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Abstract

Absorption spectra of CdSe-ZnS core-shell quantum dot (QD) ensembles,
with average core diameters ranging from 2.6 nm to 7.2 nm have been ob-
tained using both transmission and photoluminescence excitation measure-
ments. In agreement with previous reports, the absorption coefficient at
energies � 1 eV above the effective bandgap increases monotonically as in
bulk solids. A simple effective-mass spherical core-shell potential model can-
not explain the relatively high absorption at higher energies. The calculated
electron and hole radial envelope wavefunctions show asymmetry due to the
core-shell structure. It leads to normally symmetry-disallowed transitions
acquiring a weak oscillator strength, with their number and strength in-
creasing with energy. A phenomenological model that invokes normally dis-
allowed transitions in general is shown to reproduce the absorption spectrum
at higher energies quite well. The oscillator strength scaling factor for such
transitions increases with decrease in QD size, consistent with expectations.

Keywords: CdSe-ZnS quantum dot, Absorption spectrum modelling,
Photoluminescence excitation spectroscopy

1. Introduction

Solution synthesized group II-VI semiconductor quantum dots (QDs)
have in recent times found application in areas ranging from multicoloured
luminescence imaging of biological tissues[1, 2] to flat-panel electronic display
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screens.[3, 4] The basis of these applications is the size-dependent quantum-
confinement related tunable effective bandgap of these QDs which allows
for control over emission wavelength. A majority of studies on such QDs
are therefore concerned with understanding light emission and absorption
properties around the effective bandgap. However for luminescence imaging
applications it is also important to know the absorption spectrum at higher
energies away from the effective bandgap, since it determines the choice of
pump beam characteristics such as wavelength and intensity. In another
promising medical application called photodynamic therapy, such QDs are
selectively directed to malignant tissue and excited with light, thereafter the
absorbed energy is transferred to either activate a drug or directly help the
kill the malignant tissues.[5] For such applications too, estimating the ab-
sorption spectrum at higher energies becomes important.

The absorption spectrum of an ensemble of such QDs, with a narrow dis-
tribution of core diameters, show clear peaked features around the effective
bandgap. These features can be associated with inhomogeneously broadened
transitions involving quantum confined electron and hole levels. However
with increase in photon energy the peaked features gradually loose promi-
nence and eventually the absorption spectrum becomes a featureless mono-
tonically increasing function, resembling absorption in bulk material.[6, 7, 8]
In an early study[9] this absorption was taken to be a background and simply
fitted using a cubic equation. Some studies have used bulk optical constants
to model the measured absorption spectrum of the QDs to especially ac-
count for this bulk like nature of the absorption spectra at higher photon
energies.[10] It was suggested that light extinction at high photon energies
can be explained through the phenomenon of light scattering by small ab-
sorbing particles but this model cannot explain why the extinction was found
to be independent of the refractive index of the surrounding medium.[11] It
is generally understood that the high spectral density of inhomogeneously
broadened transitions in the QDs at higher photon energies is responsible
for the absorption spectra imitating that of bulk solids.[12] However we shall
show that transitions that are strongly allowed by selection rules cannot by
themselves account for the relative increase in the absorption strength at
energies � 1 eV above the effective bandgap. The main motivation of the
present work is to obtain a simple empirical model for describing the ab-
sorption spectra of such QDs, especially the increased bulk-like absorption,
at higher photon energies. In general empirical modelling, for example for
determining the size dependence of bandgaps[10], is practically quite useful
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in the absence of exact and detailed knowledge of the shape and structure
of the QDs in an ensemble. We will also discuss the physical logic behind
adopting our model and compare the present case with an example from
semiconductor quantum well (QW) systems.

2. Experimental Details and Results

In our experiments we used commercially available solution synthesized
CdSe-ZnS core-shell QDs. Four QD ensembles were studied where the aver-
age CdSe core diameters do were 7.2 nm, 5.1 nm, 3.0 nm and 2.6 nm, with a
ZnS shell which was about four monolayer thick. The samples were charac-
terized using high resolution transmission electron microscopy (HR-TEM).
The QDs had carboxyl molecules coated on the surface to facilitate ligand
conjugation and which also helped prevent coagulation in aqueous solution.
The absorption (Abs) spectra were first obtained through transmission mea-
surements using a conventional setup.

