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4. FINAL REPORT

4.1 Final publishable summary report

4.1.1 Executive summary

The resistance at the metal contact-semiconductor interface and recombination at the passivating
layer-semiconductor interface are two important bottlenecks for improving the performance of
current solar cells. These processes are quantum mechanical by nature, but so far most studies and
attempts to improve the properties of solar cells have been at the device scale. A main reason for this
is the great challenges faced by theoretical modelling. Accurate descriptions of the geometric and
electronic structures are required, which necessitate the use of highly sophisticated methodologies
based on first principles. At the same time, the interfaces extend in many cases well beyond the size
limit of first principles methods, creating the need for more efficient methods, which can operate at
larger time and size scales. HiperSol aimed at filling this knowledge gap by developing and
implementing a multi-scale modelling environment, focusing on real interfaces and how the achieved
knowledge can be used to enhance the present solar cell technology. The physics at the various scales
was treated by a multitude of techniques, and the boundaries between these techniques were of
utmost importance for the success of the project. Hence, considerable emphasis was laid on
consistently connecting different methods and on experimental validation.

For both the contacting and passivating interfaces realistic atomic configurations have been
constructed based on relaxation using a combination of density functional theory and empirical
molecular dynamics as well as experimental input from mainly advanced transmission electron
microscopy. An important development has been the implementation of semi-empirical pseudo-
potentials, which can calculate the accurate electronic structure of large structures with up to millions
of non-equivalent atoms.

For the contacting interface these structures have been used to calculate the quantities relevant for
modelling at larger scales, like diffusivities in melted glass and Schottky barriers at the silicon/metal
contact interface. A phase field model has been constructed for predicting the metal transport through
the melted glass during the firing process and compared with experiments, including a new technique
combining selective etching with scanning electron microscopy. The contact resistivity has been
modelled with finite elements for both flat and textured metal/silicon interfaces.

For the passivating interface different defects and traps have been classified based on theoretical and
experimental investigations. Atomic interface structures with different defects/traps were used to
construct envelope functions from which the life times were calculated. A novel method for
obtaining Auger recombination rates directly from first principles has also been developed. It has
also been shown how an interface gradient in nitrogen concentration can affect the quality of
passivation and the anti-reflecting properties (through the refractive index). The width of the
depletion layer affects the density and distribution of bond types and defect states known to be
important for the performance of solar cells where amorphous SiNy is used as an anti-reflective
coating. Our results suggest that a graduated interface can be designed to improve the efficiency of
solar cells.

The HiperSol project has resulted in several journal publications and education of students and
research staff as well as improved industrial routes. A key factor for this success has been the close
collaboration between academia, research and industry partners.
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4.1.2 Project context and objectives

The HiperSol (Modelling of Interfaces for High Performance Solar Cell Materials) project was a
small- and medium scale project within the EU 7th framework programme. The overall aim of the
project was to develop an integrated multi-scale modelling environment that is applicable to
properties of real materials on length scales not accessible by ab initio modelling; and to use this
environment to accurately describe and predict important parameters and properties of interfaces of
contacting and passivation layers with silicon, in order to enable a drastic decrease of the
cost/efficiency ratio of a solar cell device. This three year project started on December 1* 2009 and
had a total budget of 4.5 million Euro of which the funding from the European Commission was 3.4
million Euro.

Motivation for the HiperSol project

Improvements in the field of materials science and nanostructured materials in particular,
increasingly require fundamental understanding of important aspects like interfaces, and thus
modelling at many different scales. The industrial shift towards a knowledge-intensive economy
demanded radical innovation in the design of new material systems for specific highly-demanding
applications. This implies that designs based on phenomenological and macroscopic material
property measurements no longer suffice for this increasing demand. Engineering tools, associated
with multi-scale modelling and simulation approaches, can help by including the microscopic, or
even more accurate atomistic, structure and properties into materials design, in order to construct
more reliable high performance materials, based on an accurate prediction of their in-service
behaviour.

Solar cells were chosen both because of their modelling challenges, and also because of their
relevance for the development of sustainable energy resources in Europe as well as in the rest of the
world. In many energy scenarios, solar electricity will dominate electricity production within the
coming 50 years. For this to become true, the costs have to be decreased while simultaneously
realising high efficiencies. This requires in-depth knowledge about the behaviour of the most crucial
processes in solar cell devices, enabling the optimisation of solar cell design and solar cell
processing. Despite the conceptual simplicity of today's solar cells, a detailed understanding is still
lacking, in particular of many of the interface-related mechanisms. In order to achieve the necessary
breakthroughs in solar cell manufacturing, fundamental understanding and accurate predictions are
required and can only be achieved by advanced modelling including all the relevant scales.

Project scope

The HiperSol project focused on two interfaces, the contacting interface between silicon and the
silver finger and the passivating interface between silicon and the passivating layer since the resistive
and recombination losses at these interfaces are responsible for the major loss mechanisms for the
light generated carriers (electrons and holes) in standard Si-based PV. These interfaces are
schematically shown in Figure 1. Even though the modelling framework developed in HiperSol is
specifically designed for contacting and passivation interfaces in solar cells, the generic character of
the methodology spreads the impact other fields within materials science and engineering.
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Figure 1. Solar cell with the contact and passivation interfaces marked.

HiperSol's objectives

The first objective of the HiperSol project was to develop general methodology and models on the
atomistic level for theoretical studies of interfaces and other complex structures at the nano-scale.

To realise this it was necessary to develop a methodology capable of describing a macroscopic
system, with properties determined on a quantum mechanical level. To create such a
methodology, the following subgoals had to be met:
e Construction of inter-atomic potentials for empirical molecular dynamics (EMD) from
first principles (FP) calculations.
e Determination of realistic and representative atomistic structure models as a basis for
further ab initio calculations.
e C(Creation of semi-empirical pseudo-potentials (SEPP) based on first-principles
calculations.
e Development of techniques for accurate calculation of electronic band structures in sub-
systems large enough to include macroscopically relevant features.
In order to enhance the impact of this work, it was an important goal to make the solution
generally applicable and accessible.

The second objective of HiperSol was to construct a validated multi-scale modelling environment
specifically aimed at describing and predicting important properties of contact interfaces in silicon
solar cells.

The integrated modelling environment for the contacting interface should provide realistic
atomistic models of the dynamic metallization process as well as calculating conductivities of the
static contacting interfaces from first principles with the following output:

e Diffusion parameters obtained from FP and EMD calculations.

e Surface and interface energies calculated from FP or EMD.

e Electric conductivities from FP calculations and Boltzmann theory.

e Detailed models of the metallization processes obtained with FEM simulations.

¢ Global conductance of a contacting finger from FEM simulations.
These results depend strongly on the development of a general methodology, and an essential
goal was to successfully integrate the different length and time scales involved in the modelling
approaches. Another essential goal was to obtain a systematic and reliable scheme for
experimental validation of the theoretical tools.
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The third objective of HiperSol was to create a validated and integrated multi-scale modelling
environment for accurately calculating the most relevant properties of the passivation interface in
silicon solar cells.

The integrated modelling environment for passivating interfaces should provide accurate band
structure calculations and charge carrier recombination rates at the interface from first principles
calculations. The expected output included the following:

e Electronic band structures of simple interfaces from FP calculations and of more

complicated surfaces from SEPP calculations.

e Normalized (Kohn-Sham) wave functions from projector augmented wave-based

calculations.

e A new scheme for calculating charge carrier lifetimes from first principles.

e A novel design for computing recombination rates using envelope function approaches.
Again, the integration of the various scales was an important common goal in these calculations.
Also, a systematic validation scheme to test the modelling set using various experimental
techniques on idealized interfaces was an important outcome.

The fourth objective of HiperSol was to apply the multi-scale modelling tools to predict improved
structures and materials for contacting and passivation in solar cells.

After validation of the modelling tools on simple systems, the methodology was employed on
more realistic and practical systems. The HiperSol consortium used this to generate ideas for
improving the contacting and passivation interfaces in silicon solar cells. In this way, new
structures and materials were screened before conducting expensive and complicated
experiments. Thus the following subgoals had to be met:

e Obtain new fundamental insight into the role played by the contacting and passivation

interfaces in solar cells (and other semiconductor materials), based on current materials.

e Formulate new structures and materials to improve contacting and passivation schemes.

e Assess the applicability of new materials to industrial production.
The ultimate goal was to combine these modelling efforts with engineering at the nano-scale for
improved contacting and surface passivation to enable cheaper and/or more efficient silicon solar
cells.

|
FINAL REPORT HiperSol — Grant Agreement no. 228513 January 2013 6


http://www.sintef.no/Projectweb/HiperSol/

) A
\/ H ' p e rS 0 I http.//www.sintef.no/Projectweb/HiperSol/ %, N -

4.1.3 Main S&T results/foregrounds

WP1: Determination of geometric structures
The structure and properties of the contact and passivation interfaces in solar cells have considerable

effects on the cell behaviour. Examples include the electronic conductivity across the interface (for
example, the effect of Schottky barriers) and the generation of recombination defects. Understanding
and predicting these effects requires models of the interfaces at the atomic scale. In principle, it
would be desirable to use ab initio quantum mechanics to calculate the properties of these interfaces.
In practice the number of atoms required to model the interfacial structures adequately is too large
(and the number of structures that need to be considered is too high), for this to be possible, even
with the recent developments described below. We must therefore use a combined strategy of using
simpler, classical models based on force-fields to investigate interfacial structures, reserving the use
of ab initio methods for particular cases and also using the structures generated by the simpler
models as a starting point for the more expensive ab initio calculations where possible. It is therefore
necessary to develop models using classical force-fields that are of sufficient quality to do this using
ab initio simulation data as a starting point. Such models must be compared both with further ab
initio simulations and well-targeted experiments for validation. This is the purpose of the first work-
package. The validated models can then be used elsewhere within the project. Models have therefore
been developed for both the silicon/metal contacting interface (initially the metal was silver but other
metals have also been considered) and silicon/silicon nitride passivation interfaces. This has required
the determination of suitable models for the bulk materials and the interfaces from a combination of
ab initio calculations and experimental data; the generation of suitable interfacial structures at the
atomistic scale and the validation of the models using suitable experimental and ab initio data where
possible. The silicon/silver and silicon/silicon nitride interfaces (the most important for this project)
was validated against a combination of ab initio and experimental data. The other metals considered
(N1, Zn) were validated against a range of ab initio simulations.

For the contacting (metal/silicon) interface, we have used different models for the bulk materials
and developed new models for the interfaces. For the metals we used an embedded atom model,
which has been successfully employed for modelling the metals of interest. This takes account of the
metallic bonding through a simple many-body function. For Si (and for the interaction between Si
and metal) we used the Tersoff force-field that has been widely used for the modelling of Si and can
account for the bond directionality characteristic of this covalent material.

The parameters of the model force-fields were first optimised to reproduce the results of ab initio
simulations using the VASP code. For the Si/Ag interface, this ab initio data included the bond
length and binding energy of the Si-Ag dimer, the optimized geometry obtained after replacing an
Ag atom in the unit cell by a Si atom and the geometries and work of separation calculated for the
interfaces Si(111)//Ag(111), Si(110)//Ag(110), Si(100)//Ag(100) and Si(100)//Ag(110). We also
compared to structures obtained by ab initio methods for the Ag(110)//Si(110) interface and the
Ag(100)//Si(110) interface and structural details of calculated AgSi structures taken from the
literature. All of our calculated cluster bond lengths are within 5% of the ab initio values, although
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our potential was based primarily on condensed state data. For other metals, the validation set used
was similar.

For the Si/Ag interface, we also compared to experimental data for the structure of the Ag(001)
interface with the 2x1 reconstructed Si(001) surface, the Ag(011) interface with the 2xI
reconstructed Si(001) surface and recent high resolution electron microscopy (HREM) results for the
spacing of the (111) planes at the Ag(111)//Si(111) interface. The relaxation of surfaces in contact
with one another can be characterized by both the interatomic distances at the surface and the inter-
layer distances of the surface to bulk layer atoms. These values are available experimentally for Ag
surfaces in contact with the reconstructed Si(001)(2x1) surface. In all cases the calculated values are
within 3% of the experimental ones. We find the interatomic separations obtained from the force-
field to be within 5% of the ab initio results and generally good agreement for bond angles. When we
compare to recent HREM results for interlayer spacings at the Si/Ag interface in a crystalline Si solar
cell, we find that our values are within 0.2% of experiment (i.e. within the spatial resolution of
HREM).

We also investigated the geometry of the two interfaces identified by Transmission Electron
Microscopy (TEM) using a combination of empirical and ab initio methods. For both interfaces it
was found that significant re-organization of the atomic positions compared to the ideal crystal
positions (> 0.01 nm) occurred only within the first 5 % either side of the interface. For the 111//111
interface there is very little distortion of the surface layer to back layer distances on either side of the
interface, with both Si-Si and Ag-Ag bonds being within 0.001 nm of the ideal crystal values. For the
110//110 case, the Si-Si bond between the surface and back layer is slightly stretched relative to the
perfect crystal, whilst the Ag-Ag bond is slightly compressed.

In order to provide input and feedback for the metallization process modelling and the calculation of
the global conductance at the contact interfaces, the phenomenological reasons for good and bad
contact resistance values were studied. Increasing the emitter sheet resistance causes an increased
contact resistance. If the electrically inactive excess phosphorus-doping concentration in the emitter
is further decreased, fewer Ag-crystallites are grown into the Si surface. As observed by TEM, the
excess phosphorus results in considerable strain within the Si lattice that could facilitate Ag
crystallite nucleation and growth. Additionally, different Ag-pastes result in different contact
formation.

Further details of the use of this modelling can be found under WP3 and WP5.

The generation of the passivation layer on top of silicon, the firing process of the contacting layer
and graded doping of silicon all lead to diffusion across interfaces and inside the bulk materials. It is
thus particularly important to obtain knowledge of the geometric structure of these interfaces and
related nearby structures, which will include defects or perturbations of the perfect crystalline bulk
structure. Models for the silicon-silicon nitride interface were developed and applied to show the
effects of different preparations of the interface (whether abrupt or gradual) on the interfacial defects
and hence on the electronic properties.

The different phases of SizNs were investigated using ab initio methods and the P63m found to be
the most stable. Models were built for the crystalline-Si//amorphous-Si3Ny interface and electronic
structure calculations performed for these models. The results are evaluated by detailed comparison
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of the force-field models with small models built using a full ab initio density functional treatment.
In a first step, small amorphous models of the passivation layer were created using ab initio and
force fields. We found that the previous Tersoff parameterizations result in a too high defect density
in amorphous silicon nitride, in particular for stoichiometries different from SizN4. To construct the
models necessary to simulate the interface in this project we refined the force-field parameters. The
fitting was done by employing the force-matching technique to fit these parameters to ab initio
molecular dynamics simulations. The agreement with full ab initio simulations was satisfactory, in
particular for structural properties. The final structures are usually relaxed using ab initio methods to
guarantee that residual forces do not degrade the calculated electronic properties. The force-field
parameterisation which resulted gave structures which, when geometry optimised by ab initio
methods, gave wider band-gaps than those using published force-fields, indicating fewer defective
centres and a better representation of the structure. Unfortunately it proved impossible to reproduce
completely a structure that gave the same band gap as a structure generated solely from ab initio
molecular dynamics. However the new potential parameterization gives more reliable structures than
previous parameterizations and was used in the project for work on designing improved passivation
layers.

