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The electronic structures of CdSe/CdTe type II colloidal quantum dots are predicted using a model based
on k � p theory and the many-particle configuration interaction method. The separation of energy levels
in the conduction band is examined and used to identify phonon bottlenecks, and how these evolve as
the shell thickness is increased. Bottlenecks are found to persist both above and below the threshold for
multiple exciton generation for all the shell thicknesses investigated. The overall electron cooling rate is
thus expected to fall as the shell thickness is increased and Auger cooling suppressed, and this is con-
firmed experimentally using ultrafast transient absorption measurements. A reduced overall rate of
electron cooling will enhance the quantum yield of multiple exciton generation with which it competes.
Using a detailed-balance model, we have thus calculated that with proper design of core/and shell
structures the efficiency of a solar cell based on CdSe/CdTe quantum dots can be enhanced to 36.5% by
multiple exciton generation.
& 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

In bulk semiconductors, the energy of an absorbed photon in
excess of the band gap Eg is lost by phonon emission in about a
picosecond as the initially hot carriers cool to the band edge
through a continuum of states. This carrier thermalization is an
important energy loss mechanism in solar cells, corresponding to
almost 50% of the incident solar energy for silicon photovoltaic
devices under unconcentrated sunlight [1]. However, for colloidal
quantum dots (CQDs) i.e. semiconductor nano-crystals produced
by solvent-based synthesis routes, confinement of the carrier
wave-function by the nano-scale dimensions of the crystal causes
both the conduction band (CB) and valence band (VB) to change
into a set of discrete electronic states. The energy separation of
these states increases as the size of the CQD is reduced and for
sufficiently small sizes will exceed the phonon energy, particularly
in the CB where the typically smaller effective mass of the electron
compared to that of the hole, results in greater energy level
r B.V. This is an open access article
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separation. For example, the separation of states in the CB of CdSe
CQDs can be larger than 300 meV, an order of magnitude greater
than the phonon energy of �30 meV in this material [2]. Such a
large energy level separation relative to the phonon energy will
significantly reduce the rate of electron cooling by phonon emis-
sion, which now must involve multiple rather than single phonons
and is consequently much less probable. Indeed, the recognition
that the rate of phonon emission will be significantly decreased for
small CQDs (which became known as the “phonon bottleneck”)
led to the expectation that the carrier cooling lifetime would be
greatly increased in CQDs [3]. Extending the time before carrier
thermalization is an important goal because it could enable the
solar energy lost to heat to be usefully harvested instead. This
could be accomplished by extracting the carriers before they cool
in a “hot-carrier solar cell” which would enhance the photo-vol-
tage, or by using the energy of the hot carriers to generate addi-
tional electron-hole pairs by multiple exciton generation (MEG),
also known as carrier multiplication, and thus increase the photo-
current [4–6]. However, the electron cooling lifetime in CQDs was
found experimentally to be typically a few picoseconds [7–11]
despite the large energy separations in the CB, indicating that
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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cooling processes other than phonon emission are important in
CQDs. These processes include Auger relaxation whereby a hot
electron cools to the band edge by transferring energy to a hole,
which has already cooled by phonon emission due to the typically
much smaller energy level separation in the VB [2,12–14]. Trap
states formed by the under coordination of atoms on the CQD
surface provide additional pathways for carrier relaxation,
increasing the overall rate of cooling [15]. Recently, effective pas-
sivation of surface traps with chloride ions was found to reduce
the rate of cooling by 46% in CdTe CQDs [11]. Finally, energy
transfer to the organic ligands (used to passivate the CQD surface
and prevent agglomeration) is another relaxation pathway [16]
that can lead to a reduced cooling lifetime. These various cooling
processes compete with hot carrier extraction and MEG, reducing
their quantum yield and thus the potential benefit they bring to
solar cell performance. For instance, if MEG were the dominant
mechanism by which hot electrons eventually reach the band
edge, the efficiency of an ideal solar cell would increase from the
Shockley–Queisser limit of 33% (which assumes hot carrier ther-
malisation) to 44% [17]. However, only modest improvements in
quantum yield have been reported, which if exploited in a solar
cell would not lead to a significant improvement in efficiency [18];
this under-performance has been attributed to the effect of the
competition between MEG and the cooling processes described
above [4,19]. Nevertheless, the synthesis techniques developed
over the years for CQDs afford means by which their structure and
composition can be modified to suppress the unwanted cooling
processes that compete with MEG and hot carrier extraction, and
thereby improve solar cell performance. A shell of a different
semiconductor material can be grown around a CQD to produce
what is known as a type II structure; this forms a heterojunction,
the band alignment of which causes CB electrons to localise in one
region and holes to localise in the other [20,21]. This localisation
reduces the wave-function overlap of the two carriers and thus
reduces the rate of Auger relaxation. A greater understanding of
how unsaturated surface atoms form trap states and how different
ligands interact with the CQD surface has enabled effective pas-
sivation strategies to be developed [22]. For instance, unsaturated
surface Cd atoms are known to produce electron traps but these
can be effectively passivated by a ligand with an amine group
[22,23]. A combination of these approaches enabled Pandey et al.
to demonstrate in type II CdSe/ZnSe CQDs an electron cooling
lifetime between the lowest two CB states that was �1 ns [2].
Controlling the cooling rate between states lying higher in the CB
is key to the reduction of thermalisation losses since it is these
states that are most important to both MEG and hot carrier cells.
The threshold for MEG corresponds to the photon energy that
produces hot electrons that have an energy above the CB mini-
mum that is equal to Eg, i.e. the minimum needed to promote an
additional electron across the band gap. Furthermore, since the
peak solar irradiance corresponds to photons with an energy of
�2.5 eV, for solar cells with the optimal absorption edge at about
1.3 eV [24], many of the CB electrons created by the absorption of a
solar photon will be in higher lying states. An efficient hot carrier
cell must thus extract electrons from these higher lying states
before cooling. Using a type II CQD structure to reduce cooling
from these high energy states involves a trade-off between dif-
ferent processes: whilst increasing the shell thickness will reduce
Auger cooling, it will also reduce the separation between levels. If
this energy separation is reduced so that it is similar to the phonon
energy then phonon cooling will become significantly greater,
potentially negating any reduction in overall cooling achieved by
reducing Auger relaxation.

