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Charge and Photoionization Properties of Single Semiconductor Nanocrystals
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The electrostatic charge and photoionization characteristics of 5-nm CdSe nanocrystals were directly observed
with electrostatic force microscopy (EFM) in dry air at room temperature. Measurements were made on
individual nanocrystals, as well as on those in self-assembled rafts. Nanocrystals are initially charge neutral
if protected from sources of light. However, over a few weeks some nanocrystals develop a single positive
charge if exposed to ambient light. The determination of the charge magnitude per nanocrystal within the
framework of EFM theory is described. EFM measurements with simultaneous above band gap laser
photoexcitation provide direct evidence of nanocrystal photoionization. A small percentage of photoionized
nanocrystals exhibit a blinking behavior in their charge. The linear dependence of nanocrystal photoionization
rates on excitation intensity indicates that the ionization process occurs via a single photon. EFM measurements
of core/shell CdSe nanocrystals show that photoionization is slower in the presence of an electron barrier at
the nanocrystal surface. Photoionization and subsequent neutralization are quantitatively modeled with a two-
level system.

Introduction trapped charges was also inferred from quantum-confined Stark

) . effect measurements. These studies illustrate the importance
Semiconductor nanocrystals have been the subject of muchyt girect measurements of the electrostatic properties of

interest over the past decade due to their remarkable physical,qividual CdSe nanocrystals.
properties and potential for use in numerous areas. (For a recent

review, see refs 1 and 2.) While the optical and_ electronic was reported to exhibit a remarkable “eaff’ or blinking
properties of semiconductor nanocrystals are partially under- behaviorl®11 The photoluminescence blinking was postulated

ag)\?:’r;hciSggtrlﬂiéat:ttgﬁ%im?_Shgfszen;':Oggilé(;toa[rgairr]ﬁc;};f;ilfto arise from an Auger ionization and subsequent neutralization
: prop P of the nanocrystal®12However, the nature of the ionized state

because nanocrystals that have an electrostatic charge will haveand the ionization process are still not understbokliger
very different optical and electronic properties from nanocrystals ionization might also explain the photoluminescence intermit-

trans ortp roperties aFl)re gI’I si n%icantl affected b’ the presence P2rOUS Sk? and Gaag» Direct measurements of the charge
port prop g y ythep per nanocrystal with simultaneous photoexcitation provide a

of charges on a nanocrystal. strategy with which to definitively answer these questions.

halxyetze ngs:;tp:;:itugg ﬁgﬁweer?tatrk]\%?giiss ?/\r/(iethe:(hp:ztiicej g? Here we present direct measurements of single electrostatic
P P charges on individual CdSe nanocrystals with and without

warzte SrLclure, which has & structural dipole momen: along PPOTOEXCHation: CaSe nanocrystak mm in diameer, with

the c-axis. More sbphisticated theoretical treatments show that © 90 C aqd inorganic surface passivation, were studied with

the dipolé moment of a nanocrystal depends critically on surface eIectrogtamc force microscopy (EFM) in dry air at 3.00 K. we
determine that CdSe nanocrystals as prepared with standard

reconstruction and stoichiometry, in addition to the nanocrystal methods are charge neutral. However, these nanocrystals slowly

N .
:11(::33 Zte;“l:rwé/}ethn(::;meeg]gsm:%sng;;: gfn:aelfc])télre stfaﬂcs(,ji?: develop a permanent positive elementary charge upon extended
y y “exposure to weak, ambient light. EFM measurements taken

Here it was proposed that the origin of the dipole moment was during photoexcitation show photoionization of individual

gor:ltjrtl;;tt:]r;a:]ggt iltJ:I to thermal population of surface states in nanocrystals. The probability of a given nanocrystal photoion-
. ry o . o izing is proportional to the product of excitation intensity and
. Other studies also imply the presence of internal electric flglds exposure time. Measurements of the average ionization time as
in CdSe nanocrystals resulting from either charges and/or dipole 5 fnction of excitation intensity suggest that ionization occurs
moments. Investlgatlons_ of_exmteip)honon coupling, two- via a single photon, with a probability of5 x 1076 per
photon fluorescence excitatiérand Raman spectroscapgl excitation. Studies of nanocrystals with varying surface passi-
suggest that, on average, CdSe nanocrystals have permanenfyion indicate that ionization results from the photoexcited
internal electric fields. The presence of local electric fields from gjactron tunneling out the core of the nanocrystal and into its
surroundings. Preliminary results have been previously re-
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In 1996, the photoluminescence of single CdSe nanocrystals
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EFM Tip

V =V, +V, Sin(ot)

Figure 1. Schematic of the typical experimental setup for EFM. CdSe
nanocrystals are modeled as having a fixed ch&ge

force microscope (AFM) cantilever and a conductive substrate.
A schematic of the experimental geometry for EFM is shown
in Figure 1. The attractive force between the metallic EFM tip
and the conductive substrate, resulting from the applied voltage,
is treated as a capacitive interactigri® Any fixed chargeQ,

is treated as a point charge located directly on the insulator

Krauss et al.

completely nulled out, thus determining the magnitude and sign
of Q.17 18Expressions analogous to egs4lcan also be obtained
for static electric fields coming from permanent multipole
moments.

