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Abstract

This thesis investigates amorphous (a-Si:H) and microcrystalline (pc-Si:H) solar cells
deposited by very high frequency plasma enhanced chemical vapor deposition (VHF-
PECVD) in the substrate (n-i-p) configuration. It focuses on processes that allow the use
of non transparent and flexible substrates such as plastic foil with T, < 180°C like poly-
ethylene-naphtalate (PEN).

In the first part of the work, we concentrate on the light trapping properties of a variety of
device configurations. One original test structure consists of n-i-p solar cells deposited
directly on glass covered with low pressure chemical vapor deposition (LP-CVD) ZnO.
For this device, silver is deposited below the LP-CVD ZnO or white paint is applied at
the back of the glass as back reflector. This avoids the parasitic plasmonic absorptions in
the back reflectors, which are observed for conventional rough metallic back contacts.
Furthermore, the size and morphology of the LP-CVD ZnO are varied. The relation
between the substrate morphology and the short circuit current density (Ji) is
experimentally explored. As a result, the Js can be increased by 23% for a-Si:H and 28%
for pc-Si:H solar cells compared to the case of flat substrate and the role of the size and
shape can be clearly separated. We also explore the optical behavior of single and multi-
junction devices prepared with different back and front contacts. The back contact
consists either of a 2D periodic grid with moderate slope, or of LP-CVD ZnO with
random pyramids of various sizes. The front contacts are either a 70 nm thick, nominally
flat ITO or a rough 2 um thick LP-CVD ZnO. We observe that, for a-Si:H, the cell
performance is critically dependent on the combination of thin flat or thick rough front
TCOs and the back contact. Indeed, for a-Si:H, a thick LP-CVD ZnO front contact
provides more light trapping on the 2D periodic substrate. The J relatively increases by
7 % with LP-CVD ZnO compared to ITO. Then, we study the influence of the thick and
thin TCOs in conjunction with thick absorbers like triple junction or pc-Si:H solar cells.
Because of the different nature of the optical systems, thick (> 1um) against thin (<0.3
um) absorber layer, the antireflection effect of ITO becomes more effective and the
structure with the flat TCO provides as much light trapping as the rough LP-CVD ZnO.
Finally, the conformality of the layers is investigated and guidelines are given to
understand the effectiveness of the light trapping in devices deposited on periodic
gratings.
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In the second part, we quantitatively describe the effect of continually varying the
substrate morphology on open-circuit voltage (V,.) and fill factor (FF) for the device in
the n-i-p configuration. Transmission electron microscope (TEM) observations show that
V shape morphology creates nano-cracks and reduces the V.. and FF of the solar cells.
Hence, we investigate cell designs and processes that avoid V. and FF losses. For a-Si:H
solar cells, we introduce an amorphous silicon carbide n-layer (n-SiC), a buffer layer at
the n/i interface, and show that the new cell design yields high V,. and FF on both flat
and textured substrates, contrary to the usual microcrystalline silicon n-doped layer.
Finally, the beneficial effect of our optical and electrical findings is used to fabricate a-
Si:H solar cell with an initial efficiency of 8.8 % and stabilized efficiency of 7% on
plastic foil. We find that for our reduced temperature processes windows, the light-
induced degradation of a-Si:H solar cells depends strongly on the thickness of the
absorber layer. Indeed, the relative efficiency degradation is reduced from 27% to 17%
for 400 nm and 200 thick cells, respectively. This degradation can be further lowered to
15 % in a-Si/a-Si tandem structure, and still using a total 300 nm thick absorber layer. For
uc-Si:H solar cells, we introduce a buffer layer with a higher amorphous fraction between
the n-doped and intrinsic layer. Our study reveals that the buffer layer limits the
formation of voids and porous areas (nano-cracks), which promotes oxygen diffusion in
the pc-Si:H material. Therefore, this layer mitigates the V,. and FF losses which
enhances the performance of the pc-Si:H solar cell. By applying our findings, we make
uc-Si:H solar cells with an efficiency of 8.7% on plastic foil for an only 1.2 um absorber
layer thickness.

The micromorph solar cell (stack of amorphous and microcrystalline cells) concept is the
key for achieving high efficiency stabilized thin film silicon solar cells. We present
results with and without an intermediate reflector. In particular, we introduce an original
device structure that allows a better control of the layer growth and of the light in-
coupling into the two sub-cell components. It is based on an asymmetric intermediate
reflector (AIR), which increases the effective thickness of the a-Si:H by a factor of more
than three. Hence, the a-Si:H thickness reduction diminishes the light-induced
degradation, and micromorph tandem cells with 11.2 % initial and 9.8% stabilized
efficiencies (1000h, 50°C, 100mW/cm?) are achieved on plastic foil. The stabilized Jy. of
the n-i-p tandem solar cells is close to 12 mA/cm?, which offers the possibility for the low
T, flexible substrate technology to compete with state of the art stabilized thin film
silicon devices.

Based on the results obtained here, the use of ITO front contact, a further optimisation of
the ITO/p and p-i interfaces, should allow it to be possible to exceed 12.5 % stabilized
efficiency on low Tg plastic substrate for micromorph tandems cells.
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Chapter 1: Introduction

Chapter 1: Introduction

Energy needs and thin film silicon solutions

1.1 Introduction

1.1.1 Energy Issues

The need for energy resources is becoming one of the critical issues of this century.
Indeed, the heating of the homes and workplaces, the industry needs, transportation and
our modern lifestyle demand a tremendous quantity of energy, almost 40 thousand kWh
per capita per year in Switzerland. This is equivalent to almost 4 tons of oil. However,
the price of oil started an upward rally from 15 $/b in 1999 to 150 $/b in 2008. Even
though the oil price is decreasing in 2009, one thing is clear: the era of easy oil is over.
Hence, it forces everyone to create new energy paradigm based on energy efficiency and
renewable energy.

Historically, a massive growth in energy consumption, as shown for Switzerland in
Figure 1-1, started in the fifties during industrialization and it is still growing today. An
interesting phenomenon is that the ratio between electricity over the total energy
consumption also follows an increasing trend. In 2007 in Switzerland, the electricity
consumption represented 24 % of the total energy. In addition, this ratio will certainly
increase because of the awareness of finite oil resources, the use of heat pumps,
electronic products and need for air conditioning. Even the US car companies like
General Motors plan to base their novel strategy on cars running with electric power.

Hence, there is no doubt that the electricity markets will be challenged by consumers
demand in the coming years. For the durability of the mankind, the reasons are obvious
why the resources have to be sustainable. However in 2007, 55 % of electricity produced
in Switzerland came from hydropower plants, 40 % came from nuclear power plants and
5 % came from thermal plants and others [1]. Although, almost half of the electricity is
provided by nuclear power, it should ideally be avoided because the resources are finite,
there is no proven solution for nuclear waste disposals and no insurance company wants
to take on the risk of a nuclear accident. In fact, the possibility of a nuclear accident
persuades many leading countries (Germany, Sweden, etc.) to look for alternative
electricity sources.

This work focuses on photovoltaic (PV) energy. The photovoltaic effect, i.e. the
conversion of solar light energy into electricity, was discovered by A. E. Becquerel in
1839 [2]. One of the advantages of this energy is that it has an immense potential for
electricity production and it is based on a renewable source. In fact, the solar irradiation
on earth in 1 hour exceeds the total energy consumption of the world during 1 year [3]. It
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is estimated that if only 4 % of the deserts on earth were covered with PV modules, the
energy needs of the world would be satisfied [4]. In Switzerland, it is estimated that 35 %
of the electricity needs would be met if the existing suitably oriented roofs could be
covered with solar PV modules [5].
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Figure 1-1: Energy consumption and ratio between electricity over energy consumption
in Switzerland. Energy statistic in Switzerland from the OFEN [1].

1.1.2 Photovoltaics energy (PV)

PV energy is not yet fully competitive within the electricity market. In fact, it is only
recently that strong efforts from the industry and research laboratories have focused on
decreasing the cost per Watt peak (W) of the solar panels (modules). The incentives that
changed the world of PV started in Japan and in Germany, the latter introducing a
nationwide feed-in-tariff in 2000, which resulted in a boom of the solar module demand.
This law encourages the installation of solar modules by buying back the renewable
electricity. The program is based on the obligation of the electricity utilities to buy
renewable electricity at a fixed price, which is guaranteed for 20 years. For PV it is
currently around twice the grid market price or 32-42 euro cts per kWh (as of 2009).
Because of this incentive, the cost of renewable energy decreases and therefore the price
for every new installed system decreases yearly, with the aim to converge quickly to grid
parity. The result of the German law is clearly shown by the strong increase of module
installation and production after 2000 as shown in Figure 1-2 and Figure 1-3. It stimulates
companies from all over the world to start production or increase production capacities.
Therefore, mass production has started, with a production volume of 6 GW,, in 2008 and
estimation of 20 GW,, by 2012, which represents 200 million square meters built per year
(assuming modules at 10% efficiency) [6]. Many technologies (c-Si, CdTe, CIGS, thin
film silicon, CSG, Dye-sensitized, polymer) are in competition both in terms of cost/watt
or watt/sqm, depending on the applications.
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Figure 1-2: Annual production capacity in the world from 1995 to 2006
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Figure 1-3: Installed capacity of solar panels in the world from 2000 to 2008

So far, crystalline silicon (c-Si) dominates this market with a 90% share in 2007 [6]. Si
has an inherent advantage since it is the second most abundant element on earth (after
oxygen). Nevertheless, the standard wafer-based crystalline silicon solar cell (c-Si) has
suffered from a feed stock problem in the last three years [7]. This feed stock issue
coupled with strong demand for modules by the German and Spanish markets prevented
further price reduction of solar modules, even though strong cost reduction by large
economy of scale has been achieved. This is shown in Figure 1-4 where the price per
module did not decrease in 2008, even though the production grew strongly. The lower
dependence on feed stock of thin film silicon solar cells, which uses more than hundred
times less material than c-Si cells, is one of the reasons why more than 70 companies
announced that they would start the production soon. Due to the inherent properties of
thin film (low material costs, few process steps), these companies also expect to be able
to make great advances in terms of cost reductions, e.g. United Solar expects modules
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costs of 1 $/W,, in 2012 [8], the company First Solar announced on their website that
modules cost are below 1 $/W,, or the fourth quarter of 2008 . In 2009, module price has
already decreased sharply because of change in feed-in-tariff in Germany and in Spain,
financial crisis and strong supply. Crystalline sells for 2.1 €/W,, and thin film modules for
1.7 €/Wp (~ 2.2 $/W,). Therefore, complete PV system could be installed at 3.5 €/W, (2 €
for the module, 0.5 € for inverter and 1.5 € for installation). As a result, the price of solar
energy per kWh is close to 16 €cts in Switzerland and 8 €cts in south of Spain (assuming
25 years of module life time, no module degradation and no rent for the initial
investment).
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Figure 1-4: Production capacity (solid line) of solar panels in the world from 1980 to
2008 and module cost per W, (dashed line).

Data given in Figure 1-2, Figure 1-3, Figure 1-4 are compiled by Earth Policy Institute
from Worldwatch Institute [9].

1.1.3 Thin film silicon technology

The materials used in thin film silicon solar cells are hydrogenated amorphous silicon (a-
Si:H) and microcrystalline silicon (pc-Si:H). The typical cell thickness is limited to 0.2 to
2 um for a-Si:H and pc-Si:H thin film silicon solar cells , respectively, because of the
poor charge transport of these materials. Hence, light trapping is needed in order to
absorb equivalent light in the infra red part of the spectrum compared to 200 to 400 pm
thick c-Si wafers.

Thin film silicon solar cells have had a poor reputation in the past decade, especially the
a-Si:H cells. The reason comes from the decrease of conversion efficiency after light
exposure. This effect is called the Staebler-Wronski effect first described in 1977 [10].
Nonetheless, the degradation reaches a quasi-steady state after a given light exposure
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time. The cells are said to be in the stabilized state after 1000h in light soaking
conditions. The typical degradation is between 15% to 25% for a-Si:H cells, 0 to 10% for
microcrystalline cells and 5% to 20% for tandem micromorph devices (consisting of a
stack of a-Si:H and pc-Si:H). In this thesis, we present initial and stable efficiencies of
cells and not for modules. Note that module efficiencies tend to be 10% to 20% lower
than cell efficiencies. The principal reasons for this difference are the interconnections
losses (dead areas) between the cells in the module, the homogeneity challenges for the
large area film deposition and the edge area loss in modules.

The a-Si:H and pc-Si:H materials are usually deposited by plasma enhanced chemical
vapor deposition (PECVD) on various substrates (glass, aluminum, steel, plastics, etc.).
The deposition technique is similar to the one used in flat panel displays. Incidentally,
because of shrinking margins, the flat panel industry currently looks for diversification
and new applications. In 2000, the industry started focusing on implementing their plants
for solar panel production. Today companies like Oerlikon, Applied Material and Ulvac
are setting up complete “turnkey” factories for thin film silicon solar cells on glass
substrates. Part of the technological know-how for designing thin film silicon solar cells
is not completely public knowledge yet. This know-how is shared by laboratories
(Neuchatel, Jilich, AIST, ECN, Utrecht, Toledo, Delft, etc.) and companies (Kaneka,
Fuji, United Solar, Oerlikon, Mitsubishi, Flexcell, Nuon, etc.), some of them listed in
Table 1-1. The world leader in terms of efficiencies is the company Kaneka with the
certified world record stabilized efficiency of 11.7 % for a micromorph tandem cell, 10.1
% for single junction pc-Si:H solar cell and the laboratory in Neuchéatel with a 9.5 %
stabilized single junction a-Si:H cell. Note that, initial efficiencies are not always relevant
because of light-induced degradation and uncertified result may not always be accurate.

Table 1-1: Initial efficiencies of small area (between 0.25 cm?® and 1 cm?) solar cells from
different companies and laboratories. The efficiencies in brackets are stabilized
efficiencies and those in bold are certified results by an external laboratory.

[%] Country  a-Si uc-Si micromorph comments
Kaneka Japan 10.1 13.1 [11,12])
(12) (11.7)
USCC USA 10.7 14.6 Triple junction with
(13) Ge ([11, 13])
Oerlikon CH 10.7% - 11.2 [14-16]
(9.1) (10.6)
Jiilich (Lab) Germany 9.8 12.5 [17, 18]
(11.2)(10.8)
Neuchatel pin  CH 11.2 9.9 133 [19, 20]
9.5) (11.1)
Neuchatel nip CH 9.2 9.0 10.3 This thesis on glass

(7.4) (10.1) substrate
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1.2 Thin Film Materials

1.2.1 Amorphous silicon (a-Si:H)

Silicon (Si) is a member of the IV group and thus prefers chemical bonding in a four-fold
coordination. In its crystalline form it is normally bonded to four neighboring silicon
atoms in the tetrahedral structure of the diamond lattice shown schematically on the left
side of Figure 1-5. The hydrogenated amorphous silicon, shown on the right side of
Figure 1-5, deviates from the crystalline diamond-like structure. The coordination
number, bond lengths, bond angles and dihedral angles fluctuate and lead to a disordered
material. This disorder is the main feature that distinguishes amorphous silicon from to its
crystalline counterpart. Note that the crystalline form of Si is the ground state (or global
minimum energy) for the silicon material. In fact the amorphous material is not in a
stable equilibrium but in a metastable state. One property of every semiconductor is the
energy band gap, which separates the valence band from the conduction band. In crystals,
the energy band gap is a consequence of the periodicity of the lattice and the conservation
rules between photons and phonons. The disorder of a-Si:H silicon requires an approach
other than the standard Bloch theorem, which is central to the description of crystalline
semiconductor [21]. Nonetheless, the disorder in amorphous silicon is not total, but only
in the long range and therefore the description of this material focuses more on short
range interaction (chemical bonding). In fact, the band can also be described by bonding
states, short range order being the most influential [22]. The defects in crystalline lattices
refer to atoms that are not correctly positioned in the crystal (vacancies, interstitials, and
dislocations). For amorphous silicon, this definition loses its meaning because the atoms
have partially lost their order and do not have a precise location. In fact, the defects in
amorphous silicon are often related to the coordination defects, which are not allowed in
a perfect crystal.

* o+ e o " H

4 4 4 4
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Figure 1-5: Schematic lattice in 2-dimensions of crystalline silicon (left), lattice of
hydrogenated amorphous silicon (right). Coordination defects or dangling bonds (DB) are
created to relax the system and then hydrogen atoms are bound to some of the unoccupied
Si bonds. This is a schematic 2 D representation, whereas the real structure has a
tetrahedral 3 D diamond-like structure.
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The disorder structure influences the electronic properties in different ways. The covalent
bonding in a-Si:H is similar to that of c-Si, resulting in similarities in the overall
electronic structure with an energy band gap. The density of states of the energy structure
of a-Si:H 1is usually represented as in Figure 1-6. Structural defects such as breaking of
Si-Si bonds create localized states. These states are called dangling bonds and lie in the
energy band gap and create defective states in the mobility gap of a-Si:H. These states are
recombination centers for the electron-hole charge carriers. For electric applications this
process should be minimized in order to diminish recombination losses in the
photovoltaic material.

Electronic grade a-Si:H material is deposited by a PECVD process from the
decomposition of silane (SiH4) mixed with hydrogen (H;). The hydrogen has an
important role in the material because it passivates the dangling bonds and thus reduces
the defect density by several orders of magnitude. The typical dangling bond density of a
device quality a-Si:H material is 10'® cm® which remains still elevated compared to
typical semiconductors! The second consequence of the bonding disorder (lengths,
angles) in the material is the band tails, shown in Figure 1-6, which are localized states
near the band edge. These tails are induced by the lack of periodicity as demonstrated by
the model of Anderson [23]. One important fact is the asymmetry of the conduction and
valence band tails. In fact, the valence band tail is much larger than the conduction band
tail, leading to reduced hole band mobility (electron mobility is 100 to 1000 time higher
than hole mobility) and reduced p-type doping efficiency compared to n-type. This
reduced hole mobility for a-Si:H compels the light illumination through the p-layer,
which limits the hole path in the device. Therefore, the n-i-p configuration is used in the
case of an opaque substrate.

In fact, it was not trivial that a-Si:H could be doped because the coordination disorder
would in principle relax the coordination of the substitution dopant. Nevertheless, it was
found that substitutional doping occurs in a-Si:H but with limitations in the doping
process [24]. In addition, every dopant that is incorporated in the material also creates
more defects because more mis-coordination opportunities are offered in the lattice.
These defect states partially compensate the doping, such that the carrier density
increases only as N'2 where N is the dopant density. Hence, the asymmetry of the band
tails explains why the doping efficiency is more effective for n-doped layers than for p-
doped layers.
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Figure 1-6: Density distribution of states in the mobility gap of hydrogenated amorphous
silicon.

The amorphous silicon is subject to light-induced degradation or the so-called Staebler-
Wronski effect [10]. The mechanism is not yet fully understood but it is clear that the
defect density increases when recombination occurs in the a-Si:H material, which is the
case when the device is operated in forward or when light illuminates the device [25]. In
fact, when the solar cell is illuminated, the light generates electron-hole pairs and a
portion of them recombine, inducing the creation of defects [26] (dangling bonds by
breaking weak Si-Si bounds), which are therefore new recombination centers. A “steady
state” is reached after a prolonged illumination [27-29]. Note that this process is in
principle fully reversible by annealing the samples at higher temperatures (between 70°C
—200°C). The annealing mechanism is partly responsible for the improved performances
of the a-Si:H module during summertime. More details about hydrogenated amorphous
silicon and on the nature of the light induced degradation can be found elsewhere [22, 30-
33].

1.2.2 Microcrystalline silicon (pc-Si:H)

Microcrystalline silicon (pnc-Si:H) is a mixed phase material, which contains crystalline
grains between 5 to 100 nm in an amorphous matrix. The pc-Si:H material grows in the
form of cones, which consist of smaller grains. Grain boundaries appear where the cones
collide with each other. The grain boundaries are important because they are sources of
defects where recombination occurs [34]. Transmission electron microscope (TEM)
observation show that the grain boundaries are nuclei for cracks or voids, which create
contamination and shunting paths in the solar cells [35]. One possibility to obtain pc-Si:H
is to increase the hydrogen content in a standard a-Si:H PECVD deposition process. As
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shown in Figure 1-8, puc-Si:H material appears as the dilution gas flux ratio (H,/SiH4) is
increased, i.e. the hydrogen content in the deposition chamber is increased. Note that the

uc-Si:H can also be grown by changing the power, pressure and not only the dilution [36,
371.

Different models like surface diffusion [38], selective etching [39], and chemical
annealing [40, 41] have been used to explain the transition from amorphous material to
microcrystalline material with the dilution of hydrogen. In the surface diffusion model,
the hydrogen assists the nucleation of the crystalline phase and facilitates the diffusion of
the species, which can then relax to the energy minimum. In the etching model, both a-
Si:H and pc-Si are deposited simultaneously but the hydrogen etches only the a-Si:H
which favors pc-Si:H growth. In the chemical annealing model, the chemical reaction of
hydrogen with the layer surface mediates the crystallisation of the film. The reality is
probably a combination of these mechanisms. Further details on pc-Si:H material and
solar cells can be found in, e.g. the PhD thesis of F. Meillaud [42], C. Droz [34] and T.
Dylla [43].

4
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Figure 1-7: Schematic lattice in 2-dimensions of a lattice of hydrogenated
microcrystalline silicon. The well ordered crystalline lattice is surrounded by an
amorphous phase.
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Figure 1-8 : From a-Si:H to pc-Si:H growth with increasing hydrogen content during
deposition. Redrawn from R.W Collins et al. [44]

1.3 Solar cells

1.3.1 Solar cells in the substrate configuration (n-i-p solar cells)

The charge carriers in high quality c-Si have high diffusion lengths of more than 100 um.
Hence, the standard design for such a device is a p-n junction, which works mainly by
diffusion of the carriers in the bulk part and a comparatively small contribution by drift in
the field across the junction. For a-Si:H and pc-Si:H silicon materials, the situation is
more complex. Both materials are defective, which implies a decrease in “diffusion
length” of the charge carrier in the range 1 um or even less for a-Si:H material. Hence,
the extraction of the carrier is assisted by drift with an external electric field. This can be
achieved with the p-i-n or n-i-p design where an undoped absorber material is
sandwiched between the negatively (n-layer) doped and positively (p-layer) doped layers
creating an electric field in between. The absorber material has to be intrinsic (i layer) in
order to minimize the defect density. The doped layers are eventually electrically dead
and no photovoltaic current can be extracted from them. Hence, they serve only to create
the electrical field. In all devices the interface defect density will also play a role and
usually “buffer” layers are introduced to reduce these defects. Figure 1-9 illustrates the
generation of an electron hole pair with an incoming photon. The electrons drift into the
electric field to the n layer and the holes to the p layer. The generation profile in the
absorber layer is asymmetric. It is higher at the front interface because most of the high
energy photons (400nm - 500nm) are absorbed within the first 50-100 nm. For all
devices, the light will come through the p layer because in the a-Si:H case, the holes have
a mobility 3 times lower than the electrons. In fact, the p-i-n or n-i-p configurations differ

10
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by the sequence of deposition. In p-i-n, the p doped layer is deposited first, then the
intrinsic layer and then the n layer, and vice and versa for the n-i-p (e.g. p-i or i-n). In this
thesis, we focus on solar cells deposited on flexible substrates covered with a metallic
back contact and, therefore, the n-i-p structure is preferred.

(electrons)

hv

o

Figure 1-9: Schematic illustration of a n-i-p device under illumination in short circuit
conditions.

1.3.2 Light trapping

The optical energy band gap of the semiconductor is defined as the minimum energy to
create an electron hole pair, i.e. to excite an electron from the valence band to the
conduction band. The material is then transparent for wavelengths below the energy band
gap and only defect states in the energy band gap yield a remaining level of light
absorption. The drop of the absorption curves in Figure 1-10 shows this effect. In this
graph the optical band gaps for c-Si, a-Si:H and pc-Si:H, are 1.1eV, 1.7eV and 1.1eV,
respectively. The absorption coefficient of a-Si:H and pc-Si:H is higher compared to c-Si
for wavelengths between 400 nm to 750 nm. The reason is the disorder of the a-Si:H
material, which relaxes the selection rules of the indirect band gap of the c-Si.
Nevertheless, the low deposition rate and low electronic properties of a-Si:H and pc-Si:H
require the use of thin films with thicknesses below 300 nm and 5 pum, respectively.
Therefore, the optical path in the device needs to be enhanced. This is achieved with
textured interfaces, which creates light scattering and light trapping in the device.

11
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Figure 1-10: The absorption coefficient of a-Si:H, pc-Si:H, and crystalline silicon from
ref. [45].

The structure of an n-i-p thin film silicon device is presented in Figure 1-11. The first
deposited layers are the back reflector on the substrate, then the silicon layers n-i-p and
finally the top contact, which is a front transparent conductive oxide (TCO) like ZnO or
ITO. The role of the top contact in the n-i-p solar cells will be discussed in detail in
Chapter 5. The back reflector is usually 100 nm of a metal, like silver or aluminum, and
a thin 60 nm TCO like ZnO. The metallic layer acts also as back contact for the solar cell.
The thin TCO acts as a barrier that protects the active layers (silicon layers) from
diffusion of the metallic atoms and as optical matching between the silicon layers and the
metallic layers [46]. The back reflector (BR) is often textured in order to promote rough
interfaces in the entire device. The effect of the rough interfaces compared to a flat
substrate is shown in Figure 1-11. On the flat substrate the blue part of the light (400nm-
550nm) is totally absorbed before hitting the BR, the red part of the light (550nm-
1100nm) is specularly reflected by the BR and the effective absorption thickness will be
twice the intrinsic layer thickness. On the textured substrates, the light is scattered at the
TCO/Si interfaces. Hence, the light path is enhanced in the absorber and for elevated
scattering angles the light can even be trapped in the absorber thanks to total internal
reflection at the front Si/TCO interface. Thus the red part of the spectrum can make
several passes in the solar cells.

12
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Flat substrate

Textured substrate

Figure 1-11: Structure of a thin film silicon solar cell with flat (left) and textured
substrates (right). The thicknesses of the layers are 100 nm of Ag, 60 nm of ZnO, 200 nm
to 300 nm of a-Si:H or 1 pm to 3.5 pum of pc-Si:H, and 80 nm of ITO or 2 um LP-CVD
ZnO.

1.3.3 Micromorph tandem concept

The inherent correlation between voltage and light absorption limits the efficiency of
single junction solar cells. For ideal single junction the limit is close to 30 % [47, 48].
Multi-junction devices offer the opportunity to efficiently convert the high energy
photons into high voltage while still absorbing a wide spectral range. In fact for the ideal
case of four junctions, the limits is close to 50 % [47].

Hence, the micromorph tandem cell consisting of a stack of a-Si:H and pc-Si.H solar
cells was proposed by J. Meier et al. [49] in order to further improve the efficiency of
single a-Si:H cells. By adding a pc-Si:H cell below the a-Si:H cell, the tandem is capable
of absorbing a wider range of the solar spectrum. The solar spectrum AM 1.5g is shown
in Figure 1-12 with the typical region of absorption for a-Si:H material (between 400 nm
to 750 nm) and for pc-Si:H (between 400 nm to 1100 nm). The main advantage of this
tandem structure is that both cells can be deposited in the same PECVD reactor.

13



1.4 Content of the thesis

6x10" —
a-Si:H

c-Si:H
5x10™® . .

4x10" |+ AM 1.5¢g -
3x10"® | .
2x10"

110" | -

Density of photons (photoelectrons) [1/m2nm]

1 " "
400 600 800 1000 1200 1400 1600
Wavelength [nm]

Figure 1-12: The AM 1.5g light intensity spectrum and the absorption spectrum of an a-
Si:H and pe-Si:H in the micromorph tandem cell.

1.4 Content of the thesis

1.4.1 Status of the research field

This work focuses on the development of thin film silicon solar cells for flexible
applications. The advantages of flexible sheets are the possible lower substrate cost per
square meter compared to iron free glass, the possibility to use roll to roll processes that
allow deposition of hundreds of meters of solar cells in one run, and most importantly the
light weight, reduced fragility and flexibility of the modules which reduce the storage,
breakage and transportation costs. This strategy is followed in production or R&D by
different companies such as Flexcell, Powerfilm, Fuji Electric, Canon, Sanyo, Nuon and
United Solar. Several research institutes are also working on flexible cells; Utrecht,
Toledo, AIST, ECN, Stuttgart and Neuchatel. Some companies have reported high initial
efficiency at cell level, between 13% and 15%, by using multi junction devices deposited
at high temperature on polyimide sheets or metallic foils [50, 51]. But so far, these
efficiencies are often neither confirmed nor translated into high stabilized module
efficiency. Nevertheless, there are various strategies to make thin film silicon on a
flexible substrate. Here, we summarize the activities and research units that make
contributions to the domain of thin film silicon solar cells deposited on flexible
substrates.