In this work, detailed modelling of the energy level structure of
type II CdSe/CdTe CQDs is presented, and the shift in the energy
levels produced by increasing shell thickness for different core
Please cite this article as: C.T. Smith, et al., Energy structure of CdS
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sizes is reported. In particular, the separation between levels in the
CB is examined to an energy of greater than Eg above the band
edge. This allows the confirmation for the first time that the
addition of a shell intended to reduce the Auger cooling that
competes with MEG, does not at the same time remove the energy
level bottleneck that prevents phonon cooling competing with
MEG. The cooling behaviour expected from this analysis is com-
pared to example experimental data for type II CdSe/CdTe CQDs,
with good agreement found between the model and observation.
Using a detailed balance model, we have calculated the efficiency
of solar cells based on CdSe/CdTe type II core/shell CQDs with and
without MEG for several characteristic core dimensions and over a
range of shell thicknesses. The corresponding variation in short
circuit current, Jsc and open circuit voltage, Voc, under idealised
conditions is also detailed.
2. Methodology

2.1. Theory

In order to describe the electronic structure of CdSe/CdTe CQDs
we perform calculations using k � p theory in conjunction with the
configuration interaction (CI) method. The 8-band k � p Hamilto-
nian Ĥ for spherically symmetric CQD heterostructures [25] is
used to calculate single-particle states; this theory takes into
account CB-VB coupling [26], the complex VB structure, the spin-
orbit interaction and correct operator ordering at the core/shell
heterointerface. The Schrödinger equation for the single-particle
states can be written as

Ĥψn;j;m;p ¼ En;j;pψn;j;m;p ð1Þ

where ψn;j;m;p is the single-particle wave function, En;j;p is the
single-particle energy, n is the principle quantum number, j is the
total angular momentum, m is the z-component of the total
angular momentum and p is the eigenvalue of the parity operator.
In the 8-band k � p theory the single-particle wave function is
given by [25]:

ψnjmpðrÞ ¼
X8
b ¼ 1

X
JðbÞ

X
JzðbÞ

Fb;njmp
J;Jz

ðrÞub
J;Jz

ð2Þ

where index b¼ 1;…;8, corresponds to each of 8 spin degenerate
bands, ub

J;Jz
represents the Bloch functions of each band, J(b) and

Jz(b) are the Bloch function angular momentum and is its z-com-
ponent of each band, Fb;njmp

