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ABSTRACT: Colloidal semiconductor nanocrystals become increasingly important in
materials science and technology, due to their optoelectronic properties that are tunable
by size. The measurement and understanding of their energy levels is key to scientific
and technological progress. Here we review how the confined electronic orbitals and
related energy levels of individual semiconductor quantum dots have been measured by
means of scanning tunneling microscopy and spectroscopy. These techniques were
originally developed for flat conducting surfaces, but they have been adapted to
investigate the atomic and electronic structure of semiconductor quantum dots. We
compare the results obtained on colloidal quantum dots with those on comparable solid-
state ones. We also compare the results obtained with scanning tunneling spectroscopy |Substrate

with those of optical spectroscopy. The first three sections provide an introduction to

colloidal quantum dots, and a theoretical basis to be able to understand tunneling spectroscopy on dots attached to a conducting
surface. In sections 4 and S, we review the work performed on lead-chalcogenide nanocrystals and on colloidal quantum dots and
rods of II-VI compounds, respectively. In section 6, we deal with colloidal III-V nanocrystals and compare the results with their
self-assembled counter parts. In section 7, we review the work on other types of semiconductor quantum dots, especially on Si
and Ge nanocrystals.
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1. INTRODUCTION

Scanning tunneling microscopy was invented in the beginning of
the 1980s by a research group at IBM, Zurich. Briefly, the instru-
ment was able to position an ultraclean metallic tip on sub-
nanometer distance from a clean and nearly flat surface of a
semiconductor or metal. Upon application of a bias between the
tip and the substrate, a current flows due to electron tunneling.
By scanning the tip over the surface, and monitoring the tunnel-
ing current at a given tip height and bias, an “atomic” image of
the surface is obtained. This method is called scanning tunneling
microscopy (STM). If the position of the tip is kept constant, and
the tunneling current is measured as a function of the bias, the
local density of electronic states of the conductor can be mea-
sured as a function of the energy, at the specific position of the
tip. As information is obtained on energy levels, the technique
was coined scanning tunneling spectroscopy (STS). Besides the
surface of the conductor, it became clear that also small molecules
or nanocrystals attached to the atomically flat substrate could be
imaged and that their energy levels could be measured also.

It is thus not a surprise that STM/STS became a valuable
method to investigate semiconductor nanocrystals (quantum
dots) obtained by gas-phase deposition or by wet colloidal
chemistry. Initiated in the 1980s, the field of colloidal nanocry-
stalline quantum dots became one of the fastest developing fields
in nanoscience and materials science, and it still is today. Around
2000, it became clear that scanning tunnelling microscopy and
spectroscopy (STM and STS) performed on individual nano-
crystals allowed one to explore their single-particle energy-level
structure, as well as electron—electron and electron—phonon
interactions. For a number of reasons outlined below, STM/STS
on colloidal quantum dots provides information that is partly
complementary to that of optical spectroscopy, which has been
used on a much broader scale. In this Review, we present and
discuss the STM/STS research on (colloidal) quantum dots, and
where it is possible and appropriate, we compare the results with
those obtained by optical spectroscopy.

2. COLLOIDAL NANOCRYSTALS OF
SEMICONDUCTOR COMPOUNDS: SCIENTIFIC
INTEREST AND COMPARISON WITH SOLID-STATE
QUANTUM DOTS

At the end of the foregoing century, colloidal nanocrystals
formed one of the fastest developing fields in nanoscience, and
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this is still the case in 2016. The success of this field is due to a
combination of factors: (i) versatile synthesis of colloidal
semiconductor nanocrystals and heteronanocrystals of various
compounds with optoelectronic quality that approaches that of
the precious solid-state quantum dots formed by gas-phase
deposition, (i) the strong effect of quantum confinement that
enables one to tailor the optical transitions of a given system
of nanocrystals over a very broad energy range, and (iii) the
enormous progress in optical and electrical spectroscopic tech-
niques that enables one to fully uncover the exciting physics
of these systems. Around 2000, it became clear that scanning
tunnelling microscopy and spectroscopy (STM and STS)
performed on individual nanocrystals allowed one to explore
their single-particle energy-level structure as well as electron—
electron and electron—phonon interactions.' ~® Here, we pro-
vide a review of the progress made in this exciting field in the
last two decades. This Review focuses on colloidal quantum
dots, but we will compare the results with those obtained on
their solid-state counterparts where it is appropriate.

2.1. Colloidal nanocrystals that display confined
eigenstates

2.1.1. Brief historical perspective. In 1993, a paper was
published on the synthesis of Cd-chalcogenides (CdX, X = S,
Se, Te) quantum dots that redirected the field of colloidal
nanoscience.” The work demonstrated the synthesis of sus-
pensions of CdSe (CdS, CdTe) nanocrystals that were
stabilized by an organic capping and dispersed in a nonpolar
organic solvent, such as hexane and toluene. The distribution of
nanocrystal size in a given suspension was relatively small
compared to previous synthesis methods (<10%). Upon optical
excitation, these suspensions showed (nearly) monochromatic
emission reflecting the radiative recombination of the lowest-
energy exciton.'” The photoluminescence quantum yield was
~10%, a high value at that time. The emission color could be
tuned by the size of the nanocrystals, ranging between blue
(nanocrystal diameter of ~2 nm) to the near-IR (nanocrystal
size of ~7 nm) as a result of the electron— and hole—particle
confinement in the nanocrystal. Hence, a novel class of semi-
conductor nanocrystals emerged in which the optical transitions
were directly related to the quantum-confined eigenstates.'' >

2.1.2. Hot injection method. The synthesis method was
based on the injection of Cd and Se precursors in a hot solvent
that consisted merely of the capping ligands, resulting in
(nearly) instant crystal nucleation, and further growth of the
critical nuclei. Nucleation and growth were performed at
relatively high temperatures; the slow growth at elevated tem-
perature and the presence of an excess of capping ligands in the
reaction medium favored the formation of defect-free semi-
conductor nanocrystals that were also reasonably passivated by
the capping ligands. This resulted in nanocrystal suspensions
that showed (nearly) monochromatic emission from the lowest
exciton state with a photoluminescence quantum yield of 10%.
An astonishing amount of work has been performed on
understanding the mechanisms of the nucleation and growth,
up to this date.”' ~** Reviews of the synthesis of colloidal nano-
crystals can be found in the literature and in this special issue.
It soon became apparent that the synthesis method based on
organo-metallic precursors injected in an organic medium at
elevated temperatures was broadly applicable; it is now used to
prepare nanocrystal suspensions of many semiconductor,
metallic, and magnetic compounds.**™*° It also served as a

basis to develop the growth of anisotropic systems such as 1-D
semiconductor nanowires and 2-D nanoplatelets.”’ ¢

2.1.3. Characterization of the atomic structure of
nanocrystals. The atomic structure of the prepared nano-
crystals with their crystallographic facets has been studied
with X-ray diffraction (XRD), transmission electron micros-
copy (TEM), and high-angle annular dark-field microscopy
(HAADE-STEM).**’~% As an example, Figure 1 displays

Figure 1. Atomic structure of colloidal PbSe nanocrystals of ~5 nm in
size derived from scanning transmission electron microscopy (STEM).
(Left and center) HAADF-STEM images of two PbSe nanocrystals; in
the left image the nanocrystal is oriented such that the electron beam
is directed perfectly along the <100> direction, and atomic columns
are seen, each consisting of equal numbers of Pb and Se. In the image
in the center, the beam is directed in the <110> direction; atomic
columns of pure Pb (bright) and pure Se (dark gray) are seen. In the
right image is a model for a rock salt PbSe nanocrystal derived on the
basis of the STEM data. The model is based on a cubic shape, from
which edges and corners are truncated. Reprinted with permission
from ref 58. Copyright 2013 American Chemical Society.

HAADF-STEM images of PbSe nanocrystals in two viewing
directions. It is found that the nanocrystals have the same rock
salt crystal structure as bulk PbSe, and even the distance
between the atomic planes is identical to those in the bulk
phase. From such data, a model for the atomic structure of
PbSe nanocrystals and the facets can be constructed. While the
inorganic core structure of the nanocrystals has been
thoroughly studied, the attachment of the capping molecules
to the facets is only now being unraveled by advanced NMR
techniques and IR spectroscopy.m_78

2.2. Core/shell nanocrystals and heterostructures

2.2.1. Colloidal semiconductor nanocrystals with
increased photoluminescence quantum yield. The first
colloidal CdSe semiconductor nanocrystals capped with 1-2
monolayers of ZnS were reported in 1996.”° The work was
rapidly followed up.”~*> Such core—shell systems show
analogy with their solid-state semiconductor counterparts, in
which each quantum dot (QD) is embedded in a second
semiconductor with higher band gap. The shell grows
epitaxially on the different facets of the nanocrystal. This can
result in the passivation of the core interfacial states in a more
robust way than simply by organic ligands. As a result, the
photoluminescence (PL) quantum yield of these so-called
core—shell nanocrystals is large, currently up to a level of
50—90%; also the photochemical stability under ambient condi-
tions is improved.

2.2.2. Core—shell systems in a broader perspective.
The importance of core—shell systems for the field of colloidal
nanoscience cannot be overestimated: the shell enables
colloidal nanocrystals that are photochemically sufficiently
robust for advanced spectroscopy and applications. Second,
core—shell systems heralded the start of the development of
colloidal nanocrystal heterostructures in which the electronic
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and optical properties can be engineered not only by means of
quantum confinement but also by the presence of two
semiconductor crystalline phases connected epitaxially in one
colloidal nanoparticle. The most important developments were
heteronanocrystals with separated electron and hole wave
functions (type-II) systems, architectures with soft potential
wells that reduce nonradiative Auger recombination, and
systems in which a metal or magnetic phase is in quantum
contact with a semiconductor compound in each colloidal
nanoparticle (refs 40, 54, 57, and 86—130).

2.3. Nanocrystal superlattices and 1-D and 2-D systems
assembled from nanocrystals

2.3.1. Colloid crystallization on adding a nonsolvent
or by solvent evaporation. Suspensions of semiconductor
nanocrystals capped with organic molecules in an organic
solvent are stable against coagulation by the fact that the
interactions between the ligands of two nanocrystals are very
similar in nature and strength to those between the ligands and
the solvent molecules. Hence, the solvent screens the van der
Waals attraction between the capping of adjacent nanocrystals,
and only the core—core attraction (on a distance determined
by the capping mantle) is left as attractive pair potential.
To induce colloidal crystallization, the suspension has to be
destabilized, either by adding a nonsolvent to increase the
attraction between the particles or by solvent evaporation to
increase the particle volume fraction.>'~"*® Colloidal crystal-
lization by solvent evaporation has been studied extensively.
Using suspensions with two types of nanocrystals, it has been
shown that the hard-sphere model forms a good basis to
understand colloidal crystallization of semiconductor nano-
crystals: ie., crystallization is not driven by a decrease in the
enthalpy of the system but by an increase in the entropy.'”’~"*’
This seemingly counterintuitive model has been previously
verified for larger charged colloids in polar solvents.'*~'**
When the nanocrystals have a metallic core, the core—core
attractions are stronger and can no longer be neglected as a
contribution to the overall driving force in crystallization.'*”

2.3.2. Nanocrystal assembly and epitaxial attach-
ment. With nanocrystals of the Pb-chalcogenide compounds, it
was observed that the organic capping on certain facets is not
present or only weakly attached. Under certain conditions, such
nanocrystals undergo oriented attachment, i.e., larger crystals
are formed by epitaxial attachment of individual nanocrystals
via certain facets.””'**'** For PbS and PbSe compounds,
single-crystalline 1-D rods and 2-D quantum wells have been
obtained.'**~'*" Recently, also 2-D systems with a super-
imposed square and honeycomb nanogeometry have been
reported.'**~">° The nanocrystals assemble at the suspension—
air interface in a crystallographically oriented way and
eventually form single crystals by facet-to-facet necking.

2.3.3. Nanocrystal superlattices as an emerging class
of new materials. One of the driving forces in the study of
the formation of nanocrystal crystallization is the possibility of
nanocrystal superlattices, i.e., arrays in which one or more types
of nanocrystals are ordered in a geometrical fashion and are in
close contact. Thus, novel properties may emerge by electronic
coupling and/or far-field “dipole” interactions between the
nanocrystals in the ground or photoexcited state. In recent
years, the electronic transport properties of nanocrystal
superlattices have been studied extensively.’®'>'™"** It has
been demonstrated that the carrier mobility in superlattices of
nanocrystals in which the organic capping is retained is very

low. However, by in situ exchange of the organic capping
molecules for shorter organic or inorganic moieties, the carrier
mobility can be improved by many orders of magnitude.
Recently mobilities up to 200 cm?/(V s) have been reported for
CdSe nanocrystal systems,'**'¢!

2.3.4. Properties of single-crystalline 1-D and 2-D
semiconductors. It should be clear that, in 1-D and 2-D
atomically coherent systems formed by oriented attachment,
there is no material tunneling barrier between two attached
nanocrystals. Still, if the crystalline necks are thinner than the
nanocrystals themselves, effective tunneling barriers exist due to
quantum confinement. Considerable quantum mechanical
coupling is expected in these systems. This is corroborated
by the large mobilities reported for PbSe rods and for
atomically coherent 2-D systems of PbSe with a square
geometry. Atomically coherent systems with a honeycomb
nanogeometry obtain a special band structure due to the
honeycomb geometry. Effective mass, k.p, and atomistic
calculations show that honeycomb semiconductors combine
the band gap of a 2-D quantum well with genuine Dirac valence
and conduction bands,'*7'® ie, a linear (instead of a
quadratic) relationship between the kinetic electron energy
and the momentum around the K-points in the Brillouin zone.
In heavy-element honeycomb semiconductors, it is predicted
that the Dirac bands should show a nontrivial opening at the
K-points, giving rise to the quantum spin Hall effect.'**'%~"¢®

2.4. Optical spectroscopy on colloidal and solid-state
quantum dots

Since the 1980s, solid-state semiconductor quantum dots have
been prepared by gas-phase deposition techniques, i.e.,
chemical vapor deposition (CVD) and molecular beam epitaxy
(MBE), in analogy with the fabrication of quantum well layers.
Most of the work on these so-called self-assembled quantum
dots was devoted to group III-V, II-VI, and IV-VI
compounds.'®~"** The nanocrystals are epitaxially grown on
a crystalline substrate and, in a second step, overgrown. The
substrate and the shell layers consist of a semiconductor
compound with larger band gap. The inorganic shells result in
the electronic passivation of surface states and often to
interfacial alloying. InAs QDs in a GaAs matrix or GaAs
quantum dots in a (Ga,Al)As matrix are well-studied examples.
The inorganic shells can also influence the QD shape (usually a
strongly flattened pyramid), the atomic strain, and the alloyed
composition of the quantum dot. Self-assembled quantum dots
have been studied extensively with advanced optical spectros-
copy on the ensemble and single-dot level. Because of the way
in which the QDs are incorporated in a solid matrix, quantum
coupling between adjacent dots can often not be neglected. The
current research is focused, on one hand, on fundamental
topics, e.g,, in advanced quantum optics. On the other hand,
self-assembled solid-state quantum dots are applied in solid-
state (IR) laser systems, light-emitting diodes (LEDs), photon
detectors, and solar cells.

