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The intermediate band (IB) solar cell has been proposed to increase the 
current of solar cells while at the same time preserving the output voltage in 
order to produce an efficiency that ideally is above the limit established by 
Shockley and Queisser in 1961. The concept is described and the present 
realizations and acquired understanding are explained. Quantum dots are 
used to make the cells but the efficiencies that have been achieved so far are 
not yet satisfactory. Possible ways to overcome the issues involved are 
depicted. Alternatively, and against early predictions, IB alloys have been 
prepared and cells that undoubtedly display the IB behavior have been 
fabricated, although their efficiency is still low. Full development of this 
concept is not trivial but it is expected that once the development of IB solar 
cells is fully mastered, IB solar cells should be able to operate in tandem in 
concentrators with very high efficiencies or as thin cells at low cost with 
efficiencies above the present ones. 

1. Introduction 

The photovoltaic (PV) conversion of the solar energy is a 
clean[1] way of producing electricity with high land-occupation 
efficiency (e.g., as compared to biomass) that for sustainability 
should (and most probably will) become a major source of 
electricity.[2] 

Unfortunately, PV conversion is expensive. Novel cell concepts, 
able to produce an important increase of the efficiency, are 
probably necessary and, among them, we describe the one to 
whose development we have contributed more effort: the 
intermediate band (IB) solar cell. We present the challenges 
and difficulties related to IB solar cells but also the progress 
achieved since we presented the concept[3] in 1997. 

To make solar cells, two elements are required (Fig. la). On one 
side, a material with two energy levels or sets of levels should be 
present; this can well be a semiconductor with its valence band 
(VB) forming the set of lower energy levels and its conduction 
band (CB) forming the set of higher energy levels. In this system, 
solar photons can pump electrons from the VB to the CB and as a 
result become absorbed in the process. Once the electrons are in 
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the CB, a selective contact to this band is 
required through which the electrons 
pumped to the CB flow outside the 
semiconductor forming an electric current 
at high potential (actually the electrochemi
cal potential of the electrons in the CB, £FC). 
Outside the cell, these electrons lose their 
energy by providing a power source, for 
example by powering an electric motor. The 
electrons then, at a lower energy, are fed 
back to the semiconductor VB trough 
another selective contact (at the electro
chemical potential of the electrons in the 
VB, £FV). In conventional solar cells, doping 
the semiconductor with acceptor and donor 
impurities so forming a pn-junction makes 
the selective contacts. Silicon cells, as well 
as thin film cells of several types, follow this 
fundamental scheme. 

The solar cells just described present a 
fundamental efficiency limitation that was determined by 
Shockley and Queisser[4] on the basis of detailed balance 
arguments. This limit, corrected to take into account operation 
under full concentration^ (the one providing isotropic illumina
tion on the cell with the radiance corresponding to the sun's 
photosphere), is 40.7%. The main reason that underlies this value 
is that only photons with an energy level close to that of the 
semiconductor bandgap are effectively converted. Photons with 
lower energy are lost (the semiconductor is transparent to them) 
and of the photons with higher energy, only a part of this energy, 
i.e., that equals the bandgap energy (actually, this value multiplied 
by a Carnot factor) is at best converted. 

But other concepts may lead to very high efficiency. Among 
them, the IB solar cell, [3] which will be the main topic of this 
article, has raised considerable attention. IB solar cells can be 
used to increase the efficiency of low-cost solar cells but they 
also have the potential of operating with very high efficiency. 
High efficiency cannot easily be conciliated with low cost. In 
any case, it is desirable to liberate solar cell manufacturing 
from cost constraints.[6] This can possibly be achieved by the 
use of concentrators because these optical systems increase the 
energy cast on each expensive solar cell, making its use 
cost-effective. Although there are challenges to overcome, very 
low electricity cost is expected if the efficiency and concentra
tion factor are high enough.[7] Operation at 1000 suns (i.e., at 
100 W- cm -1) is today being considered for multijunction (MJ) 
solar cells and could also be used for the novel concepts 
developed here. 
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Figure 1. a) A solar cell consists of a material with two energy levels (CB 
and VB) and selective contacts to these levels. Photons pump electrons 
from the VB to the CB that are supplied at high energy to the external 
circuit. Then, with their energy lost by producing the required output, the 
electrons return to the VB. b) Photon absorption process and quasi-Fermi 
level split in an IB solar cell. The basic structure of an IB solar cell consists 
of an IB material sandwiched between conventional semiconductors of the 
p- and n-type. These conventional semiconductors act as selective contacts 
to electrons and holes, and prevent the IB from contacting the external 
electrodes. The IB divides the total bandgap EG in two sub-bandgaps, EL 

and EH, where EL is the energy level with the lowest value, usually the one 
that separates the IB from the CB (inset). Photons from the sun, when 
absorbed, pump electrons from the IB to the CB (red vertical arrow), from 
the VB to the IB (green arrow), and from the VB to the CB (blue arrow). 
Since carrier relaxation between bands is a much slower process than 
carrier relaxation within bands, a distinct quasi-Fermi level is associated 
with each of the bands: EFC, EFV, and En (dashed blue lines). Since the 
output voltage eV is given by the split between electrons and hole 
quasi-Fermi levels, this voltage is still limited by the total bandgap EG. 

2. The Intermediate Band Solar Cell Concept 

2.1 . Increasing the Current While Preserving the Voltage 

2 7.7. Double Band Absorption IB Solar Cells 

An IB solar cell[3'8] consists of an IB material situated between two 
conventional semiconductors, n- and p-type, that play the role of 
selective contacts to CB and VB electrons, respectively As shown 
in Figure lb, the IB material has a band of states inside the 
bandgap between the CB and the VB. In this way, photons with 

Antonio Luque (b. 1941) 

obtained his Doctor Ingeniero 

de Telecomunicación degree at 

the Universidad Politécnica de 

Madr id. He is Full Professor o f 

Electronic Technology at the 

same university since 1970 and 

founder o f the Institute o f Solar 

Energy in 1979. His research 

activity is devoted to photovol-

taics. In 1981, he created the 

solar cells company Isofotón 

wi th a turnover o f 297 mi l l ion Euro in 2007. He has been the 

recipient o f several impor tant awards for photovoltaic 

research. 

Antonio Marti got his Ph.D. by 

the Universidad Politécnica de 

Madrid in 1992. Full Professor 

o f Electronic Technology at the 

same university since 2007. 

Since 1997 he is col laborating 

with Prof. Luque on the devel

opment o f intermediate band 

solar cells. 

less energy than the one necessary to pump an electron from the 
VB to the CB can be absorbed by transitions that pump an 
electron from the VB to the IB (green arrow) and from the IB to 
the CB (red arrow). Thus a full VB —>• CB electron transition (also 
called electron-hole pair generation) can be completed by means 
of two photons of energy below the bandgap. This mechanism 
adds to the conventional one, pumping electrons from the VB to 
the CB by means of a single photon (blue arrow). 

Obviously, the mechanism just described increases the cell 
photocurrent because photons of lesser energy are collected. 
Nevertheless, increasing the current of a solar cell is conceptually 
easy. It suffices to choose a lower bandgap semiconductor for 
producing the cell. However, this choice would also reduce the 
voltage that, except when lasing, cannot exceed the semiconduc
tor bandgap. Since the electric power is the product of the current 
times the voltage, there is an optimum bandgap that is located 
around that of the silicon bandgap (1.12 eV). 

