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THIN-FILM SILICON PV TECHNOLOGY

. *
Miroslav Zeman

Thin-film silicon solar cell technology is one of the promising photovoltaic technologies for delivering low-cost solar
electricity. Today the thin-film silicon PV market (402 MW, produced in 2008) is dominated by amorphous silicon based
modules; however it is expected that the tandem amorphous/microcrystalline silicon modules will take over in near future.
Solar cell structures based on thin- film silicon for obtaining high efficiency are presented. In order to increase the absorption
in thin absorber layers novel approaches for photon management are developed. Module production and application areas

are described.
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1 INTRODUCTION

In the last eight years (2000-2008) the solar module
production has grown on average by more than 40 %,
which means that the solar module market is one of the
fastest growing markets in the world (see Fig. 1). The
total production of solar modules reached 7910 MW, in
2008 and was dominated by crystalline silicon (c-Si) solar
cells, which accounted for 87 % of the total production [1].
As the c-Si solar cells, which represent the first generation
solar cells for terrestrial applications, have matured, the
cost of these solar cells has become dominated by material
costs, namely those of the silicon wafer, the glass cover
plate, and the encapsulants.

One way to decrease the cost of solar electricity is to
reduce the thickness of the semiconductor materials that
form a solar cell. In comparison to bulk c-Si solar cells,
in which the silicon wafer has a thickness of 200 to 350
micrometers, the total thickness of the semiconductor ab-
sorbers in thin-film solar cells is less than a few microme-
ters. There are several semiconductors that are excellent
candidates for thin-film solar cells, such as silicon, cop-
per indium gallium diselenide (CulnGaSes = CIGS) and
cadmium telluride (CdTe). Among thin-film solar cells, a
silicon share in the solar module market was in 2008 5 %
(ie 402MW,) of the total production, while the share
CdTe solar cells increased to more than 7% [1].

At present most of the commercial thin-film silicon
solar cells are represented by hydrogenated amorphous
silicon (a-Si:H) based solar cells. A distinct feature of
these solar cells is that silicon based layers are deposited
in a low-temperature regime (7" < 600°C) by plasma
enhanced chemical vapor deposition techniques. Since in
silicon solar cell technology the term “thin-film” usually
covers a range of 1 to 100 micrometers thick layers, in
this article thin-film silicon solar cells refer to the low
temperature silicon based solar cells.

2 THIN-FILM SILICON
SOLAR CELL STRUCTURES

In 1975 Walter Spear and Peter LeComber reported
that amorphous silicon had semiconducting properties
by demonstrating that the conductivity could be manip-
ulated by several orders of magnitude by adding some
phosphine or diborane gas to the gas mixture [2]. This
was a far-reaching discovery since until that time it had
been thought that amorphous silicon could not be made
n-type or p-type by substitutional doping. Amorphous
silicon suitable for electronic applications, where doping
is required, is an alloy of silicon and hydrogen. Therefore,
the electronic-grade amorphous silicon is therefore called
hydrogenated amorphous silicon.

The successful doping of a-Si:H created tremendous
interest in this material for two reasons. First, the ma-
terial had several interesting properties that opened
up many opportunities for semiconductor device appli-
cations, especially in optoelectronics and photovoltaics
(PV). For example, due to the high absorption coefficient
of a-Si:H in the visible range of the solar spectrum, a
1 pm thick a-Si:H layer is sufficient to absorb 90% of
the usable solar energy. Second, the glow discharge de-
position technique, also referred to as plasma enhanced
chemical vapor deposition (PECVD), enabled production
of a-Si:H films over a large area (> 1m?) and at a low
temperature (100 °C to 400 °C). The low processing tem-
perature allows the use of a wide range of low-cost sub-
strates such as a glass sheet and a metal or polymer foil.
The a-Si:H can be simply doped and alloyed by adding
appropriate gases to a silane source gas. These features
made a-Si:H a promising candidate for low-cost thin-film
solar cells.

