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A new technique has been used to probe the electronic properties of quantum dots. Here we discuss the case
of semiconducting CdSe dots. This technique allows us to fill (or empty) semiconducting quantum dot with many
electrons. The detection scheme is based on an original approach where the investigated particle is attached to
only one electrode, a carbon nanotube. The conductance of the nanotube is measured as a function of a gate
voltage (Vg), which allows the detection of individual electrons transferred onto the quantum dot. For certain
range of V,; we noticed no electron transfer which is attributed to the energy gap of the CdSe quantum dot. Our
study shows that single-electron detection with carbon nanotube transistor represents a new strategy to study the
separation between the electronic discrete energy levels of the semiconducting quantum dot.
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1. Introduction

One of the challenges in molecular electronics is to
probe the spectrum properties of quantum systems such
as quantum dots (QDs) [1]. To achieve this one needs
to access at least one electronic level in such system in
order to be able to send current through it. By placing
a molecular system between two electrodes, very often it
turns out that it is impossible to pass any measurable
current through the system, and thus it is impossible to
carry out studies on electronic properties. This is one
of the biggest obstacles to the development of molecular
electronics. Moreover, it is also highly desirable to have
possibility to access many electronic levels in the QDs.
This would allow to better control the optical and electri-
cal properties of quantum systems. However, the number
of electronic levels that can be accessed by current meth-
ods [2-5] remains relatively low.

Here we propose novel approach that overcomes these
obstacles on the basis of an innovative nanodevice archi-
tecture and a novel single electron manipulation scheme.
We show a new technique, which enables to investigate
the electronic properties of single, highly resistive molec-
ular systems where it is not possible (or extremely dif-
ficult) to send measurable currents with conventional
methods. The idea is to take advantage of the unique
properties of carbon nanotubes to study electronic prop-
erties of various types of highly resistive molecular sys-
tems. In this paper, as an example we take CdSe QDs.

2. Samples and experimental setup

We fabricated devices using standard nanofabrication
techniques. Carbon nanotubes were grown by means
of chemical vapor deposition (CVD) technique directly

on a doped Si wafer coated with a 1 pm thermal SiO9
layer. Single-walled nanotubes (SWNTs) were electri-
cally contacted to two Cr/Au (5 nm/50 nm) electrodes
patterned by e-beam lithography. Core-shell CdSe/ZnS
quantum dots were employed with an external amine
capped long chain hydrocarbon layer. The quantum dots
were deposited onto the wafer and were found to be pref-
erentially adsorbed onto nanotubes (Fig. 1a). Eventu-
ally, QDs could have been moved by atomic force mi-
croscopy (AFM) nearby the nanotube (CNT). Next, the
hydrocarbon layer was gently removed, and checked by
performing energy dispersive X-ray spectroscopy mea-
surements. Moreover, transmission electron microscopy
imaging showed that removal of outer shell of the dot
did not modify the crystalline structure of CdSe core and
that the diameter is ~ 5 nm (inset of Fig. 1a). The back
side of the wafer serves as a back gate. See Ref. [6] for
more details. Two-point dc transport measurements are
conducted at 60 K in a He* cryostat (Janis).

3. Results and discussion

The charge detection scheme is based on an original
approach in which the probed quantum dot is connected
only to one electrode, a carbon nanotube (Fig. la), in
contrast to previous experiments which aimed at con-
tacting individual nanoobjects by at least two electrodes.
The carbon nanotube plays two important roles in this
nanodevice. At the same time it serves as a reservoir of
electrons and it also allows for the detection of single elec-
trons tunneling from the nanotube in order to probe the
nanoparticle. The use of only one electrode (nanotube)
greatly simplifies the fabrication process of the samples
because there is no need to precisely make electrodes sep-
arated by a few nanometers (the size of investigated QD).
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Fig. 1. (a) AFM image of the typical device consist-
ing of carbon nanotube and few CdSe quantum dots.
Inset: TEM image of a CdSe QD. (b) Equivalent elec-
trical circuit of our device with three capacitances and
a dot-tube tunnel resistance R. (c) and (d) Giube(Vg)
measured in different V; region at 60 K. The inset in
(c) shows Giube(Vg) over large Vg scan. Each Giube (V)
shift (marked as red vertical bar) is attributed to a single
electron transfer. V"™ in (d) fluctuates as the number
of transferred electrons is increased, which reflects the
fluctuation in the addition energy. Inset in (d) shows
the schematic of tube conductance curve as a function
of the gate voltage. V"™ and VJ"™P characterize the
shifts in V; that is caused by an electron transfer.

The detection of single electrons consists in monitoring
the conductance of the carbon nanotube (Giube), which
is very sensitive to the energy spectrum of the probed
nanoobject [7]. The tube conductance is measured as a
function of gate voltage (inset of Fig. 1c), which allows
to change the Fermi level in an investigated system. The
possibility of tuning the Fermi level allows the injection
of a large number of electrons. An electron is transferred
onto the nanoparticle each time when (during the shift
of the Fermi level) an empty state on the nanoobject
matches the level of electrochemical potential of the tube.
Electron transfer is reflected in the tube conductance as a
shift of the conductance along the Vy axis (V). as it is
shown in the inset of Fig. 1d. This shift can be explained
in a simple picture: when an extra electron tunnels into
the dot, a positive charge has to be accommodated in the
nanotube due to the tube-dot capacitance (Giube is pro-
portional to tube charge density) thus making a shift in
Vg similar to local gating effect but with a single electron
resolution. The second quantity that characterizes the
electron transfer is Vg“mp — namely the separation in
Ve between two successive electron transfer events. Both
VgShift and ngump are later used for determination of the
energy spectrum of the investigated QD.

