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Abstract: Colloidal quantum dots display remarkable optical and electrical characteristics with
the potential for extensive applications in contemporary nanotechnology. As an ideal instrument
for examining surface topography and local density of states (LDOS) at an atomic scale, scanning
tunneling microscopy (STM) and scanning tunneling spectroscopy (STS) has become
indispensable approaches to gain better understanding of their physical properties. This article
presents a comprehensive review of the research advancements in measuring the electronic orbits
and corresponding energy levels of colloidal quantum dots in various systems using STM and
STS. The first three sections introduce the basic principles of colloidal quantum dots synthesis
and the fundamental methodology of STM research on quantum dots. The fourth section
explores the latest progress in the application of STM for colloidal quantum dot studies. Finally,
a summary and prospective is presented.
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1. Introduction

Quantum dots (QDs) are semiconductor nanocrystals that
confine conduction band electrons, valence band holes and
excitons in three spatial dimensions. The carrier movement in
QDs is limited in three-dimensional space, so QDs are also
known as “artificial atoms”, “super-atoms” or “quantum dot
atoms”, with sizes ranging from 1 to 100 nm.[1–4] QDs can be
considered as a bridge between small molecules and bulk
crystals. They have discrete electronic transition states like
isolated atoms and molecules, as well as the properties of
crystalline materials.[5–10] According to the material composi-
tion, QDs can be classified into single element QDs,
compound QDs and heterojunction QDs. They can be also
divided into colloidal QDs and solid self-assembled QDs based

on their existence state. Because of the characteristics of energy
level separation, size adjustability and strong light
stability,[5,6,11–17] high fluorescence efficiency and high absorp-
tion value of unit incident fluorescence, QDs have been
gradually applied to solar cells,[18–20] photodetectors,[21–25]

biomedicine[26–30] and many other fields. Colloidal QDs have
become the first choice for the study of optical and electrical
properties in QD systems owing to their low cost and easy
control of components.[6,31–33]

A primary objective in nanoscience is to establish direct
connection between the structure of materials (molecules,
nanocrystals), electronic properties and photoelectric func-
tions, which could make full use of their physical properties
and complete QDs functionalities.[34] Additionally, in the self-
assembled superlattice structure, it is necessary to associate the
characteristics of a single nanocrystal with the macroscopic
properties of the overall structure.[35] Among the traditional
QD research methods, optical measurement methods have the
advantages of high photon energy and high resolution, such as
absorption spectrum and photoluminescence spectrum, but
they reveal the result of the average effect of the size and shape
of QDs in the segment. Consequently, precise correlations
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between QD properties and their specific topography and size
remain elusive. Scanning tunneling microscopy (STM) and
scanning tunneling spectroscopy (STS) provide essential tools
for addressing this challenge. These techniques enable atomic-
resolution imaging of colloidal quantum dots and simulta-
neous measurement of electrical properties, including local
density of electronic states, spatial electron cloud distribution,
and charge transport characteristics. Because of its ultra-high
spatial and energy resolution, STM and STS have emerged as
highly effective methods to study nanomaterials.[36–38]

In the past three decades, STM and STS have been
extensively used in the study of electronic structures of single
nanostructures, for instance, single atoms,[39–42] atomic
vacancies,[43] molecules,[44–46] and clusters such as C60

[47,48] while
achieved a series of remarkable results. In 1999, Banin et al.[49]

first studied InAs colloidal QDs by combining STM and
optical measurements. Single-electron multiple states of the
QDs were observed in tunneling spectrum that the energy
level spacing was consistent with the optical transition results.
This groundbreaking study provided an intuitive understand-
ing of the internal single-electron energy level structure of
semiconductor nanocrystals and the electron-electron and
electron-phonon interaction, sparking a surge of interest in
STM research on colloidal nanocrystals.[50–58] Since then,
researchers have used STM to explore properties of colloidal
QDs, mainly focusing on the effects of size and shape
regulation of colloidal QDs on their properties,[49,58,59] the
coupling between dots in colloidal QDs arrays,[34,35,60,61] the
surface properties of colloidal QDs[62–64] and
heterostructures.[58,65] These results have greatly deepened the
understanding of the photoelectric properties of colloidal
QDs, and rapidly promoted the applications of colloidal QDs
in optoelectronic devices, biological detection, medical imag-
ing, and other fields.

By controlling the geometric shape and size of colloidal
QDs to alter their electronic state structures, thereby “tailor-
ing” the electrical and optical properties of QDs, is an essential
component of “bandgap engineering” and a frontier research
hotspot worldwide. At present, there are many related reviews
of colloidal QDs.[66–69] As the colloidal synthesis techniques of
functional nanostructures are advancing at a fast pace, people
have made great progress in the properties and applications of
colloidal QDs. Table 1 summarizes the latest progress in the
field of colloidal QDs. Colloidal QDs develop rapidly.
Through the study of their surface structure and electrical
properties by STM, the intrinsic physical properties can be
understood more deeply, and then widely used in various
fields. The purpose of this review is to systematically
summarize the application of STM in colloidal QDs.

In this review, the application of STM and STS in colloidal
QDs is systematically discussed. The first three sections
introduce colloidal QDs, and a theoretical basis to understand

STM and STS on QDs attached to a conducting surface. The
subsequent section summarizes the research progress of STM
in various colloidal QD systems. Finally, we discuss the open
problems can be addressed by STM techniques in colloidal
QDs and the future development of colloidal QDs in the field
of nanoscience.

2. Overview of Colloidal Quantum Dots

Among the various QD materials, colloidal QDs are the largest
category.[86] Colloidal QDs are usually synthesized and
processed in solution and are composed of small size nano-
crystals and surface organic ligands. Their dimensions are
generally smaller than the exciton Bohr radius of the bulk
materials. The surface organic ligands are usually composed of
long-chain aliphatic acids or aliphatic amines, which form a
coating on the nanocrystal surfaces.[25,87,88]

Compared with other types of QDs, colloidal QDs have
the following advantages: 1) The size of QDs can be accurately
controlled, the average size distribution is about 5%~10%,
and QDs with small enough particle size can be synthesized to
obtain strong quantum confinement effect; 2) Because surface
ligands can stabilize colloidal QDs, allowing for their uniform
dispersion in organic solvents and thus facilitating the
characterization of the intrinsic properties of individual QDs;
3) The preparation of high-density QD arrays can be easily
realized to study the coupling effect between dots; 4)
Compared with other technologies (take for example molecular
beam epitaxy), the chemical synthesis method of colloidal
QDs has low cost and is easy to prepare on an industrial scale.
It has high versatility in terms of size, composition, shape, and
surface modification.[89–95] Next, we will briefly introduce the
synthesis methods and basic properties of typical colloidal
QDs.

2.1. Synthesis of Colloidal QDs

In the early stages of QD development during the 1980s, QD
synthesis relied on traditional chemical methods for preparing
colloidal particles, such as coprecipitation, microemulsion, and
micelle techniques. These methods generally use water-soluble
salts as precursors to prepare QDs by direct reaction with
ligand stabilizers (e. g., mercaptol alcohol, mercapto acid,
mercaptoamine and mercapto amino acid) or by heating and
refluxing in the presence of a certain concentration of ligand
stabilizers.[96] However, the QDs synthesized by aqueous phase
method have some defects, e. g. low fluorescence efficiency,
wide particle size distribution and poor crystallization. More-
over, simple sulfhydryl compounds have poor stability and
tend to fall off from the surface of QDs, leading to QDs
aggregation. In contrast, the organic phase synthesis method is
widely used in the synthesis of semiconductor colloidal QDs.
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Through screening organic solvents and precursors with high
boiling point, the QDs with good crystallinity, uniform size
and good dispersion are obtained.[97] In 1993, Bawendi
research group[97] reported the first high-quality QD with
continuously adjustable size (1.2~11.5 nm) and excellent
optical properties, with the title of “Synthesis and character-
ization of nearly monodisperse CdE (E= sulfur, selenium,
tellurium) semiconductor nanocrystallites”. The QDs have
good crystal structures, surface properties and high size
monodispersity. Figure 1 shows the sketch of the synthesis of
QDs by hot injection method. With trioctylphosphine oxide
(TOPO) and trioctylphosphine (TOP) as organic solvent and

ligands, dimethyl cadmium as cadmium source, and (TMS)2E
(E=S, Se, Te) as anion source, the cadmium source and anion
source are mixed in the glove box and then taken out and
quickly injected into the high-temperature organic solvent,
and high-quality CdE (E=S, Se, Te) colloidal QDs are
successfully prepared. The key points of synthesis established
in this experiment include phosphine sulfur element precur-
sors, ligand-protected metal precursors, hot injection rapid
nucleation, separation of nucleation and growth processes,
separation and purification of QDs, which have been adopted
and improved in many subsequent works. This synthesis work
successfully realizes the continuous control of the size and

Table 1. The latest progress in the field of colloidal QDs.

QDs Field Year Method Results Properties Ref.

III–V QDs Synthesize 2021 Suppression of
monomer

InAs QDs size over 9.0 nm (first) the first peak of the InAs QDs appeared
at 1600 nm, with 12.2% size distribu-
tion

[70]

2023 Cation exchange High-quality wurtzite InAs NCs (first) quantum yield of up to ~37% [71]
Surface mod-
ifications

2021 Gas-phase deposi-
tion

n-type charge transport of InAs QD
films

higher electron mobilities. [72]

2022 Hybrid ligand-ex-
change strategy

n-doping of InP QD films average electron mobility ~0.45 cm2 V� 1 [73]

Application 2019 BP as transport
layer

InP QDs photodetector responsivity ~1×109 A/W
detectivity ~4.5×1016 Jones

[74]

2022 p-NiO as hole
transport layer
Nb: TiO2 as elec-
tron transport layer

In(As, P) QDs-based photodetector photosensitive up to 1400 nm [75]

2022 amphoteric dual
passivation strategy

InAs QD photodiodes EDE ~30% at 940 nm [76]

2022 insert a hole-trans-
porting semicon-
ductor

InAs core/shell NIR-range LED quantum yield ~73%
device EQE ~13%.