The key point is then to increase the photocurrent without 
reducing the voltage (too much). To this end, three electro
chemical potentials, called quasi-Fermi levels by device physi
cists, should appear in the IB material, two of them associated 
with the VB and CB same as in conventional solar cells, and the 
third one associated with the IB (Fig. lb). The voltage extracted 
from the cell is the difference between the CB and VB 
quasi-Fermi levels at the n- and p-contacts, respectively (divided 
by the charge of the electron). 
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Figure 2. a) Limiting efficiency of the IB solar cell as a function of the lower bandgap energy, EL in the case of optimal VB —»• IB and IB —»• CB absorptions 
(red line or "double band absorption"). The numbers in the plot indicate the optimum value for the second bandgap, EH (adapted with permission from 
[3], copyright 2003, IEEE). In (b) and (c), the absorption coefficient related to the IB —»• CB transition is shown in red, the one associated with the VB —»• IB 
transition in green, and the one associated with the V B ^ C B transition in blue (adapted with permission from [10], copyright 2008, Elsevier). The blue 
line in the (a) plots, for reference purposes, corresponds to the limiting efficiency of a tandem configuration of two single-gap solar cells connected in 
series. In this case, the numbers on thex-axis corresponds again to the value of the low bandgapcell and the data in the curves correspond to the value of 
the high-bandgap cell. The green line in (a) corresponds to the limiting efficiency of an IB solar cell operating under the "energy transfer" concept. For all 
cases plotted in (a), the values of the bandgap appearing next to the plotted curves have been optimized to achieve maximum efficiency, d) The efficiency 
for the "energy transference" case as a function of the sun temperature for the cell with optimum bandgaps (red line) (adapted with permission from 
[11], copyright 2008, Elsevier). The results are also compared with the optimum cell corresponding to a tandem of two solar cells connected in series 
(blue line). In all cases, although the temperature of the sun changes, the input power is kept constant at 1595.9 kW m2, equivalent to an irradiance of 
1000 suns of a black body sun at 6000 K. e) A circuit-like model for the IBSC (note that current arrows actually represent electron flows, opposite to actual 
currents, and voltages represent electron quasi-Fermi levels in eV, opposite to actual voltages). The elements in the red box model generation (current 
generators) and recombination (diodes) processes between bands; the elements in the green box model phenomena related to the re-absorption of the 
photons created in recombination mechanism; the elements in the blue box model energy transfer phenomena (adapted with permission from [12], 
copyright 2004, AIP). The voltage at the points C, I, and V show the quasi-Fermi level positions (in eV). f) A simplified version of this circuit-like model 
when there is no energy transfer, the absorption coefficients do not overlap and there is no absorption of photons related to transitions from the IB to the 
CB (JL,CI = 0)- In this case (red arrow), the extraction of current due to absorption of photons from the VB to the IB implies that the diode CI is 
reverse-biased. 

The limiting efficiency of the IBSC concept for full 
concentration is 63.2%[3] (see Fig. 2a) in comparison to the 
Shockley-Queisser limit of 40.7%[4'5] for a conventional 
single-gap solar cell under the same operating conditions. 
Hence, in both cases, the efficiency refers to the case in which any 
non-radiative recombination is suppressed, carrier mobilities are 
infinite (no ohmic losses), illumination comes from an isotropic 
gas of photons at 6000 K (taken, not accurately, as the sun's 
photosphere temperature) and the cell lattice is at 300 K. To 
achieve this illumination, an ideal concentrator producing a 
concentration of about 40050 X is assumed.[9] 

2.7.2. Photon Selectivity 

The absorption of the photons emitted as a consequence of a 
carrier recombination process between a given couple of bands by 
a different couple is detrimental to the performance of the IB 

solar cell. This is avoided if the absorption spectra between two 
bands (IB - • CB, VB - • IB, VB - • CB) does not overlap with that 
of another pair[3] as represented in Figure 2b. An equivalent 
condition (Fig. 2c) can be obtained in practice if the three 
spectrums overlap but there is a large difference in the absorption 
coefficients in the range of wavelengths where they overlap.[13] If 
no light confinement is used, this last case may require a very 
thick IB material to allow the absorption of the photons with the 
weakest absorption coefficient. 

2.7.3. Light Confinement 

Light confinement consists of increasing the ray path of the 
photons.[14] Light confinement can be achieved by texturizing the 
cell surface. Photons cannot escape easily because they are 
reflected back by total internal reflection. The enlargement of the 
light rays can reach up to 4nJ (nr: semiconductor index of 
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refraction), that is, about 50 in many semiconductors, although 
1/3 of this value is a good practical figure. 

It might also be produced by diffraction structures that deflect 
the light almost parallel to the surface. This concept has been 
studied for solar cells[15'16] and its performance limit has been 
published.[17] For the calculation of this limit, the angular 
dispersion caused by the sun angular aperture, usually increased 
if the cell is to be used under concentrated sunlight, has been 
taken into account. This sets a limit to the length of the path 
that can be achieved by diffraction and this limit is found to be 
320 times the IB material thickness when operating without 
concentration or 40 times when a reasonable concentrator is 
used. This approach is wavelength-dependant: the path length 
decreases to less than 90% when the wavelength is within 10% of 
the designed one. This is probably enough if we take into account 
that the path lengths have to be increased only for the less 
absorbed photons and not for all the wavelengths. 

2.1.4. Energy Transference ¡n IB Solar Cells 

Pure energy transference between electrons in the IB, by impact 
ionization (whose recombination counterpart is an Auger 
mechanism) or any other mechanism, can also lead to satisfactory 
IB solar cells.[11'18] In this mode, two sub-bandgap photons pump 
two electrons from the VB to the IB. Then, one of the electrons 
returns to the VB and transfers its energy to the other electron in 
the IB that is so pumped to the CV. The limit efficiency under this 
mode of operation is somewhat smaller (Fig. 2a). 

One interesting feature of this mode of operation is its smaller 
sensitivity to the solar spectrum (Fig. 2d). In addition, the 
conditions sets for the absorption coefficients in order to achieve 
the photon selectivity described above become relaxed. 

2.1.5. General Equivalent Circuit 

Figure 2e shows the equivalent circuit for an IB solar cell.[12] This 
equivalent circuit includes (inside the red box) three current 
generators and three diodes. The diodes represent the recombina
tion associated with radiative transitions. Their reverse saturation 
current, as well as their ideality factor, can be increased to count 
non-radiative recombination processes. The current generators 
inside the red box represent the photocurrent generated by 
the absorption of photons from the sun. The current generators 
inside the blue box represent the photocurrent generated as 
a consequence of the re-absorption of photons emitted as a 
consequence of radiative recombination processes. For instance, 
one photon emitted by an IB —>• VB transition can be re-absorbed by 
an IB —>• CB transition. The existence of this process, for example, 
is taken into account by the (/?Q IV + / £ v IV)Jcv current generator. 
The elements in the green box correspond to the circuital 
representation of the energy transference mechanism described 
above. 

This equivalent circuit assumes constant quasi-Fermi levels. If 
this is not the case, in the whole IB material the circuit can be 
applied to narrow IB material layers where the quasi-Fermi levels 
can be considered constant. 

2 7.6. A Thermodynamic Requirement 

It is important to understand that a fundamental condition to 
keep the voltage of a solar cell that uses sub-bandgap photon 

absorption (as it is the IB solar cell) above the energy of the 
lowest photon absorbed is the need for the absorption of at least 
a second photon that provides the necessary free energy. This is 
a thermodynamic requirement.[19_21] Sometimes, thermal 
escape has been claimed as the sufficient mechanism to pump 
electrons from the IB (or the alternative name given to this level 
by other authors) to the CB. This is indeed possible, but if this is 
the case (see Fig. 2f), in the absence of IB —>• CB (/uc) 
photo-generation and in the absence of impact-Auger mecha
nisms (DK) the thermal escape (the reverse current of the DCI 
diode) will not happen unless the quasi-Fermi level in point I is 
above the quasi-Fermi level in point C. This is the same as 
saying that the IB quasi-Fermi level is above the CB quasi-Fermi 
level and implies that the introduction of an IB does not 
increase but reduces the cell voltage that now becomes limited 
by the EH sub-bandgap (Fig. lb). 

