdTe NCs, see Fig. 5-2. It is known that FRET modifies the spectral

36,48,49,50

dependences of the emission dynamics , such appearances have been found

for the studied sample and will be reported elsewhere.



60 Magneto-optical properties of CdTe colloidal nanocrystals

1, T=42K 30
2 "7200'00000 . 1.99 eV
= L1y c r o %o
% F =t °© OoOoO
. \ SR
o 100F
— L
S [
P R R |
§‘01 % 5 10 15
2 S F Magnetic field (T)
(O]
9
£
o
B=0T
0.01f 15T
1 L 1 L 1

i . H P S B
0 200 400 600 800 1000 1200 1400
Time (ns)

Figure 5-2: Dynamics of spectrally integrated PL intensity of 3.4 nm CdTe NCs in
different magnetic fields. Magnetic field dependence of the recombination time for the
slow component measured at the central position 1.99 eV of PL spectra is shown in insert.

At zero magnetic field and 7" = 4.2 K the exciton PL dynamics shown by a red
color in Fig. 5-2 has a multiexponential decay. Its fast initial component with a
characteristic time of 2 ns is dominated by the exciton thermalization from bright
into dark state. And its slow component with a time of about 260 ns corresponds
to the lifetime of dark excitons, which recombination is partially allowed due to a
weak mixing of the dark and bright-exciton states, e.g. caused by NC imperfections
and surface states. Note, that the PL intensity amplitude of the slow component
is smaller than that for the fast component, but being integrated at much longer
time interval its provides the dominating contribution to the time-integrated PL.
Therefore, it is the decay of the slow component that should be taken into account
for the evaluation of the time-integrated DCP.

With increasing magnetic fields up to 15 T the slow decay component measured
at the central position (1.99 eV) of the PL spectra steadily shortens from 260 down
to 150 ns, see insert in Fig. 5-2, and the fast component reduces in amplitude to
vanishing. Such a behavior is characteristic for colloidal NCs and is due to the

magnetic-field-induced mixing of the bright- and dark-exciton states?25:60:84,

Experimental results for the exciton spin dynamics are collected in Fig. 5-3.
Here recombination dynamics of two circularly polarized components measured at
the PL band maximum (1.99 eV) at B = 15 T are shown in panel (a). One can see
that the intensity difference between the components is established shortly after
the excitation pulse and then both components decay about parallel to each other.
The initial dynamics during 40 ns is given in more detail in Fig. 5-3(b) together
with the DCP dynamics calculated with Eq. (2.24). Small rise in PL intensity
visible for the ¢~ polarization during initial 10 ns is due to the energy transfer
(ET), see Sec. 5.3 for details. The DCP has a fast initial increase from a zero level
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Figure 5-3: Exciton spin dynamics of 3.4 nm CdTe NCs. Recombination dynamics of
two circular polarized components measured at PL maximum at B = 15 T (a) in logarith-
mic scale at large time interval and (b) in linear scale at initial times also with calculated
DCP. (c) Magnetic field dependence of the exciton spin relaxation time evaluated from

the DCP dynamics.
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to about —0.20 during 4 ns and then slower saturation at —0.25 on which it stays
for further delays up to one microsecond.

The rise time of time-resolved DCP is related to the spin relaxation time of ex-
citons thermalized on the Zeeman-split spin levels. Being fitted with the following
function:

P.(t) = Py [1 — exp(—t/73)] (5.4)

where F, is the saturation level of time-resolved DCP, it allows us to evaluate the
exciton spin relaxation time 7. Figure 5-3(c) shows the magnetic field dependence
of 5. Being 3 ns at B = 1 T it gradually decreases down to 1 ns at 15 T. Note
that the spectral dependence of 73 was rather weak, e.g. at B = 15 T it varies
from 0.9 ns at a high energy side up to 1.7 ns at a low energy side of the PL band.

The measured values of the exciton spin relaxations times in CdTe NCs are
similar to the one reported earlier for CdSe/ZnS NCs?>%° where the times shorter
than one ns have been found in B = 12 T and to neutral CdSe/CdS NCs with CdS
shells thinner than 4 nm (see Fig. 4-17), which may suggests that spin relaxation
mechanisms of excitons are the same in neutral CdSe and CdTe NCs. Note that
in CdSe/CdS NCs with the shells thicker than 5 nm emission is dominated by
negatively charged excitons (trions) having rather long spin relaxation up to 60 ns
at B=1Tand T =42 K.

It is also interesting to compare colloidal NCs with epitaxial quantum dots
(QDs) grown by molecular-beam epitaxy. Contrary to our observation of de-
creasing 7, with growing magnetic fields, considerably shorter times have been
measured for epitaxial CdTe quantum dots, which increasing from 40 ps at zero
field to 300 ps at B = 10 T%. Such a behavior has been attributed to hyper-
fine interaction of the exciton spin with the nuclear spins. The different behavior
observed in CdTe colloidal NCs may be explained as follows: In small neutral col-
loidal NCs, the spin relaxation of excitons between S = +1 states is mainly driven
by long-range electron-hole exchange interaction and additionally exciton-phonon

interaction 24-95,96

. One phonon-assisted spin flip of excitons requires that the en-
ergy of phonon matches the energy difference between two Zeeman-split levels.
Since the Zeeman splitting increases with magnetic field and the phonon density
in CdTe increases with the phonon energy, it is easier for excitons to find phonons
with suitable energy to flip the spin in larger magnetic field. Therefore, the spin

relaxation rate increases with the increase of magnetic field.
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Figure 5-4: Normalized steady-state PL spectra of 3.4 nm and 3.7 nm CdTe NCs
measured at T'= 4.2 K. Arrows indicate positions where PL dynamics shown in Figs. 5-
10 and 5-11 is measured.

5.3 Forster energy transfer in an ensemble of CdTe
NCs

In the study of spin dynamics of CdTe NCs, it was found that the PL decay at
different spectral positions from an ensemble of closely packed CdTe NCs showed
dramatic different behavior across the PL band. This results from the Forster
resonant energy transfer between CdTe NCs (see also Sec. 2.7). In this section, we
present the results of a detailed study of the effect of magnetic field and tempera-
ture on energy transfer in an ensemble of CdTe NCs.

5.3.1 Magnetic field and temperature dependence of PL dy-
namics

Steady-state PL spectra of 3.4 and 3.7 nm CdTe NCs measured under CW exci-
tation at T' = 4.2 K are shown in Fig. 5-4. Their peak positions are at 1.83 eV
for 3.4 nm NCs and 1.99 €V for 3.7 nm NCs. The spectra of both samples are
rather broad with a full width at a half maximum (FWHM) of ~ 120 meV, which
evidences the considerable NC size dispersion.

Exciton recombination dynamics in NCs is well characterized by the spectrally
integrated time-resolved PL. Note, that for CdTe NCs no dispersion of the re-
combination dynamics has been found in ensemble of noninteracting NCs, where
the energy transfer has been absent®. Figure 5-5 shows the integral PL decay
obtained by summing the PL decay measured at about 20 spectral energies across
the whole PL band of 3.4 nm NCs. At a room temperature the PL decay can
be fitted by biexponential functions (7t = 6 ns, 7,7 = 22 ns). The shorter com-
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Figure 5-5: Recombination dynamics of spectrally integrated PL intensity in 3.4 nm
CdTe NCs measured at various temperatures and magnetic fields.

ponent reflects the influence of energy transfer. The longer component originates
from thermally mixed bright- and dark-exciton states. The latter is evidenced by
the fact that the PL decay at the very low energy side can be fitted by a single
exponential function (7, = 26 ns). With the temperature decrease down to 4.2 K
the decay shows multiexponential behavior due to excitons thermalization in the
optically-forbidden (dark) state, which is the lowest exciton state in NCs. Tt is well
established that the very fast initial decay with a time of 7,y ~ 2 ns is related to the
optically-allowed (bright) exciton and is dominated by the fast scattering from the
bright to dark state and has some contribution of the radiative recombination of

the bright exciton 27,598

. The slow decay process with the time of 230 ns is due to
recombination of the dark excitons. Being optically forbidden in electric-dipole ap-
proximation, the dark excitons have a finite recombination rate provided by weak
admixing of the bright-exciton state due to structural and surface imperfections

or by coupling to bright states via phonons.

