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In this work, tandem amorphous/microcrystalline silicon thin-film solar modules with low output voltage, high energy yield, low
light-induced degradation, and high damp-heat reliability were successfully designed and developed. Several key technologies of
passivation, transparent-conducting-oxide films, and cell and segment laser scribing were researched, developed, and introduced
into the production line to enhance the performance of these low-voltage modules. A 900 kWp photovoltaic system with these
low-voltage panels was installed and its performance ratio has been simulated and projected to be 92.1%, which is 20% more than
the crystalline silicon and CdTe counterparts.

1. Introduction

Tandem amorphous/microcrystalline silicon (a-Si/𝜇-Si)
thin-film solar modules with low output voltage have gained
many attentions recently, because the high output voltage
(around 100V) of regular modules will put a critical demand
on the specifications of the associated balance of system (e.g.,
electrical connection cables) and it could not be compatible
with the low output voltage (around 30V) of the mainstream
products of crystalline silicon wafer-based solar modules.
As a result, it is expected that the cost of balance of systems
associated with the low-voltage a-Si/𝜇-Si thin-film solar
modules could be lower than the regular high-voltage ones.
In addition, low-voltage modules are more suitable for
stand-along applications, for example, the conventional 12 V
battery charging for consumer electronics.

An amorphous/microcrystalline silicon solar panel is
usually laser scribed into cells and the cells are series
connected. In order to achieve the low output voltage, the
panel needs to be additionally laser scribed into several

segments and the segments are then parallel connected.
Conceptually, this segment laser scribing contributes only
a few additional processes and the realization of the low-
voltage modules should be rather straightforward. However,
in reality, there exist several technical challenges, especially
in the mass production line. For example, the additional
laser scribing will not only inevitably decrease the effective
illuminated area and thus increase the area of dead zones,
but also create many material defects along the edge of
the scribed lines. The defects resulted from laser scribing
will provide channels for leakage current and thus decrease
the shunt resistance of solar modules. Therefore, the first
technical challenge in developing the low-voltage modules
will be to minimize the detrimental effects resulted from the
laser scribing processes. Furthermore, because of the con-
nection arrangements of series-connected cells and parallel-
connected segments, the module performance inevitably will
suffer from the mismatching effects results from the different
physical characteristics of individual cells and segments.
Due to this mismatching effect, the output current will be
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Figure 1: Schematic diagram of the structure of atandem amorphous/microcrystalline silicon thin-film solar cell.

determined by and suffered from the cell with the lowest
short-circuit current and the output voltage will be deter-
mined by and suffered from the segment with the lowest
open-circuit voltage. The mismatching effects caused by the
different physical characteristics of cells and segments are
mostly resulted from the nonuniformity of thin films due
to the spatial variation of manufacture processes on large-
area substrates, especially, the transparent-conducting-oxide
(TCO) films grown by the low-pressure chemical vapour
deposition (LPCVD) processes in which the nonuniformity
of the film thickness could be over 20%. How to improve
the uniformity of manufacture processes and thus minimize
the mismatching effects among cells and segments is another
technical problem that needs to be resolved in order to
develop the low-voltage solar modules. In the following, we
will give a brief description on the developments of these key
technologies and the performance of the low-voltagemodules
enabled by these technologies.

2. Technologies

In this work, the tandem amorphous/microcrystalline (also
called as “micromorph”) silicon thin-film solar modules are
produced from the 60MW production line of Auria Solar
[1–8]. The structure of a cell in a-Si/𝜇-Si thin-film solar
modules is schematically shown in Figure 1. In general, the
thickness of the front and back glasses is about 3.2mm,
the back reflector 0.5mm, the a-Si:H cell layer 300 nm, the
𝜇-Si cell layer 1400 nm, the back TCO 1500 nm, and the
front TCO 1800 nm. The manufacture processes of these
modules are briefly outlined in Figure 2 in which a front-
glass substrate go through the LPCVD TCO film growth,
plasma-enhanced chemical vapor deposition (PECVD) a-
S:H i and 𝜇-Si film growth, and 3-step laser scribing to
form the basic structure of solar cells and then metal ribbon
wiring, back-reflector screen printing, abrasive blasting edge

isolation, PV foil encapsulation, lamination, and junction-
box adhesion to form a finishedmodule.The size of a panel is
1.3m × 1.1m. A module is usually laser scribed into 99 cells
and its output voltage is regularly about 100V. To produce
modules with lower output voltage, many technologies were
researched, developed, and introduced into the production
line. These technologies are required to ensure the efficiency
of the low-voltage modules to be better than the regular
ones. At the same time, the throughput and yield in every
production process are demanded not to be compromised
when introducing these technologies into the production
line.These key technologieswill be discussed in the following.