2.2. Impurity Levels Versus Bands 

2.2.1. Multiple Phonon Emission 

A question arising when an IB solar cells is proposed is the 
following: impurity deep levels are known to introduce a strong 
Shockley-Read-Hall (SRH) recombination, that is, a non-radiative 
downward transition that is detrimental to solar cell performance; 
why should it be different in the IB solar cell? 

The relatively long lifetimes of the excited electrons in 
semiconductors are based on the scarcity of particles that are 
of high enough energy to collect the energy delivered in the 
recombination. Radiative recombination—where these particles 
are photons—is just a detailed balance counterpart of the light 
absorption process, which in solar cells is fundamental. In this 
sense it is unavoidable and a solar cell only limited by such 
recombination is ideal. On the contrary, non-radiative recombi
nation is, in principle, avoidable and for ideal performance it 
must be suppressed. 

The research on the physics of non-radiative recombina
tion has been a long-standing question in semiconductor 
physics. Non-radiative recombination can occur by transferring 
energy to other electrons—Auger recombination—or to 
phonons. Auger recombination occurs mainly in heavily 
doped regions such as the emitters. For less doped materials, 
recombination assisted by phonons (quanta of lattice oscilla
tions) is dominant but, still, the low energy of the phonon 
(tens of meV) as compared to the bandgap requires, at a first 
glance, that some kind of improbable multiphonon mechan
ism for a recombination to occur. It is, however, well est
ablished that impurities leading to deep levels are the cause of 
the SRH recombination. 

We believe[22] that the most frequent cause of non-radiative 
SRH recombination in the bulk of a semiconductor (in the 
surface, cascaded mechanisms might be dominant) is the 
so-called lattice relaxation multiple-phonon emission mechanism 
(MPE).[23] 

In a semiconductor, electrons in the CBs and VBs are 
characterized by Bloch wavefunctions extending across the whole 
crystal. In contrast, the electrons in the deep traps are 
characterized, when the traps are enough diluted, by localized 



wavefunctions. In this situation, if a transition is produced from 
an electron in, for example, the CB to the localized state at the 
impurity, then there is a large, swift charge movement and the 
charge of an electron formerly distributed across the whole crystal 
becomes suddenly closely packed around the impurity. This 
causes the impurity to be strongly out of equilibrium in the crystal 
lattice and consequently the impurity and the neighboring atoms 
start vibrating heavily in search of a new equilibrium. A 
"breathing mode" has been produced. 

The transition is not improbable because, in such a 
non-equilibrium position, the energy level of the filled trap is 
situated at an energy similar or very close to that of the electrons 
in the CB, as can be seen in the configuration diagram of Figure 
3a (point A). Therefore, the transition conserves the energy either 
strictly speaking, or, at worst, with the emission or absorption of a 
single phonon. 

The violent vibration induced in the impurity by the transition 
is dampened to its thermal value by the successive delivery of 
phonons through ordinary phonon-phonon and phonon-
electron interactions. The number of phonons delivered to 
complete the transition is the so-called Huang-Rhys factor[25] 

that can be in the range of 10 or 12 on many SRH capture 
processes. 

The transition (point B in Fig. 3a) of the localized electron 
wavefunction in the impurity's deep level to the extended state in 
the VB (hole capture) involves again a strong charge movement 
and the impurity becomes again out of equilibrium. A new 
breathing mode is produced that is dampened as before, 
involving a second Huang-Rhys factor. 

2.2.2. Suppressing Non-radiative Recombination 

Increasing the density of traps, so that the Mott transition[26] (or 
any other derealization mechanism) is produced, will cause the 
impurity wavefunctions not to be localized anymore and become 
extended. Mott justifies this fact as follows: Removing an 
electron from the impurity involves leaving the impurity 
positively charged (at least with respect to the former state) 
and this implies the appearance of a Coulomb attraction. But 
this attraction becomes weakened by the presence of other 
impurity-electron wavefunctions that produce screening. This 
screening leads to a potential energy — e2 exp(—kr)/47tSor 
(units in SI) where the screening factor X is given by 
X2 = e2NT/2££0kT. The damping factor increases with the 
density of impurities NT. 

When the density of impurities is such that a^X > 0.888, 
aH = 47t££0h

2/m0e being the Bohr radius (no effective mass is 
used here because the electrons concerned do not move in a 
band), the Coulomb potential ceases to have a localized state and 
the electron is free to escape from the impurity. In this case, for all 
the impurities, an extended state is produced with an 
eigenfunction that is shared among all the impurities. In the 
case of periodic location of the impurities, this eigenfunction is a 
Bloch function but this is not relevant in our argumentation. 
According to the preceding model, the value for this derealiza
tion to occur is NTcrit = 5.9 x 1019cm"3 at 300 K when the IB 
quasi-Fermi level crosses the IB. 

When the derealization has occurred, any transition from the 
CB to the impurity band will not involve a large charge movement 
in the space and therefore would not imply a strong 
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Figure 3. a) Configuration diagram illustrating the potential energy of the 
semiconductor nuclear equation (including both electrons and nuclei) per 
electron along the line of maximum potential slope parameterized by q 
(adapted with permission from [22], copyright 2006, Elsevier), b) Effective 
lifetime measured by the stationary photo-conductance technique on a 
silicon wafer where high titanium doses have been implanted. Higher 
doses lead to longer lifetimes, against the normally expected behavior and 
accordingly to the model of non-radiative recombination suppression 
(reproduced with permission from [24], copyright 2009, AIP). 

disequilibrium. As a consequence, the impurity's potential 
energy is not shifted laterally (transition point A in Figure 3a, 
if it exists, appears at very high energies) and the transition 
between the CB and the deep level cannot occur. In other words, 
the SRH recombination has been prevented. 



This actually happens when the impurities are close enough to 
start interaction-forming bands and it ultimately explains why no 
recombination is to be expected from IBs as those described in 
the preceding section. It sets a conceptual difference between 
what has been called "Impurity Photovoltaics"[27] and "Inter
mediate Band Solar Cells". 

2.2.3. Experimental Evidence 

An experimental confirmation of this fact has recently been 
obtained in Si samples that were heavily doped with Ti. The 
samples were prepared[28] by heavy ion implantation (with 
densities above 1021cm~3) followed by a pulsed laser melting 
process that restores crystal quality. Ti produces deep levels in 
silicon and leads to strong recombination,[29_31] and is thus 
known to be a minority carrier lifetime killer. The effective 
lifetime has been measured by the stationary photo-conductance 
technique[32] (Fig. 3b) and longer lifetimes have been found for 
the samples with the higher Ti doses[24] 

implanted in agreement with our predic-

and 1.95 eV. We assumed QDs of spherical symmetry and used 
the effective mass approximation to calculate the materials and 
dot size. We proposed Ino.5gGao.42As as dot material with a dot 
diameter of 5.8 nm and Al0.4Ga 0.6As as barrier material 
although these values were modified to Ino.55Gao.45As as dot 
material with a dot diameter of 9.4 nm and Alo^Ga O.SÓAS as 
barrier material when strain considerations were taken into 
account. 

Quantum wells, mentioned above, are nanolayers of a lower 
bandgap semiconductor inside the matrix material and electrons 
result confined in one direction only therefore, there is a 
continuous of states joining the confined level and the 
semiconductor band associated with the transversal velocity of 
the electrons that is not quantified. In consequence what the 
quantum well essentially does is to reduce the semiconductor 
bandgap (with respect to that of the barrier material) and 
therefore produce a new semiconductor with a modified 

[22] 
tions. 

