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Abstract
The authors present a comparative study of photoluminescence excitation (PLE) and
absorption spectra of CdSe–ZnS core–shell quantum dot ensembles, with mean core diameters
ranging from 2.6 to 7.2 nm. The larger dots show a threshold phenomenon wherein for
excitation photon energy greater than a value Eth, the PLE and absorption spectra diverge
abruptly. Beyond Eth the PLE signal tends to decrease while absorption continues to increase.
Results are compared with electronic structure calculations based on a spherical core–shell
potential model. One finds that Eth matches with the minimum photon energy required to
create holes with energy equal to the core–shell potential energy barrier for holes. These holes,
more exposed to shell surface defects, are likely to be lost through non-radiative pathways
thereby reducing luminescence. Part of the increase in absorption at higher energies can be
attributed to normally forbidden transitions, whose oscillator strength is shown to increase
with increase in the transition energy.

S Online supplementary data available from stacks.iop.org/JPhysD/45/195103/mmedia

(Some figures may appear in colour only in the online journal)

1. Introduction

While interest in semiconductor quantum dots (QDs) has
primarily been driven by possible optoelectronic device
applications, highly luminescent II–VI semiconductor core–
shell QDs such as CdSe–ZnS have found application in
different kinds of biological assays based on luminescence
imaging of tissues [1, 2]. Typically these QDs are coated with
a polymer to which a suitably chosen ligand is attached and
then introduced into the tissue. Once the ligand conjugates
with the receptor (protein/biomolecule) of interest in the tissue,
the QD photoluminescence (PL) image identifies the location
and distribution of that protein/biomolecule in the tissue.
Compared with traditionally used florescent dyes, the QDs
can have narrower emission spectra and do not easily photo-
bleach. More importantly however, unlike molecular dyes the
QD ensembles have a continuous absorption spectrum and
therefore a single laser can be used to excite QDs emitting
at different wavelengths. This enables easy multi-colour

imaging [3] whereby the distribution of more than one type
of biomolecule in a tissue can be seen simultaneously. A
relevant question in this context is whether one can choose
any excitation photon energy higher than the effective band
gap of the QDs.

In bulk semiconductors the PL efficiency reduces for very
high excitation photon energies because the larger absorption
coefficient at higher energies results in carriers being generated
close to the surface. Such carriers are captured by surface
defect states and decay through non-radiative pathways. It is
also known that the PL efficiency of CdSe QDs decreases with
an increase in the excitation photon energy. Its origin was
attributed to absorption into a separate continuum of states
which was independent of the QD size and it was suggested
that the onset of such transitions occurred 0.3 eV above the
band gap [4]. A threshold in the excitation photon energy
has also been reported in the context of PL intermittency
in CdSe nanorods [5]. Here we report the observation of
a distinct threshold in the excitation photon energy Eth in
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CdSe–ZnS core–shell QDs, where the PL signal strength stops
being proportional to the absorption spectrum. We discuss the
importance of Eth in the context of bioimaging applications
and try to identify its origin by comparison with electronic
structure calculations.

2. Experimental details

The solution synthesized [6] CdSe–ZnS core–shell QDs on
which results are presented here are being used for bioimaging
applications. These water soluble QDs have carboxyl
molecules coated on the surface for ease of attaching a ligand
of choice. The QDs were characterized by high-resolution
transmission electron microscopy (HR-TEM). The average
CdSe core diameters of the four samples were 2.6, 3.0, 5.1 and
7.2 nm, with the largest QD being slightly elongated. The ZnS
shell was a few monolayers thick. Normal PL measurements
were performed with HeCd (325 nm) laser excitation. In the
photoluminescence excitation (PLE) measurements instead of
the laser, light from a 75 W xenon lamp dispersed by a 1/8 m
focal length monochromator (bandpass �λ ∼ 1.3 nm) was
used for excitation. In both cases the luminescence output
was dispersed using a 1/2 m monochromator (�λ ∼ 0.8 nm)
and detected with a cooled Si charge coupled device. For
PLE the wavelength dependence of the excitation intensity
was separately measured by replacing the sample with a
pyroelectric detector, and used to normalize the PLE signal.
Absorption (Abs) measurements were carried out using a
spectrophotometer. Measurement results on QDs dispersed
in water and in dry coated film form were similar.

