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ABSTRACT

The low material cost and proven manufacturability of thin-film silicon has made this material very attractive for low-cost
photovoltaics (PV). It is widely recognized that increasing the light-to-electricity conversion efficiency will play a critical
role in expanding the acceptance of these products. The first commercial thin-film silicon solar cell consisted of a single-
junction structure using amorphous silicon; multijunction cells incorporating amorphous silicon and silicon germanium
were later used to further improve efficiency. An even later development was the incorporation of nanocrystalline silicon
as an active layer. This very interesting material, which consists of nanocrystallites embedded in an amorphous tissue,
has already given rise to a significant increase in the performance of these multijunction cells. Most recently, some very
innovative light-trapping concepts have been suggested that can improve the efficiency further. Both these topics, however,
have required expertise not readily available within one organization. A thin-film silicon team has been established under
a US Department of Energy’s Solar America Initiative programme to address the material, device and manufacturability
issues for this technology. United Solar Ovonic is the team leader, with Colorado School of Mines, University of Oregon,
Syracuse University and the National Renewable Energy Laboratory (NREL) as members. The collaborative effort has
resulted in a new understanding of the material and devices; innovative light-trapping ideas were developed, and world-
record initial efficiencies of 16.3% for small-area cells and 12% for large-area encapsulated cells were reached. Of equal
importance is United Solar’s decision to introduce this technology into production. This paper presents the important
technical results obtained under this programme and will discuss future directions.
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Introduction

Hydrogenated amorphous silicon alloys
(a-Si:H) have received a great deal of
attention as a material for the low-cost
manufacture of solar cells and panels.
Silicon is non-toxic and abundant in
nature. The lack of long-range order in
the material allows absorption of sunlight
in a very thin film, thereby reducing
material costs. a-Si:H alloy is also being
extensively used for large-area flat panel
displays, proving that the deposition of
solar cell material over a large area should
not be a limiting issue. Cells can also be
deposited on flexible substrates, allowing
laminates to be incorporated in building-
integrated photovoltaic structures (Fig.
1). The production of solar panels using
thin-film silicon technology has grown
steadily over the years. It has been reported
that production of solar panels using this
technology increased from 198MW in
2007 to 1.3GW in 2010 [1].

The challenge, however, is to increase the
light-to-electricity conversion efficiency.
The material a-Si:H is very intriguing: the
absence of long-range order facilitates
efficient photon absorption and also causes
tailing of the conduction and the valence
band edges. The material also contains
defects such as dangling, strained and weak
bonds that act as recombination centres for
the electrons and the holes. The efficient
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operation of a solar cell depends on a two-
step process: 1) photon absorption for the
generation of the carriers and 2) subsequent
carrier transport and collection. Even
though the photon absorption is efficient,
the presence of the recombination centres
arising from the defects and the band
tails impedes the transport of carriers
and lowers the efficiency. The other
challenge is the phenomenon of light-

induced degradation [2]. Exposure to light
increases the defect density in the material,
and the cell efficiency decreases. While
there has been tremendous progress in
the understanding of the problem, it still
persists. The degradation, of course, is lower
when the cell thickness is small, since the
photogenerated carriers do not have to
travel a large distance. But that results in less
absorption.

Figure 1. World’s largest rooftop system (11.8MW) in Zaragoza, Spain. The system
uses flexible thin-film silicon PV laminates.
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Schematic of different cell structures.
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Figure 3. A schematic drawing of material structure changes with increasing

hydrogen dilution.

In the early days, single-junction cells
were used to make solar panels; Fig. 2a
shows a schematic of a cell on a metal
substrate, although many researchers and
manufacturers use glass substrates. As
the limitation of the single-junction cells

