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Semiconductor Quantum Dots

This thesis deals with electron tunneling between semiconductor nanocrystals (quantum
dots) and a metal. In this chapter, we discuss the confinement of the electron wave functionsin a
nanocrystal (size quantisation) and the basic principles of electron tunneling. The importance of
surface atoms and the corresponding surface electron levels for the optical and electronic
properties of quantum dots is discussed. To study their (opto)electronic properties we have
attached the quantum dots to a conducting substrate. A metal electrode with a monolayer of
semiconductor quantum dots has been investigated in a photoelectrochemical cell. Photoinduced
electron tunneling between the nanocrystals and the metal electrode or a redox system in the
electrolyte was investigated by a time-resolved photoelectrochemical technique (Intensity-
Modulated Photocurrent Spectroscopy). Alternatively, the electronic properties of individual
guantum dots were studied by Scanning Tunneling Spectroscopy. The principle of these two
techniques is described.



Chapter 1

1.1 Introduction

A crystalline material which is size-restricted in three dimensions such that the electron
wave functions are confined within its volume is called a quantum dot (QD). Due to this
confinement the electronic properties of quantum dots depend on their size in the nanometer
regime.*? This effect, now called 'size-quantisation’, was first observed in 1926 with CdS
colloids®, but was only properly recognized in the 1980's.*> Chemists and physicists have studied
nanostructures extensively in the past two decades in order to understand the size-quantisation
effects in semiconducting and metal quantum dots.

Due to their extremely small sizes and their interesting electronic properties, qguantum dots
are promising building blocks for the fabrication of electronic and optoelectronic solid state
devices. Integrated circuits (ICs) might be further miniaturised by using nanocrystallites. The
[1-V1 nanocrystals have a bandgap which can be tuned in a broad range (up to 4 €V) by changing
either their size or chemical composition; this makes them suitable candidates for applications as
a Light Emitting Diode (LED)®’, a Single Electron Transistor (SET)®*°, chromophores in solar
cells™*®, or as a 'building block' for photonic crystals.’® Recently, a LED with an efficiency of
10 %, based on CdSe nanocrystals in a semiconducting polymer matrix, was fabricated.'”*® The
output colour could be tuned in the entire visible range. A critical parameter for the performance
of a SET, the principle of which is based on the Coulomb blockade effect, is the capacitance of
the quantum dot, which is determined by its size. Quantum dots can be applied as stable
fluorescent indicators in biological research; core-shell quantum structures of CdSe/ZnS have a
very high luminescence quantum yield (up t0100%). Since they can easily be attached to DNA™
or proteins by a sulphide bond they can act as aluminescing label to monitor biological reactions.
Semiconductor colloids can aso be employed in photocatalysis, TiO, colloids irradiated with
UV-light can photo-oxidize organic contaminants.?

Methods for the preparation of large quantities of well-defined nanoparticles have been
developed in order to study the size-quantisation effect. A technique to grow low-dimensional
structures, Molecular Beam Epitaxy (MBE), was developed at the end of the 1960's.%% Arrays of
quantum dots on substrates can be prepared by MBE or lithographic dry-etching.?*2°
Alternatively, quantum dots can be formed in the gas phase by laser vaporisation® or as colloids
in suspension.?”?® Chemists have succeeded in greatly improving the monodispersity in size and
shape of colloidal semiconductor quantum dots in the past decade.? High-quality suspensions can
now be synthesised and the size distribution can be further narrowed by size-selective
precipitation or photoetching.3*
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Optical absorption and photoluminescence were first used to study the electronic structure
of nanometer-sized semiconductor colloids. However, these techniques only provide information
about the collective properties of large numbers of QDs and, due to a distribution in particle size,
the luminescence signal's are inhomogeneously broadened. With Scanning Probe Techniques such
as Scanning Tunneling Spectroscopy (STM) and Scanning Near-field Optical Microscopy
(SNOM), electrical and optical measurements on individual particles can be performed, avoiding
problems arising from polydispersity.

In the work described in this thesis the optoelectronic properties of semiconductor
guantum dots, and charge transfer between such structures and a conducting substrate were
studied in a novel way. For this purpose, metal substrates were provided with a (sub)monolayer
of guantum dots; the optoel ectrical properties of the systems were investigated with time-resolved
photoel ectrochemistry. The electronic structure of individual nanocrystals was investigated by
Scanning Tunneling Spectroscopy at room temperature and at 4 K. This chapter presents an
introduction to the size-quantisation effect in semiconductors and electron transfer between a
metal and a semiconductor quantum dot. In the latter sections the principles of the measuring
techniques are explained and an outline of thisthesisis given.

1.2 Size-quantisation in Semiconducting Nanocrystals

1.2.1 Energy Bandsin Bulk Semiconductor Crystals

To discuss the origin of energy bands in bulk semiconductors and electron tunneling
between two systems, a single electron in a crystal is considered.®®* The time-independent
Schrodinger equation for an electron can be written as,

—%DZ W(X, y, z)+U(X, Y, z) LP(X,y, Z) =E lP(x,y, Z) (1.1

2 2 2
where m, is the mass of the free electron, E is the kinetic energy, and 0= % % %% In

2

the free-electron approach, the potential energy of the electron due to the crystal lattice of core
ions U(X,y,2) is neglected, and is taken as a constant (e.g. U(X,y,2) =0). In that case the solution of
equation (1.1) for W(x,y,z) can be denoted as,
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w,(r)=-L gk (12

1
Y
where T is the position vector (x,y,z), and k is the wave-vector (kx,ky,kz); the plane periodic

wave, ¢ k[ﬁ’ has a constant amplitude in any plane perpendicular to k, and is periodic aong

lines parallel to k, with a wavelength A, = ZT’T The prefactor % is due to the normalisation
N

condition, which requires that the particle must be present in the sample volume V. The linear

—

momentum of the electronsis p =7k and the kinetic energy is given by,

(k) = ’;2:: (13)

The occupation of the electron levelsis in accordance with the Pauli exclusion principle. At 0 K,
al energy levels below the Fermi-energy (Er) are occupied by two electrons of opposite spin. The
occupation of electron energy levels under thermal equilibrium at T > 0 K can be derived from
statistical thermodynamics. The probability that an energy level, E, is occupied by an electron is
given by the Fermi-Dirac function,

1
HB) = [, gemr

(1.4

in which L is the electrochemical potential (Fermi-level) and kg the Boltzmann constant. The free
electron model can be refined by taking the scattering of the electron waves by the periodic lattice
potential energy U(X,y,2) into account. The distance between the centres of the core ionsin the x-
direction is denoted as d,. The electrons with low energy have wavelengths much longer than d,;
however, at higher energy there are free electrons with wavelengths obeying the condition for
Bragg reflection,

/\e & =
20 ; (9=%1, £2, ..) (1.5)

Due to Bragg scattering on the periodic lattice potential, propagation of these electrons will be
prohibited in the x-direction and standing waves are formed. Two standing waves can be
constructed by alinear combination of the waves travelling in the positive and negative

10
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Figure 1.1 The formation of energy bands in a macroscopic semiconductor due to Bragg reflection of
the electrons on the periodic lattice of the crystal.

x—directions. The electron density corresponding to the first standing wave is centered at the core
ions, that of the second wave between the core ions. The two standing waves correspond to
considerably different energies. The energy difference can be estimated by a perturbation method;
it is equal to the periodic lattice potential in the x-direction. The scattering of the free electrons by

the periodic lattice leads to discontinuities in the E(k) relationship for k values at around k = qg :
These discontinuities lead to the formation of energy bands, separated by energy gaps, as
presented in Figure 1.1. This derivation for the x-direction can be used in asimilar way for they

and z-directions. The E(K) relationship for free electrons is a good approximation for most of the
electrons in aband, except for those near the edge of the Brillouin zones.

1.2.2 Quantum Size Effects
A (Wannier) exciton can be defined as the bound state of an electron-hole pair, which is

due to a Coulomb interaction between the charge carriers.! The distance between the electron and
the hole is the Bohr radius of the exciton, ag, and isgiven by,

_4mg e n? 01

10
me o md (19)

in which m and m are the effective electron and hole masses, respectively, and ¢, is the high-

frequency relative dielectric constant of the medium. The resulting Bohr radius is much larger
than that of a hydrogen atom, since the effective masses are considerably smaller than the mass of

11
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the electron at rest, m,, and &, is considerably larger than 1. Values for ag for the common
semiconductors are in the range 10-100 A.

Nanocrystals have crystalline order and dimensions corresponding to some tens of a lattice
constant in each direction. Electron scattering with the lattice leads to band formation, as for
macroscopic crystals. However, the free electron wavelength and the Bohr radius can be
comparable to or even larger than the crystal dimensions. This means that the nanocrystal acts as
a quantum box for quasiparticles. The symmetry of the box is important for the solution of the
Schrodinger equation. In the literature, a spherical symmetry is often used. For simplicity, we
consider a rectangular box of dimensions L,, L,, and L, surrounded by infinitely high energy
walls. Stable solutions of the Schrédinger equation are standing waves. For instance in the x-
direction, the free-electron and free-hole standing waves must fulfill,

L =n, x% (n=t1, 2, ..) (17)
_ Ay _
L, =n, x? (n=%£1, £2, ...) (1.8)

From equations (1.5), (1.7) and (1.8) it follows that size quantisation in the x-direction gives
discrete k, values for the electrons and holes. The total number of discrete states depends on the
well width and depth. In the case of walls with a finite height, the wave function does not vanish
at the edge of the well, but decays exponentionally in the classically forbidden region. Therefore,
the probability of finding a particle inside the well is always less than unity and decreases with
increasing E,. As aresult of the reduced number of states and the confinement of the electron
wave functions, a part of the E(k) curveisreplaced by discrete points as shown in Figure 1.2. We
return to this model in chapter 6.

Brus has modelled electron confinement in a spherical box by using the effective mass
approximation®** When R<< ag the confined electron and hole have no bound state as in the
definition of an exciton given above and the Coulomb interaction may be ignored to a first
approximation. The mathematical treatment is similar to that for an electron in the spherical
potential well of a nucleus.®* The state of the system is characterized by three quantum numbers,
namely the principal number n, the orbital number |, and the magnetic number m. The states
corresponding to different | values are denoted as s-, p-, d-, and f- states. Each state with agiven |
value has a (21+1) degeneracy, corresponding to m= 0, =1, +|. For a spherically symmetrical
potential box with an infinite barrier, the resulting energy of the exciton can be written as follows,

12
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Figure 1.2 Due to the size-confinement of the semiconductor nanocrystal only the electron wave
functions obeying R=nA/2 can form standing waves; this and the reduced number of states lead to the
formation of discrete energy levelsinstead of energy bands.

h2 2 Dl
En|:Eg+ an -

19
2m R’ (1.9

=
mnlm

in which E; is the bandgap of the macrocrystalline semiconductor, defined as the energy needed
to excite an electron from the top of the valance band to the bottom of the conduction band. x,, is
the n™ root of the spherical Bessel function and | the order of the function; for 1=0 (so-called s-
states) x,,=7m

Weakly quantised quantum dots (with R~ag) contain a large number of atoms and unit
cells; therefore Bragg reflection at the periodic lattice will lead to the formation of continuous
energy bands. Only the levels at the top of the valence band and at the bottom of the conduction
band, which correspond to the most delocalised electron wave function, will be discrete (see
Figure 1.3 (b). Highly quantised semiconductor quantum dots are sometimes called artificial
atoms because they exhibit a discrete optical spectrum determined by their size (see Figure 1.3
(©)).

The electron and hole, confined in a space with dimensions smaller than the Bohr radius of
the exciton, cannot however be considered as independent particles; the Hamiltonian must be
expanded by two-particle kinetic terms and the Coulomb and confinement potential. Thisleadsin
the Brus model to an expression for the energy of the ground state of the electron-hole pair
(1s.1s, or first excited state),

2

_ mhr? 01 10 e
Edsls) =5 +2m0 R? % E A4rr£0£ R (1.10)

13
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in which the second term describes confinement and the third the Coulomb electron-hole
interaction. The coefficient A correspondsto 1.786 for the 1s.1s, state and has values between 1.6
and 1.9 for other states.** Equation (1.10) implies that the gap between the filled valence band
levels and the empty conduction band levels increases when the radius of the particle decreases.
Due to the electron-hole Coulomb interaction, the measured optical bandgap has a slightly lower
energy than the "actual’ electronic band gap.

(@) (b) (©)

1d,
1pe
1 1s,

CB

Energy

—lsh
1pp
1d,

R >>ag R ~ag R << ag

Figure 1.3 The effect of size on the electronic structure of a semiconductor crystal for three different
size-ranges. (a) a macrocrystalline semiconductor (R>>ag) with continuous energy bands; the filled
valence band (VB) and empty conduction band (CB) and the bandgap energy (E,) are shown. (b)
semiconductor nanocrystal with a weak size-quantization (R~ag). (c) highly quantised dot (R<<ag)
with discrete atomic-like energy levels and optical transitions.
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Figure 1.4 Absorption (solid lines) and emission (dotted lines) spectra of colloidal CdSe quantum
dots, showing that the absorption edge shifts towards higher energies with respect to bulk CdSe (1.84
€V) and that discrete energy bands become more pronounced as the particle size decreases.
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The increase of the bandgap and the transition from continuous energy bands to discrete energy
levels upon a decrease of particle size has been observed by optical absorption spectroscopy in
many colloidal semiconductor systems.®**” The absorption and emission spectra of colloidal
CdSe guantum dots of different sizes studied in this work (see Figure 1.4) demonstrate these
effects. Upon a decrease of the particle radius, the onset of the absorption and the emission
maximum shift towards higher energies. A clear structure in the absorption spectra is observed
for the smallest particles, corresponding to discrete optical transitions.

1.2.3 Surface States

Although the presence of surface states is by no means a size-quantisation effect, surface
states become increasingly important as the size of a structure reduces; the ratio of the number of
surface to bulk atoms, which increases with decreasing particle radius, is very large for quantum
dots. Surface atoms give rise to electron levels of energy different from those of the bulk levels;
these levels can play an important role in light absorption and emission.® The importance of
surface states in the photoexcited decay dynamics has become clear from time-resolved
luminescence spectroscopy on colloidal suspensions of quantised PbS, CdS, CdSe, ZnO, and
InP.32 Besides direct conduction-to-valence band recombination, a broad band at lower energy
is often observed in emission spectra;® this sub-bandgap emission can correspond to a transition
either from the conduction band to a bandgap state, or from a bandgap state to the valence band.
Alternatively, surface states can provide pathways for non-radiative recombination and therefore
decrease the luminescence quantum yield. Charge carriers can aso be trapped in deep bandgap
states, forming along-lived excited state of lower energy.®

1.3 Electron Tunneling

1.3.1 Basic Principles of Electron Tunneling

Metals and semiconductors generally have a high potential energy barrier at their surface,
which confines the electrons within the solid.** At room temperature thermally activated escape
of the electrons over the surface barrier is very improbable. However, quantum mechanical
tunneling can occur when the interfacial barrier is very thin. This is the main mechanism of
electron transfer through an insulating barrier between two solids in intimate contact.

15
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The free electron model discussed in section 1.2 allows a more quantitative discussion of
the probability of finding an electron in a limited region just outside a crystal. The potential
energy in the crystal is set to zero, and that of an electron at rest outside the crystal to E,,.. The
Fermi-energy of the electrons in the crystal is considerably below E,.; The work function,
E..c— 1S generally of the order of afew €V. The Schrodinger equation for a single free electron
in the region outside the crystal for the x-direction is given by,

e 20 B Y002 E (909 a1

The energy of the electron at rest in vacuum is larger than the total energy E(x) of the impinging
electron. A solution of equation (1.11) is,

Wop(X) = e (L12)
N

where X is the distance from the surface and k. the decay parameter in the x-direction

K

e EQme(E”“; EC0)Z (1.13)
0 h O

The wave function of an electron impinging on a surface wall decays exponentially outside the
metal. The decay length 1/k,,. depends on the effective barrier height E,..-E(X). Tunneling of an
electron between two solid phases can occur if these phases are separated by a distance of the
order of 1/k,,.. The probability of tunneling is relatively small when x>1/k,,. (strong attenuation),
and isthen given by,

T =Te 2= (1.14)

The distance dependence of the tunneling probability is determined by the exponential term, since
the prefactor depends only weakly on the effective barrier height. Electrons close to the Fermi-
energy which fulfill the condition ki >>k’ +kZ have the highest tunnel probability for a barrier
width, d. The rate constant for electron tunneling, i.e. the number of tunneling events per electron
level per second, can be defined as,

16
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k =k, e (1.15)

in which k; is the maximum number per second for d- 0, and B is equal to 2k,,.. A typical value
of B for an effective barrier height of 1 eV is 1.0 A1, A change of 1 A in the barrier width
typically leads to a change of the tunneling rate by a factor 2.71. This extreme sensitivity of the
tunneling rate to the barrier width forms the basis for the Scanning Tunneling Microscope (STM),
developed in 1982.%° Already in 1922 field emission from metals was observed* and since 1937
the Field-Emission Microscope (FEM) has been used to study electron tunneling and the surface
structure of metals*” Since 1960 electron tunneling was studied with planar
metal/insulator(vacuum)/metal junctions.*®4°

1.3.2 Electron Tunneling between a Quantum Dot and a M etal

Colloidal semiconductor quantum dots can be adsorbed on a metal electrode by Van der
Waals interactions of the capping molecules, which stabilize the dots in the suspension, with the
metal surface. Alternatively, covalent anchoring of the dots to the metal is possible with a
difunctionalised Self-Assembled Monolayer (SAM).>***® |n addition, QDs can be grown
electrochemically on a conductive substrate; the particle size can be controlled by the charge used
to electrodeposit the dots.>*®

A metal coated with a (sub)monolayer of nanocrystals can be used as working electrode in a
conventional electrochemical cell. With such electrodes we have performed time-resolved
photoel ectrochemistry. The metal electrode, coated with a monolayer of dots, can be considered
as a 2D array of mutually independent Double-Barrier Tunnel Junctions (DBTJ). The junctions
are formed between the metal substrate and the dot and between the dot and the electrolyte. Using
a modulated light intensity it is possible to measure the rate of photoinduced tunneling between
the dots and the metal or the electrolyte solution.

With Scanning Probe techniques it is possible to perform electrical measurements on
individual quantum dots. When the STM tip is positioned above a dot a DBTJ is formed
consisting of the metal/dot and dot/tip junctions.®*®” A schematic illustration of the Double-
Barrier Tunnel Junction is shown in Figure 1.5 (a) for an electrical and (b) for an electrochemical
configuration, and in (c) the electrical circuit of the DBTJ for both configurations is shown. The
electronic properties of individual semiconductor (and metal) particles have been investigated in
this way with Tunneling Spectroscopy (TS).

17
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(a) (b) (c)
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Figure 1.5 Schematic representation of a quantum dot on a Self-Assembled Monolayer on a metal
substrate in (a) an electrical setup, with the STM tip as second electrode, and (b) in an
electrochemical configuration, in which the electrolyte establishes the contact with the counter
electrode. In (c) the electrical equivalent circuit of the Double-Barrier Tunnel Junction is shown for
the two configurations.

1.3.3 Photod ectr ochemical M easurements

The processes involved in photoinduced electron tunneling between a quantum dot and a
metal electrode, forming the basis of the photoelectrochemical and electrical measuring
techniques, are presented in this and the following section.

Figure 1.6 shows a quantum dot on a metal electrode. An electron has been excited from a
valence band level (HOMO) to a conduction band level (LUMO) of the quantum dot upon
absorption of a photon (hv>E). Direct band-band recombination is usually very fast (~ps) and
returns the system to the ground state. However, trapping of the hole or the electron in a bandgap
state may compete with the fast relaxation to the ground state. As a result, an excited state of
lower energy is formed. It will become clear in this work that such a photoexcited state can
possess a long lifetime, so that photoinduced tunneling between the dot and the metal can occur.
Resonant tunneling of the photoexcited electron to the metal is only possible when the substrate
Fermi level (Erg,) is below the electron level (E,), and an electron can only tunnel from the metal
to the unoccupied level in the dot when the metal Fermi level is above this level (E;). Thus,
relaxation of the excited state to the ground state via photoinduced tunneling to and from the
metal can only occur when E,<Egg,<E.. Decay of the photoexcited state via the metal can be
observed by time-resolved measurement of the current in the external electrical circuit. When
Ersb IS scanned and the photoinduced tunneling currents are measured in the external circuit, the
electronic levels of the long-lived excited state can be resolved. The rate constants of these
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Figure 1.6 A photoexcited quantum dot adsorbed on a metal electrode, forming a DBTJ. After a
photon is absorbed, one of the charge carriersis trapped in a localised state. (a) A hole scavenger is
added to the electrolyte; when r, is followed by r; a steady-state anodic photocurrent is observed. (b)
An electron scavenger is added; when r, is followed by r, a steady-state cathodic photocurrent is
measured.

tunneling processes may be determined by using time-resolved photoelectrochemistry. This
technique will be explained in section 1.4. In the presence of either a reducing agent (Figure
1.6(a)) or an oxidizing agent (Figure 1.6(b)), electron transfer may also occur between the dot and
the electrolyte. When r, is followed by r, a steady-state anodic photocurrent will be observed.
Otherwise, whenr, isfollowed by r,, a steady-state cathodic photocurrent results.

1.3.4 Electrical Measurementswith a Substrate/Dot/Tip Configuration

Figure 1.7 shows an energy level scheme for a highly quantised semiconductor quantum
dot (with discrete energy levels) in contact with a metal substrate. By positioning the STM tip
above the particle a DBTJ is formed. For simplicity, we assume that E¢ g, is fixed with respect to
the energy levels in the quantum dot. At small bias (AE << E;) the Fermi levels of the tip and the
substrate are located in the bandgap of the nanocrystal and resonant electron tunneling via energy
levels of the dot cannot occur. If a bias potential is applied such that Eg;>Eq ., resonant
tunneling of an electron from the tip to the dot and from the dot to the substrate can occur when
Er i, reaches the first discrete conduction band level of the quantum dot. When Eg,;, is raised
further and reaches the next level, tunneling through this level can also take place. At abias such
that Er,<Erq an electron can tunnel from the substrate to tip, viathe levels of the valence band.
In the current-bias plot a zero current range around AE=0 will be found, corresponding to the
bandgap of the quantum dot. Steps in the current-bias (I-V) plot or peaks in the conductance-bias
plot (dI/dV-V) will appear at bias values corresponding to resonant tunneling through discrete

19
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Substrate QD tip

Ftip
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Figure 1.7 A schematic representation of a DBTJ for a metal/dot/tip configuration. Resonant
tunneling via a discrete energy level in the quantum dot can occur when Ec;, reaches that level.

energy levels of the quantum dot. For an unambiguous assignment of the peaks in the di/dV vsV
curve, it is necessary to have an asymmetrical DBTJ, such that E¢ g, is locked to the energy levels
of the quantum dot. Furthermore, Tunneling Spectroscopy using an electrostatic gate electrode or
a magnetic field can be very helpful in elucidating the electronic structure of semiconducting
quantum dots.%

1.4 Intensity-M odulated Photocurrent Spectr oscopy

Intensity-Modulated Photocurrent Spectroscopy (IMPS) is a time-resolved optoel ectrical
method. In thiswork the technique is used in a photoel ectrochemical context to determine the rate
constants of electron tunneling processes between the semiconductor quantum dots and a metal or
redox system in the solution. IMPS has previously been used to study recombination processes,
majority carrier injection at the bulk semiconductor/electrolyte interface’™, and charge transport in
nanoporous semiconductor electrodes.”" In this section the principle of the technique will be
briefly described.

