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ABSTRACT

CdSe/CdS nanocrystals are studied by electrostatic force microscopy (EFM) on n- and p-type silicon with 2-nm surface oxide and graphite for
comparison. In the absence of above-band-gap excitation, the nanocrystals are not in electrical equilibrium with the substrates. Upon continuous
photoexcitation, the particles behave differently on each substrate. On n-type silicon, the particles exhibit predominantly positive charge.
However, on p-type silicon, fewer charged particles overall are seen, blinking is more common, and the ratio of negative to positive particles
is higher. The low ionization yield on p-Si is apparently due to the fast return of photoexcited electrons that are confined near the silicon/oxide
interface by band bending. Nanocrystal photoionization dynamics are sensitive to the state of the silicon across the 2-nm oxide. On graphite,
the particles show a greater propensity to oscillate between positive, negative, and neutral states than on the other substrates.

CdSe nanocrystals are a model system for zero-dimensional
semiconductor nanostructures and have attracted a lot of
attention in the past decade. Their size-tunable electronic
properties make them a prime candidate for electrooptical
applications. The nanocrystal charge state strongly influences
electrical transport properties in photovoltaic and electrolu-
minescent devices, optical gain in nanocrystal lasers,1,2 and
the brightness of nanocrystals in biological luminescence
imaging. It has been postulated that single nanocrystal
fluorescence “blinking” (i.e., intermittency) and spectral dif-
fusion result from charge redistribution and/or photoioniza-
tion.3-9 The kinetics of fluorescence intermittency is complex
and implies that a range of quenching states are weakly
coupled to the photoexcited internal state, even in single
passivated core/shell particles made by the best current
synthetic methods.4,10,11

In this paper, we report observations of single nanocrystal
photoionization using electrostatic force microscopy (EFM).
EFM allows the simultaneous mapping of surface topography
and electrostatic field gradients12-15 and provides direct
measurements of sample charge and dielectric properties with
appropriate modeling. Previously, we have shown that single

CdSe particles on HOPG graphite slowly (ca. 10-6 quantum
yield) photoionize when excited above their band gap.16-18

In this study, we investigate the effect of the substrate on
the photoionization of CdSe /CdS core/shell nanocrystals.
The EFM experiment is quantitatively improved by the use
of a recently developed tip-surface capacitive calibration
method19 and by systematically measuring the force depen-
dence upon the height above the surface. We observe
substantially different charging behavior on p-type silicon,
n-type silicon, and HOPG substrates. The particles have a
strong tendency to lose one electron upon photoexcitation;
however, negative charge, as well as multiple positive
charges per nanocrystal, are observed whereas the equil-
ibrium concentration of positive and negative charges is
determined by the substrate type.

CdSe/CdS core/shell passivated nanocrystals have greater
stability and a higher fluorescence quantum yield than
TOPO-capped particles. It is thought that the outer shell of
these particles protects them from photoionization and
photooxidation, which would quench luminescence.20,21 In
CdS, overcoated CdSe particles the conduction band offset
is small, resulting in a delocalization of the electron wave
function over the entire particle while the hole is confined
to the core.9,22 This property should make it easier for
electrons to tunnel in and out of the system, compared with
the tunneling in ZnS-coated particles in which both the
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electron and hole are confined to the core, while still
removing surface charge traps, increasing fluorescence yield,
and protecting the particle from photooxidation. Thus, it is
interesting to investigate the photoionization of these par-
ticles.

Core/shell CdSe/CdS nanocrystals (∼4.5 nm ) ∼2-nm
CdSe+ 2-nm monolayers of CdS+ TOPO) used in these
experiments were made by organometallic synthesis.22 They
showed an exciton absorption peak in solution at 544 nm
with a fwhm of 30.9 nm and a resolved higher exciton at
437 nm. Before deposition onto the substrates, the particles
were stored in a solution of hexane and TOPO in a dry
atmosphere. The particles were spin-coated onto degenerately
doped p-type (B-doped, 0.005-0.01Ω cm) and n-type (Sb-
doped, 0.008-0.03 Ω cm) silicon substrates with a 2-nm
thermal oxide layer (obtained from IBM Research, Yorktown
Heights, NY). The substrates were cleaned with ethanol and
hexane prior to particle deposition. Highly ordered pyrolitic
graphite (HOPG) was spin-coated with a thin layer of
polyvinylbutyral (PVB) to prevent aggregation because single
nanocrystals are highly mobile on graphite.23,24The exposure
of spun samples to air was minimized typically to no more
than 10 min to prevent possible oxidation.16,18,22EFM images
of photoexcited nanocrystals (grazing angle, HeCd laser
(Laconix 200 series),λ ) 442 nm,∼0.2 W/cm2) and those
exposed only to ambient light were obtained at room
temperature in an argon purge box using a Digital Instru-
ments (Santa Barbara, CA) Nanoscope IIIa Multimode AFM
with an extender module. Pt-Ir-coated EFM tips (Nanosen-
sors EFM-20) from Molecular Imaging (Phoenix, AZ) were
used in all experiments. Their resonance frequency was
around 65 kHz, and spring constants were measured to be
around 1.35 N/m.

