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The low-intensity photoionization of individual semiconductor nanocrystals, &C48 dry nitrogen, is time-
resolved over many hours for both S (532-nm excitation) and P (395-nm excitation) nanocrystal excited
states using electrostatic force microscopy. Over 7000 calibrated charge measurements have been made on
14- and 21-A-thick oxide layers. Photoexcited electrons tunnel across the oxide into the silicon, and multiple
charges can build up on individual nanocrystals at intensities of only@@1 W/cn3. The silicon dopant

type influences the net nanocrystal charging via the interfacial band bending; P-type subtrates show a faster
nanocrystal reneutralization rate due to their higher interfacial electron concentration. There is a huge range
of photoionzation behavior for individual nanocrystals. This behavior is different for 395- and 532-nm excitation

in the same nanocrystal. This individuality seems in part to reflect tunneling through spatially localized defect
states in the oxide. The line widths of spatial charge images of individual nanocrystals and the semicontinuous
rate of charge re-neutralization after excitation suggest that we observe trapped electron motion in the adjacent
oxide and/or on the nanocrystal surface, in addition to the ionized nanocrystal. On average, tunneling of the
excited P electron is faster by-2 orders of magnitude than that of the S electron; the data show direct
photoionization from the excited P state. A kinetic model is developed, including the effect of charging energy
on tunneling rate, and applied to ensemble average behavior. There is no quantitative agreement of the tunneling-
rate dependence on oxide thickness and excitation energy with the simple 1D effective mass tunneling model.
However, overall observed trends are rationalized in light of current thin-oxide tunneling literature.

1. Introduction conducting ground plane. We use a doped crystalline Si wafer

The fluorescence intermittency of semiconductor nanocrystals as the ground plane and place the nanocrystals -62-dm-

remains imperfectly understood despite a systematic researchth'ck su“rface omdg layers. In th|§ context, the Si |tsglf IS aspeplal
effort since the first observation in 1996Luminescence  YP€ Of ‘trap state” whose Fermi energy can be varied by doping.

blinking and spectral diffusion in some way reflect charge In fact, in a preliminary letter we observed a strong dependence

redistribution and/or photoionizatién? The weak temperature OL ph_oto_|on|zat(|jon on ISI doplngr; md;c&t;r'\:?wthﬁt elecr:rons
dependence suggests direct tunneling to trap states. Evenin th@hotoionize and tunnel across the ox allows the

best core/shell nanocrystals currently synthesized, the observaSimultaneous mapping of topography and electrostatic field

tion of inverse power law kinetics over many decades implies gradients ?‘bOVe th? surface. With modeling and calibrafion,
that a wide range of trap states are weakly coupled, with EFM provides a direct measurement of sample charge and

fluctuating matrix elements, to the optically excited internal state. polgrlnglhty. We qua}nmatlvgly §tudy nanocrystal phqto-
A consideration of tunneling rates implies that the states lonization as a fL_mCt'On of irradiation Wavele_ngth_, O.X'd?
responsible for the longer on and off times are not in the th|cknes§, and _0'09'09- Because we observe avv_lde d|str|but|_on
nanocrystal but 2 nm away in the neighborhood, perhaps in of behawor_ for individual nanocrystals, we describe the data in
the amorphous silica coverslip substrét Thus, rare “blink- ~ Seme detail.
ing” events on the second to hour time scale are a long-distance
probe of the nanocrystal’s electrical environment. It is important 2. EFM Theory
to understand this effect because the nanocrystal charge state
strongly infuences electrical transport properties in photovoltaic
and electroluminescent devices, optical gain in nanocrystal
lasers, and photostability in biological imagifig!3

In this paper, we directly characterize nanocrystal photo-
ionization and neutralization on silica surfaces using electrostatic
force microscopy (EFM). Our approach is complimentary to
the luminescence experiments; taken together the two experi-
ments yield a more complete understanding of nanocrystal
photophysics and charge equilibrium on surfaces. EFM involves
capacitive coupling between a metalized local probe tip and a

A conductive AFM probe in Figure 1 is electrically connected
to a conductive substrate, forming a capacitor. The topography
of the sample is recorded on the first pass of a given line (in
tapping mode), with no bias applied between the surface and
the probe. On the second pass, the probe is lifted a set amount,
zit (Figure 1), above the surface and scanned at a constant height
while still being dithered mechanically at its natural frequency;
also, a voltage is applied between the tip and the substrate.
Electric field gradients due to surface charge and dielectric
properties are directly recorded by the probe. Using lock-in
detection, the apparatus records the shifts in the resonance
* Corresponding author. E-mail: oc55@columbia.edu. Tel: 212 854 frequencyy, of the probe due to these force gradieftté/hen
3553. the force gradients are small (in this case on the order of 10
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. — Av(w) sin(wt) and |E§’| = f(e(x,y), {g})Vae Wheref is determined by
E— {__Lockin Ampltierato | the local dielectric constaatx, y) and the geometric parameters
Fesdback vz 2::;:;:?2 I {g} of the system.
ircu Lockin Amplifier at 2o ere are two oscillating components of the electrostatic force
Circuit Th Il f the el fi
;naseI experienced by the proB&.one atw and one abw:
igna
interleve Photodetector _ dC
;:ta::tor Scan laserbeam F(w) - ((Vdc + @)E + [f(61 {g})(Qm + C(Vdc + §0)) +
ESfm(e, (0] + EC)Vec ()
Amplitude
Detector [ Opa 2. .
stector Z \-"dc+\-'ac sinod al’ld
- lift
Scan = Topography Sca 1 1dC
Ampituc iee o F(2o) = [3f(e AahC + 5 Ve (6)

igna
Topograghy xyz-piezo ‘ F(2w) is a function only ofC(z) and sample polarizability,
eedbac as previously describéd.F(w) is composed of three terms. The
feedback iously d ibedF(w) i d of th Th

Topography Signal first term is due to the contact potential difference between the

Figure 1. EFM experimental setup. The bottom portion of the Pprobe and the substrate, nulled out by setg= —¢. The
flowchart shows that the tapping-mode topographic data is acquired second term is due to the interaction of the oscillating dipole in
on the first pass of a given line (main scan). The top of the chart the sample with the static charges in the tip plus the interaction
represents the second scan of a given line (interleave scan), where they he static sample field with the image of the oscillating sample
cantilever is lifted a set distance abqve the su_rface and scanned faﬁipoles in the tip. At ac voltage amplitudes and-taurface
constant height from the substrate while being dithered both mechani- . . . : L A
cally and electrically. The frequency shift of the probe is detected by separations used in this expe_rlment, thls |nte_ract|on is less than
the phase-lock loop and fed into two external lock-in amplifiers, where 1% of the total force. The third term is dominant and can be
the signals at frequencies and 2» are isolated and fed back to the — described by
Nanoscope llla controller, where the image is created.

