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The intermediate-band solar cell is designed to provide a large photogenerated current while maintaining a high output voltage. 
To make this possible, these cells incorporate an energy band that is partially filled with electrons within the forbidden bandgap 
of a semiconductor. Photons with insufficient energy to pump electrons from the valence band to the conduction band can use 
this intermediate band as a stepping stone to generate an electron-hole pair. Nanostructured materials and certain alloys have 
been employed in the practical implementation of intermediate-band solar cells, although challenges still remain for realizing 
practical devices. Here we offer our present understanding of intermediate-band solar cells, as well as a review of the different 
approaches pursed for their practical implementation. We also discuss how best to resolve the remaining technical issues. 

The intermediate-band (IB) solar cell consists of an IB 
material sandwiched between two ordinary n- and p-type 
semiconductors1, which act as selective contacts to the 

conduction band (CB) and valence band (VB), respectively (Fig. la). 
In an IB material, sub-bandgap energy photons are absorbed 
through transitions from the VB to the IB and from the IB to the 
CB, which together add up to the current of conventional photons 
absorbed through the VB-CB transition. In 19972, researchers used 
hypotheses similar to those adopted by Shockley and Queisser in 
19613 to derive a detailed balance-limiting efficiency of 63% for 
the IB solar cell, at isotropic sunlight illumination (concentration 
of 46,050 suns) and assuming Sun and Earth temperatures to be 
6,000 K and 300 K, respectively (Fig. lb). This work also presented 
the Shockley-Queisser limiting efficiency of 41% for single-gap solar 
cells operating under the same conditions2. The limiting efficiency 
of the IB solar cell is similar to that of a triple-junction solar cell 
connected in series. However, the IB can be regarded4 as a set of 
two cells connected in series (corresponding to the VB-IB and IB-
CB transitions) and one in parallel (corresponding to the VB-CB 
transition). This provides the IB solar cell with additional tolerance 
to changes in the solar spectrum. 

An optimal IB solar cellhas a total bandgap of about 1.95 eV, which 
is split by the IB into two sub-bandgaps of approximately 0.71 eV and 
1.24 eV The quasi-Fermi levels (QFLs) or electrochemical potentials 
of the electrons in the different bands are usually close to the edges 
of the bands. Because the voltage of any solar cell is the difference 
between the CB QFL at the electrode in contact with the n-type 
side and the VB QFL at the electrode in contact with the p-type 
side, the maximum photovoltage of the IB solar cell is limited to 
1.95 eV, although it is still capable of absorbing photons of energy 
above 0.71 eV In contrast, single-gap solar cells cannot supply a 
voltage greater than the lowest photon energy they can absorb. IB 
solar cells can deliver a high photovoltage by absorbing two sub-
bandgap photons to produce one high energy electron; the laws of 
thermodynamics would be violated if this were not the case. 

The concept of putting levels in the middle of a bandgap to 
increase the maximum photocurrent was proposed by solar cell 
researchers in the mid-twentieth century5. However, the idea was 
initially rejected because it was believed that these centres would 
cause non-radiative recombination, which could counteract the 
benefits of the current gain. Later we will briefly review the basic 
concepts used to inhibit the non-radiative recombination introduced 
by these centres. In addition, researchers originally did not realize the 
importance of splitting the Fermi level into three separate QFLs to 
preserve the high output voltage of the cell. Subsequent refinements 

to the initial detailed balance analysis of the IB solar cell4,6-8 have 
confirmed its potential for high efficiency. It is the high value of the 
IB solar cells limiting efficiency that has attracted many scientists to 
work in this field. 

Quantum dot IB solar cells 
The energy levels of the confined states in a quantum dot (QD) can 
be used as an IB9. The first solar cells based on this concept were 
developed in 200410. Figure lc shows a cell of this type, where 
molecular beam epitaxy has been used to grow InAs QDs in a 
matrix of GaAs in the Stranski-Krastanovmode. Figure 2alabels the 
confined states in a QD (described later), which have been calculated 
by assuming the QD to be a three-dimensional box. In this plot, the 
IB corresponds to the CB level labelled (1,1,1). Silicon doping of the 
barrier material provides the electrons necessary to partially fill the 
IB, thus making available both empty states to receive electrons from 
the VB and full states to supply them to the CB. 