Today’s thin-film Si solar cells are based on the single-
junction structure. The solar cell structure is such that
light enters the intrinsic a-Si:H layer that serves as the
absorber layer through the p-type layer. This is in order
to facilitate the collection of holes from the absorber layer,
which have a lower mobility than electrons in a-Si:H.
There are two basic configurations of thin-film Si solar
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Fig. 1. Global solar cell production between 2000 and 2008 [1]

cells, namely a superstrate and substrate configuration,
which depend on the sequence of the silicon layer depo-
sition, p-i-m or m-i-p, respectively. In case of the su-
perstrate configuration, the p-¢-n deposition sequence
requires a transparent substrate carrier. Usually, a glass
plate coated with a transparent conductive oxide (TCO)
layer with a rough surface is used as the carrier. Figure 2
shows a typical superstrate single-junction a-Si:H solar
cell. The back contact is a highly reflecting metal layer,
usually deposited onto a TCO interlayer, which is used to
improve the reflection from the back contact by match-
ing the refractive indices between the n-type silicon and
metal. An encapsulant and/or another glass plate usually
form the backside of the superstrate cell.

In case of the substrate configuration, the substrate
carrier forms the backside of the cell. This allows the use
of opaque substrates, such as stainless steel. Also a poly-
mer foil is used as a substrate. Since the polymer need
not be transparent a temperature resistant type of poly-
mer can be applied, such as polyimid. The foils can be
thin enough to be flexible, which opens up a possibil-
ity to employ a roll-to-roll processing. A highly reflect-
ing back contact with textured surface that consists of
a metal layer of silver or aluminum and a TCO layer is
deposited on the carrier. The surface texture is required
in order to scatter the reflected light back to the cell at
the angles that are large enough to facilitate total inter-
nal reflection. After depositing the sequence of the n-i-p
a-Si:H based layers a TCO top layer with a metal grid is
formed as the top contact. The front side of the substrate
cell is finished by a transparent encapsulant layer with
an additional glass plate. The use of conductive carriers
such as stainless steel complicates the monolithic series
interconnection of cells on the substrate.

Some important features of a-Si:H solar cells become
apparent from Fig. 2. The front contact layer is formed by
the TCO. The top TCO film has to fulfill several strin-
gent requirements, such as high optical transmission in
the spectrum of interest, low sheet resistance, temper-
ature durability and good chemical stability and adhe-
sion. In the superstrate configuration the surface of the
TCO layer has to be textured in order to enhance light
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Fig. 2. A schematic structure of a superstrate single junction
a-Si:H solar cell

absorption inside the solar cell due to the scattering at
internal rough interfaces. The carriers generated in the
p-type layer do not contribute to the photocurrent and
it is thus desirable that the light absorption in this layer
is small. A smaller absorption is achieved by alloying the
a-Si:H with carbon, which increases the optical band gap
to about 2 eV. A sufficient high electrical conductivity is
required for both p- and n-type layers in order to form
low resistance contacts with the electrodes and a high
built-in voltage across the p-i-n junction. The intrinsic
layer with an optical band gap of about 1.75 eV serves as
an absorber. The thickness of the intrinsic layer can vary
between 100 to 300 nm, which depends whether it is in-
corporated in single or multi-junction cells. Because the
intrinsic layer is sandwiched in between the doped lay-
ers, an internal electric field is present across the intrin-
sic layer. The internal electric field facilitates separation
of electron-hole pairs that are generated in the intrin-
sic layer. The electric field strongly depends on the defect
distribution inside the intrinsic layer and at the interfaces
with the doped layers.

The first a-Si:H solar cell was made by Carlson and
Wronski in 1976 and exhibited an energy conversion ef-
ficiency of 2.4% [3]. Inherent to a-Si:H is the creation
of metastable defects when the material is exposed to
light. This is a manifestation of what is called a Staebler-
Wrounski effect [4], which is undesirable in solar cells. The
extra created defects in the intrinsic layer act as recombi-
nation and trap centers for photo-generated charge car-
riers. As a result of the trapping the space charge dis-
tribution in the layer changes and distorts the internal
electric field. This leads to a lower drift and thus to a
lower collection efficiency. The performance degradation
of a-Si:H based solar cells due to illumination can be
partly avoided by using thinner intrinsic layers in which
the internal electric field is higher and therefore less sensi-
tive to any distortion. However, the employment of thin-
ner absorber layers results in a lower absorption. The so-
lution for having cells with better stability is the use of
a stacked or multi-junction solar cell structure. The total
thickness of the complete cell is the same as for a single
junction solar cell, but each component cell is thinner and
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Fig. 3. A schematic structure of a) double-junction and b) triple-
junction thin-film Si based solar cell

therefore less sensitive to the light-induced defects. An-
other way to minimize the Staebler-Wronski effect is to
develop an amorphous silicon material that is more stable
against light exposure [5].