3. Quantum Dot Intermediate 
Band Solar Cells 

3.1. The Concept 

Quantum dots (QDs) are droplets or nano-
crystals of a material immersed in a matrix 
material usually with a higher bandgap. Such 
materials are often called dot and barrier 
materials, respectively. QDs have been pro-
posed[33'34] as one of the means for taking to 
practice the IB solar cell. The IB would in this 
case typically arise from the confined states of 
the electrons in the CB tridimensional poten
tial wells originated by the CB offset between 
the dot and barrier material (Fig. 4a). 

For IB solar cells, QDs and not other 
low-dimensional structures such as quantum 
wells or wires are necessary (or at least 
preferable) because QDs form tridimensional 
potential wells that ideally isolate the IB from 
the CB through a true zero density of states. 
However, the practical achievement of this 
condition needs to be reconsidered later. 

In order to facilitate the absorption of 
photons that cause transitions from the IB 
to the CB, the IB has to be partially filled with 
electrons so that there are enough electrons to 
be promoted to the CB. This can be achieved by 
introducing some n-type doping in the 
barrier[34] region at a concentration that 
approximately equals the dot concentration 
(á-doping layers in Fig. 4b). 

In our early studies,[37] we tried to identify 
proper dot and barrier materials that are able 
to produce the optimal bandgaps of 0.71, 1.24, 
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Figure 4. a) Simplified bandgap diagram of an IB solar cell manufactured using QDs (adapted 
with permission from [10], copyright 2008, Elsevier), b) Details ofthe layer structure of a complete 
QD IB solar cell (adapted with permission from [12], copyright 2004, AIP). c) TEM image of InAs 
QDs on a GaAs barrier (reproduced with permission from [35], copyright 2007, AIP). d) Typical 
current-voltage characteristic (red) under illumination compared to a GaAs reference (blue) 
(adapted with permission from [36], copyright 2006, AIP). e) Quantum efficiency of a QD-IBSC 
compared to a GaAs reference cell (adapted with permission from [10], copyright 2008, Elsevier). 
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bandgap. They can be used to tune the bandgap of the cells in 
MJ approaches and can lead to produce very good solar 
cells.[38'39] However, it has to be stressed that in the QW cells a 
separation of the QW and CB quasi-Fermi levels is extremely 
difficult and therefore a voltage above the absorption threshold, 
that is, the main purpose of the IB solar cell, cannot appear 
(Section 2.1.6). 

3.2. Realization 

The dot/barrier combination calculated above for the IB solar cell 
might be closer to the optimum but their technology, if possible, 
is not so well mastered. Much more experience is available for 
InAs dots in a GaAs matrix. First prototypes were manufactured 
based on this combination12] by the group of Colin Stanley at the 
University of Glasgow in cooperation with us (see Fig. 4b) within 
the framework of the FULLSPECTRUM project. The basic 
structure of these cells consisted of 10 layers of InAs/GaAs QDs 
sandwiched by p and n GaAs emitters and is grown by molecular 
beam epitaxy MBE under the Stranski-Krastanov growth mode. 
Under this growth mode, a layer of dot material lattice— 
mismatched to the barrier—grows first. When 2-3 monolayers 
are grown, this layer, forced by the accumulated stress, breaks and 
shrinks into droplets (the QDs). Nevertheless, a very narrow 
dot-material layer, called the wetting layer, remains unbroken 
forming a quantum well. This technique is relatively simple and 
cheap. 

As visible in Figure 4c, these QDs do not have spherical 
symmetry. They look more like a lens or a truncated pyramid with 
a base length of about 10 nm and a height of about 3nm, 
dimensions that may be very dependant on the growth 
conditions. In this case, dots are rather close in the vertical 
direction although they are more spaced and irregularly located in 
the horizontal plane. Quantum calculations seem to show that the 
wavefunctions overlap[40] in the vertical direction, which also 
leads to a delocalized behavior as suggested by the third-derivative 
shape that has been observed in the QD photo-reflectance 
spectrum.[41] This delocalized behavior is probably limited to 
filaments along the QD columns observed in the figure and may 
lead to a (weak) vertical conduction, which is considered 
helpful.[42] 

Figure 4d shows the typical current-voltage characteristic of 
QD-IBSCs compared with that of a test GaAs sample possessing 
the same internal structure but lacking the QDs. As can be seen, 
the photogenerated current appears to be approximately the same 
in both cases. However, an examination of the quantum efficiency 
of the cells (Fig. 4e) reveals that this is not the case. The QD IB 
solar cells exhibit an extended response for photon energies lower 
than the bandgap. The contribution to the total current of the cell 
resulting from below bandgap energy photons is small (1%) 
revealing a poor absorption provided by the QDs that is unable to 
overcome an open-circuit voltage loss. 

The efficiency of this cell is not better than the GaAs cell to 
which it has been compared. The question of whether practical 
QD IB solar cells will be possible, will be discussed below. 
Anyway, the InAs/GaAs cell has been very practical to 
experimentally check the basic principles that induced the 
research on IB solar cells. 

3.3. Experimental Proof of the Intermediate Band Solar Cell 
Concept 

3.3.1. Proof of a Two-Photon Absorption Mechanism for VB-CB 

Pumping 

The appearance of a sub-bandgap photocurrent was clearly 
proven by quantum efficiency measurements since the fabrica
tion of the first IB solar cells[12] (see Fig. 4e). However, doubts 
existed about whether the IB —>• CB transition could be explained 
by a second photon being absorbed at this absorption band or by 
some other mechanism such as for example energy transfer-
ence,[11] thermal escape, field-assisted tunnel from IB to CB in 
space charge regions or even a mixture of several of these 
mechanisms. The involvement of a second photon is important 
since, as it has been discussed, thermal escape and also 
tunneling allows the extraction of below bandgap photocurrent 
but does not allow voltage preservation because the free-energy 
provided by the second photon is lacking. An experiment was 
designed and performed,[43] which demonstrated that two-
photon V B ^ C B pumping is actually taking place. In this 
experiment, the cell is set at a very low temperature (4-80 K) to 
minimize thermal escape while the photocurrent produced by a 
monochromator is recorded as it scans different wavelengths. 
Then, an IR broadband light source is filtered by a low-energy 
band-pass filter insuring that only IB —>• CB transitions can be 
produced. This IR source is chopped (see Fig. 5a) and a lock-in 
amplifier collects the photocurrent produced at the chopper 
frequency only (Fig. 5b). This current is absent if the IR light is 
switched off and also when the continuous light from the 
monochromator does not have sufficient energy to pump an 
electron from the VB to the IB. This happens for energies below 
1 eV. For energies above 1.9 eV, no synchronous photocurrent is 
extracted either, the reason being that photons from the 
monochromator are absorbed at the cell emitter and do not 
reach the QD region. 

