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ABSTRACT

United Solar Ovonic is world’s largest manufacturer of thin film solar laminates that convert sunlight to
electricity. In 1997, we attained initial 14.6% and stable 13.0% cell efficiencies using an a-Si:H/a-SiGe:H/a-SiGe:H
triple-junction structure, which established the foundation of large volume roll-to-roll production. Since then, the power
rating of our standard product has been steadily improving from 128 W to 136 W and 144 W. For future generation high
efficiency products, we have investigated the possibility of using nc-Si:H to replace the narrow bandgap a-SiGe:H
intrinsic layer in the middle and bottom cells of the triple-junction structure. We have investigated various deposition
techniques for improving the nc-Si:H material property, solar cell efficiency, and deposition rate. The triple-junction
solar cell efficiency incorporating nc-Si:H in the middle and bottom cells has exceeded the record efficiency previously
achieved using the conventional a-Si:H/a-SiGe:H/a-SiGe:H triple-junction structure. However, in order to insert the nc-
Si:H technology into large volume production, several important issues need to be addressed and resolved. We are
currently focusing on these key technical challenges, including high efficiency, high rate nc-Si:H deposition, and large-
area nc-Si:H uniformity. In this paper, we review recent advances in a-Si:H and nc-Si:H based multi-junction solar cells
and modules.
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1. INTRODUCTION

Hydrogenated amorphous silicon (a-Si:H), silicon germanium (a-SiGe:H), and nanocrystalline silicon (nc-Si:H)
are the three major intrinsic layers used in multi-junction silicon-based solar cells . Photovoltaic products made using
these materials have captured a significant market share. Different cell structures are used, including a-Si:H single-
junction ¥, a-Si:H/a-Si:H double-junction !, a-Si:H/a-SiGe:H double-junction ), a-Si:H/nc-Si:H double-junction ¢,
a-Si:H/a-SiGe:H/a-SiGe:H triple-junction "), and a-Si:H/nc-Si:H/nc-Si:H triple-junction structures *).  Each cell
structure has its unique advantage in terms of manufacturing cost and product application. For example, the
manufacturing cost of a-Si:H single-junction solar cells is lower than multi-junction solar cells, but it has lower
conversion efficiency and poorer light-induced stability known as the Staebler-Wronski effect . On the other hand,
multi-junction solar cells perform better than single-junction cells, but its manufacturing process is more complex, thus
the manufacturing cost is higher. In the last two decades, several a-Si:H single-junction solar cell manufacturing plants
were built. Due to the poorer cell performance, a-Si:H single-junction products could not expand its market share.
During the same period, Energy Conversion Devices, Inc. and its subsidiary,United Solar Ovonic (United Solar),
developed and launched products based on a spectrum splitting, a-Si:H/a-SiGe:H/a-SiGe:H triple-junction structure. It
was demonstrated that the triple-junction solar cell structure resulted in high efficiencies and the product showed
reduced light induced degradation after prolonged light soaking. World-record initial and stable cell efficiencies of
14.6% and 13.0% were achieved in 1997 "”. In the meantime, manufacturing technology by employing a roll-to-roll
deposition technique on flexible stainless steel substrates has been continuously improving and capacity expanded from
5MW/year ' to 30 MW/year in 2003 '3, Today, United Solar has an annual production capacity of 180 MW.

In recent years, nc-Si:H (also referred to as pc-Si:H in the literature) as an intrinsic absorber layer has attracted
a great deal of attention. Spurred by the work of the group at Neuchatel University on nc-Si:H solar cells ">,
significant progress has been made by many groups around the world ©* ©® "1 To date, both the cell and module
efficiencies for multi-junction structures incorporating a-Si:H and nc-Si:H have exceeded the records achieved by using
the a-Si:H and a-SiGe:H triple-junction structure. There are two major advantages for using nc-Si:H solar cells: high

Thin Film Solar Technology, edited by Alan E. Delahoy, Louay A. Eldada, Proc. of SPIE Vol. 7409,
74090C - © 2009 SPIE - CCC code: 0277-786X/09/$18 - doi: 10.1117/12.827419

