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Direct observation of energy-gap scaling law in CdSe quantum dots with positrons
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CdSe quantum dot samples with sizes in the range of 1®B-nm in diameter were examined by positron
annihilation spectroscopy. The results were compared to data obtained for single-crystal bulk CdSe. Evidence
is provided that the positrons annihilate within the nanospheres. The annihilation line shape shows a smearing
at the boundary of the Jones zone proportional to the widening of the band gap due to a reduction in the size
of the quantum dots. The data confirm that the change in the band gap is inversely proportional to the square
of the quantum dot diameter.
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The advent of reliable production of nanostructures has The measurements were conducted on spheres of 6 nm,
opened a different frontier in materials science. Quantum do#.4 nm, 3.6 nm, 2.5 nm, and 1.8 nm diameter with a size
structures gain ever-increasing importance in applicationsglistribution of about 12%. These spheres were prepared in
ranging from semiconductor electronics to biologicalthe laboratories of AlivisatosUC, Berkeley and Bawendi
applications:~® In order to take full advantage of this range (MIT). The production of CdSe quantum dots using colloidal
of solids between molecules and macroscopic samples a dprecipitation from an organic solution is well establisHed.
tailed understanding of their electronic properties is essencrowth is terminated when a coating of trioctlylphosphine
tial. A wide range of techniques has been used towards thigxide (“TOPO,” ~1 nm) is formed. The size of all samples
goal, many of which probe the electronic density of statesand their size distribution was determined using optical ab-
Here, we report on the application of positron annihilationsorption spectra through the well-established wavelength de-
spectroscopies, which provide information on the electroryendence on sizé® The sample material was dissolved in
momentum distribution. A positron annihilates with an elec-.noroform and then deposited on glass slides or polished

tron producing predominantly twe ray photons of 511 keV,  gjjicon wafers. A single crystal of CdSe was examined as a
which are Doppler shifted by the combined momentum of,

) . . reference sample. This crystal was annealed and subse-
the electron-positron pair. The positron reaches thermal equﬁuently etched in a 5% bromine methanol solution
librium with its environment orders of magnitude faster than )

) . e ) . Monoenergetic positrons were implanted with kinetic en-
its typical lifetime in matter(several hundred picoseconds eraies between 1 and 5 keV depending on the thickness of
While the electrons fill up energy levels in accordance with 9 b 9

the Pauli principle, the sole positron is free to occupy itsthe respective .sample. Upder thesg conditions more than
ground state. The intensity of modern positron beams is sgo° ©f the positrons are implanted in the layer of quantum
low (<10P per seconiithat no more than one positron will dOts- The energies of both annihilation photons were col-
reside in a quantum dot at any given time. Hence the exami€cted with two_high-efficiency germanium detectors posi-

nation of the Doppler shifts of the annihilation radiation will tioned on opposite sides of the sample and operated in
provide information about the electron momentum distribu-coincidencé”™** The sum of the annihilation-photon ener-

tion in a sample. It is therefore not surprising that the posidies &E) is a Doppler-free measurement of the rest mass of
tron annihilation Doppler broadening technique is exquis-the electron-positron pair less the electron binding energy

_ 2 ~ 2__ i i
itely sensitive to changes in the electron structure as A>E=2MeC"—E,~2m.c*=1022 keV). The difference in
function of size of the nanostructures. the photon energies is proportional to the momentum of the