Modern colloidal nanocrystal synthesis has focused (besides
on several families of oxide compounds) on the Cd-, Pb-, and
Hg-chalcogenide compounds and InP and InAs nanocrystals,'”>
emitting in the near-IR. Recently, the synthetic efforts have
been extended to nanocrystals of the Culn(S,Se) family,' %%
new II-V compounds such as InSb,”** and perovskites,”
e.g, CsPbX; (X = Cl, Br, I). As a consequence of the wet-
chemical synthesis, the colloidal quantum dots are naturally
present in suspension; this means that individual QDs are on
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average well-separated and there is no quantum mechanical
interaction between them. Hence, optical absorption and
emission spectroscopy performed on suspensions can be used
to study the optoelectronic properties of noninteracting colloidal
nanocrystals. In this way, the quantum properties of individual
quantum dots should be fully displayed. There is only one
drawback in these ensemble measurements, namely, inhomoge-
neous spectral line-broadening due to the fact that the
nanocrystals all contain a slightly different number of atoms
and thus show a slightly varying degree of electron and hole
confinement. By dilute deposition of the nanocrystals on a glass
or quartz substrate, the optical properties of individual
nanocrystals can be studied by spectroscopy on the single-
particle level.'®>'***%7=2*1 Gingle-photon emission by an
individual colloidal QD is demonstrated by “anti-bunching” in
time-correlated photon detection. The examination of individ-
ual colloidal quantum dots has led to outstanding work on the
intermittency in the nanocrystal emission (blinking), single and
two-photon emission from exciton and biexciton states, the
competition between the nonradiative Auger recombination
and the exciton luminescence, and the cooling of hot exci-
tons.*”?>?22723% Al| these issues are directly connected to the
atomic structure of the nanocrystals, e.g., the capping ligands,
core—shell structure, and interfacial alloying. The atomic
structure can be better controlled by the enormous progress
that has recently been made in colloid synthesis (see refs in
section 2.2). It turns out that the core—shell engineering of
colloidal nanocrystals allows one to perform advanced optical
spectroscopy akin to that performed on self-assembled solid-
state QDs. Colloidal QDs have the advantage that they can be
dispersed as individual quantum objects with minor interaction
with the substrate. Moreover, they can be processed to occupy
specific positions on a substrate or brought into contact with
another nanoscale device structure. Colloidal QDs generally
have a smaller volume and thus stronger quantum confinement
than their solid-state counterparts, resulting in a larger
separation of the exciton states, and a more pronounced fine
structure due to exchange interactions, nanocrystal shape, and
crystal-field splitting.

2.5. Scanning tunneling microscopy and spectroscopy on
self-assembled and colloidal QDs

2.5.1. Self-assembled QDs offering stable and clean
tunneling junctions (refs 169, 181, 185, 187, 190—192,
and 236-261). Self-assembled quantum dots are grown
epitaxially on a (highly doped) macroscopic semiconductor
substrate; this provides robust samples for scanning tunneling
microscopy and spectroscopy (STM and STS). When a STM
tip is positioned above a self-assembled quantum dot, a
mechanically stable tip/QD/substrate junction is formed, which
allows one to perform atomically resolved microscopy. In such
a way, the overall shape of the quantum dot, the atomic
structure of the wetting layers and dot, and the presence and
effect of doping atoms can be studied. The solid that contains
the self-assembled quantum dots can be cleaved under
ultrahigh-vacuum conditions, enabling cross-sectional micros-
copy and energy-level spectroscopy (refs 18S, 187, 192, 193,
238—240, 242—244, 247—254, 257, and 262—276). Recently,
cross-sectional microscopy has been combined with atom probe
tomography,'””> which allows one to make detailed cross
sections of the atomic structure of the quantum dot combined
with tunneling spectroscopy. By measuring the spatially
resolved tunneling current at a tip—substrate bias at which

the tip Fermi level is resonant with a QD energy level, the
squared amplitude of the wave function could be mapped; the
presence of nodal planes then enables assignment of quantum
numbers to the wave function and the corresponding energy
leve] 241:260,261,264

2.5.2. Preparation of a suitable substrate/colloidal QD
sample, which is the key to reliable spectroscopy on
colloidal QDs. As prepared, colloidal nanocrystalline QDs are
in a suspension. To make scanning tunneling microspectro-
scopy possible, a clean and stable metallic substrate/QD system
is required. This has been achieved in two ways: (1) by
connecting individual quantum dots to a substrate”””*”® (often
an atomically flat (111) Au film) via bifunctional organic linkers
such as dithiols or diamines or (2) by the assembly of
monolayer arrays of quantum dots on a flat metallic substrate.
Examples of the latter are monolayer arrays of CdSe QDs,’
PbSe QDs dispersed in a CdSe array,””” and pure PbSe”* and
InAs QD arrays”®" (see below). It should be realized that the
formation of reliable QD samples for low-temperature scanning
tunneling microscopy and spectroscopy is far from trivial: the
system has to be ultraclean, i.e., it must be devoid of loosely
bound solvent and capping molecules, as these molecules can
jump to the tip, inducing a change of the vacuum tunneling
barrier and noise in the imaging and spectroscopy. On the
other hand, the substrate/QD/tip junction has to be
mechanically stable, a requirement much harder to achieve
than with self-assembled solid-state quantum dots. For this
reason, gentle annealing is used to evaporate loosely bound
molecules and to stabilize the substrate/QD junction, once the
sample is brought in the ultrahigh vacuum (UHV) of the
microscope (Figure 2). Although colloidal quantum dots as
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Figure 2. Preparation of colloidal QD/substrate samples for scanning
tunnelling microscopy and spectroscopy. (a) STM image of individual
PbSe nanocrystals (S nm core diameter) attached to a Au(111) surface
by dithiols. Reprinted with permission from ref 277. Copyright 2005
American Physical Society. (b) Tip/dot/substrate double-barrier
tunnel junction when STM experiments are performed on systems
such as shown in (a). (c) Monolayer of nanocrystals deposited on an
ultraflat graphite substrate. In this monolayer, 7 nm PbSe nanocrystals
are dispersed as monomers, dimers, etc. between 6.1 nm CdSe
nanocrystals. (d) Schematic of the corresponding tip—dot—substrate
junction. Reprinted with permission from ref 279. Copyright 2008
American Chemical Society.

monolithic objects have been imaged reliably with tunneling
microscopy providing their overall shape and dimensions,
atomically resolved images have not (yet) been obtained. The
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study of the electronic structure of colloidal quantum dots by
resonant tunneling spectroscopy is the main issue of the
present Review.

3. INTRODUCTION TO SCANNING TUNNELING
MICROSCOPY ON SEMICONDUCTOR
NANOCRYSTALS (REFS 3-7, 39, 118, 139, AND
277-317)

3.1. Scanning tunneling microscopy

Since its conception, scanning tunneling microscopy (STM)
has been one of the main experimental techniques to obtain
atomic-scale structural and spectroscopic information on
surfaces.”' *™*** STM is based on measuring a current due to
the quantum mechanical tunneling effect between a sharp
probe (“tip”) and a conductive substrate. Because of the
extreme distance dependence of the tunneling probability,
essentially all of the electrons tunnel between the last atom of
the tip and the substrate. This results in a current probe that
has a diameter of roughly one atomic diameter and is the
reason behind the atomic resolution imaging capabilities of the
STM. A general introduction to scanning tunneling microscopy
and spectroscopy can be found in several books, for instance,
“Introduction to scanning tunneling microscopy” by C. Julian
Chen (Oxford University Press, ISBN 978-0-19-921150-0)
and “Scanning Probe Microscopy and Spectroscopy” by
Roland Wiesendanger (Cambridge University Press, ISBN
0521-41810-0).

STM is typically carried out in two different modes: the
constant-height and constant-current modes. In the constant-
height mode, the STM tip is raster scanned above the surface
while keeping the tip z-position constant and recording the
changes in the tunneling current. While this mode is useful on
atomically flat samples, it rarely can be used on nanocrystal
samples because of their roughness (compared to the atomic
diameter). In the constant-current mode, a feedback loop is
used to adjust the z-position of the tip in order to maintain a
constant tunneling current. Recording the z-signal yields a
topography image of the sample surface. While the z-signal is
related to the actual topography of the sample, it is important
to keep in mind that the tunneling current is also influenced by
electronic effects.

In addition to the tip—sample distance, the tunneling current
depends on the local density of electronic states (LDOS) close
to the Fermi level of the sample p,. At a low temperature, the
tunneling current can be expressed as

eV
1V, 5,3, 2) [ p(E = V)p(E, 5 )T(E, V, 2) dE
0
(1)

where p, is the tip density of states, T is the transmission
probability, and V}, is the applied bias voltage between the
sample and the tip. By differentiating the tunneling current and
assuming an energy-independent transmission function and the
tip DOS, one obtains

dI
v x p(eV, x, y) @)
That is, the dI/dV signal is directly proportional to the LDOS
at the position of the STM tip. This very important result forms
the basis for all scanning tunneling spectroscopy (STS)
experiments, where the dI/dV signal is used to obtain the
energy and the spatially resolved LDOS.

3.2. Scanning tunneling microscopy on semiconductor
nanocrystal QDs>2°

Here, we discuss the intricacies associated with performing
STM and STS measurements on nanocrystals and their self-
assemblies. The first step in successful scanning probe
microscopy experiments on nanocrystals is the preparation of
the sample. This is most often done by either drop-casting or
spin-coating the nanocrystal suspension onto a conductive
substrate, e.g,, highly ordered pyrolytic graphite (HOPG) or a
noble metal single crystal. This typically results in self-
assembled layers. These layers are mechanically sufficiently
stable for scanning tunneling microscopy and spectroscopy.
In the case that individual nanoparticles are to be studied,
substrate surfaces with chemical anchoring groups such as
dithiol-covered Au(111) can be used. Subsequently, the sample
is inserted into the UHV chamber that also houses the
microscope. Because of the way the sample is prepared, it is
inherently contaminated with solvent molecules and free or
loosely bound ligand molecules. These moieties on the sample
surface can attach to the STM tip, leading to instabilities in the
tunnel junction. Hence, after insertion of the sample in UHV, it
must be further cleaned. This is most often done by annealing
at temperatures <150 °C for several hours, aiming at the
evaporation of the loosely chemisorbed contaminations. This
annealing procedure does not remove the ligands strongly
bound to the nanocrystals. Because these molecules are
typically several nanometers in length and have a significant
HOMO-LUMO gap, they act as a barrier for electron
tunneling. Hence, upon inserting a nanocrystal sample into
the microscope and successful cleaning, the situation should be
as indicated in Figure 3a.

The tip—nanocrystal—substrate junction is a so-called
double-barrier tunnel junction (DBTJ). The barrier between
tip and quantum dot consists of a vacuum gap and a shell of
ligands, whereas the barrier between the particle and the
substrate is mainly due to the ligands. The applied bias V is
distributed over these two barriers. In addition, one should
consider the rates of electron tunnelling across both barriers:
the rate of tunneling from the tip into the quantum dot across
the tip/dot barrier (I';,) and the rate of tunneling from the QD
to the substrate out of the QD (I',,,). The ratio of these rates
determines the electron occupation in the QD, i.e., the average
number of added electrons, a key element in the interpretation
of scanning tunneling spectroscopy data, as will be discussed
below. First, we need to discuss the energetics of charge carrier
addition and the potential distribution in the DBT]J.

3.3. Wave functions and energy levels in semiconductor
nanocrystal QDs (refs 11, 18, 19, 53, and 323—343)

Self-assembled and colloidal semiconductor quantum dots are
in the first place crystalline compounds, although with limited
spatial dimensions, roughly between 2 and 20 nm, ie,
containing ~10°~10° atoms. The energy levels derive from
the bonding between the atoms in the crystal structure.
Semiconductor nanocrystals differ from molecules in that the
atoms are periodically arranged. In contrast to macroscopic
crystals, however, they show noticeable confinement of the
electron and hole wave functions. The energy levels are
computed with methods typically used for larger (macroscopic)
crystals, such as multiband effective mass approximations
(refs 18 and 333) and atomistic (refs 18, 19, 324, 325, 329,
336, and 344—346) calculations. The (time-independent) wave
functions consist of an “atomic” and an “envelope” part, the
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contributions to this barrier are the ligands surrounding the QD. In addition, an insulating layer on the surface, e.g., a layer of alkanedithiols to
anchor individual QDs, will also contribute to this barrier. (b) The equivalent electric circuit of the double-barrier tunnel junction, V (=Vgate — Vtip)

stands for the applied bias between the substrate and the tip.

latter being a standing wave reflecting the electron (hole)
particle confinement, very similar to the particle-in-a-box wave
functions:

w(i, j k, n) = (gt(l{l,,(i; Js k) 3)

Here, ij,k are the indices of the atomic position in the crystal.
The atomic part, ¢, is formed from combinations of atomic
orbitals. Typically, the highest filled valence energy levels and
lowest empty conduction energy levels are primarily composed
of different atomic orbitals. For instance, for the highest valence
levels of CdSe, @, are predominantly composed of the 4p-type
orbitals of Se, while the lowest conduction levels are composed
of Ss orbitals of the Cd atoms. The envelope wave function
®,,(ijk) can be considered as the weight that is given to
each atomic wave function depending on the position in the
nanocrystal. The envelope wave functions correspond to the
standing wave functions in a box with finite energy walls, thus
(slightly) extending over the edge facets of the semiconductor
nanocrystal. Colloidal nanocrystals show strong electron and
hole confinement, with kinetic confinement energy exceeding
the thermal energy at room temperature. For colloidal semi-
conductor nanocrystals, the confinement energies can be in the
100 meV range. Hence, the optical gap between the valence
and conduction bands exceeds the bulk value by hundreds of
meV and increases with decreasing nanocrystal size. In addition,
the energy levels of these systems at the top of the valence band
(bottom of the conduction band) are well-separated and can be
denoted by the quantum numbers #, ], and m; that play a similar
role as for atoms. For instance, for CdSe nanocrystals, the
lowest single-electron conduction level, n = 1, [ = 0,
corresponds to a 2-fold spin degenerate S-orbital (envelope
function), while the second level, n = 1,1 =1, m; = —1, 0, 1,
consists of six P-orbitals (taking the electron spin into account).
This second level is the counterpart of the atomic P-level, n = 2,
I=1,m=-10 L

3.4. Energetics of electron or hole addition (refs 3, 327,
328, 335, 336, and 347)

In a scanning tunneling microscopy and spectroscopy experi-
ment, charge carriers, ie., electrons or holes, are temporarily
added to the nanocrystal; see section 3.2. To be able to
interpret tunneling spectra in a quantitative way, the energetics
of addition of electron(s) and/or holes to a quantum dot have

to be considered in detail. The model presented below is based
on the seminal work of the groups of Zunger and Delerue.
We will discuss tunnelling spectroscopy on a QD with a
specific set of degenerate single-particle energy levels. As an
example, we consider nanocrystalline QDs with a (nearly)
spherical shape and wurtzite or zinc blende crystal structure,
such as CdSe QDs. In addition, we only consider the two
lowest energy envelope functions ¢, (ijj,k) of the conduction
band and the highest state in the valence band. The conduction
electron states are the 2- and 6-fold degenerate S-type (I = 0)
and P-type (I = 1) states with energy &5 and &} respectively. The
highest valence state has an S-type envelope function, and
energy denoted as 6{';3’1. The electrochemical potential required
to add the first electron to the S-type energy level is given by

Ml/o = E(l) - E(O) = gSe + tc"pol (4)

E(1) and E(0) denote the total energy of the quantum dot
with an additional electron in the first electron energy level and
in the ground state, respectively. ¢, represents the additional
energy that is needed to (temporarily) add an additional charge
to the QD. This term can also be understood in the frame-
work of the dielectric mismatch between the QD and its
surroundings: this mismatch leads to an electrostatic polar-
ization charge density on the quantum dot surface interacting
with the charge of the electron. Under most conditions the
dielectric constant inside the quantum dot is larger than that
outside the quantum dot, and the polarization energy is
positive.”** The energy to add the second electron to the S-type
energy level is given by
=E(2) —E(1) = ¢ + ¢

ﬂ2/1 pol + &, (5)

&, accounts for the electron—electron Coulomb repulsion
energy between the two electrons with opposite spin in the
S-type orbital; it has a contribution that results from the
dielectric mismatch, and a direct part as in the bulk. The third
electron is added to a p-type orbital, at an electrochemical
potential:

H, =EG) —EQ) =& + ¢

pol + 2‘E.ee (6)

Also the fourth, fifth, and sixth electrons are added to a
P-type orbital. Each of these additions add a factor of ¢, with
respect to eq 6. Similar arguments hold for the addition of holes
to the QD.
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The electrochemical potential at which the first hole is
injected is given by

h
/’[_1/0 = E(_l) - E(O) = SVB,I - gpol (7)

The polarization energy is positive in eq 7. No current flows in
potential region between the first electron resonance at positive
bias and the first hole resonance at negative bias, and also the
tunneling conductance is zero. The width of this so-called zero-
conductivity gap is given by

e h
/’ll/o - ”_1/0 = (ES - €VB,1) + 2’gpol (8)

Below, we will compare this “electrical band gap value” with the
optical gap of the quantum dot.