[77]

PbX QDs Synthesize 2021 biomimetic strategy PbS NPs crystallization and uniform distribution [78]
Surface mod-
ifications

2019 two-step ligand-ex-
change method

increase PbS QDs ligand-exchange
ratio

PbS QDs-based photodetector respon-
sivity increase 94%
detectivity enhancement 57%

[79]

Application 2022 PbSe QD Superlat-
tice Transistors

microscale field-effect transistors hole mobility ~3.5 cm2 V� 1 s� 1 at 290 K
~6.5 cm2 V� 1 s� 1 at 170–220 K

[80]

2022 sintered PbSe/PbS
heterojunction

Mid-Infrared metamaterial enhanced
heterostructure photodetector

responsivities ~375 at a wavelength of
2710 nm
~4.8 A/W at 4250 nm

[81]

2023 introduce polyi-
mide

large-area flexible PbS QD photodio-
des

detectivity>1013 [82]

Heterostructure Application 2021 in-situ surface pas-
sivation

PbSe QD/ZnO heterostructure NIR
photodetectors

NIR R ~970 mA/W
D* ~1.86×1011 Jones

[83]

2022 Bismuth sulfide
electron transport
layer

HgTe Infrared Photodetectors dark current density ~1.6×10� 5 A/cm2 [84]

2022 two deposited layers
active material

n-type PbS QDs/p-type carbon nano-
tubes light-emitting field-effect transis-
tors

charge carrier mobility ~0.2 cm2V� 1 s� 1 [85]
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optical properties of QDs for the first time. Researchers in
relevant fields have “seen” the charm of quantum confinement
effect. This synthesis work significantly impacted both
fundamental research and technical applications, greatly
advancing nanotechnology development. However, the syn-
thesis route selected dimethyl cadmium which is high toxicity,
high cost and unstable room temperature, thus limited its
application in the future.[98] In 2001, Peng et al. found that
the core reaction path of the above method is the reaction of
dimethyl cadmium with organic phosphonic acid impurities in
TOPO to produce organic cadmium phosphonate and then
react with Se to produce CdSe, so the real precursor is organic
cadmium phosphonate. They improved above traditional
methods, and selected CdO instead of dimethyl cadmium as
the precursor of Cd to synthesize high-quality CdS, CdSe,
CdTe QDs in one step.[99,100] In the following year, they
proposed the non-coordination solvent approach, introducing
non-coordination solvent, octadecene (ODE).[101] This method
effectively avoids the use of organic cadmium, without the
requirement of anhydrous and oxygen-free conditions. And it

has the advantages of mild reaction, fast nucleation speed, and
good experimental repeatability, to realize the true “green
synthesis route” of QDs. The emergence of this synthesis route
has greatly promoted the development of QDs. Since then, the
development of the synthesis method of QDs has entered a
fast lane. In 2005, Mulvaney et al. used the reaction of Se
powder and ODE as the source of Se, which further improved
the reaction activity and conversion, and simplified the
preparation method, which has unique advantages in the
synthesis of QDs with complex structure.[102]

The formation of QDs involves two steps: nucleation and
growth.[104] During the synthesis process of QDs, the precursor
is rapidly injected into high-temperature organic solvent,
which makes the monomer concentration rapidly increase and
exceed the nucleation value, thus inducing explosive nuclea-
tion. Since the significant consumption of monomer, its
concentration rapidly decreases to below the nucleation thresh-
old and stops further nucleation, thus entering the nucleation
growth stage. The growth stage is mainly carried out by
reaction control growth and diffusion control growth. First,
the monomer diffuses to the surface of the QD, and then the
monomer reacts with the surface of the QD to grow. The two
ways exist simultaneously. When the monomer concentration
is very high, the diffusion process is fast, and the reaction-
controlled growth is dominant, and vice versa. As a result, by
adjusting the amount of injected precursor to adjust the
monomer concentration, QDs of different shapes, such as rod-
shaped quantum dots, quantum quadrangle frames, can be
synthesized.[105,106] When the monomer concentration is too
high, the monomer diffuses to each crystal plane quickly, so
the reaction speed between monomer and crystal plane
becomes the decisive step, which is the process of reaction-
controlled growth. The growth rate of each crystal plane is
different, so the topography is asymmetric, as shown in
Figure 2 below. When the concentration of monomer is low,
the diffusion speed of monomer to each crystal plane is slow,
while the reaction speed between monomer and crystal plane is
fast, and the growth process is diffusion-controlled growth, so

Figure 1. Sketch of the hot injection method used for the synthesis of colloidal
QDs.[103] This figure is taken from Ref. [103] with permission.

Figure 2. Monomer-concentration-dependent growth paths of CdSe nanocrystals.[106] This figure is taken from Ref. [106] with permission.
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the growth of each crystal plane tends to be uniform, and the
topography of the synthesized QDs is spherical-like.

Single component QDs have high surface activity, which
makes them easy to agglomerate, and many defects on the
surface will affect the performance of QDs. Consequently,
people focus on the research of core/shell heterostructure
nanocrystals. By selecting a semiconductor material as the core
and coating another shell material on its surface, the stability,
dispersion, and luminescence characteristics of QDs can be
improved. In 1996, it was reported for the first time that ZnS-
coated CdSe QDs were synthesized by organometallic reagents.
Under the condition of keeping the size of CdSe unchanged,
ZnS with high bandgap width was directly grown on almost
monodisperse CdSe.[107] The key to the synthesis of core/shell
structure nanocrystals is how to add the shell precursor to the
core particle solution to avoid its own homogeneous
nucleation in the solution. The method based on cadmium
chalcogenide can also be used to synthesize other common
semiconductor core/shell heterostructure nanocrystals. In the
core/shell structure QDs, the shell grows epitaxial on different
plane of the core crystal, resulting in the passivation of the
core interface. This passivation is not simply accomplished by
organic ligands. As consequence, the quantum yield of photo-
luminescence of the core/shell structure nanocrystals can be as
high as 50–90%, and the photochemical stability is also
improved.

2.2. Properties of Colloidal QDs

The unique properties of QDs come from the quantum effects.
When the particle size enters the nanometer scale, the carrier
movement is limited, and the quantum effects are significant,
resulting in the evolution of its semiconductor energy band
structure into a discrete energy level structure like atomic,
showing many physical and chemical properties different from
macroscopic bulk materials, for instance surface effect,
quantum confinement effect, and Coulomb blockade effect.

2.2.1. Surface Effect

Surface effect refers to that with the decrease of the size of
QDs, the specific surface area increases significantly. Most of
the atoms are located on the surface of QDs. There are many
dangling bonds and unsaturated bonds on the surface of low
coordination, resulting in high activity and instability of the
surface, making QDs prone to clustering.[67,108,109] Figure 3
shows the relation between the surface atomic ratio of CdSe
QDs and their size. As shown in Figure 3, with the decrease of
the QD diameter, the proportion of surface atoms increases.
Depending to its size, 10%-80% of all its atoms are located
on the surface, which increases the surface defects, thus
affecting the fluorescence efficiency and fluorescence lifetime

of the QD.[110] The increase of suspension bonds leads to the
increase of surface free energy and surface activity of QDs,
which makes the QDs attract each other and lose their
excellent solution properties. To eliminate the influence of
surface suspension bond, the surface of the QD needs to be
modified. In this process, organic ligands typically bind to
surface-suspended bonds in the form of bonds. Typical ligands
include TOP, TOPO, oleic acid, and various fatty amines
(e. g., oleamine, octylamine, etc.). Ligands reduce surface
defects, electrons and holes can be more effectively combined
by emitting light, and the luminescence of QDs can be
improved.

2.2.2. Quantum Confinement Effect

When the photon energy absorbed by the semiconductor
material is greater than its bandgap width, the electrons in the
valence band are excited to the conduction band, and a hole is
generated in the valence band. Under the Coulomb inter-
action, the electron-hole attracted by each other is symmetrical
as an exciton. When the size of the semiconductor material is
smaller than the Bohr radius of the exciton, the motion of the
electron is limited in space, and the quasi-continuous energy
band of the semiconductor material will change into a discrete
energy level structure, which is the quantum confinement
effect.[5,111–114] Electronic and hole states with symmetries of S,
P, D and F appear in spherical QDs. Figure 4(a) shows the
influence of QD size on energy level structure. With the
decrease of QD size, the bandgap increases continuously,
resulting in the change of absorption spectrum of QD.
Figure 4(b) shows the influence of the size of CdSe QDs on
the absorption spectrum. As the size of the QD decreases, the
light absorption spectrum moves to the short-wave
direction.[5,69]

Figure 3. Size-dependence of the surface atom ratio and the relative chemical
potential of CdSe nanocrystals, assuming a spherical shape.[101] This figure is
taken from Ref. [101] with permission.
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2.2.3. Coulomb Blockade Effect

When the capacitance of a single QD is small enough, the QD
increases the electrostatic energy of an electron by more than
its thermal energy. This electrostatic energy will prevent a
second subsequent electron with similar energy from entering
the same QD, a phenomenon known as Coulomb blocking.
The single electron tunneling process can be realized by using
the Coulomb blockade effect.

3. Scanning Tunneling Microscopy

3.1. Scanning Tunneling Microscopy/Spectroscopy

Since its invention in 1981, STM has rapidly become one of
the important technologies in the field of nanoelectronics and
surface science. STM is based on the following principles.
First, the basic principle of STM is quantum tunneling effect.
When bias voltage is applied between the tip and the sample
and the tip is very close to the sample surface, electrons can
tunnel through the vacuum barrier and generate tunneling
current. Second, the piezoelectric effect, which allows precise
control of the xyz direction on the angstrom scale to approach
or move away from the sample on a very small scale. Finally, a
feedback loop is established to change the distance between the
STM tip and the sample by adjusting the bias voltage or
tunneling current.