The SiN,/Si interface was characterized with ellipsometry and SIMS to determine the effect of
passivation. This shows that a gradient in composition is important for the passivating quality. The
SiNy signal penetrates inside the first nanometres of the bulk c-Si, which can be interpreted as
nitridation of the Si. The difference between passivating and standard SiNy expresses itself in the Si-
N bond density as measured with bulk FTIR, lower for the former, and the refractive index, higher
for the former. Both SiNy layers show a trend through the layer with increasing refractive index. A
similar trend can be found with ellipsometry, in which an interface layer can be modelled. For this,
different SiNy layers have been fabricated with similar refractive indices, but with varying Si-N bond
densities. Both low and high levels of nitridation will give limited passivation, the optimum can be
found in between. This might be related to the balance between the fixed charge (more nitridation
will enhance the fixed charge) and induced strain or damage in the first nanometres of the crystalline
Si bulk and thus the density of interface states.

Simulations of the nitridation effect show that with increasing nitridation the volume and fraction of
important defects in the silicon (K and N centres) increase and are found within a few nanometres of
the interface. This correlates well with the experimental results obtained. Further details may be
found in other workpackages.

WP2: Atomistic band structures for large systems
Development of computational methods and tools:

The development effort within this work package strongly focused on three key issues that needed to
be solved in order to calculate accurate band structures and wave functions for large atomistic
models:

1.) A bandgap correction scheme. Since conventional density functional theory calculations
massively underestimate the band gap in the materials considered within the project (Si, silicon
nitride, glass). The band gap error greatly complicates the prediction of the properties of defects and
interfaces and needs to be dealt with before we can seriously consider calculations for large models.
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We have adopted a band-gap correction scheme, the modified
Becke-Johnson local density approximation (MBJLDA), that
has now been tested for III-V semiconductors as well as Si,
silicon nitride and silicon oxide. The scheme yields accurate
band gaps for all considered materials, although, as expected, it
involves a grain of empiricism, requiring adjustment of the -
parameters against high level quasiparticle calculations such as —
GW. To illustrate the aforementioned, Fig. 2 shows a 7
comparison between the MBJLDA and GW results for the ) _ M K

bandstructure and density of states of f-Si3Ny.
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2.) Development of fast iterative matrix diagonalization

methods for the calculation of electron and hole band structures
in large systems containing several hundred thousand atoms.
This objective was achieved by constraining the calculations to S S TR
selected orbitals around the valence band maximum and Energy (V)
conduction band minimum. These states are relevant for the Figure 2: (a) Band‘structure and
) ) ) (b) electronic density of states of
electronic and transport properties. We implemented a robust B-SisNy. The sc-QPGW resuls
and very efficient scheme, the harmonic Davidson inner .o shown as black lines, while
eigenvalue solver, and the method has been applied to and the MBJLDA results are
evaluated for systems containing up to 100000 atoms. represented by red lines.
Fig. 3 shows the density of states in and around the bandgap in
a 1000 and a 100.000 atom cell of Si3Ny4, obtained using the harmonic Davidson inner eigenvalue
solver (red and green lines). For the 1000 atom system, the result from a standard DFT calculation
were all orbitals are computed, is shown as well (black line).
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Figure 3: Density of states (DOS) for the lk- and 100k-Si;N, system (left and right panels,
respectively). For the 1k system, the black line is the result from a standard DFT calculation. The
colored lines are obtained using the harmonic Davidson inner eigenvalue solver, and were
determined in two separate runs, with reference energies ¢,.r at the positions indicated by the arrows.
The zero of the energy axis is set to the Fermi energy.
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3.) Effective semi-empirical potentials for non-selfconsistent calculations. When the calculations are
constrained to few states close to the Fermi level, the potential created by the other valence electrons
can no longer be calculated parameter free. This implies that we need to account for the effect of the
other electrons be means of an effective screened semi-empirical potential. We achieved this goal by
adopting a new charge-fit procedure, in which the electronic density distribution of the valence
electrons is fitted to amorphous model structures. As is illustrated in Fig. 4, this allows us to
reproduce the DFT or GW band structure of bulk materials with very good precision without the
need for selfconsistency.
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Figure 4: The bandstructure and DOS of o-Si;Ny and y-Siz;Ny: calculated selfconsistently (black
lines) and non-selfconsistently using Gaussian charge-transfer charges from amorphous- Si;N, (red
lines).

In addition to the three points mentioned above, we have invested considerable effort in:

4.) The implementation of an efficient scheme to calculate Auger recombination rates from DFT
orbitals. The ab initio calculation of Auger recombination rates requires a very dense sampling of the
first Brillouin zone in reciprocal space, to such an extent even that the selfconsistent DFT
calculations that serve as input become prohibitively expensive. Therefore, in addition to the
evaluation of the Auger recombination rates, we have implemented an interpolation scheme that

15 : Table 1: Auger recombination rates in n-Si
|me,p0|:ﬁ$§ ............ Jrom GW calculations on a 12x12x12 grid
of k-points.
— Electron density ™o0|Auger lifetime
//< _/\JX\_ [cm'3] Teeh [S]
_ N _/ |
a T 16 1
o 10 2.39x 107
Easw g
T 1 107 239x 1073
.
T I TR 2.39x 107
1 X W K L
1019 239x 1077

Figure S: Band structure for silicon using an exact
calculation (charge density taken from a 24 %24 x24 k- 20
mesh) and an interpolation from a 6x6%6 k-mesh. The 10

energy differences are in the meV range.

239x 107
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allows for the construction of the one-electron orbitals at a very dense mesh in reciprocal space from
an underlying calculation on a coarse grid of points in reciprocal space. Both features (calculation of
Auger recombination rates as well as the interpolation algorithm) will be useful in many application
far beyond the scope of the HiperSol project.

To illustrate our interpolation scheme, Fig. 5 shows a comparison of the bandstructure of Si from a
DFT calculation using a 24x24x24 mesh of k-points and the corresponding interpolation from an
underlying 6x6x6 k-mesh. Results for the Auger recombination rates in n-type Si are listed in Tab. 1.

Applications

In terms of the application of our computational methods and tools, the main achievement within this
work package was the identification of the dominant defects in bulk amorphous-SizN4H, and
crystalline-Si/amorphous-Si3N4.Hy interfaces and the characterisation of the contributions of these
defects to the density of states within the bandgap. The role of hydrogen as passivator of the dangling
bonds of under-coordinated atoms has been elucidated. The mechanism that leads to so-called
“fixed-charges” at the silicon nitride side of the c-Si/ a-Si3N4.«Hy interfaces is now understood at the
atomistic level.

1.) Defects in bulk amorphous-SisNy..H,:

First of all, we constructed a statistically sound ensemble of amorphous-Si3N4.<Hy structures (actually
a-Si3N4, a-Si3N3sHos, and a-SisN3Hpg) using ab initio molecular dynamics (MD) techniques
(roughly 1000 independent samples for each stoichiometry). These samples were analysed with
respect to the number and the nature of the defects they contain, and the influence of these defects on
the electronic structure.

0.8
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Figure 6: A) Schematic representation of the density of — totl

states in a-Si;Ny. The bonding complexes are indicated

(blue: N, yellow Si).

B) and C) The statistically averaged density of states in G ,.,|"

a-Si;Ny and a-Si;N;, respectively. Note the increase in

the density of states within the gap with decreasing N 8

content. These states stem from Si-Si pairs/Si clusters:
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Si in crystalline and amorphous Si exhibits tetragonal (four-fold) coordination (Si-Sis) and sp’
hybridization. Its electronic structure shows an energy gap (about 1.2 eV) between the valence band
(Si sp’ bonding) and conduction band (Si sp’ anti-bonding). SisN4 phases (a-, p- and the amorphous
phases) are wide gap insulators (energy gaps > 5.0 eV). In Si3Ns, Si atoms are still in a tetragonal
coordination, and N atoms triangularly (three-fold) coordinated. The valence band is dominated by N
sp” hybrid (bonding) orbitals at lower energy and N lone-pairs (non-bonding) at the upper part of the
valence band. The conduction band is composed of Si sp® anti-bonding states (see the schematic
representation in Fig. 6A).

In amorphous (a-)SizN4, both Si and N atoms would prefer, topologically speaking, to keep their
tetragonal- and triangular-coordinations in a distorted Si-N network, respectively. Naturally the
distortions causes states to tail into the band gap increasing the number of states in the gap. The
major structural defects in a-Si3Ny4 are under-coordinated Si (Si-N3) and N (N-Si,), which are known
as K-defects and N-defects, respectively. The K-defects contribute dominantly to the defect states in
the middle of the energy gap. With decreasing N concentration in a-Si3Na.y, Si-Si pairs or Si-clusters
appear due to the deficiency of N atoms. These Si-Si pairs/Si clusters contain sp” bonding characters
with states at the top of the valence band and anti-bonding contributions (bottom of the conduction
band), as shown in Fig. 6. Consequently, the energy gap of a-SizN4y decreases with increasing x
(compare Fig. 6 B and C). Our analysis shows that K-defects and Si-clusters are the most relevant
defect-states withinin the energy gap. In addition we find that H atoms serve to passivate the under-
coordinated Si atoms. The latter is illustrated in Fig. 7, undercoordinated Si and N are effectively
passivated, whereas the defect density of states stemming from distorted ideally coordinated (SiNg4
and NSi3) structural units is hardly affected. In addition, Fig. 7 shows that the defect density is
strongly affected by the cooling rate of the MD procedure used to construct the a- SizsNa structures
(fast: “quenched®, or slow:““cooled*).

7 0.020 . . |
o
2.) Defects near the crystalline-Si/amorphous- & W under coord. (quenched)
. . » EZZ4 under coord. (cooled)
S13N3_5Ho,glnterface E 0.015 BN ideal coord. (quenched) ||
2 ideal coord. (cooled)
s
Again, by means of ab initio MD we constructed over  §
1000 c-Si/a-SisH3sHog interface structures. The # 00101
ensemble of interface structures was carefully §
analyzed with respect to (i) the number and nature of % 0005 | —] 7
the defects in the silicon nitride part of the system, and g
in the c¢-Si near the interface, (ii) the electronic £ | e | %m

e
=}
=]
o

Si,N, -H

Si;N;H 3735 0.8

373 08

properties of these defects, foremost their contribution Si,N,
to the density of states within the gap, (iii) the spatial
distribution of H, and (iv) the influence of the presence
of H on the density of states in the gap.

SigN; 5

Figure 7: The influence of H on the defect
density of states in a-Si;N ..
Undercoordinated Si and N are effectively

Fig. 7 shows a typical example of a c-Si/a-SizH;sHgg
interface, and labels a few H passivated K defects
(labeled K*) and an unpassivated K defect, i.e.,
undercoordinated Si sites.

passivated, whereas the defect density of
states stemming from distorted ideally
coordinated (SiN, and NSi3) structural
units is hardly affected.

The defects that we find in these interface structures are of the same nature as the defects we
encountered in the bulk a-Si3N4.Hy structures: undercoordinated Si (threefold) and N (twofold), and
ideally coordinated but strongly distorted SiN4 and NSis units. The undercoordinated defects are in
part passivated by H.
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Fig. 8 shows a close-up of the ensemble averaged density
of states around the Fermi-level. As is evident from Fig. 8§,
the defect induced states within the gap are mainly due to
undercoordination defects (black lines), and only to a
much smaller extent due to distorted ideally coordinated
bonding units (red lines). The presence of H has hardly
any influence on the density of states within the gap
(compare the drawn lines with the dashed).

Two thickly drawn red lines indicate the top of the valence
band (left thick red line) and the bottom of the conduction
band (right thick red line) on the c-Si side of the interface.
The defect states between these lines (almost exclusively
located at the silicon nitride side of the interface) play an
important role in the defect assisted carrier recombination
of electrons and holes created on the c-Si side of the
interface.

Figure 8: Typical example of a c-
Si/SizH; sHy s interface (blue: N,
vellow: Si, white: H). With K* we have
labeled two defects made up of
undercoordinated Si atoms passivated
by H. The label K labels a classical
(non-passivated) undercoordinated Si.

In addition to the dashed vertical black line in Fig. 9, that
indicates the Fermi-level of the amorphous silicon nitride
subsystem, we have indicated an estimate for the position
of the Fermi-level at the crystalline silicon side of the
interface as well (red vertical line). In practice, of course, the Fermi-levels on both sides of the

_ 0.02 :~ T T T T T 54
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Figure 9: Close-up of the ensemble

averaged DOS around the Fermi-level in Figure 10: Schematic representation of the band

c-Si/a-SizH; sHys. Defect induced states
within the gap are mainly due to
undercoordination defects (black lines),
and to a much smaller extent due to
distorted ideally coordinated bonding
units (red lines). The presence of H has
hardly any influence on the DOS within
the gap (compare the drawn lines with the
dashed). The thickly drawn red lines
indicate the top of the valence band (left
thick red line) and the bottom of the
conduction band (right thick red line) on
the c-Si side of the interface.

FINAL REPORT

HiperSol — Grant Agreement no. 228513

realignment between the c-Si and a-Si3Ny sides of the
interface. Before band realignment (left): the Fermi
level at the a-Si;Ny side of the interface lies higher
than on the c-Si side. In practice, the Fermi-levels on
both sides of the interface will be equilibrated: charge
flows from the a-Si;Ny side of the interface into the c-
Si part, depleting a number of defects states in a-
Si3Ny, and introducing a number of electrons into the
c-Si conduction bands. After band realignment
(right): these depleted defect states at the a-Si3N, side
of the interface represent positive charges (often
called the “fixed charge”).
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interface will be equilibrated: charge will flow from the silicon nitride side of the interface into the
silicon part, depleting a number of defect states near the interface and injecting electrons into the c-Si
conduction bands.

These depleted defect states at the silicon nitride side of the interface represent positive charges
(often called the “fixed charge”). This process is illustrated in Fig. 10.

WP3. Modelling of contacting interface

Atomistic calculations:

DFT based molecular dynamics (MD) was used to simulate the various phases and interfaces
relevant for the FEM study. Since most of the phases were in the liquid state, it was possible to use
elevated temperatures for many of the systems. Nevertheless, we have obtained results for all
relevant diffusion parameters at 1000 K, which is a relevant temperature for the firing process.