2.1. Passivation. A low-voltage panel needs to be laser scribed
into several segments. These additional laser scribing lines
function as edge isolations between two segments in a panel.
The scribing line widths of segments are usually much larger
than those of cells. As a result, segment laser scribing lines
inevitably create many material defects along the edge of
the scribed lines. The defects resulted from laser scribing
will provide channels for leakage current and thus decrease
the shunt resistance of modules. A passivation scheme for
laser scribing lines, named as the moon technology, is
designed and implemented to solve the problem of low
shunt resistances resulted from laser scribing. The moon
technology is denominated because the solar modules, after
the treatment of this passivation technology, can effectively
generate measurable power even at night under the feeble
moon light. With the moon technology, the material defects
resulted from laser scribing can be very effectively passivated
and thus the shunt resistance can dramatically increase by
one order of magnitude, for example, from original 2000Ω to
more than 20,000Ω. This will increase the module stabilized
efficiency by an amount of more than 5∼10%. It has been
investigated and reported that high shunt resistances will give
monocrystalline silicon solar cells a much better low-light
performance [9]. The similar conclusion can also been seen
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Figure 2: Schematic diagram of the flow of manufacture processes of tandem amorphous/microcrystalline silicon thin-film solar modules.
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Figure 3: The module efficiency relative to standard testing condition (STC) as a function of the irradiance light intensity for two Auria
thin-film and crystalline silicon modules with different shunt resistances (𝑅sh).
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Figure 5:The open-circuit voltage (𝑉oc) as a function of the light soaking energy density for solar modules with different i-layer thickness of
800, 1000 and 1200 nm, and also with and without the moon technology passivation, respectively.

from our thin-film silicon modules as shown in the results
of Figure 3. The enhancement on the low-light performance
will increase the energy yield of modules by an amount
of 10∼15%, according to our simulation. Furthermore, the
material defects, such as microcracks, resulted from laser
scribing not only provide channels for current leakage but
also create permeative paths for water vapor to result in
damp-heat degradation; therefore, technologies that can sup-
press the leakage current due to laser scribing will generally
give modules a better performance under the damp-heat
condition. The in-house damp-heat test (1000 hour 85∘C

and 85% relative humidity) of our modules can even reach
recorded over 3000 hours which is equivalent to 60 years
damp-heat reliability, as shown in the results of Figure 4.

The passivation from moon technology not only mini-
mizes the detrimental effects introduced by the laser scribing,
but also surprisingly gives a beneficial effect of alleviating
the light-induced degradation (LID) on silicon thin films.
It has been observed that porous structures, such as cracks,
exist in intrinsic 𝜇c-Si layers, which could lead to oxygen
penetration and grain boundaries contamination and conse-
quently cause the LID effects on fill factor and open-circuit
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Figure 6:The (a) thickness and (b) resistance distributions of a TCOfilm represented by contour plot.The thickness and resistance uniformity
is 2.8% and 11.64%, respectively. Note that the unit on the scale of the color chart is nm in (a) and Ω in (b).

voltage of solar cells [10]. This fact has been verified by
the light soaking experiments on the modules without the
moon technology passivation, as shown in the results of
Figure 5. On the contrary, for those modules with the moon
technology passivation, the LID effects on the open-circuit
voltage have been almost complete diminished. Therefore, it
could be concluded that themoon technology passivation has
successfully passivated the porous structures, such as cracks,
in the intrinsic 𝜇c-Si layers and thus alleviated their LID
effects.

2.2. TCO Films. In a low-voltage module, the panel is laser
scribed into cells and then into segments. The cells within
a segment are series connected, while the segments are
parallel connected. Because of such a connection arrange-
ment, the module performance inevitably will suffer from
the mismatching effects results from the different physical
characteristics of individual cells and segments. For example,
due to the mismatching effect, the output current will be
determined by and suffered from the cell with the lowest
short-circuit current. Similarly, the output voltage will be
determined by and suffered from the segment with the
lowest open-circuit voltage. The mismatching effects caused
by the different physical characteristics of cells and segments
are mostly resulted from the nonuniformity of thin films
due to the spatial variation of manufacture processes. Since
the size of the solar panel in this work is 1.3m × 1.1m,
the mismatching effects resulted from the nonuniformity of
thin films will become a critical problem, especially for the
LPCVD boron doped ZnO TCO films.

