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Abstract. As the photovoltaic market grows, there
is an increasing necessity for improving solar cell
technologies beyond their current limitations. One
of the suggested ways to achieve that improvement
is through the use of epitaxial quantum dots and
the intermediate band solar cell concept. In this
work, we present an overview of this technology,
from the fundamentals of the concept to its prac-
tical implementation with quantum dots (QD) in-
cluding its current status of development.

1 Introduction

1.1 Photovoltaics: from satellites to the rooftops

From the beginning of the space exploration with the
Vanguard I and its 9% efficient Si solar cells in 1958
to the state of the art 32% efficient triple junction (3J)
solar cells, space industry has always utilized the solar
energy harvesting to power spaceships and satellites. In
1998, the Deep Space I spacecraft relied completely on
its solar array to power the experimental ion engine and
test many other advanced technologies. e Interna-
tional Space Station, currently orbiting the Earth with
six people aboard, gets all of its energy from eight solar
arrays of 420 m2 each. And even the most challenging
plans for building bases on the surface of the Moon and
Mars take the solar energy as the fundamental building
block of their installations.
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From space, sunlight harvesting came down to Earth
and it has become a competitive alternative in the last
years as a non polluting, endless source of energy. Not
surprisingly, themarket of solar photovoltaic systems for
terrestrial applications has grown at an annual average
rate of 60% from 2004 to 2009 [32].
e increasing relevance of solar photovoltaic energy
highlights the importance of searching for new ways
of further improving the efficiencies and performance
of current technologies. At the moment, the most ad-
vanced solar cells are triple junction devices made of III-
V semiconductor compounds grown on Ge substrates,
with a maximum efficiency of 32% and achieving a peak
efficiency of 41.6% when using concentrated light [11].
ese highly efficient solar cells are, in general, not cost
effective unless used under concentrated light or used in
space applications. As a consequence of this, the mar-
ket for terrestrial systems is still dominated by Si solar
arrays with efficiencies of around 20%.[11]

1.2 e intermediate band solar cell

e intermediate band solar cell (IBSC) concept was
originally introduced by Wolf in the early 60’s. How-
ever, it gained its current importance only after the work
of Luque and Martí in 1997 that updated the concept
in terms of detailed balance calculations. [37, 18]
e IBSC is based on the existence of a band partly
filled with electrons inside the bandgap of a host mate-
rial which can absorb low energy photons that otherwise
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F. Illustration of the scale relationship in new concept solar
cells: (a) a normal size QD solar cell, (b) the layer structure of the
device, (c) the QDs stack, (d) the basic building block of QDs +
spacer and (e) a single QD.

would be lost. Figure 2 summarizes the process. e ab-
sorption of photons with energies above the bandgap of
the host material is mostly due to the interband transi-
tions (A), from the valence band to the conduction band
(VB → CB). Transition B takes place between the va-
lence band and empty states in the intermediate band
(VB → IB). Finally, transition C promotes an electron
in the intermediate band to the conduction band (IB →
CB).
According to the calculations, an IBSC optimally de-
signed can achieve conversion efficiencies that exceed

F . Intermediate band material and the electronic transi-
tions involved in the generation of two electron-hole pairs.

the Shockley-Queisser limit for an ideal single gap so-
lar cell and is near to the efficiency of an ideal series
connected 3J cell under full concentration [22]. e ad-
vantage of this technology is that it can be used as a
supplement in a multijunction device, giving an overall
efficiency larger than that of a 3J or an IBSC separately.
ere are several material systems that can, in princi-
ple, form the intermediate band in a semiconductor.
For example, there are studies that predict the forma-
tion of this band in a Si crystal highly doped with Ti
[9]. Chalcopyrite compounds and thiospinels partially
substituted with transition metals can also lead to the
same kind of intermediate band [28, 29]. But probably
the approach that has received more attention is using
nanotechnology to create the intermediate band. is is
where quantum dots come into play.