Silicon layers can be deposited by various techniques such as PECVD, Hot Wire CVD or

Micro Wave PECVD. Pioneer work at IMT Neuchatel [52] showed that the very high
frequency (VHF) glow discharge yields increased deposition rate and reduced ion
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bombardment compared to RF-PECVD (13.56 MHz). Higher deposition rate with VHF
has also recently been reported by the company United Solar [53]. Fuji Electric has
recently showed that higher deposition rate with RF-PECVD for a-Si:H cannot be
achieved without degrading the stabilized cell performances [54]. Indeed, their best
stabilized a-Si:H solar cells deposited at 1 A/s has a stabilized efficiency of 8%, whereas
the cell deposited at 5 A/s has a stabilized efficiency of 7% only. At the Energy Center of
Netherlands (ECN), the current work focuses on developing roll to roll processes with
MW-CVD deposition [55]. This technique is well established by their technology partner
Roth and Rau (Germany) for large area deposition of silicon nitride passivation layers in
c-Si cells. Because of high ionization, MW-CVD is expected to yield high deposition
rates for pc-Si:H layers [56]. At Utrecht University, the HW-CVD process is used by
Schropp et al. [57] for making n-i-p devices. The absence of ion bombardment increases
the material quality and should (in principle) also increase the device performances.
Microcrystalline n-i-p cell with an efficiency of 8.8 % is made on stainless steel covered
with a hot silver textured back reflector.

The choice of process temperature is important for making high efficiency devices.
Indeed for both pc-Si:H and a-Si:H layers, the minimum defect density observed for
temperature is between 200 and 300°C, as reported by A. Matsuda [58]. Nevertheless,
devices with very low deposition temperature (100°C) are investigated at the AIST
Research Institute in Japan where they produced a n-i-p pc-Si:H solar cell with 6%
efficiency on a polymer substrate (without texture) [59]. The University of Stuttgart also
developed a low temperature process and demonstrated an efficiency of 6% (without
texture) [60, 61]. Nippon Synthetic Chemical Industry investigates the p-i-n strategy with
devices deposited on plastic foil with light impinging through the plastic sheet. Initial 8%
efficiency with a-Si:H compared to 9.4% obtained on glass substrates [62]. At Utrecht
University PECVD deposition processes are also used to make n-i-p cells on plastic foils.
Rath et al. [63] have achieved an initial efficiency of 6.2 % for a single a-Si:H cell on flat
substrate. In Neuchatel, the pioneer work on solar cell deposited on plastic foils was
performed by P. Pernet and al. [64], then continued by V. Terrazzoni [65] and J. Bailat
[66]. The work focused on optimization of deposition temperature and preliminary
textured foils for a-Si:H solar cells. The work showed that temperatures between 150 and
200°C are possible for the growth of Si and that texturation of the plastic foils is
improving the Ji by 16 % compared to flat substrate.

Strong efforts were made on the texturation of the back reflector for n-i-p solar cells.
Banerjee and Guha (United Solar) [46] or Suzuki et al. (Tijin) [67] showed that the light
absorption is enhanced by incorporating texture back reflectors in the device.
Nevertheless, the optimum morphology of the back texture is still unknown and it is not
yet known whether the best substrate should have a periodic or random structure. Sai et
al. [68] have explored the influence of grating period for back reflectors in
microcrystalline n-i-p solar cells on stainless steel. He showed that the current density is
increasing with the period of the lattice and saturates for a lattice constant over 1 pum. Jg
of 24.3 mA/cm” is achieved for the best grating period of 0.9 pm and a 1 um thick layer.
Furthermore, Heine and Morf [69] suggest blazed gratings as the ideal substrate because
the reduced symmetry of the system prevents outcoupling into a zero order beam. Also,
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there is a trade off between the suitable texture for the light scattering and the losses in
the back reflector, which come from surface plasmon absorptions in the rough metallic
layer [70]. J. Bailat et al. [66] have shown that the increase of J. (15 %) with textured
substrate in a-Si:H cell is coupled with a loss of V. and FF for the a-Si:H. This leads to
equivalent efficiency (7.6%) for a-Si:H on flat and on textured substrates.

However, the detailed relation between the substrate surface morphology and the
performance parameters of pc-Si:H solar cells has only recently been addressed by
Nasuno et al. [71]. In addition, Bailat et al. [72] have shown that, in the p-i-n
configuration, the substrate morphology significantly influences the quality of the pc-
Si:H solar cells. Furthermore, TEM observation made by M. Python et al. [73] have
showed the apparition of nano-cracks in the layer and how these defective regions are
quantitatively correlated with the V shape substrate morphology. Recently, Li et al. [74]
have also reported crack formation in layers grown by HW-CVD, which demonstrate that
there is no direct correlation between the cracks and the ion bombardment.

The light induced degradation of a-Si:H requires the use of thin cells. For high efficiency
devices, the company United Solar (USA) has, so far, the most successful concept with
stabilized efficiency of 13 % as shown in Table 1-2. They used three n-i-p thin cells
deposited by PECVD with different gradings of Ge [51]. Alloying silicon with Ge
reduces the band gap of a-Si:H (from 1.75 to 1.1 eV) and therefore increases the optical
region of absorption. The major difficulty comes from the alloying of Ge in the a-Si:H
network. In fact, it creates additional defects and makes the cell more sensitive to light-
induced degradation. The solution to minimize these effects is to introduce grading
profiles that reduce the content of Ge close to the n-i and p-i interfaces [75]. The
University of Toledo also develops triple junction devices with Ge deposited by PECVD
[76]. Fuji Electric use tandem junction n-i-p cells with SiGe bottom cell to improve the
cell efficiency; initial efficiency of 12% on 1 cm® has been reported but not certified [77].
In Utrecht, Schropp et al. also use triple junction devices with Ge to achieve an initial
efficiency of 10.9% [78]. The research group at Canon have impressive results with 30
mA/cm” total current density in triple junction a-Si:H/pc-Si:H/pc-Si:H. Since thick layer
(total thickness over 5 um) is needed to achieve such high Jg, their focus is on high
deposition rate. Triple junction solar cells are made with initial 13.1 % efficiency with
deposition rate of 3 nm/s. High deposition pressure and small electrode distance is used to
make these devices [79].

Many companies are already producing flexible modules. Currently in the beginning of
2009, United Solar produced 120 MW flexible modules (triple junction SiGe deposited
stainless steel). The spin-off company from Toledo University Xun-light was created in
2006 and runs a 100 kW production line, however, the cell design is not clear yet. Fuji
Electric (Japan) is also a company that develops n-i-p process (tandem a-Si/a-SiGe) but
on polyimide foils, which are also resistant to high temperature processes such as hot
silver back contact (40 MW capacity in 2009 should be installed). The company Flexcell
(Switzerland) is a spin-off of IMT. They are starting mass production in 2009 with a 25
MW production line for single junction n-i-p a-Si:H silicon line on PEN plastic foils
covered with metal back contact. They recently successfully increased the width of the
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foils from 30 c¢cm to 50 cm, while keeping homogenous film quality with the multipass
PECVD concept. The modules from their current 40 kWp Pilot production are TUV
certified have 4.5 % to 5.0 % stabilized aperture area efficiency but no light trapping
scheme is implemented yet. Founded in 1998, PowerFilm are producing flexible single
junction a-Si:H and a-Si:H/a-Si:H tandem modules with 10 MW capacity plant [80]. One
very challenging approach is the transfer process used by Nuon Helianthos [81, 82]. They
use a temporary aluminum substrate to deposit p-i-n device on aluminum foil covered
with SnO, deposited at T > 300°C by APCVD. After the PECVD deposition of silicon
layers, the cell is transferred onto a plastic foils and the aluminum is wet etched. They
achieve stabilized efficiencies of 6% for modules on 30 cm width foils. At the time of
writing, the work focused on increasing the width of the foils to 1 m before entering mass
production. They also collaborated with Utrecht University and the Jiilich group in
Germany for making micromorph tandem devices. They produced micromorph tandem
modules (5 * 5 cm?®) with initial efficiency of 9.4% together with the Jiilich group.
Finally, Sanyo offers a-Si flexible OEM modules within their Amorton product range
[83].

Table 1-2: Initial and stable efficiency of small area (between 0.25 cm? and 1 cm2) solar
cells from different companies and laboratories in flexible photovoltaics. The values in
parentheses are the best stabilized efficiencies. The confirmed efficiencies are in bold.

Country  a-Si uc-Si Micromorph ~ Comments
Canon Japan 13 [50, 79] Triple
(11.5)
USCC USA 10.7 8.4% 15.1 Triple junction with
(13.3)(12.1) Ge[11, 51, 84, 85]
Fujy Japan 9 12 [54, 77] Tandem a-Si
(8) with Ge
Nuon NL 7.7 9.4 PIN [81, 82]
(6) Module for a-Si:H
Flexcell CH 5.5 Module results
(5.0)
Toledo USA 8.9 7.2 11 [86] [76, 87] Triple
with Ge
Utrecht NL 6.2 8.8 10.9 [57, 63] Triple with
Ge
AIST JAPAN 8.0 6.0 [59] (100°C)
Stuttgart D 6.0 [60, 61] (100°C)
Teijin JP 11.3 [67, 88] 500 nm thick
absorber layer
IMT CH 8.8 8.7 11.2 This thesis on PEN
(7.0) (9.8)
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1.4.2 Contribution of this work to the research field

The challenges and contributions of our work are to develop high efficiency devices, with
two additional constraints; one is to ensure the compatibility with low T, substrates such
as poly-ethylene-naphtalate (PEN), the second is to concentrate on silicon-based thin film
materials like a-Si:H and pc-Si:H without the addition of Ge. Thus, we have to deal with
the accessible range of deposition temperature between 150 and 190°C, which is not ideal
for the deposition of high quality silicon material, and with the accessible band gaps of a-
Si:H and pc-Si:H, which limits the choice for spectrum splitting in the sub-cell
component. Nevertheless, we achieve efficiencies well within the range of state of the art
devices. In the following, we summarize the main steps that improved the solar cell
performances.

The coupling of the light in the device is crucial for high efficiency thin film silicon solar
cells. By comparing various optical systems, mainly a thin ITO layer or a thick textured
LP-CVD ZnO front contact, we experimentally demonstrated that the effect of the texture
at the front of the solar cell is not efficient for the light trapping in the solar cells.
However for thin a-Si:H deposited on periodical grating, we show that a thick textured
front LP-CVD ZnO increases the J;. by 7% compared to flat ITO. Since the texture is not
effective, we demonstrate that the thick ZnO switch off the grating periodicity and
therefore allows a better capture of the weakly absorbed light. On this periodic substrate,
the best Jg is 14.4 mA/cm? for a-Si:H (with 200 nm thick absorber layer) cells and 25
mA/cm’ (with 3 pm thick absorber layer) for pc-Si:H solar cells on periodic substrate.
Furthermore, we demonstrate high potential of periodic substrate, with J. as high as on
random substrates [89].

For a-Si:H solar cells, we explore the influence of the substrate morphology on the J but
also on the V. and FF. We show that the growth condition of the n-pc layer is strongly
influenced by the morphology of the substrate. In fact, the severe V shape substrate
morphology coupled with n-puc layer creates porous area in the absorber layer. For that,
we introduce a new amorphous n-SiC layer, which removes the apparition of cracks in
the absorber and keeps the V. stable on textured morphology compared to flat substrate.
As a result, the increase of absolute initial efficiency is 1.9% on textured substrate
compared to flat substrate whereas only 0.7 % is observed when n-uc is used. The
beneficial effect of our optical and electrical findings removes the negative correlation
between J,. loss and V. gain. Hence, this strategy is used to fabricate a-Si:H solar cells
on PEN substrate with an initial efficiency of 8.8% for an i-layer thickness of 270 nm
[90, 91].

For our low process temperature condition, we show that the light-induced degradation
(LID) also depends mainly on the film a-Si:H absorber thickness. The LID decreases
from 27% for a 400 nm thick a-Si:H absorber to 10% for a 140 nm thick absorber layer.
Hence, we implement tandem a-Si:H cells, which reduces the light induced degradation
from 20% for 300 nm single junction solar cells to 15% for tandem a-Si:H with 360 nm
total absorber thickness. The best device has a single junction stabilized efficiency of
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7.3% on glass substrate and 7% on plastic substrate whereas 8% is achieved with a
tandem a-Si/a-Si structure on glass substrate.

For pc-Si:H solar cells, the rough morphology of the substrate also decreases the V. and
FF of the solar cells. As previously shown for p-i-n solar cells, we also find for n-i-p that
(nano-)cracks are formed in the absorber material and that oxygen is incorporated in these
cracks. Nevertheless as for the p-i-n case, these negative effects are mitigated by
rounding the rough morphology. This increases V. of n-i-p pnc-Si:H solar cells from 450
mV to 514 mV, but it also reduces Ji. by at least 5% relatively. To remove the trade-off
between V. and J, we introduce an amorphous buffer layer during the start of absorber
layer growth. This buffer layer reduces the density of cracks and the oxygen content in
the absorber layer. With such a buffer layer, we make pc-Si:H solar cells with 9%
efficiency on glass and 8.7% on plastic foil with only a 1 um thick absorber layer [92].

For tandem micromoprh solar cells, we demonstrated the limit of a micromorph cell
without an intermediate reflector. In fact, stabilized J, over 10.5 mA/cm? is not feasible
without increasing the deposition temperature, which is, in fact, not compatible with our
low T, plastic substrate. Therefore, we implement an asymmetric intermediate reflector
concept, which allows us to separate the light in-coupling between the top a-Si:H and
bottom pc-Si:H solar cells. It increases, the stabilized J over 12 mA/cm?®. With this AIR,
we achieve tandem cells with initial efficiency of 11.2 % (9.8% stabilized) on low T,
(PEN) plastic foil. This strategy offers an alternative to triple junction devices with Ge for
high stabilized efficiency devices [93].

1.4.3 Outline of the thesis

The first part of this thesis (Chapter 1) intends to provide an overview of the photovoltaic
domain and provide knowledge about thin film silicon solar cells. Chapters 2 to 5 are the
pillars leading to fabricate the final micromoph tandem cell device that is presented in
Chapter 6.

Figure 1-13 is a SEM micrograph of an n-i-p/AIR/n-i-p micromorph tandem device. The
thesis is organized according to the growth direction of the deposited layers. First Chapter
2 presents the different textured substrates used in this thesis in order to implement the
light trapping scheme needed for our devices (LP-CVD ZnO, Hot Silver, 2-D periodic
grating). It also briefly presents the deposition processes and characterization tools.
Chapter 3 concentrates on the deposition of pc-Si:H silicon solar cells. The influences of
the textured substrates in the pc-Si:H solar cell performances are explored. Chapter 4
focuses on the optimization of a-Si:H solar cells and special attention is paid to the
relationship between the substrate texture and the growth of the different layers. After
that, Chapter 5 explores the choices of front TCO contact for n-i-p solar cells. It compares
the standard ITO front contact usually used in the industry to our in-house thick textured
LP-CVD ZnO. Finally, Chapter 6 combines these results for the creation of a micromorph
tandem cell. Furthermore, the implementation of an asymmetric intermediate reflector
which uncouples the light trapping of the top and bottom cell is presented. The splitting
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of the light trapping allows direct integration of the single junction solar cells resulting
(Chapter 3-5) in the multi-junction devices of Chapter 6.
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Figure 1-13: Micrograph, obtained from scanning electron microscope (SEM), of a
micromorph tandem solar cell deposited on glass covered with a textured hot silver and
including an asymmetric intermediate reflector.
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Chapter 2: Materials & Methods

Layers, methods and rough substrates

2.1 Introduction

This chapter briefly presents deposition techniques for thin film layers and
characterization setups used throughout this work. The main deposition method is plasma
enhanced chemical vapor deposition (PECVD) which is used for the deposition of silicon
layers. The back contact is usually made by sputtering of a metal (Ag or Al) directly onto
the substrate. The front contact is a transparent conductive oxide (TCO) such as sputtered
ITO or ZnO deposited by low pressure chemical vapor deposition (LP-CVD ZnO).
Structuring of the cells is achieved by lift-off of the front contact and dry etching of the
silicon with SFs [94]. External quantum efficiency (EQE) and the current voltage
measurements (IV) determine the efficiency of the cells. Fourier transform spectroscopy
(FTPS) and the Raman crystallinity (Cg) are used to characterize, respectively, the defect
density and the crystallinity of the pc-Si:H material. Atomic force microscopy (AFM)
and scanning electron microscopy (SEM) are used to probe the surface of the layers.
Transmission electron microscopy (TEM) and focused ion beam (FIB) techniques are
used to make cross-section micrographs of our films. Secondary Ion mass spectrometry
(SIMS) is used to quantify the contamination in our layers. Optical spectrometry (R, T)
and ellipsometry (n and k) are used to characterize the optical properties of our layers.

2.2 Silicon layers deposited by PECVD

The deposition of amorphous silicon (a-Si:H) by glow discharge or plasma enhanced
chemical vapor deposition (PECVD) from silane gas (SiH4) was already reported 40
years ago [95]. A typical PECVD process is made in a vacuum reactor at low pressures in
the order of 0.1 to 10 mbar. It uses typically capacitive coupling meaning that the plasma
is sustained by radio frequency (RF) between two flat electrodes. The plasma itself
consists of electrons and ionized atoms (or molecules), which respond collectively to the
electromagnetic field. The individual particles in the plasma are electrically charged but
on a macroscopic level the plasma is neutral. It is frequently described as an “ionized
gas” or a “soup of charged particles”. After ignition of the plasma, the electric field
between the two plates accelerates free electrons which collide with the atoms. This
creates additional electrons that sustain the plasma. The electrodes consist of two 8 cm by
8 cm parallel plates, described in the thesis of V. Terrazzoni [65]. The RF power is
applied on the bottom electrode, which has a shower head for the gas distribution in the
plasma. The gases used are SiH,4, Hy, CH4, TMB for p doped and PH; for n doped layers.
The typical deposition parameters are a pressure of 0.4 mbar, a power density of 0.08
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W/cm?, a silane flow density of 0.1 scem/cm’, a temperature of 200°C, and a very high
excitation frequency (VHF) of 70 MHz. The typical deposition rates are 3-5 A/s for both
a-Si:H and pc-Si.H. Note that more sophisticated electrode designs that reduce the
bombardment or powder formation in the reactor are investigated by AIST [96] or
Mitsubishi [97].

2.3 Substrates and back reflector

The silicon layers are deposited on various substrates, e.g. glass, plastic, stainless steel
(SS), etc. The silicon layers can be deposited directly on the substrate if it is conductive
(ex: SS), whereas an additional back contact (Ag, Al) has to be deposited before the
silicon layers when a non conductive substrates is used (e.g. glass, or plastic). This work
focuses on plastic substrates but glass substrates are used for reference or development.
Plastic substrates are coated with Cr-Ag-ZnO stacks deposited by a roll-to-roll process in
a large area multi-source sputtering system at the Fraunofer Institute fiir Elektronenstrahl
und Plasmatechnik (FEP), Dresden [98]. Glass substrates (Schott AF 45) are coated with
Cr-Ag-ZnO deposited using our in-house sputtering system. The chromium is an
adhesion layer, the silver serves as back reflector and electrical contact for the solar cell
and finally the ZnO protects the silicon layer from diffusion of metallic atoms and it
enhances the optical matching between the Si and the back reflector [46].

The substrate texture is compulsory to increase the path of the light in the solar cells. We
present various methods to produce rough surfaces adapted for the scattering of visible
light wavelengths into silicon. The rough substrates can be achieved by replication of a
texture onto the plastic substrate as shown in Figure 2-1 (right) or can be producedby
deposition of a rough layer such as LP-CVD ZnO or hot silver as shown in Figure 2-1
(left). The LP-CVD ZnO can be deposited directly on glass or plastic substrates whereas
the hot silver can only be deposited on glass because the deposition temperature is too
high for low T, plastic substrates such as poly-ethylene-naphtalate (PEN) or poly-
ethylene-teraphtalate (PET), which typically limit the processing temperature to below
200°C. Additionally, we developed new back reflectors, in which flat silver on glass or
on PEN is coated with a rough LP-CVD ZnO. However, for ease of handling we carry
out most of the development on glass substrates with a transparent back contact. In this
case, the back reflector is a white paint applied at the back of the glass. This
configuration is very useful for a study of absorption and carrier collection close to the n-
side of the cell [99]. For that the white paint is removed and the cell can be illuminated
through the n-side (through the glass).
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Figure 2-1: Structure of the n-i-p solar cell on substrates coated with silver and LP-CVD
ZnO (left) and structure of the n-i-p solar cell deposited on substrates where the texture is
replicated on the plastic and coated with a thin Ag/ZnO layer.

2.3.1 LP-CVD ZnO

The highest confirmed stabilized a-Si:H efficiency of 9.5 % is achieved in the p-i-n
configuration on glass coated with LP-CVD ZnO at Neuchatel [20]. Here, we use this
ZnO layer in the as substrate for the n-i-p solar cells. This Transparent Conductive Oxide
(TCO) consists of boron-doped zinc oxide (ZnO:B) deposited by low pressure chemical
vapor deposition (LP-CVD) under conditions that result in a textured surface. The
variation of the parameters allows independent variation of the dimensions and the shapes
of the surface texture. The surface of LP-CVD ZnO consists of pyramidal structures
whose size varies with deposition time and doping [10, 11]. Therefore, the feature size of
the LP-CVD ZnO can be tuned for light trapping in a-Si:H or pc-Si:H cells. For pc-Si:H
the grain size is increased. In this work, typical Root Mean Square roughness (rms) and
lateral dimensions are 70 nm and 350 nm for a-Si:H solar cells and 140 nm and 1 um for
uc-Si:H solar cells, respectively. A subsequent surface plasma treatment of the surface is
used to change the morphology. Therefore, two degrees of freedom are available to
investigate light trapping. The details of the morphological changes is studied by J. Bailat
et al. [70] for the case of pc-Si:H solar cells in p-i-n configuration. It was observed that
the plasma treatment transforms the valleys between the pyramids from a V- to a U-shape
as illustrated in Figure 2-2. More details about the nature of the LP-CVD ZnO can be
found in the thesis of J. Steinhauser [100], further details about the application in the
solar cells is discussed by D. Dominé [19] and M. Python [35].
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Figure 2-2: SEM micrographs of the LP-CVD ZnO. The size of the pyramids can be
controlled with the thickness of the films (small to big size). The morphology can be
varied from V- to U-shape with the surface plasma treatment.

2.3.2 Hot silver

The hot silver substrate is used and developed in the industry, e.g. by Fuji Electric, as a
back reflector for n-i-p solar cells [46]. This silver layer is deposited by sputtering at high
substrate temperatures between 300°C and 400°C, which produces a rough texture as
described elsewhere [46, 101]. The roughness can be adjusted with the temperature and
the deposition time. The typical dimensions of the silver crystals are in the range of 800-
1000 nm with rms roughness of 70 nm as shown.
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2.3.3 Plastic films

The final aim is to produce solar modules by roll to roll deposition on plastic substrates
such as poly-ethylene-naphtalate (PEN) or poly-ethylene-teraphtalate (PET). The
preferable way of texturing is embossing a texture directly into the plastic [102] or into a
soft lacquer added and cured on the plastic [103]. Both methods need to be
homogeneously reproduced on the substrate, compatible with the cells processing and
stable in the long term as the module is exposed to rain, ice and sun during more than 20
years. Figure 2-3 is an example of a roll in which a cross grating texture has been
embossed into lacquer by OVD Kinegram [66, 104] and then coated with 80 nm of
aluminum and 60 nm of ZnO. Figure 2-4 shows SEM micrographs of the replication of
an arbitrary structure on a lacquer. It shows that the pyramids are well reproduced.

Figure 2-3 Plastic roll with a periodic cross grating coated with aluminum (left) and AFM
micrograph of the cross grating.
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Figure 2-4 SEM micrographs of the LP-CVD ZnO replication (right) covered with 15 nm
of gold and the LP-CVD ZnO as grown on glass (left).
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2.4 Characterization techniques

2.4.1 External quantum efficiency

The external quantum efficiency (EQE) measures, for every light wavelength impinging
on a solar cell, the ratio between the number of electrons collected and the number of
photons hitting the cells. Thus, for a given wavelength the number (1 — EQE) gives the
portion of photons which are lost by either reflection, absorption in non-active layers
(doped layers, TCO, metal) or recombination in the absorber layers. Experimentally, the
setup contains a Xe lamp. The light of the Xe is chopped and focused onto a
monochromator, which selects the wavelength hitting the cell. The cell is maintained at
short circuit condition during the measurement. The EQE can also be measured under
different bias voltages conditions, e.g. forward or reverse bias. A negative bias voltage
increases the electric field within the cells and diminishes the probability of
recombination in the intrinsic layer. Hence, it suppresses the electrical collection problem
of the cell.

The spectral response (SR) gives the ratio of current to incident power and is directly
calculated from the EQE:

q A[nm]
SR(A)=EQE(A)——=EQE(A
(4) = EQE( )E(/i) QE( )1240 @.1)
where A[nm]= % and E(1) is the photon energy.
e

The short circuit current (Is) can be calculated from the convolution of the solar spectrum
Spec (1) with the spectral response in short circuit condition as shown in Equation 2.1.
This method to calculate I, avoids the uncertainties on the solar cells surface area.

2

I.=J, = [Spec(A)SRe, (A)dA 22)
Ainin

For tandem or multi-junction solar cells, the measurement is slightly more complicated.
Indeed, the two cells in the tandem are connected in series. Hence, the current from the
tandem cell is determined, in a first approximation, by the lowest current of the two sub
cells. In the situation for a tandem cell with complementary absorption spectra such as
micromorph, at short wavelengths only the top cell is absorbing and generates a current
whereas the bottom cell is blocking the charge transport (reverse blocking diode). As a
result, the tandem will not generate any current. The same holds at long wavelengths,
where the top cell is transparent and only the bottom cell is absorbing. Therefore, the
spectral response measurement of the tandem cell shows only a response in the region
where both cells generate a current, i.e. in the region where the absorption spectra overlap
as shown by the black line of Figure 2-5. In order to overcome this problem, one of the
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two cells must be selectively illuminated, with an intensity high enough to prevent
current limitation by this cell (also called bias light illumination). Then the spectral
response of the other cell can be measured. Similarly the spectral response of the first cell
can be measured by selectively illuminating the second cell. In our setup the selective
illumination is applied by halogen lamps in combination with color filters, or by LED’s
of the desired wavelength.
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Figure 2-5: EQE of micromorph tandem cells measured with blue bias light (red line), red
bias light (blue line) and no bias light (black line).

2.4.2 Current voltage measurements (I(V) or J(V))

The goal is to measure the output power produced by the solar cell at standard test
conditions (STC). The cell is illuminated while varying a load resistance contacted to the
cell. The STC are AM 1.5g solar spectrum (normalized at 100 mW/cmz), which
approximates noon time solar irradiation in Central Europe and 25°C. The solar spectrum
is reproduced with a dual lamp (xenon and halogen lamps) simulator (class A, WACOM).
The halogen lamp provides the red part of the spectrum (600 nm -1500nm) and the xenon
lamp the blue part (350 nm - 600 nm). By optimizing the intensities between the two
lamps, it is almost possible to reproduce the intensity of the AM 1.5g and its spectrum as
shown in Figure 2-6.
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Figure 2-6: Comparison between the solar irradiation AM 1.5g (dashed line) and the solar
spectrum of our simulator in Neuchatel (solid line).

The current voltage curve (I(V)) describes the current for different voltages of the cells
under the standard illumination. From the IV measurements in Figure 2-7, the maximum
output power from the solar cell is given at V,, and I,. On this curve, we define the
following quantities: short circuit current (Iy), open circuit voltage (V,.) and the fill
factor (FF). The FF is ratio between V,*1,/V,.*Ic. Hence, the efficiency of the cells
measured at STC can be expressed as:

,r]_ Imxvm — ISCXVOCXFF _ISCXVOCXFF
incident power incident power 100mW/cm’

(2.3)
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AIV)

Figure 2-7: I(V) curve of dark and illuminated solar cells.

The I(V) curve can be measured at full illumination, in the dark and at variable intensities
(VIM) [42]. Note that for an ideal p-n junction, the curve is the typical diode equation
plus the photogenerated current density. In the case of thin film silicon, the superposition
principle of the diode equation and a photogenerated current is not valid because the
current collection varies with the applied voltage. However, there are different analytical
models based on simple assumptions [105] and numerical models [106] which try to
describe the behavior of the thin film silicon solar cells. Merten et al. [107] demonstrated
the validity of improved analytical equivalent circuit where a recombination current is
added in the conventional p-n equivalent circuit as shown in Figure 2-8. R is the serie
resistance, Ry, the shunt resistance, D the ideal diode, Iy the photogenerated current
density, I the recombination current density. Merten et al. shows that the open circuit

resistance R = s is related to Ry when the cell is working at high illumination (3
1=0

o . ol : :
sun) and that the short circuit resistance R, =—| is related to Ry, when the cell is
V=0
working at low illumination (0.1 sun). Here, the current density I, is a function of V and
I;, and depends on the intrinsic layer quality, whereas the shunt resistance Ry, originates
from electrical shunts.