Diffusivities were calculated by first-principles molecular dynamics. Results with and without silver
are shown in Figure 11. The diffusivities of each element were fitted to an Arrhenius behaviour;

D(T) =D, exp{—E%T} ’ (1)

where Dy is the prefactor, E} is the energy barrier, R is the gas constant, and 7 is the temperature.
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Figure 11. Calculated diffusivities as a function of temperature in an Arrhenius plot. Glass 3
without (a) and with (b) dissolved silver is shown (the scatter for Ag is due to short simulation
time.). The dashed lines are best fits to an Arrhenius behaviour.

The force fields obtained from WP1 (D1.2) were used to simulate the Si/Ag contacting interface. The
(111//111) and (110//110) interfaces, which were identified in samples as part of D1.1 were
simulated. The potentials were used to search through a large number of possible starting
configurations and identify the most suitable candidates for simulation using density functional
theory (DFT). The DFT simulations reveal metal-induced gap states (MIGS) in the density of states
plots at the Si/Ag interface, (Figure 12).
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Figure 12. Averaged projected density of states of
the Si atoms in each layer moving away from the
Si/Ag interface from the top down. The supercell
Fermi level is set to zero.

The Schottky barriers were calculated for silver contacting to pure Si and to Si doped with
phosphorus, highlighting the role of phosphorus for reducing the SBH. The SBHs were also
calculated for Si/Ni (silicide) interfaces and Si/Zn interfaces. It was found that the Schottky barriers
vary considerably with the type of Ni silicides. Zn was found to have a higher SBH, even in the
presence of doping. These results are presented in table 2.

Table 2: The calculated Schottky barriers at different interfaces and under different doping

condidtions.
Metal Si Surface Metal Surface Doping/cm3 n-SBH/eV p-SBH/eV
Intrinsic Si
Ag 100 100 - 0.41 0.71
Ag 110 110 - 0.52 0.58
Ag 111 111 - 0.74 0.36
Ag 112 112 - 0.65 0.47
Phosphorus Doped
Ag 100 100 1.20E+20 0.37 0.73
Ag 110 110 1.20E+20 0.36 0.64
Ag 111 111 1.20E+20 0.52 0.58
Ag 112 112 1.20E+20 0.51 0.61
Boron Doped
Ag 100 100 1.20E+20 0.81 0.31
Ag 110 110 1.20E+20 0.78 0.34
Ag 111 111 1.20E+20 0.71 0.41
Ag 112 112 1.20E+20 0.81 0.31
Intrinsic Si
Ni 100 100 - 0.69 0.43
Ni 110 110 - 0.52 0.60
Ni 111 111 - 0.70 0.42
NiSi, 100 100 - 0.54 0.58
NiSi, 110 110 - 0.50 0.62
NiSi - 0.54 0.58
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Ni,Si - 0.66 0.46
Phosphorus Doped

Ni 100 100 1.20E+20 0.39 0.73
Ni 110 110 1.20E+20 0.46 0.66
Ni 111 111 1.20E+20 0.53 0.59
NiSi, 100 100 1.20E+20 0.54 0.58
NiSi, 110 110 1.20E+20 0.45 0.67
NiSi 1.20E+20 0.58 0.54
NipSi 1.20E+20 0.59 0.53
Intrinsic Si

Zn 111 001 - 0.86 0.26
Phosphorus Doped

Zn 111 001 1.20E+20 0.67 0.45

We also investigated the role of P for promoting the formation of Ag crystallites at the Si surfaces.
Using classical nucleation theory (CNT) we were able to show that the P stabilises the Si/Ag
interface. We show that the rate of nucleation depends on the nature of the glass frit used. The results
for nucleation rates at the (110)/(110) and (111)/(111) interfaces are presented in figure 13.
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Figure 13. The ratio of nucleation rates for a range of Ag-Glass interfacial energies (o,,) at the
doped and undoped interfaces for the (111) Si-Ag interface (left) and the (110) Si-Ag interface

(right).

Theoretical results for the Schottky barriers for the following interfaces were implemented together
with n-doped Si: Ag(111), Ag(110), Ag(100), Ag(112), Ni(100), Ni(110), Ni(111), NiSi»(100),
NiSi,(110), NiSi, Ni,Si, Zn(111). Furthermore, the Ag(111)-pSi interface was also implemented.

In addition we have investigated the effects of phosphorous doping on the barriers at the Si/Ag
interface. The first step in this investigation has been to decide the preferred location of P doping at
the interface. The results of this investigation (figure 14) reveal that in both cases the P is more
favourable at the upper layers, close to the interface. At the 110 interface there is little difference
between layer 1 and layer 2, but in both cases the substitution becomes significantly less favourable
as we move towards the bulk.
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Figure 14: FEnergies of P doping of Si at the Si/Ag
interface. In both cases energies are offset to the energy of
layer 1. The layers are listed in ascending order moving
away from the interface.

Continuum calculations:

The work has consisted of 1) establishing necessary thermodynamic model input, phase-diagrams and
Gibbs free energies; ii) solving the diffusion equation in the liquid phase for equilibrium and non-
equilibrium surface conditions and solving the mass balance at the particle surface; and iii)
establishing and solving the phase-field model in the commercial software Comsol Multiphysics.
Qualitative agreement between the models i) and 1ii1) has been obtained. Quantitative
correspondence will be discussed below.

The physical process for the metallization process that has been investigated is the thermodynamic
non-equilibrium situation that allows for a solid substance to be dissolved into a liquid at
temperatures below the melting temperature of the solid.

The driving force of dissolution is the temperature dependent chemical potential gradient. The same
mechanism allows for precipitation of solids from the liquid phase.

The mathematical model consists of the coupled Allen-Cahn and Diffusion equations, for the order
parameter and solute mole-fraction, respectively;

a_g[) _ M(ﬂgz VZ _PaGmix
ot D 4 OQ) ’ (1)

and

2 09

2 p) ZE =5 [ o) (P20 + p0)2) Vit 2]

30(ZS,0 _ZL)(PZV/ )

Key model input parameters are the diffusivity of solute in the solvent, the surface energy and the
interface mobility. In addition, a thermodynamic model and the time-dependent temperature profile
are needed. This study was limited to infinite surface reaction rate, giving close-to-equilibrium solute
concentration at the particle surface, and the interface mobility can be expressed as
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The model was utilized to study aspects of dissolution of spherical particles. E.g. in Figure 15 it can
be seen how the time-dependent particle radius behaves depending on the content of the solvent (lead
or bismuth).

—Ag-Pb

Figure 15. Comparison of the time-dependent
particle radius for a silver particle submerged in
liquid lead (solid) and bismuth (dashed), at
T=600°C, and My=M.,,.
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To study the metallisation process, a simplified approach is taken. It is assumed that silver particles
are initially residing on top of the SiN layer, as indicated in Figure 16. It is assumed that the liquefied
glass etches away the SiN layer, such that the silver particles are separated from the silicon wafer by
a liquid film consisting of liquid glass. Further simplification considers the silver particles as an
infinite continuous solid silver body, as shown in Figure 17. Egs. (1) and (2) can now be solved in 1-
dimensional Cartesian coordinates to simulate the metallisation process.

Ag particles Figure 16. Simplified model of solid silver

QQ Q QQ particles initially arranged on top of the SiN
NN NN NN passivation layer. After the etching of the SiN

wasn  laver, by the molten glass phase, silver solute

Mol . . . .
olten glass lapertiickaess  peeds to be transported by diffusion to the Si wafer
» » surface, to establish electrically conducting paths.
Silicon Wafer
Ag source
| I | Figure 17. Homogenization of the simplified
Malten glass fan}iiiiim picture in Figure 16, the array of spherical silver
I particles is viewed as a continuous flat silver body,
i 7 7 reducing the problem to a I-dimensional problem
Silicon Wafer in Cartesian coordinates.

To facilitate the precipitate growth at the silicon surface, when the firing temperature is dropping, an

artificial nucleation site is introduced by specifying the existence of a solid silver phase (@:1

boundary condition) at the silicon surface.

To enable modelling of complex liquid mixtures, a thermodynamic procedure was developed to
reducing the multicomponent glass phase to a single pseudo component. Output from the procedure
was the concentration and phase dependent Gibbs free energy and saturation point for a mixture of
solute and the glass phase.
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Experimental validation and input:

Phenomenological studies were conducted to generate input parameters for the FEM model of the
contacting interface to predict the global contact resistance. This part was done in close connection to
WPS5. To evaluate the relative importance of the possible current transport paths from the Si emitter
into the Ag-finger bulk, microscopic contact characterization by SEM was combined with liquid
conductive silver application to different stages of etched-back contacts. The corresponding global
contact resistance measurements in Table 3 on a typical monocrystalline industrial Si solar cell show
that the major current flow into the Ag-finger is through the Ag-crystallites grown into the Si emitter
in direct contact with conductive silver, see cases c¢) and e) in Table 3. Only a minor current flows
through the glass into the conductive silver, case b). SEM microscopy after selective silver removal
only, see Fig. 18, reveals imprints of etched-away Ag-crystallites at glass-free pyramid tips, which
thus have been in direct contact with the Ag-finger bulk beforehand.

Table 3: Contact resistance measurements after different contact etch-backs and liquid conductive
silver application.

In_itial _ Sel. Ag etch Sel. Ag etch Full etch Sel. glass
configuration sel. glass etch etch

C)

4 mQem?2 700 mQem?2 1.5 mQem? 1300 mQem? £1 mQcem?

a) area-crystallite ide edges of the
random pyramid

b) edge-crystallite Side edges of
he random

pyramid

4’ (111)-planes

(100)-plane

Figure 18: a): SEM picture showing Ag-crystallite imprints of direct contacts at a glass-free pyramid
tip. b): Geometry of Ag-crystallites grown into pyramidal textured monocrystalline Si [Pysch,
ProgPhot09].

Comparative experiments on flat Si reveal a very sparse direct contact density as the source for the
high contact resistivities measured. We conclude that the observed direct contacts are essential for
the current transport in silver thick film metalized Si solar cells and the first parameter to calculate
for modelling the current transport is therefore the Si-Ag interface resistivity of the observed
geometries, see Fig. 18. Besides the already calculated crystal orientation dependence of the
Schottky barrier, its value will also be depth-dependent because of the varying P-doping
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concentration in the emitter, see Fig. 19a, where the Ag-crystallites penetrate up to ~80 nm in

average.
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Figure 19: a) Typical industrial emitter profile. b) Typical metallisation firing profile.

Regarding the dynamic contact formation, the most relevant experiments shedding lights on the
metallization process have been already done, mostly by Gunnar Schubert:

Silver — silicon: Pure silver is able to grow Ag-crystallites into Si with the typically observed
geometrical shapes, see Fig. 11, but only at much higher temperatures and longer times than the ones
used in a standard firing process, see Fig. 12b.

Glass — silicon: Lead borosilicate glass is observed to etch into Si and results in metallic lead
precipitates in the glass: 2PbO + Si — 2Pb + SiO,. Interestingly, instead of the well-defined Si
crystal orientation dependent geometrical shapes in which the Ag crystallizes into the Si surface, see
Fig. 19, lead borosilicate glass alone etches Si isotropically leaving round etch pits. Because metallic
lead does not wet silicon, the lead precipitates move away from the Si surface in form of spherical
crystallites.

Silver — glass — Silver containing glass — silicon: Lead silicate glass is able to dissolve silver. Thus
silver saturated lead borosilicate glass on silicon is fired. Instead of the round etch pits from silver-
free glass only, the usual pyramidal etching behaviour is observed. Thus, a possible silver growth
mechanism could be an anisotropic redox reaction of the silver ions in the glass with silicon, similar
to the PbO-Si reaction. As simultaneously Pb precipitates are observed in the bulk of the glass, both
redox reactions could occur during the firing process. However, the dissolution of Ag in glass is slow
and thus the silver growing in Si must mainly be transported through the glass, as occurring by liquid
lead melting silver and forming the experimentally detected liquid silver-lead phase.

Silver — glass — silicon: Again, only minor Ag amounts added to glass are necessary to
anisotropically etch silicon. The lead content of the resulting crystallites grown into Si decreases with
increasing Ag content in the paste, and crystalline lead is not present in the glass any more.
These experimental observations (Schubert’s PhD) including measurements of reaction temperatures
during firing (also in Horteis’ PhD) are an excellent database to validate the metallisation process
model, not only as a whole but also in its subsystems.

As we observed the glass-freeness of the standard monocrystalline Si pyramid tips to be crucial for
direct contact formation and thus current conduction, the Ag-paste’s wetting properties on different
Si surface topographies, see Fig. 20, are experimentally investigated.
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Figure 20: Dependence of contact resistance on surface topography due to wetting.

Surprisingly, the formation of very small pyramids on only a part of an otherwise polished surface is
sufficient to dramatically lower the contact resistance by two orders of magnitude, see Fig. 20. SEM
investigations confirm the formation of directly contacted Ag-crystallites also at these pyramid tips
of inferior height. Thus, surface energies play a major role for the successful contact formation
during the metallisation process.

The Si/Ag paste interface was also studied by transmission electron microscopy. For screen printed
and fired Ag paste on polished (001)Si or textured {111}Si the situation is mainly the same. There
are very few direct contacts between the Si crystal and the sintered Ag bulk. However, these direct
contacts are of major importance for the contact resistance, but are described in WP5 However, most
of Si surface is separated from the Ag bulk by a glass layer with varying thickness. The thickness of
the glass layer can be anything from a few nm to hundreds of nm. For textured {111}Si the glass
layer is typically thickest between the pyramids and the thickness decreases by approaching the peak
of the pyramids. Furthermore, pores of N, gas after etching of the SisNy4 layer are frequent in the
glass layer.

(b)

Vacuum

Glass layer

Si

100 nm

Figure 21. (a) A thick glass layer is separating the Ag bulk and the Si wafer. Crystalline Ag particles gather
close to the Si-glass interface. (b) At thin areas the detailed structure of the glass layer can be seen. Small Pb
crystals and “large” Ag crystals are dispersed in the glass matrix.

The glass layer is not a homogeneous glass, but an SiO, matrix with crystals of Ag and Pb
dispersed in this matrix. For thick glass layers the Ag crystals gather close to the Si crystal (Fig. 21a)
and the size of the Ag crystals can be anything from a few nm to 200 nm. The Pb crystals are much
smaller than the Ag crystals with sizes typically in the range 2 — 10 nm (Fig. 21a and 22). Both the
Ag and Pb crystals have a face centred cubic crystal structure. The exact stoichiometry of the SiO,
matrix (the value of x) cannot be determined by high accuracy by TEM, but based on energy
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dispersive spectroscopy (EDS) x seems to be close to zero. At some locations, Zn can also be found
in the glass layer. However, it is not clear if Zn is in an amorphous or crystalline state or if it is in the
form of pure Zn, ZnO or something else.

Figure 22. High resolution TEM image that shows the small Pb crystals that are dispersed in the glass matrix.