J;Jz
ðrÞ are envelope functions which

contain the angular and radial dependencies of the wave func-
tions; full definitions are given in [25,26]. Due to the spherical
symmetry of the system, eigenenergies are ð2jþ1Þ-fold degenerate
with respect to the quantum number m. The eigenenergies of
single-particle levels are calculated by numerically solving the
equations resulting from imposing continuity of the radial wave
functions and radial component of the probability current across
the heterointerfaces [25]. We denote single-particle states using
the spectroscopic notation nlðμÞj where l¼ s; p; d;… represents the
lowest value of the orbital angular momentum in the wave func-
tion. The eigenvalue p of the parity operator takes the values 1 and
�1 for even and odd symmetry states respectively.

In contrast to epitaxial QDs [27], the large dielectric mismatch
between CQDs and the surrounding solvent necessitates the
inclusion of self-polarization terms in the Hamiltonian. Such
dielectric confinement has been shown to have a significant effect
on the correlated exciton wave functions and energies in CdSe/
CdTe CQDs [21], so its effect on the excitonic structure should not
be neglected. In the presence of a spatially-varying dielectric
e/CdTe type II colloidal quantum dots—Do phonon bottlenecks
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constant the exciton Hamiltonian may be written as:

ĤX ¼ ĤþVcðre; rhÞþVsðreÞþVsðrhÞ ð3Þ
where Vc is the interparticle Coulomb potential and Vs is the self-
polarization potential due to the interaction of a carrier with its
own polarization charge. We note that Vc ¼ VpþVd where Vd is the
direct interparticle Coulomb potential and Vp is the interface
polarization potential [28]. We calculate the potentials Vc and Vs

using the numerical model of Bolcatto and Proetto for finite size
dielectric interfaces [29].

Correlated exciton states are solutions of the Schrödinger
equation

ĤXΨ
L;Lz
X ¼ EXΨ

L;Lz
X ð4Þ

where L is the total exciton angular momentum, Lz is its z-com-
ponent and EX is the exciton eigen-energy. To construct excitonic
states, we couple single-particle states in terms of angular
momentum rather than parity [25]. We expand the exciton wave
function in terms of uncorrelated electron-hole pair (EHP) states,
obtained from Eq. (1), as [30]:

Ψ L;Lz
X ¼

X
β

cβ jnelejenhlhjh; L; Lz〉 ð5Þ

where

jnelejenhlhjh; L; Lz〉¼
X
me ;mh

CL;Lz
jeme ;jhmh

jnelejeme〉jnhlhjhmh〉 ð6Þ

and CL;Lz
jeme;jhmh

and cβ represent a Clebsch–Gordan coefficient and
the expansion coefficient (character) of a particular EHP state
labeled by β, respectively. The exciton Hamiltonian is then diag-
onalized in the basis of EHPs to find the exciton energies and wave
functions; this is sometimes called direct diagonalization or the
configuration interaction (CI) method [27].

2.2. CQD synthesis

CdSe cores with a zinc-blende crystal structure were grown
using a hot-injection technique and dual precursors, as previously
reported in Ref. [31]. The CdTe shell was added by a dropwise
method, as described in Ref. [32]. After the shelling process was
completed, the CQDs were cooled at room temperature and stored
in a nitrogen atmosphere.

2.3. Transient absorption spectrometer

The sub-nanosecond exciton dynamics were studied using an
ultrafast transient absorption spectrometer. In this pump-probe
technique we use the output beam of a mode-locked Ti:Sapphire
oscillator–amplifier laser system (Spectra Physics, SpitfirePro) to
produce 100 fs, 1 mJ pulses at a repetition rate of 1 kHz. A beam
splitter directs 95% of the amplifier output to an optical parametric
Table 1
Energy difference, Δ, between the first few states in the excitonic spectra of ac¼2 nm CdS
only Δ values larger than �30 meV are listed in bold. In the bottom part of the table th

as (nm) 0 0.5 1.0

ΔEX0 ;EX1 (meV) 48.81 22.69 12.86
ΔEX1 ;EX2 (meV) 113.77 55.21 134.89
ΔEX2 ;EX3 (meV) 102.63 75.93 118.43
ΔEX3 ;EX4 (meV) 28.36 85.00 42.37

