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We report here on the size-dependent kinetics of exciton recombination in a III–V quantum dot
system, InP. The measurements reported include various frequency dependent quantum yields as a
function of temperature, frequency dependent luminescence decay curves, and time-gated emission
spectra. This data is fit to a three-state quantum model which has been previously utilized to explain
photophysical phenomena in II–VI quantum dots. The initial photoexcitation is assumed to place an
electron in a ~delocalized! bulk conduction band state. Activation barriers for trapping and
detrapping of the electron to surface states, as well as activation barriers for surface-state
radiationless relaxation processes are measured as a function of particle size. The energy barrier to
detrapping is found to be the major factor limiting room temperature band-edge luminescence. This
barrier increases with decreasing particle size. For 30 Å particles, this barrier is found to be greater
than 6 kJ/mol—a barrier which is more than an order of magnitude larger than that previously found
for 32 Å CdS nanocrystals. ©1996 American Institute of Physics.@S0021-9606~96!00942-7#

I. INTRODUCTION

In this paper, we utilize photoluminescence~PL! to elu-
cidate the kinetics of the various photophysical processes
corresponding to excited-state relaxation within a size-
selected, surface passivated III–V nanocrystal system, InP.
The object of this work is not only to measure the relevant
kinetic parameters of the exciton recombination pathways,
but also to evaluate these results within the context of the
well-studied II–VI quantum dot systems. Thus, a brief ac-
count of the relevant aspects of II–VI quantum dot photo-
physics is presented in this Introduction.

Nanocrystals of II–VI semiconducting materials have
provided a prototype for the investigation of quantum size
effects.1,2 These particles may be prepared as high quality
single crystals characterized by very nearly discrete size dis-
tributions, and with diameters ranging from below 20 Å to
near 120 Å.3 The first excited electronic state of these par-
ticles occurs at an energy higher than the bulk band gap, and,
for the smaller particles, the electronic states are observed to
be discrete, rather than continuous. Of particular interest has
been the spectroscopy and dynamics of the optically pre-
pared excited states. Much of the motivation for these inves-
tigations has arisen from the possibility of exploiting quan-
tum dots for photonics-based applications. In principle, it
should be possible to create a series of photoemitters, each
chemically identical~varying only by size!, which luminesce
throughout the visible and near-IR regions of the spectrum.
Critical to such applications are questions related to the effi-
ciency of band-edge luminescence. For example, what is the
role that surface states play in the dynamics of exciton re-
combination, and can various surface passivation schemes be
employed to modify that role? A three-state model has been
successfully utilized by a number of research groups to ex-
plain various aspects of the PL spectra of certain II–VI
nanocrystals.4–6 In the model, the three ‘‘states’’ correspond

to the valence and conduction band~VB and CB! manifolds,
and localized surface states. Although the details of II–VI
semiconductor nanocrystals are quite complex and not com-
pletely worked out,7,8 certain basic facts have emerged. Pho-
toexcitation initially places an electron in an~interior! CB
state. At temperatures near 0 K, CB-edge luminescence pro-
vides the primary mechanism for exciton recombination.
Trapping of the excited electron to a surface state is a
slightly activated process, and at some finite temperature,
such trapping begins to dominate the photophysics. Above a
few degrees Kelvin, the surface states provide a reservoir for
almost all subsequent band-edge or surface state emission
processes. Band-edge emission, then, proceeds through an
activated ‘‘detrapping’’ mechanism, which returns an elec-
tron from a surface state back to the conduction band edge.
The activation barriers for detrapping are typically much
greater than for trapping, and this is reflected in the tempera-
ture dependence of the PL spectrum.