became apparent, double- or tandem-
junction cells with or without different
bandgap materials (Figs. 2b and 2¢) and
triple-junction cells with multiple bandgap
alloys (Fig. 2d) were developed. These
cell structures allowed a wider spectrum
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Figure 4. Different cell structures incorporating nanocrystalline silicon.
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of light to be absorbed in the cell and also
reduced light-induced degradation, since
the individual component cells were
thinner. Until very recently, the highest
cell efficiency was achieved with a triple-
junction structure, in which the top cell
employed a-Si:H of about 1.8eV bandgap
to capture the blue photons, the middle
cell employed an amorphous silicon-
germanium alloy (a-SiGe:H) of about 1.6eV
bandgap to capture the green photons,
and the bottom cell employed a-SiGe:H
of about 1.5eV bandgap to capture the
red photons. Any light that has not been
absorbed bounces back from the back
reflector (BR) to enhance absorption.
During the last several decades, many
innovations have been made to improve
the quality of a-Si:H and a-SiGe:H alloys.
Hydrogen dilution of the active gas during
deposition was found to improve the
quality of the intrinsic layers; bandgap
profiling of a-SiGe:H improved the built-
in field, thus facilitating superior carrier
collection. Another area of development
was the use of BR for light trapping. Use
of textured BR and incorporation of the
improved alloys resulted in world-record
initial cell efficiency of 14.6% using a triple-
junction structure [3]. The technology is
also used for large-volume manufacture of
solar panels [4].

“The efficient operation of a
solar cell depends on a two-step
process: 1) photon absorption
for the generation of the carriers
and 2) subsequent carrier

transport and collection.”

While the use of a-SiGe:H led to
significant increases in performance,
incorporation of Ge in a-SiGe:H generally
reduces the quality of the material;
therefore, a new class of materials named
nanocrystalline silicon (nc-Si:H) or
microcrystalline silicon alloys emerged [5]
to replace a-SiGe:H in the bottom cells of
a multijunction structure. The best quality
a-Si:H uses hydrogen dilution of the active
gas (silane) during plasma deposition,
which improves the order in the film.
As the hydrogen dilution increases, the
transition to the nanocrystalline phase
takes place. The material is characterized
by formation of nanocrystallites embedded
in an amorphous matrix; the volume
fraction and the size of the nanocrystallites
grow with increasing hydrogen dilution.
Fig. 3 shows a schematic of nanostructure
evolution as hydrogen dilution increases.

The tiny crystallites grow with
increasing hydrogen dilution, forming
cone-shaped structures as the hydrogen
dilution further increases. For a very dilute



mixture, columnar growth starts taking
place and cracks develop in the film with
adverse effects on material quality. The
best material is thus grown just above
the edge of hydrogen dilution for the
amorphous to nanocrystalline transition.

The alloy nc-Si:H has been found to
have superior long-wavelength absorption,
which, coupled with the fact that it does not
show degradation under long-wavelength
light, makes this alloy an attractive
candidate to be used in the bottom cells of
a multijunction structure, with the promise
of increasing the efficiency of multijunction
cells further. Different cell structures have
been investigated (Fig. 4) to determine the
highest efficiency.

Research challenges

It was apparent that, in order to improve
small-area cell efficiency beyond 14.6%, a
clearer understanding of nc-Si:H was needed.
A BR that can result in better light trapping
than obtained with the conventional
random texture also needs to be developed.
The complexity and breadth of the issues
demand that a multidisciplinary approach
be used. The programme needs expertise
in materials research, optics and device
physics. Under the DOE'’s Solar America
Initiative programme, United Solar formed
a team drawn from industry, a national lab
(NREL) and academia (Colorado School of
Mines, Syracuse University and University
of Oregon) to address the complex
issues that will result in further increase
in cell efficiency. Some highlights of the
collaborative work are given below.

Back reflector for light trapping

One approach to increasing the effective
harvesting of long-wavelength photons,
thus enhancing current generated in thin-
film silicon solar cells, is to use textured
and highly reflective substrates or BRs. The
conventional light-trapping method uses
a randomized texture in which maximum
light trapping has been shown to be limited
by 4n?, where n is the refractive index of
the absorber material. Commonly used
BRs are Ag/ZnO-coated stainless steel
(SS) substrates [6]. The desired texture of
the Ag and ZnO layers can be obtained
by optimizing deposition conditions. The
texture has a wide distribution of features
of different sizes.

Using near-infrared quantum efficiency
spectra, a collaboration with Syracuse
University was undertaken to calculate
the enhancement factors for the cells. It
was found that the very best enhancement
factors are ~25 [7]. This is much less than
the classical limit of ~50, and as seen in Fig.
5, one can have an additional gain of ~3mA/
cm? when the classical limit is reached.