Local dielectric properties, which influenceCtiz, can be
determined by fitting the measured force on the cantilever at
201718 |f a dielectric material is between the tip and the
substrate, the applied ac voltage induces an ac dipole in the
material. In the simplest approximation, this dipole is propor-
tional to the volume of the material times the relative dielectric
constant. The electric field of this ac dipole is observed in the
force at 2.

Martin et al. first realized the ability of an oscillating AFM
tip to probe extremely weak forces with nanometer spatial
resolution in the lateral dimensiéf.An oscillating AFM tip
can be modeled as a simple harmonic oscillator, with a quality
factor S >1. Force gradients normal to the sample surface
modify the effective resonant frequenay of the vibrating

surface. Surface charges generate image charges in the tip angantilever

in the metallic substrate. Surface charges, and their images
interact with the total charge on the EFM tip through a
Coulombic interactio?:18

The attraction between the cantilever and the substrate is

proportional to the square of the voltage difference between
them. Thus, application of a sinusoidal voltaye= VyctVac
sin(wt), yields components of the attractive force at zero
frequency,w and 2v. By using lock-in detection techniques,
we can select the components of the force on the tip ahd

2w, which are given by

QC

Flw) = %(Vdc +¢) + m +
0

C
= 2h 2+§Tg% Vae (1)
4.7t€0(2 +R+ —)
€1
and

2

_9C Vac
Few) =3, (2)

The EFM tip is modeled as a sphere of radRsC is the

capacitance between the EFM tip and the metallic substrate,

(5)

wherek is the cantilever spring constant. Fay = v — v, <
v, the change in resonant frequency is

_—voF

Relative changes in cantilever resonant frequeteiy ~ 107°

can be measured, corresponding to the electric field gradient

about 10 nm from a point charge with magnitude abdutof

an electron. The effective signal-to-noise ratio is limited by the

time constant of the lock-in amplifier, which is itself limited

by the data acquisition time per line scan. In converting the

change in cantilever resonant frequency to a charge, significant

sources of error include the uncertainty in the—tubstrate

distance, the tip end radius, and the-tgubstrate capacitance.
The above equations yield a qualitative understanding of the

changes in cantilever resonant frequerey(w) and Av(2w)

as the EFM tip passes over a CdSe nanocrystal. Asg2w),

we expect an increase in the signal magnitude when over a

nanocrystal due to the larger dielectric constant of the semi-

conductor nanocrystat (~ 9) compared to the surrounding air

andz is the separation between the insulator surface and the (. ~ 1). The Av(2w) signal increases because the capacitance,

bottom of the EFM tip.¢ is the contact potential difference

and hence its derivatives, increases when a dielectric is placed

between the tip and the substrate and is given in a vacuum bypetween the two electrodes. Far(w) with Vg set such that

¢ = (Wsubstrate— Wiip)/(—€). In the expression fop, e is the
electron charge, andksupstrate(Wip) is the work function of the
substrate (tip). The insulator thicknesshiswith a dielectric
constante;. Q1 and Q, are induced charges on the metallic
substrate and the EFM tip, respectively. The last term in eq 1
represents the force on the tip @) from Q.. For modeling
simplicity, we assumed a parallel plate geometry between the
tip and the substrat€); and Qy:

z

Q= —Qm ©))
and
- _ __z
=0t~ i) @

By varying Vq4c with respect tap, the first term in eq 1 can be

Vac + ¢ = 0, we expect to observe one of three types of
behavior: an increase or decrease in the signal magnitude,
corresponding to, respectively, a negatively or positively charged
nanocrystal; and no observed change in signal magnitude,
corresponding to a neutral nanocrystal.

If the sample contains no fixed charges, then EFM can be
used to measure the capacitance of the-sipbstrate system.
The capacitance, and its derivatives with respe@ toust be
known for an absolute determination@f Taking the derivative
of eq 1 and inserting that result into eq 6CfHz2 can be written
as

Av(w)
v

¥c_

02 (Vae T 9)Vac

()

By holding Vac andVy. fixed and measuringwv(w) as a function
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of z, we can obtain the capacitance between the EFM tip and
the substrate by integrating eq 7 twice. 8.0x10* 1