3.5. Voltage distribution in the double-barrier tunnel
junction®>%*

From an electrical point of view, the tip/QD/substrate DBT]
can be modeled as two capacitors in series (Figure 3). Here,
C, and C, are the capacitances of the tip—QD and QD-—
substrate junctions, respectively. Such a circuit is a capaci-
tive voltage divider network, ie., the voltage V is distributed
over the capacitors. The fraction falling over the tip—QD
junction is

Ct
G+ G )

and that over the QD—substrate junction is
C

S

V=V—
Co+ G, (10)

To first order, both junctions can be modeled as parallel-plate
capacitors. Then, the capacitances of the junctions are given

by C, = Z—A and C, = Ed—A where ¢ is the dielectric constant, A is

the area of the capacitbr, and d, and d; are the tip—QD and
QD—substrate distances, respectively. Typically, the QD—
substrate barrier is smaller than the tip—QD junction, i.e.,
d, < d. Hence, C, > C,. Therefore, the largest fraction of the
applied bias voltage drops over the tip—QD junction. This
fraction, n = V,/V, is known as the lever arm; a typical value is
0.8 (see below).

If the lever arm is <1, the quantum-confined levels of the QD
shift with the applied bias V with respect to their zero-bias
position. Effectively, a larger potential has to be applied to
provide the tunneling charge carrier with enough energy to
tunnel into the QD. For example, for the CdSe QD discussed
in the previous section, the first conduction electron level is
observed at y, o = 17eV = €5 + €. If the potential distribution in
the junction is more symmetric, i.e., the lever arm is close to 1/2,
more complicated charge carrier tunneling processes can occur
(vide infra). The most common is ambipolar charge transport,
i.e,, simultaneous tunneling of electrons and holes. This occurs,
for example, when the valence hole level shifts above the Fermi
level of the substrate in response to the applied bias while
simultaneously the Fermi level of the tip is resonant with a
conduction electron level. In this regime, electrons and holes
can recombine in the quantum dot radiatively and non-
radiatively.

From the above it should be clear that, when quantitative
information is to be extracted from experimental data, the
potential distribution in the junction should be characterized.

This can be done by solving the Poisson equation for a realistic
tip—QD—substrate junction:

p(x; Y, Z)
€ (11)

Here V(x, y, z) is the potential distribution in the junction, ¢ is
the dielectric constant, and p(x, y, z) is the charge distribution
in the junction. In principle, the dielectric constant can also
depend on the position in the junction. When the QD is
neutral, this equation simplifies to the Laplace equation. When
the QD is charged, the charge distribution can be determined
by solving the Schrodinger equation for a particle-in-a-box,
where the box shape is given by the shape of the QD. In the
simulations the bias of the tip and substrate are fixed at ground
and V, respectively. The QD is modeled as a dielectric sphere,
surrounded by a shell of dielectric material with a different
dielectric constant, representing the ligands. Figure 4 shows the
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Figure 4. Potential distribution in scanning tunneling microscopy/
spectroscopy experiments on QDs. (a) Potential distribution in the
tip—QD—substrate junction calculated by solving the Laplace equation
for a PbSe QD with a diameter of 4 nm (& = 227). (b—e) Influence of
the dielectric constant (b), QD diameter (c), tip—QD distance (d),
and tip radius (e). Unless varied, the following parameters were used:
QD radius, 7 nm; tip—QD distance, 1.0 nm. Figures taken from the
Ph.D. thesis of Karin Overgaag, Utrecht University, 2008.

potential distribution as calculated for the case where an STM
tip is positioned above a single neutral PbSe QD (¢ = 227)
with a diameter of 4 nm, surrounded by a ligand shell of 0.5 nm
(e = 3). The tip—QD distance and QD—substrate distances are
set to 1.0 and 0.5 nm, respectively. In this case, the lever
arm 7 & 0.75. Hence, ~75% of the voltage drops over the tip—
QD junction. Note that the potential over the PbSe QD is
virtually constant because of the large dielectric constant
of PbSe.
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Parts b—e of Figure 4 show how the lever arm depends on
the dielectric constant, QD radius, tip—radius, and tip—dot
distance for CdSe and PbSe QDs, respectively. For dielectric
constants below 50, the lever arm depends markedly on the
value of the dielectric constant (calculated using a dot radius of
3 nm and a tip—QD distance of 0.5 nm). For PbSe (& = 227),
n = 0.75, and for CdSe (¢ = 10),  ~ 0.7. For CdSe, the lever
arm depends appreciably on the size of the QD, whereas the
trend for PbSe QDs is much less pronounced. This difference
can be traced back to the different values of the dielectric
constant of PbSe and CdSe. It is important to note that the
lever arm also depends on the radius of the STM tip. For a
sharp tip a larger fraction of the bias drops over the tip—QD
junction. The relation between the lever arm and the tip radius
is almost linear over a range of realistic values (2—8 nm). The
sharpness of the tip can be deduced experimentally from
topography images. Most interestingly, the lever arm also
depends appreciably on the tip—QD distance. This parameter
can easily be changed experimentally by adjusting the tunneling
current set point. By measuring the energetic position of the
tunneling resonances as a function of set-point current, the
lever arm can be determined. An accurate method to obtain
the lever arm is measuring the voltage separation between the
LO-phonon vibronics of a given energy-level resonance.
The lever arm is then given by the LO-phonon energy for
the semiconductor under study (an intrinsic quantity known in
the literature) divided by the experimental voltage difference
between two vibronics. This procedure is accurate provided
that the phonon energy is not influenced by the limited
dimensions of the crystal.**’ Electron—phonon coupling will be
discussed in more detail below.

3.6. Energy level spectroscopy under shell-tunneling
conditions, T}, < T, (refs 3, 5, 278, 283, and 284)

If the rate of electron tunneling out of the QD is much larger
than the rate of electrons tunneling into the nanoparticle, I';, <
I, the time-averaged occupation of the QD is zero, ie., a
single electron arrives on the QD and leaves before another one
arrives. This regime, in which electron—electron interactions
are absent, is known as the shell-tunneling regime. At zero bias,
the Fermi levels of the tip and sample are aligned. Typically, the
Fermi level is located between the first valence hole level and
the lowest conduction electron level of the QD (see Figure Sa).
By applying a positive voltage to the tip, its Fermi level is raised.
In principle, electrons can now tunnel from occupied states in
the tip directly to unoccupied states in the substrate. However,
because the tip—sample distance is relatively large (5—10 nm),
the direct tunneling current is close to zero. Once the Fermi
level of the tip becomes resonant with an energy level in the
QD, charge carriers can tunnel from the tip to the energy level
and then from this energy level to the substrate. As discussed in
the previous section, this occurs at an electrochemical potential
of py 9 = €5 + €y This additional transport channel results in a
step in the measured current at the particular bias voltage that
opens this pathway. Steps in the current—voltage (I(V}))
curves correspond to peaks in the differential conductance,
dI/dV (V). The latter can be determined numerically from the
I(V) curves but can also be measured directly using lock-in
techniques. Because electron—electron Coulomb repulsion in
the S-level is absent, the degeneracy of the S-level is main-
tained, i.e,, the S-level is measured as one tunneling peak. Upon
increasing the bias voltage further, there are no appreciable
changes until another resonant tunneling channel becomes

a Moo My h oy,
00 o0 I 00 .
o0 00 00

tip QD subst. tip QD subst. tip QD subst.
W Ha
= ”715‘0 1 /_17
v 1
= T
S '—)fl’!u‘i“'fpol . : Bias Voltage
b 30 [ 4
_ 20| g3k
g ol Tel T
= i 01234
ol p (am)
__100 |
% 80F HOMO(s,) LUMO (s,
8 60fF i Pl
2 40F | :
© 20F ||
Ok Vbt 1
-3 -2 -1 0 1 3
bias (V)

Figure 5. Scanning tunnelling spectroscopy under shell-tunnelling
conditions. (a) Scheme of a tip/quantum dot/substrate double-barrier
tunnel junction under conditions of shell tunnelling, and cartoon of
the expected current I vs bias V curve. Under shell-tunnelling
conditions, the tunnelling of electrons at the resonance bias (V1 and
V2) into the quantum dot is much slower than tunnelling out of the
quantum dot to the substrate (indicated by the thickness of the red
arrows). The same holds for the tunnelling of valence holes from the
tip into the quantum dot at the opposite bias polarity. The occupation
of the conduction energy levels with electrons (valence levels with
holes) is close to zero, and Coulomb repulsions are absent.
The resonances reflect the single-electron and single-hole energy
levels (see text). The zero-conductance gap is given by the band gap of
the quantum dot plus two times the polarization energy (see text).
(b) Energy level spectroscopy of a CdSe quantum dot chemically
bound to a flat gold substrate under shell-tunnelling conditions. The
diameter of the dot can be estimated from the height of the
microscopic image and is here 3.2 nm (see insets). The top picture
shows the tunnelling current I vs the applied bias V, measured at 4.5 K;
the steps indicate the resonances reflecting the single-particle energy
levels of the quantum dot (see text and panel a). The bottom shows
the differential conductance spectrum, ie., dI/dV vs V; the peaks show
the single-particle energy levels. Reprinted with permission from ref 4.
Copyright 2006 American Physical Society.

available. In the case of the CdSe quantum dots, the second
resonance is due to the degenerate P-levels at an electro-
chemical potential of y,,; = €} + €. Similar arguments hold if
a negative bias is applied. Now, an electron from the highest
occupied valence level can tunnel to the tip electrode, ie., a
hole is injected. The electrochemical potential to add the first
hole is given by u_j, = E@B,l + & The range in the
electrochemical potential in which no current flows, ie.,
between the lowest conduction band state and highest valence
band state, is called the zero-conductivity gap and is given
by eq 8: pyjo — oy = (€ — 8@371) + 2€,,. Hence, the zero-
conductivity gap is enlarged by the charging energy of the

DOI: 10.1021/acs.chemrev.5b00678
Chem. Rev. 2016, 116, 11181-11219


http://dx.doi.org/10.1021/acs.chemrev.5b00678

Chemical Reviews

electron and the hole, denoted here as 2¢,,. Because the
charging energy €, is similar for all the energy levels, the
differential conductance spectrum directly reflects the single-
particle density of states, shifted by the polarization term.

3.7. Energy-level spectroscopy under shell-filling
conditions, I, > Loy

If the rate of electron tunneling into the QD is larger than the
rate of electrons tunneling out of the QD, the time-averaged
occupation of the QD is nonzero, i.e., charge accumulates in the
QD. In this regime, the energetics of charge carrier addition
under shell-filling conditions hold, as discussed in section 3.4.
Consider a CdSe quantum dot with doubly and 6-fold
degenerate S- and P-type levels, respectively. The conductance
spectrum consists of a doublet of S-type resonances and a
sextuplet of P-type resonances. The energy difference between
the first and second peaks is simply given by the electron—
electron repulsion energy ¢,,. The energy difference between the
first doublet and the second sextuplet is given by (¢f — €§) + &,
This is shown schematically in Figure 6a. Energy level
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Figure 6. Scanning tunnelling spectroscopy under shell-filling
conditions. (a) Scheme of a tip/quantum dot/substrate double-barrier
tunnel junction under conditions of shell filling: tunnelling of electrons
into the quantum dot is faster than tunnelling out of the quantum dot
to the substrate (note the thickness of the red arrows that indicate the
tunnelling process). The occupation of the energy levels involved in
the tunnelling is thus close to unity (indicated by the filled and open
dots for the conduction and valence states, respectively) and
determined by the Fermi level of the tip. Coulomb repulsions break
the degeneracy of the energy levels. The steps in the current at y,,
and p,,; reflect the occupation of the conduction S envelope function
with a first and second electron, followed by occupation of the P-type
envelope functions (not shown). (b) Energy level spectroscopy of an
InAs quantum dot (radius, 2.4 nm) chemically bound to a flat Au
substrate via dithiol linkers under shell-filling conditions. The
experimental dI/dV vs V spectrum (top) shows peaks reflecting the
sequential filling of the S and P conduction orbitals at positive
potentials and the valence orbitals at negative potentials, in agreement
with simulations (bottom). T = 4.2 K. Reprinted with permission from
ref 286. Copyright 2000 Elsevier.

spectroscopy under shell-filling conditions has been achieved
with colloidal InAs quantum dots.””*****® An example of such
a tunneling spectrum is presented in Figure 6b.

The experimental signature for shell filling is the appearance
of additional peaks in the differential conductance spectrum
with increasing set-point current.”® Under complete shell-filling
conditions, the current is determined by I',,. Hence, the
current through the nanocrystal cannot be increased anymore
by bringing the tip closer to the QD. In practice, the shell-filling
regime is difficult to reach and spectra can be obscured by
instabilities of the tunnel junction and strong charge screening
by the tip. In addition, if the tip—QD distance is decreased, the
tunnel barrier becomes more symmetric. As a consequence,
the levels of the QD shift considerably with respect to their
position at zero bias. This can lead to ambipolar charge
transport, i.e., simultaneous tunneling of electrons and holes.

3.8. Comparison of electron tunneling spectroscopy and
optical spectroscopy

Optical spectroscopy is more generally used as a tool to
investigate the optoelectronic properties of nanocrystalline
QDs. Scanning tunneling spectroscopy and optical spectrosco-
py are based on different physical phenomena. It is, therefore,
instructive to compare the basic physics of both methods.

3.8.1. Spectroscopic transitions. Spectroscopy is based
on the fact that an energy quantum induces a transition
between two (eigen) states of a quantum system. In optical
spectroscopy the carrier of the energy quantum is the photon;
the absorption of a photon by a QD corresponds to the
promotion of an electron from a lower to a higher energy level,
and the emission of a photon corresponds to the downward
transition of an electron. If we consider more specifically
semiconductor quantum dots, an interband optical transition
results in the generation of an empty state in a valence energy
level (i.e., a hole, h) and an electron (¢) occupying a conduction
energy level. Upon electron—hole recombination, a photon is
emitted:

QD + hv — QD(e, h) - QD + hv (13)

In absorption spectroscopy, the fraction of photons absorbed
when the light beam (of given wavelength) passes through
the sample is measured (first arrow in the scheme above).
In photoluminescence spectroscopy, the number of photons
emitted by an excited sample is measured in a spectrally (and
time) resolved way (second arrow). We note that the energy of
the emitted photon energy can be slightly different from the
absorbed photon energy, due to relaxation processes of the
excited state QD(eh).