By comparison with the II–VI’s, the III–V class of
nanocrystals have received only a small amount of attention,
in spite of the relative importance of III–V’s in semiconduc-
tor photonics applications. This is largely due to the lack of
synthetic schemes for producing III–V nanocrystals that are
of sufficient quality to facilitate reliable photophysics inves-
tigations. However, within the last couple of years, syntheses
have appeared in the literature which describe the prepara-
tion of various III–V nanocrystals systems, including GaAs,9

InP,10 InxGa12xP, and GaP.11 We have recently reported on
the preparation and fundamental physical properties of size-
selected, surface passivated, monodisperse InP nano-
crystals.12 Our synthesis, which is a modification of a
scheme reported by the Nozik group, produces nanocrystals
that, although not near the state-of-the-art defined for II–
VI’s, are of suitable quality for investigating InP nanocrys-
tals size-dependent photophysics.
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In this paper, we investigate the temperature and fre-
quency dependence, and the temporal evolution of the pho-
toluminescence from 49, 43, and 30 Å diameter surface-
passivated InP nanocrystals. We find that the three-state
model which has been applied to II–VI quantum dots pro-
vides an excellent framework for understanding the excited
state dynamics in InP nanocrystals. However, we also find
that the kinetic parameters which describe the various relax-
ation processes are quite different from those reported for
various II–VI systems. For example, the ‘‘detrapping’’ acti-
vation energy is found to increase from,4.0 to.6 kJ/mol
with decreasing particle size. These numbers are more than a
factor of 10 times largerthan were previously reported for
similarly sized CdS nanocrystals.4

II. EXPERIMENT

A. Particle synthesis

The InP nanocrystals used in these experiments were
synthesized using the dehalosylation reaction developed by
the Wells group.13 The general reaction scheme was de-
scribed in our previous paper,12 so only a brief description of
the synthesis is presented here. All syntheses were carried
out using standard glove-box, vacuum line, and other airless
techniques. A measured amount of InCl3 is heated to 100 °C
in trioctylphosphineoxide~TOPO! for 12 h to make an
~InCl!x~TOPO!y complex. An equimolar amount of
P@Si~CH3!3#3 is added to the stirring reaction mixture, and the
mixture is heated slowly to a temperature of 265 °C, where it
is allowed to react for a period of several days. At this point,
nanocrystalline InP, capped with TOPO, is the primary prod-
uct. For the experiments discussed here, the TOPO cap was
partially replaced with dodecylamine~DDA!. To do this, the
reaction mixture is cooled to 100 °C, and an excess of DDA
is added to the reaction flask. The mixture is kept stirring at
100 °C for an additional 3 days. The reaction mixture is then
cooled to room temperature, and the particles are size-
selectively precipitated from the reaction mixture by the ad-
dition of a fixed amounts of methanol. Using this technique,
the largest particles precipitate first, and up to 40 optically
unique particle size distributions can be prepared from a
single synthesis. The individual distributions are character-
ized by distribution widths near 20%.

Following the size-selective precipitation, the particles
are dissolved in methylcyclohexane~MCH! ~99% spectro-
photometric grade, Aldrich!. MCH forms an organic glass at
low temperatures, and thus makes an excellent matrix for
cryogenic experiments. In our previous work, we correlated
room temperature PL measurements with x-ray photoelec-
tron spectroscopy~XPS! to demonstrate the effect of oxida-
tion on PL efficiency.12 We determined that at least partial
surface oxidation was necessary for particle luminescence.
The particles are fairly stable in air, only exhibiting measur-
able amounts of oxidation after a day or two of air exposure.
Thus, to ensure that the particles would luminesce with rea-
sonable efficiency, the particles were stored in air for a
couple of days prior to use. However, to ensure a consistency

between the various samples, all measurements were carried
out within five days of particle synthesis.

B. Photoluminescence measurements

For the temperature-dependent PL measurements, InP
nanocrystals~in MCH! were transferred into a liquid-cell
mounted onto the cold finger of a Helix CTI Cryogenics
closed-cycle He refrigerator. The liquid cell consists of two
sapphire wafers separated by an aluminum spacer and
mounted between copper plates. A temperature sensing di-
ode was attached to the aluminum spacer. The cell tempera-
ture was varied from 15 to 300 K through the use of a Sci-
entific Instruments temperature controller.