The concept of a multi-junction solar cell is already
widely used in thin-film silicon solar cell technology. In
the multi-junction solar cell structure two [6] or more
[7] solar cells are stacked on top of each other. Multi-
junction solar cell approach means that the absorber
layer in each component cell can be tailored to a specific
part of the solar spectrum. Top cells efficiently absorb
short-wavelength part of the spectrum (high energy pho-
tons), whereas bottom cells absorb the remaining long-
wavelength part of the spectrum (low-energy photons). In
this way the thermalization losses are minimized, which
is reflected in higher open-circuit voltages of the devices.
Absorber layers in multi-junction thin-film silicon solar
cells are based on a-Si:H, alloys of a-Si:H such as hydro-
genated amorphous silicon germanium (a-SiGe:H) and
hydrogenated microcrystalline silicon (pc-Si:H). For a
tandem cell, the highest efficiency is predicted for a com-
bination of absorber materials having band gap 1.7 eV
and 1.1 eV for the top and bottom cell, respectively. With
a band gap of 1.1 eV pc-Si:H is the ideal material for a
tandem cell with a-Si:H. The University of Neuchatel in-
troduced a micromorph tandem solar cell in 1994, which
comprised an a-Si:H top cell and a pc-Si:H bottom cell
[8]. Additional advantage is the stability of the compo-
nent pc-Si:H solar cell against light exposure. The use-
ful thickness of pc-Si:H absorber is in the range of 1.0
to 3.0 micrometers. In order to obtain current match-
ing a relatively thick (above 300 nm) a-Si:H layer is re-
quired in the top cell, which still suffers from the light
induced degradation. It is expected that by implement-
ing improved light trapping techniques, especially for near
infrared light, the thickness of both absorber layers can
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be reduced. The best laboratory stabilized efficiency of
a single junction a-Si:H cell is 10.02% [9], of a tan-
dem micromorph a-Si:H /c-Si:H cell is 14.1 % (initial)
[10] and a triple junction a-Si:H/a-SiGe:H/puc-Si:H cell
is 11.2% [11], a-Si:H/a-SiGe:H/a- SiGe:H cell is 10.4 %
and a-Si:H/pc-Si:H/pce-Si:H cell is 12.2 % [12]. In Fig. 3a
and Fig. 3b a typical double-junction silicon solar cell
structure and a triple-junction solar cell structure are pre-
sented, respectively.

Light trapping techniques help to capture light in the
desired parts of a solar cell, which are the absorber layers,
and prevent it from escaping. The most important role
of light trapping is to keep the physical thickness of the
absorber layer as thin as possible and to maximize its
effective optical thickness. The following techniques are
used to trap photons inside the absorber layer [13]

e in-coupling of incident photons at the front side,

e reflection at the back side,

e intermediate reflectors in tandem solar cells,

e scattering at rough interfaces,

e scattering at metal nano-particles (plasmonic effects).

Two research areas can be distinguished regarding
the development of light trapping techniques. The first
area deals with the manipulation of photon propagation
throughout a solar cell. The techniques are related to
the development and implementation of optically-active
layers such as anti-reflection coatings, single or stack of
layers for index matching, intermediate and back reflec-
tors [14]. These layers take care that photons reach the
absorber layer and inside the absorber undergo multiple
passes. The second area deals with the enhancement of
an average photon path length inside the absorber layer.
This is achieved by scattering of light at rough inter-
faces and/or metal nano-particles. These techniques are
related to the design and fabrication of a surface texture
on substrate carriers. The surface texture of a substrate
introduces rough interfaces into the solar cell structure.
Scattering at rough interfaces prolongs the effective path
length of photons and partially leads to the total internal
reflection between the back and front contacts confining
the light inside the absorber. Recently, layers of metal
nano-particles and composite materials with embedded
metal nano-particles for efficient incoupling and scatter-
ing of light into the absorber layer have attracted a lot of
attention.