29



2.4 Characterization techniques

I rec

OD'Y ] v

Idiode

Figure 2-8: Improved equivalent circuit for thin film silicon solar cells [107] with I; the
photogenrated current density, D the ideal diode, Rsh the shunt resistance, Rs the series
resistance and, I, te recombination current density.

2.4.3 Fourier transform spectroscopy

The absorption spectrum of weakly absorbing thin films can be extracted with different
techniques such as constant photocurrent method (CPM) [108], photothermal deflection
spectroscopy (PDS) [109] or Fourier transform photocurrent spectroscopy (FTPS) [110].
The FTPS method is a fast measurement (a few seconds of data acquisition) that can be
used to evaluate the intrinsic material quality on complete pc-Si:H solar cells. The FTPS
spectrum is proportional to the absorbance of the sample. The curves are normalized to
present the same absorption at 1.4 eV. We assume that the absorption occurs only in the
crystalline phase. This suppresses the determination of the sample thickness. The sub
band gap absorption coefficient at 0.8eV (0.s) determined by FTPS [42]. The coefficient
QL. 1S given in absolute units, even though the absolute values should be considered with
care, as absorption in the TCO and the light multiplication path are respectively higher
and lower at 0.8 eV than at the FTPS curve calibration point. Providing that they change
the same way for all samples of a given set, a comparison between samples like the one
of Chapter 3 is still valid, though. Figure 2-9 shows two absorption spectra of different
uc-Si:H solar cells. The solid (red) curve has oyg higher than the black curve. This
indicates that the absorption from the defects in the gap is lower for the dashed (black)
curve, which increases the quality of the material. Further details about the applications
of FTPS are described in the thesis of M. Python [35], F. Meillaud [42] and J. Bailat [45]
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Figure 2-9: Comparison of absorption curves of two pc-Si:H solar cells obtained from
FTPS measurements. The absorption at 0.8 eV is lower for the dashed (black) curve
indicating lower defect absorption of the material.

2.4.4 Raman crystallinity

Raman spectroscopy measurements [111] are performed in the back scattering
configuration with a green Argon laser (514 nm), which has a penetration depth of
approximately 150 nm in pc-Si:H material. The Raman spectra is fitted with three
Gaussian peak: 480 cm™ for a-Si:H, 510 cm™ for nano-crystal, and 520 cm™ for c-Si. The
Raman crystalline volume fraction Cyg is obtained by deconvolution of Raman spectra and
evaluation of the scattered intensities assigned to amorphous and crystalline parts using:

— ]510+]520
1480 +1510 +1520

2.4)

c

In addition to the measurement of the crystallinity at the front of the cell (p-side), the
transparent LP-CVD ZnO substrate also permits the measurement through the back
contact, which probes the crystallinity in the nucleation region close to the n-side. The
measurement with the green laser from the p or n side probes both the intrinsic layer and
the doped layer. The n- or p-doped layer are usually 20-30 nm highly crystalline (more
than 70%) for high pc-Si:H device performance. Therefore, the measured Cgr is the
average between the doped layers and the intrinsic layer. It tends to overestimate the true
crystallinity of the absorber layer.

31



2.4 Characterization techniques

2.4.5 Cells measurements

The results of the cells presented in the thesis are based on the deposition of at least 16
cells. The cells are isolated with lift off of the front contact and dry etching of the silicon
layer (SFe). The area of the cells is typically between 0.25-1 cm”. The Vi and FF are
determined from the IV measurement and the J.. of the IV curve is normalized with the
JsceQe obtained from the EQE measurement. This avoids the uncertainties on the exact
cell area. The best cell of each data set is presented in the thesis. The typical spread over
the 16 cells is in relative 2-3%.

2.4.6 Light soaking

The performances of single and multi-junction amorphous thin film silicon solar cells
degrade when exposed to light. After a given time, a steady state is reached and the cells
are considered stabilized. The standard conditions of degradation are 1000h at one sun
(100mW/cm?). Nonetheless, most of the degradation measurements in this thesis are
made during 1000h at 50 mW/cm® because the setup was not fully operational. The
results are shown with 50 mW/cm® except when something else is specified. The impact
of the light intensity on the solar cells performances is reported by Bennett [112] and by
Stutzmann and Street [113].

2.47 AFM, SEM, TEM, FIB

The surfaces of the thin layer are characterized by a Burleigh, Vista-100 atomic force
microscope (AFM). The AFM probes the surface of the layer and gives the surface height
for each point. From the AFM data points, we can extract different parameters: the most
frequently used here is the root mean square roughness (rms). The rms is the standard
deviation of the data points.

The surfaces and cross-sections of the layers are also analyzed by scanning electron
microscope (SEM), and transmission electron microscope (TEM). The preparation for
TEM is done by focus ion beam (FIB) or tripod technique described elsewhere [114] . All
these techniques are describe in detail in the thesis of M. Python [35].

2.4.8 Spectrometer

The spectrometer is used for transmission (T), reflection, diffuse transmission (DT), or
diffuse reflection (DR) measurements for the wavelength range 200 nm to 2000 nm. The
photo-spectrometer used is a Perkin Elmer lambda 900 with integrating sphere. The T
and R of layers deposited on glass substrate are measured with light impinging from the
layer side. From this, the absorption (A) is calculated from A = 1-T-R. The Haze (H) is
defined as (DR/T) and represents the ratio of transmitted diffuse light and transmitted
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specular light. With our setup, the light scattered with an angle over 5° is considered as
diffuse light.

The absorption of light in a layer is linked to the absorption coefficient o and the
intensity (I) of incident light. The Beer—Lambert laws state that there is a logarithmic
dependence between the T, a and the path length I:

1
T'=—=¢e"" wherelis the path length (2.5)

The penetration depth is therefore the inverse of the path length.

The reflection of light on surface is described by the Fresnel coefficient. The reflection
depends on the surface angles and refractive index. This is an important fact because our
solar cells have rough interfaces and layers with different refractive indices. The Fresnel
coefficients predict that a larger difference in refractive index between two layers and a
higher angle of incidence result in more reflection. When light is interacting with rough
surfaces with a feature size close the light wavelength, then scattering occurs. In this case,
the reflection can be predicted by using semi-empirical theories such as the scalar
scattering theory proposed by Beckman and Spizzichno [115] and more details can be
found in the thesis of V. Terrazzoni [65]. In this case the haze (H) can be calculated as:

B
Gf’ms

where A is the light wavelength, G,y is the rms of the surface, n; and n, are the refractive
indices of the incident and transmission media, respectively, and C, B are fitting
parameters. Experimentally, 8 is close to 3 as shown by D. Dominé [116].

2.4.9 SIMS

Secondary ion mass spectrometry (SIMS) is a technique that detects the atomic
concentration in a layer. For SIMS, the layer is sputtered by a focus primary ion beam.
Part of the sputtered atoms are removed and ionized from the sputtered surface. Then, the
ions are analyzed with their charge to mass ratio. This process can be continuously
monitored and a complete concentration profile can be measured. This technique is used
in thin film silicon solar cells to evaluate the contamination of the uc-Si:H and a-Si:H
absorber layers [117].
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2.4.10Ellipsometry

The main interest of ellipsometry is to determine the optical properties of layers. These
properties are the refractive index n(A) and extinction coefficient k(A). These values

depend on the wavelength A as shown in Figure 2-10 for a-Si:H layer deposited in our
PECVD system.

The technique is based on the reflection of polarized light on the layer. After reflection,
the phase shift and the change in amplitude are measured. The measured samples are
often multilayer stacks where thicknesses are unknown. Therefore, the technique needs to
fit the data to a model in order to extract the n and k value. This technique is applied with
success with pc-Si:H growth in-situ [44] or on complete layers [118].
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Figure 2-10: Refractive index n (black) and absorption coefficient k (grey) of amorphous
silicon deposited at 190°C and with dilution 3. The n and k values are determined by
ellipsometry measurement with a Tauc-Lorentz model.
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Chapter 3: Microcrystalline Si

Material growth and solar cells

3.1 Introduction

Our final goal is to increase the stabilized efficiency of tandem micromorph solar cells.
For this purpose, we optimize single junction microcrystalline (pc-Si:H) n-i-p solar cells
on textured plastic substrates with light trapping capabilities. Texturing of the (plastic)
surface is the conventional way to achieve high Ji and still keep thin absorber layers,
which is compulsory from a production point of view (high efficiency and high
throughput).

The complex relationship between the substrate surface morphology and the performance
parameters of pc-Si:H solar cells was first addressed by Nasuno et al. [71]. Furthermore,
Bailat et al. [119] showed that, in the p-i-n configuration, the substrate morphology
significantly influences the quality of the pc-Si:H solar cells. A next step toward a better
understanding is provided by Python et al. [73] who shows that the cracks in the pc-Si:H
are responsible for the poor solar cell performance on textured substrates. All these
reports studied superstrate configuration whereas here we discuss the challenges for the
substrate (n-i-p) configuration.

In the first part of this chapter, we use the textured substrates described in Chapter 2
consisting of surface plasma treated LP-CVD ZnO. The surface treatment transforms the
sharp valley (V-shape) of the initial ZnO growth into smoother valleys (U-shape).
Similarly to the case of the p-i-n structure, by increasing the substrate plasma treatment
time (smoothening of the substrate surface), we find significant improvements of open
circuit voltage (V,.) and fill factor (FF) in n-i-p pc-Si:H solar cells. However, the
morphologies used for high V,. and FF lead to reduced light trapping and thus reduced
short circuit current density (Js.). This motivates the need for better pc-Si:H solar cells on
V-shape morphology. In other words, the challenge is to increase V,. and FF while
keeping the excellent light trapping capabilities of the substrate.

In the second part of this chapter, we find that a buffer layer (BL) at the N/I interface
enhances the performance of the n-i-p pc-Si:H cells on rough “unfavorable” substrates.
Finally, we compare our results obtained on LP-CVD ZnO substrate with our in-house
hot silver substrate. This type of substrate is commonly used in the n-i-p structure, but its
direct application is restricted to stainless steel foils and high temperature resistant plastic
substrates such as polyimide. Plastic substrates with low temperature resistance and low
glass transition temperatures suggest a different approach, e.g. embossing of the light
trapping structures like the LP-CVD ZnO morphology directly into the plastic substrate.
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In the third part of this chapter, we explore the deposition of thick pc-Si:H (above 2 pum)
on textured substrates. A priori, it should be a triviality to increase the thickness of the
cell, to absorb more light and thus to increase Js.. Nevertheless, the thickness of the layer
tends to reduce the V. and the FF of the cell, and the Js. (25 mA/cmz) saturates after 2.5
um. In addition, these thickening effects are worse for cells deposited on severerly
textured substrates.

In c-Si silicon, the grain size is one of the limiting factors of solar cells efficiencies [120]
because the grain boundaries are defectives and act as recombination centers. pc-Si:H has
small grain size (10-50 nm) as its name indicates. The recombination at these grain
boundaries is mitigated by the amorphous matrix, which surrounds the grains and
passivates the defects at the surface of the nanocrystal. Nonetheless, the amorphous
material or the interface material suffers from the light-induced degradation and therefore
we also investigate the possible light-induced degradation in our pc-Si:H material in the
device.

3.2 Results

3.2.1 Substrate morphologies

3.2.1.1 Efficiency of pc-Si:H solar cells

We investigate the relationship between substrate morphology and the performance of the
n-i-p pe-Si:H solar cell deposited on rough LP-CVD ZnO substrates. This TCO allows
for easy control of the feature size, and the surface morphologies can be varied from V-
shape to U-shape with a surface plasma treatment such as described in Chapter 2. As
shown in Table 3-1, the trend observed for pc-Si cells in the n-i-p configuration
corresponds to the one reported in the p-i-n configuration [119], i.e. a substantial
improvement in V,. and FF on treated substrates, improving efficiencies from 4.1% to
7.5% as the treatment time is varied from 0 to 40 minutes (40°). Note in Table 3-1 that
the pc-Si:H solar cells on the substrate treated for 60 minutes (60’) have peeled off
because the substrate is strongly flattened by the long plasma treatment time and only a
few cells survived. Hence, this creates a lack of statistics, which might explain why the
FF is lower for 60’ than for 40°.

Table 3-1: pc-Si:H solar cell parameters for 0°, 20°, 40’ and 60’ surface treated ZnO LP-
CVD.

Treatment 0’ 20° 40° 60’
time

Jse[mA/cm2] 20.0 22.0 20.8 20.7
Voe [mV] 454 494 514 503
FF [%] 45.5 60.6 70.0 67.7
Efficiency 4.1 6.6 7.5 7.1
[%0]
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3.2.1.2 Cracks in pc-Si:H solar cells

Cross-sectional samples of the pc-Si:H solar cells on various ZnO morphologies are
prepared for SEM and TEM experiments. On untreated substrates, TEM and SEM
micrographs reveal a large quantity of cracks in the pc-Si:H layer as shown in Figure 3-1
(left) and Figure 3-3. The areas with nano-cracks are indicated by arrows. The
micrographs reveal that the cracks disappear with the plasma treatment and correlate well
with the increase of solar cell efficiency. This confirms the link between cracks, voids or
porous areas and poor cell performance proposed by M. Python et al. [73] for p-i-n
devices. The crack formation originates from the valley of the pyramids and pinches.
Porous areas appear also at the substrate n doped layer interface as shown in Figure 3-2.

o

nOLP-CVD /nO LP-CVD
untreated 20’Plasma treatment

Figure 3-1: TEM cross-section of a n-i-p pc-Si solar cell deposited on an untreated ZnO
LP-CVD (left) and 20’ surface plasma treatment (right). The cracks and porous areas of
the Si are pointed by the black arrows.
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plastic substrate.
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Figure 3-3: SEM micrographs of cross-sectional pc-si:H solar cells. The cells are
deposited on LP-CVD ZnO with various treatment times 0°, 20°, 40’ and 60°.
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3.2.1.3 Raman crystallinity of the uc-Si:H solar cells

It is established that the Raman crystallinity (Cr) of a pc-Si:H layer can be controlled
during the deposition process by the dilution ratio [121] or purely by the depletion ratio
of silane during the plasma process [122]. In order to better understand the pc-Si:H
growth on different substrate morphologies, we measured Cg profiles throughout the
absorber layer on two types of substrate by alternating etching 150 nm of the layer with
dry plasma etching (SFe), and measuring the Cgr. These results, shown in Figure 3-4,
demonstrate a homogenous material with constant Cgr in the bulk region. Towards the
interfaces we find slightly higher Cg, which corresponds to the n- and p-doped layers.
This is consistent with the aim of having high Cy in the doped layer because doping
efficiency is elevated in pc-Si:H compared to amorphous material [123]. The results,
described in Figure 3-4, have two particularities: first, the Cr is constant throughout the
absorber layer without applying any dilution gradient, and second, for unchanged
deposition parameters, Cr is different for the samples prepared on different substrate
morphologies. Indeed, it is often reported that dilution profiling [124-126] is required to
control the Cg of the pc-Si:H material. The typical gradients are an increased dilution at
the beginning of the growth after the first doped layer in order to avoid an amorphous
incubation layer, and reduced dilution at the end of the growth in order to avoid
excessively high Cg in the material. Here, the films shown in Figure 3-4 are prepared
without dilution grading. Nevertheless, their Cr is uniform between the doped layers.
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Figure 3-4: Raman Crystallinity fraction of the untreated (V-shape) and strongly treated
(U-shape) substrate throughout the entire pc-Si:H solar cell.
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3.2.1.4 Light trapping in pc-Si:H solar cells

The Js. decreases with the surface plasma treatment time as shown in Table 3-1.
However, the cell deposited on the untreated ZnO has a lower Ji. than the cells on the
treated ZnO. The reason is that the pc-Si:H absorber material is so defective on the
untreated substrate that the defects screen the electric field of the doped layer. Therefore,
the lack of charge carrier collection reduces the Js. on untreated substrates. The TEM and
SEM micrographs confirm the creation of defective material on untreated substrate.
Nevertheless, we think that the as-grown ZnO rough layer is the optimal substrate for
light trapping in the pc-Si:H solar cell. This could be inferred from reflection
measurements in Figure 3-5. Indeed, the reflection increases with the plasma treatment
time; it shows that the optimum substrate, from the light trapping point of view, is the
LP-CVD ZnO substrate with no or minimum treatment time.
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Figure 3-5: Optical reflection as a function of wavelength for pc-Si:H solar cells
deposited on LP-CVD ZnO with 0°, 20°, 40°, and 60’ plasma treatment times.

In the following section and until the end of section 3.2.3, we focus on two types of
plasma treatment; a mild 20 minute treatment (20”), which preserves the V-shape, and a
40 minute treatment (40’), resulting in a U-shape. The pc-Si:H solar cells show an
increase of 20 mV in the V,. and a strong increase of FF from 60.6% to 70.0% for the
40’ case compared to the 20’ case. The diminished Js. clearly shows the reduced light
trapping capabilities of the substrate. Between 20’ and 40’ plasma treatment, J. typically
decreases by 1 to 1.5 mA/cm?®. The EQE curves in Figure 3-6 show that the changes
occur predominantly in the red part of the spectrum. This has significant consequences
for its application in micromorph solar cells because of a high current density in this
portion of the spectrum [113, 114].
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Figure 3-6: EQE as a function of wavelength for pc-Si:H on LP-CVD ZnO substrate with
20’ and 40’ surface plasma treatment times.

3.2.1.5 SIMS measurements

The oxygen content is a key parameter in the pc-Si:H. It is reported by many authors
[115-117] that the oxygen concentration is linked to the outgassing of the chamber walls,
the purity of the silane, and the growth condition of the layer. In fact, the oxygen acts as
an n-dopant [127] in the layers and thus strongly reduces the device performances [128].
Figure 3-7 shows the oxygen profile of a pc-Si:H deposited simultaneously on the LP-
CVD ZnO treated for 20’ and 40°. It reveals that the oxygen content is also linked to the
substrate morphology. We think that the cracks are paths for post oxidation of the layer
for three reasons. First, the presence of cracks correlates with the oxygen content in the
layer. Second, we expect constant oxygen through the layer whereas a gradient appears in
Figure 3-7 and the gradient is more pronounced for the 20’ substrate than the 40’substrate
case. Third, the concentration of oxygen is higher than what is usually reported for device
grade material (10'*-10" atom/cm’) and reasonable efficiencies are still made in our
system. Therefore, the oxygen should come from post oxidation.
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Figure 3-7: SIMS measurement of pc-Si:H solar cells deposited on LP-CVD ZnO
substrates treated for 20’ (grey) and 40’ (black).

3.2.1.6 Summary

Our pe-Si:H layers have the following characteristics:

The crystallinity is constant during the pc-Si:H growth of the absorber layer with
constant dilution.

The crystallinity of pc-Si:H decreases when deposited on V-shape substrate
morphologies.

The V-shape morphologies induce nano-cracks in the pc-Si:H material.

The cracks deteriorate the pc-Si:H solar cell performances.

The best efficiency of the pc-Si:H solar cells is obtained on the smooth
substratesmorphologies (U-shape with surface plasma treatment).

The best light trapping scheme is found on the untreated substrates or V-shape
morphology.

The oxygen content in the pc-Si:H layer increases with V-shape morphologies.

Therefore, so far, the best substrate for the solar cells performances is the substrate that
has the less favourable light in-coupling in our device. The loss is about 1-1.5 mA/cm?
which is 5% in relative compared to substrate with V-shape morphology.
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3.2.2 Buffer Layer (BL) after the n-layer in puc-Si:H solar cells

3.2.2.1 Raman crystallinty (Cr) and TEM micrographs

In section 3.2.1, we find that the surface plasma treatment applied on the LP-CVD ZnO
substrates provides an increase in V. and FF but a decrease of Ji.. Here, we discuss the
introduction of a silicon buffer layer (BL) deposited on LP-CVD ZnO substrates treated
for 20’ and 40’. The BL dilution is varied from 14.5 to 25 while keeping the same bulk
dilution of 17.6 for every cell. The thickness of the BL is chosen arbitrarily to be 200 nm,
which is one sixth of the entire i-layer. The influence of the BL is shown in Figure 3-8
where the Cgr is measured with laser beam impinging once from the n-side and from the
p-side on cells with the different BL dilutions. The Cg is constant in the p-side for every
buffer layer dilution. But, the BL strongly influences the Cr close to the n-layer. It varies
from 85% to 32% with the decreasing dilution of the BL. This is confirmed in Figure 3-9
which shows a TEM micrograph of a pc-Si:H solar cell with a BL having a low dilution
of 14.5. The different contrast clearly reveals that the structure has high Cy at the n-layer,
followed by the large amorphous fraction of the 200 nm BL, and then the bulk absorber
that has again a higher Cg than the BL.
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Figure 3-8: Raman crystallinity measurement from the n- and p-side of the pc-Si:H as a
function of the BL dilution after the microcrystalline n-layer. The solar cell is deposited
on LP-CVD ZnO with 20’ surface treatment time.
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LP-CVD Zn0O
contact

Figure 3-9: TEM cross-sectional micrograph of pc-Si solar cell. Amorphous BL: 200 nm
thick, dilution: 14.5%, deposited on LP-CVD ZnO, plasma treatment time: 40’.

3.2.2.2 Solar cell efficiencies

Figure 3-10 shows that the efficiency of the solar cells is increasing while the BL dilution
is decreasing from 25 down to 16.4 (the results for the dilution 14.5 and the hot silver
substrate will be discussed later). The changes are moderate on the 40’ substrates, but the
situation is dramatic for the 20’ substrates, which have a more pronounced V-shape
morphology. In fact, the efficiency of the pc-Si:H cells on the substrate treated for 20’
increases by an absolute 2.1%, from 4.6% up to 6.7%, whereas the cells on the substrate
treated 40’ increases only by 0.5%, from 7% to 7.5% as shown in Figure 3-10. The
different behaviors of the pc-Si:H solar cells exemplifies the relation between the
substrate texture and the efficiency. It shows that even though the pc-Si:H cell deposited
on 20’ substrate is less efficient, it has a stronger potential because more light is absorbed
in the 20’ substrate compared to the 40’ substrate. Hence, the BL is a first step to reduce
the deleterious effect of severe V-shape substrates, while maintaining strong light
trapping capabilities of the substrate.
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Figure 3-10: Efficiency of a pc-Si:H solar cell on LP-CVD ZnO with 20’ and 40’ minutes
of surface plasma treatment and hot silver substrates as a function of the BL dilution after
the microcrystalline n-layer.

3.2.3 Material quality of the uc-Si:H i-layer

3.2.3.1 Solar cell properties and buffer layer

The introduction of this amorphous BL is beneficial for the efficiency of the pc-Si:H
solar cells. Figure 3-11 shows, for the case of the 20’ treated substrate, that the strongly
diluted BL leads to a deteriorated solar cell with low V,. and FF, and that the
improvement with the amorphous BL is mostly in FF and V... We observe, however, that

the amorphous content in the buffer must not exceed a certain limit; reducing the dilution
below 15 results in a sharp decrease of FF and Jg..

Therefore, exactly in the dilution range where it is most useful, the BL also entails severe
losses in the Js. as shown in Figure 3-11. The reason for the losses in the Ji will be
discussed in Section 3.2.3.5. Here, we present a layer with a reduced thickness and low
dilution of 14.5. It keeps the V. and FF properties, while at the same time the losses in
the Ji. are almost completely suppressed. The open symbols of Figure 3-11 and cross
symbols in Figure 3-10 represent solar cells where the dilution of the extra layer is 14.5
but the thickness has been reduced to 50 nm. These thin layers can be more correctly
called buffer layers resulting in pc-Si:H solar cells that combine elevated Js, FF, and V.
on the V-shape substrates.
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Figure 3-11: V., FF, J. of the puc-Si:H solar cell as a function of the BL dilution ratio on

the LP-CVD ZnO substrate with 20’ surface plasma treatment. Empty symbols refer to
thinner BL (50 nm).

3.2.3.2 Sub band gap absorption of pc-Si:H solar cells (FTPS spectrum)

We have seen that TEM experiments give some idea of the quality of the pc-Si:H
material (cracks and porous areas). In this section, we use FTPS to characterize our solar
cells. In fact, it has been shown that the absorption coefficient at a photon energy of 0.8
eV (agg ) [110] is proportional to the defect density of the pc-Si:H material. The FTPS
measurements in Figure 3-12 show, for the 20’ case, the relationship between the
absorption at 0.8 eV and the FF of the solar cells. Figure 3-12 shows that the defect
density is inversely correlated with the FF of the solar cell. For BL dilutions above the
nominal 17.6 dilution, the material is highly crystalline on the n-side (more than 70%),
which enhances the defect density in the material due to diminished passivation of the
nanocrystal by the amorphous phase in the material [110]. For the dilution below the
nominal 17.6, the n-side Cr is decreased down to 32% with the BL dilution 14.5. Note
that the value of Cg is an average of the 30 nm highly microcrystalline n-layer and 120
nm of the BL because the Raman measurement has a penetration depth of 150 nm. In
other words, the true Cy of the BL is even lower than 30% and thus much lower than the
40% that as suggested for a device quality material by F. Meillaud [42]. We also observe,
in Figure 3-12, an increase in o g for dilution below 17.6%. In contrast to the low FF and
higher FTPS signal for this particular strongly amorphous BL, the V. is stable or even
slightly better with 500 mV compared to higher dilution of the BL as shown in Figure
3-11.
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Figure 3-12: Absorption coefficient (cgg V) from FTPS measurements and FF of pc-
Si:H solar cells as a function of the various BL dilution on the LP-CVD ZnO substrate
with 20’ surface plasma treatment.

3.2.3.3 Linear crack density

The nature of the defects in the in pc-Si:H silicon material is difficult to distinguish.
Lattice damage can occur inside the nanocrystal, the surface of the nanocrystal are areas
for additional defects and the defects can be induced by the a-Si:H phase. Fortunately, the
hydrogen and the amorphous material passivate most of the defects at the surface of the
nanocrystals and permit device grade material for photovoltaic applications [129].
Kuendig et al. [130] and F. Meillaud [42] irradiate pc-Si:H layers and devices with high
energy protons to show that this treatment degrade almost only the pc-Si:H material,
whereas the a-Si:H layer is resistant. Therefore, F. Meillaud suggests that this irradiation
degrades the surface of the nanocrystal. In addition, the irradiation is reversible by
thermal annealing and affects the solar cells, performance in the same way as the light
soaking. Nevertheless, (nano-)cracks or porous areas as evidenced from TEM
experiments are another class of microstructured defects. As shown by M. Python [35],
shadowing effects on rough substrates as well as the low diffusion length of the
precursors are responsible for crack formation. These cracks are zones of enhanced
recombination for the charge carriers.
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M. Python et al. [131] reported a method to count the linear crack density by SEM
micrographs. Evaluating about 4000 pum of pc-Si:H material permits a statistically
relevant comparison of different deposition processes. In Figure 3-13, the linear density
of cracks is calculated for pc-Si:H with and without 50 nm BL with the dilution 14.5. The
cracks decrease strongly with the plasma treatment on the LP-CVD ZnO and clearly, for
a given treatment, the BL mitigates the apparition of cracks in the material and therefore
explains at least partly why the BL is beneficial for the solar cell efficiencies.
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Figure 3-13: Comparison of the linear density of cracks for the puc-Si:H solar cell with BL

(round) and without BL (square) as a function of the different plasma treatment times on

LP-CVD ZnO substrates.

3.2.3.4 SIMS measurements

The effect of the BL on the oxygen content in the pc-Si:H is shown in Figure 3-14. It
shows that the amorphous buffer layer reduces the incorporation of oxygen in the layers.
This confirms the idea that the cracks are paths for post contamination of our layers. We
have deposited a 50 nm a-Si:H layer on top of the pc-Si:H layer deposited on the 20’
substrates. The goal is to protect the pc-Si:H against post contamination. The
concentration of oxygen remained higher than that of the 40’ substrates and probably
suggests that the 50 nm a-Si:H is thin or not dense enough to act as barrier layer.
Nevertheless, this result shows that the BL improves the oxygen content on both substrate
morphologies. It is assumed that oxygen remains mostly in the crack area.
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Figure 3-14: SIMS measurement of pc-Si:H layer with (full line) and without buffer layer
(dashed line). The layers deposited on the 20’ substrates are thicker and are covered with
50 nm a-Si:H in order to prevent post oxydation.