Experimental Section 6.0x16* -

A. Nanocrystal and Sample Preparation.Colloids of CdSe

nanocrystals capped with trioctylphosphine oxide (TOPO) (see ‘}3 4.0x10” 1

ref 20) and either one or six monolayers of ZnS (see refs 21 ©

and 22) were prepared with established methods. The diameter ™ 5 ox16°% 4

of the CdSe nanocrystal core wa$ nm. Nanocrystals were

characterized by optical absorption spectroscopy and AFM. 0.0 i

Sizes were obtained by comparing measured absorption spectra
with the reported literature valugé%:22 | . — T - :
Highly luminescent CdSe/CdS core/shell nanocrystals capped 0 20 40 60 80100 120 140
with trioctylphosphine oxide/selenide (TOPO/TOPSe, 70:30) Z-height (nm)
were synthesized according to a modified version of literature Figure 2. Graph of dC/d2 used to determine the tigsubstrate
methods. The reaction consisted of a single-flask, two-injection capacitance. The solid symbols are the experimental data, and the line
synthesis based on techniques described by Murray@tGiiSe is a power-law fit. The sample consisted of freshly peeled HOPG.
nanoparticles of~4 nm diameter were prepared by injection of
a trioctylphosphine (TOP) solution of Cd(GHTOPSe into constant height with a voltage applied. Use of dual lock-in
TOPO at 300C. Provided favorable conditions of temperature, amplifiers enabled simultaneous measurementaugs) and
injection, and nanocrystal growth time were employed, size- Av(2w). Typical parameters were the following/ac = 6 V
selective precipitation was not necessary prior to the addition Pe€ak-to-peakp = 27 x 800 Hz, lock-in time constant = 3
of the shell precursors. The solution was cooled to I8@nd ms, scan rate= 1.25 Hz per line, and lift-height = 10-12
a second injection of a TOP solution of Cd(§M[(CH3)sSi].S nm. The acquisition time for a complete image was ap-
was initiated, corresponding in quantity to two monolayers of Proximately 6 min. Images were recorded Wit = —¢, and
CdS around the CdSe nanoparticles. Heating to ZDCfor typically, Vgl < 0.5 V.
controlled periods of 1630 min allowed epitaxial growth of For photoexcitation, continuous wave light from a HeCd laser
CdS on the CdSe nanoparticle core. Peng et al. previously (4 = 442 nm) or a diode lasef (= 780) was coupled into the
observed that Cd$8; alloys do not form during routine  glovebox through an optical fiber and focused at grazing
synthesig3 The absorption maximum shift from 535 nm (core) incidence onto the sample. Laser light was focused underneath
to 550 nm (core/shelB-22the significant increase in photolu- the EFM tip with the use of a CCD camera and an optical
minescence quantum yiel#22and the increase in size observed microscope. When aligning the laser, low-intensity light was
in TEM confirm that semiconductor capping occurred. Average used ( ~ 0.001 W/cnd) to avoid photoionization. For single
nanoparticle diameter and size distribution were also determinednanocrystal measurements, excitation intensities were 20 %v/cm
from optical absorption spectroscopy. Comparisons with pub- while for nanocrystal rafts, excitation intensities were typically
lished optical absorption data correlated well with electron 0.1-2 W/cn¥. Data acquisition consisted of first taking a
microscopy studies of size. The final average particle diameter background EFM scan to obtain the unexcitedw) (charge)
was approximately 4.5 nm, deduced from optical absorption image of the sample. Then, the sample was illuminated and the
spectroscopy, TEM, and AFM. Av(w) image was recorded simultaneously. Consecutive images
Samples were prepared using one of two procedures. Forwere recorded every 98 or 196 s for nanocrystal rafts or every
single nanocrystal EFM measurements, dilute toluene solutions6 min for single nanocrystals. Images were recorded until the
containing CdSe nanocrystals were spun onte-& hm thick Av(w) signal remained unchanged for several consecutive
insulator on a metallic substrate. Insulatonetal substrates  !Mmages.
consisted of Si@on Si, a dodecanethiol self-assembled mono-  C. Determination of Charge Magnitude. As mentioned
layer on Au, and poly(vinyl butyral) (PVB) spun on highly previously, accurate determination of charge and dielectric
oriented pyrolytic graphite (HOPG). For measurements on self- properties from the raw EFM images depends critically on the
assembled nanocrystal islands30 uL of a dilute suspension  capacitance of the tipsubstrate system and its derivatives with
of CdSe nanocrystals in hexane was dropped onto HOPG.respect toz. This capacitance, and its dependencezpmis
Evaporation of the hexane allowed the nanocrystals to form 2-D sensitive to the exact tipsample geometry. To increase the
assemblies on the HOP®To minimize the effects of airflow accuracy in these values, we chose to measure thstipstrate
on the self-assembly of the nanocrystals, the HOPG was allowedcapacitance directly with EFM, in absence of any nanocrystals.
to dry inside a sealed container. The second derivative of the capacitance follows a power-law
B. EFM Procedures.AFM and EFM images were obtained ~ dependence®@/dz* ~ z~14 as shown in Figure 2 This value
at room temperature with a Nanoscope llla Multimode AFM was remarkably consistent among all tips measured and implies
inside a drybox with<3% relative humidity. EFM tips were  that the capacitance lies between a sphere-plaGidg ~ z?),
commercial cobattchromium-coated Si cantilevéps with and a cone-plane {6/dz2 ~ z~1) geometry?® Since the AFM
spring constants ranging from 1 to 5 N/m. To map the surface tip shape is square-pyramidal, our measured value ¥0fdd?
topographic and electrostatic properties simultaneously, the seems reasonable.
instrument was operated in an interleaved scanning mode such The absolute magnitude of the charge, or permanent dipole
that each line scan comprised two passes. The first pass consistethoment, of a given nanocrystal was obtained from the EFM
of a tapping mode scan with no external voltage applied, signal atAv(w). First, EFM images ofAv(w) were recorded
obtaining the surface topography. The AFM tip was oscillated with Vy. + ¢ = 0. Under this condition, the static electric field
at its resonance frequency (690 kHz). Next, the tip was raised  between the tip and substrate is zero, and image contrast arises
a fixed distance above the sample surface and scanned at thabnly from sources of electric fields in the sample. While over
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a b nanocrystals developed a positive charge. For CdS-capped