3. Experimental results

Figure 1 shows the PL, PLE and Abs spectra of the samples at
room temperature. The PL spectra are normalized to identical
peak heights, while the Abs and PLE spectra are normalized
to identical peak height at the lowest energy transition peak.
The PLE signal detection energy was ∼25 meV below the start
of the PLE data. The main observation of interest here is that
for the larger QDs, the Abs and PLE spectra diverge beyond
a threshold energy Eth which is ≈2.52 eV (≈2.64 eV) for the
QDs with a mean diameter of 7.2 nm (5.1 nm). While the Abs
signal continues to increase with an increase in the excitation
phonon energy, beyond Eth the PLE signal tends to decrease.
The value of Eth did not change significantly with the change
in the PLE detection energy within the PL spectral band.

For luminescence imaging it is desirable to have an
excitation photon energy much higher than the emission energy
so that scattered excitation light can be easily removed using
appropriate long-wavelength pass filters, thereby preventing
saturation of the detector especially when detecting weak
signals. However, the above results show that increasing the
excitation photon energy beyond Eth can significantly reduce
the PL efficiency in the larger QDs. For example in the
7.2 nm QDs, the ratio of Abs at 325 nm to that at 500 nm
is ∼5 while the ratio of the PLE signal is ∼0.4. Thus,
with excitation at 325 nm, about 13 times more photons are
absorbed for the same PL output when compared with 500 nm

Figure 1. Room temperature PL, PLE and Abs spectra of
CdSe–ZnS core–shell QD ensembles with average core diameters
(a) 7.2 nm (b) 5.1 nm (c) 3.0 nm and (d) 2.6 nm. Relative scaling
factors for PL and Abs data are indicated separately.

excitation. The extra absorbed energy is lost through different
non-radiative pathways [7, 8] that would ultimately heat up the
local environment of the QD. This is a severe problem since
biological tissues, especially live cells, can easily be damaged
by this heating [2]. We next describe the electronic structure
calculations performed in trying to understand the physical
origins of Eth.

4. Electronic structure calculations

To determine the energy spectrum of the QDs, we considered
a simple spherically symmetric core–shell potential model.
Since even our largest QDs have a diameter less than the exciton
Bohr diameter (�11.2 nm) of CdSe, strong confinement is
essentially expected to determine the energy spectrum and
consequently Coulomb interactions were neglected. We
numerically solved the Schrödinger equation [6, 9] under the
effective-mass envelope-wavefunction approximation, with
appropriate boundary conditions. Representative conduction
band (CB) and valence band (VB) radial confinement
potentials are shown in figure 2. Three topmost CdSe VBs,
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Figure 2. The radial potential profile used in the calculations for
QDs with mean diameter (a) 7.2 nm and (b) 2.6 nm. rc and rs mark
the core and shell radii. The horizontal lines mark the position of the
confined electron and the A-type hole levels, their length is
proportional to the degeneracy of that level.

conventionally identified in wurtzite systems as A, B and
C bands, were considered. The physical parameters of the
wurtzite CdSe core at 297 K used in our calculations were
as follows. Band gaps corresponding to top three VB were
EgA = 1.751 eV, EgB = 1.771 eV and EgC = 2.176 eV; the
hole effective masses were mhA|| = 1.17m◦, mhA⊥ = 0.44m◦,
mhB|| = 0.38m◦, mhB⊥ = 0.72m◦, mhC|| = 0.52m◦ and
mhC⊥ = 0.57m◦; the electron effective mass was me =
0.13m◦; the lattice constants were a = 0.4299 nm and
c = 0.7011 nm. The parameters of the wurtzite ZnS shell
used in the calculations included its fundamental band gap
EgA = 3.81 eV; carrier effective masses me = 0.28m◦;
mhA|| = 1.4m◦ and mhA⊥ = 0.49m◦; lattice constants a =
0.382 nm and c = 0.626 nm. The CdSe hole effective masses
are from [10], other parameter values are directly obtained or
derived from [11]. The CdSe/ZnS band offset considered was
�ECB : �EVB = 70 : 30 [12].