3.2.3.5 Effect of buffer layer on the photogenerated Jg.

Figure 3-11 shows that the FF increases and Ji. decreases with increased amorphous
content of the BL. The reduction of cracks and oxygen contamination probably improves
the FF and the reduction of Ji, is mainly due to the apparition of losses in the EQE in the
red part of the spectrum, as shown in Figure 3-15. The more amorphous is the BL, the
stronger are the losses in the EQE. The difference is partly explained by the lower
average crystalline fraction of the cells for the low dilution buffer, which leads to reduced
IR absorption, typically by 5-10%. However, it does not explain the “hole-like” features
in the 500-700 nm appearing for the more amorphous BL. Figure 3-16 shows the EQE of
the same cells but with light illumination from the n-side through the glass/ZnO interface.
In this case, the losses appear as absorption in the blue part of the EQE, showing that the
absorption is taking place close to the n-layer without extraction of the photogenerated
carriers. We think that the amorphous BL region diminishes the diffusion length of the
charge carriers and thus increases the recombination in the BL zone, which reduces the
Jse. This is confirmed by the fact that when we reduce the buffer layer thicknesses the
losses in the EQE is less pronounced as shown by the dashed line in Figure 3-15 and
Figure 3-16.
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Figure 3-15: EQE of a pc-Si:H solar cell with various BL dilution on the LP-CVD ZnO
substrate with 20’ treatment time.
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Figure 3-16: EQE of a pc-Si:H solar cell illuminated from the n-side on the LP-CVD
ZnO substrate with 20’ treatment time.
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3.2.3.6 Best uc-Si:H cell on hot silver substrates

We apply the BL strategy to moderately textured “hot silver” substrates. This silver layer
is deposited by sputtering at high substrate temperature, which produces a rough texture
as described elsewhere [101]. The substrate roughness is adjusted with the temperature
and the deposition time. The dimensions of the silver crystals are in the range of 800-
1000 nm with a rms roughness of 70 nm. In terms of J it corresponds to the LP-CVD
ZnO substrate with 30’ treatment time, i.e. the current of hot silver is between the one
generated by the TCO treated for 20” and 40°. In Figure 3-10 the data points for pc-Si:H
on hot silver substrates are compared with the LP-CVD ZnO substrates. The trends
shown for LP-CVD ZnO are reproduced with the hot silver substrates. In addition, the
substrate is well suited for single pc-Si:H solar cell and demonstrates better efficiencies.
The best cell of this series has an efficiency of 8 %. We push upwards the efficiency of
this pc-Si:H cell by optimizing the doped layers, BL thickness and by annealing the solar
cell. By including these developments, an efficiency of 9 % is achieved for an intrinsic
layer thickness of only 1.2 um. The Figure 3-17 shows The IV curve with the following
characteristics: Voo = 532 mV, FF =76 % and Ji. = 22.3 mA/cm2. To the knowledge of
the authors, this is one of the highest efficiencies reported for such a thin single pc-Si:H
solar cell.
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Figure 3-17: JV curve of the best puc-Si:H cell on a hot silver substrate. The cell has a
thickness of 1.2 um.
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3.2.3.7 Summary

The BL has the following characteristics:

- It reduces the apparition of cracks.

- It reduces the oxygen content in the pc-Si:H material.

- It increases the efficiency of the pc-Si:H solar cell on textured substrates.

- The record cell has an efficiency of 9 % for a 1.2 um thick absorber layer
deposited on hot silver with BL.

3.2.4 Thick pc-Si:H solar cells

3.2.4.1 pe-Si:H solar cells deposited on the 2D cross grating

The substrate used here is the 2 D cross grating replicated on PEN plastic described in
Chapter 2. The efficiency of the best optimized cell after annealing on this substrate is
8.7% for 1.2 pm (512mV, 74%, 23.1 mA/cm?®). The efficiency on the grating is
comparable to the efficiency obtained on hot silver substrates for a 1.2 um thick absorber
layer described in the previous section. Nonetheless, the cell is different. Indeed, this
substrate is suited for light trapping and higher J. (+1 mA/cm?) is obtained compared to
hot silver, whereas V,. and FF are lower because the substrate is less suited for the pc-
Si:H growth than the hot silver substrate. The TEM micrograph reveals the beginnings of
cracks in the middle of the absorber layer similar to the ones reported on LP-CVD ZnO,
whereas on hot silver no cracks are present. The damage is limited as the good efficiency
of the device.

Figure 3-18: TEM micrographs of a uc-Si:H solar cell deposited on the 2D periodic
grating (left) and on hot silver substrate (right). The lamella is prepared by FIB.
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3.2.4.2 Thickness of the absorber layer

A straightforward way to increase the Js. of the pc-Si:H is to increase the thickness of the
cells. Here, we illustrate this effect with a thickness series of pc-Si:H as shown in Table
3-2 and Figure 3-19. The Jy . increases from 22.9 mA/cm2 to 25.1 mA/cm® with
increasing the thickness of the absorber layer from 1 to 3 um. The dilution of the intrinsic
layer is kept constant at 17 for all absorber layers. In fact, only the deposition time
increases. The V,. and FF are, here, only moderately reduced by the increase of the
thickness to 2.5 um. Losses appear in the EQE when the thickness increases. These losses
are easier to evidence when the cell is thick because “holes” appear in the EQE as shown
by arrows in Figure 3-19. In this series an efficiency of 8.8 % on plastic substrates has
been obtained. This is one of the best results achieved on flexible substrates with only a
1.5 pm thick absorber layer. Note that with 3 um thick absorber layer, the Js. is only
slightly increased compared to 2.5 um. In fact, a thickness of the cell over 2.5 um starts
to causes deleterious carrier collection problems as also reported elsewhere [132]. We
note this effect for solar cells deposited on hot silver as well.

Table 3-2: Electrical parameters of pc-Si:H solar cells on 2 D cross grating with
thicknesses of the absorber layer varying from 1 um to 2.5 um. The dilution of the layer
is 17.1.

Thickness Voo [mV] FF [%] Jo[mA/cm®] Efficiency[%]
1.1 513 69 22.9 8.1
1.5 528 69 24.2 8.8
2 517 67 24.5 8.4
2.5 515 67 25.0 8.6
3 488 60 25.1 7.3
1.0 T T T T T T
0.8+ Z ~ i
< 0.6+ -
5 — 1.1um
W 0.4+ —1.5um T
1 ——2.0 um
0.2- 2.5um i
3.0 um
0.0 .

400 500 600 700 800 900 1000 1100
wavelength [nm]

Figure 3-19: EQE of a pc-Si:H solar cell with thickness increasing from 1 um to 2.5 pm.
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3.2.4.3 Substrate morphologies for thick pc-Si:H

We have seen that for a thin absorber layer, the morphology influences the performance
of the uc-Si:H solar cells, i.e. sharp V-shape morphology creates cracks that deteriorate
the V.. and FF. This effect is attenuated with our BL for thin cells. For thick solar cells,
the situation is more dramatic as shown in Figure 3-20. Indeed, the EQE of a 2.5 um
thick pc-Si:H solar cell on severe substrates (LP-CVD ZnO with 20’ treatment times)
presents losses from 450 nm to 800 nm and no gain in the light trapping (800 nm — 1100
nm). Hence, we think that the losses come from poor carrier collection. In addition, the
gains in light trapping are of course less effective for thicker solar cells.

1.0 T T T T T T T T T T T T
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0.6 -
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ZnO LP-CVD 20'
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Figure 3-20: EQE of 2.5 um thick pc-Si:H solar cells on a substrate covered with hot
silver, LP-CVD ZnO treated for 20’ and 30°.

Figure 3-21 shows IV parameters of a set of thick pc-Si:H solar cells deposited on LP-
CVD ZnO treated for 20’ and 30°, and on a hot silver substrate. The dilution profile
include our amorphous BL (50 nm) and 1.7 um absorber layer with dilution 17.6, which
is identical for all cells. The dilution of the remaining 0.8 pum is varied from 14.4 to 25. It
shows that the Cr, measured from the p-side, is strongly increased from 51% to 85% on
the last layer. Hence, the V. and FF decreased due to the excessively elevated Cg close to
the p-layer. The V, is rather low, which is often observed for thick pc-Si:H solar cells.
The V, is more sensitive to the C than to substrate morphology whereas the FF is much
lower on the LP-CVD ZnO than on hot silver. In fact, the J is really the limiting factor.
Indeed, a similar Jg is obtained on every substrate for low dilution but it is much higher
on hot silver for dilution higher than 14.6. The main conclusion from this series is that
high Js. cannot be made on a substrate with strong light trapping properties such as LP-
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CVD ZnO with little treatment time but only on substrates adapted to pc-Si:H growth,
such as hot silver or the 2D periodic grating.
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Figure 3-21: Electrical parameters of a uc-Si-H solar cell on three different substrates: hot
silver, LP-CVD ZnO treated for 30’ and 20°. The cells are grown with 1.7 um thick
absorber with a single dilution of 17.6. Then the dilution is varied for the remaining 0.8
um of absorber layer.

Therefore from these results, we continue our experiments for thick cells either on hot
silver or on the 2D periodic grating. Figure 3-21 shows that, in that case, the best pc-Si:H
is achieved with a single dilution (17.6) process as the first thick absorber layer (1.7 um)
is also deposited at 17.6. However in Figure 3-22, the EQEs of the pc-Si:H solar cells
show that the J increased for the long wavelength if the dilution is decreased or the Cr
increased. The gain is only marginal and does not compensate the V,. and FF losses.
Hence, the single dilution process and substrates compatible with thick pc-Si:H is used
for the high efficiency tandem development in Chapter 6.
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Figure 3-22: EQE of 2.5 um thick pc-Si:H solar cells with the profile dilution of the last
800 nm varying from 14.4 to 25. The substrate used is hot silver.

3.2.5 Degradation of pc-Si:H solar cell

Here, we present the results of the pc-Si:H cell exposed to light soaking conditions. J.
Meier [133] reported that the pc-Si:H solar cells can be made stable when exposed to
light soaking. In fact, this is not completely true. F. Meilllaud [42] found that the cell
does degrade from 0-10% depending on the Cg. In fact, our n-i-p pc-Si:H cell ndergoes
light-induced degradation. The first example is a 1.2 um thick pc-Si:H cell deposited on
LP-CVD ZnO treated for 40°, the Cr measured from the p-side and from the n-side are
both 50 %. The cell is light soaked during 1000 h and then annealed at 180° for lh
30min. As shown in Table 3-3, the cell degrades relatively by 11% after 1000h of light
soaking and fully recovered the initial value after the annealing. All parameters are
reduced after the light soaking, including Js. Figure 3-23 shows that the J. is mostly
reduced in the blue wavelengths region (400-500 nm) of the solar cell.

Table 3-3: Electrical parameters of 1.2um thick pc-Si:H solar cell in the initial state, after
1000h light soaking (LS) and after annealing.

Voc[mV]  FF[%] Jsc[mA/cm2] Efficiency[%]

Initial 523 68 20.7 7.2
1000h LS 508 63 20.0 6.4
After anneal 525 67 204 7.2
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Figure 3-23: EQE of 1.2um thick pc-Si:H cell in the initial state, after 1000h light
soaking and after an annealing step.

The same light soaking experiment is conducted with 2.5 pum thick pc-Si:H solar cell and
results are shown in Table 3-4 and Figure 3-24. The results are similar to the case of thin
absorber layer above. Nonetheless, the light soaking induces a degradation of Ji on the
thick solar cell a on the full spectrum and not only on the p-side.

Table 3-4: Electrical parameters of a 2.5um thick pc-Si:H solar cell in the initial state,
after 1000h light soaking (LS) and after annealing.

V¥[mV]  FF[%] Js[mA/cm2]  Efficiency[%]

Initial 492 68 25.1 8.4

1000h LS 477 67 242 7.7

After anneal 503 70 24.8 8.7
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Figure 3-24: EQE of 2.5 um thick pc-Si:H cell in the initial state, after 1000h light
soaking and after an annealing step.
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The pc-Si:H is always implemented into tandem micromorph cells because the efficiency
of the tandem module is always higher than the single puc-Si:H for equivalent thicknesses.
Therefore, the top cell acts as a filter for the bottom cells. We simulate an a-Si:H filter of
the tandem cell by covering the cell with a glass covered with an a-Si:H layer. The light
soaking results with an a-Si:H filter are shown in Figure 3-25 and Table 3-5. No
significant light-induced degradation is observed with an a-Si:H filter.

Table 3-5: Electrical parameters of a 1.2 um thick pc-Si:H solar cell deposited on a
Al/ZnO back contact in the initial state and after 1000h light soaking (LS).

Voo [MV]  FF[%] Jse[mA/cm2] Efficiency[%]

Initial 514 67 20.6 7.1
1000h LS 504 68 20.5 7.1
10 T T T T T T T T T T T T
0.8+ i
0.6 \ 1
0.4 .
initial
1000h light soaking
0.21 with a-Si:H filter T
00 T T T T T T T —

400 500 600 700 800 900 1000 1100
wavelength [nm]

Figure 3-25: EQE of a 1.2 um thick pc-Si:H cell deposited on a Al/ZnO back contact in
the initial state and after 1000h light soaking.

3.3 Discussion

3.3.1 Thin pc-Si:H solar cell

3.3.1.1 Influence of the substrate on the Raman crystallinity

We have shown that the substrate morphologies strongly influence the growth conditions
of the pc-Si:H material. From the strong crystallinity difference between the two
substrate morphologies, whereas the plasma parameters were identical, we conclude that
in our deposition regime, the morphology of the substrate is a parameter that can
influence the crystallinity in the bulk of the absorber layer. Its effect is pronounced for
every layer, i.e. n doped, intrinsic and p doped layers. This influence was already pointed
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out by E. Vallat-Sauvain et al. [134] who showed that the substrate topography has an
impact on the spatial distribution of the amorphous and microcrystalline phases. Here, we
show that the Cr can decrease by 10 % in absolute values by varying the morphology
from V-shape to U-shape. It is an important difference when we compare the Ji. density
between two substrates with different morphologies. Indeed, the differences of Cr also
influences the resulting currents because a higher Cr means that the ratio between the
crystalline part and the amorphous part is increased. The effective absorption thickness is
increased for wavelengths above 800 nm. Hence, the difference of Ji. between the cells
deposited on the 20’ treated substrate and the 40’ treated substrate is, in fact,
underestimated. The lower Cr for the 20’ case indicates that the difference in J,. would be
even higher than 1.5 mA/cm?® if we would compare cells with similar level of Cg. This
reinforces the elevated light trapping capabilities of the LP-CVD ZnO with low treatment
times.

3.3.1.2 Influence of deposition condition on the Raman crystallinity

In the next part of the discussion, we consider the Cr of pc-Si:H layers on the same
substrate morphologies, i.e. LP-CVD ZnO treated for 20°. The Cg is mostly influenced by
the SiH, dilution in the plasma during the deposition of bulk of the absorber layer [111,
121], the substrate texture (as already discussed), and the chemical nature of the substrate
material [134]. A highly diluted seed layer is usually required during the beginning of the
growth to remove the first incubation amorphous layer [135, 136]. This incubation layer
has two origins [134, 137, 138]. First, it can be the chemical nature of the substrate,
which can influence the growth of the pc-Si layer. In our case, the Cy at the p-side of the
solar cell does not depend on the BL dilution whatsoever and recovers the value it has
without the buffer. This suggests that the bulk Cg close to the p-layer is not influenced by
the Cr of the material close to the n-doped layer. Secondly, this incubation layer can be
partly attributed to back diffusion of SiHs from the vacuum chamber to the plasma as
shown by M.N. van der Donker et al. [139]. However, they show that for the case of high
dilution (which is our case with dilution of 17.6), these effects are not dominant.
Nevertheless, for high dilution close to our condition they also report that a tailored initial
SiHy flux is beneficial because it provides a constant SiH, density in the plasma directly
after the ignition. This has two main effects. First, it removes the amorphous incubation
layer. Second, it provides a more stable Cy throughout the layer compared to the standard
deposition. Here, the standard means that the Cr increases with the growth of the layer.
These results have been obtained with deposition frequencies of 13.6 MHz. In our case,
the frequency is 70 MHz. At higher frequencies the decomposition of SiH4 in the plasma
is more efficient and thus the plasma equilibrium is reached sooner [52, 140]. To
conclude, in our deposition condition, the Cg of the pc-Si:H template has no or little
impact on the growth condition of the absorber material and a uniform Cy is achieved
through the pc-Si:H layer. This reveals that our deposition conditions rapidly reach
equilibrium SiH4 densities in the plasma thanks to the VHF and high dilution regime of
SiH4 in Hz.
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3.3.1.3 Cracks and buffer layer

Our results show that the coalescence of the grain boundaries in pc-Si:H material is
strongly affected when the substrate morphology has a V-shape structure, resulting in
reduced cell performance. Indeed, we think that these voids or porous areas act as
diffusion path for dopants or contaminants into the absorber layer. We have seen that the
amorphous BL or low dilution BL itself is not beneficial to the solar cell performance
because the cells exhibit low FF and losses appear in the EQE. The apparition of cracks is
clearly linked with the substrate morphology as shown in Figure 3-13, and the BL clearly
reduces their apparition in the pc-Si:H material. In fact, our BL acts as “surgical tape” for
the cracks. This explains why the increase of efficiency with the BL is higher on severely
V-shaped substrate rather than on U-shape substrate. In fact, the BL improves the pc-
Si:H cells by preventing the apparition of cracks and voids through the layer thanks to
its higher content of amorphous phase. In addition, the BL is also beneficial to U-shape
substrate, which does not have cracks. The oxygen content is also reduced for the crack
free layers. Hence, we think that the BL can also prevent the diffusion of contaminant by
creating a barrier with a denser amorphous material between the doped layer and the
intrinsic layer.

3.3.1.4 Summary

We need to point out that the BL layers achieve only part of the desired result because the
cells with a 40 treatment time are still better in terms of absolute efficiency compared to
the solar cell deposited on the 20’ treated substrate. Although, our BL clearly reduces the
efficiency gap between these substrates, the electrical parameters of the solar cell are still
better on U-shape substrates and even higher on hot silver. However, the layers
introduced in this work represent a first step towards higher efficiency pc-Si:H solar cells
and further great improvements are expected if we can tame severe substrate
morphologies further, i.e. such as obtained with low treatment time of the LP-CVD ZnO
substrates. There are interesting results from M. Python [35] who shows that increasing
the deposition temperature (250°C) reduced the number of cracks or from Y. Nasuno et
al. [141] who shows that decreasing the temperature to 140 °C suppresses the activation
of the oxygen donor by hydrogen passivation.

3.3.2 Thick pc-Si:H solar cell

For the fabrication of high efficiency micromorph, which is the final goal of this thesis
(Chapter 6), high J is needed. The easy way to further increase the J is to increase the
absorber layer thickness. Our results show that, so far, it is only possible on moderately
textured substrates for the puc-Si:H growth, i.e. on hot silver or the 2D periodic grating.
Difficulties remain even on these gentle substrates. When the thickness increases over 2.5
um, the V. and FF decrease. We assume that the limitation of the Ji. comes from the
contamination of our absorber layer during the pc-Si:H growth due to wall degassing .
Decreases in the wall temperature or increases in the deposition rate could reduce the
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incorporation of nitrogen or oxygen in the layer [142] and therefore increase the
performance of thick pc-Si.H solar cells.

3.3.3 Light-induced degradation

The light-induced degradation of pc-Si:H silicon has been studied by different authors. J
Meier reported that no significant light-induced degradation occurs in the entire solar
cells [133]. F. Meillaud reported that the degradation depends on the crystallinity of the
layer [42]. The cells that are closer to the amorphous phase have a higher degradation.
Yue et al. [143] reported that the degradation occurs mostly in the amorphous phase of
the pc-Si:H cells and therefore only the high energy photons are responsible for the light-
induced degradation because the a-Si:H phase is transparent to the light wavelength
above 750 nm. Our results also show that the light-induced degradation is suppressed for
the cells protected from high energy photons, whereas significant degradation is observed
when the pc-Si:H is exposed to the full spectrum. However, it remains unclear if the
light-induced degradation creates defects in the a-Si:H phase or at the interface between
the nanocrystal and the a-Si:H material.

3.4 Conclusion

N-i-p pc-Si:H cells require careful management of the incoming light. The ultimate goal
is to achieve complete light trapping in order to benefit from all incoming photons. Two
strategies are tested for harvesting the photons. First, we work on thin pc-Si:H absorber
layers compatible with production requirements and thick absorber layer for high Js.. So
far, each strategy require a different approach.

The current work focuses on optimizing the thin pc-Si:H solar cell design in terms of V.
and FF on severely structured substrates like moderately treated V-shape LP-CVD ZnO,
which yields superior light trapping. In this chapter, we discuss the introduction of an
amorphous buffer layer that is capable of limiting the losses of V, and FF that are
observed in pc-Si:H solar cells on strongly textured substrates. The gain in efficiency is
clearly linked with the diminution of crack density in the pc-Si material. Eventually, it
shows that with combined suitable substrate and processing, high efficiency thin
microcrystalline cells can be fabricated (9% is made on glass substrate and 8.8% on
plastic foil).

The strategy for the thick absorber layer is tested and J is increased to 25 mA/cm? for a
2.5 um thick absorber layer. Nonetheless, thick pc-Si:H solar cells on moderately
textured substrates are the only choice. Indeed, the influence of the severe substrate
texture could not yet be compensated with dilution profiling.
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Chapter 4: Amorphous Si

Single junction a-Si:H solar cells

4.1 Introduction

This chapter discusses the optimization of amorphous silicon thin film (a-Si:H) solar
cells. The first challenge is to introduce textured substrates that enhance the light trapping
in thin cells. This is a compulsory technique because the absorber thickness has to be
below 500 nm in order to limit the light induced degradation while the penetration depth
of the light at 750 nm is over 1 um. It was already shown by Bailat et al. [66] that the
current density (Jsc) can be increased on textured plastic substrates, but this increase was
accompanied by a reduction of open-circuit voltage (V) and fill factor (FF) compared to
cells deposited on flat substrates. Indeed, the interaction between substrate morphology
and PECVD growth of thin films is critical for most a-Si:H. It was shown by Sakai et al.
[144] that the substrate morphology has dramatic consequences on the absorber layer
growth and on the cell performances. Thus, the optimum structure for n-i-p solar cells,
taking into account the needs for a strong light trapping and suitable growth of the n-i-p
a-Si:H devices is not yet known.

The first part of this chapter focuses on the relationship between the surface morphology
of the substrate and the J in the a-Si:H n-i-p cells. For this study, we develop textured
zinc oxide (ZnO) back reflectors where the roughness (feature size) and the morphology
(feature shape) can be adjusted independently via the deposition time [145] and a plasma
surface treatment [119], respectively. This was described in Chapter 2 and applied to the
uc-Si:H case in Chapter 3 and, here, it is applied in the a-Si:H case.

In the second part of the chapter, the study concentrates on the cell design required in
order to increase open circuit voltage (Vo) and fill factor (FF) on textured substrate. In
the n-i-p configuration, the n-layer is the first layer deposited and therefore influences the
growth of the subsequent layers. A microcrystalline n-layer (n-pc) is a good candidate,
because the layer can be doped efficiently and it has a lower absorption coefficient than
the a-Si:H layer. Nevertheless, its growth is strongly influenced by the chemistry of the
substrate material [137]. In addition, we investigate on the dependence of the n-doped
microcrystalline layer (n-pc) on the substrate morphologies and look for more robust
layers. In p-i-n solar cells, N. Pellaton-Vaucher [146] suggest that an amorphous n-layer
is robust, in other words the deposition parameters have only small influences on the
electrical characteristics of the layer. Here, we apply this concept to the n-i-p
configuration by introducing an amorphous carbide layer (n-SiC), which is robust with
respect to the deposition parameters and to the substrate morphologies. Furthermore, the
addition of carbon increases the gap and gives higher V,. than amorphous Si [147] and
microcrystalline Si layers without carbon. Furthermore, we describe how the benefits of

63



4.2 Results

the n-SiC layer can be used fully in the solar cell. We propose a surface treatment to
enhance the TCO/n-SiC contact and the introduction of a buffer layer to reduce the band
discontinuities between the intrinsic and the n-SiC layer.

In the third part, the study provides experimental results of light-induced degradation of
the n-i-p a-Si:H solar cells deposited with aprocess temperature compatible with low T,
substrates. The degradation varies with the thickness of the intrinsic layer from 15% to
30% for thicknesses varying from 140 nm to 400 nm.

Finally, by applying the benefits of our findings, we show that a flexible a-Si:H solar cell
on a PEN substrate with an initial efficiency of 8.8% can be achieved. The stable
efficiency after 1000h of light soaking is 7% with 20% degradation for a 270 nm absorber
thickness.

4.2 Results
4.2.1 Substrates

We investigate the effect of the surface structure on the a-Si:H n-i-p solar cell properties.
We work on LP-CVD ZnO substrates that allow independent variation of the dimensions
and the shapes of the surface texture as described in Chapter 2. Therefore, two degrees of
freedom are available to investigate light trapping in the a-Si:H solar cells. For this
development, the design of the solar cell is kept as simple as possible. The structure as
shown in Figure 4-1 consists of Glass / Cr / Ag / LPCVD ZnO / uc n-layer / a-Si:H / uc
p-layer / LPCVD ZnO.

2 um

200-3 OOInm

2 um

Glass + Cr +Ag

Figure 4-1: Structure of the n-i-p solar cell on substrate coated with silver and LP-CVD
ZnO.

Figure 4-3 shows the EQE of a-Si:H solar cells deposited from the same LP-CVD ZnO
substrate, but with different surface plasma treatment times. Note that EQE is measured
at reverse bias voltage (-1V) in order to assess the light trapping without the influence of
the collection efficiency. The Si cell thickness is below 300 nm and here the dilution
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([H2]/[SiH4]) of the intrinsic layer is 6. The size of the ZnO pyramids (feature size of 300
nm - 400 nm) is reduced compared to the one used in Chapter 3 (feature size of 1 pm) in
order to be adapted to the needs of a-Si:H cells. The surface plasma treatment changes the
substrates from a V-shape to a U-shape morphology of the ZnO pyramids as described in
Chapter 2 and illustrated in Figure 4-2.

Plasma treatment
NV\ — W

V-shape U-shape

Figure 4-2: The surface plasma treatment transforms the valleys of the LP-CVD ZnO
from V-shape to U-shape morphology.

In this series of surface plasma treatment times, the collected current density is reduced
from 13.9 mA/cm2 to 12.6 mA/cm2. The current density loss is due to reduced
absorption in the wavelength range from 550 to 800 nm, which depends on the light
scattering properties of the substrate. Table 4-1 summarizes the solar cell parameters V.,
FF, J. and the efficiencies of this series versus the plasma treatment time. It shows that
the treatment slightly reduces the rms roughness from 69 nm to 59 nm. This small
difference suggests that for a given size of the ZnO texture, the treatment modifies the
morphology of the substrate rather than the height of the pyramids. The treatment reduces
also the light trapping in the a-Si:H solar cells as shown in Figure 4-3. Of course this is an
undesired effect because it reduces the Js. of the cells. However, we find that the
treatment dramatically improves V,. and FF, resulting in improved efficiencies of the a-
Si:H solar cells as shown in Figure 4-4. In fact, the difference in V. between cells on the
standard flat substrate and on non-treated substrate is almost 200 mV. These results show
that the shape of the substrate can lead, similarly to the case of the pc-Si:H cells in
Chapter 3, to dramatic changes in the cell electrical characteristics. In addition, the
optimum substrate is found to be the most treated one because the improvement of V.
and FF overcompensate the losses in Js. Note that even though the absorption in the cells
is higher for low treated substrates, the collection losses |J(-1V) - J| are also reduced for
treated substrates and reinforce the advantage of the treated substrates.

Table 4-1: Solar cell parameters for different back reflector morphologies.

Plasma 0’ 15° 30’ 45° flat
treatment

time [min]

Ve [mV] 710 772 821 846 888
J [mA/ecm®]  13.0 13.0 12.6 12.3 11.0
Jiv[mA/em®]  13.9 13.7 13.1 12.6 11.1
FF [%] 59 66 69 69 67
Efficiency [%] 5.4 6.6 7.1 7.2 6.6
RMS [nm] 69 64 61 59 -
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Figure 4-3: External Quantum Efficiency at -1 V for back reflector structures after
different times of surface treatment (solid line, black to light grey for increasing treatment
time) of the ZnO LP-CVD and a flat reference (dashed line).
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treatment times.
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Figure 4-6 shows the results of a series where the feature size of the substrate is varied as
shown in Figure 4-5. In Figure 4-6, the current density of the n-i-p cells is plotted at a
reverse bias of -1V for wavelengths between 550 nm and 800 nm as a function of the rms
roughness of the different substrates. Choosing this particular wavelength range better
emphasizes the light scattering effect in the solar cell. It demonstrates that the light
trapping in a-Si:H is more affected by a change of morphology (shape) than the size of
the pyramids. In fact, a long treatment time (45 min) of the substrate still has a relatively
high rms but only a small current density gain is observed compared to flat substrates.

Deposition time

VY AVAVA

Small size Big size

Figure 4-5: The size of the ZnO LP-CVDpyramids increases with deposition time, i.e. the
thickness of the layer.

