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emiconductor nanocrystals are a

model system for the size-tunability

of electronic and optical properties,
and they are components in electro- and
quantum-optical devices."”3 Their high lu-
minescence efficiency and photostability
also make them valuable as sensitive lumi-
nescent probes in biological applications.*
Photoluminescence intermittency (“blink-
ing”) is a nearly universal aspect of nano-
crystal and nanowire luminescence, yet it is
poorly understood. When it was first ob-
served “blinking” was attributed to rare
photoionization events; events in which op-
tically excited electrons tunnel to a nearby
trap state.® In that study it was observed
that an insulating ZnS surface shell greatly
decreased the blinking rate. Core/shell
structures confine the exciton, typically in-
creasing steady-state luminescence and de-
creasing carrier trapping on the nanocrys-
tal surface.® 8 A recent review concludes
that blinking in TOPO-capped nanocrystals
is indeed due to charge separation, with
one carrier trapped in surface states that
are intrinsic to the nanocrystal.’ It is impor-
tant to understand the relationship be-
tween charge separation in blinking, and in
permanent photoionization, because both
processes are critical to electrical transport
properties in photovoltaic and electrolumi-
nescent devices, to optical gain in nanocrys-
tal lasers, and to nanocrystal brightness for
biological luminescence imaging.'®'?

This proposed mechanism for blinking
assumes that nanocrystals are not electri-
cally doped (charged) as a direct result of
the synthesis. In fact, solution-phase elec-
trophoresis studies show nanocrystals of-
ten do have a few elementary charges.'
To explore charging vis-a-vis blinking, we
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ABSTRACT We use electric force microscopy (EFM) to study single nanocrystal photoionization in two classes
of high-quality nanocrystals whose exciton luminescence quantum yields approach unity in solution. The CdSe/
CdS/ZnS core/shell nanocrystals do not photoionize, while the CdSe/CdS nanocrystals do show substantial
photoionization. This verifies the theoretical prediction that the ZnS shell confines the excited electron within
the nanocrystal. Despite the high luminescence quantum yield, photoionization varies substantially among the
(dSe/CdS nanocrystals. We have studied the nanocrystal photoionization with both UV (396 nm) and green (532
nm) light, and we have found that the magnitude of the charge due to photoionization per absorbed photon is
greater for UV excitation than for green excitation. A fraction of the photoionization occurs directly via a “hot
electron” process, using trap states that are either on the particle surface, within the ligand sphere, or within
the silicon oxide layer. This must occur without relaxation to the thermalized, lowest-energy, emitting exciton.
We discuss the occurrence of hot carrier processes that are common to photoionization, luminescence blinking, and
the fast transient optical absorption that is associated with multiple exciton generation MEG studies.

KEYWORDS: nanocrystals - ionization - optical properties - hot
electron - exciton - surface state

previously used EFM to directly observe

the charge state of individual nanocrystals.

In those studies the nanocrystals were im-

mobilized under conditions similar to those

used in luminescence studies. We found

that dry nanocrystals were predominately

neutral, and photoionization did occur for

above-band gap irradiation at very low light

intensities.”>'® We extensively studied

CdSe/CdS core shell nanocrystals on doped

Si substrates that had thin (1—2 nm) surface

oxides."” "' The doped silicon conductive

substrate is not only required in EFM, but it

also provides a nearby electron trap state of

known characteristics. In the photoionizing ~ *Address correspondence to
event electrons move across both the TOPO ~ $12401@columbia.edu.
capping layer and the 1—2 nm oxide and  Received for review February 24, 2009
then into the silicon. We found a huge and accepted April 03, 2009.
range of behavior in individual nanocrys- Published online April 17, 2009,
tals, and we suggested that this variability 10.1021/nn900189f CCC: $40.75
is related to nanocrystal structure defects.