The confined electron (e) and hole (h) states are
characterized by radial and angular quantum numbers ne,h

and le,h, respectively. Allowed transitions satisfy selection
rules ne = nh and le = lh, with strength being proportional
to the degeneracy 2l + 1. The energy levels for QDs with
mean diameter 7.2 and 2.6 nm are shown in figure 2. To
simulate the Abs spectrum for an ensemble, we considered
a Gaussian distribution of QD diameters with full width
at half maximum up to 1.7 nm for the largest QDs, and
summed up the contribution of each QD by considering a
room temperature linewidth [13] of 35 meV for the transitions.
The Abs spectra simulated to match the first Abs peak of
the QD ensembles with mean diameters 7.2 and 5.1 nm
are shown in figure 3. More details about the calculation
procedure are provided as online supplementary material
(stacks.iop.org/JPhysD/45/195103/mmedia).

5. Discussion

Figure 3 shows that while at low energies the overall trend
of the simulated Abs matches the measured PLE spectrum,

Figure 3. Simulated Abs spectrum considering only allowed
transitions, along with the measured Abs and PLE spectrum for QD
ensembles with mean diameters (a) 7.2 nm and (b) 5.1 nm. For the
mean diameter, the energies and the relative strengths of allowed
transitions involving the three hole states are indicated. The arrows
indicate the point of divergence of simulated Abs and PLE
measurement, starting from the high-energy end.

Figure 4. Schematic band diagram of a CdSe–ZnS core–shell QD
identifying the possible origin of the threshold energy Eth.

at higher energies the simulated Abs too diverges from the
measured PLE spectrum. Starting from the high-energy end,
the point of divergence in this case too matches with the Eth

found earlier. The calculations reveal that

Eth � Eg CdSe + Ee n=1, l=0 + �Ev, (1)

where Ee n=1, l=0 is the ground state electron confinement
energy in the QD (calculated values 153 meV and 271 meV
for the 7.2 nm and 5.1 nm QDs, respectively), Eg CdSe

(1.751 eV) the bulk fundamental band gap of CdSe and �Ev

(0.617 eV) the CdSe/ZnS VB offset which is also the core-to-
shell potential barrier seen by the holes. This is schematically
depicted in figure 4.

This gives a clue to a possible origin of Eth as follows.
For Epht > Eth, holes created with Eh > �Ev (in transitions
of type [ii] in figure 4) sense more of the core–shell interface,
the ZnS shell and its surface, as compared with holes created
with Eh < �Ev (in transitions of type [i] in figure 4). This can
be inferred from figure 5(a) which shows the calculated radial
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Figure 5. (a)(i) Normalized radial probability density of confined
electron (thin line) and A-type holes (thick line) in a 7.2 nm
diameter QD. The states are characterized by Ee n=1,l=0 = 153 meV,
EhA n=1,l=0 = 43 meV and EhA n=4,l=0 = 656 meV which has four
peaks. (ii) Similar plots for a 2.6 nm diameter QD with states
characterized by Ee n=1,l=0 = 681 meV and EhA n=1,l=0 = 235 meV.
rc and rs mark the core and shell radii, the shaded part is the shell
region. (b) The relative oscillator strength (ROS) of normally
forbidden transitions for which �le,h = 0 but �ne,h �= 0, as a
function of the transition energy for the 7.2 nm QD. The ROS for
allowed transitions are ≈1.

probability density of some of the confined electron and hole
states in the QDs. From figure 5(a)(i) it is evident that the radial
probability density for holes with Eh > �Ev spreads into the
shell region much more than for holes with Eh < �Ev. Thus
holes with Eh > �Ev are more likely to be lost due to trapping
by interface/surface defects [14, 15], resulting in a reduced
number being available for radiative recombination. Hence
although Abs can increase, the PL output decreases. The above
argument suggests that the difference in measured Eth between
the 7.2 and 5.1 nm diameter QDs should essentially be the
difference in their respective ground state electron confinement
energy Ee n=1, l=0. The difference between the calculated
Ee n=1, l=0 values mentioned above is 118 meV, which is in
good agreement with the observed difference of ≈120 meV
between the Eth values for these two QD ensembles.

