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The electronic properties of shallo~ band-edge surface traps in nanometer-size CdSe quantum dots are
probed using fluorescence-line-narrowing spectroscopy. We find large changes in electron-hole-pair ra-
diative lifetimes and couplings to LO phonons as the temperature is changed from 1.75 to 10 K. We at-
tribute these changes to the localization of the photogenerated hole at the surface of the dots, accom-
panied by thermally activated motion between these surface localized states. A simple model based on
the observed exciton-LO-phonon couplings is constructed to estimate the extent of hole localization in

0
the luminescing state. A size-dependent study (20-80 A diameter) indicates that surface efFects diminish
rapidly with increasing size.

I. INTRODUCTION

Semiconductor nanocrystallites (quantum dots) which
are small compared to the bulk exciton radius have
unique properties associated with the spatial confinement
of the electronic excitations. These crystallites have
discrete electronic states, in contrast to the bulk band
structure, with an effective band gap blue shifted from
that of the bulk. ' They are also characterized by large
surface to volume ratios. A 23-A-diameter quantum dot
of CdSe, for example, has an effective band gap blue shift-
ed by 0.6 eV from the bulk, and has roughly 40% of its
-400 atoms at the surface. Structural probes indicate
the presence of a crystalline core while the surface struc-
ture still remains largely unresolved. ' Recent theoreti-
cal eForts have thus been devoted primarily to the ideal
quantum dot with an infinite potential at the interface.
Unlike quantum wells and wires which can be grown epi-
taxially, experimental studies suggest that the surface of
nanocrystallites plays a potentially crucial role in their
electronic and optical properties.

This paper focuses on the luminescence properties of
CdSe quantum dots capped with trioctylphosphine chal-
conide groups. We use fluorescence line narrowing to ob-
serve changes in coupling to LO phonons as temperature
and dot size are varied. We find that the luminescence
spectra display many of the features characteristic of
disordered II-VI systems where hole localization is ob-
served. ' We attribute the similarities between the data
on quantum dots and that on the disordered systems to
the presence of interfacial roughness (surface disorder) in
the nanocrystallites. We use a simple model based on the
observed changes in LO-phonon coupling to estimate the
extent of hole localization in the luminescing state. We
find that the effects of disorder diminish rapidly with in-
creasing crystallite diameter.

II. EXPERIMENT

Quantum dots of CdSe were produced from the pyro-
lysis of dimethylcadmium and tri-n-octylphosphine

selenide (TOPSe) in a solution of 50% tri-n-
octylphosphine (TOP) by weight and 50% tri-n-
octylphosphine oxide (TOPO) using a procedure de-
scribed elsewhere. The method produces quantum dots
of CdSe with the surface Cd atoms passivated with
TOPO and TOPSe molecules. The samples prepared for
this study ranged in size from 23- to 83-A diameter with
a standard deviation of —10%. The dots were studied
dispersed in the growth medium (TOPO/TOP) at a con-
centration of —1.4% volume fraction, avoiding contact
with air to prevent surface oxidation of the dots.

Samples were placed in an optical helium vapor flow
cryostat to obtain low-temperature luminescence. Tem-
peratures between 1.75 and 2.1 K were attained by im-
mersion in superfluid helium under a regulated vacuum.
Temperatures &2. 1 K used helium vapor. Nanosecond
Nd:YAG/dye (YAG is yttrium aluminum garnet) laser
systems (6-nsec pulses) were used as excitation sources.
The laser power was attenuated [-20(pJ/mm )/pulse]
to ensure that the detected luminescence was linear with
respect to the excitation intensity. The luminescence was
dispersed through a 0.66-m single spectrometer and
detected by a time-gated optical multichannel analyzer
(OMA) to obtain spectra. Emission decays were recorded
using a 500-MHz digitizing oscilloscope, a photomulti-
plier tube (2-nsec resolution), and a 0.75-m subtractive
double spectrometer in order to eliminate scattered laser
light.

