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The electrostatic properties of individual CdSe nanocrystals are directly measured using electrostatic
force microscopy (EFM) in dry air at room temperature. We determine that the static dielectric constant
of CdSe nanocrystals with diameters ~5 nm is uniform. However, the charge per nanocrystal is
nonuniform, with some nanocrystals possessing a positive charge. Furthermore, a small fraction of the
nanocrystals exhibit a blinking behavior in their charge. This is entirely unexpected for a dielectric
particle with no additiona charge carriers. In addition, EFM measurements with simultaneous photo-
excitation provide direct evidence of nanocrystal photoionization and increased blinking behavior.

PACS numbers: 73.61.Tm, 61.16.Ch, 61.46.+w, 73.20.Dx

Semiconductor nanocrystals have attracted much atten-
tion over the last decade due to their unique physical prop-
erties and potential use for a wide range of applications.
(For arecent review, see Refs. [1,2].) In contrast to the
optical, electronic, and vibrational properties, the elec-
trostatic properties of semiconductor nanocrystals have
received little attention despite their importance. For ex-
ample, the presence of charge, or eectric fields, inside
a nanocrystal will significantly affect oscillator strengths,
charge carrier lifetimes, electron-phonon coupling, and
electron transport properties such as nanocrystal capaci-
tance. These properties need to be understood at room
temperature, for they will determine whether semiconduc-
tor nanocrystals can eventually be used as new optoelec-
tronic materials, or as quantum devices.

The photoluminescence of single-CdSe nanocrystals
demonstrates a fascinating blinking, or “on-off,” behav-
ior [3,4]. Similar photoluminescence intermittency phe-
nomena have subsequently been observed for nanocrystals
of other materials [5,6]. The photoluminescence blink-
ing was tentatively attributed to a photoionization and
subsequent neutralization of the nanocrystal [3]. Direct
measurements of the electrostatic charge per nanocrystal
during photoexcitation provide a unique method to test
this hypothesis.

CdSe crystalizes in the wurtzite structure, which con-
tains a structural dipole moment along the ¢ axis. Thus,
in the simplest picture, CdSe nanocrystals should contain
a permanent electrostatic polarization, which scales with
nanocrystal volume. However, recent theoretical treat-
ments have predicted the presence of a dipole which
depends sensitively on surface reconstruction and stoi-
chiometry, rather than only the nanocrystal radius [7].
Therefore, it is important to measure dipole moments of
CdSe quantum dots individually.

In previous ensemble studies of CdSe nanocrystals, the
presence of an internal electrostatic polarization, resulting
from a charge and/or dipole, has been either indirectly
measured or inferred. Screened dipole moments, which
scaled in magnitude with nanocrystal size, were deter-
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mined from dielectric dispersion measurements [8]. In-
vestigations of exciton-phonon coupling [9], two-photon
fluorescence excitation [10], and Raman depolarization
[11] aso suggest a permanent electrostatic polarization
in CdSe nanocrystals. Finally, the presence of perma
nent, internal electric fields in individual CdSe nanocrys-
tals was implied from quantum-confined Stark effect
measurements [12].

Here we present direct measurements of the static
dielectric constant and electrostatic charge of single semi-
conductor nanocrystals with and without photoexcita-
tion. CdSe nanocrystals ~5 nm in diameter were studied
with electrostatic force microscopy (EFM) in dry air at
300 K. We find the dielectric constant of individual CdSe
nanocrystals is uniform (e ~ 8). However, the charge
per nanocrystal is nonuniform; half of the nanocrystals
are neutral and half have a positive charge. Extended
photoionization creates additional positive charge on most
nanocrystals. Thisis the first direct measurement of pho-
toionization of individual semiconductor nanocrystals.