Also shown in Figure 4-6 are simulation results obtained with the Sunshine software
developed by the University of Ljubljana [148, 149]. The software implements a semi-
empirical model based on the scalar scattering theory and allows the simulation of a
multilayer system with various roughnesses and scattering capabilities of each interface.
The simulation suggests a strong increase of J for increasing rms between 0 and 60 nm,
for even higher rms the current density tends to saturate. The rms range that is accessible
experimentally reproduces the saturation behavior, but we note that the current density
degrades once the roughness exceeds 100 nm. In fact, the optimum for the light scattering
is around rms equal to 70-80 nm (corresponding to the lateral dimension of 400 nm), but
the simulation does not reproduce this result. We think that the simple linear increase in
haze with rms in Eq. 2.6 of the semi-empirical theory overestimates the amount of light
scattering in this case. In fact the angular distribution of scattered light is also modified as
the size of the pyramids increase. This can be modified in the simulation program with
the angular distribution function (ADF). For the standard simulation we use an ellipsis
ADF with the ratio b/a = 0.5. We note during our simulation experiments that the
ADF2T, which is the ADF of the already scattered and transmitted light, has the most
important impact on the J of the solar cell. Therefore, we vary only the ellipsis ratio b/a
of ADF2T between 0.3 and 0.8. Figure 4-6 shows that for the simulated results the
difference in J. due to the ADF variation is important, even more important than the rms.
This is also the case for the ADF in air of the LP-CVD ZnO substrate as shown by D.
Dominé [19] and for the Ji in the solar cells as shown in Figure 4-3.
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Figure 4-6: Current density (-1V) between 550-800 nm of the n-i-p a-Si:H solar cell on
LP-CVD ZnO/flat Ag substrates with different surface feature shapes and sizes. The stars
indicate substrates with different ZnO grain sizes and with a standard plasma treatment of
20 min. The left-oriented triangle is an untreated substrate and the up, right, and down
triangles are treated for 15, 30 and 45 minutes, respectively. A point for a flat substrate is
added for reference (circle) and the dashed line represents simulations (Sunshine) with
ADF2T with b/a = 0.5. The dotted lines with the bars are also simulations by varying
ADF2T from b/a=0.3 to b/a=0.8.

4.2.2 n-layers

4.2.2.1 Influence of the substrate morphology on the n-pc

So far, we have shown that the morphology of the substrate strongly influences the a-Si:H
solar cell performance. Here, we evaluate the influence of the first deposited silicon layer
(n-layer) on the V,. State of the art n-i-p solar cells deposited on flat substrates are
usually prepared with a microcrystalline n-layer (n-pc) deposited directly onto the
substrate, as is the case for the cells presented in Section 4.2.1. The design gives good
results on flat substrates thanks to the high doping efficiency of microcrystalline layers
and lower absorption of microcrystalline material compared to a-Si:H layer. However, we
observe that the n-pc layers can have different properties depending both on the substrate
texture and on the material. This effect is shown in Figure 4-7. The activation energy of
the same deposited n-pc layers is measured on various textured plastic substrates. The
textures used here are replications of various textures in the plastic (LP-CVD ZnO, hot
silver and a 2D sinusoidal cross grating). It shows that the microcrystalline layer
properties are influenced by the substrate morphology. In addition, it is well established
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that microcrystalline layers are influenced by the materials chemistry (e.g. a-Si:H, SiO»,
ZnO, SnO,, PEN, etc.) [137].
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Figure 4-7: Activation energy of n-uc deposited directly on PEN substrates containing
different replications of textures. The grating has moderate morphology whereas the LP-
CVD ZnO has the sharpest texture (angles) morphology.

The TEM micrographs in Figure 4-8 and Figure 4-9 also show that the texture of the
substrate influences the growth of the silicon layers. The cells in Figure 4-8 and Figure
4-9 left are made of cells with n-pc layers. Figure 4-9 right is a tandem a-Si:H cells with
an amorphous n-layer in the bottom cell and microcrystalline p-layer. The almost flat
substrate micrograph (strongly treated LP-CVD ZnO), Figure 4-8 (left), shows a uniform
and homogenous deposition of n, i and p-layers. The textured substrates of Figure 4.5
(right) and Figure 4-9, which contain n-pc, reveal the appearance of voids and nano-
cracks in the layers. Two effects are visible, the first is the porosity of the n-pc and the
second is the apparition of voids and nano-cracks in the a-Si:H. Figure 4-8 shows the
appearance of cracks in the beginning of the valley of the LP-CVD ZnO and propagating
through the entire intrinsic layer. In Figure 4-9, the micrograph shows in more detail the
n/i interface in a pc-Si:H solar cell on a textured substrate. We already see the appearance
of voids in the n-doped layer. The valley of the pyramids is also a start of the defective
region in the microcrystalline material. The Figure 4-9 (right) shows the cross section of
an a-Si:H tandem cell with n-SiC layers and a p-pc layer for both the top and bottom
cells. The bottom cell is homogenous whereas cracks start in the valley of the top cells.
They are marked in the micrographs with black arrows. It suggests that the pc-layer in the
recombination junction initiates the cracks whereas the amorphous n-SiC prevents the
crack formation. Another possibility that might explain the crack formation is the pinches
that often appear after the bottom cell deposition. This creates a valley with even higher
surface angles than the as-grown LP-CVD ZnO.
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Figure 4-8: TEM micrograph of a-Si:H solar cell on strongly treated substrate (almost
flat) and on rough LP-CVD ZnO.

Bottom
P-puc/Nc

Figure 4-9: TEM micrograph of pc-Si:H on textured substrate coated with silver and with
80 nm of sputtered ZnO (left) and an a-Si/a-Si tandem (right) deposited on LP-CVD ZnO.
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4.2.2.2 Influence of the n-layer on the V.

In order to ameliorate the problems related to the defective material in the n-pc layer, we
develop an amorphous n-layer with the addition of methane (CHy4) resulting in n-doped
silicon carbide or n-SiC, which prevent the apparition of cracks as shown in the previous
section. Figure 4-10 compares the Voc of n-i-p solar cells with n-pc and n-SiC deposited
on the rough LP-CVD ZnOs, with all the other parameters kept constant. The trend lines
show that the decrease in Voc from strongly treated to untreated substrate is less
pronounced for the carbide n-layers (solid lines) than for microcrystalline n-layers
(dashed line). The increase in V. with the n-SiC layer is more than 170 mV (710 mV to
882 mV) for the untreated substrate. Even for the strongly treated substrate (which is
close to the flat case), the n-SiC layer gives a better V. (900 mV) than the n-uc layer
(878 mV).
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Figure 4-10: Open circuit voltage (Vo) comparison of n-i-p cells with a microcrystalline
n-mc (dashed line) and an amorphous n-SiC layer (solid line). The substrate is a rough
LP-CVD ZnO/Flat Ag deposited on glass, with different surface treatment times.

4.2.2.3 Carbide n-layer

The amorphous n-layer is sufficient to stabilize the V,. on rough substrates but the
addition of CH4 is also beneficial for the a-Si:H solar cells. Indeed, it was shown by Y.
Hamakawa and Y. Tawada [147, 150] that the carbon in the n and p-layers increase the
V.. and thus the efficiency of the a-Si:H solar cells. The literature is rather limited on the
n-layer whereas the carbide p-layer has been studied extensively, since a window layer is
crucial for the front side of the solar cells. The Figure 4-11 shows that the adjunction of
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CHy slightly enhances the V. (10 mV) but strongly enhances the FF from 63 % to 68 %.
Nevertheless, the methane concentration in the plasma must not exceed a certain level
before it starts deteriorating the FF. The optimum CH4 concentration is with a low CH4
flux of 0.3 sccm compared to 1.5 sccm of SiHs.
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Figure 4-11: Electrical parameters of a-Si:H solar cells deposited on LP-CVD ZnO
substrates. The flux of methane is varied from 0 to 1.3 sccm (SiHs is constant at 1.5
sccm).

The next developments are made with a non-optimal carbide flux (0.66 sccm instead of
0.33 scem) because the last experiment was only performed recently. Thus, the standard
n-SiC has a high optical band gap of 1.84 eV (determined by ellipsometry with a Tauc-
Lorentz model). At room temperature, the dark conductivity of the n-SiC layer is 2*10-5
Scm™. The activation energy is Ea = 388 meV. Note that the typical activation of a n-uc
is between 20 and 50 meV and for an a-Si:H n-layer it is between 150 meV and 300 meV
[22]. It is reported in the literature that the carbide layer has higher energy band gap and
activation energy than amorphous layer without carbon [150, 151]. Therefore, the
elevated activation energy suggests that the layer is amorphous and moreover that it is a
carbide compound.

The optoelectrical properties of the a-Si:H layers change with doping or alloying. Indeed,
Figure 4-12 shows the gap (E,), the refractive index (n @ 600nm) and the extinction
coefficient (k @ 600nm) of the intrinsic a-Si:H (open symbol) and n-doped a-Si:H (full
symbols). It shows that the gap of the material decreases by 0.13 eV when adding dopant
in the layer even though the doped layer is made at higher dilution. This decrease is also
reported in the literature for both p and n-doped layers [140, 142] and it is due to the
increase of defect density caused by the doping [22]. We observe a reduction of the
refractive index and an increase of the extinction coefficient as shown in Figure 4-12. The
increased of k is undesired because the photogeneration in the doped layers is lost for the
Jse. The reduction of k can be made by alloying the a-Si:H with carbon as shown in
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Figure 4-12. In fact, the C increases the gap from 1.6 to 2 eV, diminishes n from 4 to 3,
and k from 0.12 to 0, while increasing the CHy4 from 0 to 2.4 sccm (SiH4 flux is constant
at 1.5 sccm).
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Figure 4-12: Undoped a-Si:H (open symbols), n-doped a-Si:H (solid symbols) layers with
addition of CH4. The gap (E,, rounds), n (squares) and k (triangles) are determined by

ellipsometry from a Tauc-Lorentz model. The n and k are shown for light wave of 600
nm.

4.2.2.4 Microcrystalline interface treatment

The improvement in V. on textured substrates and in FF of the n-SiC is now clear but
the potential of that doped layer is only fulfilled with a good contact between the ZnO
and the n-SiC. Figure 4-13 shows the J(V) curve of the cell with the n-SiC (dashed black
line); a strong serial resistance lowers the FF to 59%. To overcome the contact resistance
problem, we introduce an interface treatment between the ZnO substrate and the n-SiC.
The treatment is made in the microcrystalline regime with high dilution of H,. In Figure
4-13, the J(V) curves of cells with and without the interface treatment are compared. The
absolute 6% gain in FF demonstrates the improved contact resistance between ZnO and
n-SiC layer. This procedure is capable of improving the contact resistance, either by
applying it for a short time, which is effectively a treatment, or by applying it for an
extended time, which actually results in the growth a microcrystalline layer without
amorphous nucleation phase. The treatment is preferred because it limits the optical
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losses. Note that, the efficiency of the treatment is particularly useful for a n-SiC layer
with high band gap, i.e. high carbon flux such as CH4> 1 sccm.
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Figure 4-13: Comparison of the J(V) curve of a-Si:H solar cell with (plain curve) and
without (dashed curve) interface treatment at the ZnO/n-SiC interface

4.2.2.5 Buffer layer at n/i interface

Each interface of our devices is important. Here, we focus on the interface between n-SiC
and the intrinsic layer. For that, we introduce a 20 nm buffer layer in order to improve the
interface between the n-SiC and the intrinsic layers of the solar cell. The buffer layer is
deposited with a dilution ratio of 9, which has two effects: it increases the band gap of a-
Si:H, which acts as a graded interface between the i-layer and the n-SiC layer, and it
reduces the density of defects at the n/i interface [152] [136, 153]. Figure 4-14 shows the
efficiency of the cell with and without a buffer layer for different surface plasma
treatment times on the LP-CVD ZnO. Table 4-2 gives the solar cell characteristics for a
12 minute surface treatment applied to the substrate. The gain due to the buffer layer is
mostly in FF (63.4% => 67.6%) and slightly in Voc, (885mV => 895mV). The buffer

layer at the n/i interface increases the relative efficiency of the cell by 9% (8.0% =>
8.7%).
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Figure 4-14: Efficiency of a-Si:H solar cell with and without buffer layer at the n/i
interface

Table 4-2: Solar cell parameters with and without buffer layer at n/i interface for a 12’
surface treatment applied to the substrate

Buffer layer Yes No
Efficiency [%] 8.7 8.0
Voe [mV] 895 885
FF [%] 67.6 63.4
Js [mA/cm?] 14.4 14.2

The I(V) curve in Figure 4-15 does not resolve the question as to whether the gain in FF
is a collection improvement close to the maximum power point, or a reduction of shunts
or series resistance. The distinction between these effects is possible with the variable
illumination measurements (VIM) [154]. Table 4-3 indicates that the difference in FF loss
between the cells is mainly due to series resistance. In fact, the impact on the FF due to
shunt resistance (Rg,) is negligible for both cells because Ry, has an impact on the FF only
if Ry, < 10 kohm*cm?, as reported by F. Meillaud [42]. Since both cells have R, higher
than 100 kohm*cmz, no reduction on the FF is expected. The collection voltage (V¢op) is
similar for both cells (12.5 compared to 13) and thus has the same FF impact. The series
resistance (Rs) differs significantly, 5.3 ohm*cm? for cells with the buffer layer compared
to 7.8 ohm*cm® for the cells without buffer layer. The evaluation then implies a FF
reduction of 8.0% and 11.7% compared to ideal case of 75 %, respectively. The
difference of 3.7% (11.7 — 8%) almost completely explains the experimental observed
value of 4.2% (67.6% - 63.4%) deviation between the two solar cells in Table 4-3.

75



4.2 Results

15 T T T T T

10 n-SiC with buffer @t n/i interface |
‘e = =n-SiC
5 ]
< 54 -
E
>
B0
c
o}
©
S 7] FF=63% ]
S -10-

15 i , ; : , ;

1.0 05 0.0 0.5 10

Voltage [mV]

Figure 4-15: IV curve of a-Si:H solar cell with (plain curve) and without (dashed curve)
the buffer layer at the n/i interface

Table 4-3: Parameters determined from the variable illumination measurements on cells
without and with buffer layer.

Buffer layer Yes No
Veoll [V] 12.5 13.0
Rsh [kQcm?2] 170 1580
Rs [QQcm?2] 53 7.8

4.2.2.6 Carbide buffer layer

We also investigate the addition of C to the buffer layer. This is made by adding methane
(CHy) in the plasma during deposition of the layer. Figure 4-16 shows the variation of V
and FF with increasing the CHy4 flux in the buffer layer on a-Si.H deposited on LP-CVD
substrate. The CHy increases the FF by a relative value of 1.5, but high fluxes of CHy
have the opposite effect. Above 3 sccm, the efficiency of the cells is lower than the cell
without buffer layer.

Figure 4-17 shows that the collection efficiency of the solar cells is also improving with a
carbide buffer layer. The cells are illuminated from the n-side during the EQE
measurement in order to assess the effectiveness of the n/i buffer layer. Again
deterioration is shown for the higher flux (4 sccm of CHy). Since the gain in efficiency is
less than 2 % with the carbide buffer layer in the initial state, we choose to continue our
development with carbon free buffer layer. Indeed, the inclusion of carbon in the i layer
or as buffer layer increases the defect density and decreases the solar cell performance by
3 to 5% compared to the cells without carbon, as reported for p-i-n solar cell by R. Platz
[151].
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Figure 4-16: Electrical parameters of a-Si:H solar cells deposited on LP-CVD ZnO
substrates. The cells are compared with various buffer layers with various levels of CH4
addition (solid symbol). The cell without buffer layer is added for reference (open

symbol).
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Figure 4-17: Comparison of the collection efficiency from the n-side of an a-Si:H solar
cells deposited on LP-CVD ZnO substrates. The methane concentration is varied from 0
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4.2.3 Applications

4.2.3.1 Best single a-Si:H solar cells on flexible plastic substrates

Here, we apply the findings of the previous sections to flexible solar cells where the glass
substrate is replaced by PEN. We compare a flat PEN + silver + 70 nm ZnO and a flat
PEN + silver + textured LP-CVD ZnO as back reflectors, see Figure 4-18. The EQEs are
shown in Figure 4-19 where a glass Hot Silver + 70 nm sputtered ZnO is added for
reference. The results of Table 4-4 show a relative increase of 20% to 25% in efficiency
on the rough substrates compared to the flat substrate. An initial 8.8% efficiency for an a-
Si:H on plastic substrates is obtained, compared to 9.2% on glass substrates.

PEN + Cr +Ag

Figure 4-18: Structure of the n-i-p solar cell on plastic with a flat (left) and rough (right)
back reflector.

Table 4-4: n-i-p a-Si:H solar cell parameters for different back reflectors: LP-CVD ZnO
deposited on plastic coated with thin 80nm Ag/ZnO, LP-CVD ZnO deposited on glass
with white paint at the back of the glass, flat PEN and a glass hot silver with LP-CVD
ZnO front TCO.

Back refl. LP-CVD LP-CVD Flat Hot Silver
Substrates PEN Glass PEN Glass

Jee [mA/cm?] 14.3 14.8 12.3 14.2

Voe [mV] 888 889 895 915

FF [%)] 70 70 66 69
Efficiency [%] 8.8 9.2 7.3 9.0
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Figure 4-19: EQE of the a-Si:H on flat plastic substrate with LP-CVD ZnO (solid, light
grey curve) back reflector and LP-CVD ZnO front contact. The dashed black curve is a
flat substrate and the dotted grey curve is the hot silver on glass substrate.

4.2.3.2 Tandem a-Si:H solar cells

An amorphous tandem solar cell is composed of a stack of two a-Si:H cells. The two cells
are connected in series. Therefore, the voltage of the subcells is added and the current
density is divided between the two subcells. In fact at equivalent total thicknesses, no or
minimum gain in the initial solar cell efficiency is expected in the initial state by going to
a tandem structure compared to a single junction solar cell because the absorbed light
quantity is still limited by the energy band gap. The energy band gap can be increased by
adding hydrogen to the plasma [152], by alloying the a-Si:H material (C or O) [151] or by
decreasing the deposition temperature [65]. But it is also reported that alloying a-Si:H or
reducing temperature deposition increases the defect density and therefore increases the
light-induced degradation [29, 65, 151, 155]. Nevertheless, even with identical band gaps,
there are advantages in the stable state [156] and at the module level. Indeed, a thicker
total absorber layer can be used compared to a single junction solar cell because the
electric field is generated twice (once in the top cell and once in the bottom cell). In
addition, the tandem structure is advantageous for the efficiency of the modules because
it diminishes losses in the TCO. Table 4-5 and Figure 4-20 compare our typical parameter
for single and tandem solar cell. The intrinsic layer of the two subcells is identical to the
single cell. The initial efficiency is almost identical with 8.8% and 8.7 % with identical
structure (white paint/glass/ZnO LP-CVD/Si layers/LP-CVD). If we divide the V. of the
tandem by two and compare it to the single cell, we observe a loss of V. around 60 mV
per cell. Part of the loss is explained by the fact that illumination of each cell is divided
by two and the simple diode equation predicts a V. loss around 20 mV. The remaining
losses are attributed to shunts of the top cell because of its thin absorber layer (only 60
nm) and possibly growth induced cracks and losses in the recombination junction. The
total Jg. of the tandem cell is increased by 1 mA/cm” compared to the single cell. This is
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due to an increase of the total thickness of the absorber from 200 nm for the single cell to
260 for the tandem cell (200 nm for the bottom and 60 nm for the top cell) and a better
charge carrier collection thanks to an increase of electrical field in the top cell of the
tandem compared to the single junction solar cells.
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Figure 4-20: EQE of single a-Si:H with absorber layer of 200 nm and tandem a-Si-H/a-
Si:H with 200 nm thick bottom cell and 60 nm thick top cell. The back reflector is ZnO
LP-CVD on glass.

Table 4-5: Comparison between single a-Si:H with absorber layer of 200 nm and tandem
a-Si:H solar cells with 200 nm bottom cell and 60 nm top cell thickness. The value in
parenthesis is the J. of the subcells.

Single a-Si:H Tandem a-Si:H
Jsc [MA/cm2] 14.4 15.4 (7.6,7.8)
Voe [mV] 899 1660
FF [%] 68 69
Efficiency [%] 8.8 8.7
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4.2.4 Degradation of a-Si:H solar cells

In Chapter 1, we have mentioned, the light-induced degradation of amorphous material
and its reversible behavior with thermal annealing. This was first evidenced by Staebler
and Wronski in 1977 [10]. Furthermore, Yang et al. [157] and Hata et al. [158] reported
that the long term stability is governed by the competition between light induced
degradation and thermal annealing. Hence, a steady state can be reached. The
stabilization procedure considered below exposes the solar cells to 1000h light soaking at
50°C , 50mW/cm?® and V. condition.

In a-Si:H silicon solar cells, the degradation depends mostly on the thickness of the
absorber layer [159, 160]. In fact, a thinner cell has a higher electric field, hence a higher
collection efficiency of the charged carriers. Therefore, the recombination process is
limited to the absorber layer. It was reported by S. Benagli et al. [14, 160, 161] that the
degradation depends on absorber thickness, buffer layer (close to the p-side) thickness
and the substrate morphology for p-i-n a-Si:H solar cells. In Figure 4-21 the effect of the
absorber layer thickness is shown in our n-i-p a-Si:H solar cell. Note that in our series,
the solar cells do not have any buffer layer close to the p-side nor on the n-side. The
degradation of the n-i-p a-Si:H is decreased from 27% to 10% when the absorber
thickness is decreased from 400 nm to 140 nm. The optimum cell thickness is around 200
nm in the stable state. The cell with a 140 nm thick layer looses in V. and this is mostly
due to the appearance of shunts in the device, possibly growth-induced cracks on severely
textured LP-CVD ZnO substrates. Note that in our cells, the Ji and FF are the parameters
that degrade the most significantly. This is not the case for every device made in different
laboratories. Indeed, the p-i-n solar cell reported by S. Benagli et al. [160] degrade in V
whereas our cells have almost no degradation in V.. In fact, the doping layer can also be
influenced by the illumination. For a-Si:H, the doping efficiency is increased when
exposed to light soaking which could increase the V. of the solar cell [22, 162, 163].
Furthermore, Ishikawa et al. [61] shows that the degradation of the solar cell in the V.
can be related to the dilution of the absorber layer. They report that for high dilution (15
to 25) V. is almost stable or even increases, whereas for low dilution (5-10) V.
decreases. Theses results are not directly comparable to ours because they are obtained at
low temperature (110°C) deposition. But, different degradation behavior is observed
depending on the deposition condition of the layers. In our case, the cells degrade mostly
in Jic by 1 mA/cm?2 and in FF by 10 %.
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Figure 4-21: Initial (square) and stable (round) parameters for various thickness of a-Si:H
absorber layer. The cells are deposited on glass coated with LP-CVD ZnO and treated for
6 minutes. The triangle shows the relative degradation of the cell on the right axis.

Figure 4-22 presents the initial and stable values for single a-Si:H cells deposited on flat
substrates, and two textured substrates (hot silver and LP-CVD ZnO). The cells have a
thickness of 270 nm (same deposition time) and do not include any buffer layers. In
addition we add the results for a tandem cell to a 300 nm bottom cell and a 80 nm top cell
deposited on LP-CVD ZnO. For single junction solar cells, the substrate texture tends to
limit the degradation. Indeed, the degradation is 25% for a flat substrate and only 20% on
the highly textured ZnO LP-CVD. On the hot silver substrate, the light-induced
degradation is also 25%, as same the flat substrate case. In fact, the effective thickness of
the absorber layer is thinner on a highly textured substrate, justifying the lower
degradation. Hence, the effect of the texture is reinforced in the stabilized state.

The next step in reducing the degradation of the a-Si:H solar cells is to choose tandem
devices. The results in Figure 4-22 show that the degradation is reduced to 15% for a cell
with a total absorber thickness of almost 400 nm, whereas the degradation for a single
solar cell of 400 nm is 27% as shown in Figure 4-21. This confirms the advantages of the
a-Si:H tandem cell in the stabilized state.
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Our best stabilized efficiencies after 1000h of light soaking are 7.3%, and 7 % for single
a-Si:H on glass and on plastic substrates, respectively, and 8% for tandem cells on glass
substrates.
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Figure 4-22: Initial (square) and stable (round) parameters of a-Si:H solar deposited on
flat, hot silver, PEN/ZnO LP-CVD. The single a-Si:H cells have a thickness of 270 nm.
The tandem a-Si:H has 300 nm bottom cell and 80 nm in the top cell, and was prepared
by O. Cubero and presented in [164].

4.3 Discussion

Our results show that, even for simple single-junction a-Si:H devices, a complex
interplay between substrate morphology, chemistry and subsequent n-layer takes place. It
has been shown in the past that a-Si:H cell is sensitive to the substrates morphology [144]
and that thin microcrystalline layers are sensitive to the substrate chemistry [137]. We
show, that by using systematic variation of the substrate geometry that it is also sensitive
to the morphology of the substrate. We think that the sensitivity of the n-pc layer comes
from growth competition between adjacent grains. The valley of the sharp V-shape
texture of LP-CVD ZnO results in a defective material, which increases the defect density
at the n/i interface and results in the formation of voids and cracks in the amorphous
material as shown in the TEM micrographs and reported elsewhere [101, 165, 166]. For
p-i-n pc-Si:h cells, M. Python et al. [167] describe in detail how these defective regions
affect the performance of the solar cell. Presumably, the density of electric defects is
enhanced, and they may act as contamination routes and shunting paths. In contrast, we
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see that on flat or smooth substrates a high V.. of 890 mV can be achieved, and the
micrograph on the flat substrate shows a uniform deposition without voids of the pc-n
and of the subsequent layers. Thus, a n-uc can be an efficient doped layer for flat
substrates but not for textured substrates because strong V,,. reduction is observed.

Our solution to avoid V. losses on textured substrates is to utilize an amorphous n-SiC
layer, which is less sensitive to the substrate morphology and material. Furthermore, the
n-SiC layer achieves very good results on textured substrates. We demonstrate that high
Vo (over 900 mV) can be achieved with a low dilution intrinsic layer ([H;]/[SiH4] = 2).
By simulation of a p-i-n device, Y. Poissant has compared n-pc and amorphous n-layers
in single junction a-Si:H solar cells [123]. They reported that they are equivalent in the
solar cell even though the activation energy of n-uc layers can be strongly reduced down
to 0.03 eV. Here, we show experimentally that the n-SiC layer can have advantages
compared to amorphous and microcrystalline doped layers. Indeed, the higher gap
diminishes the optical losses in the doped layer and the band alignment can be favorable
for the V.. Figure 4-23 illustrates the band alignment for n-pc and n-SiC layers. The gap
of the microcrystalline material is assumed to be 1.1 eV and it has low activation energy
of about 0.02 eV. On the other hand the carbide n-layer has a larger gap (1.9 eV) and a
higher activation energy of 0.4 eV, which is extracted from our optical and electrical
measurements. We assume for n-pic as reported in [123] similar band discontinuities with
a-Si:H absorber layer. For the n-SiC, we assume that they are distributed between the
valence and the conduction band, but it is so far not possible to distinguish to what extent.
This might create a barrier for the holes and the electrons in the valance and conduction
bands, respectively. We suggest that the blocking barrier in the valence band could repel
the holes from the defective interface area and reduce retrodiffusion of the holes in the
doped n-layer and thus enhance the collection of the charge carriers. A similar thinking
applies to the simple n-aSi layer, which has a reduced bang gap compared to the absorber
layer as shown by the ellipsometry data in Figure 4-12.

A

Figure 4-23: Band diagram of a n-i-p solar cell with n-SiC (dashed lines) and
microcrystalline n-layer or a-Si:H n-layer (solid lines).
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The limitation of high quality thin film silicon solar cells is often dominated by the
quality and structure of its interfaces. Here, the efficiency of the n-i-p solar cell is
enhanced by a buffer layer at the n/i interface, from 7.9% to 8.8%. The buffer layer is
highly diluted with H,, which promotes the growth of material with a better quality and a
higher band gap [136, 152, 153]. The buffer layer slightly improving the V,. and mainly
reduces the series resistance of the a-Si:H solar cell, and thus improves the FF of the a-
Si:H solar cell. We assume that the higher energy band gap of the buffer layer reduces the
band discontinuity in the conduction band previously mentioned, and thus enhances the
collection of the electrons close to the n/i interface. In Figure 4-24, we represent the band
diagram of the n-i-p stack with n-SiC layer. We include (dashed line) the effect of the
buffer layer with a higher band gap, the effect is exaggerated for the sake of clarity.
Based on previous work on the p/i interfaces [168-170], we assume that the increased
buffer band gap is reported in the conduction band. The buffer layer reduces the barrier
for the electrons and thus reduces the series resistance of the cell which is observed
experimentally in section 4.2.2.5. A similar buffer layer at the n/i interface has been
studied in the pin case by Sakai et al. [168] but without significant improvements. The
discrepancy between their observations and ours could be explained because they use a
carbon free amorphous n-layer and thus no barrier was created at the n/i interface.