_ S
N/m), the absolute value of the frequency shift can be related F@) = BCVe (7)

fo the force gradient by We derive the force on the tip as it interacts with the surface

v oF electric field using a geometrical model of the tip and nano-
|Av| = |y —v'|~ 2K 9z (1) crystal charge distributiof?. The parameters of the tisurface
and tip—sample interaction models are described in the Ap-
wherek is the cantilever force constant amdis its natural pendix.

resonance frequency. _
The electrostatic forces arise from two types of interactions: 3- Experimental Procedure
Coulombic interactions of the capacitively charged probe with  Chemically synthesized CdS-coated CdSe parfitleih an
sample charges and multipoles and capacitive coupling to theaverage diameter of5 nm (stored in mother liquor under a
substrate. The force due to the sample is the product of the totalnjtrogen atmosphere in the dark) were spin-coated onto degen-
surface normal electric field from the sampig, and the charge  erately doped P-type (B-doped, 0.661.004Q cm) and N-type
on the tip, Qyp: (Sb-doped, 0.0080.03Q cm) silicon substrates with 21- and
. 14-A thermal oxide layers (IBM advanced silicon technology
Feou= EQup @ laboratory). The thinner oxide was grown in 15% NO and has

The f bet the plat f th i itor is ai partial SgN4 character. The thickness of the oxide was measured
€ force between the plates of the emply capacitor IS given 1, ojactrical (21 and 12 A) and optical (21 and 16 A) methods

by at IBM. The value of 14 was used in tunneling calculations for
1dC, » the thinner oxide. The substrates were cleaned with ethanol and
Feap= >dz (3) hexane prior to particle deposition. During sample preparation,

exposure to air was minimized typically to no more than 10

whereV is the voltage applied between the surface and the tip, Min to prevent photooxidatioH. 20

C(Z) is the empty tip—surface Capacitance, and the Separation EFM images were collected as described in detail eIS\Nﬁ—)ere,
of the probe apex from the conductive plane of the substrate. If &t room temperature in a dry box (MBraun Unilab, Simatic OP7;
a potentialV = V. + Vqc sin(wt) is applied between the tip  P(O2) < 2 ppm,P(H20) < 1 ppm) using a Digital Instruments
and the Substrate, then the total V0|tage dro‘ﬁtdsz @ + VdC (Santa Barbara, CA) Nanoscope Illa Multimode AFM with an

+ Vae sin(wt), whereg is the contact potential difference and ~€xtender module. A single calibratedf-coated EFM tip
(Nanosensor EFM-20) from Molecular Imaging (Phoenix, AZ)

was used in all experiments discussed here. Its resonance
frequency was 55 kHz, and the spring constant was about 1.35
N/m as determined by the method of Sader &t &lach image
whereQip = CViot + Qm andQim is the set of images induced  took ~12 min to acquire. All images were taken at a resolution

in the tip by the charges on the surfaé®.has two compo-  of 256 x 256 pixelg. During imaging, theVy. was set to zero
nents: E; due to static charges, multipoles, and their images in out the average contact potential between the substrate and the
the substrate an{E| sin(wt) due to oscillating polarization  probe. The typical topographic feedback set-point was 0.35 V,
induced in the sample by the ac field. This,= Ef + |Ef| and the photodiode sensitivity was 13 nm/V.

_1dC, »

V,

I:EFM - E E tot + Ethip (4)
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396-nm excitation and on P-type Si /14-A Si@ith 532-nm
excitation, respectively. In Figure 3b, we see that before
exposure to 396-nm light there is only one nanoparticle showing
a charge signal. Once the sample is photoexposed (Figure 3c),
many charged particles appear. Equilibrium is reaché@0
minutes into the experiment, as exemplified by an image=at

180 min (Figure 3d). On P-type Si (Figure 4), more charge is
seen prior to photoexposure, equilibrium is reached faster, and
charge magnitudes are on average lower than on N-type silicon.

For each analyzed particle, the diameter and the maximum
Av(w) signal above the overall background are measured and
used to calculate the charge. The charge magnitude of a given
particle can be obtained by fittingF,/9z (0, 2) (derived from
eq A10) with a value ofj that describes the observéd(w)
versusz for the particle. TheoreticallyF,/9z depends on where
the charge sits within the polarizable sphere. There are two
extremes, where the charge is concentrated at the top or the
bottom of the particle. In Figure 5, these are the upper and lower

" curves, respectively. The width of this range has an inverse
relationship to the particle dielectric constant, In these
calculationsg is taken to be 10, the bulk value of CdSe.

The range of possible signals from a single charge introduces
a source of uncertainty into the calculation of absolute nano-
T h particle charge. The rate of decay of the upper curve is somewhat
faster than that of the lower; theoretically, the data can be fitted
with two parametersy ands, to try to determine the position
of the charge within the particle. However, the precision of the
data does not allow us to distinguish between the upper and
lower curves. Charge migration and blinking that take place on
Image particle a time scale faster than/a(w, z) versusz curve can be obtained
. - (~100 minutes) complicate the analysis, as can be seen from
Figure 2. Schematic of the charge distribution in the tip and the sample, Figure 5¢ and d showing that the charge signal does not always
indicating the relevant geometric parameters. follow a smoothly decaying trend such as in Figure 5a and b.
The quick falloff of the signal with tip-surface separation makes
Samples were exposed to a grazing angle, 396-nm light from it impossible to obtain decay data fozaange grater than20
a 4-mW (p-polarized) diode laser (Coherent, RA 0222-583-00) nm. Small signal amplitudes also do not allow us to distinguish
at~15 mWi/cn¥ or to 532-nm light from a 15-mW (unpolarized)  a point charge from a dipole-type signal based on the decay
diode laser (Information Unlimited, model LM532P20)-a60 rate of Av(w, 2) with tip—surface separation. At present, this

mW/cn¥, while being continuously imaged for-6 h. No distinction can be made only on the basis of relative signal
intermediate optics were used between the laser and the samplestrengths.

