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Summary:

This thesis is focused on microcrystalline silicon solar cells deposited by Very
High Frequency Plasma Enhanced Chemical Vapor Deposition (VHF PE-CVD)
technique. Microcrystalline silicon is a mixed material, composed of an amorphous
phase and of nanocrystalline grains: it exhibits a wide range of microstructures
depending on both the deposition conditions and the substrate material. Various
characterization techniques were used in this work as diagnostic tools for defective
solar cells, in our case solar cells presenting low fill factor values (FF).

A collection model, originally developed for amorphous silicon solar cells, has
been adapted to microcrystalline silicon solar cells, and the empirical relationships
established were compared to actual measurements on various solar cells (dilution
series, gas series and individual solar cells). An excellent correspondence between
the predictions and the measurements was thus shown, validating the capacity of
the tools employed in this work for solar cells diagnosis. In addition, an original
model has been developed for the calculation of the upper limits for the electrical
parameters of pin junctions, as a function of the material’s bandgap. We thus
demonstrated that large gains in short-circuit current density were still possible
with microcrystalline silicon solar cells.

Then, the stability of microcrystalline silicon solar cells under light-soaking and
proton irradiation was investigated by means of electrical, as well as sub-bandgap
absorption measurements. Amorphous silicon thin-film solar cells are known to
suffer from the Staebler-Wronski effect, which consists of a degradation of the
electrical parameters under illumination. This effect is completely reversible under
thermal annealing but it represents, nevertheless, a limiting factor regarding the use
of amorphous silicon in solar cells. The stability of microcrystalline silicon solar
cells, that are partly composed of amorphous silicon, was, thus, of very high
interest: we showed that microcrystalline silicon solar cells degrade, albeit in a
“softer” and slower way than amorphous silicon solar cells. We observed that the
amplitude of the light-induced degradation is a function of the crystallinity of the
sample: cells with a medium crystallinity (which are, with respect to conversion
efficiency, the optimum cells) present a relative efficiency reduction in the order of
5%.

Finally, the stability of pc-Si:H solar cells under high-energy and low-energy
proton irradiation was also studied: here, we showed that microcrystalline silicon
solar cells degrade and recover differently depending on the energy of the proton



radiation. A simple model is proposed for light-induced and proton-induced
degradation of microcrystalline silicon solar cells. In the case of light-soaking, we
conclude that the defects are situated at the surface of the nanocrystals, whereas, in
the case of protons irradiation, the defects are directly created within the
nanocrystals.



Mots clés:

Cellules solaires en couche mince, silicium microcristallin, techniques de
caractérisation, dégradation lumineuse, dégradation par protons, densité de défauts

Résumé:

Cette these traite des cellules solaires en silicium microcristallin déposées par la
technique du dépdt chimique en phase vapeur assisté par plasma a tres haute
fréquence (Very High Frequency Plasma Enhanced Chemical Vapor Deposition,
VHF PE-CVD). Le silicium microcristallin est un matériau composé d’une phase
amorphe et de nanocristaux: différentes microstructures existent selon les
conditions de fabrication et le type de matériau sur lequel la cellule solaire est
déposée. Diverses techniques de caractérisation ont été employées dans ce travail
comme outils de diagnostic pour des cellules solaires défectueuses, dans notre cas
des cellules solaires présentant de basses valeurs du facteur de forme (FF).

Un modele de collection, a l'origine développé pour les cellules solaire en
silicium amorphe, a été adapté pour les cellules solaires en silicium microcristallin,
et les relations établies de fagon empirique ont ét€ comparées aux mesures réalisées
sur diverses cellules solaires (série en dilution, série a cristallinité constante et des
cellules solaires individuelles) Une excellente adéquation entre les prédictions et
les mesures a ainsi ét¢ démontrée, mettant en évidence le pouvoir des outils de
diagnostic développés et employés dans ce travail. En outre, un modele original a
été développé pour le calcul des limites supérieures des parametres électriques des
jonctions pin, en fonction de la bande d’énergie interdite du matériau. Nous avons
ainsi mis en évidence que de larges gains en courant étaient encore possibles avec
les cellules solaires en silicium microcristallin.

Ensuite, la stabilité des cellules solaire en silicium microcristallin sous
illumination et faisceau de protons a été étudiée au moyen de mesures électriques et
optiques (absorption). Les cellules solaires en couche mince de silicium amorphe
sont connues pour souffrir de 1'effet de Staebler-Wronski, qui correspond a une
dégradation des parametres électriques sous illumination. Cet effet est entierement
réversible sous recuits thermiques mais il représente, néanmoins, un facteur
limitant concernant 1'utilisation du silicium amorphe pour les cellules solaires. La
stabilité des cellules solaires en silicium microcristallin, qui se composent en partie
de silicium amorphe, était ainsi un sujet de haute importance: nous avons montré
que les cellules solaires microcristallines dégradent, mais de facon plus lente et
moindre que celles en silicium amorphe. Nous avons observé que I'amplitude de la
dégradation induite par la lumiere dépend de la cristallinité de 1’échantillon: les
cellules solaires avec une cristallinité moyenne (qui présentent l'efficacité de



conversion la plus élevée) présentent une perte relative en efficacité de 1'ordre de
5%.

Finalement, la stabilité des cellules solaires microcristallines sous irradiation de
protons d’énergie haute et basse a également été étudiée: ici, nous avons prouvé
que les cellules solaires en silicium microcristallin dégradent et récuperent
différemment selon I'énergie du faisceau de proton. Un modele simple est proposé
pour la dégradation des cellules solaires microcristallines, telle qu’induite par
I’exposition a la lumiere et aux protons de basse et haute énergie. Dans le cas de la
dégradation lumineuse, nous concluons que les défauts créés se situent a la surface
des nanocristaux, tandis que dans le cas de I’irradiation par protons les défauts sont
créés a I’'intérieur méme des nanocristaux.
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1. Introduction

1.1 Motivation

Solar energy can be divided into two categories: thermal energy and
photovoltaic (PV) energy, which is the direct conversion of light into electricity.
The history of photovoltaic energy started in 1839 when A.-E. Becquerel
discovered the photovoltaic effect. In 1954, Chapin et al. announced the first
“usable” solar cell, based on silicon, which had about 6% conversion efficiency [1].
Nowadays, PV market is largely dominated by the monocrystalline silicon (c-Si)
and the polycrystalline silicon (poly-Si) technologies, that reach laboratory
conversion efficiencies around 25%. However, thin-film silicon constitutes one of
the most promising ways for low-cost photovoltaic solar cells and modules. Indeed,
in silicon thin-film technology, only a very thin layer of silicon is used (the
photoactive layer thickness is only about 1.5 um). Compared to this, wafer-based
technology (c-Si and poly-Si) requires silicon thicknesses of hundreds of
micrometers.

Thus, even if research cells show current record conversion efficiencies only
between 10 and 15%, thin-film technology implies a substantial potential for cost
reduction due to cheap deposition processes, compatible with large area and mass
production, as well as a large choice of rigid or flexible substrates (glass, metal,
plastic, etc). In addition, silicon thin-film technology requires far less fabrication
energy than wafer-based technology: the energy payback time of thin film silicon
modules is, therefore, consequently reduced.

Thin-film silicon solar cells are either amorphous or microcrystalline.
Hydrogenated microcrystalline silicon (uc-Si:H) was introduced in 1968 [2] and
the first pc-Si:H solar cells were deposited in our group, at the Institute of
Microtechnology of Neuchatel (IMT), by J. Meier et al. in 1994 [3]. In the IMT
laboratory, amorphous and microcrystalline silicon are deposited by very-high
frequency (VHF) plasma enhanced chemical vapor deposition (PECVD), from a
gas mixture of silane (SiH4) and hydrogen (H,). The microstructure of the resulting
thin-film layers and solar cells strongly depends on the silane concentration (SC),
wich is defined as the gas flow ratio SC=[SiH,]/[S1H4+H,] as used for deposition of
the photoactive layer (intrinsic layer) [4-5]. At high SC, mostly amorphous material
i1s fabricated, whereas a low SC (i.e. a high H, gas flow) leads to highly
microcrystalline  growth. The “transistion” from fully amorphous to
microcrystalline growth is sharp: variation of silane concentration by 1% around
the transistion leads to the occurrence of either amorphous or microcrystalline
microstructure [6]

It was reported that single-junction pc-Si:H solar cells with the highest
efficiencies are those deposited with silane concentration close to the



microcrystalline/amorphous transition [7]. Nowadays, Hc-Si:H solar cells are
fabricated in different laboratories, with electrical conversion efficiencies in the
order of 9 to 10 % [8, 9]. The best uc-Si:H solar cells present fill factor values up to
74% [9]; such values are very close to the theoretical upper limit we will establish
in Chapter 3 for the pin diodes. Nevertheless, for a long time, fill factor values were
limited to values up to 70%. The chapter 4 will, thus, treat in detail the
technological reasons that can actually limit the fill factor: high recombination in
the intrinsic layer, low shunt resistance, as well as high series resistance are all the
three hold responsible for those relatively low values of FF in single-junction
microcristalline silicon solar cells.

The issue of whether microcrystalline silicon is stable under light-soaking is
also a main part of the present thesis and an issue of high interst that will be treated
in Chapter 5, whereas stability under high and low-energy proton irradiation will be
considered in Chapter 6. Finally, all three types of degradation will be compared
and simple models will be suggested for light-induced and proton-induced
degradation mechanisms.

1.2 Amorphous silicon (a-Si:H)

Amorphous silicon (a-Si:H) is composed of silicon atoms which are spatially
arranged on a lattice that presents only short range order (i.e. the lattice is not really
random). Compared to crystalline silicon (c-Si), the average bond angles between
neighboring atoms are distorted, as schematically shown in Fig. 1.1. Some bonds
are even broken and result in so-called “dangling bonds”. Nevertheless, the
presence of hydrogen during the deposition of (hydrogenated) amorphous silicon
leads to the passivation of a large part of these dangling bonds.
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Figure 1.1. Lattice of (a) crystalline silicon (FCC, diamond-like lattice), (b)

hydrogenated amorphous silicon, with Si-Si and Si-H bonds, as well as dangling
bonds.



The two main deviations of the lattice of a-Si:H — bond distortion and dangling
bonds — as compared to the translation invariant crystalline lattice of c-Si, lead to
an electronic band structure with localized states within the (mobility) bandgap, see
Fig. 1.2. The bond distortion results in bandtails near the valence and conduction
bands: in these bandtails, the electrons’ (or holes’) wavefunctions are spatially
localized and do not participate directly in the electronic transport. The (non-
passivated) dangling bonds create deep, highly localized, electronic states near the
middle of the bandgap. These defects, that act as the main recombination centers in
a-Si:H, can either be positively charged (i.e. unoccupied, D*), neutral (i.e. occupied
by one electron, D’) or negatively charged (i.e. occupied by two electrons, D"). The
dangling bonds act as recombination centers for the free electrons and holes, and
lead to two recombination paths: one over DD and one over D*/D°.

Ener
A ay
Conduction band
= nductionband mohility edge I
conduction bandtail
DD mobility
i dangling bonds
D*/D° ¢e bandgap
valence bandtail
Ev mobility edge Y
Valence band \\ log N(E)
—

Figure 1.2. Density of states N(E) for intrinsic a-Si:H. Within the mobility bandgap
(delimited by E. and Ey), the states are localized (dangling bonds and bandtails).

Amorphous silicon (and microcrystalline silicon as well) is, thus, a very
defective material with carriers' diffusion lengths so low that it must be used in pin
(or nip) configuration. The pin (nip) configuration is composed of a p-doped layer,
an intrinsic (i-) layer and a n-doped layer. The n and p layers are doped by adding,
during the deposition process, phosophine (PH3) or diborane (B,Hg) to the silane
gas. The thickness of the doped layers is in the order of 20-30 nm, whereas the
thickness of the intrinsic layer is of 0.3 to 0.5 pm for a-Si:H, 1 to 2 um for pc-Si:H.

The thin-film solar cell is then obtained by contacting the pin junction with a
front transparent conductive oxide (TCO) and a back conductive contact (either a
TCO layer and/or a metallic contact), as presented in Fig 1.3. Since the mobility of
the electrons is larger than that of the holes in a-Si:H and pc-Si:H, light should
always enter from the p-layer side: pin cells must, thus, be deposited on transparent
substrates whereas nip cells can be deposited on opaque substrates, too.

The most often used transparent conductive oxide in IMT laboratory is Zinc



Oxide (Zn0O), obtained by low-pressure chemical vapor deposition (LP-CVD) [10].
LP-CVD ZnO is a rough substrate and, thus, an effective light diffuser that
enhances light-trapping within the solar cell. Another kind of TCO used in the
samples presented in this thesis is sputtered-etched ZnO [8]. The roughness of the
7Zn0 is, in this case, obtained by chemical etch of the (as deposited flat) sputtered
Zn0.

back contact

TCO

glass

light
Figure 1.3. Scheme of a typical pin structure, as used for a-Si:H and pc-Si:H
single-junction thin film solar cells. The front contact is a transparent conductive
oxide (TCO); the back conductive contact is either a TCO layer and/or a metallic
contact. In case of a nip structure, it is the n layer that is deposited on top of the
substrate, here glass. In the nip configuration light enters the device from the top,
last deposited, p-layer.

Due to low temperature PECVD deposition process (~200°C), various types of
substrates can be used: rigid (such as glass) or flexible (such as diverse forms of
plastics, included PET for example). The main deposition parameters used to obtain
amorphous or microcrystalline silicon with the PECVD deposition technology are:
(a) the plasma excitation frequency, (b) the power injected into the plasma, and (c)
the silane concentration. Nevertheless, it should be mentioned that many other
parameters, such as temperature, pressure, chamber and electrode geometries, or
the substrate itself, can modify the amorphous/microcrystalline growth mode [11].

Transition from amorphous to microcrystalline silicon is obtained in the region
of the deposition parameters' space where the plasma frequency or the power are
high, or for low silane concentration (higher hydrogen content). A review of the
VHF-PECVD technique for the deposition of a-Si:H and pc-Si:H solar cells is
presented in [12].

Nowadays, the major drawback for commercial use of amorphous silicon is its
degradation under light-soaking, called the Staebler-Wronski effect [13]. This



degradation effect will be discussed in detail in Chapter 5, in the case of puc-Si:H.
Another weakness of present, commercially produced, a-Si:H thin film solar
modules is their relatively low conversion efficiency, in the order of 6.5% [14]. In
comparison, crystalline (c-Si) or polycrystalline (poly-Si) silicon modules show, in
practice, values between 10% to 15% [15].

However, a-Si:H can be advantageously combined with pc-Si:H to form
“micromorph” tandem solar cells. A "micromorph" tandem consists of a top
(through which light enters first) a-Si:H cell, deposited on a bottom pc-Si:H cell.
Compared to amorphous silicon, microcrystalline silicon absorbs light within a
wider spectral range, as can be seen in Fig 1.4. This difference in the range of
absorption of a-Si:H and pc-Si:H is due to different bandgap energy values E,: the
bandgap of a-Si:H is equal to 1.75 eV, while the bandgap of uc-Si:H is lower with
1.1 eV (similar to crystalline silicon (c-S1)).

Nevertheless, within its range of absorption, the absolute value of the absorption
coefficient of a-Si:H (non-direct gap) is higher than that of uc-Si:H (indirect gap).
Therefore, such a combination of materials takes advantage of a larger part of the
solar spectrum (as compared to single-junction cells) and the tandem (double-
junction) solar cell conversion efficiency is consequently increased, with up to
13.4% for mini-modules (910 x 455 mm®), as demonstrated by Kaneka Corp.
(initial efficiency, with interlayer) [16]. Kaneka Corp. also exhibits initial
efficiencies up to 15.1% with triple-junction modules [16]. A part of Chapter 3 is
focused on the theoretical treatment of such “micromorph” tandem with the
establishment of an upper limit for the conversion efficiency.
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Figure 1.4. Spectral distribution of the AM 1.5 solar spectrum incident on the
earth's surface. The spectral range absorbed by a-Si:H and pc-Si:H is indicated.

Chapters 2 and 4 describe experimental characterization techniques that allow
one to investigate the origin of losses in the electrical parameters of actual defective
devices.



1.3 Microcrystalline silicon (uc-Si:H)

Microcrystalline silicon is a complex material that is composed of crystalline
and amorphous silicon phases, plus grain boundaries, see Fig. 1.5. We know, from
previous studies by Transmission Electron Microscopy (TEM), that pc-Si:H
exhibits a wide range of microstructure, depending on the silane concentration used
for the deposition (a larger amount of hydrogen leads to a more crystalline material
[6]), and the substrate roughness [11]. Grain boundaries between large
conglomerates of nanocrystals, as well as the nanocrystals' surface itself, are source
of defects, although the high content of hydrogen, as incorporated in the pc-Si:H
material during its deposition, passivates most of the dangling bonds present [17].
In addition, cracks and voids have been observed, that may easily lead to electrical
shunts with a consequent reduction in the fill factor of the solar cells. The effect of
shunts on the fill factor will be quantified in Chapter 4.

Substrate

Figure 1.5 from [18] Scheme of a pc-Si:H layer microstructure: pencil-like
conglomerates (A) formed by a multitude of nanocrystals () (in black), plus voids
represented by the narrow lines; in grey the amorphous phase.

It will be confirmed in the present thesis, that the solar cells with the highest
efficiencies are those with a medium average crystallinity; i.e. in these cells, only
half of the material's volume is crystalline, the rest is amorphous. Due to this rather
high fraction of amorphous material, the question of whether these “best” cells are,
or not, subject to light-induced degradation is of great importance. This issue will
be treated in detail in Chapter 5, where we will demonstrate that pc-Si:H solar cells
are indeed subject to light-induced degradation, but in a “softer” and slower way
than a-Si:H solar cells. We will introduce a simple model where we suggest that
light-induced defects are linked to the passivation of nanocrystals by the
amorphous phase (i.e. linked to the grain boundaries as present inside the
conglomerates). The degradation observed in pc-Si:H is completely reversible
under thermal annealing, similarly to that in a-Si:H.



Due to its very complex microstructure, we don't have, as yet, a clear picture of
the electronic density of states of uc-Si:H. Nevertheless, we expect the distribution
of density of states to be very similar to that of a-Si:H, with a lower bandgap
(1.1 eV) and narrower bandtails. In the present thesis, we will evaluate the defect
density of the intrinsic layer of our pc-Si:H solar cells from sub-bandgap
absorption measurements. Indeed, the absorption value at 0.8 eV (0(0.8 eV)) is
assumed to be proportional to the defect density in the pc-Si:H intrinsic layer [19].
We will give further experimental evidences (see Chapters 5 and 6) that support
this assumption.

1.4 Outline of the thesis

Besides this introduction chapter, the present thesis contains the following
chapters:

e Chapter 2 summarizes the experimental techniques that were used to
characterize the puc-Si:H solar cells used in this work: J(V) curves under AM 1.5
illumination and External quantum efficiency (EQE) measurements were used
to evaluate the electrical device parameters. Micro-Raman spectroscopy was
used for the evaluation of the amorphous and crystalline volume fractions (i.e.
for the evaluation of the crystallinity) of the intrinsic layer in the puc-Si:H solar
cells, and Fourier-Transform Photocurrent Spectroscopy (FTPS) was used to
measure sub-bandgap absorption, which gives information about the defect
density in the intrinsic layer.

e Chapter 3 concerns the theory of pn and pin junctions and the calculations of
upper limits for the electrical parameters (Js., V., FF, ) of single-junction solar
cells, as a function of the material's bandgap energy. Three different models will
be considered for the calculation of these limits, two based on the pn junction
theory and experimental observations, and one original model established in this
thesis for pin junctions. We will show that the largest gains still to be achieved
regarding present [c-Si:H solar cells can be made on the short-circuit current
density. The upper limits for conversion efficiency of tandem (double-junction)
solar cells will also be calculated as a function of the materials' bandgap
energies. It will be, thus, demonstrated that the ‘“micromorph” tandem,
composed of an a-Si:H solar cell deposited on top of a puc-Si:H solar cell, indeed
represents an optimum combination of materials.

e Chapter 4 is focused on the application of various characterization techniques as
tools for quantitative diagnostic of problematic solar cells, in our case solar cells
presenting low fill factor values. We will demonstrate that J(V) measurements at
variable illumination (i.e. VIM technique) allows the separation of the effects of
(a) an increase of recombination (i.e. a decrease of the active material's
“quality”), (b) a low shunt resistance and (c) a high series resistance, on the



reduction of the fill factor with respect to an ideal (theoretical) FF value. A
collection model, originally developed for a-Si:H solar cells, will be adapted to
uc-Si:H solar cells, and the empirical relationships established compared to
actual measurements on various solar cells (dilution series, gas series and
individual solar cells).

e The stability of pc-Si:H solar cells under light-soaking will be studied in detail
in Chapter 5: we will show that pc-Si:H solar cells degrade, albeit in a “softer”
and slower way than a-Si:H. The light-induced degradation in pc-Si:H is,
similarly to that in a-Si:H, completely reversible under thermal annealing. We
observe that the amplitude of the light-induced degradation is a function of the
crystallinity ¢. of the sample: cells with ¢. ~ 50% (which are, with respect to
conversion efficiency, the optimum cells) present a relative efficiency reduction
in the order of 5%. It will be shown that light-induced degradation is consequent
to an increase of recombination in the intrinsic layer, revealed by an increase of
the defect-related absorption 0u(0.8 eV) and a reduction of the collection voltage
of the device. Fill factor is the parameter that shows the largest light-induced
decrease: we show that its relative loss can be well quantified by the reduction
in the collection voltage of the solar cell. A simple model is proposed for light-
induced degradation, where we assume that light-induced defects, created in the
amorphous phase, somehow dispersively diffuse to the nanocrystals' surface,
where they deteriorate passivation (by the amorphous phase) and electrical
transport properties.

e Chapter 6 deals with the stability of pc-Si:H solar cells under high-energy and
low-energy proton irradiation. We will show that puc-Si:H solar cells degrade
and recover differently depending on the energy of the proton radiation. In the
case of protons of high energy, the degradation is completely reversible under
thermal annealing, whereas with low-energy proton irradiation, permanent
damage is created. Indeed, the low-energy protons (H") are implanted within the
intrinsic layer, instead of merely crossing it. The amplitude of the degradation is
observed, similarly to light-induced degradation, to depend on the crystallinity
of the photoactive layer of the device. But, in the case of proton radiation, the
solar cells with the highest crystallinity are those showing the largest
degradation. We suggest a simple model for low and high-energy degradation,
where the defect creation within the crystalline phase is, this time, responsible
for the degradation.

e Chapter 7 will be the last chapter, containing overall conclusions as well as a
discussion about the three types of degradation studied in this work and the
corresponding models presented.



2. Characterization techniques

2.1 Current density -voltage J(V) measurement

Current density-voltage J(V) measurement is a fundamental -electrical
characterization technique used for solar cells' performance evaluation. It is carried
out, in our laboratory, with a WACOM sun simulator, which spectrum is close to
the AM 1.5 solar spectrum, and which intensity is equal to 100 mW/cm’.
Generally, J(V) curves are measured on several individual solar cells (typical size:
5 x 5 mm) which are structured either by lift-off (see [20]) or laser scribing on a
4 cm x 4 cm substrate. Values given in this work for the electrical device
parameters are average values generally measured on 4-5 individual solar cells.

A typical J(V) curve of a solar cell is shown in Fig 2.1:
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Maximum power point
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Fig. 2.1. Typical current density-voltage J(V) curve of a microcrystalline silicon
solar cell under illumination. The open-circuit voltage (V) and the short-circuit
current density (J,.) are indicated, as well as the maximum power point
corresponding to the maximum current density Jypp and maximum voltage Vpp.

The open-circuit voltage V,. is measured when no current flows through the
solar cell, whereas the short-circuit current density J. 1s measured when the voltage
is equal to zero. The fill factor FF is defined as:

FF = sser Ve (2.1)
Jsc V

oc

where Jypp and Vypp are the current density and voltage corresponding to the
maximum power produced by the solar cell.

V.. and FF are evaluated from J(V) measurements, whereas Jy. is usually



established from external quantum efficiency measurements (see § 2.2), for 2
reasons: (a) the active area of the solar cell, which is necessary to determine the
current density, is not always well defined, and (b) the spectrum produced by the
sun simulator does not exactly correspond to AM 1.5.

The efficiency of the solar cell n is the ratio of the maximum power over the
incident light power (Piign):

Joor 'V

MPP

J,V, FF
= (2.2);

light light

MPP

77:

AM 1.5 spectrum corresponds to Pjigy = 100 mW/cm?® or 1000 W/m?.

J(V) measurements can also be performed in the dark or with variable
illumination intensities; the techniques are then called “Dark J(V)” and “VIM”.
Both techniques will be detailed in Chapter 4.

2.2 External quantum efficiency measurement

External quantum efficiency (EQE) is a measure of the probability for an
incident photon at a given wavelength to create an electron/hole pair that will
contribute to the external current density of the solar cell. It includes the probability
for the photon to be absorbed in the device (i.e. it includes optical reflection losses),
and, also, the probability for the photogenerated carriers to reach the external
contacts without recombining.

The measurement can be performed under a voltage bias in order to
superimpose an external electrical field to the internal field of the solar cell.
Experimentally, the solar cell is illuminated with a chopped light beam crossing a
monochromator. The solar cell current density J(Epnowon) 1S measured and divided by
the product of the elementary charge q and the incident flux of photons ¢ (as
determined with a calibrated reference detector, which quantum efficiency is
known):

EQE _ J(Ephatan) (2 3)
q¢(Eph0t0n) .
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2.3 Micro-Raman spectroscopy

Micro-Raman spectroscopy is a characterization technique used to evaluate the
average crystalline volume fraction (i.e. the crystallinity) of the microcrystalline
intrinsic layers present in our solar cells. Raman scattered light can either be:

1. Elastically scattered (Rayleigh scattering): the scattered light has the same
wavelength (frequency) that the incident light; this scattering mode is largely
predominant.