In IMPS, a small sinusoidal modulation, @&(w), is superimposed on a steady-state light
intensity, @, giving a photocurrent which also has a sinusoidal contribution (w is the modulation
frequency). The modulated photocurrent j(w) is measured using frequencies, w, lower than
(RC)™. The ratio j(w)/ed(w) is called the optoelectrical transfer function. Slow processes
contributing to the total photocurrent will lead to a phase shift, 8(w), between ®(w) and j(w). The
transfer function, determined by the amplitude ratio and the phase shift, can be plotted in the
complex plane (imaginary component vs real component) or in a Bode plot (imaginary or real
component vs frequency). In the experimental set-up used here, consisting of an illuminated
metal/QD working electrode, the frequencies at which the imaginary part of the function shows
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Figure 1.8 The principle of IMPS. (a) Modulated light intensity and photocurrent as a function of
time. The modulation depth is ~10% of the base light intensity. (b) Complex plane plot of the
recombination process of a photoexcited state in a semiconductor quantum dot adsorbed on a metal
electrode via the metal. w, and w; correspond to the rate constants of the anodic and cathodic
electron tunneling processes, respectively.

an extremum correspond to the rate constants of the photoinduced electron transfer between the
QD and the metal, or the redox species in the electrolyte. The experimental data and the
theoretical derivation of j(w)/e®(w) are the subject of chapters 2, 3, and 4. In Figure 1.8 the
optoelectrical transfer function, which might be expected for the decay of a photoexcited state in
the quantum dot via the metal, is shown in the complex plane with the frequency as a parameter.
In the high frequency limit electron transfer is slower than the light modulation, and both the real
and imaginary components are zero. When the frequency is decreased, the phase shift between
®(w) and j(w) decreases, and a signal is observed. The frequency at the minimum of this
semicircle, w,, corresponds to the rate constant for electron tunneling from the dot to the gold,
since the real component is anodic. When the frequency is further decreased a semicircle in the
positive-positive quadrant is observed. The frequency at the maximum of this semicircle, ws,
corresponds to electron tunneling from the gold to the unoccupied level in the dot. In the low
frequency limit the function is zero, meaning that both transfer from the QD to the metal and from
the metal to the QD can follow the light modul ation.

1.5 Outline of thisThesis

In this thesis a study of resonant electron tunneling between 11-V1 semiconductor quantum
dots and a metal substrate is described. Gold electrodes were provided with a monolayer of
guantum dots for the photoel ectrochemical measurements and for the STS. Chapters 2, 3 and 4
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deal with the study of photoinduced electron tunneling between nanocrystalline CdS, PbS and
CdSe particles, respectively, and the gold electrode. In the literature, a long-lived excited state
was reported for Q-CdS and Q-CdSe; the exact nature of these states could not be elucidated by
optical spectroscopy. The electronic structure of the long-lived excited state in CdS, PbS and
CdSe guantum dots was studied with photoelectrochemistry. The resulting picture of the long-
lived excited state, complements the data obtained with optical spectroscopy. In CdS and CdSe,
the long-lived excited state consists of a hole in a deep trap in the bandgap and an electron in the
LUMO, whereas in PbS the electron is deeply trapped and the hole isin the HOMO. These long-
lived excited states have a much lower energy than the primary (LUMO-HOMO) exciton.
Recombination of the excited state via the gold levels due to consecutive electron tunneling to
and from the gold was observed. Steady-state anodic and cathodic photocurrents, due to electron
injection from tartrate and el ectron scavenging by ferricyanide, were also seen.

With IMPS the rate constants of the electron transfer processes were obtained. We found
that electron tunneling from the dot to the gold was the fastest process in the CdS/Au and
CdSe/Au systems. In the PbS/Au system, electron tunneling from the gold to the unoccupied
level in the dot was the fastest process. By varying the temperature, the tunneling processes could
be distinguished from a possible electrochemical step; the rate constant of tunneling is, in
principle, independent of the temperature, in contrast to that of an electrochemical reaction. A
mathematical model was derived and fitted to the experimental results. Experiment and theory
were in good agreement. These results indicated that the non-trapped charge carrier has a higher
tunnel probability than the trapped charge carrier, which was not completely understood.

In chapter 4, results are described for colloidal CdSe particles, covalently bound to Self-
Assembled Monolayers of (non-rigid) dithiols and rigid disulfide spacer molecules. The aim of
this work was to study the distance dependence of electron tunneling in the Au/SAM/Q-CdSe
assembly. An advantage of such a system is that the photoinduced electron transfer is not
thermally activated. Generaly, thermally activated electron transfer (ET) forms a serious problem
in the interpretation of the distance-dependence of ET, because in most systems the molecular
and environmental properties, and hence the reaction free energy, and the activation energy also
change with the distance between the electron donor and acceptor. When alkane dithiols were
used as spacer molecules, the measured rate constants depended on the applied potential and did
not show a trend upon a chain length variation. Probably the SAM deformed on applying a
potential and the tunneling distance changes. Possibly due to the flexibility of the molecules, the
distance between the dots on the monolayer and the gold was not constant. With arigid disulfide
as a linker between the gold surface and the CdSe dots, the tunneling rate constants depended
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exponentially on the distance. A value of 0.5 A was found for 3, the decay parameter; this value
was rather small in comparison to values found in metal/vacuum/metal systems. Very likely, the
wave function in the CdSe quantum dot is coupled to the gold wave functions via a through-bond
interaction, in which the g-orbitals of the cyclohexylidenes and the rrorbitals of the double bonds
of the spacer molecules are involved. Photoelectron spectroscopy has shown that the lone pair
Tetype orbitals of the sulfide groups had a strong interaction in this type of molecule.

In the work described in chapter 5, resonant tunneling in a Au/QD/tip DBTJ was studied
using CdS and CdSe quantum dots. With nanocrystals bound to gold via a spacer molecule, the
potential was distributed over both junctions of the metal/dot/tip system. In this case, resonant
tunneling occured via the levels of the conduction band at positive and at negative bias; the
tunneling spectra were quite symmetrical. Quantum dots, electrodeposited epitaxially, were
strongly coupled to the gold. An asymmetrical DBTJ was formed when the tip is placed above the
dot. In this configuration the substrate Fermi-level was fixed with respect to the energy levelsin
the dot. When the bias was sufficiently positive or negative, the discrete energy levels of the
conduction and valence band were observed, respectively. The potential range of zero current was
independent of the dot/tip distance and corresponded to the bandgap of the quantum dot.

An STS study at cryogenic temperatures on the electronic structure of individual CdSe
guantum dots is presented in chapter 6. Colloidal CdSe nanoparticles were attached to a bare gold
surface. The symmetry of the DBTJ was varied by changing the tip/dot distance and, as a
consequence, not only the ratio of capacitances was changed but also the ratio of the rates of
electron tunneling to and from the dot. If tunneling from the dot to the substrate was much faster
than tunneling from the tip to the dot, the probability that an orbital of the dot was occupied by an
electron was very small, and electron-electron Coulomb charging effects were negligible. In this
case the conduction and valence band levels were probed, but the degeneracy of the levels was
not resolved. If the rates of electron tunneling to and from the dot were comparable, the
occupation probability of an orbital in the dot by an electron might be sufficiently high to observe
Coulomb charging. Due to the charging, degenerate energy levels could be resolved. The
measured electronic structure of CdSe quantum dots could be described on the basis of the model
for an electron in a cubic box.
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Excited State Dynamicsin CdS Quantum Dots
Adsorbed on a Metal Electrode

Abstract

The electronic structure and decay dynamics of along-lived excited state in CdS quantum
dots were investigated in a novel way by a time-resolved opto-electrical method. Q-CdS was
adsorbed as a monolayer on a gold electrode and used in a photoel ectrochemical cell, the Au/Q-
CdS/electrolyte structure forming a Double-Barrier Tunnel Junction. The rates of photoinduced
tunneling processes were measured by Intensity-Modulated Photocurrent Spectroscopy (IMPS).
These tunneling processes compete with intra-particle decay of along-lived excited state. In this
way the excited state dynamics could be studied. It was deduced that the long-lived excited state
consists of an electron in the LUMO and a hole trapped in alevel in the bandgap.
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Chapter 2

2.1 Introduction

CdS is one of the most extensively studied nanocrystalline semiconductors. Brus and
Henglein used CdS during the early 1980's for the investigation of size-quantisation effects.*?
Much effort has been devoted to the preparation and optical characterisation of suspensions of
CdS colloids.

The importance of surface states in the excited-state decay in these semiconductor colloids
is clear from luminescence spectroscopy.®’ Besides direct exciton recombination, a broad band at
lower energy is often observed in the luminescence spectra, which corresponds to the transition
from the LUMO to a bandgap state or from a bandgap state to the HOMO. From luminescence
spectroscopy alone, it is difficult to determine the precise nature of the electronic transition by
which sub-bandgap photons are emitted. For example, the luminescence spectrum of quantised-
CdS suspensions shows a peak at around 2.5 eV, corresponding to direct exciton recombination,
and a broad band at around 1.9 eV. The rates of direct exciton recombination and sub-bandgap
emission are 10° and 107 sec?, respectively.® Photobleaching experiments with supra-bandgap
light showed the existence of along-lived excited state with alife time of 50 ms.® This means that
the sub-bandgap emission does not lead to the ground state. However, the precise nature of the
electronic transition giving rise to the sub-bandgap emission and of the resulting low-energetic
excited state cannot be revealed by optical spectroscopy.

In this chapter, we present an opto-electrical method to study the excited state dynamicsin
guantum dots. The principle of our approach is shown in Figure 2.1. Quantum dots are adsorbed
as amonolayer on ametal electrode, which is used as working electrode in athree-electrode
electrochemical cell.***?

Figure 2.1 Basic model for electron tunneling between a CdS quantum dot and a gold electrode.
When rg>r,6,,r5 intra-particle recombination occurs. When r,>ry.. and r,>r; gold mediated
recombination can be observed in the external circuit. When r,>ry. and r3>r,, charge separation can
be measured in the external circuit.
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Excited State Dynamics in CdS Quantum Dots Adsorbed on a Metal Electrode

Upon illumination, a long-lived excited state will be formed, indicated in Figure 2.1. This state
may decay to the ground state by an electronic transition within the particle. However, the
adsorbed dot forms a metal/dot/el ectrolyte Double-Barrier Tunnel Junction which enables decay
of the excited state by electron tunneling events. If, for instance, the metal Fermi level (Ef) is
between the occupied and empty energy level of the long-lived state, decay of the excited state
may occur by tunneling of the electron to the metal and subsequent tunneling from the metal to
the empty level, or vice versa. This decay path is blocked if the metal Fermi-level is above the
occupied or below the empty level. Charge separation may occur by tunneling of the electron to
the metal and subsequent electron transfer from a reduced species (hole scavenger) in the
electrolyte to the empty level. Hence, by scanning E- and detecting the tunneling events in the
external circuit, we could study the electronic strucure of the excited state. Moreover, by
measurement of the delay between light absorption and photoinduced tunneling processes, the
excited state decay dynamics could be investigated .

The excited state dynamics in CdS quantum dots adsorbed on a gold electrode were
investigated with Intensity-Modulated Photocurrent Spectroscopy (IMPS). IMPS enabled us to
measure the rates of the photoinduced tunneling processes between Q-CdS and gold and between
Q-CdS and a reduced species in the electrolyte. By scanning the gold Fermi level, we determined
the electronic structure of along-lived excited state in Q-CdS.

2.2 Experimental Section

The chemicals used were of pro analysi quality purchased from Merck. All solutions were
prepared from doubly distilled water. The experiments were performed at room temperature,
unless otherwise stated.

Suspension. The aqueous Q-CdS suspension was prepared according to the method
described in Ref. 8. A 4 ml sample of a10* M Cd(ClO,), solution was added to 2 ml of a
5x10% M Na(PO,), solution and brought to 100 ml. A small excess (2 ml) of H,S gas was passed
through the solution, which was vigorously shaken, resulting in a clear yellow suspension. Argon
was bubbled through the suspension for 24 hours to remove the excess H,S and oxygen. It isvery
important to remove al H.,S from the suspension, since it adsorbs on gold and gives rise to a
photocurrent.

Photoel ectrochemistry. Photoel ectrochemical experiments were performed with an EG& G
PAR 273A potentiostat and a conventional three electrode cell with a saturated calomel electrode
(SCE) as areference and a platinum counter electrode. All potentials and energies are given with
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respect to SCE, which is 4.68 eV below the vacuum level. The working electrode was illuminated
with a450 W Oriel Xenon lamp through a quartz window and a 10 cm quartz water filter.

Gold samples and electrodes. Gold rotating disc electrodes (0.12 cm?) were mechanically
polished with diamond paste and electrochemically cleaned in a 4 M H,SO, solution. CdS
guantum dots were deposited on the electrodes by immersion in the suspension and polarizing the
electrodes at -0.8 V(SCE). Alternatively, self-assembled monolayers (SAM) of hexanedithiol and
nonanedithiol on gold were prepared by immersing the clean gold electrode in a 5 mM
dithiol/ethanol solution for 16 hours. The electrodes were subsequently rinsed with ethanol to
remove the excess dithiol from the surface. The CdS quantum dots were deposited by immersing
the SAM modified gold electrode in the suspension for another 16 hours and rinsing the electrode
thoroughly with water to remove the excess CdS particles. For the STM measurements the
samples were rinsed with ethanol and dried under adry N, flow.

Scanning Tunneling Microscopy. For the STM experiments, evaporated gold films on
borosilicate glass from Metallhandel Schrder were used. The gold was annealed by heating in a
hydrogen flame and guenching in argon. STM images were obtained under ambient conditions
with a Nanoscope Ill (Digital Instruments) scanning tunneling microscope with an
electrochemically etched Pt/Ir tip.

Intensity-Modulated Photocurrent Spectroscopy. IMPS experiments (see Figure 2.2) were
performed with an EG& G PAR 283 potentiostat and a Solartron 1255 Frequency Response

Potentiostat

. i(0 WE

j© |, R
ed(w)

CE RE
D (w)
PD == PEC

Light %
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Semi Beam

AOM  Mirror Expander

Figure 2.2 IMPS set-up, used for the determination of rates of tunneling of electrons between the
guantum dot and the gold electrode. The Frequency-Response-Analyser (FRA) controls the Acousto-
Optic Modulator (AOM) , which modulates a part (10%) of the light from the incoming laser beam. To
establish uniform illumination of the working electrode the beam was expanded. The modulated light
intensity, @(w), was determined by the reference photodiode (PD), and the modulated photocurrent,
j(w) by the potentiostat. The FRA gives the opto-electrical transfer function, j(w)/e®(w).
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Figure 2.3 STM images of CdS quantum dots deposited on flame-annealed flat Au(111) surfaces (bias

-1.5V, 0.5 nA) (a) CdS deposited on bare gold (b) CdS quantum dots deposited on a hexanedithiol
SAM on gold (inset) Single CdS quantum dot on gold.

Analyser (FRA). A Coherent Innova 90 Argon ion laser was used as light source (355 nm,
150 mW) and the light intensity was harmonically modulated by an Isomet 1211 acousto-optic
modulator, which was controlled by the FRA. The modulation depth was 10% of the base light
intensity. The light was detected by a photodiode, connected to the FRA. The FRA provided the
ratio of the modulated photocurrent to the modulated light intensity, i.e. the opto-electrical

transfer function j(w)/e®(w).

Electrical Impedance Spectroscopy. EIS measurements were performed with an
EG& G PAR 273A potentiostat in a three electrode electrochemical cell. The potential was
harmonically modulated with a Solartron 1255 FRA. The modulation amplitude was 10 mV
and the modulation frequency was between 6x10? and 6x10° rad/s. The reference electrode
was impedance matched to prevent phase shifts at high frequencies; a platinum wire was
placed in solution at the tip of the reference electrode, and was coupled parallel to the
reference electrode through a 10 nf capacitor.’®
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2.3 Results

231STM

In Figure 2.3 (a) an STM image of Q-CdS on a gold surfaceis presented. It is clear that the
surface is completely covered by CdS quantum dots. From coulometry and quantitative atomic
absorption spectroscopy it could be concluded that approximately one monolayer of CdS
guantum dots is present on the surface. The quantum dots are not ordered in the layer. The
particles are separated by the polyphosphate capping layer. The particle size could not be
determined from these measurements, but was obtained from optical absorption experiments,
XRD and TEM. The average particle diameter was 50 + 12 A. Figure 2.3 (b) shows an STM
image of CdS dots on a hexanedithiol SAM covered gold surface. The structure here seems more
ordered. Both CdS monolayers, with and without the hexanedithiol SAM, were very robust;
multiple scanning with the tip did not affect the appearance of the surface, in contrast to what
others have observed.'? In the inset of Figure 2.3, a single polyphosphate-capped CdS quantum
dot on gold is shown. Tunneling spectroscopy experiments on such individual dots indicated that
electronic coupling between the particle and the gold is weak; this aspect will be discussed in
chapter 5. Very likely this weak coupling is due to polyphosphate chains between the CdS dots
and the gold. The junction between the CdS dot and the gold is therefore a tunnel junction with a
relatively high resistance.

2.3.2 Photoelectr ochemistry

Figure 2.4(a) shows a current-potential plot of a Au/Q-CdS electrode (as in Figure 2.3(a))
in an agueous 1.0 M KCI solution. The electrode was illuminated with chopped white light from a
xenon lamp. Recombination transients set in at a potential of —-0.9 V and are observed up to
—0.6 V. At more positive potentials, photocurrent transients of a different shape are observed. In
contrast to previous reports, minima and maxima in the photocurrent are not found.*®* Figure
2.4(b) shows a current-potential plot of the same electrode in an aqueous solution at pH 14 with
tartrate as a hole scavenger. The anodic photocurrent setsin at —1.2 V and shows slow transients.
The shape of these transients is different from the case without a hole scavenger, and the steady-
state photocurrent is higher by afactor of 10. Photoanodic dissolution did not occur in the first 30
minutes. Tartrate and triethanolamine are well-known stabilizing agents for CdS.*>!* The
observation of photoinduced current transients and a steady-state photocurrent shows that

32



Excited State Dynamics in CdS Quantum Dots Adsorbed on a Metal Electrode

10+ Lightoy (a)
0 Eig&ht off b hhuh h
U

5ol Lig;i?rliight off (b) ﬂﬂﬂﬂm
/ o Wﬂ_ﬂ—ﬂﬂﬂﬂ

J (HA/cm?)
=
<

\ T U U™
/
-50 :
1.0 0.5 0.0
VIV(SCE)

Figure 2.4 (a) Current - potential plot of a Au/Q-CdS electrode, illuminated with chopped light, in an
aqueous 1.0 M KCI solution. Photocurrent transients are clearly visible in the potential range between
-0.9 V and -0.6 V. At more positive potentials the transients have a different shape. (b) Current —
potential plot of a Au/ Q-CdS electrode, illuminated with chopped light, in an aqueous 0.5 M tartrate
solution of pH 14. The photocurrent onset is at —1.2 V. Note that the photocurrent is much higher than

in (a). The scan rate was 5 mv/sec.

electron tunneling events compete with excited state decay in the particle. Electrochemical
experiments with CdS single-crystal electrodes have shown that the conduction band edge is
located at 1.0 €V in aqueous solutions of pH 7 and at somewhat higher energy in solution of
pH 14.> In asolution of pH 7 without hole scavenger current transients were observed when E
was below 0.9 eV; in a solution of pH 14, a photocurrent arises when E. was below 1.2 eV. It
follows that photocurrent transients occur when E¢ is below the LUMO of the quantum dot;
hence, the long-lived excited state consists of an electron in the LUMO and a trapped hole.

In solution without an electron donor, an anodic transient is found, indicating that electron
tunneling from the occupied level to the gold is followed by tunneling from the gold to an empty
level in the particle. Relaxation via the gold competes with intra-particle excited state decay. In
solution with an electron donor (pH 14), charge separation due to tunneling from the occupied
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level to gold and electron transfer from the donor to the empty level in the particle occurs when

E:- isbelow the occupied level.

2.3.3 Opto-electrical transfer function

In Figure 2.5(a) the opto-electrical transfer function, j(w)/e®(w) for a Au/Q-CdS electrode
in agueous 1.0 M KClI solution (at -0.9 V) is presented in a complex plane plot with the frequency
as parameter. In Figure 2.5(b) the modulus of the function, [j(w)/e®(w)[] is plotted versus the
modulation frequency. It can be seen that the modulus, which is nearly zero as w- 0, first

increases to a maximum and then decreases to zero with increasing frequency. j(w)/e®(w)

1.0

Imaginary [j(co)/eq(w)] / (10°%)

-1.0 —H

Modulus [j(w)/eq(w)| / (10%)

Figure 2.5 (a) Opto-electrical transfer function of a Q-CdS covered gold electrode in an agqueous
1.0 M KCI solution at 297 K plotted in the complex plane (potential —0.9 V). The photon flux was
10"/cn?S and the modulation frequency was between 60 rad/s and 60x10° rad/s. (b) The modulus
plotted as a function of the frequency for the results from Figure 2.5(a) (markers) and the model (solid
line). (c) Opto-electrical transfer function of a Q-CdS covered gold electrode in an aqueous 0.5 M
tartrate solution of pH 14 at 297 K plotted in the complex plane (0.7 V). The photon flux was
10"/cn?S and the modulation frequency was between 0.6 rad/s and 6x10° rad/s. (d) The modulus
plotted as a function of the frequency for the results from Figure 2.5(c)(markers) and the model (solid

line).
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corresponds to an anodic current at the working electrode, which means that electron tunneling
from the dot to the gold electrode is followed by tunneling from the gold to the hole in the dot. In
the complex plane, two semicircles are observed. The characteristic frequencies at the extrema of
the imaginary part of j(w)/e®(w), w, and w,, are 5.8x10° rad/s and 2.7x10* rad/s, respectively.
The flattening of the semicircle indicates a distribution in the rate constants for electron
tunneling. The characteristic frequencies are reproducible for a given electrode, but variations of
a factor of 2 can be observed with different samples. The modulus is zero when E; is above
1.1 eV. The shape of the spectrum and the characteristic frequencies do not depend on the photon
flux in the range 10* < @& < 10" photons/sldm?, indicating that two-photon processes are not
important. Thermally activated processes or thermal release of charge carriers are not involved
since the transfer function is also independent of temperature in the range of 274 K to 334 K. The
absolute quantum yield was 0.01 % of the total incident light flux, not corrected for reflection. At
0.4 V the absolute quantum yield was 0.1 %. The results obtained with a Au/SAM/Q-CdS
electrode in the same electrolyte are similar (Figure 2.6(a)), but the characteristic frequencies are
somewhat different. These results for KCI solution can be interpreted by the simplified model
presented in Figure 2.1 At high frequencies the modulus tends to zero and with decreasing
frequencies the anodic signal increases. This means that only the fastest current generating
process can follow the modulation of the light intensity; this is the tunneling of an electron from
the occupied level of the CdS dot into the empty levels of the gold (r;>r4.). At lower frequencies
[j(w)/ed®(w) [] decreases with decreasing «w, indicating that the tunneling of an electron from the
gold into the empty level of the CdS particle (r,>r3) is also measured. The excited state in the
CdS quantum dots decays via two consecutive tunneling processes and energy relaxation in the
gold. When the gold Fermi-level israised above 1.1 eV, i.e. above the occupied level of the CdS
guantum dot, this gold-mediated recombination mechanism is blocked.