Figure 1 shows the setup for an EFM experiment. A
conductive AFM probe is electrically connected to a conduc-
tive substrate, forming a capacitor. A tapping-mode topo-
graphic scan of the sample is recorded on the first pass of a
given line with no bias applied between the surface and
the probe. On the second pass, the probe is lifted by a set
amount,zlift (Figure 1), and scanned at a constant height
above the substrate while a voltage,V ) VDC + VAC sin-
(ωt), is applied between them, and the probe is dithered
mechanically at its natural frequency. The electrostatic force

acting on the probe has the form

whereVtot ) æ + VDC + VAC sin(ωt) andæ is the contact
potential difference between the surface and the probe. The
gradient of this force effectively shifts the cantilever’s
mechanical resonance frequency,25 ν, by

The components of∆ν that oscillate atω and 2ω are
recorded using lock-in detection. During imaging,VDC was
set to zero out the contact potential between the substrate
and the probe. Thus, there is no DC electric field between
the tip and substrate. Such static fields, if present, can
polarize substrates and have been used to image Si doping
profiles.26 By using previously reported models, the tip-
surface interaction can be interpreted quantitatively.19 The
details of the charge calculation methodology will be reported
elsewhere.

Figure 2a shows the images of surface topography,
polarizability (∂F2ω/∂z), and charge (∂Fω/∂z) for a sample of
CdS-capped CdSe nanocrystals on p-type silicon with a 2-nm
layer of thermally grown oxide. The particles in this Figure
are exposed only to room light and the below-band-gap 670-
nm diode laser that tracks the AFM cantilever motion. Most
of the particles are uncharged; only 2 particles out of about
100 appear to carry chargesone positive (bright) and one
negative (dark). Figure 2b shows the same sample area as
in Figure 2a within∼15 min of the 442-nm laser being turned
on. In this first image, more charged particles appear. Some
of the charged particles are circled to show the cor-
respondence between the three images.

Some of the particles appear to be blinking on and off on
a time scale of one line scan of the image (∼1 s), which can
be seen by an increase in the positive signal over nanocrystals
that fluctuates from line to line whereas others maintain their
state over longer time periods. The number of charged
particles does not vary much with laser exposure time after

Figure 1. EFM experimental setup.
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the first image. After more than 1 h ofexposure, the overall
charge profile for the area in Figure 2a and b does not show
much change. Figure 2c shows a slightly different spot of
the same sample with slightly more negative particles to
demonstrate that overall there is only a slight preference in
these nanocrystals on this substrate to acquire positive rather
than negative charge. Given the absorption cross section of
CdSe nanocrystals ofσ ≈ 10-15 cm2 and the laser intensity
of ∼200 mW/cm2, this should result in∼450 excitations per
second. The time it takes for the sample to reach its
equilibrium charge state is less than the time it takes to
acquire one image, 12 min. This gives us a lower bound on
the probability of photoionization of∼4 × 10-5 per
excitation.

The behavior of particles on n-type silicon under illumina-
tion is very different. Figure 3 shows two sets of EFM images
from more or less the same area (3b is slightly zoomed out
compared to 3a; a square marks a distinguishing spot on both
images). In Figure 3a, the particles are exposed only to room
light and the AFM photodiode and are mostly neutral. In
Figure 3b, the particles are photoexcited; almost immediately
after laser exposure, almost all of the particles acquire a
strong, persistent positive charge. In contrast to the sample
on p-type substrates, only a couple of particles remain neutral
(particles labeled B) or become negative (particle A). The
overall charge profile is consistent throughout the substrate
and does not change with laser exposure time after the first
image. The particles do not show much charge intermittency
compared to those on a p-type substrate above.