Continuous wave~CW! PL spectra were taken using the
~chopped! 568 nm line of a Coherent Innova 70 multigas
~Ar1/Kr1! ion laser for excitation. The collected emission
was passed through a 1 nmbandwidth notch filter designed
to remove the excitation frequency, dispersed in a monochro-
mator~Oriel Multispec 257! and detected with a Hamamatsu
R928 photomultiplier tube. The signal was processed
through a Stanford SR510 lock-in amplifier. All spectra were
corrected using a calibrated source. Intensities of emission
spectra were normalized by comparison with a Rhodamine
6G dye standard.

For time-resolved emission experiments, we used a fre-
quency doubled 10 HzQ-switched Nd:YAG pulsed laser
~Quanta Ray DCR-2A! as an excitation source. Laser pulses
~,50 mJ, 8 ns FWHM! were sent to the sample through a
400mm multimode optical fiber. Emitted photons were col-
lected and detected with the same monochromator and PMT.
The signal was gated and processed using Stanford Instru-
ments~SR 250! Gated Integrator and Boxcar Averager. Time
gated spectra were recorded by setting an appropriate gate
width ~discussed later!, and scanning the monochromator
from 550 to 800 nm in 2–4 nm increments and collecting
200–300 laser shots per increment. Emission decay traces
were recorded by Tektronix TDS 520A oscilloscope. A small
portion of the excitation laser beam was directed onto a pho-
todiode, to provide a trigger for the scope or the boxcar
integrator.

The absorption spectra of the InP nanocrystals were
taken at room temperature using a Perkin–Elmer Lambda 3B
UV/vis spectrophotometer. In our previous work, we corre-
lated particle size~as determined by x-ray powder diffraction
line broadening and transmission electron microscopy! with
the lowest energy feature in the room temperature absorption
spectrum.12 This correlation was utilized to extract the sizes
of the particles investigated here from their UV/vis spectra.

III. RESULTS AND DISCUSSION

A. The kinetic model

The object of this work is to elucidate the size-dependent
rates and activation energies for various photophysical pro-
cesses in InP nanocrystals, and thus enable a direct compari-
son of this III–V nanocrystal system with the well-studied
II–VI quantum dots. Figure 1 shows the room temperature

7958 Kim, Wolters, and Heath: Photophysics of InP nanocrystals

J. Chem. Phys., Vol. 105, No. 18, 8 November 1996

Downloaded¬19¬May¬2006¬to¬131.215.225.175.¬Redistribution¬subject¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp



absorption and emission spectra of 43 Å InP nanocrystals.
Labeled on the figure are three emission components which
correspond to the separate recombination processes that are
active at room temperature. The three-state model which de-
scribes these processes is presented in Fig. 2. This is the
model which, as discussed above, has been used in previous
descriptions of II–VI nanocrystal photophysics. Rate con-
stants and arrows corresponding to various relaxation path-
ways are labeled on the figure and defined below. The
straight arrows correspond to mechanisms resulting in pho-
ton emission, and the curved arrows indicate dark processes.

Upon absorption of a photon, the excited state has two
possibilities for relaxation.kf describes an extremely fast
~subnanosecond! emission pathway in which the excited
state immediately relaxes back to the initial state. This pro-
cess does not exhibit a temperature dependence. Bawendi
and co-workers used polarization studies to assign a lifetime
of ;65 ps to this process in 32 Å CdSe nanocrystals,6 and
similar numbers~80 ps! have more recently been reported by
Chamarro and co-workers.14 kt andkd are the rate constants
for the activated processes of surface trapping and detrap-
ping, respectively. The barrier for surface trapping is ex-

pected to be small, and this process should dominate the
room temperature photophysics such that the surface states
will act as reservoirs for all subsequent relaxation processes.