EX0 1S1=21S3=2 1S1=21S3=2 1S1=21P3=2

EX1 1S1=21P3=2 1S1=21P3=2 1S1=21S3=2
EX2 1S1=22S3=2 1S1=22S3=2 1S1=22S3=2
EX3 1S1=21P1=2 1S1=22P3=2 1S1=21P1=2

EX4 1S1=22P3=2 1S1=21P1=2 1P3=21P3=2

Please cite this article as: C.T. Smith, et al., Energy structure of CdS
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amplifier (Light Conversion, TOPAS) with subsequent harmonic
generation which produces a pump beam tunable in the ultra-
violet and visible parts of the spectrum. The remaining part of the
laser system output was directed through a 2 mm thick sapphire
crystal in order to create a white light continuumwhich acts as the
probe beam. The probe beam was focussed to a 1 mm spot size at
the sample position and tuned at the first absorption peak photon
energy. The pump beam was modulated at 500 Hz with the use of
an optical chopper and bypassed the sample with a photon energy
of 2.76 eV and a fluence of 50 μJ/cm2. The probe beam was
directed into a monochromator (SpectroPro 2500i) and the chan-
ges in the sample absorbance induced by the pump beam were
detected by two silicon photodiodes. The samples under investi-
gation were diluted, placed in 10 mm thick quartz cuvettes and
stirred by a magnetic stirrer (Thermo Scientific, Variomag Mini) at
1000 rpm throughout the experiments. More details on the
experimental technique can be found in [7,8,11] and references
therein.
3. Results and discussions

3.1. Excitonic structure

In materials with polar bonds like CdSe, or CdSe/CdTe QDs, the
optical phonons couple to electronic excitations. We begin our
analysis with detailed examination of the excitonic structure
obtained using the CI method as described in Section 2.1. In
Table 1, we show the difference between the first few lowest
excitonic states of an ac¼2 nm CdSe core-only CQD (as¼0 case)
and a set of CdSe/CdTe core/shell CQDs with shell thicknesses
varying from as¼0.5 to 3.0 nm. By changing the shell thickness
from as¼0 (no shell) to as¼3 nm the excitonic ground state
energy, EX0, is changed from 2.30 eV to 1.49 eV. It is interesting to
note that for certain shell thicknesses, i.e. between as¼0.5 and
1 nm, the character of the ground state exciton changes from 1
S1=21S3=2 to 1S1=21P3=2, see Table 1. It can be observed that the
density of excitonic states increases with shell thickness: this
suggests that phononic gaps are more likely to be found in core-
only or core/shell structures with thin shells. However, even for a
CdSe/CdTe core/shell CQD with as¼3 nm, we have identified at
least two phononic gaps, i.e., distance between subsequent exci-
tonic states splits by more than �30 meV. In Table 1 we have
identified possible phononic gaps in the first five states of the
excitonic structure – these are energy gaps between states which
are greater than the energy of the longitudinal optical phonons in
CdSe ðℏωLOC30 meVÞ. It is interesting to note that only for an
ac¼2 nm core-only CdSe QD, a phononic gap exists between EX0
and EX1, while for all other structures considered (core/shell), the
relaxation energy between EX1 and EX0 is not enough to trigger
emission of LO phonons. In the Appendix we list all phononic gaps
e core-only and CdSe/CdTe core/shell QDs for several different shell thicknesses, as;
e characters of the first few excitons are also listed.