To further increase the efficiency,
advanced light trapping with a gain in

supraclassical
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Figure 5. Enhancement in photocurrent with multiple reflections.

photocurrent exceeding the classical
4n? is needed. In recent years, several
advanced light-trapping approaches have
been investigated, including BRs with
periodic gratings, photonic structures,
and plasmonic scattering by metal
nanoparticles [8]. A theoretical analysis
showed that, by using metal nanoparticles
embedded in the BRs, the gain from
plasmonic light trapping could exceed the
classical limit of 4n> Schiff has recently
derived a non-resonant limit of light-
trapping enhancement (E) with plasmonic
scattering for weakly absorbed light in a
solar cell of thickness d [9]:

E=4n? +M
d 1)

where X\ is the wavelength of the
light. For a 1pm-thick solar cell at the
long-wavelength region of 1000nm,
the additional gain from the surface
plasma polaritons is #, and the increase
in short-circuit current density, J,., is
predicted to be about 0.6mA/cm?. It is
clear from Equation 1 shown above that
the additional gain is more pronounced
in thinner cells. For a 0.25pm-thick cell,
the additional gain is 4n, which is equal
to about 16 for Si. In principle, even
larger gains are possible using resonant
enhancement, for which the surface
plasmon resonance is matched to the
semiconductor bandgap.

With an increase in J. in the bottom
cell as a result of superior light trapping,
one has to worry about increasing the
current density in the other cells to
obtain proper current matching. The
cell thicknesses cannot be increased,
since that will result in higher light-
induced degradation. Reflection from
intermediate layers between the cells has
been suggested using different materials.
A dual-function nc-SiO:H layer made

with proper hydrogen dilution and doping
with P has been shown to be effective
in increasing the top cell and middle
cell currents in a-Si:-H/nc-Si:H double-
junction and a-Si:H/a-SiGe:H/nc-Si:H
triple-junction solar cells [10].

Materials research

Structure

The nc-Si:H films show a profound
inhomogeneity in the growth direction,
as can be seen by transmission electron
microscopy (TEM) and atomic force
microscopy (AFM) micrographs. We
start with an amorphous zone, followed
by a layer consisting of a mixture of
amorphous and nanocrystalline silicon. Our
collaboration with NREL showed that cone-
shaped structures containing large numbers
of nanometre-sized grains appear as the
growth continues [11]. These composite
cones result from the nanocrystalline phase
growing faster than the amorphous phase,
as shown by the ‘cone kinetics model’
developed at NREL [12].

“By optimizing the profiling
parameters, such as the amount
of hydrogen and the rate of
change in hydrogen dilution ratio,
the nc-Si:H solar cell performance
was significantly improved.”

To overcome the negative effect of the
nanocrystalline evolution on solar cell
performance, a hydrogen dilution profiling
technique was designed to control the
growth of the nanocrystalline phase [13,14].

A very high hydrogen dilution was used to
deposit a seed layer to reduce the thickness
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of the incubation layer, and then a hydrogen
dilution profiling was used, with decreasing
hydrogen dilution ratio over time to keep
the material close to the transition from the
nanocrystalline phase to the amorphous
phase. By optimizing the profiling
parameters, such as the amount of hydrogen
and the rate of change in hydrogen dilution
ratio, the nc-Si:H solar cell performance was
significantly improved.

In order to understand the nature of
hydrogen bonding, hydrogen-effusion
mass-spectroscopy measurements on a
series of nc-Si:H cells with different degrees
of crystallinity and hydrogen content
were carried out in collaboration with
NREL[15]. Fig. 6 shows corresponding
hydrogen-effusion time profiles taken at a
fixed temperature—time ramping rate, with
the area under the curves representing
hydrogen content. Samples A and C were
grown under conditions in which the
crystalline volume fraction of the nc-Si:H
cell absorber layer was only about 30%,
while B and D were highly crystalline at
about 75%. The latter films have lower
overall hydrogen content, since most of the
hydrogen resides in the amorphous phase.
Importantly, however, low-crystallinity cells
show strong low-temperature hydrogen-
effusion peaks at 400°C, signifying that the
nc-Si grain boundaries are well passivated
by hydrogen. Indeed, these cells A and C
show significantly better performance: an
increase of 80mV in open-circuit voltages,
and efficiencies higher by 2.5% absolute.
Thus, the low-temperature hydrogen-
effusion peak serves as a good metric for cell
absorber optimization.