In order to increase the uniformity of TCO films, the
manufacture process are carefully redesigned from its orig-
inal turn-key solution and the manufacture condition needs
to be precisely controlled. Especially, the spatial distributions
of growth temperature, gas flow, and pressure need to be

constantly monitored and carefully controlled in order to
ensure a better uniformity of the thickness and resistance
of TCO films. Figure 6 shows the thickness and resistance
spatial distributions of a TCO film.The thickness uniformity
of TCO films in our production line can be as low as 2.8%,
which was dramatically improved from the original 20%
specification. At the same time, the resistance uniformity of
TCO films can be as low as 11.64%, which is also significantly
improved from the original 40% specification.

The surface morphology of TCO films needs to be
carefully designed in order to optimize their light trapping
function and minimize the interface defects between the
TCO and Si films. For a TCO film of high haze, as shown
in Figures 7(a) and 7(c), it has a larger and sharper grain
morphology and thus a better light-trapping function, but
it also creates more interface defects between the TCO and
Si films. On the other hand, for a TCO film of low haze, as
shown in Figures 7(b) and 7(d), it has a smaller and blunter
grain morphology and thus a worse light-trapping function;
nevertheless, it generates less interface defects between the
TCO and Si films. The low-voltage solar modules in this
work are designed with the optimal haze and thus have their
maximum light-trapping function and minimum interface
defects between the TCO and Si films.

2.3. Laser Scribing. In a low-voltage module, additional laser
scribing lines are needed to form several segments in a
panel. Usually, these segment-forming lines are much wider
than the cell-forming lines in order to introduce good edge
isolation between two segments; as a result, they will reduce
the effective illuminated area of panels. In order to increase
the effective illuminated area, the dead zone of laser scribing
in our low-voltage module has been minimized to be as
low as 150 𝜇m (as shown in Figure 8), which is significantly
improved from the original 400 𝜇m specification. This result
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Figure 7: SEM top views of the front TCO in (a) a cell with high-haze TCO and (b) a cell with low-haze TCO. Their correspondent cross
section views is given in (c) and (d), respectively.
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Figure 8: Three laser scribing lines, P1, P2, and P3, in a solar module. The dead zone is 150 𝜇m.

was achieved by several major tunings in the peak power,
focus, and pulse duration of laser sources from its original
turn-key specifications.

Although the nonuniformities of TCO films have been
reduced to be as minimum as possible, their effects on the
physical characteristics of solarmodules, such as short-circuit
current, could still be demonstrated in the results of Figure 9,
in which a 1.3 × 1.1m2 solar module is divided into 33
regions and the normalized short-circuit current decreases
from 100% at the edge to around 95% at the center. In other
words, theTCOfilmnonuniformity causes a 5%mismatching

effect on the short-circuit current. Taking this fact into
consideration, two types of low-voltage solar modules were
designed and developed: one is laser scribed into 128 cells
and 2 segments while the other 138 cells and 4 segments
(as schematically shown in Figure 10). It should be noted
that the original high-voltage solar module are laser scribed
into 99 cells and without any segment. The increase in the
number of cells in the low-voltage solarmodule is designed to
optimize their performance and minimize the mismatching
effects. The output voltage of the formal one is designed to
be around 30V (named as LV30 modules) which is roughly
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Figure 10: Schematic diagram of laser-scribed lines on (a) a regular module with 99 cells, (b) a 70V low-voltage module (LV70) with 128
cells and 2 segments, and (c) a 30V low-voltage module (LV30) with 138 cells and 4 segments.
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Figure 13:The distribution of power rating from a daily production record of LV30 modules in Auria Solar, where the produced modules are
sorted according to their stabilized maximum output power.

correspondent to its counterpart of a typical crystalline
silicon wafer-based solar module. On the other hand, the
output voltage of the latter one is designed to be around
70V (named as LV70 modules) which is approximately
correspondent to its counterpart of a typical CdTe thin-film
solar module. The performance of these low-voltage solar
modules will be discussed in the following.