Earlier measurements by Nagat,al*® have shown pos- annihilating eIeEtrPn parallgb, to the direction of photon
sible evidence of quantum confinement for a distribution ofemission AE«p c~ keV). The use of two detectors in
sizes of Cu precipitates in Fe-Cu alloys. Xtial. carried out  coincidence rather than one detector raises the signal to noise
studies for gold nanoprecipitates embedded in MgO that alseatio from about 1000 to 10 At the same time the energy
showed some indication of this behavioHowever, the resolution of the system degrades ¥ (in the case of iden-
present study on CdSe quantum dots is the clear demonstraeal detectors while the full Doppler shift is measured as
tion of size dependent effects. This work demonstrates that apposed to only half when one detector is used only. Thus,
least for select materials, positrons do indeed annihilate froneffectively the energy resolution is improved. In this mea-
within the quantum structures and that a size dependent sigurement the effective full width at half maximum energy
nature is imprinted onto the annihilation radiation. We showresolution is 1.6 keV. Here, only the events with a sum en-
that the band gap is inversely proportional to the square oérgy within a 5-keV energy window of 1022 keV were used
the diameter of the quantum dots. and accumulated as a function of the difference in the energy
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of the photons. This measurement of the distribution of Dop- ", ' '
pler shifts gives the information about changes in electronic

momentum structure occurring in these CdSe quantum dots 10
in the quantum-confined regime.

The momentum distribution of valence and conduction
electrons for a noninteracting electron gas in an ideal con-
ductor leads to an annihilation Doppler line shape of an in-
verted parabola convoluted with the detector resolution. The
parabola intersects zero at a momentum equivalent to the
Fermi momentunfor radiug. In spite of the repulsive inter- 08
action of positrons and ion cores a small fraction of positrons
will annihilate with electrons from bound atomic states.

These events add a much broader component to the spectrum o ' 1 ' P ' 3
with a momentum distribution that is specific for the chemi- Doppler momentum (a.u.)
cal type of the element.

Semiconductors, of course, have a band gap of forbidden FIG. 1. Ratio of annihilation line-shape data for CdSe quantum
energies that modifies the electron momentum distributiondots (QD) of different sizes relative to bulk crystalline CdSe as a
The Jones-zone model for Semiconducférwhich gives a function of the Doppler momentum. The quantum dot sizes are 1.8
constant occupation of momentum states within the JonedM (large doty, 4.4 nm(up triangle, and 6 nm(down triangle. The
zone and zero outside, yields an overall correct picture fopmall dot line is Fhe central Gaussu_an fl_tted to the underlying rat!o
the valence momentum density but an unphysical metalli@”q the dashed line the two Gaussian fit to the peak and l_mderlylng
behavior(i.e., sharp momentum cutoffs near the Fermi mo-fatio- Both are for the case of the 1.8 nm QD sample. Fits to the
mentum for the valence electrgnin reality the opening of a other. samples are of.S|m|Iar quality. The. vertical bars indicate the
band gap of forbidden energies produces a smearing of thlgcatlon of the centroid of the peakom fit).
sharp occupation breaks at the Jones-zone boundary. The
width of this smearing is proportional to the energy ¢3fn  constant offset to the area data. Wang and Zutfigeer-
the quantum dots, the width of this smearing is expected téormed electronic structure calculations for CdSe quantum
increase as the size becomes comparable to the Fermi wav@ots and predicted a widening of the band gap as a function
length, as is the case here. Friedel and F])%‘mowded an of dot radius. The same data are shown in Fig. 3 along with
e|egant discussion of the impact of the energy-gap Widenin@']e centroid momentum of the peaks versus the nonexcitonic
in momentum space for a one-dimensional case, which ca@nergy gap given by Wang and Zunger for quantum dots of
be extended in a straightforward manner to include theé€arly the same size. The linear relation is striking. It is
present case. Their formula indicates that the variation of th€vident that the centroid shift is a direct measure of the mo-
gap is proportional to the variation of the momentum densitynentum smearingsp, which is proportional to the energy-
smearing width. Their ideas were inspired by work of Berkogap variationAE. This is the first direct observation of a
and Plaskett’ widening in the energy gap by positron annihilation. The