Although the current measured in the lock-in is rather small, 
the actual photocurrent associated with transitions from the IB to 
the CB might be larger. In reality, the chopped current (neglecting 
second-order effects) runs partly via the DCI diode (Fig. 2), i.e., 
reverse-biased but with high saturation current (because the EL 

bandgap is small) and this current is not measured as an external 
current.[45] 

3.3.2. Proof of Three Quasi-Fermi Levels Splitting 

The highest electroluminescence peak of the cells (e2 peak in Fig. 
5c) corresponds to photon emission from the IB to the VB. The 
smallest peak (si) corresponds to transitions from the CB to the 
VB (the other peaks in the plot are associated with the existence of 
additional energy levels in the IB). The relative intensity between 
both peaks, combined with data gathered from quantum 
efficiency measurements, allows the determination of the 
quasi-Fermi level split (/xCI = EFC — £FI) that exists between the 
IB and the CB. This splitting has been measured[44] (in the dark, 
in a direct-biased cell) and is of the order of the one shown in 
Figure 5d. This proves the possibility of the separation between 
quasi-Fermi levels that is a necessary condition for preserving the 
output voltage of the cell. 
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slowly than the one associated with the 
CB^VB transitions (Fig. 6a). Therefore, at 
high concentrations, recombination is domi
nated by transitions from the CB to the VB (as 
in single gap solar cells) while the IB still 
provides the benefits of increased sub-bandgap 
photo-generation. 

3.4.2. The Issue of the Current 
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Figure 5. a) Setup of the experiment for demonstrating two-photon generation phenomena in an 
IB solar cell (adapted with permission from [43], copyright 2006, APS), b) Results of the 
experiment (adapted with permission from [43], copyright 2006, APS). The blue curve is the 
photocurrent response of the cell to the light from the monochromator (primary source) when 
only this source is ON. The red curve is the response to the chopped light (secondary source), 
that is, to the light that is only able to pump electrons from the IB to the CB, as a function of the 
energy of the photons of the primary beam. The noise background (black curve), that is, the signal 
existing in the curve devoted to measure the response to the IR (secondary) source when this 
source is OFF, is also plotted for reference, c) Electroluminescence spectrum o faQD IB solar cell 
compared to that of the GaAs control cell when both cells are biased at 5 A • c m - 2 . The plot shows 
the photon emission associated with transitions from the IB to the VB (e2) and from the CB to the 
VB (e-i) (adapted with permission from [44], copyright 2006, AIP). d) Results of the modeling and 
the fit to the experimental results (adapted with permission from [36], copyright 2006, AIP). 

3.4. Toward a Practical Quantum Dot Intermediate Band Solar 

Cell 

3.4.1. The Potential of Quantum Dot InAs/GaAs IB Solar Cells 

As mentioned before, the IB solar cell made of InAs QDs in a 
GaAs barrier material has been selected as the workhorse to test 
the principles of operation of the IBSC due to the fact that it is a 
rather well-known system. However, the bandgaps in this system 
(around 0.30, 1.02, and 1.30 eV), whose main bandgap differs 
from the one of the GaAs (see Section 3.4.3), are far from the ideal 
ones (0.71, 1.24, and 1.95 eV, see Fig. 2a). 

A consequence is that the detailed balance efficiency limit at 1 
sun of the QD IB cell made of these materials is lower[10] (30.2%) 
than the one (31.0%) of a single gap solar cell of 1.3 eV. However, 
it is interesting to note the fact that the detailed balance efficiency 
limit for the QD IB cells increases up to 51.6% in comparison to 
36.7% for the 1.3 eV single gap cell if we increase the 
concentration from 1 sun to 1000 suns for the same choice of 
bandgaps. The reason for this improvement is that, at high 
voltage (which occurs when cells are operated under concentrated 
light), the photon flux is increased by the concentration factor 
while the recombination path through the IB increases more 

Practical QD IB solar cells are far from the 
ideal characteristics derived from detailed 
balance analyses. First, the increase of current 
due to sub-bandgap photo-generation observed 
in the current-voltage characteristic is almost 
negligible (Fig. 4d). Since in the cell of the 
example only 10 layers of QDs were grown, the 
obvious reaction is to increase the number of 
layers. In collaboration with our partners at the 
University of Glasgow, cells with 50 layers were 
grown but the photocurrent of the cells was 
actually worse,[46] although the sub-bandgap 
current was greatly increased, as expected. The 
reason was that the upper emitter was totally 
degraded by dislocations created by the stress 
produced when the QDs were formed. 
Although this stress is partially released when 
the QDs are formed, relaxation is not total. 
Several attempts to reduce the residual stress 
by introducing stress-compensating layers of 
GaP[47,48] o r G a N A s [ 4 9 ] b e t w e e n t h e Q D S have 

been carried out by several groups. Other 
materials or strategies to improve the perfor
mance of the QD IB cells have also been 
used.[50-52] The data by Hubbard et al.,[46] 

presented in Figure 6c, are very interesting. 
These cells do not have any antireflective 

coating but they are measured at a higher irradiance conditions 
(AMO). It is remarkable that they only use 5 layers of QDs in 
contrast with the 50 layers used by others, underlining the 
importance of adequate stress reduction. 

However, achieving good sub-bandgap quantum efficiency 
(such as the one in Fig. 4e) is not a good figure of merit for an IB 
solar cell. Ideally, only the concourse of two sub-bandgap 
photons should lead to an electron-hole pair. Routine quantum 
efficiency measurements, when carried out in the absence of 
bias light, essentially involve observing the photocurrent 
response of the solar cell to monochromatic light. If some 
sub-bandgap current is seen under monochromatic illumination 
in such measurements, the following mechanisms may occur 
(given the photon energies usually involved): i) the V B ^ I B 
transition is promoted by absorption of one photon, whereas the 
IB —>• CB transition is promoted by thermal escape or field-aided 
tunneling, and thus preventing, for thermodynamic reasons, the 
extraction of a voltage above the VB-IB gap (like in QW cells) or 
ii) two photons of the same energy promote the VB —>• IB and 
IB —>• CB transitions. Although these cases would correspond to 
a genuine IB solar-cell mode of operation with the output voltage 
still limited by the VB-CB gap, this mode of operation would not 
be ideal because much of the excess photon energy beyond the 
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Figure 6. a) Analysis of the dark current-voltage characteristic of an IB solar cell of 1.3 eV total bandgap for several cases, which differ in the number of 
additional energy levels that are introduced in the energy bandgap. The blue line (zero levels) corresponds to the radiative limit of a single gap solar cell and 
is shown for reference. The red line (one level) corresponds to the ideal IB solar cell with the IB located at 0.3 eV from the CB. The green line (two levels) 
corresponds to the case in which one additional energy level exists in-between the IB and the CB (adapted with permission from [10], copyright 2008, 
Elsevier). This case can be modeled by introducing additional diodes (b) to the IB circuit model to count for the carrier recombination paths introduced by 
these additional levels (adapted with permission from [10], copyright 2008, Elsevier). The dashed horizontal lines show the current levels corresponding to 
the photocurrent generated at different illumination levels. Their intersection with the dark current curves determines (assuming the superposition 
principle fulfilled) the open circuit voltage. As can be seen, the open circuit voltage becomes less dependent on the number of additional energy levels 
introduced as the concentration increases, c) The one sun AMO (extraterrestrial spectrum and power flux) current density versus voltage curves for the 
baseline p-i-n GaAs cell and QD-enhanced p-i-n cells both with and without stress compensation (SC) (reproduced with permission from [46], copyright 
2008, IEEE). 

energy that is necessary to produce the IB —>• CB transition would 
be lost. In addition, mechanism ii) is not likely to occur because 
the overlap between a localized wavefunction at the QD and an 
extended wavefunction well above in the CB is very small, and 
the corresponding transition matrix element must be very small. 
However, it still might be observed in sensitive experiments,[43] 

but it would not be relevant for practical systems. Thus, most 
probably mechanism i) will occur, which allows the extraction of 
a sub-bandgap bandgap photocurrent and, therefore, only at 
high direct bias their quasi-Fermi levels might split.[44] In any 
case, these observations allow us to conclude that the VB —>• IB 
light absorption must be high. 

