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We have measured low-temperature size-selective photoluminescence excitation spectra of high-quality InP
quantum dots prepared by collodial chemistry. A set of samples with mean emission energies in the range from
1.9 to 2.2 eV was investigated. All samples have a size distribution of about 10%, resulting in an inhomoge-
neously broadened photoluminescence lineshape. Due to the finite size distribution, spectra were collected at
different detection wavelengths to reveal the energies of the excited excitonic states. The size dependence of
the quantization energies of InP nanoparticles was determined by measuring photoluminescence excitation at
different detection energies within one sample. Up to eight excited-state transitions in a set of seven samples
were observed, as the estimated quantum dot size was scanned from 1.8 to 4.0 nm. A comparison of the
observed peaks with a six-bandk•p calculation is given. In contrast to the successful interpretation in the case
of CdSe, no agreement between the calculated and the observed excited-state energies is achieved.
@S0163-1829~98!50708-4#

Quantum dots~QD’s! continue to receive great attention
because of the three-dimensional confinement of their elec-
tronic particles; they attract a very high level of activity be-
cause of their interesting basic physics and potential
applications.1 Two main approaches for fabricating these
small quantized structures have emerged:~1! epitaxial
growth of QD’s in various material systems2–7 in the
Stranski-Krastanov growth mode that typically forms pyra-
midal QD islands that are usually 10–15 nm in base width
and 5 nm in height, and~2! QD’s derived by colloidal chem-
istry, producing very small-sized, nearly spherical nanocrys-
talline particles ranging in diameter from about 1 to 10
nm.8–10 Both methods, however, have to cope with a signifi-
cant distribution of the QD size and thus with a distribution
of the energy levels of the QD states in ensemble measure-
ments.

Comparing the size of the QD’s with the Bohr radius of
the bulk exciton, the first class of quantum dots is usually in
the weak confinement regime, where only a small number of
bound states is observable and where the QD’s are also usu-
ally coupled via the wetting layer. The colloidal nanopar-
ticles, on the other hand, can be in the strong confinement
regime when the particle size is small (,5 nm); the wave
functions of electrons and holes are localized in the zero-
dimensional structure, and because of the high potential bar-
rier with the surrounding matrix, they manifest additional
higher excited states for both electrons and holes. Although
much investigation has been conducted in order to reveal the
basic physical properties of colloidal QD’s, most of the work
on these types of nanostructures has been done on the II-VI
material system because of the ease of preparation of high-
quality samples.11–18

In this paper we report on low-temperature photolumines-
cence excitation~PLE! measurements on InP nanocrystallites
which were derived from wet chemical preparation. Details
of the chemistry are published elsewhere.10,19The good qual-
ity of the prepared quantum dot samples and the comparably
narrow size distribution has already been demonstrated.20 To
obtain further insight into the size dependence of the elec-

tronic structure, we performed size-selective low-
temperature PLE measurements. This technique reveals the
excited state transitions by optically selecting an ensemble of
specific-sized QD’s.21

A set of samples is investigated having mean peak PL
emission energies that span a range between 1.9 and 2.4 eV,
which corresponds to a mean size range between 2.4 and 3.4
nm, respectively. The size of the quantum dots and the main
emission energy is related via22

Eg~d!5Eg
bulk1

A

dn , ~1!

where Eg
bulk51.45 eV is the low-temperature band gap of

bulk InP,A555.2527 andn51.3611.
The present measurements were carried out using a SPEX

Fluorolog 2 spectrophotometer. Excitation was provided
from a Xe-arc lamp. The emission from the lamp was dis-
persed in a 0.22 m double monochromator and focused onto
the sample. The sample was mounted in an Oxford CFV
1204 continuous flow cryostat, where the sample was cooled
by He vapor as exchange gas.

All samples are colloidal solutions of InP nanoparticles
capped with oleyamine and dissolved in 2,2,4 trimethylpen-
tane which contains 2–5% oleyamine; these solutions form
an optically clear organic glass at cryogenic temperatures.
The concentration of the InP QD’s was adjusted to provide
optical densities of 0.1 at 450 nm in matched 1 mm quartz
cuvettes in order to prevent energy transfer between different
sized QD’s within a sample. This phenomenon, which has
been shown to occur in close-packed structures of InP
QD’s,23 is reduced due to the reduced volume density of the
particles and the increased separation between the QD’s.
Therefore, we are able to measure different sized QD’s by
just changing the detection wavelength within one sample.
The emission of the samples is dispersed in a second 0.22 m
double monochromator and subsequently focused onto a
photomultiplier tube~PMT!. The resulting spectra are nor-
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malized to a simultaneously recorded reference file, correct-
ing for the spectral variation of the excitation density. All
spectra are taken at 10 K.