Some nanocrystals did not photoionize at © 2009 American Chemical Society

: . 1267-1273 N ANIC
VOL.3 = NO.5 = 1267-1273 = 2009 a@%{\) 1267



ARTICLE

Nitrogen Atmosphere

EFM Scan

.

532-nm

A sin ot (

® 060 666 7

O

Xyz-piezo |

V,+V,_ simar
AFM Scan

Figure 1. EFM experimental setup.

all, while others showed multiple charges and/or differ-
ent behavior for different irradiation wavelengths. In
principle, just a single surface or interior defect is neces-
sary to create a trapped carrier in a charge-separated
dark state. In luminescence studies it is also often ob-
served that while some nanocrystals luminesce
strongly, others are completely dark; this is apparently
due to a trap state that causes fast, nonradiative exciton
recombination.

What is the intrinsic photoionization behavior of
structurally perfect nanocrystals? It is, of course, diffi-
cult to assess structural perfection in nanocrystals, but
as a practical working definition we suggest that a col-
lection of perfect nanocrystals is one in which every
nanocrystal shows luminescence. Here we extend our
previous EFM study to such a collection of “perfect”
nanocrystals. We study both CdSe/CdS core—shell
nanocrystals (steady state luminescence QY = 0.93)
and CdSe/CdS/ZnS nanocrystals (QY = 0.87). We also

study photoionization on Si substrates that have thick
(300 nm) oxide layers. These experiments give new in-
sight into the common occurrence of hot electron pro-
cesses in long-distance photoionization, in lumines-
cence blinking, and in fast transient optical absorption
kinetics.

RESULTS

Our EFM/photoionization apparatus is illustrated in
Figure 1. As previously described,''® EFM is a variant
of AFM in which a conductive probe is electrically con-
nected to a conducting substrate. Nanocrystals are
spun onto the substrate and studied under dry nitro-
gen at room temperature. Two passes are made for
each scan line: the first records a regular tapping mode
topograph of the sample; the second pass measures
the shift of the resonance frequency of the tip when it
is lifted a distance, z, above the substrate. In the second
scan the tip is dithered mechanically at its natural fre-
quency, and at the same time we apply a voltage, Vpc +
Vac sin(wt). (To simplify interpretation, we null out the
contact potential difference ¢ between probe and sub-
strate by setting Vpoc = —¢.) As a consequence the ®
force signal is due to the static electric field from the
charges in the sample, and the 2w force signal is due
to the polarizability of the sample. We calculate the
charge and dielectric constant of individual nanocrys-
tals using a tip—sample capacitance analytical model.?

Samples were exposed to grazing angle, 396-nm
light at ~15 mW/cm?, or to 532-nm light (hereafter
“UV” and “green”, respectively) at ~50 mW/cm? for 3—6
h. During and after the irradiation we imaged the
sample area continuously with the EFM in order to fol-
low the evolution of the charge state of each particle.

After the laser was turned

off, the samples were con-
tinuously imaged for 6—15
30H h‘

2 In Figure 2 we show

- the simultaneously re-
corded topography and
charge images for CdSe/
CdS nanoparticles on
n-type Si/14—A SiO,, with
green and UV excitation in
succession. Initially all

w4  nanoparticles are essen-

a0 tially neutral. Once the
sample was exposed to cw
green light many charged
particles appeared. Steady
state was reached after ir-
radiation for ~180 min. Af-
ter the laser was turned off,

Figure 2. Topography (a) and charge (b—f) images of one area of CdSe/CdS nanocrystals on N-type Si
with 14-A SiO,: (b) charge image before exposure; (c) charge image for green excitation after 60 min and
(d) after 180 min; (e) charge image taken 15 h after the green laser is turned off; (d) charge image taken
after UV exposure after 180 min.
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we observed no immedi-
ate charge decay. Subse-
quently in the dark most
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Figure 3. Topographic line scan of several charge profiles for the same CdSe/CdS par-

and charge force gradient signal in the ticle on N-type Si with 14-A SiO, and at several different times during photoexcitation ex-
topology and EFM scans, respectively. A periments: uncharged, before exposure; the observed signals for each particles with

comparison between experimental and

532-nm excitation showing charges of 1.1e (a), Oe (b), 1.6e (c), and Oe (d); and the ob-
served signals for each particles with 396-nm excitation showing charges of 2.4e (a), 2.2e

model-calculated force gradients is (b), 1.7¢ (c), and 1e (d).

