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ABSTRACT 
 
 Next generation concentrating photovoltaic 
technologies could have a large-scale impact on world 
electricity production once they will become economically 
attractive and grid parity will be reached. To proceed 
towards this important goal, a new large integrated 
project, APOLLON, has started in July 2008, within the 
frame of the 7th European Framework program, having 
the main objective of substantial decrease the 
Concentrating Photovoltaic (CPV) technology cost to a 
target value of 2 Euro/W.  This ambitious objective is 
targeted to be reached after five years of research and 
technological activities in which, both “point focus” and 
“dense array” CPV technologies will be implemented by 
facing all the technology-critical issues related to each 
component of the CPV systems. With this contribution we 
report the principal results obtained during the first year of 
the project regarding Multi-Junction (MJ) solar cells, 
concentrator optics, assembling, tracking and testing. 
 
 

INTRODUCTION 
 
 Point Focus (PF) and Dense Array (DA) systems 
present advantages and disadvantages; therefore, so far, 
any of the aforementioned concentrating systems has 
been demonstrated superior to the other. For this reason, 
in the APOLLON project a multi-approach has been 
adopted, in which research and development activities 
are proposed on both technologies. In particular, to 
reduce one the typical disadvantages of the dense array 
systems, that is, the complexity of the thermal 
management, the concept of the spectrum splitting of the 
solar light will be developed. The APOLLON Consortium 
proposes “Mirror Based Spectrum Splitting System 
(MBS3)” which will make use of mirror and dichroic optics, 
concentrating the solar radiation onto two or more 
separate dense array panels of photovoltaic cells, 
respectively made of “low gap” and “high gap” 
semiconductor material. The research and development 
is addressed to minimize and optimize the 
cost/performance ratio of all the key components of the 
CPV system, namely: the solar cell, the optic 
concentrator, the module (assembling techniques) and 
the tracker, considering also the improvement in the 

production equipments. We will propose however, a 
wider significance of the tracking issue, not just meaning 
the tracking of the sun with new integrated solutions, but 
even the capacity to track the Maxim Power Point (MPP) 
of the module, in order to maximize the power, minimize 
the cost and the realize intelligent integrated CPV 
modules. Since the existence and acceptance of well-
designed and robust standards covering all aspects of 
concentrator PV systems is crucial to ensure a fair and 
transparent marketplace and to provide end-user 
confidence, in the APOLLON project, accelerated testing 
of the different CPV system components (cells, optics, 
modules) will be performed, and  a Round-Robin testing 
methodology will be carried out, so that it will be possible 
to assess the reliability of the proposed CPV technology, 
and to supply reliable data for the evaluation of the PV 
performances and energy payback time. To assess a 
complete technological evaluation of the CPV systems 
that will be developed in the project, a study on the 
environmental and economical impact of such CPV 
systems will be carried out as well. The APOLLON 
consortium is composed of sixteen partners having the 
mixture of expertise necessary to face all the technology-
critical issues related to each component of the CPV 
system (see in tab.1).  
 
 
Table1. Composition of the APOLLON Consortium. 
  
 

APOLLON CONSORTIUM 
CESI-R Italy UCY Cyprus 
AIXTRON Germany CPOWER Italy 
CNRS France SOLARTEC 

International 
Germany 

ENE Belgium ECN The Netherlands 
CRP Italy ENEL Italy 
SE 
SRTIIE 

Ukraine TECNALIA 
–RBTK 

Spain 

JRC Italy (EC) NAREC United Kingdom 
ENEA Italy UNIFE Italy 

 
In fig.1 a schematic of the APOLLON CPV systems road 
map is reported. 
 
 



 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. APOLLON CPV systems road map. 
 
 Up to date, APOLLON is the biggest photovoltaic 
project funded under European Framework Program 
(FP7) with a EC contribution of about 8 Million Euro. 
 

MJ SOLAR CELLS 
 
 As far as the photovoltaic device is concerned, the 
introduction of the cell economical performance index [1] 
has helped the consortium to address the efforts in four 
main directions: progress on solar cell efficiency, increase 
of the concentration ratio, improvement on process yield 
and decrease of cost. 
 