Figure 1(a)-(d) shows the measured room temperature Abs spectrum of
the QDs along with their photoluminescence (PL) spectrum. The PL spec-
trum and the QD size agree well with earlier reports.[13] The Abs spectrum
measured with the QDs dispersed in water with 1 μMolar concentration and
in the form of a coated film on sapphire substrate were similar. Also shown in
Fig. 1(a)-(d) are the simulated Abs spectrum which considered only strongly
allowed transitions, the details of which will be presented in the next section.
Both the measured and the simulated Abs spectra have peaked features at
lower energies which gradually vanish giving rise to a monotonically increas-
ing bulk-like Abs at higher energies. The simulated Abs spectrum was scaled
to mach the lowest energy peak of the measured Abs spectrum. One notices
that while the measured and the simulated Abs spectrum magnitudes fairly
match at low energies, at higher energies the measured Abs magnitude is
larger by factors ∼ 2 or more. This discrepancy, which is the main thrust
of our study, becomes more and starts to arise closer to the lowest energy
Abs peak as the QD size reduces. It has been suggested that the high Abs
strength measured using transmission spectroscopy could be a consequence
of the probe light getting scattered[11] by the QDs and not getting detected.
A way to test this would be by measuring a photo-luminescence excitation
(PLE) spectrum which is expected to mimic the true Abs spectrum over a
certain energy range and not be modified significantly by light scattering.
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Figure 1: Measured photoluminescence (PL), measured and simulated absorption (Abs)
spectra of CdSe-ZnS core-shell QD ensembles with four different average core diameters
do. The PL magnitudes are scaled to identical peak value, similarly lowest energy Abs
peak are scaled to identical value. The simulation is based on a model which considered
only the strongly allowed transitions. The vertical lines indicate the position and relative
strength of the strongly allowed transitions involving confined electron levels and confined
hole levels corresponding to the three A, B and C valance bands in CdSe.

For the PLE measurements light from a 75 W Xenon arc lamp dispersed
by a 0.125 m focal length monochromator (MC1) with bandpass 3.2 nm
was used as the pump beam. The luminescence output was dispersed us-
ing a 0.5 m focal length monochromator (MC2) with bandpass 0.8 nm and
detected with a thermo-electrically cooled Si charge coupled device. For
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Figure 2: Photoluminescence excitation (PLE) spectrum of the QD ensemble with do =
7.2 nm at room temperature. The inset plot is the photoluminescence (PL) spectrum of the
sample with excitation at 1.968 eV. Signals detected in both conventional and polarized
measurement modes are shown. A schematic of the polarized PLE measurement mode
is shown. P1 and P2 are crossed polarizers, MC1 and MC2 are the excitation end and
detection end monochromators.

normalizing the PLE data the excitation intensity was separately measured
using a pyroelectric detector. Figure 2 shows an example of PLE data on
QDs with do = 7.2 nm, measured using the above conventional setup. The
PLE signal detection was at 1.837 eV and the large signal seen at this energy
is the scattered pump beam leaking through. However there are two addi-
tional sharp features at ∼ 1.87 eV and ∼ 1.9 eV marked by arrows. Their
intensities are ∼ 104 times lower than the main scattered pump beam signal.
Their linewidths are ∼ 9 meV which is much smaller than kBT ∼ 26 meV
and are determined by the overall bandpass of the measurement system.
Given that the emission linewidths of single QDs at room temperature[14] is
∼ 35 meV, it is very surprising to find such features in the PLE spectrum.
Fine structures very close to the pump beam energy have been reported
before and their origins have been attributed to exchange-interaction split
exciton levels and phonon emission[15, 16]. However there are optics related
coma aberrations in monochromators which can give rise to multiple images
of the input slit at the exit slit plane, although with significantly reduced
intensity. This can translate into weak replicas of the scattered pump beam
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Figure 3: The measured room temperature absorption (Abs) and photoluminescence exci-
tation (PLE) spectrum of QD ensembles having average core diameter do (a) 3.0 nm and
(b) 2.6 nm. The PLE signal detection energy was ∼ 25 meV below the start of the plotted
PLE spectrum.