WP4: Modelling of the passivation interface

Several models were generated for studies of Si/SiNy interfaces regarding the number of potential
defects which can act as charge carrier recombination centres. The bonding at the interface between
amorphous SiNy and crystalline Si with various values of nitrogen content x for topological
information were investigated using these models. We demonstrated how the concentration of
geometric defects at the interface depends on the stoichiometry of the SiNy layer. It was further
shown that a nitrogen concentration gradient across the interface can significantly lower the number
of under-coordinated Si defects in the interface region. These results have implications for the design
of SiNy layers for use as passivation/anti-reflective layers in solar cell devices. The information will
be further used for solar-cell optimization.

Solid state diffusion across the passivation interface and inside the bulk materials of solar cells can
take place both during steady-state operation and accelerated during the firing process of the
contacting layer. This will cause defects and modifications to the interfaces. We have combined
Nudged Elastic Band (NEB) and First-principles molecular dynamics (FPMD) methods to study the
detailed diffusion mechanisms and defect formation processes. We further investigated the impact of
various defects on the performance of the solar cell for which we needed detailed knowledge of the
defect-free bulk and interface structures. In this respect we wanted to obtain knowledge of the
electronic properties of SizN4. The studies are very demanding, but also valuable, since they
complete the view of the conduction process, e.g., defect levels, exciton effects, screening, etc. These
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results will be important for the lifetime calculations and are benchmark studies in the field of solid-
state calculations.

As we concentrated on studying the recombination losses of photocarriers at the passivation
interface, it is noticed that the photocarriers are normally mobile and thus rather extended, while
various recombination centres (mostly defects) at the passivation interface are quite localized, e.g., K
centres with Si atoms bounded to three N atoms instead of four. FP methods are necessary for
properly describing localized defects, while in most cases; only solid-state based envelope function
approach has been able to describe the mobile photocarriers under device operation conditions (their
photogeneration and transport under external bias). Therefore, for the recombination time
calculations two approaches have been used about single particle wave functions of extended
photocarriers and localized defects. One is to extract the total wave functions directly from the FP
calculations from WP2. The other approach is to match the base functions used in solid-state
envelope function theory and the ones in FP calculations. This is believed to be more suitable when
states of wave functions extended over 10 nm are involved. We are now programming intensively
the corresponding numerical codes, which will be used in the following task.

We have formulated the principal recombination processes, i.e., radiative recombination, electron-
electron interaction (Auger recombination and impact ionization), and electron-phonon interaction.
Model calculations based on solid-state envelope function approach have been performed for
recombination processes in semiconductor quantum dots placed at various distances from the
interface. Numerical results agree with relevant experimental data of quantum-dot based solar cell.
We are now trying to replace the quantum dots by the real potentials of defects at the passivation
interface and the extracted single-particle wave functions to calculate the recombination times of
photocarriers at the passivation interface. We have further tried to have a close look at experimental
indications about effects of defects at the passivation interface on solar cell performance. The first
check is the lifetime of minority carriers measured using photoconductance decay.

The major results of the period were that | conduction ban
computable expressions could be derived and e

used to give numerical values for the most [
important mechanisms of recombination
processes occurring at interfaces. A highly
interesting result was the prediction of a
dominant radiative coupling over the non- Valance band
radiative channels (electron- electron scattering

Energy

and phonon coupling). An important SV/N Rario

ramification of this result is that structure- SiN,

property relations can be achieved by virtue of ®® ® @
the comparative simplicity of the radiative oo o o
coupling over the other processes, motivating ¢-5i

that also even more advanced -calculations
should be applied for that very purpose. There
indeed seems to be a possibility to design cells
optimal for anti-quenching this way.

Figure 23: (top) SiN, band structure (schematic) as a
function of the Si:N ratio. (bottom left) structure of N
defect. (bottom centre) structure of K defect (bottom
right) inversion layer (schematic): fixed positive
Simulations on the Si/SiNy interface shows that  charges are in the SiN, layer [5].

the use of a graded interface significantly

reduces the trapping probability by moving the

recombination centres away from the crystalline silicon. This suggests that control of nitridation to
produce graded interfaces can significantly improve carrier lifetimes.
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Important defects along the silicon/silicon-nitride interface and in bulk silicon are predicted that have
a bearing on improving the passivation quality of silicon silicon-nitride surfaces. Heavy phosphor
doping or even pre-coverage of phosphorus before growing silicon nitride is predicted to improve the
properties of silicon nitride interfaces significantly. The rather stable NP defect is found to most
likely cause the heavily doped emitter close to the interface to be passivated upon nitridation, which
can have devastating effects on the emitters.

A final major result was experimental; fluorescence measurements of devices indicate strong
fluorescence peaks just below the silicon band gap. These may origin from the radiative
recombination centres at the Si side of the interfaces that can access easily the photo carriers in Si
bulk due to the laser excitation. Such measurements may thus eventually be used to screen various
materials/device configurations for reducing radiative recombination.

WPS: Application of the modelling set to improve contacting

Recent commercial Ag-pastes are able to form contacts with emitters with significantly lower
phosphorous surface-concentrations. To understand the reasons we formed contacts with four
differently doped emitters with three of the most recent Ag-pastes. On the microscopic level, Ag-
crystallites grown into the emitter in direct contact with the bulk of the Ag-finger play a major role in
current transport. Here we find that while partially glass-free pyramid tips leading to such direct
contacts are observed no matter what the level of the emitter doping, the Ag-crystallite density and
depth grown into Si resulting from a specific paste mainly depend on the electronically inactive P-
content in the Si emitter within the so-called dead-layer, see Fig. 24.

Dead-layer 2x1015 cm-2 | Dead- ayer 9,7x10" cm? | Dead-layer 9. 3x1 ol cm -2
100 leq %pc stcmz 100 Q sq -)pc 1(5'chPn2 754 lsq >pc 16m

Dead: fayer 3><1t)1/"'*t:m'2
75 leq 9pc t’:OrﬁQ.cm2

Figure 24 SEM mzcrographs after full etch 0f the contact as resultzng from thesame paste on four
different emitters with varying electronically inactive phosphorus-concentration (dead-layer).

With most recent best-performing pastes the resulting Ag crystallite densities grown into Si are
considerably less dependent on the dead-layer, thus good contacts can be formed to advanced
emitters.

d)
— |

Initial SIN
layer thickness

Molten glass

7

Silicon Wafer

F igure 25 a) SEM of pyramld underneath the Ag f inger, featurmg direct contacts. b) Schematic illustration of
the experimentally evaluated current transport path hierarchy. c) Ildealized geometry consisting of p-Si
substrate, n-Si emitter layer, and glass partly covering the surface. d) Simplified model of solid silver on
molten glass for silver dissolution-transport modelling.
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Based on the experimental confirmation of the existence (Fig. 25a) and importance (Fig. 25b) of
direct contacts between the Ag finger and the cell surface, realistic models of the solar cell contact
formation were established. The model of the conductance thus contains such direct contacts within
the observed geometries (Fig. 25¢) and the metallisation process model focuses on the amount of
silver crystallized at the silicon surface (Fig. 25d).

Detailed mathematical models have been implemented in realistic geometries for the Ag-Si
contacting interface based on Schottky barrier models for the local resistivity. An idealized geometry
is generated based on detailed investigation of real contacting interfaces (textured surface) by SEM,
see Fig. 25a) and c¢). The models allow for identification of conductivity losses related to surface
fraction, orientation and shape of silver crystallites. The conductance model predictions of contact
resistivity changes with varying doping type and profiles, Si etch depth, removal of glass, as well as
temperature, are in agreement with our experimental data and result in deeper and more fundamental
understanding of contact formation. The contact resistivity resulting from identical microscopic
contact configurations on typically used higher and lower phosphorous doped solar cell emitters
varies only slightly, e.g. only by a factor of two when reducing emitter doping from 60 to 80 €/sq
within typical industrial emitter doping profiles. The experimentally observed trend of reduction of
contact resistance upon reduction of temperature is found to be related to the improved conductivity
of the emitter layer with lower temperature and it is accentuated by the doping profile variation.
When contacting boron-doped emitters, despite the presence of some directly contacted Ag-
crystallites at the pyramid tips, measured contact resistivities are two orders of magnitude higher.
From modelling we conclude that despite the lower p-type Schottky barriers, also with identical
microscopic contact configuration, contact resistivity would be increased by one order of magnitude
because of less efficient hole transport and significantly reduced peak doping of the boron doping
profile.
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Figure 26. Firing profiles chosen for modelling comparison.

A mathematical dissolution-transport model was developed for solids in liquid solvents, at
temperatures below the melting temperature of the solid. A thermodynamic procedure was developed
to prepare input for the dissolution-transport model, enabling simplified modelling of complex liquid
mixtures. This metallisation process model was employed to study the crystallization of silver at the
silicon surface, see Fig. 25d), in dependence of realistic firing temperature/time profiles, and liquid
layer thicknesses separating the silver body and the Si surface. The modelled trend of silver content
in Si as resulting from simple experimental glass frit composition (only PbO, B,O; and SiO,)
together with different experimental firing profiles is in agreement with the equivalent experimental
data, see Fig. 26 and Table 4.

The use of silver in the rapidly growing solar cell industry is problematic, due to high price and
eventually to availability. Replacement of silver is a very challenging task: Equally well conducting
metals are like gold even more expensive, or like copper detrimental for long-term solar cell
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Table 4. Comparison of experiment with model prediction.
Firing temperature profile | (1) | (2) | (3)

exp EDX Ag content in Si (mass%) 32 |34 |46

model | Continuous Ag layer on Si of thickness (nm) 14 |22 | 1.1

performance. Because Cu, the only sufficiently conducting and cheap alternative metal cannot be put
in direct contact with Si, we focused on splitting up the current Ag-based pastes bi-functionality of
forming good contact to Si and simultaneously transporting the collected current in well conducting
lines. Nickel builds a good contact to silicon because of Ni silicide formation and is a good Cu
diffusion barrier. While Ni and Cu are equally fast diffusers in Si, Cu has a higher solubility in Si
than Ni and Cu precipitates (CusSi) fit worse into the Si lattice than Ni precipitates (NiSi,). Therefore
Ni is less detrimental for the solar cell efficiency. Also Zn could be a possible material to substitute
Ag because of low cost and alike properties. Despite the large temperature/time parameter space
tested, neither with Ni- nor with Zn-paste could good contact to Si be formed. The microscopic
interfaces resulting from high-temperature fast-firing are identical for Ni- and Zn-paste: Pb-
crystallites with small Ni respectively Zn content grow into Si, see Fig. 27a) and b). Their shapes are
the same as those of the Ag-crystallites. Tempering of Ni-paste only leads to insufficient Ni silicide
formation, see Fig. 27c).

<€<—— Fastfiring, high-temperature ————> Tempering 400°C, 1.5 min
glass removed . € full contact etch >

oy 2012 2012

Figure 27. SEM micrographs of the Ni paste contact composition. a),b) At high-temperature fast-
firing Pb-crystallites with only little Ni content grow into Si. ¢) Minor Ni silicide formation is
observed at lower temperature tempering.

Instead of forming contact to Si, the tested alternative metals Ni and Zn severely reduced the solar
cell efficiency by detrimental in-diffusion when used analogously to silver in a short high-
temperature firing step. Screening of silver replacement materials has generally shown that it is
fundamentally unlikely that contact formation can be achieved analogous to silver/glass within a
short high-temperature firing step.

The understanding of the contact formation enabled Sunways to demonstrate that a contact formation
process in combination with a lowly doped solar cell emitter is implementable in an industrial
process.

WP6: Application of the modelling set to improve passivation

The work carried out in this workpackage contains four main topics:
1. Research and development of improved passivating layers based on SiNy:H
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2. Research and development alternative layers for passivation
3. Application of improved passivating layers in an industrial environment
4. Relate the modelling results to the experimental ones.

There was a close cooperation between the partners that performed the experimental work and the
partners that carried out the modelling and theoretical part of the project.

The main results of this workpackage have been published or will be published later this year.

Research and development of improved passivating layers based on SiNy:H

In the first part of the project different characterization techniques were evaluated within
workpackages 1 and 4. High resolution Transmission Electron Microscopy (TEM), Fourier
Transform InfraRed (FTIR) spectroscopy, X-ray Photoelectron Spectroscopy (XPS), spectroscopic
ellipsometry and Time of Flight Secondary Ion Mass Spectroscopy (SIMS) were used for detailed
characterization of the layers. In the second part of the project the physical properties of the layers
were related to passivating properties. The passivating properties were measured by Quasi Steady
State Photoconductance (QSSPC) and Capacitance-Voltage Metal-Insulator-Semiconductor (CV
MIS) measurements. With the first method the effective lifetime of the minority charge carriers can
be determined. From this lifetime the effective surface recombination velocity Ss can be calculated.
With the latter the density of states at the interface D;; and the number of fixed charges in the layers
(Qs) can be determined. Dj; is a measure for the so-called chemical passivation and Qr is the one for
the so-called field effect passivation. Both Dj; and Qr determine the overall passivating quality. The

number of fixed charges Qr can be related to defects in the SiNy:H layer (for example the so-called K
and N centres).

220 25
200 2 Si-N x Si-Si
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Figure 28. A4 (left): Si-N and Si-Si bond densities versus refractive index n for a SiN,:H layers with
different composition. B (right): Si-H and N-H bond densities versus refractive index n for a SiNy.H
layers with different composition.

Two examples in which the different bond densities versus the refractive index can be seen in Fig.
28A and B. It can be seen that the Si-Si and Si-H bond densities increases with n. For the Si-N and

N-H bond density there is a decrease with increasing n. This corresponds to the general trends
observed by others.

The FTIR spectra were analyzed in more detail and the results can be found in Fig. 29. The same
peaks as shown in Fig. 28 can be found, but also the area bond density of the Si-N peak at 790 cm™.
This peak represents the bonds with a locally distorted configuration. This distortion could be related
to defects in the SiNy:H layer, and thus Qy. In Fig. 30 plots of Qf and Dj; versus n are shown. It is
clearly visible that Qf can be related to the distorted Si-N configuration, which is confirmed by
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Molecular Dynamics (MD, see WP4).

12 ¢ :ﬁ%gm?fgfg Furthermore it can be seen that D; and Qf
T . | fqllow the same trend (the hlgher.Qf, the
= ; . f{i?gﬁfﬂ?mw higher D). For solar cell applications the
ey effect of Dj; and Qr are competing with each
@ ° % total Si-Hbond other. Lower D; will result in better
S ° Gensity (1071 /em) chemical passivation, while a lower Q¢ will
g 4 0 total Si-Nbond result in reduced field effect passivation.
<2 i ensity (1072 fem) Good passivation is found for n values above
g? i .‘ p,e,wé*"aaﬁ%’k"é @ N-H bond density 2.1. However, for the higher n values

! f:,,.a*“'-o.... ...... . o | S absorption in the SiNxH layers becomes

o e e limiting, and those layers cannot be applied

Hoe 23n(26§3 121:1,1) = to s.olar. cells (it will result in lower
efficiencies).