An external magnetic field induces mixing of the bright- and dark-exciton
states, which results in the vanishing of the fast decay component and the shorten-
ing of the slow component. Such a behavior, well established for CdSe and CdTe
NCs2#1 i5 observed for the studied sample. In a magnetic field of 15 T the fast
component vanishes and the slow component shortens down to 142 ns.

We turn now to the experimental results which evidences the presence of the
energy transfer in the studied CdTe NC solids. Figure 5-6 compares the steady-
state (solid lines) and time-resolved (dots and lines) PL spectra measured at a
zero time delay just after the excitation pulse in 3.4 nm NCs. Results for two
sample areas with high concentration (red curves) and low concentration (black
curves) are shown. Relative PL intensity in these points differs by 2.5 times. Time-
resolved spectra from high- and low-concentration areas are similar to each other,
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Figure 5-6: (a) Normalized time-resolved (dots and lines) and steady-state (solid lines)
PL spectra measured at high-concentration (red) and low-concentration (black) areas of
sample with 3.4 nm CdTe NCs. (b) PL intensity versus the peak position of the steady-
state PL spectra measured at areas with different concentrations of CdTe NCs. Line is
linear interpolation.

indicating the same NC size dispersion in these areas. Note, that these spectra,
being measured at very short delays, are not contributed by the energy transfer
and give us the information on the density of states in the ensemble of NCs.

Steady-state PL spectra, however, are shifted to the lower energies from the
time-resolved ones. And this shift is larger in the area with higher NC concentra-
tion reaching 29 and 50 meV in low- and high-concentration areas, respectively. In
general, such a shift can be induced by the energy transfer, but also by the spec-
tral dependence of PL. dynamics across the emission band. As the second reason is
not actual for CdTe NCs*®, we attribute this shift to the energy transfer. Higher
concentration of NCs corresponds to smaller distance between them. Therefore,
the higher the concentration is, the more efficient the Forster energy transfer and,
consequently, the lager shift between time-resolved and steady-state PL spectra is
expected.

A systematic correlation between NC concentration and the shift value of the
steady state PL measured at different sample areas is shown in Fig. 5-6(b). Here
the PL intensity of is plotted against the peak energy. One can see that the
stronger PL intensity corresponds to the areas with lower peak energy, i.e. with
larger shift. This correlation agrees with the Forster mechanism for the energy
transfer and is in line with the experimental results of Ref. 49.

Time evolution of PL spectra measured at different time delays is presented
in Fig. 5-7 for two temperatures of 7' = 4.2 and 300 K. Strong spectral shift with
increasing delay is very prominent for both temperatures. For comparison the
steady-state PL spectra are also shown by a solid red lines. At T' = 4.2 K emission
intensity decreases with time monotonically and the maximum of the spectrally
resolved PL spectra shifts from 2.05 eV at ¢ = 0 ns to 2.01 eV at 70 ns, see
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Figure 5-7: Steady-state PL spectra (solid red lines) and time-resolved PL spectra (dots
and lines) of 3.4 nm CdTe NCs measured at (a) 7= 4.2 K and (b) 300 K.

Fig. 5-7(a). Similar behavior is observed at a room temperature, the time-resolved
spectra shifts from 1.96 eV at 0 ns to 1.92 eV at 70 ns. An important appearance
related to the energy transfer is seen at a room temperature in Fig. 5-7(b). Namely,
the PL intensity varies nonmonotonically at the low energy tail of the emission
band. Tt increases during the several nanoseconds after the excitation and only
then turn to decay. In more detail this behavior will be shown below in the PL
dynamics measured at different spectral energies.

Figure 5-8 shows temporal shifts of PL. maxima measured at two sample areas
having similar PL intensities. Due to the sample inhomogeneity various experi-
mental sets have been measured at different sample areas, while the characteristic
behavior was well reproducible for all areas. For the area 1 the PL spectrum shifts
by 47 meV during the first 70 ns at 7' = 4.2 K, see Fig. 5-8(a). The shift becomes
larger with the temperature increase and reaches 75 meV at 300 K, indicating
more efficient energy transfer. In both cases the fast initial energy shift during
first 10 ns is then gradually slows down with a tendency to saturation.

It can be seen from Fig. 5-8(b), that application of the external magnetic field
also enhance the energy transfer. The PL shift during the first 70 ns measured
at B = 15T (51 meV) is larger than that measured at 0 T (40 meV). The peak
position shows fast redshift during the first 10 ns, and then gradually slows down
due to the vanishing of energy transfer with time. It is important to note, that
the magnetic field enhances the carrier localization and shrinks the exciton wave
function. Therefore, the energy transfer mechanisms involving tunneling of the
excitons or carriers between NCs are expected to be slowed down in a magnetic
field. But not the FRET, which can be enhanced by e.g. magnetic field induced
increase of the exciton oscillator strength.

Figure 5-9 shows spectrally resolved PL dynamics of 3.4 nm CdTe NCs mea-
sured at T' = 4.2 K. At a zero magnetic field the PL shows multiexponential decay
behavior. At high energy side of emission band, e.g. at 2.08 eV (black line),
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Figure 5-8: Time shift of PL maximum in 3.4 nm CdTe NCs measured for two sample
areas at different temperatures and magnetic fields. Experimental data are shown by
symbols. Lines are fits according to Eq. (5.8) with characteristic energy E*.

the decay starts with a very fast component (7t ~ 4 ns) and then followed by
a muitiexponential intermediate component finally turning to a very slow com-
ponent (7,1 ~ 321 ns). The weight of the intermediate component decreases for
lower spectral energies, whereas the slow components is about spectral indepen-
dent. The fast component can be attributed to bright excitons, their radiative
recombination and scattering to the dark states. The intermediate component is
most likely related to the FRET from smaller NCs to larger NCs. And the slow
component is due to recombination of the dark excitons.

These dynamics change considerably in external magnetic fields, compare Figs. 5-
9(a) and 5-9(b). In magnetic field bright- and dark-exciton states are mixed, which
results in the vanishing of the fast component and the shortening of the slow one.
For example, the slow component of the PL decay at 2.08 eV (black line) shortens
from 7,; = 321 to 123 ns. Compared with the PL. dynamics measured at the high
energy side of PL spectra, the PL. decay measured at low energy side shows qual-
itatively different behavior. The PL dynamics at 1.88 eV (blue line) has a small
initial rise and then decays. This rise can be explained only by the energy transfer
process in which lager NCs are fed by smaller NCs.

Figure 5-10 shows PL dynamics measured in different magnetic fields at three
spectral energies of 3.4 nm NCs, compare with Fig. 5-4. For clarity, Figs. 5-10(d-
f) enlarge the initial 50 ns of PL dynamics and show them in linear scale. PL
decay at high energy position shows typical for colloidal NCs behavior, see Figs. 5-
10(a,d). With increasing magnetic field the fast component vanishes and the slow
component shortens due to the mixing of bright- and dark-exciton states. Different
behavior is observed at the maximum of PL spectra, see Figs. 5-10(b,e). The PL
dynamics at 0 T shows decay in ¢ € (5 ns, 15 ns), which slows down with increasing
magnetic field and turns into the rise at B = 15 T. Such unusual behavior is even
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Figure 5-9: Spectrally resolved PL decay of 3.4 nm CdTe NCs measured at (a) B=0T
and (b) 15 T. Spectral range is varied from 1.88 to 2.08 eV. Signals are normalized on
there intensities at zero delays, i.e. just after the excitation pulse.

more prominent at the low energy position, see Figs. 5-10(c,f). At B = 15 T the
PL intensity at ¢ = 12 ns is larger than one at t = 0 ns.

