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ABSTRACT 

The intermediate band solar cell is a novel solar cell 
with the potential of achieving a limiting efficiency of 63.2 
% on the basis of the absorption of two sub-bandgap 
photons to create one electron-hole pair. The path to-
wards its practical implementation has started following 
three strategies: a) Engineering the IB material through 
quantum dot technology b) Direct synthesis of the IB ma-
terial and c) creation of a localized absorber layer within a 
highly porous large bandgap semiconductor. 

INTRODUCTION 

The intermediate band (IB) solar cell is a novel solar 
cell with the potential of achieving an efficiency of 63.2 % 
(detailed balance limit) under full concentration. Its opera-
tion is based on a semiconductor-like material that, thanks 
to the existence of an intermediate electronic band lo-
cated within what in ordinary semiconductors constitutes 
the bandgap, is capable of absorbing two below bandgap 
photons to generate one extra etectron-hole pair (Fig. 1). 
This band should be half-filted with electrons in order to 
supply both empty states for electrons pumped from the 
valence band (VB) and electrons to be pumped to the 
conduction band (CB). Due to this characteristic we also 
often describe this band as "metallic". 

The IB solar cell (IBSC) bases its superior potential 
over single gap conventional solar cells (which efficiency 
is limited to 40.7 % under the same operating conditions 
[1]) in its capability for increasing the photogenerated cur-
rent without degrading its open-circuit voltage. Current is 
increased because sub-bandgap photons, which in a con-
ventional single-gap solar cell are lost, are now absorbed 
and converted into electrical current. Open-circuit voltage 
is not degraded because, thanks to that the intermediate 
band material is sandwiched between two ordinary high 
bandgap semiconductors (Fig. 2), p and n doped, the 
output voltage is determined by the split of quasi-Fermi 
levels of electrons in the conduction band, E^, and holes, 
Epy, in the valence band. This split is limited by the total 
bandgap sq of the IB material rather than by the sub-
bandgaps o_ and en- Having already been established its 

basic principles of operation [2 -5], the path towards its 
practical implementation has started following three 
strategies: a) Engineering the intermediate band material 
through quantum dot technology, b) Direct synthesis of 
the intermediate band material and c) Creation of a local-
ized absorber layer within a highly porous large bandgap 
semiconductor. The description of these strategies and 
the progress done is the objective of this paper. A brief 
description of each of them is given in the next para-
graphs. 
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Fig. 1. Band structure of the metallic intermediate band 
material showing schematically the photon absorption 
processes involved. 
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Fig. 2. Metallic intermediate band material sandwiched 
between two ordinary semiconductors. This provides the 
basic structure of the IBSC allowing the voltage, given by 
the quasi-Fermi level split (EFl - EFh)ie to be limited by the 
total bandgap sc. 



ENGINEERING THE INTERMEDIATE BAND MATERIAL 
THROUGH QUANTUM DOT TECHNOLOGY 

Fig. 3 illustrates the IBSC engineered through quan-
tum dot technology. This approach is conceived at pres-
ent more as a scientific tool for demonstrating the operat-
ing principles of the IBSC rather than as a path towards its 
industrial implementation. Within this approach, the IB 
would arise from the states of the confined electrons in 
the dots. Candidate materials for this approach are 
lnyGai-yAs for the dot material and AI*Gai.*As for the bar-
rier material. The Stransky-Krastanow [6] growth mode 
appears as a suitable technology capable of providing a 
defect free high density of dots {1017 cm"3). Dots (0-D 
structures) and no other structures of higher dimensional-

- ity like wells (2-D) or wires (1-D) must be used because a 
true O-density of states must exist between the energy 
level of the confined electrons ir» the dots and the conduc-
tion and valence bands. Details of the theory behind the 
implementation of the IBSC by means of QDs can be 
found somewhere else, as for example, in Refs. [7, 
10] 
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Fig. 3. Basic structure of the GD-IBSC. 
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Fig. 4. TEM picture of 10 InAs QD layers embedded in 
GaAs for the QD-IBSC, (Coutesy of Dr. Richard Langford, 
University of Oxford). 

Prototypes of this structure are being manufactured 
at the University of Glasgow and at Compound Semicon-
ductor Technologies. At present, prior to the growth of a 
complete cell structure, experiments are focusing on the 
reliability, reproducibility and quality of the array of dots 
that can be manufactured. For the first trials, InAs has 
been selected as the material for manufacturing the dots 
and GaAs for the barrier. 

At this respect, Fig. 4 shows a TEM picture of the 
cross section from one of the test samples. The volumet-
ric density of dots is about 5x1015 cm"3 and is achieved 
through a surface density of dots of 2x1010 cm"2 per layer. 
Layers are spaced about 20 nm. The base of the pyrami-
dal dots typically sizes about 20 nm. According to the 
model described in [9], this density of dots should suffice 
to ctamp the quasi-Fermi level of the IB within 0.3 kT up to 
operation at 100 suns if the density of states in the CB 
and VB is below 10 ie cm"3. 
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Fig. 5. Photoluminescence signal (plot at the right) from a 
single layer of InAs-GaAs QDs at 9 K. The signal of an 
un-doped GaAs sample is also included for comparison. 
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Fig. 6. Detail of the cross section of a QD-IBSC that in-
cludes S-doping layer to supply electrons for half-filling the 
IB: (1) Metal contacts (2) Window and antireflecting layers 
(3) p GaAs-emitter (4) InAs dots layer (5) GaAs layer (6) n 
type 5-doping layer (7) GaAs layer. 