In scanning tunneling spectroscopy, the carrier of energy is
the electron. Schematically,

QD + e(tip) 5 QD(e) T QD + e(substrate) (14)

Electron transport is driven by the bias V applied between
the substrate and the tip. The energy dispersed as heat (or
light) per electron cycle is thus given by eV. As outlined above,
the zero-conductance gap in scanning tunneling microscopy is
given by po) — p_1j0 = (€5 — €lp,) + 2¢,,. This gap is to be
compared with the (photon) energy of the first allowed
interband transition creating an electron in &5 and a hole in
8?/13,1 (process 13):

h
hy = (858 - EVB,I) + 2"c"pol - 8e,h (15)
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The electron—hole attraction energy &,; consists of two
polarization contributions and a direct attraction energy. This
means that the sum 2¢,, — &, is close to the direct electron—
hole attraction energy, which is small (about a few to a few tens
of meV). Hence, the optical transition energy is close to the
single-particle band gap hv =~ (& — 8%’1) while the zero-
conductivity gap is enlarged by the charging energy of the
electron and the hole, denoted here as 2€P01.3’350 We should
remark here that the measured zero-conductivity gap is further
enlarged by the bias voltage distribution (lever arm <1) over
the double-barrier tunnel junction (see section 3.5).

3.8.2. Selection rules. In optical spectroscopy of semi-
conductor quantum dots, transitions between filled levels from
the (top of) the valence band and the (bottom of) the con-
duction band are studied. Conservation of angular momentum
implies in practice that the angular momentum of the photon is
compensated by a change in the angular momentum of the
atomic wave function ¢,, while the envelope wave function
®,,(ij,k) remains constant. For instance, in the case of (nearly
spherical) CdSe quantum dots, the absorption spectrum shows
allowed optical transitions involving the 4P levels of Se and the
SS levels of Cd, while the angular quantum number of the
envelope part of the wave function remains unchanged: | = 0,
(S, = S,) transition; [ = 1, (P, — P,) transition.”*> The
absorption spectrum shows these transitions in a more complex
form, however, due to the fact that there are three closely
spaced valence bands.”'®*****'=>>* Intraband optical tran-
sitions' 0034734935573 betyreen energy levels in the conduction
band (valence band) are also allowed; the angular momentum
of the photon is then compensated by a change of the angular
momentum of the envelope wave function ¢, (ijk), for
instance, S, — P,, while the atomic wave function remains
constant. In electron tunneling spectroscopy, the electron in
the tip carries a small linear momentum. However, in the
semiconductor nanocrystal that receives the electron, the linear
momentum is not a well-defined property. Hence, there are no
strict selection rules in scanning tunneling spectroscopy of
nanocrystals,” and therefore all the energy levels of the
quantum dot can be addressed.

3.8.3. Spectroscopic transitions involving defect
states. The question arises whether localized defect states in
the forbidden gap of the quantum dot can be measured with
either optical or electron tunneling spectroscopy. Direct optical
transitions that involve defect states have low oscillator strength
and can hardly or not be observed in the absorption spectrum.
Regarding the emission of photons, the electron (or hole) of
the exciton may decay to a localized state, after which electron—
hole recombination may occur with the emission of a sub-band-
gap photon. Often this transition is weak, and there is a strong
competition with nonradiative recombination. In tunneling
spectroscopy, the overlap between the localized wave function
of a defect level with the wave function of the tip (substrate) is
weak, and tunneling processes via localized surface states lead
to an overall tunneling current that is much smaller than the
tunneling current via eigenstates. However, in the band gap
where eigenstates are absent, the current due to tunneling via
localized states can be observed. Reports on the detection of
midgap states with scanning tunnelling spectroscopy will be
discussed below.

In summary, it should be clear that, in optical absorption
spectroscopy, mainly allowed transitions with high oscillator
strength are detected. In scanning tunneling spectroscopy, a
more straightforward measurement of all energy levels of the

semiconductor quantum dot is achieved; both the single-
particle eigenstates and the degeneracy of these eigenstates
broken by Coulomb interactions can in principle be measured.
The disadvantage of scanning tunneling spectroscopy is that
the spacing between the observed peaks does not directly
correspond to the spacing between energy levels (voltage
distribution in the junction, charging energy).

3.9. Spatial detection of standing waves related to
eigenstates (refs 241, 264, 288, 291, 363, and 364)

The time-independent part of each wave function correspond-
ing to a discrete (valence or conduction) energy level in a
semiconductor QD forms a standing wave (see eq 1). If
tunneling between the tip and a resonant energy level is the
rate-limiting step in current transport, the energy-resolved

conductance W will be decided by the orbital overlap

between the tip orbital and the resonant wave function in the
quantum dot. Hence, the conductance will be proportional to the
amplitude of the wave function lg,,(ik)I”. This corresponds
to the broadly used TersoffHamann picture of tunnelling
spectroscopy where the dI/dV signal is identified with the local
density of states at the position of the STM tip.***

It also means that, by measuring the spatially dependent
conductance at given bias, the wave functions can be “imaged”
or “mapped”, showing the nodal planes and the overall
symmetry. Measurement of the spatially dependent conduc-
tance map can be performed in constant-height or constant-
current mode.

Measuring maps of wave functions above atomically flat
quantum systems is reasonably straightforward. Energy-resolved
wave functions have been measured above graphene nano-
structures*®® and graphene ribbons**” on atomically flat metal
substrates, as well as on relatively large flat or stable mole-
cules.***737% Also standing wave patterns related to impurity
atoms in atomically flat systems can be measured without much
difficulty.””**”* It should be clear that mapping wave functions
in a quantum system with a three-dimensional atomic configu-
ration is not straightforward. Self-assembled solid-state
quantum dots are mechanically stable, and flat surfaces can
be obtained by cleaving. This allows one to perform “cross-
sectional” energy—level spectroscopy and wave function
imaging.**"?°"7>%7® The symmetries observed in the con-
ductance maps have enabled the assignment of quantum
numbers to the wave functions and thus helped to identify the
QD eigenstates.

Mapping of the wave functions in colloidal nanocrystals is
extremely challenging. Nevertheless, results were reported for
colloidal quantum dots and for 1-D CdSe rods and hetero-
structures.””***”” For semiconductor/semiconductor and semi-
conductor/metal heterostructures, mapping of wave functions
has a special scientific interest, as this may reveal the penetra-
tion of the eigenstates of crystal A into the space of crystal B,
and thus show how wave functions and charge densities spread
across an atomically sharp interface.

4. STUDY OF THE ENERGY LEVELS OF QUANTUM
DOTS AND QUANTUM DOT ARRAYS OF
LEAD-CHALCOGENIDE COMPOUNDS

4.1. Brief history of colloidal nanocrystals of
lead-chalcogenide compounds

Since the beginning of the twentieth century, there has
been a strong interest in thin films of lead-chalcogenide PbX
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(X =S, Se, Te) compounds. With the developments in solid-
state physics and chemistry in the second half of the twentieth
century, PbX thin films and later on also quantum wells
were developed and extensively investigated. 0343787407
Because of their small band gap (in the few 100 meV range),
these systems have importance for optoelectronic applications
in the near-IR as photon detectors.

The lead-chalcogenide compounds have a rock salt crystal
structure with considerable ionic character in the Pb—X bonds.
The first colloidal suspensions of PbS and PbSe nanocrystals
were prepared by combining ionic-type precursors in polar
solvents.””***** In a very similar way to the developments for
the CdX compounds, the modern colloid synthesis is using
organic solvents; they use a Se precursor and an organo-Pb
compound such as Pb-oleate.>>"#>*»3¢L4197415 The firt results
emerged around 2000.** The as-synthesized nanocrystals can
be very monodisperse in size and shape.”'**'*'” The regular
shape of the nanocrystals is that of a truncated cube, displaying
the most stable [100] facets and, due to the truncation, also
smaller [110] and [111] facets.”®"** Absorption spectroscopy
showed discrete interband transitions broadened by the
nonuniform size of the nanocrystals and peculiar effects in
the electronic structure (see below).”*"*'"*!*7%% The photo-
luminescence spectrum shows light emission from the lowest
energetic exciton(s) with a high quantum yield.''®'>"#! 141
This is in line with electronic structure calculations: the rock
salt PbX structure and the use of mostly p-type orbitals in the
bonding does not lead to dangling bonds at the surface.”””**!
For pure PbSe crystals, surface recombination should not be a
dominant process. However, in PbSe nanocrystals solids used
in solar cells, electron—hole recombination via midgap states
is strong and responsible for the relatively low efficiency;
the midgap states are possibly related to the dithiol linker
molecules."*>***

Nanocrystals of PbX compounds are chemically unstable
under ambient conditions. This can be monitored, e.g, by a
gradual decrease in the intensity and blue-shift of the light
absorption at the energy of the first exciton. The reaction of the
surface atoms with molecular oxygen leads to Pb- and Se-oxide
moieties and a gradual decrease of the core size. The surface
chemistry of PbX compounds has been investigated exten-
sively.”>*** Nowadays, treatments with NH,CI and PbCl,
compounds result in suspensions that are photochemically
stable under ambient conditions.*****

4.2, Peculiar electronic structure of lead-chalcogenide
nanocrystals

The effects of quantum confinement were, in the first instance,
estimated with the k.p 4-band method.”*” This was followed by
more advanced atomistic tight-binding®*® and pseudopoten-
tial>*”**! calculations. The latter provide a sound picture for
the energy levels of PbSe nanocrystals. The band structure
of bulk PbSe and a sketch of the quantum-confined energy
levels are provided in Figure 7. The other lead-chalcogenide
compounds show similar features. The fundamental gap of
0.176 eV (at 0 K) is positioned at the L-points of the Brillouin
zone. There are four L-points, which means that the degeneracy
of the electronic levels is four times that of the zinc blende and
wurtzite structures. Hence, in PbSe quantum dots, the highest
valence levels (envelope function S,) and the lowest con-
duction levels (envelope function S,) are 8-fold degenerate.
We will use a “group” of levels to indicate the levels with the
same envelope function. For instance, in the conduction band,
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Figure 7. Electronic structure of PbSe. (a) Band structure of bulk
PbSe. The Fermi level is located at E = 0 eV. The bulk band gap is
280 meV at 300 K. Reprinted with permission from ref 346. Copyright
2004 American Physical Society. (b) Quantum confinement result is a
splitting between the electron and hole levels (indicated by subscripts e
and h, respectively). The degeneracy of the conduction band states is
indicated.

the group of S, levels is followed by a group of P, levels, 24-fold
degenerate including spin. Quantum coupling of the L-points
can lead to a breakdown of the degeneracy and often to groups
of closely spaced levels with S and P envelope functions.”****’
This is a critical feature of PbSe nanocrystals, which becomes
gradually more important with smaller sizes of the nanocrystals.
The atomistic theories can explain the features in the
absorption and emission spectra, including the recombination
dynamics. The bands at around the L-point show a parabolic
dispersion between kinetic energy and wave vector close to the
L-points but evolve to a nearly linear relationship further away
from the L-points.**® The effective masses of the PbX
compounds are low. This leads to a Bohr radius of the lowest
exciton of PbSe of 46 nm. Thus, confinement effects are
expected to be strong. This is in line with the band gap of the
PbSe nanocrystals that varies from ~0.2 eV (very weak
confinement) to ~1.5 eV at a size of 2 nm. It is also important
to realize that the confinement away from the L-points is
weaker, due to the nonparabolicity of the bands. Using
absorption spectroscopy, Koole et al. could map the effects of
electron and hole confinement at the 2 and A directions in the
Brillouin zone and compare this with the confinement close to
the L-points.**

4.3. Open questions regarding the electronic structure of
PbSe at the beginning of 2005

4.3.1. Interpretation of the absorption spectrum. The
availability of suspensions with monodisperse nanocrystals of a
well-defined size enabled the study of the optical transitions in
detail and the comparison of the observed transitions with
calculations. It appeared that the absorption spectrum showed
several peaks due to interband transitions; the first peak reflects
the allowed S;,—S, transition of lowest energy. The second peak,
however, was not understood as its energy was systematically
lower than that calculated for the allowed P,—P;, transition; this
was so for kpp as well as for atomistic calculations. Research
groups using k.p theory proposed that possibly the second
absorption peak is due to a forbidden S,—P, (S,—P,)
transition.*>”*'»**® Atomistic theories, however, showed that
the oscillator strength of the S,—P, (S,—P,,) transitions is really
negligible.”*”*** Thus, the second optical interband tran-
sition in PbSe quantum dots was an unsolved question.
Energy-level spectroscopy of PbSe nanocrystals helped to solve
this issue. It should be noted that a similar issue exists in the
iélter]z)fgtation of the absorption spectra of PbS quantum

ots.
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Figure 8. Scanning tunneling microscopy and spectroscopy on individual PbSe quantum dots. (a) Image obtained by scanning tunneling microscopy
of an individual colloidal PbSe nanocrystal immobilized on a gold surface by dithiol linkers. The size of the nanocrystal can be measured by the STM
height at constant current. (b) Occurrence of STM heights measured for two batches of PbSe quantum dots. The red results pertain to a batch for
which the average diameter obtained from TEM analysis was 4 nm, and the blue results are for a batch with average TEM diameter of 5.3 nm; the
measured STM height agrees well with the TEM data. (c) Shell-tunneling conductance spectrum obtained above a PbSe quantum dot of 5.5 nm in
size; the peaks at positive bias reflect tunneling through the 8-fold S, and 24-fold degenerate P, levels, respectively. The further increase of the
conductance is due to tunneling through the D -group of electron energy levels. The resonances at negative bias show the position of the S, and P,
levels, respectively. The zero-conductance gap measures the band gap. (d) Comparison of the single-particle band gap vs nominal STM height with
the optical gap (measured on an ensemble) vs the average TEM diameter. The results are in mutual agreement and agree well with the band gap
calculated by the tight-binding method (black line). Reprinted with permission from ref 277. Copyright 2005 American Physical Society.

4.3.2. Degree of intervalley coupling. The electronic
structure of the PbX QDs is peculiar, since the energy levels
around the fundamental gap at the four L-points show a high
degeneracy, four times that of nanocrystals with zinc blende or
wurtzite crystal structure. Size-dependent intervalley coupling,
however, may break this degeneracy. Below, we show that the
degree of intervalley coupling can be estimated from the
energy-level broadening in tunneling spectra.

4.3.3. Strength of electron—phonon coupling. The
third question regards the strength of the coupling of electrons
(holes) with the polar and acoustic phonons in PbX nano-
crystals. It should be realized that the coupling of electrons
(holes) with polar phonons is usually much stronger than for
charge-neutral excitons. Below, it will be shown that the
strength of electron—phonon coupling in PbSe nanocrystals
can be estimated from the width of the peaks in the tunnelling
spectrum.