III. OBSERVATIONS AND ANALYSIS

The broad spectral features observed in the absorption
spectrum [Fig. 1(a)] of samples of CdSe quantum dots
are indicative of sample inhomogeneities. ' ' " Excita-
tion to the blue of the first absorption maximum yields
band-edge emission from the entire size distribution
[-65-meV full width at half-maximum (FWHM)] [Fig.
1(a)]. However, as in many inhomogeneously broadened
systems, selective excitation of a class of quantum dots
results in fluorescence line narrowing (FLN). Informa-
tion from a single class of crystallites (i.e., those particles
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FIG. 1. (a) Broad inhomogeneous sample absorption and

luminescence spectra compared with the fiuorescence line nar-
0

rowed emission {FLN spectrum) for -30-A dots at 10 K. The

large decrease in linewidths in the FLN spectrum allows obser-

vation of LO-phonon structure. The shift between absorption
and luminescence in the inhomogeneous spectra is strongly

dependent on the size distribution and is not a "single-particle"
property. (b) Temperature dependence of the LO-phonon struc-

0

ture in the fiuorescence line narrowed spectrum of 23-A dots.
The extracted coupling constant S is given for each spectrum.
The intensities are normalized for ease in comparison. The
sharp cuto6' in the blue ( -2.47 meV) is an artifact of the data
collection.

that because of size, defects, surface structure, environ-
ment, etc. absorb at the same energy) can be obtained by
exciting on the red edge of the first absorption feature
and selectively exciting the largest crystallites. The FLN
spectrum then shows a well-resolved LO-phonon progres-
sion with a spacing of -25 meV corresponding to the
bulk LO-phonon frequency [Figs. 1(a) and 1(b)]. The
shape of the FLN spectrum is nearly insensitive to the ex-
citation energy as long as it is on the red side of the ab-
sorption peak, where size selection is possible as ex-
plained in Ref. 3. The zero LO-phonon linewidth in the
FLN spectrum is a measure of the homogeneous
linewidth and ranges from -4 to -17 meU, with the
largest particles (80-A diameter} having the narrowest
linewidth. '

The exciton- LO-phonon coupling strength (the
Huang-Rhys parameter S) is related to the integrated in-

tensity ratios of the one-phonon line (1PL) to the zero-
phonon line (ZPL}. The LO mode has the Cd and Se
atoms vibrating out of phase within each unit cell. Since

the Cd-Se bond is relatively polar, the LO mode interacts
with charge distributions within the crystallite through
the Frohlich interaction. ' ' Coupling to lattice vibra-
tions is then expected to increase with localization of a
carrier at the surface of the crystallite. Conversely, the
observed coupling strength can in principle be used to
infer the localization of charge within a crystallite. ' '

A. Temperature-dependent I,O-phonon coupling

CX~

A(v, v')= g exp
om!

[v—(v'+m~, o)]'
227 a, m

Figure 1(b) shows that the shape of the FLN spectrum
of 23-A diameter CdSe quantum dots changes dramati-
cally between 1.75 and 10 K. Previous studies have pro-
posed that the long-lived (p,s} band-edge emission origi-
nates from the recombination of surface-localized holes
and delocalized electrons. Surface-localized holes are ex-
pected to have much larger effective masses than delocal-
ized ones, ' so that the kinetic energy of the hole is not
increased substantially upon localization, as might be ex-
pected from bulk arguments. These surface states can
thus in principle lead to strong localization with only a
small change in energy. We suggest here as a model for
the analysis that the electronic potential for the surface
trapped hole is randomly corrugated. Such disordered
systems contain two kinds of states: localized states in
which the probability amplitude decays exponentially
from a center of localization, and delocalized or extended
plane-wave states. At 1.7S K the hole is trapped in a
potent, '-al well on the surface, and there is a large separa-
tion of charge between the delocalized electron and the
trapped hole. The resulting charge imbalance induces a
lattice polarization and causes an enhanced coupling to
LO phonons which is reflected in the increased ratio of
the one to zero-LO-phonon lines in Fig. 1(b). As the tem-
perature is raised, spatial transfer of the hole across the
disordered surface is enabled via inelastic processes. The
hole migrates from site to site with the energy mismatch
between adjacent trap sites being made up by acoustic
phonons. ' The increased overlap between the electron
and the thermally delocalized hole decreases the charge
imbalance and consequently also the coupling strength.
Figure 2 shows the relative change in coupling strength
for 33-A-diameter crystallites as the temperature is in-