The quantum efficiency plot in Fig. Id11 shows a sub-bandgap 
current in the IB solar cell that is absent in the reference cell. The 
small value of this current corresponds to the small number of QD 
layers introduced — only ten. Unfortunately, increasing the number 
of QD layers causes an accumulation of strain that seriously damages 
the cell's structure. It is strain arising from the lattice mismatch 
between GaAs (0.567 nm) and InAs (0.604 nm) that promotes the 
Stranski-Krastanov mode of growth. Hubbard and co-workers 
found that the inclusion of GaP layers compensated for this strain, 
allowing them to increase the sub-bandgap current using only five 
QD layers12. Okada and co-workers added layers of GaNAs to achieve 
strain compensation13, but this material has a smaller bandgap than 
GaAs. Thus, although the cell current increased, its voltage was 
limited to the GaNAs bandgap. Other groups have also made IB 
solar cells based on QDs1420; Blokhin et al17 obtained efficiencies of 
over 18%, and Bailey et ala achieved open-circuit voltages close to 
1 V However, all of these cells exhibited a reduction in open-circuit 
voltage with respect to reference cells of the same technology without 
QDs, as shown in Fig. le, leading to a reduction in efficiency against 
the intended result. This issue will be considered later in this Progress 
Article, although it is worth noting that the bandgaps of InAs/GaAs 
cells are far from the optimum values for the implementation of an 
ideal IB solar cell. InAs/GaAs QDs remain valuable experimental 
tools, however, as their technology is well established. 

Sub-bandgap photocurrent. The small sub-bandgap photocurrent 
in a QD IB solar cell results primarily from the low density of QDs. 
However, QDs are quite large nanostructures compared with atoms, 



eV 

—v CB IB material n 
9 9 

CBQFL 

(2)0_> 
! [ 
,' 1 * 
/ I B ^ 

(3)^W> 
I > 

,, -
(D 'V 

VB 

VBQFLÍ 

4 4 \ 

b 70-

65-

60 

^ 55 

"S 50 
u 

.1 45~ 
fc 40 -

35-

30-. 

25 

Single-gap 

0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 
Energy, f L (eV) 

Contact 

25 

20-

S 10-

5-

'Hi" 
1 sol (100 mW crrf2) 
Device area = 0.16 cm" 
T=300K 

•QD-IBSC 
•GaAs 

0.1 0.2 0.3 0.4 0.5 0.6 

Wavelength (nm) 

1.0 

Figure 11 Theory of the IB solar cell and basic results, a, Band diagram of an IB solar cell, showing the bandgap FG, the sub-bandgaps FH and fL, as well as 

the CB, IB and VB QFLs. (1) and (2) represent below-bandgap photon absorption; (3) represents above-bandgap photon absorption, b, Limiting efficiency 

for IB and single-gap cells as a function of FL. c, Schematic of a QD IB solar cell, together with a transmission electron microscope ¡mage of the QDs and 

an atomic force microscopy ¡mage of a layer of QDs. d, Quantum efficiency of an QD-based IB solar cell (QD-IBSC) and a control (GaAs) solar cell. The 

response for the QD-IBSC is below the GaAs bandgap (1.42 eV). e, Current-voltage curves of a QD-IBSC and a control (GaAs) solar cell. Figure reproduced 

with permission from: b, ref. 2, © 1997 APS; c, left.right, ref. 10, © 2004 AIP; c, middle, ref. 53, © 2007 AIP; d, ref. 11, © 2008 Elsevier; e, ref. 10, © 2004 AIP 

and we might expect that each QD absorbs light rather effectively. 
Modelling becomes necessary to gain a deeper insight of this issue. 
Substantially higher QD densities can be achieved by growing 
QDs on (311) substrates21 instead of on (100) substrates, but this 
refinement has not yet been applied to cell manufacturing. 