4.4, STM and shell-tunneling spectroscopy to measure the
band gap and the single-particle energy levels of
individual PbSe QDs>*””

PbSe nanocrystals could be attached to an atomically flat
surface of a Au single crystal by linking them to the Au surface
with dithiols. Figures 8a and 11a show microscopic images of
the nanocrystals attached to the Au surface. The pictures are
obtained at sufficiently positive bias (V = 1.5 V) whereby the
tunnelling current is relatively stable due to the high density of
states in the PbSe QD. The following question arises: how
can the size of the imaged PbSe nanocrystals be obtained? The
tip height vs the position (at a constant set-point tunneling
current) was measured, providing images such as those in
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Figures 8a and 1la. Cross sections through the microscopic
image show that the cross-sectional width is not a good
measure for the nanocrystal size due to the tip convolution
effect: the finite radius of the STM tip enlarges the apparent
radius of the nanocrystal. The height of the cross section vs the
base gold surface, however, is not prone to any convolution. In
Figure 8b one can see that the statistics of these STM heights
agree well with the average TEM diameters of 4 and 5.3 nm
measured for two batches of nanocrystals. The STM heights are
nicely distributed around these main values. This is further
demonstrated in Figure 11a, which shows an image of a gold
sample that was brought into contact with a mixed nanocrystal
suspension with nanocrystals of 4 different sizes. The STM
height statistics in Figure 11b are in agreement with the main
TEM diameters. We concluded that the STM height is a
reliable measure of the diameter of individual nanocrystals. This
allowed us to measure the direct relationship between the size
of a given nanocrystal and its energy-level spectrum. It is also
clear from the noise-free images that the PbSe nanocrystals
attached to the gold substrate by hexane dithiols form
mechanically stable junctions and that the measured samples
are very clean. This enables reliable tunneling spectroscopy.
Figures 8c and 9 show tunneling spectra that were measured
under shell-tunneling conditions and thus display the single-
particle energy levels of the quantum dot (see section 3). This
was proved by the fact that the conductance spectrum remained
unchanged when the tip-to-dot distance was slightly changed.
The tunneling spectra show two peaks at positive bias and two
peaks at negative bias, reflecting tunneling through electron-
and hole-energy levels, respectively. The less well-resolved
increase of the conductance at more positive and more negative
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Figure 9. Comparison of a tunneling spectrum obtained above a PbSe
quantum dot with a tight-binding calculation. Black line: conductance
spectrum obtained above a PbSe quantum dot of 5.3 nm in STM
height; the bias is converted to an energy scale by taking into account a
lever arm of 0.7. Gray line and black bars: energy levels and resulting
density-of-states vs the energy obtained by broadening of each energy
level with a Gaussian with a full width at half maximum (fwhm) of
25 meV. It can be seen that the experimental results can be directly
compared with the calculated density-of-states of the PbSe quantum
dots. The results, however, show that the experimental energy
separation between the S, and P, levels is considerably smaller than
calculated; this also holds for the separation between the S, and P,
states. Reprinted with permission from ref 277. Copyright 2005
American Physical Society.

bias is due to tunneling through the electron and hole D-levels.
The zero-conductance gap is directly related to the single-
particle band gap of the material. In the example here, it was
estimated that 70% of the applied bias falls over the tip/dot
barrier; hence, the “lever-arm” 57 was 0.7. Using eq 10, we find
that the experimental zero-conductance gap AV, (between the
first hole resonance and the first electron resonance) is related
to the single-particle energy levels by AV, = (1/n)[ue; —
Horo) = (1/n)(g& — elg,) + 2¢€, (see eq 8). The electron and
hole charging energies (denoted together as 2€Pol) can be
estimated from the dielectric constants of the PbSe nanocrystal
and the surroundings.”**** Then, the single-particle band gap
& — 6{',]371 can be obtained. The single-particle gap derived
from the conductance spectra is plotted vs the STM size in
Figure 8d. The single-particle gap agrees very well with results
obtained from optical spectroscopy, ie., the first peak in the
absorption spectrum of a nanocrystal suspension plotted vs the
average nanocrystal size in the suspension. It was explained in
section 3 that, in general, the single-particle gap should be close
to the optical gap. Hence, the results in Figure 8d show that
measurement of the single-particle gap of individual nano-
crystals for which also the size is measured in situ by the STM
height is a sound procedure.

Now, the resonances (peaks) in the conductance spectrum
will be discussed; see especially Figure 9. The first two peaks at
positive bias show the first and second groups of electron levels,
S. and P,, respectively. This is followed by a broad resonance
reflecting electron tunneling through levels with a D-envelope
function. The two peaks at negative bias reflect tunneling of
holes through the groups of valence levels with S- and
P-envelope functions, respectively.

Because under shell-tunnelling conditions the resonances
provide the single-particle energy levels, the STM data could be

used for a better understanding of the second peak in the
absorption spectrum, one of the unsolved issues around 200S.
In Figure 10, the energy gap between the second (third)
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Figure 10. Comparison of valence and conduction energy-level
separations obtained from STM and the optical absorption spectra.
The P,—P, (filled blue squares) and D,—Dj, (filled red circles) energy
separations obtained from scanning tunneling spectroscopy are plotted
vs the energy of the HOMO (S;) — LUMO (S,) transition. In
addition, the energy of the second and third peaks in the absorption
spectrum (open symbols) is plotted vs the energy of the first peak.
There is excellent agreement between the STM data and the optical
data, showing that the second peak in the absorption spectrum is due
to the P,—P, transition. Reprinted with permission from ref 277.
Copyright 2005 American Physical Society.

resonance at positive and negative potentials, thus (P,—P;) and
(D,—Dy,), respectively, are plotted vs the single particle energy
gap (S,—S,) (filled symbols). The same is done for the optical
data: the energy of the second and third peak in the absorption
spectrum is plotted vs the energy of the first peak (open
symbols). It is obvious that the second resonance in the
absorption spectrum corresponds with the P,—P, energy
derived from the tunnelling spectra. We remark here that
atomistic theory shows that the P, to S, and S, to P, optical
transitions have negligible oscillator strength compared to the
allowed P, to P, transition. In fact, the energy differences
between the valence P,—S;, resonances and conduction P, to S,
resonances observed from tunneling spectra were found to be
significantly smaller than calculated by kp and atomistic
theories. Thus, with the help of scanning tunnelling spectros-
copy, the second peak in the absorption spectrum can be
attributed unambiguously to the allowed P, to P, transition.”””

4.5. Measuring and understanding the line width of the
resonances of individual PbSe nanocrystal*?”*%°

With scanning tunneling microscopy and spectroscopy, single
quantum dots are addressed; this means that inhomogeneous
broadening as present in optical ensemble measurements is
absent. Still, the resonances indicating the discrete energy levels
are surprisingly broad; see Figures 8, 9, and 11. It is obvious
from the spectra in Figure 1lc that the widths of the peaks
increase with decreasing size of the nanocrystals. Figure 10 d
shows that the fwhm of the first electron and hole resonances
are ~25 meV for PbSe nanocrystals of 10 nm in size and
increase to 150 meV for nanocrystals of 4 nm in size. The
widths are much too large to be explained by lifetime
broadening of the tunneling electrons. Theory shows that
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Figure 11. Shell-tunneling spectroscopy of PbSe nanocrystals of different sizes with a focus on the line width of the resonances. (a) PbSe
nanocrystals from four different batches attached to a flat Au substrate; the size of the nanocrystals can be obtained from the STM height.
(b) Histograms of the STM height of the nanocrystals agrees with the TEM diameters of the four different batches used. (c) Energy-level spectra
obtained above PbSe nanocrystals of different sizes; the band gap and energy-level splitting is reduced with increasing nanocrystal size; the tunneling
resonances become broader with decreasing particle size. (d) fwhm of the first electron (hole) resonance vs the size of the PbSe quantum dots; the
level broadening is due to electron—phonon coupling and intervalley splitting at the L-points. Reprinted with permission from ref 427. Copyright

2005 AIP Publishing LLC.

there are two main contributions to the broadening. The first
one is general for all quantum dots and is due to the coupling of
the tunneling electrons to the lattice phonons. Coupling of the
tunnelling electron to the polar phonons in the PbSe crystal
results in a multipeaked and asymmetric resonance. In addition,
each of the LO-vibronic peaks on itself is broadened by
interaction of the electron with acoustic phonons. The spectra
in Figure 10 show broadened peaks in which, however, the
vibronic peaks could not be resolved. The average width of the
resonances is somewhat larger than the ones calculated. Thus,
electron—phonon coupling by itself is not sufficient to explain
the line width of the resonances. The second contribution
that was proposed is particular for the electronic structure of
PbSe: coupling between the four different L-points lifts the
degeneracy in the S, and P, groups and thus gives an intrinsic
broadening within the group. This splitting is small for
nanocrystals above S nm in size but increases rather steeply
with decreasing size below 5 nm. It was shown by Overgaag
et al"”’ that the experimental line width of the tunneling
resonances of the S, and S, energy levels can be explained
quantitatively by the convolution of the widths originating from
electron—phonon coupling and intervalley coupling.

4.6. Breaking the degeneracy of the energy levels by
Coulomb interactions in shell-filling spectroscopy’

In a conventional metal substrate/QD/tip double-barrier
tunneling junction, the tunneling from the tip to an energy
level of the quantum dot is usually much slower than tunneling
from the dot to the substrate. In addition, the applied bias falls
mostly over the tip/dot junction. This means that shell-
tunneling conditions prevail at positive bias (at which the tip
addresses the electron levels) and at negative bias (at which the
valence levels are addressed) as well. Only when the tip is
positioned closer to the dot and the potential drops more
evenly over both barriers, anomalous conditions may occur
whereby the same levels are involved in the tunneling process
both at negative and positive bias. In tunneling spectroscopy of
PbSe nanocrystals, shell-filling conditions were obtained in such
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a way, and a series of equally spaced peaks were observed in the
conductance spectrum. The degeneracy of the 8-fold S, level
group was broken down by Coulomb repulsions, and thus the
spacing between the peaks is essentially equal to the repulsion
energy; small deviations can result from the already broken
degeneracy due to intervalley coupling.

Furthermore, we should remark here that, in shell-filling
spectroscopy, each resonance addresses a single energy level,
which means that it should not be broadened by intervalley
coupling. The shape of the hole-resonance peaks under shell-
filling conditions appeared to be more asymmetric than under
shell-tunneling conditions. This suggests the presence of side
peak(s) at the high-energy side; such side peaks are due to the
emission of one (or more) LO-phonon(s) by the tunneling
electrons. However, there was not enough systematic data
available to systematically separate and quantify the strength of
intervalley and LO-phonon coupling by a comparison of shell-
tunneling and shell-filling spectra of individual PbSe nano-
crystals.

4.7. Tunneling spectroscopy on monolayers and bilayers
of PbS nanocrystals>'?

Until now, we discussed results obtained on systems in which
the nanocrystals were attached to a gold substrate. In a study of
the energy levels of PbS nanocrystals, a transparent conducting
oxide (ITO) on glass was used as an alternative substrate. The
PbS crystals were drop-casted as a monolayer to bilayer on this
substrate. It is remarkable that this system was flat enough to
result in good quality images of the nanocrystals arranged in a
monolayer. Tunneling spectra were measured above individual
dots with the substrate cooled to 100 K, while the tip was at
room temperature. The size of the nanocrystals was not
measured from the height of the nanocrystals, but instead the
band gap measured in the tunneling spectra was used. Stable
tunneling spectra were acquired, and an example is presented
in Figure 12372

The assignment of the resonances according to the authors is
indicated in Figure 12. The conductance in the band gap region
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Figure 12. Tunneling spectra acquired over PbS nanocrystals of
different size. The nanocrystals were present as a mono- to bilayer on
top of a glass/ITO substrate. The nanocrystals were characterized with
the width of their gap: top spectrum, 0.65 €V; center spectrum,
0.69 eV; bottom spectrum, 0.75 eV. Reprinted with permission from
ref 312. Copyright 2013 American Physical Society.

was attributed to tunneling via midgap states localized at the
surface. It should be remarked here that it is not directly
expected that localized states are involved in tunneling
transport between the tip and the substrate, due to their local
(atomic-like) wave functions. The resonances shown in
Figure 12 are considerably broadened, broader than those in
Figure 11, the case of PbSe quantum dots. This might be simply
caused by the larger measurement temperature and, in addition,
by breakdown of the degeneracy of the energy levels by inter-
valley coupling (see explanation earlier for PbSe). Furthermore,
because the PbS nanocrystals are arranged in an array, (limited)
electronic coupling between the nanocrystals could contribute
to the line broadening. The peaks are, however, sufficiently
resolved to study the energy of the levels as a function of the
measured band gap (Figure 12). A similar analysis as presented
above for PbSe was performed to understand the nature of the
optical transitions seen in the absorption spectrum. In contrast

to the case of PbSe for which we concluded that the second
peak in the absorption spectrum reflects the allowed P,—P,
transitions, it was found here that the P,—P, transition have a
higher energy than the second peak in the absorption spectrum.
Hence, the results obtained for PbS suggest that the second
peak might be due to “forbidden” P—S$ transitions.

4.8. Study of the electronic coupling between PbSe
nanocrystals in an array®’>?%°

Because tunnelling spectroscopy probes the energy levels
(density of states) of a quantum dot sample and the energy-
level spectrum can be strongly modified by quantum coupling,
tunneling spectra may reveal direct information on the local
strength of quantum coupling between the nanocrystals in an
array. Such a study was performed for hexagonally ordered
monolayers of PbSe nanocrystals.”® Results are presented in
Figure 13.

The spectra show a zero-conductance gap that varied from
position to position from nearly the bulk value to larger values,
although always considerably smaller than the value obtained
with individual PbSe QDs. Moreover, the electron (hole)
resonances were considerably broadened, and often a step-like
spectrum instead of peaks was found. These features reflect
lateral electronic coupling between the energy levels of the
PbSe nanocrystals in the array. In another study, a monolayer
matrix of CdSe nanocrystals was prepared in which individual
PbSe nanocrystals, dimers, trimers, and X-mers were dis-
persed.””” Such a configuration enables one to study the degree
of quantum coupling in the PbSe quantum dot “molecules” by
comparison of the acquired spectra with those of individual
PbSe quantum dots. It was assumed that the coupling between
CdSe and PbSe nanocrystals can be neglected. The tunneling
spectra showed resonances that were broadened and for which
the band gap was considerably reduced, compared to these
teatures for individual PbSe nanocrystals. These results quantify
the electronic coupling between the nanocrystals in the
“nanocrystal” molecule. An advantage of scanning tunneling
microscopy with respect to transport characterization of an
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Figure 13. Measurement of the quantum coupling in a monolayer array of PbSe nanocrystals. (a) A typical microscopic picture of the STM height
acquired at constant current, showing how the nanocrystals are arranged in the monolayer array; the inset shows a Fourier transform of the image.
(b) Representative spectra acquired above three different samples: array 1, a monolayer array of 7.3 nm PbSe nanocrystals (NCs) on Au (111);
array 2, a monolayer array of 5.3 nm PbSe nanocrystals on Au (111); array 3, similar to array 2, but separated from the gold surface by a molecular
monolayer. The spectrum at the top is that of an isolated PbSe NC attached to Au (111) via dithiols linkers. These spectra show a moderate
reduction of the band gap and a broadening of the resonances with respect of that of isolated nanocrystals. (c) Spectra obtained on the same arrays
showing a more pronounced reduction of the gap and a step-like increase in conductance spectra, typical for a 2-dimensional quantum well,
indicating strong coupling of the nanocrystals. The bias is converted to an energy scale using a lever arm of 0.85. Reprinted with permission from

ref 280. Copyright 2006 American Physical Society.
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Figure 14. Scanning tunnelling microscopy and spectroscopy of CdSe nanocrystals electrodeposited on a Au substrate. (Left, top) STM image of
CdSe nanocrystals of different sizes (see inset) obtained by electrodeposition. (Right) The tunnelling current vs the bias and the derived
conductance spectrum of the nanocrystals (indicated with 1, 2, 3 on the microscopic image) under shell-filling conditions: the first doublet at positive
bias reflects the S, level, followed by P, levels at higher bias. At negative bias the valence levels are measured. The spectra of quantum dot 3 shows a
small resonance in the gap due to midgap surface states; a second spectrum showing several small resonances in the gap is presented in the lower left
picture. Reprinted with permission from ref 1. Copyright 1999 AIP Publishing LLC.

entire sample is that it is able to measure the degree of quantum
coupling in a local way and that the electronic results can be
related to the local nanogeometry of the sample.