After the laser was turned off, the samples were continuously 5 iotal of
imaged for 1530 h to observe the time dependence of
reneutralization. A total of eight experiments were performed: o histograms shown in FigureZ6Uncharged particles are

aI_I ternary combinations of N- and F_"tYPe silicon, 14- and 21-A not included here, but the relationship between the concentra-
S'OZ'_ with 5_32' and 3_96-nm excitation. To preserve SOMe inns of charged and uncharged particles is shown in Figures
consistency in Iqser allgnme_nt between.the experiments, they16-19. The histograms appear to have peaks that occur at
were performed in the following order: firstASi/21 A Si0, integral values of elementary charges. The cumulative distribu-
was studied with 532-nm excitation; then the same sample aregjq, can he approximated by a sum of Gaussians around integer
of P—Si/21-A Si0, was studied with 532-nm followed by 396- multiples of elementary charges. We emphasize that these are

nm excitation; then a different area of8i/21-A SiQ; was not best-fit distributions with arbitrarily placed peaks. Rather,
Stu%ied. with 396-nm light. The_ same order was used fo_r the these are curves placed to guide the eye in an attempt to
14-A SiCQ, samples. For each image, representing a point in qiignalize the observed data physically. The distribution shifts

time, the total numbers_ of charged angl uncharged particles were, higher charge states (a) with higher-frequency excitation, (b)
recorded, and approximately 10 particles were chosen whose, . rather than on P-type silicon, and (c) on thicker rather

charge signals were recorded as well. Inage data was analyzeqy, thinner oxides. A kinetic model is discussed in section 5.

using Igor 4.0 (Wavemetrics Inc, Lake Oswego, OR). All Fi 210 sh tional li il fthe t
mathematical modeling was done using Mathematica 4.0 Igures show cross-sectionaline profies of the types
: of charge signals observed. Figure 7a shows four charge profiles
(Wolfram Research, Champaign, IL). . . . .
for the same particle taken at different times during the course
of a 17-h experiment. One of the profiles corresponds to a time
prior to exposure and shows no charge signal from the particle.
We observed a diversity of behaviors and will describe our A similar profile after a long relaxation period is also shown.
observations in some detail. Figures 3 and 4 show one Plotted on the same panel are signals that correspond to 1 and
topography image and corresponding charge images for CdSe2.7 positive charges, assuming that the charge is at the particle
CdS nanoparticles at various times on N-type Si/14-A;Sitth center. Figure 7b shows the data corresponding to one hole at

~7000 nanocrystal charge measurements were
analyzed, and the results for 4 experiments are summarized in

4. Charge of Individual Nanocrystals
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. - : 2T LAV -Laser OFF t-600 min

Figure 3. Topography (a) and charge-) images of the same sample area of CdSe/CdS nanocrystals on N-type silicon with 12 A, exposed to
396-nm photoexcitation. (b) Charge image prior to high-energy excitation; (c) first image taken once the laser is turned on; (d) imagg.taken at
= 180 min; (e) image taken 250 min after the laser is turned offt.£f= 600 min.

00 28 B O TS

Figure 4. Topography (a) and charge-) images of the same sample area of CdSe/CdS nanocrystals on P-type silicon with 12 A, exposed to
532-nm photoexcitation. (b) Charge image prior to high-energy excitation; (c) image takgr=aB0 min; (d)t,+ = 600 min.

the center of a nanoparticle superimposed onto calculated forceand width with the calculated one for the charge located in the
gradients for a particle with the same diameter. Three calculatedcenter.

curves are shown; the bottom and top dashed curves are for the The baseline around the particle in Figure 7 is relatively flat

charge at the bottom and the top of the patrticle, respectively, and does not show any serious irregularities. However, the
and the solid curve in the middle corresponds to a charge atbaseline in Figure 8 shows a strong dip on the right side of the
the center. The experimental curve agrees well in magnitude particle. This kind of a dip may be associated with an underlying
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Figure 5. Upper and lower curves in each panel are the calculated signal strengths for a point charge of specified magnitude at the top and bottom
of the particle, respectively. The middle curves show the best fiFg{z)/9z vs z for particles with calculated charges of 3.4e (a), 2.7e (b), 1e (c),

and 1.6e (d) concentrated at the

center of the particles.
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Figure 6. Histograms of charge counts observed during the course of photoexcitation experiments on N-type silicon with 14w Si€2-nm

excitation (a), P-type silicon with 14-A Si@and 532-nm excitation (b), N-type silicon with 21-A Si@nd 396-nm excitation (c), and P-type silicon

with 21-A Si0, and 396-nm excitation (d). The shaded area of the histogram corresponds to the counts collected during photoexcitation (laser on),
and the unshaded areas correspond to relaxation periods. The solid curves labeled “sum” are cumulative distributions obtained by summing over
Gaussian peaks with means indicated in each panel. These curves are not best multipeak Gaussian fits but are included to show that the distributions
can be due to species with multiple elementary charges.

negative charge in the Sj@r a local work function variation calculated curve for 3 positive charges at the bottom of the

in this N-type silicon substrate. The baseline irregularity particle.

introduces additional error in determining the particle charge.  The particles in Figures 7 and 8 show line widths consistent

Panel b of the same figure shows the range of calculated chargewith the calculations over the whole time span of the experiment.

profiles for a particle with three positive charges superimposed The particle in Figure 9, however, shows significant broadening

onto two experimental line scans, corresponding to 3 and 2.5 of the charge signal over time. In panel a, the particle starts in

positive charges at the center. The width and magnitude of thea neutral state and becomes charged upon photoexcitation.
signal corresponding to 2.5 charges agree well with the Initially, the charge signal is narrow and agrees with the
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Figure 7. (a) Topographic line scan and several charge profiles for Distance [nm]

the same CdSe/CdS particle on N-type Si with 14-A Si6d 396-nm ) L .
excitation at several different times during the experiment: uncharged, Figure 8. (a) Topographic line scan of several ch;\\rg_e profiles for the
before exposure; shortly after exposure showing a charge of 1 e; later,S8Me CdSe/CdS particle on N-type Si with 21-A SEhd 396-nm
showing a charge of 2.7 e: and after complete relaxation. (b) excitation at several different times during the experiment: uncharged,
Superposition of a measured signal corresponding to 1e at the cente&fore exposure; after relaxation; and during exposure showing charges

of the particle and three calculated charge profiles for the bottom 1e at ©f 2 & 2.6 &, and the highest observed signal for this particle of 3.8 e.
the top, center, and bottom of the particle. (b) Superposition of measured signals corresponding to 3 and 2.5e at

the center of the particle and three calculated charge profiles for 3e at
the top, center, and bottom of the particle. The 2.5e agrees well with

calculations (Figure 9b). After some time, the signal becomes the calculation for 3e at the bottom of the particle.

much broader than predicted for a particle of this size (Figure
9c). Under the current model, this type of broadening cannot
be explained by any charge distribution within the particle. We

interpret it to be due to charge buildup in the oxide underneath
the particle. Charges that are further away from the probe appea
broader in the EFM images.