The QDs' electronic wavefunctions are large enough to permit 
rather high electric dipole matrix elements despite their low 
density (at most 1017 cm -3) compared to that of the atoms in the 
lattice (in the range of 5 x 1022 cm - 3). Quantum calculations[40] of 
the absorption coefficients are in the range of several thousands 
of cm - 1 , about 10-50 times less than a bulk material, but still 
reasonably high. In fact, most of the VB —>• IB absorption is 
excitonic, that is, it takes place between localized states in the QD 
at the VB (the VB offset further discussed in Section 3.4.3) and the 
localized states in the IB. The corresponding absorption roughly 
follows the shape as shown in Figure 2b rather than the one in 
Figure 2c. 

The cell presented by Okada,[53] with very high density of QDs, 
shows an excellent current improvement of 23% with respect to 
the GaAs cell they used as a comparison (with a good efficiency of 
about 16%). However, interpretation of the cause of the current 
gain is difficult due to the presence of the GaNAs layers they use 
to reduce stress, and which have a lower bandgap than the GaAs 
cell. 

Nevertheless, the sensitive two-photon experiment[43] does in 
some cases not yield any two-photon current. This can only be 
explained by the absence of IB —>• CB absorption, which results 
either from a small matrix element or because the IB is empty of 

electrons, instead of being partially filled as required for good IB 
cell operation. Many scientists are reluctant to dope the QD 
region to avoid imperfections. If the IB is not partially filled, 
pumping a second photon will be very difficult and the voltage 
will be limited by the position of the IB position rather than by the 
position of the CB. If the thermal escape is effective, this cell will 
behave then like a QW solar cell, providing bandgap tuning but 
not an IB effect. Under the QW mode of operation, the confined 
levels must be empty to facilitate the absorption of photons from 
the VB. 

Finally, some concern about the IB —>• CB optical transition 
being forbidden in QDs may come to mind. Actually, this 
transition is forbidden in QWs for incident photons normal to 
the QW planes[54] (the cell surface plane) although the 
absorption for incident photons laterally is very high.[55] The 
feasibility of quantum dot infrared photodetectors (QDIPs),[54'56] 

which in our terms exploit the IB —>• CB transition for normal 
incident photons, demonstrate that this transition is possible. 
Furthermore, QDIPs are doped in order to fill the IB and 
allow the IB —>• CB transition, supporting our previous argu
mentation. It is nevertheless possible that the sometimes 
observed lens-shaped QDs are closer to a QW, and because of 
this, the devices exhibit small matrix elements for the desired 
transitions.[57] 

Diffractive light confinement might be used to improve the 
IB —>• CB transition if it is weak. 

3.4.3. The Issue of the Voltage 

The increase of current achievable with IB solar cells must be 
accompanied by a conservation of the voltage. In experiments it is 
common to use a GaAs reference cell and then compare its 
performance against the results of the cells containing QDs. As 
indicated in Figure 7a, this is in part an unfair comparison. When 
the QDs are implemented, the CB-VB GaAs bandgap is reduced: 
first, by the InAs wetting layer (actually a QW) that is formed 
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before the QDs start to shrink and which contains a continuous of 
levels labeled by a fc-vector parallel to the growth plane; second, by 
the multiplicity of confined levels appearing in the VB, which are 
very closely packed due to the high hole-effective mass. Popescu 
et al.[58] have calculated that the VB confined levels in the InAs/ 
GaAs cells are as large as 212 meV (Fig. 7b) and can be considered 
as continuous because each level differs from the neighboring 
ones less than the optical phonon energy; therefore, they can be 
considered part of the VB. Near the CB, there also is a continuum 
of levels that includes (but possibly exceeds) the wetting layer, 
extending for some 70 meV All these data have been calculated at 
0 K and can become about 7% smaller at room temperature. They 
are dependant of the specific QD shape and size. This is to be 
compared to the reduction of the open-circuit voltage observed in 
Figure 4d of about 180 mV (which refers to the IB cells[46] with, as 
far as we know, the highest open circuit voltage so far published). 
It seems very likely that this reduction is almost entirely due to the 
reduction of the nano structured material's bandgap, although the 
always present recombination mechanisms, at least the radiative 
recombination considered in the detailed balance calculations 
(Fig. 6a), may ultimately play a role. 

The reduction of the bandgap in the cell with QDs should 
translate into a decrease of the absorption edge corresponding to 
the CB —>• VB transitions in the QE spectrum for wavelengths 

below 880 nm, which is the GaAs edge of absorption. However, it 
is important to note that most of the CB —>• VB absorptions occur 
at the emitter, which is made of conventional GaAs. Sometimes 
this sub-bandgap absorption is attributed to the wetting-layer 
absorption and this indeed contributes to the current enhance
ment observed in practical QD cells, see for example the one 
shown in Figure 4e. 

According to the cited calculations (see Fig. 7b), there are three 
distinct QD levels in the InAs/GaAs, separated from the 
mentioned continua. These energy levels are confirmed in our 
experimental photo-reflectance studies[41'59] at room temperature 
(see Fig. 7c) at positions close to the calculated ones (the peak 
marked as QDO is believed to correspond to a different set of QDs, 
the seed QDs, also appearing during the growth). 

The energy levels introduced in the bandgap by the QDs 
provide an additional path for recombination, which tends to 
reduce the voltage, as shown in Figure 6a. Notice that the higher 
the number of levels existing, the higher the voltage has to be, and 
therefore the higher the light concentration at which the cells 
have to be operated in order to overcome the recombination 
through these levels. 

It is worth mentioning that this reduction of bandgap induced 
by the QDs is not a real fundamental drawback. It can be 
compensated by using a large bandgap barrier material, e.g., 
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Figure 7. a) Illustration of the reduction of the total bandgap in a QD solar cell as a consequence of the existence of a wetting layer and a VB offset (adapted 
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some Al^Ga^As instead of GaAs to compensate the bandgap 
reduction to come when the QDs are formed. 

3.4.4. Best Results So Far 

If high efficiency is the measure of the best cell, the highest 
efficiency that is published so far to the best of our knowledge is 
18.3% by Blokhin and co-workers,[61] although this efficiency is 
lower than the one of the GaAs cell the used as a comparison 
because the observed increase of the current is small and an 
important voltage reduction takes place. However, the reference 
cell has an efficiency of 23.77%, which is very high. The highest 
open-circuit voltage of almost 0.9 V (at AMO) is the one published 
by Hubbard et al.,[46] and the highest current increase compared 
to the GaAs test cell (a 23% increase, which corresponds to a 
current density 24.26mA-cm-1) is the one by Okada[53] 

(University of Tokyo). However, as said before, no clear proof 
has been provided so far that these cells work under IB principles. 
Most probably all of them show very strong thermal contact 
between the IB and CB, which is difficult to avoid for an IB so 
close to the CB. 