Photoluminescence measurements (Fig, 5). have 
been carried out over samples consisting of one single 
layer of dots. Measurements peak at 1.2 eV suggesting, 
to the IBSC theory is concerned, that we would be work-
ing with a system characterized by eV, £w=1 ,2 eV 



and es»1,4 eV. For reference we shall mention that the 
potential efficiency of this system, according to the fun-
damental I BSC theory [2] would be 40.3% at 100 suns to 
be compared with the 53.6% of the optimized device 
(£1 = 0.82eV and sh = 1.38eV). In addition, the strength of 
the photoluminescence signal obtained also suggests a 
reasonable material quality. 

In order to half-fill the IB with electrons, future steps 
aim to the introduction of n-type 8-doping layers in-
between each two layers of QDs according to the sche-
matics shown in Fig. 6. 

DIRECT SYNTHESIS OF THE INTERMEDIATE BAND 
MATERIAL 

This approach pursues the direct synthesis of the in-
termediate band material with the long-term goal of re-
ducing costs. At this respect, energy band diagrams of 
different alloys are being routinely calculated at the Insti-
tute de Energia Solar. It has been found, for example, that 
the bandgap diagram of the compound GaAsTi, with the 
Ti properly substituting some As atoms in the original 
GaAs crystal lattice, should exhibit such intermediate 
band as shown in Fig. 7. 
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dom structure of this arrangement multiple light reflection 
and strong scattering are expected [13]. The aim of this 
approach is to investigate a low cost version of the IBSC 
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Fig. 7. Calculated bandgap diagram of a GaAsTi com-
pound with the Ti atoms selectively substituting some As 
atoms in the conventional GaAs lattice. The position of 
the Fermi level in equilibrium, is also shown, revealing 
the "metallic" character of the IB. 

Research on this issue will focus from now on the 
determination of the chemical stability of these com-
pounds, the prediction of their electrical and optical prop-
erties and the determination of suitable mechanism for 
their synthesis. Further published details on this subject 
can be found in references [11] and [12] 

THE HIGHLY POROUS MATERIAL APPROACH 

This approach is similar to the quantum dot one de-
scribed above and is being investigated at the Hahn-
Meitner Institut. Quantum dots are prepared within the 
nano-cavities of a transparent targe bandgap semicon-
ductor using a suitable absorber material. Due to the ran-
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Fig. 8. illustration (above) of the formation of the nano-
cavities in a highly porous material and related light-
trapping in the material. Real (below) SEM picture. 

One of the most interesting systems within this ap-
proach results to be that in which Ti02 and PbS constitute 
the porous and the absorber material, respectively. Fig. 8, 
(below) illustrates the QD-PbS formation. The corre-
sponding band diagram has been determined in previous 
work (14] and is shown in Fig. 9. The average bandgap in 
the PbS quantum dots is approximately 1.85 eV, which is 
considerably larger than the 0.41 eV bulk value for PbS. 
The number of confined energy states in the valence band 
of the PbS will depend on the size of the dots and to what 
extent the dots are properly surrounded in the three spa-
tial directions by a material that, like Ti02, produces a 
proper energy barrier at the PbS valence band. The Ti02 
also provides the contact to the active part of the cell. 

The Ti02-(QD-PbS) system has been used to look for 
experimental evidence of the two-photon up-converting 
mechanism that is implicit in the operation of the IBSC. To 
this end, samples of Ti02-(QD-PbS) have been immersed 
in a solution of methanol and LiCI/H20, and illuminated 
with photons of energy lower than the TiOj bandgap 
(3.2eV). In the 2-photon up-converting mechanism some 
of these photons will excite electrons from the TO2 va-
lence band to some mid-bandgap states. These states 



correspond to interface states existing at the TiC>2-(QD-
PbS) interface or to empty states of the valence band of 
the QD-PbS, whose wavefunction-tail penetrates into the 
Ti02. A second photon will then pump electrons from the 
QD-PbS valence band to its conduction band, and subse-
quent charge transfer will bring the excited electron to the 
TiCh conduction band. The second excitation process, 
including the PbS excitation and charge transfer to the 
Ti02 conduction band, has been studied in some detail 
[14] and is known to have a large quantum efficiency. To 
detect the production of holes in the TiC>2 valence band, a 
chemical process with high-energy selectivity was used: 
the oxidation of methanol which produces formaldehyde 
as a reaction product. This mechanism is labeled (4) in 
Fig. 9. It is well known that this process requires the high 
energy of TiC>2 valence band holes. Since the process is 
in competition with recombination in the TiC>2, labeled (3), 
the efficiency is expected to be low. Nonetheless, the for-
mation of formaldehyde could recently be detected ex-
perimentally, a lower limit for the quantum efficiency of the 
initial step in the up-conversion mechanism could be ob-
tained, and the existence of the complete process be de-
rived. 
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Fig. 9. Illustration of the bandgap diagram of the porous 
Ti02-(QD-PbS) system. Arrows (1) and (2) represent 
photon absorption processes. (3) labels a recombination 
mechanism from the Ti02 conduction band to the valence 
band. (4) schematically illustrates the formation of a for-
maldehyde molecule from methanol. 

CONCLUSIONS 

Three approaches have been illustrated to implement 
in practice the I BSC concept: (a) engineering the structure 
by means of QD technology (b) direct synthesis of the 
intermediate band material and (c) use of highly porous 
materials. Among them, strategy (a) seems to be the most 
promising to fully demonstrate experimentally the physical 
principles involved in the operation of the IBSC. Strategy 
(b) has pointed towards specifically engineered photovol-
taic candidate materials exhibiting half-filled intermediate 
band structure. Strategy (c) has allowed obtaining ex-
perimental evidence of the existence of a 2-photon up 
converting mechanism in a nano-porous structured mate-
rial. 
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