Proc. of SPIE Vol. 7409 74090C-1

Downloaded from SPIE Digital Library on 04 Jan 2010 to 159.226.100.225. Terms of Use: http://spiedl.org/terms



long wavelength response and low light-induced degradation. However, because of the nature of indirect transition in
the crystalline phase, nc-Si:H intrinsic layers are usually made much thicker than the a-Si:H and a-SiGe:H intrinsic
layers. For example, the total thickness of typical a-Si:H/a-SiGe:H/a-SiGe:H triple-junction solar cells is about half a
micrometer, while the intrinsic layer in a single-junction nc-Si:H solar cell is at least one micrometer. Therefore, high
rate deposition is a necessary requirement for manufacturing a-Si:H and nc-Si:H multi-junction solar cells. Although
several high rate deposition methods have been proposed, including very high frequency (VHF) *'® microwave glow
discharge """, thermal expansion plasma **, and hot-wire chemical vapor deposition **), VHF is the most promising
technique for high rate nc-Si:H deposition. Because of the very high frequency (40-130 MHz), the uniformity of large-
area nc-Si:H deposition is a major challenge.

United Solar has been investigating a-Si:H and nc-Si:H multi-junction solar cells since 2001 ¥, Significant
progress has been made in material characterization and optimization, solar cell design, and device fabrication. In this
paper, the status of a-Si:H and nc-Si:H multi-junction solar cells, issues and challenges, and future perspective will be
discussed.

2. AMORPHOUS SILICON AND SILICON GEMANIUM ALLOY TRIPLE-JUNCTION SOLAR
CELLS

The key technique of making a-Si:H useful in electronic devices is the hydrogenation, where hydrogen atoms
terminate silicon dangling bonds and reduce the defect density from >10" e¢m™ to ~10' cm™. Plasma enhanced
chemical vapor deposition (PECVD) or glow discharge is the main technique of decomposing SiH,, GeH,, and other
doping gases. Deposition parameters, such as substrates temperature, power density, and chamber pressure affect the
material quality. However, a key parameter is hydrogen dilution during deposition, which improves the quality of a-
Si:H and a-SiGe:H, determines the amorphous/nanocrystalline transition, and controls the crystallinity in nc-Si:H
materials. The effect of hydrogen dilution is discussed next.

2.1. Amorphous silicon and silicon germanium properties and material optimization

Optimizations of a-Si:H and a-SiGe:H material quality by tuning the deposition parameters are very
complicated because the material quality depends on many deposition parameters and they influence each other. In
addition, the optimized parameters could be very different from system to system. However, general guidelines for
optimization are still applicable. For example, the substrate temperature should be high enough to allow for high surface
mobility of impinging species to find low energy sites to form a solid film. On the other hand, it should be low enough
to prevent hydrogen effusion from the deposited film. Compromising the two opposing effects, optimized substrate
temperature is typically in the range of 200°C to 300°C. High deposition rates usually require high substrate
temperatures. Deposition of heavier species also needs high temperatures. For example, one uses higher substrate
temperature for a-SiGe:H than for a-Si:H depositions. The chamber pressure needs to be optimized based on the
consideration of ion bombardment to the growth surface and the formation of large particles in the plasma. High
pressure reduces ion bombardment but promotes the particle formation. The optimized pressure is normally in the range
of one to several torrs for a-Si:H and a-SiGe:H depositions using conventional PECVD. The excitation power should be
high enough to sustain stable plasma while maintaining a desired deposition rate, but should be low enough to avoid
high ion bombardment. High excitation power usually results in high deposition rate, but causes poor material quality.

Another critical parameter for attaining high quality a-Si:H and a-SiGe:H is hydrogen dilution, which is usually
defined as the ratio of the hydrogen flow rate to the active gases, such as SiHy, Si,Hg, and GeHy. Guha et al. first
reported that hydrogen dilution could reduce the light-induced degradation and improve a-Si:H quality **. Since then,
hydrogen dilution is widely used for improving the a-Si:H and a-SiGe:H solar cell performance. Figure 1 shows the
open-circuit voltage (V,.) as a function of hydrogen dilution ratio (R), where R is a relative number to the optimized a-
Si:H solar cell deposition (R=1) ['">***"]. The three curves represent the series with three different cell thicknesses. One
can see that with the increase of hydrogen dilution, the V. increases slightly, reaching a maximum value before a sharp
drop. The dramatic decrease of V. with the hydrogen dilution is caused by the formation of nanocrystalline path along
the film thickness. Due to the strong dependence of the material structure on the plasma condition, when deposition is in
the amorphous/nanocrystalline transition regime, the V. spreads. The material deposited under these conditions is also
referred to as mixed-phase material. With further increase of the hydrogen dilution, the V. reaches ~ 0.5V, a typical
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value for nc-Si:H solar cells. The hydrogen
dilution  induced  amorphous/nanocrystalline
transition is a very interesting phenomenon and has
received  significant attention from  both
fundamental physics and technology application
points of view.