Taking the advantage of its atomic resolution, STM can
not only image the surface of the sample, but also study the
LDOS of the sample through STS. The LDOS of samples
studied by STS is based on the general expression of tunneling
current:

It¼
4pe
�h

R
1s eð Þ1t e � eVð Þ f e � eVð Þ� f eð Þ½ � Mj j2de (1)

Mj j2 is the tunneling matrix element, determined by the wave
function of the sample and tip, 1sand 1tis the LDOS of the
sample and tip respectively, f eð Þ is fermi distribution function.
Considering that the temperature broadening is relatively small
relative to the energy resolution of the experiment, the Fermi
distribution function can be replaced by a step function,

f e � eVð Þ� f eð Þ¼

0; e < 0

1; 0 < e < eV

0; e > eV

8
>>>>><

>>>>>:

(2)

The state density of the sample can be obtained by
selecting the tip whose state density is constant within a certain
bias voltage range. Consequently, the tunneling current can be
further simplified as:

It /
Z eV

0
1sðeÞde (3)

The derivation of the above formula for the bias voltage
can be obtained as follows:

dIt
dV / 1sðeVÞ (4)

Differential conductivity dI/dV of the tunneling current is
proportional to the LDOS of the sample. So, the LDOS of the
sample can be obtained by measuring the I (V) curve and
calculating the differential conductivity dI/dV. The dI/dV
spectrum obtained by this method has great noise and cannot
give useful information, so usually the dI/dV signal is
measured directly with a phase-locked amplifier. Add a small
cosine modulation signal Vmsin(ωt) to the applied bias voltage

Figure 4. (a) Evolution of the electronic structure of inorganic semiconductors from bulk material to QDs of different size.[115] These figures are taken from Ref.
[115] with permission. (b) Absorption spectra of CdSe QDs with mean radii from 1.2 to 4.1 nm in comparison to the absorption spectrum of bulk CdSe
multiplied.[69] These figures are taken from Ref. [69] with permission.
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so that the tunneling current changes with the modulation
signal,

It V;Vmsinwtð Þ¼

I0þ
dItðVÞ
dV � Vmsin wtð Þþ 1

2
d2I Vð Þ
dV2 � V2

msin
2 wtð Þþ � � �

(5)

I0 is the tunneling current without modulated signal. Using
phase-locked technology can significantly improve the sensi-
tivity of measurement.

3.2. Preparation of QDs/Substrate Samples

When using STM to study QDs, the preparation of substrate/
QD samples is the key to obtain the topography and tunneling
spectrum. Colloidal nanocrystals are suspended, so a suitable
substrate is needed to carry QDs to make them stable. There
are two methods commonly used: (1) A bifunctional organic
linker connects a single QD to the substrate[49,116] (usually flat
Au (111) surface), this method is mostly used to study single
QDs. (2) The QDs suspended in the organic solution are spun
or dripped onto a flat conductive substrate, such as highly
oriented pyrolytic graphite (HOPG) or noble metal single
crystal substrate, to form a self-assembled superlattice struc-
ture. The first method was first applied, for example, self-
assembled nanostructured superlattices composed of Au[117]

and CdSe[95] nanocrystals, but it has limitations. The second
method is more common, for example single-layer array of
CdSe QDs,[118] PbSe QDs[34] dispersed in CdSe array, single
PbSe QDs[60] and InAs QD array.[119]

In the preparation of substrate/QD samples, the super-
clean surface is the key to the successful preparation. It is
required not to have many free solvents and ligand molecules.
The adsorption on the tip will directly change the vacuum
tunneling barrier, thus affecting the experimental results. The

“tip-QD-substrate” junction must be mechanically stable,
which is more difficult to achieve than self-assembled solid
QDs. Accordingly, when the sample is sent into the ultra-high
vacuum chamber of the STM, the annealing method is usually
used to evaporate the loosely bound molecules and stabilize the
“ QD-substrate ” junction. The ligand molecules with several
nanometer-long and stable binding QDs have significant
HOMO-LUMO energy gap, and their function is equivalent
to a potential barrier in the process of electron tunneling. The
structure of “ tip-QD-substrate ” can be described by a model
of double barrier tunneling junction (DBTJ). Its schematic
diagram and equivalent circuit are shown in Figure 5.

3.3. Double Barrier Tunneling Junction

When using STM to study colloidal QDs, a DBTJ of “tip-
QD-substrate” will be formed. In this geometry, in addition to
the energy level structure of the QDs, the parameters of the
two junctions, especially the capacitance (Ct and Cs) and the
tunneling resistance (Rtip/QD and RQD/sub), have a great
impact on the tunneling spectrum..[54,56,121,122] On one hand,
the capacitance and tunneling resistance (Ct and Rtip/QD) of
the tip-QD junction (inversely proportional to the tunneling
rate) are affected by the tip-QD distance (usually by
controlling the STM bias voltage and current). On the other
hand, the parameters of the QD-substrate junction (Cs and
RQD/sub) are determined by the properties of the QD itself
and the chemical connection of the substrate and can be
controlled by adjusting the experimental parameters. A detailed
understanding of the role played by the DBTJ geometry is
essential to correctly explain the tunneling properties of QDs.
The barrier between the tip and QD consists of vacuum gaps
and ligand molecules, while the barrier between the QD and
the substrate is mainly ligand molecules. The electron
tunneling from tip to substrate consists of two tunneling
processes, namely, the tunneling between the tip and the QD

Figure 5. Double barrier tunneling junction. (a) The tip-QD-substrate system contains two tunneling barriers. (b) The equivalent electric circuit of the double-
barrier tunneling junction, V (=Vsubstrate� Vtip) stands for the applied bias voltage between the substrate and the tip.[120] These figures are taken from Ref. [120]
with permission.
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and the tunneling between the QD and the substrate. These
two processes have a certain tunneling probability respectively
Gin, Gout (number of electrons passing through the tunneling
junction per unit time). When the Fermi level at the tip
resonates with the energy level in the QD, the tunneling
channel opens. For a given positive (negative) bias voltage, the
ratio Gin=Gout will determine the number of additional
electrons (holes) in the QD. By varying the distance between
the tip and QD the magnitude of the tunneling current can be
changed, and it is possible to produce two kinds of tunneling
spectra: “shell-tunneling” spectra and “shell-filling” spectra.[123]

When the tunneling current is very small, the probability
of electrons (holes) tunneling into QDs is far less than the
probability of tunneling out of QDs, electrons (holes) tunnel
through the nano-object one-by-one and electron-electron
interactions do not occur (Figure 6a). In this case, the
tunneling spectra directly reflects the single-electron density of
states of QDs, which is called “shell-tunneling” spectra.

Under the “shell-tunneling” condition, the first electron
can be added to the QD when the Fermi level at the tip aligns
with the Se level, which can be expressed as,

hVb¼ ee
sþSpol (6)

Vb is the bias voltage applied between the tip and substrate, h

is a voltage lever arm, which depends on the radius of
curvature of the tip and the dielectric constant of the QD, ee

s is
the energy of the Se energy level of the QD, Spol is the
electrostatic polarization energy required to add an extra
electron to the Se energy level of the QD, which is affected by
the charge shielding of the tip and substrate.[5,121,124,125]

When the first hole is added to the QD,

hVb¼ eh
s � Spol (7)

Under positive bias voltage, there is no current flow in the
potential region between the first electron resonance and the
first hole resonance under negative bias voltage, so the

tunneling conductance is zero, then the zero-conductance gap
measured by STM is,

h � Vg¼ ee
s � eh

sþ2Spol (8)

Under positive bias voltage, electrons can tunnel into the
Pe level,

hVb¼ ee
pþSpol (9)

The distance between the first peak and the second peak in
the “ shell-tunneling” spectra directly gives the energy differ-
ence between the energy levels Se and Pe.

By reducing the distance between the tip and the QD, the
tunneling current is gradually increased. When it reaches or
exceeds a critical value, Gin more than Gout, the energy level of
the QD will be occupied by multiple carriers (Figure 6b). In
QDs, one electron enters another before going out, and more
energy is needed to overcome the mutual repulsion energy
between electrons. The measured spectrum is called “ shell-
filling ” spectra.

When the second electron tunneling to the Se level of the
QD, the energy level degeneracy increases,

hVb¼ ee
sþSpolþeee (10)

eee is the coulomb repulsion energy between the added
electrons.[5,121,124–126] The energy level of Se in the tunneling
spectra shows a double peak, and the coulomb interaction
energy between electrons can be obtained by the distance
between the two peaks.

The QD band gap measured by STM is compared with
the measured optically,

DEopt¼ ee
s � eh

sþ2Spolþeeh¼ � ESTMþeeh (11)

eeh is the mutual attraction energy between electrons and holes.
All energy levels of QDs, the degeneracy of single-electron

Figure 6. Schematics of (a) shell-tunnelling and (b) shell-filling spectroscopy.[122] These figures are taken from Ref. [122] with permission.
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eigenstates and the eigenstates produced by Coulomb inter-
action can be directly measured in the STS.

In experiments, the “shell-filling” region is difficult to
reach owning to the instability of the tunneling junction and
the shielding of the tip against the strong charge. If the tip-
QD distance reduction results in a symmetrical distribution of
tunneling barriers (h close to 0.5), the energy levels of the
QDs change considerably relative to their positions at zero bias
voltage. This may lead to bipolar charge transfer and tunneling
spectra becomes complex.[46,120,122,127]

3.4. Comparison of Scanning Tunneling Spectroscopy and
Optical Spectroscopy

The principles of optical measurement and STS are different.
Combining them to analyze semiconductor nanocrystals from
different angles can provide a more comprehensive under-
standing of their electrical properties. In the absorption
spectrum, the electrons in the valence band absorb radiation
and then transition to the conduction band. The photo-
luminescence spectrum is that after the colloidal QDs absorb
the excited photon energy, the electrons in the valence band
jump to the conduction band and will soon release energy and
then jump back to the valence band. Due to the relaxation
process of excited QDs, the energy of emitted photons may be
slightly different from that of absorbed photons. Using optical
technology to detect the electronic transition between the
energy levels of QDs needs to follow the necessary selection
rules. Not all energy levels are reflected in optical resonance.
Furthermore, the spatial resolution of spectroscopy is limited
to a quarter of the wavelength of light, it is usually not possible
to investigate a single nanocrystal, except in the special case of
a two-dimensional system with highly diluted molecules or
QDs.[122,128–131] The electronic states of conduction band and
valence band can be obtained by STM, and the information
about the LDOS can be directly obtained by measuring the
dI/dV curve of a single QD. Furthermore, the optical
measurement mainly obtains the information of the electronic
allowable transition with high oscillation intensity in QDs,
and the STS can realize the direct measurement of the energy
level of semiconductor QDs.[122] Therefore, STS can effectively
supplement the electronic properties of QDs that are not
detected in optical measurement, to obtain more abundant
information.

