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The European project HIGH-EF is aimed at developing a unique process for silicon thin films based solar cells on glass substrate. To 
provide high solar cells efficiency (> 12 %), a combination of laser crystallization of a seed layer and an additional solid phase epitaxy of a 
thicker layer is realized. In a first step, the crystallization of the seed layer is obtained by scanning a focused in-line laser beam obtained by a 
specific optical lens system. In a second step, epitaxial growth of a large grains active silicon layer is achieved by solid phase epitaxy. 
Process optimisation is supported by numerical simulations of both melting and crystallization process of the seed layer as well as epitaxial 
solid phase crystallization.  
 
1. INTRODUCTION 

Photovoltaic (PV) cells can be divided in two main 
categories : wafer based crystalline silicon and thin film 
modules. Single or multicrystalline silicon bulk cells 
dominate the market (over 90%). The difficulty to secure a 
feedstock supply to produce conventional wafer-based solar 
cells has encouraged the industrial production of silicon thin 
film based solar cells [1]. The European HIGH-EF project 
aims to provide an unique process to obtain thin film solar 
cells allowing high efficiency (potential for > 12 %) at a very 
competitive cost. To obtain such a performance, the finalized 
thin film surface has to present large and low defective grains 
as well as low stress in the multicrystalline structure. The 
preparation process results from a combination of a laser 
crystallization of a very thin (less than 200 nm) amorphous 
silicon (a-Si) seed layer and an additional epitaxial thickening 
(up to 1.5 µm) obtained by Solid Phase Crystallization (SPC), 
corresponding to the absorbing layer of the finalized active 
cell. The a-Si layer as well as the epitaxial growth are 
deposited by Electron Beam Evaporation (EBE) at the rate of 
300 nm/min. The substrate is a borosilicate glass.  
 
2. EXPERIMENTAL DETAILS 

The preparation of a large grains seed layer (over 100µm 
long) is performed in the melting phase regime by scanning a 
focused in-line laser beam, obtained by a set of aligned power 
laser diodes. The focused beam should be able to treat the a-
Si layer at a speed able to reach the crystallisation of an entire 
module in one pass (almost 1.4 m²) as they are avalaible as an 
industrial product.  Because of the dimension of such a panel, 
the treatment should be provided by an unique laser module 
able to scan a 1.1 m large a-Si covered glass substrate. The 
results shown in this report are obtained by a prototype 
system able to treat 10 cm large samples. To obtain the 

required power to melt the a-Si layer and keeping in mind 
that the system has to remain at low cost, the high power 
laser diode modules presently used emit at a wavelength of 
806 nm.  

Electron backscattered diffraction (EBSD) has been used 
to characterize grains size and orientation as well as the 
crystalline properties of both the seed and thicker SPE layers. 
EBSD experiments were previously reported [2,3] for strain 
analysis in multi-crystalline semiconductors. In order to 
determine the laser power density needed to melt and 
crystallize the a-Si layer, numerical simulations were 
performed. A comprehensive numbers of parameters like 
absorption coefficient, surface reflection, boundaries 
conditions and all thermal parameters of the different layers 
of the whole structure were taken into account. A correlation 
between absorbed energy in the seed layer, energy density of 
the 806 nm diode laser beam and initial substrate temperature 
was investigated in order to optimize the crystallisation 
process. 
 
3. CELL STRUCTURE 

The substrate of the cell is a borosilicate glass panel 
(Schott borofloat, 3.3 mm thick) covered in a first step by a 
thin silicon nitride (SiN) barrier layer obtained by PECVD, 
which serves as an antireflective layer in the finalized cell. 
The incoming light reaches the active junction through the 
glass substrate. On the top of the barrier layer, the heavily 
doped a-Si thin film (50 to 400 nm), functioning both as a 
seed layer and as an emitter, is taking place. The thickness 
should be as reduced as possible in order to avoid light 
absorption. The active region of the cell is localized in the 
thick upper SPC layer. The doping of the different parts of 
the cell is obtained by additional evaporation of boron and 
phosphorus during the EBE growth process. The epitaxial 
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crystallization of the upper a-Si thick layer is performed by 
SPE at a temperature of 650°C. The final superstrate structure 
of the cell is shown in Fig. 1. 

 
Fig. 1. Layered structure of the cell. 

 
4. NUMERICAL SIMULATION 

Process optimization is supported by numerical 
simulations of the laser melting and crystallization of the seed 
layer. Simulations are performed by the COMSOL 
MULTIPHYSICS© software and are based on finite 
difference and finite element methods. This paragraph reports 
simulation results of laser crystallisation of the seed layer, 
with or without the barrier layer between the substrate and 
the a-Si. The ultimate goal is the optimization of 
experimental conditions in terms of layer thicknesses and 
laser beam scanning velocity for an efficient crystallization of 
the seed layer.  

The generalized heat equation is used to solve the melting 
of the a-Si layer: 
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The transient term t
TρC p ∂
∂

 is neglected in order to 
consider the stationary heat equation where the temperature 
does not change in time. The duration required to reach the 
stationary state is supposed to be short as compared to the 
one required to irradiate the whole surface. The convective 

term 
TvρCp ∇

 is used to model the scanning of the laser. It 
is equivalent to the heat density deposited during the 
movement of the laser. In stationary case, the laser is fixed 
and the substrate is considered moving under the focused 
beam line. This way, we can reduce drastically the 
complexity of the simulated geometry. 