creased from 1.75 to 10 K. The quantum yield remains
unchanged over this temperature range, so that an in-

crease in the zero-phonon line emission intensity is corn-

pensated for by a decrease in the higher phonon satellites.
In a displaced harmonic oscillator model (along the LO

vibrational coordinate) the Huang-Rhys parameter S (the
coupling strength) is given by the square of the ratio of
integrated intensities of the one LO-phonon line to the
zero-LO-phonon line. The observed fluorescence spec-
trum is a convolution of the single-particle or homogene-

ous fluorescence spectrum, the homogeneous absorption

spectrum, and the inhomogeneous size distribution. The
single-particle absorption and fluorescence spectra are as-

sumed to have the form



50 FLUORESCENCE-LINE NARROWING IN CdSe QUANTUM. . . 2295

CX

F(v, v')= g exp
f

Omt

[v—(v' —mcoto —b, )]
2

2gf, m

(2)

FLN(v)= f A(v, „„v')F(v,v') exp
(v' —vo)

'dv
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(3)

where vo is the center of the Gaussian inhomogeneous
distribution, v,„, is the excitation energy, and y;„h is the
inhomogeneous linewidth. The Huang-Rhys parameter
S(af } is determined by constructing single-particle ab-
sorption [Eq. (I)] and fluorescence [Eq. (2)] spectra, con-

where v' is the position of the zero-LO-phonon line in ab-
sorption, coLo is the LO-phonon frequency ( -24 meV for
23-A-diameter quantum dots), ' b, is the shift between the
peak of the zero-LO-phonon lines in absorption and
fluorescence (the Stokes shift), a, i f) is the exciton —LO-
phonon coupling constant in absorption (fluorescence},
and y, (f) is the linewidth of the phonon replicas. The
sums are over the first three LO-phonon replicas which
are experimentally cleanly observed. The observed FLN
spectrum F~N is given by the convolution

voluting with the particle distribution as in Eq. (3), and
6tting with the experimentally observed FLN spectrum.
The extracted values of S were insensitive to the exact
value of the coupling strength in absorption (a, ) which
were assumed to be between 0.2 and 0.7, consistent with
Raman studies. ' '

A simple continuum model can be used to extract the
charge distribution from the experimentally observed
exciton-phonon coupling. In our model the hole is as-
sumed to be localized on the surface in a sphere of radius
rz, while the electron is delocalized over the volume of
the crystallite (a sphere of radius R) (Fig. 3, inset). Both
the electron and hole are placed in totally symmetric 1S
particle-in-a-sphere wave functions. The phonons are
treated within a continuum model using the LO vibra-
tional eigenmodes of a semiconductor sphere. The
charge distribution interacts with the LO modes through
the potential' '

(r) ~jr(k„rr)YP (8,0),
where 4„& (r) is the potential generated by the LO vi-
bration, j&(k„&r) is a spherical Bessel function, Yi (8,$)
are spherical harmonics, and the boundary condition

(R)=0 determines the values of the k„&. For a
particular hole radius rz, the coupling strength S is given
b 15 16
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0FIG. 2. Fluorescence line narrowed spectrum of 33-A dots at
1.75 (heavy line) and 10 K (light line). Both the one- to zero-
LO-phonon ratio and the Stokes shift increase with decreasing
temperature. The small narrow peak in the 1.75-K spectrum
and the small shoulder in the 10-K spectrum, both at -2.23
meV, are due to leftover scattered laser light which we keep for
calibration.
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FIG. 3. Temperature-dependent Huang-Rhys parameter (S)
extracted from the LO-phonon ratio (circles). The surface-
localized hole diameter is calculated from the Huang-Rhys pa-
rameter (squares). (Inset) Schematic of the model used for hole
localization.
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where

v(n, l, m)=e J d r, d r&pl, (rz)p, (r, )

X[@n,r, m(rh) —4 „& (r, )],

and where p, (r, ) and p„(rz) are the electron and hole
charge densities, respectively.