1.3 Quantum dots

When the size of a semiconductor is reduced in one
or more dimensions to only a few tens of nanometres,
the characteristics of the material change and quantum
confinement effects begin to rule its electronic and opti-
cal properties. Among many other extraordinary conse-
quences, its density of states (which sets the available
energies that electrons and holes can have inside the
semiconductor nanostructure) becomes stepped in 2D
nanostructures, spiky in 1D and finally it is completely
reduced to few discrete energy levels once the confine-
ment is in the three dimensions (0D nanostructure). In
the latter situation we talk about quantum dots (figure
3). It is worth emphasising that the density of states
presented are somewhat idealised. Typical size distri-
butions in QDs rarely result in atomic like transitions as
shown.
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Due to their discrete energy levels, QDs are sometimes
called artificial atoms and, opposite to real atoms, their
energy levels can be tuned to a particular value simply
by changing their size, shape, composition or the sur-
rounding host material.

F . Density of states for a bulk semiconductor and nanos-
tructures with confinement in one, two and three dimensions
(quantum well -QW-, wire -QWR- and dot -QD-.)

QDs have a wide range of applications. Ultra low
threshold current lasers have been fabricated at the
telecommunication wavelengths that make use of the
ground state emission of QDs [24]. ey have already
shown very promising characteristics as mid and far in-
frared photodetectors [17]. ey are also the best can-
didates to fabricate single photon sources and quantum
gates for semiconductor based quantum optical infor-
mation technologies [23, 16]. Finally, in the last few
years, they have attracted much attention in the photo-
voltaic field as the active material in new concept solar
cells.
At this point it is important to distinguish between two
kind of QDs that lead to different realizations of new
generation solar cells. On one hand, there are epitax-
ial quantum dots which are those used in lasers and
quantum information, typically made of InAs, GaAs or
InSb embedded in a higher bandgap material (GaAs,
AlGaAs, InP...). ese QDs have been suggested as the
active material for the fabrication of intermediate band
solar cells (IBSC) [21].
On the other hand, colloidal QDs made of lead selenide
(PbSe) or cadmium telluride (CdTe) for example, have
proven very effective in exploiting the multiple exciton
generation (MEG) process. In MEG solar cells, high
energy photons produce several electron-hole pairs in-

stead of only one, thus avoiding losing the energy in ex-
cess in the form of heat.[14]
Both concepts can achieve comparable conversion effi-
ciencies from a theoretical point of view, however, the
former can be more easily integrated in current III-V
solar cells technology since the materials and the pro-
duction process are, essentially, the same.

2 e quantum dot solar cell

In this section we introduce fundamental concepts re-
lated to the design of a QD-IBSC from a theoretical
point of view, the characteristics of the intermediate
band material and the assumptions made for it to work.

2.1 Fundamentals of the intermediate band

In the original work by Luque and Martí they estab-
lished several conditions that the intermediate band so-
lar cell must fulfil, which can be summarized in the fol-
lowing [18, 38]:

1. Only optical transitions are permitted between the
three bands depicted in figure 2; non-radiative
processes must be avoided (thermal or tunnel es-
cape, phonon emission and absorption, Auger pro-
cesses...).

2. e optical transitions must be allowed and be ef-
ficient.

3. ere should be no overlap between the absorption
coefficients, which means that if a photon can pro-
duce the transition A or B, it will not be efficient
in producing the transition B or C, respectively.

4. e position of the IB inside the bandgap, and the
bandgap itself, should be such that the energies of
transitions A (EA), B (EB) and C (EC) approach
the optimum calculated values for the ideal case:
EA ∼ 2.1 eV, EB ∼ 1.2 eV and EC ∼ 0.7 eV. is
configuration gives the highest efficiency.

e first condition avoids the drop in the open circuit
voltage (voltage preservation principle) and implies the
existence of three independent quasi-Fermi levels. e
other three conditions maximize the photocurrent pro-
duced by the solar cell.
Under the previous assumptions, the conversion effi-
ciency limit of an IBSC simulating the Sun as a black
body at 6000 K and full concentration (×46050) is
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63.2%. As a comparison, the efficiency limit in the same
conditions of a single, double and a triple junction solar
cells are 40.8%, 55.7% and 63.8% respectively.[22]

2.2 How QDs create the IB

In its simplest form, a QD-IBSC is a P-i-N diode with
several layers of QDs placed in the intrinsic region (i), as
it can be seen in figures 1b and 4 [21]. e IB material
is limited to only one region, electrically isolated from
the N and P contacts.

F . Band diagram of a simple IBSC.e IB is formed from
the electron ground states of the stacked QD layers.