nanocrystals, approximately 4 weeks after the sample was
prepared, the relative fraction of nanocrystals with a permanent
positive charge had increased such that about 50% had a positive
charge, while the other 50% had remained neutral. Over the
course of several months, this measurement was repeated four
times on new samples with identical results; approximately 50%
of the nanocrystals developed a positive charge over time. The
magnitude of the charge was similar to the magnitude of the
permanent charge on TOPO-capped nanocrystals. Thus, the
positive charge on CdSe nanocrystals is not an intrinsic property
but rather a function of sample history.

A very few nanocrystals{1%), passivated with semiconduc-
tor or TOPO, exhibit a charge blinking behaviéiSince images
are acquired line by line, we can observe blinking effects after
a few lines, or equivalently, a few seconds with line scans of 1
Hz. Thus, our blinking temporal resolution is approximately a
few seconds. The observed time scale for the a@ffi behavior
ranges from seconds to minutes. The signal magnitude from
one “on” period to another is approximateds, ~ 0.5+ 0.0%,
while the off magnitude wa. < 0.le. Since the observed
charge blinking behavior contains nominally only one “on”
value, this observation supports an assignment of this signal to
one elementary charge. If this charge originates from a positive
hole trapped on the nanocrystal surface, then the nanocrystal
0 500 nu O S00 nm itself will be polarized to reduce the net electric field at the
Figure 3. EFM (a) chargeAv(w)] and (b) dielectric Av(2w)] image EFM tip. This screening by the nanocrystal, which will reduce
of CdSe nanocrystals capped with ZnS on 0.05% PVB spun coat from the apparent magnitude @, is not considered in our model.

toluene, on a fresh surface of HOPG. EFM (c) charge and (d) dielectric \y/e || subsequently refer to this positive signal as charge
image after reaching steady state from 442 nm photoexcitation at Q=1

intensity 20 W/cr. The sign ofAv(w) in parts a and c is inverted for

clarity, such that bright portions of the image correspondtw) < EFM images ofAv(2w) (dielectric image) of semiconductor-

0. capped CdSe nanocrystals (see Figure 3b) were similar to
corresponding images from TOPO-capped nanocry%taisthe

a nanocrystalVy: was then adjusted such that the total(w) dielectric images, all nanocrystals had about the same signal

signal was identically zero. For an individual CdSe nanocrystal, magnitude. SincAv(2w) depends only on the dielectric constant
typically, Av(w) = 0 whenVy + ¢ was~80 mV and the lift of CdSe, the dielectric constants are similar, regardless of surface
height was 10 nm. Taking the derivative of eq 1 with respect passivation.

to z, setting the result equal to zero, and inserting the measured |n the single nanocrystal EFM measurements, it is necessary
value of Vg + ¢ allows for an absolute determination of the to use a PVB layer 42 nm thick to immobilize the particles.
charge magnitude provided the capacitance and its derivates ar@Jse of the polymer has the disadvantage that the nanocrystal

known. distance to the HOPG, and also to the tip, varies slightly from
] ] particle to particle. The roughness of the PVB insulator layer
Results and Discussion makes an accurate determinationeofrom the rawAv(2w)
A. Individual Nanocrystals without Laser Excitation. The signal over an individual nanocrystal difficult. Insteadwas