The hole radius r& is then used as an adjustable param-
eter to match experimental and calculated Huang-Rhys
parameters S. Figure 3 shows the temperature depen-
dence of the experimentally obtained Huang-Rhys pa-
rameter for 23-A-diameter crystallites and the extracted
hole localization radius using I =0, n =1—4 and I =1
n =1—5 confined LO modes in the calculation (contribu-
tions from higher modes are negligible). The model gives
a reasonable value of -6 A for the hole radius at 10 K
(mostly delocalized), and a significantly smaller hole ra-
dius of -3.5 A at 1.75 K (mostly localized) with an ap-
parent sharp transition at —10 K. The observed cou-
pling strength at 1.75 K is an order of magnitude larger
than that expected for both the electron and hole delocal-
1zed

B. Temperature-dependent lifetimes and Stokes shifts

The temperature dependence of the radiative lifetimes
and the Stokes shifts verify the consistency of the model.
Radiative recombination times are strongly dependent on
overlap of electron and hole wave functions. The
temperature-dependent localization is rejected in in-
creased lifetimes with decreasing temperatures. The sam-
ples studied luminesce at the band edge with high quan-
tum yield (up to 90% relative to Rhodomine 6G) at the
low temperatures of this work. More importantly, the
quantum yield Y& remains constant over the temperature
range studied. The temperature dependence of the quan-
tum yield I'&( T)=y „~(T) /[y„~( T)+y „,( T) ] comes
from both the radiative y„d(T) and the nonradiative

y„,(T) rates. It is highly unlikely that both these rates
have the same temperature dependence. A temperature-
independent quantum yield must then imply either that
the Y& is actually unity in our sample at low tempera-
tures, or more likely that the sample contains two quali-
tatively different classes of crystallites: A majority of
crystallites which luminesce with Y of one and a subset

Q
which contain nonradiative recombination centers and
are thus dark. In either case, the experimentally ob-
served temperature dependence of the emission lifetimes
can be assigned to changes in the radiative recombination
rate.

Figure 4 shows the temperature dependence of the
luminescence decays for 23-A-diameter crystallites.
These decays are taken at the one-phonon line to corn-
pletely eliminate laser scattering. Zero-phonon line de-
cays show the same temperature dependence and the
same dynamics. At the lowest temperatures the decays
are strongly nonexponential with an initially compara-
tively fast ( -10—50 nsec) component followed by a long
multiexponential tail (-3 ps). The decays become more
uniexponential as the temperature is increased [Fig. 4 (in-

set)] with a dramatic decrease in the lifetime of the long
tail accompanied by an increase in the initial radiant in-

tensity which conserves quantum yield [Fig. 4 (main)].
Optical excitation places the electron and hole in delo-

calized core states where the kinetic energy of the hole
exceeds the surface potential fiuctuations. Previously ob-

1000 2000 3000

Time (ns)

FIG. 4. Temperature-dependence of the luminescence decay
for 23-A-diameter dots from 1.75 to 15 K. The scale on the
linear plot is an absolute scale showing the increase in initial ra-
diant intensity with increasing temperature under identical exci-
tation conditions. The apparent higher quantum yield at 1.75 K
is from the increased collection efficiency when the sample is
immersed in super6uid helium. (Inset} Log of the decays for the
lowest and highest temperatures. The decays in the inset are
normalized to show clearly the trend from single to multiple ex-

ponential character. The initial component speeds up while the
tail lengthens.