An electron confined to a surface state has three possi-
bilities for relaxation to the ground state.kd corresponds to
the above-described activated detrapping process, and is ex-
pected to exhibit a strong temperature dependence.ks is the
rate constant for exciton recombination via surface state pho-
toemission. Surface state emission should exhibit a complex
temperature dependence, since it is a function ofkd , ks , and
knr ~all activated processes!. knr is the rate constant for the
~activated and nonactivated! radiationless relaxation pro-
cesses from the surface states. These and possibly other dark
processes provide the dominant relaxation pathways
throughout the temperature regime explored here~;15–300
K!, as the total quantum yield never rises above 1%.

A mathematical model describing the photophysical pro-
cesses outlined in Fig. 2 may be constructed. Assuming that
every process follows first order kinetics, and employing a
steady state approximation, one can find

QYb}@A* #kb5
~kd1knr1ks!kbI

ktknr1ktks1kbkd1kbknr1kbks
, ~1!

QYs}@As#ks5
ktksI

ktknr1ktks1kbkd1kbknr1kbks
, ~2!

QYb /QYs}
kb~kd1knr1ks!

ktks
, ~3!

whereQYb andQYs represent quantum yields for band edge
and surface trap emission, respectively, and all rate constants
are defined in Fig. 2.@A* # and [As] refer to the excited state
population within the CB and surface-state manifold, respec-
tively.

We assume that onlykt , kd , andknr are functions ofT
and will follow Arrhenius behavior. It is also reasonable to
assume that the activation barrier for trapping~et! is very
small, and therefore, will not exhibit much of a temperature
dependence in the 15–300 K temperature range studied here.
If the rate constants forkd and knr are then given by:
kd5Ad exp~2ed/T! and knr5Anr exp~2enr/T!, then Eq.~3!
becomes

QYb /QYs5C1 exp~2ed /T!1C2 exp~2enr /T!1C3 .
~4!

Figure 3 shows PL spectra of three different sizes of InP
samples at room temperature and near 20 K. Three general
features are observed in the luminescence spectra, and are
labeledlf , lb , andls . Prior to fitting these spectra to the
above described kinetic model, we will discuss these features
qualitatively. The highest energy feature is relatively insen-
sitive to temperature, does not exhibit a size dependence, and
is characterized by the shortest lifetime~faster than our abil-
ity to measure! of the three components. It is therefore as-
signed to thekf process. Band-edge emission, denoted with a
pair of dashed lines, and labeledlb , is observed to lie just
below the absorption edge for each spectrum~see Fig. 1!.
This emission corresponds to thekb process. At low tem-

FIG. 1. Room temperature absorption and luminescence spectra of 43 Å InP
particles.

FIG. 2. The three-level model for excited state relaxation in semiconductor
quantum dots. Initial photoexcitation places an electron in a bulk~delocal-
ized! conduction band state, and the process is labeledI . The relaxation
processes are:kf—fast emission rate;kb—band edge emission rate;
kt—trapping rate;kd—detrapping rate;ks—surface trap emission rate; and
knr—nonradiative decay rate. Processes resulting in the absorption or emis-
sion of a photon are represented by straight lines, and nonradiative processes
are labeled with curved lines.
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peratures it shifts to higher energies by approximately 0.045
eV and sharpens, presumably due decreasing phonon inter-
actions. This emission also exhibits a particle size depen-
dence, as expected. The emission signal recorded at lower
photon energies~ls! is assigned to surface trap photoemis-
sion ~the ks process!. The relative intensity of surface trap
emission increases for smaller particles, presumably due to
the larger surface to core ratio. Similar effects for surface
trap emission has been reported for the case of CdS.5

B. Temperature dependent PL: Activation barriers

In Fig. 4, total quantum yields are plotted as a function
of temperature for the 43 Å particles. Similar curves were
collected for the other two particle sizes. The luminescence
intensity is not a simple function of temperature. Instead,
several different processes are involved in emission kinetics.
In order to elucidate the parameters relevant to the kinetic
model discussed above, it is necessary to separately measure
the quantum yields of both the surface-trap luminescence
and the band-edge luminescence. According to Eq.~4!, it is

the ratio of these two yields which contains information con-
cerning the barriers for the surface trapping and the radia-
tionless processes.

