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T
he maximum theoretical efficiency of
conventional single junction bulk
solar cells is limited to 33% (Shockley�

Queisser (SQ) limit1) by two main factors:
photons with subgap energies cannot be
absorbed, and electron�hole pairs that
were excited above the band gap by high-
energy photons decay by emitting pho-
nons, thereby heating the solar cell. Several
ideas have been put forward to transcend
the SQ limit, including up-conversion and
down-conversion approaches.2 The former
involves capturing the subgap pho-
tons,3�6 while the latter attempts to prevent
thermalization of excited electron�hole
pairs.7,8

A leading up-conversion proposal is to
absorb subgap photons by an intermediate
band (IB), formedwithin the band gap of the
absorber.4 Other proposals include absorp-
tion by impurity states.5,6 The optimal value
of the gap in an IB cell was determined to be
about 2.4 eV for one-sun, and 1.93 eV under
full concentration. With an appropriately
positioned IB, the efficiency of an IB solar
cell may rise well above the SQ limit:
49.4% at one-sun and 63.1% under full
concentration.4,9

A down-conversion proposal that re-
ceived widespread attention is the Multiple
Exciton Generation (MEG) paradigm. It was
advocated that MEG may be particu-
larly efficient in nanoparticle absorbers.7

When this expectation was experimentally
verified,10,11 it paved the way for the use of
colloidal nanoparticles for solar energy
conversion.12�20

Here, we propose adopting colloidal
nanoparticleswith IBbands for up-conversion
processes. The IB scheme was mostly real-
ized in epitaxial quantum dots (EQD) em-
bedded in multilayer heterostructures,21,22

where one or more intragap state(s), well
separated from the conduction and the
valence bands of the epilayers, may be
found. The benefit of up-conversion in
EQD-IB cells was unambiguously confirmed
by observing an increase of the subgap
absorption.23�25 Other approaches to IB
solar cells included heavy doping of bulk
absorbers.26�28

While these results demonstrate the
great promise of the intermediate band
concept, exploiting IBs in epitaxial systems
faces challenges. In particular: (i) The sur-
face density of epitaxial quantum dots is
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ABSTRACT The Intermediate Band (IB) solar cell concept is a promising

idea to transcend the Shockley�Queisser limit. Using the results of first-

principles calculations, we propose that colloidal nanoparticles (CNPs) are a

viable and efficient platform for the implementation of the IB solar cell

concept. We focused on CdSe CNPs and we showed that intragap states

present in the isolated CNPs with reconstructed surfaces combine to form an

IB in arrays of CNPs, which is well separated from the valence and

conduction band edges. We demonstrated that optical transitions to and

from the IB are active. We also showed that the IB can be electron doped in a

solution, e.g., by decamethylcobaltocene, thus activating an IB-induced absorption process. Our results, together with the recent report of a nearly 10%

efficient CNP solar cell, indicate that colloidal nanoparticle intermediate band solar cells are a promising platform to overcome the Shockley�Queisser

limit.
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presently limited to (4�6) � 1010/cm2,22�25 which for
≈10 nm epilayer separation24,25 and typical epitaxial
QD dimensions of 30 � 30 � 7 nm3 results in an
absorbing volume fraction of 20�25%. Typically,
10�20 quantum dot epilayers need to be formed to
reach even modest absorption increases compared to
systems without the dots. (ii) QD�QD separations as
wide as 10�15 nm were reported. Forming an inter-
mediate band from the individual intragap states
of the widely separated QDs is challenging.21 (iii)
Fabrication of epitaxial QDs requires a large number
of device processing steps, with substantial cost-
implications.23�25 The (i)�(iii) challenges of the EQD
with IB bands served as a major motivation to develop
alternative implementations of the intermediate band
concept.
In this Article, using the results of ab initio calcula-

tions, we propose that colloidal nanoparticles are a
promising platform for implementing the IB concept in
solar cells. In colloidal nanoparticles (CNPs), various
mechanisms are known to form states with energy
separated from those of the NP highest occupied
molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO). These mechanisms include
(a) surface reconstruction,17 (b) the presence of an
interface in core/shell CNP,29 (c) deep-level doping,
such as Mn in CdSe NPs,30 and (d) using a bidisperse
mixture of CNPs.31