being observed close to the main beam but with very low intensity. That
this may be occurring here is evident from the presence of such a feature at
1.935 eV in a conventional PL spectrum of the sample shown in the inset of
Fig. 2. Here the pump beam energy (1.968 eV) was chosen to be close to
the PL emission peak so that both the PL and the scattered pump beam are
simultaneously seen in the spectrum. Use of a double monochromator for
MC2 can minimize the scattered pump beam. We have adopted a different
approach shown schematically as an inset in Fig. 2. Here the pump beam
was linearly polarized using a Glan-Taylor polarizer P1 and in the detection
path another polarizer P2 was placed with its pass-axis perpendicular to that
of P1. Since the scattered pump beam will mostly be polarized along the
pass-axis of P1, it will be significantly cut off by P2. The QDs are randomly
oriented, that apart during the carrier relaxation process the memory of the
incident pump excitation polarization is mostly lost and consequently the
emission is expected to be unpolarized. Thus P2 will only reduce the PL
signal by a factor little more than 2. This way the strength of the scattered
pump beam relative to the PL signal can be significantly reduced. Fig. 2
also shows results from such a polarized PLE measurement and indeed we
no longer see these extar sharp features seen earlier.

Figure 3(a) and 3(b) compare the Abs spectrum and the polarized PLE
spectrum of QD samples with average diameter 3.0 nm and 2.6 nm. It is
true that the PLE spectra of larger QDs deviate from the Abs spectra at
higher energies due to non-radiative carrier loss mechanisms[17] however one
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can see from these plots that in the smaller QDs, where light scattering is
expected to be strong, there is not much difference between the PLE and
the Abs spectrum up to fairly high energies above the effective bandgap.
This suggests that the relatively stronger measured Abs at higher energies is
an intrinsic property of the QDs. We will next describe the model used to
account for this increased Abs at high energies.

3. Absorption Modelling and Discussion

CdSe is a direct band gap semiconductor with wurtzite crystal structure.
At the Brillouin zone center it has three closely spaced valence bands (VB)
conventionally labelled as A, B and C bands with gaps relative to the con-
duction band (CB) being EgA < EgB < EgC respectively. The increased
Abs we see here cannot be due to transitions involving CdSe energy bands
at higher energies, since the next direct inter-band transition after the A, B
and C transitions occurs beyond 4 eV. Also the increased Abs cannot be due
to the ZnS shell since the band gap of hexagonal ZnS is beyond ∼ 3.8 eV. We
will therefore consider three sets of transitions, one from each of the above
VB to the CB. To calculate the Abs spectra we first need to determine the
energy spectrum of the confined electron and holes in the QDs. To be exact
one may need to account for not only quantum confinement but also con-
sider aspects such as coulomb interactions, summation of angular momentum
quantum numbers associated with the confinement potential and the bands
and its consequence for transition selection rules, finite crystal momentum
due to confinement and VB mixing, and also exchange interactions.[18] Such
a calculation requires several parameters with associated uncertainties, in ad-
dition it can be computationally challenging if the QD shapes are not simple.
These aspects determine the fine-structure of the spectrum of individual QDs
but for practically relevant size distribution the effect of these phenomenon
is unlikely to be distinguishable and possibly cannot account for the relative
increase in Abs at high energies.

To obtain the energy spectrum we adopt the effective-mass envelope wave-
function approximation and solve the Schrödinger equation for a spherically
symmetric core-shell potential.[13, 19] The full wavefunction is expressed as
a product of the unit-cell-periodic part and an envelope wavefunction. The
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radial dependence of the confinement potential is given by

V (r) =

⎧⎨
⎩

0 for 0 ≤ r ≤ rc
Vo for rc < r ≤ rs
∞ for r > rs

(1)

where rc is the radius of the CdSe core and rs is the outer radius of the ZnS
shell (rs > rc) and Vo is the height of potential barrier between the core and
the shell region. For electrons Vo = fΔEgA, where ΔEgA is the difference
between fundamental bandgap of CdSe and ZnS, while f is the CdSe/ZnS CB
offset ratio. For holes in the A band of CdSe Vo = (1−f)ΔEgA and for holes
in the other two bands Vo is determined by considering the energy position of
these bands relative to the A band. The spherical symmetry allows us to write
the envelope wavefunction as a product Ylm(θ, φ)χnl(r), where Ylm(θ, φ) are
the spherical harmonics[20] containing the angular dependencies and χnl(r)
the solution of the radial part of the Schrödinger equation