2.4. Lamination. In a low-voltage panel, metal ribbons are
applied onto each individual segment. Different segments
are then parallel connected by additional metal ribbons into
the junction box. The ribbons on the individual segments
will certainly result in uneven surface on the back side of
the panel. This uneven surface will pose a serious problem
for the lamination process. Therefore, the pressure, heat,
and air flow need to be carefully designed and precisely
controlled during the whole lamination processes to comply
with the uneven surface from the additional metal ribbons of
low-voltage modules. At the same time, the yield loss from
lamination is still kept to be less than 1% even under the
complicated layout topography of low-voltagemodules.Most
importantly, the throughput of lamination is required to be
never compromised in the 60MW production line.

3. Results and Discussion

With the above technologies, two kinds of low-voltage
tandem amorphous/microcrystalline silicon thin-film solar
modules, 30V and 70V, were successfully designed andmass
produced in Auria’s 60MW production line. Figure 11 shows
the I-V characteristics of a 30V low-voltage module (LV30)
with open-circuit voltage𝑉oc = 43.33V, short-circuit current
𝐼sc = 4.843A, maximum power voltage 𝑉mpp = 34.5V, and
maximum power current 𝐼mpp = 4.23A. Its initial maximum
output power is 145.94W, while its stabilized maximum
outpour power is 130.4W after the effect of light-induced
degradation. Compared with the correspondent crystalline
siliconwafer-based solarmodule, the low-voltagemodule has
better performance in all the aspects of its performance, such
as maximum peak power, open-circuit voltage, short-circuit
current, and filled factor, as shown in Figure 12.

The characteristic of the LV30 module is approximately
correspondent to its counterpart of a typical crystalline
silicon wafer-based solar module. A 70V low-voltage solar
module (LV70) is demonstrated with open-circuit voltage
𝑉oc = 92.6V, short-circuit current 𝐼sc = 2.25A, maximum
power voltage 𝑉mpp = 71.3V, and maximum power current
𝐼mpp = 1.83A. The characteristic of the LV70 module
is closely correspondent to that a typical CdTe thin-film
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Figure 14: The 900 kW PV system with Auria’s high-performance low-voltage solar modules installed in an agriculture product distribution
center near Verona of Italy.
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Figure 15: Simulation of the average hours power generation per month with the 900 kW LV30 PV system installed near Verona of Italy and
its counterpart of a crystalline silicon solar module.
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Figure 16: Simulation of the performance ratio of the 900 kW LV30
PV system installed near Verona of Italy.

module. It should be noted that our low-voltagemodules have
been regularly mass produced and their very narrow power
distribution (as shown in Figure 13) clearly demonstrates our
superb technologies and excellent quality control.

A 900 kW PV system with these high-performance low-
voltage modules was installed in an agriculture product

distribution center nearVerona of Italy, as shown in Figure 14.
The PV panels and inverters are Auria C125 (LV30 type) and
SMA Sunny Mini Central 700HV and the total number of
PVmodules and inverters are 7200 and 120 units, respectively.
According to simulation software PVsyst 5.21 for PV systems,
20% more energy yield per year can be obtained from our
30V low-voltage solar modules in comparison to that of the
crystalline silicon counterparts, as shown in Figure 15. Its
performance ratio (PR) has been projected to be 92.1% (as
shown in Figure 16) which is better than our regular modules
(87.2% PR) and also much better than the crystalline silicon
and CdTe counterparts (both around 83∼85% PR). In other
words, our low-voltage silicon thin-filmmodules would have
energy yieldmuch higher than crystalline Si, CdTe, and CIGS
thin-film modules.

4. Conclusion

In short, low-voltage tandem amorphous/microcrystalline
silicon thin-film solar modules with high energy yield, low
light-induced degradation, and high damp-heat reliability
have been successfully designed and mass produced. Sev-
eral key technologies in passivation, transparent-conducting-
oxide films, and cell and segment laser scribing were
researched, developed, and introduced into the production



10 Journal of Nanomaterials

line to enhance the performance these low-voltage modules
and narrow their distribution of power rating in mass
production. It was demonstrated that low-voltage silicon
thin-film modules would generate energy yield much higher
than crystalline Si, CdTe, and CIGS thin-film modules. In
addition, with their shorter energy payback time due to their
low-temperature manufacture processes, low-voltage silicon
thin-filmmodules have higher investment return ratio (IRR).
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