4. Application of Scanning Tunneling Microscope
in Colloidal Quantum Dots

With high spatial and energy resolution, STM can not only be
used to characterize the surface structure, but also accurately
measure the local electrical properties of the sample through

STS. This provides a powerful way to study the electrical
properties of semiconductor nanocrystals,[25,132,133] which plays
an important role in the study of the electrical properties of
colloidal QDs.

4.1. III–V Quantum Dots

4.1.1. Energy Level Structure of a Single Colloidal QD

In 1999, Banin et al.[49] studied InAs colloidal QDs by
combining STM and optical measurement for the first time.
InAs QDs with a radius of 1–4 nm are adsorbed on the surface
of Au substrate by hexane dithiol molecule, and the stepwise
distribution I–V curve is obtained by STM tip directly above
the QDs at 4.2 K, as shown in Figure 7(a) below. The first
two peaks and the next six equally spaced peaks in the
tunneling spectrum shown in Figure 7(b) correspond to the
two-peak and six-peak structures formed by the splitting of the
Se and Pe states of the QDs, respectively, while the energy
difference between the two peaks in the Se and Pe states
corresponds to the mutual repulsion energy between the
electrons. The zero current region corresponds to the sum of
the band gap Eg between the conduction band and the valence
band of the QD and the Coulomb interaction energy Ec.
From the size dependence of QD tunneling spectrum shown
in Figure 7(c), we can see that with the decrease of QD size,
the band gap and the energy gap between Se and Pe states
increase nonlinearly, which is a typical quantum confinement
effect. Figure 7(d–e) shows the comparison between STS and
photoluminescence excitation spectrum. From Figure 7(d),
there is a certain difference between the Eg value obtained by
STS and optical spectrum. This is mainly caused by the
electron-hole interaction. After the above correction, the
results measured by the two methods shown in Figure 7(e)
show good consistency.

In addition to the study of the intrinsic properties of InAs
single points, Banin and Millo et al.[134] used STM to measure
the InAs QDs doped with Au, Ag and Cu. The results in
Figure 8 showed that the tunneling spectra of the QDs doped
with metal changed significantly. For example, when doping
Au, although the band gap of InAs QDs is like that before
doping, the characteristic peaks of QDs are covered up,
indicating that the doping of Au destroys the original energy
level structure of QDs. A direct consequence of bulk semi-
conductors doping is the Fermi level shift. Such shifts are
distinctly observed in STS of Cu- and Ag-doped QDs. In the
undoped case, the Fermi energy is nearly centered, whereas in
the Cu-doped case, the onset of the conduction band states
nearly coincides with the Fermi energy, consistent with n-type
doping (Figure 8, blue trace). In case of Ag doping, since it has
a large radius that is considered to be a substitutional impurity
in III–V semiconductors. When the substituation of an
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indium atom with three valance electrons by a single valance
electron Ag atom will lead to p-type doping due to the two
electrons deficiency in the bonding orbitals. This is reflected in
the shift of the Fermi level, as seen in the STS data (Figure 8,
red trace). This method of controllable synthesis of n-type and
p-type doped QDs provides good guidance for the research
and development of various electronic and optoelectronic
devices.

Surface ligands can control the dispersion stability and
aggregation of colloidal QDs.[104] Ligands have many func-
tions, including the dissolution of precursors and the control
of the size, shape, and dispersion of QDs. Moreover, ligands
usually also affect the surface chemical composition,[135] optical
and electrical properties,[136–140] functionality and processability
of QDs.[141,142] STM can effectively observe the surface
structure of QDs and extract the structure and conformation

information of surface ligands. Michal et al.[143] studied the
influence of ligand exchange reactions on valence band energy
levels of InAs QDs using STM. Figure 9 shows the effect of 4-
methylthiophenol (MTP) and aniline exchange TOP as ligands
on the tunneling spectra of InAs QDs with a diameter of
about 4.4 nm. It is shown that the band gap does not change
with the exchange of ligands, which confirms the results of
optical measurement. At the same time, the energy band edges
of MTP and aniline modified QDs move about 0.2 eV
towards the lower energy direction. Through this study, we
can see that the energy level position of QDs depends largely
on their surface ligands indicating that the energy level can be
adjusted by ligand exchange, which is of great significance for
the research of photocell or LED and other fields.[4,144,145]

As a member of narrow band gap semiconductor III–V
family, InSb is an important modern semiconductor industrial

Figure 7. STM and STS of a single InAs QD 3.2 nm in radius, acquired at 4.2 K. (a) The tunnelling I–V characteristic. (b) The tunnelling conductance
spectrum, dI/dV versus V, obtained by numerical differentiation of the I–V curve. (c) Size evolution of representative tunnelling dI/dV versus V characteristics,
displaced vertically. (d) Comparison of the size dependence of the low-temperature optical bandgap (transition I) from which the excitonic Coulomb interaction
was subtracted (open diamonds), with the bandgap measured by the STM (filled diamonds). (e) Plot of excited transitions versus the bandgap for tunnelling and
optical spectroscopy.[49] These figures are taken from Ref. [49] with permission.
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material.[146,147] Wang et al.[148] studied the electronic structure
of InSb QDs with a diameter of 3~7 nm. InSb QDs show a
strong quantum confinement effect. When the size of the QDs
is reduced, the energy gap between the band gap and the
conductive-valence band energy level will increase rapidly. At
the same time, they also carried out similar experiments on
InAs QDs, another member of the III–V semiconductor. The
difference of tunneling spectra indicates the difference of
tunneling process. Theoretical calculations strongly suggest
that the electron tunneling of InSb QDs occurs through
quantum confined levels connected with L-points of Brillouin
zone, which is the first time to observe this kind of tunneling
process in colloidal III–V QDs.

4.1.2. Energy Level Structure of Colloidal InAs QDs in
Two-Dimensional Array

The ligands on the surface of colloidal QDs enable them to be
stably dispersed in non-polar organic solvents. Large area of
QD arrays, i. e., nanocrystalline superlattices or QD solids, can
be achieved by self-assembly on a flat substrate surface through
drop coating or spin coating.[4,149–151] The physical properties
of the nano-superlattice depend on the nature, shape, and size
of the nanocrystalline units, as well as the electronic coupling
between the units, etc. These factors determine the energy level
distribution and the size of the band gap of the QDs. As a
result, nanocrystalline superlattices have broad application
prospects in optoelectronics, thermoelectricity, magnetic appli-
cations, spintronics, and catalysis.[150] In previous studies, the
electronic coupling between the dots in the QD array has
always been a major concern.[152] Steiner et al.[35] carried out
STS measurements on two-dimensional InAs arrays which
showed short-range order and found that the main factors
affecting the size of the band gap and the electronic state in
the QD array were the distance between the nearest neighbors
and the corresponding coordination number. As shown in
Figure 10(c), compared with isolated QDs, the band gap of
InAs QDs in the array is significantly reduced, which is due to
the coupling between the electronic wave functions of adjacent
QDs. Compared with the edge dots, the internal dots have
more adjacent QDs, and the change is more obvious on the
internal QDs. Figure 10(d) shows the STS results of QDs in
other regions. Compared with Figure 10(c), the valence band
redshift is more obvious, but it is still less than the conduction
band redshift, and the band gap decreases more, indicating a
stronger coupling phenomenon between local QDs. Besides,
they also found a steplike structure at the conduction band of
the tunneling spectra. As shown in Figure 10(e), the discrete
energy level structure of QD is masked. This steplike structure
generally appears in the very dense and ordered two-dimen-
sional array tunneling spectrum, which is formed by the
superposition of minibands with constant density of states.
From the STM image in Figure 10(a), it is obvious that the
density of the sample array in the experiment is high, and the
probability of observing the steplike structure in the tunneling
spectra is low. Possibly, these steplike structures are associated
with collective levels spanning a few strongly coupled QDs
and can be viewed as precursors of the formation of
minibands. Collective minibands can develop also in assem-
blies that do not exhibit long-range order.

4.1.3. Wavefunction Mapping of InP Semiconductor
Nanocrystals

Using the ultra-high spatial and energy resolution of STM/
STS, Maruccio et al.[153] positioned the STM tip on a single

Figure 8. The effect of doping on the STM tunneling spectra. Four dI/dV
versus V tunneling spectra at 4.2 K of undoped (black trace), Au-doped (green
trace), Cu-doped (blue trace), and Ag-doped (red trace) InAs nanocrystals,
nominally 4 nm in diameter. The inset shows an STM image of a single (Ag-
doped) QD on which STS data were measured.[134] These figures are taken
from Ref. [134] with permission.
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InP QD. Under a certain bias voltage and current, the distance
between the tip and the QDs was stabilized for wave function
imaging experiments. Under the condition of “shell-tunnel-
ing”, dI/dV can approximately reflect the LDOS of the QD.
For this reason, the measured dI/dV signal corresponds to the
square of the wavefunction at this energy, so it can realize the
distinction between the wavefunctions of the S and P states in
a single InP QD, and then realize the study of the influence of
the coupling of the surrounding QD and the Au substrate on
the electronic wavefunction of the target QD. In the experi-
ment, they selected three QDs of similar size for measurement,
and the results are shown in Figure 11. When it resonates with
the S state, it can be observed that the intensity distribution is
approximately circular and symmetrical as shown in Fig-
ure 11(b). With the increase of bias voltage, tunneling
resonates with the P-state. At this time, two clear P-like lobes
in Figure 11(b) can be observed, with an obvious node in the
middle. However, the hybridization between Px and Py states
was not observed in the experiment. The reduction of the
degeneracy of the P state can be explained by several different
mechanisms: the change of the shape of the QD, the existence

of the piezoelectric field and the coupling with the
substrate.[60,154,155] The measurement results of STM and TEM
(Transmission Electron Microscope) show that the shape of
QDs has not changed, and no strain has occurred, so it cannot
be caused by piezoelectric effect. Thus, Maruccio et al. believe
that the coupling of QDs and Au(111) substrate is the reason
for the reduction of P-state degeneracy. Due to the need high
bias voltage, and the tunneling junction is difficult to exist
stably under a high bias voltage, the experiment has not been
able to obtain a clear image of a higher energy state (such as
the D state or the P state perpendicular to the surface).