3.4.5. Looking for the Ideal QD Material 

As already mentioned, before we started our experimental work, 
we tried to find optimal dot-barrier materials for high efficiency 
IB cells.[34'37] Other researchers have based their theoretical work 
in trying to prevent the appearance of confined states in the 
yg [52,62,63] j ^ e x j s t e n c e of some offset in the VB, however, can 
preserve the photon absorption associated with excitonic VB —>• IB 
transitions by maintaining the overlap between the electron 
wavefunction of these states. Techniques used in the field of 
QDIPs, such as for example the use of AlGaAs barriers,[64_66] can 
be used to increase the absorption associated with transitions 
from the IB to the CB by again increasing the overlap between 
electron wavefunction at the IB and CB. It is also conceivable that 
simultaneous overlapping of the electron wave functions in all the 
bands is achieved naturally by sufficiently increasing the dot 
density.[67] 

A serious theoretical-experimental work has been published 
by Popescu et al.[58] leading to the conclusion that the current 
repertoire of GaAsi_%P% barrier materials and InyGai_yAs dot 
materials does not satisfy the ideal energetic locations for the IB. 
In addition, when the dot size becomes too big, a continuum of 
energy levels appears between the IB and CB, which practically 
converts the QD into a quantum well. Dots have to be small to 
exhibit real dot properties. This is clearly seen in the calculations 
by Tomic and co-workers using k-p quantum calculations[60] 

(Fig. 7d). 
To further clarify this point, we have carried out calculations for 

a spherical potential well using the effective mass approximation 
(Fig. 7e). It is found that for combinations of dot radius R and the 
potential's depth V0 that satisfy 2R2\Vo\m*/h2 < 9.87 (m* being 
the effective mass of the electrons in the band), only one energy 
level appears. For V0 = 1 eV and m* = 0.06 m0, for example, this 
leads to a dot radius of R < 3 nm. The corresponding position of 
the confined energy, £nl, level satisfies 2R2\Vo\m*/h2 =4.516, 
which leads to En\ being located at 0.319 eV below the CB edge. As 
soon as the radius grows, a multiplicity of levels appears, which in 
practice can degenerate into a full coverage of the IB-CB energy 
sub-bandgap. In spite of this, the appearance of a second level that 

is close to the CB continuum could be beneficial (at the cost of 
reducing the CB-IB bandgap) in order to increase the overlap 
between the wavefunctions of the electrons in the IB and CB and 
therefore increase the photon absorption between these two 
bands. 

3.4.6. Operation in Multijunction (MJ) Configuration 

IB solar cells do not necessarily have to be designed for the full 
solar spectrum. As matter of fact, when IB cells have to compete 
with MJ cells, it might be possible that they preferably are 
produced in tandem. A tandem of two ideal IB cells is almost as 
good as a regular ideal six-junction MJ cell.[68] Taking this into 
consideration, IB solar cells could then operate in tandem with 
other regular or IB solar cells whose bandgaps can be optimized. 

4. Bulk Intermediate Band Materials 

4.1. The Interest of Bulk Intermediate Band Materials 

At the beginning of the research on IB cells, while the concept was 
in general considered very interesting, the possibility of the 
existence of actual materials exhibiting an IB was considered 
improbable. Today it is clear that such materials are possible, 
starting with the impurities producing deep levels in semi
conductors that, when introduced in high concentration (possibly 
beyond the thermodynamic equilibrium but still stable) may 
produce IB materials with reduced non-radiative recombination. 

These materials are important, because they may support a 
higher density of IB states and therefore may lead to stronger 
sub-bandgap photon absorption. It has been seen that the weak 
absorption has so far been one of the reasons for the low 
efficiency of the QD IB solar cells. However, this statement has to 
be considered with some caution as we shall see next. 

4.2. Absorption in Bulk and QD Materials 

We will discuss now the impact of the density of states on the 
absorption coefficient. This coefficient, a (cm-1), is the transition 
rate w (s_1) divided by the speed of the light in the medium c/nr 

(nr index of refraction). The transition rate for the dominant 
dipole electric transitions is proportional to the square of the 
matrix element of the position vector projection on the photon 
polarization vector (i.e., to N\{cp\u • r\\j/)\ where (p and \¡/ are the 
initial and final electron wavefunctions, r is the position of the 
electron, u is the light polarization vector and N the number of 
electrons in a given volume, say the unity volume). The term 
| {<p\ u • r\ if) | has the dimension of length and it certainly takes on a 
value that cannot exceed the span of the wavefunctions involved. 
We will refer to it as 8. In the calculation of the transition rate it 
appears as the square, and therefore it can be interpreted as a 
capture section o~ = 82 for the transition. The transition rate is also 
proportional to the density N of electrons represented by the 
wavefunction, cp, able to experience the transition (usually one or 
per impurity producing the IB or per QD). 

Only for the purpose of estimating 8, let us consider N0, the 
highest possible density of impurities or QDs. In the case of the 
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impurities, this limit will correspond to the density of atoms in a 
solid. In the case of the QDs, the limit will correspond to a 
situation where the QDs touch each other. The volume associated 
with each impurity or QD in this limiting density is (1/N0) = y83 

where y is a factor close to one but not necessarily below one. The 
actual density of impurities will be N= CN0 with C being smaller 
than one. 

With the preceding nomenclature, the absorption coefficient 
will be proportional to N82 = N/y^N1^ = CN¡/3/y2^. Notice 
that y2/3 is a factor close to one that depends on the nature of the 
material. N0 also depends on the nature of the IB material. C is 
one or smaller and reflects the dilution of the IB absorbers. For 
highest absorption, this factor should be as high as possible. 

In the case of solids, the wavefunctions are usually delocalized, 
e.g., Bloch functions extended across the whole crystal, but even 
so, 8 is not very large. Far from the origin of coordinates, r varies 
slowly with respect to the variations of the wavefunctions and 
since the functions (p and xj/ are orthogonal, the integral of (p*\l/ 
tends to be zero in these regions of the space. Thus 8 remains of 
the order of the atom spacing, maybe larger than in the case of 
localized wavefunctions but much smaller than the large 
extension of the distributed functions. In our nomenclature this 
is reflected in the value of y that, even if large, will probably not be 
much larger than 2 or 3. 

Let us now apply this analysis to compare QD and bulk IB 
materials. For a bulk material, N0 is in the range of 5 x 1022 cm - 3 , 
which is approximately the density of atoms in a semiconductor. 
In the case of QDs, it depends on the QD size, but for the 
optimum size we calculated[37] that N0 is 1.20 x 1018cm~3 for 
spherical QDs, assuming that the dots touch each other (in a 
simple cubic arrangement). Assuming C=y = l, the ratio of 
absorption coefficients is (5 x 1022/1.20 x 1018)1/3 = 34.67. 

It is unlikely that the impurity IB atoms, even in high 
concentration alloys, have a C value much higher than 5%. In 
some cases, it will be 1% or even lower. Also the QDs will have a 
dilution not far from 10% in the best case. It should be concluded 
that the absorption coefficient in alloys, provided they have a high 
density of IB atoms, might be about one order of magnitude 
above the one in QDs. But it might be smaller if the impurity is 
very diluted. 

4.3. Synthesizing Bulk IB Materials 

4.3.1. Highly Mismatched Alloys 

III-Vand II—VI alloys normally used for solar cells, where a small 
amount of Vor VI anions are replaced with the isovalent N and O, 
respectively, are examples of highly mismatched alloys (HMAs). 
The unusual properties of HMAs are explained by the band 
anti-crossing (BAC) model.[69] According to this model, the 
electronic structure of the HMAs is determined by the 
interaction between localized states associated with N or O 
atoms and the extended states of the host semiconductor matrix. 
The BAC model predicts that a narrow band can be formed within 
the bandgap if the localized state levels occur well below the CB 
edge. Such a case is realized in ZnTe, MnTe, and Zn!_yMnyTe 
alloys where the O level is located roughly 0.2 eV below the 
CB edge. In particular, alloys of the last family, such as 

Zn0 88Mn01200.oiTe0.99, have been prepared[70] by implanting 
O ions, followed by pulse laser melting and then a rapid thermal 
annealing process. For a total bandgap of about 2.3 eV (close to the 
optimum), an IB band is situated at 2.06 eV from the VB as 
demonstrated by photo-reflectance measurements. Also the 
GaN%Asi_%_yPy for y>0.3 and x = 0.003-0.01 is a three-band 
semiconductor alloy with potential applications for high-
efficiency IB solar cells.[71] 

A ZnTe:O solar cell with an estimated oxygen concentration of 
1019 cm - 3 has recently been published.[72] Although the efficiency 
of this cell is still low, it does operate under IB solar cell 
conditions. This ZnTe cell has a bandgap of about 2.2 eV that is 
essentially unmodified by the addition of the oxygen, which 
introduces a level at about 500 meV below the CB. Two-photon 
operation at room temperature is clearly demonstrated with two 
light sources of different wavelength. Ordinary quantum 
efficiency resulting from the photocurrent response of the solar 
cell to monochromatic light is observed in these cells. In this case 
the hypothesis of double photon pumping, discussed in Section 
3.4.2, with two photons of the same energy is not to be discarded 
as thermal escape is unlikely. Although the overall efficiency of 
these devices is small (below 1%), they demonstrated a 100% 
increase in short-circuit current, 15% decrease in open-circuit 
voltage, and a 50% increase in power conversion with respect to 
the undoped ZnTe cell (Fig. 8a). 