In today’s thin-film silicon solar cells the standard
trapping techniques are based on scattering of light at
rough interfaces, the employment of high-reflective lay-
ers at the back contacts and refractive-index matching
layers. The rough interfaces are introduced into the so-
lar cell by using substrate carriers that are coated with
a randomly surface-textured transparent conductive ox-
ide (TCO) layer, such as fluorine-doped tin oxide (FTO)
of Asahi U-type substrate with a pyramidal-like surface
structure (see Fig. 4a) and sputtered aluminum-doped
zinc oxide (AZO) that after etching in an HCI solution
shows a crater-like surface texture (see Fig. 4b).
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Fig. 5. Spectral absorption in a) 300 nm thick a-Si:H layer and b) 1 um thick pe-Si:H layer matched to the AM1.5 spectrum, when the
effective optical thickness of the layers is increased 10 and 50 times [13]

3 CHALLENGES OF THIN-FILM
SI PV TECHNOLOGY

The challenge in TF Si solar cell technology today
is to increase the stabilized conversion efficiency. Future
research involves the following areas:

e improvement of the opto-electronic quality of a-Si:H,
a-SiGe:H and pc-Si:H absorbers,

e full understanding of metastable changes in the prop-
erties of a-Si:H based materials under light exposure,

e optimization of the doped p- and n-type layers and
the interfaces between the doped layers and intrinsic
absorbers, the role of buffer and profiled layers,

e development of the TCO front material and optimiza-
tion of the TCO/p-type layer interface,

e photon management for effective use of the energy of
the solar radiation and the maximization of absorption
in desired parts of a solar cell that are called absorbers,

e increasing the deposition rate of absorber materials
while maintaining their quality.

Photon management is one of the key issues for im-
proving the performance of thin-film silicon solar cells
and decreasing the production costs by shortening de-
position times and using less material. The aim of the

photon management is the effective use of the energy of
the solar radiation and the maximization of absorption in
desired parts of a solar cell that are called absorbers. Pho-
ton management in thin-film solar cells is accomplished
by a number of techniques that are related to the follow-
ing areas:

1. effective use of the solar spectrum,

2. minimization of absorption outside the absorber lay-
ers,

3. trapping of photons inside the absorber layers (light
trapping techniques).

Computer simulations using advanced programs such
as the ASA program from Delft University of Technology
[15] and the Sunshine program from Ljubljana Univer-
sity [16] are a valuable tool to investigate the potential of
photon management in thin-film silicon solar cells. Fig. 5a
and 5b shows calculated spectral absorption in a 300 nm
thick a-Si:H layer and 1 pm thick pc-Si:H layer, respec-
tively, when the effective optical thickness of the layers is
increased 10 and 50 times. When matching the absorp-
tion in the layers to the AM1.5 spectrum one can calcu-
late a potential photocurrent generated in the layers when
used as absorbers in thin-film silicon solar cells. Increasing
the optical thickness of the a-Si:H layer 10 and 50 times
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Fig. 6. A flexible module from the Nuon Helianthos company [22]

results in 52% and 78 % potential enhancement of the
photocurrent, respectively. The simulations demonstrate
that in case of uc-Si:H absorber the light trapping plays
even more important role. Increasing the optical thick-
ness of 1 um thick pe-Si:H layer 10 and 50 times results
in 90 % and 138 % enhancement of the photocurrent, de-
livering potential photocurrent of 28 and 35 mA /cm?, re-
spectively.

4 FABRICATION OF THIN-FILM SI MODULES

Thin-film silicon solar cells have improved consider-
ably, capable of achieving initial efficiencies exceeding
15 % (tandem micromorph) [17,18]. Based on the compa-
nies’ announcements the production capacity of thin-film
silicon photovoltaic modules is expected to grow to al-
most 8 GW in the year 2010. The thin-film silicon PV
market is dominated by amorphous silicon based mod-
ules; however it is expected that the micromorph tandem
modules will take over in near future.

The electrical power delivered from a small area solar
cell is not enough for practical applications. Therefore,
solar cells are connected in series and/or parallel to form
a module that delivers a required power and voltage. A
key step to practical industrial production of a-Si:H solar
cells was the development of the monolithically integrated
type of a-Si:H solar cell [19]. Monolithic series connection
of cells to modules that can be easily implemented in the
fabrication process is an attractive feature of thin-film Si
solar cell technology.