Due to the fact that the laser beam is Gaussian and that 
the absorbance of the material follows the Beer-Lambert law, 
the expression of the heat source density Q is: 
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This term is present only in absorbent layers (e.g. a-Si 
layers). In what follows, D0 is always the resulting value of 
the power density required to reach the melting temperature 
of a-Si (Tm=1420 K). According to experimental results, the 
FWHM of the focused beam is 167 µm. The simulations 
compar two irradiation conditions: the laser beam comes 

from the top of the a-Si layer (direct process) or through the 
glass substrate (flip process) as shown in Fig. 2. 

 
Fig. 2. The two considered cases of laser irradiation of the a-Si layer 

(becoming the seed layer) in the numerical simulations. 
 

Because the fusion temperature of the glass is low (920 
K) compared to silicon, all simulations show that the 
substrate is melted well under the melting threshold of the a-
Si layer. Practically, a solution must be found to prevent 
stress and cracks at the interface during the solidification 
process. In order to reduce this effect, the initial subtrate 
temperature was set at 900 K during the irradiation process. 
This has also been taken into account in all numerical 
simulations. Optical and physical parameters of the materials 
are obtained by experimental measurements as well as 
extracted from references [4,5,6]  

As a first step, the power density needed to melt the a-Si 
layer was compared in the two cases of the direct and flip 
processes. Resulting from a change in the surface reflection 
coefficient from 0.39 to 0.23, a slight difference in the 
required energy is observed, as shown in Fig. 3.  

 
 

Fig.3. Power density D0 needed to melt the a-Si layer as a function 
of thickness. 

 
We can also observe that this difference remains constant 

if the layer becomes thicker. The required power density 
decreases rapidly with increasing thickness. Actually, only 
10.6% of the incoming laser energy is absorbed in a 50 nm 
thick a-Si layer. If the layer becomes 200 nm in thickness, 
this low percentage increases to 36.13% and reaches the 
value of 63% for 446 nm. This is the direct consequence of 
the low absorption coefficient of amorphous silicon at 
806nm.  

Fig. 4 shows the influence of the scanning velocity on the 
required power to melt a 50nm a-Si layer. This relation 
remains nearly linear with increasing speed. The simulation 
results show that scanning velocity, power density and 
thickness should be considered for finding optimum 
condition. 
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Fig.4. Power density D0 required to melt a 50nm thick a-Si layer as 
a function of scanning velocity in the case of a direct 
process. 

  

(a)  
 

(b)  
 
Fig.5. (a) Temperature evolution of a given point moving on the 

surface under laser irradiation at different scanning speeds 
and power density (b) corresponding heating and cooling 
rates. 

 
In order to obtain large grain crystallization of the seed 

layer, heating and cooling rates are very critical parameters. 
Simulation attempts to correlate temperature variation as a 
function of time in the case of different scanning speeds 
(from 1 to 10 cm/s). As shown in Fig. 5, the required power 
density increases by a factor of two for an increase in the 
scanning speed by a factor of ten. The heating and cooling 
rates of the thin silicon layer are strongly related to the 
scanning speed, and must be carefully adjusted to ensure 

optimal crystallization during the solidification of the seed 
layer.  
 
5. RESULTS AND DISCUSSION 

 

 
 

Fig. 6. EBSD picture of elongated grains obtained after laser 
irradiation of a 445 nm thick seed layer.  

 
Experimental results show that a very thin a-Si layer is 

not optimal to obtain good seed layer crystallization. One of 
the explanation is that a dewetting effect occurs more easily 
in very thin layers. A fast increase of the temperature in the 
layer during irradiation is another unconvenient effect. 
Fortunately, during the melting phase, the reflectivity of the 
silicon is increased by a factor of two which helps to reduce 
the temperature variation in the liquid silicon. The grain size 
structure characterized by EBSD is shown in Fig. 6. The seed 
layer presented has 445 nm in thickness and reveals some 
grain length over 500 µm long. However, individual grains 
show a twist in the crystalline orientation. EBSD shows also 
that more than 50% of the boundaries are with a high angle 
change (> 15°). 

 

 
 

Fig.7. EBSD picture of elongated grains obtained after epitaxial 
growth of a 650 nm a-Si layer, after a furnace annealing at 
650 °C during 9.5 hours. 
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Solid phase crystallization of the absorbing layer can only 
be considered successful if the crystalline structure is able to 
follow a grain size evolution corresponding to the seed layer. 
This clearly means that the EBE deposition of the absorbing 
thick layer should not present nuclei centers in its own. If the 
film is grown at a temperature over 400°C, a significant 
concentration of undesired nuclei centers induces a 
degradation in the grain size, despite of a higher 
crystallization rate. Deposition at room temperature need 
more time to obtain epitaxy. An optimal temperature during 
EBE growth seems to be around 300°C. SPC at a rate around 
10 nm/s was made at a temperature of 650°C and resulted in 
a crystallization structure shown in Fig. 7. The EBSD picture 
clearly shows an epitaxial growth of the whole layer as 
confirmed by additional TEM experiments not shown here. 
 
6. CONCLUSION 

Numerical simulations are helpful in providing 
information of heating and cooling rates of the seed layer 

during the laser induced crystallization process. A 
comprehensive study of temperature evolution depending on 
scanning speed, initial temperature and power density permits 
to find the optimum conditions during the whole deposition 
process. 

Epitaxial growth obtained by SPC of a thick silicon layer 
over a laser crystallized seed layer is demonstrated. 
Experimental results show that a thick seed layer (around 
400nm) induces a large grain structure after laser irradiation 
as it is confirmed by EBSD measurements.  In addition, a 
limited temperature during the EBE deposition of the active 
layer is reducing drastically the presence of nuclei centres 
and permits also an efficient epitaxial growth during the SPC 
process.  
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