charge image of semiconductor-capped CdSe nanocrystals orfletermined by using the (constant)(2) magnitude over self-
HOPG was initially quite different from that of TOPO-capped assembled nanocrystal islands without PVB layer. By fitting
nanocrysta|sl Images of several hundred fresh|y Synthesizedeq 2, we infer an absolute value ©f- 8 for the static dielectric
CdSe nanocrystals, capped with ZnS, showed little or no contrastconstant of a single nanocrystal. This value approximately agrees
Av(w) as shown in Figure 3a. Images of CdSe nanocrystals, With predictions for a 5-nm CdSe nanocrystak- 8.927 The
capped with CdS, also show little or no contrastin(w). The uncertainty ine is £50% and arises almost exclusively from
images were typically taken withil h of sample preparation. ~ the large uncertainty in the spring constant of the EFM
From the noise in the magnitude Aﬁ/(w), we conclude that cantilever. The noise in thAv(Za)) image is much less than
the charge per nanocrystal must Qe< 0.le. That is, the _:l:lO% and thus does not significantly affect our uncertainty
nanocrystals are neutral. Alternatively, the nois@ifw) sets In e.
an upper limit of about 20 D for the component of any Permanent dipole moments, if present, would contribute to
permanent dipoles in these nanocrystals. Immediate images othe Av(w) signal. Ensemble measurements have shown the
several hundred TOPO-capped nanocrystals, which had beerpresence of dipole moments, which scaled with CdSe nanoc-
stored in similar organic solvents for several weeks in ambient rystal size*28 The dipole moment was on the order of-610
light, show that about 50% of the nanocrystals exhibited a D for nanocrystals with a diameter of 4 rinif this dipole
uniform Av(w) corresponding to a positive charge of absolute pointed directly toward the EFM tip, the resulting(w) signal
magnitudeQ ~ 0.5e. The other 50% were neutré. would be comparable to that from a single positive charge.
The CdS- and ZnS-capped samples, stored in dry air underMeasurements as a function of tipample separation could
diffuse fluorescent lighting, did not remain neutral. Over the distinguish between charge and dipole fields. However, we
course of several weeks, increasing numbers of individual currently do not have enough dynamic range to make that
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measurement. As discussed above, we conclude thahour
(w) signals are from charges. For the three vastly different
insulator and metallic substrates that we used, the observed
signal is always zero or positive, as expected for one positive
charge. These observations reflect EFM measurements ofj
thousands of nanocrystals in total. We have never observed bott
negative and positive signals of varying intensity, as expected
from a variable dipole orientation resulting from randomly
oriented nanocrystals on the insulator surface. Also, when we
observe a blinking il\v(w), the signal blinks on and off from
nominally one value, as expected for a thermally induced charge-
transfer process. A dipole resulting from positive and negative 'g 300 nt O 300 nM

surface charges may be mobile and thus may always orient _. . .
- : - Figure 4. (a) EFM charge image of CdSe nanocrystals capped with
perpendicular to the HOPG surface along a static perpendICUIarTOPO after photoexcitation at 442 nm. The sample was prepared as in

field as to give a net positive signal. However, our EFM  rigyre 3. (c) EFM charge image approximately 30 min after the laser
measurements are always performed whereby the static fieldwas extinguished. The sign @v(w) in parts a and b is inverted for

between the tip and substrate is zero. clarity.

We conducted various experiments to explore the source of . _ . .
roughly 3 min, which is half the time to acquire a complete

the permanent positive charge. Only those experiments that.
concerned exposure to light showed an effect. Exposure of almage. ZnS-capped nanocrystals generally took factors-df 3

sample of individual nanocrystals on the metallic substrate for longer o ph_ot0|on|ze for a given excitation intensity. While
several hours to weak UV light with intensityl xW/cn? from photoexcitation of nanocrystals on HOPG, or on Au substrates
a mercury-argon pen lamp resulted in a few positively charged with SAM layers, always resulted in photoionization, extended

nanocrystals out of approximately 25 in the given image. Two pho'_[oexcitation 9f nanocrystals_ on oxidized Si sgbstrates O."d
samples consisting of CdSe nanocrystals capped with CdS,.nOt Increase thelr charge magnltude_. However,_S|g_nal-to-n0|se
which were prepared in the usual manner and which were stored!> POOreron Si su_bstrates, and we did not quantitatively pursue
in the dark, remained neutral for months after preparation. Also, this last obsgrvatlon. o

the colloidal nanocrystal suspensions (CdS and ZnS capped) I th.e continuous-wave laser excitation s _stopped, then the
stored in the dark were initially neutral while the colloid (TOPQ  Pnotoionized charge decays as shown in Figure 4. In the 30

: L : hy min between the images shown in parts a and b of Figure 4, a
capped) storet_j in ambient lights was partially pqsnwely charged. number of CdSe nanocrystals have lost their photoinduced
Other possible causes of permanent positive charge were