Figure 5 shows the measured quantum yields for three
particle sizes, plotted as the ratioQYb/QYs . In the higher
temperature regime, these data are fitted reasonably well by a
single exponential, and such a fit is included in the figure.
This implies a much smaller pre-exponential factor for the
nonradiative process than for the detrapping process, and
thused dominates the observed temperature dependence. For
the 43 Å particles, a second exponential corresponding to the
knr process was also fit to the ratio data. Indeed, the fitted
pre-exponential factor corresponding to this process~C2!
was a factor of 50 less than that for thekd process~C1!. The
fitted activation energies for the detrapping process are
3.6~0.5!, 5.4~1.2!, and 6.3~1.0! kJ/mol for 49, 43, and 30 Å
particles, respectively. There are a few things to note about
these values. This activation barrier should somewhat reflect
the energy difference between the surface states and the edge
of the CB. The observation thated increases with decreasing
particle size implies that the InP nanocrystal surface states
are more localized than the CB-edge states, and therefore,
are less sensitive to changing particle size. Thus, the smaller
particles are characterized by increasingly deeper surface
traps.

The ed values reported here are more than an order of
magnitude higher than the 0.27 kJ/mol barrier reported by
the McLendon group for 32 Å CdS nanocrystals.4 Increased
ionic bonding character within a bulk crystal leads to succes-
sively shallower surface traps.15 For the relatively ionic
II–VI class of materials, the case of surface states on bulk
ZnO has been well studied. According to Luth,16 the pres-
ence of the surface~termination of the bulk periodic poten-
tial!, and the effects of surface reconstruction are only weak
perturbations when compared to the strong ionic forces
which dominate the bonding, and thus the surface states re-
main very shallow. This argument obviously does not hold

FIG. 3. Continuous wave photoluminescence spectra for three different size
InP particles at room temperature and;20 K. ~a! 49 Å, ~b! 43 Å, ~c! 30 Å.
The excitation frequency is 568 nm~2.18 eV!. The variousli labels corre-
spond to the fast, band-edge, and surface photoemission components as
described in Fig. 2 and in the text.

FIG. 4. Total photoluminescence quantum yields for 43 Å InP particles as a
function of temperature. Note that the plot does not follow a simple func-
tional form, and that the total quantum yield is beginning to saturate at very
low temperature. This was seen for all particle sizes, and is related to the
nonradiative relaxation processes beginning to shut down as temperature is
lowered. According to the model, at temperatures of a few K, the surface-
state trapping process should also be closed and the quantum yields should
exhibit a sharp increase.
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for covalently bound materials. Therefore, given the com-
paratively more covalent character of the bonding in III–V’s,
it is not surprising that the surface states are deeper than are
observed for II–VI nanocrystals. These deeper traps, and
thus the increaseded , may be the major factor which limits
the PL quantum yield of InP nanocrystals. Emission quantum
yields for II–VI semiconductors vary from synthesis to syn-
thesis, but are generally reported to be around 5% or more.
The maximum quantum yield for our InP particles, on the
other hand, is only about 0.5% at 20 K.

Close inspection of the data in Fig. 5 indicates that the
ratio of the quantum yields for band gap and surface state PL
actually exhibits a slight increase at lower temperatures. This
implies that the trapping process (kt) is weakly activated and
the temperature dependence ofkt may not be completely
neglected in the low temperature regime studied here. Thus,
including the trapping process and neglecting the radiation-

less processes in Eq.~4!, the new description of the quantum
yield ratios becomes

QYb /QYs5C1 exp~2ed /T!1C4 exp~e t /T!1C5 . ~5!