In this configuration, the IB arises from the confined
electron energy levels in the QDs which, due to the
3D confinement, are isolated between them and with
the conduction band (figure 4). is is one of the rea-
sons that makes QDs preferable to QWs and QWRs:
in these nanostructures there is no isolation between the
confined levels and the conduction band, but a contin-
uum of states, as it can be seen in figure 3. In this sit-
uation, a fast thermal relaxation and excitation between
the CB and the confined levels would take place, violat-
ing the condition 1 set in the previous section.
In order to work as an IB and to have strong transitions
B andC, the ground level have to be half filled with elec-
trons so, in general, the intrinsic region is lightly doped
to reach the required carrier concentration. is is a sec-
ond reason why QWs are not good candidates to form
the intermediate band: transition C is forbidden for in-
cident light perpendicular to the QW plane, regardless

of the doping level, so condition 2 would never be ful-
filed [33].
In general condition 3 is always satisfied since the tran-
sition probability depends on the density of states and
the wavefunction overlap of the initial and final states,
which have the appropriate dependency on photon en-
ergy.
Finally, the degree of fulfilment of condition 4 is limited
by the range of materials available and the possibility of
making QDs with them. ere are several works that
predict the optimum materials to achieve this goal, but,
as a matter of fact, most groups work with the system
InAs/GaAs: there is a long tradition of growing InAs
QDs on GaAs substrates and there are many experi-
mental and theoretical studies about its properties [6].
If achieved, the ideal InAs/GaAs IBSC could substitute
the middle cell in a 3J device, increasing its limiting ef-
ficiency, although as a stand alone device this system is
not optimum, as it will be shown below.

3 e QD stack

A complete working solar cell is far more complicated
than the simple P-i-N junction depicted in figures 1
and 4. However, in a QD solar cell it is the active ma-
terial, the QDs, which deserves most of the attention.
Although in the last few years the advances in this field
have been very noticeable, there are still some issues that
prevent this new concept to surpass the efficiency of a
conventional solar cell [5, 30, 3]. In this section, we
describe the process of fabricating a stack of InAs QDs
for photovoltaic applications, the problems that may ap-
pear, and the techniques and modifications to the orig-
inal design used to mitigate those problems.

3.1 A single QD layer

To fabricate our samples we use solid source molecular
beam epitaxy (MBE) which allows a very precise con-
trol of the growth conditions (substrate temperature, gas
pressures, growth rates...) in addition to several in situ
characterization methods. With this technique, it is
possible to control the composition of the samples to
the limit of a fraction of an atomic monolayer (ML).
Epitaxial self assembled QDs appear when a semicon-
ductor material grows on top of a substrate with a
smaller lattice parameter. is is a very unstable sit-
uation and, due to the accumulation of elastic energy,
after a critical thickness the growth front tends to re-
lax and ripple (figure 5). ose ripples are the quan-
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tum nanostructures. Depending on their shape they are
called quantum wires (if they form long strips along a
preferential direction), quantum dots (if they are dome-
like structures) or even more exotic shapes (quantum
rings, quantum dashes...) [1, 10]. Each of them pos-
sesses its own particular optical and electrical properties,
as stated above, making them suitable for one or other
application.

F . Atomic force microscopy images of QDs growth under
different conditions. Each image is 1×1µm and the color scale goes
from 0 nm (black) to 4, 19, 22, 29 and 10 nm (white) respectively
from top to bottom.

Our bestQDs form after the growth of 2MLof InAs on
a GaAs (001) substrate. Under the conditions used, the
resulting nanostructures are lens-shaped QDs around 5
nm height and 40 nm in diameter (figure 5, bottom im-
age, figure 1e). Different growth conditions lead to dif-
ferent density, homogeneity and size of the QDs which,
in turn, affect the position of the energy levels.
In figure 6, it can be seen the qualitative evolution of
the position of the energy levels within the bandgap of
the host material as a function of the QDs size (nor-
mally their height, which is the smallest dimension). As
the size of the QDs is increased, more energy levels are
available and they get closer to each other and to the
QDs band edge. As it will be seen below, the desirable
situation would be (d) in figure 6, only one electron level
with the first excited state close to the conduction band,

F . Schematic representation of the energy levels in a QD
of different sizes.

although most QDs exhibit a level diagram closer to (c)
or even (b).
Although it is not a requirement of the IBSC, in general
it is desirable to have a good size homogeneity and to
avoid large QDs since they tend to produce dislocations
and bad quality materials. ey are also more difficult
to reproduce which is a necessity in a technology that
aims to be implemented in industry. Referring to figure
5, QDs of images top and bottom would be acceptable
to produce a device, but not the other three.