2. Inelastically scattered (Raman scattering): the scattered light has a different
wavelength (frequency) than the incident light; this scattering mode only
represents a very small fraction (107 — 107) of the total scattered light.

The Raman effect results from the interaction of vibrational and/or rotational
modes of molecules (or atoms in a crystal) with the electromagnetic radiation, i.e.
of photons-phonons interactions. In a solid, the incident photons interact with the
atomic lattice of the material in such a way that energy is either gained or lost, so
that the scattered photons are shifted in frequency. The difference in energy
between the incoming and outgoing photons corresponds to the energy of
vibrations (phonons for a crystal) of the probed material. The frequency shift is,
thus, characteristic of the phonon distribution in the material. In our case, Micro-
Raman spectroscopy is used to measure the relative amount of amorphous and
crystalline phases in our microcrystalline material.

Practically, the incident light is either an Argon laser (Ar, A = 514 nm) or a
Helium Neon laser (HeNe, A = 633 nm), which beam is focused through a
microscope on the sample’s surface. The penetration depth is given by 1/(2at), with
o the absorption coefficient of the material at the wavelength considered. In the
case of uc-Si:H, 514 nm and 633 nm correspond to penetration depths in the order
of around 50 nm and 500 nm, resp. Thus, Ar laser is used to probe the (p/i and i/n)
interfaces mainly, whereas HeNe laser is used to evaluate the average crystalinity
through the total intrinsic layer thickness.

A Raman spectrum is the plot of the intensity of the Raman scattered light as a
function of the scattered light wavenumber, expressed in absolute shift (cm™)
relatively to the excitation's laser wavelength, see the example of Fig. 2.2.
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Figure 2.2 Typical Raman spectrum of a pc-Si:H solar cells, with a Raman
crystallinity factor ¢, (see below) equal to ~ 50%. The dotted lines represent the 3
gaussian peaks used to fit the spectrum: one centered at 480 cm™, one centered at
~510 cm™ and one centered at ~520 cm’.

The Raman spectra is fitted with 3 gaussian peaks: one at 480 cm™', typical of
amorphous silicon; one at ~510 cm™ attributed to crystallites with sizes in the order
of 5 to 10 nm; the third peak, at ~ 520 cm’l, corresponds to “bulk™ crystalline
silicon (c-Si). The Raman crystallinity factor ¢. is then evaluated from the
integrated areas of the peaks (I) using the following relationship:

1510 +1520 (2 4)

Y

480 510 520

P,

The Raman crystallinity factor is, thus, calculated for the top and the bottom
sides of the solar cell; the average Raman crystallinity factor is then calculated as
the average value of that of the top and of the bottom. The (average) 0. gives an
approximate value (£ 20% relative error, depending on ¢.) for the crystalline
volume fraction of the intrinsic layer [21].

More details about Micro-Raman Spectroscopy and practical conditions of
measurement (set-up, laser beam power, etc.) can be found in [18].
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2.4 Fourier-Transform Photocurrent Spectroscopy (FTPS)

The absorption spectrum of intrinsic layers has been used for years to monitor
the quality of amorphous silicon by assessing the residual absorption below
bandgap, with sensitive techniques such as photothermal deflection spectroscopy
(PDS) [22] or constant photocurrent method (CPM) [23]; the Fourier-Transform
Photocurrent Spectroscopy (FTPS) method has been derived from CPM.

Unlike PDS, CPM and FTPS can be applied to intrinsic layer characterization
within working devices/solar cells. All 3 techniques allow the evaluation of: the
optical gap, the Urbach slope (which is a measure of bandtails disorder) and the
defect-related absorption, which, in amorphous silicon, is known to be proportional
to dangling bond density. The typical absorption spectra of crystalline silicon
(c-Si1), amorphous silicon (a-Si:H) and pc-Si:H are shown in Fig. 2.3:
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Figure 2.3 from ref [11]. Absorption spectra of crystalline, amorphous and
microcrystalline silicon, as measured from CPM. The penetration depth, i.e. the
inverse of the absorption coefficient @, is plotted on the right axis.

In the region just below the gap (1.1 eV for puc-Si:H, 1.75 eV for a-Si:H) the
absorption coefficient stems from optical transition involving band tail states. The
absorption in that region increases exponentially with the photon energy, forming
the so-called Urbach tail.
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It 1s characterized by the exponential slope E, of the absorption spectrum and
determined by fitting the absorption curve using the following formula:

E
a=a, -e/E" (2.5),
where 0 is the exponential pre-factor.

In amorphous silicon the Urbach tail roughly extends from 1.5 to 1.7 eV and its
slope is characterized by an Urbach parameter E, with a value between 40 and 60
meV. E; can be related to material disorder [24]. The value of E, generally depends
on the temperature, however, in the case of a-Si:H, the disorder is mostly static and
relates to strained bounds. Note that the Urbach tail also exists in crystalline silicon
(a typical value of Ey = 9.6 meV was reported in [25] for room temperature
measurement).

Fourier-Transform Photocurrent Spectroscopy has been developed by M.
Vanecek et al., based on Fourier-Transform Infrared (FTIR) spectroscopy [19, 26].)
FTPS provides measurements of the absorptance spectrum of silicon-based thin-
films over 6 orders of magnitude, in the sub-bandgap region as well as above it.
The set-up of FTPS measurement is presented in Fig. 2.4.:

filter ... IOITOry
KBr window 1 [I eaee

FTIR % -
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current
preamplifier

A/D convertor
and interface

Figure 2.4 from ref [26]. Set-up of FTPS measurement.

Inside the FTIR spectrometer (not shown here), the beam from a light source
(either halogen lamp or glow-bar) is directed through a variable aperture. Then, it
enters a Michelson Interferometer equipped with one fixed and one movable mirror
that constantly moves back and forth along a rail. The position of the movable
mirror is recorded by counting the number of interference fringes from a helium-
neon laser beam that follows the same path as the main beam in the interferometer.
The main beam is recomposed with a beam splitter and externally focused on the
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sample. The sample works here as a detector, either in a coplanar contact
configuration, or transverse configuration (photovoltaic mode). A voltage bias can
applied between the contacts, in order to extract the photocurrent or to bias the
solar cell. The photocurrent is then pre-amplified and sent back to the spectrometer
through an A/D converter.

The absorbance spectrum of interest (roughly from 0.6 eV to 2 eV) extends over
at least 6 orders of magnitude; however, current amplifiers have a dynamic range of
“only” approximately 3 orders of magnitude for a given sensitivity. The technical
solution is, thus, to decompose the light spectrum into 2 spectral regions. For such
purpose, two optical filters are placed on the beam path: a red (so-called KC14)
filter used to measure the spectrum for the measurement range between 2 and 1.2
eV and a Smm-thick Si wafer coated with antireflection layer for that between 1.2
and 0.6 eV. The two FTPS spectra obtained are then put together to form the whole
FTPS spectrum from 0.6 eV up to 2eV.

The FTPS spectrum obtained is proportional to the absorptance of the sample,
which is equal to the absorption coefficient o for ad < 0.1 (with d the intrinsic
layer thickness). This condition is fulfilled here for photon energies below 1.4 eV.
In order to get comparable absorption spectra, the FTPS spectrum must, then, be
calibrated; here, they were calibrated at 1.35 eV, by setting the absorption
coefficient of the uc-Si:H cells to the value of crystalline silicon. In this thesis, we
will assume that the absorption value at 0.8 eV is proportional to the defect density
of the pc-Si:H intrinsic layer, as indicated from comparison of sub-bandgap
absorption and Electron Spin Resonance (ESR) measurements [19]. In a-Si:H, it is
the absorption value at 1.2 eV which is considered to be proportional to the bulk
defect density. In the case of pc-Si:H, o(1.2 eV) corresponds to band-to-band
absorption of silicon nanocrystals, see Fig 2.4.

With the calibration procedure chosen, defect-related absorption o(0.8 eV) is
assumed to originate only from defects within the crystalline phase [27] or at the
surface of the nanocrystals. Still, we cannot exclude that some part of the
absorption signal at 0.8 eV is due to the amorphous phase; this issue still need to be
investigated. Furthermore, it must be mentioned that comparable absorption spectra
in this work have been established and measured on devices with similar rough
TCO (transparent conductive oxide), i.e. with rough interfaces. The calibration
method proposed here is not validated for comparison of i-layer material quality in
cells deposited on TCOQO's with varying roughness or change in free carrier
absorption (FCA).
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Figure 2.4 Fourier-transform photocurrent spectroscopy (FTPS) spectra for the
initial and degraded states of a nip solar cell, where the intrinsic layer has an
(average) Raman crystallinity factor ¢. = 25%. The FTPS spectra are calibrated at
1.35 eV on the value of the absorption coefficient of crystalline silicon (c-Si).
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3. Theoretical limits for the main parameters of single-
junction and tandem solar cells as a function of bandgap
energy

3.1 Introduction

As mentioned in Chapter 1, thin-film silicon single-junction and tandem solar
cells constitute one of the most promising options for further decreasing the
fabrications costs of solar cells. However, the conversion efficiency of thin-film
silicon solar cells remains relatively low when compared to that of wafer-based
crystalline silicon (c-Si) solar cells, or even other forms of thin-film solar cells,
such as CIGS and CdTe solar cells. The conversion efficiency is a measure of the
generation, and potential recombination, of the electron-hole pairs created by
photon absorption. It is limited by basic physical considerations, such as the type of
semiconductor used and its range of absorption, defined by the bandgap energy:
photons with an energy lower than the bandgap are negligibly absorbed.

Another source of efficiency limitation in solar cells is the thermalization of
electrons and holes: an electron-hole pair created by a highly energetic photon
quickly thermalizes, i.e. relaxes back to the edges of the carrier bands; the excess
energy is dissipated as heat. Thus, even though the photon’s energy is much larger
than the bandgap, only one single electron-hole pair is generated. The maximum
achievable efficiency is, thus, limited to about 44% of the whole solar spectra [28].

Further physical and technical restrictions exist that confine the efficiency to
values well below the theoretical “ideal” limit: one typical example is the increased
recombination rate of electron-hole pairs due to bandgap states as present in
amorphous (a-Si:H) and microcrystalline (pc-Si:H) silicon. Moreover, actual solar
cells are in general too thin to absorb all the “useful” photons with energies above
bandgap; light-trapping techniques are, thus, necessary to increase the light path
and the photon absorption probability. These techniques are, however, not fully
effective as yet.

In this chapter, fundamental limits for short-circuit current density (Js.), open-
circuit voltage (V), fill factor (FF) and efficiency (1) as a function of the bandgap
(E,) will be presented for a-Si:H and pc-Si:H single-junction and tandem solar
cells. These basic limitations are established from thermodynamical considerations
on radiative recombination, semi-empirical considerations based on the classical pn
diode equation and an original coarse model established for pin diodes.

The limits obtained will be discussed in relation to actual experimental values of
Jse, Voo, FF and n for a-Si:H and pe-Si:H: it will, thus, be confirmed that for single-
junction solar cells, major efficiency gains should be achieved by increasing the
short-circuit current density through better light-trapping. Concerning tandem solar
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cells the pair of materials “amorphous/microcrystalline silicon” is confirmed to be
the optimal combination.

3.2 Pn junction

3.2.1 Ideal pn junction

The dark current density for a pn junction is given by:

qV
J,  =J lexpl — |—1
dark 0|: p(kT] } (3.1),

where J, is the reverse saturation current density, V the voltage, q the elementary
charge, k the Boltzmann constant and T the absolute temperature.

The detailed derivation of this expression will not be given here; it can, for
example, be found in [29, 30].

For a pn diode without surface recombination, the reverse saturation current
represents the diffusion current of minority carriers generated in the neutral
regions; it is expressed by:

D D > [D
Jo=qnt 2 TN T e N OSSN, (3.2),
LN, LN, N,\rz,

where D, and D,, are the diffusion constant of the electrons and holes resp., L, and
L, the diffusion lengths, n; the intrinsic carrier density, N and Np, the acceptors and
donors density and T, lifetime of the holes.

J, values in the order of 10"? A/cm® are, thus, obtained for crystalline silicon
(c-Si) [31]. Such values correspond, according to equ (3.1), to dark (diffusion)
current densities J 4,4 between 5-10"" A/em? and 5-10* A/em? for forward voltages
between 0.1 and 0.5 V (T =293 °K).

In the calculation for the ideal diode, generation and recombination currents are
considered to be negligible in the depletion region. In reality, this is not true and
generation/recombination processes that take place in the depletion region also
contribute to the dark current. Under forward bias, both the concentrations of holes
and electrons exceed the equilibrium values; the net recombination rate is
maximum in the depletion region where the intrinsic Fermi level E; is halfway
between the quasi-Fermi levels Eg, and Eg,. This is the case in the middle of the
depletion layer, as can be seen in Fig. 3.1 (b):
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Figure 3.1. (a) Schematic cross-section and (b) energy band diagram of a pn
junction under forward bias, as published in [30]: W is the depletion region width
and L, and L, are the diffusion lengths of electrons and holes, respectively.

The recombination current density is established by integrating the net
recombination rate over the whole depletion region; it is given by [30]:

qWn, qV
J = exp| —— 3.3),
2T, p( 2ij (3-3)

where W is the depletion region width and 7, is the effective recombination lifetime
given by 1/ov, N,, with 6y=0, = G, the electron (hole) capture cross section, vy,
the thermal velocity and N, the concentration of recombination centres.

This expression is obtained by assuming that the net recombination current is
maximum over the total depletion region: this assumption is false, but necessary to
obtain an analytical expression for J.. (see for example [32]). Considering equ.
(3.3), as well as taking into account characteristic parameters values for c-Si, one
obtains for the current density J... values between 10° A/em?* and 10° A/crnz, for
forward voltages between 0 and 0.5 V (T= 293 °K).

The total forward dark current density can finally be expressed by the sum of

the diffusion current density, as given in equ. (3.1), and the recombination current
density of equ. (3.3) (for V > 3kT):

> |D 1% Wn, %
J oy = kil et exp(q J+ 7%, exp[ A )»«exp(q—j (3.4),
N,\7, kT 27, 2kT nkT

with n defined as the ideality factor: n=1 when the diffusion current dominates and
n=2 when the recombination current dominates. When both currents are of
comparable magnitudes, n is between 1 and 2.

This result is different from the one obtained for reverse bias: in this case, at
room temperature, the dark current contribution due to thermal generation from the
depletion layer is larger than the diffusion current, see e.g. [31]. Under forward
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bias, the predominance of one current over the other one depends on the voltage
applied, as can be seen in Fig. 3.2 where experimental results on silicon and GaAs
pn diodes are reproduced:

10-1

10073

40-7 -
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0O 02 04 06 08 10 12

VeiV)

Figure 3.2 from ref [30]. Forward current-voltage characteristics of silicon and
GaAs pn diodes at 300 °K: n represents the ideality factor, as introduced in equ.
(3.4)

According to Fig. 3.1, this observation can be explained by considering that, for
increased forward bias, both (a) the electrostatic potential across the depletion
region, and (b) the width of the depletion region, decrease. Indeed, (a) results in an
increase of the diffusion current in comparison to the drift current, whereas (b)
results in a reduction of the generation (recombination) current. This corresponds to
values of n tending towards 1 for high forward bias.

Finally, the J(V) characteristic of a single-junction pn solar cell under
illumination can be written as the linear superposition of the photogenerated current
density J; and the dark current density of the cell (see [30, 33]):

J=1, {exp(’fl:;} —1} -J, (3.5)

This superposition principle is not valid when considering amorphous and
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microcrystalline silicon pin junctions (even with n=2): a recombination term must
be added, as will be presented in detail in Chapter 4.

The open-circuit voltage V. can be deduced from equ. (3.5) with the condition
J=0:

J J J
V =nkT -In| =% | with (=2+1="% 3.6),
qVv,. (J J (J y ) (3.6)

0 0 0

and the reverse saturation current density J, can be expressed as function of the
bandgap energy E,:

Jo=Jy - expl- E, [nkT) (3.7)
Finally, equ. (3.6) can be rewritten as:
qV, =E, +nkT -In(J,/J ) (3.8)

Values for the pre-factor Jo, will be established according to (a) two models
developed by Green [33] and Kiess [34] for pn junctions, (b) one model developed
in the present thesis for pin junctions.

3.2.2 Theoretical limits for the pn junction

A first completely theoretical limit, the “detailed balance limit” was presented in
1961 by Shockley and Queisser [28], based on thermodynamical considerations.
They based their considerations on the concept that, in solar cells, the carriers'
generation due to light absorption has a counterpart: the radiative recombination.

Shockley and Queisser estimated the maximum achievable efficiency as a
function of the semiconductor bandgap for three different cases:

(a) First, they considered the very simple (unrealistic) case of a spherical solar
cell, at a temperature T. = 0 °K, surrounded by a blackbody at a
temperature T, as presented in Fig 3.3 (a). They, thus, established what
they called the “ultimate efficiency”;

(b) Second, they considered a planar solar cell and a blackbody at the same
temperature T, = T, > 0°K, i.e. the sun and the solar cell are in thermal
equilibrium;

(c¢) Finally, they considered the real case, with T (6000 °K) > T, (300°K). The
blackbody radiations fall upon the planar cell at a small solid angle ®;. This
case 1s schematically presented in Fig. 3.3 (b):
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(a) (b)

Figure 3.3 from ref [28]. (a) a spherical solar cell surrounded by a blackbody at
temperature T, the solar cell is at temperature T, = 0 °K, (b) a planar cell with
radiations coming from a spherical sun at a small solid angle ®, and an angle of
incidence ©.

For their calculations Shockley and Queisser assumed that:

o The sun and the solar cell are both blackbodies and the rate of photons
emitted is expressed according to Planck's distribution formulas;

« Every photon with an energy greater or equal to the bandgap energy
produces only one electron-hole pair;

» The recombination is totally radiative.

Let us consider that the cell has an area A subject to radiation; its output power
is given by:

out

P, =hv,AQ, (3.9),

with h the Planck's constant, v, the bandgap frequency and Q the rate of photons of
frequency greater than v,, per unit area per unit time, emitted by the blackbody at a
temperature T (expressed by Planck's formulas, see [28]).

On the other hand, the incident power is given by:

P, =AP, (3.10),

with P the total energy density for blackbody radiation at a temperature T, per unit
area per unit time, (expressed by Planck's formulas, see [28]).

The “ultimate” efficiency u is, thus, given by:
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u(v,,T)=P

out

/P, =hv,0,(v,.T.)/P.(v,.T.) (3.11)

Let us define the ratiox, = E, / kT, , with E_=hv, =qV, the bandgap energy and

k the Boltzmann’s constant: the “ultimate” efficiency u is a function of Xx,, as

presented in Fig. 3.4:
Energy Gap Vg —

PN

40}

b 30
u[qu
20t

10¢

X -Ei ——
9 kT,

Figure 3.4 from ref [28]. Ultimate efficiency u as a function of x, and the bandgap
energy for T = 6000 °K

The maximum of efficiency thus established is equal to 44% corresponding to a
bandgap energy of 1.1 eV. The “ultimate” efficiency achievable is limited to such
(low) values because each photon (even those of an energy much larger than the
bandgap energy) produces only one single electron-hole pair, due to thermalization
processes [29, 33].

Then, Shockley and Queisser determined the current-voltage relationship under
steady-state conditions for the planar solar cell in thermal equilibrium with the
blackbody. They considered that non-radiative processes also take place in the cell
and they established an expression for the dark current density, that is similar to the
one previously given in equ. (3.1) for the ideal pn diode:

J=J,lexp(qV / kT )—1] (3.12),

where the reverse saturation current density J, is expressed by:
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J,=4qlF., +R(0)] (3.13),

where F.,and R(0) are the rate (per unit area per unit time) of radiative, resp. non-
radiative, recombination in thermal equilibrium. The radiative recombination
current density is given by q-F.o, with F:

FCO :thc (3‘14)7

with t. the probability that an incident photon of energy greater than E, is absorbed
by the solar cell and produces an electron-hole pair, and Q. the rate of photons of
frequency greater than v,, per unit area per unit time, emitted by the blackbody at a
temperature T, (expressed by Planck's formulas, see [28]).

For an energy gap of 1.1 eV and a temperature of 300 °K (T. = Tj), Q. 1s equal
to 1.7-10° cm™? sec’ (see Planck's formulas [28] and [35]). The radiative
recombination current density, expressed by q-F., is, thus, equal, for t. = 1, to
2.7-10"° Alem?, according to equ. (3.14).

If we define f. as the fraction of the recombination-generation rate which is
radiative, f, =F,, / cho +R(O)], equ. (3.13) can be rewritten:

Jo=aqF,/f. (3.15)

Considering that existing solar cells have dark current densities in the order of
10" A/cm?, whereas q-F.o was found to be equal to 2.7-10"° A/em?, we obtain that
f, is in reality equal to ~10™* (instead of 1, as previously assumed).

Let us now consider the final case where the cell is subject to solar radiation
energy, i.e. the cell and the blackbody are not in thermal equilibrium any more with
T, (6000 °K) much larger than T, (300 °K).

Equ. (3.12) becomes:
J=J,lexp(gV /kT.)-1]-J, (3.16),
with the short-circuit current density J. expressed by:
J.=q - (F,—F,)=qF, (3.17),

where F;is the number of electron-hole pairs generated by solar radiation, per unit
area per unit time (Fs >> F,), 1.e. J, = J, the photogenerated current density.

The open-circuit voltage is obtained by solving equ. (3.16) for J=0:
V. =(gq/kT.)In[(J_/J)+]1] (3.18),

oc
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whereas the maximum power produced by the cell is assessed by maximising the
I(V) equation.

Shockley and Queisser determined the fill factor by dividing the maximum
power produced by the cell by its nominal power! -V ; the values thereby

obtained for FF are presented in Fig 3.5 as a function of the normalized open-
circuit voltage v.:
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Figure 3.5 from ref [28]. Fill factor as a function of the normalized open-circuit
voltage vo. = qVoo/ kT,

This numerical relationship was assessed by computing both (a) values of FF
and (b) values of V., as functions of the maximum power voltage V.. The result is
very similar to the empirical expression published by Green [33]:

v, —In(v, +0.72)
v, +1

FF =

(3.19),

valid for values of the normalized open-circuit voltage v.. (qQV,/kT) that are larger
than 10.

A maximum efficiency limit of about 30 % was thus finally established by
Shockley and Queisser for E, = 1.1 eV, considering only radiative recombination
(f. =1) and unconcentrated 6000 °K black body radiation. For AM 1.5 spectrum,
the maximum efficiency achievable is a little bit larger with 32.9 % [36].

Kiess and Rehwald [34] also calculated a limit for the conversion efficiency as a
function of bandgap energy, by considering only radiative recombination and
AM 1.5 spectrum. They first established a theoretical limit for the open-circuit
voltage and then assumed a constant fill factor value of FF = 0.85 to establish the
limit for the efficiency. They thus obtained, for E, = 1.1 eV, a V. limit of 0.86 V
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leading to an efficiency limit of 30.6 %. Details of their calculations will be
presented in § 3.4.2.

3.2.3 Semi-experimental limits for pn junction

Efficiency calculations have been carried out since the beginning of the
photovoltaic technology development, to guide the research activity: already in
1955, Prince published results on the solar cells efficiency as a function of bandgap
energy [37], followed by Loferski the year after [38]. These calculations were
based on empirical values for the solar cell characteristic parameters. More
recently, Green [33] also published a semi-empirical limit based on experimental
data that will be presented in details later (see equ. (3.21)).

3.3 Pin junction

All the theoretical and empirical limits previously presented and published for
single-junction solar cells were calculated by considering a pn junction. Pn
junctions are indeed employed for crystalline silicon; conversely, amorphous and
microcrystalline silicon are used in pin configurations, as they are very defective
materials and need an internal electric field to assist in collection.

The pn junction limits will therefore be adapted to pin configuration: we will
first consider the limits established by Kiess and Green, and then, additional losses
in open-circuit voltage and fill factor due to the pin configuration will be estimated
considering two distinct effects:

a) the diminution of the photogenerated current in pin solar cells due to
additional recombination in the intrinsic layer, and

b) the increase of the dark (reverse) current of thin-film silicon pin diodes, as
can be attributed to thermal generation current from mid-gap defect states
(dangling bonds).

These calculations for the pin junction will be given in paragraph § 3.4.2
hereafter. Efficiency limitations for tandem (double-junction) solar cells will also
be considered in § 3.5; it will be confirmed that the tandem ‘“micromorph”
(a-Si:H/pc-Si:H) solar cell, as pioneered and developed in our group [3], indeed
corresponds to an optimum combination of bandgap values.

3.4. Single-junction solar cell

All the limits presented below have been calculated numerically using the
tabulated numerical values for the AM 1.5 spectrum and various numerical and
analytic expressions which will be derived step by step in the paragraph § 3.4.2.
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3.4.1 Limit for short-circuit current density J.

The upper limit for the short-circuit current density J . was computed by
considering the normalized AM 1.5 spectrum (IEC 904-3), and by assuming that
each photon with an energy hv > E, (where h is the Planck constant, v is the
frequency, equal to c/A with ¢ the speed of light and A the wavelength, and E . 18 the

energy gap of the semiconductor material considered) is absorbed and converted
into a single electron-hole pair that can be collected at short-circuit condition. J is,
thus, expressed by:

A(E,)

J.=q [¢ (D)dA (3.20).

with q the elementary charge, A (E,) the wavelength that corresponds to the
bandgap energy, and ¢, the normalized AM 1.5 solar spectrum.

This results in J . values, calculated from (3.20), as a function of the material's
bandgap energy E,, as presented in Fig. 3.6:
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Figure 3.6. Upper limit of the short-circuit current density J. as a function of the
bandgap energy Eg of the solar cell material, under AM1.5 illumination.