In practice, the small reduction of occupied states in mo<entroid of the peak should also be proportional to the energy
mentum space below the Fermi momentum is nearly impos-
sible to observe. Above the Fermi momentum, on the other
hand, the increase in occupied states results in intensit
changes that are comparable to the intensity of annihilatior
events due to core electrons. To make this variation visible 0.4}
we have normalized the data from quantum dots to data frong
a bulk CdSe single crystal at each point in momentum space5
The smearing out in momentum space and hence in DoppleS
shifts is most prominent at the Fermi momentum and leads t(g 0.3}
a peak in the normalized data. The normalized “ratio” curves &
shown in Fig. 1 show peaks at about 1.2 atomic momenturr§
units (a.u) on top of a gradually decreasing Gaussian-like o
function. With decreasing size of the quantum dots these gl
peaks increase in area and shift to higher momentum. The
area and centroid of these peaks were evaluated by fitting
two Gaussians to the data in the region from 0 to 2.4 a.u. The
first, centered at O a.u. tracks the gradual change and the
second is fitted to the peak near 1.2 a.u. As an example, the giG, 2. peak aredsolid up triangles; left scaleand centroid
f|t to the 1.8-nm dOt I’atiO iS ShOWﬂ in F|g 1. The Centroid momentum(open down triang]es; nght Sca|gersus the mean di-
momenta of the peaks are shown as small bars. ameter of the quantum dots in the sample. An inverse square de-

The peak area is plotted in Fig. 2 as a function of quantunpendence fit of the area on the diameter is sh¢salid line; left
dot radiusr. Also shown is a fit of a 17 dependence plus a scale.
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QD diameter (nm) function, due to the different boundary conditions in the
6 44 36 25 1.8 guantum dots, can decrease the overlap with the core elec-
0-50 tron and might explain the changes in the ratio curifég.
0.45 | {128 1) near zero momentum.
| X = The quantum dots are coated with “TOPO,” which con-
0.40 | & tains phosphorous. If the positron wave function has signifi-
.g - {124 E cant overlap with the TOPO region, a signature due to phos-
5 035+ = phorous would be present. The elemental signature from
£ - X £ electrons bound to phosphorous has been observed in earlier
T 0301 {120 E experiment® in the form of a peak at 1.32 a.u. at a higher
s I vV——- x ?3 momentum than the peak observed here and this peak would
5 0'25_' .—_X A H show no size dependence. The ratio of phosphorous com-
8 020l 4116 £ pared to bulk CdSe results in a monotonous decrease in the
Ll & | § 1-2 a.u. momentum region and no peak.
0.15 k Moreover, the calculations for the positron affinity for
! 1 L ! 1 1.12 CdSe, following the method in Refs. 22,23, indicate that the
20 25 3.0 3.5 4.0 positron cannot escape from CdSe and its nanoparticles. The
Band gap (eV) positron affinityA is given byA=—(¢"+ ¢ ™), where¢™

and ¢~ are, respectively, the work functions of the positron
and electron. Using the experimental electron work
functior’® ¢ ~=6.62 eV and the theoretical positron affinity
(9.0 eV) based on the LMTO calculations, the positron
work function can be deduced @s'=—A—¢ =2.2 eV.
Since ¢ is positive, thermalized positrons cannot be emit-
gap as shown in the figure. It should be noted that otheted from the CdSe surface. Additionally, the positronium
models might yield different size dependencies. Sdrsiag-  work function ¢”S=—A—6.8 eV (the binding energy of
gested a 1/ dependence. To test this, fits off1functions  positronium is also positive, indicating that positrons cannot
with n=1, andn=2 were performed. The begf was ob- be emitted from a CdSe sample either as free positrons or as
tained forn=2. positronium.

If the fit is extrapolated to infinite-size quantum d@ts., The reliability of the positron affinity calculation can be
bulk crystalg the constant offset remains. This value canstudied. The local-density approximatidhDA) shows a
then be used to extrapolate the correlation of the peak arezear tendency to overestimate the magnitudé 6f which
and center, respectively, to estimate the band-gap energy foan be traced back to the screening effects. In the GGA, the
bulk crystals. Given the uncertainties in the data, only avalue of A* is improved with respect to experiment by re-
rough estimate of 1.8560.10 eV can be given. This value is ducing the screening charge. For example, Kuriplechl 2/
impressively close to the measured band-gap energy foralculatedA™ for different polytypes of SiC and showed that
CdSe of 1.77 eV at 300Kthe data were collected at room the GGA agrees better with the experimental values than the
temperaturg Several factors can contribute to differences.LDA. The computedA® values in SiC depend also signifi-
The effective mass for positrons in a sample tends to beantly on the quality of the wave-function basis emter-
much larger than that for electrons. And finally the couplingestingly, the result without atomic approximation and within
of phonons to the positron can contribute on the order of ten&GA gives —3.92 eV for 3C-SiC, which is close to the
of percent as calculated by Mikeska for metals, forexperimental value-3.83+0.45 eV In the case of CdSe
example?® we tried GGA-LMTO calculations with different sphere sizes