FIG. 5. Three-state mode1 to capture the principal behavior
of the relaxation process as explained in the text.
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served rapid relaxation ( —100 psec) by acoustic-phonon
emission thermalizes the hole, bringing it within the
disordered surface band. At the lower temperatures fur-
ther energy relaxation requires phonon-assisted tunneling
between localized surface states. Assuming an exponen-
tial tail of localized states, the number of final states de-
clines rapidly as the hole relaxes deeper within the sur-
face band. Since rates for this process depend on the den-
sity of final states and interactions between localized
states, relaxation by phonon-assisted transitions be-
tween localized surface states is considerably slower than
relaxation in the delocalized states. Above 10 K, where
the LO-phonon coupling suggests that the hole is nearly
delocalized, the dynamics become less sensitive to inho-
mogeneities in the local environment. This may explain
the increasing degree of single-exponential character to
the decays at the higher temperatures.

The temporal resolution of our experimental setup
( —10 nsec) obscures the initial rapid hole relaxation
( —100 psec) into the localized surface band. Taking this
into account, we suggest that the initial relatively fast
component ( —10—50 nsec) observed at the lowest tem-
peratures represents hole transfer between surface-
localized states. The long multiexponential component
(-3 ps) is then due to a dispersion in radiative lifetimes
from the various trap sites on various crystallites.

A complete description of the low-temperature dynam-
ics of electron-hole recombination requires knowledge of
the density of localized states and the corresponding
exciton-acoustic-phonon couplings with modes of both
the crystallites and the matrix in which they are embed-
ded, all of which are poorly understood. A simple three-
state model (Fig. 5), however, reproduces the essential
physics and features of the observed temperature depen-
dent dynamics. In Fig. 5, ~g) is the ground state while
~1) and ~2) represent surface states with ~1) mostly delo-
calized and ~2 ) deep into the localized band. E is the en-
ergy separation between the two upper states, k, and kz
are the corresponding radiative lifetimes, while k, 2 and

k2, are the transfer rates between the two surface states
with kz, determined by microscopic reversibility. Figure
6 shows that the temperature dynamics of such a three-
state system with k

&
=0.008 nsec ', k2 =0.000 69

nsec ', k,2=1 nsec ', E=0.5 meV, and with the instru-
ment response (10 nsec) convoluted in, reproduces the
essential character of the experimental data (Fig. 4). At
higher temperatures the thermal repopulation of

~
1 ) is

significant, and the observed decay is then dominated by
k, and appears uniexponential. At lower temperatures,
where the thermal repopulation becomes negligible, the
decays in Fig. 6 clearly show a fast component corre-
sponding to transfer from

~
1) to ~2), and a long tail dom-

inated by k2. Consistent with conservation of quantum
yield, the initial radiant intensity in Fig. 6 increases with
increasing temperature. Comparison of Figs. 4 and 6
shows that a simple three-state model captures the essen-
tial physics of the problem.

Radiative recombination rates are proportional to the
oscillator strengths or ~(@,~Nii ) ~, where @,ii, i is the
electron (hole) envelope function. The model charge dis-
tribution of Sec. III A (Fig. 3) gives an order of magni-
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FIG. 6. Simulated temperature-dependent decays from 1.75
to 15 K using the simple three-state model of Fig. 5, and with
the -10-nsec instrument response convoluted in. (Inset) Nor-
malized decays on a log scale as in Fig. 4.
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FIG. 7. Comparison of the temperature dependence of the
Stokes shift (top) and of the zero LO-phonon (ZPL) linewidth
(bottom). The dotted lines are guides to the eye.
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FIG. 8. Temperature-dependent FLN spectra of 23-A dots at
the same excitation energy showing the increase of the Stokes
shift with decreasing temperature.

tude change in radiative rate from the lowest to the
highest temperatures, consistent with the data of Fig. 4
and the modeling of Fig. 6.