Microcrystalline silicon solar cells have an energy gap of 1.1 eV, corresponding
to the theoretical upper limit J,. = 43.6 mA/cm®; a-Si:H solar cells have an energy
gap of 1.75 eV, corresponding to J, = 21.1 mA/cm®. In practice, however, values of
J. = 20-27 mA/cm’ [8, 9] and J,. = 14-18 mA/cm® [14] are the actual short-circuit
current density values obtained by several laboratories for uc-Si:H and a-Si:H solar
cells, respectively. These values are, thus, well below the theoretical upper limits.
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However, the theoretical upper limits were established by considering that all
the photons with an energy larger than E, are absorbed: this corresponds to the
ideal case of an infinitely thick cell with no reflection at the front side. In practice,
a-Si:H and pc-Si:H solar cells are relatively thin and do have additional reflection
and transmission optical losses. In present solar cell research, gains in short-circuit
current density are therefore sought by means of light-trapping techniques, such as
the use of textured TCOs [39] and back reflectors [40].

3.4.2 Limits for open-circuit voltage V., fill factor FF and efficiency n
a) Open-circuit voltage V,. and reverse saturation current density J,

a.l) pn junction

Green [33] gives a lower limit, based on experimental data, for the reverse
saturation current density Jy in a pn junction, as previously presented in equ. (3.7),
that corresponds to:

J,=1510" [mA/em’] 3.21)

On the other hand, based on thermodynamical considerations, Kiess and
Rehwald [34] give the following limit for V. (pn junction, n=1):

32 v ) .
gV, =E, +kT | [ 2| Mo | with N =T, /q (3.22).
¢ 27kT E,

which corresponds to a similar relationship as that previously given in equ. (3.8).
Kiess and Rehwald's limit was established by considering that:

e Each photon absorbed produces only one single electron-hole pair (impact
ionization is neglected);

e The absorbed flux of photons is equal to the photon flux emitted by
radiative recombination of carriers within kT of the band edge.

We will demonstrate that equ (3.22) is, thus, equivalent to the V. limit, as
established by Shockley and Queisser and presented as equ (3.18). Let us start by
expressing the rate of photons emitted by the sun, as described by Planck’s
distribution [34]:

f)=2m>Av/(c? [exp(hv/kT ) —1]) (3.23)

Considering only photons in a range kT, of the band edge, i.e. hAv =kT. [34],
equ (3.23) becomes:
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27kT E:

Jw= h3c2c . lexp(Eg JkT.) - 1]

(3.24)

By combining equ. (3.24) and the expression for the reverse saturation current
density as established by Shockley and Queisser (equ. (3.15)), we obtain that (for
f. = 1 and F,, = f(v) the rate of radiative recombination):

27T g E:
J,=qf(v)= — : 3.25),
=) h’c? [exp(Eg /KT.) ~1 (529
which leads, according to their V. limit (equ (3.18)), to:
kT J
V. =—=In — (3.26),
q 27Tq L
| wc lexp(E, /kT) 1]
that, in its turn, becomes, with J =g¢ N icitens
kT h3C2 Nincident
V =—<In . slexp(E /KT ) —1 3.27),
q[zw % [exp(E, /kT,) ]} (3.27)
which is indeed equal to equ. (3.22), since exp(E, / kT )>>1.
According to equ. (3.8), equ. (3.27) corresponds to:
27T .
Jo = ( e ] q-E!  [Alem’] (3.28),
which becomes, for T, = 25°C (kT = 25 meV):
Joo=4-10"-E’ [mA/cm’] with E, in [eV] (3.29)

For ¢-Si, i.e. for E, = 1.1 eV, such a Jy value corresponds, according to equ.
(3.7), to Jy ~ 410" mA/cm®. For comparison, the value given by Green as equ.
(3.21), corresponds to J, ~ 1.2:10" mA/cm?.
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a.2) pin junction

As previously mentioned, a-Si:H and pc-Si:H materials are used in pin-type
solar cells, because of their too large defect density. We will therefore establish a
specific limit for pin junction configuration: additional losses in V. (and in FF) due
to this configuration will be assumed to be the consequence of two separate effects:

(a) additional recombination in the intrinsic layer ;

(b) thermal generation/recombination contribution to the dark current due to
mid-gap defects (dangling bonds).

The recombination in the intrinsic layer of a pin diode can be considered at first
as a recombination source added to the electrical equivalent circuit for photovoltaic
solar cells, see Chapter 4, § 4.1, and [41]. The linear superposition of the dark
current and the photogenerated current, as considered in equ. (3.5) for ideal pn
junctions, is, thus, not valid anymore: the illuminated J(V) characteristic for pin
solar cells should now be written as (with T =T, the device temperature):

qV
J=J |exp| — |-1|+J —J
0 { p[ kT) :| rec L (330)’

n

with the recombination current density J.. a function of the photogenerated current
J.. Based on [41], we may assume, as coarse approximation that J.. = 0.8- J_ for
V = V.. Indeed, we may define that, at V = V:

Vv, -V,
‘]rec :JL ’ [uj (331)’

Vbi - Voc

with Vy; the built-in voltage and Vi, the intersection voltage at which the J(V)
curves, as measured at variable illumination intensities, cross, see Fig. 3.7.

With Vi, ~ 1V, Vi, ~ 0.63 V and V. ~ 0.54, as measured for the typical sample
of Fig. 3.7, equ (3.31) indeed gives J,. ~ 0.81- Ji.
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Figure 3.7 J(V) curves of a typical uc-Si:H solar cell measured at various light
intensities: one can observe that all the curves cross at a single intersection voltage
Vin (see [42] for similar observations in a-Si:H).

A lower limit for the reverse saturation current density in pin diodes can be
estimated considering that the dark current density is thermally generated from
mid-gap defects. This current density may then be written as

J()() = (]‘/Tgen ) di q Ndb (3‘32)9

with T4, the “coefficient” of thermal generation in the intrinsic layer, d; the intrinsic
layer thickness, q the elementary charge and Ny, the dangling bond density.

Dark current measurements carried out in our own group [31] as well as in the
Paris' group by P. Roca et al. [43] have yielded reverse saturation currents in the
order of J; = 10"? A/cm® for a-Si:H diodes of a thickness of ~ 2 um, at room
temperature. C. Miazza [31] even estimated that Jy, could be as low as 10" Alem®.
We may, thus, assume, considering Tgen ~ 107 s [31,44],d; ~ 2 um, Ny, ~ 10" cm™,
that Jy 1s in the order of:

J =5-10* [mA/cm’] (3.33),

00, pin

for state-of-the-art a-Si:H pin diodes. This value is taken as a first approximation
for pc-Si:H diodes also, as defect densities are quite similar in this case [12].
Nevertheless, it must be mentioned that for pc-Si:H, much larger values of the
reverse saturation current density J, are, thus, obtained since the gap is lower:
Jo ~ 10° mA/cm® for E, = 1.1 eV. The validity of this approximation will be
confirmed in Chapter 4 (§ 4.5) where dark current measurements of pc-Si:H solar
cells will be presented.
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Note that this Jyy value must be considered together with n = 2 (in equ (3.7)) in
order to obtain realistic values for the solar cell parameters. Furthermore, our
calculation assumes that thermal generation takes places in the entire intrinsic
layer. In fact, the current density, as expressed in equ. (3.33), corresponds to an
additional contribution to the reverse saturation current, in supplement to the “pn-
diode” current densities as given in equ. (3.7) with a Jyy value from equ. (3.21) or
equ. (3.29). As a coarse approximation, only this additional contribution is taken

into account (with n=2) for the calculation of our pin diode limits, as presented in
Figs. 3.8, 3.9 and. 3.10 hereafter.

The limits for V. (E,) are calculated:

e For pn diodes: from equ. (3.8) with n=1, based on models by Green
(equ. (3.21)) and Kiess (equ. (3.29));

e  For pin diodes: from equ. (3.30) with J = 0, J.. = 0.8-J. and n=2, and our
original approximation for pin junctions (equ. (3.33)).

The calculated limits for V. (E,) are presented in Fig. 3.8:
2
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Figure 3.8. Upper limits of the open-circuit voltage as a function of the bandgap
energy of the solar cell material: limit calculation based on Kiess' model, Green’s
model and our new coarse approximation for pin diodes.

The “fundamental” limit as obtained above for the pin junction is almost
reached by present pc-Si:H solar cells that possess an open-circuit voltage
Voo = 0.55-0.60 V, see for example [9]. On the other hand, according to Fig. 3.7,
around 0.3 V could still be gained with a-Si:H solar cells (currently Vo ~ 0.9 V, see
[14, 16]).
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b) Fill factor FF and efficiency n
As previously mentioned, the fill factor FF can be expressed by:

FF=(J,,, V) /(J.-V.) (3.34)

oc

where Jypp and Vypp are the current density and the voltage at the maximum power
point. Jypp and Vypp are obtained by maximising the (J-V) product by
differentiation, considering the diode equation with n=1 (pn configuration) or n=2
(pin configuration).

The recombination current density, such as previously considered for the
calculation of the open-circuit voltage, is again taken into account for the
calculation of the pin junction fill factor limit. In addition, a fill factor limit is
established for our interpretation of Kiess' model too (equ. (3.29)), instead of only
considering FF = 0.85 as in the original paper by Kiess and Rehwald [34]. The
calculated curves FF(E,) are presented in Fig 3.9:
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Figure 3.9. Upper limits of the fill factor as a function of the bandgap energy E, of
the solar cell material: limit calculated from our interpretation of Kiess' model,
calculated based on Green’s model and our new coarse approximation for pin
diodes.

It can be seen in Fig 3.9 that the value for the fill factor limit as established for
the pin junction with E, = 1.1. €V is very similar to the values currently obtained
with actual pc-Si:H solar cells; the latter having FF values up to 75 % [8, 9]. This
limit was established from the coarse assumption of (a) a dark current from thermal
generation from mid-gap defects and an additional recombination current, and (b)
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an 1deality factor n=2. In reality, dark J(V) measurement of pc-Si:H solar cells
confirm that the situation is much more complicated with values of n ranging from
1.2 to 1.5, depending on the pc-Si:H sample measured (see Chapter 4).

Finally, the limit for the solar cell conversion efficiency can be computed by
multiplying Ji.- V.- FF and by dividing by the incident light energy. This yields the
curves N(E,) of Fig. 3.10:
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Figure 3.10. Upper limits of the conversion efficiency (for AM.15 spectrum) as a
function of the bandgap energy E, of the solar cell material: limit from our
interpretation of Kiess' model, limit calculated based on Green’s model and our
new coarse approximation for pin diodes.

We, thus, obtain an upper limit for the efficiency, for E, =1.1 eV, equal to:
e 33.2 % based on Kiess' model;
e 27.2 % based on Green’s model;
e 23.0 % for the pin junction.

In all three cases, the maximum conversion efficiency of the AM 1.5 spectrum
would be achieved for a semiconductor with E, ~ 1.4 eV. The efficiency limit
assessed from Kiess' model is, as would be expected, equal to the one published by
Luque et al [36], established from Shockley and Queisser’s theory. Nowadays, best
existing single-junction pc-Si:H solar cells present efficiencies in the order of 10 %
[8, 9]. The large difference observed between experimental and theoretical values is
mainly due to the short-circuit current density, which is only in the order of 20-27
mA/cm® in typical present pc-Si:H solar cells instead of 43.6 mA/cm’, as
theoretically (ideally) predicted.
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3.5 Tandem solar cell

As previously mentioned in Chapter 1, tandem solar cells are composed of two
stacked cells, called the top and the bottom cell, which are deposited on top of each
other. Such tandem cells are particularly interesting for thin-film silicon
technology, as they allow one (a) to increase the limits in conversion efficiency (by
enlarging the spectral range of absorption) as well as (b) to reduce degradation
effects (by the use of thinner layers), see [16, 40].

From the theoretical point of view, a tandem cell is interesting if the bandgap of
the two cells can be properly adjusted. Indeed, let us consider a single-junction
solar cell with a gap Eg* = 1.4 eV (that corresponds to the bandgap for maximum
conversion efficiency under AM 1.5 illumination spectrum, see Fig. 3.10) with its
short-circuit current density J SC*, open-circuit voltage VOC* and fill factor FF" values.
Now, select a top cell with E, o, > Eg* and a bottom cell with Ey poom < Eg*, more
of less symmetrically to Eg*, as schematically presented in Fig 3.11.

This combination corresponds to the “micromorph” (a-Si:H/uc-Si:H) tandem
solar cell:
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Figure 3.11. AM 1.5 spectra and basic principle of the tandem cell concept with
bandgap matching; the shaded area corresponds to the photogenerated current of
the bottom cell under the assumption that each photon with hv > E, is absorbed.

Tandem solar cells are connected in series, i.e. the voltage of the tandem is the
sum of the voltages of both “partial” cells, whereas the current is limited to the
lowest current of the two “partial” cells. Current matching (i.e. Ji op = Jsc, bottom) 18,
thus, critical for such tandem solar cells and limits the choice of the bandgap
combination, as can bee seen from Fig. 3.12:
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Figure 3.12. Upper limit of the short circuit current density J. as a function of the
bandgap energies E, = and E, poum Of @ tandem solar cell, under AMI.5

illumination

Fig. 3.12 shows that current matching is indeed obtained when E, o, = 1.75 eV
and Eg poom = 1.1 €V, yielding to Jsc, wop = Jsc, bottom = 22 mA/cm?. If Eq op OF Eg bottom
are shifted towards higher, resp. lower values, the current balance between the 2
cells 1s altered, favouring the top or the bottom cell, thus limiting even more the
current of the complete tandem solar cell.

The “micromorph” tandem can, thereby, be confirmed to lead “theoretically” to
the highest conversion efficiency limit; a similar conclusion was presented by
Luque et al [45], as well as Coutts et al. [46]. Both obtained very different limits:
38% for Luque et al. and 24 % for Coutts et al.; depending on the model we used
for the solar cell junction, we obtain values ranging from 45% to 35% (see results
hereafter). Luque et al considered very similar conditions to ours (ideal conditions,
with no optical losses), whereas Coutts et al considered larger values for the reverse
saturation current density, as well as optical losses (due to the transparent
conductive oxide (TCO) layers mainly).

In our case, we computed the efficiency limits for tandem solar cells, as a
function of the bandgap energy of both materials, by considering:

(a) A perfect balance between top and bottom cell current densities;

(b) The ideal case, where the bottom cell absorbs all the light transmitted by
the top cell (which is considered to be infinitely thick).
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Efficiency limits were first established for the simple case of a tandem
composed of two pn junctions according to Kiess' and Green's models; the results
are presented in Figs. 3.13 (a) and (b) as a function of the bandgap energy of the
bottom and top cells:

(a)

1.6 ‘ ‘ —

1.4+ L

e
[\o]
T

Eg bottom [eV]

©
o0

) 1.‘8 i 2.2
Eg top [eV]
(b)
1.6

1.4+ 39% ’ /

—
b2
—
=)
&
\

Eg bottom [eV]

1.6 1.8 2 2.2
Egtop [eV]

Figure 3.13. Upper limits of the efficiency of p-n/p-n tandem solar cell as a
function of the bandgap energies E, o, and Eg, potom, based on (a) Kiess' limit, and

(b) Green's limit. The straight lines correspond to the pc-Si:H/a-Si:H tandem
(1.1 eV/1.75 eV)

Fig 3.13 clearly shows that the combination 1.1 eV and 1.75 eV indeed presents
the highest efficiency with 1 =45% and 39%. It must be noted that even for
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bandgap combination well away from the optimal combination, the efficiency
achievable is still much higher than for single-junction solar cells (see for example
Eq botom = 1.4 €V and E, o, = 1.8 €V corresponding to a GalnP/GaAs tandem, with
N ~ 29% according to the limit based on Green's model).

We then performed the same calculation for pin/pin junctions (under the same
conditions as previously considered for single-junction solar cells: an additional
recombination in the intrinsic layer, a generation/recombination contribution to the
dark current due to mid-gap defects and an ideality factor n = 2, see §3.4.2, (a2)).

The result is presented in Fig. 3.14:
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Figure 3.14. Upper limit of the efficiency of pin/pin tandem solar cell as a function
of the bandgap energies E, (, and E, no1om. The straight lines correspond to the pic-
Si:H/a-Si:H tandem (1.1 eV/1.75 eV)

The efficiency limit thus established is lower than for pn/pn junction, with a
maximum of mn = 35% for the pc-Si:H/a-Si:H tandem solar cell. However,
efficiency values presently obtained with this type of tandem cells are much lower,
in the order of 12 to 13.5% [16, 40]. The highest efficiencies are obtained when a
zinc oxide intermediate reflector (ZIR) is employed between the two “partial” cells.
Indeed, the path light is, thus, increased in the top cell leading to a higher short-
circuit current density (the top cell is, in practice, generally the one that limits the
current of the tandem, because the amorphous cell must be kept thin to avoid
degradation effects).
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3.6 Conclusions
3.6.1 Single-junction solar cells

Fundamental limits for pn and pin single and double-junction solar cells were
established from the extension of well-known theoretical and semi-empirical
considerations on pn junctions, as well as from an original model developed for pin
junctions. These limits are, especially for the short-circuit current density J ., much
higher than present values, and indicate scope and direction for further
improvements that may still be obtained, e.g. by light-trapping and materials’
research.

Losses in V., FF and n due to the pin configuration have been assumed to be
the consequence of both an additional recombination in the intrinsic layer, and a
generation/recombination contribution to the dark current due to mid-gap defects
(dangling bonds), with the ideality factor taken as n = 2. Even if these assumptions
are a coarse approximation to the reality, the limits obtained for V,. and FF for
pe-Si:H solar cells are very close to the actual values. J(V) dark measurements of
le-Si:H solar cells show that the ideality factor is in fact lower than 2 (n is between
1.2 and 1.5, see Chapter 4, § 4.5.4), whereas the reverse saturation current densities
Jo are well in the order of magnitude of the J, value that was considered for the
calculation of the pin limits. This would suggest that the limits we established are
somewhat lower than the actual values achievable. Further work should be carried
out to try to identify the exact nature of the dark current measured in our pc-Si.H
pin solar cells.

Concerning a-Si:H, the limits established showed that higher values of V,. and
FF should be achievable; but, again, our assumption should be compared to actual
measurements before establishing any conclusion. Wronski et al. have been
actively working on dark J(V) measurements of amorphous silicon solar cell, trying
to separate the effect of the bulk and the effect of the interfaces (especially the p-i
interface) [47, 48]. Further work should, in our opinion, be undertaken in that
direction (as discussed in Chapter 4 as well).

Finally, Coutts and al showed that the conductivity properties (mobility and
carrier concentration) of the solar cell TCO (Transparent conductive oxide) also
limit the efficiency that can be obtained for tandem cells; similar conclusion may
certainly be drawn for single-junction solar cells.

3.6.2 Tandem solar cells

Considering tandem solar cells, the “micromorph” tandem (a-Si:H/pc-Si:H) was
confirmed to correspond to an optimum combination for double-junction solar cells
with an efficiency limit of 35%. This value is far above the present values
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achieved (13.5% initial, with intermediate reflector), due to the very coarse and
simple assumptions used for the numerical calculations. Nevertheless, a useful
efficiency “map” of the bandgap combinations was thus established, confirming the
choice of the silicon-based tandem actually developed.

Present research on the “micromorph” tandem solar cells is focused on the
development of effective intermediate reflectors (Zinc Oxide Intermediate
reflector-ZIR), as previously described (in p. 38): recently, Meier et al [14], as well
as Dominé et al [40] showed that the use of such a ZIR leads to a relative increase
of the short-circuit current density of the top (amorphous) cell of up to 25%.
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4. Diagnosis of thin-film microcrystalline silicon solar cells

4.1 Introduction

Chapter 2 presented the classical, basic, measurement techniques employed for
the electrical characterization of thin-film amorphous and microcrystalline silicon
solar cells, such as:

e C(lassical J(V) curves at 100 mW/cm?” (1 sun);

e External Quantum Efficiency curves [EQE (hv)], that can be performed at
different values of bias voltage;

J(V) curves at 1 sun give information on the open-circuit voltage and the fill
factor values, whereas EQE (hv, Vy;,s) gives information on the short-circuit current
density (by integration of the EQE curve) and on the collection within the intrinsic
layer (as evaluated from the EQE response in the red part of the spectra, i.e.
between 700 and 1000 nm, for pc-Si:H). On the other hand, the EQE response in
the shorter wavelengths provides insights into potential collection problems at the
p-1 interface.

More sophisticated characterization techniques have, as well, already been
introduced in Chapter 2, notably:

e Micro-Raman spectroscopy;

¢ Fourier-transform photocurrent spectroscopy (FTPS);

Micro-Raman spectroscopy allows one to evaluate the intrinsic layer
crystallinity (as measured with a HeNe laser at 633 nm), whereas FTPS probes the
absorption coefficient ou(hv) of the intrinsic layer and gives information about
defect density (via (0.8 eV)) and about the structural disorder (via the Urbach
parameter Ey).

In this chapter, two additional characterization methods will be presented as
diagnostic tools, for investigating faults in design and fabrication that may have a
limiting effect on pc-Si:H and a-Si:H solar cell performances:

e Variable Illumination measurement (VIM);

e Dark J(V) measurement.

The entire package of diagnostic tools will then be applied to three different
cases, mainly to investigate losses in fill factor, in connection with:

(a) Light-soaking study of two uc-Si:H solar cells series;
(b) A gas flow series;

(¢) Individual pc-Si:H solar cells with low fill factors.
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4.2 Variable Illumination Measurements (VIM)

4.2.1 Theory (pn/pin junctions)

The Variable Illumination measurement (VIM) method [41] consists in
measuring the J(V) curves of the solar cells at different illumination intensities. In
our case we used intensities ranging from one sun, i.e. from 100 mW/cm?, down to
0.1 mW/cmZ, with a WACOM solar spectral simulator. Variable illumination is
obtained by means of neutral (metallic) grey filters, which allow one to vary the
intensity without modifying the spectra.

As previously presented in Chapter 3, the J(V) characteristic of a single-junction
ideal pn solar cell under illumination can be written as the linear superposition of
the photogenerated current density J; and the dark current density of the cell:

J=1J, {exp(fk—‘;]—l}—h 4.1),

with J, the reverse saturation current density, V the voltage, q the elementary
charge, k the Boltzmann constant, T the absolute temperature and n the ideality
factor: n=1 when the diffusion current dominates and n=2 when the recombination
current dominates. When both currents are of comparable magnitudes, n is between
1 and 2.

However, this superposition principle is not valid in its simple form when
considering amorphous and microcrystalline silicon pin junctions (even with n=2):
a recombination term must be added, as introduced by Merten et al. [41, 49].
Indeed, Kusian et al [42] showed that the J(V) curves of a-Si:H solar cells, as
measured under variable illumination, all cross at a single intersection voltage
value Vi, > V. such a behavior cannot be described using the superposition
principle in its simple form, such as given in equ. (4.1). Similar observations were
made for puc-Si:H silicon solar cells (see Chapter 3). Consequently, Merten et al.
introduced the equivalent circuit of Fig. 4.1, valid for thin-film silicon solar cells.

In previous equivalent circuits, J.. and Ry, were included into a parallel
resistance R,. Here, the current sink J.. is a function of J; and V and depends on
the intrinsic layer “quality”, whereas the shunt resistance Ry, originates from micro-
shunts at the edges (resulting from the device structuration process) or in the bulk
of the cell (resulting from the material's microstructure such as voids, or from
particles). The series resistance R, is given by the resistance of the contacts and by
the TCO sheet resistance (as in the case of series-interconnected cells or very large
cells, depending on the location of the contact to the TCO). The electrical behavior
of the ideal diode D is described by equ. (4.1), and characterized by the parameters
Jo and n. Jj is related to the material’s bandgap, the defect density N4 and the
intrinsic layer thickness d;.
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Figure 4.1. Equivalent circuit for pin (or nip)-type solar cells [41] with J the
photogenerated current density, D the ideal diode, Ry, the shunt resistance, R, the
series resistance and, dashed lines, the recombination current density (which is a
function of J and V)

This equivalent circuit is, thus, very useful for cell diagnostic, as it splits up the
parallel resistance of the usual equivalent circuit into 2 distinct parts: a
recombination part (represented by J...) and “true” physical (linear and non-linear)
shunts (represented by Rg,). Merten et al. showed that there is, over 5 decades of
light intensity, an excellent fit between J(V) curves calculated from this model and
experimental J(V) characteristics for typical a-Si:H solar cells. In the present
chapter, this model is introduced and compared to experimental data for pc-Si:H
solar cells. In our formal approach, we are adding the collection current density
Jeon, and the dark diode current density Jgioqe:

Jos=Joy tJ

total coll diode

4.2)

Jdiode 18 given by the drift-diffusion diode model, as contained in equ. (4.1); for a
pin diode J oy is given by:

ch)ll = Jrec +Jsh _JL (43)?
with [41, 49]:
‘]rec (V): (dz ’ JL )/(Eeﬁ‘ ’ (ﬂr)eﬁ‘) (4‘4)9
where:
0.0 0 .o
uT 1T . e e
- (un),=2-———+- is the effective mobility-lifetime product of the
' M, T, TH,T,
intrinsic layer; the mobility-lifetime product is defined, for electrons, as
wrl=u’ ;0 with .’ the electron band mobility, vy the thermal
VthNdbO-n

velocity, Ny, the dangling bond density and .’ the capture cross-section of the
neutral dangling bonds. The definitions are exactly similar for holes.
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- E,= (Vhi —V)/ ((/)(V)-di) is the effective electric field within the intrinsic

layer: Vy,; is the built-in voltage, V the external applied voltage, d; the intrinsic
layer thickness and ¢ a correction factor taking into account the deformation
of the electric field E(x). ¢ is a function of the applied voltage (as well as of
the intrinsic layer thickness): the deformation of the electric field may, in fact,
be assumed to be negligible, for relatively thin cells, at short-circuit conditions
and, especially, under reverse bias (i. e. here we may postulate: @ = 1). On the
other hand, the relative deformation of the electric field, as well as the
correction factor @, both increase as we approach the maximum power point
[50, 51]. Furthermore, there is often, within the intrinsic layer of pc-Si:H solar
cells, a deformation of the electric field that is due to oxygen contamination
[51]; this will also lead to an increase in the value of @.