Qualitatively very similar behavior has been found in 3.7 nm NCs, which PL
dynamics during the initial 50 ns measured at the PL maximum of 1.82 eV is
presented in Figure 5-11. In panels (a-c) PL dynamics measured at fixed temper-
atures are compared for different magnetic fields. At T = 4.2 K the PL dynamics
shows decay behavior at B = 0 T. At higher fields the PL intensity in the region
in t € (5 ns, 15 ns) starts to grow, and at 15 T the decay turns into rise. This
behavior is more pronounced at higher temperatures, see Fig. 5-11(b). At 10 K,
the decay turns to rise already at B = 5 T. At even higher temperature, the fast
decay component within the first 5 ns, which can be seen in Figs. 5-11(a,b) disap-
pears and only a slow rise is visible during the first 10 ns. The rise time increases
for stronger magnetic fields. In addition to magnetic field, the shape of PL decay
is also strongly influenced by temperature. As it is shown in Fig. 5-11(d), PL
dynamics at 4.2 K and 10 K starts with a fast decay component, while this fast
component becomes invisible at 15 K. Instead, the PL dynamics starts with a rise
of PL intensity. At B = 5 T the rise of PL intensity becomes more prominent,
see Fig. 5-11(e). At B = 15 T the PL dynamics at all temperatures shows a rise
during the first 15 ns. The fast decay component presented at 4.2 K and 10 K
disappears at 15 K, see Fig. 5-11(f).
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Figure 5-10: PL dynamics of 3.4 nm CdTe NCs measured at different spectral energies
(see Fig. 5-4) and different magnetic fields. Panels (d-f) detail the PL dynamics during
the initial 50 ns. Thin red lines in the right column are fittings according to Eq. 5.5.
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Figure 5-11: PL dynamics of 3.7 nm CdTe NCs measured at the maximum of PL band
at 1.82 eV for various magnetic fields and temperatures. In the left column signals for
fixed temperatures are compared, while in the right column for fixed magnetic fields.



5.3 Forster energy transfer in an ensemble of CdTe NCs 71

Figure 5-12 shows the spectral dependence of PL decay time of 3.4 nm CdTe
NCs at B =0T and 15 T at T" = 4.2 K. The PL decay time is obtained by
fitting the spectrally resolved PL decay shown in Fig. 5-9 with a multiexponential
function:

5

Ipy(t) = z; A;gi exp(—git) {1 + Erf (% - g\lg))] (5.5)

where Er f is the error function. The negative amplitude Ag corresponds to the first

1

initial fast growth of the intensity and gy = 13 ns™" was fixed the same for all PL

dynamics. The small g5 < 0.005 ns~! was fixed for each decay curve individually
to fit the curve tale at the range of Ipy,(t)/Ip,(0) < 0.001. The moment ¢ = 0 was
set for each curve to correspond to the PL maximum, to < 0 (|to] < 1 ns) and
Ip(tg) = 0. The four rates g; > 0 and amplitudes A; (i=1,2,3,4) were varying
during the fitting procedure performed with the help of the hand made C** code.
The positive amplitudes A; > 0 always correspond to the decaying component
while the negative amplitude A; < 0 allow to describe the rising component in

magnetic field at the low energy side of the spectrum.

In Fig. 5-12(a) green triangles correspond to the very fast component observed
at the very beginning of PL decay. The decay time is related to the relaxation time
of excitons from bright states to dark states. Black closed diamonds correspond
to the longest component originating from dark excitons. Blue open triangles
are most probably related to the Forster energy transfer. Red circles appearing
only at high energy side is most likely related to energy transfer from bright-
exciton states. It can be seen that at B = 0 T all these components show no
obvious spectral dependence. Open squares in Fig. 5-12(b) correspond to the rise
component induced by the energy transfer. This component is only visible at the
low energy side of PL spectra, because only larger NCs with lower emission energy
are effectively fed by smaller NCs with higher emission energy. Compared with
0 T, two new components (red stars and orange circles) appears at the high energy
side. Considering the similarity of the time scale of these two components with
that of the rise component observed at low energy side (open squares), these two
new components may be related to new ET paths activated by magnetic field.

Figure 5-13 shows the magnetic field dependence of PL decay time of 3.4 nm
CdTe NCs measured at 1.93 eV and 7" = 4.2 K. The shortest component (green
triangles) is related to the bright-dark relaxation time. The longest component
(black closed diamonds) originating from dark excitons shortens by a factor of ~ 2
for the magnetic field increased from 0 to 15 T. The component represented by
blue triangles has the same origin as that in Fig. 5-12(a) which is most probably
related to the Foster energy transfer and disappears with the increase of magnetic
field. Open squares correspond to the rise of PL intensity induced by the energy
transfer.
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5.3.2 Simulation of the energy transfer in an ensemble of
NCs

Let us assume that PL spectrum from our NCs ensemble just after photoexcitation
(in our approximation at ¢t = 0) reflects the size distribution of the dots on the
ensemble. It has the maximum energy E, and can be described by the Gaussian
function

1

oV 2T

IpL(E, Ey) = (5.6)

202

o [ £ 7]

where o corresponds to the line width as FWHM = 20v/2In2. The initial maximum
position Ej is nearly independent on the sample area. After the initial excitation
two process start simultaneously: the decay of the PL with time and the energy
transfer of the excitation from the NCs of the smaller size to the NCs of the larger
size. As the result of the energy transfer process the position of the PL spectrum
maximum F,(t) redshifts with time. We assume that the shape of all spectra at
each time as well as the shape of the CW spectrum are still described by the
same Gaussian function Eq. (5.6) with Ey replaced by E.(t) or by the maximum
energy of the CW spectrum F,, respectively. From fitting the CW spectrum we
obtained the value o = 50 eV for our ensemble. During the energy transfer process
the particular NCs can play a role of the donor NC for the larger dots and to be
acceptors for the smaller dots at the same time. However it is clear that the NCs
with energies around Fj and larger are more effective donors than acceptors while
the NCs with energies around FE,, and below are more effective acceptors than
donors.

The shift of the PL spectrum peak position F.(t)

Our aim now is to describe the shift of the PL. maximum F.(¢) observed at different
conditions. Let us start from the modeling of the energy shift rate dE./dt. At
the beginning of the process, just after the excitation, the population of the NCs
emitting at the giving energy reflects the size distribution. Its maximum is in the
energy range of the potential donor NCs and the shift rate is maximal. This rate
decreases with time as the effective donor NCs (NCs of the small sizes) become
depopulated and saturates when the maximum of the population lays within the
range of the large NCs which are effective acceptors. Such situation can be modeled
by the following expression:

dE(t)
dt

(5.7)

EC(t)E*_ EO]

= —Spexp {

where sg is the shift rate at ¢ = 0 and E* is the characteristic energy. While
|E. — Ey| < E*, the most of the effective donor NCs (small NCs with PL energy
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area | condition | Ey (meV) | E* (meV) | 5o (meV/ns)
area 1 | 42K, 0T | 2.055 £0.4 | 11 £0.3 14 +£1.2
area 1 | 300 K, 0T | 1.968 £0.7 | 17 £0.4 27 £2.7
area 2 | 42K, 0T | 2.035+04 | 8 40.2 12 +£1.2
area 2 | 4.2 K, 15T | 2.037 £0.7 | 16 £+0.7 6.5 £0.9

Table 5-1: Fitting parameters for the fitting of time evolution of PL spectra maximum
according to Eq. (5.8) shown in Fig. 5-8. Area 1 and 2 corresponds to two different
sample positions with different NC concentrations.

around FEj are still populated and the energy transfer process is effective. When
|E. — Eo| = E* or larger, small NCs become depopulated, the energy transfer is
not efficient anymore and the shift rate saturates. E.(t) can be obtained by solving
Eq. (5.7):

Sot

E.(t) = Ey — E*In (— + 1)

= (5.8)

One can see, that the parameter sq gives the constant rate of shift at small ¢t <
E* /sy, while at t > E*/sq the rate of shifts drops like E*/t. The fitting for the
peak position of time-resolved spectra according to Eq. (5.8) is shown in Fig. 5-8.
The fitting parameters are listed in Table 5-1.