Figure 2.5(c) shows a complex plane plot of the opto-electrical transfer function of a
Au/Q-CdS electrode in an agueous solution of pH 14 with 0.5 M tartrate (at -0.7 V). The modulus
is shown in Figure 2.5(d) as a function of the modulation frequency. The low frequency limitisa
non-zero point on the real axis. A small semicircle with a characteristic frequency, w., of 6 rad/s
is found, followed by a second semicircle with a characteristic frequency, w,’, of 7x10° rad/s. The
radius of the low frequency semicircle and w, depend on temperature, whereas the radius of the
high frequency semicircle and w,” are independent of temperature. The temperature dependence
indicates that . corresponds to the rate of an electrochemical process, i.e. electron donation from
the reduced species. The light intensity also affects the shape of the spectrum. At very low light
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Figure 2.6. (a) Opto-electrical transfer function of a Au/SAM/Q-CdS electrode in an aqueous 1.0 M
KCI solution at 297 K plotted in the complex plane (potential 0.8 V). The photon flux was 10" /cn? S
and the modulation frequency was between 60 rad/s and 60x10° rad/s. (b) The modulus plotted as a

function of the frequency for the results from Figure 2.6(a) (markers) and the model (solid line). (c)
Opto-electrical transfer function for a Au/SAM/Q-CdS electrode in an aqueous 0.5 M tartrate solution
of pH 14 at 297 K plotted in the complex plane (=0.7 V). The photon flux was 10" /cn?[S and the
modul ation frequency was between 0.6 rad/s and 60x10° rad/s. (d) The modulus plotted as a function
of the frequency for the results from Figure 2.6(c)(markers) and the model (solid line).

intensities recombination instead of electron-hole separation was observed. The opto-electrical
transfer function for a Au/SAM/Q-CdS electrode exhibits two semicircles (Figure 2.6(c));
however, these are less well resolved than for the Au/Q-CdS electrode. The absolute quantum
yield has increased upon adding a stabilizing agent to the electrolyte. At high frequencies the
modulus of the opto-electrical transfer function (Figures 2.5(d) and 2.6(d)) is zero and with
decreasing freguencies the anodic signal increases. The semicircle at the higher frequencies is
temperature independent and therefore corresponds to tunneling of an electron from the occupied
level of the particle into the empty levels of the gold (r,>r4). The process at lower frequenciesis
a thermally activated electrochemical process and represents electron injection from the tartrate
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into the empty level of the CdS particle; thisimplies that electron tunneling from the gold into the
particle is slower than electron transfer from the reduced species (r;>r,). These processes are
presented in Figure 2.1.

2.3.4 Electrical Impedance Spectr oscopy

Electrical impedance experiments were performed to determine the capacitance of the
AU/SAM/Q-CdS/electrolyte junction and the RC-time constant of the system. Table 2.1 shows
results for different systems, measured in a potential range between -1.0 V and +0.5V in 1.0 M
KCI (pH 7). The measured capacitance was independent of the potential. The capacitance of a
bare gold electrode was 42.2 pF/cn?, in reasonable agreement with what others found for
mechanically polished, clean gold electrodes.’® The capacitance of a hexanedithiol- and
nonanedithiol modified gold electrode was 18.6 and 13.8 uF/cm?, respectively. A chain length
dependence was also observed for thiol-modified gold electrodes.'” CdS quantum dots deposited
on the SAM or on the bare gold electrode raised the capacitance of the system. The capacitance
of a dithiol-modified gold electrode with a monolayer of CdS quantum dots, which is
subsequently placed in a5 mM dithiol/ethanol solution for 20 hours, was 6.4 and 7.7 p/Fcm?; this
is lower than the capacitance of the electrode before the second immersion in the dithiol solution.
The polyphosphate capping may be replaced by dithiol molecules and/or defects in the SAM may
be repaired when the electrode is re-immersed in the dithiol solution.'®® The resistance of the
electrolyte was 1.3 Q, and the resulting RC-time constant for these systems was 1.1x10° rad/s.

System Capacitance (W/Fcm?) RyCya (10° rad/s)
Au 422+ 6.8 18.9
Au/CdS 55.2+12.0 144
Au/Hex 18.6+4.0 42.9
Au/Hex/CdS 215+24 37.2
Au/Hex/CdS/Hex 6.4+0.8 125
Au/Non 158+ 3.2 50.5
Au/Non/CdS 34.7+22 23
Au/Non/CdS/Non 7.7x0.7 104

Table 2.1 Capacitances and RC-time constant of different systems, measured in the potential range
from-1.0Vt0o0.5Vin 1.0 M KCl (pH 7).
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2.4 Discussion

The quantised CdS particles studied in this work, are adsorbed as a monolayer on gold and
are assumed not to interact with each other.?? The Au/Q-CdS/electrolyte system forms a Double-
Barrier Tunnel Junction (see Figure 2.7). The capacitance of the interface between the gold and
the particle, C,, is very likely determined by the gold/electrolyte and the dot/electrolyte double-
layer capacitances. The polyphosphate chains may also influence this capacitance. The
capacitance of the interface between the particle and the electrolyte, C,, is determined by the
dot/electrolyte double-layer capacitance, but may also be influenced by the polyphosphate
capping. j; and j, represent the photoinduced tunnel currents through the particle-gold junction
and the particle-electrolyte junction, respectively. If a particle in the ground state (Qg) is
illuminated (hv > AE,, = 2.5 eV) an electron is excited from the HOMO (H) into the LUMO (L)
giving an excited state (Q.,), which can relax radiatively to the ground state within a nanosecond.

kH,L xP

Q +hv D@En Q, 2.1)

Time-resolved absorption spectroscopy on CdS suspensions has shown a photobleaching
effect with alife time of 50 ms.® The relatively long lifetime of this excited state in CdS can only
be explained by the trapping of an electron or a hole in a localised state.?*?* The long-lived
excited state could consist of an electron in the LUMO and a trapped hole, or a trapped electron
and a hole in the HOMO. Since we found that photo-electrical activity sets in when Eg < E, yvo,
we must conclude that the long-lived excited state consists of an electron in the LUMO and a
trapped hole. Hence, an electron transition between a trap and the empty HOMO competes with
direct exciton recombination

Q,0Mm QF hv (2.2)

If the long-lived state Q,, arises from a sub-bandgap transition with emission of a 1.9 eV

photon, it must be concluded that the hole trapping level is deep, i.e. far above the HOMO. An
excited state with a deeply trapped hole and an electron in the LUMO has aso been observed
with CdSe quantum dots.** Hence, we assume that the photoel ectrochemical activity is due to a
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long-lived excited state with an electron in L and a hole trapped in a bandgap state (see Figure
2.7). Thelong-lived excited state may decay to the ground state by a LUMO-trap transition

Qe,hT O lH’ QO (23)

The electron in the LUMO can tunnel into the gold leaving a positively charged particle,

Q, (reaction (2.4)). An electron from the gold may tunnel into the empty level (trapped hole) of
Q, (reaction (2.5)).

Q. O Q¥ e, (2.4)
Q +e, 0 Q (2.5)

where k., and ky,r are tunnel rates per Q,, and Q. , respectively. These rates depend strongly

on the position of the Fermi level in the gold E¢ 5, with respect to the energy of the photoexcited
electron and the trapped hole. Reaction 2.4 can take place when E, o > Er A, and reaction (2.5)
when E¢ ,, > E, . It follows that recombination via the gold can only be observed when E yyo >
Eras 2 E, . To account for along-lived excited state a repulsive electrostatic force is expected
between the trapped hole in the surface state and the electron in the LUMO. When S* is assumed
to be the surface state, trapping of a hole gives S~ which is negatively charged and will repel the
electron in the LUMO. The trapped hole can be scavenged by tartrate, a reducing agent (reaction

(2.6)).
Q. +Red O Q OX' (2.6)

The processes succeeding the formation of the long-lived excited state and the model
electrical circuit are schematically represented in Figure 2.7. Four relaxation processes can be
distinguished; direct HOMO-LUMO recombination (2.1), recombination via the surface state
((2.2) followed by (2.3)) recombination via the gold ((2.4) followed by (2.5)) and charge
separation ((2.4) followed by (2.6)). The system can be described by first order differential
equations involving the concentrations of the different states of the quantum dot and the tunneling
rates, defined in (2.1)-(2.6).
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Figure 2.7 (a) Schematic representation of the Double-Barrier Tunnel Junction. The tunneling
processes after formation of the long-lived excited state are indicated. (b) A scheme of the model

electrical circuit. The Q-CdS covered gold is the illuminated working el ectrode.

dlQ.] _
el L (ON ~ (ke ke )[Quil (2.7)
d
% =k u[Qsp] _(kL'T +kL,AU)[Qe,hT] 28)
(2.9)

dro’
[:ihT] = kL,Au[Qe,hT] _(kAu'T +kRT)[Q;T]

The total concentration of particles is equal to the sum of the concentrations of particles in the

different states

[QI=[Q] +[Q.n] +[Q.p, ] Q] (2.10)

A general formulafor a photogenerated tunnel current over two capacitances C, and C, in series
(Figure 2.7(b)) is, according to Kirchoff’s laws,

y
Jon (2.11)

yj1+(1_ V)jz = jph + QGIE
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in which 1, isthe RC-time constant of the photoel ectrochemical cell and

(2.12)

jon 1S the photocurrent measured in the external circuit. j; and j, are the currents for electron
tunneling over C, and C, respectively

j1 = ekL,Au[Qe,hT] - ekAu,T[qT] (2-13)
J; =ekyr [Q ] (2.14)

From these general equations, expressions can be derived for the steady-state photocurrent and
the opto-€electrical transfer function.

2.4.1 Steady-state photocur rent

Under steady-state conditions, the photocurrent density is equal to the photoinduced tunnel
current through the gold-particle junction and the particle-electrolyte junction

Jon = Z i = Z I (2.15)

N N

where N is the surface concentration of particles. The decay times of the excited state to the
ground state (2.1) and to the long-lived excited state (2.2) have been determined with time-
resolved optical spectroscopy. Using kry = 10 st k=20 s and k_; = 10° s* from Ref. 8 and 9
and equations (2.7)-(2.10) the steady-state concentration of Q; is readily obtained

NK, | P Ky KA
kew + kT,H)(kL,T + kLyAU)(kA”vT * kR'T)

Q1= ( (2.16)

It follows from (2.14)-(2.16) that the steady-state quantum yield is then given by
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H,L )
eq) H‘(L,H + kT,H %(L,T + kL,Au Au, T + kR,T

E (2.17)

The steady-state photocurrent quantum yield is independent of the photon flux. The first
bracketed term of this equation is determined by intra-particle processes, direct recombination
and the formation of the long-lived excited state. From the time resolved spectroscopic results it
follows that the value of this part is 0.01. The second term describes the competition between
tunneling from the LUMO to the gold and decay from the LUMO to the trap. Since a
photocurrent was observed ki, should exceed k_+ and this part of the equation is closeto 1. This
point will be discussed in more detail further on. The third term describes the competition
between tunneling from the gold to the trap and tunneling from the electrolyte to the trap.
Without a hole scavenger, recombination transients are observed when 0.9 eV > E¢ 5, 2 0.6 eV,
indicating that under these conditions ky,+>> kgt and this part of the equation <<1. However, the
presence of a hole scavenger results in an anodic steady-state photocurrent, indicating that for this
case kg1> Kp, 1 this part then approximates to 1. According to this equation, the steady-state
photocurrent quantum yield will increase upon adding a hole scavenger to the electrolyte, as has
been observed in the photoel ectrochemical experiments.

2.4.2 Opto-electrical transfer function

A harmonically modulated intensity is superimposed upon a background light intensity,
®,, such that the total incident light intensity is defined by

D(w)= P, + d_e“ (2.18)

When the tunneling rates are independent of the incident light intentsity, the time-dependent
concentrations can be derived from rate equations for the different states of the quantum dot. The
resulting modulated photocurrent is, according to Kirchoff’ s laws, given by

yz () +2-Y z (@

i(w) = —X N 2.19
j(w) 1+ ior, (2.19)
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From equation (2.19) and the rate equations for the concentrations of the excited states, the opto-
electrical transfer function is found to be

i@ O koky 0 (ioytke )k M 1
ed(w) EkH,LcD + kL,H + kT,H HE(iw'l' kAu,T + kR,T)(i w+ kL,T + kL,Au)H;ﬂ-"' lT

% (2.20)

At the low frequency limit equation (2.20) corresponds to the expression for the steady-state
photocurrent quantum yield (2.17). This function can be plotted in the complex plane with the
frequency as parameter. When 74 > (K1 + k) > (Kayt + Kry) and (WKay 1) > ((1-)) key) @
semicircle is expected in the positive-positive quadrant with a characteristic frequency around
(kau 7 + k) @nd a second semicircle in the positive-negative quadrant with a characteristic
frequency around (k.1 + ki_»,). At both the high and the low frequency limit the function tends to
zero. Changing the ratio of capacitances only affects the amplitude of the signal, since the same
tunnel junction is involved in both processes. A temperature dependence would not be expected
in this case, since there are no thermally activated processes involved. When (yka, 1) < ((1-Wkr1)
the function gives two semicircles in the positive-negitive quadrant, with characteristic
frequencies that correspond to (K, 1 +kg7) and (K t+k_au) OF 7. Since C; is determined by the
Helmholtz capacitance of the Au/electrolyte and the CdS/electrolyte junctions and C, by the
CdS/electrolyte junction, C; and C, are not significantly different and hence the lower
characteristic frequency corresponds to k1. The relative radii of the semicircles depend on y. The
low-frequency limit is equal to the steady-state quantum yield and, at the high frequency limit,
the function tends to zero. Since the electrochemical reaction is thermally activated, tunneling and
electrochemical processes can be distinguished by varying the temperature.

The opto-electrical transfer function (2.20) can be fitted to the results obtained for
solutions with and without an electron donor. In Figures 2.5(b,d) and 2.6(b,d) the modulus of the
functions is shown versus the modulation frequency for the model and the results. A distribution
in rate constants for k,, (2.5(b) and 2.6(b)) and k4, (2.5(d) and 2.6(d)) was introduced for the
fitting; this point will be discussed in more detail in the next section. A comparison of the results
obtained with Au/Q-CdS in the absence of an e ectron donor with the model shows that the IMPS
spectra presented in Figures 2.5(a) and 2.6(a) correspond to excited state relaxation via the gold.
The characteristic frequency of the low frequency semicircle corresponds to k,,  and that of the
high frequency semicircle in principle to k_,,. Electrical impedance experiments showed that 7.
for a CdS covered gold electrode is 1.44x10* rad/s which corresponds to the characteristic
frequency of the semicircle in the positive-negative quadrant. From this, it is clear that the high
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frequency loop is determined by the RC-time constant of the electrochemical cell (7., ) which
means that the tunneling from the LUMO to the gold is faster than 1.,. The capacitance of the
electrode could be decreased to 6.4 pF/cm? by providing the electrode with an organic dithiol
layer increasing Ty to 1.25x10° rad/s, but k4, still exceeds 7.

The high frequency tunneling step gives an anodic signal, showing that the fastest process
istunneling of an electron from the LUMO of the CdS quantum dot into empty levels of the gold.
Tunneling of an electron from the gold into the trapped hole in the surface state is considerably
slower; this might be due to a larger average tunnel distance and a higher effective tunnel barrier
height. The width of the tunnel barrier is probably determined by the polyphosphate links
between the gold and the CdS quantum dots. Excited state relaxation via the substrate has not
been observed before with comparable systems such as Cy, molecules adsorbed on a metal
surface.® In contrast to Q-CdS no long-lived excited state is formed in this system and exciton
relaxation to the ground state occurs within nanoseconds.

When the results obtained with Au/Q-CdS in the presence of an electron donor are
compared to the model, it can be concluded that the IMPS spectra in Figures 2.5(c) and 2.6(c)
represent charge separation by two consecutive electron tunneling processes. In the presence of
an electron donor, two semicircles in the positive-negative quadrant are obtained as shown in
Figures 2.5(c) and 2.6 (c). The radius of the low frequency semicircle and the characteristic
frequency are temperature dependent indicating a thermally activated process. The high
frequency semicircle corresponds to tunneling of an electron from the LUMO of the CdS
guantum dot to empty levelsin the gold. This process is much slower in alkaline solution than in
a neutral electrolyte. In akaline solution, a CdO or Cd(OH), layer is formed around the CdS
guantum dot which forms an effective tunnel barrier and decreases the tunneling rate. This
decrease in tunneling rate makes it possible to observe k,_ ,,instead of 7.. The fastest processis
tunneling from the LUMO into the empty level of the gold (600 rad/s), leaving a positively
charged particle. This is followed by the slower process, scavenging of the trapped hole by
tartrate (6 rad/s). Though k4, is relatively slow, the tunneling is still faster than relaxation of the
long-lived excited state (50 rad/s). Therefore, charge separation can effectively compete with
excited-state relaxation within the dot. The fact that at very low light intensities, gold-mediated
excited state relaxation is faster than electron-hole separation, cannot be explained by the current
model for the excited state dynamics.
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2.4.3 Distribution of rate constants

As mentioned before, all the semicircles representing tunneling processes are flattened, as
aresult of a distribution in rate constants. The rates of electron tunneling should depend strongly
on the spacing between the electron donor and acceptor.?® A distribution of tunnel distances will
lead to a distribution of rate constants. Peter and coworkers have shown that a dispersion in the
rate constants affects the opto-electrical transfer function.?” A broad distribution results in
depressed semicircles in the IMPS spectrum. Electron tunneling from the gold to the trapped
hole, process (2.5), is observed in Figure 2.5(a), and the semicircle in the IMPS spectrum
corresponding to this process is flattened. Process (2.4), electron tunneling from the LUMO of the
guantum dot into the empty gold levels is faster than the RC-time of the electrochemical cell in
neutral electrolyte and is therefore only considered for the system in akaline solution. For Ky,
for instance, the following distance dependence is expected according to equation (1.15)

Ky Ok €71 (2.21)

where d is the barrier thickness and £ is a constant, dependent of the barrier height. For k1, a
Gaussian distribution is assumed around d, the distance between the gold surface and the trapped
hole

1 ipodof
G,=—F+——e% "7 2.22
O gx 2 (2.22)

in which o is the width of the distribution. This distribution is caused by a dispersion in the
particle-Au distance, particle size and by the fact that the trapped hole can be located anywhere
on the surface of the particle. For these reasons a rather broad distribution around s, can be taken.
For the distance between the gold surface and the centre of the particle 4 + 1 nm is assumed. The
radius of the particle is [2.5 nm and taking into account a random distribution of the surface
states over the surface of the particle, the tunneling distance varies from 0.5 nm to 7.5 nm. In
practice, only the processes with a relatively small tunneling distance will contribute to the
transfer function. The resemblance in flattening and frequency dispersion (Figures 2.5 and 2.6)
confirms that the model is in reasonable agreement with the experimenta data.
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2.5 Conclusion

In this chapter we have shown that the excited state dynamics in CdS quantum dots
adsorbed on a metal electrode can be studied with a time-resolved photoelectrochemical
technique, providing additional information to time resolved spectroscopy. The energetics and the
chemical nature of the surface state are elucidated. The tunneling rates can be directly
determined, providing information about the tunneling sequence. By varying the temperature,
tunneling and electrochemical processes can be distinguished. Though the tunneling rates are
rather low, tunneling can still compete with excited state relaxation within the particle due to
participation of along-lived excited state. The low tunnel rates and the weak electronic coupling
indicate that the particles are not bound to the surface by a sulfur-gold interaction, but by the
stabilizing polyphosphate chains. We have seen that for the tunneling processes a distribution in
rate constants has to be taken into account, which originates from variations in tunneling distance.
IMPS should be widely applicable to the study of excited state dynamics in a whole range of
semiconducting materials adsorbed on conducting substrates.
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21 A. Eychmiller, A. Hasselbarth, L.Katsikas, and H. Weller, Ber. Bunsenges. Phys. Chem.
1991, 95, 79-84

22 M. O'Nell, J. Marohn, and G. McLendon, J. Phys. Chem. 1990, 94, 4356-43630

23 M.G. Bawendi, P.J. Carroll, W.L. Wilson, and L.E. Brus, J. Chem. Phys. 1992, 96, 946-954

24 E. Lifshitz, 1. Dag, I. Litvin, G. Hodes, S. Gorer, R. Reisfeld, M. Zelner, and H. Minti, Chem.
Phys. Lett. 1998, 288, 188-196

25 K. Kuhnke, R.B. Becker, M. Epple, and K. Kern, Phys. Rev. Lett. 1997, 79, 3246-3249

26 J. Bardeen, Phys. Rev. Lett. 1961, 6, 57-59; P.V. Gray, Phys. Rev. 1965, 140, A179-186

27 J. Li, and L.M. Peter, J. Electroanal. Chem. 1986, 199, 1-26

47



Chapter 2

48



Time-Resolved Photoelectrochemistry with
PbS Quantum Dots Adsorbed on Gold

Abstract

The electronic structure and decay dynamics of a long-lived photoexcited state in PbS
guantum dots (QD) adsorbed as a monolayer on a gold electrode were studied by a time resolved
photoel ectrochemical technique, Intensity-Modulated Photocurrent Spectroscopy (IMPS). By
scanning the Fermi level of the gold, we found that the excited state consists of an electron in a
deep trap and a hole in the HOMO. The rate constants of photoinduced electron tunneling
between the dots and the electrode and between the dots and the electrolyte were determined. It
was found that the trapped charge carrier has a lower tunneling probability than the free charge
carrier, indicating that distance is the determining parameter for electron tunneling.

