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Dielectric Dispersion Measurements of CdSe Nanocrystal Colloids:
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We measure the dielectric dispersion of CdSe nanocrystal colloids and show the existence of large
dipole moments of 25 and 47 debye for 34 and 46 A diameter nanocrystals, respectively. The
magnitude is consistent with the expected spontaneous polarization of the bulk wurtzite CdSe lattice and
implies a potential drop of0.25 V across the nanocrystal. This effect, which is intrinsic to the wurtzite
structure but has been largely overlooked, should be incorporated in the description of the quantum
confined electronic states. [S0031-9007(97)03636-3]

PACS numbers: 61.46.+w, 77.84.Nh, 82.70.Dd

Colloidal CdSe nanocrystal “quantum dots” [1] are nanocrystal polarity is large enough to compel giving up
well-characterized materials that currently provide one othe picture of a centrosymmetric confinement potential for
the best systems for tests of ideas about 3D nanometémne highest hole states.
scale semiconductors [2]. The size-dependent absorption The CdSe nanocrystals are synthesized, according to
spectra of the CdSe colloids have several well-definedRef. [1], by injection of dimethyl cadmium and tri-
excitonic features that have been convincingly assignedctylphosphine selenide in a hot bath of trioctylphosphine
to states derived from a spherical confinement modehnd trioctylphosphine oxide. Their surfaces are stabilized
using the effective mass approximation and an approxiby trioctylphosphine oxide (TOPO) which leads to strong
mate treatment of the Coulomb interaction [3—5]. Fur-band-edge luminescence and no deep trap emission [1].
thermore, the observable fine structure at the band edgehe samples are purified and the size dispersion is fur-
has been modeled in great detail using the experimerther reduced by fractional precipitation [1]. From the
tally measured, slightly prolate shape of the nanocrystahbsorption spectra of the solutions and by comparisons
and the exchange interaction [6,7]. While the very slowwith data in the literature, size dispersions are between
recombination dynamics and its temperature dependend&® and 10% [1]. For the measurements, the samples are
used to be explained by a phenomenological mechanisulispersed in alkanes such as hexadecane or 2,2,4,4,6,8,8-
based on shallow surface traps [8], at present, howeveheptamethylnonane (HMN) with typically 5 niml of
the fluorescence Stokes shift, the radiative lifetime, andlissolved TOPO to act as a stabilizer. The nanocrys-
the magnetic field dependence are all explained by th&als are highly soluble in these nondipolar hydrophobic
lowest state being a “dark exciton.” This complete pic-solvents. The solvents’ viscosities are also such that the
ture of the nanocrystals electronic structure is neverthelessanocrystal rotational relaxation is below our upper fre-
at odds with several observations. Stark measurementgiency measurement limit of a few megahertz.
suggested the presence of large changes in the dipole mo-The mean semiconductor diameters, 34 and 46 A, are
ment upon optical excitation [9]. This is inconsistent with determined from the correspondence [14] between the
the picture of inversion symmetry but it was later shownmean sizes and the first maximum in the optical absorp-
that the same Stark measurement could be interpreted bipn spectra, 526 and 579 nm, respectively. Measuring
field induced mixing of bright and dark states, and that thehe mass of the purified nanocrystal powder, using the
inversion symmetry did not have to be lifted [10]. Reso-calculated mass of a single nanocrystal with its organic
nance Raman depolarization [11] and two-photon fluoreseapping layer, and measuring the optical density at the
cence excitation measurements [12,13] showed again théitst absorption peak, we determine a nominal optical
the assumption of near-spherical symmetry is inapproeross section. This is then used to measure concentra-
priate. The detailed comparison of the one-photon antions. We obtain cross sections 6fx 1076 cn? for
two-photon band edge spectra suggested further that thiee 34 A nanocrystals angl X 107'° cn? for the 46 A
internal ground state polarization of the CdSe wurtzitenanocrystals. We estimate the error in the cross sections,
structure is a natural way of lifting the inversion sym- and thus the volume fractions, to be about 20%. The
metry with the proper magnitude [13]. Of course, thisvolume fraction will always refer to the volume fraction
bulk property does not have to carry over to hanometeof the core semiconductor plus its organic passivating
particles. We present here the first study of the dieleclayer.
tric dispersion of nanocrystal colloids to directly measure According to Debye and Onsager [15], the dielectric
their dipole moment, and we show that the effect of theresponse due to a dilute concentrationof spherical
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dipoles is given by additional feature dominant below 48z. The curve is
/ / Iy a least squares fit to the Debye relaxation term (2) plus a
& = Semue T T (072 (1) constante! . and an additional term of the form/«”

to fit the rising dispersion at low. This low frequency

term is due to the macroscopic separation of space charges
"n_ &4 or @) and represents a breakdown of the assumption of isotropy.