Equ. (4.4) can, thus, be rewritten:
1. =lpvyd’ -1, )(uz), - v,-v)) (4.5)

Equs. (4.2) and (4.3) contribute to the basic theoretical model for a-Si:H or pc-
Si:H pin type diodes. They replace the superposition principle of pn diode given in
equ. (4.1). In fact, equs. (4.2) and (4.3) correspond to an “extended” form of the
superposition principle, which has so far only been derived experimentally and
intuitively. However, a solid collection model underlies equ. (4.3), in which Merten
et al considered that the photocurrent is voltage-dependent, unlike the photocurrent
in the pn junction model, which is generally assumed to be constant [33]). The
voltage dependence is introduced by the recombination current J..(V), as
introduced in equ. (4.5) (see also Chapter 3, § 3.4.2 (a2)). A very similar model
was, in fact, introduced by Crandall [53] (see [50] for a discussion/comparison of
both collection models). Crandall also introduced the collection length L., defined
as the sum of the drift lengths of the electrons and holes.

We will, in order to simplify the formalism, assume that all the recombination
centers (dangling bonds) in the material are neutral and we will consider the
“normalized” uo'co—product (unotno = upo’cpo = ],LO'CO), as introduced in [50]. In reality,
dangling bonds are not always all neutral; they are, especially at the p/i and i/n
interfaces, positively and negatively charged, resp. However J. Hubin et al showed
[52] that this effect can be neglected for a-Si cells; his considerations are certainly
also valid for pc-Si cells. Under this assumption, (7). is, thus, equal to p’t’.

According to [52], the collection length is defined as:

L =u't"E, = pu'z° [V, -V)/d,] (4.6),

and the collection current density J.. is then expressed by (if Ry, — o0):
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J ..u=qGL (1 =exp(~d, /L ))=qGd, (L /d)[l —exp(~d,/L)] (4.7),

coll

with q the elementary charge, G the generation rate and d; the intrinsic layer
thickness. Indeed, J o is given by:

S =, +J,=qEW, p+,n) (4.8),

with E the electric field, W, and W, the hole and electron mobility, resp., and p and n
the hole and electron density; the latter are expressed as a function of the position x
within the intrinsic layer:

p=Grt,|l—exp(-x/1,)| and n=Gr,[l-exp(x—L/1)] (4.9),

where T, and 7, are the recombination time for holes and electrons, resp., and 1, and
1, are the hole and electron drift lengths. According to Crandall, equ. (4.7) is, thus,
obtained by substituting equ. (4.9) into equ. (4.8), evaluated at the position where
p/T, = n/T,, i.e. where the recombination rate is maximum.

By combining equs. (4.6) and (4.7), with qGd; = J,. = J;, and by approximating
the exponential function, we obtain:

Jcall = JL (1- (dz /Lc))z]L ll o (di2/[/uo7'-0 (Vbi _V)])J (4.10),

which is equivalent to equ. (4.3) (with J.. given by equ. (4.5)) without the
additional term Jg,, introduced by Merten et al.

The current density through physical micro-shunts is given by:
J,=V/R, @.11)
It must be noted that Ry, is expressed in kQ-cm’ (instead of Q or kQ as
expressed in SI base units). This unit was chosen because of the use of current

density (in mA/cmz); Rq, R and Ry, will, thus, all be expressed in kQ-cm” in the
further calculations of this chapter.

The collection voltage is defined as (see also [41]):

H 7" Vb?
ch)ll = 2
d;

L

(4.12);

it can be expressed as a function of the collection length (at V = 0V) through the
expression:

‘/coll = LL- (OV)% (413)

1

In case of electric field deformation, @ is larger than 1 and equ. (4.12) becomes:
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A
v, =4 e 4.14)
d’ ¢

According to [40], let us define the short-circuit current resistance R.:
R, =(@Vv/dJ),., (4.15)

R, thus corresponds to the reciprocal of the slope of the J(V) curve at V=0, as
shown in Fig. 4.2 below:
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Figure 4.2. VIM curves of a typical microcrystalline silicon solar cell, with the
reciprocal of the short-circuit resistance R.: the value of R, tends toward the shunt
resistance value Ry, for low illumination intensities ([41, 50] and equ. (4.17))

For low illumination intensity (below ~107 suns), Ry is determined by the diode
term and the shunt losses of equs. (4.2) and (4.3) (see [50]). Furthermore, we may
assume that the dark diode term is (at V = OV) often negligible with respect to the
shunt resistance. We, thus, obtain:

I
R =t 9 1 (4.16)
nkT R,

sc R

sh

For medium illumination intensity (~10’2 sun — 1 sun), Ry is limited by the
recombination term of equ. (4.3) [41, 50]; it is expressed by:
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p oL KTV
S L

= coll /‘]sc (4' 17)

sc

The collection voltage V., can, thus, be experimentally assessed from
measurements of Ry, as a function of J SC'I (= JL'I), as illustrated by Fig. 4.3:
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Figure 4.3. Short-circuit resistance Ry, as a function of the reciprocal of the short-
circuit current density Ji.' for a typical pc-Si:H solar cell (of Raman crystallinity
factor ¢. ~ 50%): the straight line corresponds to a fit of the linear part of the curve
according to equ. (4.17). The curve tends asymptotically towards Ry, for high J.. ™.

Finally, the effective (or normalized) u’t’-product can be evaluated from the
values of the collection voltage and the intrinsic layer thickness according to equs.
(4.14) and (4.17). But, care must then be taken to compare only values of po‘co-
products as established from cells of similar i-layer thickness (see § 4.3).

Furthermore, we will see in § 4.3 that the VIM technique cannot be used under
all circumstances to gain information on the intrinsic layer material’s quality, i.e.
on p’t’-product, since VIM is much more sensitive to defective interfaces or
microstructure gradients than coplanar transport measurements, such as Steady-
State Photoconductivity (SSPC) or Steady-State Photocarrier Grating (SSPG),
typically used for the measurement of uo'co—products in layers on glass. Defective
interfaces will influence the electric field deformation (i.e. the correction factor @
will be larger than 1).
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4.2.2 Effects of recombination current density (J...), shunt resistance (Rg,) and
defect-related absorption (0(0.8 eV)) on fill factor (FF) losses

From the equivalent circuit presented before, we will establish empirical
relationships between losses in fill factor and values of:

(a) The circuit parameters: Ji.., Rg, Ry

(b) The defect-related absorption 0((0.8 eV) of the intrinsic layer material

In the case (a), an increase in J,. 1s physically due to an increased recombination
within the intrinsic layer of the material, e.g. as obtained by light-induced
degradation of uc-Si.H solar cells. A decrease in Ry, can be, in practice, due to
imperfect device structuration or localized shunts (due to dust/ZnO particles for
example), whereas an increase in R indicates a too large resistance of the contacts.
In the case (b), the defect-related absorption can be varied e.g. by light-soaking the
solar cells or by modifying the intrinsic layer fabrication conditions. Here, we focus
on situations where the variations of V.. and Ji. are negligible with respect to the
variations of FF. We will consider absolute losses in FF with respect to an ideal fill
factor value of FFy= 75% as achieved in our lab with best uc-Si:H solar cells [9].
This ideal value is very close to the theoretical upper limit established in Chapter 3,
that is FF ~ 78% for uc-Si:H solar cells.

Fig. 4.4 schematically represents the variation of an “ideal” J(V) curve
(with FF = 75%) when J,.. is strongly increased :

slope:R_1 J
SC
Figure 4.4 Schematic representation of J(V) curves for the “ideal” cell (plain curve)
and for a cell with strong recombination losses (dashed curve). The dashed area
corresponds to the fill factor loss (under the assumption that Ji., V.. and Vypp
remain the same, and that only Jypp 1s reduced)
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We will consider three different situations that lead experimentally to a decrease
of FF:

(a) Light-soaking with an increase of J.. and o(0.8 eV). In that case we
observed that, as assumed here, variations of J., V.. and Vypp are
negligible. Furtheremore, the shunt resistance Ry, is not modified (see
Chapter 5): for simplification we will consider, in this case, Ry, ~ . We
will also consider that R remains constant.

(b) Low values of Ry, (Ry, £ ~10 kQ-cm?) due to micro-shunts;

(c) Large values of the series resistance Ry (Ry = ~10 Q-cm®) due e.g. to high
TCO sheet resistance.

The case (a) will be discussed in details and experimental results will confirm
the empirical relationship established hereafter. The case (b) will also be discussed
and compared to experimental results, whereas (c) will only be treated
theoretically. More complete investigations on this subject should, thus, still be
performed.

a) FF decrease due to light-induced degradation

a.l) uc-Si:H
Let us consider the following situation for pc-Si:H:

(1) Vo and J,. are not essentially changed by degradation, as schematically
presented in Fig. 4.4 (within £ 2.5 % according to Chapter 5). According to
our model of Fig. 4.4 and the assumptions (2) to (6) hereafter, these slight
variations should correpond to low FF losses (OFF less than 5%). For larger
OFF, the deformation of the electric field increases, as we go from for short-
circuit conditions (V=0) towards the maximum power point MPP (V=Vpp).
However, to simplifiy the calculations we will set @ (Vypp) = 1; subsequently,
we will show that our experimental results are well fitted this way, even for
fill factor losses larger than 5% (see Figs. 4.11, 4.16).

(2) The maximum power point (MPP) is always at approximately the same
voltage Vypp (Within = 5 %);

(3)  Vmpp=0.5-Vp; = 0.5-V (we assume Vy,; = 1 eV for pc-Si:H);
(4) In the ideal case J.. can be neglected, i.e. J,. = Ji;

(5) Vwmer = 0.9 V. (as experimentally observed, see [9] for example);
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(6)  Jwmpp, ideat = 0.83 J (also see [9]);
All these assumptions lead to:
(7) JMPP, ideal ~ JMPP, deg = AJMPP = Jrec, deg

Now, with FF, equal to the ideal value of 75%, we obtain from (5) and (7) that

V : AJ Jrec de, V Jrec e,
FF,—FF, =6FF = —Mrr =Mt - 0% M () 9. 1 (4.18)
J sc ’ V(}C J sc V()L‘ J sc

By combining equs. (4.5) and (4.18), we can write:

§#F =09 2Wur)d; (4.19)
(IUOTO)deg ’ (Vbi - VMPP)

With the assumption (3) we obtain typical values of OFF for pc-Si:H as given by
(with d;* = cm” and po‘co = cm*/V):

¢(VMPP ) diz
(u't’),, 0.5V

OFF = 90%- (4.20)

If we now look at the collection voltage V.., we find from equs. (4.14), (4.17)
and (4.18):

SFF (%)= go(vMP,,)-“/i-Mzgo( )X g (4.21)

coll oc coll

with Vy; ~ 1V and V) that can be directly obtained from VIM measurements.
a.2) a-Si:H

Empirical relationships can be established in a similar manner for amorphous
silicon; however, some of the above assumptions must then be modified:

(I) In a-Si:H, V. is limited to about 0.9 V (instead of the ideal limit which is
around 1.3 V, see Chapter 3) and we do not know the exact reason for this
limitation: it is certainly due (partly at least) to the impossibility of pushing
the Fermi-level near to the conduction band (in n-doped a-Si:H layers) or near
to the valence band (in p-doped layers), see for example [29]. The situation is
actually more complex when we use [c-Si:H p- and n-doped layers within a-
Si:H pin (nip) solar cells.

(2) The ratios of Vypp/V,e and Jypp/Jse given in the assumptions (5) and (6) above
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are slightly lower for a-Si:H: Vypp = 0.8V, Jmpp, idear = 0.8-Js (see for
example [14])

(3) In a-Si:H solar cells, there is always, and especially in the degraded state, a
considerable deformation of the electric field. To take this into account, one
may consider here @ = 2 in equ. (4.14).

(4) Mainly because of interface effects (the highest densities of states are at p/i
and n/i interfaces), p’t° is relatively low in the relatively thin a-Si:H solar
cells (in the order of 5-10®, see results presented later in § 4.3.3).

(5) d;=0.2-0.4 um in a-Si:H solar cells

We, thus, obtain for a-S:H solar cells the approximate expression, with
Vbi = IV, VMPP ~0.7V and ¢ = 2:

2-d’
OFF = 90% - ————— (4.22)
(ﬂ T )degmded O3V
and
v. V V.
OFF =~ —"—. M = "_.80% (4.23)

coll oc coll

Experimentally, losses of fill factor in the order of 5% are measured after light-
soaking of a-Si:H cells with intrinsic layer thickness equal to d; = 0.3 um. These
observations are in rough agreement with our expressions, considering that for such
an i-layer thicknesses, equ. (4.22) gives the absolute loss OFF = 4.8% (i.e. FF =
70.2%) with p’t” = 5-10° ecm’/V, whereas equ. (4.23) gives the absolute loss
OFF = 5.3% (i.e. FF = 69.7%) with V., ~ 15V, as measured in a-Si:H solar cells
[50].

b) FF decrease due to shunts (low Ry;,)

From the equivalent circuit of Fig. 4.1, we obtain:

A, = Virr (4.24)
Rsh
and equ. (4.18) becomes:
éFF _ VM‘};D '.A‘./]MPP — ‘T]MPP . ‘;;/IPP . I: (425)

oc sc oc sh
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- in pe-Si:H: Vypp/Ji ~ 0.025 kQ-cm® (Vypp ~ 0.5 V, Je ~ 20 mA/cm?),
- in a-Si:H: Viypp/Jse ~ 0.05 kQ-cm® (Viypp ~ 0.7 V, Jie ~ 14.5 mA/cm?),

Equ. (4.25) thus gives:

- OFF (%) = 2 - for pe-Si:H, Ry, in kQ-cm® (4.26)

b
Rsh

- OFF (%) = 4 RL for a-Si:H, Ry, in kQ-cm® 4.27)

sh

We will show in § 4.6 that the low FF values of the puc-Si:H solar cells used in
this work are mainly due to low collection voltages and not to low shunt
resistances.

¢) FF decrease due to series resistance (large R;)

There are 2 issues here:
(1) RS will mainly affect VMPP and not JMPP,

(2) 1If we look at the current paths within the TCO (transparent conductive oxide)
R depends on the solar cell geometry (surface): it depends on how far the
current has to travel, essentially in the front TCO, which has a finite

resistance (p # 0).

The loss in fill factor can be assessed either from the series resistance R, as
established from VIM measurements (not from Ry, but from R, going up to 2 to 3
suns, see [41])), or from the sheet resistance Ry of the TCO. Current good
pe-Si:H solar cells present Ry values in the order of 2-3 Q-cm’, wheras the sheet
resistance of the TCO should be lower than 10 €/, [39, 55].

From (1), we obtain:

AV, .. - J
OFF = % (4.28)

AV ypp 1s given by (from the equivalent circuit of Fig. 4.1):

AV, .,=R _-J

MPP s MPP

(4.29)

Equ. (4.28) thus becomes:
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SFF = AVMPP ) ‘]MPP _ Rs ) JAZ/IPP (430)
JSC .V()C JSC .V()C

For uc-Si:H, we can roughly estimate Jypp as being 18 mA/cm® for Jsc equal to
22 mA/cm?; we assume Vo, ~ 530 mV (see assumption (6) in § 4.2.2 (a)); this gives
us:

OFF (%)= 3 -R_, with R, in Q-cm” (4.31)

In [56], Shah et al established that the power loss AP/P of a thin-film solar cell,
as induced by the sheet resistance Ry, Of the TCO layer, can be expressed by:
J

2 . R
& _w urr (4.32),
P 3y

MPP

sheet

where w is the width of the cell stripe. Equ. (4.32) was established considering the
Joule losses within the TCO layer, as incorporated into the following geometry:

Solar radiations

\%%

Jupp W L «—— 5 TCO
[ S S . S ue-Si:H

" Back contact

J MPP

Figure 4.5 Scheme of the solar cell geometry (in nip configuration) with w the
width and L the length of the cell stripe (serveral stripes are connected in series to
form a module) (see also [55]).

From the assumption (5) of § 4.2.2 (a), we get, for uc-Si:H, Vypp = 480 mV; we
can, thus, rewrite equ. (4.32):

5—; (%)= 1.3-w* R, , Ropeer in Qg (4.33)

sheet ?

Under our assumptions, we can consider that SP/P=0FF/FF; with FF, = 75%, we
therefore obtain:
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OFF (%) = w* R, , Ry in Q (4.34)

sheet ?

With the equivalent circuit introduced in this paragraph, we were able to predict
losses in FF due to light-soaking (increase of recombination current density),
shunts and high series resistance. These predictions will be compared and discussed
in relationship with experimental observations, for the first two cases, in paragraphs
§ 4.4 and 4.5.

4.2 Dark J(V)

Dark J(V) measurements allow one to establish the experimental values of the
reverse saturation current density J, and the ideality factor n, to be used in the
preceding “theoretical” model (equs. (4.2 - 4.3) and Fig 4.1). J(V) dark curves are
generally characterized by an ideality factor that is independent of the voltage; n
has a value between 1 and 2 [57, 58]. According to the “classical” pn diode theory,
n is such as: n=1 when the diffusion current dominates and n=2 when the
recombination current dominates. When both currents are of comparable
magnitudes, n is between 1 and 2 (see Chapter 3 and [30]). For pin diode junctions,
no rigorous theory has been developed as yet; by intuitive extension from the pn
diode theory, one may assume that n tending towards 2 is associated with the case
of an “ideal” pin diode where defect density is uniform [51]. Nevertheless, some
authors report that n tending towards 1 may be associated with the case where
interface (p/i and/or i/n) recombination dominates [59].

4.2.1. a-Si:H

Detailed investigations have been carried out, for many years, on J(V) dark
characteristics of a-Si:H solar cells [57, 58]. Attention was more particularly
focused on the effect of light-soaking on J(V) dark characteristics: contributions
associated with bulk recombination were observed in such situations [60, 61]. More
recently, Deng et al. associated the increase of J, and n due to light-soaking to
modifications of the energy distribution of the bandgap defects [62].

4.2.2. pc-Si:H

Detailed investigations of dark J(V) characteristics have not been carried out for
pe-Si:H as yet; however, we can mention that Klein et al [63] also observed an
increase of J, and n with light-soaking, especially for cells of low crystalline
volume fraction. They attributed this increase to a larger light-induced defect
density, and, thus, to an increased recombination, in the amorphous phase.

4.2.3 Dark J(V) measurements

Fig 4.6 shows an example of dark J(V) measurement, carried out at room
temperature (T = 293 °K), for a typical pc-Si:H solar cell; we established the
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experimental values of Jy and n by fitting such a dark J(V) curve with the dark
diode equation (as contained in equ. (4.1)).

In Chapter 3, we assumed, for the calculation of the theoretical limits in the pin
configuration, that the reverse saturation current J, was equal to ~ 10 mA/cm” for
pe-Si:H. This range of value is confirmed by the dark measurements performed on
both our pin and nip series that give J, values in the order of 10 — 10°® mA/cm®.
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Figure 4.6. Dark J(V) measurement of a typical microcrystalline silicon solar cell
(of medium crystallinity, ¢. ~ 50%): linear and logarithmic representation.

4.3 Effect of i-layer thickness on the uo’co-product of solar cells and individual
i-layers

4.3.1 Introduction

In this paragraph we will focus on the experimental evaluation of p’t’-products
(= (UT)etr, see remark on the bottom of p. 44) by three different techniques:

e Photoconductivity (SSPC);
e Steady-state photocarrier grating (SSPG); and
¢ Variable Illumination measurement (VIM)

for thickness series of annealed and degraded a-Si:H layers and cells, as well as
thickness series of pc-Si:H solar cells and layers. Note that whereas SSPC and
SSPG will be jointly used to evaluate layers grown on glass, and are measurements
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performed in the coplanar configuration (transport path parallel to the substrate),
VIM will be applied to complete solar cells and is performed in the transverse
configuration (transport path perpendicular to the substrate plane). Furthermore,
SSPC and SSPG are techniques based on photoconductive methods which probe
that part of the layers with the best transport properties, whereas VIM is a
technique based on the J(V) curves which takes into account the recombination
integrated over the entire depth of the intrinsic layer.

In a-Si:H and pc-Si:H solar cells, the uo'co—products are deduced from VIM
measurements according to equ (4.17), whereas u’t’-products cannot be measured
by a single experiment in a-Si:H and pc-Si:H layers, as both neutral and charged
defects always coexist in such layers. u’t’-products were, thus, experimentally
established in layers from measurements of the mobility-recombination lifetime
products u’t%, for both majority and minority carriers. u’t’ corresponds to the value
that the measured p’t"-products would take if all the defects in the material were
neutral. SSPC and SSPG are two methods used to analyze coplanar electronic
transport of a photoconductive semiconductor, such as silicon thin films under
illumination. In these measurement techniques, a steady-state condition between
generation and recombination of free carriers is achieved by steadily illuminating
the sample.

SSPC gives information about the photoconductivity Gphe, Whereas SSPG gives
access to the ambipolar diffusion length L,,,. Details on these methods can be
found in [64, 65]. The application of the SSPG method to pc-Si:H layers is more
delicate than for a-Si:H; its validity was discussed in detail in [66].

uoto-products were established from Gphow, and Luy, combining the two
following equations:

G =q-(u'n, +u'p,)=q-G-(u'z" +u'z") (4.35) and

R

0 0
2 :kT 'u”T” "upfﬁ

= .C 4.36),
g wrl o, 0

where n; and p; are the free electron and hole density, resp., W' and upo their
mobility, .} and TpR their recombination time, G is the generation rate, k is the
Boltzmann factor, T is the absolute temperature, q is the elementary charge and C
18 a correction factor, with a value between 1 and 2 [66].

4.3.2 a-Si:H and pc-Si:H layers

The samples consist of several annealed and degraded a-Si:H layers, as well as
of pc-Si:H layers, with thicknesses between 0.3 and 2.8 um. The p’t’-products
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established by the combination of SSPG and SSPC techniques are presented as a
function of the layer thickness in Fig. 4.7. Degraded device-grade a-Si:H layers
posses the lowest u’t’-products, equal to about 10”7 cm*/V.

— 6 .
> 10 * Tese % ]
NE L 2 L 2
O O 2 B J .
) s 80 . . 0® o .
~ OO oo 0 ¢ o) ‘~30
8 o~ og . o
e
n X X
e 107 ) ?%%x Laale . ]
2 NS
2 x "
© -
b x
=2 8
10 ‘ ‘ ‘ ‘ ‘
0 0.5 1 1.5 2 2.5 3

thickness (um)

Figure 4.7. n’t-products of various pc-Si:H layers (black diamonds) as well as
degraded (crosses) and annealed a-Si:H layers (empty dots), established from SSPC
and SSPG measurements, as a function of the layer thickness. The lines are guides
to the eye.

Fig. 4.7 shows that ut’-products of pc-Si:H layers (deposited on glass) present
a relatively slight dependence on the layer thickness (which varies over one full
decade), especially for thin layers below 1.5 um. We suggest that the slight
dependence observed is linked to defect gradients. Indeed, it is known that the
microstructure of pc-Si:H layers evolves with accumulated layer thickness. Such
evolution results in crystallinity gradients and possibly in defect gradients as well
[11]. Nevertheless, for layers which are more than 1.5 pum thick, absolute values of
1’1’ as measured on pc-Si:H layers are independent of the layer thickness. Here,
coplanar transport properties are no longer affected by defect gradients or by
microstructure/crystallinity gradients (see also [67]).

The average values of u’t’-products, as presented in Fig 4.7, are listed in Table
4.1:
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Layer measured Moro — product

[cm®/V]

Best a-Si:H (empty dots) 6-10”

(annealed state)

Characteristic a-Si:H (empty dots) 4-107

(annealed state)

Characteristic a-Si:H (crosses) 1x1077

(degraded state)

Best nc-Si:H (empty diamonds) 1x10°°

Characteristic pe-Si:H (black diamonds) 6x10”

Table 4.1. Typical u’t’-products of a-Si:H and pc-Si:H layers established from
SSPC and SSPG measurements

4.3.3 a-Si:H and pc-Si:H cells

After the thickness series of layers as described above, thickness series of
annealed and degraded a-Si:H cells, as well as thickness series of pc-Si:H cells
were evaluated by VIM. p’t’-products were established from equ. (4.17) by setting
V=1 V; they are presented as a function of the i-layer thickness in Fig. 4.8:
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Figure 4.8. n’t’-products of various a-Si:H (empty dots: annealed state, crosses:

degraded state) and pc-Si:H solar cells (black diamonds) established from VIM
measurements, as a function of the intrinsic layer thickness

In contrast with p’t’-products as measured in layers by SSPC/SSPG, pn’t’-
products as evaluated by VIM in a-Si:H and pc-Si:H solar cells show a strong
dependence on the intrinsic layer thickness, especially for cells with an intrinsic
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layer thickness smaller than 3 pm, as shown in Fig. 4.8. This strong dependence of
the p’t’-products with i-layer thickness is again assumed to be caused by defective
interfaces or by crystallinity gradients. But, this time, VIM has been used to
measure the p’t’-products and VIM is a transverse “integrative” electronic
measurement technique that presents a high sensitivity to defects or microstructure
gradient’s presence, even for i-layer thickness over 1.5 um. Moreover, we can see
from Figs. 4.7 and 4.8 that p’t"-products measured in cells, in transverse geometry
by VIM, are up to a factor 10 lower than uo’co—product values measured in layers, in
a coplanar geometry, by SSPG/SSPC (that are photoconductive techniques).

Defect density gradients have been studied extensively with PDS (Photothermal
Deflection Spectroscopy) measurements. PDS is a very sensitive technique for
measuring optical absorption, by evaluating the variations in sample temperature
due to the latter [22]. PDS is used to evaluate the defect density in a similar way as
FTPS (Fourier Transform Photocurrent Spectroscopy (FTPS), see § 2.4). However,
unlike FTPS, which is a photoconductive method, PDS is (like VIM) an integrative
method. Indeed, the heating of the sample physically depends on the integral of the
absorption over the whole sample depth.