Next we discuss materials made with
hydrogen dilution near but before reaching the
amorphous/nanocrystalline  transition. The
material made under such conditions is called the
“edge” material or “proto-crystalline” material.
The properties of the edge material includes a shift
of amorphous Raman peak to higher wave
numbers **, a sharp crystalline Raman peak at
certain locations when measured with micro-
Raman spectroscopy >, a red shift from 640 cm™
to 620 cm™ in the IR spectra, and an appearance of
linear-like nanostructures or intermediate-ordered
structures **. The most important characteristics
of the edge material in solar cells are the high V.
and improved stability. Table 1 compares a-Si:H
and a-SiGe:H solar cell performance, where the
cells were deposited on stainless steel substrates
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Figure 1. Dependence of V. on hydrogen dilution for a-Si:H cells with

different intrinsic layer thicknesses.

with different hydrogen dilution ratios. The results clearly show that the solar cells made with high hydrogen dilution
not only have higher initial efficiencies but also are more stable than those deposited with low hydrogen dilution.
Hydrogen dilution is routinely used for a-Si:H and a-SiGe:H solar cell deposition in our laboratory and production lines.
The general guideline for determining the optimized hydrogen ratio is to first find the amorphous/nanocrystalline

transition, and then to reduce the dilution slightly to arrive at the optimum condition for solar cells.

Table 1. Light J-V characteristic of a-Si:H and a-SiGe:H solar cells made with high and low hydrogen dilution ratios, where
Jee, Voo, FE, and P, denote short-circuit current density, open-circuit voltage, fill factor, and maximum power.

Description State ( mAJ/Sé m’) X}’; FF (m\l))vn}?mz)
a-Si:H, 300°C, low dilution Dgg;‘lle q ﬁé 83‘1‘ 822 Zé
oS, 300°C mighaituion | il || Ges | osl 4
a-SiH, 175°C, low dilution Dearaded 95 091 046 40
a-Si:H, 175°C, high dilution Dg;rtizled }32 (1)8(7) 823 Z?

a-SiGe:H, low dilution Dg;tizle q e o o4 1o
a-SiGe:H, high dilution Dg;rtizle q o 005 0 i
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2.2. Single-junction solar cell structures

At United Solar, we use thin flexible stainless steel substrate for terrestrial products and light-weight polymer
for space and stratosphere applications. Because the hole mobility is much smaller than the electron mobility in a-Si:H
and a-SiGe:H, the p/i junction is the dominant junction in a p-i-n solar cell structure. Therefore, to obtain high
efficiency, the light should enter the solar cell through the p layer instead of the n layer. Based on this consideration, p-i-
n structures are normally used for solar cells made on transparent-conductive-oxide (TCO) coated superstrates, while -
i-p structures are used on non-transparent substrates. For a-Si:H single-junction solar cells, the structure is reasonably
simple: the n, i, and p layers are deposited on the substrates in sequence with special attention paid to the n/i and i/p
interfaces. The p layer is normally nc-Si:H for good solar cell performance .

The a-SiGe:H cell structure is more complicated than a-Si:H solar cells. First, a-SiGe:H has a lower bandgap
than a-Si:H, which causes bandgap discontinuities at the »n/i and i/p interfaces. A buffer layer at the interface is desirable
to smoothen the discontinuity. Second, the material quality of a-SiGe:H is poorer than that of a-Si:H because of
compositional disorder and the lower Ge-H chemical bonding energy than for Si-H bonds. The defect density increases
with the increase of Ge content in the material. Generally speaking, a-SiGe:H solar cells have a poorer FF than a-Si:H
for the same intrinsic layer thickness. We have carried out extensive experiments to improve the a-SiGe:H material
quality. In parallel, we have tried to minimize the influence of high defect density of a-SiGe:H on the solar cell
performance. One such successful approach is the bandgap profiling technique *', which dynamically changes the
Ge/Si ratio during the deposition. Figure 2 shows four bandgap profiles of flat (a), increasing (b), decreasing (c), and
double-profiling (d). From the point of view of absorption, the decreasing bandgap profiling (c) should perform better
than the increasing bandgap profiling (b), because the short-wavelength light will be absorbed in the p/i front region and
the long wavelength in the back region. However, from the point of view of carrier transport, the increasing bandgap
profiling (b) should be better than the decreasing profiling (¢). In this case, most of photo-carriers are generated in the
p/i region, the holes need to travel only a relatively short distance to reach the p layer and the hole collection should be
improved. Table 2 lists experimental data of a-SiGe:H solar cells made on stainless steel substrates with the four types
of banddgap profiling shown in Fig. 2, where the average Ge/Si ratio was kept the same for all four solar cells. A few
observations are made here. First, the decreasing bandgap profiling (c) leads to a high V,. but poor FF, especially the
red FF (FF,). The high V. results from the wide bandgap near the p/i interface, which is the dominant junction of the
solar cells. The poor FF is caused by the low hole collection because of the enhanced generation near the n/i region.
Second, the increasing bandgap profiling (b) increases the FF significantly because of the improved hole collection.
However, the V. is low because of the low bandgap near the i/p region. Third, with the double profiling, the FF remains
as high as the increasing profiling, and the V. is also improved. The small region with a decreasing bandgap in the i/p
region smoothens the bandgap discontinuity and reduces the interface recombination.