3.2 Many QDs layers: strain balanced stacks

Once the properties of a single QDs layer are estab-
lished, it is time to stack them in a structure of several
layers. e reason for this is the small active volume
they represent and, hence, their small absorption cross
section.
In solar cells (or infrared photodetectors) we find a se-
rious dilemma; if we need to stack many layers of QDs,
the strain and the elastic energy accumulates from layer
to layer and the quality of the material degrades rapidly.
We can separate the QDs layers and leave the extra en-
ergy dilute in the spacer between them, but in this case,
the large total thickness of the device might make the
extraction of carriers inefficient, in addition to prob-
lems related to the longer growth times of the samples.
For this reason, in applications where a large number of
QDs layers are needed, the general tendency is to keep
the spacers within relatively small values (10-20 nm) and
to use the strain balanced technique to dispose of the
strain.
Strain balanced (or strain symmetrization, as it is also
known) was introduced by Ekins-Daukes et al. in 1999
as a way to increase the number and quality of In-
GaAs QWs in a solar cell [8]. e technique worked
fairly well and an InGaAs/GaAsP multiple quantum
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well solar cell delivered by QuantaSol has reached an
efficiency close to the world record for a single junction
device (28.3% compared to 28.8%) at larger concentra-
tion [11, 31]. e technique was immediately exported
to other nanostructures, in particular, to QDs, and ef-
forts along these lines have been very intense in the last
years.
e strain balanced (SB) technique consists of compen-
sating the compressive stress introduced by the QDs by
a tensile stress in the spacer between layers. In this way,
by alternating tensile-compressive regions, the strain in
the material does not accumulates and the formation of
dislocations and other defects is suppressed.
Several groups have implemented their own combina-
tions of materials in an attempt to stack many layers of
QDs. Nuntawong et al. demonstrated improved optical
quality in a stack of InAs QDs on GaAs using Ga(In)P
as a compensating layer for laser applications [25]. Bai-
ley et al. used pure GaP as a compensating layer in a
10-folded stack of InAs QDs, however, Popescu et al.
preferred GaAsP, stacking up to 50 InGaAs QDs lay-
ers on a GaAs (113) substrate [5, 30]. Finally, Oshima
et al. used Ga(N)As very successfully as a compensating
layer, in spite of the problem of reducing the bandgap of
the host material [27]. In all cases, they found improved
crystal quality and optical properties although the over-
all performance of the devices as solar cells were not as
good as a reference solar cell without QDs.
Our group has used two different approaches to achieve
the strain symmetrization. First we used a digital strain
compensation of InAs QDs with two separated GaP
monolayers using a total spacer of 18 nm [3]. We man-
age to grow 50 QDs layers with good quality from a
structural and optical point of view. However, the re-
sponse of the solar cell in the high energy region was
very bad, which we attributed to a severe degradation of
the emitter of the device (P-region). X-ray diffraction
measurements threw a degree of compensation of only
40%, which might be responsible of the poor results in
the efficiency measurements.
Second, in order to achieve a perfect strain compensa-
tion we characterized the growth of the samples by in
situ controlling the total accumulated stress [2]. is
powerful technique allows to monitor the accumulated
compressive stress introduced by a QD layer and the
tensile stress due to the growth of the compensating
layer (GaAsP of different compositions, in our case).
e parameters of the latter (thickness, composition...
) can then be chosen so the total accumulated stress per
building block (QDs + spacer + compensating layer) ap-

proaches zero (figure 7).

F . Strain balanced building blocks used in the devices of
references [2] (a and b) and [3] (c).