4.2. CdSe Quantum Dots

4.2.1. Energy Level Structure of Single Colloidal CdSe QDs

In 1999, Alperson et al.[59] obtained the tunneling spectra of
CdSe QDs and observed the atom-like electronic states and
size-dependent relationship. The results are shown in Fig-
ure 12. The band gap value of QD can be obtained from the
STS spectrum, and the band gap increases with the decrease of

Figure 9. (a) Schematic of the STS measurement configuration. (b–d) Tunneling (dI/dV vs V) spectra of (b) a single aniline-capped InAs QD (top curve) in
comparison with a single TOP-InAs QD (bottom curve), (c) a single MTP-modified InAs QD (top) in comparison with a single TOP-capped InAs QD (bottom)
and (d) an aggregate of MTP-modified InAs QDs (top) in comparison to an aggregate of TOP- InAs QDs (bottom).[143] These figures are taken from Ref. [143]
with permission.
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Figure 10. (a) STM image of array composed of InAs QDs at 4.2 nm. (b) STM image of isolated QDs, with a diameter of 4.2 nm. (c) Three tunneling spectra
acquired on QDs at different locations: the black curve on an isolated dot shown in (b), the blue curve on a QD located at the edge of the void marked by the
black circle in (a) and the top red curve on a QD located within the assembly, inside the white circle in (a). (d) Tunneling spectra of QDs in the other region: the
above two curves are QDs in the array, and the conduction band and valence band are redshifted relative to the tunneling spectrum measured on the isolated
QD. (e) The tunneling spectra of steplike structure appears at the conduction band, and the trace of the superposition of discrete energy levels at the steplike can
be clearly seen in the lower two curves.[35] These figures are taken from Ref. [35] with permission.

Figure 11. (a) Topography. (b) simultaneously acquired STS maps of a single representative nanocrystal, taken in the bandgap and at 430 and 1500 mV,
respectively. (c) Topography and (d) STS maps showing the S and P states of another nanocrystal. (e) A P state with a different orientation from a third
nanocrystal.[153] These figures are taken from Ref. [153] with permission.
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QD size. The double peak observed at the position of about
1.2 V at positive bias voltage corresponds to the Se orbital of
the QD, and the peak at higher bias is the result of the
resonance of the Pe orbital. The results at negative bias voltage
are a series of resonance peaks reflecting the hole energy levels
in the valence band. The double and multiple peaks observed
in STS indicate that the degeneracy of energy levels is
destroyed under the Coulomb effect.

Then Vanmaekelberg group[57,121] used the “shell-tunnel-
ing” and “shell-filling” spectrum to further study the
4.30.4 nm single spherical CdSe QDs. The “shell-tunneling”
spectrum showed the quasi-particle band gap and the first five
electronic energy levels of CdSe QDs. The results were in
good agreement with the single-electron energy level spectrum
calculated by the pseudopotential theory. According to the
order of energy increase, the five peaks correspond to the
tunneling of s, p, d, s’ and f-type electronic orbitals in CdSe
QDs. Under the condition of “shell-filling”, because of the
influence of the Coulomb interaction between the additional
electrons in the QD, the tunneling spectrum becomes more
complex, and the Coulomb repulsion energy can also be
calculated using the pseudopotential of the interaction between
the multi-body electrons.

4.2.2. Electron-Phonon Interaction in CdSe Quantum Dots
(Rods)

The coupling of electrons and lattice vibration is the key to
understand the photoelectric characteristics of semiconductors.
However, in bulk semiconductor materials, this coupling is
quite weak owing to the delocalization of the electron and hole
wave functions. In semiconductor QDs, the coupling is

expected to be greatly enhanced due to the strong restriction of
the electron and hole wave functions. STS provides a unique
method for studying the coupling between single electron
(hole) and lattice phonon.

In 2008, Jdira et al.[156] analyzed the reasons for the
broadening of the Se state in the STS of CdSe QDs.
Figure 13(a–b) shows the single CdSe QD tunneling spectrum
with diameters of 3 nm and 5 nm respectively. Compared with
the slight asymmetry of the Se state of the 5 nm QD, the Se
state of the 3 nm QD has better symmetry, and full widths at
half maximum (FWHM) increases with the decrease of the
size of the QD. When studying the effect of the set point
current on the tunneling resonance broadening, the FWHM
of the Se state has little change when the set point current is
increased and kept under the “shell-tunneling” condition. The
FWHM of the Se state of the tunneling spectrum obtained at
different temperatures is normalized. It is found that the
FWHM increases linearly with the increase of ambient
temperature in the temperature range of 5–300 K. The
thermal energy generated by changing the set point current at
low temperature is far less than the longitudinal optical
phonon energy, so the broadening caused by temperature can
be ignored. The shape of the Se state mainly depends on the
electron-phonon coupling strength. Small-sized QDs have
stronger electronic constraints, so the electron-phonon cou-
pling is also stronger, so the Se state presents better symmetry.
The theoretical calculation also shows that the Gaussian fitting
of the electron-phonon coupling is consistent with the
tunneling spectrum. The line shape of the tunneling spectrum
is given by a series of peaks, and its amplitude is determined
by the coupling strength of the electron and phonon.
Accordingly, the coupling of the longitudinal optical phonon

Figure 12. (a) STM topography image (12�12 nm2) showing four CdSe QDs electrodeposited on Au. (b) Tunneling current-voltage spectra acquired at 4.2 K
on the three QDs in (a) and corresponding conductance spectra obtained numerically from the I–V curves.[59] These figures are taken from Ref. [59] with
permission.
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and the tunneling electron is the main reason for the
broadening of the Se state in the tunneling spectrum.

Sun et al.[118] studied the STS of CdSe spherical and rod-
like colloidal QDs using low-temperature STM, and quantita-
tively illustrated the electron-phonon coupling strength. They
carried out STS measurements on the mixture of spherical
(diameter 3 and 6 nm) and rod-shaped (diameter 3.5 nm,
aspect ratio between 1 and 4) colloidal CdSe QDs. Fig-
ure 14(b) shows the tunneling spectrum of spherical CdSe
QDs with diameter of 6 nm and rod-shaped QDs with
diameter of 3.5 nm (aspect ratio of about 2). When the
electron and phonon are coupled, the S state in the STS
includes a ground state and several vibrational excited states,
separated by phonon energy. In the case of phonon mode, the

calculated tunneling spectrum is basically consistent with the
experiment. Compared with the QDs located in the array, the
electron-phonon coupling strength of the isolated QDs is
smaller, but the phonon energy that determines the vibration
peak interval itself is constant. Figure 14(c) shows the
distribution of the spacing of the phonon replica. It is not
difficult to find that the most samples are distributed around
31 mV. According to the potential distribution of the “tip-
QD-substrate” junction, the conversion of the peak interval
into the energy interval (26 meV) is very consistent with the
known optical phonon energy of the bulk CdSe.

Figure 13. Differential conductance spectra for isolated CdSe QDs in the shell-tunneling regime for two samples with TEM, which determined core sizes of (a)
3.0 and (b) 5.0 nm. (c) FWHM of the Se (*), Pe (&), and De (~) peaks, which are measured as a function of the set point tunneling current. (d) FWHM of the
Se peak, which is measured on CdSe dots, with a TEM determined core size of 6.1 nm, as a function of temperature. (e) Comparison between experimental
(continuous line) and calculated (dotted lines) differential conductances for an electron in a Se state of a CdSe QD, with a diameter of 6.1 nm.[156] These figures
are taken from Ref. [156] with permission.
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4.3. PbX (X=Se, S, Te) Quantum Dots

4.3.1. PbX QDs Absorption Peak

PbX (X=Se, S, Te) has rock salt crystal structure, and its basic
band gap is located at four L-points in the Brillouin zone, so
its carrier wave function is strongly restricted. The HOMO
and LUMO of its QDs become eightfold degenerate.
Compared with the energy levels of II–VI and III–V QDs, the
multiplicity of other discrete energy levels is also four times
higher PbX (X=Se, S, Te).[157–161] Because the electron, hole,
and Bohr radius of PbS are much larger than that of CdSe, it
is easier to obtain the strongly confined region of the electron
and hole, so PbX QDs are very suitable for the study of the
strongly dimensional confined properties. The nonlinear
optical properties of semiconductor QDs are expected to be
greatly improved in the strongly restricted region, so PbX QDs
have potential application value in nonlinear optics.[158]

Theoretical calculation predicts that there are nearly mirror
symmetric electronic states in the conduction and valence
bands of PbX QDs,[158] so the optical transition between
single-photon bands should follow the parity selection rule,
that is, only the transitions in the same symmetric state (Sh� Se,
Ph� Pe) are allowed. However, this theoretical prediction is
contrary to the results of optical absorption
measurement.[162–165] In the experiment, asymmetric transi-
tions, i. e., strong spectral peaks of 1Sh� 1Pe and 1Ph� 1Se, were

observed. This inconsistency has triggered a long and fierce
debate on the interpretation of various absorption character-
istics in PbSe and PbS QD samples.[166,167]

The study shows that there are many peaks in the
absorption spectrum of PbSe QDs, and the first peak
corresponds to the Sh� Se transition with the lowest energy.
However, different interpretations appear in the analysis of the
second peak. First, its energy is lower than the calculated Ph� Pe

transition energy. Therefore, some people propose that the
second absorption peak is generated by the Sh� Pe

transition,[159,165] but some studies believe that the intensity of
the transition should be ignored 152. In 2005, Vanmaekelberg
group[157] obtained the STS of PbSe spherical QDs under the
condition of “shell-tunneling”. The single-particle band gap is
consistent with the value calculated by optical measurement
and tight-binding theory. The optical absorption spectrum of
PbSe in Figure 15(e) shows that the second exciton transition
is equivalent to the Pe� Ph energy measured by STM. As shown
in Figure 15(f), the Se� Ph and Pe� Sh obtained from the
tunneling spectrum are significantly lower than the optical
transition energy. Hence, it is confirmed that the second
exciton resonance is not the S� P transition but the Pe� Ph

transition. In 2008, Rolf et al. remeasured the optical proper-
ties of PbSe QDs in detail and obtained almost the same
results as above,[168] which fully proved the powerful function
of STM in analyzing colloidal QDs.