Thus, the suggested model of the PL maximum shift well reproduces the exper-
imental data. Further proof that the energy maximum shift is related to the energy
transfer process and not to just the spectral dependence of the exciton recombi-
nation rate will be given in the next section by the phenomenological simulation
of the PL decay dynamics.

Phenomenological simulation of the PL decay dynamics

The PL decay of CdTe colloidal NCs at specific energy positions can be modeled
by combining the decay of PL intensity and the spectral diffusion according to the
following equation:

I(E,t) = IpL(E, Ec(t)) ling(t) (5.9)
where I(FE,t) is the PL intensity of time-resolved PL spectra at specific energy
and time, Ipy,(E, E.(t)) is the PL spectrum of Eq. (5.6) with the time-dependent
maximum F.(t) described by Eq. (5.8), and () is the decay of the PL intensity

integrated over the whole spectrum (shown in Fig. 5-5 for T'=4.2 K and B =0
Tand B=15Tand T=42K and B=0T).

Figure 5-14 shows the simulated PL decay at low PL energy of 3.4 nm CdTe
NCs in different conditions according to Eq. (5.9). In this simulation, all parame-
ters are obtained from the experimental data. ¢ = 50 meV is obtained by fitting



5.3 Forster energy transfer in an ensemble of CdTe NCs 75

c T=42K,B=15T
S

2

T o8

2>

2

9 1.86 eV

£ 06 300K, 0T

1

o

©
~
o

”5” 10 15 20 ‘25 30 35
Time (ns)

Figure 5-14: Phenomenological simulation of the PL dynamics at the low energy side
of the PL band of 3.4 nm CdTe NCs at different temperatures and magnetic fields. At
low temperature, 1.93 meV is at the low energy side, but at room temperature, and the
spectra shift to lower energy, 1.93 meV is no longer at the low energy side. Therefore the
PL decay at 1.86 eV was chosen for the simulation at 300 K.

the time-resolved spectra at ¢t = 0 ns with a Gaussian function. The shift of the
peak position E.(t) is obtained by fitting the time evolution of peak positions of
time-resolved PL spectra with Eq. (5.8) (see Fig. 5-8). Fitting parameters are
listed in Table 5-1. [;;; was obtained by fitting the integral PL. decay in the first
200 ns (see Fig. 5-5) with three exponential functions. The simulated PL decay re-
produces all main features of the measured PL decay. At T =42 Kand B=0T,
the simulated PL decay decays shows a fast decay component and then a longer
decay component. By applying magnetic field, a rise of the PL intensity appears.
At room temperature, the very fast component visible at 4.2 K disappear and the
PL decay starts with a very slow rise of PL intensity.

The main aim of this modeling is to show that the shift if the maximum PL
position is indeed caused by the energy transfer as it allows to reproduce the rise of
the PL intensity at the low energy side in magnetic field. The absence of such rise
in the decay PL integrated over the spectrum proves that the energy transfer is
non-radiative and leads to the decrease of the exciton life time at the high energy
side. This was also detected by the fitting of the PL. dynamics. In contrast, the
radiative energy transfer (emission from the donor NC and reabsorption by the
acceptor NC) would not affect the decay of the donor NCs and would lead to the
increase of the spectrum integrated intensity as well as to the rising of the PL
integrated intensity in the magnetic field similar to the one observed at the low
energy side of the spectrum.
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Theoretical simulation of PL decay dynamics

Until now, we only discuss the influence of magnetic field and temperature on the
efficiency of the energy transfer observed in the ensemble of CdTe NCs indirectly
via analyzing the shift of PL. maximum (see Sec. 5.3.1). In this section, we directly
evaluate the magnetic field dependence of the energy transfer efficiency according
to a model describing the non-radiative energy process in an ensemble of NCs
proposed by A. V. Rodina (see Sec. 2.7).

From Eqgs. (2.67, 2.68, 2.69), one can see that for PL at energy Fq4 there
are simultaneous contribution from the fraction (1 — f) of NCs not participating
in the energy transfer process (with characteristic recombination rate I'r of the
dark exciton) and those participating in the energy transfer (with accelerated rate
I'r + T'Lp). This explains the existence of at least two long time components
in the PL decay at high energy side of the spectrum (see Fig. 5-12). At lower
energy side this accelerated dark component is also observed in low magnetic
fields but with considerably smaller amplitude. At the same time, the unusual
rise component with negative amplitude observed at the low energy side of the
spectrum in larger magnetic fields (see Fig. 5-12(b) and Fig. 5-13) also corresponds
to the rate I'r + L. However, to describe the PL dynamics of the NCs at low
energy side correctly, one has to take into account that (i) these NCs can also
participate in the process as the donors for even larger size dots in the ensemble
and (ii) many NCs with energy Eq > E, + Fq4, contribute to the energy feeding of
the NCs with energy F,. In our simulation we neglect the point (i), but include
point (ii) as the next step.

Now we are ready to simulate the PL decay of the acceptor NCs at low energy
side of the PL spectrum of the ensemble measured under different conditions.
While the effect of the temperature is included in the rate equations directly via the
account of the temperature induced relaxation rate vy, the effect of the magnetic
field must be taken into account by using the magnetic field dependence of the
recombination and relaxation rates, I'r and 7y respectively, as well as possible
magnetic field dependence of the energy transfer rates.

Let us discuss now step by step the determination of the parameters and their
magnetic field dependences for the simulations. To do this we compare the life
times determined by the fitting of the experimental PL dynamics with the ana-
lytical expressions (see Eqs. (2.58, 2.59, 2.63, 2.64)). One can see first, that the
recombination rate of the dark exciton exciton I'r and its magnetic field depen-
dence can be directly associated with the longest decay component obtained by
the fitting of the experimental PL dynamics and shown by the black diamonds
in Figs. 5-12 and 5-13. One can see, that this rate indeed very little depends on
the energy while increases nearly by factor 2 with increase of magnetic field till 15
T. This increase is caused by the fact, that despite of the cubic symmetry of the
crystal lattice of the CdTe, the NCs posses the anisotropic axis related to their
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B |T'a| I'r Yo | AEar [Tpr | Thr | 0 | Baa | f q

0T [0.1]0.004 | 0.36 2.2 1 0.022 | 50 | 50 | 0.15 | 0.93
5T [0.110.005|0.78 2.2 1 0.023 | 50 | 50 | 0.15 | 0.93
10T | 0.1 | 0.007 | 1.07 2.2 1 0.069 | 50 | 50 | 0.15 | 0.93
15T (0.1 0.009 | 1.48 2.2 1 0.090 | 50 | 50 | 0.15 | 0.93

Table 5-2: Parameters used in the simulation in Figs. 5-15 and 5-16. F%T and 'L are
energy transfer rates from bright- and dark-exciton states, I'a, I'r and gg are recombi-
nation rates from bright and dark excitons and the relaxation rate at 7' = 0K (taken to
be the same for all donor and acceptor NCs). All rates are given in ns~'. The units for
energy parameters AFEap (the bright-dark splitting energy), o and Eg4, are meV. The
minimum energy of donor-acceptor separation Fjg,, the fraction of the donors f partic-
ipating in the process and the ration of the bright to dark exciton quantum efficiency
q = na/np are determined from the simulating of the PL decay in magnetic field B = 15T
at B, = 1.93, 1.91 and 1.88 €V at first 50 ns shown in Fig. 5-15. All other parameters are
determined from the previous fitting of the magnetic field and temperature dependences
of the experimental PL decays as described in the text.

non-spherical shape. As the result, the magnetic field having nonzero projection
on the anisotropic axis mixes the bright and dark exciton similar to the well known
situation in the hexagonal CdSe NCs?.