5. ENERGY LEVEL SPECTROSCOPY OF CDSE
QUANTUM DOTS, QUANTUM RODS, AND
HETEROSTRUCTURES

5.1. Scanning tunnelling energy-level spectroscopy of
electrodeposited CdSe quantum dots'

In 1999, Alperson et al.' reported a first study on the energy
levels of wet-chemically synthesized CdSe nanocrystals. The
nanocrystals were prepared by electrodeposition on a gold
substrate, and the as-prepared sample was incorporated in an
UHV STM apparatus for investigations at cryogenic tem-
peratures; the results are presented in Figure 14. Scanning
tunnelling microscopy showed the presence of individual
nanocrystals attached to the gold surface. The authors provide
evidence for the presence of an atomic layer of Se between the
gold surface and the CdSe, which might act as a tunnelling
barrier. The tunnelling spectra show a well-defined zero-
conductivity gap that increases with decreasing size of the
nanocrystals. The zero-conductivity gap (see section 3) is the
sum of the single-particle gap and the charging energy of
the electron and hole. At positive bias, a doublet of peaks was
observed, attributed to the two S, orbitals. This doublet was
followed by a series of resonances attributed to the P, levels.
At negative potentials a series of conductance peaks were ob-
served reflecting the valence hole levels. The observed doublet
and multiplet peaks show that the degeneracy of the levels is
broken by Coulomb repulsions. Hence, the spectra were
obtained under shellfilling conditions (see section 3). The
spacing between the two S, resonances provides a direct mea-
sure for the electron—electron repulsion energy, &,,. This value
was measured for different sizes of nanocrystals; a value
of 0.22 eV was measured for a CdSe nanocrystal of 4.5 nm.
The zero-conductivity gap (eq 11) is the sum of the single-
particle gap and the charging energies of the electron and hole.
The charging energies of electron and hole together should

11197

approximately equal the electron—electron repulsion energy,
2,4 ® €, Hence, the measured value of ¢, can be used to
correct the zero-conductivity gap for the electron and hole
charging energies (see section 3) and obtain the single-particle
band gap. The values for the single-particle gaps obtained in
this way appeared to be in reasonable agreement with the
optical gap measured for CdSe NCs of comparable size.

Furthermore, in some spectra, small peaks could be observed
in the energy region of the zero-conductivity gap, attributed to
tunnelling through midgap states. It should be remarked that
tunnelling through localized midgap states is much less
probable then tunnelling through extended eigenstates of the
QD (see section 3). Despite the small resonant tunnelling
current, tunnelling through such states can be observed if other
transport channels are absent, i.e, in the zero-conductance gap
corresponding to the band gap of the semiconductor nano-
crystal. In later work by the same group, it was convincingly
shown that the surface states can be reversibly passivated/
activated by the adsorption/desorption of H,O molecules on
the CdSe NC.*

5.2. Energy-level spectroscopy on colloidal nanocrystals
chemically linked to the substrate®~’

5.2.1. Evidence for shell-tunnelling spectra. The
Vanmaekelbergh group studied the energy levels of colloidal
CdSe quantum dots: in 2001, Bakkers et al. reported a study of
CdSe quantum dots of 4.3 nm in diameter, connected to a gold
surface by oligo(cyclohexylidene) molecules.” Later, quantum
dots of different sizes were studied in more detail.* When the
tip was sufficiently retracted from the CdSe quantum dot under
study, the energy-level spectrum was detected under shell-
tunnelling conditions. This could be proved by the fact that the
tunnelling spectra remain unchanged for varying tip—dot
distance (Figure 15). At positive bias, the spectrum showed
peaks attributed to the S, P, and D, levels, respectively; the
energy levels at negative potentials correspond to the valence
hole levels.

5.2.2. Quantifying the effects of quantum confine-
ment. The confinement of electrons and holes in CdSe
nanocrystals should become more pronounced with decreasing

DOI: 10.1021/acs.chemrev.5b00678
Chem. Rev. 2016, 116, 11181-11219


http://dx.doi.org/10.1021/acs.chemrev.5b00678

Chemical Reviews

didVv (a.u.)

-2

-1"1

bias (V)

Figure 15. Energy-level spectroscopy of colloidal CdSe nanocrystals attached to a Au substrate via hexane dithiols linkers. (a, b, ) Spectra for CdSe
nanocrystal of three different sizes: S nm (a), 3 nm (b), and 2.6 nm (c). For each CdSe quantum dot, the set-point current at 2.5 V was varied
between 10 pA (lower spectra) and ~100 pA (upper spectra), without any change in the position of the peaks. This shows that the spectra were
acquired under shell-tunneling conditions. The zero conductivity gap increases strongly with decreasing size due to quantum confinement and the
increasing self-energy (charging energy) of the electron and hole. The resonances at positive bias show the S,, P,, etc. single-particle energy levels; the
resonances at negative bias are due to valence hole energy levels. Reprinted with permission from ref 4. Copyright 2006 American Physical Society.
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Figure 16. Comparison between the results of scanning tunnelling spectroscopy, optical absorption spectroscopy, and tight-binding theory. (a) The
energy separation between the second (P,) and first (S,), and third (D,) and first, single-particle peak as a function of the single-particle gap
(obtained from the zero-conductivity gap). The open symbols show the P,—S, separation obtained from the intraband absorption spectra. The lines
show the results of tight-binding calculations. (b) The electron—hole attraction energy in quantum dots of variable size obtained from the difference

in the zero-conductivity gap and the optical gap. Reprinted with permission from ref 4. Copyright 2006 American Physical Society.

size of the nanocrystals. This should be reflected in a larger
band gap and a stronger separation between the single-particle
energy levels. These features were studied in ensembles of
CdSe nanocrystals by absorption and photoluminescence
excitation spectroscopy.”>***” Here we discuss the results on
single CdSe nanocrystals of variable size. The energy dif-
ference between P, and S, (second and first peaks) and D, and
S, (third and first peaks) plotted as a function of the single-
particle gap (Figures 15 and 16) are in good agreement with
the values calculated with tight-binding theory. In addition, the
energy gaps between the S, and P, levels obtained from
intraband absorption spectroscopy of charged nanocrystals also
agree with the data obtained from scanning tunnelling
spectroscopy.”” From the above results, it is clear that the
energy levels of CdSe quantum dots can be detected from shell-
tunnelling spectroscopy. With a good estimate of the potential
distribution over the tunnelling barrier, the information is
quantitative.
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5.2.3. Quantifying the electron—electron and electron—
hole Coulomb energies. When the tip was brought closer to
the dot, the spectrum changed dramatically, and extra
conductance peaks were observed. It was understood that—
with the tip closer to the dot—the spectra reflect partial shell-
filling conditions. From the spacing between the peaks, the
electron—electron repulsion energy could be derived; €,, = 60 meV
for nanocrystals of 4.3 nm. This value is much smaller than that
obtained by Alperson et al. for electrodeposited quantum dots
and also considerably smaller than the values predicted by
theory. A possibly explanation will be discussed below.

The electron—hole Coulomb energy, €,, obtained as the
difference between the zero-conductivity gap and the optical
gap (section 3), is shown in Figure 16 (right) for nanocrystal
diameters between S and 2.5 nm; the values of ¢, range
between 250 meV (5 nm in diameter) and 700 meV (2.5 nm in
diameter). These values are in good agreement with the values
predicted by tight-binding theory and point to considerable
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Figure 17. Optical spectroscopy and scanning tunnelling spectroscopy on CdSe quantum rods. (Left) Photoluminescence excitation spectra for
CdSe quantum rods with different diameters and lengths between 11 and 60 nm. The spectra are independent of the length of the rods and depend
only on their diameter indicated in the figure. (Center) TEM images of two samples of CdSe rods. (Right) Shell-tunnelling spectra of CdSe rods
of 4 nm (upper two spectra) and 5.5 nm in diameter with lengths above 25 nm. The spectra are independent of the length of the CdSe nanorods.
The zero-conductivity gap and the spacing between the resonances increase with decreasing diameter due to quantum and dielectric confinement in
the 1-D cylindrical rod. Reprinted with permission from ref 8. Copyright 2006 American Physical Society.

charging energies, due to the dielectric contrast between the
nanocrystal and its environment. In colloidal nanocrystals,
dielectric-confinement effects play an equally important role as
quantum-confinement effects. We should remark here that the
estimation of piy,) — p_1, = €5 — €<l/B,1 + 2¢,, from the zero-
conductivity gap depends sensitively on the value of the lever
arm. As a consequence of a small uncertainty in the lever arm,
the values for &, may vary by 50—100 meV.

Jdira et al.* found that the Coulomb repulsion energy &,
obtained from shell-filling spectra was systematically smaller in
magnitude than &, (obtained from the difference between the
zero-conductivity gap and the independently measured optical
gap; see Figure 16). This contrasts with theory (section 3),
which predicts that both Coulomb energies should be
comparable. We believe that this anomalous small value can
be understood in part by the fact that ¢,, is obtained from shell-
filling spectra (tip close to the dot) while ¢,, is obtained from
shell-tunnelling spectra (tip further away). We infer that the
metal tip close to the quantum dot might effectively screen the
e—e repulsion energy.

5.3. Energy level spectroscopy of colloidal CdSe quantum
rods”®

In later work of the Vanmaekelbergh group, Sun et. al measured
the energy levels of CdSe rods.” Due to the shape anisotropy,
the P-levels are no longer degenerate. Moreover, the squared
amplitude of the orbitals in the rods depends strongly on the
position in the rod. The tunnelling spectra detected all energy
levels; the relative amplitudes, however, depended strongly on
the tip position above the rod: With the tip positioned above
the center of the rod, the S-type and P,-type orbitals showed
the strongest resonances in the conductance spectra; these
orbitals have no nodal plane that can be observed in electron
tunnelling, and their squared amplitude is maximal in the center
of the rod. When the tip was positioned more at the ends of the
rod, the lateral P,, P, orbitals showed the strongest resonances,
while they were practically invisible in the center of the rod.
Scanning the tip over the entire rod and measuring the spectra
at each position over a broad energy range could, in principle,
provide spatial maps of the orbitals.

The groups of Banin and Millo performed a detailed study of
the energy levels of colloidal CdSe rods with diameters between
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4 and 6 nm and with considerable length, larger than 20 nm.®
They compared the results of photoluminescence excita-
tion spectroscopy with those of tunnelling spectroscopy; see
Figure 17. With PL excitation spectroscopy, the three lowest
allowed interband transitions (I, II, III) could be measured.
With tunnelling spectroscopy, the three lowest electron
resonances (CB1, 2, 3) could be obtained as well as the first
hole resonances. The energies of the optical allowed transitions
appeared to be independent of the exact length of the rods,
indicating that the rods were genuinely 1-dimensional. This was
further supported by the tunnelling spectra: the resonances of
the rods of 4 (and S5.5) nm in diameter appeared to be
dependent only on their diameter; see Figure 17 (right).
Figure 18 shows that the band gap determined from the
tunnelling spectra increases with decreasing diameter and can
be understood by a multiple-band effective mass calculation.
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Figure 18. Comparison between the results obtained by optical and
scanning tunnelling spectroscopy on CdSe quantum rods. (Left)
Single-particle band gap of the CdSe rods determined from the zero-
conductivity gap in the tunnelling spectra vs the diameter of the rods.
The optical band gaps are presented by filled symbols. The black line
presents the results obtained by a multiband effective mass model.
(Right) Several energy-level spacings obtained from tunnelling spectra
and the PL excitation spectra vs the single-particle band gap &(S,) —
€(S;). The most important is the spacing indicated with CB2 — CBI;
thus, in fact, &(P,) — &(S,) vs &(S,) — &(S},), which is in accordance
with effective-mass multiband theory (black line). The black squares
show the (PLII transition — the band gap) vs the band gap. This
corresponds to [(e(P,) — (P,)) — (&(S.) — €(S;))] vs the band gap
€(S,) — €(S,). Reprinted with permission from ref 8. Copyright 2006
American Physical Society.
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The energy difference between the second and first electron
resonances [(CB2 — CB1), thus, in the terminology used here,
€p — €5 ] in the tunnelling spectra was plotted as a function of
the band gap (open squares), showing again good agreement
with effective-mass calculations (black line) illustrating the
effects of confinement in the small directions in the rod.
In addition, the energy difference (PLII — band gap), thus,
(65 — eb) — (& — €l) = (&b — &%) — (&b — €l), was plotted vs
the band gap (black squares). These results are systematically
and slightly lower than the open squares (corresponding
to & — &), showing the mutual consistency of the PL
excitation spectra and tunnelling spectra.

5.4. Measuring the strength of the electron—phonon
coupling in CdSe quantum dots and rods’

The coupling of conduction electrons (valence holes) with
lattice vibrations is an important physical phenomenon in
understanding the optoelectronic properties of semiconductors.
However, in bulk semiconductors this coupling is rather weak,
due to the delocalization of the electron and hole wave
functions. In nanocrystal quantum dots, enhanced coupling is
expected due to the confinement of the electron and hole wave
functions. Tunnelling spectroscopy offers a unique opportunity
to study the coupling of single electrons (holes) to lattice
phonons.

Already in the tunnelling spectra presented in Figure 15, it
can be seen that each tunnelling resonance is asymmetrically
broadened. The broadening increases considerably with dimin-
ishing size of the quantum dots. Jdira et al.**’ discussed the
possible causes of the broadening of the tunnelling resonances:
for CdSe NC, it was concluded that the broadening was mostly
due to the coupling of tunnelling electrons to (LO) phonons.
In a very detailed study by Sun et al.’, the vibronic progression
in each tunnelling resonance could be resolved. The pro-
gression is asymmetric and extends to the high-energy side as a
result of the emission of one (or more) LO-phonon(s) to
the lattice by the electron that tunnels above resonance (see
Figure 19b). The vibronic progression is fully understood by
the Frolich type electron—phonon coupling and can be
quantitatively simulated using tight-binding electron wave
functions confined in the nanocrystal incorporated in the
classic electrostatic equations. The only free parameter, i.e., the
Huang—Rhys coupling strength, can then be obtained.
Furthermore, it was observed that the coupling strength is
slightly larger for S, orbitals than for P, orbitals. This can be
understood by the fact that P, orbitals are slightly more
extended in space. Remarkable results were obtained under
shell-filling conditions with CdSe nanorods: Both S, resonances
in the doublet peak structure (split by the Coulomb energy of
60 meV) could be resolved; each of the two resonances showed
a strong vibronic progression. This result is remarkable and not
fully understood, as under shell-filling conditions the current
is determined by the rate of electron tunnelling out of the
quantum dot.

Although the e—phonon coupling strength in nanocrystals
depends on the dielectric environment, the LO-phonon energy
determining the energy gap between the vibronic peaks itself is
an invariant. As a result, the ratio between the measured
splittings (Figure 19d) and the true phonon energy should
provide an independent measure of the potential distribution.
Sun et al. found that # = 0.85, in excellent agreement with the
value calculated using the Poisson equation.
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Figure 19. Measurement and analysis of the electron—phonon
coupling by the tunnelling resonances of CdSe quantum dots and
rods. (a) Tunnelling spectrum of a spherical CdSe nanocrystal of 3 nm
in diameter, at positive bias, thus showing the S, and P, electron levels.
Each resonance shows a vibronic progression due to coupling of the
tunnelling electron with LO-phonons of the CdSe lattice, as presented
in (b). (c) Vibronic progression of the S, resonance of a 6 nm dot and
a rod with a diameter of 3.5 nm. The black lines are the results of a
model calculation based on Frolich coupling between electrons and
LO-phonons, with a Huang—Rhys factor of 0.35 for the dot and 0.62
for the rod. (d) Statistics of the splitting between the resonances of the
“vibronic” progression with a maximum probability around 30 meV;
comparison with the LO-phonon energy (26 meV) provides a way to
estimate the potential distribution in the double-barrier tunnelling
junction (see text). Reprinted with permission from ref 7. Copyright
2009 American Physical Society.