CB
Light Light

(a) (b)

VB
(c) (d)
Figure 2. Different types of bandgap profiling for a-SiGe:H solar cells, where (a) is

flat bandgap, (b) increased bandgap, (c) decreased bandgap, and (d) double-
profiled bandgap.
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Table 2. Light J-V characteristic of a-SiGe:H solar cells with different types of bandgap profiling. The solar cells were
measured under an AM1.5 solar simulator and with a 530-nm long pass filter. FF, and FF, represent the FF measured with

low intensity blue and red lights. P, is the maximum power under the given illuminations.
S e I L O R
>530 10.25 0.744 0.611 4.66
@ AM1.5 15.11 0.760 0.527 0.655 0.592 6.05
>530 10.49 0.712 0.634 4.74
® AML.5 15.61 0.729 0.638 0.675 0.642 7.26
>530 10.02 0.764 0.530 4.06
© AML.5 15.01 0.785 0.656 0.694 0.501 6.70
>530 10.49 0.730 0.640 4.90
@ AM1.5 15.94 0.748 0.647 0.687 0.640 7.71

2.3. High efficiency a-Si:H/a-SiGe:H/a-SiGe:H triple-junction solar cells

With optimized a-Si:H and a-SiGe:H solar cells, we have studied multi-junction solar cells on the Ag/ZnO back
reflector. Combining the component cells into multi-junction structures, two important factors must be taken into
consideration. First, since the component cells are connected in series, the voltage is the sum of the voltages from the
component cells and the current is limited by the lowest current of a component cell. Therefore, the current mismatching
is a key for determining the efficiency of multi-junction solar cells. Without considering the difference of FF and V. of
the component cells, a perfect matched current should give the highest efficiency. However, the difference in FF and
V.. also plays an essential role in the current mismatching for high efficiency. Second, in a multi-junction solar cell, the
adjacent component cells are connected by a reversed p/n junction, where the current flows via carriers tunneling from
one type of material to another, and an Ohmic contact is required. Therefore, the internal p/n junction is also called the
tunnel junction. Experimental results have shown that nanocrystalline doped layers are important to form good tunnel
junctions. Our high quality p-type nc-Si:H layer has demonstrated to be a good doped layer for the tunnel junction.

Table 3 lists the solar cell performance achieved using various solar cell structures !'*), where the active area of
the solar cells is 0.25 cm?, defined by the ITO top contact. The highest initial and stable cell efficiencies achieved are
14.6% and 13.0%, respectively '*! using an a-Si:H/a-SiGe:H/a-SiGe:H triple-junction structure. Figure 3 shows the
initial J-V characteristics and quantum efficiency (QE) curves of the triple-junction solar cell. Using the same triple-
junction structure, we have also demonstrated in a large area batch machine a stable aperture-area efficiency of 10.5%
from an encapsulated cell with an aperture area of 820 cm?.

Table 3. Initial and stable solar cell J-V characteristics of a-Si:H and a-SiGe:H solar cell structures from United Solar.

Cell structure State ( mAf/S::mz) X}’; FF (02) )
a-Si:H initial 14.65 0.992 0.730 10.6
single-junction stable 14.36 0.965 0.672 9.3
a-Si:H/a-Si:H initial 7.90 1.890 0.760 11.4
double-junction stable 7.90 1.830 0.700 10.1
a-Si:H/a-SiGe:H initial 11.04 1.762 0.738 14.4
double-junction stable 10.68 1.713 0.676 12.4
a-Si:H/a-SiGe:H/a-SiGe:H initial 8.57 2.357 0.723 14.6
triple-junction stable 8.27 2.294 0.684 13.0
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Figure 3. Initial J-V characteristics and QE curves of a high efficiency a-Si:H/a-SiGe:H/a-SiGe:H triple-junction solar cell.