Figure 11a. Also, from Figure 4 we can see that on P-type
substrates there is some charging of the particles even prior to
Iphotoexcitation. It is possible that there is stronger communica-
tion between the particles and the P-type substrate that does
not involve the 396-nm laser light. In fact, the kinetics analysis

The particle in Figure 9 is part of the experiment on N-type : o
. . . . . . shows that during the relaxation (in the dark) both the forward
silicon with 21-A SiQ, photoexcited with 396-nm light. Control and back electrc?n-transfer rates( are faster)on P-type than on
experiments on clean substrates showed that charge buildup irN-type substrates

the oxide can occur in certain areas of the N-type substrates - .
In addition to small (+2 e) signals commonly seen on P-type

with thicker oxides when photoexcited at 396 nm. Figure 10 . ) . . .
shows topography and charge images corresponding to 160 mirsubstrates, a single outlier behavior was observed in a particle
showing up to 5 positive charges, with no line broadening

of photoexposure to 396 nm of N-type silicon with 21-A $iO . . . .
The charges on the sample that do not correspond to particles(':Igure 11b-d). This particle started with a nonzero charge

are marked by red squares. There are several such charges opcfore excitation and returned to approximately the same state
this sample, but none are seen in the experiment in Figure 3after relaxation. The superposition of calculated and experi-

for the same conditions on a 14-A-thick Siayer, most likely mental curves ('Figure 1lc anq d) copfirms that the line Wid.thS
because the holes trapped close to the Si8i@rface tunnel of th_e _charge signal due to this particle agree with theoretical
back on short time scales. P-type substrates also did not showPredictions.
such charge buildup, nor did 532-nm light produce any B.Individual Particle Charge versus Time TracesFigures
appreciable oxide charging, most likely because of the substan-12—15 show a number of single-particle “charge versus time”
tially lower absorption coefficient of the silicon at low frequen-  traces that demonstrate general trends as well as the diversity
cies @si(532)= 6.55x 10%, 05(396)= 8.98 x 10%) and shorter ~ of observed behavior.
tunneling lengths for lower-energy carriers. Experiments on 14- and 21-A-thick oxides on P-type sub-
All of the charge profiles discussed so far were for particles strates are shown in Figures 12 and 13. The solid green squares
on N-type substrates. Figure 11 shows line profiles for two show the charge state during 532-nm excitation, and the purple
different particles on a P-type substrate with 21-A SéRcited circles represent the data during 396-nm photoexcitation for the
at 396 nm. As seen in Figure 6b and d, most particles on P-typesame particle. The hollow symbols represent the subsequent
substrates have one or two charges such as in the line profile inrelaxation. The charge state was set to zero if the signal was
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T — T with 532- and 396-nm excitation. Some particles showed higher

B 24e a 14 charge at 396 nm (Figure 12a), some showed higher charge at
f——— 370 I 532 nm (Figure 12b), but others were almost indistinguishable
I, = = Topography 13 T at the two wavelengths. Figure 12c shows a particle that was
i~ Oe after tg_ much more intermittently charged than the other two.
I relaxation 2: The majority of the 10 particles analyzed on P-type silicon
z : 3 with 21-A SiO, acquired more charge when photoexcited at
1= 396 nm. An extreme example is shown in Figure 13a, where
) the particle acquired up to 5 charges. (Line profiles for both
0 particles in a and b are shown in Figure 11.) However,
equivalent responses at the two wavelengths were also observed
" ! ' } " ! " (Figure 13c). In addition, some particles showed almost no
90 2 e cente b response at 532 but did charge at 396 (Figure 13d). In general,

__________ 2 e top it is apparent that the behavior on P_—type supstrates is marked
. 2 e bottom n by discrete jumps and on/pff intermittency with (_:harge mag-
60 o2 e signal ; :‘. | nitudes very rarely exceeding two holes per particle.

i Figure 14 shows the time traces for the 396- and 532-nm

photoexcitation experiments for N-type substrates with 14-A
SiO; layers. Part a of Figure a shows one of the larger signals
observed for this experiment, part b is more representative of
the 10 individually analyzed patrticles, and part ¢ shows a particle
with less charge and a higher degree of intermittency than is
common on this substrate. With 532-nm excitation (Figure-14d

- ' 1 f), the particles show on average less charge than with 396-nm
120k 3¢ center .. C A light (Figure 14a-c).

S 3e top l"'** ; Thg_ particle in Figure 14d appears to make a gradual
90 k----3e bottom | i transition from 1 to 2 'elementary positive charges, and When
L= 3.4 ¢ signal § the laser is turned off, it decays through one apparent intermedi-
L_e— 3 e signal ate point to a singly ionized state. By contrast, the particle in

! panel e appears to reach equilibrium immediately. However,
when the laser is turned off, it relaxes very gradually, going
through a large number of intermediate steps. Part f of Figure
14 shows a particle that behaves like the particle in part ¢ of
Figure 14, showing a lot of intermittency and presenting at most

. L L a single charge.
-200 -100 0 100 200 Charge versus time traces on N-type substrates with thicker,
Distance [nm] 21-A oxide layers are shown in Figure 15. Comparison with

Figure 9. (a) Topographic line scan of several charge profiles for the Figure 14 shows that the decay rates in the dark are much slower
same CdSe/CdS particle on N-type Si with 21-A Shd 396-nm  on the thicker oxides. Full relaxation curves were obtained only
excitation at several different times during the experiment: uncharged, {5, the 396-nm excitation experiment on these substrates.

before exposure, and after relaxation; during exposure showing charge: . . ) )
of 2.4, 3.7, and 3e. The signal shows line broadening with time. (b) §—|owever, the data on the thinner oxides for both N- and P-type

Superposition of measured signals corresponding to 2e at the center ofilicon show that relaxation in the dark is independent of the
the particle and three calculated charge profiles for 2e at the top, center,initial photoexcitation wavelength. Once again, a range of
and bottom of the particle. (c) Line broadening of the signal. The behaviors was observed, with the maximum charge per particle
calculated curves are not at all representative of the observed line widthsreaching between 1 and 5 elementary positive charges. On
for the two signals shown. average, more strongly charged particles were observed on the
thicker oxides for both 532- and 396-nm excitation. Gradual
relaxation behavior (Figure 15b) was predominant, yet discrete
jumps (Figure 15a) were also seen.

in
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30
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5. Heuristic Ensemble Kinetic Model

A four-parameter model was necessary to analyze the trends
in the particle photoionization kinetics quantitatively under
different experimental conditions. The particles are assumed to
transfer between subsequent ionization states according to

a

Figure 10. Topography and charge images of a nanoparticle sample |0Di| 10 kia |+2 ka2 | + 30 kan —1 | +n0 (8)
ko aky a%k, )

i
on an N-type silicon substrate with 21-A Si@xposed to 396-nm an
radiation. The red squares in the charge image indicate charged islands

that d t dt tal th rface. C
at do not correspond fo nanocrystais on the surtace There are two ratel andk, for initial photoionization. For

indistinguishable from the baseline noise, represented by theeach subsequent electron-transfer step, the previous forward rate
shaded area around the time axis. is divided by a factor of, and the back-transfer rate is scaled

Panels a and b of Figure 12 are representative of P-type siliconby this factor. A largea implies a slower second-ionization step.
with 14-A SiOy; similar behavior was seen from most particles The physical meaning af will be described later.
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Figure 11. (a) Superposition of calculated charge profiles and two observed charge profiles for the same CdSe/CdS particle on P-type Si with
21-A Si0, exposed to 396-nm light: uncharged prior to excitation and charged with 2.1e after being exposed. The signal shows line broadening
with time. (b—d) Charge profiles for another particle in the same experiment that has uncharacteristically high charge. (c) Superposition of the 4.2e
signal onto calculated charge profiles for a particle containing 4e and the (d) 1.3e signal onto calculated profiles for 1e on a particle. Tta 4.2e sign

agrees well with a charge at the particle center, and the 1.3e signal is well described by a single electron at the top of the particle.