Based on results of PDS measurements, Jackson et al. proposed a very simple
defect density model for a-Si:H layers. This defect density model accounts for
surface/interface and bulk effects, with both the surface and interface layers
considered as two-dimensional structures [68]. Curtins et al. later introduced what
they considered a more realistic model by assuming that the defect density is an
exponentially decaying distribution [69]. Jackson’s model assumes that the defect
density thickness distribution is of the form:

n,(z)=N_-6(z)+N, (4.37),

where Nj is the surface/interface defect density (in cm?), N, is the bulk defect
density (in cm™), 8(z) the delta function, and z the axis of (intrinsic) layer growth.
The term N;-8(z) includes both contributions of the defective layer at z = 0
(interface) and of the one at z = d (surface).

After integration of such a distribution, one obtains that the average defect
density is given by:
N,(d)=d™" -['n,(z2)dz=N_/d+N, (4.38)
According to this expression, a linear plot of the defect density versus the
reciprocal layer thickness results in a straight line: its intersect with the vertical axis
gives the value of the bulk density N, and its slope equals the surface/interface

defect density N;. In the case of the defect model of Curtins et al., the slope is not
constant and depends on the layer thickness (see [69]).

Assuming that the effective recombination lifetime 1° is inversely proportional
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to the recombination center density Np, a linear relationship between the defect
density and the reciprocal of the layer thickness d’ implies a linear relationship
between the reciprocal of the put’-products and d”', if u° is assumed to be constant
over the i-layer thickness. Indeed, let us designate with R(z) the local
recombination function, this quantity varies with the i-layer depth z; 7 1s, thus,
given by:

n,-d d

t'=r, =——=const ——— (4.39),

T a
[R(z)dz [R(z)dz
0 0
where n¢ is the density of free photogenerated electrons (n¢= p), which is assumed

to be constant over the i-layer thickness d.

Now, by taking p” constant, we obtain that:

oy .
IUOITO zCOI’lSt . IR(Z)dzzconSt .J‘nD (Z)deCOVlSt” [N\ /d+Nh] (440)
0

0

Thus, if we postulate that defect density np (z) varies according to the “Ansatz”
(4.38) of Jackson et al., we simply obtain that (u’t’)" should vary linearly with the
reciprocal of the i-layer thickness (1/d). In reality, Fig. 4.9 shows that (uo’co)'1 varies
exponentially with d:

thickness (um)

109 1.0 0.50 0.33 0.25 0.20 0.17

11 VIM) (Viem?)

00 10 20 30 40 50 60
1/thickness (um™)

Figure 4.9. n’t’-products of various a-Si:H (empty dots: annealed state, crosses:
degraded state) and pc-Si:H solar cells (black diamonds) established from VIM
measurements, in logarithm scale as a function of the reciprocal of the i-layer
thickness.
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According to Fig 4.8, the (po'co)'1 values can be well fitted with:

L eexplk (/)] (4.41),

0.0

u’'r

with k and k' two numerical constants (different in all three cases).

Such an exponential function can be rather well approximated by a linear
function for large i-layer thickness, i.e. when k'-(1/d) < ~0.5. In that case, if we
consider Jackson's model (equ. 4.40), we have:

=k -explk (1/d)] =k - (1+%)zk" [ N, +%} (4.42),

(JT(J_

i.e. we obtain that k is proportional to the bulk density N, whereas kk is
proportional to the interface/surface defect density N;

Thus, according to Fig. 4.8, for such “larger” thicknesses, the pc-Si:H solar cells
present the highest interface/surface defect density Ng (i.e. the steepest slope),
followed by degraded and annealed a-Si:H solar cells, resp. If we assume that the
interfaces, as present along the crystalline grains in pc-Si:H solar cells can be
neglected, N; (as in Jackson's model) represents probably, above all, the defect
density at the p/i interface (for pin cells) or at the n/i interface (for nip cells). The
high surface defect density observed in pc-Si:H solar cells is then related to growth
and possible contamination problems at these interfaces.

For thinner i-layer thicknesses, i.e. for d values below 1 um, the exponential
function cannot be approximated with a linear function any more and the defect
density model by Jackson et al. is not applicable. This is not surprising, as in
reality, interfaces can not be modeled by delta functions, as they are regions of
finite dimensions, where perturbations and additional defects due to growth
problems and contamination decrease with something like an exponential function.
Similarly, Favre [70] observed that Jackson's as well as Curtin's models could not
be applied, for a-Si:H layers, for thicknesses below 0.81 pum.

To conclude, we observed that for layers thicker than 1.5 wm, the coplanar
electronic transport, and, thus, the uoto—product, is no longer affected by any defect
gradient. Consequently the p’t’-product evaluated in layers thicker than 1.5 um in
coplanar geometry is a reliable material quality parameter. On the other hand,
transverse electronic measurements, as done by VIM on a-Si:H and pc-Si:H solar
cells, are affected over a longer distance by the presence of defects or crystallinity
gradient: the u’t° values of solar cells showed a marked thickness dependency for
i-layer thicknesses up to approximately 3 pwm. Moreover, as already stated, there 1s
a factor 10 between the absolute values for p’t’-products as measured in layers and
those measured in solar cells. This can be attributed to the fact that the
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measurements on layers are based on coplanar, photoconductive methods, which
only “probe” the most conductive part of the bulk of the layer, whereas
measurements on cells are based on VIM, i.e. on J(V) curves, which “probe” the
whole depth of the intrinsic layer within the pin solar cell.

w’t’-products should, thus, strictly be compared, in solar cells, if they are taken
from VIM measurements performed on cells of similar intrinsic layer thickness.

4.4 Variable gas flow series

In this paragraph, we will show how VIM and FTPS can be used as diagnostic
tools to investigate the main reason for a drop of fill factor, as observed when the
hydrogen flow is decreased during the deposition of pin pc-Si:H solar cells.

4.4.1 Samples

The samples consist in pc-Si:H solar cells deposited under “high pressure
depletion” (HPD) conditions, so as to increase the deposition rate, whilst
maintaining intrinsic layer quality. However, the HPD method generally requires
very high gas flows, especially H, flows; economically, this requirement can be a
serious disadvantage. Roschek at al. [71] investigated the fabrication of pc-Si:H
solar cells under such HPD conditions, at 13.56 MHz, but with step-wise reduced
H, flow rates. The TCO used consist of sputtered etched Zinc Oxide [8].

The silane dilution was adjusted in such a way, as to keep the Raman
crystallinity factor ¢. (approximately) constant, at about 60 to 65%. It was
observed, in this case, that the FF drops from 72.4 % to 66.2 % when the H, flow
rate 1s reduced from 750 sccm to 50 sccm, see Table 4.2:

H, flow i-layer Joe Ve FF n
(sscm) | thickness (mA/cm?) (mV) (%) (%)
(um)
750 1.29 21.9 538 72.4 8.5
360 1.29 21.8 527 69.3 8.0
150 1.32 21.9 505 69.2 7.6
50 1.09 21.7 502 66.2 7.2

Table 4.2. Values for the main parameters of the gas flow series: hydrogen flow,
intrinsic layer thickness, short-circuit current density J., open-circuit voltage V.,
fill factor FF and efficiency 1. For more details, see also [71].
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4.4.2 VIM measurements

As can be seen in Fig. 4.10, the collection voltage and the fill factor both
increase with increased hydrogen flow:
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Figure 4.10. Collection voltage (measured by VIM) and fill factor as a function of
hydrogen flow. Lines are only guides to the eye.

It can be clearly seen from Fig. 4.10 that the collection voltage drops from
594 V to 12.5 V when the hydrogen flow decreases from 750 to 50 sccm.
According to equ. (4.21) previously introduced, this should correspond to absolute
losses in fill factor equal to 1.5% and 7.2%, with respect to the ideal value of FF =
75%, i.e. FF values of 73.5% and 67.8%, resp. We observe that the correlation
between losses in FF and collection voltage, as expressed in equ. (4.21), is indeed
confirmed, as shown in Fig. 4.11.

This increase of the collection voltage with hydrogen flow is consistent with
observations done on EQE (External Quantum efficiency) curves: an increase of
EQE at 700 nm 1s observed under reverse bias for the sample deposited with 50
sccm of H,, confirming that all carriers are not collected under short-circuit
condition. On the contrary, no variation of EQE is measured under reverse bias for
the sample deposited with 750 sccm of H,, see Fig. 4.12.
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Figure 4.11. Absolute loss of fill factor (FF, = 75%, see §4.2.2) as a function of
collection voltage. The curve is a fit to equ. (4.21).

1

——750 sccm ||
— 50 sccm

0.8 |

External Quantum Efficiency

PR R RIN NSRRI
] = ]
\O <t N
) \O o~

400 F
480 F
800 F
880 |
960 F

Wavelength (nm)

Figure 4.12. External quantum efficiency curves at open-circuit voltage and under
reverse bias (plain and dashed curves, resp.), for two samples deposited with 50
and 750 sccm of H,.
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4.4.3 FTPS measurements

If we now look at (sub-bandgap) defect-related absorption, as established by
Fourier-Transform photocurrent spectroscopy (FTPS) at 0.8 eV (see Chapter 2), we
observe a decrease of a(0.8 eV) with H, flow as presented in Fig. 4.13:
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Figure 4.13. Defect-related absorption as a function of hydrogen flow. The line is
merely a guide for the eye.

Fig. 4.14 shows as tendency a rough proportionality between the loss of fill
factor 6FF and the defect absorption o(0.8 eV), as may be expected from equ.
(4.20) (by assuming that u° and d; are constant, and t° is inversely proportional to
(0.8 eV)). Nevertheless, more data is necessary here to confirm this tendency.
According to Fig. 4.14, the FF value equal to 66.2% (OFF = 8.8 %) should
correspond to a value of o(0.8 eV) in the order of 5.5-10° c¢cm™ instead of
4-10° cm’', as actually measured. This means that the fill factor suffers a stronger
reduction, than what could be solely explained by the increase in (0.8 eV), i.e. in
defect density. Indeed, the fill factor values at low gas flow rates are limited
because of low values of the collection voltage V... We suggest that these low
collection voltage are due to a stronger oxygen incorporation at low gas flow rates,
leading to a reduction in the electrical field E.s. Indeed, according to equs. (4.5)
and (4.12):

1

E— 4.43):
a(0.8eV) 7 (4:43)

Vcoll o< ILlOTOEeﬁ" o<

i.e. for a similar defect-related absorption value (i.e. a similar defect density), a
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decrease in the electric field due to contamination leads to a further, proportional,
decrease of the collection voltage.
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7 :
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Figure 4.14. Absolute loss of fill factor (FF, = 75%, see § 4.2.2) as a function of
defect-related absorption. The curve is a proportional fit.

Finally, it should be noticed that the Urbach parameter E, (see Chapter 2)
decreases with increasing hydrogen flow: 39.6 eV for the sample of 50 sccm of H,
and 35.8 for this of 750 sccm of H,, indicating of a modification of the “network”
disorder (strained bonds). From previous measurements preformed with FTPS, an
increase of a(0.8 eV) (due to variations in the deposition process (such as silane
dilution) or due to proton-induced degradation) is invariably associated with a
proportional increase of Eg (see [11] and Chapter 6). On the other hand, in the case
of light-induced degradation, this relationship between E, and o(0.8 eV) is not
observed (see Chapter 5).

4.5 Pin and nip dilution series: light-soaking

In this paragraph, we want to check whether the predicted reduction in FF with
an increase of oi(0.8 eV) (i.e. with an increase of the defect density) is verified for
light-induced degradation.

4.5.1 Samples

The samples consist of two series of pc-Si:H solar cells: one series of pin cells
and one of nip cells, of varying crystallinity. Both series were light-soaked for
1000h; detailed results and the dependence of light-induced degradation on
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crystallinity will be presented in Chapter 5. The fill factor (FF) is the solar cell
parameter that is the most affected by light-soaking, all other parameters present
only variations that are lower than 2.5%. Moreover, FF was observed to be
maximal for samples of intermediate crystallinity: this maximum corresponds to a
minimum in defect-related absorption and to a maximum in collection voltage.

4.5.2 VIM measurements

VIM measurements show that the degradation observed under light-soaking is
associated with a decrease of the collection voltage V.y; furthermore, no
significant variation of the shunt resistance is observed, see Fig. 4.15 (caption),
below:
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Figure 4.15. Short-circuit resistance R as a function of the reciprocal of the short-
circuit current density Ji.' for the pin sample of medium crystallinity. The Jg
values are also indicated. The straight line corresponds to a linear fit according to
equ. (4.17). The curves tend asymptotically towards the same value Rg,, for high
J sc'lz we can thus conclude that the shunt resistance in this device is not affected by
light-soaking.

Let us now consider the absolute loss of fill factor, as induced by light-soaking,
as a function of the collection voltage, presented in Fig. 4.16:
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Figure 4.16. Absolute loss of fill factor due to light-soaking with respect to the
ideal value FF, = 75% as a function of collection voltage for the nip dilution series.
The lowest reduction in fill factor is obtained for the nip cells with the highest
crystallinity. The curve is a fit to equ. (4.21). Similar values of dFF and V., were
obtained for the pin series (not presented here).

4.5.3 FTPS measurements

Here, we confirm that light-induced losses in fill factor can be correlated with
an increase in defect-related absorption: indeed, Fig. 4.17 shows that OFF is
proportional to ai(0.8eV) in the degraded state, as expected from equ. (4.20), for the
nip series (similar results were obtained for the pin series, not shown here).

We can, thus, conclude that the reductions of FF observed when light-soaking
the cells of our uc-Si:H pin and nip series are well fitted by the empirical
relationships established from the equivalent circuit introduced in this Chapter. In
the framework of this model, the main electrical loss (i.e. FF drop) due to light-
soaking can be attributed to an increased recombination in the intrinsic layer. The
experimental results on light-soaking, thus, validate, together with the results
previously obtained with the gas series, the simple model proposed for pc-Si:H.
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Figure 4.17. Absolute loss of fill factor due to light-soaking as a function of defect-
related absorption, in the degraded state, of the cells of the nip series; the line is a
proportional fit, according to equ. (4.20)

4.5.4 Dark J(V) measurements

As previously mentioned, we assumed in Chapter 3 (theoretical limits) that the
reverse saturation current J, was equal to ~ 10° mA/cm® for pc-Si:H. This range of
values is confirmed by the dark J(V) measurements performed on both our pin and
nip series, see for example Fig. 4.18 hereafter. Fig. 4.18 shows the variation of dark
current density after light-soaking for the pin sample of medium crystallinity.

The observed change in dark J(V) corresponds to an increase of the ideality
factor n from 1.3 to 1.5 and an increase of the reverse saturation current density J,
from 2.1-107 to 9.8:10° mA/cm®. An increase of n (not shown here) and an
increase of Jy (shown in Fig. 4.19, for the sample of medium crystallinity) was
observed for all pin and nip samples with light-soaking. Similar results were
reported by Klein et al who light-soaked [ic-Si:H solar cells deposited by Hot-Wire
CVD [62].
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Figure 4.18. Dark J(V) measurement before (full line) and after (dotted line) light-

soaking for the pin sample of medium crystallinity (0. ~ 50%), at room temperature
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Figure 4.19 Reverse saturation current as a function of defect-related absorption
after light-soaking and subsequent annealing steps for the pin sample of medium
crystallinity (¢. ~ 50%). The dotted line is a linear fit.
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Fig. 4.19 shows that the reverse saturation current density J, decreases linearly
with decreasing defect-related absorption /(0.8 eV). Since the FTPS spectra were
calibrated at 1.35 eV with respect to the absorption value of crystalline silicon,
defect-related absorption as measured at 0.8 eV is assumed to be proportional to the
defect density of the (micro)crystalline phase (see Chapter 2, § 2.4)). Fig. 4.19,
would, thus, indicate that the value of J, is directly linked, in pc-Si:H solar cells, to
the density of such “microcrystalline” defects; we suggest (see Chapter 5) that
these defects are situated at the surface of the nanocrystals. The ideality factor n
decreases with defect-related absorption (not shown here) but also with crystallinity
as can bee seen in Fig. 4.20:
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Figure 4.20. Ideality factor as a function of Raman crystallinity factor for the nip
series (similar result for the pin series). The line is merely a guide for the eye. The
reverse saturation current J, also decreases with crystallinity (not presented here).

This observation indicates a continuous variation of the ideality factor between
the experimental value for mainly amorphous devices (n ~ 1.5), and for highly
(micro)crystalline devices (n ~ 1.2). According to the theory for pn junction, the
trend observed could be interpreted as a continuous variation of the type of
transport with crystallinity: drift dominated transport at low ¢. and diffusion
dominated transport at high ¢.. From the pin junction model (see § 4.2), this could
suggest that bulk recombination is predominant at low ¢., whereas it is interface
recombination that is predominant at high ¢.. The increase of n with light-soaking
is in agreement with the other observations, that indicate an increase of
recombination within the intrinsic layer. Nevertheless, further work would be
needed to confirm this interpretation.
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4.6 Solar cells with low shunt resistance

4.6.1 Samples

In this paragraph, we will consider two pin pc-Si:H solar cells with a surface
area of ~0.2 cm’, structured on the same substrate, that present very similar FF
under AMI1.5 illumination: cell A: FF, = 70.9 % and cell B: FFg = 70.4 %, resp,
but very different FF at low illumination (~107 sun): FF, = 68.7% and
FFg = 29.2% resp. We will investigate if the difference in fill factor values
observed between these two cells A and B can be explained by a low shunt
resistance, due either to structuration problems or due to a localized shunt (e.g.
from dust/ZnO particle or from voids).

4.6.2 VIM measurements

VIM measurements were carried out on both solar cells: Fig. 4.21 shows the
short-circuit resistance R, as a function of J Sc'l; we observe that the cell B saturates
very quickly, leading to a Ry, value of ~ 3 kQ-cm®, whereas the cell A does not, as
yet, saturate, even with R values over ~ 40 kQ-cm”. We also observe a difference
in the collection voltage V., which is a little lower for the cell B:
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Figure 4.21. Short-circuit resistance Ry as a function of the reciprocal of the short-
circuit current density J « for two pin pc-Si:H solar cells: the straight line
corresponds to a fit of the linear part of the curve according to equ. (4.17).
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The FF value at 10° AM 1.5 immediately indicates a shunt in the device which
has a lower FF at AM 1.5. One single measurement at very low illumination thus
allows the detection of whether a structured, individual, cell has a “localized”
defect. From equ. (4.26), we obtain, for R, =Ry, =3 kQ-cmz, a fill factor loss equal
to 0.7%, whereas the loss is negligible for Ry, ~ 40 kQ-cm”. The difference between
both FF at AM1.5 can, thus, be attributed to the shunt resistance.

Nevertheless, the fill factor reduction should not be considered with respect to
the ideal value of 75%, because these cells have already collection deficiencies that
limit their FF values. Indeed, the larger part of the loss observed is not related to
shunts, but to the low collection voltages: V., = 18.4 V corresponds, according to
equ. (4.21), to a fill factor reduction of FFy, — FF ~ 4.8 %., i.e. to FF ~ 70.2 %,
whereas V.o = 15.8 V gives a reduction of 5.6 %, i.e. FF ~ 69.4 %.

In order to be able to validate our empirical expressions, cells with very high
collection voltages (Veou = 70V) and low Ry (Ry, <1 kQ-cmz) should be
considered. Such cells could correspond to very good initial cells (FF ~ 75%) later
shunted during the scribing process.

4.7 Conclusions

In the present chapter, an equivalent circuit and a “theoretical model” (system of
equations) already introduced and validated by J. Merten [49] and J. Merten et al
[41] for a-Si:H pin-type solar cells in 1995-1998, has been introduced for the
description of pc-Si:H pin-type solar cells. The equivalent circuit/“theoretical
model” still needs to be validated for pc-Si:H by systematically carrying out fits on
a large number of different pc-Si:H solar cells and by measuring the collection
voltage and shunt resistance for various illumination levels (between 107 and 1
sun). So far, in our own work, an excellent agreement between such measurements
and an increase of defect-related absorption, as well as high shunt resistances, that
both lead to a reduced FF value, has been noted. But our experience is limited. The
model used can be considered to be an extension of the superposition principle
(known for pn-type solar cells) to the case of pin-type solar cells, by adding a
recombination current sink.

Variable illumination measurements (VIM) based on the equations of the model
allow one to evaluate 3 major effects that often limit efficiency and adversely affect
the fill factor of pc-Si:H solar cells:

(1) Collection losses due to low lifetimes of the photogenerated carriers (seen
as a reduction in collection voltage V., and an increase of defect-related
absorption o at 0.8 eV),

(2) Low shunt resistance Ry, due to micro-cracks and structuration problems,

(3) High series resistance R; of the TCO layers.
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The fill factor of puc-Si:H solar cells was assumed to ideally equal 75%, as
achieved with actual best pc-Si:H solar cells [9]. In practice, one often obtains
much lower fill factor values. The absolute difference OFF between the ideal fill
factor (75%) and the actual value of fill factor can be written as:

5FF = é}?}?coll + éT’Fyhunz + &Fveﬁes (4.44),
with (for pe-Si:H):

V..
OFF,, (%) =@(V,p,) —#=-90 , Vi ~ 1V (4.45),

coll
OFF,, (%) =2 -RL, Ry, in kQ-cm’ (4.46),

sh

&Fser‘ies (%)z 3 .Rs ’ RS ln _Qc_mz (447)’

where Vo, Ry, and Ry can be easily measured by the VIM method, whereas the
electric field deformation @(Vypp) must be assessed by numerical simulations (see
e.g. [51]). For simplification we set ¢ = 1 at short-circuit conditions and at
maximum power point as well. We showed that the above relationships can be
applied with success to various practical cases of uc-Si:H solar cells (variable gas
flow series, dilution series with and without light-soaking, strongly shunted cells).
Note that in the illuminated J(V) measurements both parameters, Ry. and R, that
are determined directly from the slopes of the J(V) curves at V=0 and at V = V,,
respectively, contain contributions from recombination. Because of this fact, very
low values of R cannot be easily measured, without strongly increasing the light
intensity, as they are otherwise fully masked by the recombination. Indeed, in a-
Si:H cells, for example, values of Ry lower than 3 Q-cm? can not be measured under
1 sun illumination [55].

A further significant result exposed in this chapter is related to the measurement
of n’t’-products of pc-Si:H layers (on glass) and of entire pin cells. In both cases,
thickness series were studied. The in-depth analysis of this data allows us to
conclude that:

(a) interface defects (on the p/i and i/n interface) play a major role in solar cells:
the interface defect density is thereby observed to be greater in pc-Si:H solar
cells than in a-Si:H solar cells. This is probably due to growth and
contamination problems at the first interface (p/i or n/i interface depending
on the configuration);

(b) VIM is a transverse (and “integrative”) electronic measurement technique
that therefore presents a high sensitivity to the presence of gradients in defect
density or in microstructure: the values of the po'co—products, as established
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by VIM in solar cells, are therefore thickness dependent and a factor 10
lower in absolute value than values measured in coplanar geometry in layers.
Care must thus be taken to compare pt-products in solar cells only if they are
established from VIM measurements performed on solar cells of similar
intrinsic layer thickness.

Dark J(V) measurements carried out on both a pin and a nip dilution series
confirmed that, in pin junctions, the reverse saturation current depends on the
defect density. Indeed, it was shown (for the first time to our knowledge), that in a
uc-Si:H solar cell with medium crystallinity (¢. ~ 50%), the reverse saturation
current density J, increases linearly with the defect density, as monitored by the
defect-related absorption o at 0.8 eV. In addition, the ideality factor was observed
to decrease from n ~ 1.5 to n ~ 1.2 when the Raman crystallinity factor increases
from ¢, = 15% to ¢. = 70%. From the pin junction collection model presented in
this chapter, this could suggest that bulk recombination is predominant at low ¢,
whereas it is interface recombination that is predominant at high ¢.. Furthermore,
the increase of n that is, as well, observed with light-soaking is in agreement with
an increase of the recombination in the “bulk™ of the intrinsic layer of uc-Si:H solar
cells, as suggested in the next Chapter 5 (the word “bulk” including the interfaces
between amorphous and (micro)crystalline phases).

Further investigations should be focused on applying the equs. (4.45) to (4.47)
to a larger number of samples, among which another thickness series of pc-Si:H
cells. Light-soaking and annealing measurements on such a series would give
further precious information on the nature of the defects, by verifying if only the
“bulk” defect density increases with light-soaking in pc-Si:H or if the interface
defect density increases as well.
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5. Light-induced degradation of thin-film microcrystalline
silicon (uc-Si:H) solar cells

5.1 Introduction

This chapter presents the results of light-soaking studies on two series of thin-
film pin and nip microcrystalline silicon (uc-Si:H) solar cells. The results will be
discussed and compared to light-induced degradation, as observed in amorphous
silicon (a-Si:H). Light-induced degradation of uc-Si:H solar cells will be assessed
from measurements of the electrical parameters, as well as from sub-bandgap
absorption spectra (defect-related absorption). Analogies between light-induced
degradation and annealing in pLc-Si:H and a-Si:H will be presented in detail.

In fact, two main issues are studied in this chapter:

e Are uc-Si:H solar cells of “medium” crystallinity (with a Raman crystallinity
factor ~ 50%) stable under light-soaking (these cells have the highest initial
efficiencies) ?

e If not, can we conclude that the amorphous phase is responsible for the
degradation that is observed?

The first issue is of great importance for the application of pc-Si:H for low-cost
single-junction and tandem (a-Si:H/ pc-Si:H) solar cells and modules.

After a short review of present models for light-induced degradation of a-Si:H
and pc-Si:H solar cells and layers in § 5.2, we will describe the solar cells used for
our study in § 5.3. Then, the light-soaking and annealing condition will be
described in § 5.4, whereas the solar cells initial state will be fully characterized in
§ 5.5.In § 5.6 and 5.7, we will show that pc-Si:H solar cells degrade under light-
soaking, albeit in a “softer” and slower way than amorphous devices. Furthermore,
the relative amplitude of the degradation is a function of the crystallinity of the
intrinsic layer incorporated in the solar cell: the lower the crystallinity, the higher
the light-induced degradation. We will demonstrate more precisely that light-
induced degradation is proportional to the ratio of the amorphous volume over the
crystalline volume.