Martin, Williams, and Wickramasinghe first demon-
strated the remarkable ability of an oscillating atomic
force microscope (AFM) tip to measure weak electric
fields above a substrate, as a function of lateral position
[13]. For small vibrational amplitudes, the electrostatic
force on the tip is approximated as a simple-harmonic-
type interaction. Thus, the electrostatic force gradient
normal to the substrate surface acts as an effective spring
constant, which dlightly shifts the resonance frequency of
the cantilever. Relative changes in the cantilever reso-
nance frequency Av /v about 1 X 107> can be measured,
corresponding to electric field strengths from a charge
with magnitude of less than one-tenth of an electron.

In EFM measurements, a conductive AFM tip is electri-
cally connected to a conductive substrate. The forces on
the AFM tip are given by capacitive and Coulombic terms
[14,15]. We model the Coulombic forces assuming any
surface charge Q acts as a point charge located directly on
the sample surface and generates an image charge in the
metal substrate. The charge Q and its image interact with
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charges on the AFM tip, including induced charge due to
Q. Theapplication of asinusoidal voltage to the AFM tip,
V = Vg + Ve sin(wt), yields components of the force at
w and 2w, respectively:
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In the above equations, C is the tip-substrate capaci-
tance, ¢ is the contact potential, and z is the separa-
tion between the tip and sample surface. Our samples
consist of nanocrystals on an insulator with thickness i
and dielectric constant £;, on a metallic substrate. Q;
and Q, are the induced charges on the metallic substrate
and AFM tip, respectively, dueto Q. Q; and Q, arefunc-
tions of z and h, and are calculated assuming a parallel
plate geometry for the tip and substrate. The last term in
Eq. (2) representstheforce (at w) from theinduced charge
0, onthetip. By varying V4. with respect to ¢, we deter-
mine Q from the measured force gradient on the tip at w
[14,15]. Local dielectric properties, which affect dC/dz,
are determined by fitting the measured component of the
force gradient at 2w [14].

These eguations allow us to understand the changes in
cantilever resonance frequency Av(w) and Av(2w) asthe
AFM tip passes over a CdSe nanocrystal. For Av(2w)
(dielectric image), we expect an increase in absolute
magnitude when over a nanocrystal due to the larger
dielectric constant of CdSe compared to the surrounding
air. For Av(w) (charge image), with V4. set such that
Vie + ¢ = 0, we expect to see one of three types of
behavior: a decrease or increase in cantilever resonant
frequency corresponding to, respectively, a positively
or negatively charged nanocrystal, or Av(w) = 0 for a
neutral nanocrystal.

Dilute hexane solutions containing ~5 nm diameter,
trioctylphosphine oxide (TOPO) capped CdSe nanocrys-
tals (see Ref. [16]), were spun onto a 1-2 nm thick
insulator layer on a metalic substrate. Insulator-metal
substrates consisted of SiO, on Si, a dodecanethiol SAM
on Au, and poly(vinyl butyral) (PVB) on highly oriented
pyrolytic graphite (HOPG). Images were obtained in a
dry box with <3% relative humidity. Use of the dry box
was necessary to avoid screening by physisorbed water
on the sample surface. To image a field of nanocrystals,
first a line scan of the sample height was recorded with
V = 0. The tip was then withdrawn from the surface,
the voltage V was applied, and the components of the
electrostatic force gradient at @ and 2w were simultane-
oudly acquired for the same line scan. For photoexcita-

tion measurements, continuous wave light from a HeCd
laser (A = 442 nm) or a diode laser (A = 780 nm) was
coupled into a glove box through an optical fiber and
focused at grazing incidence onto the sample.

A typical set of EFM images without laser irradiation
is shown in Fig. 1. Except for variations due to slight
differences in substrate roughness and particle diameter,
Av(2w) is uniform for al nanocrystals, as shown in
Fig. 1(c). However, Av(w) is highly nonuniform among
nanocrystals. Approximately half of the nanocrystals
have Av(w)/v ~ —1 X 107*, corresponding to about
one positive charge (see discussion below). The other half
have no detectable signal, and thus are effectively neutral,
as expected for a dielectric particle. Quite unexpectedly,
the positive charge of ~1% of the nanocrystals exhibits
a blinking, or intermittent behavior, as shown in Fig. 2.
The positive charge signal present in the upper portion of
Fig. 2(a) vanishes during the lower portion of the scan.
No change occurs in the simultaneous dielectric image
[Fig. 2(b)]. Thetime scale for the on-off behavior ranges
from seconds to minutes, and the signal magnitude from
one “on” period to another is approximately the same.
Systematic studies of this on-off behavior are presently
being carried out.