1.5 2 2.5 3

13.99 13.60 12.27 11.49
138.73 119.57 97.17 79.57
82.92 64.11 60.17 53.25
44.42 59.89 22.86 2.55

1S1=21P3=2 1S1=21P3=2 1S1=21P3=2 1S1=21P3=2

1S1=21S3=2 1S1=21S3=2 1S1=21S3=2 1S1=21S3=2
1S1=22S3=2 1S1=22S3=2 1S1=22S3=2 1S1=22S3=2
1S1=21P1=2 1S1=21P1=2 1S1=21P1=2 1S1=21P1=2

1P3=21P3=2 1S1=22P3=2 1S1=22P3=2 1S1=22P3=2
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Fig. 1. CB energy levels in CdSe/CdTe type II CQDs for several core radii and varying shell thicknesses. Also shown, as a bold line, is an electron energy above the band edge
equal to Eg. Below this energy (shaded), the electron has insufficient energy for MEG to occur.
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in the range of energies between EX0 and 2EX0, for each particular
CQD structure, together with excitonic characters. As shell thick-
ness increases the number of gaps decreases, however even for a
CQD with a larger shell (as¼3 nm) we have identified at least five
phononic gaps with at least two of themwith the energy 42ℏωLO.

3.2. Conduction states structure

As discussed earlier, the energy level structure of the CB and
the relaxation pathways of electrons from each level will govern
the cooling time and yield of highly excited electrons reaching the
CBM and so will determine the efficiency of solar cells dependent
on either hot carrier extraction or MEG. From the solutions of
single particles Hamiltonian, Eq. (1), we extract the CB levels.
These CB energy levels are shown in Fig. 1 for different core radii of
1.5, 2, 2.5, and 3 nm with shell thicknesses varying from 0 nm
(core only) to 3 nm. Also shown in Fig. 1 is the threshold electron
energy for MEG i.e. 1Eg above the lowest electron level in the CB,
1s1=2. The energy level separation is sparse for all core-only CQD
considered and for thin shells, there are several gaps greater than
300 meV, i.e. phonon bottlenecks, above and below the MEG
threshold. As the shell thickness increases, the levels get closer
together, and changes in order occur. This reduced spacing
between some levels will increase phonon cooling between them,
however, there also persist gaps large compared to the phonon
energy even for the CQDs with the thickest shells. Even for the
most critical situation of the largest core ac¼3 nm with the
thickest shell, as¼3 nm, we have identified several phononic
bottlenecks in the CB with energies of 186.59 meV, 196.77 meV,
and 195.33 meV. Importantly, phonon bottlenecks remain for
electrons with energy above the threshold for MEG. This means
Please cite this article as: C.T. Smith, et al., Energy structure of CdS
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that the suppression of Auger cooling resulting from reduced wave
function overlap of electrons and holes in a type II system formed
by the addition of a thick shell, will not be significantly offset by a
loss of phonon bottlenecks. Such a type II structure will reduce the
overall electron cooling rate, not just between the lowest two
energy levels as previously demonstrated [2] but, crucially for the
solar cell efficiency, also for electrons with sufficient energy to
cause MEG or as required in a hot carrier cell.

3.3. Comparison with experiment

Electron dynamics in CQDs can be measured using ultrafast
transient absorption spectroscopy. Here pump pulses create hot
excitons in a sample of CQDs, and the resulting fractional changes
in the absorption of probe pulses, delayed relative to the pump
pulse by a controlled amount and tuned to the first absorption
peak wavelength, are measured. Filling of CB states as the elec-
trons cool reduces the absorption of the probe in proportion to the
CBM occupancy, and hence varying the pump-probe delay reveals
the dynamics of electron cooling (and subsequent recombination).
For this study two example CQD samples were used: a CdSe core,
and the same core with a CdTe shell. The steady-state absorption
spectra for these samples are shown in Fig. 2; the first absorption
peak is at 2.23 eV for the CdSe CQDs, and this red-shifts to 1.74 eV
when the CdTe shell is added. The spectral positions of these
absorption peaks were used to estimate both the average CQD core
radius and the shell thickness. For a sample of CdSe cores with an
absorption peak in the same position, the mean radius of 100
CQDs has previously been measured to be � 1:8070:20 nm using
scanning transmission electron microscopy [33]. The shell thick-
ness was estimated to be �2 nm using the calculated shift in the
e/CdTe type II colloidal quantum dots—Do phonon bottlenecks
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absorption peak for cores of this size after the addition of a shell
[34].