49



Chapter 3

3.1 Introduction

Thereis astrong current interest in the optical, electrical and optoelectrical properties of
metal and semiconductor nanoparticles.** Applications in electronic and optoelectronic devices
have been proposed.>® The electronic structure of both ground and excited states are important
for the applications. In the past decade, suspensions of semiconductor nanocrystallites have been
extensively studied with optical spectroscopy.’**? Besides HOMO-LUMO recombination a sub-
bandgap emission is often observed, involving a charge carrier trapped in a bandgap state.’**°
Transient absorption measurements on CdS quantum dots showed that trapping of a charge
carrier can result in along-lived excited state.*® However, with optical spectroscopy aloneit is not
possible to determine the electronic structure of such an excited state. The study of electron
exchange between a semiconductor quantum dot and a metal electrode using a photo-
electrochemical technique has been described in the previous chapter.”* With this technique we
were able to determine the electronic structure of the long-lived excited state in a CdS quantum
dot (Q-CdS).

The principle of the method is explained in Figure 3.1, which shows a long-lived excited
state in a quantum dot adsorbed on a gold electrode.’” Tunneling of the photoexcited electron to
the metal is only possible when the metal Fermi level, Eg, is below the electron level, E,, and an
electron can only tunnel from the metal to the unoccupied state in the dot when the metal Fermi
level is above the hole level, E,. Thus, relaxation of the excited state to the ground state via

(b)

Substrate QD Electrolyte Substrate QD Electrolyte

AE AE

-
y

EF,sub

-
y

EF,sub

Figure 3.1 Schematic representation for electron tunneling between an adsorbed quantum dot and a
metal electrode. r,and r, are tunneling events between the dot and the gold and r;and r, between the
dot and the redox system in the electrolyte. When intraparticle recombination, r., is the fastest
process no photoinduced current will be measured in the external circuit. When r, is followed by r,,
gold- mediated recombination will be observed and when (a) r, isfollowed by r; or (b) r, byr, charge
separation can be measured in the external circuit.
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Figure 3.2 Absorption spectrum of an aqueous Q-PbS suspension. The bandgap of Q-PbSis at
2.08 eV.

interaction with the metal levels can only occur when E,<E.<E.. By scanning E; and measuring
the photoinduced tunneling currents in the external circuit, the electronic levels of the long-lived
excited state can be resolved. Moreover, by measurement of the delay between the photon
absorption and the resulting photocurrent, the rates of electron tunneling between the particle and
the gold may be determined.

Galena, PbS, has an optical bandgap of 0.41 eV at 300 K and can therefore be used as a
long-wavelength light detector. Because the effective masses of holes and electrons in PbS are
small (m.=m,=0.09 my) and the semiconductor has a very high dielectric constant (&,= 170), one
would expect strong size-quantization.®*?® That this is the case is clear from Figure 3.2, which
shows the absorption spectrum of a Q-PbS (d=65 A) suspension. The onset of the optical
absorbance is at 2.1 €V, and at higher energies the spectrum shows structure. The width of the
absorption peaks is due to the dispersity in particle size. Despite such strong quantization, only a
few papers have been published on the photoluminescence (PL) of PbS. Besides the exciton
recombination peak, two maxima at lower energy with an intensity ten times that of the exciton
emission are observed in the PL spectra.?® The sub-gap luminescence peaks correspond to a
transition from the LUMO to a bandgap state or from a bandgap state to the HOMO, indicating
that at least one of the charge carriers is trapped in a bandgap energy level. The precise
mechanism for sub-bandgap emission has not been resol ved.

Photoel ectrochemical measurements on PbS quantum dots adsorbed on a hexanedithiol
covered gold electrode have been performed by Bard and coworkers.?” Benzoguinone was found
to scavenge electrons and tartrate to scavenge holes from the photoexcited PbS colloids.?**° The
fact that a photocurrent can be measured, means that the rate of electron tunneling between the
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guantum dot and the gold electrode or a species in the electrolyte must be faster than intra-
particle recombination. Hence, upon photoexcitation of PbS nanocrystals, a fraction of the
excitons must decay to form along-lived excited state, which can lead to photoinduced electron
tunneling.

In this chapter the electronic structure and dynamics of the long-lived photoexcited state in
Q-PbS were studied with a time-resolved photoel ectrochemical technique. In the experiments a
gold electrode provided with a monolayer of nanocrystalline PbS particles was used as working
electrode. We found that the long-lived excited state in PbS is different from that in CdS
described in the previous chapter. The rates of photoinduced tunneling were measured with
Intensity-Modulated Photocurrent Spectroscopy (IMPS). With this time resolved opto-electrical
technique, the direction and sequence of the tunneling steps could be determined directly and
IMPS thus provides afingerprint for the decay dynamics.

3.2 Experimental Section

The chemicals used were purchased from Aldrich and were of pro analysi (analytical
grade) quality. In al experiments doubly distilled water was used.

PbS suspension. The aqueous Q-PbS suspension was prepared according to the method
described in Reference 26. A sample of 0.044 g. polyvinylalcohol (PVA) was dissolved in 100 ml
deoxygenated water. A small excess of H,S gas (2 ml), was passed into the solution. A 1.0 ml
sample of a 10 mM Pb(ClO,), solution was diluted to 50 ml and slowly added to the PVA/H,S
solution. The final deep red color was formed within several minutes. The excess H,S was
removed by slowly bubbling N, through the suspension. The suspension was stable for weeks
when stored in a cool placein the dark.

Electrodes. The electrodes were provided with a monolayer of PbS quantum dots by
immersion in the suspension and sweeping the potential between —0.4 V and 0.9 V(SCE).

Photoel ectrochemistry. Photoel ectrochemical experiments were performed with an EG& G
273A potentiostat and a conventional three electrode cell with a saturated calomel electrode
(SCE) as reference and a platinum counter electrode. The energy corresponding to SCE is
4.68 eV below the vacuum level. The working electrode was illuminated with a Coherent Innova
90-6 argon ion laser (514.5 and 488 nm).

Intensity-Modulated Photocurrent Spectroscopy. IMPS measurements were performed
with the same set-up as in chapter 2. For uniform illumination the diameter of the light spot was
expanded by a Newport Beam Expander. The incident flux, 10'® photons/cm?(s for 514.5 nm light
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Figure 3.3 (a) HR TEM image of a single PbS quantum dot and (b) an STM image of a flame-
annealed Au(111) surface covered with PbS quantum dots (bias—1.0 V, 500 pA).

and 10" photons/cm?(s for 488 nm light, was determined with a silicon photodiode at the same
position as the sample.

Optical Absorbance. For light absorbance measurements a Perkin-Elmer lambda 16
UV/VIS spectrophotometer was used.

HRTEM. Samples were prepared by dipping agrid with afilm of amorphous carbon into
the suspension. A Philips CM30 TEM was used at an operating voltage of 300 kV.

3.3 Reaults

3.3.1 Surface characterization

From the HR TEM analysis (Figure 3.3(a)) the nanoparticles were found to be spherical
with a diameter of 65+20 A. The PbS had arock salt structure and the crystal-plane spacing was
2.9 A corresponding to the Pb-S bond length.* The surface morphology of the PbS-covered gold
was studied with STM. From Figure 3.3(b) it is clear that the whole surface is uniformly covered
with quantum dots. The dots are very likely separated by the PVA capping layer. On the basis of
the total amount of PbS as determined by coulometry under conditions of anodic dissolution and
the particle size as revealed by TEM it could be concluded that the gold surface is covered with
approximately a monolayer of PbS quantum dots.
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3.3.2 Photoelectr ochemistry

Figure 3.4(a) shows a current-potential plot of a Q-PbS covered gold electrode in an
agueous 1.0 M KCI solution. The electrode was illuminated with the 514.5 nm line from the
argon ion laser and the light was chopped. Photocurrent transients were observed in the potential
range between —0.42 V and +0.05 V. When the light was turned on, a cathodic current overshoot
resulted, and the current decreased with time; an anodic overshoot was observed when the light
was turned off. At a potential of +0.25 V the PbS layer is anodically dissolved in the dark.

In Figure 3.4(b) a current-potential plot is presented for the same electrode in a KCl
solution with 0.2 M tartrate. A steady-state anodic photocurrent is observed between —-0.4 V and
+0.05 V, with slow transients. This steady-state anodic current indicates electron tunneling from
Q-PbS to Au and from tartrate to an empty level in Q-PbS. Figure 3.4(c) shows a current-
potential plot for the same electrode in an agueous 10 mM Fe(CN)¢*, 1 M KCI solution. A
photocurrent was observed in the potential range between 0.7 V and +0.05 V. It was not possible
to detect a photocurrent at potentials more negative than —0.7 V, because of a rapidly increasing
dark current. lllumination resulted in asmall cathodic overshoot, after which the current decayed
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Figure 3.4 Current—potential plots of an Au/Q-PbS electrode illuminated with chopped light in (a) 1.0
M KCl, (b) 0.2 M tartrate/1.0 M KCI and (c) 10 mM Fe(CN)* /1.0 M KClI solution. The scan rate was
5 mV/sec.
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to a steady-state signal; a small anodic overshoot was observed when the light was turned off.
This indicates that photoexcited electrons from the Q-PbS are scavenged by Fe(CN)>, and that
electrons tunnel from the gold into the particle.

3.3.3 Opto-electrical transfer function

Figure 3.5(a) shows the opto-electrical transfer function, plotted in the complex plane as a
function of frequency, for Au/Q-PbSin 1.0 M KCl at —0.3 V. The frequency range was 6 rad/s -
1x10° rad/s. At the low frequency limit the function tends to zero. The characteristic frequency of
the semicircle in the neg-neg quadrant is 5x10* rad/s, and a second semicircle at much higher
frequencies is observed in the neg-pos quadrant. This spectrum is typical for the potential range
between 0.0 and —0.5 V. The modulus of the function strongly decreases when the potential is
more negative than —0.4 V, asis shown in Figure 3.5(b). The transfer function is independent of
the temperature in the range 293<T<332K. The wavelength of the incident light does not affect
the shape of the spectrum for hv>E, ;. The IMPS data can be explained by the model presented
in Figure 3.1. At high modulation frequencies the tunneling processes cannot follow the light
modulation, but when the frequency is decreased a cathodic signal develops. This means that the
fastest step is electron tunneling from the gold to the particle (r, in Figure 3.1). We are not able to
measure the rate of this tunneling process, but it is larger than 1.2x10° rad/s. When the frequency
is further decreased the function goes to zero, indicating a slower anodic process. This slower
process is tunneling of the photoexcited electron from the particle into the gold (r, in Fig. 3.1).
The transfer function reflects the excited state relaxation via the gold. When E; is scanned above
0.4 eV, the modulus of the
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Figure 3.5 (a) Optoelectrical transfer function of a Au/Q-PbS electrode, measured at -0.3 V, ina 1.0
M KCI solution plotted in the complex plane. The frequency was modulated between 0.6- 6x10%rad/s.

(b) The modulus of the function measured at different potential s as a function of the frequency.
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Figure 3.6 Optoelectrical transfer function of a Au/Q-PbS electrode, measured at —0.3 V, in
10 mM Fe(CN)* /1.0 M KCI solution plotted in the complex plane. The frequency was modul ated
between 0.6 rad/s - 6x10*rad/s.

function rapidly decreases. This indicates that the energy of the excited electron is at around
0.4 eV. When the Fermi level is above this level, photoinduced electron transfer from the particle
to the gold becomes impossible.

The optoelectrical transfer function of Au/Q-PbS in a 1.0 M KCI/10 mM Fe(CN)¢*
solution at —0.3 V is presented in Figure 3.6. The frequency was modulated in the range 0.6
rad/s - 6x10* rad/s. At the high frequency limit the function goes to zero. The characteristic
frequency of the semicircle in the neg-neg quadrant is 6x10° rad/s. A cathodic signal develops
when the frequency is decreased, and at the low frequency limit the function gives a point on
the negative real axis, corresponding to a steady-state cathodic photocurrent. This current is
caused by electron tunneling from the gold to an empty level in the particle (r,) and transfer of
the photoexcited electron from the particle to a Fe(CN)¢> ion (r,). Since only one semicircleis
observed, the tunneling rate constants are of the same order of magnitude and therefore cannot
be resolved.

3.4 Discussion

Anodic dissolution of intrinsic bulk PbS in the dark takes place at -0.15 eV.** Since the
hole and electron effective masses are the same in PbS, the HOMO and LUMO should shift
symmetrically as the particle size decreases. The HOMO-LUMO transition of PbS particles with
a diameter of 65 A corresponds to an energy of 2.08 eV. From this it can be estimated that the
HOMO islocated at around —1.2 eV and the LUMO at around 0.9 €V
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The PV A capped PbS quantum dots are adsorbed as a monolayer on the gold electrode. An
electron can be excited from the HOMO (H) to the LUMO (L) when the electrode is illuminated
(hv = AE,; = 2.08 eV). This primary exciton can recombine in the picosecond time domain®,
leaving a particle in the ground state, Q, (reaction (3.1)).

0
Q, +hv

4—@] |:| Qe,h (31)

The fact that a photoinduced current is observed, while LUMO-HOMO recombination is
very fast, indicates that along-lived excited state can be formed after photon absorption. Since we
found that photoelectrochemical activity sets in when E; < 0.4eV, and the LUMO in PbS is
located at 0.9 eV, we must conclude that this long-lived excited state constists of an electronin a
deep bandgap state and a hole in the HOMO. Reaction (3.2) represents the trapping of an electron
in a bandgap state, which gives a long-lived excited state, Q, ,, having less energy than the

primary exciton.
Q.0 Q. , (+hv or heat) (3.2)

This trapped electron can recombine with the hole in the HOMO, giving a particle in the ground
state (reaction (3.3)).

Q, ,0T Q (+hv’ or heat) (3.3)

In the luminescence spectrum of a PVA capped PbS suspension, a broad band was
observed between 1.55 and 1.24 e€V.?°In view of our conclusion that the long-lived state consists
of a deeply trapped electron and an empty HOMO, we suggest that the sub-gap emission
corresponds to a radiative transition from the trap to the empty HOMO. To observe an electrical
signal in the external circuit, one of the tunnel processes between the gold and the dot must be
faster than intraparticle recombination. The rate constants for electron tunneling between the dot
and the electrode were determined by IMPS. The faster process is electron tunneling from the
gold to the unoccupied level in the HOMO (reaction (3.4)), resulting in a negatively charged
particle, Q; .
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Q, ,te, 0 Q (3.4)

The rate constant for this process, ks, 4, exceeds 1.2x10° rad/s. Hence, the long-lived excited state
should have a lifetime at least of the order of microseconds. The trapped electron can
subsequently tunnel into empty levelsin the gold.

Q OMm & e (3.5)

This tunneling process can only take place when the gold Fermi level is below the energy level of
the trapped electron. When the electrons, trapped in the bandgap states, are not removed by the
electrolyte the photocurrent flow will stop when E¢ is above the electron level. Alternatively, the
trapped electron can be removed by an oxidizing agent in the electrolyte, leaving a particle in the
ground state,

Q +OxO0'™ @ Red (3.6)

The photoelectrochemical experiments in which an oxidizing agent was present in the electrolyte
showed that a cathodic photocurrent is observed at energies higher (E- < 0.7 eV) than in the
absence of an oxidizing agent (E-< 0.4 €V). In this case, the electron trapped in the bandgap state
Is removed and a photocurrent with a steady state component was observed. Alternatively, the
hole in the HOMO can be scavenged by a hole scavenger or reducing agent in the electrolyte,

Q ,+Red O QF Ox (3.7)

When the hole in the HOMO is removed by a reducing agent, an electron is present in the
particle. This electron can only tunnel into the gold; for this to occur the Fermi level of the gold
must be below the bandgap state in which the electron is trapped. A photocurrent onset was
observed at the same potential as for the case in which no redox couple was used, confirming that
the bandgap state is located at around 0.4 €V

An expression for the steady-state photocurrent and the opto-electrical transfer function
can be derived, using the differential equations describing generation and decay of excited states
as was done in the previous chapter for Q-CdS on gold. The tunneling current through the
capacitance of the interface between the dot and the gold, C,, is defined as
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s = ek W[Q, 1 =Knu[Q, 4]). Ci is determined by the double layer capacitances of the

gold/electrolyte and dot/electrolyte interfaces. The tunneling current through C,, the capacitance

of the interface between the dot and the electrolyte, is j, = ekR,H[QeTYh] in the presence of a
reducing agent or j, = —ekT,O[Q%] , in the presence of an oxidizing agent. C, is determined only

by the double layer capacitance of the dot/electrolyte interface.
3.4.1 Steady-State Photocurrent
The total steady-state tunneling current, measured in the external circuit, is equal to the

photoinduced tunneling current through the gold/particle and the particle/electrolyte junction. In
the presence of an oxidizing agent (k;4=0 and k; o20), the steady state photocurrent quantum

yield is given by
jph _ O kLT mg _kT OkAuH N
P = Nk : QA (3.8)
ed " EkL,H + kL,T HE(kT,H + kAu,H)(kT,Au + kT,o)H
) (I

The function is independent of the light flux. N is the surface concentration of particles. Term | is
controlled by intraparticle processes, direct exciton recombination (k_y = 10'* s%)** and the
trapping of the electron in a localized state. Term Il is determined by the rate constants of the
tunneling processes between the gold and the particle, and the particle and the electrolyte. Values
for k. and kr, are not known; however, it is clear that k,,; must exceed k; , since a
photocurrent is observed. kr o depends on the concentration of the oxidizing agent. When no
oxidizing agent is present, recombination transients are observed when 0.4 eV > Eg, indicating
that kr o, >Kr o. IN the presence of an oxidizing agent a cathodic steady-state current is observed
indicating that kr o >k .-

3.4.2 Optoelectrical transfer function
The working electrode is illuminated with a background light intensity, upon which a

harmonically modulated intensity is superimposed. The time-dependent concentrations of the
different types of excited states follow from the rate equations. It is assumed that the tunneling
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rate constants are independent of the light intensity. The transfer function is derived using
Kirchoff’slaws,

j(w) _ AykAu,H (kT,Au B B) + (1_ y)(kR,H B-ko kAu,H)

: (3.9)
ed(w) Biow+kr s +Kay +Ka)

kL,TkH,LN
kH,LcD + kL,H + kL,T)(1+ iO‘)Tceu)

[ _ C
’ B_(w‘)-l_kT,Au +kT,O) and y= C1+2C2'

inwhich A= (
Prefactor A is determined by intra-particle processes and 1, the RC time constant of the system.
In the low frequency limit, equation (3.9) corresponds to equation (3.8), the expression for the
steady state photocurrent. This function can be plotted in the complex plane with the frequency as
parameter. Since C, is determined by the double layer capacitances of both the gold/electrolyte
and the PbS/electrolyte junctions and C, only by the latter, these capacitances are not
significantly different. The shape of the optoelectrical transfer function is therefore mainly
determined by the tunneling rate constants and the function is consequently a fingerprint for the
decay dynamics. For example, when k; o =k y=0 and 7 > (Krp + Kaypi) > Ky aws SEMIcirclesin the
neg-pos quadrant and in the neg-neg quadrant are expected with characteristic frequencies around
(Kt n + Kaun) and (ks 4, ), respectively. At the high and the low frequency limit, the function goes
to zero. This function then corresponds to exciton decay via the gold levels. Otherwise, when
Kaun > K and ky o> Ky o, ONE semicircle or two semicircles in the neg-pos quadrant will be
expected, depending on the ratio of the capacitances and rate constants. This function corresponds
to charge separation via two steps; electron transfer from the gold to the particle and from the
particle to the electrolyte.

The opto-electrical transfer function can be fitted to the IMPS results. In Figure 3.7 Bode
plots are shown for the experimental results with an indifferent electrolyte solution (a) and a
solution with an electron scavenger (b); the fits to equation (3.9) are also shown. The
characteristic frequency of the low frequency semicircle corresponds to ks 5, and that of the high
frequency semicircle to the RC time constant of the system, indicating that tunneling from the
gold into the particle is faster than 7., *. The function for the system with an electron scavenger
represents charge separation by two consecutive tunneling processes. Since only one semicircle
was observed, the tunneling rate constants for these processes could not be resolved, but the order
of magnitude can be indicated.
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Figure 3.7 Bode plots of a Au/Q-PbS electrode in (a) 1.0 M KCI and (b) 10 mM Fe(CN)s> /1.0 M KCl
solution for the real (open squares) and the imaginary (circles) parts of the optoelectrical transfer
functions shown in Figures 3.5 and 3.6 and the fits (solid squares).

We have shown that the long-lived excited state in PbS consists of atrapped electron and a
hole in the HOMO. The fastest tunneling process is electron transfer from the gold to the hole in
the HOMO. In the previous chapter we have shown that the long-lived excited state in CdS
consists of a trapped hole and an electron in the LUMO. In this system the fastest tunneling
process is electron transfer from the LUMO of the particle into the gold. The results of both of
these studies indicate that free charge carriers have a higher tunneling rate constant than trapped
charge carriers. The tunneling rate is defined by 3%

k =ke? (3.10)

where d is the tunneling distance, k; is the tunneling rate for the dot in a van der Waals contact
with the metal, and

_2./2m\,

P

(3.11)

where mis the rest mass of the electron and V, the tunneling barrier height. The main contribution
to k comes from the exponential term. Basically, the electron tunneling rate depends on two
parameters: the barrier height,V,, and the distance, d. The fastest process in CdS is the tunneling
process with the smaller tunnel barrier, namely electron tunneling from the LUMO of the particle
into the gold. Although the tunnel barrier for tunneling from the trapped electron on the PbS
particle into the gold is smaller than for tunneling from the gold into the HOMO of the PbS QD,
the latter process is faster. This means that the tunneling distance plays a more important role
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than the barrier height for the tunneling probability. Free charge carriers have a higher tunneling
probability because they are delocalized over the particle and tunnel at the most favourable
tunneling distance. The trapped charge carriers are randomly distributed in the particle or on the
particle surface, and consequently have a statistically larger average tunneling distance, resulting
in alower tunneling coefficient.