For the above argument to hold we must ask whether for
photon energy Epht > Eth holes can be created with energy
Eh > �Ev that involve simultaneous creation of electrons
with Ee n=1, l=0. This would normally be forbidden by the
�ne,h = 0, �le,h = 0 selection rule. However, due to different
electron and hole effective masses and barrier heights, there
is an absence of perfect symmetry between their envelope
wavefucntions which is evident from the radial probability
densities plotted in figure 5(a). The corollary implies a
finite overlap of the electron–hole envelope wavefunctions for
�le,h = 0 but �ne,h �= 0, thereby making such transitions
possible. For the very likely case of imperfect spherical
symmetry even the �le,h = 0 selection rule breaks down,
leading to many more forbidden transitions becoming possible
at higher energies.

We note here that in the context of the QD blinking
problem, if trapping of holes by interface/surface states play a
significant role in the occurrence of luminescence ‘off time’,
then the above arguments can explain the reported increase [5]
in the ‘off time’ when the excitation photon energy exceeds a
threshold energy very similar to the magnitude reported here.

We also note that reduced blinking and multiexciton emission
suggesting decrease in non-radiative carrier loss has been
reported in core–shell QDs with very thick shells [16]. This can
partly be attributed to confined carrier envelope wavefunctions
being less exposed to the shell surface.

Figure 5(a)(ii) shows that in the smaller QDs the radial
probability density, even for the lowest confined hole, is
considerable in the shell region. Thus, in the smaller QDs
the rate of loss of holes created with Eh < Ev would already
be quite high. Consequently, there may not be a distinct Eth

in the smaller QDs and the PLE signal should approximately
follow Abs, which is what we observe. Furthermore, the
energy spacings of the holes in the smaller QD in figure 2(b)
is quite large, comparable to that of electrons in the larger
QD. This would adversely affect carrier relaxation for holes
in addition to the adverse effect on electron relaxation [17].
The above points imply that in the smaller QDs, there would
be relatively fewer electrons and holes available in the ground
state for radiative recombination. Indeed, we do observe that
the smaller QDs have relatively lower PL efficiency. This can
be inferred from the scaling factors used for normalizing the
PL and Abs spectrum in figure 1. They show that the PL output
of the smaller QDs is much weaker, even after accounting for
the decrease in the Abs signal.

Finally, we discuss the difference in the magnitude of
the measured Abs and our simulation at higher energies.
Previously, non-parabolicity and VB mixing have been
invoked to explain the Abs spectrum of such QDs [18]. To
account for the increase in Abs due to transitions involving
surface states [4] alone would require an impractically high
density of such states, comparable to bulk density of states at
high energies. Here we consider an additional mechanism of
normally forbidden transitions described previously. We have
calculated the relative oscillator strength of the transitions in
the 7.2 nm diameter QD that violate just the �ne,h = 0 rule.
These are shown in figure 5(b). One finds that such transitions
increase both in strength and number at high energies. These,
along with the ones that violate the �le,h = 0 rule could be
partly responsible for the increased Abs at higher energies
when compared with the simulations that considered only
allowed transitions.

6. Conclusions

In conclusion, we have shown that for luminescence imaging
with larger CdSe–ZnS core–shell QDs, the optimum excitation
photon energy is one which is just below a threshold. Our
analysis suggests that the threshold photon energy could be
the minimum energy that is required to create a hole with
energy equal to the core–shell hole potential barrier. Such an
excitation will provide maximum luminescence output with
minimum heating of the biological sample being imaged.
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Calculation of confinement energies and absorption spectrum of core-shell quan-

tum dots

The confinement energies of carriers (electron and hole) in CdSe-ZnS core-shell quantum

dots (QD) can be calculated under the effective-mass envelope wavefunction approximation

by solving the Scrödinger equation for the envelope wavefuntion in a spherically symmetric

potential, whose radial part is defined by

V (r) =


0 for 0 ≤ r ≤ rc

Vo for rc < r ≤ rs

∞ for r > rs

(1)

where rc and rs are the radius of the core and outer radius of the shell, respectively. Vo is

the height of potential between rc and rs as shown in Fig. 1. The spherical symmetry of the

potential allows one to express the total envelope wavefunction as a product Ylm(θ, φ)χnl(r),

where Ylm(θ, φ) are the spherical harmonics containing the angular dependences and χnl(r)

are the solution of the radial part of the Schrödinger equation

1

χnl

d

dr
(r2

dχnl

dr
)− 2m∗r2

h̄2
[V (r)− Enl] = l(l + 1) (2)

where m∗ is the carrier effective mass. Each confined state is defined in terms of three eigen

numbers l,m, n and the corresponding eigenvalues Enl are the required confinement energies.