Using the excitonic optical dipole matrix elements and exci-
tonic energies predicted by the CI method outlined in Section 2.1,
we calculate the absorption spectra of two CQDs. We find good
agreement between the lowest measured exciton peak and that
found by CI calculations for an ac¼1.80 nm CdSe core CQD which
predict the 1S1=21S3=2 exciton to lie at 2.24 eV, Fig. 2. Such CI cal-
culations also predict another optically active state corresponding
to the 1S1=22S3=2 exciton at 2.42 eV. Unfortunately the magnitude
of the dipole matrix element of the 1S1=22S3=2 transition is too
small to explain the feature seen in the experimental data at this
energy. However the assignment of the 1S1=22S3=2 exciton to the
second peak is consistent with that made by Norris and Bawendi
[35] for CdSe nanocrystals, who also noted the small oscillator
strength of this exciton compared to neighbouring transitions. We
show comparison of our theoretical results with experiment in
Fig. 2. We modelled the absorption spectra using a sum of Gaus-
sian peaks [36] centred on the relevant exciton energies and a
cubic background [35] (to describe the continuum of transitions
not included in the CI calculation). The Gaussian peak widths and
cubic background were adjusted to optimize the fit to the
experimental data of 12% for the size distributions of the CdSe/
Fig. 3. Pump-induced absorption change transients data for CdSe core-only CQDs
(solid line), and the same cores surrounded by 2 nm thick shell of CdTe shell (dashed
line). In each case, the probe beam was tuned the first absorption peak of each CQD,
and the pump beam had a photon energy of 2.76 eV and a fluence of 50 μJ/cm2.

Fig. 2. Steady-state absorption spectra for a CdSe core CQD sample, and the same
core with a CdTe shell (solid line) together with theoretical absorption spectra
(dashed line). For CdSe core only CQD, individual absorption spectra of 1.80 nm
CQD (dotted blue line) and 1.60 nm (dash-dot green line) are also depicted. (For
interpretation of the references to color in this figure caption, the reader is referred
to the web version of this paper.)

Please cite this article as: C.T. Smith, et al., Energy structure of CdS
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CdTe core/shell CQDs. A comparison of the experimental and
theoretical absorption spectra shows that the ac¼1.80 nm CdSe
core-only CQD spectrum only agrees with experiment for the first
peak, i.e. only for approximately �200 meV after the absorption
edge. In order to achieve better agreement with the absorption
spectrum over a wider range, we combine the theoretical
absorption spectra of an ac¼1.80 nm and an ac¼1.60 nm CQD. The
weighted average of those two spectra shows much better
agreement with experiment, suggesting r11% size dispersion in
the CQD sample.

The rise in the pump-induced change in absorption, ΔA, for
these samples is shown in Fig. 3 for a pump photon energy of
2.76 eV. The rise time for each transient provides a measure of the
total relaxation rate to the CBM for each CQD, which includes
contributions from both phonon and Auger cooling. The transient
for the CdSe cores reaches a maximum in 5 ps, whilst for the CdSe/
CdTe CQDs the peak absorption change is attained only after about
15 ps. The band edge is at a lower energy for the CdSe/CdTe CQDs
and so the total energy lost during carrier relaxation is greater at
1.02 eV, compared to 0.53 eV for the CdSe CQDs; nevertheless, the
rate of energy loss is still less for the CdSe/CdTe CQDs at 0.07 eV/
ps, compared to 0.11 eV/ps for the CdSe CQDs. This reduced rate of
energy loss for the CdSe/CdTe CQDs is consistent with the addition
of the CdTe shell decreasing the rate of Auger cooling without
significantly increasing the rate of phonon-mediated relaxation.

3.4. Effect on solar cell performance

The effect of shell thickness on the performance of a solar cell
based on CdSe/CdTe CQDs was calculated using the results
described above incorporated into a “Detailed Balance” model
[24]. Detailed Balance models have been used previously to
determine the dependence of solar cell efficiency on CQD band gap
[17,18]. A detailed description of this approach has been given
elsewhere [18] and so is only summarised here. In brief, the photo-
generated current density, jpg, is found by spectrally integrating
the product of solar flux and a photon energy, hν, dependent
quantum yield, QYðhνÞ. This is offset by a recombination current
density, jr, derived from black body emission of the solar cell at
room temperature, and dependent on the operating voltage of the
cell, V. The efficiency is then given by ηpv ¼ ðjpg� jrÞV=I where I is
the total solar irradiance.