6. STUDY OF THE ENERGY LEVELS OF COLLOIDAL
AND EPITAXIAL 1lI-V QUANTUM DOTS

6.1. Energy level spectroscopy of colloidal InAs quantum
dots under shell-filling conditions

One of the first scanning tunneling microscopy experiments on
colloidal quantum dots was performed on InAs QDs cross-
linked onto a gold substrate using hexanedithiol.””® In these
seminal experiments, Millo and co-workers showed that
colloidal QDs can be understood as artificial atoms with
particle-in-a-spherical-box—type orbitals®* and related energy
levels that can be studied by tunnelling microscopy and
spectroscopy. The results are summarized in Figure 20, which
presents the measured (I, V) and dI/dV vs V spectra as well as
the size-dependence of the measured resonances. The insets of
Figure 20a show a STM topography image of a single InAs QD
as well as a schematic of the double-barrier tunnel junction
(DBTJ) formed by the tip—QD—substrate system. The
corresponding measured (I, V) and dI/dV vs V curves are
shown on the top and bottom panels of Figure 20a. The (I, V)
curve shows discrete steps corresponding to peaks or sharp
resonances in the tunnelling conductance spectrum. These
peaks correspond to alignment between the tip Fermi level with
one of the QD energy levels as discussed in section 3.

More careful analysis of the peak multiplicities at positive
bias reveals that the spectra are measured in the so-called shell-
filling limit: there is a double peak followed by several closely
and equally spaced peaks. The first peak corresponds to
addition of an electron onto the 1S level, S,(0) — S,(1), and
the second resonance corresponds to charging the QD with a
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Figure 20. Energy level spectroscopy of colloidal InAs nanocrystals under shell-filling conditions compared with optical measurements. (a) Scanning
tunnelling microscopy image (10 X 10 nm?) of a single InAs nanocrystal (radius 32 A) linked onto a gold substrate by hexanedithiol. The (I, V) and
dI/dV vs V characteristics show steps and peaks corresponding to tunnelling through the quantum-confined QD orbitals. The spectra are measured
under shell-filling conditions. (b) Size evolution of representative dI/dV vs V spectra. The nanocrystal radii are denoted in the figure.
(c) Comparison of the size dependence of the optical band gap (transition I) after subtraction of the excitonic Coulomb interaction (open
diamonds), with the band gap measured by the STM (filled diamonds). The different optical transitions are indicated in the inset. (d) Comparison of
the energies of the excited states as a function of the band gap for tunnelling and optical spectroscopy. The two lower data sets compare the energy
AE = 8’\1,3'1 - 5’\1/13,2 from STS (filled squares) with the difference between transition II and the band gap transition I (open squares). The two upper
data sets show AE = &}, — & from STS (filled circles) and the difference between optical transitions III and I (open circles). Also shown is the size
dependence of the single-electron charging energy from the tunnelling data (filled triangles). Reprinted with permission from ref 278. Copyright

1999 Macmillan Publishers Ltd.

second added electron S,(1) — S,(2). The energy separation
between these peaks gives the electron—electron interaction
energy £,_, (more precisely, the bias difference between these
peaks is related to the €, , by scaling with the lever arm of the
junction §AVy = ¢,_,). Before reaching the second set of
resonances, the bias voltage has to be raised to fulfill the reso-
nance condition corresponding to the transition S,(2)P,(0) —
S.(2)P,(1). The spacing between the second and third peaks
corresponds to the energy-level separation between the S,
and P, levels and again the e—e interaction: 7AV, = &, —
€ + €, (see section 3.4). In principle, there should be six
equally spaced resonances corresponding to the P, levels, which
results from the 6-fold multiplicity of this particle-in-a-box state
with angular momentum [ = 1; the spectra show 3—3 of these
resonances. The resonances at negative bias corresponding to
tunnelling through the valence band states are typically not as
structured, which reflects the more complicated valence band
structure of the III—V materials with the light, heavy, and
split-off hole levels. It should be remarked here that, in another
report by Katz et al, it was demonstrated that in STM
experiments on InAs dots deposited on HOPG, it was possible
to tune the response between shell filling and shell tunnelling
by tuning the tip—sample distance.”®* This is very similar to
what has been achieved with CdSe quantum dots.”

Figure 20b—d summarizes the size-dependence of the energy
levels of the InAs QDs. As the dot size is made smaller, the
energy-level spacings, the gap, and the charging energies are all
increased due to quantum confinement and dielectric confine-
ment. Tunnelling spectroscopy experiments on single QDs can
be directly compared with optical experiments on QD dis-
persions (photoluminescence excitation spectroscopy, PLE) as
illustrated in parts ¢ and d of Figure 20. The optical gap is
compared to the STM gap in Figure 20c. As discussed in
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section 3, the difference in these quantities is the e—h attraction
energy that makes the optical gap smaller than the STM
transport gap. After taking this effect into account, the optical
data overlay with the STM data. Similarly, the higher optical
transitions can be compared with tunnelling spectroscopy
results (Figure 20d), demonstrating again very good corre-
spondence between the different types of experiments. The
work by Banin et al. was the first to demonstrate that the QD
energetics could be probed on the single QD level and that
those results matched the ensemble averages obtained by
optical measurements.””

In a recent study by the Banin and Millo groups,”® InAs
nanocrystals doped with Au, Ag, and Cu were investigated
using tunneling spectroscopy. In analogy to bulk semi-
conductors, the authors demonstrated that colloidal quantum
dots can be n- or p-type doped. This was followed by observing
the shift of the quantum-confined levels with respect to the
Fermi level using tunneling spectroscopy: in the case of
Cu-doping, the onset of the conduction band states nearly
merged with the Fermi energy, consistent with n-type doping.
On the other hand, the Fermi level is much closer to the onset
of the valence band states for the nanocrystals with Ag-doping,
signifying p-type doping in this case. In addition to these
effects, the authors also found evidence of the role of strong
quantum confinement leading to localization of the impurity
wave functions as well as disorder effects leading to band-tailing
in small NCs.

6.2. Energy level spectroscopy and wave function
mapping on colloidal nanocrystals of IlI-V compounds

6.2.1. Colloidal InAs/ZnSe core/shell quantum
dots.”®® In a subsequent report, Millo et al. studied the effect
of a ZnSe shell on the electronic properties of InAs QDs. They
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Figure 21. Visualizing the quantum-confined wave functions in colloidal InAs/ZnSe core/shell quantum dots. (a) 8 X 8 nm?” topographic image of a
single InAs/ZnSe core/shell quantum dot. (b) dI/dv spectrum acquired on an InAs/ZnSe core/shell QD having a 6 ML shell. (c) Current images
obtained simultaneously with the topographic scan at three different bias values denoted by arrows in (b) and indicated above the images.
(d) Schematics of the different quantum-confined wave functions visualized in (c). Reprinted with permission from ref 288. Copyright 2001
American Physical Society. (e) (Top left) Topographic image of a colloidal InP quantum dot immobilized on an Au(111) single crystal using
hexanedithiol. (Middle and bottom left) Wave function maps measured by spatially resolved dI/dV spectroscopy corresponding to the voltages in
the gap and at the first (430 mV) and second (1500 mV) resonances, respectively. (Right) Schematics of the quantum-confined wave functions
visualized in the experimental maps. Reprinted with permission from ref 364. Copyright 2009 John Wiley & Sons, Inc.

found that the S, to P, energy-level spacing was reduced by the
introduction of the shell; the P, state can penetrate the shell
more than the S, state, which reduced the quantum-confinement
effect and, consequently, the energy splitting between these
states. In the same paper, the authors demonstrated that it was
possible to use the spectroscopic imaging capability of the STM
also on these extremely complicated objects and to directly
visualize the envelope wave functions of the QD energy levels.
These results are displayed in Figure 2la—c.

Parts a and b of Figure 21 show the topographic STM image
and a dI/dV vs V spectrum measured on the QD, respectively.
The spectrum is again measured under shellfilling conditions
so that each resonance corresponds to an addition of an extra
electron into the QD. Quantitative comparison of the spectra
for different shell thicknesses indicated that the band gap is
nearly unaffected by the shell growth, in accordance with optical
experiments. On the other hand, the S,—P, level separation is
substantially reduced. These observations are consistent with a
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model where the S, state is confined to the InAs core region,
while the P, level extends to the ZnSe shell (Figure 21b, inset).
This implies that the energy of the P, level is reduced upon
increasing shell thickness, whereas the S, level does not shift
much. Because of the large valence band offset between InAs
and ZnSe, the VB edge state also remains intact. Therefore, the
band gap is nearly unaffected by the shell growth.

The spatial extent of these quantum-confined states was
directly probed in real space by STM by bias-dependent current
imaging experiments. This means that first a dI/dV spectrum is
acquired to determine the bias voltages corresponding to the
various resonances. Then, a topographic image was measured at
a bias value above the S, and P, states (V}, = 2.1 V, Figure 21a)
simultaneously with three current images. At each point of the
topography scan, the STM feedback circuit was disconnected
and the current was measured at three different biases: V}, =
09V, V, =14V, and V;, = 1.9 V. These values are indicated in
the dI/dV spectrum (Figure 21b) and correspond to the S,
state, within the P, multiplet, and above the P, multiplet. The
topographic and current images are all measured with the same
constant local tip—QD separation. Surprisingly, the current
images show spatially dependent features in contrast to the
expected response under shell-filling conditions. The authors
suggested that the main factor determining the current is the
tunnelling probability into the different quantum-confined
orbitals, which is related to the square of the relevant wave
functions at the tip position.

Comparing the current images, pronounced differences are
observed in the extent and shape of the maps corresponding to
the S, and P, states. The S, state (Figure 21c, left) is localized to
the central region of the QD, while the images corresponding
to the P, states extend out to the shell (Figure 21c, middle and
right). The current images can be compared to the calculated
QD envelope wave functions shown in Figure 21d.””® Isopro-
bability surfaces are shown for the 1S state (Figure 21c, left),
for a combination of the in-plane P, states (P,,)* + (Pe,y)z,
having a toroid shape (Figure 21c, middle), and for the P,,
state (Figure 21, right). The calculated probability density for
the S, state is spherical in shape and mostly localized in the
core, consistent with the experimental image. The different
shapes observed in the current images were assigned to
different combinations of the probability density of the P,
components. A toroid shape can be obtained by a combination
of the in-plane 1P states P, and P, . In a later work, Tews and
Pfannkuche explained the energy splitting of the 1 P states by
the Stark effect.”>' The Millo group attributed this splitting of
the P, levels to a perturbation due to the specific geometry of
the STM experiment leading to a small degeneracy lifting.
While the S, state does also contribute to the measured
response, tunnelling through it is suppressed as the state is
more localized to the QD core compared to the P, states.
Finally, a spherical shape consistent with summing all the P,
components with equal weights is observed in the current
image measured at higher bias (Figure 21c, right).

6.2.2. Colloidal InP quantum dots. Similar wave function
mapping experiments have also been carried out on colloidal
InP QDs.*** An example of the STM topography image and
wave function maps is shown in Figure 2le. In these experi-
ments, wave function mapping was carried out by positioning
the STM tip above an individual QD, stabilizing the tip—surface
distance at each point at a given bias voltage (higher than the
bias corresponding to the resonances of interest) and current,
disabling the feedback control, and measuring both the current

and the differential tunnelling conductance dI/dV as a function
of the applied bias voltage V. As discussed above, under shell-
tunnelling conditions, the dI/dV (V,x;y) signal is to a good
approximation proportional to the LDOS.*® If the energy
resolution is better than the energy-level spacing, the measured
dI/dV signal corresponds to the square of the wave function at
that energy.

The leftmost panel of Figure 21e shows the STM topography
image, while the rest of the panels display the dI/dV signal
extracted from the spectra taken at each point of the topo-
graphy image (at the indicated bias voltage). The color scale
increases from blue to red, with red regions corresponding to
the highest LDOS. For biases corresponding to the energy gap
of the QD, the LDOS inside the QD is negligible and appears
blue in the map. When the bias voltage is tuned in resonance
with the S, state, the authors observe a roughly circular
symmetric intensity distribution. At higher bias, the tip Fermi
level becomes resonant with the P, state and two clear P-like
lobes with a pronounced node in the middle are observed.
In this case, the authors found no hybridization between the
P,. and P, states, as was observed in most cases for InAs/ZnSe
core—shell NCs by Millo et al.*** The loss of degeneracy of the
P, states could be explained by several different mechanisms: an
elongated QD shape,”®" the presence of a piezoelectric field,***
and/or a coupling with the environment. The authors argue
that, in their case, the QDs are not elongated (based on STM
and TEM) and, due to the absence of strain, piezoelectric
effects can also be excluded. This leads them to conclude that
coupling with the Au(111) substrate is the cause of this
degeneracy lifting of the P, states.’**

The wave function mapping experiments on InP QDs were
carried out using a low stabilization current to increase the tip—
QD distance for two reasons: to work under shell-tunnelling
conditions and to ensure the stability of the tip—QD—substrate
junction. Indeed, if the experiments are carried out under full
shell filling, the total current should be limited by the QD-to-
substrate tunnelling and this should not depend on the position
of the STM tip. This implies that wave function mapping
experiments should not be possible under full shell-filling
conditions. The other requirement of the experimental stability
is a stringent one: typical grid spectroscopy experiments
last ~10 h, and there should be no structural (or electrical)
changes in the tip—QD—substrate junction during that time.

6.3. Scanning tunnelling microscopy and spectroscopy on
2-D arrays of colloidal InAs nanocrystals

Coupling in 2-D assemblies of InAs quantum dots has been
investigated by STM’* in a similar way as for assemblies of
PbSe nanocrystals.”*” The results that were obtained corrobo-
rated the main results on the PbSe assemblies: (i) a pro-
nounced reduction of the band gap indicative of strong
coupling between the wave functions of neighboring QDs, (ii)
the coupling increased with the number of nearest neighbors,
and (iii) stronger coupling between the conduction band states
compared to the valence band states (which can be explained
by the lower effective mass of the electrons compared to the
holes). Similar effects were observed in InAs nanorod arrays,
while CdSe nanorod arrays exhibited a much weaker
coupling.”**" Finally, coupling was more significant in QD
arrays that had been vacuum-annealed, and evidence for the
emergence of a 2-D-like level structure was found. This study
again highlighted that there were strong variations in the degree
of quantum mechanical coupling from one QD to another in
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Figure 22. Visualizing the quantum-confined wave functions in colloidal InAs/ZnSe core/shell quantum dots. (a) Constant-current images of a InAs
QD sample. The zoom-in shows a typical QD with the [1, —1, 0] direction marked. Inset shows an atomically resolved image on the wetting layer.
(b) Sketch of STS measurement of the sample with free-standing InAs QDs, where the tunnelling path I along z is indicated. (c) A 1D calculated
band profile along the z direction marked in (b), V = 1.05 V; CB denotes conduction band, VB denotes valence band, and a confined QD state is
marked as a full black line. (d) (Top left) Constant-current image of a single QD. (Top right) dI/dV curves recorded at different positions above the
QD as marked on the left. (Bottom) Spatially resolved dI/dV vs V data at sample biases of 0.89 and 1.14 V corresponding to the two peaks on the
top. Reprinted with permission from ref 241. Copyright 2003 American Physical Society. (e) STS spectra and wave function maps on another QD
sample with a less transparent tunneling barrier between the QD and the substrate. (Top) (dI/dV)/(I/V) spectra measured at different positions on
a single QD, moving from the QD center to its sides. (Bottom) STS spatial maps of a single representative dot, taken at 840, 1040, 1140, and
1370 mV, for resonances 1, 2, 3, and 4, respectively. The color code represents the STS signal with respect to the topographic STM image on the
left-hand side (first panel), increasing from blue to red. The lateral extension of all maps is 30 X 30 nm® Reprinted with permission from ref 261.
Copyright 2007 American Chemical Society.

the assembly due to the extreme distance sensitivity of the wave to QDs on a metal. In the present case, the applied bias voltage
function overlap between neighboring QDs. induces a considerable band bending in the substrate, which
6.4. Scanning tunnelling microscopy and spectroscopy on affects the lever arm. For example, for the measurements shown
solid-state self-assembled quantum dots in Figure 22 a—d, the lever arm was estimated to be 7 = 0.18.

