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Electronic properties of single semiconductor nanocrystals: optical
and electrostatic force microscopy measurements
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Abstract

We review the room temperature optical and electronic properties of single semiconductor nanocrystals, which are made by
chemical synthesis. Confocal luminescence spectroscopy of single nanocrystals reveals a blinking behavior apparently due to an
intermittent photoionization. To investigate this further, the dielectric constant and electrostatic charge of single CdSe
nanocrystals was measured. The static dielectric constant among single CdSe nanocrystals is uniform, and its value is consistent
with the value of the dielectric constant of the bulk material. However, the electrostatic polarization among individual
nanocrystals is non-uniform, with a significant fraction of the nanocrystals possessing a partial positive charge (Q�0.5 e), and/or
a permanent dipole (P�35 D). A small fraction of the nanocrystals has a positive polarization, which blinks ‘on’ and ‘off’ over
time. In addition, photoexcitation with frequencies greater than the band gap of the nanocrystal results in photoionization.
© 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

Semiconductor nanocrystals have attracted much at-
tention over the last decade due to their unique physical
properties, and potential use for a wide range of appli-
cations ranging from all optical switching to biological
labels (for a recent review, see Refs. [1,2]). While the
optical, electronic and vibrational properties of semi-
conductor nanocrystals have been studied extensively,
the electrostatic properties have received little attention.
Understanding the electrostatic properties of single
semiconductor nanocrystals is of fundamental interest.
Furthermore, the electrostatic properties of a nanocrys-
tal significantly affect its optical, electronic, and vibra-
tional characteristics, thus necessitating further
investigation. In addition, the blinking, or on–off be-
havior, recently observed in single-CdSe nanocrystal
photoluminescence [3] is tentatively attributed to an
intermittent photoionization and subsequent neutraliza-
tion of the nanocrystal. Thus, measurements of the
electrostatic properties of individual nanocrystals can
elucidate the physical mechanisms underlying this inter-
esting photoluminescence behavior.

Although electronically different from the bulk mate-
rial, a nanocrystal has a crystal lattice identical to the
bulk material. Bulk CdSe crystallizes in the wurtzite
structure, which contains a structural dipole moment
along the c-axis. Thus, in the simplest picture, CdSe
nanocrystals should contain a permanent electrostatic
polarization. Also, the magnitude of this polarization
should increase with the volume of the nanocrystal.
However, recent theoretical treatments have predicted
the absence of a correlation between dipole moment
and nanocrystal size [4]. In addition, the important
effect of screening of any structural dipole moment has
not yet been investigated.

Prior investigations have only indirectly measured, or
only inferred, the presence of a permanent electrostatic
polarization of semiconductor nanocrystals. Screened
dipole moments, which scaled in magnitude with
nanocrystal size, were determined from dielectric dis-
persion measurements of ensembles of CdSe nanocrys-
tals [5]. Ensemble measurements of exciton–phonon
coupling [6], two-photon fluorescence excitation [7], and
Raman depolarization [8], suggest a permanent electro-
static polarization in the nanocrystal as well. Finally,
quantum-confined Stark measurements of single
nanocrystals [9] also imply the presence of permanent
electric fields in the nanocrystal.
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2. Confocal luminescence

Nanocrystals are extremely interesting and useful in
part, because their optical, vibrational, and electronic
properties depend strongly on size [10–12]. However,
since even the highest quality samples contain inhomo-
geneities in size, shape and surface chemistry, this prac-
tical benefit can obscure physical phenomena under
study. This motivated recent single nanocrystal photo-
luminescence studies, which have revealed new physical
processes such as fluorescence intermittency [3], and
spectral diffusion [9,13] (for a review of single
nanocrystal luminescence, see Refs. [14,15]).

The fluorescence intensity of a single CdSe nanocrys-
tal over time is shown in Fig. 1. In contrast to previous
ensemble measurements, the luminescence turns on and
off (‘blinks’) on a several second time scale. Lumines-
cence intensity measurements taken as a function of
excitation intensity show that the ‘on’ periods scale
inversely with laser intensity, while the ‘off’ periods are
independent of laser intensity [3]. Furthermore, over-
coating the nanocrystal with several monolayers of ZnS
significantly increased both the on and off times. In
fact, the on and off times were found to monotonically
increase with increasing ZnS shell thickness. Together,
these results suggest that a non-emissive state is created
via photoexcitation of the nanocrystal.