Absolute magnitudes for the dielectric constant and sur-
face charge inferred from the raw data depend strongly
on the capacitance of the tip-substrate system, and its
derivatives with respect to z, which are extremely sen-
sitive to tip geometry. To increase accuracy in these
values, we chose to measure the tip-substrate capaci-
tance, without the presence of nanocrystals, directly using
EFM. The second derivative of the capacitance follows
apower law dependence d*>C/dz> ~ z~'*. Thisimplies
that the tip-substrate capacitance lies between a sphere-
plane (d>C/dz* ~ z72) and a cone-plane (d*>C/dz> ~
z~ 1) geometry [17], which is reasonable for a square-
pyramidal AFM tip.

The magnitude of the charge per nanocrystal is obtained
by fitting Eq. (1) as a function of V4.. With V4. + ¢ ~
0.05 V, we find that Av(w) over a charged nanocrystal
vanishes, and this corresponds to Q ~ O.le, a h =
1.5 nm. The accuracy of this value is limited by our
accuracy in determining C(z), and also by the neglect of
the nanocrystal size and shielding in the model. Since
the observed blinking behavior in the charge contains
nominally only one on value, we assign the observed
positive charge to a screened elementary charge on a
nanocrystal. Possible explanations for the origin of this
charge include carrier trapping at the nanocrystal surface
or a smal amount of charged contaminants from the
preparation, such asNa*. Also, based on the rms noisein
the charge image, the nanocrystals which appear “ neutral”
must contain less than one-tenth of an elementary charge.

Permanent nanocrystal dipole moments, if present,
would contribute to the Av(w) signal. Measurements
as a function of tip-substrate separation could distinguish
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FIG. 1. EFM image of CdSe nanocrystals on 0.1% PVB spun coat from toluene, on a fresh surface of HOPG. (@) Tapping mode
AFM height image. Because of the finite end radius of the AFM tip the apparent nanocrystal diameter obtained from height images
is artificially enlarged compared with the actual diameter. The EFM images in (b) and (c) correspond to the change in cantilever
resonant frequency, Av, a o, and 2w, respectively. They were recorded with a Digital Instruments Nanoscope Illa operating
in linear lift-mode using Digital Instruments SESP or MESP cantilevers with the following parameters: V,. = 6 V peak to peak,
o = 27 X 800 Hz, tip-substrate separation ~10 nm, and Vg, = —¢ (typicaly [Vq4.| < 0.5 V). The arrow and circle correspond

to positively charged and neutral nanocrystals, respectively.

between dipole and charge fields. However, we currently
do not have enough dynamic range to make these mea-
surements. Nevertheless, we do not attribute the observed
signal to dipole terms because, for a variety of insula-
tors and substrates: (i) the observed charge signa is al-
ways zero or positive with one specific value and (ii) the
charge signal blinks as might be expected for a thermally
induced charge transfer process. With randomly oriented
dipoles, a range of positive and negative signals would
be expected.