In § 5.8 we will show that light-induced degradation of pc-Si:H is totally
reversible under thermal annealing and in § 5.9 we will give evidence that the
kinetics of annealing is very similar to that of a-Si:H, albeit (again) slower. We
will, thus, in § 5.10, suggest a simple model for light-induced degradation: in this
simple model, defects that are created by light-soaking cause a deterioration of the
nanocrystals’ passivation, leading to a decrease of the electrical properties of the
pe-Si:H solar cells .
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5.2 Light-induced degradation: observations and models

Amorphous silicon has been known, for more than 20 years, to suffer from

light-induced degradation; this degradation phenomenon is generally known as the
Staebler-Wronski (SWE) effect [13]. We will summarize the major observations
made, up to now, on light-induced degradation in a-Si:H and pc-Si:H layers and
solar cells. Models developed for describing the Staebler-Wronski effect will also
be briefly presented.

5.2.1 Observations

The following characteristic behaviours have been reported for thin-film

amorphous and microcrystalline silicon layers and solar cells:

a) amorphous silicon (a-Si:H)

e layers:

A decrease in photoconductivity during illumination that results from a drop
in the majority carrier Wt-product [13]. The decrease is approximately of one
order of magnitude for illumination with a tungsten lamp of 200 mW/cm®
[13]. For such illumination, a decrease in the dark conductivity of around 4
orders of magnitude was also observed [13];

A decrease of the photoluminescence intensity of the order of 50% after
illumination with an argon ion laser light of 40 mW [72];

An increase of the defect-related absorption, as measured at 1.2 eV, by a
factor of approximately 5 (see e.g. [73]);

All these behaviours are followed by quasi-saturation after ~1000h of

illumination: the saturated values reached thereby depend on the temperature and
defect generation rate (i.e. on the illumination level used for the degradation).

solar cells:

A relative decrease in the electrical parameters that characterize the cell
performance, of up to 40 % [74, 75], with the fill factor being the parameter
that is the most affected by light-soaking. Typical degradation conditions used
for a-Si:H solar cells consist in 1000 hours of light-soaking, under AM 1.5-
like spectra, at 50°C. Under such conditions, quasi-saturation values of the
electrical parameters are reached.

This type of degradation does not only occur under illumination, but also in
the dark, under forward bias, when both types of carriers are injected into the
intrinsic layer [76].
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The thicker the i-layer, the larger is the relative decrease of the electrical
parameters (mainly the fill factor). Degradation can therefore be interpreted as
depending on the total recombination within the intrinsic layer, which
increases with increasing thickness. Thus, a-Si:H solar cells optimized for
better stability have i-layer thicknesses lower than 500 nm.

Light-induced defects as created in a-Si:H layers and solar cells are metastable

and degradation is observed to be reversible under thermal annealing: at annealing
temperatures above 150°C, 2h are necessary to get back to the initial parameters
[13, 77]. The defects have been identified as dangling bonds that act as
recombination centers; the increase of the density of such recombination centers is
responsible for the decrease observed in the fill factor of a-Si:H solar cells.
Furthermore, the origin of the creation of dangling bonds has been deduced to be
recombination itself. Indeed, in devices such as TFT (Thin Film Transistor), where
no carrier recombination occurs in the active layer, no degradation has been
observed.

b) microcrystalline silicon (puc-Si:H):

e layers:

Fliickiger et al [78], as well as Liu et al. [79] observed light-induced
degradation in pc-Si:H layers, but further measurements showed that post-
oxidation could be taken as responsible for the increase of defect density that
they observed.

solar cells:

Fully pc-Si:H (i.e. cells with a Raman crystallinity factor ¢. ~ 80 - 90%) pin-
type cells were shown to be practically stable under white light-soaking, with a
relative decrease of the electrical parameters in the order of AFF <2 %, AV,
<2%,A.<1% |[3];

Klein et al. [61] observed a degradation of pc-Si:H solar cells deposited by
Hot-Wire (HW)-CVD: a relative decrease of efficiency of up to 10% was
measured for samples with low crystallinity (i.e. ¢. < ~30%). For some of their
samples, the fill factor is the parameter that degrades the most, for some others
it is the short-circuit density J,.. When applying a bias voltage, they observed a
loss in external quantum efficiency in the short wavelengths (blue part of the
spectra): they suggested that the amorphous phase was responsible for the
degradation (Staebler-Wronski-like degradation mechanism). This was
supported by dark J(V) measurements, showing a significant increase of both
the reverse saturation current density and the diode quality factor, after light-
soaking.
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A degradation of the amorphous phase as being the cause of pc-Si:H light-
induced degradation was confirmed by Guha et al., who carried out light-
soaking measurements using red and blue light [80]. They observed (a) a
degradation when exposing their samples to blue light, as well as to white light
(no filter), and (b) no degradation when exposing their devices to red light.
Assuming that long wavelengths (red and infrared) are only absorbed in the
(micro)crystalline phase, Guha et al. concluded that only the amorphous phase
degrades.

The same authors carried out further measurements using bias voltage [76]:
this time, they observed that (a) a forward-bias current injection in the dark
does not cause any degradation in the performance of pc-Si:H solar cells,
whereas (b) a reverse bias enhances light-induced degradation. These
phenomena are opposite to those observed in a-Si:H solar cells. Guha et al.
suggested that the forward-injected carriers are mainly transported through the
nanocrystals, where carrier recombination does not create metastable defects.
The increased degradation under reverse bias was explained in terms of the
heterogeneity of the material structure, via a “back-to-back™ diode model.

5.2.2 Models (from a-Si:H)

Staebler and Wronski were the first to suggest that light-induced degradation

observed in a-Si:H layers and solar cells was a consequence of the creation of
additional localized gap states (dangling bonds), via the energy released by the
recombination of photogenerated carriers. Over the years, many models have been
developed to explain the creation and annealing of such light-induced defects in a-
Si:H. The different models comprise:

The bond-breaking model: in this model, first presented by Hirabayashi et al.
[81] and Pankove et al. [82], the breaking of weak Si-Si bonds by prolonged
illumination is established as a major mechanism for the creation of light-
induced defects. Within the framework of this model, the increase of light-
induced defect-related absorption with light-soaking time can be described by
a power law increase, as introduced by Stutzmann et al. [83]. Such a power
law increase was recently observed by Wronski et al in a-Si:H pin solar cells
[84]. However, the power law does not allow one to describe the quasi-
saturation experimentally observed after long light-soaking times
(t 2 1000 hours).

The dispersive model: Redfield and Bube [85] introduced the dispersive model
for the creation of light-induced defects in a-Si:H, and Jackson et al. [86] and
Morigaki [87] for their annealing. In this model, the variations of defect
density as a function of light-soaking conditions (i.e. temperature and
generation rate), as well as analogous variations during annealing, are
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interpreted in terms of the dispersive diffusion of hydrogen and described by a
stretched exponential function. This stretched exponential function has the
form (as given here for annealing):

i}
N (1)=N(0)- exp{— (ij } (5.1),
T

where N is the light-induced defect (dangling bond) density, B and T are the
dispersive parameter and the effective time constant, respectively. The
expression is slightly different for the degradation kinetics (presented later as
equ. (5.3)).

The microscopic picture of light-induced degradation underlying this model
is the following: bond-breaking is mediated through the dispersive motion of
hydrogen within the amorphous network, i.e. hydrogen diffuses by sequences
of trapping-detrapping and bond-breaking occurs as a consequence of
hydrogen motion. By measuring the kinetics of dangling bond annealing at
various temperatures, Jackson et al concluded that T is thermally activated:

E
T=T,-eX : 5.2),
0 P( kT j (5.2)
with E, the activation energy and T, the annealing temperature. They also
observed that 3 increases linearly with temperature.

For light-induced degradation in a-Si:H, Redfield and Bube [85] established
a value of B = 0.45, whereas for annealing, Jackson et al [85] obtained values
of: B (403°K)=0.81,7,=1.8 -10's and E, = 0.94 eV.

We will later show that stretched exponential functions can also be used to
describe creation and annealing of light-induced defects in pc-Si:H;

however, different time constants and a different activation energy are
established.

Other models have been developed that will not be presented in detail here.
However, we should mention the hydrogen collision model, developed by H.
Branz [77], where dangling bonds are created by (recombination-induced)
emission of hydrogen atoms from Si-H bonds and not by the breaking of
weak Si-Si bonds.

5.3 Samples

The results presented in this chapter were obtained from measurements on two

dilution series of pc-Si:H cells that were deposited by Very-High Frequency (VHF)
PECVD in both nip and pin configurations. In the case of nip configuration, the
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front TCO employed is LP-CVD ZnO (Zinc Oxide) (~ 2 um thick), whereas the
back TCO is sputtered etched ZnO deposited at the Forschungszentrum in Jiilich,
Germany (~ 0.6 um thick) [8]. In the case of pin configuration, both types of Zinc
Oxides are inverted (i.e. the p layer is deposited on sputtered etched ZnO). The
doped layers have thicknesses in the order of 20-30 nm, whereas the intrinsic layer
thickness is about 2 um. Due to the relatively low deposition rate of pc-Si:H, the
current trend 1s to use i-layers with thicknesses in the range of 1 wm. This trend
should be beneficial for increasing the stability of pc-Si:H cells during the
degradation process, if the process is here similar to the one observed for a-Si:H,
which (according to our current understanding) seems to be the case. Nevertheless,
surprisingly, Klein et al. [63] observed that in some cases, thicker cells showed a
less pronounced light-induced degradation than their thinner counterparts (even for
a comparable value of the crystalline fraction); the authors were unable to justify
their observation.

Previous measurements done on two other series of pin and nip cells, deposited
on LP-CVD ZnO [39] were published in [88], [89] and are presented in Appendix
Al: we observed that the pin series degraded much more than the nip one and we
attributed this difference in behavior to a contamination of the pin devices during
their deposition process that had been carried out in a single chamber [88]. Indeed,
our recent results, as presented below, confirm the better stability of the new pin
series; these results are fully in accordance with the results obtained with the nip
cells. These results suggest, thus, that contamination of the intrinsic layer may play
a significant role with respect to device stability.

In order to avoid contamination problems, a double-chamber system was used
for the deposition of each new series. The advantage of the double-chamber system
is that the doped layers and the intrinsic layer are each deposited in their own
chamber, reducing, thus, contamination of the intrinsic layer by dopant atoms.
Nevertheless, we will observe that the new series are probably also contaminated,
this time, by oxygen. The pin and nip samples studied here, thus, do not yet
represent the best devices that can be fabricated at the moment [9]. They can,
however, still be used to give indications on the expected behavior of state-of-the
art pie-Si:H solar cells.

The deposition parameters of the doped layers were kept constant within a given
series, whereas the silane dilution used for the deposition of the intrinsic layer was
varied, leading to a variation in the crystallinity of the intrinsic layer. This is
currently one of the major i-layer optimization steps of single-junction pc-Si:H
solar cells.

The crystalline volume fraction of the intrinsic layers was assessed by Raman
measurements (see § 2.3); it is approximated by the value of the ratio ¢. of the
corresponding Raman intensities. ¢, is comprised between:
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® 15 % and 70 % for the nip series (4 samples)
e 22 % and 66 % for the pin series (3 samples).

A fourth pin cell was fabricated with an i-layer deposited in two steps: the first
1; layer was deposited with a lower silane concentration than the following 1, layer.
Such a variation of the silane dilution during the deposition of the intrinsic layer
(called “hydrogen dilution profiling”) implies the formation of fewer cracks and
voids, leading to higher conversion efficiencies [90]. This cell has an "average"
Raman crystallinity factor ¢. = 15%; its stability under light-soaking will be
compared to that of the nip cell with the same crystallinity factor (see square
symbol in Figs. 5.5 to 5.7).

5.4 Light-soaking and annealing conditions, characterization
techniques

Both series were light-soaked under open-circuit conditions for 1000 hours, at a
temperature of 50°C, under an AM 1.5-like spectrum (100 mW/cm?). They were
then annealed, under nitrogen flow, for 10 hours at sequentially increased
temperature: 100°C, 130°C, 160°C and 180°C. Measurements of the degradation
kinetics were carried out at room temperature on samples of medium and low
crystallinity. Note that, as already mentioned in § 5.2 (b), the choice of the
illumination spectra used for the degradation is essential. Indeed, in agreement with
previously published data [80], our medium crystallinity (0. ~ 50%) solar cell,
which defect-related absorption (see below) is increased by a factor ~ 1.5 after 100
hours of exposure to AM 1.5-like spectra, shows no degradation after 100 hours of
exposure to red light (= 700 nm).

Open-circuit voltage (V,.) and fill factor (FF) were obtained from J(V)
measurements under a WACOM AM 1.5 sun simulator at 25°C, whereas short-
circuit current density (Ji.) was obtained from external quantum efficiency (EQE)
measurements.

The Fourier transform photocurrent spectroscopy (FTPS) technique was used to
measure the sub-bandgap absorption spectra of the intrinsic layers as incorporated
within the solar cells; the setup and measurement conditions are described in detail
in § 2.4. The FTPS spectra were calibrated at 1.35 eV, by setting the absorption
coefficient of the pc-Si:H cells studied here to the value of crystalline silicon; with
this calibration procedure, we suppose that the absorption at 0.8 eV is mainly due
to the crystalline phase (included the nanocrystals’ surface). However, at this
photon energy, a contribution from the amorphous phase may not be entirely
excluded.

Micro-Raman spectroscopy was performed with a HeNe laser excitation beam
(633 nm) to evaluate the average crystallinity factor of the intrinsic layer,
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calculated as the arithmetical average of the Raman crystallinity factor as measured
from the top and bottom of the samples (see § 2.3).

5.5 Initial parameters of the solar cells

As already mentioned, the most efficient microcrystalline silicon solar cells are
those with an intrinsic layer of medium crystallinity (¢. ~ 50%) [7]. This statement
is verified for both dilutions series studied here: fig. 5.1 shows the conversion
efficiency, after initial annealing (1h30, 180°C), as a function of the Raman
crystallinity factor ¢.:
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Figure 5.1. Conversion efficiency 1 as a function of Raman crystallinity factor ¢
for both series of cells: empty dots: pin series, black dots: nip series. The square
symbol represents the pin cell with varying i-layer dilution. The dotted line is
merely a guide for the eye.

The presence of an optimum conversion efficiency is clearly observable and
occurs for Raman crystallinity factors in the order of 40 % to 50 %. Both series
present a very similar trend. As expected from [90], the solar cell with the intrinsic
layer deposited at variable dilution (i; + i) presents a higher efficiency than the nip
cell with similar crystallinity.

The efficiency optimum corresponds to a minimum in defect-related absorption,
as can be clearly seen in Fig. 5.2:
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Figure 5.2. Defect-related absorption a(0.8 €V) as a function of Raman crystallinity
factor ¢. for both series of cells: empty dots: pin series, black dots: nip series. The
square symbol represents the pin cell with varying i-layer dilution. The dotted line
is merely a guide for the eye.

We suggest that this optimum (highest conversion efficiency and lowest defect-
related absorption), which is observed for a medium crystallinity factor, is related
to the passivation of nanocrystals (grains) by amorphous silicon. Such a passivation
mechanism was already observed for amorphous/crystalline interfaces [91, 92].

The sample with medium crystallinity would, thus, represent an “optimum” in
passivation, whereas defect-related absorption would be higher for high ¢., because
there would not be enough amorphous material present to fully passivate the
interface defects. The increase of (0.8 eV) at low crystallinity factor is not so easy
to explain in an intuitive way. Indeed, one knows [18] that for ¢. < 30%, the size of
the nanocrystals 1s ~ 15-20 nm, and that this size does not noticeably vary with Q..
Nevertheless, one could imagine that at these low values of crystalline volume
fraction, the (micro)crystalline phase may be more defective, because crystalline
growth is not “complete” and the phase is still rather disordered.

Moreover, Baia Neto et al [93] observed, by Electron Spin Resonance (ESR)
measurements, that several types of defects are present when the amorphous
fraction is high (0. < 30%). The ESR signature of these defects (i.e. their g value)
does not correspond to the typical values for dangling bonds, as measured in fully
a-Si:H layers.
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5.6 Light-induced degradation Kkinetics

In order to follow the degradation kinetics of our uc-Si:H solar cells, 3 samples
were chosen:

¢ 1 pin cell with ¢, = 48 %;
¢ 1 nip cell with ¢. = 50 %;
® 1 nip cell with ¢. =15 %.

Sequential measurements of sub-bandgap absorption (FTPS) were carried out
after 20 minutes, 1h, Sh, 20h, 50h, 100h and 1000h of AM 1.5 light-soaking. The
kinetics of defect-related absorption (0.8 eV) during the degradation process is
presented in Figure 5.3, as a function of light-soaking time:
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Figure 5.3. Defect-related absorption as a function of light-soaking time for a pin
and a nip solar cell with medium crystallinity factor ¢. (empty and black diamonds,

resp.), and a nip cell with low ¢. (black diamonds). The dotted lines are fits to equ.
(5.3).

As already mentioned before, the kinetics of light-induced defect (dangling
bond) creation in a-Si:H can be fitted with a stretched exponential function, as
resulting from the dispersive model. This fit allows one to describe the evolution of
the degradation over long time periods (as well as the apparent saturation
behavior). In Fig. 5.3, we show that we can well fit our observations on the kinetics
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of light-induced defect creation, also for the case of pc-Si:H solar cells of varying
crystallinity, with such a stretched exponential function, as expressed by:

B
a(0.8¢V)()=a, (0.8¢V)—|(a, (0.8¢V)-a,,., (o.8eV))-expL— (5) ]]
T

(5.3),
where 04 is the steady-state value (observed after a long time of light-soaking),
Qlinitial 1S the initial value of defect-related absorption, B and T are the dispersive
parameter and the effective time constant, respectively.

From the fits of Fig 5.3, we can estimate that § ~0.6, independent of ¢., whereas
T varies with crystallinity: T = 6.6-10* s for ¢. = 50% and © = 3.1-10° s for ¢, = 15%.
The increase of defect-related absorption with light-soaking time is, thus, observed
to be slower than in a-Si:H, with, also, a larger measured value of B (B ~0.60
instead of 0.45 [86]). B = 1 would indicate an exponential relative increase of defect
density with time, i.e. a mechanism of defect creation related with “normal”
diffusion of hydrogen in the material (assuming that defect creation is “mediated”
by hydrogen). According to the dispersive diffusion model proposed by Jackson et
al. [87], by increasing the temperature, the limiting (dispersive-like) process, which
is thermally activated, is less affected by the hydrogen trapping-detrapping process.

Let us now define the relative increase of defect-related absorption Aa (0.8 eV)
as:

Aa(0.8¢V)=(a (0.8¢V) )/

initial

(0.8¢V) —a.

initial

(0.8eV) (5.4)

degraded

By combining equs. (5.3) and (5.4) we obtain that Ac(0.8 eV) should increase
with light-soaking time according to:

B
sose-( 03000 o[

this is confirmed by the experimental results, as presented in Fig. 5.4:
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Figure 5.4 Relative defect-related absorption as a function of light-soaking time for

a pin and a nip solar cell with medium crystallinity factor ¢. (empty and black dots,
resp.), and a nip cell with low ¢, (black dots). The dotted lines are fits to equ. (5.5).

One could also fit the degradation kinetics with a power-law increase of
(0.8 eV), but then the quasi-saturation observed for long light-soaking time
(> 500 hours) cannot be fitted anymore. Furthermore, in this case, the exponent
would depend on the crystallinity, which is surprising. Indeed, in the bond-breaking
model, the exponent in the power law results from the recombination function used
in the model (the value 1/3 [88] results from monomolecular recombination). In our
case, it would, thus, be surprising, if one had to postulate that the nature of the
recombination process should depend on the crystallinity.

5.7 Light-induced degradation as a function of crystallinity

5.7.1 Electrical parameters

It must first be mentioned that the Raman crystallinity factors of the samples do
not vary with light-soaking: the degradation observed here is, thus, clearly not due
to structural or microstructural modifications (such as recrystallization).

The effect of light-soaking on the conversion efficiency of the nip and pin solar
cells series is presented in Fig. 5.5; here, the relative (normalized) efficiency loss
An 1s presented as a function of the intrinsic layer Raman crystallinity factor ¢.. An
is defined as:

A’? = (nmmal - ”degmded )/ 1 itiai (56)
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Figure 5.5. Relative light-induced loss of efficiency versus Raman crystallinity
factor ¢, for both dilution series of cells (black dots: nip series, empty dots: pin
series). The square symbol represents the pin cell with i-layer dilution profile. The
dotted line is merely a guide for the eye.

Nip and pin series present very comparable relative losses of efficiency as a
function of crystallinity: An decreases with an increase in Raman crystallinity
factor. This result is in agreement with the previous observations that highly
pe-Si:H solar cells are not subject to noticeable light-induced degradation and
agrees as well with the assumption that the amorphous matrix is the one that
degrades. It should be noted that the pin cell with i-layer dilution profile shows a
slightly lower degradation than the nip cell of similar crystallinity.

ue-Si:H solar cells with medium and high crystallinity factors are confirmed to
be fairly stable with relative efficiency losses An < 5%. Even uc-Si:H cells with a
high amorphous fraction present relative losses lower than 15%, a value which is
well below those that are obtained for light-soaking of a-Si:H cells (An can be in
the latter case as high as 40%, see [75], [76]).

Open-circuit voltage and short-circuit current density are observed to be rather
stable under light-soaking with variations inferior to 2.5%. AV,,, defined similarly
to An, decreases linearly with the Raman crystallinity factor, as shown in Fig. 5.6
(a). On the other hand, AJ,. is observed to be rather constant with relative losses
between 1.5 and 2 %, see Fig 5.6 (b). The trend is very similar for both series.
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Figure 5.6 Relative light-induced loss of (a) open-circuit voltage, (b) short-circuit
current density as a function of Raman crystallinity factor for both dilution series of
cells (black dots: nip series, empty dots: pin series). The square symbol represents
the pin cell with an i-layer dilution profile. The dotted line is merely a guide for the



The relative light-induced decrease of Ji. shown in Fig. 5.6 (b) corresponds to a
decrease of the External Quantum Efficiency (EQE) measurement in the red part of
the spectra, i.e. in wavelengths over 650 nm, indicating a decrease in carriers
collection. As previously mentioned, the fill factor is the parameter that is the most
affected by light-soaking in a-Si:H and pc-Si:H solar cells; this is also observed for
our pin and nip dilution series, as can be seen in Fig. 5.7 for the relative loss of fill
factor, 1.e. for AFF:
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Figure 5.7. Relative light-induced loss of fill factor versus Raman crystallinity
factor for both dilution series of cells (black dots: nip series, white dots: pin series).
The square symbol represents the pin cell with an i-layer dilution profile. The
dotted line is merely a guide for the eye.

In brief, the electrical parameters that are affected by light-induced degradation
in pc-Si:H single junction solar cells are those which are adversely affected by an
increase in i-layer recombination (i.e. FF, V. and J. in the red part of the EQE
measurement). Our observations agree, thus, with a light-induced increase of
recombination center density. We will confirm this in the next paragraph where the
effect of an increase of defect-related absorption on the solar cells’ electrical
parameters will be discussed in more detail.

Relative losses of fill factor are observed to become less pronounced for cells
with higher values of the crystallinity factor, similarly to the relative losses of
efficiency An. The sample with an i-layer dilution profile (square symbol) is again
observed to be more stable than the nip sample with a similar crystallinity factor.

The fill factor can, thus, be varied by light-soaking (or annealing) the device or
by varying the Raman cyrstallinity factor of the i-layer, as can be seen in Fig. 5.8:
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Figure 5.8. Variations of the fill factor, at initial state (black dots), and as observed
during light-soaking (empty diamonds) for the nip dilution series, i.e. for cells with

different values of the Raman crystallinity factor. Dotted lines are merely a guide
for the eye. Similar results were obtained for the pin series (not presented here)

We observe that the variation in Raman crystallinity factor ¢, strongly affects
the initial fill factor value: an increase of “fabrication-induced” defect-related
absorption 0/(0.8 eV) by a factor of around 2 corresponds to a reduction of the fill
factor by approximately 5%. In the case of light-soaking, the behavior of FF with
(0.8 eV) seems to depend on the Raman crystallinity factor ¢.:

e For the optimum cell (with ¢. = 50%), the effect of light-induced defects on
the FF would be quite similar to that of “fabrication-induced” defects;

e For the mainly amorphous cell, a larger increase of ou(0.8 eV) would be
necessary to obtain a similar decrease in the fill factor.

But the representation of Fig. 5.8 can be misleading, as it is the relative loss in
FF as a function of the relative increase in (0.8 eV) that is representative of the
effect of light-induced defects on the device's electrical parameters. Fig. 5.9, thus,
presents AFF as a function of the relative increase in defect-related absorption
A0(0.8 eV) due to light-soaking. For comparison, the relative loss of fill factor with
respect to the best initial value of FF (i.e. the fill factor value of the sample with
0. = 50%, FF = 66.4%) is also shown for the nip dilution series, as a function of the
relative variation of o(0.8 eV). In this case, the latter is due to the variations in
Raman crystallinity factors of the as-deposited cells:
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Figure 5.9. Relative light-induced loss of fill factor versus relative increase of
defect-related absorption for 2 nip samples (black diamonds: sample with
0. = 50 %, empty diamonds: ¢. = 15%). For comparison, we also plot, for the
whole nip series and for the initial state, the difference between the FF of each cell
and the FF of the best cell (black dots), as a function of the corresponding relative
difference in measured defect absorption Ao(0.8 eV). Changes are brought about
here by varying the Raman crystallinity of the cell, i.e. by varying the silane
concentration during deposition. All dotted lines are proportional fits (as assumed
for coarse approximation).