Fig. 29 Relationship between (the peak areas of) the Si-
H bond density, the deconvoluted Si-H bond density at Based on this information we have improved
2220 cm™, the Si-N bond density, the deconvoluted Si-N  the passivating quality by using layers with a
bond density at 790 cm™ (distorted), N-H bond density ~ gradient in composition (and therefore n). At
and n. the Si-SiNi:H interface the layer is more Si
rich (higher n) and at the interface with air
the layer is more N rich. On completed solar cells a clear improvement in blue response was
observed which resulted in an efficiency gain of about 0.2% absolute.

More details can be found in M.W.P.E. Lamers, K.T. Bulter, P.E. Vullum, J.H. Harding, A.W.
Weeber, "Characterization of a-SiNyx:H layer: Bulk properties, interface with Si and solar cell
efficiency", accepted by Physica Status Solidi A, (2012).

Research and development alternative layers for passivation.

Surface passsivating properties can be changed by varying Dj; and/or Qr. We aimed to increase Qg for
SiNx:H layers for layers with lower n, and thus lower absorption, combined with good bulk
passivation. In our case we applied (homogeneous) SiNy;H layers with n below 2.1 and before the
actual deposition an NHj3 plasma pre-treatment was carried out. With this pre-plasma Qr could be
increased to much higher values, and thus to improved surface passivating properties. In Fig. 28 the
effect of the pre-treatments on Qr and Dj; can be found and the effect on surface passivating quality
for p-type and n-type surfaces. Qf and Dj; can be varied by changing the temperature of the pre-
treatment. The higher the temperature the more nitrogen will be introduced in the Si lattice resulting
in more defects, and thus higher Qr. This was confirmed by MD (see WP4).

14 aor 14 250 | gy type <100>
12 A Dit 12 - \E 200 | *o-type <111=
10 10 = s
5 g g f 5 150
z X Z
=0 R 62 2100
O / +g 3 A
N L .5 & 50
0 0 0 &
300 400 500 300 400 500
Temperature (°C) Temperature (°C)

Fig. 30. 4 (left): Effect of the NH; plasma pre-treatment on Qrand D;.. B (vight): The same, but then
for the surface passivating quality.
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The plasma pre-treatment process was evaluated on
"Em g, = Experiment  completed solar cells (both n-type and p-type). For p-
O = PCID type cells with an n-type emitter a slight increase in
'ﬂ i efficiency was observed. For n-type cells with a p-
type emitter increasing Qf will result in more
depletion and therefore lower Voc values. By carrying
out a plasma pre-treatment it was possible to vary Qg
resulting in a 20 mV change in Voc. Together with

PC1D simulations the results can be found in Fig. 31.

Voe (V)

-15 -10 -5 0 5 10 15
Qf (1012 ¢mr2)

Fig 31. Voc of n-type cells as function of More details can be found in M.W.P.E. Lamers, K.T.
Or. Both experimental and simulated data Butler, J.H. Harding, A.W. Weeber, "Interface
are shown. properties of a-SiNx:H/Si to improve surface
passivation", Solar Energy Materials & Solar Cells

106, 17-21 (2012). Oral presentation at SiliconPV 2012 (Leuven, Belgium).

Application of improved passivating layers in an industrial environment

SiNy:H layers with a gradient and layers with NH; plasma pre-treatments were applied to solar cells
processed in an industrial environment. In both cases an efficiency gain has been observed. For
gradient layers the efficiency gain was about 0.3% absolute, and performing a plasma pre-treatment
resulted in a gain of about 0.1% absolute. The improved passivation process will enable both
Sunways and Isofoton to improve their cell manufacturing process resulting in better efficiencies.

Relate the modelling results to the experimental ones.

Experimental data of thoroughly characterized SiNy:H layers (high resolution TEM, XPS) were used
as input for MD and ab initio Density Functional Theory (DFT) studies. Both MD and DFT show
that Q¢ and Dj; can be related to defects and distortions. With DFT it is shown that the K centers are
the dominating defects resulting in higher Dj., which will result in higher Qf. SiNx:H layers with
lower x will result in an increase of Q. These results correspond to the experimental ones. More
results on DFT studies can be found in WP2.

Plasma pre-treatments can be simulated using MD. The MD simulation has shown higher defect
concentrations for increased nitridation. This effect is confirmed experimentally as well.
More results on MD can be found in WP4.

More details will be presented by M.W.P.E. Lamers et al. during the SiliconPV 2013 in Hamelin (so-
called extended oral presentation), and will be published in Solar Energy Materials & Solar Cells.
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4.1.4 Potential impact

HiperSol is a fundamental project with an impact covering many fields of materials science as well
as improvements in processing and properties of silicon solar cells.

4.1.4.1 Scientific impact

The phrase, the interface is the device, first coined by Herbert Kroemer (Nobel Prize Winner for
Physics, 2000), is becoming increasing true as nanotechnology advances. However, if the interface is
to become the device, then understanding at the atomic scale is essential. Moreover, this nanoscale
understanding must then be linked to the other relevant length-scales in the system. The enduring
necessity of using models with classical force-fields arises from two factors: modelling an interface
requires a large number of atoms and it is always necessary to model a range of interfaces to
understand a system. This work demonstrates that it is possible to generate suitable force-fields and
use them to construct models of complex hetero-interfaces that can be linked to experiment and
device performance. The strategies and methodologies developed here have much wider application
than to the specific case of solar cells. For example, the rapidly growing field of adaptive oxide
electronics requires the understanding of charge transport mechanisms, particularly at interfaces
between interconnects and devices where band alignment influences whether Schottky barriers or
ohmic contacts form.

As electronic devices shrink in size, scattering at defects and interfaces plays an increasing role and
an atomistic description becomes important, maybe even mandatory. Hence, classical electronic
device simulations, which are nowadays usually based on Boltzmann’s transport equation, will
ultimately be replaced by simulations that take into account the one-electron Schrodinger equation
(treating non-interacting electrons) with a suitably parameterized weak interaction between electrons
and interactions between the electrons and the lattice.

On the other hand, ab-initio (parameter-free) methods are available aiming to solve the true many
electron Schrodinger equation (treating strongly interacting electrons). But the solution of the many
electron Schrodinger equation is only possible for very small systems.

Our efforts contribute to the merger between classical electronic device simulation (aimed at
macroscopic models containing billion of atoms) and full ab-initio simulations (aimed at few atoms).
It aims to bridge this gap addressing systems and models containing typically 100.000 atoms. If we
achieve our ambitious goal, we can enduringly change the methods used to simulate electronic
devices. This might yield new insight in solar cells, but the methods developed here are broadly
applicable to other electronic devices and nanostructures.

In addition, the methodological development on the ab-initio side of the aforementioned merger is of
obvious benefit to the field of ab-initio modelling per se. For instance, the advanced iterative matrix
diagonalisation techniques implemented to solve inner eigenvalue problems, and the algorithms to
efficiently evaluate Auger recombination rates from ab-inito one-electron orbitals will be useful in
many applications far beyond the scope of the HiperSol project.

The HiperSol network has offered new understanding as well as new algorithms for how to reach
that understanding of the major recombination events. Thus the operation for the device is not only
dependent on how it is activated but also how it can avoid losses to various deactivation processes.
Recombination means quenching of the holes and particles (or electrons) that ideally should remain
separated through the interfaces and through the crucial parts of the device. Thus HiperSol has put
forward “structure-property” relationships on how to accomplish an “antiquenching design” in order
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to limit such recombination (or quenching) to a minimum. It has addressed all three major channels
of such recombination, namely radiative recombination (where the hole particle excitation, or
exciton, is recombined though spontaneous emission of a photon; phonon quenching (where
electronic excited and ground levels “connect” to each other by the vibrational or lattice degrees of
freedom of motion); and finally, non-radiative electronic coupling (sometimes called Auger
coupling, which is a complicated local, but often very effective, process for the decay of the
excitations if this this path at all is energetically possible).

One major achievement of HiperSol it that it has been able to address all these three decay
mechanisms in one formulation, another achievement is that it could associate numerical values to
the formulation under certain assumptions or parameterization relevant for the real device situation.
Through HiperSol we could thus put numbers on these processes and could relate those numbers
rather closely to the design of the device in terms of materials and geometrical configuration. The
understanding this gives, and will give through further extensive application of the derived formulas
is a strategic accomplishment of the network which can give future impact, improvement and
possible breakthrough in this important technology area.

4.1.4.2 Impact on PV

The insight acquired through the modelling activities can have valuable impact on the choice of
future metallization schemes. The results have confirmed our hypothesis that metal transport through
glass may be a rate limiting step in the contact formation, and this can be of important assistance
when developing improved schemes for screen printing excluding the use of Pb or other unwanted
elements in the paste. Also, the microscopic understanding of the electrical conductivity through
various interfaces between Ag and Si can have significant impact on future metallization
technologies, both those utilizing screen printing and other methods.

The PV industry has developed very fast in recent years in terms of market size and of reduction of
cost per watts for the complete PV-system. It is expected that the growth of PV will continue for the
next year and the search for implementing new technologies to reduce cost and to increase system
efficiency will intensify. The main focus will lie on the replacement of the screen printed aluminium
on the rear side of the solar cell for surface passivation by a dielectric layer and the reduction or even
replacement of the use of silver for the contact formation. The assessment of these technologies
requires a deep understanding of the underlying physical properties. As the project contributed a lot
in the understanding passivation metallisation the results have the potential to help decision takers in
PV-industry to decide for the investment in the appropriate technology.

At the industry-scale experiments at Isofoton on shallow low-doped emitters based on results from
WPS5, an improvement in the efficiency could be shown, essentially due to the reduction in
superficial recombination, above all in the emitter. With these new cells, the efficiency over the
current cells is increased by a factor of 3.6%, with the process intervals being sufficiently large,
which we consider to be an important result.

For future high-efficiency cell concepts excellent surface passivation will be more important. Within
the HiperSol project surface passivation of SiNy;H layers have been extensively researched (both
experimental and theoretical) and resulted in a better understanding. This knowledge can be applied
to other new passivating layers and even passivating contacts that will be applied to future high-
efficiency cell concepts.
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4.1.4.3 Dissemination activities and exploitation

The dissemination activities for WP1 were publications in the academic literature and conference
presentations. Exploitation is in conjunction with other work packages that used results from this one
and is discussed below. At the university of Sheffield, a postdoc (Keith Butler) was funded by the
HiperSol project and has applied a range of simulation methods to problems in photovoltaics. He will
continue to work in this area. An MSc student (Tong Long) also did his project in the area of
interfaces in solar cells.

As for WP1, the dissemination activities for WP2 were mainly publication in the peer-reviewed
academic literature, and several presentations at international conferences. In addition, an
appreciably part of the work at University of Vienna was performed by the PhD-student Leif-Eric
Hintzsche, who will defend his thesis at the beginning of 2014. Furthermore, all algorithmic
development within WP2 has been absorbed into the Vienna Ab-initio Simulation Package (VASP).
VASP is a very prominent software package within the computational materials science community,
with more than 2000 license holders world-wide. As such, the progress and algorithmic
developments on the ab-initio side of WP2 of the HiperSol project will be directly available to a
large and diverse part of the computational materials science community.

SINTEF educated two master students in WP3; Dan Michael Olsen Hegge and Astrid Marie Flattum
Muggerud. They have achieved a broad overview of solar cell technology in addition to detailed
scientific competence within DFT calculations and TEM characterization. Also, Espen Flage-Larsen
worked as a postdoc at SINTEF, funded by the HiperSol project. He is now permanently employed
in SINTEF, and is attached to several new and relevant projects.

At ECN internships of one bachelor student (Bart Teussink from Fontys University of Applied
Sciences) and one master (Le Thang Nam from the Technical University of Munich and Nanyang
Technological University) student were carried out. Le Thang Nam performed detailed
characterization on passivating layers using FTIR, Kelvin Probe measurements, CV MIS and
Spectroscopic Ellipsometry. Bart Teussink carried out process optimization on different passivating
layers applied by PECVD (silicon oxide, silicon nitride, stack layers, etc.). With these studies more
fundamental knowledge on the physical properties of the layers with respect to the passivating
quality was gained. PhD student Machteld Lamers will finish her PhD thesis in 2013. The main part
of her thesis, which will be made available in the public domain, will contain R&D results obtained
in the HiperSol project. Several papers (a large part of these papers were written together with
partners) have been published already. Together with industry partners Sunways and Isofoton
improved processes that were developed based on the HiperSol results were evaluated and an
efficiency gain was observed. ECN will use (or actually is already using) these improved processes
in its baseline processing, and also in future processing schemes for high efficiency solar cells.

At ISC Konstanz the PhD-student Enrique Cabrera was recruited for the HiperSol project, generating
a new doctorate, with a thesis submitted in the field of solar cell metallisation. This scientist is a
valuable project contribution for both scientific fields in need of highly educated and trained
researchers and for an industry sector in a process of rapid growth. His thesis produced in the
HiperSol project will be made available in the public domain.

Sunways worked closely together with ISC and ECN in preparing and analysing samples from
industrial processes. Therefore Sunways gained a more fundamental understanding of their actual
industrial process and also of possible future processes.
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During the time of the project Sunways could decrease the production costs of solar cell by more
than 5% only by improving cell efficiency. The results of the project made an important contribution
to this improvement.

Isofoton have worked closely together with ISC and ECN in preparing and analyzing samples from
industrial processes. Nitridation process for passivation improvement has been investigated, and the
contacting for low resistivity emitter has been improved. Isofoton industrial solar cell efficiency has
increased about 5.7% from HiperSol project beginning and the manufacturing cost has been reduced
about 5.4%.

Dissemination of the network results have occurred through user contact, conferences and through
normal academic channels. At KTH HiperSol results have been ventilated and discussed in the forum
of the recently inaugurated research centre JINGLE - Joint institute of Nanotechnology for Global
Energy, where Hans Agren is director, and during the kick-off meeting of that centre in May 3-5,
2012, where a session dedicated to solar energy was included. Network results and the network as
such have also been connected to or discussed with respect to other energy initiatives at KTH, n.b.

e The KTH Platform for energy research.

e The common KTH — UU energy consortium STANDUP, funded by the government strategic
initiative, and with Escience aspects to eSSENCE and SeRC, the two strategic e-science
initiatives in Sweden.

e The KTH platform and STANDUP connect to solar cell constellations in EIT energy, the
European Institute of Technology. Here HiperSol has played a non-negligible role.

e The HiperSol work has been conducted in line with the KTH policy of strengthened
international collaboration, as exemplified by the agreement between KTH and the China
Scholarship Council for student and researcher exchange, in which energy research has a
central role. A Chinese senior as well as a PhD student has been enrolled in HiperSol as
results of this exchange.
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4.1.5 Project data

The HiperSol project has an open website available on http://www.sintef.no/Projectweb/HiperSol/
and http://cordis.europa.eu/projects/rcn/92605_en.html. On these, information about the project
vision, goals, consortium publications and events are published. The coordinating organisation was
SINTEF, and the coordinator was Jesper Friis (jesper.friis@sintef.no, +47-98230458). The logo of
the project is shown below.