24. Roll-to-roll manufacturing process

Based on the a-Si:H/a-SiGe:H/a-SiGe:H triple-
junction solar cell structure, United Solar built a roll-to-
roll SMW/year production line in 1997 and the first roll-
to-roll 30 MW/year plant in 2003 "'**71 Our current
total capacity is 180 MW/year. The deposition system
consists of four consecutive roll-to-roll machines:
washing, deposition of back reflector, deposition of a-
Si:H based triple-junction structure, and deposition of
top conductive layer. The a-Si:H deposition machine is
shown in Fig. 4, where six rolls of stainless steel
substrate go through the deposition system
simultaneously at a speed of ~1 cm/s. The length of the
125um thick stainless steel substrate is ~2.5 kilometers
and the width is ~36 cm.

2.5. Assembly process and Uni-Solar laminate
products

After the deposition, the rolls of solar cells are
cut into slabs for assembly processes, including short
passivation, bonding of electrodes, cell inter-connection,
and lamination. During the assembly process, several
inspection steps are carried out to ensure the quality of

Figure 4. Triple-junction processor located at Auburn Hills,
Michigan.

the product *). One major product is the 22-L laminate shown in Fig. 5, which has a power rating of 144 W and carries

a 25-year warranty.

Unlike conventional c¢-Si panels and other thin-film products on glass, Uni-Solar laminate products are light
weight, flexible, and robust. The characteristics of light weight and flexibility make the product ideal for roof-top
applications on commercial and residential buildings. In addition, the installation process is much simpler than other
solar products. The rolls of Uni-Solar laminates can be easily installed as shown in Fig. 6. Many large installations with

Uni-Solar laminates have been built around the world.
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Figure 6. An example of Uni-Soar laminates on a rooftop.

Figure 5. Uni-Solar’s flexible solar laminates.

3. AMORPHOUS AND NANOCRYSTALLINE SILICON BASED MULTI-JUNCTION SOLAR
CELLS

The low material cost and large-scale manufacturability of a-Si:H based solar modules have attracted many
industries to this technology. Improvement of conversion efficiency is essential to lowering cost further. Most of a-Si:H
solar panels on the market show stable aperture area efficiencies in the range of 5% to 8.5%. Our products have a stable
aperture area efficacy ~8.5%, which is the highest among a-Si:H based products. While efforts are under way to
improve the efficiency further by improving light trapping, and also by incorporation of superior a-SiGe alloys, nc-Si:H
also offers exciting opportunities.

3.1. Nanocrystalline silicon deposition and issues in material optimization

Compared to the a-Si:H and a-SiGe:H materials, nc-Si:H materials have two major advantages in solar cell
applications. First, nc-Si:H material is a mixture of nanometer sized grains and amorphous tissues '>. The carrier
transport is mainly through the crystalline paths, where the carrier mobility is much higher. This allows the solar cell to
be thick enough for high photocurrent. In addition, the amorphous phase in nc-Si:H absorbs the short wavelength light
more efficiently than c-Si:H, while the nanocrystallites absorb the long wavelength lights. Second, nc-Si:H solar cells
are more stable against light soaking than a-Si:H and a-SiGe:H solar cells, which can lead to high efficiency solar
modules. United Solar has been working on nc-Si:H materials and solar cells since 2001. Over the years, we have
encountered but successfully resolved several issues, as described below.

The first issue was an ambient degradation observed in nc-Si:H solar cells without intentional light soaking,
which was caused by high porosity in the material **. The porous structure in unoptimized nc-Si:H allowed impurities
to diffuse into the material and degrade the cell performance. In some cases, the ambient degradation was so severe that
it was readily observed even in an a-Si:H/nc-Si:H double-junction cell, where even the top a-Si:H cell could not block
the impurity diffusion. The porous structure of the nc-Si:H caused micro-cracks of the a-Si:H top cell and degraded the
a-Si:H/nc-Si:H double-junction cell. We investigated the deposition parameters and successfully reduced the porosity in
the nc-Si:H and improved the cell performance.
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Figure 7. (left) Raman spectrum of a nc-Si:H solar cell with three components of the decomposition and (right) the
crystalline volume fraction versus cell thickness.