We observed that after the growth of several strain bal-
anced QDs layers, the stack degraded even under a zero
stress condition. e reason for this degradation might
be related with the QDs 3D shape that generates an
inhomogeneous strain field around them. is strain
field, responsible for the vertical alignment commonly
observed in QDs stacks, can affect the formation of the
strain balanced layer on a local scale, enhancing com-
position modulation processes, and thus preventing, or
making worse, the correct strain symmetrization of the
QDs layers.
Tatebayashi et al. have addressed this problem of in-
homogeneous strain fields in stacks of strain balanced
quantum dots studying the reduction in the degree of
correlation between the QDs layers when they are cor-
rectly compensated for [35]. Bailey et al. also included
the QDs shape in the problem, using an effective thick-
ness of InAs to calculate the optimum compensating
layer thickness [5]. In both cases, a perfect compensa-
tion was achieved on average using GaP, accepting that
there would be regions over and undercompensated. No
effect of the strain fields in the compensating layer was
included into their studies or observed experimentally.
Taking all this information into account, it seems that
the most favorable situation is, precisely, to use pure
GaP layers as the compensating material [35, 5, 3]. Be-
ing a binary alloy, it cannot suffer from composition
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modulation, a general problem of ternary or quaternary
compounds that is enhanced by the presence of the in-
homogeneous strain field. Additionally, the thickness
of the compensating layer can be kept thin enough (2
- 5 ML) so no transport detriment is expected. e
use of other materials is also possible, as it has been re-
ported, however, off-cut or high index substrates, very
small QDs or larger spacers seems to be needed [30, 27].
In general these studies indicate that, on the contrary to
strain balancedQWs, inQDs it is not enough to achieve
a zero stress condition on average. Other factors, such as
the compensating layer composition (binary or ternary
alloy) and its position inside the spacer, gain importance,
which had previously been disregarded until now.

3.3 e carrier extraction problem

Another point to be considered in the design of a stack
of QDs for the implementation of the IBSC is the prob-
lem of non-radiative extraction of carriers from the in-
termediate band.
In general, it is taken as a positive sign in QDs solar cells
to have strong photocurrent (PC) below the bandgap of
the host material (GaAs in most cases) [30, 3, 27]. is
means that the absorption of photons by the QDs and
the extraction of carriers are very efficient. However, as
pointed out by Antolín et al., this might be a mistake in
the case of an IBSC [4]. In particular, if this PC has its
origin in thermal or tunnel escape of carriers from the
QDs, the voltage preservation principle stated in section
2.1 is not fulfiled and the solar cells do not show the
expected superior performance.
Antolín describes two mechanisms as responsible for
voltage drop in QD solar cells. On one hand, there is
thermally activated escape of electrons from the QDs,
directly or assisted by the excited states (figure 8 (i) and
(ii), respectively). On the other, electrons might tun-
nel to excited states of QDs placed in adjacent layers
(figure 8 (iii) ). ey show that the former can be partly
avoided by increasing the energy of confinement of elec-
trons (termed EC previously). ey suggest to use strain
relieving layers of higher bandgap materials around the
QDs, such as InAlGaAs, to increase the depth of the
ground electron level at the same time that an effective
reduction of the bandgap of the host material is avoided.
Tunneling may be also prevented, increasing EC and
separating the QDs layers, making the transition to an
adjacent sheet inefficient. A possible drawback of this
approach is that it might lead to the problems stated in
the previous section when using large spacers between

F . Escape processes that reduce the open circuit voltage.
ermal escape (i) direct and (ii) assisted by excited states. (iii)
ermal assisted tunnel.

QDs layers, so a trade-off between both effects should
be consider to get an optimum design.
Closely related to the non-radiative escape from the
QDs is the non-radiative capture of carriers from the
CB to the IB. It has been shown that the capture of elec-
trons by a QD is dominated by fast emission of phonons
or by an Auger process, not by the emission of a pho-
ton [26]. Again, these mechanisms are a source of losses
that, currently, are not clear how to avoid.
In spite of the problems described in the previous para-
graphs, generation of PC due to the absorption of mid
and far infrared photons from the IB to the CB have al-
ready been observed in an IBSC [20]. is contribution
was around three orders of magnitude weaker than other
effects, but it served to illustrate the working principles
of the device. ere are already some works that study
how to improve the strength of this transition [19].