<~ HiperSol

The HiperSol project was executed by 8 partners from 7 European countries. The involved
organisations are listed below:

HiperSol consortium

Research institutes

Stiftelsen SINTEF, Norway
Contact person: Jesper Friis
E-mail: jesper.friis@sintef.no

Stichting Energieonderzek Centrum Nederland (ECN), The Netherlands
Contact person: Arthur Weeber
E-mail: weeber@ecn.nl

International Solar Energy Researchcenter Konstanz (ISC), Germany
Contact person: Sara Olibet
E-mail: sara.olibet@isc-konstanz.de

Industrial partners

Sunways Aktiengesellschaft, Germany
Contact person: Daniel Reinke
E-mail: daniel.reinke@sunways.de

Isofoton, Spain )
Contact person: Miguel Angel Vazquez
E-mail: m.vazquez@isofoton.com

Universities

Universitit Wien, Austria
Contact person: Georg Kresse
E-mail: georg kresse@univie.ac.at

The University of Sheffield
Contact person: John Harding
E-mail: j.harding@sheffield.ac.uk

KTH (Kungliga Tekniska Hogskolan), Sweden

Contact person: Hans Agren
E-mail: hagren@kth.se
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4.2 Use and dissemination of foreground

4.2.1 Section A (public)

Because of the fundamental nature of HiperSol with generation of new knowledge, competence and
methodology of general interest for many disciplines within materials science, the dissemination of
results is an important part of the project. This is done in different ways as described below.

Publications

Publication of journals papers and peer-reviewed conference papers, based on research performed in
HiperSol has been the main dissemination channels. So far 14 peer-reviewed papers has been
published or accepted for publication, and additional 1 paper has been submitted (with pending
reviews). A full list of these publications is found in Template Al.

Conference contributions
Results from HiperSol have also been presented at conferences, seminars, workshops and other
meetings, including many invited talks. A full list of these is found in Template A2.

Open dissemination workshop

An open joint workshop on advanced concepts in silicon based photovoltaics together with three
other EU projects (ThinSi, R2MSi and NanoPV) was organised near Oslo in Norway, June 20™ to
22" 2012. This workshop gathered 69 attendees that actively participated in the discussions,
resulting in a Common set of research needs and recommendations to funding agencies.

HiperSol web site

The HiperSol public web site (http://www.sintef.no/Projectweb/HiperSol/) has progressively been
updated with content and design. It contains a public description of the project and lists most
dissemination activities (papers, conference contributions, student thesis, etc.) within the project. It
will remain online at least until November 2016 (4 years after the end of the project).

Student examinations

A large part of the work was performed by master and PhD students. So far HiperSol has educated 4
MSc students. Another 3 PhD students will soon defend their thesis. In addition 4 postdocs have
been working in the project. All these highly qualified scientists are a valuable contribution to the
recruitment base for the European industry, universities and research institutes. The delivered theses
are listed in Template A2.

Visibility in public media

HiperSol has been visible in the popular media three times, two times at the Norwegian national
radio (NRK P2) and in an article in the popular scientific magazine Gemini (http://gemini.no/). These
are listed in Template A2.
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4.2.1.1 List of all scientific (peer reviewed) publications relating to the foreground of the project

This table is cumulative, meaning that it shows all activities from the beginning until after the end of the project.

TEMPLATE A1: LIST OF SCIENTIFIC (PEER REVIEWED) PUBLICATIONS, STARTING WITH THE MOST IMPORTANT ONES
Permanent | Is/Will open
Title of the identifiers? access3
: Main | periodical | Number, date or . Place of Year of Relevant (if available) | provided to
NO. Title Publisher . — :
author or the frequency publication | publication pages this
series publication?
1 Toward Efficient Band Structure | Y. Kim Phys. Rev. B | Vol 82 APS International | 2010-11-24 | 205212 http:/dx.doi.org/ | no
and Effective Mass Calculations 10.1103/PhysRe
for Ill-V Direct Band Gap vB.82.205212
Semiconductors
2 | Structural and electronic K. Butler | Phys. Rev. B | Vol 83 APS International | 2011-06-07 | 235307 http://dx.doi.org/ | no
properties of silver/silicon 10.1063/1.36700
interfaces and implications for 68
solar cell performance
3 | Current transport in thick film E. Energy Vol. 8 Elsevier International | 2011-10-10 | pp. 540 http:/dx.doi.org/ | yes
Ag metallization: Direct contacts | Cabrera | Procedia 10.1016/j.eqypro
at Silicon pyramid tips? .2011.06.179
4 | Experimental evidence of direct | E. J. App. Phys. | Vol 110 AIP International | 2011-11-04 | 114511 http:/dx.doi.org/ | no
contact formation for the current | Cabrera 10.1063/1.36657
transport in silver thick film 18
metalized silicon emitters
5 | Molecular dynamics studies of | K. Butler | J. App. Phys. | Vol. 110 AlP International | 2011-12-20 | 124905 http:/dx.doi.org/ | no
the bonding properties of 10.1063/1.36700
amorphous silicon nitride 68
coatings on crystalline silicon

% A permanent identifier should be a persistent link to the published version full text if open access or abstract if article is pay per view) or to the final manuscript accepted for publication (link to

article in repository).

3 Open Access is defined as free of charge access for anyone via Internet. Please answer "yes" if the open access to the publication is already established and also if the embargo period for open
access is not yet over but you intend to establish open access afterwards.
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http://dx.doi.org/10.1016/j.egypro.2011.06.179
http://dx.doi.org/10.1016/j.egypro.2011.06.179
http://dx.doi.org/10.1016/j.egypro.2011.06.179
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http://dx.doi.org/10.1063/1.3665718
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0 Optical and electronic G. Phys. Rev. B | Vol. 85 APS International | 2012-01-13 | 45205 http://dx.doi.org/ | no
properties of Si3N4 and a-SiO2 | Kresse 10.1103/PhysRe
vB.85.045205
7 | Gaussian charge-transfer M. Phys. Rev. B | Vol. 85 APS International | 2012-03-27 | 115122 http:/dx.doi.org/ | no
charge distributions for non- Marsman 10.1103/PhysRe
self-consistent electronic vB.85.115122
structure calculations
8 | Fast iterative interior G. J. Comput. 231 Elsevier International | 2012-04-01 | 4836-4847 http:/dx.doi.org/ | no
eigensolver for millions of Jordan Phys. 10.1016/j.jep.201
atoms 2.04.010
9 | Interface properties of a- M.W.P.E. | Solar Energy | 106 Elsevier International | 2012-04-01 | 17 http:/dx.doi.org/ | no
SiNx:H/Si to improve surface Lamers Materials 10.1016/j.solmat.
passivation and Solar 2012.06.025
Cells
10 | Influence of Surface E. J Vol PP, Issue 99 IEEE International | 2012-06-01 | 1-6 http:/dx.doi.org/ | no
Topography on the Glass Cabrera | Photovoltaics 10.1109/JPHOT
Coverage in the Contact 0V.2012.220940
Formation of Silver Screen- 6
Printed Si Solar Cells
11 | Stoichiometrically graded SiNx | K. Butler | J. App. Phys. | Vol. 112 AIP International | 2012-11-01 | 094303 http:/dx.doi.org/ | no
for improved surface 10.1063/1.47640
passivation in high performance 12
solar cells
12 | Density functional theory study | L.E. Phys. Rev. B | Vol. 85 APS International | 2012-12-14 | 235204 http://dx.doi.org/ | no
of the structural and electronic | Hintzsch 10.1103/PhysRe
properties of amorphous silicon | e vB.86.235204
nitrides: Si3N4-x:H
13 | Atomistic simulation of doping K. Butler | Phys. Rev. B | Vol. 86 APS International | 2012-12-21 | 245319 http:/dx.doi.org/ | no
effects on growth and charge 10.1103/PhysRe
transport in Si/Ag interfaces in vB.86.245319
high-performance solar cells
14 | Characterization of a-SiNx:H M. Phys. Stat. Vol. 86 Wiley International | 2012-10-26 | 245319 http:/dx.doi.org/ | no
layer: Bulk properties, interface | Lamers | Sol. a 10.1002/pssa.20
with Si and solar cell efficiency 1200532
15 | Nickel (silicides) as K. Butler | ACS Applied | Submitted ACS International | Submitted Submitted no
replacement materials for silver Materials &
contacted solar cells Interfaces
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4.2.1.2 List of all dissemination activities

This table is cumulative, meaning that it shows all activities from the beginning until after the end of the project.

2V
e

TEMPLATE A2: LIST OF DISSEMINATION ACTIVITIES

NO. Type of activities* Main Title Date/Period Place Type of S'Z.e of Countries
leader audience® audience addressed

1 Presentation SINTEF | 1st TYC-Workshop on Energy Sep. 7-9, 2010 London Scientific 100 International
Materials Community

2 | Presentation SINTEF | Modelling of interfaces for high 29 Sep. - 1. Oct, Aix les Bains Scientific 100 International
performance solar cell materials — 2010 Community
European PV Project Meeting

3 | Presentation KTH Modelling of interfaces for high Nov. 24, 2010 Stockholm, Scientific International
performance solar cell materials. KTH Sweden Community
Energy Day

4 | Poster USFD Modelling of contacting interfaces in 29t Nov — 3 Dec Boston USA Scientific International
solar cells 2010 Community

5 | Presentation SINTEF | Solar Cell Technology and Hydrogen | Jan. 25-26, 2011 Japan Scientific International
Storage Materials: From First Community
Principles Calculations to Real World
Applications.

6 | Presentation USFD Challenges in modelling interfaces Sep. 11-12, 2011 Bath, UK Scientific 60 UK

Community

7 | Presentation uv Electronic structure calculations on Mar. 13-18, 2011 Dresten, Germany | Scientific International

100,000 atoms. Community

‘A drop down list allows choosing the dissemination activity: publications, conferences, workshops, web, press releases, flyers, articles published in the popular press, videos, media

briefings, presentations, exhibitions, thesis, interviews, films, TV clips, posters, Other.

> A drop down list allows choosing the type of public: Scientific Community (higher education, Research), Industry, Civil Society, Policy makers, Medias, Other ('multiple choices' is

possible).
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8 | Presentation ISC Direct contact formation for the Feb. 27 — Mar. 2, Feldberg-Falkau, | Scientific 100 International
current transport in the solar cells 2011 Germany Community and
Industry
9 | Presentation ISC Current transport in thick film Ag Apr. 20, 2011 Freiburg, Scientific 500 International
metallization: Direct contacts at Germany Community and
Silicon pyramid tips? Industry
10 | Presentation USFD What makes a good contact; insights | 26™ October 2011 Charleroi, Scientific 200 European
from atomistic simulation Belgium Community and
Industry
11 | Presentation ISC Influence of surface topography, 26t October 2011 Charleroi, Scientific 200 International
defects and their nature on the Belgium Community and
contact formation in thick film Ag Industry
metallization.
12 | Presentation USFD Studying the effect of interface 28h Nov - 2 Dec, Boston, USA Scientific 40 International
structure on the electronic and optical | 2011 Community
properties of silicon/silicon nitride
interfaces in solar cells using
molecular dynamics simulations.
13 | Presentation ECN Examination of the Properties of the 28" Nov - 2 Dec, Boston, USA Scientific 50 International
Interface of SiNx:H/Si in Crystalline 2011 Community
Silicon Solar Cells and Its Effect on
Cell Efficiency.
MRS Fall Meeting
14 | Presentation USFD Multiscale Modelling in High- Feb 150 -17t 2011 | Vienna, Austria Scientific 30 European
Performance Photovoltaics Community
15 | Presentation SINTEF | The crystalline Si3N4/Si interface; the | Feb. 27t — Mar. 29, | Boston USA International
electronic structure of defects. APS 2012
March Meeting
16 | Presentation uv Defect states in amorphous silicon 25-30, Mar 2012 Berlin, Germany Scientific 50 International
nitrides: a-SisNxHy Community
17 | Presentation ECN Interface Properties of a-SiNx:H/Sito | Apr. 3-5, 2012 Leuven, Belgium | Scientific 400+ International
Improve Surface Passivation Community
18 | Presentation USFD What makes a good contact? Insights | Apr 9%-Apr 13t San Francisco, Scientific 50 International
from atomistic simulation 2012 USA Community
19 | Presentation SINTEF | Modelling of the contacting and June 7-8 2012 Gothenburg, Scientific International
passivating interfaces in silicon solar Sweeden Community
cells. 2012 Sino-Swedish Workshop
20 | Presentation SINTEF | Characterisation of the contacting June 201-22r, 2012 | Oslo, Norway Scientific International
interface. Talk at ACPV workshop Community and
Industry
|
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23
21 Presentation ISC Characterisation of the contacting Olso, Norway Scientific International
interface. Talk at ACPV workshop in | June 20t-22nd, 2012 Community and
Oslo Industry
22 | Presentation USFD What makes a good contact? Insights | June 20t-22r9, 2012 | Oslo, Norway Scientific International
from atomistic simulation. ACPV Community and
workshop Industry
23 | Presentation SINTEF | Modelling of contacting - from June 20t-22nd 2012 | Oslo, Norway Scientific International
atomistic to macroscopic scale. Community and
ACPV workshop. Industry
24 | Presentation SunW Metallization and the PV-learning June 20t-22nd, 2012 | Olso, Norway Scientific International
curve. ACPV workshop Community and
Industry
25 | Presentation ECN Characterization of a-SiNx:H layer: June 20t-22nd 2012 | Oslo, Norway Scientific 50 International
bulk properties and interface with Si. Community and
ACPV workshop Industry
26 | Presentation uv Defects in amorphous silicon nitrides | June 20t-22nd, 2012 | Oslo, Norway Scientific International
SisNs-SisNx. ACPV workshop. Community and
Industry
27 | Presentation SINTEF | Phosphorus in silicon and silicon June 20t-22rd 2012 | Oslo, Norway Scientific International
nitride. Talk at ACPV workshop Community and
Industry
28 | Presentation Isof Industrial perspective for photovoltaic | June 20t-22nd, 2012 | Oslo, Norway Scientific International
based on silicon solar cells. Talk at Community and
ACPV workshop Industry
29 | Presentation ISC What makes a high-performing Jul. 22-25, 2012 Vail. CO, USA Scientific 200 International
screen-printed Ag contact? Realities Community and
and idealities from microscopical Industry
insight.
30 | Poster uv Defect states in amorphous silicon 27-30 Jul 2012 London, UK Scientific International
nitrides: a-SisNxHy Community
31 Presentation SINTEF | Modelling of the screen printing 25. Aug 2012 Frankfurt, Scientific International
metallization process from first Germany Community
principles, Poster at the European
photovoltaic solar energy conference
and exhibition
32 | Presentation uv The many electron Schrédinger 23-28 Sep 2012 Yokohama, Japan | Scientific 500+ International
equation: improved descriptions and Community
applications to materials science
33 | Presentation USFD Multi-scale modelling for improved 25t — 26t June St Poelten, Scientific 30 European
design in photovoltaics. 37 Austruan | 2012 Austria Community
High-Performance Computing
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34 | Presentation uv Amorphous a-SisNsxHy and 23-25 Oct 2012 San Francisco, Industry and 50 International
crystalline Si/a-SisNsxHy interfaces USA academia
35 | Poster USFD Computational screening for potential | 26t — 30t Nov 2012 | Boston USA Scientific International
contacting metals in high- Community
performance solar cells
36 | Workshop SINTEF | Advanced concepts in silicon based | Jun. 20-22, 2012 Oslo, Norway Scientific 69 European
photovoltaics Community and
Industry
37 Thesis SINTEF | Electron microscopy studies and 2010 NTNU/SINTEF, Scientific European
microanalysis of front contact Norway Community
interfaces in silicon solar cell
materials
38 Thesis ECN Determine charge and its location in 2011 Germany/The Scientific European
a-SiNx:H Layers used in Silicon Solar Netherlands Community and
Cells with Kelvin Probe and CV-MIS Industry
Methods
39 | Thesis uv Properties of silicon nitride — An ab- 2011 University Vienna | Scientific European
initio studly of the crystalline phases Community
and amorphous silicon-nitrogen alloys
40 | Thesis SINTEF | Ab initio molecular dynamics 2012 UioO/SINTEF, Scientific European
simulation of phosphorus diffusion in Norway Community
silicon
41 Articles published in the SINTEF | Soleklar bane, 3. Sep. 2011 Trondheim, Civil Society, Norway
popular press http://www.ntnu.no/gemini/2011- Norway Medias
03/24-25.htm
42 | Radio SINTEF | Fremtiden er atomistisk, NRK P2 4. Oct. 2012 Oslo, Norway Civil Society, Norway
Medias
43 | Radio SINTEF | Atomskalamodellering, NRK P2 21. Sep. 2012 Oslo, Norway Civil Society, Norway
Medias
44 | Other SINTEF | Common set of research needs and | Sep. 2012 Oslo, Norway Policy makers European
recommendations to funding
agencies
45 Web SINTEF | HiperSol website, Jan, 2010 Norway Scientific International
http://www.sintef.no/Projectweb/Hiper Community,
Sol/Publications/ Industry, Civil
Society, Policy
makers
46 | Other SINTEF | Modelling of interfaces for high 2011 France Scientific European
performance solar cell materials, Community,
|
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article in Photovoltaics and Industry, Civil
nanotechnology: from innovation to Society, Policy
industry makers
47 | Poster ISC Impact of Si Surface Topography on | June 3-8 2012 Austin, Texas, Scientific 100 International
the Glass Layer Resulting from USA Community and
Screen Printed Ag-Paste Solar Cell Industry
Contacts
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4.2.2 Section B (Public®)