The second issue concerns nanocrystalline evolution. It has been reported that nc-Si:H materials made under
the conditions close to the nanocrystalline to amorphous transition have a compact structure and the corresponding solar
cells showed high efficiencies . This phenomenon implies that the nc-Si:H with a high crystalline volume fraction
normally contains a high defect density, presumably resulting from poor grain boundary passivation and post-oxidation
through the porous structure. The crystalline volume fraction increases with the nc-Si:H thickness . An example is
given in Fig. 7, where the plot on the left is a Raman spectrum from a nc-Si:H solar cell and the one on the right is the
crystalline volume fraction estimated from decomposition of the Raman spectra for cells with different intrinsic layer
thicknesses. It clearly shows that the crystalline volume fraction increases with the film thickness. Such increase of
crystalline volume fraction causes the poor nc-Si:H solar cell performance. To resolve the nanocrystalline evolution
issue in nc-Si:H solar cells, we have developed a
hydrogen dilution profiling technique to control the
crystallinity evolution along the growth direction [,
Because the amorphous to nanocrystalline transition and
the crystallinity depend on the hydrogen dilution during
the deposition, one can enhance the nanocrystalline
formation using very high hydrogen dilution during the
initial deposition and suppress the increase of
crystallinity by dynamically reducing the hydrogen
dilution during the deposition. Experimental results
showed that a proper hydrogen dilution profile improves
all the three J-V characteristic parameters of J., V., and
FF. Currently, our best nc-Si:H solar cells have slightly
inversed crystallinity distribution as shown in Fig. 8,
where the crystallinity is higher in the bottom region
(near the n/i region) than in the top region (near the i/p
region) 4.

The most challenging issue is the high rate
deposition. We have investigated three methods for
depositing nc-Si:H solar cells at high rates, including

RF, VHF, and microwave glow discharge !'”. Using RF
glow discharge, we can reach the deposition rate of 0.5
nm/s and reasonable solar cell performance. The nc-

Figure 8. An X-TEM image of nc-Si:H solar cell on SS substrate.
A hydrogen profiling is used to create a slightly inversed
nanocrystalline distribution.
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Si:H solar cell performance decreased with the deposition rate even when the high pressure, high power approach was
used. Microwave glow discharge can deposit nc-Si:H at very high rates. We have demonstrated 3-4 nm/s deposition
rates for nc-Si:H solar cells, but the nc-Si:H performance was not as good as desired. Recently, microwave glow
discharge has been investigated again by several other groups. The nc-Si:H deposition rate has been increased even
further with optimized system designs. However, good nc-Si:H solar cells have yet to be demonstrated. At United
Solar, we are currently using VHF glow discharge to deposit nc-Si:H solar cells at rates of ~1.0-1.5 nm/s.

3.2. Single-junction nanocrystalline silicon solar cell structure

Compared to a-Si:H, the structure of nc-Si:H

solar cells is more complex. Figure 9 shows the nc-Si:H ITO
solar cell structure used in our laboratory. On top of the
n layer, an a-Si:H buffer layer is used to reduce P
incorporation into the nc-Si:H intrinsic layer. Then, a
seed layer made with very high hydrogen dilution is
deposited to promote the nucleation of the nc-Si:H
intrinsic layer and remove the amorphous incubation
layer. As shown in Fig. 8, no a-Si:H incubation layer is
observed in the actual solar cell prepared in our
laboratory. As discussed in the previous section, the nc-
Si:H intrinsic layer is normally made with an appropriate
hydrogen dilution to control the nanocrystalline
evolution and reach a desired crystallinity distribution
along the thickness. An a-Si:H buffer layer was inserted
between the nc-Si:H intrinsic layer and the p layer to
reduce the shunt current and improve the open-circuit
voltage (V). Although the optimization of each layer is
important for the nc-Si:H solar performance, the i/p
buffer layer is critical for the solar cell performance. As
reported previously ** %), a thin a-Si:H i/p buffer layer
cannot reduce the shunt current, which causes poor V.
and FF. If the a-Si:H i/p buffer layer is too thick, the  Figure 9. Schematic of nc-Si:H single-junction solar cell structure.
carriers cannot be injected into the intrinsic layer

efficiently. The result is that the dark J-V cannot turn on properly, and the dark and light J-V curves cross over. As a
result, poor FF is observed. The thickness of the a-Si:H i/p buffer layer can be experimentally optimized.

p layer

In high efficiency nc-Si:H solar cells, light trapping plays a significant role in enhancing the photocurrent.
Many light trapping approaches for nc-Si:H solar cells have been proposed and studied, such as periodic grating
structures, photonic back reflectors, and metal nano-particles. We found that all these new approaches have not
demonstrated J, higher than achieved by randomized Ag/ZnO back reflectors. By optimizing the Ag and ZnO textures,
we have demonstrated a photocurrent enhancement of 60-75% in nc-Si:H solar cells. The highest J is 29.2 mA/cm?,
achieved in a nc-Si:H single-junction solar cell with a 2.5 pm thick nc-Si:H intrinsic layer deposited at 1.0-1.5 nm/s. As
compared to the maximum optical enhancement of 4n” (n is the refractive index of silicon) calculated by statistic optics,
we are approaching the practical limit of light trapping in nc-Si:H solar cells using randomized back reflectors.