CNP absorbers offer several advantages over EQDs.
CNPs fill a large fraction of the absorber as they can be
closely packed,32 resulting in an absorbing volume
fraction substantially higher than that of EQDs. In
addition, the synthesis of CNPs is a low temperature
solution-based process. Thus, forming even a large
number of CNP layers requires only a few process steps
at low temperatures, substantially reducing energy-
demand and cost. Finally, the CNP�CNP distance may
be tuned by ligand engineering down to the sub-
nanometer to nanometer regime,32,33 and thus, the
formation of an IB from the states of individual CNPs
can in principle be controlled.
We focused our analysis on CdSe CNPs as a platform

for CNPIB solar cells because of their suitable gap value.
In accord with earlier results,34 we found that surface
reconstruction and quantum confinement generated a
state with an energy well-separated from the HOMO
and LUMO levels of the NP. In the following, such a
state will be referred to as intragap state. From exist-
ing reports we identified reducing agents that are
capable of electron-doping this intragap state.35�37

We then considered arrays of CdSe CNPs, and com-
puted their total energies and electronic structure
from first-principles calculations. As expected, these
arrays exhibited an intermediate band formed by the
NPs' intragap states and we suggest that chemical-
doping or photodoping may activate the IB-mediated
absorption processes necessary for the operation of

solar cells. Our paper also includes a qualitative esti-
mate of the overall efficiency of these CNPIB solar
cells. While several factors can only be known approxi-
mately, our estimate promises efficiencies in excess
of 40%.
We suggest that the use of the CNPIB paradigm is

timely, since very recently colloidal nanoparticle solar
cells were demonstrated with efficiencies approaching
9%,38 and 10%.39 These breakthroughs prove the
maturity and readiness of CNP technology. Nanoparti-
cle solar cell efficiencies are today where organic solar
cells were only three years ago.
We note that an idea related to our proposal has

been recently put forward by Mendes et al.40 However,
in that design, only the IB states are localized on the
CNP, while the valence band (VB) and conduction band
(CB) states reside on an embedding host matrix. Since
such host matrix plays an active role in the absorption,
several additional factors need to be simultaneously

optimized,making the design challenging. One of such
challenges, i.e., ensuring the proper band alignment
between the CNP and the host, was highlighted
recently.41 We also note that the focus of ref 40 is on
the addition of metal particles to boost the absorption
through plasmonic effects.42

RESULTS AND DISCUSSION

First, we identified CNPs that are optimal platforms
for implementing an IB concept for solar cells. A
leading criterion for all nonconcentrating IB solar cells
is that the optimal gap should be≈2.4 eV. This criterion
excludes some of the widely studied NPs, such as
Pb(S,Se). On the other hand, CdSe appears to be a
good candidate: the bulk band gap is ≈1.8 eV, widen-
ing into the optimal range in NP, as their diameter is
reduced to ≈3 nm.43,44

Intragap State Formation. We started by carving spher-
ical stoichiometric NPs out of the bulk wurtzite CdSe
structure. Several starting configurations were gener-
ated by adding small randomdisplacements (<0.5 Å) to
the positions of Cd and Se atomswithout imposing any
symmetry. The NP geometries were then relaxed to
their closest local minimum. The largest NP considered
here, with formula Cd45Se45, has a diameter of about
1.5 nm.

Figure 1. Ball and stick representation of the Cd33Se33 NP
(cyan and yellow spheres represent cadmium and selenium
atoms, respectively) and the isosurfaces of its HOMO,
intragap and LUMO wave functions. Yellow (blue) isosur-
faces represent positive (negative) isovalues of the elec-
tronic states.