In a semiconductor QD structure, scientists usually assume that 
the IB corresponds to the CB state with the lowest energy confined 
around the QD (labelled (1,1,1) in Fig. 2a), as opposed to states that 
extend across the entire semiconductor. InAs QDs in GaAs have a 
shape that is often approximated as a short square-base truncated 
pyramid. The impact of this shape on the performance of the QD IB 
solar cell, although often considered to be of secondary importance, is 
an issue that can complicate the formulation of a simple model from 
which the main aspects related to photon absorption in QDs can be 
understood. In this regard, we will consider a QD represented by a 
short parallelepiped with a square base. In the k • p quantum model22, 

the CB minimum of InAs is lower than that of GaAs and induces a 
potential well that extends throughout the whole parallelepiped. This 
potential profile is shown in Fig. 2a as a grey line. To calculate the CB 
states, researchers can use the one-band k • p approximation, which 
involves substituting the electron mass by the CB effective mass and 
setting the potential to be equal to the potential barrier caused by 
the QD23. This allows the QD energy states and wavefunctions to be 
calculated, together with the optical transitions from the partially 
filled IB (CB(1,1,1) state) to the other localized and extended states 
in the CB. Confined energy CB states can be seen in Fig. 2a as CB 
levels, and the absorption coefficients are shown in Fig. 2d for several 
illumination conditions24. 

The study of the VB is much more intricate because it contains 
light-hole (LH), heavy-hole (HH) and split-off (SO) bands22, each 
having negative effective masses and pedestals instead of well 
potentials (associated with the VB top). Pedestals are required to 
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Figure 2 | Energy levels and wavefunctions of a QD whose shape is assumed to be a three-dimensional parallelepiped. Knowledge of these 

wavefunctions allows the relevant absorption coefficients to be calculated, a, Energy levels for the CB and the different VBs. The IB corresponds to the 

state labelled CB(1,1,1). b, Energy density of states for the HH states, c, Projections on the \S), |X>, \Y) and \Z) involutes for the CB(1,1,1) (left) and HH(1,1,1) 

(right) states, d, Absorption coefficient for the IB-CB transitions to bounded states, plotted from data in ref. 24. The results correspond to the case in 

which the CB(1,1,1) state is half-filled with electrons, e, Absorption coefficient for the bounded VB-IB transitions of a non-polarized beam in the z direction 

The quantum numbers refer to the final state. This assumes that the VB states are full of electrons, the CB states are empty and the IB state CB(1,1,1) is 

half-filled. Figure reproduced with permission from ref. 25, © 2011 Elsevier 

confine negative mass quasi-particles, which, in practice, can be 
treated like positive effective mass particles in wells. This is equivalent 
to inverting the direction of the energy axis for the VB states, at which 
point the description becomes the same as for CB states. Energy 
levels for the LH and SO bands are therefore also represented in 
Fig. 2a25. The large effective mass of the HH band means it contains 
many states. These states are better described by their density, as 
shown in Fig. 2b, rather than by the levels themselves. 

A simplified treatment of the VB requires a four-band k • p model 
in which every wavefunction is represented by a linear combination 
of envelope functions, which have approximately the same spatial 
span of the nanostructure, multiplied by involute wavefunctions 
that have the same symmetry and span as the atoms in the crystal. 
In zincblende materials such as GaAs and InAs, the involutes can 
be labelled according to their point symmetry. The \S) involute has 
the energy of the CB bottom, whereas the |X), \Y) and \Z) involutes 
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Figure 3 | Open-circuit voltage (Voc) of a QD IB solar cell as a function of photogenerated current density (/L) at a range of temperatures, a, Dark 
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measurements at temperatures of 150 K (b), 77 K (c) and 20 K (d). The solar cells' fundamental bandgap is represented with a solid, blue line for each 

temperature, and the e/kT and e/2kT exponential slopes are also indicated, when present. Figure reproduced with permission from ref. 28, © 2012 Elsevier 