1+ (w7)? ’ It is dependent upon the geometry of the capacitor. A

with the relaxation timer = 47 nr};/kT and the dipole doubling of our spacer thickness resulted in a decrease in
dielectric contribution e, = 4mnu?/3kT. w is the A by a factor of 1.8 for a fixeB; hc_)wever,sd_change_d py
screened dipole momeni, is the viscosity of the solvent less than 1%.&’ has been normalized for slight variations
andry is the hydrodynamic radius, which should be closel” plate separation, arising from deformation of the Teflon

. . . ‘ / : :
to the radius of the semiconductor caeplus its organic  SPacer, such that, ,,. agrees with a theoretical value
capping layer. taken as the sum of the product of the volume fractions

In order to get the complex dielectric coefficient= and zero frequency dielectric constants of the solvent,
¢ + ie”, we measure the complex impedance of a cir-TOPO, and bulk CdSe. Although the static dielectric

cular, gold-coated parallel plate capacitor with a diame£onstant of a na!nocrysta/l may depart from the bulk value
ter of about one inch and an annular Teflon spacer 110 dt6l and the estimate foe, ., is a crude one, the scatter
250 um thick. A Hewlett Packard 4192A impedance ana-iN OUr measurements allows these approximations. The
lyzer is used to perform the measurements presented heformalized value is in most cases less than 10% different
These are done with the cell both empty and filled with thT0M the measured value. We then extragiand 7 from
nanocrystal colloid and the equivalent circuit is modeledn€ fitting parameters. Curves at different concentrations
as two capacitors and a resistor all in parallel. When th&@ve similar behavior, showing the Debye relaxation,
sample is loaded, the space between the capacitor platgdlich is linear in concentration, as well as the large
contains a material with real dielectric coefficierif and ~ Increase in the effective capacitance at low frequency
loss factors”. Both Teflon and the neat solvents are nearlyVNich scales with concentration as a power law with an
nondispersive in the frequency range of the measuremengXPonent between 0.5and 1.5.
with dielectric constants equal to 2.1, and they show neg; "iguré 1 shows also the dispersionaf for a volume
ligible or no measurable dissipation. Dissolution of a few/Taction of nanocrystals of about 7.5%. Again, we must
percent TOPO did not detectably alter the response of th@dd an additional term to the expected form of the
solvent. dispersion to account for the conduction of free charges.
Figure 1 shows the dispersion of the real part of thelNe line represents a least squares fit to Eq. (2) plus
dielectric coefficient for 34 A nanocrystals at a volumethe conductivity termimo/w and gives us independent
fraction of 30%. The spectrum contains two features: &&lues fore; andr. _
Debye relaxation nead X 105 Hz, which we associate Flgure 2 shows the ave'rage.screened dipole moments
with the dipolar response of the nanocrystals, and abtained from the real and imaginary parts through Eq. (1)