For a given l, m takes integer values −l to +l and all these states have the same energy

resulting in a degeneracy of 2l + 1 for the state with energy Enl.

To obtain Enl one starts with Eqn. 2 whose solutions χnl(r) are a linear combinations of

both modified and normal spherical Bessel functions of the first and the second kind [1, 2].

Then using appropriate boundary conditions [3] for the continuity of the wavefunction and
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FIG. 1. Schematic of the radial part of the core-shell quantum dot confinement potential
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its first derivative at rc and rs, one gets a set of transcendental equations [2] involving m∗ in

the core and the shell, the core to shell barrier height Vo and values of the appropriate Bessel

functions and their derivatives at rc and rs. To solve this equations we wrote a FORTRAN

program, with subroutines for generating the Bessel functions and their derivatives obtained

from Ref. [4]. We next briefly discuss the parameters used in the calculation.

CdSe is a direct band gap semiconductor with wurtzite crystal structure. At the Brillouin

zone center it has three closely spaced valence bands (VB). They are conventionally labelled

as A, B and C bands with gaps relative to the conduction band (CB) being EgA, EgB and

EgC respectively, with the fundamental band gap Eg = EgA. Accordingly three sets of

transitions need to be considered, one from each VB to the CB, in order to estimate the

absorption spectrum. We therefore have to solve Eqn. 2 for electrons in the CB potential

well and holes in the three VB potential wells corresponding to A, B and C bands. Vo is

estimated from the band gap difference ∆Eg between CdSe and ZnS and the band gap offset

ratio. If the CdSe/ZnS band gap offset ratio fraction is ∆ECB : ∆EV B = a : b, a+b = 1, then

Vo = a∆EgA for the CB (electron) well and Vo = b∆EgA for the VB (A hole) well. Thereafter

Vo for holes in the other two bands are determined by considering the energy position of

these bands relative to the A band of CdSe. The hole masses in wurtzite CdSe are different

for motion parallel (||) and perpendicular (⊥) to the c-axis. Giving each direction equal

weight for determining energies we considered an average mass 3/m = 1/m|| + 2/m⊥.

Inter-band transition energies in the QD are finally estimated from the calculated electron

(e) and hole (h) confinement energies. The normally allowed transitions satisfy selection rules

involving the radial and angular quantum numbers as ne = nh and le = lh respectively, with

strength being proportional to the degeneracy 2l+ 1. For a QD with core diameter d = 2rc,

the transitions energies Ei(d) are given by

Ei(d) = ECdSe
gj + Ee

nl(d) + Ehj
nl (d) , j ≡ A,B,C (3)

where ECdSe
gj are the three relevant energy gaps of CdSe.

The absorption spectrum α(E, d) for a single QD of core diameter d as a function of

photon energy E, with inhomogeneously broadened transitions at energies Ei(d) involv-

ing angular momentum quantum number li can be approximated by a sum of normalized

Gaussians as

α(E, d) ∝
∑
i

(2li + 1)
2

δE

√
ln 2

π
exp[−4 ln 2

(
E − Ei(d)

δE

)2

] (4)

2



where the full width at half maximum δE represents the inhomogeneous line width. δE for

a single QD arises essentially due to spectral diffusion [5]. Here as a first approximation, the

inter-band oscillator strengths and the inhomogeneously broadened linewidths are considered

to be independent of QD size and photon energy. Next, one needs to find the absorption

spectrum for an ensemble of such QDs with a random distribution of core diameters around

a mean diameter do. Such a distribution of QD core diameters can again be represented

by a normalized Gaussian with full width at half maximum δd. The simulated absorption

spectrum for the ensemble α(E) is then obtained by calculating α(E, d) for a range of d values

and summing them up with a weight factor determined by the Gaussian size distribution as

α(E) = A
∑
d

2

δd

√
ln 2

π
exp[−4 ln 2

(
d− do
δd

)2

] α(E, d) (5)

where A is a single scaling factor used to match the simulated spectrum with the measured

one.
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