Fig. 5.9 shows that the behavior of AFF as a function of Aa (0.8 eV) can be
more or less well fitted with a proportional relationship which slope varies with
crystallinity: m= 1.5+ 0.5 for ¢, = 15 %, m =2.0 £ 0.5 for ¢. =50 o and m=7.5 £
0.5 when comparing the initial values of all cells fabricated. Once we plot AFF
versus Ao(0.8 eV), we, thus, see that the variation of fill factor with increasing
defect-related absorption is very similar in the case of light-soaking, for both solar
cells, although they have very different values of Raman crystallinity. On the other
hand, the plot that represents the differences in fill factor versus the differences in
defect-related absorption, for the whole nip series with varying crystallinity in the
“initial” state (after fabrication and first annealing), has a 3 times larger slope than
the curves that are taken from the light-soaking process. This difference in the
slopes suggests that defects created during light-soaking are different from those
created by solar cell fabrication.
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However, care must be taken when comparing these 3 curves. Indeed, by fitting

with a proportional relationship, we assume that (see also Chapter 4, equ. (4.19 —
4.21):
a(0.8eV)

k
with K a constant that is a function of the electric field deformation @, the i-layer

thickness d; and the effective mobility p’. Moreover, we assume that the effective
lifetime 1° is proportional to the reciprocal of the defect-related absorption, i.e.:

AFF =K(¢,d,, u") (5.7),

.k (5.8),
a(0.8¢eV)

where k is a constant that includes:

¢ the constant relating the defect density Ny and the defect-related absorption
(0.8 eV) for pc-Si:H (see [24] for constant values and calibration
procedures in a-Si:H). M. Vanecek et al [19] estimated from Electron Spin
Resonance (ESR) measurements that a spin density equal to 2:10'® cm™
corresponds to o(0.8 eV) = 0.12 cm™. Such a correspondence should be
verified by ESR measurements on both our pin and nip series.

¢ the effective capture cross-sections of holes and electrons.

However, it 1s not evident that:

e in case of light-soaking, the electric field is not modified by light-induced
defects, 1.e. @ could increase with light-soaking;

e in case of crystallinity variation, the effective mobility p’ remains constant.

In fact, the assumption presented as equ. (5.7) is itself not evident, since the
variations are normalized. Furthermore, it should be repeated here that defect-
related absorption gives a signature that cannot be associated with any particular,
specific defect; this is quite different from the situation in infrared spectroscopy,
where each line is associated with a particular atomic bond. This will be even more
clearly shown in chapter 6, where different types of defects, as created with proton
radiation, all lead to an increase of (0.8 eV).

5.7.2 Shunt resistance and collection voltage

The fill factor could in principle also be lower because of the presence of shunts
along the cracks and voids that exist in pc-Si:H devices (see Chapter 4). We thus
carried out variable illumination measurements (VIM), as introduced in chapter 4,
to evaluate the “real” shunt resistance of the samples, in order to confirm that the
variations in fill factor observed in Figs. 5.8 and 5.9 are indeed a consequence of an
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increase of recombination (collection losses).

Fig. 5.10 shows the short-circuit resistance Ry, as a function of the inverse of the
short-circuit current density J,. for the nip series at initial state: for low
illumination, i.e. high 1/J, values, Ry, tends to the shunt resistance Rg; the
collection voltage V) 1s assessed from the linear part of the Ry (J SC'I) curves.
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Figure 5.10 Short-circuit resistance Ry as a function of the inverse of short-circuit
current density for the nip dilution series at initial state.

Fig. 5.10 shows that all samples converge to similar values of shunt resistance
Ry, indicating that shunts are not responsible for the variations of FF observed with
Raman crystallinity factor, in initial (as fabricated) state, as previously shown in
Fig. 5.8. On the other hand, the collection voltage V., varies with crystallinity: the
highest value is obtained for the sample of ¢. = 50 % (V.o = 14.2), the lowest for
the sample of ¢. = 15 % (Von = 9.1). Similar results were obtained with the pin
series (not presented here). As previously mentioned, such a range of low
collection voltage values suggest that both pin and nip series are very probably
contaminated by oxygen. VIM is, thus, a very useful technique that shows that,
already in initial state, the collection voltage is too low: for good pc-Si:H solar
cells, collection voltage values of up to 70 V can be measured.

The variation of FF with light-soaking can also be attributed to a decrease of the
collection voltage, as can be seen in Fig. 5.11 for the mainly amorphous nip cell:
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Figure 5.11 Short-circuit resistance Ry as a function of the inverse of short-circuit
current density for the nip sample of 0. = 15 %, before and after light-soaking. The
shunt resistance is not modified (within measurement errors) by light-soaking

The decrease of collection voltage observed is in good agreement with the
empirical relationship presented in the previous Chapter 4 for the absolute loss of
fill factor OFF between the ideal value FF, equal to 75%, and the actual, measured,
value, as a function of the reciprocal of the collection voltage V., expressed by:

OFF zLOO% 5.9

coll
Indeed, we obtain:

e Before light-soaking: OFF equal to ~ 13 %, for a Vo equal to 9.1 V
e After light-soaking: OFF equal to ~ 19 %, for a V., equal to 5.4 V

Moreover, as quantitatively discussed in Chapter 4, a reduction in the collection
voltage is indeed expected when the defect density, as measured by
o (0.8 eV), increases (the higher the defect density, the larger the recombination).

The decrease of the collection voltage is also consistent with External Quantum
Efficiency (EQE) measurements, where a (slight) reduction is observed in the “red”
part of the spectra, indicating a loss in the carriers’ collection efficiency.
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5.7.3 Defect-related absorption

In the previous paragraph we have shown that pc-Si:H solar cells degrade under
light-soaking. More particularly, we have seen that the electrical parameter of the
devices which is the most sensitively affected by light-soaking is the fill factor. The
decrease of FF can be attributed to an increase in defect density, as was previously
discussed in Chapter 4. Here, we will discuss the effect of layer crystallinity on the
degradation: more precisely, we will show that defect density, as measured by
(0.8 eV), is minimal for a Raman crystallinity factor equal to around 50%.
Furthermore, we will show that the relative, light-induced, increase of defect-
related absorption A0(0.8 eV) decreases proportionally to the ratio of the
crystalline volume over the amorphous volume of the intrinsic layer. We will
discuss only the results obtained for (0.8 €V), but sub-bandgap measurements also
give information about the Urbach parameter Ey; it should, still, be mentioned that:

e E, varies with crystallinity in a very similar trend as (0.8 eV) (see Fig 5.14
(a) and (b) and [11]);

e E; is not modified by light-soaking (i.e. no increase of the “network”
disorder (strained bonds) is observed; defects are only created near midgap).

FTPS spectra of initial and degraded states of the mostly amorphous nip cell
(0. = 15 %) are presented in Fig. 5.13:
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Figure 5.13. FTPS spectra in initial and degraded state for the nip cell with
O.= 15 %.

Fig. 5.13 shows an increase in defect-related absorption of a factor 5 after
degradation; in Figs. 5.14 (a) and (b), defect-related absorption is presented in
initial and degraded state as a function of crystallinity, for both nip and pin series:
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Figure 5.14. Defect-related absorption in initial and degraded state as a function
of i-layer crystallinity for (a) nip dilution series, (b) pin dilution series. The dotted
lines are merely guides for the eye.
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Nip and pin series present very similar trends and it becomes apparent that
highly pc-Si:H cells are subject to only very small variations of a(0.8 eV). This is
in agreement with the low relative losses of efficiency observed for these cells
under light-induced degradation. The minimum of absorption already observed in
Fig. 5.2 in initial state is maintained in the degraded state as well. This means that
even if the defect density of these “optimum cells” somewhat increases with light
soaking, its value remains, in the degraded state, still lower than that of highly
microcrystalline cells.

Furthermore, we observe that Ac(0.8 eV), as previously defined in equ. (5.4), is
roughly proportional to the amorphous/crystalline volume ratio in the intrinsic layer
of the device, see Fig. 5.15:

4.5 e
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Fig. 5.15. Normalized light-induced defect-related absorption, as measured in the
nip (black dots) and pin (empty dots) dilution series, as a function of i-layer
crystalline volume fraction X..

Indeed, the crystalline volume fraction is basically defined as:

X =

(5.10),

fot

where V. and V, are the crystalline volume and the total volume of the sample,
respectively. X. can be calculated directly from ¢., see [18] for the detailed
calculation procedure.
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The observed trend (dotted line) is, thus, described by the expression:

Aa(o.SeV)in—1 (5.11)

And Ao(0.8 eV) decreases, therefore, according to the equation:

v,-V. V
A (0.8eV)=——c=—¢ 5.12
( ==y (5.12)

c c

Equ (5.12), thus, suggests that light-induced degradation is indeed related to the
amorphous phase, as proposed by [63, 76, 80], but also related to the crystalline
phase. Therefore, according to the results of Fig. 5.15, the variations of defect-
related absorption, as measured at 0.8 eV, have to correspond to the creation of
passivation defects in the crystalline phase; we are stipulating here that they
correspond to defects at the surface of the nanocrystals. Furthermore, we also
observed a dependence of the degradation kinetics as a function of intrinsic layer
crystallinity (see Fig. 5.3). We will, thus, suggest a simple model, discussed further
in § 5.10, where the light-induced defects must somewhat diffuse from the
amorphous phase to the nanocrystals surface.

5.8 Defect annealing

Now that we have looked at the effect of light-soaking on the electrical
parameters and sub-bandgap absorption value of the uc-Si:H pin and nip series, we
will look at the effect of subsequent thermal annealing steps. We will show that the
light-induced degradation observed is completely reversible under thermal
annealing.

5.8.1 Electrical parameters

The effect of light-soaking and annealing steps on the solar cell relative
efficiency An (as was defined in equ. (5.6)) is presented in Fig. 5.16 for the nip
series: we observe that the largest variations occur after the first annealing at
100°C, whereas total recovery (+/- 1%) appears after the annealing step at 180°C.
Some cells even show, after the last annealing step, higher efficiencies than they
initially had. Analogous results were obtained for the pin series (not presented
here).

5.8.2 Defect-related absorption

Relative defect-related absorption, as defined in equ. (5.4), is similarly shown,
in Fig. 5.17, for the nip series as a function of step-wise annealing steps. Again, the
pin series, not shown here, presents a very similar trend with a total recovery after
annealing at 160°C and above.
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Figure 5.16. Relative efficiency as a function of step-wise annealing for the nip
dilution series.
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Figure 5.17. Relative defect-related absorption as a function of step-wise annealing
for the nip dilution series.
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5.9 Annealing Kkinetics

In § 5.6 we showed that the kinetics of light-induced degradation of pin and nip
Mc-Si:H solar cells incorporating an i-layer of varying crystallinity could be fitted
with a stretched exponential function, as typically used to describe light-soaking in
a-Si:H. We now want to check whether the kinetics of annealing can also be fitted
with such a stretched exponential function. Therefore, in a further experiment,
FTPS measurements of two nip solar cells with ¢. = 15% and ¢. = 50%, already
characterized during light-soaking, were undertaken after 20 minutes, 1h, 2h, 5h,
and 10 hours of annealing at T, = 373 °K (100°C). The sample with ¢. = 15% was
also measured during the annealing at T, = 403 °K (130°C). The evolution of
defect-related absorption o(0.8 eV) of these 3 devices with annealing time is
presented in Fig. 5.18:
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Fig. 5.18. Defect-related absorption as a function of annealing time for two nip
cells, with Raman crystallinity factor ¢. = 15% (black diamonds) and 50% (empty
diamonds): at 373°K for both cells and, additionally, at 403°K for the sample with
0. = 15%. The dotted lines are fits to the equation (5.13).

In § 5.6, we showed that the creation of light-induced defects in pc-Si:H can be
fitted with a stretched exponential function as predicted by the dispersive model
(presented in § 5.1). This function can also be used to describe the kinetics of light-
induced defect annealing, with the expression:

B
a(0.8¢V) () =a_(0.8¢V)- exp{— GJ } (5.13),

where 04 1s the steady-state (after light-soaking) value of defect-related absorption,
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T a characteristic annealing time of the defects and t the annealing time; T is a
function of the annealing temperature, through the expression:

=1, -exp(lf;i j (5.14),

a

with E, the activation energy and T, the annealing temperature.

By fitting the results presented in Fig 5.18 we obtain that the value of [ is
independent of ¢., B ~ 0.69 for 373°K, whereas T varies with crystallinity. Values
of Ty = 9.6- 107 s for ¢, = 50% and Ty = 6.6- 10™ s for ¢, = 15% are calculated from
the fits and equ. (5.13). Conversely, E, is independent of ¢., as will be shown in Fig
5.22.

Fig. 5.19 shows that relative light-induced defect-related absorption

A0(0.8 eV) also decreases with annealing time and temperature according to a
stretched exponential function, as expected from equ. (5.15) (derived from equ.

(5.13):
(94 t /
Aa(O.8eV)(t)=[ ”j[exp{—(—] H—l (5.15)
ain T
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Figure 5.19 Relative light-induced defect-related absorption as a function of
annealing time for two nip cells, with Raman crystallinity factor ¢. = 15% (black
diamonds) and 50% (empty diamonds): at 373°K for both cells and, additionally, at
403°K for the sample with 0. = 15%. The dotted lines are fits according to equ.
(5.15)

103



The kinetics of annealing are, thus, confirmed to be very similar to those of
degradation, i.e. they can be well fitted with a stretched exponential function. The
values of 3, as measured for light-soaking and annealing, are slightly different
(0.60 for Tye, = 323 °K and 0.69 for T, =373 °K); the values of T also differ, by as
much as 1 to 2 orders of magnitude. These variations are due to the difference
between the degradation temperature (Tg, = 323°K) and the annealing
temperatures (T, = 373 °K and 403 °K). Indeed, from the dispersive diffusion
model, it is expected that both B and T are functions of the temperature: more
precisely, B is proportional to the temperature in a-Si:H [86]. This is verified for
uc-Si:H, and presented in Fig. 5.20:

0.74 %
J

0.72 -

0.7 - % .
0.68 | ]

0.66 - :
0.64 ]

062 ]
0.6 l ]
A ,
0.58 L \ \ \ \
320 340 360 380 400 420
Temperature (°K)

Figure 5.20. Dispersion parameter 3 as a function of temperature for light-soaking
(T4eg = 323 °K) and for two annealing steps (T, = 373 °K and 403 °K), for puc-Si:H
nip cells. The dotted line is a proportional fit: B = T/T, with Ty = 614 °K.

It must be mentioned that the values of [ established for pc-Si:H are only
slightly larger than those obtained for a-Si:H (see [86]), whereas values of the time
constant T differ by around 8 orders of magnitude between a-Si:H and pc-Si:H (see
Table 5.1 at the end of this chapter). In the case of uc-Si:H, B = T/T, with Ty = 544
°K instead of T, = 600 °K as in the case of a-Si:H. This confirms that the
mechanism of light-induced degradation and annealing in pc-Si:H is not exactly the
same as in a-Si:H.

Fig. 5.21 shows defect-related absorption for two nip cells (¢. = 15 %,
0. = 50 %) as measured after each of the 10 hours long annealing steps, at
increasing temperatures:
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Fig. 5.21 Defect-related absorption reached, after 10h step-wise annealing of light-
soaked nip samples, under N, flow. Lines are merely a guide for the eyes.

We observe that during the subsequent annealing steps, 0(0.8 eV) decreases;
the values of 0l(0.8 eV) obtained at the end of each subsequent annealing step can
be described by a thermally activated behaviour, as expressed in equs. (5.13)-
(5.14). The annealing behaviour is, thus, indeed similar to the one observed for a-
Si:H samples, as presented in [94], but it is slower for pc-Si:H. The initial values
are thereby not yet reached after 10 hours, as would have been the case for a-Si:H.

We already observed that the characteristic time 7T is different for pc-Si:H than
for a-Si:H, but what happens with the activation energy E,? Fig 5.18 showed that [
varies from 0.69 to 0.73 for annealing temperatures T, ranging from 373 °K to
433 °K. We will, therefore make as a simplification the hypothesis that {3 is almost
constant, 3 ~ 0.7, over the range of temperatures used here, so that the activation
energy can then simply be derived from equ (5.13):

(10 { ,(0.8¢V)

118
Eu
g ath(O.SeV)D =C(z,) -exp(= T ) (5.16)

a

Let us plot this logarithmic ratio as a function of 1/T,:
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Fig. 5.22. Logarithmic value of the ratio of defect-related absorption before and
after 10h annealing, in logarithmic scale, as a function of the reciprocal of the
annealing temperature for 2 nip solar cells of different crystallinity. The dotted
lines are fits to equ. (5.16)

We indeed observe a linear relationship, as is expected from equ. (5.16)
(logarithm scale); the slope results in an activation energy E, = 0.5 eV, independent
of crystallinity. A similar value is obtained with the pin series (not presented here),
as well as with the previously studied nip series, as presented in the Annex Al.

This value of activation energy is lower than the typical values obtained for
light-induced defects in a-Si:H, which are in the order of 1 eV [86, 87]. This
observation means that the defects, as created by light-soaking in pc-Si:H, are
different from those created in a-Si:H: they can be annealed at a lower temperature.

5.10 Model for light-induced defect creation and annealing in pc-
Si:H solar cells

The whole study of light-soaking presented in this chapter is based on the basic
assumptions that in pc-Si.H solar cells, the defect density can be directly related to
the absorption o as measured at 0.8 eV. Moreover, by calibrating the whole
absorption spectra at 1.35 eV, we assumed that the overall absorption (at this
photon energy) is dominantly in the (micro)crystalline phase [9].

We showed that there are striking similarities between pc-Si:H and a-Si:H,
regarding the kinetics of creation and annealing of light-induced defects. In both
cases the kinetics can be fitted with a stretched exponential function, such as
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typically used when modeling diffusion mechanisms taking place in disordered
systems.

Experimental values obtained for the parameters of the stretched exponential are
listed in Table 5.1 for amorphous and microcrystalline silicon, for degradation as
well as annealing. The values for a-Si:H are taken from references [84, 85],
whereas the values for pc-Si:H have been measured in the present thesis:

kinetics a-Si:H uc-Si:H
degradation |stretched exponential (323 °K)| stretched exponential (323 °K):
B= 045, B=0.6#PB(®)
T(323°K)=7? T (323°K) = t(d.)
E,=? E,=?
annealing stretched exponential: stretched exponential:
Bif T, *: BAFT,
B (373°K) ~ 0.60 B (373°K) = 0.69
et=1(T,: o T="1(, T,):
T~ 10""s 7(15%) = 6.6 107 s
7(50%) =9.6 107 s
E,~1eV E,.~0.5eV

Table 5.1. Parameters of the stretched exponential, as derived from fits of the
kinetics of creation and annealing of light-induced defects in a-Si:H and pc-Si:H.
Values for a-Si:H are taken from [86, 87].

It can be clearly seen in Table 5.1 that the time constant, dispersive factor and
activation energy, as derived from fits with the stretched exponential functions, are
different in pc-SI:H than those found in a-Si:H. The activation energy and the
dispersive parameters do not depend on the crystallinity of the samples, whereas
the time constant does. We, thus, observed that the sample of “medium”
crystallinity (¢. = 50%) degraded and recovered faster than the highly amorphous
sample (¢. = 15%).

To summarize we observed for pc-Si:H:

e A relative increase of (0.8 eV) roughly proportional to the ratio of the
crystalline volume over the amorphous volume (see Equ. 5.12);

e A “softer” and slower light-induced degradation with respect to a-Si:H,
with a lower activation energy and longer time constants.
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Klein et al. [63], as well as Guha et al. [76, 80], suggested that the amorphous
phase is responsible for the light-induced degradation observed. Nevertheless,
absorption at 0.8 eV cannot be caused by defects in the “bulk™ of the amorphous
phase (such defects would absorb at 1.2 eV); furthermore, from our results, we
deduce that the defects observed in pc-Si:H are somehow related with both the
amorphous phase and the (micro)crystalline phase. We, thus, think that they could
be defects on the surface of the nanocrystals, i.e. passivation defects. This
proposition is based on the well-known observation that a crystalline silicon surface
can be efficiently passivated by a thin layer of amorphous silicon [91, 92]. Thus,
the degraded amorphous phase would be less efficient in passivating the
nanocrystals, leading to the creation of metastable defects at the surface of the
nanocrystals, defects that could be optically detected at 0.8 eV.

We suggest that the observation of Aa(0.8 eV) decreasing as the ratio of the
amorphous volume over the crystalline volume may be explained by considering
that the average defect diffusion length (mediated by hydrogen dispersive diffusion,
as assumed in a-Si:H) of the defects from the amorphous phase to the nanocrystals
surface is smaller if the crystalline volume fraction is higher. Such an assumption
would also be in agreement with the dependence of the time constant with the
crystallinity. Nevertheless, it needs further investigations before it can be ascertain.

5.11 Conclusions

In this study, creation and annealing kinetics of light-induced defects in pc-Si:H
solar cells of varying crystallinity was studied by Fourier-transform photocurrent
spectroscopy (FTPS). Electrical characterization of the whole cells was also
conducted, in the initial and degraded state, as a function of crystallinity. The
increase in the FTPS absorption value at 0.8 eV was used to estimate the increase
in the density of defects (as present in the microcrystalline phase), which is a
consequence of light soaking, as well as the effect of subsequent annealing steps.

The lower is the crystallinity of the cells, the stronger is the light-induced
degradation observed by us. This result is in accordance with previous
investigations on a-Si:H and pc-Si:H solar cells. Mainly amorphous nip and pin
cells (with ¢. = 15%) are shown to present relative efficiency reductions of up to
14%, due mostly to a decrease of the fill factor. An increase of (0.8 eV) by a
factor of around 5 was measured for these cells. On the other hand, highly
crystalline cells (¢. = 70%) present a relative efficiency decrease of only ~ 3%,
combined with an increase of (0.8 eV) by a factor of only 1.5. Light-induced
degradation is shown to be completely reversible under thermal annealing
(similarly to the Staebler-Wronski effect present in a-Si:H).

Cells with “medium” crystallinity factor (¢. ~ 50%) are confirmed to be the
“optimum cells” not only giving maximum efficiency, but also possessing
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minimum defect-related absorption. After light-induced degradation, even if these
cells present a relative efficiency reduction of around 5%, their defect density
remains lower than that of highly crystalline cells, which show only very weak
degradation. Considering that the pin and nip series studied here are probably
contaminated by oxygen, we may expect a lower degradation for “state-of-the-art”
pin and nip cells (such as presented in [9]) Therefore, light-soaking should not be
such a severe issue in pc-Si:H as in a-Si:H. Further investigations should be carried
out on the effect of the thickness of the intrinsic layer on the stability of pc-Si:H
solar cells.

In our measurements, all the observed light-induced reductions of electrical
performances of pc-Si:H solar cells could be attributed to an increased
recombination within the active intrinsic layer. Moreover, the kinetics of light-
induced defect creation and annealing in our pc-Si:H nip and pin series was shown
to be very similar to those given in literature for a-Si:H, albeit slower. Moreover,
the relative increase of defect-related absorption was shown to be roughly
proportional to the ratio of the amorphous volume over the crystalline volume. We
thus believe that light-induced defects as measured at 0.8 eV, correspond to
“passivation” defects, situated at the surface of the nanocrystals. In order to explain
the slower degradation kinetics in pc-Si:H, as compared with a-Si:H, and its
dependence on crystallinity, we suggest that light-induced degradation of uc-Si:H
is mediated by the dispersive diffusion of hydrogen in the amorphous phase, with a
characteristic diffusion length given by the average distance between the
nanocrystals. The diffusion length of the defects from the amorphous phase to the
nanocrystals surface would, thus, be smaller if the crystalline volume fraction is
higher

In order to complete and validate our model, Electron-spin resonance (ESR)
measurements should now be carried out; indeed, with such measurements, one
should be able to determine the exact microscopic nature of our so-called
“passivation” defects. Furthermore, degradation measurements as a function of
temperature should also be performed: they would allow the assessment of the
activation energy of light-induced defect creation in pc-Si:H, and to check if this
activation energy is equal to the one derived from the kinetics of annealing.
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6. Proton-induced degradation of thin-film microcrystalline silicon
(uc-Si:H) solar cells

6.1 Introduction

Amorphous silicon solar (a-Si:H) cells are known to present a better stability
under high-energy (1-20 MeV) proton irradiation [95-97] as compared to
crystalline (c-Si) silicon devices [96]. But, contrary to a-Si:H, pc-Si:H solar cells
were shown to suffer from degradation when exposed to protons within this range
of energy [95, 96]. In fact, the stability of thin-film pc-Si:H solar cells under proton
radiation is investigated as a complementary study to light-soaking experiments, in
order to gain further physical insight into defect creation and annealing in pc-Si:H
solar cells.

Indeed, in the previous chapter, we came to the conclusion that light-induced
degradation of the mixed amorphous/crystalline pc-Si:H material could be
attributed to the degradation of the amorphous phase of the material, leading to the
creation of passivation defects at the surface of the nanocrystals. Conversely, by
studying proton irradiation, one expects to directly monitor the effect of the
degradation of the crystalline phase. Both complementary studies where the two
phases of the material are “independently” degraded should ultimately bring further
information on the microscopic nature of electronically active defects.

We will show in this chapter that pc-Si:H solar cells degrade under both high
and low-energy proton radiation; the amplitude of the degradation is a function of
the crystallinity: highly crystalline cells show a relative efficiency loss of up to
26 % and 70 % after high and low-energy proton irradiation, resp. In the case of
high- energy protons, degradation is observed to be completely reversible under
thermal annealing, in contrast with the situation for low-energy protons. Indeed, the
damage created by low-energy protons within the devices is maximized, since the
protons are implanted within the intrinsic layer of the pc-Si:H solar cells.

This Chapter, thus, investigates the stability of 2 dilution series of pin and nip
microcrystalline silicon (pc-Si:H) solar cells (the same as used for the light-soaking
study) under high-energy (E ~2 MeV) and low-energy (E ~405 keV) proton
irradiation. Variation of the electrical parameters and defect-related absorption will
be considered as a function of irradiation type and subsequent annealing steps.

The Chapter will be focused on two main questions:

® Are puc-Si:H solar cells of “medium” crystallinity (¢, ~ 50%) stable under
high- and low-energy proton irradiation ?

e If not, can we conclude that the defects generated within the
(micro)crystalline phase are responsible for the degradation of the
electrical parameters observed?
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These issues are similar to those that were considered in Chapter 5; however, as
we shall see, the resistance to irradiation as a function of the device i-layer
crystallinity is opposite to that observed for light-soaking. Indeed, in case of proton
irradiation, the degradation of the electrical parameters is the largest for the pc-Si:H
solar cells with the highest crystallinity. Nevertheless, in a similar manner as in the
case of light-soaking, the fill factor is the parameter that shows the largest relative
decrease for high-energy proton irradiation.

