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Summary

To improve market competitiveness and enhance market penetration of
photovoltaic applications, researchers and industry experts world wide develop
various cell and module technologies in order to increase efficiency and reduce
costs. Two technologies are discussed in this thesis: Metal Wrap-Through
(MWT) cell and module technology and Interdigitated Back Contact (IBC)
cell technology.

In MWT technology, the emitter-contact metalization of the front side is
wrapped through holes in the wafer to the back side, thereby effectuating
both the emitter and base contact on the cell back. This thesis shows
that optimization of several cell processing steps led to an increase of more
than 2% absolute in cell efficiency. These optimizations can be divided
into three different groups. The first group incorporates light management,
which contains the surface texture, hydrogenated amorphous silicon nitride
(a-SiNx:H) layer deposition and rear side metalization (internal reflection).
The second group incorporates recombination, which is determined by the
a-SiNx:H layer, emitter and front side contact, rear side contact and isolation
of the holes. The third group incorporates (metal) conductivity, which
corresponds to the front side metalization pattern and hole conductivity.
By integrating these optimized process steps a cell efficiency of 17.9% was
reached on thin and large mc-Si wafers. With these cells, 36-cell modules
were manufactured at 100% yield in an industry scale module pilot line. The
highest module efficiency obtained (as independently confirmed by JRC-ESTI)
was 17.0% on aperture area, which was the world record in its category at
the end of 2009 and the beginning of 2010. In this module the average cell
efficiency was 17.8%, demonstrating only a very small cell-to-module loss of
close to 1%. Further optimizations that may improve the efficiency of the
MWT cells were identified as light transmission to the cells at the front side
(on module level), internal light reflection at the rear side, recombination at
the front side in the emitter and recombination at the rear side of the solar
cell.

A type of cell which may obtain a high efficiency by reduction of the
recombination losses is the IBC cell. In this cell, both the emitter and
base regions and their contacts are positioned at the rear side. Consequently,
the front side can be optimized to minimize recombination, while maximizing
light transmission as there are no longer reflection losses from the front
side metalization. This thesis describes the fabrication of an IBC cell,
using n-type Czochralski (Cz) silicon material and a process flow based
on all-screen-printed patterning and metalization. By minimization of the
front surface recombination, a cell efficiency of 19.1% was reached. For the
short circuit current, JSC, an excellent value of 41.5 mA/cm2 was obtained,
which is close to the maximal obtainable value of 42.5 mA/cm2 for silicon.
The low front surface recombination was the result of an interplay between
the low recombination in the internal electric field region at the front side
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(Front Surface Field, FSF) and a very good surface passivation obtained with
a-SiNx:H.

One of the most limiting factors to increase solar cell efficiency further is
the charge carrier recombination at the surfaces. The most common surface
passivating layer for n-type regions in solar cells is a-SiNx:H. This layer
provides excellent surface passivation, in addition to its functions as an
anti-reflection coating to enhance light transmission to the cell and as a
source of hydrogen for passivating bulk defects and impurities in the wafer.
Although commonly used, full understanding of the interface of this layer
with Si is still lacking. Also, so far, separate tuning of the interface and bulk
properties of the a-SiNx:H layer was not possible, and usually a compromise
is made. For improved understanding of the properties and characteristics of
the a-SiNx:H layer, over 80 different a-SiNx:H layers were analyzed, deposited
using two different remote Plasma Enhanced Chemical Vapor Deposition
(PECVD) machines. The various layers, all homogeneous in build up, differed
in stoichiometry, optical properties and surface passivation, as the refractive
index was varied between 1.8 and 3.0. Strong correlations were found between
bond densities, optical properties, bulk passivation and surface passivation
within a layer. To improve light transmission and tune surface passivation,
a gradient in the refractive index of the layer was created. This type of
inhomogeneous layer was compared to the homogeneous layer type. Both
types were optimized for use in solar cells and were analyzed and compared
in their effect on solar cells. No differences in bulk passivation and only
minor differences in surface passivation and light transmission were found.
This showed that a wide process window is allowed for the build-up within a
layer, in which similar cell efficiencies can be obtained.

Surface passivation is determined by the combined effect of two mechanisms,
so-called chemical passivation by reducing the density of interface states
(Dit) in the band gap and field-effect passivation by increasing the number
of fixed charges (Qf). These are related to the K-defect center (*Si≡N3)
at the interface between a-SiNx:H and Si. During the initial growth of
a-SiNx:H, nitrogen is incorporated into and adhered to the Si lattice near
its surface, a process called nitridation. It was shown that the nitridation
can be tuned independently of the growth of a-SiNx:H layers by using a NH3

plasma treatment prior to actual a-SiNx:H layer deposition. It was found
that Qf could be varied from 2·1012 to 15·1012 cm−2 without changing the
a-SiNx:H deposition process, thus allowing for the passivation quality to be
tuned separately from the a-SiNx:H layer properties. Using the NH3 plasma
pretreatment, both Qf and Dit increased with increasing temperature. It
was demonstrated that Qf was the determining factor in surface passivation
quality in the range of 2·1012 to 8·1012 cm−2. At higher values of Qf, Dit

increased significantly and became dominant, thereby reducing the passivation
quality. In completed solar cells the effect of the controlled Qf and Dit was
studied. On n-type solar cells, which have a p-type emitter where increases in

2



Summary

Qf and Dit result in an increased depletion of charge carriers, increases in Qf

and Dit resulted in a drop in open circuit voltage, VOC, of over 20 mV. On
p-type solar cells, which have a n-type emitter where increases in Qf result
in an increased accumulation of charge carriers, the effect was negligible.

A detailed image of the compositional build-up of the interface between
a-SiNx:H and Si was obtained by characterization with High Resolution
Transmission Electron Microscopy (HRTEM). A gradual change from Si
to the bulk a-SiNx:H composition in the first 2 nm of a-SiNx:H was found.
Modeling by force field Molecular Dynamics (MD) and ab initio Density
Functional Theory (DFT) are in agreement with this result. HRTEM also
showed the presence of a highly distorted layer (about 1-3 nm) inside the
c-Si lattice, caused by the insertion of N and/or H. Analysis of the HRTEM
results showed that by varying the nitridation by changing the temperature
of the NH3 plasma pretreatment, the amount and penetration depth of N
in the first few nm’s in the Si substrate were altered. Using MD modeling,
it was shown that this process changed the number of K-centers at the
surface, which explains the varying Qf and Dit found experimentally. Ab
initio DFT studies of a-SiNx:H (x = 1.17) showed that K-centers and Si
atoms in distorted configuration were the most important defects, resulting
in a higher Dit. For lower x (x = 1) the Dit caused by K-centers increases.
Both results were confirmed experimentally.
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