The temperature dependence of the Stokes shift is also
consistent with thermal activation to higher-lying local-
ized states within the surface band. Figures 7 and 8
shows that the emission spectrum shifts smoothly to the
blue with increasing temperature, with the Stokes shift
decreasing from -22 to —19 meV as the temperature is
raised from 1.75 to 15 K. Such behavior has been report-
ed for localized excitons in a wide range of random ter-
nary II-VI alloys. The Stokes shift may result from
coupling to acoustic phonons, from relaxation down a
purely electronic ladder of (surface) states, or more likely
a combination of both. In the acoustic-phonon picture
the Stokes shift and the width of the homogeneous line
should be correlated. The homogeneous linewidth
represents a Frank-Condon profile, and the Stokes shift is
accounted for by emission of the acoustic phonons. At
the other extreme, the linewidth is explained by the
strong coupling of the delocalized core state to the sur-
face electronic states (lifetime broadening) convoluted
with the spread in surface energies. Comparison of the
Stokes shift and the linewidth (Fig. 7) shows that while
the Stokes shift increases down to the lowest tempera-
tures, the linewidth is virtually unchanged between 1.75
and 15 K. The lack of correlation between the Stokes
shift and the linewidth strongly implicates an electronic
process as a significant contributor to both the Stokes
shift and the linewidth. The previous observation that
the Stokes shift develops during the first few 100 psec is
also consistent with an electronic relaxation from mostly
delocalized to mostly localized surface states.

O
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FIG. 9. (a) Size dependence of the FLN spectrum at 1.75 K
showing the decrease in LO-phonon coupling with increasing
size. The excitation energy was adjusted to account for the red-
shift of the absorption with increasing size. The plot is refer-
enced to the laser excitation energy. (b) Lack of temperature
dependence of the FLN spectrum for the larger dots (83 A).
The small narrow peak at 0 meV in (a) and at —1.825 meV near
the top of the zero LO-phonon line in (b) is leftover scattered
laser light.

C. Size dependence

The synthesis allows a smooth variation of average
crystallite diameter from -2 to —10 nm. The smallest
crystallites in the series lie in the strong confinement re-

0

gion where the exciton Bohr radius (-56 A in CdSe) is
significantly larger than the crystallite radius. Strong
confinement implies that the electron and hole kinetic en-
ergies greatly exceed the Coulomb energy between them.
The electron and hole are then independently confined.
In the intermediate confinement region, where the mean
crystallite radius approaches the exciton Bohr radius, the
larger effective mass of the hole compared to that of the
electron causes the confinement energy of the hole to be-
come comparable to the Coulomb attraction. While the
electron remains delocalized, the effect of the Coulomb
interaction in principle is to localize the hole toward the
center of the crystallite. This effect, combined with the
dramatic decrease in surface-to-volume ratio with in-
creasing crystallite diameter, is expected to make surface
trapping of the hole less probable toward the intermedi-
ate confinement regime.

Figure 9(a) shows that exciton —LO-phonon couplings
at 1.75 K, as reflected by the ratio of the one-LO-phonon
line to the zero-LO-phonon line, decrease dramatically as
the crystallite diameter is increased from 23 to 83 A. The
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homogeneous linewidth in emission (yLo) and the Stokes
shift (b, ) also decrease dramatically with increasing crys-
tallite diameter, from y„o-17 meV and b, -18 meV for
the 23-A-diameter particles to yio-4 meV and 5-1
meV in the case of the 83-A-diameter particles. Figure
9(b) shows that there is essentially no temperature depen-
dence to the luminescence spectrum of the largest (83 A)
crystallites from 1.75 to 10 K, consistent with a decrease
in the importance of a disordered potential for the hole.
Figure 10 shows that the temperature dependence of the
change in the Huang-Rhys parameter is strongly size
dependent. The largest crystallites show essentially no
temperature dependence to S, while the smallest ones
show the strong increase in S with decreasing tempera-
ture as discussed in Sec. III A. These experimental ob-
servations are consistent with a significant decrease in the
importance of surface electronic states with increasing
crystallite diameter. Figure 11 shows that the lumines-
cence lifetime is also found to dramatically decrease with
increasing crystallite diameter, from -3 ps for the 23-A
crystallites to -50 nsec for the 83-A-diameter ones, with
essentially no change in the quantum yield, consistent

O
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FIG. 11. Size dependence of the luminescence decay at 1.75
K showing the large increase in radiative lifetime with decreas-
ing size. The decays are normalized to the same initial radiant
intensity.
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with a decrease in surface localization of the hole with in-
creasing crystallite size.