 
New MOCVD system 
 
     Nowadays the III-V based MJ solar cells utilized in 
CPV systems are obtained by growing different layers of 
semiconductor material by using the Metal Organic 
Vapour Phase Epitaxy (MOVPE) technique. It is 
worthwhile remembering that when the concentrator 
technology based on III-V solar cells was initially 
proposed in the 70’s, the solar cell manufacturing was 
based on the Liquid Phase Epitaxial technique (LPE). At 
that time, III-V concentrating solar cells were only GaAs 
Single Junction (SJ), devices. At the end of the 80’s, the 
activities on CPV entered in a “dormant” period, as new 
technologies, like amorphous silicon, were publicised to 
be the final solution for reducing the cost of the PV 
energy. A renewed attention on III-V cells rose up from 
1990 on, when the MOVPE technique replaced the LPE 
growth technique, owing to the better composition and 
thickness layer control allowed by the former.  Higher cell 
efficiency values could be obtained and the development 
of multi-junction concept had taken off. This brief 
historical review helps introducing the importance of a 
constant evolution in the growing technique to boost cell 
efficiency. Indeed the recent successful utilization of 
metamorphic strained MJ structures [2] introduces new 

challenges on the MOVPE technology. For this reason in 
the APOLLON project a new reactor chamber will be 
developed with the purpose to manage new metalorganic 
(MO) sources, to obtain uniform surface temperature 
profile on metamorphic strained wafers and to get better 
in-situ growth control. These two last aspects are quite 
important to obtain high process yield on cell structures 
adopting tunnel diodes connections. In this first year of 
the project, a simulation of the MOVPE equipment as 
basis for the decision of the reactor concept to be 
adopted has been carried out. The design and building of 
the new MOVPE technology has started. 
 
 
New materials 
 
      So far, InGaP/InGaAs/Ge triple junction structures 
have been realised with only the top and the middle 
junctions epitaxially grown, while the third junction has 
been formed by atoms diffused in to the germanium 
substrates.  This realisation process penalises the third 
junction, since the dopants profile in the junction are not 
abrupt and high surface recombination velocity is 
detected at the interface between Ge and the first 
nucleation layer. In this project we propose a new 
experimental path to realise for the first time a totally 
epitaxially grown InGaP/InGaAs/Ge Triple Junction (TJ) 
solar cells  where also the third junction will be realised 
by the epitaxial process by using the recently developed 
metalorganic source Isobutylgermanium (IBuGe). The 
use of epitaxial germanium will also allow the 
development of new pseudo-quaternary materials to 
realize 1 eV solar cells, necessary to boost more the 
device efficiency. The main risk related to utilisation of 
IBuGe, in the same reactor to be used for the 
subsequent III-V MJ growth, is related to the “autodoping 
effect”: since Ge is a dopant for III-V compounds, it is 
important to demonstrate that after epitaxial Ge 
deposition, it is possible to reduce the Ge content in the 
subsequent MJ III-V photovoltaic active layers to a limit 
suitable for N/P junction realisation. If this path will be 
successful, new MO silicon sources will be considered 
as well to growth III-V solar cells on silicon substrates. 
For a device cost reduction, the possibility to use silicon 
substrates will be investigated also by using the so called 
“virtual substrates” technology, in which SiGe alloys will 
be grown by PECVD and then introduced in the MOVPE 
growth chamber for completing the remaining part of the 
III-V solar cells structure. In this first period of the project, 
several tests have been started demonstrating the 
absence of Ge memory effect in the chamber for further 
GaAs growths, while a strong Ge solid state diffusion has 
been detected. The n-type doping of Germanium by 
arsine has been studied, producing n-type doped 
samples in the range between 4X1018 and around 5X1019 
cm-3.  We succeeded also in realizing Germanium p-
doped in the range between 2X1019 and 1021cm

-3
. It has 

been proved that Arsine plays a role in controlling both 
morphology and n-Ge doping profile. Detailed result of 
the epitaxial germanium growth will be presented 
elsewhere [3]. First epitaxial germanium cells structures 
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Figure 2.  ECV measurement on a Germanium P-N 
junction entirely grown by MOVPE, composed by a P 
layer TMGa-doped and a N layer intrinsic (red curve) or 
doped with Arsine (blue curve). 
 