3.5 Conclusion

We have shown in this chapter that the energetics and decay of the long-lived excited state
in PbS quantum dots adsorbed on a metal electrode can be studied by time-resolved
photoel ectrochemistry methods. Although the tunneling rates are slow, tunneling can still
compete with intraparticle recombination, due to the existence of along-lived excited state. With
IMPS, the tunneling sequence of excited state relaxation via the gold electrode has been resolved,
showing that tunneling involving adelocalized carrier in the dot is faster than tunneling involving
alocalized electron level, irrespective of the barrier height.
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Distance Dependent Electron Transfer in
Gold/Spacer/Q-CdSe-Assemblies

Abstract

Colloidal CdSe quantum dots were chemisorbed on a gold electrode using a variety of
Self-Assembled Monolayers (SAMs) consisting of dithiols and rigid disulfides. After absorption
of a supra-bandgap photon, a long-lived excited state was formed in the quantum dot; this state
can decay by electron tunneling via the gold. The rate of photoinduced tunneling was measured
directly by Intensity-Modulated Photocurrent Spectroscopy (IMPS), and its distance dependence
was studied using rigid SAMs, separating the Q-CdSe and Au. The tunneling rate was found to
depend exponentially on the distance, with a decay length of 2 A.
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4.1 Introduction

Semiconductor and metal quantum dots (QDs) have attracted much attention in the past
decade due to their interesting size-dependent optical and electronic properties. Potential
applications of nanocrystallites are in opto-electrical or electrical devices such as light-emitting
diodes or single-electron transistors.*® Much effort has been devoted to the control and
improvement of the chemical and physical properties of individual particles and arrays of these
dots.”** The particles can be attached to metal surfaces using a Self-Assembled Monolayer
(SAM) of difunctional linking molecules to form (ordered) two or three-dimensional
structures.*>

Intramolecular electron transfer in large (bio)molecules and organized structures is an
important topic in current research. The relationship between tunneling rates and distance is
usually studied by either synthesizing a series of analogous organic molecules with different
donor-acceptor distances or by using biochemical molecules with different intramolecular donor-
acceptor spacings.*”?* Electroactive SAMs with redox centers at a controlled distance from the
electrode are also convenient systems because the transfer kinetics can be studied as a function of
both overpotential and temperature.®? It is, however, difficult to find a system in which the
distance dependence of electron transfer can be studied, independent of changes in the Gibbs free
energy, AG?, the reorganization energy, A, of the reaction centres, or the conductivity of the
molecule. Another problem is that, often, the transfer rate is determined indirectly by
measurement of the emission decay; quenching mechanisms other than electron transfer might be
introduced by a chemical change of the system.

We have developed a direct method to study the distance dependence of electron tunneling
that avoids the problems described above. A monolayer of quantum dots is chemisorbed on an
organic SAM on a gold electrode, forming a Double-Barrier Tunnel-Junction.”% The
AU/SAM/QD system is used as a photoelectrode in a three-electrode photoel ectrochemical cell.
With Intensity-Modulated Photocurrent Spectroscopy (IMPS) we are able to measure the
tunneling rates of photoexcited charge carriers between the particle and the gold electrode.

In thiswork we have studied electron tunneling as a function of the distance between CdSe
guantum dots and a gold electrode. To vary this distance, we have used two classes of spacers:
rigid and non-rigid molecules. In addition, an Ohmic contact was established by epitaxial
electrodeposition of isolated QDs on gold. After absorption of a photon with an energy larger
than the band gap, a long-lived excited state can be formed, if the hole from the HOMO or the
electron from the LUMO istrapped in alocalized bandgap state (see Figure 4.1). Then, excited
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Figure 4.1 Schematic representation of the tunneling processes between a semiconductor quantum dot
and a metal electrode after the formation of a long-lived excited state. When electron tunneling from
the particle to the gold, ry, or tunneling from the gold to the particle, r,, is faster than intraparticle
decay, r4., a photoinduced current can be measured in the external circuit. Process r, can only occur
when the gold Fermi level, E, is below the electron level and process r, can only take place when E
is above the hole level.

state decay via electron tunneling to and from the metal may compete with intraparticle decay.
Processr,, electron tunneling from the particle to the gold, can only occur when the gold Fermi
level, Eg, is below the electron level, E.. Process r,, tunneling from the gold to the hole in the
particle, can only occur when E: is above the hole level, E, Using time-resolved
photoel ectrochemistry, the rates of individual electron transfer steps can be measured, and by
scanning Er the electronic structure of along-lived excited state can be revealed. We show that a
long-lived excited state in Q-CdSe consists of a hole trapped in a deep bandgap state and an
electron in the LUMO. The distance dependence of photoinduced electron transfer was measured
intherange3 A to 12 A.

4.2 Experimental Section

The chemicals used were of pro analysi quality (analytical grade) from Merck. High-
purity water (18 MQ/cm) was used to prepare the solutions. The experiments were performed at
room temperature, unless otherwise stated. All manipulations involving bis-trimethylsilyl-
selenium, (TMS),Se, were carried out in a nitrogen-filled glovebox.

Q-CdSe Suspension. The Q-CdSe suspension was prepared according to Reference 33. A
sample of 16.7 g. of the surfactant bis(2-ethylhexyl)sulfosuccinate (AOT; see Figure 4.2) was
purified by dissolving it in petroleum ether, filtered to remove particles, evaporated to dryness,
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and subsequently redissolved in 650 ml heptane; deoxygenated water (2.15 ml) was then added.
A sample of 0.56 ml of a 1.0 M Cd(ClO,), aqueous solution was added, and the mixture was
stirred magnetically to form an optically homogeneous microemulsion. A sample of 50 ml of a
0.93 mM (TMS),Se heptane solution was added quickly and an orange color developed. Theratio
W=[H,O]/[AQT] controls the size of the colloidal crystalites. The suspension was evaporated to
dryness and redissolved in heptane; this suspension was stable for months. TEM measurements
showed that the resulting crystalline CdSe quantum dots were spherical and had the zinc blende
structure.

Organic Spacer Compounds. 1,4-Dithiane (1), was purchased from Lancaster Synthesis.
The organic disulfide compounds, 4,4'-(tetrahydro-4H-thiopyran-ylidene) (2), 4-(tetrahydro-4H-
thiopyran-4-cyclohexylidene-4'-ylidene)tetrahydro-4H-thiopyran (3), 4-(cyclohexylidene)
tetrahydro-4H-thiopyran (7), and 4-(4-(cyclohexylidene-cyclohexylidene)tetrahydro-4H-
thiopyran (8) as represented in Figure (4.2) were prepared and purified as described elsewhere.®
The intramolecular S-S distance, ds s, determined either with single crystal X-ray diffraction or ab
initio SCF MO (RHF/6-31G*) calculations™ is given in Figure (4.2). 1,3-Propanedithiol (4) and
1,6-Hexanedithiol (5) were purchased from Fluka. 1,9-Nonanedithiol (6) was obtained from
Aldrich.

Gold Samples. Evaporated gold films on borosilicate glass from Metallhandel Schroer
(A=1 cm?) were annealed by heating in a hydrogen flame and quenching under argon; gold grains
were formed with a typical diameter of 1 um with atomically flat Au(111) surfaces. Self-
Assembled Monolayers were prepared by immersing the gold film in a 5mM dithiol/ethanol or
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dS-S: 34A 76A 11.8A N
CH,
SH CH,
° | N
CH, CH,
e
CH, CH,
HoC, N N
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CH [ j | | |
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Figure 4.2 The organic compounds used for the formation of Self-Assembled Monolayers (SAM) and
AQT, a capping molecule for the stabilization of the Q-CdSe colloids.
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saturated disulfide/ethanol solution for 1 week at 50° C. The samples were subsequently rinsed
with ethanol to remove the excess dithiol/disulfide from the surface and dried under a dry
nitrogen flow. CdSe quantum dots were deposited on the Au/SAM electrode by immersion in the
suspension for 1 week. The samples were rinsed with heptane to remove the excess particles.

Galvanostatically Deposited CdSe. Epitaxially-oriented quantum dots were electro-
deposited on hydrogen-flame-annealed Au(111) samples as described in the literature.®3® The
CdSe dots were deposited cathodically from an unstirred 50 mM Cd(ClO,),,/15 mM Se DM SO
solution at 120°C in a two electrode electrochemical cell. A constant current density of
0.1 mA-cm? was applied for 7-20 s. After deposition, the working electrode was rinsed first with
hot DM SO (140°C), then with ethanol, and dried under an argon flow. The size of the dots was
controlled by the current density and the deposition time. AFM/STM experiments showed that
the islands were uniformly distributed over the surface and their size could be estimated.

Photoel ectrochemistry. Photoel ectrochemical experiments were performed with an EG& G
PAR 273A potentiostat and a conventional three electrode cell with a saturated calomel electrode
(SCE) as reference and a platinum counter electrode. All potentials and energies are given with
respect to SCE, which is4.68 eV below the vacuum level. The working electrode was illuminated
with a450 W Oriel Xenon lamp through a quartz window and a 10 cm quartz water filter.

Cyclic Voltammetry. Experiments were performed in the three electrode electrochemical
cell described above using an unstirred 10 mM K,Fe(CN)g/1.0 M Na,SO, electrolyte solution.
The scan rate was 100 mV/s.

STM/AFM. STM images were obtained in ambient air (40 % humidity) with a Nanoscope
[11 (Digital Instruments, Santa Barbara, CA) with an electrochemically etched Pt/Ir tip. AFM
images of the electrodeposited CdSe on gold were obtained under ambient conditions in tapping
mode with a tapping mode tip, provided by Digital Instruments. The SAMs on gold were studied
in the contact mode with an oxide-sharpened silicon nitride tip (k= 0.12 N/m), also provided by
Digital Instruments.

Intensity-Modulated Photocurrent Spectroscopy. |MPS experiments were performed with
an EG& G PAR 283 potentiostat and a Solartron 1255 FRA. A Coherent Innova 90 Argon ion
laser was used as light source (457 nm, 350 mW) and the light intensity was harmonically
modulated by an Isomet 1211 acousto-optic modulator, which was controlled by the FRA. The
modulation depth was 10% of the base light intensity, which was detected by a photodiode. For
uniform illumination the diameter of the light spot was expanded (to d=2.5 cm ) by a Newport
Beam expander. The FRA provided the ratio of the modulated photocurrent to the modul ated
light intensity, i.e. the opto-electrical transfer function j(w)/e®(w).
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Electrical Impedance Spectroscopy. Capacitance measurements were performed with an
EG&G PAR 273A potentiostat and a three electrode electrochemical cell. The potential was
harmonically modulated with a Solartron 1255 FRA. The modulation amplitude was 10 mV, and
the modulation frequency was between 6x10" and 6x10° rad/s. The reference electrode was
impedance matched to prevent phase shifts at high frequencies.®

4.3 Results & Discussion

4.3.1 Characterisation of Self-Assembled M onolayers on Gold

The properties of the different layers on Au were studied with electrical impedance
spectroscopy, cyclic voltammetry and AFM/STM. The results of the electrochemical experiments
obtained with these systems are summarized in Table 4.1. EIS measurements showed that the
capacitance of the Au/SAM/electrolyte junction drops from 46 pF/cm? for bare gold to about
6-8 uF/cm? for compounds 1-3. For comparison, the capacitance of a well-ordered
octadecanethiol-SAM on a gold electrode was 1.3 uF/cm?. The capacitance of these systemsis
determined by the dielectric constant, &€, and the thickness of the layers, d. Defects in the layer
will lead to an increase of the capacitance which is consequently indicative of the quality of the
layers. In Figures 4.3(a) and 4.3(b), cyclic voltammograms are shown for a bare gold electrode
and gold electrodes provided with a SAM of compounds 1-3. The current density at the
maximum of the Fe(CN)¢* oxidation peak has decreased with respect to that of bare gold by a
factor of 10 for 1 and afactor of 100 for 2 and 3. Such a strong reduction of the Faradaic current

System Capacitance puF/cm? | anodic MA/CM?
Au 46x1.4 2.26
Au/dodecaanthiol SAM 1.3+0.04 1.4x10%

AU/ (1) SAM 8.2+0.12 3.2x10*

AU/ (2) SAM 5.8+0.6 5.9x107

AU/ (3) SAM 6.7t15 2.3x1072

AU/ (7) SAM 2.240.2 4.8x102

AU/ (8) SAM 5.8+0.6 1.7x10%

Table 4.1 Capacitance of Au/SAM electrodes determined in the potential range from—-0.5Vto 0.5V in
a 1.0 M Na,S0, solution and peak current densities for the oxidation of Fe(CN)," at the electrode in a
10 mM Fe(CN)s*/1.0 M Na,S0, solution.
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Figure 4.3 Cyclic voltammograms of (a) bare gold, and compound 1-SAM/gold, and (b) compound 2
and 3 SAM/gold electrodes.

shows that there are only afew pinholesin these layers.®

AFM experiments revealed that the gold was uniformly covered by a thin layer (SAM)
after the gold was immersed in solutions of compounds 1-3 in ethanol. Molecular resolution of
the SAM structures was not obtained with contact mode AFM. Difficulties in imaging the SAM
structure at molecular resolution with AFM were also encountered previously by others.*! In
STM experiments on gold samples, which had been immersed in the ethanol/sulfide solutions, an
adlayer was not observed on the gold, only the gold terraces underneath; the SAMs consist of
insulating molecules, and have no electronic interaction with the tip. However, with a fixed tip
position the conductivity increased with time, and the sample showed local damage in subsequent
scans. This indicates that the SAM degrades from persistent electron tunneling. It was not
possible to determine the SAM thickness with AFM and STM. The depth of the observed holesin
the layer were independent of the chain length of the adsorbed sulfide and corresponded to
monoatomic Au steps. The areas of the holes expanded on successive scannning of the tip. Tip-
induced erosion of athiol-modified Au surface has also been observed by others.*#

4.3.2 CdSe Quantum Dotson Au and on Au/SAM.

Figure 4.4(a) shows an AFM image of CdSe electrodeposited on Au(111). The surface was
uniformly covered with CdSe islands. The size of the dots was estimated from STM and AFM
measurements and corresponded to 5 nm in diameter and height. Thisis in good agreement with
what one expects on the basis of the amount of charge used to electrodeposit the particles.
Scanning Tunneling Spectroscopy (STS) showed that the electronic coupling between these dots
and the gold was strong, as will be discussed in chapter 5.
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Figure 4.4 (a) An AFM image of electrodeposited CdSe on Au(111) recorded in the tapping mode with
a Z-range of 3 nm. (b) An STM image of colloidal Q-CdSe deposited on Au/2-SAM (bias —-1.0 V; set
point 500 pA).

Since the dots were grown directly on the annealed gold, there is no insulating layer
between the dot and the metal. Hence, the junction between the gold and the particle has a low
tunnel resistance. Figure 4.4(b) presents an STM image of colloidal CdSe deposited on Au/5-
SAM. The surface was uniformly covered with CdSe dots. STS showed that the electronic
coupling between the colloidal particles and the gold was weak. Hence, the large tunneling
resistance is due to the insulating SAM between the crystallites and the gold. The size of the
colloidal particles, determined with TEM and optical absorbance, was 32 + 4 A,

4.3.3 Photoelectr ochemistry.

Figure 4.5 shows a current-potential plot of a Au/5-SAM/CdSe electrode in an agueous
1.0 M Na,SO, solution (pH=7). The electrode was illuminated with chopped white light from a
xenon lamp. Light-induced recombination transients upon a background current were observed
between —0.9 V and —0.5 V. At potentials more positive than —0.5 V a steady-state photocurrent
was observed, corresponding to anodic dissolution of the CdSe quantum dots. Samples provided
with different spacer molecules and the electrodeposited CdSe on gold electrodes gave similar
results. The observation of a photocurrent means that tunneling between the metal and the
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guantum dot can compete with intra-particle decay. This indicates that, in competition with
LUMO-HOMO recombination, along-lived excited state can be formed after photon absorption.

Electrochemical studies on single crystals showed that the conduction band of n-CdSe is
located at [10.8 eV in agueous solutions of pH 7.0 in the dark.*®*° The recombination transients
for these quantised particles set in when the gold Fermi level is at or below 0.9 eV. From this we
deduce that recombination transients are observed when E¢ is below the LUMO of the quantum
dot. Consequently, the long-lived excited state in Q-CdSe consists of an electron in the LUMO
and a hole trapped in a bandgap state. Anodic transients were observed when the light was
switched on, indicating that an electron tunnels from the LUMO of the particle to the gold. Thisis
followed by electron tunneling from the gold to the trapped hole. Thus, exciton decay viathe gold
competes with intra-particle recombination.

Optical spectroscopy on Q-CdSe (d=32 A) suspensions showed, besides the band-edge
emission (hv=2.3 eV), a deep-trap emission (hv=1.8 eV) at an energy 0.5 eV below that of the
band-edge emission.>® The mechanism of this sub-bandgap emission could not be elucidated by
photoluminescence measurements; it is not clear whether the photon is emitted by an electronic
transition from the LUMO to a bandgap state or by a transition from a bandgap state to the
HOMO. In this chapter we have shown that the long-lived excited state in CdSe consists of an
electron in the LUMO and a hole trapped at 0.4 €V below the LUMO. From this it follows that
the sub-bandgap emission must be due to the radiative transition of an electron from a bandgap
state to the HOMO, resulting in along-lived excited state with an electron in the LUMO, and an
empty level located 0.4 eV below the LUMO. The bandgap state could consist of a surface Se*
site, which can be oxidized to Se’ by trapping a hole; this final state is still negatively charged
and will therefore repel the electron in the LUMO. The electronic structure of the long-lived
excited state in CdSe is similar to that in CdS, though in CdS the state has a somewhat higher
energy. In view of the similarity of the photoelectrochemical properties of CdSe and CdS the
mathematical model derived for CdS® can also be applied to CdSe.

4.3.4 Time-resolved Photoelectrochemistry

A typical spectrum of the opto-electrical transfer function, j(w)/e®(w), is shown in Figure
4.6(a) for a Au/3-SAM/Q-CdSe electrode in a deoxygenated 1.0 M Na,SO, aqueous solution
(pH=7). Two semicircles in the pos-neg and pos-pos quadrants are observed, with characteristic
frequencies w, and «,, respectively. At low and high modulation frequencies j(w)/e®(w) tends to
zero. j(w)/ed(w) corresponds to an anodic current at the working el ectrode, which means that
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Figure 4.5 Current-potential curve of a Au/5-SAM/Q-CdSe electrode in an aqueous 1.0 M Na,S0O,
solution. The electrode was illuminated with chopped white light from a xenon lamp.

electron tunneling from the dot to the Au occurs prior to tunneling from Au to the dot. The
flattening of the upper semicircle and the frequency dispersion arise from a distribution of the
tunneling rates around a mean value. It is found that j(w)/e®(w) is independent of the temperature
(293 K< T < 333 K) and the photon flux (10%<®,< 10 /cm?[S). This means that two-photon
processes or thermally activated electron transfers are not involved. The variation in the
characteristic frequencies obtained with different samples of a given Au/SAM/Q-CdSe
configuration can be seen in Figure 4.8.

The transfer function can be interpreted by the ssmplified model presented in Figure 4.1.
At high modulation frequencies, no tunneling process is able to follow the light modulation; this
corresponds to j(w)/ed(w)=0. When the frequency is decreased the faster process can follow the
modulation; since the current is anodic, thisis electron tunneling from the LUMO of the particle
to the gold. Upon further decrease of the frequency, the slower process can also be observed; this
is electron tunneling from the gold to the trapped hole. In chapter 2 we devel oped a mathematical
model for charge transfer between a CdS quantum dot and a gold electrode.®*3
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Figure 4.6 (a) Optoelectrical transfer function of a Au/3-SAM/Q-CdSe electrode in an aqueous 1.0 M
Na,S0O, solution (markers) and the fit to the data (solid line). (b) Bode plots of the real (triangles) and
imaginary part (cirlces) of the function and the fit (solid line). For the fit only k_a, Ka, 1, the
distribution in the rate constants and a dimensionless scaling prefactor were taken as variables.

By solving the first-order rate equations for the steps in which the different states of the
guantum dot are involved, we obtained an expression for the steady-state photocurrent and the
opto-electrical transfer function. This calculated transfer function is compared to that measured
experimentally with a AU/SAM/Q—-CdSe system in 1.0 M Na,SO,. The observed opto-electrical
transfer function, shown in Figure 4.6(a), corresponds to excited state decay via two consecutive
electron tunneling steps between the particle and the gold. The characteristic frequency of the
semicircle in the positive-negative quadrant, w,, correspondsto k_,,, the rate constant for electron
tunneling from the LUMO of the particle to the gold. The characteristic frequency of the
semicircle in the positive-positive quadrant, c,, corresponds to K,,1, the rate constant for
tunneling from the gold to the trapped hole. The tunneling rate constants are thus directly
determined from the IMPS results. The flattening of the semicircles is caused by a dispersion of
rate constants, originating from a distribution in tunneling distance. Defects in the SAM, a
particle size distribution and the fact that the trapped hole can be located anywhere in or on the
surface of the particle lead to a variation in tunneling distance. However, in practice only the
charge carriers with the smallest tunneling distance will contribute to the transfer function. A
Gaussian distribution around an average distance, s, (the length of the spacer molecule) is
assumed with o= 0.10 s;; this leads to a variation in the tunneling rates of +15%. The model is
then found to be in good agreement with the data as shown in the Bode plotsin Figure 4.6(b).
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Figure 4.7 Tunneling rates of the cathodic process are plotted semi-logarithmically versus the applied
potential for 1-6 SAM/Q-CdSe modified gold el ectrodes.