MEG is incorporated into the model via QYðhνÞ. MEG occurs
above a threshold excitation energy, Eth, which corresponds to the
minimum hν needed to produce a hot electron in the conduction
Fig. 4. Solar cell efficiency given by the Detailed Balance model for cells sensitised
with CdSe/CdTe type II CQD for different core radii and for varying shell thicknesses
with (dashed lines) and without the inclusion of MEG (solid lines).
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band with an energy above the CBM equivalent to Eg. The energy
of an absorbed photon in excess of Eg is divided between the
electron and hole according to the inverse of their effective
Fig. 5. Short-circuit current density, Jsc, and open-circuit voltage, Voc, for cells
sensitised with CdSe/CdTe type II CQD for different core radii and for varying shell
thicknesses with the inclusion of MEG.

Table 2
List of excitonic energy differences ΔEX;iþ1;X;i , between successive excitonic states in the e
shell QDs with several different shell thicknesses, as; only Δ values larger than �30 meV
transitions are listed too.

as (nm) 0 0.5 1.0

phononic gap 48.81 55.21 134.89
113.77 75.93 118.43
102.63 85.00 42.37
66.94 66.57 33.67
37.36 49.02 42.68
38.45 45.49 43.18
41.59 42.53 37.36
32.36 32.01 31.01
39.84
53.40
30.46
42.01
42.62
38.25

Initial state 1S1=21S3=2 1S1=21P3=2 1S1=21S3=2
1S1=21P3=2 1S1=22S3=2 1S1=22S3=2
1S1=22S3=2 1S1=22P3=2 1S1=21P1=2

1S1=21S1=2 1S1=23S3=2 1S1=21S1=2
1S1=23S3=2 1S1=21S1=2 1S1=23S3=2
1S1=23P3=2 1P1=22S3=2 1P3=22P5=2

1P1=21P3=2 1S1=25S3=2 1S1=24S3=2
1P3=21P5=2 2P1=23P1=2 2D3=21S3=2
1P1=22S3=2
1S1=25P3=2

1P1=22P1=2

1P1=23P1=2

1D3=25P3=2

1F7=24D7=2

Final state 1S1=21P3=2 1S1=22S3=2 1S1=22S3=2
1S1=22S3=2 1S1=22P3=2 1S1=21P1=2

1S1=21P1=2 1S1=21P1=2 1P3=21P3=2

1S1=23S3=2 1S1=21S1=2 1S1=23S3=2
1S1=23P3=2 1P3=21S3=2 1P3=22S3=2
1S1=24S3=2 1S1=22S1=2 1S1=24S3=2
1S1=22P1=2 1S1=25P3=2 1S1=24P3=2

1P3=21D5=2 1G7=23D5=2 2D5=21D5=2

1S1=25P3=2

1S1=25S3=2
1D5=21P5=2

1D5=23S3=2
1F5=21D7=2

1F7=25D5=2
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masses, mn
e and mn

h respectively, so that the threshold for MEG is
given by [18]:

Eth ¼ Eg 2þmn
e

mn

h

 !
ð7Þ

The heavy hole and electron effective masses in CdTe are 0:8m0

and 0:09m0 respectively [37] and the electron effective mass in
zinc blend CdSe is 0:11m0 [38]; taking the average electron
effective mass for the two materials yields Eth ¼ 2:1Eg . In the ideal
case, additional excitons are created each time the excitation
energy increases by a further Eth�Eg , leading to a step-like
increase in quantum yield with greater hν:

QYðhν; EgÞ ¼
XN
n ¼ 0

θ½hν; EgþnðEth�EgÞ� ð8Þ

where θ is the Heaviside step function. Previous calculations have
shown that the rate of Auger cooling in CdSe/CdTe CQDs has a
strong dependence on shell thickness due to the separation of
electron and hole in a type II structure [39]. In particular, the Auger
cooling lifetime grows abruptly by two orders of magnitude for
nergy range between EX0 and 2EX0 for ac¼2 nm CdSe core-only and CdSe/CdTe core/
are listed. In the bottom part of the table the character of excitons involved in the

1.5 2 2.5 3

138.73 119.57 97.17 79.57
82.92 64.11 60.17 53.25
44.42 59.89 55.70 64.97
77.57 56.93 51.03 37.62
58.08 41.38 40.62 34.99
40.14 40.71
39.09 35.19