. ) ) charge, going from two to one positive charges. The time for
investigated. A grounded EFM tip was touched to rafts of gt of the nanocrystals in a given image to return to their

approximately 1000 nanocrystals, as well as to individual qginal charged state is on the order of-4D min. The spread
nanocrystals in an attempt remove or add charge. However, th, gecay times arises from the effect of different local environ-
nanocrystal charge was unchanged by this procedure. OXidationyyents of the individual nanocrystals in a particular sample. In
of CdSe nanocrystals in air is known to occur over long periods general, nanocrystals retained any permanent charge present
of time.%22We prepared a sample of individual CdSe nanoc- }efore photoexcitation. Similar behavior was observed for all
rystals, and stored it in an oxygen free environment under nanocrystals irrespective of surface passivation.
ambient light. Approximately 50% of the hundreds of nanoc- — prom all these results, we conclude that synthetic CdSe
rystals we studied in this sample still developed a positive charge nanocrystals are largely neutral as prepared. However, after
over time. Thus, oxidation is not related to nanocrystal charging. nrolonged exposure to high or low intensity light, CdSe
One might suggest that permanent charge may arise out of 8yanocrystals can develop and hold a positive charge, when
very slow thermal equilibration between the Fermi levels of examined in close proximity to a metal surface. Charge develops
the initially neutral nanocrystal and the metallic substrate. fter jrradiation either in solution or in close proximity to the
However, as previously described, initially neutral samples yetal.
stored in dark do not develop positive charge over many months. ¢ Nanocrystal Monolayer Rafts. Quantitative ionization

B. Laser Excitation of Individual Nanocrystals. Excitation rate measurements as a function of excitation intensity were
at 442 nm with an intensity ~ 20 W/cn? photoionizes ZnS- made on 2-D self-assembled aggregates of nanocrystals. These
capped nanocrystals, as shown in Figure 3c,d. CdSe nanocrystalaggregates form on HOPG without an underlying polymer
capped with CdS also photoionize under identical illumination layer24 The capping TOPO layer itself provides a uniform, thin
conditions. At this excitation intensity, nanocrystals increase electrical insulation barrier of about 0.7 nm between the
their charge by one positive charge. Thus, after photoionization semiconductor core and the HOPG, and about 1.4 nm between
an initially neutral nanocrystal exhibi@ = 1, and an initially nearest neighbors. The assembled nanocrystals form a single
charged nanocrystal exhibi@ = 2. Photoionization grows in  layer with a characteristic dimension of 100 nm, as shown in
over several minutes under continuous illumination. Individual Figure 5a. A much smaller second layer sometimes is present
nanocrystals on the PVB insulator all have slightly different on the first layer.
environments and distances to the HOPG; most photoionize Upon 442 nm laser excitation, the magnitude of fhew)
under continued irradiation, but some do not. We did not try to signal increased over time to a saturation level, as shown in
quantify the behavior of individual nanocrystals. Instead, we Figure 5b-d. The charge signal did not monotonically increase
took a nominal ionization rise time to be the time at which the nor did it remain constant at saturation. Rather Alvéw) image
charge image remained unchanged for consecutive scans. Foexhibited a continuous blinking behavior whereby different
CdS-capped nanocrystals, this time was 5 to 10 min at an sections of the image increased and/or decreased in magnitude
excitation intensity of 20 W/cA) which is similar to that of over consecutive scans. These fluctuations only affected local
TOPO-capped nanocrystafThe error in this measurement is  signal intensities from one image to the next and thus did not
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.

1250 nm

Figure 5. Tapping mode AFM (a) and EFM ¢kd) charge images of
CdSe nanocrystals with photoexcitation at 442 nm. Images were
recorded after (b) 0 s, (c) 98 s, and (d) 588 s of photoexcitation. The
excitation intensity was-1.3 W/cn?. The sign ofAv(w) in parts b-d

is inverted.

obscure the overall trend of an increasing signal with exposure

time. The blinking behavior in the charge image has a rate
similar to the rate of the blinking behavior observed in the charge
images of single nanocrystals under photoexcitation. It is likely
that the blinking results from electron transfer between the
HOPG and the nanocrystals, since lateral charge motion betwee

nanocrystals in the layer is slow on these time scales. These
results were consistent among tens of nanocrystal rafts with
various shapes and sizes, each of characteristic dimension

100 nm.
To obtain theAv(w) behavior under illumination, we aver-

aged over the fluctuations. First, several line cuts were taken

through a givenAv(w) image. Then, the\v(w) signal from

the points where the lines intersected the nanocrystals was

recorded. Four to six values ofv(w) were recorded per image
and averaged. We found that this adequately smoothed ove
the image-to-image fluctuations. Line cuts were taken through

identical locations on consecutive images for consistency. For

I
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Figure 6. Absolute change in the magnitude Af(w) as a function

of photoexcitation time. The solid symbols are the measured data and
the solid line is a theoretical fit based on a two-level rate equation
model. The excitation intensity wasl.3 W/cn?. Insert: Decay of the
magnitude ofAv(w) after the excitation was removed. The excitation
intensity was~2 W/cn?.