A
RTIC

LE



VÖRÖS ET AL. VOL. 9 ’ NO. 7 ’ 6882–6890 ’ 2015

www.acsnano.org

6884

The relaxedNPs exhibited an intragap statewithin a
well-defined electronic gap. The formation of an in-
tragap state was a persistent feature within the entire
range of diameters studied here, and for all choices of
initial configurations (see Supporting Information for
details). Although the intragap state is unoccupied in
neutral dots and it is formally the LUMO, we used the
notation of LUMO for the orbital right above the
intragap state. Figure 1 illustrates a Cd33Se33 NPmodel
along with the wave functions corresponding to the
HOMO, intragap and LUMO states. Our results on IGSs
are consistent with our earlier work,34 and with that of
the group of Prezhdo on Cd33Se33,

45 as well as with the
study of smaller Cd20Se19.

46 However, these earlier
works did not address the significance of this state
for solar applications.

Figure 2 shows the HOMO, LUMO, and the IntraGap
State (IGS) as a function of size, for the CdSe NPs
studied here. The HOMO�LUMO gap varies from 2.6
to 1.5 eV as the NP size increases, and the LUMO�IGS
energy difference varies from 0.6 to 0.4 eV. Although
HOMO�LUMOgaps donot correspond to optical gaps,
their trends as a function of size are qualitatively
representative of those of optical gaps, if one assumes
(at least partial) cancellation between quasi-particle
corrections to Kohn�Sham eigenvalues and exci-
ton binding energies.47 In terms of absolute values,
Kohn�Sham gaps have a tendency to underestimate
optical gaps.48,49 Using the data of Jasieniak et al.,44 we
found that the ≈2.5 eV gap of the d = 1.5 nm CdSe is
indeed an underestimate of the optical gap for this
size; our computed gap at d = 1.5 nm would corre-
spond instead to the experimental one for NPs with
diameter of 2�2.5 nm. With these cautionary remarks,
these NP energies can be used to estimate the maxi-
mum achievable solar cell efficiency using the results

of ref 50.We estimated≈40% efficiency under one-sun
conditions for the largest CdSe NP, well in excess of the
Shockley�Quiesser limit.

Partial Filling and Optical Absorption in Intragap States.
Once an IGS is formed, it will support all the optical
absorption processes necessary for an IB solar cell, if
the IGS is partially filled and if its optical transitions are
dipole active.

To investigate the optical activity of the IGS,
we computed the oscillator strength of the HOMO�
XfLUMOþX, HOMO�XfIGS, and IGSfLUMOþX tran-
sitions, where X denotes up to 8 states below or above
the HOMO and LUMO states, respectively. Figure 3
shows the computed absorption for three different
NPs. Our findings for the trends in the absorption
can be summarized as follows. (1) The IGS f LUMO
transition was always optically active. (2) With the
exception of the smallest NP, the HOMOfIGS and
HOMOfLUMO transitions were also always optically
active. At the edge of the spectrum, the oscillator
strengths were often lower than that of the IGSfLUMO
transitions, but they grew rapidly with increasing en-
ergy, becoming comparable to the oscillator strengths
of the IGSfLUMO transition at energies≈0.5 eV above
the band edge transitions.

Figure 2. Single particle energies of the LUMO, intragap
(IGS), and HOMO states of CdSe nanoparticles, as a function
of the number of atoms in the NP. Energies refer to the
vacuum level and were obtained at the DFT-PBE level of
theory.

Figure 3. Absorption spectra of several NPs computed in
the independent particle approximation (see Supporting
Information for details). Red/green/blue curves corre-
spond to (intragap state (IGS))f(LUMOþX)/(HOMO�X)f
IGS/(HOMO�X)f(LUMOþX) transitions, where X denotes
up to 8 eight states below or above the HOMO and LUMO
states, respectively. Dashed lines indicate that the higher
energy part of spectra are not converged because only at
most X transitions were included. The thin arrows indicate
the onset of the spectra.
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Partial filling of the IGS may be achieved either by
photodoping or by charge doping. In the case of
photodoping, the IGS of solar cells that is empty in
the initial state may be partially filled by photons with
subgap energies.51 Since the IB conversion efficiency in-
creases with the filling fraction of the IGS, photodoping-
based IB solar cells are best suited for concentrating
PV designs.52 Efficiencies in the 25�41% range were
calculated for 10�1000 sun concentrations.53 For such
photodoped PV designs, the above-described CNPs
with IGSs can be readily adapted.