The manufacturing for amorphous silicon solar cells
is divided into two routes, processing on glass plates and
processing on flexible substrates. Both manufacturing ap-
proaches include the following main steps:

e substrate conditioning,

e large-area deposition of the contact layers, ie the TCO
as front electrode and the back reflector that is usually
a double layer of metal and TCO,

e large-area deposition of thin Si:H based layers,

e monolithic series connection of cells (at present applied
only for manufacturing on glass) using laser scribing
of contact and silicon layers,
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e final module assembly including encapsulation, apply-
ing electrical connections, and framing.

A novel approach to fabricate a-Si:H modules has been
developed in the Netherlands in the Helianthos project
coordinated by the multinational corporation Akzo No-
bel [20] and since 2006 by Nuon Helianthos company. The
aim is to demonstrate that flexible thin film silicon PV
modules manufactured by means of automated roll-to-roll
processes offer a versatile light weight thin film silicon PV
product that will offer competitive kWh costs in a wide
range of applications [21]. The production technology is
based on a temporary superstrate concept, which com-
bines the advantages of both superstrate- and substrate-
type a-Si:H solar cell technologies. The deposition of a
high quality top TCO layer using the atmospheric pres-
sure CVD and monolithic series integration that offers the
superstrate technology is combined with the roll-to-roll
processing that is used in the substrate technology. An
example of a flexible module from the Nuon Helianthos
company is in Fig. 6.

5 APPLICATIONS

Due to the versatility of thin-film Si technology to pro-
duce rigid as well as flexible modules and the high energy
yield, the application possibilities for thin-film Si based
modules are very broad. a-Si:H modules have a substan-
tially lower conversion efficiency temperature coefficient
than crystalline silicon modules [23], which results in su-
perior performance at higher operational temperatures.
This feature favours the implementation of a-Si:H mod-
ules in high-temperature conditions.

The applications cover the following market areas:

e Consumer products where small solar cells provide
electricity for calculators, watches. Small modules with
power ranging from 3 to 50 Wp are used as (portable)
battery chargers, in car roofs and a variety of other
leisure products.

e Residential and commercial grid-connected systems
that are mainly designed for Building-Integrated Pho-
tovoltaics (BIPV). The modules usually have a 20-
year power-output warranty and can be structurally
and aesthetically integrated as roofing or faade ele-
ments. Taking advantage of the laser techniques that
are applied during manufacturing of a-Si:H modules,
partly transparent modules can be fabricated. Offer-
ing both environmentally friendly performance and a
compelling design, these type of products open new
possibilities in BIPV applications.

e Several large grid-connected systems have been re-
alized with thin-film Si based modules. An example
is the amorphous silicon solar power plant (installed
power of 1MW) that was completed in the begin-
ning of 2005 in the German city of Buttenwiesen in
the suburbs of Munich. The power plant comprises ap-
proximately 10 000 amorphous silicon single-junction
superstrate-type modules. The plant is annually ex-
pected to deliver 1 million kWh.
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e Off-grid and remote-area applications include solar
systems with a rated power of 30 to 50 W, that are
mainly designed for lighting in remote homes and con-
struction sites without access to the power grid. Larger
systems are designed to generate power for villages,
remote homes, water pumping, telecommunications,
traffic control signals, etc.

e Special applications. The lightweight, flexible fea-
tures of thin-film silicon modules in connection with
the inherent radiation hardness and superior high-
temperature performance make the technology a can-
didate for space PV application.

6 CONCLUSIONS

The flexibility of thin-film silicon solar cell technology
to deliver modules for a large variety of applications is
its most important asset. The technology has a strong
potential to produce modules with an attractive cost-
to-performance ratio generating electricity with a price
competitive to that of conventional electricity. The cost
reduction of thin-film silicon modules will be determined
by the scaling rate of the production capacity. At present,
thin-film silicon solar cell technology has to concentrate
on solving several issues which are discussed in the section
on challenges in order to become a fully mature technol-
ogy.

Further development of thin-film silicon solar cell tech-
nology in general requires an increase in the performance
of solar cells. One has to realize that two thirds of the
power generated by a promising micromorph tandem
(a-Si:H / ¢-Si:H) solar cell comes from the a-Si:H top cell.
In the near future, attention will be paid to enhancing
light trapping inside the cells, ie improving the TCO ma-
terial quality and optimising the surface texture. At the
same time, research will continue on a-Si:H based ma-
terials, which has recently resulted in a completely new
class of nano-structured silicon films.
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