The exploitation of results in HiperSol follows three main routes:

1.

The industrial partners, Sunways and Isofoton, have direct commercial interests in the results
obtained in the project. They already have, and will continue to exploit the successful results
in form of improved processes and products brought to the market.

Research partners, ECN and ISC, have direct commercial interest in the results obtained in
the project. They have already implemented the improved processes in their baselines. With
this improved processing they have a better knowledge position that can result in more
projects with third parties.

The University of Vienna is the owner and developer of Vienna Ab Initio Package (VASP), a
commercial industrial-leading software package for atomic scale materials modelling. The
new methods and algorithms for fast iterative optimised solvers, screened effective potentials
and calculation of Auger recombination life times directly from first principles developed in
HiperSol will be made commercially available in new versions of VASP.

For the research institute and university partners there are the possibilities for new projects
based on the knowledge and IP developed in HiperSol the most important mean of
exploitation. This includes both applications to public funded projects and projects directly
with the industry.

The exploitable plans for the above mentioned routes are detailed below.

Foreground developed: Its purpose or nature, how the foreground will be exploited, when and by
whom and further research necessary

SINTEF: In the HiperSol project, SINTEF has built up fundamental understanding of the contacting
and passivation of solar cells as well as practical knowledge and competence on atomistic and phase
field modelling in addition to a valuable experience on how to connect different scales. This
competence has increased the possibilities for SINTEF to apply for public and industry funded
projects that combine modelling at different scales and has in fact already been a driving factor in
establishing the following on-going projects:

NanoThermo Norwegian Research Council
Pd-alloy membranes Norwegian Research Council
ASMOD Internal project in SINTEF
Heterosolar Norwegian Research Council
Fundamental precipitation in Al Norwegian Research Council
Frinatek Mg batteries Norwegian Research Council
SEP MOF Internal project in SINTEF
Frinatek Bentmat Norwegian Research Council
SUPTI Norwegian Research Council
Energix, Thermomat Norwegian Research Council
SEP Ni Internal project in SINTEF
Metahydro Internal project in SINTEF

% Note to be confused with the "EU CONFIDENTIAL" classification for some security research projects.
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with a total volume of about 10 MEUR, making atomic scale modelling an important research area
within materials physics in SINTEF. Since the initiation of HiperSol, SINTEF has increased its staff
working with NMP and ENERGY -related atomistic modelling within materials physics from one to
6 people. The role of SINTEF as a research institute is to bring research finding to industrial use. The
strategic focus on atomistic modelling within materials physics in SINTEF initiated with HiperSol,
will play an important role in providing atom scale modelling as a part of the tool box to the
Norwegian, and also the European, industry. This is essential for keeping their competitiveness in the
development and design of tomorrow's materials and products.

Several models and software tools that were developed by SINTEF during HiperSol are listed in
Template B2. This IP will be used by SINTEF to sell/apply for new projects and to create added
value for our customers.

ECN: gained more fundamental knowledge on surface passivation mechanisms and developed
improved processing in this field. The improved processes have already been implemented in its
baseline processing resulting in higher efficiencies. Because of this knowledge gain and improved
processing ECN strengthened its position as a leading research institute, and is able to further
improve its passivation process for innovative cell concepts. A national project on advanced
passivation layers has recently been granted.

ISC Konstanz: ISC has developed a very good procedure how to characterize metal contacts and has
gained knowledge about the mechanism behind the screen printed contact. With this knowledge we
have applied on national level for a project named MetalTopp which is now funded and together with
the German company GP solar we are developing pastes. In addition we have many industrial
projects on metallization. So ISC Konstanz strengthened its position in this field making
technologically leading research.

Sunways: gained a deep understanding of the silver-contacts on n-doped emitters. We investigated
the potential of the best paste for mass production and could show that a successful implementation
and an increase of cell efficiency is possible. Furthermore we understood why it is fundamentally
impossible to replace the silver of the metallization paste by a mere replacement of silver by another
element. This understanding makes it clear that further research on the replacement of silver is
needed. The results on the metallization process are very valuable for further investments in the field
of metallization. With the understanding of the role of nitrogen at the interface Si-SiN we could fine-
tune our industrial SiN-process to increase the passivation quality. The finding on passivation layers
will help Sunways to develop better products

Isofoton: In the HiperSol project we gained a lot of knowledge for a better understanding of the
metallization process and performed first steps to develop alternatives for metallization processes
based on Ag paste. The deep analysis of current conduction mechanism will be really fruitful to
improve the current metallization process, and to develop new Ag-paste that improves the fill factor
and the efficiency of solar cells. First steps to develop an alternative for Ag -paste for metallization
process have been realized as well, and future products will be based in the research developed in
this project. Experiments and conclusions at mass production level have been shown.

Universitit Wien: All algorithmic development within WP2 has been absorbed into the Vienna Ab-
initio Simulation Package (VASP). VASP is a very prominent software package within the
computational materials science community, with more than 2000 license holders world-wide. The
progress and algorithmic developments, such as optimised algorithms for fast iterative inner
eigenvalue solvers, screened effective potentials and calculation of Auger recombination life times
directly from first principles, developed within the HiperSol project, will be commercially available
to a large and diverse part of the computational materials science community, in new versions of
VASP.
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The University of Sheffield: has developed new force-fields for metal/semi-conductor interfaces
and applied techniques for simulating structure and properties (including electronic properties such
as Schottky barriers) of hetero-interfaces in materials to problems in solar cells. New expertise in the
application of our methods to solar cells has enabled us to apply for funding in this area. We are
incorporating new simulation protocols developed in this project into simulations on functional
ceramics, working with experimental colleagues in Sheffield. An area of particular interest is the
development of the multiscale modelling of impedance spectroscopy to deconvolute the electrical
microstructure of heterogeneous electroceramics (including contacts). This is enabling us to both to
enhance the value of current projects and apply for new public funding at both a national and
European level.

KTH: At KTH there is a strong effort in research towards third generation, nanostructured, solar
cells, where KTH HiperSol partners are active. We have been able to compare and match several
intriguing problems of that kind of solar cells with HiperSol research. Quantum Dot (QD)-based
solar cells offer here potentially significant advantages over conventional crystalline and
polycrystalline silicon cells, polymer-based bulk heterojunction cells, and dye-sensitized solar cells
(DSSCs) with molecular sensitizers. First, the size-dependent energetics of QDs enables tunable
absorption spectra and maximal overlap with the solar spectrum. Second, QDs can support multiple
excited electron-hole pairs, either through absorption of multiple photons or through multiexciton
generation following absorption of a single photon. Third, monodisperse suspensions of II-VI and
III-V QDs with tunable diameters are readily synthesized through established arrested precipitation
methods, potentially enabling cheap and scalable fabrication of devices. QD-containing hybrid
nanomaterials contain extended interfaces, which can be exploited to promote separation of
photogenerated electrons and holes. QDs may also be ideal light-harvesters for multielectron redox
photocatalysis for solar-to-chemical energy conversion. Despite these potential advantages, the best
efficiencies of QD-sensitized solar cells (QDSSCs) and QD-based Schottky junction cells range from
5-6%, significantly lower than those for conventional Si cells (15-20%), polymer blend bulk
heterojunction cells (4-5%), and molecular DSSCs (11-12%). The poor efficiency of QD-based
devices arises from (1) inefficient transfer of photogenerated electrons and holes from QDs across
nanostructured interfaces and (2) inefficient collection of electrons and holes following interfacial
charge transfer. Thus, fundamental research is required to elucidate the influence of materials
composition and assembly modality on the dynamics and efficiency of interfacial charge transfer and
charge transport within QD-containing hybrid nanomaterials:

e Determination of the fundamental limit of the power conversion efficiency of QD-based solar
cells.

e Development of bottom-up methods to assemble hybrid nanostructured materials consisting
of light-harvesting II-VI and III-V QDs tethered to electron-accepting substrates.

e Measurement of the dynamics and efficiency of photoinduced interfacial charge-transfer
processes within nanostructured materials as a function of materials composition, energetics,
and interconnectivity.

e Measurement of charge-transport dynamics and charge collection efficiency as a function of
materials composition and morphology.

e Rational optimization of the efficiency of photoinduced interfacial charge transfer and charge
transport within QD-containing nanostructured materials.

e Advanced synthesis and characterization of atomic and electronic QD structures - and their
structure-property relationships - through a combination of theoretical calculations, concept
and method development, and new experiments.

It is clear that several of these pressing issues are in common for silicon and QD sensitized solar cells
and that there is a great cross-learning to be reached from research of the two types.
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No applications for patents, trademarks or registered designs, have so far been submitted by HiperSol.

TEMPLATE B1: LIST OF APPLICATIONS FOR PATENTS, TRADEMARKS, REGISTERED DESIGNS, ETC.

Confidential

Foreseen

X Application . o
Té?geh?;J_P %g;ﬁ 8 e(ﬁ?;ﬁ?yg?;e reference(s) Subject or title of application Applicant (s) (as on the application)
' (e.g. EP123456)
Not | Not Not Not
applicable | applicable applicable applicable Not applicable Not applicable

A drop down list allows choosing the type of IP rights: Patents, Trademarks, Registered designs, Utility models, Others.
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TEMPLATE B2: LIST OF EXPLOITABLE FOREGROUND

T £ Description Confiden- | Foreseen Exploitabl Timetabl Patents or Owner &
ype o of exploitable tial embargo Xponab’e Sector(s) of imetav’e, other IPR Other

Exploitable foreground (Yes/No) date product(s) or application® commercial or exploitation | Beneficiary(s)

8
Foreground ddmmiyyyy | Me@SUre(s) any otheruse | iconces) | involved

Geometric method
General for determine the No Not Interface builder - a M72 - Scientific 2010 Not applicable | SINTEF
advancement relative orientation applicable tool for easy creation of | research and
of knowledge and alignment initial interface development
between the two structures
structures that are
interfaced

Dissolution of solid
General New analytical No Not matter into a liquid M72 - Scientific 2012 Not applicable | SINTEF
advancement dissolution model applicable solvent is a relevant research and
of knowledge topic in a range of development
industrial applications
in materials science.
The new model
improves the
understanding of the
developed phase-field
model and previous
analytical models. The
model further sheds
light on the importance
of reaction kinetics at
the solid-liquid
interface for dissolution
rates.

The phase-field
General Phase field model No Not method is a generic M72 - Scientific 2012 Not applicable | SINTEF
advancement for metallisation applicable method for bridging research and
of knowledge micro and macro- development
scales. The method will
specifically be
employed in

" A drop down list allows choosing the type of foreground: General advancement of knowledge, Commercial exploitation of R&D results, Exploitation of R&D results via standards,
exploitation of results through EU policies, exploitation of results through (social) innovation.
? A drop down list allows choosing the type sector (NACE nomenclature) : http:/ec.europa.eu/competition/mergers/cases/index/nace_all.html
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solidification/melting
applications in flow-
technology
applications.