An alternative way to fill the IGS is by charge
doping. The current status of electron/hole doping of
CNPs is well summarized in ref 54. Charge doping
techniques includeelectrochemical,55 photochemical56,57

and chemical doping.58 CdSe CNPs were successfully
electron doped by all of these methods.37,59�62 PbSe
CNPswere dopedby cobaltocene, in a recentwork by the
Klimov group, where a well separated IGS was observed
in nanoparticles prepared in solution.35 The relevance of
these observations for solar applications, however, was
not articulated.

Building on the results of ref 35, we investigated the
possibility of doping CdSe nanoparticles with cobalto-
cene. In the absence of solvents, electron transfer from
the cobaltocene to the CdSe NPs may take place if
the electron affinity (EA) of the nanoparticle (i.e., the
energy required to fill the IGS state) is larger than the
ionization potential (IP) of the molecule. We thus com-
puted these two quantities using ΔSCF techniques.

Figure 4 shows the vertical�EAs of the CdSeNP as a
function of size. Quantum confinement effects de-
crease �EA with increasing NP diameter. While the
trend of�EA as a function of size is the same as that of
the IGS single particle energy (cf., Figure 2), their
absolute values do not coincide. For example, in
Cd45Se45, the single particle IGS energy is ≈�4.1 eV,
while �EA is ≈�3.2 eV. Adiabatic effects tend to
decrease �EA by 0.1�0.2 eV. Our results for the �EAs
of the Cd33Se33 NPs (varying between 3.0 and 3.1 eV,
depending on the structural model) are in very good
agreement with those of recent ab initio calculations,63

that reported a value of 3.1 eV for�EA of the Cd33Se33
NP, using the B3LYP functional. To verify the robustness
of our approach, we also calculated the�EA of Cd15Se15
NP using the hybrid functional PBE0 and found a value
that differs from the PBE one by only 0.2 eV.

Turning to the calculation of the IP, we recall
that cobaltocene is an organometallic compound,
consisting of a Co atom sandwiched between two
carbon rings. Cobaltocene has two conformations:
the eclipsed one, with D5h symmetry, and the stag-
gered one with D5d symmetry.64 The unpaired electron
of the Co atom occupies a doubly degenerate orbital,
making cobaltocene a Jahn�Teller (JT) unstable
doublet.65,66 This instability drives the molecule to
develop a static JT distortion, with an energy gain of

about 1.4 eV. We found that in vacuum, in the JT
distorted ground state, the vertical�IP of cobaltocene
was�5.33eVwithin thePBE approximationand�5.45eV
when using the PBE0 functional. Both values are within
10% of the reported experimental values of �5.55 eV
(from UPS studies)67 and�5.44 eV (from a zero kinetic-
energy technique).68 The cobaltocene family con-
tains an even stronger reducing agent, decamethyl-
cobaltocene, having a higher experimental vertical
�IP of �4.71 eV.67 Our calculated �IP is �4.25 eV,
again within 10% error.

The results reported above showed that in the
absence of solvents, both cobaltocene and deca-
methylcobaltocene molecules are not suitable to dope
the IGS of the CdSe NPs studied here. However, the
presence of a solvent may play a crucial role in facil-
itating doping. In this case, the key quantity determin-
ing the electron transfer from the dopant is the
solvation corrected �IP, the reduction potential E0 of
the cobaltocene/cobaltocenium redox couple. Thus,
cobaltocene is predicted to dope the NPs if its reduc-
tion potential E0 is above the �EA of the NPs.