The band offsets and bending also control the tunnel barrier
between the QD and the substrate. The relatively small barrier
height results in a large tunnelling coupling, which corresponded
to a tunnelling rate of 102 to 10%3/s for the experiments shown
in Figure 22a—d.

Figure 22d shows a zoomed-in STM image on a single InAs
QD and the spectra measured on three different positions on
the dot. The spectra show two prominent peaks; while the one
at lower energy (bias of 0.89 V) has the highest intensity in the
middle of the dot, the one at higher energy (bias of 1.14 V)
shows the opposite behavior. These represent the spatial
variation of the corresponding quantum-confined energy levels
in the epitaxial InAs QD. The slight shift of the resonances

6.4.1. InAs quantum dots on a GaAs substrate.
Scanning tunnelling microscopy and spectroscopy has also
been used to study InAs quantum dots, epitaxially grown on
a GaAs substrate by gas-phase deposition. As explained in
section 2, these solid-state systems are in many ways simpler for
detailed spectroscopy studies compared to the colloidal
nanocrystals. They are mechanically stable and do not suffer
from loosely bound capping molecules. However, the growth of
the quantum dots is rarely carried out within the same UHV
system that also houses the STM. Hence, it is important to
control the transfer without inducing contamination. The best
way is to use a mobile UHV system, a so-called vacuum suit-
case, that allows sample transfer between UHV systems without

exposure to higher pressures.”*! toward higher bias on going from the middle to the edge
A typical STM image of an epitaxial InAs sample is shown in of the QD is related to how the band bending in the sub-
Figure 22a. While in this image only the wetting layer is strate (Figure 22c) changes depending on the tip—sample

atomically resolved (it is more difficult to resolve the QD facets distance.
due to their tilted surface), some studies have also achieved The wave function intensities in real space can be mapped
atomic resolution imaging on the InAs QD itself.**” This would out in more detail by performing grid spectroscopy, ie,
allow identification of the crystallographic orientation of the recording a dI/dV vs V spectrum in each point of the topo-
different QD facets. A schematic of the STM setup is shown graphy scan. The dI/dV intensities at the biases corresponding
in Figure 22b, and a calculated energy diagram is shown in to the resonances are shown in the lower part of Figure 22d.
Figure 22c. The fact that the QDs are deposited on a semi- It is clear that the map at a bias voltage of 0.89 V corresponds
conducting substrate causes considerable differences compared to a state with S envelope symmetry. The second resonance has
11204 DOI: 10.1021/acs.chemrev.5b00678
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Figure 23. Cross-sectional STM on cleaved quantum dots. (a) STM image of the (110) face of an InAs quantum dot stack layer in GaAs. (Inset)
Schematic diagram of STM measurements on cleaved quantum dots. Reprinted with permission from ref 264. Copyright 2000 American Physical
Society. (b) Band diagram showing how band bending can be important in the experiments on cleaved QDs; both valence and conduction band
states can contribute to the tunnelling current at a positive bias. (c) dI/dV vs V spectrum measured by cross-sectional STM on an InAsP quantum
dot at various locations (green, red, and black lines). The background spectrum on bare InP substrate is shown by a dark blue line. (d) Quantum dot
derivative image where the locations of STS spectra in panel c are indicated by crosses with corresponding colors and A, B, C, and D. Panels 1-7:
16 X 32 nm*-sized dI/dV maps measured at 0.974 (1), 1.024 (2), 1.085 (3), 1.143 (4), 1.197 (5), 1.250 (6), and 1.289 V (7) corresponding to the
arrows on the dI/dV spectra in (c). Reprinted with permission from ref 252. Copyright 2012 American Physical Society.

P, symmetry. In these types of epitaxial QDs, the degeneracy of
the 1P levels is lifted by QD shape asymmetry and strain.

By controlling the tunnelling barrier between the QDs and
the substrate (by making it less transparent), it is possible to
achieve higher energy resolution.”®’ Spectra measured under
these conditions are shown in Figure 22e. The bottom part of
Figure 22e shows the spatial variation of the (dI/dV)/(I/V)
signal corresponding to the bias voltages of the resonances.
As expected, peaks 1 and 2 have S and P, like symmetry,
respectively. Surprisingly, state 3 shows again a P,-like
symmetry, instead of P, as expected for the second P-like
orbital. It is not possible to explain the wave function sequence
(and map 3 in particular) in terms of simple particle-in-a-box
states.”®" The authors also excluded the charging of the P,
orbital with a second electron and the occurrence of a phonon
replica. The authors argued, based on extensive calculations,
that correlation effects play a key role, and quasi-particle wave
function concept is needed to understand these features.”®"

In addition to the STM experiments on the epitaxial InAs
QDs discussed above, the quantum-confined levels can also be
probed using an atomic force microscope (AFM) by detecting
the additional electrostatic interaction due to the charges added
into the QD (in shell-filling mode).””” Discrete jumps in the
measured tip—QD interaction indicate single-electron additions
(removals) to (from) the QD. While the study by Stomp et al.
considered large QDs where energy levels are very closely
spaced and the charging energy is the dominant energy scale,

detecting single-electron charging by AFM should be capable of
yielding information on the quantum-confined energy-level
positions.

6.5. Cross-sectional STM on epitaxial InAs quantum dots

Buried epitaxial InAs (in GaAs matrix) and InAsP (in InP
matrix) quantum dots have also been studied using STM and
tunneling spectroscopy.'*7**%?392°1252434=87 The samples are
prepared by cleaving the wafer containing (typically) stacked
layers of Stranski—Krastanov quantum dots. Cleavage results in
exposure of atomically flat QD cross sections, and hence this
technique is called cross-sectional STM. The samples are
cleaved in the same UHV system that houses the STM; this
results in extremely clean samples, allowing high-resolution
imaging and spectroscopy. Typical results are illustrated in
Figure 23a, which shows an InAs quantum dot stack in GaAs
matrix (the schematic of the experiment is shown in the inset).
The quantum dots are lying on bright layers that correspond to
the wetting layers. QDs that appear the largest can be assumed
to have been cleaved near the dot center. Atomic resolution
imaging allows details such as dissolution of the InAs wettin:
layer and the presence of indium between the dot columns,*
lattice constant variations, strain, shagpness, and shape of the
QD boundaries to be investigated.lgs’ ¥

The energy diagram in a tunnelling spectroscopy experiment
is similar to the uncapped epitaxial quantum dots; in addition
to the band bending in the substrate, it might also be relevant
inside the quantum dots (depending on the their size, material,
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and doping of the QDs and the substrate). Depending on the
relative band alignment between the QD and the substrate, it is
possible (which is illustrated in Figure 23b) that there is
simultaneous tunnelling (ambipolar transport) through both
the conduction and valence band states of the QD. At positive
bias, the tip induces an upward band bending,”***** which can
bring some of the QD valence states above the substrate Fermi
level and result in transport through them while the tip Fermi
level is resonant with the QD conduction band levels.
Therefore, the valence band states contribute to the tunnel
current at positive bias.

The atomically flat surface and high purity of the cleaved QD
samples allows for relatively convenient and high-resolution
wave function mapping experiments. This is illustrated in
Figure 23 c¢—d on InAsP QDs embedded in an InP matrix.
Figure 23c shows dI/dV spectra recorded over different
locations of the QD surface.””” On this particular sample, the
flat band conditions are achieved around a bias of 1 V, which
implies that band-bending effects can be neglected for the
conduction band levels around this bias voltage.””**” The
relative intensities of the different peaks depend on the
measurement positions. This variation reflects the spatial
distribution of the wave functions of the quantum-confined
energy levels.

These levels can be mapped with recording dI/dV spectra in
a grid, with the results shown in Figure 23d. They allow for an
unambiguous identification of the symmetry of the successive
electronic states of the QD. The first energy levels correspond
simply to the quantum-confined levels with S (1), P (2), D (3),
etc. symmetries. These levels can be denoted by three quantum
numbers (nmp) corresponding to the number of nodes in
the [110], [110], and [001] directions. The first S states in
Figure 23d correspond to the levels (000), (100), (200), (300),
and (400) in this notation. The wave functions bow slightly
toward the [001] crystal direction, which the authors attribute
to either the QD shape or the composition gradient.”** The
maps at higher bias display a more complex structure and can
be attributed to superpositions of two electronic states [(n00)
and (n’01) states]. The state shown in panel (6) of Figure 23d
is attributed to the superposition of (500) and (001) states, and
the one in panel (7) is attributed to the (600) and (101) states.
The observation of (001) states is due to the relatively large
QD hei%hts compared to the typical InAs QD in GaAs matrix
systems. 252

7. OTHER COLLOIDAL NANOCRYSTAL MATERIALS
STUDIED BY SCANNING TUNNELING MICROSCOPY
AND SPECTROSCOPY

While the bulk of the work on tunneling spectroscopy of
nanocrystals has concentrated on three materials—InAs, CdSe,
and PbSe—the technique has been applied to other nano-
scrystal materials as well. The methodology is general and can
be used to extract the energy-level structure of any colloidal
nanocrystal material.

Silicon nanocrystals have attracted enormous interest due to
their promise in optoelectronic applications. While bulk Si
is a poor candidate for a light-emitting material due to its
indirect band gap, silicon nanocrystals can be efficient light
emitters.”*>**' The discrete energy levels in silicon nanocrystals
have also been studied using scanning tunnelling microscopy
and spectroscopy.” " ~** Zaknoon et al. described experi-
ments on silicon quantum dots formed using low-pressure
CVD and subsequently characterized using STM at room

temperature.**> They interpreted their measurements as being
carried out under shell-filling conditions. The results allowed
them to extract the single-particle band gaps as well as the
charging energies as a function of the quantum dot size. The
extracted values were well in line with theoretical predictions
based on pseudopotential calculations.** In another study,
Rosso-Vasic et al. investigated ultrasmall colloidal silicon
nanocrystals (average diameter 1.5 nm). Spectroscopy experi-
ments detected a large band gap (~4 eV), consistent with
optical absorbance measurements.**’

The Millo group studied surface-functionalized colloidal
silicon nanocrystals using tunnelling spectroscopy.” They
carried out experiments on different sizes of QDs and
investigated in detail the effects of different capping ligands.
The energy gaps extracted from the tunnelling spectra increase
with decreasing nanocrystal size, as expected due to quantum
confinement. The STM experiments yielded results that were
consistent with ensemble photoluminescence measurements.
The nature of the ligands was found to have an effect on the
level alignment: nanocrystals functionalized with NH,Br or
allylamine showed band-edge shifts toward higher energies,
suggesting p-type doping. This behavior was rationalized
through a combined contribution of the ligands’ dipole
moments and charge transfer between the Si nanocrystal and
its surface groups. These types of shifts were not observed for
Si nanocrystals functionalized with the more weakly bound
dodecyl or trioctylphosphine oxide (TOPO) ligands.

The Millo group also carried out a similar study with
colloidal germanium nanocrystals. The authors investigated Ge
nanocrystals with diameters between ~3.0 and 10.5 nm with
three types of organic ligands: dodecyl, 3-dimethylamino-1-
propyne, and 2-dodecanone.”*® The single-particle band gaps
extracted from the tunnelling spectra increase monotonically
from 097 to 1.67 eV with decreasing nanocrystal size,
irrespective of the capping ligands. The smallest quantum
dots had a confinement energy of ~1 eV, suggesting that the
band gap in Ge nanocrystals will eventually become larger than
the band gap of Si nanocrystals with decreasing size.
The different capping ligands had no measurable effect on
the band gap, indicating they act merely as surface-passivating
agents and do not affect the NC interior electrical properties.
This also confirms that the observed zero-conductivity gap
corresponds to the quantum-confined band gap, not perturbed
by the presence of surface states (which would be expected to
be strongly affected by the ligands).

The Cu,S compounds form the basis of a family of more
complex compounds that are of significant interest for opto-
electrical applications, as they combine quantum confinement
with natural electronic doping, even resulting in plasmon
resonances in the IR, due to the presence of Cu vacancies. The
first (STM) studies on the electronic properties have been
performed recently.*****

Finally, we mention experiments on InSb nanocrystals as an
example of combining AFM and STM to study quantum-
confined energy levels in quantum dots.**” The authors
investigated single InSb quantum dots (QDs) with diameters
between 3 and 7 nm such that the topographic measurements
were carried out with AFM with metal-coated conductive tips
that where then employed as the STM tip in tunnelling
spectroscopy experiments. In the investigated size regime, InSb
QDs showed strong quantum-confinement effects, leading to
the observation of discrete energy levels on both valence and
conduction band states and an increase of the measured band
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gap with decreasing QD size. While the spectra were measured
under shell-filling conditions similarly to InAs quantum dots,
the experiments on InSb dots were qualitatively different from
other III-V materials: the energy spacing between the S, and
P, levels was much smaller than expected. Typically, within the
effective mass approximation, the S,—P, level spacing should be
on the order of the S-level confinement energy. However,
experiments showed smaller energy-level separation and a
larger than expected effective mass. With the help of theoretical
calculations, this was interpreted as a result of electron
tunnelling through the states connected with L-valley.

8. CONCLUSIONS AND OUTLOOK

This Review presents the current status of using scanning
tunnelling microscopy and spectroscopy to extract quantitative
values of the energies of quantum-confined states, electron—
electron interaction energies, and electron—phonon interaction
strengths of individual semiconductor nanocrystals. Most
reports are focused on prototypical CdSe and PbSe nano-
crystals. It should be clear that the methodology is general and
can in principle be used to investigate nanocrystals of any
composition and shape. At those fronts, there is still a lot of
new territory to be conquered. In particular, colloidal
heterostructures that combine two materials in a single colloid
are an extremely interesting topic of further study.

Another aspect that can be studied is coupling between
different nanocrystals in close-packed assemblies. Here again,
groundwork has been laid, but many types of nanostructured
systems remain untouched. For example, there has been a lot of
work on binary superlattices of colloidal nanocrystals that offer
a unique opportunity to bring together completely different
materials in a well-defined and controlled manner. Another
outstanding topic deals with 2-D semiconductors based on
epitaxially connected colloidal nanocrystals with square or
honeycomb nanoscale geometry. In addition to the choice of
the QD material, these systems have an additional degree of
freedom—the lattice geometry. In the simple honeycomb
lattice, for instance, unseen and exciting quantum mechanical
effects have been predicted.'**'°***°" Scanning tunnelling
microscopy and spectroscopy will be an appropriate tool for
investigating these materials in detail.
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