Combining the high quality nc-Si:H materials, optimized solar cell design, and improved Ag/ZnO back
reflectors, we have achieved an initial active-area solar cell efficiency of 9.5%; the J-V and QE curves are shown in Fig.
10 161,

3.3. High efficiency a-Si:H, a-SiGe:H, and nc-Si:H multi-junction solar cells
Using the optimized a-Si:H, a-SiGe:H, and nc-Si:H component cells, we have investigated various multi-

junction structures such as a-Si:H/nc-Si:H double-junction, a-Si:H/a-SiGe:H/nc-Si:H triple-junction, and a-Si:H/nc-
Si:H/nc-Si:H triple-junction. The highest initial active-area efficiency is 15.4% achieved using the a-Si:H/a-SiGe:H/nc-

Proc. of SPIE Vol. 7409 74090C-9

Downloaded from SPIE Digital Library on 04 Jan 2010 to 159.226.100.225. Terms of Use: http://spiedl.org/terms



Si:H triple-junction. Figure 11 shows the J-V
characteristics of the high efficiency triple-junction solar (a) _ _‘/

cell. Table 4 lists the initial and stable J-V data of multi-
[34]

junction solar cell structures achieved in United Solar 5 - Eff.=9.51%
~ . 2
34. Large-area deposition of amorphous and E 10 4 Jic _27'23 mA/em
nanocrystalline based multi-junction solar < Voc=0.531V
cells E 5 FF=0.658

20 4
We initially tested a-Si:H/nc-Si:H double-

junction solar cells using a large-area batch machine with 25 -
RF glow discharge at a deposition rate of ~0.5 nm/s. In
initial and stable aperture area efficiency of 10.5% and
9.5% were achieved on 420 cm® "), Recently, we have
developed large area VHF deposition systems P*. With Voltage (V)
knowledge learned from the small area nc-Si:H solar cell
optimization, we have made a-Si:H/nc-Si:H double-
junction solar cells at high deposition rates > 1.0 nm/s.
Table 5 lists examples of our current large-area cell
performance, where the solar cells were encapsulated
using similar process as in our production lines. The
initial cell performances of a-Si:H/nc-Si:H double-
junction and a-Si:H/nc-Si:H/nc-Si:H triple-junction solar
cells are very similar. However, the light induced
degradation is significantly different. For the double-
junction solar cells, the light-induced degradation is
~15%, while it is less than 5% for the triple-junction solar
cells.  With the triple-junction structure, we have - ‘ - -
achieved stable aperture-area (400 cm?) cell efficiency of 300 500 700 900 1100
10.0%. Further improvements in the cell efficiency and Wavelength (nm)
large area uniformity are in progress.

30

-0.2 0 0.2 0.4 0.6

27.23 mA/cm?

Figure 10. (a) J-V characteristics and (b) quantum efficiency
of a nc-Si:H single-junction solar cell on Ag/ZnO back
reflector.

2 .
(a) Line 16247-cell 32 ‘/ ; . Line 16247-cell 32
0 -
-2 4
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;: N Jse=9.13 mA/cm?
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- FF=0.753
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V (V) Wavelength (nm)

Figure 11. (a) J-V characteristics and (b) quantum efficiency curves of an a-Si:H/a-SiGe:H/nc-Si:H triple-junction cell with an initial
active-area efficiency of 15.4%.
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Table 4. Initial and light soaked J-V characteristic of three different multi-junction solar cells with nc-Si:H bottom cells.
The data represent the highest efficiencies achieved at United Solar.

Cell structure State ( mAJ/Sémz) X}); FF (E/fg
0
Initial
a-Si-H/ne-Si-H nitia 12.61 1.439 0.741 13.5
double-junction Stable 12.22 1.399 0.691 11.8
a-Si:H/a-SiGe:H/nc-Si:H Initial 013 2.239 0.753 154
triple-junction Stable 872 2.134 0.716 13.3
Initial
a-Si:H/nc-Si:H/nc-Si:H e o1 1.965 0.790 4
triple-junction Stable 8.79 1.947 0.771 13.3

Table 5. Initial J-V characteristics of large-area encapsulated nc-Si:H based multi-junction solar cells made using MVHF
lasma deposition. The aperture area is 400 cm’.