N 1 P

' 1.9eV

Figure 4-24: Band diagram of a n-i-p solar cell before (solid lines) and after the
introduction of a highly diluted buffer layer (dashed line)

The contact between the carbide n-SiC layer and the ZnO potentially introduces a high
series resistance in the solar cell. A solution already exists for the p-i-n case [171] where
the best contact with the ZnO/TCO is accomplished with a microcrystalline n-doped
layer. We show that microcrystalline n treatment provides a good contact in the n-i-p
configuration. The drawback of this double n-layer (n-pic + n-SiC) is the optical loss due
to the increase thicknesses of the total doped layer. This has only minor consequences.
First of all because the n-pc layer is thin, the deposition time is being kept shorter than or
close to incubation time. Secondly, the absorption coefficient of a microcrystalline layer
is small for the light that reaches the n-layer, at a wavelengths between 550-800nm. In
addition, the higher energy gap of the n-SiC layer limits the losses in the second doped
layer. In fact, the absorption losses will be, in a simple n-aSi, 3 to 4 times higher
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compared to the n-SiC. Indeed from the extinction coefficient of Figure 4-12 ( k = 0.12
for n-aSi and k = 0.03 for standard n-SiC at a wavelength of 600 nm), the absorption
calculated with the Lambert-Beer law that is 8 % for two straight passes in the n-aSi,
whereas only 2 % is absorbed with an n-SiC (assuming a 15 nm thick n-layer).

This development on glass substrates is transferred on plastic with a novel possibility of
back reflector structure where the roughness is obtained by the LP-CVD ZnO
(PEN/Ag/LP-CVD/n-i-p/TCO). This development gives valuable insight into the effect of
the substrate texture on optical and electrical properties of n-i-p solar cells. In addition, it
reduces the texture mediated plasmon absorption [101, 104, 172] in the metallic back
reflector and thus diminishes the optical losses. However, thanks to the LP-CVD ZnO, it
supplies a sufficient amount of roughness for an efficient light in-coupling in the
absorber. Similarly, it has been reported in a p-i-n solar cell [70] that the configuration
with a smoothed metallic back reflector has optical advantages compared to a rough back
reflector. Nevertheless, for an industrial application the goal would be to have a texture
embossed in the PEN and then deposited silver and a thin 70 nm ZnO as the back
reflector. Our preliminary results show that these structures can provide sufficient light
trapping. We achieve initial efficiency of 8.1% with 14.5mA/cm? 871mV and 64% of FF
but further development is needed in order to incorporate the correct morphology found
here directly in the plastic without introducing shunts in the a-Si:H solar cells.

The degradation of the a-Si:H cell is a complex issue and a complete picture of these
effects is not yet established. Here, the results show that when material and interfaces are
controlled and for our temperature constraint, the cell thickness is the parameter that can
limit the degradation. Therefore, the texture of the substrate, which allows for a effective
thickness reduction, is key for improving the stabilized efficiency in a-Si:H single
junction solar cells.

4.4 Conclusion

This chapter reports on the achievement of simultaneously high Js. and V. on textured
substrates and the optimization of a n-i-p a-Si:H solar cell on flexible substrate. We
develop substrate morphology for light trapping and a cell design that simultaneously
maintains high V. and FF. We show that for optimum light trapping the morphology of
the substrate is more important than the feature size or rms. Physically, it means,
according to the scalar scattering theory, that the angular distribution of the scattered light
is more important than the rms for the light trapping. In addition, the benefits of an
amorphous carbide n-layer are fully implemented in the a-Si:H solar cell on PEN
substrate with the demonstration of an initial 8.8% and stable 7% efficiency, for an
intrinsic layer thickness of 270nm. By reducing the thickness of the absorber layer we
could increase the stabilized efficiency up to 7.3% and by introducing the tandem design,
the stabilized efficiency is increased up to 8.0%.
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Chapter 5: Front TCOs and back
reflectors

Light in-coupling and optical properties

5.1 Introduction

In this chapter, we discuss the choice of front TCO and back reflectors for n-i-p thin film
silicon devices. We have seen in the previous chapters that the first challenge is to
increase the J. of the device by introducing light trapping techniques without changing
the other parameters. By doing this, the cell thickness can be reduced leading to a
reduction of the light-induced degradation effects and, eventually, to more effective cycle
times in production for a-Si:H and pc-Si:H. It is usually assumed that for an efficient
light trapping design, the substrate textures should be in the dimension range of the
incoming light wavelength. The strategy used in the p-i-n configuration is to deposit a
rough front TCO with random [173] or periodic [174] structures, which will scatter the
light in the absorber layer and result in an increased light path in the absorber. State-of-
the-art light trapping designs are reported without detail by the company Kaneka [175],
and more detail is given by the research groups of Jiilich [121, 176] and Neuchatel [177,
178]. They all use random structures and the typical values of J are 15 mA/cm? for 180
nm a-Si:H absorber and 26 mA/cm” for 3 pm microcrystalline absorber as described by
D. Dominé et al. [116, 177], May et al. [121] and Saito et al. [79].

In the n-i-p configuration, the strategy relies on the textured back reflector which
provides texturation for the next deposited layers as shown on the previous chapters and
reported by United Solar [44, 178]. The optimum morphology of the back texture is still
not clear and it is not yet confirmed whether the best substrate should have a periodic or
random structure. Also, there is a trade off between suitable texture for light scattering
and the losses in the back reflector, which come from surface plasmon absorptions in the
rough metallic layer [172, 179].

Strong efforts are made in optical modeling with the aim of predicting the light trapping
power of optical designs. Given the size of typical light trapping structures, the optical
system is at the frontier between geometrical and nano optics, and usually when
modeling the random structures semi-empirical theories are applied such as ‘“scalar
scattering theory” [115]. This approach has been implemented in different simulation
programs, e.g. by Krc et al. [148, 149], Zeman et al. [106] and Springer et al. [180].
Another approach is to use periodic structures where exact solutions of the Maxwell’s
equations have been performed by Heine and Morf [69]. In addition, numerical solutions
of the Maxwell’s equations have been performed with success by Stiebig and Haase on
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periodic and quasi periodic substrates [181, 182] and random substrates have been
studied by Rockstuhl et al. [183]. However, typical devices with roughness structures and
thicknesses of the layers in the range of the incoming light wavelength still remain
complicated to analyze either because of over simplified assumptions or because of the
difficulties of performing exact numerical simulations for complex systems. Thus, the
predictive power of these models is still limited.

Our experimental investigations of this chapter address the interaction between back
contact structures and textured or nominally flat front contacts, including the effect of the
thin film silicon absorber layer that is sandwiched between the two. We compare two
transparent conductive oxides (TCOs) as a front contact; the first one is a flat thin ITO
layer and the second one is a rough thick LP-CVD ZnO. The TCOs are applied to various
devices and substrate structures: in particular we consider the case of thin a-Si:H and
thick pc-Si:H devices. We find that the optimum dimension of the substrate texture is
different for the two types of cell, not only because the light trapping region is increased
toward the near IR part of the spectrum for the pc-Si:H, but also because the optical
couplings in a system with a thin a-Si:H (250 nm) absorber and a thick (2 um)
microcrystalline pc-Si:H are completely different. Thus, the combination of front contact
and substrate structure is studied and interpreted for a-Si:H and pc-Si:H.

5.2 Experimental

The study is carried out with two different substrates. The first is a 2D periodic grating on
poly-ethylene-naphtalate (PEN) covered with Ag/ZnO, as described in Chapter 2 which is
well suited for micromorph or pc-Si:H cells as shown in Chapter 3. The structure has a
root mean square (rms) roughness of 70 nm and lateral dimension of 1.2 um, cf. Figure
5-1 (A and B). The second substrate consists of a random pyramidal structure that is
made of LP-CVD ZnO and which provides high current for single a-Si:H junction solar
cells, cf. Figure 5-1 (C and D). The feature size of the LP-CVD ZnO can also be adapted
for the light trapping in pc-Si:H or multiple-junction cells by increasing the grain size. In
this work, typical rms and lateral dimension are 70 nm and 360 nm for a-Si:H solar cells
and 140 nm and 1 pm for pc-Si:H solar cells, respectively. The back reflector on glass
substrate is a white paint applied at the back of the 0.7 mm thick (Schott AF45) glass.

The transparent front electrodes are zinc oxide (ZnO) deposited by low pressure chemical
vapor deposition (LP-CVD) [145] (Figure 5-1(A and C)) or indium tin oxide (ITO)
deposited by DC sputtering at room temperature (Figure 5-1(B and D)). The ZnO is
doped with boron and its deposition conditions result in a textured surface with rms
roughness of about 70 nm for standard 2 um thick layers. The ITO is deposited nominally
flat, and it has a thickness of 70 nm in order to achieve an antireflection condition with
the Si absorber centered at Ay = 550 nm. The total transmission (T), diffuse transmission
(DT), and total reflection are measured with a photo-spectrometer (Perkin Elmer lambda
900) with integration-sphere within a spectral range of 350 nm to 2000 nm. The
absorbance (A) is calculated from T and R with A=1-T-R. The measured samples are
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TCO/glass with the light first entering through the TCO. For the rough ZnO, the
measurement is also performed with a thin film of index matching liquid di-iodomethane
(CHzlp). It removes the effect of the rough interfaces during transmission and reflectance
measurements as described by J. Steinhauser et al. [184].
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Figure 5-1: Schematic illustration of the four different designs used in this paper. Two
substrates used and two front contacts are in a-Si H and pc-Si:H solar cells. A and B are
plastic substrates with a periodic texture: 2D cross grating covered with 100 nm of silver
and 60 nm sputtered ZnO. C and D are glass substrates covered with random texture:
rough LP-CVD ZnO and white paint is used as back reflector. A thin 70 nm ITO front
contact is used for B and D and 2 um thick LP-CVD ZnO for A and C.
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5.3 Results
5.3.1 Textured ZnO and flat ITO on glass

Figure 5-2 shows the T, R and A curves of the ITO and LP-CVD ZnO with CH,l, on
glass. The absorbance of the ZnO film with CH,I, and of the layer of ITO is below 3%
for all the wavelengths between 400 to 1100 nm. The difference in T and R is due to the
different optical systems: 2 um thick ZnO and thin 80 nm ITO films. Hence in Figure 5-2
interferences appear for the thin flat ITO. The Figure 5-3 shows that, when no matching
liquid and cover glass is used, the textured ZnO provides diffuse transmittance, which is
negligible in the case of ITO and of ZnO measured with CH,l,. The rough interface of
the ZnO leads to an increase in the absorbance and in the reflection between 400 to 600
nm as shown in Figure 5-3. Enhanced absorption is attributed to light trapping in the 2
pm thick ZnO due to scattering of the light at the air/ZnO interface and internal reflection
between the glass/air and the ZnO/air interface. It enhances the path of the light in the
Zn0O and increases absorption due to residual optical defects and mostly free carrier
absorption, whereas the reflectance is increased because incident angle of the light on the
flat ZnO/glass interface is increased [185]. This TCO/glass structure does not give direct
information on the optical behavior in the solar cell (TCO/Si) because light trapping due
to total internal reflection will only moderately take place for the TCO/Si interface (ng; >
nrco, which is different from ntco > ngjass at the TCO/glass interface).

Note, that the haze (DT/T) in air of the textured ZnO is 85% at 400 nm and only 12% at
800 nm. The scattering power of the LP-CVD ZnO is famous for having exceptional light
scattering properties [20] at the Si/TCO interfaces but the textured ZnO is, in air, limited
for the infra-red part of the spectrum, which is crucial for elevated light trapping in thin
film silicon solar cells. In fact, the effective wavelength of the light A is higher in air (A)
than in Si (Ag). The relation between the two effective wavelengths is given by the
difference in refractive index where Ag; is approximately four times smaller than A and
two times smaller than Az,0. In the scalar scattering theory, the haze (eq 2.6) depends
exponentially on the refractive index difference of two media and inversely to the
effective wavelength. Therefore, a high haze is obtained with low effective wavelength
and high refractive index contrast. This is not the case for the ZnO in air but this is really
the case in Si because the haze is over 60% for the full spectrum needed (400 — 1100 nm)
as shown by D. Dominé [19, 116].

Therefore, the roughness of the top contact should be less important in n-i-p solar cells
than for p-i-n solar cells. The measurements confirm this idea in the next sections.
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Figure 5-2: T, R and A of a flat 80 nm ITO on glass, 2 um thick ZnO LP-CVD on glass
measured with CH212 index matching liquid.
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Figure 5-3: T, DT, R and A for 2 um rough ZnO LP-CVD layer on glass and for LP-
CVD ZnO on glass with CH;I, index matching liquid.
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5.3.2 ZnO and ITO as front contacts in thin absorber cells

In Figure 5-4, we compare the EQE of an a-Si:H solar cell with a 250 nm thick absorber
and two different front TCOs (a rough thick front ZnO and a thin flat ITO) deposited on
flat substrates for reference and on the 2D periodic substrate (70 nm rms). The J on flat
substrates for both front TCOs is almost unchanged with 12.2 and 12.3 mA/cm® for ITO
and ZnO, respectively. However, the EQE of the cell with ZnO is higher at wavelengths
above 600 nm, whereas the EQE with ITO is higher between 450-550 nm thanks to its
antireflection effect with silicon. On the periodically textured substrate, we observe a
current enhancement of 9 % with ITO and 17 % with LP-CVD ZnO, compared to the flat
substrate. Compared to the thin ITO front contact, the enhancement with the textured
ZnO front contact is mostly obtained for the red part of the spectrum (over 600 nm) as
shown in Figure 5-4. The IQEs of the cells deposited on the periodic grating are equal,
indicating identical properties of the absorber layer and no additional absorption effects
in the inactive device layers. Hence, the rough front ZnO yields true enhancement of light
trapping in the infra red part of the spectrum compared to the thin flat ITO.

In Figure 5-5, we compare the same flat ITO and the 2 um thick LP-CVD ZnO as a front
TCO, but with LP-CVD ZnO back contact deposited on glass substrate with a feature size
of 0.36 um optimized for a-Si:H. In this case, The results show that there is an advantage
in using a flat front ITO with 3% relative increase of Js. Figure 5-5 shows that the
antireflection effect of 70 nm of ITO at 550 nm increases the response compared to the
case of thick front ZnO, whereas the EQEs in the light trapping region (600-800 nm) are
similar. The IQEs are completely matched and confirm that the difference between the
two TCOs is mostly due to reduced primary reflection losses at the antireflection
condition of the ITO (500-550 nm).
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Figure 5-4: Comparison between flat ITO and rough LP-CVD ZnO front contacts with a-
Si:H solar cell deposited on a 2D grid substrate and flat substrates for reference.
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Figure 5-5: Comparison between flat ITO and rough LP-CVD ZnO front contacts with a-

Si:H solar cell on LP-CVD ZnO substrates.
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5.3.3 ZnO and ITO on thick absorbers

In Figure 5-6, we compare flat thin ITO and rough thick ZnO on top of a 1.6 um thick
pe-Si:H single junction solar cell. The substrate is the 2D periodic grid, which provides
high Js in pe-Si:H solar cells and is identical to the one used in section 5.3.2 or in [186].
Note that, in contrast to the amorphous case of section 5.3.2, the features of the ZnO
pyramid substrates are adapted to the pc-Si:H cell; their typical lateral size is now 1 pm
and the rms roughness is 140 nm. Compared to the rough LP-CVD ZnO front contact, the
ITO provides higher current (4% relative increase). The antireflection effect of the 80 nm
ITO at 600 nm increases the spectral response in a wavelength with high photon flux
under AM 1.5¢g illumination. In the IR part of the spectrum, the response is similar for
both TCOs and this suggests a different optical behavior from the a-Si:H case on the 2 D
periodic substrate. The shape of this EQE for rough front ZnO is linked to interference
effects. In the IQE these effects should disappear, but, as the EQE and the reflection
measurements are performed with two different setups, apparent interferences still remain
in the IQE, though strictly speaking they are artifacts. In Figure 5-6, a flat substrate with
a ZnO LP-CVD front contact is added for reference. The gain with the periodic substrate
compared to the flat is almost a 30% relative increase, mostly in the infra red part of the
spectrum. Note that the difference in the blue part is due to different p layer thicknesses.

We observe the same results for single junction pc-Si:H solar cells deposited on LP-CVD
ZnO substrate on glass [187], i.e. the ITO front contact provides a relative gain of 4 %
compared to the LP-CVD ZnO front contact. We also evaluate the TCOs on a triple
junction a-Si:H/a-Si:H/SOIR/uc-Si:H with 80 nm, 300 nm for the a-Si:H cells and 1.2
pm thick pe-Si:H silicon solar cells, respectively. Additionally, the triple cell structure
includes a 80 nm thick SiOy intermediate reflector (SOIR) [188] between the middle and
bottom cells. Compared to the rough LP-CVD ZnO front contact, the ITO provides
higher current, just as in the pc-Si:H case and we see from Figure 5-7 that most of the
gain is in the a-Si:H middle cell. The increase in Jg is around 5 % (5.7 to 6.0 mA/cm?).
This effect is important in triple junction cells with two purely amorphous Si cells since
the Js is limited by the absorption coefficient of the amorphous Si material. Figure 5-7
illustrates clearly the difficulties of matching the current of the three solar cells. The
amorphous cells have 6 mA/cm’ each and the pc-Si:H has 9 mA/cm’. Table 5-1
summarizes the J of all cell structures shown.
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Figure 5-6: Comparison between flat ITO and rough LP-CVD ZnO front contacts with

pe-Si:H solar cell on 2D periodic grid and flat substrates for reference.
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Figure 5-7: Comparison between flat ITO and rough LP-CVD ZnO front contacts with
triple junction a-Si:H/a-SiH/pc-Si/H solar cell on LP-CVD ZnO substrate.

Table 5-1: Summary of Ji. for the a-Si:H and pc-Si:H cells deposited on the periodic
grating and the random LP-CVD ZnO. The front contact is either a thin flat ITO or a
thick textured ZnO LP-CVD. The grating and flat substrate are coated with 100 nm Ag
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and 60 nm ZnO as back contact. Cells on LP-CVD ZnO back contact are measured with
white paint added at the back of the glass as a back reflector.

Structure Substrate Feature size [um] Absorber Front Jee  total
Figure 5-1  texture / roughness [nm]  thickness [um] TCO [mA/cm?’]
A Grating 1.2/70 a-Si:H/0.27 Zn0O 14.4
B Grating 1.2/70 a-Si:H/0.27 ITO 13.4
C Zn0O 0.36/70 a-Si:H/0.27 Zn0O 14.7
D Zn0O 0.36/70 a-Si:H/0.27 ITO 15.1
Flat - - a-Si:H/0.27 Zn0O 12.3
Flat - - a-Si:H/0.27 ITO 12.2
A Grating 1.2/70 pc-Si:H/1.6 ZnO 22.8
B Grating 1.2/70 uc-Si:H/1.6 ITO 23.8
C Zn0O 1.0/ 140 Triple/1.1 Zn0O 20.9
D Zn0O 1.0/ 140 Triple/1.1 ITO 21.1
Flat - - uc-Si:H/1.6 ZnO 17.8

5.3.4 Electrical comparison between ITO and ZnO layers

The ITO has a sheet resistance of 30 Qg and the thick LP-CVD ZnO has a sheet
resistance below 10 ohmsq, for thicknesses of 70 nm and 2 um, respectively. At the
module level it means that silver fingers or reduction of the width of the solar cell
between the interconnection can be necessary for ITO, depending on the current density
of the cells as discussed by Brecl et al. [189]. In Table 5-2, we report typical electrical
parameters for amorphous cells and triple junction solar cells with thick ZnO front
contacts and thin ITO front contacts, corresponding to the case of Figure 5-1, C and D,
respectively. The effect of the different sheet resistances is not reflected in the FF
because the cell area is kept small. The difference in FF in the triple junction solar cell is
attributed to different current mismatch of the three cells. Indeed, the measurement of
such a cell is certainly a difficult issue because of the current matching of the three cells,
and hence the FF is strongly sensitive to deviations of the solar simulator spectrum from
the AM1.5g spectrum. Furthermore, a V. reduction between 20 to 30 mV is observed for
the flat ITO for single and triple junction solar cells. This is attributed to the non
optimized p/ITO interface, which needs further optimization as reported elsewhere [165].
In addition, we also cannot exclude that during the deposition of ITO, the sputtering does
not damage the thin p layer.

Table 5-2: Solar cell parameters of a-Si:H and triple solar cells a-Si/a-Si/pc-Si with thin
ITO and thick LP-CVD ZnO front contact. The cells are deposited on LP-CVD ZnO back
contact with the feature size adapted for a-Si:H (360 nm, first two lines) and pc-Si:H (1
pm, last two lines).
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Voe FF Jsc Efficiency
[mV] [%] [mA/ecm®]  [%]
ZnO Single a-Si:H 864 66 14.7 84 FiglC
ITO Single a-Si:H 835 66 15.1 83 FiglD
ITO Triple 2126 67 6.0 8.5 Figl D
ZnO Triple 2157 64 5.7 79 Figl1C

5.3.5 Index matching layer of the back reflector: ZnO

A thin ZnO layer is often used between the metal and silicon layer [46]. The purpose of
this layer is two-fold. It is a barrier layer that protects the silicon layer from diffusion of
the metallic atoms into the silicon layer and it acts as an optical matching layer between
silicon and the metallic layer [190]. The results in Figure 5-8 and Table 5-3 show a pc-
Si:H solar cell deposited on hot silver covered with various thicknesses of ZnO. It shows
that the thicker the ZnO layer, the higher the J;. of the solar cells. This corroborates well
with plasmonic absorption effects reported by Haug et al. [179]. In fact, they show that
the ZnO layer is capable of shifting the plasmonic interaction into a range of wavelengths
where this effect is less problematic for the J. of the uc-Si:H solar cell.

Table 5-3: Electrical parameters of pc-Si:H solar cells deposited on hot silver with
various thicknesses of ZnO (from 20 nm to 80 nm).

7ZnO thickness Vi FF Jec Eft.
[nm] [mV] [%] [mA/ sz] [%]
20 509 72 22.1 8.1
40 509 72 22.4 8.2
60 502 70 22.4 7.9
80 503 71 22.9 8.2
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Figure 5-8: EQE and R of a pc-Si:H solar cell deposited on hot silver with various
thicknesses of ZnO (from 20 nm to 80 nm).

5.3.6 Silver or aluminum back contact

We have found that for thin absorber layers (a-Si:H) both, random and periodic substrates
can be used with high J, and that for thick absorber layers (upc-Si:H) the periodic
substrate is preferable so far. Here, we compare two metals, silver (Ag) and aluminum
(Al), for the back contact deposited on the rough substrates. It is of course an important
topic for production because Al is more abundant than Ag (10° time more abundant on
the earth crust), available at low cost and provides a better adhesion to other layers.
However, as predicted by the Fresnel coefficient, the reflection of light is about 10 %
lower on Al than on Ag. This difference is increased to 20% or even 30% when the
reflection occurs at the ZnO/metal or Si/metal as shown in Figure 5-9.With Al, stronger
losses also occurs between 750 nm and 900 nm and therefore also predict that the losses
are more critical for pc-Si:H than a-Si:H solar cells.
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Figure 5-9: Reflection of Al (grey) and Ag (black) calculated from the Fresnel

coefficients. The reflections are calculated for air/metal (solid line), ZnO/metal (dashed
line) and Si/metal (dotted line) assuming that the materials are semi-infinite.

Figure 5-10 shows the results of an a-Si:H solar cell deposited on Ag and Al back contact
covered with a thin 80 nm ZnO index matching layer. On the flat substrates, no
significant difference between Ag and Al is found in the J,.. However, the situation is
different on the textured substrates. Indeed, the solar cell deposited on Al loses almost 2
mA/cm? compared to the cell deposited on Ag. This confirms that the Ag back contact
provides more J. than Al for a-Si:H solar cells [191]. Nevertheless, this loss on Al can be
mitigated by adding a thin ZnO index matching layer as also used here [192]. In addition,
the Al back contact is used for textured p-i-n cells with reasonable J,. and Bailat et al.
have shown that J. up to 14.4 mA/cm? is possible with Al back contact [66]. Therefore,
further optimization of the ZnO and the Si layers is needed for a high efficiency a-Si:H
solar cells deposited on the Al back contact. Indeed, the losses, in thick cell (800 nm)
deposited on the Al compared to Ag back reflectors, can be almost canceled by using a
flat Al coupled with a thick rough LP-CVD ZnO deposited on top of the metallic layer as
shown in Figure 5-11. In that case, the losses are reduced because the thick layer reduces
the number of reflections on the metallic layer compared to thin absorber layers and the
thickness (2um) of the ZnO reduce the sensibility of the Al layer on the Si.
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Figure 5-10: EQE of a-Si:H solar cell deposited on flat and textured (replication of LP-
CVD ZnO) substrates coated with Ag and Al covered with a thin 80 nm ZnO.
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Figure 5-11: EQE of thick a-Si:H solar cells (800 nm) deposited on flat and LP-CVD
ZnO substrates. The substrates are coated with Ag and Al and a thin ZnO (60 nm) for the
flat case and a 2 um thick LP-CVD ZnO for the textured case is added on top of the
metallic back contacts. The cells are deposited on the large area KAI reactor by C.
Denizot.
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The results with thick pc-Si:H absorber layers are shown in Figure 5-12 where the loss of
Je is up to 3 mA/cm” with an Al back contact compared to an Ag. This confirms the
results obtained by Springer et al. [70] for Al back contacts. It shows that Ag back
reflector deposited on rough substrates is a must for both the a-Si:H and pc-Si:H. Indeed,
part of the benefits of the texture (light scattering and light trapping) is lost with the Al
back reflector. The drop of J. can be intuitively understood as the results of the multiple
reflections on Al, which has a stronger absorption compared to Ag.

10 T T T T T T T T T T T T

0.8+

0.6+

EQE

0.4+ Aluminum 7.6%

1 524 mV 69% 21 mA/cm2
0.24 — Silver 8.8 %

| 528mV 69% 24.2mA/cm?2
0.0

400 500 600 700 800 900 1000 1100

wavelength [nm]

Figure 5-12: EQE of pc-Si:H solar cell deposited on the 2D cross grating substrates
coated with Ag and Al covered with a thin 80 nm ZnO.

5.4 Discussion on light trapping and interfaces effect

In this section, the different observations made throughout this chapter are discussed and
an attempt to explain the difference between thin and thick layers is provided. Thin layers
are deposited conformally and thick layers tend to flatten the initial substrate texture.
Then, we relate our observations to the solar cells result obtained on the grating substrate
for thin (a-Si:H) and thick absorber layers (pc-Si:H).

5.4.1 Interface roughness and light coupling

Figure 5-13 shows a SEM micrograph of a pc-Si:H solar cell cross section prepared by
focused ion beam (FIB). The cell has an absorber layer thickness of 1 um on the 2 D
periodic grating (periodicity 1.2 um). The back contact structure consists of a double
layer of 80 nm of silver and 70 nm of ZnO. Such thin layers guarantee an elevated degree
of conformality at each interface, and they closely reproduce the grating characteristics.
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However, considerable flattening of the structure is observed throughout the 1 um thick
pc-Si:H layer. Finally, after the deposition of 3 um of LP-CVD ZnO, the shape of the
grating has completely disappeared, and is now replaced by the intrinsic texture of the
ZnO.

ue-Si lpum

ZnO 80 nm
Ag80nm

PEN Gratings

Figure 5-13: SEM micrograph of pc-Si solar cell with a ZnO LP-CVD front contact
deposited on the 2 D sinusoidal cross gratings.

The a-Si:H and pc-Si:H solar cells deposited on the grating substrate in the previous
section have two different behaviors. The thick textured LP-CVD ZnO increases the light
trapping in the thin a-Si:H compared to the flat ITO whereas nothing is observed with a
thick pc-Si:H layer. We consider two effects to tentatively explain the observed
behavior. First, the effectiveness of light scattering at the diffractive grating structures is
seriously influenced by the changes of the interface morphology. Indeed, we distinguish
the case of thin layers (< 500 nm), which reproduce the surface morphology at both the
back and the front interface of the absorber layer, and the case of thick absorber layers (>
1 pm), which flatten the surface texture of the substrate. For a description of the
diffraction at the periodically structured interfaces we have to keep in mind that
diffraction is a far field phenomenon. We make use of the well known grating equation
for assessing the light propagation in those layers where the layer thickness exceeds the
effective wavelength A.sr = Ao/n (Ao: wavelength in vacuum, n: refractive index):

nlsin(@)—nzsin(ﬁz)=%,m=0, 1], 42,43, ... (5-1)
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Here, 0,, denote the incident and diffracted angles. The wavelength and periodicity of
the grating are denoted by A and D, respectively, and the diffraction order is given by the
integer m. For solar cell applications, it is important to know the diffracted intensities into
each order. For the case of a sinusoidal grating, an exact solution exists which predicts
that the intensity diffracted into m-th order is proportional to the square of the m-th order
Bessel function, where the argument of the Bessel function contains the wavelength and
the grating amplitude [115]. In its simplest form, the validity of this prediction is only
valid for small diffracted angles, whereas we are mostly interested in elevated diffracted
angles in our device. An extended range of validity was reported with a “non-paraxial
correction” where the intensity of a particular mode is normalized by the sum over the
intensities of all propagating modes, as proposed by Harvey et al. [193].