have energies close to the VB top. In a nanostructured material, 
the linear combination that corresponds to CB confined states is 
almost entirely projected (91% for the CB(1,1,1) state25) onto the 
\S) involute, thus confirming the validity of the one-band k • p 
approximation for CB states. In contrast, the VB wavefunctions 
have (in this approximation) zero projection on the \S) involute, and 
are therefore entirely projected onto the |X), | Y) and \Z) involutes. 
Equal-probability surfaces of the envelope functions are shown in 
Fig. 2c for the CB(1,1,1) state (the IB) and the HH(1,1,1) state (the 
VB state with the highest energy). The green box represents the QD. 
The dimensions of the QDs used in the representative calculations 
correspond to QDs with a base length of 16 nm and a height of 6 nm. 

Figure 2e plots the photon absorption coefficient for transitions 
between the confined VB states and each confined CB state (indicated 
by the label). This absorption coefficient accurately explains the 
experimental observations of the sub-bandgap photocurrent25. The 
only transitions to the IB are the ones to the CB(1,1,1) state. Our 
present understanding indicates that transitions to other confined 
states in the CB are found to relax quickly to this (1,1,1) state 
because they are strongly connected among themselves by thermal 
infrared photons24. 

It is important to note that the above results assume the dots to 
be three-dimensional boxes. More accurate calculations requiring 
heavier computations of the electronic states in the QDs have also 

been performed20,26, which agree reasonably with the simplified 
calculations summarized in the previous paragraphs. 

For an optical transition to occur, the wavefunctions of the 
initial and final states must have non-null projections on at least 
one common involute function. If this is not the case, different 
symmetries of the involute functions will cause the transition matrix 
element to vanish. Because the CB confined states project mainly 
onto the \S) involute, whereas the states in the VB project onto the 
rest of the involutes, the matrix elements for the interband VB-CB 
transitions (including VB-IB) are small and so the absorption is 
weak. In contrast, intraband transitions from CB states to other CB 
states nearly always project onto the same involute, resulting in a 
strong matrix element. The relatively low values for the intraband 
absorption coefficients in Fig. 2d are due to the fact that they refer 
only to transitions between the IB state, which is half-filled with 
electrons, and the remaining small number of confined CB states. 

Preservation of voltage. All the QD IB solar cells manufactured so far 
have exhibited a loss of voltage at room temperature with respect to 
control cells without QDs. Decreasing the temperature and therefore 
reducing thermal escape from the IB to the CB might not be sufficient 
to preserve the output voltage if tunnelling still allows electrons to 
escape from the confined states to the continuum, in particular when 
QDs are located in a region of electric field such as the space-charge 
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region. However, placing thick spacers (around 80 nm — much larger 
than the traditional value of 20 nm) between QD layers removes 
tunnelling27 and thus preserves or even increases28 the voltage at low 
temperatures. This can be seen in Fig. 3 for a temperature of 20 K. 

At room temperature, the several CB levels confined within 
the bandgap23 are connected strongly to the IB level by thermal 
photons24, andperhaps also byphonons. Shockley-Read-Hall (SRH) 
recombination29,30 is a mechanism present in most semiconductor 
devices that restores thermal equilibrium by de-exciting electrons 
in higher-energy states, for example those in the CB, and dissipating 
their excess energy by the emission of several phonons. This 
mechanism is linked to deep impurities, which have energy levels 
situated in the middle of the bandgap and are active even at rather 
small concentrations. The SRH mechanism can also operate for 
localized states in the CB, and therefore for localized states in the IB. 
The difference, however, is that the associated bandgap for states in 
the IB is the £H sub-bandgap of IB solar cells, instead of the bandgap 
EG in ordinary cells, for example. Because £H < EG, the recombination 
becomes stronger and the open-circuit voltage, which indicates the 
level of excited electrons that the cell can maintain to equate the 
recombination with photon pumping, decreases. 