4.3.5 Distance-Dependence of Electron Tunneling

To study the distance dependence of the tunneling rate, the distance between the particles
and the gold was varied by using Self-Assembled Monolayers of different chain length. The
tunneling rate constants for CdSe dots electrodeposited on gold were faster than 2[10° s*, which
is the upper limit of our set-up. A high tunneling rate was to be expected since an insulating layer
IS not present between the dot and the gold. The rate constants for the samples with SAMs formed
by compounds 4-6, were strongly dependent on the applied potential and did not show a trend
upon a chain length variation as is shown in Figure 4.7. It is known from the literature that these
dithiol molecules are not rigid and do not give a perfectly ordered SAM.>* A tentative
explanation of the potential dependence of the tunneling rates may be that these layers deform
when the potential is changed. The particles are probably surrounded by a negatively charged
(AOT) capping layer. When the potential of the electrode is lowered, the charge density on the
metal becomes more positive (or less negative); the particles may be attracted to the gold
electrode. Consequently, the effective tunneling distance between the dots and the gold decreases,
and the tunneling rate increases. In contrast, the potential dependence observed with the rigid
compounds 1-3 was very weak, indicating that these SAMs are more ordered and more rigid than
the dithiols. The double bonds between the rings prevent bending of the molecules and, due to
intermolecular interactions, these SAMs are well-ordered. A clear dependence of the tunneling
rate on the distance was found with 1-3 as shown in Figure 4.8. The tunneling rate increases by
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Figure 4.8 The tunneling rates are plotted semi-logarithmically versus the intramolecular S-S
distance, dss, for the anodic (k_,,; squares) and the cathodic (K, t; circles) processes with 1-3. The
results, obtained with three different samples of each configuration, and the fits to the data (solid
lines) are shown.

two orders of magnitude upon a decrease in S-S distance from 11.8 to 3.4 A. In Figure 4.8, the
measured tunneling rate constants for the anodic and cathodic processes are plotted semi-
logarithmically versus the length of the spacer molecule, dss. A linear relationship is observed.
Assuming elastic tunneling through a one-dimensional barrier, k = k,e %<, we obtain values of
=0.50 +0.05 A"X. Compounds 7 and 8, similar to 2 and 3, respectively, but with only one sulfur
atom, were also used to form SAMs on Au. These compounds were attached to the gold via the
sulfur atom and formed ordered, current-blocking SAMs (see Table 4.1) due to their
intermolecular interactions. After immersion in the Q—CdSe suspension these samples did not
give a photosignal, indicating that the particles are not adsorbed on a SAM of 7 and 8. Thisis
supported by the fact that no dots were observed on SAMs of 7 and 8 on Au with STM. These
results indicate that the dots are chemically bound to the spacer molecules 1-3, probably via a
covalent Cd-S interaction.*

The distance dependence of electron tunneling is often studied with redox centers attached
via akanethiol SAMs on gold and with biological (DNA, proteins) or synthetic organic donor -
link-acceptor molecules. A problem with this approach is that the Gibbs free energy of the
transfer reaction, AG®, and the reorganization energy, A, of the reaction centres are controlled by
molecular properties and the solvent.*”** Another problem is that the tunneling rates are obtained
indirectly by measuring the emission decay of the donor site. Fluorescence quenching might
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involve another mechanism than electron transfer. To obtain the rate of electron tunneling in such
systems several assumptions have to be made. The advantage of studying the relationship
between the tunneling rate and distance with Au/SAM/Q-CdSe sytems is that no activation or
reorganization energy is involved. Because analogous molecules are used to vary the tunneling
distance, the tunnel barrier height is kept constant. Thus, the relationship between the electron
tunneling rates and the distance can be determined directly from IMPS measurements on these
systems, without interference from other parameters.

From Figure 4.8 it is clear that the tunneling rates for the anodic and the cathodic
processes depend exponentially on the tunneling distance. A value for B of 0.50+0.05 A*was
determined from the slope of the plots. The spacer molecules are probably oriented, not
perpendicular to the gold surface, but at a small angle to the normal axis. From single crystal
X—ray diffraction it was found that these molecules have an angle of ~23° with respect to the
c—axis.* When it is assumed that all molecules 1-3 are tilted 23° to the normal axis a value for 8
of 0.55+0.05 A~*was found.This value for 8 is much smaller than that calculated for electron
transfer through vacuum (2.0 A=%). In many reactions between solvated donors and acceptors 3
varies between 1.0 and 2.0 A=Y In systems in which the electroactive center is coupled to an
electrode via an alkanethiol SAM the values for B vary between 0.2-0.95 A%, depending on
theconjugation of the bridging molecules.”?® However, in systems consisting of a dye and
acceptor, separated by a fatty-acid, smaller values for 8 (0.3-0.5 A) were obtained, while in
DNA systems even smaller values (0.1-0.4 A™) were found.?* Possible explanations for the low
values of B given by others are that the spacer between donor and acceptor may decrease the
effective tunneling barrier height with respect to the vacuum level or that tunneling occurs via
intermediate states. In our systems, a superexchange mechanism via ‘ through-bond-interaction’
(TBI), involving the o-orbitals of the cyclohexyl-type rings, may be responsible for the small
distance dependence of electron tunneling. TBI can play a significant role in electronic coupling
between the donor and acceptor sites, and consequently influence the distance dependence.>>*
Photo-electron spectroscopy (PES) has unequivocally shown that the 3p-sulfur lone pair orbitals
[Lp (S)] and the olefinic -bond orbitals [_(C=C)] in the spacer molecules used are strongly

coupled via a through-bond interaction involving the Hgy-C-C-Hgy _-orbitals of the cyclohexyl-
type rings. For compounds 1-3 a splitting of the two Lp (S) orbitals, _I Vs of 0.45 eV, 0.40 eV

and ~0.3 eV was found, respectively. These orbitals interact via the hydrocarbon skeleton over
distances of ca. 8 A and 12 A.® Consequently, upon physisorption via one Lp (S) orhital the

second one positioned at the opposite end of the molecule will be perturbed and as such these
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oligo(cyclohexylidenes) can be envisaged as moleculer relays.® Electron-donor/el ectron-acceptor
functionalized oligo(cyclohexylidenes) were also shown to be active in photoinduced charge
separation.> The distance dependence should be slightly different for the anodic and cathodic
process, due to the different effective barrier height.

The lowest value for k_,, ,tunneling from the LUMO of the dot to the gold, was obtained
with the 3-SAM system and was [R10° s. Since this tunneling process has to compete with
intra-particle recombination, the lifetime of the long-lived excited state must exceed 0.5 ms.
Bawendi and coworkers®*® have performed photoluminescence measurements on single CdSe
guantum dots and they found a fluorescence intermission with an average time of about seconds.
The on/off times were influenced by the capping of the dot, indicating that surface states were
involved. These processes were explained by photoionisation in which one of the charge carriers
was trapped. This indicates that trapping of a charge carrier can lead to an excited state with a
remarkably long lifetime of seconds. The fastest tunneling process in the Au/Q-CdSe system is
tunneling from the LUMO to the gold. This agrees with earlier work, in which we showed that
the free charge carrier has a higher tunneling probability than the trapped carrier.®

4.4 Conclusions

We show that IMPS is a direct and elegant method for studying photoinduced electron
tunneling between a gold substrate and an anchored nanoparticle and the dependence of the
tunneling rate on the distance between the two. This method has the advantage that elastic
electron transfer proceeds without (solvent) reorganization and the tunneling rate is measured
directly. This photoelectrochemical method allows us to determine the electronic structure of a
long-lived excited state in CdSe quantum dots, giving information supplementary to that of
optical spectroscopy. In agreement with previous work it was shown that the free charge carrier
has a higher tunneling probability than the trapped carrier, due to the fact that the trapped carrier
has a larger average tunneling distance than the free charge carrier.
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Scanning Tunneling Spectr oscopy with
Symmetrical and Asymmetrical

Tip/Quantum Dot/Gold Configurations

Abstract

Resonant electron tunneling through nanometer-sized CdSe and CdS crystals was studied
with Scanning Tunneling Spectroscopy. The gold/nanocrystal/tip configuration forms an
electrical device with two tunnel barriers, one between the substrate and the nanocrystal and the
other between the nanocrystal and the tip. For crystals grown electrochemically on bare gold, the
applied bias is distributed asymmetrically over the barriers of the junction; a change of the bias
results mainly in a shift of the tip Fermi level with respect to the electron levels of the dot. The
tunnel spectra provide evidence for resonant tunneling through discrete levels of the conduction
and valence bands. The bias can be distributed more symmetrically in configurations in which
CdSe and CdS colloids are covalently anchored on a gold substrate via hexane dithiol. If the bias
distribution is nearly symmetrical, resonant tunneling at both negative and positive bias only
involves levels of the conduction band.
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5.1 Introduction

The development of scanning probe techniques has made possible the investigation of
materials at the atomic level. In addition, with Scanning Tunneling Spectroscopy (STS) the
electronic structure of a surface can be studied with molecular resolution. There is a growing
interest in the electrical and optical properties of insulating and semiconducting quantum dots
(QD). Recently, the density of states (DOS) of single molecules™?, metallic>®and semiconductor
quantum dots®** (Si, CdS, CdSe, and InAs) has been probed by STS.

Bard and coworkers’ have performed STS measurements on single CdS quantum dots. The
tip of the STM is positioned above an individual quantum dot, forming a Double-Barrier Tunnel
Junction (DBTJ), as shown in Figure 5.1. The tunneling current | through the DBTJ is measured
as afunction of the bias V. They reported that if the tip was retracted from the dot, the tunneling
spectra (differential conductance di/dV vs V) show an energy region in which the conductance is
very low, corresponding to the bandgap of the particle. When the tip/dot distance was decreased a
smaller energy region with low-conductance was observed. It seems that the experimental STS
results can only be interpreted for measurements in which the tip/dot distance is relatively large.
The problem has also been recognized in STS studies of the electronic structure of InAs and
CdSe quantum dots. For instance, Banin et al.’® and Alperson et al.** reported that the tip should
be retracted from the dot in order to establish an asymmetrical DBTJ. The distribution of the
applied bias over the DBTJ appears to be an important factor for the interpretation of the
tunneling spectra.*? Datta et al.>? have discussed this topic in relation to tunneling spectroscopy
with molecules covalently bound to the substrate. How resonant tunneling through quantum dots
depends on the distribution of the applied bias over the substrate/dot/tip junction has, however,
not been studied systematically.

In this chapter we describe in more detail how the bias distribution over the junction
affects the tunneling spectra. For this purpose, we used two types of junction; the electronic
coupling between the substrate and the QD could be tuned by the deposition procedure of the dots
on the conducting substrate. The dots can be grown electrochemically on the substrate leading to
a dot/substrate barrier with a relatively high capacitance (strong coupling, see Figure 5.1(a)).
Alternatively, colloidal nanocrystals can be linked to the substrate by organic spacer molecules
resulting in a dot/substrate barrier with arelatively low capacitance (weak coupling, see Figure

5.1(b)). Additionally, the coupling between the tip and the QD can be varied by changing the
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Figure 5.1 A Double-Barrier Tunnel Junction (DBTJ) is formed when the STM tip is positioned above
a quantum dot, which is (a) electrodeposited on a gold substrate and (b) covalently anchored to a
dithiol SAM on gold. In (c) the electrical equivalent circuit corresponding to the DBTJ is shown. The
shape of the quantum dots in theimageis arbitrary and is possibly different fromthe real shape.

tip —QD distance.

If the dots are 'strongly coupled' to the substrate and 'weakly coupled' to the tip
(asymmetrical DBTJ, Figure 5.1(a)), the voltage drops entirely over the dot/tip junction and the
valence and conduction band levels of the QD are fixed with respect to the substrate Fermi level,
Er a- When V is varied the tip Fermi level, Er,, shifts with respect to the energy levels of the
nanocrystal. In atunneling spectrum, in which the differential conductance, di/dV, is measured as
afunction of V, an increased conductance is observed each time E ;, comes into resonance with a
single electron level of the valence or conduction band.

When the dots are ‘weakly coupled' to the substrate and the tip (symmetrical DBTJ, Figure
5.1(b)), the voltage is distributed over both junctions and the valence and conduction band levels
of the QD are not fixed with respect to Eg 5, 0r Er;,. When the potential is scanned, both E¢ »,and
Erip shift with respect to the levelsin the nanocrystal. The tunneling spectra contrast sharply with
those obtained in an asymmetrical configuration. It will become clear that the distribution of the
bias over the two barriers of the junction plays a critical role in the features observed with
tunneling spectroscopy. Quantitative interpretation of the experimental tunneling spectra is only

possible if the ratio of capacitances of the two junctions is known.
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5.2 Experimental

The chemicals used were of pro analysi (analytical grade) quality from Merck. High-
purity water (18 MQ/cm) was used to prepare the solutions. All manipulations involving bis-
trimethylsilylselenium, (TMS),Se, dimethylcadmium (Me,Cd), tri-n-octylphosphine (TOP), and
trioctyl phosphineoxide (TOPO) were carried out in a nitrogen-filled glovebox.

Colloidal Suspensions. The aqueous CdS and non-aqueous CdSe (I) suspensions were
prepared according to the methods described in chapters 2 and 4. The CdSe (I1) suspension was
prepared according to Reference 13. A 1.0 M stock solution of TOP-complexed selenium
(TOPSe) was prepared by dissolving 0.8 g selenium shot directly in 15 g TOP. For the
preparation of the TOPCd stock solution a sample of 2.0 g Me,Cd (STREM chemicals) was
dissolved in 15 g TOP. Stoichiometric amounts of both stock solutions were combined and
diluted with TOP to 10 ml, and loaded into a 10-ml syringe. A sample of 25 ¢
trioctyl phosphineoxide (TOPO) was heated to 400°C. The heat source was removed and when the
desired temperature was reached (300-350°C) the contents of the syringe were quickly added to
the vigorously stirred TOPO by a single injection. Immediately an orange/yellow colour
developed and the temperature dropped to 180°C. The temperature was increased to 250°C and
stabilised to establish steady growth and annealing of the particles for several hours. The solution
was cooled to room temperature and the dots were removed from the solidified TOPO by
washing with anhydrous methanol. Finally, the dots were dispersed in toluene. The temperature
of the TOPO solution at the moment of injection determined the final particle size.

Gold samples. The gold samples were annealed and provided with electrochemically
deposited nanocrystals. Alternatively, the gold samples were provided with a 2-SAM (see chapter
4) or a propanedithiol-SAM; a submonolayer of the quantum dots was deposited on the Au/SAM
or on the bare gold. The procedures were performed according to the methods described in
chapter 4.

STM/AFM. STM topographic images were obtained in ambient air (40 % humidity) with a
Nanoscope Il (Digital Instruments, Santa Barbara, CA) with an electrochemically etched Pt/Ir
(90/10) tip. AFM images of the electrodeposited CdS on gold were obtained under ambient
conditions in tapping mode with a tapping mode tip, provided by Digital Instruments. For

Tunneling Spectroscopy the tip was positioned above an individual quantum dot and the scanning
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and feedback controls were switched off. The tunneling spectra are obtained by numerically
differentiating the measured I-V curves. At room temperature reproducible spectra could be
obtained during ~60 seconds after the tip was positioned above a particle. Thistime is limited by
thermal drift in the system, which moves the tip with respect to the sample. STM measurements
at 4.2 K were performed on a home-built STM in a vacuum chamber containing a small amount
of helium to act as a heat exchange gas; the STM was cooled in an Oxford cryostat. The design of

the low-temperature STM is described in Reference 14.

5.3 Resaults

5.3.1 Topography of CdSe and CdS Quantum Dots on Gold

Figure 5.2(a) shows a topographic STM image of electrodeposited CdSe on gold (111),
and Figure 5.2(b) an AFM (tapping mode) image of electrodeposited CdS on gold (111). The

1] 1.00 s O

-40.0

10.0

' J -0
o 10.0 20.0 30.0 40.0

Figure 5.2, STM images of (a) electrodeposited CdSe quantum dots on gold (bias 1.2 V, set point 200
pA); height scale 4 nm), (c) colloidal CdSe (bias 1.4 V, set point 25 pA; height scale 5 nm), and (d) a
single CdS QD on a SAM on gold (bias 1.3 V, set point 150 pA; height scale 5 nm. (b) AFM (TM)
image of electrodeposited CdS on gold (scale 10 nm). All images were acquired with a Nanoscope 111

under ambient conditions.
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surfaces were uniformly covered with individual semiconductor islands; the diameter and height
of the CdSe and CdS dots were approximately 5 nm and 10 nm, respectively, which is in good
agreement with what one expects on the basis of the amount of charge used to electrodeposit the
particles. Hodes et al. have shown with TEM that the dots are spatially isolated™; due to tip-
convolution with a scanning probe technique, the dots seem to be interconnected. The barrier
between the dots and the gold is possibly related to a monolayer of elemental selenium, which is
adsorbed spontaneously on the gold surface, prior to the electrodepostion of the QDs.** Figure
5.2(c) presents an STM images of a submonolayer of colloidal CdSe particles on gold and 5.2(d)
an STM image of a single CdS dot deposited on gold/hexanedithiol-SAM. For the TS
experiments isolated QDs were selected. The tunneling barrier between the dot and the gold is
due to the insulating SAM between the crystallites and the gold.

5.3.2 Scanning Tunneling Spectr oscopy

In Figure 5.3 a plot of the tunneling current | between the tip and the substrate is shown as
a function of the bias V for a freshly-annealed Au surface in vacuum at 4.2 K. The distance
between the tip and the gold was controlled by the set point current (20 pA at 1.0 V). In the
potential range around zero bias | increases linearly with V. This type of relationship has
previously been observed by others and is characteristic for elastic electron tunneling between a
Pt tip and a clean Au surface.®®

In Figures 5.4(a) and 5.4(c) current-voltage (I vs V) curves are presented for
electrodeposited CdSe (d[1100 A) and CdS (d1100 A) quantum dots, respectively. The distance

between the tip and the quantum dot was varied by changing the set point current at a constant

1 (10 nA)

Figure 5.3 1-V curve acquired with a clean Au(111) surface at 4.2 K (bias 1.0 V, set point 20 pA)
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bias voltage. The corresponding tunneling spectra (di/dV vs V) of the CdSe and CdS samples are
shown in Figures 5.4(b) and 5.4(d), respectively. In the current-voltage curves a region of very
low current was observed in a considerable range around V=0, corresponding to the zero-
conductance-gap in the tunneling spectra. The width of this zero-conductance-gap in Figure
5.4(b) decreases from 1.9 eV to 1.6 eV with an increase of the set point current from 20 pA to
3.0nA. Anincrease in the set point current from 200 pA to 2.4 nA decreases the width of the gap
in Figure 5.4(d) from 2.4 eV to 2.0 eV. The bandgap of bulk CdSe at room temperature is
1.84 eV and that of CdSis 2.4 eV as indicated by the dotted lines in Figures 5.4(b) and 5.4(d).
Such aweak dependence of the width of the zero-conductance-gap on the tip-to-dot distance was
also observed with smaller quantum dots with dC50 A and d20 A. The tunneling spectrain
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Figure 5.4 (a) and (c) Current-voltage curves obtained under ambient conditions for electrodeposited
CdSe and CdS quantum dots on gold, which have a mean diameter of 100 A n Figures (b) and (d)
the corresponding tunneling spectra are presented. The tip-to-dot distance was varied by using
different set point currents at a given bias. In Figure (b) the bias was 1.3 V and the set point currents
(1) 3.0nA, (2) 1.0 nA, (3) 200 pA, (4) 100 pA, (5) 50 pA, and (6) 20 pA. In Figure (d) the bias was 1.5
V and the set point currents (1) 2.4 nA, (2) 1.0 nA, (3) 500 pA, and (4) 200 pA.
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Figures 5.4(b) and 5.4(d) do not show peaks in the regions of increasing conductance. The width
of the zero-conductance-gap and the absence of discrete peaks agree well with the fact that 10 nm
large dots have an electronic structure which is similar to that of macroscopic single crystals. In
the tunneling spectra of the smaller dots discrete peaks were observed; these will be discussed in
chapter 6. It should be remarked that the conductance increases more rapidly at positive than at
negative bias.

In Figure 5.5 (@) and (c) the current-voltage curves are shown for colloidal CdSe(l) and
CdS quantum dots on Au/hexanedithiol-SAM. The diameters of the CdSe and CdS particles,
determined with TEM and optical absorption, are 32+5 A and 50+12 A; the optical bandgaps of
these particles are 2.3 eV and 2.6 eV, respectively. In Figures 5.5(b) and (d) the corresponding
tunneling spectra are shown. The width of the zero-conductance-gap depends strongly on the tip-
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Figure 5.5 (a) and (c) Current-voltage curves obtained under ambient conditions for single colloidal
CdSe and CdS quantum dots on Au/SAM, which have a mean diameter of 32+5 A and 50+12 A,
respectively. In Figures (b) and (d) the corrsponding tunneling spectra are presented. The tip-to-dot
distance was varied by using different set point currents at a given bias. In Figures (b) and (d) the bias
was 1.2 V and the set point currents (1) 2.0 nA, (2) 1.0 nA, and (3) 200 pA.
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to-dot distance, in contrast to that measured on the electrodeposited dots. The width of the gap in
Figure 5.5(b) decreases from 1.5 eV to 0.3 €V when the current increases from 200 pA to 2.0 nA,
and in 5.5(d) the width of the gap is reduced from 2.2 €V to 0.9 eV upon an increase of the set
point current from 200 pA to 2.0 nA. Such a strong dependence of the width of the zero-
conductance-gap on the tip-to-dot distance has also been observed by others for colloidal CdS
quantum dots on Au/SAM.” The spectra obtained with the smallest tip-to-dot distance suggest a
shape that is symmetrical with respect to the point V=0. The conductance increases sharply at
positive and negative bias, in contrast to what was observed for the electrodeposited dots.

In Figures 5.6 (a) and (c) the current-voltage curves, and in (b) and (d) the tunneling
spectra obtained on single colloidal CdSe(l1) quantum dots in vacuum at 4.2 K are shown. The
biaswas 1.4 V for both scans, but in Figure 5.6(a) the set point current was 150 pA and in 5.6(c)
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Figure 5.6 (a) and (c) Current-voltage curves obtained in vacuum at 4.2 K for a single colloidal CdSe
quantum dot on Au/2-SAM, which has a mean diameter of 43#4 A. In Figures (b) and (d) the
corresponding tunneling spectra are presented. The tunneling settings were (a,b) 150 pA, 1.4 V, and
(c,d)5pA 14V.
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5 pA. The diameter of these dots was 43+4 A, corresponding to an optical bandgap of 2.15 eV.
The tunneling spectrum presented in Figure 5.6(b) appears to be symmetrical with peaks a-a, b-b'
etc, which are similar in width and height in the positive and negative bias region. The width of
the zero-conductance-gap in Figure 5.6(b) is 0.5 eV. The conductance peaks in the spectrum
shown in Figure 5.6(d) in the positive bias region are much higher and better resolved than the
peaks in the negative bias region. The width of the zero-conductance-gap is 2.5 eV. The
measured peak spacing in Figure 5.6(b) between a-b and a-b' is 220 and 250 meV and the peak
widths (FWHM) for a, b, & and b' are 120-150 meV. The width of the peaks at positive bias in
Figure 5.6(d) is 60+10 meV.