shown in Supporting Information, Fig-

ure S2. We show a sampling of our EFM results in Fig-
ure 3. Each panel describes the fate of a different indi-
vidual particle. In each panel we show a topographic
line scan (black, solid line) and three EFM scans: before
irradiation (yellow squares), after green irradiation
(green triangles), and after UV irradiation (blue dia-
monds). The topography profile indicates the size of
the particle, and each EFM scan indicates the state of
charge of the particle at the particular stage of the ex-
periment. To estimate the charge magnitude we as-
sumed that the charge was at the particle center in each
case. These four particles demonstrate the general fea-
tures of our observations for the 83 particles we studied.
All of the particles were neutral before irradiation, and
varying levels of charged developed after the two expo-
sures. Particle “a” showed an effective charge of 1.1e af-
ter green irradiation and 2.4e after UV irradiation. Par-
ticle “b” did not ionize under green light, but was
strongly charged after UV irradiation (2.2e). Particle “c”
was equally charged by each color (1.6e under green
and 1.7e under UV). Particle “d” did not ionize under
green light and was comparatively modestly charged
under UV (1.0e).

About 15% of the nanocrystals do not ionize under
either green or UV irradiation; 40% of the nanocrystals
do not ionize (defined as apparent charge magnitude
less than 0.5) with green excitation. Of this group about
two-thirds did ionize in the UV. In contrast 80% of the
nanocrystals did ionize under UV irradiation; the aver-
age charge magnitude of this group is about 1.5. We
summarize the ensemble in Figure 4. The histogram
shows the number of particles in each of five charge
ranges after each independent irradiation. In general,
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nanocrystals that do charge develop a charge of larger
magnitude under UV excitation than under green
excitation.

In the experiment summarized in Figure 4 we used
a Si substrate having a thin (1.4 nm) oxide layer. By way
of contrast, we observed essentially no photoioniza-
tion when the particles were deposited and irradiated
on a substrate having a thick (300 nm) oxide layer (Sup-
porting Information, Figure S3). We conclude, here as
in our earlier work, that we are observing long-range
photoionization—the charge is transferred from the
nanocrystal all the way to the doped Si underneath the
oxide. The 300 nm oxide is both too thick and too free
of defects to allow carrier conduction to the Si.

The model-fitted charge magnitudes (Figure 4) do
not show peaks at 1 and 2 positive charges; they are dis-

d
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Figure 4. Histograms of charge counts observed during the course of

photoexcitation experiments on N-type Si with 14-A SiO, and with
532-nm and 396-nm excitations.
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view of the fact that in solution essentially all of these
nanocrystals luminescence (93% ensemble quantum
i yield). Of these 40% about two-thirds do photoionize
under UV excitation. Thus there is a pathway for photo-
ionization that is available via UV absorption but not
via green absorption. Since the luminescing exciton is
available by relaxation from either green or UV excita-
tions, we conclude that for UV excitation there is some
direct, “hot electron”, photoionization that occurs with-
out the system relaxing to the luminescing exciton
state. It is apparent that, at both excitation wave-
lengths, there is a critical factor that varies from one

20

Figure 5. Topography (a) and charge image (b) of photoionization of
CdSe/CdS/ZnS nanocrystals on N-type silicon with 14 A SiO,, exposed
to 396-nm photoexcitation for 300 min.