1S1=21S3=2 1S1=21S3=2 1S1=21S3=2 1S1=21S3=2
1S1=22S3=2 1S1=22S3=2 1S1=22S3=2 1S1=22S3=2
1S1=21P1=2 1S1=21P1=2 1S1=22P3=2 1S1=22P3=2

1P3=21P5=2 1S1=23S3=2 1P3=21P5=2 1P3=21P5=2

1S1=23S3=2 1S1=23P3=2 1P1=22S3=2 1P1=22S3=2
1P1=21P1=2 1P1=21P1=2

2S1=21P1=2 1S1=22S1=2

1S1=22S3=2 1S1=22S3=2 1S1=22S3=2 1S1=22S3=2
1S1=21P1=2 1S1=21P1=2 1S1=21P1=2 1S1=21P1=2

1P3=21P3=2 1S1=22P3=2 1P3=21P3=2 1S1=23S3=2
1P3=22S3=2 1P3=22S3=2 1P3=22S3=2 1S1=23P3=2

1S1=23P3=2 1P3=21P1=2 1P3=21P1=2 1P3=21P1=2

1D5=21P3=2 1P3=22P3=2

1P3=23D5=2 2S1=21P1=2
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shell thicknesses of 1 nm and greater. Combined with the results
indicating the persistence of phonon bottlenecks with the addition
of thick shells presented in this work, we thus assume that MEG is
dominant for shells of 1 nm thickness or greater, exhibiting the
step-like QYðhνÞ described by Eq. (8), but not significant for thin-
ner shells so that QYðhνÞ ¼ 1 for hνZEg and QYðhνÞ ¼ 0 for hνoEg .

Fig. 4 shows the peak efficiency calculated using the detailed
balance model for CdSe/CdTe CQDs of core radius 1.5, 2, 2.5 and
3 nm and a range of shell thicknesses, with and without MEG,
where the AM1.5G solar spectrum [40] has been used. Fig. 5 shows
the corresponding short-circuit current density, Jsc, and open-
circuit voltage, Voc, obtained when MEG is included in the model.
The peak efficiency reaches E 30%, 32%, 33.4% and 33.7% for
structures with ac equals 1.5, 2, 2.5 and 3 nm respectively, upon
the addition of a shell largely due to the reduction in band gap. A
further increase of 0.7%, 1.37%, 2.35% and 2.85% for structures with
ac equals 1.5, 2, 2.5 and 3 nm respectively, for thicker shells this is
due to MEG becoming dominant over Auger cooling. This increase
in efficiency with greater shell thickness is accompanied by a
decrease in Voc, which is more than offset by a growth in Jsc. Note
that these Voc values are obtained under idealised conditions and
will tend to overestimate the values measured in real structures. It
has previously been shown that the peak efficiency for a cell uti-
lising MEG, 44%, is attained for a band gap of 0.7 eV [17]. An even
greater benefit from MEG can thus be anticipated from a Type II
CQD with a smaller band gap than the CdSe/CdTe system
studied here.
4. Conclusions

The detailed energy level structure of CdSe/CdTe type II CQD
has been calculated using a model based on k � p theory and many-
particles configuration interaction method, with proper treatment
of dielectric properties of such system. This has been used to
investigate how the separation between levels in the CB changes
as the shell thickness increases. We find that, whilst the separa-
tions between levels tend to decrease for thicker shells, there
always remain steps between levels that are several times the
phonon energy i.e. the so-called “phonon bottlenecks”. Moreover,
such phonon bottlenecks persist at energies above the band edge
both below and above the threshold for multiple exciton genera-
tion. We conclude that increasing the shell thickness in a type II
CQD in order to reduce the electron-hole wave-function overlap,
and thus the rate of Auger cooling, will not also significantly
increase the rate of phonon relaxation, and the total electron
cooling rate will therefore be reduced. Transient absorption mea-
surements on a sample of CdSe CQDs with and without a 2 nm
thick CdTe shell confirm that the overall electron cooling time is
increased for the CdSe/CdTe structure. Further, using a detailed
balance model, we have calculated that this reduced cooling rate,
and the consequent increase in MEG quantum yield, results in an
increase of the ideal efficiency of solar cells utilising CdSe/CdTe
CQDs to 36.5% for thick shells.
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