The relative time-dependent concentrationg ef ni{t) are charged. For 10 particles from group (a), the exact charge state
governed by a system of coupled first-order differential equa- was measured at every point in time. The number of uncharged
tions particles was also recorded. We assumed that the 10 particles

were representative of group (a). A particle was counted as being
|00 in state|+n({t) if its calculated chargg at timet satisfiedn —

[+10 0.5< g < n+ 0.5 In this way, the counts foft+n[{t) for n =
a2 1,...,6 were recorded. The counts|éfwere normalized and
prt AR M scaled by the fraction of all of the particles that were charged

: in the given sample at that timg which determined their

I+n—10 concentrations relative t®C The error bars on these counts

I+n0 were determined from simulating the counting process with a

ek o o o o random Gaussian en?érwi.th a mean of 0 and a standard

L deviation of 0.6e representing the different charge locations and
ki *(;l* kz) aly 0 : o0 instrument noise.

o la _(ﬁ_ akz) - : [+10 The counts of uncharged particles did not reflect how many

a a* [+20 of these were active and how many were inactive because
0 ka DA%, 0 [+30 observing an uncharged particle at all tintess T does not
a . : preclude it from becoming active at tinfet 1. Hence, another
0 : —( 2 a"’akz) a3, ||t 0 fitting parameter, the fraction of active particlgeswas intro-
kla I+n0 duced to determine how many particles are in group {a¥:
0 0 0 0 5 a' a/(a+ b). Because all of the particles in group b are always in

state|OC) f was introduced through the initial conditions vector
9) a = [f1|0[0), |[+1[{0),..., |+n{0)], andfy = (f — Y1, |+illt =

0))/|0{t = 0). Without this parameter, the model did not describe
which can be solved as an eigenvalue problem for an arbitrary the data.
value ofn and an initial conditions vectax. A substantial fraction of particles in most of the experiments

The data set subjected to this analysis was constructed in thenever became charged (group (b)), which suggests that these

following way: Throughout the experiment, we followed a fixed particles have a structural defect that causes ultrafast exciton
field of view of ~100 particles. At any time, this field was recombination or that the charging/discharging cycle is faster
composed of two groups: charged and uncharged. Somethan can be detected by our setup. Yet, as we show below, the
particles (a) were “active” and had a high probability of being fraction of active particles was larger on the thinner oxide; this
charged, and others (b) were inactive and essentially neversuggests that the local oxide properties also influence charging.
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Figures 18 and 19 show the model fits and experimental data
for N-type substrates with 14-A SiCfor 532- and 396-nm
excitations, respectively. Much larger concentrations of multiply
charged particles and much slower relaxation rates for the
particles on N- compared to P-type substrates are observed. We
previously postulated that this is due to the faster back-transfer
rates on P-type silicon, which result from an increased number
of electrons held near the surface because of band bending
induced by dangling bond stat&sOn N-type silicon, the bands
bend in the opposite direction, which causes a depletion of
mobile electrons at the surface, causing slower back-transfer
rates with and without photoexcitaion. The silicon substrates
used in this set of experiments were forming gas annealed to

remove some of the dangling bond defects. However, the work
function difference we measured by EFM, between these
all B degenerately doped N- and P-type substrates, wa$5 V
T ;E instead of tle 1 V expected for flat-band silicon with complete
1 F i A | T interface passivatioff. Thus, a large degree of band bending
llll_ EE_

still remained.
ok _ iy |
o N Y S

If we compare the relative back and forward electron-transfer
v 1 1
C Particle #50

Charge [electrons]

rates ky/ks) for the corresponding experiments on N- and P-type
substrates, we notice that the ratio is always greater on P-type
silicon. Unfortunately, we cannot directly compare the rate
constants themselves because they should be functions of the
excitation intensity, which is not constant from experiment to
experiment because of the diffuse grazing-angle excitation of
- the sample. We can, however, compare back-transfer rates in
the dark, which are always greater on P-type silicon. In fact,
the effect of band bending on the back transfer rates in the dark
is much stronger than that of the thickness of the tunneling
barrier. The forward rates also appear to be much larger in the
dark on the P- than on the N-type substrates, which may be
due to fast electron exchange with the ionized (positive) donors
at the P-type StSiO; interface.

If the rates are determined by direct tunneling, then the rate
constants can be approximated by

N

—
| -

Charge [electrons]
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h Pl il il
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Figure 12. Charge vs time traces for three different particles on P-type
silicon substrates with 14-A SiOIn each panel, filled purple circles

and green squares correspond to 396- and 532-nm photoexposure times

k. 0e? /2m(Vo + AEn+1 — Ez)(I/)
for the same particle. The unshaded symbols correspond to subsequent ol
relaxation. The points whose signal strength was below the noise level,

indicated by the shaded area around the char@eaxis, were assigned ~ which represents the tunneling of an electron with endzgy
a value of zero. (a) A particle that was more highly charged when through a barrier of physical thicknelsand heightp + AEq+1.
exposed to 396-n_m light; (b) a particle tha_lt was more responsive to AE,q1 represents the energy necessary to puhahl() electron
532 nm; (c) a particle that was much more intermittently charged than onto a capacitor, here defined by the spherical particle and a
the other two. . ’

conductive plane:

1000

(10)

Results of Model Fitting. Modeling results for four out of )
eight experiments are shown in Figures—1®: the points _1 ) €
represent the normalized counts, and the solid lines, the model ABq =72 +1 Charticle-plate
fits. Panela of each figure shows the rise-time kinetics for the
photoionization process (laser on), and pabheshows the  \yheree = 1.6 x 10°1° C and Cophere-plate IS given by eq A2.
relaxation (laser off). The values of the forward and back gq 5 particle-substrate separation of 21 AE1 ~ 0.31(h
electron-transfer rate constants as welhase allowed tovary 1) eV, andAEn1 ~ 0.29( + 1) eV for 14 A. If we Taylor

for ph_otoionization and relaxatipn, btits kept the sgme..The expand the square root of the exponent to first ordex&a, 1,
best-fit parameters for all experiments are summarized in Tablethen we get

1.

The model describes the experiments on P-type substrates
with 396-nm excitation for 21- and 14-A SjOquite well
(Figures 16 and 17). A lot more charging is observed on the K nt-
thicker oxide. During the excitation, the forward rate from the
nanocrystal excited state is similar for both experiments. The
backward rate to the ionized nanocrystal on the thinner oxide
is faster, resulting in the skewing of the equilibrium concentra-
tions toward zero charge.