A mechanism consistent with the observed blinking
behavior in single nanocrystal photoluminescence in-
volves Auger photoionization [3,16]. At excitation in-
tensities typical of these experiments, there exists a
small, but not insignificant, probability that two elec-
tron-hole pairs will be simultaneously excited. Annihila-
tion of one electron-hole pair may result in a transfer of
energy to the remaining carriers, one of which can then
be ejected from the nanocrystal. Photoexcitation of the
resulting ionized nanocrystal leads to Auger non-radia-
tive decay, with little emission quantum yield [17].
Eventually, the nanocrystal is neutralized by the return
of the ejected carrier, and the emission is restored. This
proposal can be confirmed by experiments, which corre-
late luminescence blinking with photoionization of the

nanocrystal, thus motivating measurements of electro-
static properties of individual nanocrystals.

3. Electrostatic force microscopy (EFM)

3.1. Method

If a conductive atomic force microscope (AFM) tip is
electrically connected to a conductive substrate, they
will form a capacitor with capacitance C. The applica-
tion of a variable dc voltage Vdc, and an ac voltage, Vac

sin(vt), to the tip results in an electrostatic attraction
between the tip and the substrate. In addition, local-
ized, static charge on the sample surface Q will interact
with any charge on the tip (including induced charge
due to Q, Qind), to produce additional forces on the
AFM tip. Approximating these surface charges as point
charges, the force on the tip is given by [18,19]:
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where F(v) and F(2v) are the components of the force
at the ac voltage frequency v and 2v, respectively, o0 is
the static dielectric constant, and z is the distance
between the tip and the conductive substrate. With the
aid of lock-in amplification, the magnitude of local
surface charge (Q) can be easily determined from the
force on the tip at v. Furthermore, for an insulating
sample, local dielectric properties can be determined
from the component of the force at 2v, through #C/#z.

The basic experimental procedure for EFM consists
of measuring the effect of electrostatic forces on the
AFM tip while it is vibrating above a sample surface.
For small vibrational amplitudes, the electrostatic force
on the tip is approximated as a simple-harmonic type
interaction [20]. Thus, the electrostatic force gradient
normal to the surface, F %, acts as an effective spring
constant, which slightly shifts the resonance frequency
of the cantilever. Assuming that F % does not signifi-
cantly affect the vibration of the cantilever, the shifted
resonance frequency is given by:

Dn:−
n

2k
(F
(z

(4)

where n is the cantilever resonance frequency, and k is
the cantilever spring constant. The negative sign arises
because an increasingly attractive force decreases the
cantilever resonance frequency [20]. This simple tech-
nique effectively decouples electrostatic forces from

Fig. 1. Fluorescence intensity versus time trace of a single CdSe
nanocrystal, adapted from Ref. [3]. The excitation intensity is �0.5
kW cm−2, the excitation wavelength l=532 nm, and the time
between consecutive samples is 40 ms.
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Fig. 2. d2C/dz2 versus z. The squares are the experimental data and
the solid line is a power-law fit.

3.2. Properties of CdSe nanocrystals

Colloidal CdSe nanocrystals are synthesized using an
organometallic synthesis developed in Ref. [23]. In this
procedure, the nanocrystal size is controlled by adjust-
ing the particle growth time in a hot, organic solvent.
The solvent, trioctylphosphine oxide (TOPO), also acts
to passivate the surface. The nanocrystal size (4.5 nm)
is commonly determined from images taken with an
AFM [21], and by comparing the measured absorption
spectrum with spectra from nanocrystals with a known
diameter [23]. A typical EFM sample consists of CdSe
nanocrystals spun coat onto a thin 1–2 nm thick
insulator layer, which is deposited on a metal substrate.

3.3. Electronic properties of CdSe nanocrystals

EFM images are recorded in dry air at room temper-
ature, in a two-pass configuration [21]. First, a line scan
of the sample topography is obtained. Second, the
cantilever is raised a defined distance and scanned
straight across at a constant height above the substrate.
It is during the second line scan that the EFM signal is
recorded. The components of the electrostatic force
gradient at v and 2v, (the charge and dielectric image),
are acquired simultaneously. A typical set of EFM
images for individual CdSe nanocrystals is shown in
Fig. 3 [21]. As shown in Fig. 3(c), the 2v component of
the electrostatic force gradient acting on the AFM tip is
essentially uniform for all nanocrystals. However, the v

component of the electrostatic force gradient is highly
non-uniform from nanocrystal to nanocrystal (Fig.
3(b)). Approximately half of the nanocrystals have a
positive electrostatic force gradient, corresponding to a
positive polarization. The other half have no detectable
signals, and thus is nominally neutral, as expected for a
dielectric particle with no additional charge carriers.