The true electronic states of the crystallites must in-
clude both surface and core components. Resonances be-
tween core and surface states have previously been used
to explain the fast (100 psec) dynamics of the band-edge
luminescence. The surface-to-volume ratio is then an
important factor in determining the relative importance
of surface and core states. In the smallest crystallites the
number of surface Se orbitals is similar to the number of
core Se orbitals making up the delocalized core state.
The optical properties of the smallest dots are then
strongly influenced by the surface, and are highly temper-
ature dependent. With increasing size the surface com-
ponent becomes less important. This is reflected in the
decreasing temperature dependence of the shape of the
FLN spectra. In fact, for 83-A-diameter crystallites,
both exciton —LO-phonon couplings (S™1.1) and emis-
sion lifetimes (~„-50 nsec} remain virtually unchanged
between 1.75 and 10 K. The absorbing and emitting
states in these relatively large crystallites are well-defined
core states with the surface acting as a small perturba-
tion.

0-
I I I I I

2 4 6 8 10 12

Temperature (K)

FIG. 10. Size dependence of the temperature-dependent
Huang-Rhys parameter.

IV. FINAL REMARKS

This study describes the temperature and size depen-
dence of exciton-LO-phonon couplings and emission
lifetimes in nanometer-size CdSe crystallites (quantum
dots}. We fin that in the smaller crystallites there is a
dramatic increase in both the lifetime and the coupling to
LO phonons as the temperature is decreased from 10 to
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1.75 K. The Stokes shift is observed to increase with de-
creasing temperature, and both the linewidth and Stokes
shift decrease with increasing crystallite diameter.

The temperature dependence of the luminescence ob-
served here is similar to that observed in a wide range of
random ternary II-VI alloys such as CdS& &Se mixed
crystals. In these bulk materials, disorder in the solid
solutions leads to compositional fluctuations within the
lattice, and localization of the exciton through localiza-
tion of the hole. We suggest that in CdSe crystallites sur-
face disorder yields random fluctuations in the hole elec-
tronic potential. The large exciton-LO-phonon cou-
plings and microsecond lifetimes at the lowest tempera-
tures and for the smaller crystallites result from the hole
trapping or localizing on the surface. Phonon-assisted
tunneling between localized states explains the decrease
in the phonon coupling, the decrease in the Stokes shifts,
and the decrease in the lifetimes as the temperature is in-
creased. It must be stressed here that these surface fluc-
tuations are extremely shallow ( ( 10 meV), and that the
luminescence is "band edge" and not the deep red and
mostly uncharacterized luminescence often observed in
these materials.

The temperature dependence of the radiative lifetimes
observed in this study is similar to that observed in nano-
crystallites of Si (Ref. 22) and in porous Si. Spin dy-
namics have been used to explain the data in the Si sys-
tems. Surface treatments of both nanocrystallites of Si
and of porous Si are known to strongly affect lumines-

cence quantum yields. ' We speculate here that the
surface localization model of this paper may also be ap-
plicable to some extent in the Si systems. We also cannot
at this stage completely rule out spin dynamics as a con-
tributing factor in explaining our data.

Semiconductor nanocrystallites have an unusually
large surface-to-volume ratio. As a result, their electron-
ic prop -rties appear to be strongly influenced by the in-
terface between the crystallites and the matrix in which
they are embedded. The interfacial electronic states can
in principle be exploited in the design of composite ma-
terials with enhanced opticaljelectronic properties. It
should be possible to chemically modify this interface
and thus alter the interaction of crystallites with
their surroundings. The temperature dependence of
exciton —LO-phonon couplings and the lifetime of the
"band edge" luminescence may serve as valuable probes
in determining the energetics of the interface.
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