3.4 Spectral matching

Finally, the last consideration is related with the ab-
sorption spectrum of the QDs solar cell and the emis-
sion spectrum of the Sun. Figure 9a shows the spec-
tral energy density of the Sun simulated as a black body
at 6000 K and the ideal absorption coefficients accord-
ing to the IBSC theory. Figure 9b, on the other hand,
shows more realistic absorption coefficients as approx-
imately deduced from the literature of InAs QDs so-
lar cells and InAs quantum dot infrared photodetectors
(QDIP) [3, 17]. In both cases the absorption coeffi-
cients are normalized to unity.
As it can be seen, although the high energy transi-
tions might be acceptable for an IBSC, there is a crit-
ical difference in the lowest energy transition. In the
InAs/GaAs QDs system this absorption is located in a
region where the spectral energy density of the Sun is
extremely low (three orders of magnitude smaller than
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F . Spectral energy density of the Sun and the (a) ideal and
(b) realistic normalized absorption coefficients.

the maximum), with no continuity between this absorp-
tion range and the other two. As a consequence photons
with intermediate energies would be lost and the QD-
IBSC will not show any improvement compared to a
normal device. Moreover, combining this effect with
the other two problems explained in the previous sec-
tion, the InAs/GaAs IBSC will probably not outper-
form a reference GaAs device.
e origin of this effect is two folded. On one hand,
the theoretical work of Luque has shown that only tran-
sitions between confined states with adjacent quantum
numbers are strong [19]. is means that photons with
energies larger that the energy difference between those
levels will not produce a transition between the IB and
the CB. On the other hand, the energy gaps and the
conduction band offset in the InAs/GaAs system are
not optimum and do not allow a better tuning of the
transition energies if the previous selection rule is to be
fulfiled.
e only solution to solve this mismatch between the
absorption spectrum and the spectral energy density
of the Sun seems to be to change the material sys-

tem to another one with more appropriate band offsets
[30]. Some of the suggestions are InPSb/GaAsSb or
InAsP/AlInAs [15]. Although there are some theoreti-
cal works addressing this problem, the experimental re-
sults with alternatives to the InAs/GaAs QDs are very
limited and do not completely fulfil the required design
constraints [36]. In this aspect a major experimental
work is needed to test the feasibility of the theoretical
predictions for materials systems that can lead to the
IBSC.

4 Current status of the concept

QD solar cells have been grown by several research
groups over the last couple of years. e reduction in the
open circuit voltage is reasonably small and there is an
appreciable increase in the short circuit current. How-
ever, the best results currently use a tailoring of the ab-
sorption edge of the host material rather that the IBSC
concept and the fabrication of fully working devices is
still in a very early stage of development. Typical current
voltage curves and external quantum efficiencymeasure-
ments of QDs solar cell can be found in the references
of Table 1, where there is a comparison of some of the
last results in this field. e table includes a summary
of the materials used, the number of QDs layers (n), if
they use strain balancing (SB), the short circuit current
(ISC), the open circuit voltage (VOC), the fill factor (FF)
and the efficiency (η).
As it can be seen, the general trends are to use a reduced
number of QDs layers and to disregard the use of strain
balance. AlthoughQDs solar cells withmore layers have
been fabricated, it is found that the increase in the short
circuit current does not compensate for the reduction in
the open circuit voltage, leading to an overall efficiency
smaller that solar cells with only few QD layers [34].
Non-radiative capture and emission of carriers by the
QDs and the lack of spectral matching are the most im-
portant sources of losses in all these cells and, currently,
they represent the main bottleneck in the development
of QD-IBSC.
Considerable efforts are being devoted to overcome
these limitations and fulfil the roadmap for QD-IBSC.
Compared to the data available only one decade ago,
now more QDs can be stacked with improved material
quality, the key working principles have been illustrated
and the fundamental processes governing the dynam-
ics of solar cells with quantum nanostructures are better
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[Ref ] Year QD/Barrier n SB ISC (mA cm−2) VOC (V) FF (%) η (%)
[7] 2009 InGaAs/GaAs 10 No 27.7 (27.4) 0.84 (1.04) 79.2 (83.4) 18.3 (23.8)
[12] 2010 InAs/GaAs 5 No 18.5 (18.4) 0.87 (0.91) 81.4 (81.3) 13.1 (13.0)
[13] 2009 InAs/GaAs 10 Yes 17.8 (16.5) 0.91 (1.00) 81 (81) 13.1 (13.4)

T . Comparison of the current best results of QDs solar cells. Values in brackets correspond to reference devices without QDs.

understood. In the years to come, the intense research
in this field should reveal the real potential of epitaxial
QDs in photovoltaics.
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