tributed continuously. In our earlier work we observed
poorly resolved peaks at integral charge. The model
takes into account the measured diameters of indi-
vidual nanocrystals, and thus accounts for the fact that
the center of a larger nanocrystal is closer to the tip than
the center of a smaller nanocrystal (for a given lift of
the tip). The charge magnitude is sensitive to the posi-
tion of the positive charge in the nanocrystal: a charge
at the top gives a stronger signal (by almost a factor of
2) than does a charge at the bottom (i.e., next to the ox-
ide). It may be that some of the apparent variation in
charge magnitude is due to the variability in the posi-
tion for the charge. Our calibration model also assumes
that the doped Si plane is an infinitely polarizable metal,
forming a capacitor when combined with the metallic
EFM tip. It may be that the conductivity of the doped Si
and/or the thickness of the oxide are significantly het-
erogeneous across the surface; either would create vari-
ability in the calculated charge. It may also be that
there are some photoionized electrons trapped under
the nanocrystal at the doped Si oxide interface; these
would have an additional weak charge signal of the op-
posite sign. Higher sensitivity and lower thermal noise
could be achieved if this EFM study were repeated in
high vacuum at low temperature.

Under similar experimental conditions the CdSe/
CdS/ZnS nanocrystals show much less charging on the
1.4 nm oxide. Figure 5a,b shows the topography and
charge images after prolonged (300 min) UV irradia-
tion. Only 4 out of 50 particles ionize (each showing
~1e positive charge). These two different core shell
nanocrystals, CdSe/CdS and CdSe/CdS/ZnS, have the
same surface ligands (TOPO/TOP), and similar lumines-
cence quantum yields (0.93 and 0.87). Clearly the addi-
tional inorganic shell (ZnS) structure drastically reduces
photoionization.

DISCUSSION

The behavior of these high-quality CdSe/CdS core
shell nanocrystals is similar to the behavior we ob-
served in earlier studies on nanocrystals of lower qual-
ity. Photionization behavior is not uniform across the
ensemble. About 40% of nanocrystals do not photoion-
ize at all under green excitation; this is remarkable in
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nanocrystal to the next. It is likely that this is the avail-
ability and exact energy of a suitable trap state. This
state may be on the nanocrystal surface, in its ligand
shell, or in the nearby oxide. (We are not observing di-
rect, very long-range electron tunneling from the core
to the doped Si at either excitation wavelength. Such di-
rect photoexcited electron transfer has been exten-
sively characterized, mostly in a molecular and biologi-
cal context.2") Thus, while we were expecting these
structurally and chemically more perfect particles to be-
have qualitatively different than the more defective par-
ticles, they did not. This absence of improvement is it-
self striking.

Within the collection of nanocrystals that photoion-
ize at both wavelengths, an individual nanocrystal, with
a given oxide thickness underneath, typically shows a
greater steady-state charge for UV excitation than
green excitation. Green excitation typically produces a
steady-state charge of 1 and UV excitation produces a
charge of 2. The excitation rate (that is, the optical ab-
sorption cross section times the photon flux intensity) is
about 3.6 times higher for the UV than the green. Yet,
as described above, the magnitude of the charge does
not increase when the green excitation intensity is in-
creased by a factor of 4. Since in this latter situation the
green excitation rate would then equal the UV excita-
tion rate, the difference in excitation rates cannot ac-
count for the factor of 2 difference in ionization. What-
ever the source, the net photoionization yield per
absorbed photon is larger for UV excitation than for
green excitation. We observed this result also in the de-
tailed kinetic analysis of our earlier study. There we
used a model that incorporated a much shorter life-
time for the UV (directly) excited-state than the (re-
laxed) green excited state; we found that the effective
photoionization rate was 2—3 orders of magnitude
higher for UV excitation.