Because of the small size of the nanospheres, it is possibte describes the interstitial region. These resulted in compa-
that a significant fraction of the positron density could extendrable positron affinities. Therefore from these calculations
outside the spheres. Therefore, we performed calculationse can conclude that the uncertainty of our result is smaller
based on the density-functional theBrjo describe positron than 1 eV and therefore smaller than the positron work func-
wave functions and annihilation probabilities in CdSe. Thesdion.
calculations provide reliable predictions of positron affinities A recent addition to this work is the ability to measure
and annihilation rate¥~2*Using a linear muffin-tin orbital positron lifetimes. The construction of the lifetime setup in
(LMTO) basis set and the generalized gradient approximathe target area of the beam is a nontrivial task yet such life-
tion (GGA) correlation potential we find that almost 80% of time measurements provide further support that the positron
the positron wave function is confined to the interstitial re-overlap with the electron density remains fairly constant as a
gion thus limiting the fraction that could extend beyond thefunction of the dot size. The lifetime of positrons implanted
guantum dot volume. The agreement between theory and thieto bulk CdSe with 2 keV was measured. An experimental
bulk CdSe data is reasonable in general and particularly godifetime of 275 ps was found in excellent agreement with the
at the high-momentum region caused by core electron anntheoretical value of 279 ps based on the GGA thébfy,
hilations. The overlap between the valence electrons with thandicating that our bulk sample is of good qualityithout
positron wave-function is expected to remain rather constardany significant concentration of atomic point defg¢cfBhe
in the quantum dots. A small change in the positron wave<corresponding lifetime measured in the 6-nm CdSe sphere

FIG. 3. Peak aredsolid up triangles; left axjsand centroid
(open down triangles; right aXisersus the band gap energy given
by Wang and Zunger in Ref. 18. The arrow points to the bulk
crystal band-gap energy estimate as extrapolated from the size d
pendency.
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was 251 ps, which is very close to the bulk value. Moreoverdetailed information on mesoscopic systems. The measure-
the existence of positronium, the positron-electron boundnent of the angular correlation of the annihilation photons
state would give a lifetime component in the spectra of 1 ngllows for a direct observation of the electron momentum
or greater. The contribution of this lifetime component is lessdistribution in quantum dots. Here we confirm, that, at least
than 1.3% indicating positronium does not exist within the!" the case of CdSe quantum dots, positron annihilation oc-

CdSe quantum dot or at its surface. Further studies are beincdJrs from within the quantum structures.

gz::}etsrs:t measuring the lifetime in the smaller quantum This work was supported by the Department of Energy

' - o . Division of Materials Sciences, Condensed Matter Physics

In summary, our results indicate the utility of the positron .- 1 nder Contract No. DE-AC07-00ID137dREEL),

annihilation technique as a sensitive probe of the electronigsrant No. DEFG0301ER45866VSU), and US DOE Con-
structure and momentum density in semiconductor quanturfract No. W-31-109-ENG-38, and benefited from the alloca-
structures. We have observed directly the widening of theion of supercomputer time at the Northeastern University
electronic band gap as the quantum dot size decreases. TAevanced Computation CentdiNU-ASCC). The authors
implications of these observations are significant in that ayreatly appreciate the generous donations of samples from
simple spectroscopic measurement with positrons can reveal.P. Alivisatos(UC, Berkeley and M.G. Bawend{(MIT).
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