Typical PL spectra of the smallest and largest sized QD
samples, excited at 2.76 eV, are shown in Fig. 1. As can be
seen from the plot, both emission lines are inhomogenously
broadened, indicating a significant size distribution within
the samples. The intensities, as well as the full width at half
maximum ~FWHM!, are of comparable magnitude for all
samples, and show the reproducibility of the synthesis of the
InP QD’s. The emission is shifted to higher energies com-
pared with bulk InP, due to size quantization effects. The
range of emission energies from all investigated samples ex-
tends from 1.6 to 2.55 eV.

To investigate the size dependence of the excited exci-
tonic states we performed low-temperature PLE measure-
ments at different detection wavelengths on the high-energy
side of the emission range of each of the samples. Since
every sample has an inherent distribution of sizes, a variation
of the detection wavelength selects different sized quantum
dots within one sample, thus allowing for a measurement of
the size dependence of the subband structure in the strong
zero-dimensional confinement regime.

A set of PLE spectra obtained for a sample with mean QD
diameter of 3.0 nm is shown as an example, together with the
respective emission peak, in Fig. 2. The detection wave-
lengths of the first and last PLE spectrum are indicated by
arrows in the PL spectrum. As can be seen from this figure
we obtain several peaks in the PLE trace indicating absorp-
tion by excited states and subsequent emission after relax-
ation into the ground state. With increasing detection energy,
i.e., decreasing size of the QD’s under investigation, these
peaks also shift to higher energies, indicating an increase in
size quantization energy. Although the detected lumines-
cence bandwidth is small at a certain wavelength, the mea-
sured peaks in the PLE spectra are still inhomogeneously
broadened. A small peak at 2.9 eV which does not shift with
detection energy was found to be an artifact of the excitation
source and is ignored in the analysis of the PLE spectra.

By measuring seven different samples in which the emis-
sion energies ranged from 1.6 to 2.55 eV, a broad range of
different sized quantum dots is sampled to determine the size
dependence of the excited-state energy-level structure of the

nanoparticles. In this way a continuous ensemble of QD’s
with diameters from 1.8 to 4.0 nm is investigated.

The peaks in the PLE spectra were fitted to a Gaussian
lineshape to evaluate the peak energy and to separate the
contributions from different maxima. The result of the pro-
cedure is shown, for all recorded PLE spectra, in Fig. 3. Here
the difference,DE, between the energy of the peak in the
PLE spectrum and the detection energy is plotted as a func-
tion of the bandgap. Since the emission, and therefore the
detection energy, is essentially a measure of the bandgap and
thus the size of the quantum dot, thex coordinate can also be
interpreted via the bandgap energy as a size scale of the
nanoparticles. On the other hand, they scale is a measure of
the energy separation of the excited-state transitions in the
quantum dots. The upper part of the plot shows all observed
transitions, whereas the lower part of Fig. 3 reproduces the
results for smallDE on a magnified scale.

As can be seen from the plot, several lines corresponding
to excited-state transitions can be resolved, shifting to higher
energies with increasing bandgap~i.e., detection! energy.
The majority of the peaks are shifting with different slopes
and several crossings and anticrossings are suggested by the
data~as, e.g., around 2.1 eV in the upper part of Fig. 3!. Up
to eight excited-state transitions are apparent from analyzing
the seven samples, although a single sample usually showed
up to six transitions. The lower part of Fig. 3 reproduces the
first three transitions measured in the PLE spectra. The hori-
zontal bold line indicates the longitudinal optical~LO! pho-

FIG. 1. Low-temperature PL spectra of the smallest and the
largest sized QD samples investigated.

FIG. 2. Series of PLE spectra taken for one sample at different
detection wavelengths. The interval where PLE spectra are taken is
indicated by arrows on the PL curve.
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non energy in bulk InP. It can be seen from the figure that a
LO-phonon-assisted absorption with a constant phonon en-
ergy of \vLO,InP

bulk is not entirely consistent with our data. As
can be seen from Fig. 3, the lowest energy transition~labeled
1! increases slightly with increasing energy gap. It is pos-
sible that the LO-phonon energy increases moderately with
decreasing size of the QD’s, which would make the first
transition in Fig. 3 consistent with LO-phonon-assisted ab-
sorption.

To assign the different transitions observed, we compare
the measured data with the results of a six-bandk•p
calculation24 of the single-particle bound electron and hole
states, and the resulting expected transition energies~cf. Fig.
3!. This model has been applied to CdSe and InP QD’s by
Norris and Bawendi,11,12 and Banin et al.,25 respectively.
Their calculations, using a 636 k•p model with nonparabo-
licity corrections to the conduction band represents the states
of the QD’s in terms of the states of the periodic bulk solid at
the k50 Brillouin zone center. We have extended this
method, that successfully accounted for up to ten excited
states in CdSe11,12 to InP. We use the Vahala and Sercel
approach26 as implemented numerically by Fu and Zunger.24