We find that CdSe/CdS/ZnS nanocrystals show al-
most no photoionization in comparison to CdSe/CdS
nanocrystals under identical conditions. Recall that a
ZnS shell significantly slows down the rate of lumines-
cence blinking and increases the ensemble exciton
quantum yield.>?? Our result is consistent with elec-
tronic structure calculations in which a ZnS shell more
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completely confines the electron wave function to the
inner core in comparison with a CdS shell.>2*

The light intensities we use are approximately 103
lower than those typically used in luminescence stud-
ies. In luminescence blinking the off times are indepen-
dent of excitation intensity. Our calculated absolute
quantum yield for photoionization is low (~107). In
hexane solution the luminescence excitation spectrum
closely tracks the absorption spectrum (Supporting In-
formation, Figure S4), thus the predominant fate of the
initially excited high-energy “hot electron” state is relax-
ation to the luminescing, thermalized exciton.

Both photoionization and luminescence blinking in-
volve surface states that imply charge-separation, al-
though the time scales in the two processes differ sig-
nificantly: the photoionization events we observe occur
on far longer time scales than “off” events in lumines-
cence blinking studies. In luminescence blinking, the
“off” state durations range from milliseconds to a few
seconds, and the distribution is independent of excita-
tion intensity. The electron or hole, which had been
trapped on the surface, returns to the core on these
time scales. Our EFM study only records “long-range”
photoionization events, and these last for many min-
utes or hours. In blinking studies if an “off” period lasted
this long, one would claim that the nanocrystal had per-
manently photodarkened. In our EFM studies electrons
transfer ultimately to the doped Si from the nanocrystal
core, across the organic ligands and the oxide; lumines-
cence blinking is thought to involve nanocrystal sur-
face states,” and therefore the relaxation to the “on”
state should be much faster.

Recent experiments have shown that the blinking ki-
netics in CdSe/ZnS nanocrystals and in CdSe nanorods
also depends upon the excitation wavelength.2>2 A 240
meV threshold (above the thermalized exciton) separat-
ing two behavior regimes was discovered. For higher
photon energy excitation, “off” periods were longer
than for lower energy excitation. Knappenberger et al.
concluded that different, more spatially distant trap
states, taking longer to tunnel back to the core, are
populated at higher energy. These authors also used
an ionic liquid to increase the external dielectric coeffi-
cient around the nanocrystal. For high-energy excita-
tion, long “off” time periods (approaching 10 s) signifi-
cantly increased in the presence of the high external
dielectric constant. This suggests dielectric stabilization,
and thus slower return, of photoexcited charge out-
side the core near the liquid. This behavior was not ob-
served for low-energy excitation. In an earlier experi-
ment “off” times also lengthened in hosts with larger
dielectric constant.?” The energy of a surface trapped
charge should be lowered (relative to the core) in a
higher dielectric constant host.

The study by Knappenberger et al. shows that a
component of the trapping leading to “off” periods oc-
curs directly from the initial high-energy photoexcited
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state, and does not proceed through the relaxed ther-
malized exciton. This is the same conclusion we reach
here in EFM studies of long-lived photoionization
events.

In various nanocrystal systems, fast transient optical
absorption kinetics has been intensively studied, for
low intensity excitation at photon energies far above
the size-dependent nanocrystal band gap.?®~3 These
studies explore multiple exciton generation (MEG). High
photon energy excitation shows a lowest exciton
bleach picosecond optical transient (not seen for low
energy excitation) on top of the normal long-lived
nanosecond bleach transient of thermalized excitons
in neutral nanocrytals. The data vary with the choice of
surface ligand choice and from sample to sample. Tran-
sients increase with exposure to high photon energy
excitation in unstirred samples. As recently suggested
by Klimov, these data likely (in part) represent prior
“photoionization”.?° We suggest that high photon-
energy excitation creates an inhomogeneous sample
composed of both neutral and long-lived charge-
separated nanocrystals. It is likely that in the latter the
hole is trapped on the surface and the electron is in an
interior core 1S state. Such “photoionized” nanocrystals
are not created by low photon energy, direct excita-
tion of the emitting exciton. This subject remains
unsettled.