In the above equatiom,andp are the percentage of nanocrystals
that are neutral and positive, respectively, &iglthe excitation
intensity.o ~ 10715 cn? is the absorption cross section per CdSe
nanocrystal? and k is the ionization probability per optical
excitation.K, ~ 1/2400 s is the neutralization rate, which
was determined from exponential fits to the charge signal decay
after the laser illumination was extinguished (see inset to Figure
6). The rate of change of neutral nanocrystalgdt is equal

to —dp/dt becausen + p = 1. Since the data on individual
nanocrystals indicate that approximately half of the nanocrystals
have a positive charge before photoexcitatinf®) = p(0) =

0.5. Our model is oversimplified in that it assumes that a single

r{1anocrystal cannot contain more than one positive charge. Also,

any effects of positively charged nanocrystals on the ionization
rate of their neutral neighbors are also neglected.

The solution to eq 8 is an increasing exponential, which
approaches

p() 9)

alk [olk
hv/( hy + K")

at long times. The ionization rate for a given intensky, =

lok/hv, was obtained by fitting the corresponding charge signal

with the one adjustable parameterThe solid line in Figure 6

is a best fit withK, = 0.012 s. The error in the average

magnitude ofAv(w) is £10%, which results in an error of

the sample whose charge images are shown in Figure 5, the:t25% in the value oK,

averageAv(w) as a function of exposure time is shown in Figure

6. The exposure time for a given image was taken to be the fo

total exposure time exactly halfway through the acquisition of
the image. The absolute magnitude of the(w) signal at
saturation isAv(w) ~ 1.0 + 0.1 Hz at a lift height of 30 nm.
Within experimental error, this value is the same for all
excitation intensities in the range from 0.1 to 2 Wfcm

The variation of the ionization rate with excitation intensity

r TOPO-, CdS-, and ZnS-capped CdSe nanocrystals is shown
in Figure 7. CdS- and TOPO-capped nanocrystals photoionize
with similar rates. Quantitative agreement between the ionization

rates of TOPO- and CdS-capped nanocrystals is consistent with
our measurements of photoionization of individual nanocrystals

and is also expected given the relative electron and hole band-

The charge rise time and subsequent decay can be apqifsets hetween CdSe and CdS, as will be discussed subse-

proximately modeled using a two-level formalism. Under

quently. On the other hand, atl.8 W/cn? excitation intensity

photoexcitation, the rate of change of positive nanocrystals is ZnS-capped nanocrystals have ionization rates approximately

given by

olk

do() _ otk .\ _
Ln(t) — Kp(0)

dt (8)

four times lower than the CdS- or TOPO-capped nanocrystals.
For excitation intensities at0.18 W/cn#, we did not observe

significant photoionization in ZnS-capped nanocrystals. These
results are again in agreement with our single nanocrystal
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Figure 7. CdSe nanocrystal ionization rate versus photoexcitation

intensity. The circles, squares, and triangles correspond to TOPO-, CdS-Figure 8. Absolute change in the magnitude &f(w) as a function

and ZnS-capped nanocrystals, respectively. The solid line is a purely of photoexcitation time. The circles and squares correspond to low (1.3

linear fit to the ionization rate of the TOPO-capped nanocrystals. Wi/cn?) and high (20 W/crf) excitation intensities, respectively. High-
intensity excitation began at= 686 s after low-intensity excitation.

photoionization studies and also are expected given the relativeThe excitation wavelength for both intensities was 442 nm.

electron and hole band-offsets between CdSe and ZnS.

Our simple two-level rate equation model assumes a linear transiently trap on the outside surface before transferring to the
dependence of the ionization rate on laser intensity. If photo- HOPG. Single visible photons do not have sufficient energy to
ionization is solely due to two-photon processes, such as Augerdirectly photoionize nanocrystals in a vacuum. Sequential
ionization, a square dependence is expected. We find goodtransfer of a surface trapped electron to the HOPG could occur
qualitative linear fits as shown in Figure 7. A purely quadratic by thermal tunneling or photon excitation. If photon assisted,
fit is poor. From the slope, the average ionization probability then at least one step in this putative sequential two-photon
per excitation isk ~ 5 x 1076, The +60% absolute error in  process is saturated at our power levels, yielding an apparent
this value is due to the error in tunneling tirdg as well as the linear intensity dependence.
error in determining the absolute excitation intensity at the The dependence upon shell properties in core/shell partides7
sample. Note that the value of the ionization probability per opserved in both raft and single nanocrystal experiments,
excitation is the same order of magnitude as that observed insypports the idea that the rate-limiting slow step involves
single nanocrystal luminescence blinking experiméfhese  electron tunneling across the semiconductor shell and not
experiments also found a linear intensity dependence of pho-possible sequential transfer of a trapped electron on the outside
toexcitation leading to the nonluminescent dark state. In general,of the shell to HOPG. In a TOPO-capped CdSe nanocrystal,
our present EFM experiments support the photoionization  the electron is far more delocalized than the hole, with a
recombination blinking mechanism advanced in earlier studies. nonnegligible fraction of electron density on the nanocrystal