Photoexcitation above the band gap causes many CdSe
nanocrystals to increase their positive charge by one unit,
Av(w)/v ~ —1 X 1074, as shown in Fig. 3. Photoion-
ization of individua nanocrystals is not instantaneous but
grows in with atime constant of minutes. After laser cut-
off, the photoinduced positive charge decays back to the
unexcited value with a time constant of hours. Also, pho-
toexcitation increases the number of nanocrystals which

0 75.0 nm 0

75.0 nm

FIG. 2. EFM (a) charge [Av(w)] and (b) didectric [Av(Qw)]
image showing blinking behavior of an individual CdSe
nanocrystal. The dlightly elliptical shape of the nanocrystal is
due to piezoelectric scanner drift during the acquisition of the
image. The sign of Av(w) isinverted for clarity.
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show a blinking behavior of the charge. Photoionization
is most probable on samples with thin insulator layers
(for example, a dodecanethiol SAM on Au), while the
sample with the largest insulator layer (~5 nm SiO, on
Si), shows no evidence of photoionization. Excitation at
780 nm does not affect the EFM signal, and photoexci-
tation, regardless of laser frequency, does not affect the
dielectric image. The fact that the charge signal gen-
erated in photoionization is the same magnitude as the
signal observed for some nanocrystals without laser ir-
radiation supports the assignment of both signals to one
positive charge.

We suggest that upon photoexcitation, the electron has
a small probability of tunneling into the metal substrate
through the insulator layer. In a CdSe nanocrystal the
electron is far more delocalized than the hole, with a
non-negligible fraction of the electron density outside the
nanocrystal [18]. Thus, when the electron is excited it
can possibly escape, resulting in a positively charged
nanocrystal.  Since the photoexcitation rate is ~10* Hz,
the net photoionization probability is<107> per excitation.

o 300 nm O

FIG. 3. Charge image recorded as in Fig. 1 before (a) and
during (b) excitation at 442 nm. The sign of Av(w) isinverted
for clarity. The laser intensity was ~20 W/cm? at the sample.
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After theillumination is extinguished, an electron from the
metal will tunnel back into the nanocrystal, recombine with
the hole, and neutralize the photoinduced charge. Note
that laser light at 780 nm, which is less than the CdSe
nanocrystal band gap, did not cause photoionization. This
implies that photoexcitation in the nanocrystal, and not the
metallic substrate, causesthe observed net charge. Finaly,
our results are consistent with current understanding of the
electron transport properties of photovoltaic devices made
from layers of CdSe nanocrystals [19-22].

This elementary tunneling proposal for explaining the
photoionization of individual nanocrystals must be tested
by further experiments. However, it is clear that pho-
toexcitation can lead to ionization of the nanocrystal, and
an on-off blinking of charge on a time scale of sec-
onds to hours. In the dark the photoinduced charge de-
cays away over time. These observations directly support
the photoionization mechanism [3,4] used to explain the
nanocrystal photoluminescence blinking.

Over a nanocrystal, the magnitude of the force gradi-
ent at 2w depends on the dielectric constant of a CdSe
nanocrystal through the dC/dz term in Eq. (2). Also,
the relationship between the force gradient at 2w, and
Av(2w), depends linearly on the cantilever spring con-
stant [13]. We abtain approximate values for the spring
constant by calibrating the measured force gradient on the
tip a o with calculated values. By subsequently fitting
Eg. (2), we infer an absolute value of ¢ ~ 8 for a single
CdSe nanocrystal.  Within experimental uncertainty, this
value agrees with the predicted magnitude of the static
dielectric constant of 5 nm CdSe nanocrystals, € ~ 8.9
[23]. Also, we find that the therma and photoinduced
positive charge on a single nanocrystal is not polarizable,
as the dielectric image does not change in the presence of
any charge.

In conclusion, we have examined the dielectric constant
and electrostatic polarization of single CdSe nanocrystals.
Using EFM, we determine that the static dielectric con-
stant of CdSe nanocrystals is uniform and agrees with
the predicted value. However, the charge of individua
nanocrystals is nonuniform with a significant fraction of
the nanocrystals possessing a positive elementary charge.
Photoexcitation with light of frequencies greater than the
band gap of the nanocrystals results in slow photoioniza-
tion and the acquisition of a definite positive charge. The
photoinduced positive charge, and its subsequent decay,
is consistent with tunneling of the photoexcited electron
through the thin insulator and into the metal substrate.
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