Next, the bright exciton recombination rate I'y and the value of the bright
to dark exciton splitting AFr are obtained from the temperature dependence of
the PL decay (not shown here). We assume I's to be independent on magnetic
field and determine the relaxation rate v, and its magnetic field dependence from
the bright exciton life time 7,(B) at E = 1.93 eV (green triangles in Fig. 5-13)
as Y0(B) = 1/7.(B) — I's. The energy transfer rate Ty is equal to the difference
between the accelerated dark exciton rate '+ Tk and T'r. However, the attempts
to estimate the accelerated dark exciton rate from the decay components at the
high energy (donor) side of the spectrum are complicated by the fact that there
are more than one such component in the high magnetic field and their rate in fact
depend on the spectral position (see Fig. 5-12(b)). For this reason, we use the
rise rates (open squares in Fig. 5-13 and Fig. 5-12(b)) observed at low energy side
of the spectrum in magnetic fields B > 4 T in order to estimate I'r + 'Ly averaged
over spectral position and to obtain the magnetic field dependence of the k.
For zero magnetic field we use the difference of dark exciton rates at high energy
side for I'k.. The determination of the energy transfer rate I'4, from the bright
exciton is more difficult because of the very short life times of the bright exciton.
For the magnetic field B = 15 T we estimated I'fy from the approximate relation
Iar ~ (o /Tp)TEr ~ 1 ns™! and assume it is constant in all magnetic fields in
the following simulations. Thus determined parameters for magnetic fields B = 0,
5, 10 and 15 T are summarized in the Table 5-2.

Additional parameters are the minimum donor-acceptor energy separation Fq,,
fraction of donor NCs participation in the energy transfer process f and the ratio of
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Figure 5-15: Modeling of the PL dynamics at the E; = 1.93, 1.91 and 1.88 ¢V in 3.4-nm
CdTe NCs. Black curves are for the experimental data and red curves are the solutions
of the rate equations Eqgs. (2.53, 2.55) with the parameters listed in the Table 5-2. The
parameters Fq, = 50 meV, f = 0.15 and ¢ = n,/nr = 0.93 are chosen to give the best
simulation of the experimental data while all other parameters are determined from the
previous fitting of the magnetic field and temperature dependences of the experimental
PL decays as described in the text.

the bright to dark exciton quantum yield ¢ = n,/np are determined by comparing
the simulated PL dynamics with experimental data measured at T'= 4.2 K in the
magnetic field B = 15 T of acceptor NCs with the emission energy F, = 1.93, 1.91
and 1.88 eV . The results of such simulation are shown in Figure 5-15 together with
the experimental PL dynamics. For these figures the PL intensities are normalized
to the maximum PL intensity at E, = 1.93 eV. While the relative rise of PL
intensity becomes more pronounced with the decrease of E, due to the larger
value of r(, the absolute intensity decreases with F, as N, decrease. The additional
parameters of the model, f, F4, and ¢ were varied and chosen to give the better
simulation for all three experimental curves in B = 15 T simultaneously. The
description of the data is the best for the lowest energy. Thus determined value
of f = 0.15 is in a good agreement with the ratio of the amplitudes of two long
decay components at high energy side of the spectrum.

Figure 5-16 shows the simulated PL decay at the energy E, = 1.93 eV at
T = 4.2 K in the magnetic fields B = 0, 5, 10 and 15 T and at 7" = 300 K
and B = 0 T. Similarly to the simulation based on the phenomenological model,
all main features appearing in the measured PL decay are well reproduced by
solving the rate equations directly. Parameters used in the simulation are listed in

Table 5-2.
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Figure 5-16: Simulation of the PL dynamics of acceptor NCs at F, = 1.93 eV at
T = 4.2 K and magnetic fields B = 0 T (black curve), 5 T (olive curve), 10 T (green
curve) and 15 T (red curve) and 7"= 300 K, B =0 T (blue curve). The bright and dark
exciton parameters used for the calculations are given in the Table 5-2. The parameters
Eq, = 50 meV, f = 0.15 and ¢ = 0.93 are the same as received from the fitting of the
experimental data in Fig. 5-15.
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5.3.3 Influence of magnetic field and temperature

The Forster energy transfer is realized via dipole-dipole interaction. Therefore, the
efficiency of the Forster energy transfer is dependent on the oscillator strength of
dipoles. In colloidal NCs, magnetic field can mix bright- and dark-exciton states,
which increases the oscillator strength of dark excitons. So, theoretically, the
Forster energy transfer from dark-exciton state in colloidal NCs should be able to
be enhanced by magnetic field. The energy transfer from the bright state is less
important because of the very short life time of the bright exciton.

Indeed, the enhancement of the energy transfer by magnetic field can be seen
already from Fig. 5-8(b). Firstly, the shift of peak position in the first 70 ns at 15 T
(51 meV) is larger than that at 0 T (40 meV). Secondly, £* which characterizes the
speed of the shift at 15 T (16 meV) is larger than that at 0 T (8 meV). Since the
shift of peak position is related to the energy transfer, we can conclude that energy
transfer is enhanced by magnetic field. Moreover, one can see that the time scale
on which the PL. maximum shift and thus the energy transfer takes place is of the
order of 50 ns and thus much longer than the life time of the bright exciton. This
fact again indicates the importance of the energy transfer from the dark-exciton
state.

The importance of the energy transfer from the dark-exciton state and its
acceleration in magnetic field was further directly demonstrated by the modeling
of the donor-acceptor rate equations and simulating the PL dynamics at low energy
side of the spectrum. It was shown that the unusual rise component in magnetic
field can be explained by the energy transfer from the dark-exciton state. The
magnetic field dependence of T'5 is shown in Fig. 5-17. One can see, that 'k
increases more than by factor 4 while the dark exciton recombination rate I'p
shown in Fig. 5-13 only increases by a factor of 2. This is because ['r includes also
the non-radiative recombination rate and we may conclude that np is less than
0.5. The energy transfer efficiency for the NCs participating in the process can be
defined as kb = I'hp /(TE +Tr) (see red circles in Fig. 5-17). It seems to be large
already in low magnetic fields. However, one has to take into account that only
small fraction of all potential donors (f = 0.15) participate in the process. The
averaged energy transfer efficiency of the ensemble NCs (k) = ILy.f/(TEpf+Tr)
is also shown in Fig. 5-17. It increases by a factor of 2 in magnetic fields raising
from 5 to 15 T.

The effect of the temperature on the energy transfer is due to the thermal
mixing of the bright- and dark-exciton states and population of the bright-exciton
state. As a result, the long rise of the thermalized bright- and dark-exciton states
caused by the energy transfer is observed at room temperature at low energy side
of the spectrum as well as the increase of the characteristic energy E* describing
the PL. maximum shift at 300 K.



5.4 Summary 81

5.4 Summary

In summary, in this chapter we studied the spin dynamics of excitons between
two Zeeman-split levels in cubic CdTe colloidal NCs in magnetic field. Similarly
to thin-shell CdSe/CdS NCs, a fast spin relaxation time (< 3 ns) was observed
in CdTe NCs, which suggests that CdTe NCs and thin-shell CdSe/CdS NCs have
similar spin relaxation mechanism. Additionally, a low saturation level of the
DCP (-0.3 at 15 T) was observed, which indicates that the sample is a mixture of
prolate NCs and oblate NCs. Finally we found and investigated the Forster energy
transfer in an ensemble of CdTe NCs. By fitting the magnetic field dependence of
spectrally resolved PL dynamics of CdTe NCs according to a model proposed by
A. V. Rodina (see Sec. 2.7), it was found that the energy transfer efficiency can
be enhanced by a factor of 2 in magnetic fields increasing from B =5 to 15 T at
T=42K.






Chapter 6

Recombination and spin dynamics
of CdSe-based platelets

In the previous chapter we have shown that the magneto-optical properties of col-
loidal nanocrystals (NCs) strongly depend on the orientation of magnetic field.
This randomization of the orientation of the nanoparticles deposited on the sub-
strate is a strong limitation in applications such as spintronics or quantum optics.

Indeed in experiments performed on ensemble of NCs, the random orientation
between magnetic field and the NC quantization axis has to be taken into account.
This ensemble averaging has considerably limited studies of optical properties of
colloidal NCs under magnetic fields. Up to now, in order to get quantitative values
of the Zeeman splitting and the exciton g-factor it has been mandatory to perform
experiment at the single dot level. However, in these experiments, the correlation
between the orientation and the optical properties remains a delicate task and is
time-consuming.