The magnitude of the saturated charge signal, which was gyrface® For a semiconductor-capped nanocrystal, the electron
approximately the same for all excitation intensities< 2 wave function depends on the band off-sets of the semiconductor
W/cn?, increased when the samples were exposed to highershell with respect to CdSe. For a CdS shell, the barrier height
laser intensitie$ ~ 20 W/cn¥. We observed this effect for tens  for the electron is so low that its wave function penetrates across
of rafts on the five samples which were exposed to the higher the Cd$?231 However, the barrier to the hole is large and the
excitation intensity, At the hlghel’ excitation intensities, the hole is confined to the CdSe core. Therefore, Cds_capped
charge signal also eventually saturated, as shown in Figure 8.nanocrystals should photoionize by losing an electron, with a
This result shows that at high excitation fluences CdSe time constant similar to that of TOPO-capped nanocrystals, as
nanocrystals can acquire more than one positive charge, whichohserved. For a ZnS shell, the barrier heights for both electron
is also consistent with the high-intensity photoexcitation mea- and hole are largé While the electron and hole wave functions
surements of single nanocrystals. Detailed modeling of the are expected to be well confined to the nanocrystal, the electron
multiionization is left for future studies. is still far more delocalized than the hd#®Consequently, for
a ZnS shell, photoexcitation should also result in a positively
charged nanocrystal, but photoionization should be more difficult

Positively charged CdSe nanocrystals are very well insulated than for CdS or TOPO, also as observed. Note that excitation
by TOPO organic layers alone. Thus, if protected from light at 780 nm, less than the CdSe nanocrystal band gap, did not
sources, on the HOPG, initially dark samples remain dark for cause photoionization. The average photoionization time seems
months, while initially charged samples remain charged for to be extremely sensitive to the photoexcited electron barrier,
months. No thermally induced charge equilibration between the while the hole barrier shows little effect.
nanocrystals and the metallic substrate occurs, even with only The photoionization time depends on the distance to the
the thin 0.7 nm insulator (TOPO) present in the raft samples. HOPG as well as the electrical nature of the shell-capping
In addition, charged nanocrystals cannot be discharged bymaterial. Rafts, which are closer to the HOPG, show at least an
touching with a grounded, metallic AFM tip. order of magnitude faster charge rise time than individual

In our surface photoionization experiments, the excited particles stabilized by PVB, at the same laser intensity. Also,
electron could directly tunnel into the HOPG, or it could samples on 5 nm thick oxidized silicon showed no apparent

Discussion
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photoionization under the same time scale and intensity condi- excitation for TOPO passivation. The linear dependence of the
tions as the HOPG experiments. These observations areionization rate on laser intensity and the dependence of the
consistent with direct tunneling. If a sequential process occurs, ionization rate on electron confinement are both consistent with
then sequential transfer to HOPG must compete with trappedthe hypothesis that ionization occurs by direct tunneling of the
electron back transfer to the hole. Further careful experiments photoexcited electron into the metallic substrate. Direct proof
are needed to definitively settle these questions. of this tunneling theory requires further careful experiments.
The fact that our TOPO-capped nanocrystal solutions, stored The dependence of charging on surface passivation observed
in ambient light, show an immediate charge on the surface here are similar those seen in photoconductivity of CdSe
suggests that the photoexcited electron has been taken by a tracguantum dot solids, where charge separation appears to occur
electron scavenger in solution. An alternate, and less likely by direct tunneling between neighboring nanocrystals.
possibility, is that the electron is loosely bound to the nanocrystal  The presence of a high number of photoionized nanocrystals
and transfers to the HOPG quickly before EFM data is obtained. in samples stored for some length of time helps to explain why
In solution, surface passivation was recently shown to control many prior experiments have indicated the presence of static
depopulation of the electron from the lowest excited state. internal electric fields and dipoles. If the hole is trapped on the
fact, recent ensemble measurements have indicated the presengenocrystal surface, then the polarized nanocrysal has a
of charged CdSe nanocrystals in the colloidal susperfsion. permanent dipole as well as a charge. Our observations directly
However, in this case nanocrystal charging was attributed to support the photoionization mechanism for luminescence pho-
thermal processes, and less than 1% of the nanocrystals wergodarkening in ensemble studiésand photoluminescence
estimated to have a charge. blinking in single nanocrystal luminescence. Control of photo-
The nature of the observed positive charge on CdSe nano-charging will be essential for potential device application of
crystals is not clear. The charge might be a delocalized mobile nanocrystal materials.
hole, or a trapped hole. A trapped hole can occur with or without
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