Cell structure Cell # (\(,) ( N o FF l()\“;v) (E/fg
a-Si:H/nc-Si:H 14333 1.38 11.5 0.64 4.07 10.2
double-junction 14334 1.41 11.5 0.64 4.25 10.6

a-Si:H/nc-Si:H/nc-Si:H 14710 1.88 7.8 0.71 4.19 10.5

triple-junction 14716 1.88 7.8 0.71 417 10.4

4. FUTURE PERSPECTIVE OF THIN FILM SILICON SOLAR CELLS

United Solar has been manufacturing multi-junction solar modules since 1986. From a pilot plant production of
~600 kW in 1986, it has emerged as the largest manufacturer of solar laminates having an annual production capacity of
180 MW. The spectrum splitting a-Si:H/a-SiGe:H/a-SiGe:H triple-junction cell structure is being used in all the current
manufacturing plants. For the nc-Si:H based technology, technical issues such as high conversion efficiency, high
deposition rate, and large-area deposition uniformity, as well as the manufacturing cost need to be addressed prior to
consideration for manufacturing. The first issue is to achieve higher efficiency than the current product. The highest
small area cell efficiency achieved with a-Si:H/nc-Si:H/nc-Si:H triple-junction solar cells is only slightly higher than the
champion cell achieved in a-Si:H/a-SiGe:H/a-SiGe:H triple-junction solar cells. For large-area modules, we have not
demonstrated that the efficiency of multi-junction cells with nc-Si:H is much higher than the a-Si:H and a-SiGe:H triple-
junction structure. In order to make a sound business decision, we believe that at least a 10% improvement in the cell
performance is needed. We have yet to reach the efficiency requirement.

The second issue is to increase the nc-Si:H deposition rate. For the same manufacturing machine length, the
deposition rate of nc-Si:H needs to be at least 2.0 nm/s if an a-Si:H/nc-Si:H/nc-Si:H triple-junction structure is to be
used. Currently, the deposition rate of nc-Si:H intrinsic layer is ~1.0-1.5 nm/s. Significant effort is needed to increase
the deposition rate.

The third issue is the large-area uniformity. VHF has been shown as a possible method for the intrinsic nc-Si:H
deposition. However, the large-area uniformity is a great challenge for the cathode design, especially if one desires to
use high pressure/high power depleting regime for increasing the deposition rate.

The above three areas are identified as the major future research topics for the development of a-Si:H and nc-

Si:H based photovoltaic technology. We need to demonstrate that by integrating a-Si:H and nc-Si:H in a multi-junction
structure, stable module efficiencies of larger than10% and 11% can be achieved with Al/ZnO and Ag/ZnO back
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reflectors, respectively, when the nc-Si:H layer is deposited at > 1.5 nm/s. We also need to design and test various VHF
cathodes to achieve uniform large-area nc-Si:H deposition, and evaluate the a-Si:H and nc-Si:H deposition process in a
roll-to-roll machine. We are following a stage gate process to introduce nc-Si:H in manufacturing.

S. SUMMARY

We have reviewed United Solar’s a-Si:H/a-SiGe:H/a-SiGe:H triple-junction photovoltaic technology, which has
been developed over the past three decades. The material properties have been optimized as a function of various
deposition parameters. The solar cell design is also optimized by improving the photo-carrier collection. Two major
technical approaches are essential in achieving high efficiency solar cells: hydrogen dilution to improve the material
quality and bandgap profiling to improve the solar cell design. With the advanced triple-junction solar cell structure, we
have witnessed several generations of roll-to-roll manufacturing lines for flexible and light weight products. Our current
manufacturing capability is 180 MW. Future expansion of the manufacturing capacity is being pursued.

In order to develop even higher module efficiencies, we have carried out systematic studies on nc-Si:H solar
cells. We made a new world record cell efficiency with an a-Si:H/a-SiGe:H/nc-Si:H triple-junction structure. The
deposition rate for nc-Si:H has been increased to ~1.5 nm/s. The stable aperture-area module efficiency of 10.0% has
also been achieved using a high deposition rate. To implement the nc-Si:H based solar cells into large volume
manufacturing, we need to make significant improvement in three areas: efficiency, deposition rate, and large-area
deposition uniformity.
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