Figure 14. (a) STM topography of arrays of colloidal CdSe QDs on a HOPG substrate. Analysis of the e-ph coupling strength. (b) Experimental data for 6 nm
spherical dot and 3.5 nm diameter nanorod along with the fits to a theory. (c) Distribution of the spacing of the phonon replica.[118] These figures are taken from
Ref. [118] with permission.

R e v i e w T H E C H E M I C A L R E C O R D

Chem. Rec. 2023, e202300120 (16 of 31) © 2023 The Chemical Society of Japan and Wiley-VCH GmbH

Wiley VCH Mittwoch, 31.05.2023

2399 / 302673 [S. 16/32] 1

 15280691, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/tcr.202300120 by T

ianjin U
niversity, W

iley O
nline L

ibrary on [01/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



PbS QDs have more isotropic bands and almost identical
electron and hole effective masses that make them more
suitable for separating the effects due to anisotropy from those
due to breakdown of parity conservation. Diaconescu et al.[166]

found that the second optical transition was closer to the
asymmetric 1Se� 1Ph and 1Pe� 1Sh transitions than the sym-
metric 1Pe� 1Ph transitions (as shown in Figure 16b) by
comparing the STS measurements and optical measurements
of single PbS QDs of different sizes.[162] Moreover, the position
of the third optical transition is very consistent with that of the
symmetric 1Pe� 1Ph transition, while the position of the fourth
optical transition is very close to that of the asymmetric
1De� 1Ph and 1Pe� 1Dh transitions, which indicates that the
electronic transition in PbS QDs does not strictly follow the
parity selection rule, so it can show strong optical absorption
characteristics.

4.3.2. The Linewidth of the Resonances of Individual PbSe
Nanocrystal

Overgaag et al.[171] acquired the STS of single PbSe QDs with
different sizes and found the phenomenon of energy level

broadening. They focused on the energy level broadening of
the first resonance e1 and h1 corresponding to the lowest
electron and hole orbits. The data in Figure 17(a) is fitted with
Gaussian function. The results are shown in Figure 17(b). The
FWHM of e1 and h1 increases with the decrease of the size of
QDs, and the slope of change has an obvious jump at about
5 nm in diameter. The coupling of electrons and phonons in
nanostructures is an important source of energy level broad-
ening in transport, but Overgaag et al. believed that this could
not fully explain the phenomenon that the energy level
broadening significantly increased with the decrease of QD
size observed in the experiment. Moreover, it is proposed to
add the intervalley coupling into the tight-binding calculation.
The functional relationship between the electronic structure
and the diameter of PbSe QDs obtained shows that the
splitting degree of Se and Sh energy bands increases signifi-
cantly with the decrease of the size of QDs. This study shows
that the energy level broadening is mainly caused by the
electron-phonon coupling and valley coupling between differ-
ent L-points in the Brillouin region, which successfully
explains the above experimental observations. The combina-
tion of theoretical and experimental results further shows that

Figure 15. Large scale scans of 5.3 nm (a) and 4 nm (b) PbSe nanocrystals covalently bound to an Au substrate. (c) Example of a measured tunneling spectrum
(dI/dV, V) on an isolated PbSe nanocrystal. (d) Comparison of the single-particle HOMO-LUMO gap measured by STM (filled squares), the optical gap (open
circles)[164,169] and the single-particle gap from TB calculations (solid line).[170] (e–f) Comparison between the observed optical transitions and the energy levels
measured by STS.[157] These figures are taken from Ref. [157] with permission.
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for QDs with diameter less than 5 nm, the latter plays a
dominant role.

4.3.3. PbSe Nanocrystals in Array

Because the effective mass of electrons and holes in PbSe QDs
is very low, PbSe QD superlattices are excellent candidates for
observing quantum mechanical coupling. Liljeroth et al.[60]

studied the LDOS of PbSe QD arrays by low temperature
STM and STS. From the comparison between the tunneling

Figure 16. (a) The first four optical transitions observed in the PLE spectrum (solid line) and its second derivative (dashed line) of the sample. (b–d) The
comparison of energies of various symmetric and asymmetric interband transitions derived from the STS measurements (squares and triangles) and optical
transitions (circles) from the PLE and single-photon absorption spectra[166] (optical data are from reference[162]). These figures are taken from Ref. [166] with
permission.

Figure 17. (a) Energy-level spectra obtained above PbSe nanocrystals of different sizes. (b) FWHM of the first electron (hole) resonance vs the size of the PbSe
QDs. (c) Spectroscopy measurements with different tunneling current set-points.[171] These figures are taken from Ref. [171] with permission.
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spectrum of QDs in the array in Figure 18(c) and isolated
QDs, it can be found that the PbSe QD array has inter-point
coupling phenomenon. At the same time, two coupling
phenomena are found in the comparison between the three
different regions of the array and the isolated QD. One is the
significant broadening of the conduction band energy level,
and the coupling strength (defined as the additional broad-
ening of DOS characteristics) is 50–150 meV, as shown in
Figure 18(d); The other is the obvious steplike shape at the
conduction and valence band, as shown in Figure 18(e),
indicating that the electronic and hole orbits of the adjacent
PbSe QDs have a strong quantum coupling phenomenon.
This band selective coupling is of great guiding significance for
the design of QD materials with specific properties.

In addition to the research on the array composed of unary
QDs, Overgaag and Liljeroth et al.[34] also carried out STM
and STS research on the array composed of PbSe QDs and
CdSe QDs, as shown in Figure 19. They prepared PbSe QD
monomers and dimers dispersed in CdSe QD matrix. CdSe
QDs array can be regarded as an inert matrix with PbSe QDs
stably dispersed. The results show that the STS of single PbSe
QDs in CdSe matrix is almost the same as that of isolated
PbSe QDs fixed on the substrate by chemical method. In the
study of small and medium-sized PbSe QD aggregates in
dispersed CdSe matrix, it was found that there were different
degrees of electron delocalization in small aggregates with
coupling strength of 10–20 meV. Their results show the
feasibility of quantitative research on arrays with different
structures and provide an important reference for further
research on ordered binary QD solid systems.

As shown in Figure 20(a), recently Notot et al.[61] peeled
the lead oleate ligand from the PbSe QD {100} facets to realize
the epitaxial connection of QDs, forming a p-type-doped
superlattice with a square geometry, where the unbound facets
are still passivated with oleate ligands. The STS shows that the
occupied energy level of the QDs in the superlattice is affected
by the neighboring QDs and shows the electronic coupling of
the valence band state, as shown in Figure 20(c). Besides, as
shown in Figure 20(d), they also found that new states appear
in the band gap of the original monomer in a few QDs. The
analysis of this phenomenon shows that it is caused by the
unpassivated sites on the (111) facets, because these QDs with
defects are randomly distributed in the superlattice, which can
capture electrons and release many free holes. They act as
electron acceptor QDs in the host QD lattice, mimicking the
role of dopant atoms in a semiconductor crystal.

4.3.4. Surface Study of PbS QDs

The performance of colloidal QD photovoltaic devices is
strongly affected by the local sub-bandgap state related to
surface passivation or defects. The nature of the surface state of
QDs can be understood by analyzing the influence of defect
structure on its properties at the atomic scale.[172] Kislitsyn
et al.[62] studied various electronic states of ligand-free PbS
QDs after annealing using STS and carried out dI/dV
mapping of the sub-band gap state of a single PbS QD, as
shown in Figure 21. The sub-bandgap state diagram clearly
shows the LDOS of the non-stoichiometric adsorption atoms
self-assembled on the surface of QDs. The atomic-scale spatial

Figure 18. (a) Typical large-scale STM topography of 7.3 nm diameter PbSe QDs (array 1). (b) Large-scale topographic image of 5.3 nm diameter PbSe QDs
(array 2). (c) Experimental dI/dV spectra measured on the three neighboring QDs (top) and spectrum of an isolated PbSe QD (5.3 nm diameter) linked to Au
(111) using hexanedithiol (bottom). (d) Prototypical LDOS measured on PbSe QD sites in an array. The spectra were measured on three different samples,
7.3 nm diameter QDs (array 1), 5.3 nm QDs (array 2), and 5.3 nm QDs with an additional octanethiol self-assembled monolayer in between the PbSe QDs and
the gold substrate (array 3). (e) Examples of spectra in the full coupling regime. Spectra were measured on the same samples as in (d).[60] These figures are taken
from Ref. [60] with permission.
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structure of these sub-bandgap states will have a great impact
on the photophysical properties of such QDs. The dI/dV
mapping of STS can effectively identify the electronic state
changes of the surface defects and impurities of QDs.

Gervasi et al.[63] also used STS to study the sub-bandgap
state in a single ligand-free PbS nanocrystals in real space.
Their STS spectra show that surface reconstruction leads to
the formation of sub-bandgap electronic states. The nature of

Figure 19. (a) Schematic of the tunneling processes (denoted by arrows) that are possible with isolated PbSe QDs and QDs embedded in a matrix of CdSe QDs:
(left) a single PbSe QD chemically linked to the substrate with hexanedithiol; (center) an isolated PbSe QD surrounded by CdSe QDs, in which the incoming
electron can tunnel either directly or via neighboring CdSe QDs to the substrate; (right) the electronic levels in a PbSe QD dimer can be strongly coupled and
the electron can delocalize over the two QDs. (b) Topographic and spectroscopic identification of PbSe QDs in a CdSe QD matrix: (left) large scale STM image
of a hexagonally packed monolayer of CdSe QDs with an average diameter of 6.1 nm; (right) STM image of 7.1 nm PbSe QDs (marked with black circles)
dispersed in a matrix of 6.1 nm CdSe QDs. (c) Spectroscopy on individual PbSe QDs with diameters of 7.1 nm embedded in a CdSe QD matrix. (d)
Spectroscopy on a 9.8 nm PbSe dimer embedded in a CdSe matrix. (e) Spectra measured on three QDs on a chain of four 9.8 nm diameter PbSe QDs-the thin
solid lines represent Gaussian distributions fitted to the resonances. (f) Representative spectra on QDs that are part of a larger aggregate of 9.8 nm diameter PbSe
QDs.[34] These figures are taken from Ref. [34] with permission.
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surface reconstruction varies with the change of surface
stoichiometric ratio. The lead rich surface produces unoccu-
pied sub-bandgap states, and the sulfur rich surface produces
occupied sub-bandgap states. The region with high non-
stoichiometric ratio will produce occupied and unoccupied
states at the same time, showing obvious band gap reduction.