and

&
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FIG. 1. Dispersion of the real part (open circles) of theFIG. 2. Measurements of average screened dipole moments.
dielectric constant for a 30% volume fraction nanocrystalFilled circles andX’s are from the real and imaginary parts,
colloid. Dispersion of the dielectric loss (solid circles) for respectively, of a 46 A colloid, and open circles and open
a volume fraction of 7.5%. The nanocrystals have a meartriangles are from the real and imaginary parts of the dispersion
diameter of 34 A. The lines are least squares fit. of a 34 A colloid.
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for the two different sizes of nanocrystals plotted againshotion that the measured dipole is an intrinsic property of
the volume fraction. A summary of the results appearsan uncharged nanocrystal.
in Table I. The final values ofc and r reported are av- As shown in Fig. 3, there is a dramatic increase in the
erages of the values taken from the real and imaginargonductivity per nanocrystal at the higher volume fraction.
parts measured at different concentrations. For a simplesing different solvents, different surface modifications,
theoretical value of the rotational relaxation time we takeor filtering, we have not yet been successful at signifi-
the hydrodynamic radius to be the sum of the CdSe coreantly controlling this conductivity and, therefore, we do
radius plus an additional 13 A for the thickness of thenot attempt a quantitative description. Nevertheless, the
TOPO capping layer in solution calculated from knownobserved behavior is opposite to that expected for elec-
and estimated bond lengths and angles. This is consisrolytes [20] where association tends to reduce the molar
tent with close-packed assemblies of similar nanocrystalsonductivity at high concentration. It is instead similar
which are separated by20 A [11,17]. We note that the to that observed in a variety of conducting colloidal and
estimate ofr does not take into account the slightly pro- microemulsion systems [21]; thus this rise of the conduc-
late shape of the nanocrystals [11,17]. tivity is clearly related to the nanocrystals. Qualitatively,
The implications of the observed conductivity should bethis indicates a turn-on of a contact or hopping-related
examined. Of particular concern is that a nanocrystal wittconduction mechanism.
a point charge located on its surface will appear to have a Having firmly established the magnitude of the dipole
dipole due to the polarization of the semiconductor latticemoment, we can now discuss its origin and impact. First,
Solving Poisson’s equation with appropriate boundanyt is well known that the CdSe nanocrystals have the
conditions [18] gives a dipole moment Bkas;/(2e; +  wurtzite structure, which is polar in the bulk. It is there-
g,), wheree; ande, are the static dielectric constants of fore natural to compare the dipole moment to the internal
the surrounding matrix and the nanocrystal, respectivelypolarization. We can cagt in the form of an internal po-
Usinge; = 2.1[18], &, = 10.2[19] (bulk CdSe, along the larization Py, given by [22]Py = u(2e, + &;)/4ma’e,.
caxis), andu = 17 A, gives a dipole moment of 35 debye This leads to values of 0.9 and QufC/cm? for the
for a nanocrystal with one electron on its surface. Thissmaller and larger sized nanocrystals which are compa-
immediately raises the possibility that the measured dipoleable to the estimated bulk value [13] Qu&C/cm?. This
moment is an artifact of dissolution in a solvent with chargeclose agreement supports the origin of the moment as be-
impurities. However, an investigation of the conductivity ing intrinsic to the wurtzite structure. It explains why
shows that this cannot be the case. the dipole moment increases strongly with nanocrystal
If we assume a “worst-case scenario,” that all of thesize and implies that surface polarization or reconstruc-
charges participating in the conductivity are chargedion does not yet screen out the internal field at these
nanocrystals, we can estimate the number of chargesimall crystal sizes. The implications are important: Con-
nanocrystals. The conductivity expected from a con-<current with the polarization, there is a potential drop
centrationn of nanocrystals with charge can be found along thec axis of the crystal given by [22A® =
from the Nernst-Einstein equation for hard spheres witl2u/e;a?>. For the 34 A and 46 A nanocrystals, the po-
hydrodynamic radiusy, oo = ne’/6mnry. oo repre- tential drop is 0.25V coincidentally for both—much
sents the conductivity if every nanocrystal carried exactly
one charge. For a volume fraction of 2%, we expegt
to be2.2 X 1077 Q' cm™! for the 34 A core diameter O S
nanocrystals. Figure 3 shows the ratio of the observed _ ]
conductivity too. This ratio is always much less than 1, 5 ]
indicating many more neutral nanocrystals than charged : ]
ones. At low volume fraction, the experimental data give 4r ]
a constanto /oy = 0.2%. Consequently, the expected ’ ]
dipole moment of a charged nanocrystal, 35 debye, cannot
account for the observeg,; by at least a factor of 250. ;
The conductivity measurements therefore support the 2r ]

o/6_x 100%

TABLE I. Results. 0: ; T

102 10" 10

i i 10»3 0
Semiconductor radius 17 A 23 A Volume Eraction
Screened dipole momept 25+ 2D 47+ 5D
Relaxation timer., 027+ .03us 0.7* 0.2 us FIG. 3. Conductivity of the 34 A colloids plotted as a fraction
Hydrodynamic radius 29+ 1A 39+ 3 A of the conductivity expected for singly charged nanocrystals.
Texp/ Tiheory 09+ 01 14+ 0.4 At the lower volume fractions, this ratio is about 0.2%. The

lines are guides to the eye.
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