The ~isotropic! Luttinger parameters are taken from experi-

mental data on bulk InP~Ref. 27! as g156.28 and g
5(2g213g3)/552.49. We assume the same electron-hole
Coulomb energies for all excited states. This calculation pro-
duces nearly identical results as those of Baninet al.25 The
two lowest transitions 1p3/221se and 1p1/221se are dipole
forbidden, whereas the lowest allowed transitions in increas-
ing order of energy are 1s3/221se , 1s1/221se , and 2s3/2
21se . These calculated allowed transitions do not fit the
experimental data~cf. Fig. 3! and we find a qualitative dif-
ference between the slope of the plot of observed differences
in transition energies vs. bandgap and the 636 k•p calcula-
tions: while the model predicts that the three lowest energy
allowed transitions have a near constant energy shift relative
to the bandgap, the measurements~e.g., lines 2,3 in Fig. 3!
show a superlinear upward bend of the slope of the measured
transitions with decreasing size. Even if we take into account
forbidden transitions fromp-like valence-band states to
s-like conduction-band states, the standard11,12 k•p calcula-
tion still does not match the experimental data. However, it
has to be noted here that no LO-phonon-assisted transitions
are included in the calculations, which may have a signifi-
cant contribution to the data.

In a second approach for calculating the level structure,
the effective masses used in thek•p calculations were ad-
justed to fit the more rigorous pseudopotential results.22 The
fit was poor~yielding g151.59; g50.34!, but it did succeed
in changing the order of the QD highest valence-band states
such that the 1s3/2 level is above the 1p3/2 level as obtained
by pseudopotential calculations.22 However, even with the
somehow arbitrary method described above, we could not
match the experimental data if only the dipole allowed tran-
sitions were taken into consideration. On the other hand, if
all possible allowed and nonallowed transitions between
electron and hole levels are considered~see below!, we are
able to qualitatively assign the observed peaks in the PLE
spectra. This leads us to assign the 0 eV line to the bandgap
transition 1s3/221se of the QD’s. This is in contradiction to
other recentk•p calculations that predict the 0 eV line
should be 1p3/221pe .25,28

The first peak in PLE should be the resonant redshift22,29

resulting from the splitting of the lowest conduction band
state by electron-hole exchange. These values have previ-
ously been measured29 and analyzed.22,29 This transition,
which has a very small energy splitting~6–20 meV! is not
observed in our spectra because it is outside the resolution of
the present experiment. On the basis of the adjustedk•p
calculation, we assign the second transition appearing in PLE
~2 in Fig. 3! to the dipole forbidden excitation from the first
excited valence-band state to the lowest conduction band
state (1p3/221se). This follows because in the 636 k•p
model the conduction band quantization energies are of the
order of several hundred meV in the investigated size
regime.24 The next higher transition, labeled 3 in the plot,
corresponds approximately to the dipole forbidden transition
between the 1p1/221se states. Transition 4 in the upper part
of Fig. 3, is qualitatively reproduced by the calculated 2s3/2
21se . However, surprisingly no transition was found corre-
sponding to the 1s1/221se energy. We assign the experimen-
tal transitions 5–7 to higher valence-band states since PLE
peaks involving the first excited conduction-band state can
correspond energetically only to the highest observed transi-

FIG. 3. Difference between peak energy in the PLE spectrum
and detection energy for all recorded spectra. The detection energy
is assumed to equal the bandgap transition of the specific-sized
quantum dots within the investigated sample. The lower part repro-
duces the lowest energy transitions of the upper plot on an enlarged
scale. Data are represented by symbols, theoretical results based on
a standard six-bandk•p calculation are shown as thin lines. The
bold line denotes the bulk LO-phonon energy of InP.
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tion ~labeled 8 in Fig. 3!. A more detailed and rigorous
analysis of the energy-level structure of InP QD’s using an
exact pseudopotential method is under way;24 this will per-
mit a more strict and detailed comparison of the experimen-
tal data with theoretical energy-level calculations.

Another feature observed in our PLE spectra is an anti-
crossing and crossing of transitions within the range of mea-
sured QD’s. This can be seen, e.g., in the region around 2.15
eV for the excited-state transitions as well as around 1.95 eV
for the highest transition. It is expected from the
calculations11,12 that the differences in size dependence of
the quantization energy of the different valence-band states
will account for the crossings suggested by the experimental
data.

In conclusion, we have measured the size dependence of
the excited-state transitions of InP QD’s in the strong con-
finement regime. By using size-selective spectroscopy tech-
niques, we were able to scan a QD size range from 1.8 to 4.0
nm, and determine higher transitions within the absorption

spectra of the QD’s. A rich structure was found which is
inconsistent with conventionalk•p calculations, using either
bulk-measured or empirically adjusted effective masses and
considering only dipole allowed transitions as well as assum-
ing equal Coulomb interaction for all excited states. How-
ever, taking into account dipole forbidden transitions, a
qualitative agreement with the adjusted effective massk•p
calculation leads to an assignment of the observed transi-
tions. A detailed model representing the full observed
energy-level structure as well as level crossings remains to
be developed.
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