Decreasing the temperature reduces the number of thermal 
photons and phonons, and the IB-CB QFL splits. For a given voltage 
(determined by the CB-VB split), the appearance of the IB-CB split 

reduces the IB-VB QFL split and thus weakens SRH recombination 
from the IB to the VB. The cell operates with the three QFLs, split 
as required for IB cell behaviour, and the total voltage of the cell 
approaches that of the reference cell. The signature for this behaviour 
is the convergence between IB and test cell curves28 (Fig. 3). 

Bulk IB materials and solar cells 
Bulk IB materials. Numerous ab initio quantum calculations have 
been performed in the quest to realize IB materials3134, beginning 
(to our knowledge) with the work of Wahnon and Tablero31. 
Walukiewicz and co-workers35 were the first to synthesize a bulk 
IB material, Zn088Mn012Te0987O0013. The researchers detected the 
IB by spectral photoreflectance measurements and ascribed its 
formation to band anticrossing36, which occurs, according to the 
authors, in heavily mismatched alloys. A few years later, the same 
authors reported IB behaviour in GaN^S! P alloys wi thj > 0.3, 
where the IB was once again detected by photoreflectance37. The 
material was prepared by heavy ion implantation and pulsed laser 
melting annealing. 

Ab initio calculations33 suggest that V025In175S3 also has an IB 
containing the Fermi level. This is important because it means the IB 
is already partially filled without having to rely on impurity doping, 
which reduces densities and therefore lowers absorption levels. This 
material, which researchers have been able to synthesize in powder 



form by chemical solvo-thermal methods, has demonstrated 
impressively high sub-bandgap absorption38 (Fig. 4a). 

Silicon heavily doped with titanium has also been prepared by 
ion implantation and pulsed laser melting annealing. The resulting 
material is monocrystalline and has a conductivity very close to the 
non-implanted value. Under measurements at several temperatures, 
this material has demonstrated electrical behaviour identical to that 
of an IB-n junction39. 

Suppressing non-radiative recombination. Although several non-
radiative recombination mechanisms may exist, we believe that 
the dominant process in IB solar cells is that described by Lang 
and Henry40 to explain SRH recombination. The transition of an 
extended CB electron to a localized impurity state, according a 
configuration diagram that takes into account lattice vibrations41, 
causes the impurity level to cross the CB, which makes the transition 
highly probable. The energy of the electron is therefore transformed 
into potential energy of the impurity in a single step. This energy is 
released with the emission of multiple phonons, thereby achieving 
an energy balance. This can be prevented if the impurity states 
are extended42, as is the case when the density of the impurities is 
high enough to exceed the Mott transition43, which delineates the 
insulating and conductive behaviour of the IB. 

This effect is counterintuitive because it reduces SRH 
recombination by increasing the density of impurities, which 
increases SRH recombination. However, experiments have shown 
that implanting larger doses of titanium in silicon results in lower 
SRH recombination44. 

Bulk IB solar cells. The first bulk IB solar cell was made, to our 
knowledge, by Phillips and co-workers45,46 using ZnTe doped with 
oxygen impurities to form the IB. The current-voltage curve of this 
device is shown in Fig. 4b together with that of a ZnTe reference 
cell without oxygen. The cell generates both a higher current and 
a higher efficiency than the reference cell, although at a lower 
output voltage. The quantum efficiency (the ratio of electrons out 
to photons in) of the device is presented in Fig. 4c, demonstrating 
clear sub-bandgap absorption in the cell with oxygen. Walukiewicz 
and co-workers analysed two distinct cell structures of a bulk 
GaNAs IB solar cell47: a 'blocked IB' cell, in which an n-AlGaAs 
blocking layer is introduced to isolate the IB from the n-emitter; 
and an 'unblocked IB' reference cell, in which this layer is not 
introduced. The unblocked IB structure gave a high current but 
low voltage. The researchers attributed the low voltage to the back 
cell structure, which short-circuits the IB-CB QFLs and prevents 
a larger voltage from being achieved. In contrast, they observed a 
dramatic increase in voltage for the blocked IB cell, although with 
a considerable loss of photocurrent. The importance of this device 
has already been stressed48. 