A second observation addresses the condition of total internal reflection; for the case of
flat interfaces, transmission into a medium with lower refractive index is prohibited when
the incident angle exceeds the Brewster angle because the angle of the refracted beam
would exceed 90°. However, when the surface is periodically textured, diffraction may
occur into angles below 90°, and these orders are still allowed to propagate. Thus, a
grating at the front interface can relax the condition of total internal reflection by
introducing escape modes for the light!

5.4.2 Thick absorber (uc-Si:H)

Our results show the optical advantage of flat thin ITO front contacts compared to the
rough LP-CVD ZnO for multijunction structures that have thick absorber layers (above 1
pum). Indeed, the antireflection of the ITO is ideal with no reflected light from the solar
cell at 550 nm. First, the thick layer (between 1 um to 3 pm) of microcrystalline material
flattened the TCO/Si interface and thus also the air/TCO interface as discussed in Section
5.4.1. In this case the light would see a flat or flattened interface at the front of the solar
cell and light trapping would be achieved by diffraction at the back reflector, as shown in
case B of Figure 5-14. Note that even if the front Si/TCO interface is not completely flat,
the depth of the grating is decreased, and according to the grating theory this leads to
decreased diffraction intensities.

We consider that the wavelength of interest for light trapping is typically about 900 nm
for multijunction structures. The diffraction angles and intensities at the Si/ZnO/Ag
interface of the back reflector can be calculated using Equation 5-1 the “non-paraxial
correction” and perpendicular incidence (0; = 0). In fact, this grating is well suited for
this optical situation because our calculation shows that 65% of the light is reflected at
the silicon/ZnO/Ag with angles higher than 16°. Note that 16° is the angle of internal
reflection at the front Si/TCO/air interface if we consider this interface as flat, further
assuming refractive indexes of 4 for silicon, 2 for the TCOs (ITO or ZnO), and 1 for air.
Note that the angle of total internal reflection (TIR) of the system Si/TCO/air is equal to
the TIR of the Si/air system, independently of the refractive index of the TCO.
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This situation corresponds to our experimental results. Indeed, this substrate achieves
strong increase of Jg in the red part of the spectrum compared to the flat substrate case as
shown in Figure 5-6. We think that, in our structure, the flattening of the front Si/TCO
interface will result in an increase in reflection at the first Si/TCO interface. Hence, a thin
ITO becomes extremely important to reduce the reflection at this interface and enhances
the in-coupling of the light in the thick absorber layer as shown in Figure 5-6. In addition,
the rough ZnO/air interface does not add any extra light trapping in the device. This is
linked to the low scattering power of the LP-CVD ZnO in air for the infra red light as
shown in Section 5.3.1. Similar results are found by simulation but applied to CIGS solar
cells by Campa et al. [194].

TIR

A B C

Figure 5-14: Schematic illustration of the light path in thin (A) and thick (B) absorber
layers. A grating on the front surface allows out-coupling of light even at angles above
the condition of total internal reflection. When the front interface is flattened due to the
growth of a thicker absorber layer, the condition of total internal reflection is more and
more restored, allowing at least two more passes through the structure (B). Note that the
antireflection condition of the ITO layer is also valid for the light that is coupled out of
the device. When the periodicity at the front interface is lost due to the growth of a
thicker TCO layer, the condition of total internal reflection is partly restored at the
TCO/air interface, allowing more passes through the structure (C).

5.4.3 Thin absorber (a-Si:H)

In the case of a thin absorber layer (a-Si:H) the optical properties and the role of the
rough LP-CVD ZnO are different, as shown in Figure 5-4. Here, the grating properties
are reproduced at each interface of the solar cell and the light wavelengths for the light
trapping are reduced to 500750 nm because a-Si:H is transparent for larger wavelengths.
Therefore, our considerations focus on the behavior of light with a wavelength of 700
nm, which represents the light trapping region in the a-Si:H cells. In this thin device, we
assume that two diffractions take place, one at the front TCO/Si interface of the solar cell
and one at the back reflector of the solar cell (Si/ZnO/Ag interface). This is because the
grating properties are reproduced at the front of the layers. Using the assumptions, the
periodicity of the grating (1.2 um), the refractive indexes (ng; = 4 and nz,o = niro = 2),
and perpendicular incidence (0; = 0), the result of the Equation 5-1 for the front TCO/Si
interface gives 6 orders of diffractions with 57% of the intensity having angles higher
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than 50°. This should create good conditions for light trapping but this is not observed in
the solar cells (Figure 5-4). These assumptions simplify the physics of the device by
splitting the interaction between the light and the layer in two parts. In fact, the
interaction is, in reality, of course not uncoupled and therefore, a more exact calculation
should consider the device as whole.

One possible explanation for the poor performance of the thin a-Si:H cell with the flat
ITO on the grating is the next diffraction at the back contact and at the front contact as
shown in Figure 5-15. Indeed, the diffraction at the ITO/Si or at the Si/ZnO is symmetric
and therefore the light is reflected at the back contact with angle close to normal
incidence, which is favorable for light out-coupling as shown Figure 5-15 (2b). In
addition, even if the light has an incident angle at the front Si/TCO interface, the light is
not trapped because the grating properties relax the condition of total internal reflection,
and out-coupling of the light from the device becomes possible. Additionally, the thin
ITO layer acts also as an antireflection layer in this direction, which reinforces the out-
coupling of light. However, when the thick LP-CVD ZnO front contact is used, the out-
coupling of the light at the ZnO/Si interface takes place but the grating properties are lost
at the ZnO/air interface. Hence, the internal reflection at the ZnO/air interface is restored
(at least partly) and light trapping is enhanced as described in Figure 5-14 (C).

Figure 5-15: Schematic illustration of the light path in thin a-Si:H solar cells deposited on
a grating with a thin ITO layer as a front contact. The light is first diffracted at the
TCO/Si interface (1). At 700 nm, the majority of the light has large diffractive angles (57
% have angles higher than 50°C) but the symmetry of the diffraction at the back reflector
reflects the light normally to the substrates (2b). At 700 nm 7 % the light is not diffracted
at (1) and is then diffracted at (2). This moderate part of the light is trapped in the devices
or out coupled because the grating relaxes the total internal reflection in (4).

In order to assure that it is not the roughness of the LP-CVD ZnO which enhances the
scattering of the light in our device, we “switched off” the roughness by an optically thick
film of index matching CH,l,. Figure 5-16 compares EQEs of a cell with a rough LP-
CVD ZnO surface and the same cell measured through the index matching fluid, which
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yields a flat surface. Note that CH,I, absorbs below 450 nm, but in the light trapping
region between 650 and 800 nm the EQEs are essentially unchanged. This confirms that
the roughness of the front surface does not play a significant role in the light trapping of
this device. This is in accordance with Figure 5-3, which shows that the haze in air of the
LP-CVD ZnO for wavelengths above 700 nm is relatively low, i.e. below 25 %. However
at shorter wavelengths (400-500 nm), we still expect advantages for the textured front
surface because of reduced primary reflection at the TCO/air interface. Indeed, the
substrate roughness provides an index grading with the air, which diminishes the
reflection.

In the case of the LP-CVD ZnO substrate, the sharp and random morphology provides
rough interfaces at both the back and the front of the cell. This efficiently scatters light
into the absorber by multiple scatterings of the light at every interface of the device, and
no dominant diffraction occurs. Thus, the antireflection effect of a flat thin ITO is a better
choice. This effect would even be reinforced after encapsulation thanks to the enhanced
index matching in the three layer system air/encapsulant/ITO.
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Figure 5-16: Comparison of a-Si:H EQE with LP-CVD ZnO front contact and with a
drop of CH;l, on top of the LP-CVD ZnO. This proves that the increased in Jg in this
device is not due to the rough front interface.

5.4.4 Light trapping and device performances

The light trapping properties in a-Si:H n-i-p solar cells on a variety of substrates have
previously been reported by V. Terrazzoni-Daudrix et al. [15, 65]. Using textured LP-
CVD ZnO front contacts, the authors reported current enhancements up to 16 % with
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respect to cells on flat substrate. J. Bailat et al. reported relative gain in Js up to 15% on
an Al back contact. Summarizing our results on light trapping for a-Si:H, we find J
enhancements between 8 % and 23 %, depending on the combination of back contact
texture and the choice of front contact. The performance of periodic and randomly
textured substrates is comparable when a thick LP-CVD ZnO front contact is used.
However, on randomly textured substrates a superior performance is observed for a thin
ITO front contact because of the additional anti-reflection effect between ITO and Si.

For pc-Si:H solar cells Haase et al. performed an analysis of the light trapping properties
by numerically solving Maxwell’s equations [182]. For a substrate consisting of an array
of regular pyramids they predict a current density of 21 mA/cm® for 1 um thick absorber
layers. Heine and Morf [69] suggest blazed gratings as ideal substrate because the
reduced symmetry of the system prevents out-coupling into a zero order beam. In section
5.3.3, we studied the performance of pc-Si:H solar cells on a simple sinusoidal grating. In
cells with a 1.6 um thick absorber layer, we find 22.8 mA/cm® which represents a current
density enhancement of 28 % compared to the flat reference cell of the same absorber
thickness. This Js. compares well to state-of-the-art pc-Si:H devices on random structures
for equivalent thicknesses [72, 195]. We think that more refined grating structures, e.g.
the implementation of blazing, still leaves some room for improvement.

Our investigations show that ITO represents a favorable choice of TCO for n-i-p cells
with thick absorber structures like micromorph tandem or triple cells. In fact, ITO is used
as front contacts by several companies [13, 196]. Specifically for triple junction solar
cells, Vo and sheet resistance are less of a concern because the voltage of the cell is
higher (over 2 V) and the J is relatively low (6 mA/cm?, see Table 5-1). Noticeably, one
of the advantages of ITO is also its good resistance to a humid environment.

5.5 Conclusion

Our study reveals that the interaction between the front and back surface structure is not
trivial. It gives clear guidelines for substrate and TCO optimization taking into account
different substrate textures and absorber thicknesses. For thick absorbers (uc-Si:H) it is
essential to provide a suitably scattering back contact because loss of conformity due to
the thick layer will reduce the scattering properties of the front interfaces. We have
demonstrated that on textured substrate, a textured front TCO does not enhance the J . by
scattering the light in the device compared to a flat ITO. Hence, ITO is a better choice for
the front contact thanks to the efficient antireflection effect between air and silicon. In
addition, the antireflection effect can be tuned to be especially favorable in the green
region which is adapted for triple junction solar cells. For thin absorbers, a thick textured
front contact can be advantageous in combination with a periodic substrate structure
because it switches off the periodicity of the grating at the front interface. Indeed, on the
plastic substrate, with periodic structure, we achieve a short circuit current of 14.4
mA/cm” with a LP-CVD ZnO front contact, which is a 7% relative increase compared to
the standard ITO front contact.
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Chapter 6: Multi-junction  thin
film silicon solar cells

Strategies for a dual optical system
6.1 Introduction

The micromorph tandem solar cell, composed of an amorphous (a-Si:H) top cell and a
microcrystalline (pnc-Si:H) bottom cell, is one of the promising multijunction candidates
for high stabilized efficiency thin film silicon solar cells [49]. Indeed, the combination of
the high a-Si:H band gap (1.7 eV) and the low pc-Si:H band gap (1.1 eV) creates an
almost ideal tandem device. The advantage of this device is that the two absorber layers
can be deposited by PECVD in the same reactor chamber and with a similar deposition
process.

The challenge of this device is to achieve ideal J;. matching between the two sub cells.
Indeed in multi-junction solar cells, the J is limited by the lowest J of the sub cells. In
micromorph tandem cells, the light passes through the top cell only once and the light
induced degradation forbids the use of thick a-Si:H solar cells. Therefore, the limitation
in Ji. comes usually from the top cell. In this case, the cell is said to be top limited.

One widely used solution in the superstrate configuration (p-i-n) is to introduce a thin
intermediate reflector (IR) [197] which enhances the J. of the top cell without the need
of increasing its absorber layer thickness. The IR is usually a material with a lower
refractive index than silicon (typically 1.5 <nj < 3 compared ng; = 4) in order to have an
index contrast that increases the reflection of the light at the Si/IR interface. Therefore, it
enhances the J of the top cell without increasing its thickness. The IR is usually a thin
layer, between 50 and 150 nm, deposited in-situ [12, 188] or ex situ [198]. In situ Silicon
Oxide Intermediate Reflector (SOIR) [116], Silicon Nitride [199] or ex situ Zinc Oxide
Intermediate Reflector (ZIR) [177] have been reported to be very effective and are
already implemented in complete products [200]. However in the substrate configuration
(n-i-p), the problem of obtaining high efficiency micromorph tandems with elevated J. in
the top cell was not yet solved. So far, the alternative to avoid to solve the problem is to
implement triple junction solar cells which split the Js. into the three sub cells and
therefore allow the use of thin a-Si:H top cells [13]. Nonetheless, this strategy demands
the implementation of a more complex process, e.g. one more cell and profiling [201,
202] of Ge in the a-Si:Ge solar middle cells.

In this chapter, we first present the limitation of increasing J, with a standard
micromorph tandem cell without the IR shown in Figure 6-1 (left) while keeping a thin
top absorber in order to limit the light induced degradation of the a-Si:H top cell. Then
we discuss the implementation of a symmetric intermediate reflector (SIR) [197] which is
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very effective in the p-i-n solar cells. This SIR, shown in Figure 6-1 (middle), reproduces
the morphology of its substrate which is often not adapted to create a strong light in-
coupling into the next deposited cell. In fact, the difficulty comes from the large spectrum
of absorption of the tandem solar cell and the different light trapping region of the two
subcells. The top a-Si:H cell absorbs until 750 nm whereas the bottom pc-Si:H cell
absorbs up to 1100 nm. In addition, the ideal structure for the pc-Si:H solar cell has a
texture with soft or U shape morphology and feature size above 1 pum as shown in
Chapter 3. The top cell is usually less sensitive to the substrate morphology and requires
a feature size around 300 nm as shown in Chapter 4. Therefore, in the third part of this
chapter, we focus on a new n-i-p design that can perfectly accommodate these two
requirements, i.e. a design that yields ideal structure size and morphology for both the pic-
Si:H and a-Si:H cells. This original concept proposes the use of an asymmetric
intermediate reflector (AIR) which separates the light in-coupling between the two sub
cells of n-i-p micromorph tandem solar cells as shown in Figure 6-1 (right) and allows
the achievement of high efficiency stable devices.

a-Si
uc-Si
Ag/ZnO |
. e

Figure 6-1: Schematic design for standard micromorph without any intermediate
reflector (left), with SIR (middle) and with AIR (right).

6.2 Results

6.2.1 Micromoph n-i-p tandem cells without intermediate reflectors

In the first part, we present the results of micromoph tandem cells without an
intermediate reflector between the top and bottom cells. The substrate is the 2 D periodic
grating on plastic foil coated with Ag/ZnO or the hot silver deposited on glass as
described in Chapter 2. Then, the pc-Si:H cell is deposited. The surface of the puc-Si:H
cell acts as textured “substrate” for the a-Si:H top cell. In order to study the morphology
of the different interfaces on textured substrates, we prepared a cross sectional sample of
a micromorph tandem cell for TEM analysis, as shown in Figure 6-2. The micrographs
reveal that for the 2D grating the periodicity of the substrates is maintained through the Si
layers but the shape (height) is strongly decreased. Therefore, the surface is flattened as
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already discussed in Chapter 5. Nevertheless, the zoom of Figure 6-2 (right) shows that
the pc-Si:H substrate created pinches for the a-Si:H top cell on the valleys of the grating.
This could be a disadvantage for the V. and FF of the top cell, and, therefore, for the
efficiency of the micromorph tandem cell.

Figure 6-2: Left, cross section of a micromorph tandem solar cell after preparation by
focused ion beam (FIB). Right, TEM cross section through the upper part of a
micromorph tandem solar cell. In the middle is the amorphous i-layer, the upper dark part
represents the ZnO front contact.

The light induced degradation of a micromorph tandem is mainly driven by the increase
in defect density in the a-Si:H material because the light-induced degradation of pc-Si:H
is limited when an a-Si:H filters the blue light as shown in Chapter 3. Therefore as
described in Chapter 4 for single a-Si:H solar cells, the simple rule is also valid for the a-
Si:H solar cell in the tandem device; the thicker the a-Si:H absorber, the lower the electric
field in the absorber and the higher the recombination, which is the source of the defect
creation in a-Si:H material. Hence for micromorph tandem cells, there is an optimum
between the reduction of the top cell thickness and the light-induced degradation of the
tandem, which partly is driven by the decrease of J of the a-Si:H cell. But, the J of the
tandem is usually lower than the Ji. of a single junction solar cell because only one light
pass is possible. Therefore, the optimum thickness of the a-Si:H top cell in the tandem
might be shifted compared to the optimum thickness (200 nm) found for single junction
a-Si:H cells in Chapter 4.

Figure 6-3 shows the variation of top cell current densities with increasing thickness of
the a-Si:H top cell. It shows that the Ji. of the a-Si:H top cell increases almost linearly
with the thickness and saturates at 12 mA/cm” for thicknesses above 400 nm. Table 6-1
shows the initial and stabilized parameters of micromorph tandem solar cells with
different thicknesses of the a-Si:H top cell. It shows, as expected, that the thicker the a-
Si:H absorber, the higher the degradation of the micromorph cells; it is almost 20% for a
400 nm thick a-Si:H absorber and only 13% for 160 nm. In Chapter 4, we have shown
that the light-induced degradation of single junction a-Si:H solar cell is linked mostly to
the degradation of the Ji, and the FF. Note, that the cells have different bottom cell
thicknesses, which induces different FF of the tandem cell. This is due to different Jg.
mismatch between the bottom and top cells; as rule of thumb [19, 203], the stronger the
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mismatch, the better the FF of the tandem cell. This is illustrated by the elevated FF of
77% for the strongly mismatched cell of Table 6-1. Therefore, we choose in the following
to focus on the comparison of the top cell Ji in order to switch off the mismatch effect
included in the FF.
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Figure 6-3 : EQE of n-i-p micromorph with various thicknesses of the a-Si:H absorber
top cell.

Table 6-1 : Initial and stable (in parentheses) parameters of the n-i-p micromorph tandem
solar cells with various thicknesses of the a-Si:H top cell. The dilution of the intrinsic
layer is 2 except for the 600 nm where it is 3. The stable parameters are obtained after
1000h at 50°C and 50 mW/cm®. The substrates for this micromorph are hot silver except
for the solar cells in grey (270 nm), which are the 2D periodic grating.

a-Si:H Voe FF Jiop Jbottom Eff. Deg.
[nm] [V] [FF] [mA/cm?] [mA/em?]  [%] [%]
160 1.36 (1.36) 77(70) 9.1(87)  129(12.5) 9.6 (83) 13
200 1.30 71 9.4 14.2 8.7

220 1.27(1.25)  74(66) 9.5 (8.9) 14.9(14.6) 89 (7.4) 16
300 1.35(1.34) 73 (62) 10.7(10.3) 11.5(11.2) 10.5(8.6) 18
400 1.33 (1.32) 65 (59) 11.8(10.6) 13.8(13.3) 10.2(83) 19
600 1.25 58 12.1(9.9) 113 8.2

Figure 6-4 shows the initial and stablized Js. versus the a-Si:H top cell thicknesses of
tandem micromorph deposited on hot silver substrates. The initial Js. saturate at 12
mA/cm’ whereas the stable Ji. saturate at about 10.5 mA/cm?. We see that for a tandem
cell, the optimum top cell thickness is between 250 to 300 nm. This thickness is thicker
than the optimum thickness (200 nm) found for single junction solar cells in Chapter 4.
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The main difference between the tandem structure and the single cell comes from the
multiple light passes in the single cell whereas only one light pass is possible in the a-
Si:H top cell. The situation of the top cell is equivalent to a flat cell with an absorbing
back reflector like chromium. In this situation, the J of the cell is small and any gain in
Jsc with a thicker absorber compensates the losses in FF which occurs by increasing the a-
Si:H cell thicknesses. The situation is therefore far from optimal because a 300 nm thick
solar cell has to be used in the tandem and the FF suffers from higher light-induced
degradation than in the ideal 200 nm case. Nevertheless, the best micromorph tandem cell
achieved on plastic foils without an intermediate reflector has initial and stable
conversion efficiencies of 10.4% and 8.9%, respectively, with a degradation of 15%.
Note that this cell has an exceptional stability in J. compared to the other ones and this
result was not reproduced.
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Figure 6-4: Initial and stable top cell J;. for various a-Si:H top cell absorber thicknesses
deposited on hot silver substrates. The solid line are guide for the eye.

6.2.2 Micromorph n-i-p with symmetric intermediate reflectors (SIR)

So far, the stable Ji of the top cell is limited to 10.5 mA/cm® whereas as shown in
Chapter 3, the thickness of the pc-Si:H can be increased to 2.5 pm with a total J;. of 25
mA/cm®. The higher current density is not useful though, as the added absorption in the
near infra red cannot contribute to the solar cell efficiency since the Ji is limited by the
top cell as shown in Figure 6-5. Therefore, one solution proposed in the p-i-n solar cell
configuration [188, 197] to the problem of moderate Ji. in the a-Si:H top cell is to include
a thin IR or symmetric intermediate reflector (SIR) between the top and bottom cell. In
principle, the IR has a lower refractive index than silicon, preferably n < 2 for Ay = 600
nm and should selectively reflect the blue-green light (550-750 nm) in the top cell while
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transmitting the red part of the spectrum in the bottom cell as described in Figure 6-6. In
the p-i-n configuration, this was intensively studied by D. Dominé [19, 116]. He showed
that the IR increases the total reflection of the micromorph tandem cell compared to
tandem cell without IR and that the losses are between 0.5 to 1 mA/cm? for a total Jg of
28 mA/cm’. Yamamoto et al. have reported that the IR can even increase the total Js. of
the micrmoprh tandem cells thanks to internal light trapping between the IR and the back
electrode [200]. The IR is crucial for achieving high Ji,, and efficiency micromorph
tandem cells. D. Dominé achieved an initial conversion efficiency up to 13.3% [204] and
Yamamoto et al. achieved an initial conversion efficiency of 14.7% [200]. Here, we also
use a SIR composed of silicon oxide in the n-i-p configuration, equivalent to the thin IR
used by Dominé et al. [204].
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Figure 6-5: EQE of n-i-p micromorph on LP-CVD ZnO substrates and LP-CVD ZnO
front contact with varying pc-Si:H thicknesses from 1.2 pm to 2.5 pum.
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Figure 6-6 : Structure of a n-i-p micromorph tandem cell with (right) and without (left)
SOIR.

6.2.2.1 Silicon Oxide Intermediate Reflector (SOIR)

The Silicon Oxide Intermediate Reflector (SOIR) is deposited by adding CO, to the
plasma and n doped with PHj;. Further details about the deposition conditions and
applications in p-i-n solar cells are reported by P. Buhlemann et al. [188], D. Dominé et
al. [116] and D. Chandan et al. [205]. The conductivity is between 10®-10"° S/cm in
order to secure charge transport through the recombination junction. Figure 6-7 shows
that the conductivity drops suddenly when the ratio of CO,/SiH4 increases whereas the
refractive index varies almost linearly. Since the goal is to introduce an IR with a
refractive index as low as possible in micromorph tandem cells, we tested many SOIR
directly in the devices. Even if the conductivity does not vary much in the 10® S/cm
range, the SOIR can block the device (S shape in the J(V) curve). The optimization of the
SOIR leads us to the one with 2 sccm of CO, used for all cells shown below. Note that
two techniques are used for the determination of the refractive index: ellipsometry and
transmission reflection (TR) curves. For the TR, the interference of the curves is fitted
with a simple layer model where the thickness of the film is given as an input parameter
(profilometer measurement). The fit is more complex with the ellipsometry, in which a
multilayer model with bulk and roughness is implemented in the program DeltaPsi2
[206]. Therefore, the discrepancy in the value obtained from the two techniques comes
from the two different models applied.
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Figure 6-7 : Refractive index and conductivity of SOIR with varying CO,/SiH,4 ratios in
the plasma. The refractive index is calculated from a Tauc-Lorentz model for the
ellipsometry measurement and the refractive index is calculated from the interference
fringes of the transmittance of the SOIR deposited on glass (assuming the thickness
measured by a profilometer for the other measurement).

6.2.2.2 SOIR in the tandem cells

The effect of the SOIR (100 nm) in the tandem cell is shown in Figure 6-8. The SOIR
reflects the blue-green light in the a-Si:H top cell as presented in Figure 6-6. The Ji. of
the top cell is increased by 1 mA/cm? and the J. of the bottom cell is decreased by 2.4
mA/cm?’. The initial solar cell efficiency is 9.6% (1.29 V, 64%, 11.7mA/cm?). Table 6-2
shows two examples of micromorph tandem cells with and without SOIR having similar
effects. Table 6-3 summarizes the results of tandem cells with SOIR having different
thicknesses of a-Si:H top cells. The gain in J, is promising with a relative increase of
10%. However, the gain is not yet shown in the efficiency of the tandem device for two
reasons: the reflection loss is increased and the recombination junction is not completely
optimized.

There is a total J reduction (1-2 mA/cm?®) by implementing the SOIR in the tandem
cells. The losses are due to reflection, parasitic absorption in the SOIR and absorption in
the doped layers, which sandwich the SOIR. It should be possible to limit this effect by
optimizing the thickness of the doped layer, improving the transparency of the SOIR, and
by using the spectral selectivity of the SOIR (thickness and refractive index).
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Figure 6-8 : EQE and 1-R of micromorph solar cells with (grey) and without (black)
SOIR. The back and front contacts are LP-CVD ZnO.

Table 6-2: Initial and stable (in parentheses) parameters of the micromorph tandem solar
cells with and without SOIR.

Thickness Ve FF Jiop Jbottom Efficiency
a-Si [V] [%] [mA/cm’ [mA/em?®]  [%]
220nm 1.27 (1.28) 70 (65) 10.2(9.4) 13.1(12.9) 9.1(7.9)
Without IR 1.27 (1.25) 74 (70) 9.5(8.9) 14.9 (14.6) 9.0(7.4)
270 nm 1.36 (1.28) 68 (64) 12.1 (11.5) 10.5(10.5) 9.7 (8.6)
Without IR 1.37(1.33) 67 (61) 11.3(11.0) 12.5(11.7) 10.4(8.9)

Table 6-3 : Initial and stable (in parentheses) parameters of the micromorph tandem solar
cells with various thicknesses of the a-Si:H top cell with SOIR.

Thickness Ve FF Jiop Jbottom Efficiency
a-Si [V] [%] [mA/cm®  [mA/em’]  [%]

220 nm 1.32(1.3) 69 (60) 11.0(10.0) 10.3(10.0) 10 (7.8)
220nm 1.27 (1.28) 70 (65) 10.2(9.4)  13.1(12.9) 9.1(7.9)
270 nm 1.36 (1.28) 68 (64) 12.1(11.5) 10.5(10.5) 9.7 (8.6)
300 nm 1.29 (1.33) 64 (57) 11.7(10.5) 11.9(11.6) 9.6 (8.0)
400 nm 1.31 55 12.6 (11.2) 123(12.1) 8.9

The SOIR is made between the top and bottom cells. Therefore, the SOIR is close to the
recombination junction, making the conductivity of the layer and also the interface
between the SOIR and the cell very important. Indeed, if we only insert the SOIR at the
junction or after the junction (e.g. between two amorphous doped layers) we obtain low

117



6.2 Results

FF (37%) with an “S” shape IV curve as shown in Table 6-4. This problem is partly
solved by introducing a microcrystalline n layer between the p doped layer and the SOIR.
The FF is increased from 37% to 64%. However, the FF obtained with the SOIR is still
below the one found without SOIR. This layer works well in p-i-n devices [188].
Therefore, we should be able to improve the efficiency of the micromorph tandem cells
by further optimizing the doped layer in contact with the SOIR.

Table 6-4: Micromorph tandem cells parameters with microcrystalline or amorphous n
layer at the junction before the SOIR. The cells are deposited on LP-CVD ZnO and
treated with surface plasma for 30°. The cell from system B has SOIR made by P.
Buehlman identical to the one used in [188].

Junction Voe FF Jiop Jbottom Eft.