1

χnl

d

dr
(r2

dχnl

dr
)− 2m∗r2

�2
[V (r)− Enl] = l(l + 1) (2)

where m∗ is the carrier effective mass. Each confined state is defined by three
eigen numbers l,m, n and the corresponding eigenvalues Enl are the required
confinement energies. To obtain Enl and χnl(r) one begins by writing the
solutions in the core and the shell regions as

χ(r) =

⎧⎪⎪⎨
⎪⎪⎩

= a jl(k1r) if 0 ≤ r < rc
= b il(k2r) + c κl(k2r) if rc < r < rs, 0 ≤ E ≤ Vo

= d jl(k2r) + e ηl(k2r) if rc < r < rs, Vo < E < ∞
= 0 if r ≥ rs

(3)

k1 =

√
2m∗

CE

�2
, k2 =

√
2m∗

S|Vo − E|
�2

Here jl(k1r), ηl(k2r) are lth order spherical Bessel functions of 1st and 2nd

kind, while il(k2r), κl(k2r) are lth order modified spherical Bessel functions
of 1st and 2nd kind.[20] m∗

C, S are the carrier effective masses in the core and
the shell regions. The constants a− e need to be determined using boundary
conditions which impose continuity of χ(r) and 1

m∗
d
dr
χ(r) at r = rc and

vanishing of χ(r) at r = rs. Application of these boundary conditions lead
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to the following transcendental equations where ′ represents first derivative
with respect to r

jl(k1rc) =
k1m

∗
S

k2m∗
C

j′l(k1rc)
[
il(k2rc)κl(k2rs)− il(k2rs)κl(k2rc)

i′l(k2rc)κl(k2rs)− il(k2rs)κ′
l(k2rc)

]
0 ≤ E ≤ Vo

jl(k1rc) =
k1m

∗
S

k2m∗
C

j′l(k1rc)
[
jl(k2rc)ηl(k2rs)− jl(k2rs)ηl(k2rc)

j′l(k2rc)ηl(k2rs)− jl(k2rs)η′l(k2rc)

]
Vo < E < ∞ (4)

We solved the above equations numerically for electrons and holes, using
a FORTRAN program with Bessel function subroutines from Ref.[21] and
appropriate parameter values.[22] The nth root of Eq. 4 for a given l yields
Enl. For a given l, m takes integer values −l to +l which have the same
energy resulting in a degeneracy of 2l + 1. The transition energies Ei(d) in
the QD with core diameter d = 2rc are then given by

Ei(d) = ECdSe
gj + Ee

nl(d) + Ehj
nl (d), j ≡ A,B,C (5)

where ECdSe
gj are the energy gaps corresponding to the three relevant VB of

CdSe. The overlap integral of the electron and hole envelope wavefunctions
determines the relative oscillator strength (ROS) of the transitions. For
transitions where ne = nh and le = lh the ROS ≈ 1 and such transitions are
strongly allowed (SA). The relative contribution of these transitions to Abs
then depends only on the degeneracy 2l + 1. The Abs spectrum αSA(E, d)
of a single QD of core diameter d as a function of photon energy E due to
inhomogeneously broadened SA transitions of width ΔE at energies Ei(d)
then becomes

αSA(E, d) ∝
∑
i

(2li + 1) G(E,ESA
i (d),ΔE), where

G(x, xo,Δx) =
2

Δx

√
ln 2

π
exp[−4 ln 2

(
x− xo

Δx

)2

]. (6)

Here G(x, xo,Δx) represents a normalized Gaussian distribution with mean
xo and full-width at half-maximum (FWHM) Δx. The inhomogeneous line
width ΔE for a single QD arises essentially due to spectral diffusion [14] and
was taken to be 35 meV. Next the Abs spectrum α(E) for an ensemble of such
QDs with random distribution of core diameters around a mean diameter do
and FWHM Δd is obtained by summing αSA(E, d) with a weight factor
determined by a Gaussian distribution as