The CdSe particles behave somewhat differently on
graphite than on either n- or p-type silicon. Three sets of
EFM images of approximately the same area at different
times in the experiment are shown in Figure 4. In Figure
4a, the sample had not yet been exposed to 442-nm light. In
contrast to the silicon substrates, many of the particles exhibit
some partial negative charge; none appear positive. A thin
layer (<1 nm thick) of PVB was spin-coated onto the
graphite before the particles were deposited to prevent
aggregation. It may, however, contain some holes or be thin
enough that the particle can interact with the tail of the HOPG
electron charge tail that extends 5-10 Å above the graphite.
Even without net charge transfer between HOPG and the
nanocrystals, if the nanocrystal overlaps the HOPG electronic
wave function tail, then the local work function is changed,
which appears as a static electric field in theω data.27 The
magnitude of this observed signal is not enough to be due
to a full electron transfer and corresponds roughly to an∼250
D dipole pointing out of the plane of the substrate. A local
electric field of∼105 V/cm would be required to induce such
a dipole in a 5-nm CdSe/CdS nanocrystal. When the particles
photoionize, this signal changes by the field due to one
electron as compared to the dark state.

When the particles are photoexcited, they are charged
within the first image as shown in Figure 4b. However,
compared to the images taken on both types of silicon
substrates, these images show pronounced streakiness that
is reminiscent of photoluminescence (PL) blinking,3,4,6,28on
the time scale of a single line scan. This behavior can be
easily observed by looking at particles labeled A and C as
well as many others in Figure 4 b and c. It is also common
to see particles blinking from positive to negative (particle
B) or from negative to neutral (particle D); this type of
behavior has not been previously reported.

TOPO-capped particles showed somewhat different results
on the n- and p-type silicon substrates but behaved similarly
on graphite to CdS-capped nanocrystals. These particles did

Figure 2. (a) Topography, polarizability, and charge images of
CdSe/CdS nanocrystals on p-type silicon. In this image, the sample
is exposed only to room light and the AFM laser diode (670 nm).
(b) First EFM image of the same area as that in a taken after the
sample was exposed to a 442-nm laser. (c) EFM image of a different
area of the same sample after the sample had been photoexposed
for more than 1 h. The charge images in a, b, and c are plotted on
the same scale range. Circles show the correspondence of the charge
signal to the nanoparticle in the topography and capacitance images.

Figure 3. (a) Topography, polarizability, and charge images of
CdSe/CdS nanocrystals on n-type silicon. In this image, the sample
is exposed only to room light and the AFM laser diode. (b) First
EFM image of the same area as that in a taken after the sample
was exposed to a 432-nm laser. Particle A is negatively charged,
and particles B remain neutral. The charge images in a and b are
plotted on the same scale.
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not photoionize to any appreciable extent on p-type silicon
and took several hours to reach equilibrium on n-type silicon.

Under ca. 0.2 W/cm2 (low power) illumination at 442 nm,
CdSe/CdS particles photoionize at a rate faster than the ca.
10-min image frame scan time of our experiment on all
substrates investigated. On silicon substrates, but not on
HOPG, they photoionize much faster than TOPO-capped
particles. Both positive and negative charging was observed.
For all substrates, the average charge computed for a
photoexcited nanocrystal was 1e, with a standard deviation
of 0.5e. There are about 10 out of 300 observations when
the calculated charge on a nanocrystal is greater than 1.7e.
This suggests that there are rare events when a particle loses
two electrons. These have been observed on n-type silicon
at very small tip-surface separations and only for at most
two images for any given particle, which suggests that the
electric field from the nearby tip may be responsible for
ejecting a second electron from the particle. The presence
of the tip, however, is not necessary for photoionization. The
observed charging behavior was the same when the nano-
crystals were irradiated with the tip away from the surface
and then imaged with the laser turned off.

The laser penetration depth in silicon is∼5 × 102 nm at
442 nm and∼2 × 103 nm at 670 nm. Control experiments
at 442 nm on blank silicon substrates showed neither a
change in the silicon work function nor a charge buildup in
the oxide at∼200 mW/cm2 excitation used in these experi-

ments. In addition, the 670-nm radiation of the AFM
photodiode does not cause nanocrystal photoionization. We
assign the observed nanocrystal charging at 442 nm to direct
above-band-gap photoionization.

The substrate has an effect on the probability of acquiring
charge as well as on the relative concentration of the
observed sign of the charge. This charging process is fully
reversible; however, the particles discharge much more
slowly than they charge. Independent of the substrate and
particle type, it takes on the order of ca. 5 h for the samples
to return to the preexposure state.

Figure 5 shows relative energy-band diagrams with (b)
and without (a) possible band bending at the Si/SiO2

interface. The relative Fermi-level energies of the substrates
would dictate that at electrical equilibrium the particles
should acquire predominantly negative charge on n-type
silicon and positive charge on p-type silicon; the likelihood
of acquiring either charge would be approximately equivalent
on graphite. However, this is not observed.