Fits to the data which take an activatedkt process into ac-
count are included in the insets of Fig. 5. Trapping activation
barriers ranging from 100 to 200 J/mol were extracted from
these fits. These numbers have large error bars, so we cannot
determine whetheret exhibits a size dependence. These bar-
riers correspond to temperatures in the range of 20 K or less,
and imply that, at very low temperatures, the surface trap-
ping channel should be closed, and the PL quantum yield
should greatly increase.

As discussed above, the single exponential fits shown in
Fig. 5 imply that the pre-exponential factor@C2 of Eq. ~4!#
describing the radiationless process is much smaller thanC1.
This can be rationalized through first order perturbation
theory. The matrix element connecting a surface state with
an interior state most likely increases with decreasing par-
ticle size. Nevertheless, a phonon can provide a perturbation
with significantly strengthens this coupling. However, within
the context of perturbation theory, the coupling is going to
decrease as the energy difference between the two states in-
creases. This is the major difference between the pre-
exponential factorsC1 andC2. C1 is related to the electron–
phonon coupling of two states very close in energy, whileC2
is related to the electron–phonon coupling of two states quite
far apart in energy. Thus the single exponential fits in Fig. 5
are not surprising. Nevertheless, the radiationless processes
do exhibit a temperature dependence which is discernible in
the PL spectra. Figure 6 presents plots of the surface state
quantum yields as a function of temperature for all three
particle sizes. These measurements correspond to Eq.~2!.
Two separate fits to the data are included in the Figure, and
each fit includes certain assumptions about Eq.~2!. For both
fits the weakly activatedkt process is assumed to be a con-
stant of temperature, whilekd is considered to be an acti-
vated process. For the dashed-line fit,knr is assumed to be
constant with temperature. In the solid-line fit, theknr pro-
cess is assumed to be activated, and the activation energy
~enr! for that process fitted.enr is observed to decrease with
decreasing particle size, from about 1.0 kJ/mol for 49 Å par-
ticles, to about 0.6 kJ/mol for 30 Å particles. However, the
uncertainties in theenr measurements are large, so the trend
is not statistically significant. Nevertheless, it is interesting to
note that thetemperature dependentnonradiative processes
are closed at low temperature. This is the reason for the
saturation behavior observed in the total quantum yields
~Fig. 4! at low temperature.

C. Time resolved photoluminescence: Rate constants

In order to get the real time information on the kinetic
processes, we measured time resolved PL spectra for 37 Å
particles at 15 K. In Figure 7, we compare the emission
spectra for different time windows with the CW spectrum.
The emission observed within and shortly after the time win-
dow of the excitation pulse is near 2.1 eV. This emission

FIG. 5. Quantum yields ratio between band edge emission and surface trap
emission.~a! 49 Å, ~b! 43 Å, ~c! 30 Å. This data was fit successfully to just
the first term of Eq.~4!, and the fit is shown as a solid line. The activation
barrier for detrapping~ed! was extracted from this fit. In the boxes, the data
at low temperatures is magnified to show a slight increase in the quantum
yield ratio. Solid lines in those boxes are the same fits described above, and
dashed lines are fits to Eq.~5!, which considers the trapping process to be
activated. The empty circles in the plot for the 43 Å particles have very large
~.50 K! statistical uncertainties in temperature. For this reason, the activa-
tion barriers extracted from the surface trap emission quantum yields are a
little more reliable.
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actually extends to 2.3 eV, although the higher energy com-
ponent is removed by a 550 nm~2.26 eV! long pass filter
designed to eliminate the excitation wavelength. We assign
this feature to be the fast (kf) component described above. In
the second spectrum, the fast component has decreased in
intensity, and a second feature near the band gap energy is
growing. This luminescence is assigned to thekb process.
The third spectrum, recorded after a delay of several micro-
seconds, reveals the slow component that we have assigned
to theks process.

Figure 8 shows emission decay curves at three wave-
lengths. The decay at 555 nm~2.24 eV!, corresponding to the
kf component, is faster~,8 ns! than the temporal resolution
of our spectrometer. At 615 nm~2.02 eV! and 750 nm~1.65
eV! representingkb andks process have tails lasting;2 ms
and.10 ms, respectively.