__IWom  (n+)E
LA @ VM= BN o o 2h/(Vy—E) G o

__IWem &)
kale "025] (1)

Physically, fitting parametea should capture the increasing
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Figure 13. Charge vs time traces for four different particles on P-type silicon substrates with 21,A03i@monstrate the wide range of observed
behavior. The legend is as described for Figure 4.10. (a) Outlier particle that was much more highly charged than any other particle on the P-type
substrate and showed slower relaxation dynamics; (b) representative behavior for particles on this substrate, with more charging when exposed to
396-nm light; (c) a particle with a highly intermittent charge state oscillating around 1e; and (d) a particle that was mostly uncharged with 532- and
had a low charge with 396-nm excitation.

ionization energy with each additional charge,
Iv/2m &

C,
—E, 's—p
a~ Ve~ E)

second @sz, = 5.2 x 10718 cn? andosge = 2.3 x 10715 cni),
andr; is the lifetime of the particle excited states, ~ 150 ps
andtzgs ~ 1 ps for ensemble measuremefit$® the 532-nm
value, controlled by energy transfer into the substrate, is taken
from an estimate on an Au substrate. These are order-of-
By analogous reasoning, the inverse back-transfer rate relation-magnitude values; the lifetimes of individual particles at room
ship can be obtained. Tha dependence of the rates is a good  temperature differ by orders of magnitude and fluctuate in
approximation only for small values of. BecauseAE grows time2® The tunneling rates and per-excitation tunneling prob-
quickly with n, using only the first term of the Taylor series abilities are given in Table 2.
overestlmatea' Flgure 20 shows thg relatlvg band offsets of Using eq 10 and parameters for electron tunneling through
the CdSe particfe with respect to Si and SiOband levels.  gjo, given above, the tunneling rates at the same excitation
With reference to the Si valence band (VB), the tunneling barrier \, o\ elength are expected to be at least 2 to 3 orders of magnitude
\:]0 f%rdSSIOZ IS N4'3392V’ the eznergy OJ thzegelectfron exc:ted from |arger on the thinner oxides. But this is not the case for the
t e't d et\;,{gaat > Tr?m : te_V and~z. ftehv olr atn N etctronl_ observed tunneling rates shown in Table 2 if we assume in our
excied at 595 nm. The eze ective mass ot fhe electron UNCUNG ¢41cylations of,,e that excitation intensity and excited-state
through SiQ is ~0.34m..%° If we calculatea as described by P
. lifetimes are the same on all substrates. Energy transfer between

eq 12, then we get the following values fay (2.2, 2.7, 3.7, . 97

O J chromophores and semiconductors should significantly shorten
4.9), wherei = 14 or 21 A andj = 532 or 396 nm. If we the excited-state lifetime of the 1S state. The energy-transfer
calculate the averada;1/k, for the first five rate constants using rate has a dependence of betwetR and d-*, whered is

eq 10, then we get somewhat smaller values: (2, 2.2, 3, 3.6).th i f the ch h d indirect .

Looking at the fitting results foa in Table 1, we can see that € jeptarg)ltl)n 0 tetﬁ r(l)mop t())re and 3%'” rec gatp semi-

these numbers are well within an order of magnitude of the conductor:” In part, the low observed dilierence between
tunneling rates on thinner and thicker oxides may be from

observed behavior. ; . -
We can estimate tunneling rates a shorter excited-state Ilfetlmt_a because__of more efflqent
energy transfer between the particles and silicon with the thinner
k1 oxides.
l<1unnelzﬁlr_/1 Depending on whethed is calculated with respect to the
center (45 and 37 A) or edge~20 and 14 A) of the particle,
wherek; is the observed forward electron-transfer rate given in this effect would give us a factor of between 2 and 5 larger
Table 1,N; = lg;A/hcis the number of optical excitation per l{unnel on thinner oxides, which is not enough to explain all of

12
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Figure 14. (a—c) Kinetics of photoionization and subsequent relaxation corresponding to 396-nm-afdd&32-nm excitation for six different

particles on N-type silicon substrates with 14-A i@he legend is as described for Figure 4.10. (a) A highly charged particle with very slow
relaxation dynamics; (b) representative behavior for particles under this set of experimental conditions; (c) a particle with a highly intermitten
charge state oscillating around 1e; (d) the particle has a slow charge onset and discrete relaxation; (e) charging is fast and relaxation takes place
through many intermediate states; and (f) a low charge signal with high intermittency.

the discrepancy between theory and experiment. We also expect The same discrepancy is evident when comparing reneutral-
at least a factor of 5 uncertainty IN; due to grazing-angle ization rates in the dark on thinner and thicker oxides. Although
excitation because the laser alignment was changed betweeraster back-transfer rates (in the dakg),, are observed on
the 14- and 21-A experiments. The absorption cross section ofthe thinner oxides, the difference is not nearly as large as
the nanocrystal may also be affected by the proximity to the predicted by eq 10410® depending on the energy of the back-
silicon substrate; whether it is enhanced or suppressed wouldtunneling electrons). However, these numbers are extremely
affectN; and the calculated tunneling rates. sensitive to oxide thickness and the local density of defects.
We expect some variations in the electronic barrier The local thickness of SiOmay be responsible for separating
height between the thick and thin oxides because the thinnerthe active particles on thicker substrates from inactive ones such
one was prepared with 15% NO in an oxidizing gas and has that on average a shorter tunneling length is active on the thicker
partial $N4 character, but the thicker one was not. Oxynitrides oxides. On average, there is a larger number of active particles
are being developed as higdmaterials for gate insulators that  on thinner oxides. Additionally, as seen in Table 1, the doping
are potentially more resistant to leakage currents than puregf the silicon has an effect (up to an order of magnitude) on
oxides?33 Depending on the degree of incorporation of ihe rate of back electron transfer that is not accounted for in

nitrogen into the oxide, the tunneling barrier and carrier effective o tunneling model. Equation 10 does not account for the band
mass decrease, but the dielectric constant and oxide equivalenBending or the nature of the transition region at the SiSIO

th||cknesfs |rr]1crease. This mtrod(ljjces a Ilargle unchertalnty into t_heinterfacé“v% and hence is a very crude approximation of the
value of the parameters used to calculate the transmission g e tunneling probabilities.

probabilities. In general, there is a lack of agreement in the S .
literature on the value of the effective mass and the validity of € also observe that the photoionization rates are faster with

the effective mass tunneling model for thin oxid&& Theoreti- higher-fr_eque_ncy photoexcitation_. This suggests that fast elect_ron
cal calculations of tunneling coefficients that account for the ransfer is taking place through higher excited states. Accounting
microscopic structure of the oxide show that tunneling through for the higher relative densities of final states in the silicon
defect levels, such as oxygen vacancies, becomes increasinglgonduction bandd. O /E;—E()%* and using eq 10, we find
important in thinner €20 A) oxides3* Defect tunneling is that tunneling at higher energy is expected to be more likely
energy-dependent; it could be fast at 532 nm and slow at 395by a factor of~50 for a 21-A barrier but only by a factor of 16
nm or vice versa. for a 14-A barrier.
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Figure 15. (a, b) Kinetics of photoionization and subsequent relaxation corresponding to 396-nm and (c, d) to 532-nm excitation for four different
particles on N-type silicon substrates with 21-A §i0he legend is as described for Figure 4.10. (a) A particle with discrete ionization and
relaxation dynamics; (b) a particle that is highly charged and displays continuous relaxation behavior; (c) a representative particle wigmstsy dyn

and (d) the particle charge signal is low and oscillates around 1e.
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Figure 16. Relative concentrations of particles with-8 positive charges as a function of (a) excitation time (396-nm laser on) and (b) relaxation
time (laser off) for a sample of nanocrystals on P-type silicon with 21-A,Si®e solid curves are fits of a kinetic model described in section 4.4
with corresponding parameters shown in Table 4.1.