4.3.2. Transition Metals Derived From Ab Initio Calculations 

Since 2002, ab initio band calculations in our group have 
suggested that certain transition metals could form an IB in 
III—V[75] compounds. More recently, V-added In2S3 with high 
concentration of V (V2In14S24) has been prepared by sol-
vo-thermal synthesis.[73] Calculations predicted a half-filled band 
well separated from the valence and CBs with strong sub-bandgap 
absorption as required by a good IB solar cell.[76] Measurements 
of the absorption (Fig. 8b) agree rather well with calculations, and 
both the bandgap and sub-bandgaps are also rather well-situated. 
Unfortunately, the method of synthesis is impractical for cell 
manufacturers so that probably a new preparation method will 
have to be developed to integrate this material in a cell production 
process. However, In2S3 is already being used as a window 
material in chalcopyrite solar cells. 

It is important to stress that ab initio calculations for IB 
materials in our group are always oriented to materials whose IB 
is naturally half-filled. In other cases, "half-filling" can be 
achieved by doping with another material, which in some cases 
may add more difficulties. 

4.3.3. Thin Film Technology for Intermediate Band Cells 

Intermediate band materials have been sought with the specific 
idea of being integrated in present chalcopyrite solar-cell 
processing. It was found that the best candidate for ideal IB 
cells among those commonly used in this technology for one-sun 
operation is CuGaS2. The efficiency versus the position of the IB 
level is then calculated again for the ideal cell for that material 
bandgap. The position of the level for a given impurity is 
calculated based on the fact that for III—V and II—VI 
semiconductors its position measured for the vacuum level is 
the same, no matter which is the host.[77'78] This concept is also 
assumed to apply for (I,III)VI2 chalcopyrites. Many of these 
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Figure 8. a) Photoresponse (top) and current-voltage characteristic (bottom) of a ZnTe:0 
based IBSC compared with a ZnTe reference (reproduced with permission from [72], 
copyright 2009, AIP). b) K-M function (absorption) measurements versus photon energy 
for V2lni4S24 and ln2S3 obtained by solvothermal synthesis (reproduced with permission from 
[73], copyright 2008, ACS). The red circle is associated with transitions from the IB to the CB, 
the green one to transitions from the VB to the IB, and the blue one to transitions from the VB 
to the CB. c) Detailed balance efficiency prediction at one sun for IB solar cells based on 
CuGaS2 with some transition elements inserted (adapted with permission from [74], copy
right 2008, AIP). 

materials are expected to be very compatible with thin-film cell 
technology. Fe and Ti seem to be the most promising impurities 
(Fig. 8c). 

4.3.4. Intermediate Bands Generated From Deep Levels 

As already mentioned, Si samples that are heavily doped with Ti 
have been prepared[28] by ion implantation (with densities above 
2 x 1021cm~3) followed by a pulsed-laser melting process that 
restores high quality to the crystal. At low temperatures, a 
rectifying junction is formed between the Ti-doped layer and the 
highly resistive n-substrate, which can be interpreted as an 
IB-nSi junction.[79] Under these low-temperature conditions at 
which the Ti-doped layer becomes electrically isolated from the 
substrate, the Ti-doped layer seems to show p-mobility, which is 
attributed to the almost electron-filled Ti level that would act as an 
IB. As we already described, the high Ti concentration seems to 
present a reduced non-radiative recombination[24] by the electron 
wavefunction derealization due to high concentration. 

5. Conclusions 

We have presented here the current state of research on the IB 
solar cell. Despite the high theoretical efficiency potential (63%) 
of the IB solar cells, so far no cell has produced efficiencies that 
would make them practical for commercial use. However, the IB 

basic principles have been experimentally pro
ven. [43'44'72] Experimental evidence has also been 
produced to confirm the reduction of non-
radiative recombination in heavily doped IB 
materials once the electrons are delocalized in 
it, and a real band—rather than impurity levels— 
has been obtained.[24] 

Most experimental efforts have been realized 
in the field of InAs/GaAs QD solar cells, whose 
bandgaps are very far from the optimal ones. 
Nevertheless, the efficiencies achieved are below 
expectations. The reasons for the poor efficiencies 
are insufficient current increase and excessive 
voltage reduction. The poor current increase is 
partly overcome by the growth of more QD layers, 
once stress-balanced growth techniques are 
developed. 

Concerning the reduction of the voltage, the 
main cause is the reduction of the effective 
bandgap due to the existence of the QDs and the 
associated VB offset and wetting layers. This is 
not a real limitation and comparison of the InAs/ 
GaAs solar cell with the same GaAs cell without 
QDs is unfair. Actually, the comparison with a 
GaAs solar cell would only be valid if an 
Al%Gai_%As alloy that compensates the reduction 
of the effective bandgap would be used as the 
barrier material when the QDs are manufac
tured. 

A more serious problem is that, so far, a very 
strong IB —>• CB thermal escape is produced so 
that the voltage cannot exceed the VB —>• IB 
bandgap. In addition, the IB —>• CB light absorp

tion seems to be very small and this would make a voltage above 
the £FI — £FV splitting level impossible. However, it is possible 
that solutions are found to prevent both problems. If this were to 
be the case, the InAs/GaAs cell may be rather efficient in 
concentration. However, the search for a new QD-barrier couple 
of materials, whose bandgaps are closer to the optimal 
configuration, and thus have the IB more separated from the 
CB, might perhaps be the fastest way towards a practical 
solution. Many scientists are trying to optimize the cell quantum 
efficiency under monochromatic illumination. We have stressed 
that this technique does not allow the identification of the 
two-photon mechanism with which sub-bandgap currents and 
CB-VB limited voltage can be achieved. One of the problems 
often observed is the reluctance of researchers to add donor 
atoms to half-fill the IB, and thus making second photon 
IB —>• CB transitions very difficult. 

A number of bulk-based IB materials have already been 
developed. Highly mismatched II—VI and III—V alloys have 
proven to produce such IB materials,[70'71] and a solar cell[72] has 
been presented that clearly demonstrates IB operation with an 
100% increase in short-circuit current, 15% decrease in open-
circuit voltage, and 50% overall increase in power conversion, 
although the efficiency is still below 1%. 

IB materials have also been found in some transition metals 
in indium thiospinels where the IB is naturally half-filled.[76] 

Lifetime[24] and Hall effect[79] experiments in Ti-implanted Si 
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suggest the existence of an IB; this may open an interesting 
path for research on deep levels as precursors for IB materials. 

In summary, the IB solar cell is an attractive concept, which 
involves interesting physics. Its development is not trivial but 
there are several promising paths and much has been learned in 
about one decade of research. Once this cell is developed, it might 
be possible to find it in concentrators in tandem configurations 
with ordinary or other IB cells operating at efficiencies above 
those of the present MJ cells for concentrator operation or above 
the present thin-film solar cells for one-sun operation. 
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