α(E) = Λ
∑
d

G(d, do,Δd) αSA(E, d) (7)
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Figure 4: (a) Radial envelope wavefunctions for confined electron (thin line) and A-type
holes (thick line) in a QD with do = 5.1 nm. The states are characterized by (i) le =
0, ne = 2, lhA = 0, nhA = 3 and (ii) le = 2, ne = 1, lhA = 2, nhA = 2. The shaded part
represents the shell region. (b) Relative oscillator strength (ROS) of transitions in this
QD for which Δle,h = 0 but Δne,h 
= 0, as a function of the transition energy. The dashed
line indicates position of the first strongly allowed transition.

where Λ is a single scaling factor. We calculated α(E) using the above
formulation and matched the lowest energy peak of the Abs spectrum by
adjusting Λ and Δd. The estimated values of Δd for the four samples starting
from the largest diameter QDs were 2.6 nm, 1.6 nm, 1.0 nm and 0.7 nm,
which on an average represent ∼ 33% of the mean diameters. The resultant
simulated Abs spectra are shown in Fig. 1(a)-(d) where we have also shown
individual transitions, involving all three hole bands A,B,C for a QD core
diameter equal to do, as lines whose length proportional to their relative
contribution to the Abs spectrum. As is evident this simulated Abs spectrum
does not match with the experimental data shown alongside. We have tried
to understand the inadequacy of the above formulation as follows.

Let us consider some typical radial envelope wavefuncions χ(r) that re-
sult from the above calculation. Figure 4(a) shows two pairs of electron and
hole χ(r) for the QD with do = 5.1 nm, which have identical l but different n
quantum numbers (i) le = 0, ne = 2, lhA = 0, nhA = 3 and (ii) le = 2, ne = 1,
lhA = 2, nhA = 2. One observes that the different extent of leakage of the
electron and hole wavefunctions into the shell region makes these pairs loose
perfect anti-symmetry with respect to each other. This suggests that the
overlap integral of the electron and hole wavefunctions that determine ROS
may be non-zero although ne 
= nh. Indeed the ROS for the transition be-
tween states in the first (second) pair is 0.029 (0.03) and occur at 3.567 eV
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(3.318 eV). Figure 4(b) shows the calculated ROS of all transitions for which
ne 
= nh in this QD with do = 5.1 nm as a function of energy. It indicates that
such normally disallowed (ND) transitions can occur, although their strength
would be weak. Note that the ROS magnitudes of these ND transitions tend
to increase with energy. This is because the envelope wavefunctions of the
higher energy states leak more into the shell and therefore are likely to be
more asymmetric. That apart the QD shapes are unlikely to be perfectly
spherical and therefore distort the spherical symmetry of the confinement
potential. Strictly speaking this negates the option of using Yl,m as solutions
but in an approximate analysis for small distortions one may consider its
consequence to be the appearance of additional ND transitions that violate
the le = lh selection rule. At higher energies the confined level spacings re-
duce, therefore the density of such ND transitions will be higher and they
can add up to increase α(E). Such ND transitions, we suggest, could be a
source of the increased Abs seen at high photon energies. In practice it is
difficult to quantify arbitrary deviations from spherical symmetry and even
if that can be done it would be computationally quite difficult to solve the
Schrödinger equation to determine the energy spectrum in each case. We
therefore propose a simple model in which we consider ND transitions men-
tioned above and assign a transition energy [END

i (d)] dependent oscillator
strength βEND

i (d) to each, where β is a constant. The latter because we
saw that the oscillator strength of the ND transitions tend to increase with
energy. We therefore write such contribution to the Abs spectrum as

αND(E, d) ∝ β
∑
i

(2lmin + 1) END
i (d) G(E,END

i (d),ΔE). (8)

Here the index i runs over all the transitions that satisfy either ne 
= nh, le =
lh or ne = nh, le 
= lh. We avoid transitions that violate both l and n
conservation since ROS then would become the product of two very small
numbers < 1 and therefore insignificant. The degeneracy is taken as 2lmin+1,
where lmin is the lower of le and lh for that ND transition. Thereafter we
sum over the QD size distribution as was done through Eq. 7 and write the
total Abs as

α(E) = Λ
∑
d

G(d, do,Δd) [αSA(E, d) + αND(E, d)] (9)