The observed ratios of tunneling rates (Table 2) are larger Limitations of the Model. Looking at Figures 1619, we
than expected by factors 0$30 and 6 for the 14- and 21-A  notice that the model is limited in its predictive value. First,
tunneling barriers, respectively. These ratios increase exponenthe noise in the data, especially evident in Figure 19, suggests
tially with | so that ratios 0f~250 for a 30-A tunneling barrier  that in addition to instrument uncertainty individual particles
and ~1300 for a 40-A barrier are expected. TOPO and CdS are not very representative of the ensemble, and a large number
layers are also likely to contribute to the tunneling barriers. need to be analyzed to get a reasonable estimate of average
Hence, we can expect the observed ratios to be somewhat highebehavior. Also, it is noticeable that this model is much better
than predicted for the 14- and 21-A barriers. The ratios are at describing systems where a lower degree of multiple charg-
consistently larger for the thinner oxides, which also contradicts ing is observed. This again suggests that particles that lose
the predicted trend described above. This observation ismany electrons are probably following slightly different
consistent with a mechanism involving tunneling through defect kinetics from the particles that are only singly or doubly ionized
states. The width of the tunneling resonance broadens as theand that parametera and f are not enough to capture this
oxide gets thinne#! and hence it is more likely that a higher-  difference.
energy electron overlaps with one of these resonances on thinner The analysis of the fitted rate constants in light of a simple
than on thicker oxides. 1D tunneling model is very limited because we do not have



4958 J. Phys. Chem. B, Vol. 108, No. 16, 2004 Cherniavskaya et al.

09l Laser On 1b 2 " 09
: : ]
o } .
8 by o o berbrrg g Laser Off Ry
£06} t i TIfI IRy 106 &
s { “l1e Model - 1e Model S
— L = 2e Model | o 2e Model o
2 - L ®m:0e ——Model | | o Qe Model -_G
So3 BEREL IR PRES TR S {oa g
- { | ] I.Il o AL Z J|- oz 1 g
_ 11 il - ITTI'F Eﬁ%ég_ﬁ CHEgEE o+ o
O.OH_‘ P —— - T [ - = T T T = T 0.0
100 200 0 200 400 600 800
Time [min] Time [min]

Figure 17. Relative concentrations of particles with-@ positive charges as a function of (a) excitation time (396-nm laser on) and (b) relaxation
time (laser off) for a sample of nanocrystals on P-type silicon with 14-A,Si®e solid curves are fits of a kinetic model described in section 4.4
with corresponding parameters shown in Table 4.1.
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Figure 18. Relative concentrations of particles with-8 positive charges as a function of (a) excitation time (532-nm laser on) and (b) relaxation
time (laser off) for a sample of nanocrystals on N-type silicon with 14-A;ST®e solid curves are fits of a kinetic model described in section 4.4
with corresponding parameters shown in Table 4.1.
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Figure 19. Relative concentrations of particles with-8 positive charges as a function of (a) excitation time (396-nm laser on) and (b) relaxation
time (laser off) for a sample of nanocrystals on N-type silicon with 14-A;STe solid curves are fits of a kinetic model described in section 4.4
with corresponding parameters shown in Table 4.1.

sufficiently precise numbers for excited-state lifetimes and suggest that resonant tunneling through defect states is important
excitation intensities and we do not account for the microscopic and that there may be some uncertainty in the width or height
nature of the Si/Si@interface, which plays an increasingly of the tunneling barrier, which would have a strong effect on
important role in these ultrathin oxides. Some of the observed the expected value @f, a parameter that appears to be in good

discrepancies, such as higher-than-expekfgtL (k22 . ratios, agreement with the model.

nnel
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TABLE 1: Summary of the Best-Fit Parameters for the Kinetic Model Describing the Photionization and Relaxation of
CdSe/CdS Nanoparticles under Various Experimental Conditions

photoexcitation relaxation
A hSi02 Si ke Ko a Kot —¢ Kofi—b
[nm] [A] [N/P] [min™ [min™ a theory f Ko/ks [min~4 [min™ Aoff
532 21 N 5.0x 102 6.0x 1073 1.6 3 0.5 0.1
532 21 P 1.6< 102 1.0x 10?2 3.3 0.7 0.6
396 21 N 5.0x 1072 9.0x 108 1.8 3.6 0.5 0.2 1.6 104 2.7x 1078 2.0
396 21 P 4.0< 1072 1.0x 10?2 2.2 0.7 0.3 5.5¢ 10°3 1.3x 1072 1.8
532 14 N 2.5x 1072 5.0x 108 2.0 2 0.6 0.2 8.0« 1074 45x 10°° 25
532 14 P 1.0« 102 7.0x 1073 2.7 0.6 0.7 4.0< 10°3 1.5x 1072 1.3
396 14 N 1.1x 10-01 1.0x 10?2 2.0 2.2 0.9 0.1 8.k 104 6.0x 1073 1.8
396 14 P 3.5¢ 1072 2.6x 1072 3.8 0.6 0.7 3.5¢ 1073 1.6x 1072 2.0

TABLE 2: Tunneling Rates from the 1s (k22 ) and 1p ( .o, Excited States, Tunneling Probabilities Per Excitation with 396-
and 532-nm Light, and Their Ratios Calculated from the Rate Constant Fits

hSiOz Si u3n2nel u9n6nel ki/N; ki/N;. (kf%/ N396)/
[A] [N/P] [min~] [min~7] el Ktunnel (532) (396) (*INs32)
21 N 6.94x 10 1.49x 10*° 2.14x 10* 1.0x 107 1.2x 107 1.14
14 N 3.47x 10* 2.10x 10*7 6.04x 10+2 5.2x 1076 2.6x 10 5.03
21 P 2.22x 10™ 6.19x 10" 2.79x 102 3.3x 10°® 9.5x 107 2.86
14 P 1.39x 10+ 6.25x 10%® 4.50x 10*2 2.1x 107 8.3x 1076 4.00
E(eV) was observed, suggesting that local variations in the substrate
ol have a strong influence on nanoparticle photoionization.
| Ccdse SO, si The nature of gradual relaxation behavior observed in
1 Ecs™1 individual particle charge versus time traces is somewhat
2 T . unexpected in the context of dealing with the transfer of single
3T ﬁﬂ-% ------ Fog e:-’/‘:?-e-\-/ ------- elementary charges. Data showing discrete jumps in increments
4+ °5532' 396 nm 2evl s of single electrons would be significantly easier to interpret.
o T b 8" However, as we showed in sections 3laha wide range of
6L En55 Ew=517 signals can be expected from a particle containing even a single
charge because of the position of this charge within the particle.
7__