From absolute measurements of Dn(2v), the magni-
tude of the static dielectric constant for a single CdSe
nanocrystal is determined to be o0�893. Within ex-
perimental uncertainty this value agrees with the value
of the static dielectric constant in bulk CdSe, o0�9.5
[24]. Future measurements can reduce the uncertainty
in o0 by simultaneously measuring CdSe nanocrystals,
and a material with a known dielectric constant. This
can be accomplished, for example, with EFM measure-
ments of CdSe and metal nanocrystals with the same
diameter. Assuming the metal nanocrystals have an
infinite static dielectric constant, a simple, relative com-
parison of Dn(2v) between CdSe and the metal directly
results in an accurate measure of o0.

From theoretical modeling of Dn(v), the magnitude
of the electrostatic polarization for individual nanocrys-
tals can be evaluated. However, given the current dy-
namic range of EFM measurements, the origin of the
observed electrostatic polarization cannot be uniquely

other long-range forces, such as Van der Walls forces.
In addition, this method is extremely sensitive to
minute amounts of charge, since relative changes in the
cantilever resonance frequency Dn/n�3×10−6 can be
routinely measured.

Absolute magnitudes for the dielectric constant and
surface charge can be obtained by fitting the EFM
signal. However, these values depend strongly on the
capacitance of the tip-substrate system. This capaci-
tance is extremely sensitive to geometric details, thus
making calculations unreliable. Instead, the tip-sub-
strate capacitance can be measured directly, as shown
in Fig. 2. An analytic expression is fit to d2C/dz2 as a
function of z, and the resulting expression is then
integrated twice to obtain the capacitance. From the
theoretical fits, the capacitance is found to have a
power law dependence given by C(z)�z−1.2. This im-
plies that the tip-substrate capacitance lies between a
sphere-plane (C�z−2) and a cone-plane (C�z−1) ge-
ometry [22]. Since an AFM tip has square-pyramidal
geometry, this seems quite reasonable.

From the above expressions, the change in Dn(v)
and Dn(2v) as the AFM tip passes over a CdSe
nanocrystal can be calculated. The component of the
electrostatic force gradient at 2v is sensitive to dielec-
tric properties of the sample. Therefore, an increase in
the magnitude of the resonance frequency when over a
nanocrystal is expected due to the larger dielectric
constant of CdSe compared with the surrounding air.
For the component of the force gradient at v, there are
three possible types of behavior. When over a
nanocrystal, a decrease (or increase) in cantilever reso-
nant frequency corresponds to, respectively, a positively
(or negatively) charged nanocrystal. No observed
change in the resonant frequency corresponds to a
neutral nanocrystal.
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determined. If the entire electrostatic polarization arises
due to monopole terms, half of the nanocrystals have a
screened, partial positive charge of Q�0.5 e. If instead

Fig. 4. (a) Charge (v) and (b) dielectric (2v) EFM image showing a
blinking behavior in the polarization of an individual CdSe nanocrys-
tal. The slightly elliptical shape of the nanocrystal is due to piezoelec-
tric scanner drift during the acquisition of the image.

Fig. 3. EFM image of CdSe nanocrystals adapted from Ref. [21]. The
substrate is poly(vinyl-butryal) spun coat on highly oriented pyrolytic
graphite (a) tapping mode AFM height image. The scale in the
vertical direction is 10 nm. The images in (b) and (c) correspond to
the change in cantilever resonant frequency, Dn, at v and 2v,
respectively.

dipole terms cause the observed polarization, (and the
dipole points straight up towards the tip), the nanocrys-
tals have a dipole strength of P�35 D. This dipole can
be either structural, or caused by a physical separation
of the electron and hole wavefunctions inside the
nanocrystal. It is also possible that both monopole and
dipole terms contribute to the observed polarization.
From the RMS noise in Dn(v), half of the nanocrystals
which appear ‘neutral’ must contain less than one-tenth
of an elementary charge.

Occasionally, the positive polarization of a small
fraction of nanocrystals exhibits a blinking, or intermit-
tent behavior, as shown in Fig. 4 [21]. The positive
polarization present in the upper portion of the image
in Fig. 4(a), vanishes during the lower portion of the
scan. No change occurs in the dielectric image (Fig.
4(b)). The timescale for the on–off behavior ranges
from seconds to minutes. In addition, the magnitude of
the polarization from one on period to another on
period is the same.
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Currently, the origins of the polarization of individ-
ual CdSe nanocrystals, and the on/off behavior of this
polarization, are not understood. However, a positive
polarization has been consistently observed in CdSe
nanocrystals under a variety of imaging conditions, and
for a variety of samples [21]. Thus, it is likely that the
polarization of individual CdSe nanocrystals is a result
of the preparation procedure. Regardless of the cause
of the observed polarization, it is clear from these
recent EFM measurements that a significant fraction of
CdSe nanocrystals has internal electric fields. Thus,

current models used to explain a wide range of
nanocrystal behavior, which implicitly assume an unpo-
larized nanocrystal, need to be questioned.