[V] [FF] [mA/cm’]  [mA/em?®]  [%]
p-uc/n-aSi/SOIR/n-aSi  1.07 37 11.8 11.9 4.7
p-pc/n-pc/SOIR/n-aSi - 1.28 64 11.7 11.9 9.6
p-ue-(n-pc- 1.3 60 11.8 11.8 9.2

SOIR )system B- N-aS1

6.2.3 Micromorph tandems with Asymmetric Intermediate Reflector (AIR)

So far, the SIR for the n-i-p substrate is promising but now we decided to concentrate
more effort, on an even more promising concept, which is presented in this section. In
fact, the Ji,p gain can be strongly enhanced with an asymmetric intermediate reflector
(AIR), which reflects but also scatters the blue and green light in the top cell as shown in
Figure 6-9 (right). With this AIR, we obtain a more efficient light in-coupling in the top
cell between the AIR and the front contact. In fact, the light is scattered both at the front
and back interface of the a-Si:H top cell. The light trapping effect is even reinforced by
the texturation of the front interfaces since the Fresnel coefficient predicts higher
reflection for light reaching an interface with an angle of incidence. Therefore, instead of
having a conformal IR, we introduce a thick textured ZnO intermediate reflector
deposited by LP-CVD as AIR.

a-Si
uc-Si
Ag/ZnO | ,
e e

Figure 6-9: Schematic of n-i-p micromorph without IR (left), with SIM (middle) and with
AIR (right).
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Figure 6-10 presents a TEM cross section view of the structure of the device with AIR.
First the 2 D cross grating is replicated on PEN foils. Then the texture is covered with a
thin Ag/ZnO, which is used as a back contact and a back reflector. Then, 2.8 um of pc-
Si:H is deposited as a bottom cell, 1.5 um of LP-CVD ZnO as AIR, 180 nm of a-Si:H as
a top cell and finally 4 um of ZnO LP-CVD as a front contact. The structure is designed
with the aim of having soft or U-shape morphology texture, which preserves the quality
of the pc-Si:H material and still has elevated scattering of the red light, between 800 —
1000 nm. This is the reason why the feature size is kept large (1.2 um) and the shape of
the morphology is soft, i.e. no incised valleys. Then, the AIR serves as optimum AIR
with sharp textured morphology and feature sizes of 300 nm, which scatter efficiently the
blue-green light in the a-Si:H top cell.

2.8 um pe-Si :H

-—
1.2 pm

Figure 6-10: SEM micrographs of a cross-section of a n-i-p micromorph with AIR
deposited on plastic foils.

The effect of the AIR is shown in Figure 6-11, where the EQE of three top a-Si:H cells of
n-i-p micromorph tandem solar cells, without IR, with 100 nm SOIR with (ng = 2) and
with AIR of 1.5 um OF LP-CVD (nar = 1.8) are compared. All a-Si:H top cells have
equal absorber thicknesses of 200 nm. The Js. of the top cell increases with the
introduction of the IR. In Figure 6-11, the SOIR increases the Ji. by an absolute 0.7
mA/cm? whereas the AIR increases the Jg. by 3 mA/cm?. At 650 nm, the relative gain in
the EQE is 60% for the SOIR and 220% for the AIR. The strong efficiency of the AIR is
mainly due to the texture of the AIR. Indeed, the pc-Si:H layer smoothes the initial
substrate texture but the AIR restores a roughness and a length scale (300 nm), which
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creates ideal light scattering for the top cell. Therefore, the light is both scattered and
reflected by the AIR which induces light trapping in the a-Si:H top cell, sandwiched
between the top front contact and the IR.
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Figure 6-11 : EQE of 200 nm top a-Si:H in n-i-p micromorph solar cell without IR, with a
SOIR, with AIR.

6.2.3.1 Size and morphology of the AIR

The power of the AIR is that the LP-CVD ZnO pyramids can be adapted in both size and
morphology as shown in Chapter 2. Indeed, we make an equivalent experiment to the one
conducted in Chapter 4 for the single a-Si:H solar cell. The results of the LP-CVD ZnO
with different pyramid sizes and surface plasma treatment times are presented in Figure
6-12. It shows that if we aim at maximizing the J. of the top cell, then the morphology is
more important than the size of the pyramids. This result is equivalent to what is found
for single a-Si:H solar cell in Chapter 4. Furthermore, Figure 6-13 shows that the Jg
behavior of the a-Si:H top cell in a tandem cell with the LP-CVD ZnO is equivalent to
the result obtained in a single junction solar cell (glass/ZnO/n-i-p/Zn0O) without white
paint at the back of the glass substrate. Therefore, the optimization of top cell of the
tandem can be done in the single junction solar cells deposited on the LP-CVD ZnO
without a back reflector.
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Figure 6-12: Variation of size (up) and morphology (down) of the LP-CVD ZnO in the

micromorph tandem cell.
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Figure 6-13: Comparison of EQE between single junction a-Si:H (glass/ZnO/n-i-p/ZnO)

with and without back reflector (BR) (white paint at the back of the glass) and top cell a-
Si:H combined with AIR.

6.2.3.2 Shunts and processes

In the previous section, we mentioned the shunting problem in the micromorph tandem
cells prepared with LP-CVD ZnO as AIR. In fact, shunting is a common issue in thin
silicon solar cells because every dust particle basically can create a shunt. The shunts of
our device are illustrated with the thermography measurement in Figure 6-14. It shows
that the shunts are located both on the border and on the center of the cells.

For a micromorph cell, we use several deposition systems, which increases the possibility
of incorporating dust particles on our layers as shown in the right micrographs of Figure
6-16. The process with the AIR increases the number of air breaks by two compared to
standard micromorph solar cells; one ZnO deposition and a surface plasma treatment on
the LP-CVD ZnO. Therefore with such processes, it is advisable to work in a clean room
environment, which is not the case for the systems used here. Once the cell is made, we
usually isolate the cell for measurement. For a cell with a ZnO IR, we need two steps of
wet etching (HNO;) of the ZnO and two steps of dry etching (SFe/0,) for Si layers. For
dry etching the cell is protected with a plastic film (P70). Nevertheless, this process
creates exotic features at the border of the solar cells as shown in Figure 6-15 and Figure
6-16. We also try to use two lift-off processes for isolation of the solar cells [94]. One
lift-off is made after the AIR deposition and a second one after the front TCO deposition.
The borders of the cell are cleaner as shown in Figure 6-17 (left). Nevertheless, small
ZnO particles are found on all layers as shown in Figure 6-17 (right) and can be shunt
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sources. It is not clear what the dominant shunting mechanisms are but many of them are
playing a role.

Figure 6-14 : Thermography measurement on n-i-p micromorph solar cells with AIR. The
blue pixels are colder spot, whereas red and white spot are warmer due to thermal heating
of the shunts.

The next three figures are SEM micrographs of a micromorph solar cell deposited on hot
silver with ZnO LP-CVD as AIR.

Hot Silver

i .
AccV SpotMagn Det WD Exp F——— Spot Magn  Det WD Exp
L 200KV 30 4627x SE 1121 Ag-chiZnQ 0x SE 1121 Ag-
? ¥ r F ™ 3 R T

Figure 6-15: The left micrograph shows a zoom of holes in AIR deposited on hot silver.
The right micrograph is an overview of the border of the cells with the hot silver at the
bottom of the micrograph, and the AIR with the holes and the top contact above.
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Figure 6-16: The left micrograph shows the border of the solar cell, which is isolated by
two lift-off processes. The right micrograph shows an example of a dust particle on
which the top ZnO contact is deposited.
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Figure 6-17: The left micrograph show the border of the solar cell, which is isolated by
two lift-off processes. The right micrograph shows the border between hot silver, AIR,
and a-Si:H cells. Dust ZnO particles lie on the hot silver back contact.

6.2.3.3 Reflection losses due to the AIR

The AIR enhances the Js. of the top cell but part of the weakly absorbed light is also out-
coupled from the solar cell due to reflection on the IR. Figure 6-18 (left) shows the EQE
comparison of micromorph cell with a 600 nm a-Si:H top cell and a 200 nm a-Si:H top
cell combined with an AIR. For both cells, the bottom cells have equal thicknesses. The
Jse of the a-Si:H are equal (12.1 and 12.2 A/em?) even though the cell without AIR is
three times thicker. Furthermore, for light wavelengths between 600 nm and 750 nm, the
EQE of the cell with AIR is higher and thus the effective thickness is in fact higher than
three. The photogeneration distribution is different between the two structures. In fact,
the cell without IR has higher EQE between 500 nm and 600 nm, whereas the EQE is
higher from 600-750 nm for the cell with the AIR. The efficiency of the AIR is
wavelength dependent and thus the wavelengths below 600 nm are only weakly back
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scattered by the AIR. The reflection from the micromorph tandem cell increases between
550 and 900 nm for the cell with AIR. By integrating the differences in reflection, we
estimated the losses around 0.5 mA/cm’. The difference in EQE in the pc-Si:H cell
between 700 and 900 nm is attributed to shunts in the device and not to reflection or
absorption losses. Indeed, in Figure 6-18 (right) we compare the total Ji. of a micromorph
cell with a 3 pm pc-Si:H and the Ji. of a single pc-Si:H with a3 um thick absorber layer.
It shows that both J. are equal and that the losses can be minimized almost completely.
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Figure 6-18: Up, EQE and 1-R of micromorph with 600 nm top cell without IR (black
curve) and 200 nm top cell with AIR (grey curve). Down, EQE of pc-Si:H cell with 3um

thick absorber layer and EQE of micromorph with a total thickness of 3 um deposited on
the 2D cross grating.
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Figure 6-19 shows the typical total reflection curves obtained with and without IR. The
reflection curve of the cell with a SOIR has interference that comes from the flat or
almost flat interfaces after the pc-Si:H deposition. For the AIR case, the interference
disappears due to the scattering and the reflection is higher than with the SOIR between
650 and 830 nm. The roughness of the AIR decreases the reflection between 400 nm and
600 nm thanks to the higher roughness at the Si/TCO interface, which provides a
refractive index gradient, slightly reducing the reflection at the front Si/TCO interface.
From 830 to 950, the reflection is higher with the SOIR compared to the AIR. The
interference effect of the SOIR can be tuned to be varied in wavelength, whereas with the
AIR the effect is more constant. We think that the antireflection effect linked to the
roughness is decreased after 830 nm because the scattering is decreased for long
wavelengths.
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Figure 6-19: Reflection curves of micromorph tandem cells without IR (light grey), with
SOIR (grey) and with AIR (black)

6.2.3.4 Solar cell efficiency and degradation with AIR

The AIR increases the effective thicknesses of the a-Si:H layer, which is crucial for the
light-induced degradation of the a-Si:H cell and thus the micromorph tandem cell. In
Table 6-5, we compare the typical degradation for micromorph cells without IR and with
AIR. The degradation is between 15-20% for a top cell of 300 nm without IR whereas the
degradation is limited to 5-10% for the cell with 140 nm and AIR. The results shown in
Table 6-5 and Table 6-6 are obtained on glass covered with hot silver and a LP-CVD
ZnO front contact. The results obtained with AIR in Table 6-5 have a stable efficiency of
9.6% with thin 1.4 um pc-Si:H cells and 10.1% with 3 pum thick bottom cells. The
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optimum efficiency is obtained for top cell thicknesses just below 200 nm. There are two
reasons that explain why we can not use thicker layers. First we showed in Chapter 4 that
the optimum thickness for the a-Si:H top cell is 200 nm and that going into thicker cell
results in lower stable efficiencies. Second, for matching condition we need also to use a
thicker pc-Si:H solar cell which (as shown in Chapter 3) leads to lower V,. and FF
performances. Therefore the J;. gain should compensate these losses, it has to be truly
beneficial for thick tandem micromorph solar cells.

Table 6-5: Performance parameters of the micromorph tandem solar cells deposited on
hot silver without IR and with AIR (stabilized parameters are given in brackets).

Thickness Ve FF Jiop Jbottom Efficiency Deg.
a-Si/um-Si  [mV] [%] [mA/cm2] [mA/cm2] [%] [%]
[nm]

0.3/1.2 1.35(1.34) 73(62) 10.7(10.3) 11.5(11.2) 10.5(8.6) 18
No IR

0.14/1.4 1.32(1.34) 74(70) 11.4(10.3) 10.6(10.2) 10.4(9.6) 8
AIR

0.18/3 1.32(1.35) 66(65) 12.4(11.7) 119(11.5) 10.3(10.1) 3
AIR

Table 6-6: Performance parameters of the micromorph tandem solar cells deposited on

hot silver with AIR (stabilized parameters are given in brackets).

Thickness V. FF Jiop Jbottom Efficiency  Deg.
a-Si [nm] [V] [%] [mA/cm?] [mA/em?]  [%] [%]
140 132 (1.34) 74 (70) 114 (103) 10.6(10.2) 10.4(9.6) 8

140 1.32 (1.35) 70 (68) 11.5(10.9) 10.4(10) 9.6 (9.1) 5

140 1.32 (1.34) 74 (70) 11.4(103) 10.6(10.2) 104(9.5) 9

160 1.32 (1.33) 71 (66) 11.7(11.3)  102(9.8)  9.5(8.6) 10
180 1.32 (1.35) 66 (65) 124 (11.7) 11.9(11.5) 10.3(10.1) 3

200 1.31 (1.34) 71 (66) 129 (11.8) 11.5(10.9) 10.7(9.6) 11
220 1.30 (1.35) 71 (65) 129 (11.7) 115711  105(9.6) 8

200 1.29 (1.28) 71 (67) 11.9(10.7) 11.1(10.8) 102(9.1) 11

200 131 (1.34) 71 (71) 12.8(11.7) 9.8(94)  9.1(89) 3

200 1.29 (1.33) 73 (72) 13.2 (12.1) 9.1 (8.3) 8482 2

200 1.26 (1.32) 72 (69) 12.9 (12.3) 9.6 (9.1) 83(8.6) -3

240 1.28 (1.28) 68 (63) 13.3(12.3) 11.7(11.3) 102(9.1) 10
240 1.28 (1.3) 68 (66) 13(12.0) 11.6(11.2) 10.1(9.6) 5

300 1.29 64 13.9 11.1 9

300 1.29 (1.31) 65 (59) 13.7(12.0) 11.5(11) 9.6 (8.5) 11
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The micromorph cells presented in Table 6-6 also have different matching conditions and
as already discussed, this creates difficulties for FF and efficiency comparisons.
Therefore, we again focus on the degradation in J of the top cell. Figure 6-20 compares
the Js. of micromorph tandems cells with and without AIR. It shows that in the initial
state, the AIR can provide Ji up to 14 mA/cm® for a 300 nm thick a-Si:H top cell,
whereas a cell without IR can hardly reach more than 12 mA/cm?. In the stable state, the
situation is even more critical because the J,. with the AIR attains more than 12 mA/cm?
with only 200 nm whereas only 10.5 mA/cm? is achieved without IR. The relative
efficiency gain is close to 15% thanks to the Ji. and we also expect a gain in FF which is
also linked to the thickness of the a-Si:H top cell as shown in Chapter 4. Our
experimental results confirm this efficiency gain since the best stable efficiency on hot
silver substrate is 10.1 % with an AIR and 8.6% without IR, which is an increase of
efficiency close to 17 %.
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Figure 6-20: J of initial and stable (1000h, 50°C and 50 mW/cm?) micromorph tandem
cells with and without AIR.

6.2.3.5 Best micromorph on plastic substrate

The title of this thesis suggests that the power of the n-i-p configuration is the
applicability to flexible substrates. Therefore, our last result shows an n-i-p micromorph
tandem cell on flexible plastic (PEN) foils. We transfer the glass processes onto PEN
with the 2D cross grating. The thickness of the pc-Si:H is increased to 2.8 pm in order to
increase the total Ji of the tandem cell and thus fully benefits from the potential of our
AIR. Our best result is a micromorph n-i-p solar cell with initial efficiency of 11.2%
(1.34 V, 68%, 12.3 mA/cm?2) and stable efficiency of 9.8% (1.35 V, 64%, 11.9 mA/cm?).
This cell is light soaked during 1000h at 50°C and 100 mW/cm®. Note that the light
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intensity is double compared to all the previous light soaking tests of this thesis. The
structure of the cell is PEN/2D grating/100 nm Ag/ 60 nm ZnO/2.5 pm pe-Si:H/1.5um
LP-CVD ZnO/180 nm, a-Si:H top cell and an LP-CVD ZnO front contact. The initial and
stable EQE value is shown in Figure 6-21 (left) and the J(V) in Figure 6-21 (right). The
potential for further improvement is still high because our a-Si:H is far from optimal
(only 9% initial and 7.3% stable efficiency) whereas we should be able to achieve 10%
with a proper p window layer. Furthermore, an ITO front TCO contact would give 4%
more Jg. than our LP-CVD ZnO as shown in Chapter 5.
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Figure 6-21 : Initial and stabilized EQE (up) and IV (down) of a micromorph tandem cell
with an AIR deposited on PEN plastic substrates.
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Table 6-7: Initial and stable efficiencies of n-i-p micromorph tandem cells with an AIR
deposited on PEN plastic substrates. The stable parameters are obtained after 1000h of
light soaking in standard conditions (1 sun, 100 mW/cm? and 50°C).

Voo [V] FF[%]  Jiop Jbottom Efficiency
[mA/cm2] [mA/cm2] [%]
initial 1.34 68 12.3 12.3 11.2
stable 1.29 64 11.9 12.1 9.8

6.2.3.6 Triple junction solar cell

The AIR is also an efficient tool for triple junction structures with two purely amorphous
top cells. A triple junction device with two a-Si:H cells does not offer further efficiency
possibilities than a micromorph tandem cell since there is no increase of light absorption.
In fact, we reduce the potential of absorption in the pc-Si:H solar cell since the limiting
Jsc 1s half the possible limited J;. of the micromorph case assuming that the limiting J,. is
proportional to the absorption in the a-Si:H material. Nonetheless, there are several
advantages of making triple junction solar cells and modules. The voltage is higher than
in micromorph cells and this should limit losses in the TCO, the light-induced
degradation should be reduced as it is the case for tandem a-Si:H cells compared to single
junction a-Si:H cells. Since the Ji. potential is lower, a lower pc-Si:H thickness is
required. Therefore, for module and production costs, the triple junction solar cell is an
interesting concept.

In Table 6-8, we report the initial and stable efficiency of a triple junction a-Si:H/a-
Si:H/LP-CVD ZnO/pc-Si:H solar cell with thicknesses of 60 nm, 300 nm, 1.5 um, and
1.4 um for respectively top, middle, AIR and bottom cells. The back reflector is hot
silver. The bottom cell EQE is not measurable. This happens with the AIR when the cell
isolation is not ideal, i.e. there are probably also shunts. From our experience, we expect
a bottom cell J of 9 mA/cmz, which will not be limiting. Therefore, the initial efficiency
is 10.4% and is close to the best efficiency obtained with micromorph cells (11%) but this
cell has a large light induced degradation of 18 %, which is a priori not expected. It is not
yet clear why we observe such a high degradation but we suspect strong influences of the
matching condition in the FF in such a triple junction device [151]. This is a first trial and
therefore further work is needed. In fact this structure has the potential to achieve more
than 10 % stable efficiency with less than 1 um thick pc-Si:H bottom cells, assuming 6.5
mA/cm2, 2.3 V, and 70% of FF.
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Table 6-8: Initial and stable performance parameters of a triple junction a-Si.H/a-Si:H/pc-
Si:H solar cell. The pc-Si:H is 1.4 um thick. The J, of the pc-Si:H cannot be determined
by EQE measurements.

Voo [V] FF [%]  Jip Jiniddle Efficiency
[mA/cm2] [mA/cm2] [%]
initial 2.18 72 6.6 6.7 10.4
stable 2.17 63 6.4 6.2 8.5

6.3 Discussion

The single junction solar cells of Chapter 3 and 4 have initial efficiency close to 9 % for
both a-Si:H and pc-Si:H solar cells. This Chapter shows that going to the tandem
micromorph structure improves the initial efficiency to 11%. Clearly, the increase of light
absorption with the combination of two different band gaps is the key to this
improvement. Nonetheless, the best devices in the n-i-p configuration are made with a
triple junction structure incorporating one or two a-Si:Ge cells [51]. So what are the
benefits of SiGe cells compared to tandem micromorph devices?

In fact, there is no gain in light absorption because the band gap of a-Si:Ge is rarely
below 1.1 eV. There is no real gain in conversion efficiency since in triple junction
devices the gain in efficiency (voltage) due to the increased absorption of light in the
middle cell instead of the bottom cell is compensated by the loss in efficiency (voltage)
due to the absorption of light in the middle cell instead of the top cell. This is shown in
Table 6-9 where we assume that the FF is constant (70%) for single and multi-junction
structures. We assume typical V. and J for a-Si:H and pc-Si:H. For an optimum middle
cell, the band gap of the a-Si:Ge should be between the band gap of the a-Si:H and ic-
Si.H. Therefore, we assume that the V. and Ji of the middle cell to be the average
between the a-Si:H and pe-Si:H (0.7 V and 21 mA/cm?) which is close to reported data
[207] . Assuming these values, we find that the efficiency of both tandem and triple
junction solar cells are potentially equal according to the calculation, with 13.7%
conversion efficiency.
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Table 6-9: Simulation of parameters for single junction, tandem micromorph and triple a-
Si:H/a-Si:Ge/pc-Si:H.

Voc [mV] FF [%] Jtop Jmiddle Jbottom Eff.

[mA/cm2] [mA/cm2] [mA/cm2] [%]

Single a-Si:H 0.9 70 16 10.0
Single pe-Si:H 0.5 70 28 9.8

Single a-Si:Ge 0.7 70 21 10.3

Micromorph 1.4 70 14 14 13.7

Triple junction 2.1 70 93 9.3 9.3 13.7

Therefore, choosing for a triple junction solar cell does not improve the initial efficiency
of the solar cell. Nevertheless, the company Unisolar give solar cell efficiency of up to
15% and the main advantage is in the total J,. with 28 mA/cm®. Figure 6-22 shows the
difference of EQE between their triple junction solar cell [13] and our micromorph. The
difference is around 3 mA/cm2(1 mA/cm?® 400-550 nm, 1mA/cm? 550-750, 1mA/cm?
750-1100nm):

- ImA/cm’ is explained by their ITO front contact as discussed in Chapter 5.

- 1 mA/cm? is explained by their p window layer.

- 0.5 mA/cm2 is due to our excess of reflection with our AIR as already discussed.
- 0.5 mA/cm?2 is due to an increase of absorption in the red

Therefore, by using an ITO front contact and by working on the p layer of the amorphous
cell, we should be able to reach a similar level of efficiency. One advantage of the triple
junction structure is the reduced degradation of the top cell since it can be made thinner
than in a high efficiency tandem cell. In fact the AIR concept is an alternative solution to
make high efficiency tandem cells by using neither the triple junction devices nor Ge.
The drawback of the micromorph concept compared to the triple junction are reflection
losses which as shown can be minimized, and it is in compensation for the strong
degradation problem arising from the inclusion of Ge in the a-Si:H layers. The best triple
junction devices with Ge degrade by only 10% [208], which is comparable to degradation
obtained in Table 6-7 with the AIR.
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Figure 6-22: EQE of triple junction solar cell from Unisolar [13] and EQE of our best
matched micromorph.

In summary, we have fully implemented an AIR that selectively scatters the blue-green
light into the top cell whereas the scattering of the red light into the bottom cell is
achieved by the back reflector structure which is applied to the substrate. Such a structure
can reach matched Ji up to almost 12 mA/cm® in the stabilized state, which is a
necessary starting point for realizing 12% stable efficiencies in micromorph tandem cells
on plastic substrates (assuming, e.g. a V. of 1.4 V and a FF of 71% ). Stable Js of 12
mA/cm® correspond to state-of-the-art micromorph tandem cells reported by Unisolar
[208] and Kaneka [11] (assuming 4 segments in ref. [11]). The idea of having a double
structure with a diffractive interlayer (DIR) was proposed by numerical calculation in the
p-i-n by Obermeyer et al. [209]. Nevertheless, the technological tools are not yet
available for this complex p-i-n design. Our AIR in the n-i-p configuration overcomes the
technological challenges that is limiting the p-i-n devices, and offers an alternative to the
complex triple junction devices.

6.4 Conclusion

The combination of the high gap 1.7eV a-Si:H and 1.1 eV pc-Si:H in the micromoprh
tandem cell is almost ideal. Nonetheless, many technical constraints have to be taken into
account to achieve high conversion efficiency cells and this is especially true for n-i-p
solar cells. Indeed, we showed that the degradation of the a-Si:H solar cell requires the
implementation of the IR concept. Furthermore, the pc-Si:H deposition flattens the
surface for the top cell deposition, which results in reduction of light scattering in the top
a-Si:H solar cell. Therefore, the AIR is one solution to restore the ideal texture for a-Si:H
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solar cell. By including this tool in our device, we were able to fabricate a micromorph
tandem cell with close to 10% stabilized efficiency on PEN plastic substrate.

134



Chapter 7: Final conclusion

Chapter 7: Final conclusion
Summary and perspectives

The aim of this work was to develop high efficiency thin film silicon devices, but taking
into account two constraints: one was to keep the compatibility with low T, substrates,
and the second was to concentrate on the thin film silicon materials a-Si:H and pc-Si:H
without the addition of Ge. Thereby, the accessible range of deposition temperatures
between 150 and 180°C is not ideal for the deposition of high quality silicon material,
and the accessible band gaps restrict the spectral management of the light inside the
devices. All devices considered here are grown in the n-i-p configuration for which less
experience was available in the laboratory compared to the standard p-i-n structures on
glass. In the following section, we summarize the major results and insights provided by
this work and show that, even taking into account the mentioned constraints, we achieve
efficiencies well within the range of state-of-the-art devices.

The light trapping scheme in a variety of configurations has been tested and the
interaction between front TCO and back contact could be clarified. Indeed, we
demonstrate that high J. can be achieved on random and on periodic substrates for both
a-Si:H and pc-Si:H. The conventional ZnO/Ag back contact deposited on a texture can be
replaced by a rough LP-CVD ZnO, which provides the template for the light trapping,
coupled with flat silver or white paint placed below the LP-CVD ZnO as back reflector.
This structure reduces the parasitic plasmonic absorptions observed for rough metallic
layers. We confirm the Ji. gain in using Ag instead of Al for textured substrate and the
importance of the ZnO layer in the back reflector. For a-Si:H, the morphology of the
substrate’s nanotexture is found more critical compared to the size of theses structures for
efficient light trapping inside the device. Indeed, the Ji. of a-Si:H cell is increased
relatively by 11% on a V-shape structure compared to a U-shape structure, whereas
almost no variation is observed when the feature size is varied from 250 nm to 1 um. We
show that a rough LP-CVD ZnO front contact improves for the light trapping compared
to flat ITO, but only when a thin a-Si:H cell is deposited on periodic substrates. In this
case, the relative gain in Jg is 7 % for the LP-CVD ZnO. For thick pc-Si absorber layers,
the ITO front contact is better and provides 4 % more Js. compared to LP-CVD ZnO.

The influence of the texture morphology on the device electrical parameters could be
quantified by the variation of the shape of the LP-CVD ZnO pyramids. V,. and FF losses
are correlated with nano-cracks observed by TEM and these effects seem universal for
both a-Si:H and pc-Si:H solar cells deposited on V-shape morphology (ideal for light
trapping). However, these effects can be mitigated by implementing additional layers and
processes. An amorphous n-SiC layer with a highly diluted buffer layer suppresses these
nano-cracks and therefore the V,. and FF losses. Hence, the efficiency of single junction
a-Si:H solar cells can be really increased by more than 20 % on textured substrate
compared to the flat case. For pc-Si:H solar cells, we show that an amorphous buffer
layer increases the efficiency of the cell by decreasing the numbers of cracks in the
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absorber material and decreasing the oxygen content in the layer. A pc-Si:H solar cell
with efficiency of an 9% is made for an only 1.2 um thick absorber layer.

The light trapping, V.. and FF issues are simultaneously addressed for micromorph
tandem cells. For that, we compare tandem cells without an intermediate reflector, with a
symmetric intermediate reflector (SIR) and with asymmetric intermediate reflector (AIR).
In particular, the innovative AIR solution allows the uncoupling of the light trapping and
the growth of the layers in the top a-Si:H and bottom pc-Si:H solar cells. With that, we
achieved stabilized micromorph tandem solar cells deposited on low T, flexible plastic
substrate with a 9.8 % efficiency.

The first results with triple junction a-Si/a-Si/uc-Si solar cells with AIR between the two
top and the bottom cell are promising. Indeed, 10.4 % initial efficiency is attained with
only 1 um thick pc-Si:H bottom cells.

In this thesis, we have focused on specific parts of the devices (emphasis on n-i interface,
light trapping, and role of substrate morphology). We therefore expect further
improvement when other aspects of the devices and interfaces are studied in more detail.
This concerns, especially the p-side of the device where better p-i interface, window
layers and improved ITO/p contact should be implemented to reach higher device
performances. We expect that by implementing better window- and p-layers in the a-Si:H
top cell that the stabilized efficiency on plastic substrates can be increased to up to 8.5 %
efficiency for single junction a-Si:H cells and above 12 % efficiency for micromorph
tandem cells, which would be higher than the currently best certified stabilized efficiency
reported on glass substrates (11.7%). As most of our findings are applicable to low T,
plastic, some of them could hopefully be implemented in production lines at some point,
thereby contributing to the target of lower productions costs.
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