Experimentally, the E0 of cobaltocene is�3.75 eV,36

close to the range required to dope the CdSe NPs
considered here; that of decamethylcobaltocene is
higher, E0 = �3.14 eV,36 and above the vertical �EA
of �3.2 eV of the Cd45Se45 NP, as shown in Figure 4.
We note that the reduction potentials of cobaltocene
and decamethylcobaltocene are reported to be largely
solvent independent.36

To determine if the NP may indeed be doped, the
reduction potential of the dopant has to be compared
with the solvent-corrected �EA of the NP. Recent

Figure 4. Theoretical vertical (filled diamonds) and adia-
batic (empty diamonds) electron affinities (EA) of CdSe NP
as a function of the number of atoms in the NP. The EA
values were obtained from total energy differences (ΔSCF)
between the neutral NP and the NPwith an extra electron in
the IGS, computed within DFT-PBE. Also shown are the
experimental reduction potentials (E0) of two reducing
agents: cobaltocene (solid black line) and decamethylco-
baltocene (dotted black line).
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theoretical studies using continuum solvation models
showed that the�EA of the Cd33Se33 NP decreases by
about 0.2 eV both in toluene and in acetonitrile, in favor
of electron transfer.63 In sum, our results showed
that CdSe nanoparticles in solution in the size range
considered here (with 90 atoms, i.e., with a diameter
of 1.5 nm or larger) may be doped by decamethyl-
cobaltocene.

Additional effects can be exploited to dope the
CdSe nanoparticles. These include choosing ligands
with suitable dipole moments to tune the band
edges.69,70 Some of these ligands were theoretically
predicted to shift the band edges of CdSe surfaces by
as much as 1�2 eV.71 Recent experiments showed that
by carefully choosing the capping ligand of CdSe NPs
their ionization potential can be tuned by few tenths of
an electronvolt.44,72 Finite temperature fluctuations,
neglected in our calculations, may also help bring
the �EA below the redox potential of the dopant
molecules.73

The preceding discussion shows that several phys-
ical mechanisms are available to fill the IGS of CdSe
NPs, thereby activating the IB-mediated absorption
processes.

Nanoparticle Array: Band Formation. For solar applica-
tions, the CNPs must be arranged into an absorber
array with a spatial extent comparable to the absorp-
tion length. This typically involves forming a “closed-
packed NP assembly”,32 a “NP film”,35,54 a “NP-solid”,59

or a “NP superlattice”.33 These CNP�arrays are synthe-
sized starting from a colloidal solution. In ref 35, p�n

diodes were formed by retaining the CNPs in their
solvent, and encapsulating the entire array between
LiF/Al and NiO electrodes. A widely studied class of
Grätzel cells also involves NPs in electrolytes.74 In other
designs. the solvents are dried out of the array to form
solid structures.54 This strategy was specifically imple-
mented for CdSe CNPs.32,33,75 In what follows, we
propose a concept of CNPIB solar cell for solvent-
containing arrays.

The organization of CNPs into an array is important
to provide an absorbing volume and a path for extract-
ing the photogenerated charges. In such an array, the
IGSs may combine into an IB with a finite width.
Luque�Martí proposed that there is an optimal IB
width that minimizes the undesirable nonradiative
recombination due to the delocalization of the IGSs.76

On the other hand, recently, Krich argued that the
IGSs may relocalize in the recombination process.77

While the ideal IB width is yet unsettled, an essential
prerequisite is to understand the formation of IBs in
CNP arrays. An other critical aspect of recombina-
tion in NP arrays is extensively analyzed in ref 78. One
of the main messages of that work was that it is
possible to tune the ratio of radiative and nonradia-
tive recombination rates by the engineering of
the strain on the NP�host boundary, providing a

promising pathway to minimize the unwanted non-
radiative recombination.

For an initial assessment, we studied NP arrays of
CdSe NPs without ligands and solvent. Such arrays
have been recently fabricated in ref 79 where the NPs
were stripped of the ligands. We built simple cubic (SC)
and face-centered cubic (FCC) NP arrays from repre-
sentative Cd15Se15 NPs, determined their band struc-
ture (shown in Figure 5) using the PBE functional, and
analyzed the formation of an IB.