Ueda et al.[64] measured the LDOS on the surface of PbSe
QD superlattice in ultra-high vacuum using a low-temperature
STM. As shown in Figure 22 (a), they obtained the relation-
ship between the LDOS of QDs and the dose of trimethyl
aluminum (TMA). The results showed that the band gap of
the QDs after TMA treatment increased significantly. The
relationship between the band gap and TMA dose in
Figure 22(b) shows that the band gap increases with the
increase of TMA dose, when the dose is ~5×106 L, it is close
to the value of optical band gap. Their results confirmed that
adding TMA vapor in vacuum can passivate the surface state,
improve the STM imaging quality, expand the band gap, and
improve the charge transfer and transistor performance,
providing important information for the possible application
of PbSe QD film in future optoelectronic devices.

4.4. Core/Shell Structure Nanocrystals

Colloidal QDs with core/shell structure refer to the structure
that a layer of shell material different from nuclear QDs is
grown on the surface of QDs to form an outer layer of
material to wrap the inner core. Compared with traditional
QDs, it shows excellent performance, including improved
fluorescence efficiency and significantly improved stability.
Therefore, QDs with core/shell structure have broad applica-
tion prospects in solar cells, biological fluorescence labeling,
etc..[67,173,174]

Colloidal QDs with core/shell structure have more
complex electrical properties than single QDs. As shown in
Figure 23, there are three main energy level arrangement
relationships. The shell material of Type I QDs has higher
conduction band energy level and lower valence band energy
level than the core material, forming an embedded energy
band structure. Both electrons and holes are confined in the
core (left of Figure 23a). CdSe/ZnS QDs represent the most
common form of Type I heterostructure. On the contrary, the
anti-I material is an “inverted” structure with electrons and
holes confined to the shell. Type-II heterostructures tend to be
composed of materials with medium band gap (>1.3 eV).[69]

According to its characteristics, the conduction band and

Figure 20. (a) Facet orientations of a PbSe QD and simplified schematic of the epitaxially connected PbSe QDs characterized with STM. (b) STM image of a
superlattice showing the close packing of PbSe QDs in a square superlattice. The red oval encircles fuzzy QDs highlighting a strong interaction of the ligands
with the STM tip. (c) Examples of tunneling spectra acquired on five different individual QDs, where a zero-conductance region is clearly measured on both sides
of the zero bias. (d) Examples of tunneling spectra acquired on five different individual QDs showing in-gap states at low positive bias, in the region delineated by
the red rectangle.[61] These figures are taken from Ref. [61] with permission.
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valence band of one material are higher than that of the other
material (Figure 23b), and the moderate band gap is easier to
achieve this energy level arrangement. Most importantly, this
energy level structure is that the two excited carriers are
transported to two separate regions respectively. Specifically,

electrons will be confined in materials with lower conduction
band (whether core or shell), while holes will be in materials
with higher valence band, thus achieving effective separation of
carriers. Another important structure is that one kind of carrier
is limited in a single material, while the other kind of carrier is

Figure 21. (a) Topographic images of nanocrystal. Bottom image is marked to indicate step edges with 120° angles oriented along (110) directions; the same set
of marks is used in the bottom images of panels b and c for reference. (b) DOS maps for unoccupied states of nanocrystal measured at the indicated bias voltages.
The state E1;n is mainly concentrated in the left and bottom of the QD, and near the step observed in the STM topography. The empty state E2 is delocalized in
the entire QD, and mainly concentrated in the upper right part of the QD (position 10–15 in (b). There are no obvious steps. (c) DOS maps for occupied states
of nanocrystal measured at the indicated bias voltages.[62] These figures are taken from Ref. [62] with permission.

Figure 22. Effect of TMA dosing on QD band gap. (a) Representative ST spectra (dashed lines) and fits (solid lines) for a PbSe QD before (red) and after
(orange) a 5×106 L dose of TMA. (b) Before TMA dosing, the STS-measured band gap of QDs in monolayer superlattices is only 0.35�0.07 eV, much smaller
than the optical band gap of the QD films (~0.65 eV). The band gap increases with increasing TMA dose until it saturates at 0.65�0.06 eV, close to the value
of the optical band gap.[64] These figures are taken from Ref. [64] with permission.
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completely delocalized between multiple materials, namely,
quasi-II heterojunction. The conduction band of the shell
material of the quasi-Type-II QD is like the edge of the
nuclear QD, and the valence band shifts obviously.

4.4.1. Core/Shell QDs

In 2001, Millo et al.[58] studied the effect of ZnSe shell on the
electrical properties of InAs QDs. As shown in Figure 24, by
comparing the core/shell QD tunneling spectra of the InAs
core with a radius of 1.7 nm and the 2 and 6 layers of ZnSe
shell, they found the multimodal structure corresponding to
the Se state and the Pe state. With the increase of the shell
thickness, the band gap of the core/shell QD remains

unchanged, but the energy level gap between Se and Pe

decreases significantly. Besides, the measured Se state of STM
in real space is limited to the core region of InAs, while the Pe

state extends to the ZnSe shell, which reduces the quantum
confinement effect. Accordingly, with the increase of shell
thickness, the energy of Pe energy level decreases and the Se
state level does not move, which is consistent with the wave
function image calculated by using the spherical model.

Grinbom et al.[65] studied the effect of PbS shell on PbSe
QDs by STS. The radius of PbSe nucleus is 1.5 nm, and the
thickness of PbS shell is 0.75~2.5 nm. The experimental
results show that with the increase of the shell thickness, the
band gap decreases, accompanied by the decrease of the high-
energy inter-band transition. This result is the same as the

Figure 23. (a) Type-I QDs feature a nested alignment, causing both the electron and hole to reside principally in either the core (left) or the shell (right). (b) In
Type-II QDs, a staggered alignment of conduction and valence bands pulls band-edge electrons and holes into separate parts of the core/shell QD. (c) In quasi-
type-II QDs, one carrier remains localized in a single component of the heterostructure (here, the hole), while the other is largely delocalized throughout the
entire QD.[69] These figures are taken from Ref. [69] with permission.

Figure 24. Wave function imaging and calculation for an InAs/ZnSe core/shell QD having a 6 ML shell. (a) A tunneling spectrum acquired for the nanocrystal.
(b) 8�8 nm2 topographic image. (c) Current images obtained simultaneously with the topographic scan at three different bias values denoted by arrows in (a). (d)
Isoprobability surfaces, showing s2 (left), p2

x þ p2

y (center), and p2

z (right). (e) Tunneling conductance spectra of an InAs core QD (numerical derivative) and two
core/shell nanocrystals with two (numerical derivative) and six (lock-in method) ML shells with nominal core radii ~1.7 nm.[58] These figures are taken from Ref.
[58] with permission.
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theoretical prediction, which is caused by the delocalization of
the carrier wave function in the core/shell structure.[175]

However, due to the Fermi level shift, the discontinuity of the
effective mass and the difference of the dielectric constant at
the core/shell interface, the effect of increasing the outer
diameter of the core/shell on the PbSe size is smaller than that
of increasing the size of a single PbSe.

The simultaneous existence of electrons and holes may
result in electron-hole attraction and spin interaction.[176] The
premise of this research is to be able to separate the electron
and hole current and measure the electron-hole interaction.
Swart et al.[177] analysis of PbSe/CdSe core/shell QDs shows
that the system can meet the above conditions, because its hole
energy level is in the PbSe core, while the electron energy level
is delocalized in the whole heterostructure. Therefore, holes
can be injected into the core at a low bias voltage, resulting in
hole-induced electron tunneling. At the same time, the hole
current is strongly suppressed due to the higher potential
barrier and larger hole effective mass in CdSe. In addition, the
experiment proves that two different tunneling channels exist
simultaneously, namely, normal single-electron tunneling and
hole-induced single-electron tunneling. By capturing a pos-
itively charged hole in the core of the QD, compared with the
neutral QD, an additional electron transmission channel is
opened at a lower applied bias voltage. The bias voltage
difference between the new and traditional tunneling channel
directly gives the electron-hole interaction energy of each
electron level. This result is of great significance to electrically
controlled single photon emission.

4.4.2. Quantum Dots/Nanorod Core/Shell Structure
Nanocrystals

In addition to taking the material as a parameter for the study
of core/shell heterostructure, the dependence of its properties
on topography and structure can also be studied. Steiner
et al.[178] studied the core/shell structure of CdSe/CdS and
ZnSe/CdS QDs/nanorods using STM. Figure 25(d) shows the
dI/dV spectra obtained at different positions on a single CdSe/
CdS QD/nanorod at 4.2 K, and the corresponding theoretical
curve is above the experimental results (red curve). Curves 1
and 2 are measured near one vertex and at the other end of the
nanorod, respectively. Both show a single-particle band gap of
about 2.9 eV, indicating that the band gap on CdS nanorods
far enough from the CdSe core is almost constant. However,
the results above the core show a significantly smaller band
gap, as shown in curve 3, and both the ground state of the
electron and hole are redshifted, and the ground state of the
electron is less redshifted than hole. Consequently, the
reduction of band gap of CdSe core relative to CdS shell is
asymmetric, and the displacement of conduction band edge is
small. To illustrate the generality of this method, they applied
it to study ZnSe/CdS system. As shown in Figure 25(e), the
band gap values observed along most areas of the nanorod are
2.7–2.9 eV (curves 1 and 2), which correspond to the CdS
band gap and are in good agreement with the calculated band
gap (2.7 eV) and optical absorption spectrum. However, a
small band gap of about 2 eV was measured at position 3,
indicating that this position is a ZnSe core. And this value is

Figure 25. (a) Illustration of the (most common) previously predicted band structure and the electron and hole ground-state wave functions of type I CdSe/CdS
(left) and type II ZnSe/CdS (right) QD/nanorods core/shell heterostructures. (b) TEM images of the CdSe/CdS (up) and ZnSe/CdS (bottom) core/shell
nanorods. (c) 3D topographic STM image of the measured rod. (d) Three dI/dV vs V tunneling spectra, acquired at 4.2 K on a single CdSe/CdS nanocrystals at
different locations (black curves). (e) Three experimental spectra (black lines), measured on the nanocrystals shown in the STM image presented in the inset. The
positions where the spectra were acquired are marked near the rod. The corresponding calculated spectra are shown above the measured curves (red lines).[178]
These figures are taken from Ref. [178] with permission.
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not consistent with the band gap of ZnSe but corresponds to
the band gap of ZnSe/CdS system measured optically. There-
fore, it can be determined that STS can obtain the direct
information of the internal electrons of the core/shell structure
nanocrystals, such as the determination of the energy band
offset, etc., which provides useful data for tailoring the core/
shell colloidal structure to meet the design of optoelectronic
devices with specific optical and electrical properties.