In this chapter we will present the first optical and magneto-optical studies
performed on two different kinds of colloidal nanostructures. These two nano-
objects represent different approaches in the control of the orientation of the
colloidal nanostructures. The first concerns the growth, on a wurtzite spherical
CdSe core, of a strongly anisotropic CdS shell. This method allows inducing an
anisotropic strain on the core that orients the hexagonal axis perpendicular to the
plate. Besides their remarkable orientation properties, these nanostructures have
a single-nanocrystal-like behavior allowing a quantitative analysis of the ensem-
ble measurement. These objects will be referred in the following as dot-in-plates
(DIPs). In a second part we present results obtained on chemically synthesized
quasi-two-dimensional CdSe colloidal nanostructure. These recently-discovered
colloidal nanostructures on which the thickness can be controlled at the atomic
layer scale, further referred as nanoplatelets (NPLs), are of great interest regarding
their optical properties in several fields of applications.
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Figure 6-1: Transmission electron microscopy (TEM) images of CdSe/CdS dot-in-plate
NCs with (a) 4 monolayers and (b) 8 monolayers of CdS.

6.1 CdSe/CdS dot-in-plate nanocrystals

The CdSe/CdS nanocrystals used in this experiment consist of a wurzite CdSe
core of 3.2 nm in diameter surrounded by a CdS shell grown layer by layer with
a Successive Ion Layer Adsorption and Reaction method (SILAR). The details of
the growth are given in the Ref. 53.

Transmission Electron Microscopy (TEM) images reveal the shape of the nanocrys-
tals. In Fig. 6-1(a), we clearly see a lack of ordering, i.e. DIPs with 4 monolayers
(MLs) of CdS lay randomly on the substrate while the sample with 8 MLs (Fig. 6-
1(b)) shows uniformity in orientation. Besides interesting orientation effect, the
anisotropic growth of the shell provides also new optical properties. Indeed, com-
pared to quasi-spherical NCs, the anisotropic strain on the core in DIPs results in
an additional splitting between the light hole (Ih) and the heavy hole (hh) valence
band as shown in the photoluminescence excitation spectra (see Fig. 6-2).

Although DIP nanocrystals have been intensively studied regarding their struc-
tural properties®97, almost nothing has been done to investigate their emission
properties yet, especially at cryogenic temperature. In this section we present the
results of the first study of the magneto-optical properties of DIP samples at low

temperature and under magnetic field up to 15 T.

6.1.1 Fine structure of excitons

A comprehensive knowledge of the fine structure of excitons is required in many
applications such as spintronics or in quantum optics. The fine structure in col-
loidal nanostructures is puzzling due to numerous effects that can influence the
ordering of the level and energy splittings. In previous studies it has been shown
that the temperature dependence and magnetic field dependence of the PL spectra
and the PL decay allow determining relevant parameters of the fine structure.
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Figure 6-2: Room temperature photoluminescence excitation spectra of CdSe/CdS
nanocrystals having 4 monolayers of CdS with spherical shape (black line) and dot-in-
plate shape (red line). Adapted from Ref. 97.

Figure 6-3(a) shows the temperature dependence of the spectrally integrated
PL decay of an ensemble of DIPs with 4 MLs of CdS. The laser excitation is
kept low enough to prevent the creation of multiexcitons. At T" = 4.2 K, the PL
decay is biexponential with a short component around 1 nanosecond and a long
component of several hundred of nanoseconds. With the temperature increase,
the long component shortens and the weight of short component decreases until
its complete vanishing at 7' = 30 K (Fig. 6-3(b)). This well-known behavior is a
clear signature of a three level system in which a thermal mixing between a bright
state and a dark state occurs with the increase of temperature (see Sec. 2.3).

It should be noticed that the PL decay of an ensemble of DIPs exhibits a
single-dot-like behavior since the PL decay can be well fitted with two exponen-
tial functions. This property points to a narrow size distribution of DIPs and
consequently a small bright-dark energy splittings dispersion. This assumption
is supported by the PL spectra. Typically, the size dispersion can be estimated
by calculating the ratio AX/A. The full width at half maximum (FWHM) of the
spectra ~ 15 nm with a wavelength at the maximum position ~ 620 nm gives a
size dispersion of about 2% which is more than 2 times smaller than that in regular
colloidal NCs?°.

The characteristic energy splitting between the bright and the dark state AFEap
can be evaluated by fitting the temperature dependence of the long decay rate
shown in Fig. 6-4. In addition to AFEap, this fitting procedure gives also the decay
rate of the bright exciton and the dark exciton. Details of the model are given in
Sec. 2.3. The long component of the PL decay I', is fitted according to Eq. (2.20).
One should note that this expression is valid provided that the spin relaxation
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Figure 6-3: (a) Temperature dependence of the PL decay of 4 ML CdSe/CdS dot-in-
plate NCs. (b) Same as (a) but for short time scale. PL decays are plotted with an offset
for clarity. Laser wavelength: 405 nm. Excitation intensity <1mW /cm?. Repetition
rate: 500 kHz.

between the bright and dark states is much larger than other relaxation rates.
Additionally the nonresonant excitation leads to an equivalent population of the
bright and dark states right after the laser pulse.

The temperature behavior of the long component is well reproduced with the
following parameters: I';' = 3 ns, ;' = 1 ps and AEyr = 2.5 meV. The
dark exciton lifetime of 1 us is typical for quasi-spherical CdSe NCs while a
bright exciton lifetime of 3 ns is about 3 times faster than that in quasi-spherical
NCs (~ 10 ns)?®?". The energy splitting between the bright and the dark state
(AEAr = 2.5 meV) in DIPs is smaller than that in CdSe NCs with the same diam-
eter (AExr = 10 meV)#. This strong decrease of the bright-dark splitting energy
is due to the decrease of the electron-hole exchange interaction resulting from
the reduction of the electron-hole wave function overlap induced by the electron
delocalization in the CdS shell.

6.1.2 Magneto-optical properties of dot-in-plate NC

The DIP samples are of great interest not only regarding the possibility to control
their orientation to magnetic field but also to have a better insight of the behavior
of the bright- and dark-exciton states. Indeed as we can see in the Fig. 6-2, the
light hole band is 70 meV above the heavy hole one, which allows studying the
magneto-optical properties in the framework of the three-level system only.
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Figure 6-4: Temperature dependence of the long component of the PL decay of
CdSe/CdS dot-in-plate sample with 4 MLs of CdS (black dots) fitted (red line) according
to the Eq. (2.20) with: 'y = 0.33 ns™!, I'r = 0.001 ns~! and AEAr = 2.5 meV.

Fluorescence-line-narrowing experiment under magnetic field: Zeeman
splitting

Fig. 6-5 shows the fluorescence-line-narrowing (FLN) spectra of DIPs. In order
to cut the laser line from the PL, we have cross-polarized the excitation and the
detection. The excitation path is o' polarized while the detection path is o~
polarized. The FLN spectra is composed of a Zero Phonon Line (ZPL) redshifted
by 2 meV from the laser line. This value is in good agreement with the bright-dark
energy splitting previously estimated. The FLN spectra also shows Longitudinal
Optical (LO) phonon replica redshifted from the ZPL. The strongest line in the
LO phonon replica is redshifted by 28 meV and the weakest by 37 meV in good
agreement with the shift energy of the bulk LO phonons in CdSe (26 meV) and
CdS (37 meV), therefore these peaks can be attributed to the LO phonon replica
of CdSe and CdS. The presence of the latter on the FLN spectra also implies that
the electron "feels" the CdS plate, confirming the delocalization of the electron
over the entire DIP structure.

The accuracy of determining the Zeeman splitting of an ensemble of colloidal
NCs by polarization-resolved PL measurement is limited by the size dispersion of
the sample. This problem can be easily overcome by FLN measurement which,
as shown in Chap. 4, allows reducing by approximately one order of magnitude
the homogeneous line width of the PL spectra. The FLN spectra clearly shows
a redshift with magnetic field as exemplified in Fig. 6-5. For clarity, the spectra
have been normalized to the maximum of the ZPL.