Dangling-bond defects at the silicon/oxide interface can
act as electron acceptors or donors depending on the doping
type and amount. This creates upward or downward band
bending in the n- and p-type silicon, respectively (Figure
5b) and causes Fermi-level pinning at the surface.29-31

Evidence for this is that the experimental work-function
difference between the two substrates is substantially lower
(on the order of 300 meV) than would be expected for flat-
band degenerately doped n- and p-type silicon (∼1 eV). We
hypothesize below that this band bending influences pho-
toionization by controlling the concentration of photogener-
ated electrons at the Si/SiO2 interface

To understand this, first consider ionized nanocrystals after
illumination is terminated. They could reneutralize by
resonant electron tunneling from occupied Si valence-band
states across the oxide to the hole in the nanocrystal HOMO.
This process is negligibly slow experimentally (ca. 5-h time
scale). On n-type Si, they might alternately reneutralize by
transferring Si conduction-band electrons to CdSe. This
process is also negligibly slow, perhaps in part because the

Figure 4. (a) Topography, polarizability, and charge images of
CdSe/CdS nanocrystals on HOPG graphite with a thin coat (<1
nm) of PVB. In this image, the sample is exposed only to room
light and the AFM laser diode (670 nm). (b) First EFM image of
the same area as that in a taken after the sample was exposed to
the 432-nm laser. (c) EFM image of the same area of the same
sample after the sample had been photoexposed for more than 1 h.
Particles A and C are blinking on and off rapidly. Particle B changes
from positive to negative, and particle D changes from negative to
neutral between images b and c. The charge images in a, b, and c
are plotted on approximately the same scale. In a, the scale is shifted
up for better contrast, but the range remains the same.

Figure 5. Approximate energy-level diagrams for n-type silicon,
p-type silicon, HOPG, and CdSe nanocrystals: (a) flat-band
approximation and (b) incorporating band bending at the Si/SiO2

interface due to dangling-bond states.
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band bending of∼0.3 eV reduces the surface concentration
of free electrons by 2 to 3 orders of magnitude from the
bulk value.

Yet under illumination wedo observe electron transfer in
the opposite direction, from the optically populated nano-
crystal LUMO state to Si through the oxide. The LUMO
wave function is delocalized over the whole particle whereas
the hole is confined to the core.9,22,32Since the spatial overlap
of the oxide with the LUMO is better than with the HOMO,
the electron transfer from the photoexcited nanocrystal to
the substrate is a more probable event. The slow reneutral-
ization is consistent with the poor spatial overlap of the
HOMO with the substrate.

Why do we see more positive charging on n-Si? On n-Si,
photoelectrons from the nanocrystal are accelerated away
from the interface into the Si bulk, and their interface
concentration under illumination is small despite the fact that
the material is n-type in the bulk. On p-type, the reverse
situation holdssthe static internal band-bending field keeps
photoinjected electrons near the surface in a thin accumula-
tion layer at a net higher concentration than occurs under
thermal equilibrium in the dark. We suggest that the fast
return of these photoelectrons during illumination reneutral-
izes nanocrystals, causing blinking, and prevents complete
ionization on p-Si. This fast return must compete favorably
with recombination with p-Si interior holes. Note also that
neutral nanocrystals have electron affinities of ca. 3 eV; they
can act as deep electron traps. Some negatively charged CdSe
nanocrystals are observed on p-type Si apparently because
of fast electron transfer from Si.

Whether this mechanism is correct can be answered only
by further experiments as a function of oxide thickness and
band-bending depth. Our data do teach us that adsorbed
photoexcited CdSe/CdS core-shell nanocrystals with surface
TOPO ligands exchange electrons with crystalline Si through
2 nm of oxide. Also, without illumination, the nanocrystals
are not in dynamic electrical equilibrium with the sub-
strates: ionized nanocrystals remain ionized, and neutral
nancrystals remain neutral on a time scale of hours.

Photoionization on Si is faster with the surface CdS
passivation layer than without. This would seem to imply
that it is the directly excited internal LUMO “exciton” state
that photoionizes rather than a trap state on the nanocrystal
surface. Particles without a surface ZnS or CdS layer are
known to have much shorter exciton lifetimes because of
carrier trapping on the nanocrystal surface.33-35

Not all nanocrystals on a given substrate exhibit the same
average behavior, as is evident from Figures 2-4. Some turn
on and off, some carry only positive charge, some carry
negative charge, and some never carry any charge. This
variability, as well as the p- and n-type systematic differences
above, shows that nanocrystal photoionization is sensitive
to many aspects of the local environment such as various
trap states in the substrate, local variations in the thickness
of the dielectric, the quality of the individual particles, and
the state of nearby particles. The preliminary results presented
here provide new evidence that it may ultimately be possible
to control the photoionization processes in these particles to
suit a desired application.
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