Several techniques were used, in
collaboration with the Colorado School
of Mines, to probe the nanostructure
of nc-Si:H thin films [16]. The x-ray
diffraction data (XRD) reveal crystallites
of approximately 11 to 24nm in length
with a preferred <220> orientation in the
film growth direction. Small-angle x-ray
scattering (SAXS) experiments show
crystallite sizes four times smaller than
those revealed by XRD, demonstrating that
crystallites are elongated along the growth
direction (Fig. 7). Based on 10 to 14% atomic
hydrogen measured in the a-Si:H phase,
the SAXS and nuclear magnetic resonance
results indicate that the crystallite interfaces
are up to 35% hydrogenated.

Defect density

In collaboration with the University of
Oregon, detailed measurements have
been carried out to examine the defect
density of nc-Si:H with varying crystalline
volume fraction, using drive-level
capacitance profiling (DLCP) as well as
transient photocapacitance and transient
photocurrent spectroscopy techniques
[17,18]. In general, defect density is lower
than in a-Si:H; moreover, deep defects lying
about 0.4eV below the conduction band
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Figure 6. Hydrogen-effusion time profiles for four different nc-Si:H solar cells. Samples
A and C have low crystalline volume fraction, while B and D are highly crystalline.
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edge (E.) were correlated with the presence
of Si crystallites. The work was later
extended to examine the effects of oxygen
impurities on the electronic properties [19].
Because the DLCP measurements allow
spatial distributions of defects to be mapped,
these could be compared with secondary ion
mass spectrometry (SIMS) concentration
profiles of impurity species within the film.
In this manner, a clear correlation was
established between the oxygen content
and a prominent deep defect band located
about 0.7eV from E_ (Fig. 8). These findings
are corroborated by photoluminescence
measurements performed in collaboration
with the Colorado School of Mines.

Device performance

Based on the understanding gathered
from the research work as outlined above,
United Solar has been steadily increasing
the cell efficiency over the past few years
[20]. Improvements have been made in
hydrogen dilution profiling, design of seed
and buffer layers, optimization of pressure
and cathode-to-substrate distance, cathode
design and gas flow dynamics, random BR,
and interlayer. Two world-record efficiencies
have been reported: a small-area (0.25¢cm?)
initial cell efficiency of 16.3% (Fig. 9) and a
large-area (400cm?) encapsulated initial cell
efficiency of 12% (Fig. 10). The large-area
efficiency has already been confirmed by
NREL, and the small-area cell is being sent to
NREL for efficiency confirmation.

Future directions

Significant improvements in the efficiency
of multijunction cells have been made in
recent years by incorporating nc-Si:H in
the cell structure. United Solar has already
initiated a programme to modify one of its
existing deposition machines to incorporate
the new structure into production. Our
understanding of nc-Si:H is in its infancy.
Further improvements in efficiency can be
made; Table 1 shows the highest efficiencies
that can be reached using different structures
[21], with calculations being based on
realistic cell parameters of the component
cells. Module efficiencies approaching 20%
using low-cost thin-film silicon technology
will have a big impact on module and
system cost. Innovation has to continue and
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Figure 10. Initial large-area encapsulated cell efficiency using a triple-junction

structure incorporating nc-Si:H, as measured by NREL.

Current status Option 1 Option 2 Option 3
Cell structure a-Si/a-SiGe/nc-Si a-Si/a-Si/nc-Si a-Si/a-SiGe/nc-Si a-Si/nc-Si/nc-Si
Voo V) 2.24 2.50 2.30 215
Jys (MA/CM?) 9.13 11.8 12.3 12.6
FF 0.75 0.85 0.85 0.85
Efficiency (%) 15.4 25.1 24.0 23.0

Table 1. Highest cell efficiencies obtainable with different structures [21]. Note that since the publication of [21] in 2010, a 16.3%

efficiency has now been achieved.
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sustained collaboration between industries
and academia will facilitate the progress.
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