Cell modelling  
 
Wafer bowing 
     In order to increase solar cell efficiency, current-
voltage simulation of MJ solar cells in function of the solar 
cells structure is usually performed. However, to optimise 
the cell perfection, it is very important also to analyse the 
evolution of the strain during the solar cell structure 
epitaxial growth.  The control of the wafers bowing is 
fundamental to reduce the temperature gradient over the 
wafer surface, and subsequently, to increase the wafer 
yield. For this reason a basic physical model for the 
investigation of the bow of heterostructures consisting of 
mismatching layers has been developed. The 
mathematical model includes: 1) initial substrate bow in 
the case of temperature gradient and due to back side 
deposition layer; 2) evolution of bowing during the growth 
of different materials, 3) loss of coherency and formation 
of misfit dislocations. In fig.3 a simulation of the curvature 
behaviour of a multilayer structure is reported. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Bowing evolution of a MJ solar cell structure. 

Tunnel diodes 
 MJ solar cells will be characterised by a high value of 
the cell economical performance index if the cells were 
able to operate at high concentration level. For reaching 
this goal, MJ structures should include Tunnel Diodes 
(TD) characterized by high peak currents value. To 
evaluate the tunnelling current in function of the TD 
structure, a computer program has been developed. The 
model explains the behaviour of the one-dimension step 
junction made by two semiconductor materials (like, for 
example, p++/AlxGa(1-x)As – n++/GaAs). To increase the 
tunnelling current the classically used tunnelling formula 
[4, 5] was modified taking into account the possibility to 
introduce very thin un-doped interlayer between the two 
sides of the tunnel junction.  In table 2 the results of the 
simulation are reported.  
 

Structure ( p++/n++) Doping level  
(cm-3) 

Peak  
Curr.  
(A/cm2) 

GaAs/GaAs 5*1019/8*1018 29.7 
Al0.2Ga0.8As/GaAs 1*1020/8*1018 107.8 
Al0.2Ga0.8As/AlAs/GaAs 1*1020/8*1018 53.3 
Al0.2Ga0.8As/In0.01Ga0.99As/ 
GaAs 

1*1020/8*1018 94.9 

Al0.2Ga0.8As/In0.49Ga0.51P 1*1020/2*1019 0.5 
 
Table 2. Peak current versus TD structure. 
 
 From the results obtained it is clear that the best 
solution involved the selection of materials with low 
carrier mass and energy gap (Eg). The interlayer 
decreases the tunnel current in function of the Eg value. 
Next simulation will concern the introduction of a doped 
interlayer. 
 
Cell technology 
 
    MBS3 requires discrete MJ technology with separate 
sub cells based on silicon and III-V materials. Standard 
silicon Laser Groove Buried Contact (LGBC) cells 
optimised for contact of the bus bar by continuous 
soldering an interconnect ribbon along it, were re-
designed to take into account the shingling pattern of the 
APOLLON receiver, that required an alternative method 
of automatic interconnection of the cells such as 
ultrasonic welding or wedge bonding. The present LGBC 
bus bar made up of many grid lines separated by regions 
of anti-reflection coated silicon cells between them was 
modified and an hybrid approach of laser grooved grid 
lines and planar contact bus bar areas has been 
developed. It is worthwhile mentioning that unlike one 
sun devices, CPV solar cells are exposed to high 
irradiation level. As a consequence, the solar cell Anti-
Reflexive Coating (ARC), utilised with the double function 
to reduce the light reflection from the cell surface and to 
protect the cell form humidity, will undergo severe UV 
ageing effects that can introduce very detrimental limiting 
factor in operative condition and must be analysed and 
reduced. For this purpose a study on more suitable ARC 
and test method has started as well. 
 