First, we verified that our NP arrays are bound. The
binding energies were ≈0.16 eV/NP for the SC and
≈0.24 eV/NP for the FCC arrays, showing that NP solids
in the absence of ligands are not only bound but stable
at room temperature.

Figure 5 shows the IB width (defined as the differ-
ence between the maximum and minimum of the
energy of the IB) of the SC and FCC arrays of Cd15Se15
NPs as a function of the NP�NP distance for a specific
relative orientation of theNPs.80 The fact that we found
substantial IB widths suggests that the IGS of individual
NPs is not strongly localized. To measure the IGS
localization and those of states close to the HOMO
and LUMO, we computed their Inverse Participation
Ratio (IPR): we recall that the higher the IPR, the more
localized a state. Indeed, we found small IPRs for
unoccupied states, including the IGS and relatively
high IPRs for occupied states close to the HOMO. For
example, the ratio of the IPR of the HOMO and that of
the IGS in Cd33Se33 is≈5, indicating that the IGS is less
localized than the HOMO. We observed similar relative
localization of states for all the CdSe NPs studied here
(Supporting Information Figure S2). Such a delocaliza-
tion of the IGS state may help reducing the unwanted
nonradiative recombination according to the Luque�
Martí scenario.76

The NP�NP distance may be controlled by attach-
ing ligands of suitable length to the NPs.31 However,
these same ligands may also alter the formation and
presence of IGSs.81 Therefore, the engineering of the
ligands should be guided by two interdependent
criteria: avoid the suppression of the IGS formed in
bare NPs and yield a NP�NP spacing leading to the
desired IB width. As an example, the nominal length of
the shortest routinely used organic ligand, EDT, is≈4 Å.
Figure 5 shows that at that distance, which translates to
a lattice constant of ≈13.25 Å, the IB width is about
≈0.2 eV.

Encouragingly, some recent experimental evidence
points to the formation of bands in NP arrays.75,82,83

These papers reported high mobilities for NP arrays,
which in some cases were temperature independent.
Yet other experiments showed that “mid-gap” states
can form weakly conducting bands in PbS NPs.84

Although PbS may be used, in principle, to realize
the intermediate band concept, it has too small of
a gap.
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The formation of a coherent IB can be ensured
by using monodisperse NPs. Techniques to synthesize
monodisperse CdSe NPs are already available,32,85

leading to an average diameter of 4 nm and standard
deviation of less than 5%.86,87 Remarkably, “magic
cluster” CdSe NPs were synthesized with a practically
monodisperse size distribution.88

We note that most colloidally synthesized II�VI
nanoparticles are cation-rich. Since our NPs are
stoichiometric, our results are strictly valid only for
stoichiometric NPs. However, cation-rich NPs are
charge balanced by the extra charge provided
by the ligands,89,90 and thus, one may expect that
stoichiometric bare NPs are good approximation
to charge-balanced cation-rich NPs. We carried
out a preliminary exploration on a cation-rich but
charge balanced structural model adopted from the
literature.91 We found a well separated intragap
state for the deprotonated acetic acid covered
Cd32Se22 NP, ≈0.5 eV below the LUMO, similar to
what we have found for our surface reconstructed
and stoichiometric NPs. This suggests that our
stoichiometric nanoparticles may indeed be a
good approximation to cation rich and charged
balanced NPs.

Core�shell NPs are also promising to realize IBs in
CNP arrays. Recently, the successful synthesis of CdSe/
CdS92 and CdSe/ZnS core�shell NPs with high level of
monodispersity was reported.87

We close with some considerations about charge
extraction. Extraction of electrons and holes from the IB
reduces the open circuit voltage Voc of a solar cell
device, and thus, it is to be avoided. This could be
accomplished, for example, by forming a charge-
selective extraction layer next to the metallic elec-
trodes.93 Finding extraction layers with favorable band
alignment to the CBM and VBM of the intermediate
band CdSe NP absorber will be the subject of future
investigations. However, some initial insight can be
gained by a recent study on CdSe NP sensitized solar

cells whose results indicate that TiO2 might be a
potential candidate as an electron extraction layer for
the IB-CdSe NPs studied here.94