5.4 Discussion

An STM tip positioned above a semiconductor quantum dot forms a DBTJ as shown in Figure
5.1(c). In this electrical equivalent circuit, we assume the dot to be a point with potential ¢, that
is located between the two barriers. The tip/dot and dot/Au capacitances are denoted by C, and
C,, respectively. Single electron tunneling events lead to electrical currents J; and J,; R, and R,
correspond to the differential resistances of tunneling through the tip/dot and dot/substrate

barriers, respectively. The bias (Er,-Er 4,) is distributed over the tip/dot and dot/Au junctions,
Er o~ Ernu =8 (Pa ~Fup) + (B a P )] =009, +e09 (5.1)

in which ¢,, and ¢, are the electrostatic potentials of the gold substrate and the tip and A¢, and
A¢, are the values of the electrical potential drop over the tip/dot and dot/Au barriers. The
distribution of the bias (Eg,-Er ;) Over the two junctions can be derived by using Kirchoff's

laws.

dA¢,
dt

dAg,

C
2 dt

+J2 :C1 +J1 (52)

From equation (5.1) and (5.2) it follows that the potential drop over the tip/dot junction is given
by
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C J, — J,)dt
edA¢, = C +2C d(EF,tip - EF,AU) + eJ’(Ci_F—Cl) (5.3
2 2

For a DBTJ with a quantum dot in the ground state, i.e. not charged positively by a hole or
negatively by an electron, J;(t) and J,(t) are both zero. The distribution of the bias is determined
by the first term on the right hand side of equation (5.3). The second term accounts for the

charging energy, E., dueto electron (or hole) tunneling into the quantum dot. For instance, if one

electron is transferred from the tip to the dot, i.e. J’ (J2 - Jl) dt = —e, the energy of the dot increases

by E.=€%/(C,+C,), for the time interval during which the electron resides on the particle. It has to
be remarked here that equation (5.3) and the equation for the charging energy were derived on the
basis of an electrical equivalent circuit. The microscopic physics are incorporated in the
capacitances C, and C,. Two contributions to the charging energy should be distinguished; that
related to an electron (or hole) interacting with the bonding electrons, i.e. the polarisation energy
(depending on g, and &,,, see Figure 5.7), and Coulomb electron-electron (or hole-hole)
interaction for charge carriers in tunneling transition;*”?° this issue will be discussed in more

detail in chapter 6.
5.4.1 Asymmetrical DBTJ (C,>>C,)

In the bias range in which the conductance is zero (J,=J,=0), the quantum dot is in the

ground state. If the capacitances of the barriers do not change with the bias we find from equation

Eout

Figure 5.7 Schematic representation of an insulating quantum dot with dielectric constant g, in a
dielectric environment with constant &,,. The charge of the additional electron is compensated (partly)
by the polarisation of the binding electrons of the dot. The electric field, induced by the additional
electron, extends the limited size of the nanocrystal; hence, the polaristion energies of the electron and

the hole depend on the dielectric surroundings.
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(5.3) that Ag, =(Ec, - EF,AU)QCTZC and Ag, =(Ec,, - EF'A”)Q%C' For dots el ectrodeposited
2 2

directly on the substrate, the Au/QD interface has a high capacitance; the barrier is probably due
to a monolayer of elemental selenium. Since C,>>C, for all tip-to-dot distances, the bias drops
entirely over the tip/dot junction. In this situation, a change in the bias results in a corresponding
change in Eg, with respect to the energy levels of the dot; the Fermi level of the gold substrate
remains unchanged when the voltage is scanned. Hence, the Fermi level of the tip scans through
the energy levels of the nanocrystal as is shown in Figures 5.8(a) and (b). At positive bias
resonant tunneling occurs via the conduction band levels of the dot, and at negative bias via the
valence band levels.

The effective barrier height (Eoc- Er1ip OF Ejoc-Er ay) IS expected to be much larger for
resonant tunneling from the substrate to the dot (see Figure 5.8(b): E o >Ex ;) than for tunneling
from the tip to the dot (see Figure 5.8(a): Er,>Er A,). As aresult, the tunneling probability and
hence the conductance should be lower at negative bias than at positive bias (illustrated in Figure
5.8(c)). This effect was clearly observed with electrochemically deposited CdS and CdSe at all
tip-to-dot distances and with colloidal CdSe dots when the tip was retracted.

The position of the zero-conductance-gap is nearly symmetrical around zero bias for the
asymmetrical Au/dot/tip configuration, indicating that the equilibrium Fermi energy of the system
is located in the middle of the bandgap of the particle.

The zero-conductance-gap is the measured difference between the voltage of the first peak
at positive and the first peak at negative bias. The width of the gap corresponds to the bandgap of
the dot (E_umo-Eromo) Plus the polarisation energies for adding the first electron, E, , at positive

bias and thefirst hole, E, , at negative bi as.'” The polarisation energies for dots with a diameter of

100 A are negligible. The measured widths of the gaps at the largest tip-to-dot distance are 1.9 eV
and 2.4 eV for CdSe and CdS (Figure 5.4), which is close to the bandgap of the macroscopic
semiconductor.

5.4.2 Symmetrical DBTJ (C,C,)

A symmetrical DBTJ can be formed if the quantum dot is covalently anchored to the gold
substrate by an akane dithiol, and thetip is positioned at a sufficiently small distance from the
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Figure 5.8 (a) and (b) show tunneling at (a) positive and (b) negative bias through the conduction
band and valence band levels, respectively, for an asymmetrical DBTJ. AE is the bias (Er iy-Er a,), and
AE; is the effective barrier height (Eac-Erjip OF Ejac-Er a0)- In (C) @ tunneling spectrum is shown with
the characteristic features for an asymmetrical DBTJ. Figures (d) and (e) show the tunneling
processes for a symmetrical DBTJ at positive and negative bias through the same conduction band
level. The Fermi energy level at equilibrium is indicated by the dashed line; due to image chargesin
the tip and the substrate the energy of the dot is shifted to lower energies (see text). In Figure (f) the
tunneling spectrum, characteristic for a symmetrical DBTJ is shown.

dot, such that C,[IC,. From equation (5.3) it follows that for atotally symmetrical DBTJ (C,=C,)
Ap=Ap,=0.5(Er,-Er ), and the bias is distributed equally over the two barriers. If the bias is
changed, the Fermi level of the tip and that of the gold substrate will shift with respect to the
energy levels of the dot. At positive bias, electrons tunnel resonantly from the tip via a
conduction band level in the dot to the gold (Figure 5.8(d)), and at negative bias electrons tunnel
via the same conduction band level in the dot, but then in the opposite direction, from the gold
substrate to the tip (Figure 5.8(¢)). The barrier height for tunneling from the tip to the conduction

band level in the dot is the same as that for tunneling from the gold to the same level in the dot.
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This means that the tunneling probabilities and hence the differential conductance are the same
for both processes; the heights of the peaks in the tunneling spectrum are expected to be the same
at positive and negative bias. When C,=C,, the width of the zero-conductance-gap in the
tunneling spectrum does not correspond to the bandgap of the dot, but to four times the energy
difference between the equilibrium Fermi level in the gold and the lowest level of the conduction
band plus the polarisation energy of the electron (see Figure 5.8). The tip/dot capacitance, C,,
depends on the tip-to-dot distance, while the dot/Au capacitance is constant and determined by
the molecular structure of the barrier. Consequently, the distribution of the bias across the DBTJ
depends strongly on the tip-to-dot distance. This effect agrees with the experimental results (see
the tunneling spectra in Figure 5.5). The tunneling spectra in Figures 5.5(b) and 5.6(b) show that
the equilibrium Fermi level lies very close to the first level of the LUMO of the dot. This
experimental fact cannot be explained by the present model. A possible explanation is that the
energy of the dot is shifted to lower energy by an electrostatic interaction between the crystal
dipole of the dot and the image charges in the tip and the substrate. In Figure 5.8(f) a schematic
tunneling spectrum is shown with the characteristic features expected for a symmetrical DBTJ.
These features were experimentally observed in Figure 5.6(b).

The tip/dot capacitance, C,, was decreased by retracting the tip from the sample, making
the DBTJ more asymmetrical as a result. In Figure 5.6(d) a spectrum is shown in which the tip
was retracted from the colloidal quantum dot such that C,>>C,. At positive bias, the conduction
band levels are probed and at negative bias the valence band levels as indicated by the higher
conductance at positive bias. The measured width of the zero-conductance-gap was 2.5 eV,
corresponding to (E, o =~ Evovo) *+ Es, + E, - The bandgap of the dot (E,yvo-Enomo=2.28 €V) is
deduced from the optical bandgap (2.15 €V), observed from the absorption spectrum, by adding
the electron-hole Coulomb interaction energy, which is ~125 meV (with r=2.15 nm, and
£ociase=10). These results give a value for the sum of the polarisation energies,

E, +E, =220 meV. In Figure 5.6(b) the tunneling spectrum for a similar dot in a symmetrical

DBTJ configuration is shown. The measured peak spacings between a-b, and a-b' are 220 meV
and 250 meV, respectively, and correspond to y4 , (y=(C;+C,)/C,, following from eguation
(5.3)). The measured peak width (FWHM) in Figure 5.6(d) is 60+10 meV for all the peaks at
positive bias, and in Figure 5.6(b), 120-150 meV for the peaks a, &, b, and b', all corresponding to
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the first energy level of the conduction band; the measured peak width has doubled for the
symmetrical DBTJ.

5.5 Conclusion

We studied resonant electron tunneling in Au/QD/tip configurations with CdS and CdSe
guantum dots electrochemically grown on gold and with colloidal CdS and CdSe dots covalently
anchored to a gold substrate via a hexanedithiol SAM. In junctions with electrodeposited dots, a
change in the bias induces mainly a shift of the Fermi level of the tip with respect to the energy
levels of the dot. In such an asymmetrical configuration, the bandgap and energy level spacing
can be determined directly from the tunneling spectra. With the AW/SAM/QD systems, the spectra
depend strongly on the tip-to-dot distance. With a small distance, a symmetrical spectrum is
observed, indicating resonant tunneling viathe levels of the conduction band at both positive and

negative bias.
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Single Electron Tunneling through a CdSe
Quantum Dot

Abstract

The electronic structure of a single CdSe quantum dot was studied with Scanning
Tunneling Spectroscopy. The STM tip was positioned above a colloidal CdSe nanoparticle,
which was anchored to a gold surface, forming a Double-Barrier Tunnel Junction (DBTJ). By
varying the tip-to-dot distance the symmetry of the DBTJ could be modified. This has two
effects. First, the relative magnitude of the capacitances, which determines the distribution of the
bias, is changed (see chapter 5). Second, the probability that a specific orbital of the nanocrystal
Is occupied with an electron depends on the rates of tunneling into and out of the quantum dot,
and relaxation in the nanocrystal. For an asymmetrical DBTJ, the Coulomb charging effects can
be neglected; the conductance peaks in the tunneling spectra reflect the set of discrete single-
electron levels of the quantum dot. The degeneracy of the levels is not resolved with this
configuration. In a more symmetrical DBTJ, the degeneracy of the levels is partly resolved by
Coulomb charging of the dots. The electronic structure of a CdSe quantum dot was compared to
that calculated for an electron in a cubic box.
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6.1 Introduction

In the past decade, the electronic structure of semiconductor,'> metal,® and
superconducting’ nanometer-sized crystals has been studied in great detail with electrical devices
in which the dot is positioned between three electrodes on an integrated circuit (IC). The
advantages of such devices are the robustness of the system and the presence of athird electrode,
which can act as a gate electrode. A disadvantage is that parameters such as the tunnel resistances
and the capacitances of the Double-Barrier Tunnel Junction are fixed, a priori. Another approach
to study the electronic structure of a quantised system is to use Scanning Tunneling Spectroscopy
(STS). For STS, a nanocrystal is adsorbed on a conducting substrate and the STM tip is
positioned above a single particle, forming a Double-Barrier Tunnel Junction (DBTJ). Recently,
incremental charging of metal particles, and the electronic properties of semiconductor quantum
dots were investigated with STS.#** The main advantage of STSis that the tip-particle distance,
and thus the ratios of tunneling resistances and capacitances of the DBTJ, can be changed wihout
changing the particle-substrate distance.**** The recent development of a scanning gate STM,
which has two electrically independent tips, has made it possible to perform gated experiments,
this approach has only been used for gold grains.*

Banin et al.®> and Alperson et al.*®’ reported on an STS study of colloidal InAs and
electrochemically deposited CdSe quantum dots on a gold substrate, respectively. Banin et al.
mentioned that in their measurements the tip was retracted and it was assumed that the resulting
DBTJ was asymmetrical. In the tunneling spectra, a doublet and a sextet were observed. The
doublet was assigned to an atomic-like 's-orbital' and the sextet to the (three-fold degenerate) 'p-
orbitals. The authors concluded that the spin and orbital degeneracy was broken due to charging
effects. In recent theoretical work, Zunger et al*®*® have shown for an insulating nanocrystal, that
there are different contributions to the charging energy. When the first electron (or hole) is added
to the nanocrystal in the ground state, the energy of the dot is raised by the electron (or hole)
polarisation energy. The physical origin of this type of charging energy was discussed in chapter
5. If the deviation from equilibrium is sufficiently large such that more pathways for resonant
tunneling are available, electron-electron Coulomb interactions can form another contribution to
the charging energy.

In this work, the electronic structure of individual colloidal CdSe nanoparticles was
investigated with STS. The symmetry of the DBTJ was changed systematically by varying the
tip-dot distance. The symmetry of the DBTJ has consequences not just for the potential
distribution over the two barriers (see the previous chapter). In addition, we found that a change
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in the tip-dot distance in such a configuration has a strong effect on the conductance spectrain the
positive bias region, where electrons tunnel through the levels of the conduction band. It will be
shown that in an asymmetrical configuration the electron-electron Coulomb charging effects can
be neglected. The set of conductance peaks reflects the energy diagram of electron levelsin the
conduction band; degenerate energy levels are not resolved. This chapter presents the first STS
study in which the electron occupation configuration of the nanocrystal, which may not be in
equilibrium with the Fermi level of the source electrode (in this case the STM tip), is considered.
In asymmetrical DBTJ Coulomb charging effects are important and the degeneracy is lifted.

6.2 Experimental

The colloidal TOPO-capped CdSe quantum dots were prepared according to the method
described in chaper 5 for the CdSe(11) suspension. The TOPO-capping of the CdSe nanocrystals
could be replaced by a pyridine capping.

Type (I) samples. The original suspension of TOPO-capped dots (d=43+4 A) was
evaporated to dryness under argon and the particles were redissolved in pyridine, which replaces
the TOPO. This pyridine capping could be subsequently replaced by hexanedithiol by adding a
drop of hexanedithiol to the pyridine solution. The particles were interconnected by the
hexanedithiol molecules forming 'supercrystals, which precipitated. These 'supercrystals were
destroyed by ultrasonic vibration; the individual dots could be redissolved in anhydrous
methanol. A gold surface was provided with a submonolayer of quantum dots by placing a flame-
annealed gold sample in the methanol solution for 16 hours. The samples were rinsed thoroughly
with methanol.

Type (I1) samples. The gold samples were annealed and provided with a SAM of
compound 2(4,4'-(tetrahydro-4H-thiopyran-ylidene)) as described in chapter 4. A submonolayer
of TOPO-capped quantum dots was attached to this SAM as described in chapter 5.

All Scanning Tunneling Spectroscopy experiments described in this chapter were
performed in vacuum at 4.2 K with the STM set up described in chapter 5.

6.3 Resaults

Figure 6.1 shows an STM image of hexanedithiol-capped CdSe quantum dots on Au(111)
terraces obtained in vacuum at 4.2 K. The gold surface was covered with a sub-monolayer of
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Figure 6.1 STM image of a Au(111) surface covered with a sub-monolayer of CdSe quantum dots
(type (1) sample) measured in vacuum at 4.2 K (20 pA at 1.4 V) . The area shown is 99x85 nm.

nanoparticles. For STS, isolated dots were selected and for reference measurements tunneling
spectra were recorded on the bare gold terraces.

In Figure 6.2, the tunneling spectra aquired above a single CdSe quantum dot are shown

for an asymmetrical configuration ((a, ¢ and d) set point 5 pA, 1.4 V). The dots used for Figures
6.2(a),(c) and (d) were capped with TOPO and deposited on a 2-SAM (see chapter 4) on gold. In
Figure 6.2(b) a spectrum is shown (50 pA, 1.5 V) for a hexanedithiol-capped nanocrystal,
anchored to a bare gold surface. The peaks at positive bias, corresponding to the conduction band
levels of the quantum dot are shown in more detail in the insets. In all spectra five main peaks
were observed at positive bias with peak spacings A, ,= 188+8 meV, A,,= 194+15 meV, A;,=
150+20 meV, and A,s= 92+12 meV. The relative intensity of the peaks was different in spectra
taken consecutively above a single dot. The peaks at negative bias, corresponding to the valence
band levels, had a much lower intensity than the peaks at positive bias and were not well-
resolved. The width of the zero-conductance-gap in Figures 6.2(a), (c), and (d) is2.5+0.1 eV.
In Figure 6.3, two consecutive tunneling spectra obtained above the same quantum dot at
different tip-dot distances are shown. Spectrum (a) (1.4 V, 30 pA) shows 6 peaks in the positive
bias region. The peak spacings in spectrum (a) were A, ,= 181 meV, A, ;= 188 meV, A;,= 100
meV,A,s= 85 meV and As = 167 meV. The peak observed in spectrum (a) at a bias of 770 meV
was absent in spectrum (b) (1.4 V, 10 pA); the relative intensity of the peaks did not reproduce.

Figure 6.4 shows tunneling spectra for single quantum dots after the tip is brought closer
to the dot with respect to the spectra shown in Figure 6.2 and 6.3 (more symmetrical DBTJ). In
all spectra the main peaks were followed by satellite peaks of decreasing intensity. The spacing
between the main peaks in the spectrawas |= 31613 meV, 11=207+8 meV, and
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Figure 6.2 Tunneling spectra obtained on a CdSe quantum dot in vacuum at 4.2 K for Figures (a), (),
(d) TOPO-capped dots on a 2-SAM on gold with a set point current of 5 pA at 1.4 V, and (b) on a
hexanedithiol-capped nanocrystal on bare gold with a current set point of 50 pA at 1.5 V. In the insets
the peaks at positive bias are shown in more detail.
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Figure 6.3 Consecutive tunneling spectra on a quantum dot at different tip-dot distances. Spectrum (a)

(set point 30 pA at 1.4 V) shows six peaks in the positive bias region. The peak at 770 meV in spectrum

(a) is absent in spectrum (b) (set point 10 pA at 1.4 V). The relative intensities of the peaks are

different in both spectra.
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Figure 6.4 Tunneling spectra obtained on single CdSe quantum dots in a symmetrical DBTJ
configuration in vacuumat 4.2 K (60 pA at 1.2 V).
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Figure 6.5 Tunneling spectrum obtained on a single CdSe quantum dot in a symmetrical DBTJ
configuration in vacuumat 4.2 K (80 pA at 1.5V).
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111=160+10 meV. The typical spacing between the satellite peaks was 7510 meV. After each set
of peaks, thereisasmall regime with a negative differential conductance.

In Figure 6.5, a tunneling spectrum for an even smaller tip-to-dot distance is shown. In the
positive bias range two peaks are observed, followed by a series of six peaks with decreasing
intensity. In the inset the peaks are shown in more detail. The spacing between the main peaks
was A, ,= 173 meV, and A,,= 247 meV and the spacing of the satellite peaks was typically
40+10 meV. The peaks at negative bias have an intensity similar to that of the peaks at positive
bias. As discussed in chapter 5, this indicates that resonant tunneling involves the same levels of
the nanocrystal at positive and negative bias.

6.4 Discussion

6.4.1 Energy levelsfor an electron in a cubic box

In section 1.2.2, the quantum size effect was explained by considering an electron in a
spherical box with infinitely high walls. In this section we will use, for smplicity, the model of a
particle confined in arectangular volume of dimensions L, L,, and L in the x,y, and z-directions.
The Schrédinger equation is given by equation (1.1); U, the potential energy of the electron, is
zero everywhere in the box, except at the walls. The kinetic energy of the electrons is then given

by,

_[Dnlﬁ Danf Dnlezmh2 _ o o
By = H A +EL_2E +B§H Com, (n=1,2,..;n=1,2,...n=12..) (6.1)

with the independent quantum numbers ny, n,, and n;. The degeneracy of the energy levels and
the energy level splitting are related to the symmetry and dimensions of the potential well. In
Figure 6.6 the electron energy scheme for a cubic box (L,=L,=Ls;=L) is shown. The first level is
non-degenerate, whereas the following three levels are three-fold degenerate. The degeneracy of
the first and second level is the same as for a spherical quantum box, where the orbitals are
denoted by sand p (as for atoms).
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Figure 6.6 Energy scheme for an electron in a cubic box (L,=L,=Ls=L). The potential energy of the
electron is zero everywhere in the box, except at the walls, whereit isinfinite.

6.4.2 Theenergy required to add electronsto an insulating nanocrystal

In arecent paper, Zunger and coworkers calculated the energy required to add electrons to
the discrete levels of a semiconducting nanocrystal, taking into account the single-electron energy
level spectrum and the charging energy.'®'® They estimated two different contributions to the
charging energy: the polarisation energy and Coulomb interaction between electrons. The model
of Zunger forms a basis for the interpretation of tunneling spectra. We consider a nanocrystal in
the ground state (no electrons in the CB) and an electron reservoir (source €electrode) with a
reference Fermi-level, E¥. We then consider how much this Fermi-level has to be increased to
put one, two and more electrons into the discrete energy levels of the conduction band of the
nanocrystal under conditions of electronic equilibrium. The shift of the reference Fermi-level

required to put afirst electron onto a quantum dot in the lowest discrete level in the energy region
of the conduction band is

EY -E = +E, (62)

where e, is the energy of the electron level with respect to the reference energy and E, the
polarisation energy of the first electron added to the nanocrystal. E, depends on the dielectric

constant of the quantum dot, &, and of the surrounding medium, &,,. An analogous equation
holds for the energy required to add the first hole to a nanocrystal in level h, with a polarisation
energy E, . The addition energy to put a second electron with opposite spin in the same energy
level is
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AE, =EP -EY =E, +E,, (6.3)

where E.. is the Coulomb interaction energy between the electrons. The polarisation energy for
the second electron, E, , is due to the interaction with the image charge of the first electron and is

probably different from E, . The addition energy to charge the dot with a third electron in the

next level is
DE,; = EY -EY =e, -g +E, +2E,, (64)

where E, isthe interaction energy of the third electron with the image charges of the other two

electrons and €, is the energy level. The addition energy for placing the fourth electron on the
particle can be considered in an analogous way. Here, the spin-spin energies are neglected, since
they are much smaller than the Coulomb interaction energies.

6.4.3 Non-equilibrium dynamicsin a metal/dot/metal device

In section 6.4.2, the energies involved in adding electrons to the degenerate and non-
degenerate energy levels of a semiconducting nanocrystal are considered. In the model it is
assumed that when an electron is added to a given energy level, the electrons which have already
been added are all still present. It is hence assumed that the energy levels of the nanocrystal have
an occupation that is in chemical (electronic) equilibrium with the source electrode (i.e. the
electrode with the highest Fermi-level). In this work we only discuss tunneling through the
conduction band levels of the nanocrystal; the source electrode then corresponds to the STM tip.
In this section we will consider the possibility that the system is not in equilibrium.