3.4. Photoionization of CdSe nanocrystals

EFM images are also obtained with simultaneous
photoexcitation of CdSe nanocrystals, as shown in Fig.
5. Photoexcitation with energy greater than the
nanocrystal band gap leads to an increase in the magni-
tude of positive charge on the nanocrystal by a factor
of two [21]. Some nanocrystals, which were previously
neutral, acquired a positive charge upon photoexcita-
tion with magnitude Q�0.5 e. Also, photoexcitation
increases the number of nanocrystals which show an
electrostatic-polarization blinking. Illumination with
energy less than the band gap does not change the
charge of CdSe nanocrystals. Photoionization of an
individual nanocrystal was not instantaneous, but
rather stochastic, with a time constant of minutes [21].
This photoinduced positive charge decayed back to the
unexcited value with a much longer time constant of
hours.

One mechanism consistent with photoionization of
an individual nanocrystal involves tunneling of the
excited electron into the metal substrate through the
insulator layer [21]. This is represented graphically in
Fig. 6. An electron is created in the nanocrystal, and
primarily it recombines with the hole. However, a
small, but finite, probability exists that the electron will
tunnel into the metal through the insulator layer. The
hole has an infinitesimally small probability of tunnel-
ing into the metal. This large asymmetry is due to the
light electron effective mass (me�0.1 m0), the small
band offset for electrons in the nanocrystal relative to
the metal, and the large band offset for holes. When the
exciting light is extinguished, the nanocrystal is there-
fore left with a positive charge. Eventually, an electron
from the metal will tunnel back into the nanocrystal,
recombine with the hole, and neutralize the photoin-
duced charge.

The fact that a photoexcited electron escapes the
nanocrystal is not novel or entirely unexpected. In
II–VI semiconductors, the hole has a large effective
mass (mh�m0), while the electron is comparatively
light. Therefore, in the nanocrystal the hole tends to be
localized, while the electron is much more delocalized,
with a non-negligible fraction of the electron density
outside the nanocrystal [25]. Also, tunnel diodes made
from CdSe nanocrystal monolayers, with an insulator
layer thickness of 2–3 nm, were recently reported [26].
LEDs [27,28] and photovoltaic devices [29] based on
electron transport through layers of CdSe nanocrystals
have also been fabricated.

This elementary tunneling proposal for explaining
the photoionization of individual nanocrystals must be

Fig. 5. Charge image before (a) and during (c) excitation at 442 nm.
The corresponding dielectric image before (b) and during (d) pho-
toexcitation. The laser power was �10 kW cm−2 at the sample.

Fig. 6. Energy level diagram of a 5-nm diameter CdSe nanocrystal/
insulator/metal junction. The electron affinity and ionization energy
of the nanocrystal are estimated from bulk values [30] accounting for
quantum confinement [31]. The Fermi energy for the metal is taken
from the literature [32]. The values for the insulator are representative
of typical values for similar organic materials.
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tested by further experiments. However, regardless of
the underlying physical mechanism, it is clear that
photoexcitation can lead to ionization of the
nanocrystal. In addition, the photoinduced charge will
entirely decay away over time. Furthermore, illumina-
tion results in a fraction of nanocrystals which subse-
quently show an on/off blinking of charge, with a
timescale similar to that of single nanocrystal photo-
luminescence blinking. These observations provide di-
rect evidence for the Auger photoionization
mechanism [3] used to explain the blinking of single
nanocrystal photoluminescence. With new commercial
instrumentation combining optical and atomic force
microscopy now available, in the near future, simulta-
neous measurements of single CdSe nanocrystal pho-
toluminescence and photoionization can be attempted.

4. Future directions

Understanding the electronic properties of an indi-
vidual semiconductor nanocrystal is an important is-
sue not only at a fundamental level, but also with
respect to the use of these materials for applications.
However, our understanding is far from complete and
it is clear that more work needs to be done in this
area. Future work is likely to address the physical
mechanisms responsible for the electrostatic polariza-
tion of individual nanocrystals both before and after
photoexcitation. For example, the effects of surface
passivation, and the degree of quantum confinement,
on the electrostatic properties of a nanocrystal de-
serve study. Also, EFM measurements on non-spheri-
cal nanocrystals will determine size and shape effects
on the polarization. Finally, the technique of EFM
can be applied to study charge, and charge transport
properties, in a wide array of self-assembled
nanocrystal structures, ranging from nanocrystal
devices, to nanocrystal solids.
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