CONCLUSION

In this Article, we proposed a new paradigm for IB
solar cells. Using the results of first-principles calcula-
tions, we proposed that colloidal nanoparticles (CNPs)
are a promising platform for implementing the IB
concept in solar cells. We focused on CdSe CNPs and
showed that in arrays of surface reconstructed CdSe
dots IB states well separated from the valence and
conduction band edges are formed. These bands may
be chemically doped, e.g., using decamethylcobalto-
cene in solution, thereby activating IB-induced absorp-
tion processes.
The recent reports of close to 10% efficient CNP solar

cell prove the maturity of the CNP technology.38,39

Hence, it may soon become possible to fabricate the
proposed colloidal nanoparticle intermediate band
solar cells with reasonable technical effort.
We close by articulating a broad vision and context

for the present work. CNPs have been put forward as a
promising platform to boost the solar cell efficiency in
the high energy portion of the solar spectrum via

Multiple Exciton Generation (MEG). The present work
points to the exciting possibility of using CNPs for
boosting the cell efficiency in the low energy portion
of the solar spectrum by forming an Intermediate
Band. Motivated by these twin observations, we en-
vision the possibility of a “Full Spectrum Boost” for
solar cells by developing CNPs that simultaneously

allow for MEG and IB mechanisms' enhancements of
solar energy conversion. We propose that CNPs are
uniquely suited to implement such a Full Spectrum
Boost.
We also note that implementing both IB and MEG in

the same NPs may give rise to promising synergies as
well. While MEG was indeed observed in NPs, its onset
was at high energies, thus possibly undermining its

Figure 5. Band structure of a simple-cubic (SC) (a) and a face-centered cubic (FCC) (b) Cd15Se15 NP array along high-symmetry
lines computed at the theoretical equilibrium lattice constant of ≈12.75 and ≈20.15 Å. The closest NP�NP distance is ≈3.5
and≈3.3 Å between two Se atoms in the SC and FCC structures, respectively. (c) The width of the IB, defined as the difference
between the maximum and the minimum of the band energies, in SC and FCC arrays of Cd15Se15 NPs, as a function of the
lattice constant.
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overall utility for solar applications. Therefore, if the
NPs are modified to simultaneously having an

additional IB inside their gap, then the MEG onset
may occur at more favorable energies.

METHODS
We performed our computations using density functional

theory as implemented in the Quantum-ESPRESSO95 code.
We used plane wave basis sets and projector augmented
wave pseudopotentials96,97 and treated the following electrons
as part of the valence partition: Cd, 4s24p64d105s2; Co,
3s23p63d74s2; and Se, 4s24p4. We used a wave function
(charge density) energy cutoff of 80 (800) Ry. We verified that
these cutoffs were sufficient to converge ionization potentials
and electron affinities within 0.02 eV. Most of our calculations
were carried out using the generalized gradient approximation
with the PBE exchange-correlation functional,98 and a series of
specific tests to assess the robustness of our results were
performed with the PBE0 functional.99 The PBE0 calculations
were carried out by using norm-conserving pseudopotentials
with a wave function cutoff of 150 Ry.
Vertical electron affinities (EA) and ionization potentials (IP) of

the isolated NPs were calculated by computing total energy
differences between ionized and neutral configurations at the
geometry of the neutral NP geometry (ΔSCF method). In our
calculations, the NPs were separated by at least 10 Å. Adiabatic
electron affinities and ionization potentials were obtained as
total energy differences between ionized and neutral config-
urations at the respective, optimized geometries.
The convergence of the total energy as a function of cell size

for the charged isolated NPs was tested by increasing the
NP�NP separation of the Cd15Se15 NP from 10 to 15 Å and by
applying theMakov�Payne correction scheme.100Absolute single
particle energieswere computedwith respect to thevacuum level,
by determining the average electrostatic potential at the cell
boundary and again by applying Makov�Payne-like corrections.
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