The occupation of the energy levelsin a nanocrystal during electron transport

The relative rates of electron tunneling into and out of the dot, and relaxation in the dot
determine the probability that a given orbital is occupied. This probability determines the
probability of interactions between (tunneling)electrons in the crystal, and hence the charging
energy. For the interpretation of the charging effects it is necessary to define the probability that
an orbital, i, is occupied with an electron,
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inwhich k' and k!, are the rate constants for electron tunneling to and from the dot, respectively;
k! is the number of tunneling events per second from the source into the i™ orbital of the
nanocrystal. These rate constants depend exponentially on the tunneling distance (equation
(1.15)). For simplicity, relaxation of an electron from one orbital to another is not taken into
account.?® For configurations in which k!, >>k! , the probability that an orbital is occupied with
an electron is very small and Coulomb interactions between two electrons in tunneling transition
located in the dot can be neglected. As aresult, degenerate levels cannot be resolved. If thetipis
brought sufficiently close to the dot, such that k', is of the same order of magnitude or larger than
k', the probability that a given orbital is occupied is non-zero. Under these conditions,
interactions between two (or more) tunneling electrons become important. Due to these
interactions the spin and orbital degeneracy lifts.

Equilibrium conditions

To reach electronic equilibrium between the nanocrystal and the source electrode (here the
tip), tunneling from the tip into the nanocrystal must be faster than tunneling of electrons from the
nanocrystal to the substrate, i.e. per orbital k' >>k!.. Under these conditions, the occupation of
the orbitals in the nanocrystal is in equilibrium with the source electrode; this means that all
energy levels below E;, are occupied. In order to load a second and third electron onto the
nanocrystal, the addition energies AE; ,and AE, ; are required, respectively, and the spin
degeneracy isremoved; this situation isillustrated in Figure 6.7.

Non-equilibrium conditions

When k!, >>k' , the probability that an orbital i is occupied with an electron is low (see
equation (6.5)). Hence, electron-electron Coulomb interaction is negligible. This means that the
spin and orbital degeneracy is not resolved in the tunneling spectrum, and the spectrum reflects
the single electron energy scheme of the nanocrystal (see Figure 6.9). In the non-equilibrium
situation, electron relaxation to lower levels (rate constant k;) is slower than electron tunneling
from the dot to the gold (k! >>k,,); as aresult, the occupation of the orbitals of the dot isnot in
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Figure 6.7 Schematic representation of the effects of electron-electron Coulomb interactions on the
tunneling spectrum. In (a) the lowest two single electron levels of the conduction band are shown; e, is
non-degenerate, and e, is three-fold degenerate. (b) shows the energy spectrum when the levels are
fully occupied and electron-electron Coulomb interactions are strong. (c) shows the expected position
of the peaks in the tunneling spectrum; it is clear that electron-electron Coulomb interaction lifts the

spin and orbital degeneracy.
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Figure 6.8 Possible occupation configurations of the electron levels during tunneling, compared to
the full occupation. (a) shows the single electron level scheme, e, is non-degenerate and e, is three-
fold degenerate. (b) and (c) show the situation where Eg, is sufficiently high to overcome AE, ,; (b)
full occupation: due to electron-electron Coulomb interaction the spin degeneracy is resolved. (c) only
one electron is present in e;; the spin degeneracy is not resolved. In (d) and (e) E,is sufficiently high
such that e, can be occupied with two electrons and e, with one electron. (d) shows the configuration
where there is full occupation of e; and one electron is in one of the e, orbitals (equilibrium with the
source electrode). (e) shows the situation that e, and e, are occupied by one electron. Due to the

missing electron in e, resonant tunneling through e, occurs at lower energy.
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equilibrium with the source electrode. Alivisatos et al. have found a relatively long lifetime for
spin relaxation in CdSe quantum dots (nanoseconds);? this might lead to non-equilibrium effects
in STS. Tinkham et al.? found that in metal grains different electron occupancy configurations
are possible; the energy of the single-electron states will be shifted by a value, different for each
occupancy configuration. The resulting tunneling spectra may consequently be very complex.
Figures 6.8 (c) and (e) present possible configurations, in which the system is not in equilibrium.

6.4.4 Inter pretation of the Tunneling Spectra

If the tip is retracted, the tip-dot distance may be much larger than the dot-substrate
distance (Figures 6.2 and 6.3). For tip-to-substrate tunneling via the orbitals of the nanocrystal
(positive bias), the rate constant for tunneling between the dot and the substrate, k., is much
larger than that between the tip and the dot, k' ; therefore the probability that the dot is occupied
by an electron is nearly zero, and electron-electron Coulomb interaction can be neglected. In this
case only the polarisation energy of the first electron and hole will be observed, contributing to
the width of the zero-conductance-gap (see chapter 5). The zero-conductance-gap corresponds to
the bandgap of the dots plus the polarisation energies of the electron and the hole, E +E.+E;.
Since charging effects are insignificant, degenerate energy levels are not resolved. Very
importantly, the tunneling spectrum reflects the single-electron spectrum of the nanocrystal (see
Figure 6.9). For such an asymmetrical DBTJ (C,>>C,), the bias drops entirely over the tip-dot
junction and consequently, the peak width and level spacing of the conduction band levels
(&3, etc.) and valence band levels (A}, etc.) can be determined directly from the measured
tunneling spectra (for k', >> ki ). In the spectra shown in Figure 6.2, five peaks were observed in
the positive bias region. The relative peak spacings correspond fairly well to the energy level
splitting calculated for a particle in a cubic box. From the peak spacing, we estimate L = 60 A,
which is in fair agreement with the TEM measurements (d=43+4 A). The fact that the peak
Spacing corresponds to dimensions larger than those found with TEM measurements, indicates
that the extension of the electron wave functions should be taken into account. It is reasonable to
assume that the first peak corresponds to the first non-degenerate electron level, the second peak
to the three-fold degenerate level etc.. We remark that the peaks at negative bias, corresponding
to the valence band levels, are not resolved. This is probably due to the complex electronic
structure of the valence band of CdSe.?* Spectrum (a), shown in Figure 6.3, gives six peaks at
positive bias, their position isin fair agreement with the electron energy levels calculated for an
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Figure 6.9 (a) The single-electron energy level spectrum and (b) the expected position of the
conductance peaks in the tunneling spectrum for a minimum occupation of the dot (kci,ut>> Kin). The

spin and orbital degeneracy is not lifted due to electron-electron Coulomb interaction; (b) the peak
position in the tunneling spectrum reflects to the single-electron level spectrum.

electron in a cubic box. For spectrum (b) the tip has been further retracted with respect to its
position for spectrum (a) (tunnel resistance increased) and the intensity of the first peak has
decreased. The probability density or spatial distribution of the orbital involved in tunneling may
be important for the tunneling probability. The first level has an s-orbital character and the
maximum of the probability density is in the centre of the dot. The next three-fold degenerate
level has a p-orbital character and the probablity of the electron wave function is distributed more
uniformly over the dot. If the tunnel junction has a very high resistance, the wave function of the
electron in the tip decays rapidly. Consequently, the orbitals with alow probability density at the
surface, asthefirst s-type level, should have alow tunneling probability.

The spectra acquired with a more symmetrical DBTJ presented in Figure 6.4 give four
main peaks at positive bias with satellite peaks. We assume that in this situation k!, O k' and
charging effects become important. The first peak has at least two satellite peaks and therefore
cannot correspond to the first non-degenerate level, which would give a main peak and one
satellite peak, separated by E, +E, ., the Coulomb charging energy and the polarisation energy
for adding the second electron (see Figure 6.7). The value for E, may be very small, since the
second electron is not added to an insulator, but to a quantum dot which contains one electron and
thus has a high free electron density. The first set of peaks might correspond to the second three-
fold degenerate level, indicating that the first non-degenerate level is not observed in these
experiments. The peak spacing of the satellites corresponds to the total charging energy,
multiplied by a factor, which is due to the fact that the bias is distributed over two junctions. The
charging energy is of the order of 40 meV, a value which was also observed by Alivisatos et al.
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for CdSe nanocrystals of comparable size.?* By using €/4megR, with R=60 A, a value for the
charging energy of 48 meV was calculated, which is in reasonable agreement with the
experiments; we obtained L=60 A from the single-electron energy level spectrum. The spectrum
in Figure 6.5 was measured for arelatively small tip-dot distance and shows two peaks followed
by a series of six peaks. The first two peaks correspond to the first non-degenerate level and are
split by the Coulomb charging effect. The next six peaks correspond to the second three-fold
degenerate energy level. The peak splitting of the main peaks was ~170 meV and that of the
satellite peaks is ~40 meV. The spectrum in Figure 6.5 agrees with the spectrum deduced in
Figure 6.7 for full occupancy of the orbitals.

The decreasing intensity of the satellite peaks must be related to electron-electron
interactions, and hence to the occupancy of the orbitals. For instance, the probability that a
second electron tunnelsinto orbital i+1, when orbital i is occupied, isgiven by (') x(f"**), hence

Kin y Ai+1

n
kiln + Iut '|n+ ! + ktl)Jtl

6.5 Conclusion

It is shown that the symmetry of the Double-Barrier Tunnel Junction is a key factor for
single electron tunneling in a semiconductor quantum dot. The probability that an orbital is
occupied by an electron is determined by the rate constants for tunneling to and from the dot and
hence by the distances between the tip and the dot, and between the dot and the substrate. For a
very asymmetrical DBTJ (C,>>C,), the Coulomb interactions can be neglected and degenerate
energy levels cannot be resolved. The tunneling spectrum reflects the single-electron energy
spectrum of the nanocrystal, which can be understood in terms of the model for an electron in a
cubic box. For a symmetrical DBTJ Coulomb charging effects become important and the
degeneracy of electron energy levels can at least partly be resolved. The fact that Banin et al.’®
and Alperson et al.'® resolved completely the degeneracies of the first two levels, indicates that
the DBTJin their experiments was symmetrical.
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Samenvatting

Een 'quantum dot' is een kristallijne strucuur waarvan de afmetingen in drie dimensies zijn
beperkt, zodat de golffuncties van de elektronen opgesloten zijn in dit volume. De typische
afmetingen van een dergelijke structuur zijn in de ordegrootte van enkele nanometers (10° m).
Door de opsluiting van de elektrongolffunctie in een beperkt volume, treedt er 'size-quantisation'
op. Dit effect is a in 1926 waargenomen, maar werd pas in de jaren tachtig juist geinterpreteerd
en beschreven. De elektronische structuur van metaal- en halfgeleiderkristallen verandert
wanneer deze structuren extreem klein worden gemaakt. De continue energiebanden van een
macroscopische halfgeleider worden opgesplitst in discrete energieniveaus, en de verboden zone
of de 'bandgap’, het energieverschil tussen de geleidingsband en valentieband, wordt groter
naarmate de afmetingen van het nanokristal afnemen. Dit 'size-quantisation’ effect maakt deze
guantum dots erg interessant voor fundamenteel onderzoek, maar ook voor technologische
toepassingen.

Een metaal of halfgeleider quantum dot kan bijvoorbeeld worden gebruikt in een 'Single
Electron Transistor', een elektronische schakeling waarin slechts één of enkele elektron(en)
kunnen worden opgeslagen. Wanneer deze schakelingen reproduceerbaar op een geintegreerd
circuit kunnen worden gefabriceerd, kan dat leiden tot een verdere miniaturisering van de huidige
elektronica. Halfgeleider nanokristallen kunnen ook worden toegepast in een 'Light Emitting
Diode' (LED), een diode die licht uitzendt. De uitgezonden golflengte kan worden bepaald door
de deeltjesgroote of de chemische samenstelling van de gebruikte quantum dots te varieren.

Sinds 1960 zijn er allerlei technieken ontwikkeld om quantum dots te fabriceren.
Gekwantiseerde structuren kunnen op vaste stof substraten worden opgedampt of van een
éénkristal kan materiaal worden weggeétst, zodat er een nanokristallijn materiaal over blijft.
Quantum dots kunnen ook als colloiden op een nat-chemische manier worden bereid. Het
afgel open decennium hebben chemici de monodispersiteit in grootte en vorm van de deeltjes veel
verbeterd. Aanvankelijk werden suspensies van deze nanokristallen bestudeerd met optische
spectroscopie, zoals absorptie spectroscopie en fotoluminescentie. Met deze techniek kan alleen
informatie over de collectieve eigenschappen van de deeltjes worden verkregen. Wanneer er een
verdeling van deeltjesgrootte is, zijn de emissielijnen inhomogeen verbreed. Met de 'Scanning
Probe' technieken zoals 'Scanning Tunneling Microscopy' of 'Scanning Near-Field Optical
Spectroscopy' kunnen de elektrische of optische eigenschappen van individuele deeltjes worden
bestudeerd, waarbij problemen, veroorzaakt door de polydispersiteit, kunnen worden voorkomen.

115



Samenvatting

In dit proefschrift zijn de optoel ektronische eigenschappen van halfgeleider quantum dots
en de ladingsoverdracht tussen de nanokristallen en een geleidend substraat op een nieuwe manier
bestudeerd. Hiervoor werd een (sub)monolaag van deeltjes afgezet op een vliak goud opperviak.
De optoelektronische eigenschappen zijn onderzocht met een tijds-opgeloste fotoelektro-
chemische techniek en de individuele elektronische structuur van de deeltjes is bestudeerd met
‘Scanning Tunneling Spectroscopy' bij kamer temperatuur en onder kryogene omstandigheden.

Voor de fotoelektrochemische experimenten wordt een goud elektrode bedekt met een
monolaag van deeltjes. Dit systeem wordt als werkelektrode in een fotoel ektrochemische cel
gebruikt. De spanning over het systeem is gedefinieerd ten opzichte van de referentie-elektrode,
en de stroom tussen de werk- en tegenelektrode wordt gemeten. Elektrisch contact tussen de
werk- en tegenelektrode wordt bewerkstelligd door het elektrolyt. Wanneer een halfgeleider
wordt belicht met fotonen van voldoende energie kan een elektron worden geéxciteerd vanuit de
valentieband naar de geleidingsband. Dit heeft als gevolg dat er een gat (elektronvacature)
aanwezig is in de valentiebandniveaus en een elektron in de geleidingsbandniveaus. Deze
ladingsdragers kunnen recombineren, waarbij een foton wordt uitgezonden. Wanneer een
halfgeleider quantum dot, die in nauw contact staat met een metaal, wordt belicht, kunnen de
ladingsdragers 'tunnelen’ naar het metaal. In de hoofdstukken 2, 3 en 4 wordt respectievelijk het
werk aan de licht-geinduceerde ladingsoverdracht tussen CdS, PbS en CdSe quantum dots en een
goud elektrode beschreven. Een voorwaarde voor de ladingsoverdracht tussen het nanokristal en
het metaal is dat het elektron-gat paar niet te snel recombineert. In de literatuur wordt een lang-
levende aangeslagen toestand in CdS en CdSe nanokristallen beschreven. In een dergelijke
toestand wordt minstens één van de ladingsdrager ingevangen (getrapt) in een gelokaliseerde
plaats in of op de quantum dot. De precieze elektronische structuur van zo'n lang-levende
aangeslagen toestand kan niet worden bepaald met optische spectroscopie. Met
fotoel ektrochemische metingen, waarbij ladingsoverdracht tussen de halfgeleider deeltjes en het
metaal plaatsvindt, is deze toestand bestudeerd voor de verschillende halfgeleidende
nanokristallen. De resultaten waren in overeenstemming met de data verkregen met optische
spectroscopie. In CdS en CdSe nanokristallen wordt het gat ingevangen in een niveau, gelegen in
de bandgap, en het elektron blijft in de geleidingsband. In PbS quantum dots wordt juist het
elektron gelokaliseerd in een bandgap niveau en blijft het gat in de valentieband. De resulterende
toestanden hebben een relatief lange levensduur (milliseconden) en een lagere energie dan het
oorspronkelijke elektron-gat paar. Een stationaire (constante) anodische of kathodische
fotostroom werd waargenomen wanneer respectievelijk een reductor (tartraat) of oxidator
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(ijzer(l11)cyanide) aan het elektrolyt werd toegevoegd. In dat geval vindt er ladingsoverdracht
plaats tussen de quantum dots en het redoxkoppel in het elektrolyt.

Met tijdsopgeloste fotoelektrochemie kunnen de snelheidsconstanten van de tunnel-
processen worden bepaald. In het CdS/Au en CdSe systeem was het tunnelen van het elektron in
de geleidingsband van het deeltje naar de goudelektrode het snelste proces. In het PbS/Au
systeem was het tunnelen van een elektron vanuit het goud naar het gat in de valentieband het
snelste proces. Door de temperatuur te variéren, kan onderscheid worden gemaakt tussen tunnel-
processen en el ektrochemische ladingsoverdracht. De snelheid van een tunnelprocesisin principe
onafhankelijk van de temperatuur, in tegenstelling tot een elektrochemische reactie. Een
wiskundig model is opgesteld en vergeleken met de experimentele resultaten. De resultaten
impliceerden dat niet-getrapte ladingsdragers een grotere tunnelwaarschijnlijkheid hebben dan
getrapte ladingsdragers; een mogelijke verklaring hiervoor zou kunnen zijn dat de niet-getrapte
ladingsdragers vrij kunnen bewegen en enkel tunnelen bij een minimale tunnelafstand. De
gemiddelde tunnelafstand is dan kleiner voor de niet-getrapte dan voor de getrapte
ladingsdragers.

Het doel van het onderzoek dat wordt beschreven in hoofdstuk 4 is het bestuderen van de
afstandsafhankelijkheid van tunnelprocessen. Hiervoor werd een monolaag van CdSe deeltjes
afgezet op een laag geordende organische moleculen. Er werd een serie niet-rigide dithiol- en een
serie rigide disulfidemoleculen gebruikt. De afstandsafhankelijkheid werd bestudeerd door de
dikte van de organische laag te variéren en met tijdsopgel oste fotoelektrochemie de snelheids-
constanten van de tunnel processen te bepalen. Een groot voordeel van dergelijke systemen is dat
de lichtgeinduceerde ladingsoverdracht niet thermisch wordt geactiveerd. In het algemeen is
thermische activatie een groot probleem voor de interpretatie van afstandsafhankelijke
ladingsoverdracht. Wanneer de afstand tussen donor en acceptor wordt gewijzigd, veranderen in
de meeste andere systemen de moleculaire- en omgevingseigenschappen en daarmee ook de
(vrije) reactie- en activeringsenergie. Met de niet-rigide dithiolmoleculen waren de gemeten
snelheidsconstanten afhankelijk van de potentiaal, maar niet van de ketenlengte van de
dithiolmoleculen. Waarschijnlijk vervormt de organische laag wanneer een spanning wordt
aangelegd, waardoor de afstand tussen de quantum dots en het goud verandert en dus niet goed is
gedefinieerd. Met de rigide disulfidemoleculen werd een exponentieel verband gevonden tussen
de tunnel snelheidsconstanten en de tunnel afstand. Een waarde van 0.5 A werd gevonden voor
B, de parameter die de afstandsafhankelijkheid beschrijft. Deze waarde was laag vergeleken met
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waarden gevonden voor metaal/vacuum/metaal systemen (2.0 A). Zeer waarschijnlijk zijn de
elektron golffuncties in de CdSe quantum dots gekoppeld aan die in het metaal via de g-orbitalen
van de cyclohexylidenen en de 7rorbitalen van de dubbele bindingen in de spacer moleculen. Met
fotoelektron spectroscopie is aangetoond dat de vrije 7rtype orbitalen van de terminale sulfide
groepen een sterke interactie met elkaar hebben.

In de hoofdstukken 5 en 6 wordt 'Single Electron Tunneling' door CdSe en CdS quantum
dots bestudeerd met behulp van 'Scanning Tunneling Spectroscopy'. De STM tip wordt boven een
individuele dot geplaatst, waardoor een Dubbele-Barriere Tunnel Junctie (DBTJ) wordt gevormd,;
de DBTJ bestaat uit de tip/dot en de dot/substraat overgangen. In hoofdstuk 5 is de invlioed van de
elektronische koppeling tussen het deeltje en het substraat op de resulterende tunnel-spectra
bestudeerd. Door gebruik te maken van verschillende depositiemethoden was het mogelijk om de
elektronische koppeling tussen de dots en het substraat te variéren. Er was een veel sterkere
koppeling tussen elektrochemisch gegroeide dots en het substraat dan tussen de dots en de tip
(asymmetrische DBTJ); de aangelegde spanning tussen de tip en het substraat valt dan
voornamelijk over de tip/dot junctie. Het Fermi niveau van het substraat is constant ten opzichte
van de energieniveaus in de quantum dot. In dit geval vindt er resonante tunneling plaats door de
valentiebandniveaus bij negatieve potentiaal en door de geleidingsbandniveaus bij positieve
potentiaal. Het energiegebied waarin het geleidingsvermogen heel laag is, correspondeert met de
verboden zone van het halfgeleiderdeeltje. De grootte van dit energiegebied was onafhankelijk
van de tip/dot afstand. Als colloidale halfgeleiderdeeltjes op een organische laag op het goud
worden afgezet, is de dot/Au koppeling vergelijkbaar met de tip/dot koppeling (symmetrische
DBTJ). In dit geval wordt de spanning verdeeld over beide juncties en geschiedt resonante
tunneling door de geleidingsbandniveaus voor zowel positive als negatieve spanningen. De
resulterende tunnelspectra zijn symmetrisch en de grootte van het energiegebied waarin het
geleidingsvermogen hedl laag is, hangt sterk af van de tip/dot afstand.

In hoofdstuk 6 is de elektronische structuur van individuele quantum dots onderzocht bij
kryogene temperaturen. De symmetrie van de DBTJ is niet alleen van belang voor de
spanningsverdeling over het systeem, maar ook voor de verhouding tussen de
snelheidsconstanten van tunneling vanuit en naar het deeltje. Deze verhouding tussen de
snel heidsconstanten bepaalt de bezettingswaarschijnlijkheid van een orbitaal van het nanokristal
met een elektron. De snelheidsconstante voor tunneling tussen de tip en de dot is exponentieel
afhankelijk van de tip/dot afstand. Wanneer elektrontunneling van de dot naar het substraat veel
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sneller is dan tunneling van de tip naar de dot, is deze waarschijnlijkheid zeer laag; Coulomb
opladingseffecten spelen dan nauwelijks een rol. De elektron niveaus van de geleidings- en
valentieband kunnen worden gemeten, maar de ontaarding van de niveaus kan niet worden
opgelost. De gemeten elektronische structuur voor colloidale CdSe deeltjes kan worden
beschreven met het model voor een elektron in een kubische doos. Wanneer de tunnel snelheden
ongeveer gelijk zijn, is de waarschijnlijkheid dat een niveau bezet is door een elektron niet nul, en
worden Coulomb opladingseffecten belangrijk. Door de oplading worden de spin- en orbitaal-
ontaarde niveaus opgesplitst.
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