4.4.3. Metal/Semiconductor Core/Shell Quantum Dots

So far, the research of STM and STS is mostly limited to
uniform semiconductor QDs and semiconductor/semiconduc-
tor core/shell structure QDs. In contrast, there are relatively
few studies on metal/semiconductor hybrid QDs. Steiner
et al.[179] explained the energy level change of metal/semi-
conductor junction in dumbbell-shaped Au/CdSe nanorods
with low temperature STS. The work of Bekenstein et al.[180]

revealed the effect of Ru cage-like shell on Cu2S semiconductor
core. Tuhin Shuvra Basu et al.[181] synthesized nearly mono-
disperse spherical metal/semiconductor Au/ZnS QDs using
spherical Au nano-core as raw materials by simple wet
chemical method. The method is to first synthesize Au nano-
core, then coat a thin layer of Ag nano-shell on the nano-core,
then convert the thin Ag layer into amorphous Ag2S layer, and
finally convert the Au/Ag2S nanostructure into Au/ZnS QDs
through cation exchange reaction. The electronic structure of a
single nanocrystal in each step of the preparation process from

Au nanocrystals to final Au/ZnS QDs was analyzed at
300 mK. As shown in Figure 26(a–b), STS results show that
there is obvious Coulomb blockade effect in both single metal
and bimetallic QDs (Au and Au/Ag QDs). For Ag2S coated
Au nanoparticles, the band gap increases owing to the
existence of amorphous Ag2S as a tunneling barrier. For Au/
ZnS QDs, STS under the condition of “shell-tunneling” shows
obvious quantum confinement effect. This study has promoted
the understanding of single charge transport in metal/semi-
conductor QD and has important guiding significance for the
synthesis of specific quantum in single electronic devices.

4.5. Other Colloidal Quantum Dots

Although most of the work on QD tunneling spectrum is
concentrated in the three QD systems of InAs, CdSe and PbX,
this versatile technique can be used to study the energy level
structure of almost any colloidal nanocrystalline material.
Silicon nanocrystals have attracted great interest because of
their application in the field of optoelectronics. Zakonon
et al.[182] studied the electronic energy level structure and single
electron charge effect of a single Si QD at room temperature
using STM. They found that the STS spectrum of QDs with a
diameter of about 4.3 nm has a 12-fold multi-step structure,
which is in good agreement with the first level degeneracy
expected by theoretical calculations.[183] Rosso-Vasic et al.[184]

synthesized Si QDs with smaller size (1.57�0.24 nm) and
carried out STS measurements. The band gap obtained is

Figure 26. STS measurements of the individual (a) Au nanocrystals and (b) Au/Ag core/shell nanocrystals. STS measurements of (c) core/shell Au/Ag2S
nanocrystals and (d) core/shell Au/ZnS QD.[181] These figures are taken from Ref. [181] with permission.
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consistent with the optical absorption data, about 4 eV. Millo
Group[185] has studied the change of electronic energy level
structure of surface functionalized colloidal silicon nanocrystals
with their size by STS. The tunneling spectrum shows the
quantum confinement effect that the band gap increases with
the decrease of the size of nanoparticles. For NH4Br or
allylamine functionalized samples, the tunneling spectrum
results show a similar behavior that the band edge of p-type
doping moves towards a higher energy direction. It is one of
the research hotspots of the application of Si QDs in
optoelectronic and solar cell devices to change their electrical
properties by adjusting the size and surface functionalization
QDs. Millo and Ashkenazi et al.[186] studied the electrical
properties of boron and phosphorus codoped Si nanocrystals
using STS, and found that the band gap changed from ~1.4 to
~1.8 eV, and the tunneling spectrum showed that two new
states appeared in the original band gap, one near the edge of
the conduction band, the other near the edge of the valence
band, which actually came from the doped energy levels of P
and B. The energy gap between these impurity states decreases
with the increase of the QD diameter. Therefore, in addition
to size, co-doping can also be effectively used to adjust the
electronic properties of nanocrystals.

Moreover, aiming at the problem of quantum confinement
in Ge nanocrystals, Millo et al.[187] studied the relationship
between the electronic structure of a single Ge nanocrystal and
its size using STS, and found that the band gap width of Ge
nanocrystals increased with the decrease of size, thus providing
direct evidence of quantum confinement effect in Ge nano-
crystals.

Due to the existence of Cu vacancies, Cu2S compounds
have both quantum confinement and natural electron doping,
so these compounds may have important applications in
optoelectronic technolog.[188,189] The formation of Cu vacancy
in Cu2S nanocrystals can be achieved through various
approaches including oxidation in ambient atmosphere,[190,191]

chemical treatment[192,193] and moderate heat treatment.[189,194]

Kathy Vinokurov et al.[195] studied the change of energy band
structure of Cu2S nanocrystals during oxidation to form Cu2-xS
phase through STM. Oxidation led to the appearance of gap
states near the valence band, and the Fermi energy level shifted
slightly to the edge of the valence band, like p-type doping.
Bekenstein et al.[189] doped Cu2S nanocrystalline arrays with
medium temperature (T<400 K) heat treatment and studied
the copper vacancy formed after doping by STM. Unlike the
equivalent doping method of introducing alternative or
interstitial impurities, the thermal doping method will not
introduce additional impurities into the nanocrystals. The
unique medium-temperature thermal doping conditions of
these nanocrystals allow the nanocrystalline film to be
patterned and doped by local heating of the focused laser

beam, thus making nanocrystalline devices with good perform-
ance.

5. Summary and Prospect

Colloidal QDs not only have unique optical and electrical
characteristics, but also have the advantages of controllable size
and shape, low synthesis cost, and the potential for large-scale
production. They play a vital role in emerging laser technol-
ogy, special optoelectronic devices, and biological fluorescence
labeling and other fields. The core/shell system is of great
significance in the field of colloidal nanoscience. The study
and application of core/shell structures have advanced the
development of colloidal nanocrystal heterostructures, whose
electronic and optical properties can be controlled by quantum
confinement and realized by epitaxially connecting two semi-
conductor phases within a single colloidal nanoparticle. In
addition to chemical stability, the shape, size, and surface
modification of core/shell QDs play a vital role in the carrier
confinement resulting in a wide range of optoelectronic
applications such as solar cells, light-emitting diodes (LEDs),
luminescent solar concentrators (LSCs), etc. Based on the
systematic reviews and analyses on the research stream, this
review article provides abundant information for the research
and development of nanoscale optoelectronic devices and
sensors in the future. However, it is not difficult to find that
there are still many open problems in the study of colloidal
QDs using STM:
1. There are two kinds of tunneling models, “shell-tunneling”

and “shell-filling”. The research of the former is complete,
and the interpretation of the tunneling spectrum obtained
under the condition is detailed. However, the latter requires
high bias voltage conditions, which makes the DBTJ
unstable and difficult to obtain repeatable and undisturbed
experimental results. Consequently, there are few studies
on the “shell-filled” tunneling spectrum and interpreting
the tunneling spectrum under this condition faces a great
challenge.

2. The tunneling spectrum obtained by DBTJ is mostly
focused on the interpretation of the resonance peak
obtained under positive bias voltage, and only a few
literatures analyze the resonance peak obtained under
negative bias voltage.

3. For the energy level structure of colloidal QDs, most of the
research groups focus on the S and P states, while there are
many gaps in the research of higher states.

4. At present, the research on colloidal QDs with core/shell
structure is less than that of single-component QDs, and
the research system is not perfect. There are few studies on
energy level structure, multi-electron tunneling process and
its electro-phonon coupling.
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5. The current research has focused on the static energy level
structure of QDs and has not studied the dynamic changes
of electronic structure during their formation. It is
necessary to obtain the dynamic electronic structure of the
formation process of core/shell QDs to reveal the
interaction between the core/shell electronic structures.
STM is a critical method to study the electrical properties

of low-dimensional nanomaterials such as QDs. It can not
only obtain the electronic density of state distribution at the
fixed position of the sample, and then obtain the electronic
structure information of the sample, but also obtain the spatial
distribution of the LDOS at a specific energy, which promotes
understanding of the physical properties of QDs. Nonetheless,
new types of QDs have emerged within the last decade, and
perovskite[196] and carbon-based QDs[197] are famous examples.
Almost all these categories can be synthesized in both polar
and non-polar solvents with different colloidal/deposition
approaches. It can be predicted that with the continuous
synthesis of colloidal QDs with new crystal structures, an
increasing number of researchers will focus on the hetero-
structure of colloidal QDs synthesized by two or more
materials. Compared with traditional colloidal QDs, it is more
stable and has higher fluorescence efficiency. The research on
the physical properties of such QDs is the prerequisite to
promote its extensive application. Scanning tunnelling micro-
scopy and spectroscopy will be an appropriate tool for
investigating these materials in detail. Because the method-
ology is general and can in principle be used to investigate
nanocrystals of any composition and shape.
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REVIEW

Colloidal quantum dots display remark-
able optical and electrical characteristics
with the potential for extensive applica-
tions in contemporary nanotechnology.
This article presents a comprehensive
review of the research advancements in
measuring the electronic orbits and cor-
responding energy levels of colloidal
quantum dots in various systems using
Scanning tunneling microscopy and
Scanning tunneling spectroscopy.
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