General FEM models for the
advancement Model for contact No Not current flow from the M72 - Scientific 2012 Not applicable | SINTEF
of knowledge resistivity in Si solar applicable metal finger to the research and
cells emitter on both flat and | development
textured silicon
surfaces.
General Applicable to
advancement New mathematical No Not description of impurity M72 - Scientific 2013 Not applicable | SINTEF
of knowledge model for random applicable diffusion in presence of | research and
walk impurity atoms or development
clusters in diamond,
silicon, germanium or
alpha-tin
General Development of No Not Applicable to solar M72 —Scientific 2012 Not applicable | USFD
advancement force-fields hetero- applicable cells and devices research and
of knowledge interfaces based on functional development
ceramics
General Development of No Not Applicable to functional | M72 —Scientific 2012 Not applicable | USFD
advancement new simulation applicable ceramics, biomaterials | research and
of knowledge protocols for and metal/ceramic development
complex hetero- contacts.
interfaces
General Harmonic-Davidson !Extended functlonallty M72 - Scientific
advancement . . in to the Vienna Ab- . . TR
inner eigenvalue No Not C . research and 2012 Not applicable | Universitat Wien
of knowledge solver applicable initio Simulation development
Package (VASP)
General Semi-empirical !Extended functlonallty M72 - Scientific
advancement . in to the Vienna Ab- . . -
screened effective No Not Do . research and 2012 Not applicable | Universitat Wien
of knowledge pseudopotentials applicable initio Simulation development
Package (VASP)
General Calculation of Extended functlonallty M72 - Scientific
advancement Auger in to the Vienna Ab- . . TR
N No Not C . research and 2013 Not applicable | Universitat Wien
of knowledge recombination rates applicable initio Simulation development
Package (VASP)
Commercial Understanding the No Not Reduction of C27- Manufacture of | 2012 Not applicable | Sunways
exploitation of | microstructure of applicable production cost/Watt electrical equipment
R&D results the Ag-Silicon due to an increase in
contact in terms of the efficiency of solar
emitter profile, type cells by implementing
of paste, density of the foreground in the
Ag crystallites production process
|
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which are directly
contacted to the
emitter
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Commercial Understanding the No Not Reduction of C27- Manufacture of | 2012 Not applicable | Sunways
exploitation of | influence of a NH3- applicable production cost/Watt electrical equipment
R&D results pre-plasma prior due to an increase in
the SiN deposition the efficiency of solar
in an industrial cells by implementing
environment the foreground in the
production process
General Advanced No Surface passivation M72 - Scientific 2012 Not applicable | ECN
advancement characterization Not mechanisms applicable | research and
of knowledge and understanding applicable to solar cells development
of interfaces
General Effect of physical No Effect of different bond | M72 - Scientific 2012 Not applicable | ECN
advancement properties SiNx;H Not densities on Qf and Dit, | research and
of knowledge layers on surface applicable and on n and k. development
passivating quality
and optical
properties
Commercial Better No Application of gradient | C27 — Manufacture 2012 Not applicable | ECN
exploitation of | understanding of Not layers resulting in electrical equipment
R&D results interfaces and applicable improved cell efficiency
development of due to better surface
new passivating passivation in
layers combination with good
bulk and ARC
properties
Commercial Understanding or No Improved cell efficiency | C27 — Manufacture 2012 Not applicable | ECN
exploitation of | the effect of NH3 Not due to better surface electrical equipment
R&D results plasma pre- applicable passivation with
treatments prior to options to separate
the deposition of surface passivation
passivating layers and other properties of
and/or ARC layers layers (e.g. separation
of surface passivation
from bulk passivating
and/or ARC properties)
General Advanced No Procedure to M72 - Scientific 2012 Not applicable | ISC
advancement characterization Not characterize and research and
of knowledge and understanding applicable understand the development
of the metallization functioning of metal
interface contacts and their
influence on solar cell
properties
|
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Commercial Understanding of No Not Improved cell efficiency | C27- Manufacture of | 2013 Not applicable | ISC
exploitation of | the applicable due to use of best electrical equipment
R&D results metallization/emitter suited commercial Ag

interplay and its pastes for advanced

various effects on emitter metallization

solar cell

performance
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4.3 Report on societal implications

Replies to the following questions will assist the Commission to obtain statistics and
indicators on societal and socio-economic issues addressed by projects. The questions are
arranged in a number of key themes. As well as producing certain statistics, the replies will
also help identify those projects that have shown a real engagement with wider societal issues,
and thereby identify interesting approaches to these issues and best practices. The replies for
individual projects will not be made public.

A General Information (completed automatically when Grant Agreement number is entered.

Grant Agreement Number: [ 228513 |

Title of Project: | Modelling of interfaces for high performance solar cell materials |

Name and Title of Coordinator:

B Ethics

[ Jesper Friis — Senior scientist

1. Did your project undergo an Ethics Review (and/or Screening)?

e If Yes: have you described the progress of compliance with the relevant Ethics | o)
Review/Screening Requirements in the frame of the periodic/final project reports?

Special Reminder: the progress of compliance with the Ethics Review/Screening Requirements should be
described in the Period/Final Project Reports under the Section 3.2.2 'Work Progress and Achievements'

2.  Please indicate whether your project involved any of the following issues (tick

box) :

RESEARCH ON HUMANS
e Did the project involve children? No
e Did the project involve patients? No
e Did the project involve persons not able to give consent? No
e Did the project involve adult healthy volunteers? No
e Did the project involve Human genetic material? No
e Did the project involve Human biological samples? No
e Did the project involve Human data collection? No

RESEARCH ON HUMAN EMBRYO/FOETUS
e Did the project involve Human Embryos? No
e Did the project involve Human Foetal Tissue / Cells? No
e Did the project involve Human Embryonic Stem Cells (hESCs)? No
e Did the project on human Embryonic Stem Cells involve cells in culture? No
e Did the project on human Embryonic Stem Cells involve the derivation of cells from Embryos? No

PRIVACY

e Did the project involve processing of genetic information or personal data (eg. health, sexual | No
lifestyle, ethnicity, political opinion, religious or philosophical conviction)?

e Did the project involve tracking the location or observation of people? No
RESEARCH ON ANIMALS
e Did the project involve research on animals? No
e  Were those animals transgenic small laboratory animals? No
o  Were those animals transgenic farm animals? No
e  Were those animals cloned farm animals? No
|
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e  Were those animals non-human primates? No
RESEARCH INVOLVING DEVELOPING COUNTRIES
e Did the project involve the use of local resources (genetic, animal, plant etc)? No
e  Was the project of benefit to local community (capacity building, access to healthcare, education No
etc)?
DuAL USE
e Research having direct military use No
e Research having the potential for terrorist abuse No

C Workforce Statistics

3. Workforce statistics for the project: Please indicate in the table below the number of
people who worked on the project (on a headcount basis).

Type of Position Number of Women Number of Men

Scientific Coordinator 1

Work package leaders 2 8

Experienced researchers (i.e. PhD holders) 2 15

PhD Students 1 3

Other 1 3

4. How many additional researchers (in companies and universities) were 4
recruited specifically for this project?

Of which, indicate the number of men: 3
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D Gender Aspects

Yes

5. Did you carry out specific Gender Equality Actions under the project? %
No

6.  Which of the following actions did you carry out and how effective were they?

Not at all Very
effective effective
(@  Design and implement an equal opportunity policy ONONONONO)
a Set targets to achieve a gender balance in the workforce OO00O0O0
[  Organise conferences and workshops on gender O000O0
[  Actions to improve work-life balance OO000O0
O  Other:

7. Was there a gender dimension associated with the research content — i.e. wherever people were
the focus of the research as, for example, consumers, users, patients or in trials, was the issue of gender
considered and addressed?

O  Yes- please specify |

® No

E Synergies with Science Education

8. Did your project involve working with students and/or school pupils (e.g. open days,
participation in science festivals and events, prizes/competitions or joint projects)?

®  Yes- please specify KTH Energy Day, Nov. 24, 2010
O No Materials day, NTNU, Oct. 10, 2012

9. Did the project generate any science education material (e.g. kits, websites, explanatory
booklets, DVDs)?

O  Yes- please specify | |

® No

F Interdisciplinarity

10. Which disciplines (see list below) are involved in your project?
O  Main discipline'®: 1.2
O  Associated discipline'”: 1.1 ‘ O ‘ Associated discipline'": 1.3

G Engaging with Civil society and policy makers

11a Did your project engage with societal actors beyond the research ® Yes
community? (if 'No', go to Question 14) O No

11b If yes, did you engage with citizens (citizens' panels / juries) or organised civil society
(NGOs, patients' groups etc.)?

No

Yes- in determining what research should be performed

Yes - in implementing the research

®0 00

Yes, in communicating /disseminating / using the results of the project

10 Insert number from list below (Frascati Manual).
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11¢ In doing so, did your project involve actors whose role is mainly to
organise the dialogue with citizens and organised civil society (e.g.
professional mediator; communication company, science museums)?

o®

12. Did you engage with government / public bodies or policy makers (including international

organisations)

® No

O  Yes- in framing the research agenda

O  Yes - in implementing the research agenda

O  Yes, in communicating /disseminating / using the results of the project

13a  Will the project generate outputs (expertise or scientific advice) which could be used by

policy makers?

O  Yes-—as aprimary objective (please indicate areas below- multiple answers possible)

®  Yes —as a secondary objective (please indicate areas below - multiple answer possible)

O No

13b If Yes, in which fields?

Agriculture

Audiovisual and Media
Budget

Competition

Consumers

Culture

Customs

Development Economic and
Monetary Affairs
Education, Training, Youth
Employment and Social Affairs

= Energy

Enlargement

Enterprise

Environment

External Relations

External Trade

Fisheries and Maritime Affairs
Food Safety

Foreign and Security Policy
Fraud

Humanitarian aid

Human rights

Information Society
Institutional affairs

Internal Market

Justice, freedom and security
Public Health

Regional Policy

= Research and Innovation
Space

Taxation

Transport
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http://europa.eu/pol/rd/index_en.htm
http://europa.eu/pol/tax/index_en.htm
http://europa.eu/pol/trans/index_en.htm
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13¢ If Yes, at which level?
O  Local/ regional levels
O  National level
®  European level
QO International level

H Use and dissemination

14. How many Articles were published/accepted for publication in 14

peer-reviewed journals?

To how many of these is open access'' provided? 2
How many of these are published in open access journals? 1
How many of these are published in open repositories? 0

To how many of these is open access not provided? 13

Please check all applicable reasons for not providing open access:

publisher's licensing agreement would not permit publishing in a repository
O no suitable repository available

no suitable open access journal available

U no funds available to publish in an open access journal

U lack of time and resources

U lack of information on open access

17. How many spin-off companies were created / are planned as a direct
result of the project?

Indicate the approximate number of additional jobs in these companies:

Qother'™: ...............
15. How many new patent applications (‘priority filings’) have been made? 0
("Technologically unique": multiple applications for the same invention in different
Jjurisdictions should be counted as just one application of grant).
16. Indicate how many of the following Intellectual Trademark 0
Property Rights were applied for (give number in , )
Registered design 0
each box).
Other 0
0

with the situation before your project:

18. Please indicate whether your project has a potential impact on employment, in comparison

Increase in employment, or a In small & medium-sized enterprises
[  Safeguard employment, or In large companies
W Decrease in employment, a None of the above / not relevant to the project
[ Difficult to estimate / not possible to quantify
19. For your project partnership please estimate the employment effect Indicate figure:
resulting directly from your participation in Full Time Equivalent (FTE = 3
one person working fulltime for a year) jobs:
"' Open Access is defined as free of charge access for anyone via Internet.
12 For instance: classification for security project.
—
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Difficult to estimate / not possible to quantify

I Media and Communication to the general public

20. As part of the project, were any of the beneficiaries professionals in communication or
media relations?
®  Yes O No

21. As part of the project, have any beneficiaries received professional media / communication
training / advice to improve communication with the general public?
O Yes ® No

22 Which of the following have been used to communicate information about your project to
the general public, or have resulted from your project?

Press Release Coverage in specialist press

Media briefing d Coverage in general (non-specialist) press

TV coverage / report Coverage in national press

Radio coverage / report Coverage in international press

Brochures /posters / flyers Website for the general public / internet

DVD /Film /Multimedia Event targeting general public (festival, conference,
exhibition, science café)

DUOXUDOOKX

X XOUO

23 In which languages are the information products for the general public produced?

Language of the coordinator English
W Other language(s)

Question F-10: Classification of Scientific Disciplines according to the Frascati Manual 2002 (Proposed
Standard Practice for Surveys on Research and Experimental Development, OECD 2002):

FIELDS OF SCIENCE AND TECHNOLOGY

. NATURAL SCIENCES
1.1 Mathematics and computer sciences [mathematics and other allied fields: computer sciences and other
allied subjects (software development only; hardware development should be classified in the
engineering fields)]

1.2 Physical sciences (astronomy and space sciences, physics and other allied subjects)
1.3 Chemical sciences (chemistry, other allied subjects)
1.4 Earth and related environmental sciences (geology, geophysics, mineralogy, physical geography and

other geosciences, meteorology and other atmospheric sciences including climatic research,
oceanography, vulcanology, palacoecology, other allied sciences)

1.5 Biological sciences (biology, botany, bacteriology, microbiology, zoology, entomology, genetics,
biochemistry, biophysics, other allied sciences, excluding clinical and veterinary sciences)

2 ENGINEERING AND TECHNOLOGY

2.1 Civil engineering (architecture engineering, building science and engineering, construction engineering,
municipal and structural engineering and other allied subjects)

2.2 Electrical engineering, electronics [electrical engineering, electronics, communication engineering and
systems, computer engineering (hardware only) and other allied subjects]

2.3. Other engineering sciences (such as chemical, aeronautical and space, mechanical, metallurgical and

materials engineering, and their specialised subdivisions; forest products; applied sciences such as

FINAL REPORT HiperSol — Grant Agreement no. 228513 January 2013 57


http://www.sintef.no/Projectweb/HiperSol/

@ ' f
\/ H I p e rS 0 I http://www.sintef.no/Projectweb/HiperSol/ 1 5, N -

geodesy, industrial chemistry, etc.; the science and technology of food production; specialised
technologies of interdisciplinary fields, e.g. systems analysis, metallurgy, mining, textile technology
and other applied subjects)

3. MEDICAL SCIENCES

3.1 Basic medicine (anatomy, cytology, physiology, genetics, pharmacy, pharmacology, toxicology,
immunology and immunohaematology, clinical chemistry, clinical microbiology, pathology)

3.2 Clinical medicine (anaesthesiology, paediatrics, obstetrics and gynaecology, internal medicine, surgery,
dentistry, neurology, psychiatry, radiology, therapeutics, otorhinolaryngology, ophthalmology)

33 Health sciences (public health services, social medicine, hygiene, nursing, epidemiology)

4. AGRICULTURAL SCIENCES

4.1 Agriculture, forestry, fisheries and allied sciences (agronomy, animal husbandry, fisheries, forestry,
horticulture, other allied subjects)

4.2 Veterinary medicine

5. SOCIAL SCIENCES

5.1 Psychology

52 Economics

53 Educational sciences (education and training and other allied subjects)

54 Other social sciences [anthropology (social and cultural) and ethnology, demography, geography
(human, economic and social), town and country planning, management, law, linguistics, political
sciences, sociology, organisation and methods, miscellaneous social sciences and interdisciplinary ,
methodological and historical SIT activities relating to subjects in this group. Physical anthropology,
physical geography and psychophysiology should normally be classified with the natural sciences].

6. HUMANITIES

6.1 History (history, prehistory and history, together with auxiliary historical disciplines such as
archaeology, numismatics, palaeography, genealogy, etc.)

6.2 Languages and literature (ancient and modern)

6.3 Other humanities [philosophy (including the history of science and technology) arts, history of art, art

criticism, painting, sculpture, musicology, dramatic art excluding artistic "research" of any kind,
religion, theology, other fields and subjects pertaining to the humanities, methodological, historical and
other S1T activities relating to the subjects in this group]
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