It does not seem unreasonable to suggest that the gradual
8+ relaxation is due to charges hopping along the traps on the
9+ particle surface and tunneling off into the silicon when they
10 E,p=9.9 reach the bottom of the particle, where the spatial overlap with

silicon is the greatest. It is also plausible that charge lingers in
the oxide for some time, creating an increased observed signal
even after the particle has recovered one of its lost electrons. If
the reneutralization mechanism involves charge hopping through
The range of behaviors of individual particles can be more trap states in Si@ then the rate difference between thinner and
accurately assessed if multiple time traces are obtained for eachthicker oxides would be affected more by the proximity of the
particle and the probabilities of finding the particle in some state closest trap sites than by overall oxide thickness, which may

Figure 20. Relative band offsets of CdSe, Si, and s&dd the energies
of photoexcited electrons with respect to the silicon valence band.

|+nCas a function of time are determined. explain the relatively weak observed dependence of rates on
oxide thickness.
6. Discussion and Conclusions The relative rates for forward and reverse electron transfer

were analyzed using a simple four-parameter model and were

Origninally neutral CdSe/CdS corshell nanoparticles on  found to be highly perturbed by the nature of the substrate as
conductive substrates readily give up electrons when photo- well as by the photoexcitation wavelength. Surface band bending
excited even at very low intensities (6:0.01 W/cn%) above  due to dangling bond states on N- and P-type silicon substrates
their band gap. Quantitative analysis of thelependence of  causes the ratio of the back to forward electron-transfer rate
the charge signals as well as of the cross-sectional line scansonstantsky/k;, to be larger for P- than for N-type silicon. The
suggests that particles can lose between 1 and 5 electrons uporelaxation rates in the darkef, are also much faster on the
photoexcitation. Line broadening is sometimes observed over P-type substrate. Dopant type has a stronger effekarthan
time, which may be due to oxide-trapped charges underneathoxide thickness.
the particles. The data used in ensemble kinetics analysis was quite noisy.

A variety of behaviors were observed on all substrates, with Systematically poorer agreement of the model with strongly
some particles charging strongly and gradually, others blinking charging systems suggests that highly charging particles follow
on and off on faster time scales, and some never charging at alldifferent kinetics from those that lose only one or two electrons.
during the course of the experiment. The analysis of the chargeln addition, only a fraction of the particles within a given sample
signal is complicated by the underlying charge profile of the were active in the photoionization process on the time scale of
substrates, especially on N-type silicon. More multiply charged these experiments, hence the remaining particles must follow
particles are seen on N-type than on P-type substrates independmuch slower kinetics. All together it appears that the substrate
ent of other parameters. More uniform behavior is seen on is responsible for introducing a trend in the overall photo-
P-type substrates; however, a single strongly charging outlier ionization behavior, whereas individual particle kinetics are still
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strongly perturbed by their local environment such as the local Csphere-piateV l0cated at the center of the sphere. The sphere
oxide thickness, density of oxide defect states in the particle’s plate capacitance is given by
vicinity, and local work function of the silicon as well as the
quality of the particle itself. ® sinh()

The higher observed rates of tunneling with 396-nm excitation Cophere plate = 4T€gp + degp ) ———  (A2)
indicate that the 1P state of the exciton is responsible for faster = sin h(ha)
tunneling. The relative ratios of the tunneling rates for 396-

o ~~_where

and 532-nm excitations on the same samples are much higher
than expected for 14- and 21-A tunneling barriers. These ratios
are larger for thinner oxides, which also contradicts tunneling o=Inl1+ i + 2_Z+ z
predictions. This is unexpected because of its much shorter V p2 PP
lifetime but may be due to better spatial overlap with the
substrate and/or stronger coupling to oxide defects. Theseandp is the tip radius. The charge distribution on the cone is
observations may be explained by uncertainty in the excitation approximated by a semi-infinite uniform line-charge, with
intensity, the effect of the silicon surface on the absorption €ross charge densityi starting at positionz; = zv1+tarf6 and
sections and excited-state lifetimes, and resonant tunnelingextending to infinity.4 is given by
through defect states.

This experiment is somewhat limited by its inability to 471€V o¢
observe events that happen on short time scales. However, A :T (A3)
because our excitation intensities are approximately 5 orders
of magnitude lower than those of optical blinking experiments, \where
the events observed in our work should corresponé 100-
ms events observed in single-particle fluorescence studies. An _ {1+ cosfO
experiment to investigate fluorescence blinking and exciton p= (1_ cosG)
lifetimes on various silicon substrates analyzed in light of these
results may provide more information about the extent of the and @ is the cone angle of the probe3’38These parameters
effect that the electronic structure of the substrate has on particleare illustrated in Figure 2.
photoionization. To write down the potential due to a charge within a

The extreme sensitivity of these particles to their local nanoparticle, we consider them to be polarizable spheres. If
environment is somewhat troublesome with regard to their chargeqis located within a particle a distansérom the particle
potential applications in single-molecule electronic devices. center (Figure 2) and at an angfeto the substrate-surface
However, this sensitivity may be quite useful for sensor-type normal,xis a radial distance from the surface normal axis going
applications, once the behavior is better understood. The factthrough the center of the particle, afids the height above the
that we can induce behavioral trends in particle ionization by nanoparticle center, then the potential at poigtd) is given
varying the environment suggests that by carefully controlling by
the fabrication process we can tune the particle behavior to suit
the needs of the application. @(x, &) =
© g 2n+1
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Appendix: Modeling Tip —Surface and Tip—Sample

Interactions Pim(X, ©) =

The probe is modeled as a cone with a sphere atone end as 4 s’ 2n+1 = A6
shown in Figure 2. The charge distribution on the probe is c Zo en+n+1 n(COSP,(X, £)) (A6)
determined by its capacitive interactions with the substrate. AW+ g ATt
Because all of the probe components are at the same voltage,
Cprobe-substratelS given by where

Cprobe—substrate= sphere—plate+ Ccone—plate (Al) éz = w (A7)
€sio,

In this equation, different terms dominate at differenilues
The charge on the sphere portion of the prob&ignere = and
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