Figure 1c shows data in more details. Several electron
transfers can be seen, marked by the vertical bars. Each
jump in Gyype corresponds to a single electron transfer.
The direction of the shift is very important here because

it says whether the electron is transferred onto the dot
or out of the dot. So, when the electron is tunneling
into the dot it is expected to shift the Giype(Vs) curve
to the right, toward more positive gate voltage values.
By counting the number of shifts we can count the num-
ber of electrons that were transferred into the dot. Here,
it turned out that we can put =~ 200 electrons on the
CdSe dot. This number of electrons looks considerable
big when we compare it with other experiments where
people used up to 10 electrons to probe the system [2-5].
In Fig. 1d the values of the shifts of the Gyype(V;) curve
are not equal, suggesting some fluctuations in the energy
between two successive electron levels. This will be dis-
cussed later.
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Fig. 2. (a) Schematics of the potentials in the nano-
tube, the CdSe quantum dot and the gate. For the
simplicity, the addition energy equals to the charging
energy. (b) Theoretical representation of the bimodal
Wigner distribution of the spectrum of a quantum dot
(black curve). Gray curve stands for the theoretical pre-
diction of the bimodal Wigner distribution convolved
with Gaussian to account for the errors when determin-
ing the V™™, (c) Normalized histogram of VJ™™ as a
function of gate voltage. The gap in V; reflects the en-
ergy gap of semiconducting CdSe dot. (d) Experimental
spectrum distribution represented here as normalized
histogram of V""", Black curve is the fit with the bi-
modal distribution convolved with Gaussian to account
for experimental errors.

Now, we discuss the relation between the conductance
shift and the addition energy. To explain this we take
a look on the schematics (Fig. 2a) where the potential
in the nanotube, the particle and the gate are shown.
At the beginning the potential is set at the same level
for tube and dot. As we start to sweep the gate voltage
down we also lower the potential of the dot and as soon
as an empty level of the dot matches the electrochemical
potential of the tube, an electron is transferred onto the
particle. This simple picture shows that the change in
gate voltage is directly related to the energy that is paid
to put an electron onto the system. This can be described
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by the parameter o, where VgSI“ift = aF,q. The parameter
a can be quantified using the electric circuit in Fig. 1b.
We get a =~ 4 for the CNT+CdSe device shown in Fig. 1a.
See Ref. [6] for details.

The energy between two successive electron levels in
the QD (the addition energy) is the sum of the charging
energy (the Coulomb repulsion energy) and level spacing
energy (confinement energy). When an electron is added
onto an empty level, the charging energy (E.) needs to
be paid, but the addition of a second electron will cost
the charging energy and the level spacing energy (AFE).
This is due to the fact that a level can be filled with two
electrons with opposite spins. Quantum mechanically the
confinement energy is expected to fluctuate randomly as
the number of electrons in the system is increased [8].
This is due to the irregular shape of the system and the
chaotic behavior of the electron eigenstates. As a result,
the energy spectrum distribution is described by the so-
-called bimodal Wigner distribution [9] (Fig. 2b).

Figure 2c shows the normalized histogram of the V,
shifts. It is consistent with the theoretical prediction
which is here represented by the black fitted curve (bi-
modal Wigner distribution convoluted with Gaussian to
account for the errors when determining the V; shift).
The main peak can be assigned to the charging energy
and the long tail is related to the fluctuation of the con-
finement energy. From Fig. 2d and knowing the parame-
ter o, we can obtain the charging energy (23.3 mV) and
confinement energy (18.3 mV). Noteworthy, the confine-
ment energy is comparable to the charging energy of the
CdSe.

Figure 2c shows the normalized histogram of ngump as
a function of gate voltage. We found that electron trans-
fers can be seen everywhere except in the region around
zero gate voltage. We attribute this to the energy gap
of the semiconducting CdSe particle. Indeed no electron
can enter the dot when no free states are available. Let
us note that the gap in gate voltage is not the energy gap
of the semiconducting QD.

4. Conclusions

A new technique, electron counting spectroscopy has
been used to probe the electronic properties of quantum
dots. Here we discuss the case of semiconducting CdSe
dots. This technique allows us to fill or empty semicon-

ducting QD with many electrons. The ability to shift
the Fermi energy by a large amount holds promise for
nanoscale or molecular electronics. The detection scheme
is based on an original approach where the investigated
particle is attached to only one electrode, a carbon nano-
tube. The conductance of the nanotube is measured as
a function of a gate voltage (V;), which allows the detec-
tion of individual electrons transferred onto the nano-dot.
We noticed no electron transfer for certain range of V,
which is attributed to the energy gap of the CdSe QD.
Our study shows that single-electron detection with CNT
transistor represents a new strategy to study the separa-
tion in energy between the electronic discrete levels of
the semiconducting quantum systems.
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