Summary and challenges 
The addition of InAs QDs to a GaAs solar cell makes the resulting 
device operate according to the principles of an IB solar cell below 
room temperature. This generates the sub-bandgap photocurrent 
and preserves the voltage when the three QFLs split. To observe this 
behaviour at room temperature, the confined states between the IB 
and the CB must be removed and the bandgap enlarged. The QDs 
must therefore be much smaller than current dimensions — of the 
order of 5 nm. To this end, researchers have proposed a change in 
the way QDs are manufactured49; from a technique based on strain 
to one relying on the immiscibility between different crystalline 
structures (for example, zincblende of CdTe and rock-salt PbTe). 
QDs of the desired size (down to 2-3 nm) have been produced 
through this technique50 and can be implemented with several 
material options that give a bandgap distribution close to the 

optimum value of 1.95 eV, with good lattice matching. Nevertheless, 
some carefully manufactured InAs/GaAs cells have already 
presented minor voltage reductions18,19 and are therefore probably 
already operating as IB cells at room temperature. 

The issue of low VB-IB photon absorption can be solved 
primarily by increasing the density of the QDs. This has already 
been shown to be true for InAs/GaAs structures20. Further 
experimental work is required with immiscible materials, although 
it is encouraging to note that high densities do seem to be feasible 
in this technique50. 

Increasing the density of InAs QDs in GaAs would lead to a 
reasonable absorptance. For instance, using QD spacers with a 
thickness of 20 nm (as in most of the experimental work referenced 
here) instead of 80 nm (as in the tunnel-free cell27,28), together with 
a larger QD surface density21 (surface coverage of 50% instead of 
10% in the cell analysed), would cause25 the sub-bandgap current to 
increase to around 4.4 mA cnr2. However, the absorptance value that 
corresponds to this sub-bandgap current is not yet at the desirable 
value of unity. This ideal value could be approached through the 
use of gratings to diffract the photons and make them propagate in 
directions laterally along the solar cell. In the case of smaller QDs 
in immiscible materials, the interband matrix elements discussed 
above may increase due to the appearance of further terms that are 
negligible in the large QDs used so far51. 

Tunnelling between QDs has prevented QD-based IB solar cells 
from reaching high voltages, even at low operating temperatures. It 
is only necessary to avoid tunnelling between QDs when they are 
located in regions of electric field, such as at the edges of the QD 
region. The QD density in the useful centre region could therefore be 
increased by employing thick spacers in the edge regions while using 
thinner ones in the neutral centre zone. Doping has been applied 
successfully as an alternative to this technique11. 

Researchers have synthesized several bulk IB materials so far. The 
most promising of these is V0 25In! 75S3, which has strong sub-bandgap 
absorption and an inherent partially filled IB. Unfortunately, solar 
cells have not yet been made from this alloy. However, In2S3 is already 
being used as a buffer layer52 in some thin-film solar cells, so its 
adaptation to the manufacture of an IB solar cell should be possible 
in principle. 

Bulk IB solar cells have so far exhibited efficiencies far below their 
potential, although this is characteristic of test cells without an IB 
due to their non-optimum bandgap. Mastering the technology of 
these new materials is essential if IB solar cell research based on them 
is to succeed, and this is not a trivial task. It must be remembered 
that it has taken around 60 years for thin-film solar cells to reach 
their present state of maturity. 

In summary, the shortcomings of InAs/GaAs QD solar cells are 
quite well understood, and we believe this knowledge will guide 
research towards more promising QD structures. Our vision is that 
IB solar cells will be commercialized, thereby offering a simpler 
but equivalent device to the sextuple junction used in concentrator 
solar cell systems, with efficiencies reaching 50%. We also anticipate 
that bulk IB solar cells might exceed the efficiencies of current thin-
film solar cells. The concept of an IB solar cell can be extended in 
several ways to the fertile field of organic semiconductors, again with 
the promise of increased efficiency. The challenges ahead are not 
negligible, but the prize is worth the effort. 
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