 
 
 

CONCENTRATOR OPTICS 
 

 In the APOLLON Project different solutions are 
proposed, both for PF and DA systems, with the aim to 
increase the optical acceptance angle, at high 
concentration, improve the light profile uniformity and 
select concentrator optics with long-term stability that can 
be realised with cost-effective mass production methods.  
 
 
Point focus 
 
 As far as the PF systems are concerned, Fresnel 
lenses based on “silicone on glass” approach are under 
optimisation and Secondary Optics (SOE) to be matched 
with have been designed. Preliminary results about the 
utilisation of truncated cone and truncated pyramid types 
SOE are reported in fig.4.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Variation of the optical efficiency as a function 
of the optical system misorientation angle. 
 
 The optimal focus length of the primary optic for 
getting a higher optical efficiency when matched with 
SOE has been determined. The SOE, based on 
aluminium-polyimide foiled dielectric, will be integrated on 
the receiver with high throughput techniques. A first 
prototype is showed in fig.5. A comparison between 
aluminium-polyimide foiled dielectric SOE and the glass 
SOE will be carried you as well. 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.  Receiver with integrated SEO.               
 
    SOE have been designed also for the prismatic/hybrid 
lens optic, already developed by ENEA in the 
Photovoltaic Concentrators to Utility Scale Project 

(PhoCUS) [6]. Since in the PhoCUS project the lenses 
were manufactured for medium concentration value, the 
challenge in APOLLON will be to implement this 
technology for higher concentration on a reduced area. 
Apart from the demonstrated optical efficiency value 
higher than 80%, these lenses have a further advantage: 
they do not need to be covered by any glass sheet, so 
that the excellent optical performances are assured in 
real working condition and allow the manufacturing of 
lightweight modules. A selection and study of suitable 
thermoplastic material for prismatic/hybrid lens 
realization has started. Different optical grade poly-
methylmethacrylate (PMMA) lenses are under 
evaluation, considering standard PMMA grade used for 
automotive application, UVT grade, with low cut off in 
transmission spectrum and high heat resistance grade 
with very good temperature for continuative working 
condition.  
 
 
Dense array 
 
    As far as the MBS3 system is concerned, the first step 
in the project has been the design of the solar 
concentrator based on spectral separation and the 
balancing of the spectral power density entering each PV 
receiver. The MBS3 are based on an array of 6 sub-
modules and each sub-module consists of 2 sub-
receivers which can operate under 2 different 
geometrical concentration factors, exploiting the different 
inherent capacity of the different cells to work at different 
concentration ratio (a dense array is manufactured with 
Si cells operating at geometrical concentration factor of 
100X and another dense array is manufactured with 
InGaP solar cells operating at geometrical concentration 
factor of 650X).  An SOE, which exploits total reflection in 
a transparent material, allows making more uniform the 
irradiance distribution in III-V sub-receiver. A preliminary 
realisation of mirror based spectra splitting modules is 
reported in fig. 6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.  Mirror based Spectral splitting module. 

 
 

ASSEMBLING 
 
      High-throughput assembling techniques are needed 
to decrease production cost. In the APOLLON project a 



 
 
 

dedicated task related to the optimisation of cell 
positioning, wire connections, sealing process has then 
been foreseen. For PF modules, the positioning of the 
lens array of glass on the module is actually un important 
process during the module manufacturing, owing to the 
severe requirement on the positioning accuracy. It is 
worth mentioning that PF modules, based on Fresnel 
lenses, have been designed to work at concentration 
level higher than 700 suns, so that a system positioning 
accuracy of at least 10 � m is required. Automated 
receiver production utilising adapted LED production 
equipment with high precision pick and place and wire 
bonding technologies are already under development. 
 