We used this formulation that includes the ND transitions to simulate the
Abs spectra. We kept all the parameters the same as in Eq. 7 and only
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varied β to fit the measured Abs spectra. Figure 5(a)-(d) compares the
measured and the simulated Abs spectra after including the ND transitions.
It is evident that there is now a much better agreement between the mea-
sured and the simulated Abs spectra at high photon energies. Also shown in
Fig. 5(a)-(d) are the contribution to Abs by the ND transitions alone, which
is comparable to that of the SA transitions at high energies. This
might seem odd since ROS of ND transitions are much smaller.
To understand this note that the index i in Eqn. 6 for SA transi-
tions only runs over the ones satisfying ne = nh and le = lh, while
in Eqn. 8 for ND transitions i runs over ne 
= nh but le = lh and
also ne = nh but le 
= lh. Thus the set of possible ND transitions
becomes quite large making their contribution to the Abs coeffi-
cient significant in spite of a smaller ROS. Including ND transition
contributions to Abs in the larger QDs seems like adding a simple
function which monotonically increases with energy. However note
that for do = 2.6 nm such a simple function cannot achieve the good
fit we get, which gives us confidence in our model. Such ND transi-
tion contribution can explain the origin of the smooth fitted background in
Ref.[9] which was arbitrarily chosen to be a cubic polynomial.

What we are suggesting here is that the confinement potential structure
and asymmetry in these QDs leads to transitions that are not possible in
a perfect shell-less hard-sphere potential model. These transitions modify
the Abs spectrum by helping to smear fine-structure and increasing α(E)
at high energies thereby making it more like three-dimensional bulk solid.
This idea has similarity with the important work of Miller et al.[23] where
they showed that when an electric field is applied to a two-dimensional QW
system, the resultant asymmetry of the potential leads to ND transitions.
In the high field limit, it makes the QW Abs spectrum acquire features that
resemble Franz-Keldysh oscillations in bulk three-dimensional solid. In their
case field induced tunneling of carriers through the QW barriers made the
system behave like a bulk three-dimensional solid however in our case the
system still remains quasi zero-dimensional.

It is instructive to see how β varies with do. To make it a dimensionless
parameter for comparison with ROS, we have plotted the product βEo as an
inset in Fig. 5. Eo is the energy position of the first peak in the Abs spectrum.
First note that the βEo value for large QDs is much smaller than 1, which
agrees with previous calculated ROS values. For example in Fig. 4(b)
for do = 5.1 nm the ROS is seen to go up to 0.03 and here we get
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Figure 5: Measured and simulated room temperature absorption spectra of CdSe-ZnS
core-shell QD ensembles for different average core diameters do. The simulated total
absorption considered both strongly allowed and normally disallowed (ND) transitions.
The contribution of ND transitions is shown separately. The inset shows how βEo, which
gives a measure of the average oscillator strength of the ND transitions, varies with do.

βEo ∼ 0.05, which is comparable in magnitude. Thus again a small
average ROS value is obtained for ND transitions from fitting our
model, although their contribution to Abs becomes comparable
to that of SA transitions at high energies. One also finds that βEo

increases significantly as do becomes smaller, which can be understood as
follows. In the smaller QDs the relative leakage of the wavefunction into
the shell region will be larger and also a monolayer scale distortion of the
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QD shape will have greater relative impact on the confinement potential
symmetry. For these reasons the occurrence of ND transitions and its role
in determining α(E) will be much more significant in the smaller QDs. The
variation of this average effective ROS of the ND transitions βEo with do is
such that one can fit to it a equation of the type βEo = a/d3o where a = 8.259,
which interestingly approximates to βEo ≈ (do/2)

−3 . The line in the inset
Figure represents a fit using this equation. Thus for a given do one can
find βEo and then using the above model it becomes possible to predict the
shape of the Abs spectrum at high energies for such CdSe-ZnS core-shell QD
ensembles.

4. Conclusions

In conclusion we have shown through two independent measurements that
CdSe-ZnS core-shell QDs have relatively high bulk-like absorption at high
energies above the effective bandgap that cannot be explained by considering
only strongly allowed inter-band transitions between confined levels in the
QDs. We showed that due to the core-shell structure it is possible to have
inter-band transitions in these QDs that would be symmetry forbidden in
a simple hard sphere confinement potential. There can also be additional
normally disallowed transitions due to abberations in the spherical shape.
Such transitions increase in number at high energies and add up to increase
the absorption coefficient. We have provided a simple phenomenological
model requiring just one extra parameter that can reproduce this observed
increase in the absorption coefficient at high photon energies.
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