From the splitting between the ZPL we can give a lower bound for the exciton
g-factor by assuming a perfect orientation of the DIP (no angle between the c-axis
and magnetic field). We find |gexc| ~3 in good agreements with the dark exciton
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Figure 6-5: FLN spectra of CdSe/CdS dot-in-plate NCs at magnetic field of 0 T and
10 T. The excitation laser is o™ polarized and the PL is o~ polarized.

g-factor determined in a previous study performed on single CdSe/CdZnS NC*.

Circular polarization degree and spin dynamics

Besides the Zeeman splitting and the exciton g-factor, we have studied the spin
dynamic as well as the circular polarization degree of DIPs. For this purpose, we
have performed magnetic field dependence of the polarization-resolved PL decay.
Figure 6-6 shows the PL decay at 0 T and 15 T for " and o~ polarization.
From the figure it is clear that magnetic field plays an important role in exciton
recombination dynamics.

Indeed when raising magnetic field, the long component of the PL decay be-
comes shorter. Thus, the long decay shortens from ~ 450 ns at 0 T to 90 ns
at 15 T. In agreement with previous experiments on quasi-spherical NCs?20:25:28
this shortening is expected in the case of a coupling between the bright and dark
states induced by the transverse component of magnetic field. Additionally this
shortening indicates a random orientation of the nanoparticles. The analysis of

the polarized PL decays shows that the PL is highly circularly polarized at 15 T.

From the polarization-resolved PL decays, the time-resolved degree of circular
polarization at different magnetic fields can be evaluated according to Eq. (2.24)
and shown in Fig. 6-7. From the figure we see a shortening of the rise time when
increasing magnetic field. Unfortunately the rise time is too close to the resolution
of the experimental setup (800 ps) and cannot be reliably quantitatively evaluated.
However the behavior of the rise time is qualitatively similar to the behavior of the
time-resolved DCP of CdSe/CdS NCs (see Chap. 4) and can be attributed to the
spin relaxation due to field induced mixing between valence bands. Nevertheless
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Figure 6-6: Polarization-resolved PL decay of dot-in-plates NCs at 4.2 K at different
magnetic fields.

striking behavior occurs on longer time scale at high magnetic field. Indeed as
shown in Fig. 6-8, we clearly see a initial rise of the DCP in few hundreds of
picoseconds and a second rise time of several hundreds of nanoseconds.

Such a slow rise rate at high magnetic field implies the presence of higher order
process in spin relaxation. This slow relaxation process can only occur between
Zeeman spin states, thus from nanocrystals whose c-axis is orientated along mag-
netic field. As exemplified in the inset of Fig. 6-8, several acoustic phonons are
required to relax from the upper to the lower spin state. This phenomenon, not ob-
served in "standard" quasi-spherical NCs, indicates that a significant proportion of
dot-in-plate NCs have a preferential orientation when deposited on the substrate.
This assumption is further confirmed by previous single dot experiment where spin
relaxation time between Zeeman sub-levels of the dark exciton of several hundred
of nanoseconds have been measured .

6.2 Quasi-2D colloidal CdSe nanoplatelets

Colloidal nanoplatelet is a new type of quasi two-dimensional colloidal nanos-
tructure which have been synthesized very recently. The colloidal nanoplatelets
studied in this thesis have been grown following the protocols of Ref. 58. This
synthesis, made from organometallic precursors of Cd and Se, allows growing col-
loidal quantum wells with a control on the thickness at the atomic layer scale and
lateral dimensions of the order of hundreds of nanometers. Fig. 6-9(a) and (b)
show TEM images of nanoplatelets having different thickness (1.9 nm and 2.2 nm
respectively).

It is worth to note that within the ensemble, the NPL have exactly the same
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Figure 6-7: Time-resolved circular polarization degree of CdSe/CdS dot-in-plate NCs
at different magnetic fields.
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Figure 6-8: Time-resolved DCP of CdSe/CdS dot-in-plate NCs fitted by a single expo-
nential function (red curve).The dashed line represents the DCP after the rapid rise time.
Inset: Scheme of the relaxation process of the dark exciton in magnetic field. The spin
relaxation process from the upper to lower spin state implies several acoustic phonons.
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Figure 6-9: TEM images of colloidal NPLs with thickness of (a) 1.9 nm and (b) 2.2
nm.

thickness. This is evidenced by the narrow PL spectra (FWHM ~ 30 to 40 meV)
at room temperature which is of the order of kgT" for all the synthesized samples
(see Fig. 6-10). Besides these observations, the PL spectra do not evidence other
features indicating a high purity of the sample.

Figure 6-11 shows the temperature dependence of the PL spectra of the 2.2
nm thick NPL sample. When the temperature is decreased, an additional peak,
denoted as X"©, appears and redshifts by 27 meV from the excitonic peak, X°.
The origin of this peak has been studied by Tessier et al. and has been attributed
to enhancement of the LO phonon replica induced by the re-absorption of the
emission from the Zero Phonon Line®.

To understand the origin of the ZPL of NPLs at cryogenic temperature, we
have performed temperature and magnetic field dependence studies of the PL
decay of NPLs. In Fig. 6-12(a), we report the temperature dependence of the PL
decay of the 2.2 nm thick NPL sample. We clearly see that at 5 K the PL decay
is biexponential with a short component of few tens of picoseconds and a long
component of several nanoseconds*. When increasing the temperature, the short
component vanishes and the long component shortens from 10 ns at 2 K to 200
ps at 50 K. The shortening of the PL decay with the temperature indicates that
in this temperature regime, excitons do not behave as a free 2D excitons because,
according to theoretical calculations, the PL: decay time would lengthen linearly
with the temperature®. However, the shortening of the long component of the PL
decays has already been observed in CdSe-based NCs and has been interpreted in
terms of thermal mixing between a bright state and a dark state and this behavior

127,59,83 (

can be well described by a three-level mode see also Sec. 2.3).

*This behavior differs from the PL decay observed in the Ref. 54 where a single exponential
was ob-served. In fact, a careful check of the temperature on the same cryostat indicates that in
the latter paper, the temperature was 30 K instead of 5 K in agreement with our current lifetime
measurements.
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Figure 6-10: PL spectra (open dots) at room temperature of CdSe nanoplatelets with

thickness of (a) 1.9 nm and (b) 2.2 nm. Red curves correspond to Lorentzian fit. At
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Figure 6-11: Temperature dependence of the PL spectra of the 2.2 nm thick NPL
sample. X© and X correspond to the LO phonon replica and the ZPL respectively.
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Figure 6-12: (a) Luminescence decay curves of 2.2 nm thick NPLs at various tempera-
tures. The sample was excited at 405 nm with a pulsed laser (1MHz, 50 ps). (b) Decay
rate of the long component of the PL decay as a function of the temperature. Solid line is
the fit derived from the three-level model (see text) with: I'x = 3.6 ns™!, I'r = 0.05 ns~!
and AE p = 2 meV.

In Fig. 6-12(b) we show the long relaxation rate deduced from the monoexpo-
nential fit of the tail of the PL decays. By fitting the the temperature dependence
of the long component of PL decay with Eq. (2.20), we obtain 'y = 3.6 ns™,
I'v = 0.05 ns™! and AFExp = 2 meV for the 2.2 nm thick NPLs and I'y = 12 ns™ !,
I'r = 0.05 ns™! and AExr = 5 meV for the 1.9 nm thick NPLs (data not shown).
The increase of the bright-dark energy splitting as the thickness of the platelets
decreases indicates an enhancement of the exchange interaction as in nanocrystals.
Remarkably, the bright dark energy splitting in platelets is much smaller than in
dots having a radius comparable to the platelet thickness'?’. Indeed the exchange
splitting between the bright and the dark state in nanoplatelets (~ 2 meV) is
in-between those of spherical CdSe with comparable dimension (~ 20 meV)!%
and the CdSe bulk (~ 0.13 meV)!%l. Interestingly bright-dark energy splitting
in colloidal NPL is one order of magnitude higher than typical one for II-VI epi-
taxial grown quantum wells (QWs) 192, This large difference can be attributed to
the strong dielectric confinement in free-standing colloidal NPL that enhances the
electron-hole exchange interaction.