All three physical processes (photoionization, lumi-
nescence blinking, and transient optical absorption)
seem to involve enhanced interaction with surface
states via high photon-energy excitation. Why are sur-
face states present in nanocrystals with high lumines-
cence quantum yields? It is known that surface struc-
tural relaxation and ligand passivation do not eliminate
surface states. Rather, relaxation and passivation shift
surface state energies away from the band gap center
toward the electron and hole quantum-confined core
energies. Electronic structure calculations show a wide
range of surface-localized electron states that are in
resonance with core electron states in typical CdSe
nanocrystals.! In our particles, which show strong exci-
ton emission, passivation has likely shifted the majority
of surface states to energies higher than the relaxed, lu-
minescing exciton. Even in nanocrystals that show
strong exciton emission without lower energy trap
emission, the relaxed, lowest-lying core exciton re-
mains weakly coupled to unpassivated surface states.
This weak coupling is shown by the presence of the lu-
minescence zero phonon line at 4 K in the spectrum,*?
and by the multiexponential nature of exciton time de-
cay at room temperature.®* At higher energies above
the emitting exciton, the interaction between core
states and surface states is likely stronger, leading to
the type of hot carrier effects discussed here. It is an im-
portant experimental goal to obtain the low tempera-
ture optical absorption or luminescence excitation
spectrum of a single nanocrystal, to search for possible
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spectral evidence of stronger coupling between core
states and surface states.

CONCLUSION

We have expanded on a previous EFM-based study
of core/shell semiconductor nanocrystals by examin-
ing materials of exceptionally high optical quality.

METHODS

CdSe/CdS TOPO/TOP capped nanocrystals (7—8 nm, 1.8 uM
in hexane) and CdSe/CdS/ZnS TOPO/TOP capped nanocrystals
(8—9 nm, 2.5 uM in hexane) were generous gifts from Invitro-
gen. These solutions were stored in hexane under nitrogen in the
dark. Before we used these solutions we diluted each by a fac-
tor of 20 with fresh hexane. The diluted samples were spun onto
N-type (Sb-doped, 0.008—0.03 € cm) silicon substrates that
had a surface layer of 1.4 nm thermal oxide (IBM Research). The
substrates were cleaned with ethanol and hexane prior to par-
ticle deposition. We minimized the exposure of the nanoclusters
to air (<10 min, during sample preparation) to prevent photoox-
idation. We refer to these two different nanocrystal samples as
“CdS shell” and “ZnS shell”, respectively. We prepared similar
samples on P-type silicon substrates having a 300-nm oxide
layer.

EFM experiments were performed in a glovebox under nitro-
gen atmosphere at room temperature (P(O,) < 3 ppm, P(H,0)
< 1 ppm) using a Digital Instruments Multimode AFM with an
extender module. Calibrated Cr/Pt coated EFM tips (BS-
ElectriMulti75) from Nanoscience Instruments Inc. were used,
with resonance frequencies around 75 kHz and spring constants
measured to be around 1.7 N/m. The typical topography feed-
back set-point was 0.37 V, and the photodiode sensitivity was 13
nm/V.

Sample were exposed to grazing angle, 396-nm light from a
diode laser (Coherent, RA 0222-583-00) at ~15 mW/cm?, or to
532-nm light from a diode laser (Information Unlimited, model
LAGR50M) at ~50 mW/cm?, while being continuously imaged for
3—6 h. After the laser was turned off, the samples were continu-
ously imaged for 6—15 h to observe the electrical reneutraliza-
tion. CdSe/CdS nanoparticles on the N-Si/14 A SiO, substrate
were exposed to 396-nm and 532-nm laser in succession. Im-
age data were analyzed using Igor 4.0 and all mathematical mod-
eling was done using Mathematica 4.1.
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