Rate constants estimated from this data, and the various
fitted activation energies, are summarized in Table I.

IV. CONCLUSIONS

A three state electronic structure model which has been
previously used to describe certain aspects of exciton recom-
bination kinetics in II–VI nanocrystal systems is extended
here to a III–V nanocrystal system, InP. Various rate laws

are extracted from the kinetic model and are used to fit pho-
toluminescence data. Activation energies for CB to surface-
state trapping, surface-state to CB detrapping, and surface-
state nonradiative relaxation are extracted from temperature
and wavelength dependent photoluminescence quantum
yields. In general, the model is found to provide an excellent
framework for understanding exciton recombination pro-
cesses in InP nanocrystals. A major result from this work is
that the surface states in InP nanocrystals are deeper and less

FIG. 6. Quantum yields for surface trap emission as a function of tempera-
ture the three particle sizes. Solid lines represent a fit to Eq.~2! that includes
the temperature dependence of nonradiative relaxation process. Dashed lines
are fits to Eq.~2! which consider that process to be temperature independent.

FIG. 7. Time resolved PL spectra for 37 Å InP particles at 15 K. Absorption
edge at room temperature is at 1.89 eV. For the continuous wave spectrum,
514.5 nm~2.41 eV! line of Ar1 laser is used as an excitation source. The
gate width and step size for spectra~a! and ~b! is 30 ns and 2 nm, respec-
tively. For spectrum~c!, these numbers are 60 ns and 4 nm.

FIG. 8. Emission decay at three different wavelengths, 555, 615, and 750
nm. The long tail in 750 nm curve extends in time to beyond 10ms.
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sensitive to size than are observed for the case of the more
ionic II–VI class of nanocrystals. As a consequence, the ac-
tivation barriers corresponding to the surface-state→ con-
duction band detrapping process are nearly an order of mag-
nitude larger than have been observed for II–VI quantum
dots.

In our previous work, we were able to correlate total
photoemission quantum yields with the oxidation of surface
P atoms. At the time of this writing, we do not yet have a
clear indication of the detailed chemical nature of these sur-
face states, or what role, if any, that indium atoms play in
surface trapping. We are currently addressing these question
by correlating31P NMR spectra together with surface oxida-
tion and photoluminescence yields.

High activation barriers for detrapping lead directly to
low band-edge photoluminescence quantum yields~,0.5%!
at all but the very lowest of temperatures. Although surface
passivation with various other organic or organometallic sur-
factants than were used here may increase PL efficiency in
InP nanocrystals, any such effect is likely to be small. How-
ever, solution-phase epitaxial growth of a high band-gap ma-
terial, such as GaP, onto the surface of the InP nanocrystals
may provide a route toward dramatically increasing PL effi-
ciency. We are currently investigating the feasibility of such
chemistry.
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TABLE I. Activation barriers and rate constants for the three level kinetic model. All numbers in kJ/mol;
Tabulated uncertainties represent 90% confidence limits. n.f.—not fitted. n.m.—not measured.

Particle size ed enr et kf ~20 K! kb ~20 K! ks ~20 K!

49 Å 3.6~0.5!a 1.0 ~7!a n.f.a ,8 ns n.m. n.m.
4.6 ~2!b n.f.b 0.10 ~6!b

43 Å 5.4~1.2!a 0.94~4.0!a n.f.a ,8 ns ;2 ms ;10 ms
5.4 ~6!b 0.96~3.0!b 0.18 ~5!b

30 Å 6.3~1.0!a 0.6~5.0!a n.f.a ,8 ns n.m. n.m.
11.1~2.0!b n.f.b 0.22 ~8!b

aDerived from fit to temperature dependent surface PL quantum yields.
bDerived from fit to temperature dependent ratio of band-edge/surface PL quantum yields.
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