In order to understand the role played by the dark state in the emission of the
nanoplatelets, we have studied the time resolved PL of the platelets under magnetic
field at 4.2 K. in Fig. 6-13 we clearly see that, the long component dramatically
shortens from ~ 20 ns at 0 T to ~ 4 ns at 15 T as a result of the enhancement

2428 One should note

of the radiative rate induced by magnetic field coupling
that the enhancement is not the result of the Landau levels because at least two
dimensions of the NPL are smaller than the magnetic length (typically 11 nm at

10 T).
The magnetic field dependence of the ZPL further evidence the coupling be-
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Figure 6-13: Magnetic field dependence of the PL decay of the 2.2 nm thick NPL
sample. Inset: evolution with magnetic field of the total intensity of the luminescence
(ZPL+LO) (red dots) and of the ZPL (blue dots).

tween the bright and dark states!?’. In inset of Fig. 6-13, we report the total PL
intensity (ZPL+LO) of platelets and the ZPL intensity, filtered by a monochro-
mator, with magnetic field. The increase of the ZPL intensity while the total
PL intensity (ZPL-+LO) remains constant clearly indicates a gain of oscillator
strength 2428, Therefore the increase of the ZPL line is due to field induced mixing
of the bright and dark states that allows the radiative recombination of the dark
exciton without assistance of phonon thus reducing the LO phonon line2%2®,

6.3 Summary

In summary, in this chapter we present the results of magneto-optical study of two
types of CdSe-based colloidal platelets. By fitting the temperature dependence of
PL decay of DIPs according to a three-level model, it is found that the bright-
dark splitting energy AFEap is much smaller than that in CdSe NCs with the
same diameter due to the strong decrease of the electron-hole exchange interaction
resulting from the reduction of the electron-hole wave function overlap in DIPs.
Surprisingly, the time-resolved degree of circular polarization (DCP) of DIPs shows
a rather slow relaxation process (Tyge ~ 300 ns) which was not observed in quasi-
spherical NCs. This extremely slow spin relaxation process is most likely related
to higher order process which involves several acoustic phonons.

Through the temperature and magnetic field dependence of the PL decay of
NPLs, we prove that the emission of NPLs arises from the thermal mixing between
a bright state and a dark state. The energy splitting between the bright and the
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dark state is one order of magnitude smaller than in NCs having radius comparable
to the NPL thickness. Interestingly the lifetime of the bright and the dark exciton
are about two orders of magnitude faster than in NCs suggesting the existence of
giant oscillator strength.






Summary

By means of magneto-optical experimental techniques, fundamental properties,
such as g-factor, spin dynamics and fine structure of the exciton complex in
three types of colloidal nanostructures, including core/shell CdSe/CdS nanocrys-
tals (NCs), Thoil-capped CdTe NCs and CdSe-based colloidal platelets, were char-
acterized at cryogenic temperatures (down to 7' = 2.2 K) and in high magnetic
fields (up to B = 17 T). Based on these results, mechanisms responsible for dif-
ferent behaviors of exciton spin dynamics observed in thick-shell CdSe/CdS NCs
and CdTe NCs were discussed. Additionally, the influence of magnetic field and
temperature on the Forster resonant energy transfer in ensembles of CdTe colloidal
NCs was investigated and data were analyzed based on a model proposed by A.
V. Rodina.

By comparing the recombination dynamics and fluorescence-line-narrowing
spectra of thin-shell and thick-shell CdSe/CdS NCs, it was proven that the PL
of the new type of thick-shell NCs originates from charged excitons. According to
the sign of the PL polarization degree, it was identified that the exciton complex in
thick-shell CdSe/CdS NCs is negatively charged. Then, a direct measurement of
the spin relaxation rate of negatively charged excitons was performed. The most
striking result is that a spin relaxation time of 58 ns at B = 1 T is much longer
than the previously reported spin relaxation time in CdSe NCs?>%, The spin re-
laxation rate increases quadratically with magnetic field and temperature, which
suggests that the spin relaxation of negative trions between hole spin sub-levels is
assisted by two confined phonons of the CdS shell. The acceleration of the spin
relaxation in magnetic field is due to the mixing of heavy- and light-hole states by
the transverse component of magnetic field. A spin relaxation rate of 0.015 ns!
and a g-factor of -0.54 at T' = 4.2 K were extracted based on a model providing
a complete description of the magnetic field and temperature dependences of the
spin relaxation time and PL circular polarization degree.

Compared with thick-shell CdSe/CdS colloidal NCs, the spin dynamics of ex-
citons in the CdTe NCs is much faster (< 3 ns), suggesting a one-phonon-assisted
spin relaxation mechanism. A low saturation level of the PL circular polarization
degree (-0.3 at B =15 T) was observed. This is explained by a mixture of prolate
and oblate NCs. Furthermore, we show that by knowing the ratio between the
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quantum yield of these two types of NCs, fitting the PL polarization degree pro-
vides a simple optical method to evaluate the ratio between the number of these
two types of NCs. Finally we explored the Forster energy transfer in ensembles
of CdTe NCs. By analyzing the PL dynamics of CdTe NCs according to a model
proposed by A. V. Rodina, it was found that the energy transfer efficiency was
enhanced by a factor of 2 in magnetic fields increasing from 5 to 15 T at T' = 4.2 K.
This study demonstrates a new way to control the Forster resonant energy transfer
efficiency in colloidal NCs.

Finally we characterized two types of CdSe-based colloidal platelets only avail-
able very recently. For the CdSe/CdS dot-in-plate structure with four-monolayer
shell, a bright-dark splitting energy AFExr of 2.5 meV was obtained. This bright-
dark splitting energy is much smaller than that in CdSe NCs with the same di-
ameter, which can be explained by the strong decrease of the electron-hole ex-
change interaction resulting from the reduction of the electron-hole wavefunction
overlap in dot-in-plate structures. Moreover, a surprisingly slow relaxation pro-
cess (~ 300 ns) was observed. This extremely slow spin relaxation process is most
likely related to higher order process involving several acoustic phonons. The study
on the quasi-two-dimensional colloidal nanoplatelet proves that the PL emission
of nanoplatelet arises from the thermal mixing between a bright and dark state.
Additionally, it was found that the bright-dark energy splitting was one order of
magnitude smaller than that in NCs with a radius comparable to the nanoplatelet
thickness.
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Symbols and Abbreviations

AFE

Iyl
NosTlp

Yo

YLyYS

ueV

HUB

o+,0—

Tr

energy difference
radiative quantum efficiency of bright and dark states
radiative quantum efficiency of oblate and prolate NCs

the relaxation rate from bright state to dark state at zero temper-
ature

radiative decay rate of the long and short component of PL decay
reduced Plank constant

wavelength

shape factor of ellipsoid

micro electron volt

Bohr magneton

wave function

spin polarization degree

right-handed, left-handed circular polarization
radiative decay time

spin relaxation time

magnetic field vector

angle between magnetic field and NC quantization axis
radius of the nanocrystal

magnetic field

the minor axes of the ellipsoid
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c the major axes of the ellipsoid
E energy

a fraction of NCs

g Landé g-factor

It I~ PL intensity of o and o~ components
J. projection of total momentum of exciton
kg Boltzmann constant

M projection of the total momentum of hole
m* effective mass

N number of particles

Ny Bose-Einstein phonon number at specific temperature
P PL polarization degree

S, projection of electron spin

T temperature

x cos(0)

J sum of the electron spin and total momentum of hole
r position vector

a, d acceptor and donor NCs

AF optically allowed and forbidden states

¢ circular polarization

CCD charge-coupled device

cm centimeter

CW continuous wave

e electron

eq equlibrium

ET energy transfer

eV electron volt
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FRET

FWHM

hh
lh
meV
NC

11

PL

QD

TEM

th

Forster resonant energy transfer
full width at half maximum
ground state

heavy hole

light hole

milli electron volt

nanocrystal

nanometer

photoluminescence

quantum dot

Tesla

time

transmission electron microscope

thermal
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