 

TRACKING 
 
      Accurate and reliable tracking is an important issue to 
maintain high the CPV system output power. Further, for 
high concentration CPV systems, the actual tracker cost 
is about 20% of the total CPV system cost and the 
contribution of the tracker on the energy payback time of 
the CPV system reaches the value of 40%. From these 
figures it is clear that the tracker construction still need to 
be optimised. Having in mind the need for high precision 
tracking and the need to reduce the amount of the 
material, in the APOLLON project a wider significance of 
the tracking issue has been considered. The idea is to 
take care not just about the tracking of the sun but of the 
capacity to track the MPP of the module. New 
technological approaches will be followed that will transfer 
the tracking issue at the module level bring to the 
development of intelligent 2nd generation module 
technology. In the first phase of the project several 
hardware platforms, control strategies as well as different 
possibilities for the control electronic device have been 
analysed. Future research direction will be addressed 
towards the design and the realisation of “Intelligent 
Concentrating Modules” (ICMs) with internally integrated 
position sensitive detectors and maximum power point 
tracking devices. 
 
 

TESTING 
 
 Testing of CPV components has been strongly 
targeted in APOLLON to ensuring that existing and 
forthcoming quality standards will be met from an early 
stage. Testing will have a research purpose in its own 
right, since many of the necessary testing methodologies 
related to concentrator cells and systems are still in their 
infancy and require much development and verification. 
At the beginning of the project solar cell, lenses, mirrors, 
receivers and modules have been produced with the 
starting technologies and characterised to assess a 
system performance baseline over which it will be 
possible to quantify the technology improvements owing 
to the research activities carried out in the project. 
 
 
 

Dark IV test  
 
 Preliminary characterisation on APOLLON modules 
has evidenced some critical aspects and measurement 
precaution to be adopted when considering the test 
foreseen by the IEC 62108 normative [7]. In particular 
the dark IV test seems critical for such concentrating 
modules which have receivers with several solar cells in 
parallel.  Simulations of current distribution in the 
receivers, with asymmetric distribution of the cell series 
resistance value, have shown that the current flow in the 
cell with a series resistance value 50 times lower than 
the series resistance value of the other cells can be 6 
times higher than the short circuit current of the cell itself 
when a polarisation dark current equal to 1.6 *Isc is 
applied on the receiver. (See figure 7).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Distribution of the current in the cell N.1, 
characterised by a series resistance value 50 times 
lower than the series resistance value of the other cells 
in the receiver, versus dark polarisation current. The 
dashed red line represents the value of the current to be 
absorbed by each cell of the receiver in the case all the 
cells have equal series resistance and the value of the 
polarisation current is 1.6*Isc, where Isc= short circuit 
current of the module. The blue line shows the 
percentage of the current in the cell N.1, in function of 
the polarisation current. The green line shows the ratio 
between the current absorbed by the cell N.1 and its 
short circuit current. 
 
 Since pretty high current densities can introduce hot 
spot and shunt path in the cells, the dark IV test should 
be performed with care when considering receivers with 
several solar cells in parallel.  
 
 
Thermal characterisation 
 
      A special point focus module equipped with five 
standardised NiCr-Ni thermo-wire sensors has been 
realised to model and analyse the thermal behaviour of 
the CPV module. The thermo-wire sensors are attached 
to different locations close to a solar cell, the associated 
receiver plate and aluminium cooling plate. The sensors 
were low mass devices permitting fast response time 
while minimising influence on the device under test. The 



 
 
 

“special” module has allowed validating an accurate 
thermal model cell that permitted to determine: 

�  junction temperature coefficient; 
�  cell junction temperature; 
�  cell thermal resistance; 
�  Thermal capacities of gas, cell and backside of 

the module. 
Detailed result on the thermal modelling will be presented 
in the next European Photovoltaic Conference [8]. 
 
 

SUMMARY AND CONCLUSION 
 
 With this contribution we have presented the principal 
results obtained during the first phase of the APOLLON 
project regarding MJ solar cells, concentrator optics, 
assembling, tracking and testing. The planned research 
activities are targeted to develop within December next 
year 24% efficient  PF module at concentration factor 
higher than 700, with acceptance  angle > 0.6°,  and 22% 
efficient DA module, at concentration factor of 400 and 
100 on the different cell targets, with acceptance  angle > 
0.5°.  Second generation modules will be developed for 
both PF and DA technologies in the second phase of the 
project with target efficiencies of 25 % and acceptance 
angle >1°. The wider acceptance angle will allow relaxing 
the request of tracking precision and reduce the system 
cost.  
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