6.2 Proton irradiation: observations and models
6.2.1. Observations

Here we summarize the characteristic behaviors observed for thin-film
amorphous and microcrystalline silicon layers and single-junction solar cells under
both high- and low-energy proton irradiation. In order to distinguish between high-
and low-energy protons, we fix the proton energy threshold at 1 MeV. Roughly
speaking, high energy protons are mainly ionizing the material while they are
crossing it. Consequent to the material’s 1onization, localized defects can be
created. On the other hand, low energy protons (i.e. H") are implanted within the
material and can, thus, damage the material by the displacement of original atoms
from their equilibrium lattice site. Thus, both types of irradiation do not generate
the same type of defects.

a) High-energy p* (E =1 MeV)

This range of energy corresponds to that of protons as present in space or, for
much higher energies (in the order of GeV), to conditions as prevalent for particle
detectors in the field of high-energy physics:

a.1) Amorphous silicon (a-Si:H)

® Jlayers:

- Under 12 MeV p" radiation, a-Si:H thin films show almost no degradation
for fluences ¢, below 10" p*/cm®. On the other hand, for higher fluences, an
increase of the defect density of a factor ~ 5 was estimated from sub-
bandgap absorption measurements at 1.2 eV. The degradation observed is

shown to be completely reversible under thermal annealing at 200°C during
12 minutes [98].

e gsolar cells:

- For proton irradiation with an energy equal to 1 MeV, a-Si:H solar cells show
a relative efficiency degradation of around 5% for a fluence ¢, =10" p*/cm’.

The degradation increases for larger fluences, but, in a similar way as for a-
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Si:H layers, the degradation is observed to be reversible under thermal
annealing. Fill factor degrades with p* irradiation, whereas open-circuit
voltage and short-circuit current density remain rather stable [99].
Nevertheless, this latter also decreases when fluences ¢, >10'" p*/em® are
employed. Yamaguchi showed that, for such value of proton energy, the
magnitude of the degradation depends on the thickness of the intrinsic layer:
the higher the thickness, the more pronounced the degradation [100].

- When exposed to protons with an energy ranging from several tenths of keV
up to 5 MeV, a-Si:H solar cells present a relative loss of efficiency in the
order of 20%. Here, fill factor is, again, the parameter that degrades the most,
whereas open-circuit voltage and short-circuit current density remain rather
constant [95].

- Not only a-Si:H single-junction solar cells have been tested under p*
irradiation: a-Si:H particle sensors have also been exposed to protons of very
high energies (24 GeV). These devices consist of a pin structure with i-layer
thicknesses ranging from 10 to over 30 um. When irradiated with a fluence
equal to 4.5-10'* p*/cm®, 32.6 um thick a-Si:H pin diodes show an increase
of the dark (leakage) current by up to a factor 5 [101].

a.2) Microcrystalline silicon (uc-Si:H)

J. Kuendig et al. [95] as well as J. Kuendig [96] studied the degradation of pc-
Si:H layers and solar cells when exposed to proton beam of energies ranging from
several tenths of keV up to 5 MeV; they observed:

e layers:

- For a 2 pum thick layer: an increase of the sub-bandgap absorption (at 0.8 eV)
of a factor ~ 2.5 accompanied by a decrease of the effective mobility-lifetime
(u°t") product and of the dark conductivity of a factor ~ 1.5 and 100, resp.
The magnitude of the degradation was shown to depend on the thickness of
the intrinsic layer (similarly as with a-Si:H layers): Kuendig et al. suggested
that proton irradiation generates a non-uniform defect profile, with a higher
defect density close to the surface. The degradation measured was fully
reversible under thermal annealing (at 160°C).

e golar cells:

- A relative loss of efficiency of 24.5%: the fill factor is the parameter that
degrades the most with a relative loss of 11%. Short-circuit current density
and open-circuit voltage show relative reductions of 9.4 and 6.3%, resp.
After annealing for 10 hours at 140°C, all parameters come back to their
initial values.
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When exposed to high-energy protons, amorphous and microcrystalline silicon
layers and solar cells degrade, but the defects created are metastable and the
degradation is completely reversible under thermal annealing.

b) Low-energy p* (E <1 MeV)

In the case of low-energy protons, the H'-particle is implanted within the
material and causes much more damage than high-energy protons, which, in
mayjority, cross the whole device. The implantation of low-energy protons can, thus,
be considered as an extreme case of device degradation.

b.1) Amorphous silicon (a-Si:H)
e diodes:

- 1 ym and 32 pm thick a-Si:H diodes were irradiated with protons of
E =405 keV at a fluence ¢, of 3-10" p*/cm®. Both diodes show a significant
drop in the photoconductivity; the dark (leakage) current is increased by up
to 3 orders of magnitude [101]. The mobility-lifetime product (u’z°’) of the
electrons is also increased by one order of magnitude for the thin diode.
According to SRIM (Stopping and Range of Ions in Matter [102])
calculations, such low-energy protons are implanted within the first 2.0 pm
of the a-Si:H device (see details in §6.4). The irradiation is, thus, expected to
degrade the region close to the p-doped layer in the case of the thick cell,
whereas, for the thin diode, the situation is more similar to that of high-
energy protons with protons crossing through the sample. Low-energy p*
irradiation is, thus, expected to have a more detrimental effect on the thick
diode, as confirmed by N. Wyrsch et al. who observed a permanent
degradation of the thick diode. In contrast with this, proton-induced
degradation of the 1 um thick diode is completely reversible under thermal
annealing. N. Wyrsch et al. suggest that 2 types of defects are involved: deep
defects affecting electron collection and a shallower type of defects affecting
hole collection.

b.2) Microcrystalline silicon (nc-Si:H)
e solar cells:

- Microcrystalline silicon solar cells irradiated under the same conditions as
mentioned above for the a-Si:H diodes (E ~ 405 keV, ¢, = 3-10" p*/em?)
showed a dramatic relative efficiency decrease of up to 80% [103]. Fill factor
and short-circuit current density were the electrical parameters of the devices
that presented the largest degradation. The relative degradation of the
device’s properties due to low- energy proton irradiation was shown to
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be a function of Raman crystallinity: the higher the crystallinity, the larger
the relative efficiency loss. Furthermore, the degradation was observed to be
related to (a) an increase of the defect density (as established from sub-
bandgap absorption measurement at 0.8 eV), as well as (b) to an increase of
the Urbach parameter.

The degradation induced by such low-energy protons was observed to be only
partially reversible under thermal annealing.

6.2.2 Models

According to Tada [104], there are 3 dominant types of interaction between the
particles (protons, electrons, etc.) used for the irradiation, and the solar cell
material:

(1) Inelastic collision with the atomic electrons: part of the kinetics energy of the
particle is transferred to the electrons that are then either (a) in an excited
electronic level or (b) ionized.

(2) Elastic collision with the atomic cores: two types of phenomena can be
considered in this category: the Rutherford diffusion and the direct collision of
the incident particle with an atomic core. In the first case, the incident particle,
which is charged, can have Coulomb interactions with the positive charges of
the atomic cores. If the energy that is transmitted to the core is large enough,
the atom will be displaced form its initial position. Following this first
displacement, the atom can, then, similarly interact with the other atoms of the
material. In the second case, the incident particles directly interact with the
atomic cores through elastic collisions. Nevertheless, the probability for this
type of interaction is lower than for Rutherford diffusion, excepted for very
energetic particles.

(3) Inelastic collision with the atomic cores: in this last case, the incident particle
only loses part of its kinetics energy by interaction with an atomic core.

We will, thus, distinguish between ionization and displacement damages: in the
first case, an electron bound to an atom or molecule absorbs enough energy from
the external source (i.e. the proton beam) to escape from the potential barrier that
confined it, leading to an increased local recombination of the photogenerated
carriers. On the other hand, in the case of displacement damages, vacancies are
created within the material’s network. In the case of highly energetic protons,
irradiation mainly causes ionization damages, whereas, in the case of low-energy
protons, displacement damages are also produced. Ionization damages can be
thermally annealed, whereas displacement damages are permanent.
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a) High-energy proton degradation

Kishimoto et al. suggested that the larger radiation hardness of amorphous
silicon as compared to crystalline silicon is related to its enhanced structural
flexibility [105]. Indeed, structural rearrangements (like collective atomic motions)
could cancel the damaging effects of displaced atoms and prevent the creation of
deep defects. The essential points of this mechanism are both (a) the structural
flexibility of the a-Si:H and (b) the electronic excitation induced in the material by
the high-energy protons. The electronic excitation would supply the activation
energy necessary for the atomic rearrangements. On the other hand, high-energy
protons can produce permanent damage in c-Si due to the displacement of atoms
from their original site in the “rigid” crystalline lattice.

b) Low-energy proton degradation

N. Wyrsch et al. suggested that the implantation of low energy protons
consequent to the irradiation with a p+ beam of an energy E= 405 keV leads to the
creation of two types of defects [101]:

(a) Deep defects affecting the collection of electrons: these defects are reversible
under thermal annealing;

(b) A shallower type of defects affecting the collection of holes: these, permanent,
defects are not reversible under thermal annealing.

6.3 Samples

The samples used for the two irradiation-hardness studies are the pin and nip
dilution series previously used for the light-soaking study as presented in
Chapter 5. Details on the fabrication conditions and initial characteristics of the
devices can, thus, be found in paragraphs § 5.3 and 5.5. The Raman crystallinity
factor of the nip dilution series is comprised between 0. = 70 % and ¢. = 15 %,
whereas the solar cells of the pin dilution series have Raman crystallinity factors
between ¢. = 66 % and ¢. = 25 %. A fourth pin sample consists of a pc-Si:H cell
with an i-layer dilution profile (see Chapter 5) and an “average” ¢. = 15 %.

6.4 Irradiation and annealing conditions, characterization
techniques

Both dilution series were irradiated with a proton beam from a Van der Graaf
accelerator located at the CAFI (Centre d'Analyse par Faisceau Ionique), Le Locle
(Switzerland), under the following conditions:

e High-energy protons: the solar cells were irradiated with a p* beam of 2 MeV
and a fluence of 2.5 10" p*/cm’. The solar cells were perpendicularly
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irradiated from the top side of the cells, as schematically shown in Fig. 6.1.
No rotation was applied to the solar cells, as is sometimes reported in the
literature (see for example [96]), to obtain a more in-depth uniform
irradiation.

e Low-energy protons: the solar cells were irradiated with a p* beam of
405 keV, corresponding to an initial p* beam of 1.07 MeV (at the exit of the
Van der Graaf accelerator) attenuated through a 12 um aluminum foil. The
fluence was, again, 2.5 10" p*/cm® and the geometry of the irradiation, after
the aluminum foil, was strictly similar as in the case of high-energy protons.

. Proton beam

back contact

TCO

glass

Figure 6.1. Geometry of the proton irradiation: the pin solar cell is irradiated from
the n-side, through the back contact TCO (in our case, LP-CVD Zinc Oxide). In the
case of nip configuration, the solar cell is irradiated from the p-side.

The irradiation conditions were simulated using the SRIM (Stopping and Range
of Ions in Matter) software [102]; SRIM showed that:

e In the case of the 2 MeV p* beam, only a negligible fraction of the protons
are “stopped” in the solar cell, the very large majority of the particles is
transmitted through the device;

e In the case of low-energy proton irradiation, the situation is opposite, with
most of the protons being “stopped” in the intrinsic layer of the solar cell.
The depth distribution of the implanted protons is shown in Fig. 6.2: the
maximum of the distribution, i.e. the most probable proton implantation
depth, is centered at a distance equal to 15 wm that corresponds to the middle
of the intrinsic layer. We can, thus, estimate the density of protons implanted
to be approximately 10" p*/cm’.

117



[ON RANGES
lon Range = 161 wm Skewness = S4661
Swaggle = 4630 A Hurtosis = 45,7202
Ly
i
g
[7]
o S0
7]
=
&
[
= G000
\.‘\_
H
= 0
b
e
z
= B 200
= (=]
—_ =
L I~
o ]
oA - Target ﬁmpﬂu : 26 wn

Figure 6.2 SRIM [102] simulation of the depth distribution of the low-energy
protons: the maximum of the distribution, i.e. the most probable proton
implantation depth, corresponds to the middle of the intrinsic layer.

We assume here that the degradation of the electrical parameters of the pc-Si:H
single-junction solar cells is not due to a deterioration of the TCO; in the case of
high-energy protons, the degradation is consequent to an increase of the defect
density in the intrinsic layer of the solar cells. In the case of low-energy protons,
some protons are also “stopped” in the Zinc Oxide, as can be seen in Fig. 6.2.
However, here again, we assume that the degradation of the electrical parameters is
not due to a deterioration of the TCO. Indeed, the degradation is, this time, not
completely reversible, but we also observe that the defect-related absorption and
the Urbach parameter do not return to their initial values. These both observations
are experimental evidences that suggest that it is the Si-based material that
degrades and does not fully recover. Nevertheless, in order to rule out the stability
of the ZnO layers, which degradation could also lead to a decrease of the FF of the
device, such ZnO layers should be irradiated under the same conditions as our solar
cells and the resistivity of the ZnO layers measured before and after irradiation.
This experiment was not made here and should be performed in the future.

After irradiation, annealing steps of 10h were carried out, under nitrogen flow,
at increasing temperatures: 100°C, 130°C, 160°C and 180°C.

The characterization techniques employed are identical to those that were used
for the light-soaking study (presented in Chapter 5), i.e.:

e Open-circuit voltage (V.. and fill factor (FF) were obtained from J(V)
measurements under the AM 1.5 sun simulator at 25°C, whereas short-circuit
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current density (Js.) was obtained from the integration of the external quantum
efficiency measurement.

e The Fourier transform photocurrent spectroscopy (FTPS) technique was used to
measure sub-bandgap absorption spectra of the intrinsic layers as incorporated
within the solar cells; the setup and measurement conditions are described in
detail in § 2.4. The FTPS spectra were calibrated at 1.35 eV, by setting the
absorption coefficient of the studied pc-Si:H cells to the value of crystalline
silicon; by using this calibration procedure, we implicitly assume that the optical
bandgap and its corresponding absorption coefficient are not affected by proton
irradiation.

e Micro-Raman spectroscopy was performed with a HeNe laser excitation beam
(633 nm) to evaluate the average crystallinity factor of the intrinsic layer,
calculated as the arithmetical average of the 2 Raman crystallinity factors
measured from the top and bottom of the samples (see § 2.3).

It must be mentioned here that the Raman crystallinity factors of the solar cells
do not vary with high and low-energy proton irradiation; the degradation observed
18, thus, not due to modifications of the microstructure.

6.5 High-energy proton irradiation

In this section, we will present the results of high-energy proton irradiation, as
well as subsequent thermal annealing, on the electrical parameters of our pc-Si:H
solar cells. We will show that the fill factor is the parameter that shows the largest
decrease, followed by the short-circuit current density with external quantum
efficiency losses in the long wavelengths (= 600 nm). We will also demonstrate
that high-energy proton irradiation leads to an increase of defect-related absorption,
as measured at 0.8 eV, indicating an increase of the defect density in the crystalline
phase. A simple model for high-energy proton degradation and annealing will be
introduced in the paragraph § 6.5.3.

6.5.1 Proton-induced degradation

a) Electrical parameters

The effect of high-energy proton irradiation on the conversion efficiency of the
nip and pin solar cells series is presented in Fig. 6.3, with the relative efficiency
loss An as a function of the intrinsic layer Raman crystallinity factor ¢.. An is
defined as:

Aﬂ = (77 nitiat 11 degraded )/ Nvitiai (6 1)
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Figure 6.3. Relative high-energy proton-induced loss of efficiency as a function of
Raman crystallinity factor ¢, for both dilution series of cells (black dots: nip series,
empty dots: pin series). The square symbol represents the pin cell with i-layer
dilution profile. The dotted line is merely a guide for the eye.

Nip and pin series present very similar relative efficiency losses as a function of
crystallinity: for both series, An increases with Raman crystallinity factor ¢..
Furthermore, An due to high-energy proton irradiation is of comparable order of
magnitude as An observed in the same series of devices after light-soaking (here:
10%-25%, light-induced degradation: 3%-15%), albeit its increase with . is
opposite.

This result is in agreement with the previous observations published in [95-96]
that a-Si:H solar cells are not subject to noticeable high energy proton-induced
degradation. Indeed, pc-Si:H solar cells with low crystallinity factors are confirmed
to be more stable with relative efficiency losses An~ 10 %. Highly pc-Si:H cells
present relative losses up to 26 %, a value which is well below that obtained when
pe-Si:H solar cells are irradiated with low-energy protons (Amn can then be as high
as 80%, see [102] and § 6.6). It should be noted that the pin cell with i-layer
dilution profile degrades a little bit less than the nip cell of similar crystallinity, but
it still presents a relative efficiency loss of approximately 10%.

As previously mentioned, the fill factor is the parameter that is most affected by
high-energy proton irradiation in a-Si:H and pc-Si:H solar cells; this is also
observed with these pin and nip dilution series, as can be seen in Fig. 6.4 for AFF,
defined in a similar way as An:
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Figure 6.4. Relative high-energy proton-induced loss of fill factor as a function of
Raman crystallinity factor ¢. for both dilution series of cells (black dots: nip series,
empty dots: pin series). The square symbol represents the pin cell with i-layer
dilution profile. The dotted line is merely a guide for the eyes.

The relative loss of short-circuit current density is presented in Fig. 6.5: we
observe that the relative loss of fill factor and that of short-circuit current density
become more pronounced with higher crystallinity. The external quantum
efficiency curve (EQE), from which J. is calculated by integration, is presented in
Fig. 6.6.

EQE is shown in initial state, after high energy proton irradiation and after
annealing at 180°C, for the highly crystalline nip cell (¢. = 70 %). Fig. 6.6 shows
that the reduction in Jy. takes place in the “red” part of the spectrum, i.e. for
wavelengths A > ~600 nm. This decrease of EQE between 600 and 1000 nm
indicates a reduction in the collection efficiency after irradiation with high-energy
protons; this decrease of the collection is confirmed by a drop in the value of the
collection voltage V., (see next section b)) and can be fully attributed to an
increased recombination within the device (see section ¢)).
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Figure 6.5. Relative high-energy proton-induced loss of short-circuit current
density as a function of Raman crystallinity factor ¢. for both dilution series of cells
(black dots: nip series, empty dots: pin series). The square symbol represents the
pin cell with i-layer dilution profile. The dotted line is merely a guide for the eye.
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Figure 6.6. External quantum efficiency curves for initial and irradiated (high-
energy p') states and after annealing at 180°C, for the 70 % crystalline nip cell.
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The open-circuit voltage is also observed to decrease under high-energy proton
irradiation; nevertheless the degradation is limited to relative losses below 5%.
AV, increases linearly with the Raman crystallinity factor, as shown in Fig. 6.7:
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Figure 6.7. Relative high-energy proton-induced loss of open-circuit voltage as a
function of Raman crystallinity factor ¢. for both dilution series of cells (black
dots: nip series, empty dots: pin series). The square symbol represents the pin cell
with i-layer dilution profile. The dotted line is merely a guide for the eye.

b) Shunt resistance and collection voltage

In this paragraph, we will show that high-energy proton irradiation leads to a
reduction in the collection voltage, but not to a significant decrease in the shunt
resistance Rg,. Fig. 6.8 presents the short-circuit resistance Ry as a function of the
reciprocal of the short-circuit current density J,. for the nip solar cell with
0. = 70 %: for low illumination, i.e. for high 1/Jy. values, Ry, tends towards the
shunt resistance Rg,. The collection voltage V. is assessed from the linear part of
the Ry (Ji') curves. The collection voltage of the highly crystalline nip solar cell
decreases from V. = 9.5 V to V. = 4.1 V when irradiated with protons of
2 MeV.

According to chapter 4, such collection voltage values should correspond to

absolute losses of fill factor OFF, with respect to FF, = 75 %, equal to (see equs.
(4.21) or (5.9):
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e In initial state: FF ~ 9.5 %, for a V, equal to 9.5 V;
e After irradiation with 2 MeV protons: OFF ~ 22 %, for a V. equal to 4.1 V

The absolute reductions in the fill factor expected are in good agreement with
the actual values of OFF measured, since: OFF = 11 % (i.e. FF = 64 %) in initial
state and OFF = 21 % (i.e. FF = 54%) after irradiation.
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Figure 6.8 Short-circuit resistance Ry, as a function of the reciprocal the short-
circuit current density for the nip sample of ¢. = 70 %, before and after irradiation
with high-energy protons. The shunt resistance is not modified (within
measurement errors) by high-energy proton irradiation.

As previously mentioned, the decrease of the collection voltage observed is
consistent with the External Quantum Efficiency (EQE) measurements performed,
where a reduction was observed in the “red” part of the spectra, indicating a loss in
the carriers’ collection efficiency. We will show in the next section that the
reduction of Vo can be directly attributed to an increase of the defect density in
the crystalline phase of the intrinsic layer, as monitored by the defect-related

absorption (0.8 eV).
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¢) Defect-related absorption

In the previous paragraphs we have shown that pc-Si:H solar cells degrade
under high-energy proton irradiation. More particularly, we have observed that the
fill factor is the electrical parameter that is most affected by high-energy proton
irradiation. We showed in the previous section that the decrease of FF can be
attributed to a reduction of the collection voltage and, consequently, to a reduced
ut-product (i.e. T drops due to increased recombination). Here, we will confirm that
an increase in the defect density of the crystalline phase, as monitored the
absorption coefficient at 0.8 eV, is indeed observed.

More precisely, we will show that in case of high-energy protons, the relative
proton-induced increase in defect-related absorption Aou(0.8 eV) increases linearly
with the crystalline volume fraction. This observation agrees well with our
assumption that proton-induced defects are created in the crystalline phase of the
pe-Si:H intrinsic layer of the solar cells.

Moreover, it must be mentioned that the Urbach parameter E, is observed not to
be modified when the solar cells are irradiated with high-energy protons. This
means that high energy protons do lead to an increased defect-related absorption,
but without modification of the static disorder in the material, as optically
monitored by the value of Ey. On the other hand, we will show in § 6.6 that E,
increases when low-energy protons are implanted within the intrinsic layer of the
devices.

Figs. 6.9 (a) and (b) present the defect-related absorption (0.8 eV) as a
function of the Raman crystallinity factor ¢. for the nip and the pin dilution series,
resp, in initial and irradiated state. It is shown that the relative increase of a.(0.8 eV)
is larger for high Raman crystallinity factors ¢.. Furthermore, we observe that /(0.8
eV) is minimal in the initial state for ¢. ~ 40-50 %; this minimum is maintained
after high-energy proton irradiation:
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Figure 6.9. Defect-related absorption in initial state and after high-energy proton
irradiation as a function of the Raman crystallinity factor ¢, for (a) the nip dilution
series, (b) the pin dilution series. The dotted lines are merely guides for the eyes.
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Now, if we look at the relative increase of defect-related absorption with high-
energy proton irradiation, we observe that Ao(0.8 eV) is proportional to the
crystalline volume fraction, as can be seen in Fig. 6.10:
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Figure 6.10. Relative increase in defect-related absorption after high-energy proton
irradiation, as measured on the nip dilution series, as a function of the i-layer
crystalline volume fraction X,. The dotted line is a proportional fit.

The crystalline volume fraction X_ is defined (see also Chapter 5) as:

V
X =—= 6.2),
=y (6.2)

tot

where V. and V,, are the crystalline volume and the total volume of the sample,
respectively. X, can be directly calculated from the Raman crystallinity factor ¢,
see [18] for details on the calculation procedure.

The relative increase of defect-related absorption, thus, increases proportionally
to the crystalline volume fraction:

Ao (0.8eV)oc Y. (6.3)

tot

This result confirms that the “bulk” of the crystalline phase of the pc-Si:H
material is, indeed, affected by the high-energy proton irradiation.

As previously mentioned, the decrease of the collection voltage V., and the
consequent decrease of FF with high-energy proton irradiation is due to an increase
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of the defect density in the i-layer. Indeed, Fig. 6.11 shows that V. 1s inversely
proportional to the value of a(0.8 eV), as measured after low-energy irradiation. A
similar observation was made in the case of light-induced degradation.
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Figure 6.11. Collection voltage as a function of the reciprocal of the defect-related
absorption after high-energy proton irradiation (nip series). The dotted line is a
proportional fit.

In the case of light-soaking, as well as in the case of high-energy proton
irradiation, the fill factor is the electrical parameter of the pc-Si:H solar cells that
degrades the most. Nevertheless, the creation of defects does not affect the fill
factor the same way for both types of degradation, as can be seen in Fig. 6.12, with
the relative decrease of FF as a function of the relative increase of defect-related
absorption. We observe that defects, as induced by high-energy proton irradiation,
have a more detrimental effect on the fill factor than light-induced defects:
m = AFF/Aa is 2 times larger for high-energy proton-induced defects. This could
suggest that proton-induced and light-induced defects have different capture cross-
sections (see the discussion of Chapter 5, p.94):
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Figure 6.12. Relative loss of fill factor versus relative increase of defect-related
absorption for the nip solar cell with ¢. = 50% after (a) high-energy proton
irradiation (black dots), (b) light-soaking (empty diamonds). The lines are
proportional fits.

6.5.2 Defect Annealing

Now that we have looked at the degradation, as induced by high-energy proton
irradiation, on the electrical parameters and on defect-related absorption, we will
show that this degradation is completely reversible under thermal annealing. Fig.
6.13 shows the effect of high-energy proton irradiation and of subsequent annealing
steps on the relative efficiency An of the solar cells of the nip series.

The nip dilution series presents relative efficiency losses between 26%, for the
highly crystalline nip cell (¢. = 70%), and 11% for the one which is mainly
amorphous (0. = 15%). We observe total recovery (+/- 1%) after the last annealing
step at 180°C. Similar results were obtained for the pin series (not presented here).
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Figure 6.13. Relative efficiency as a function of high-energy proton irradiation and
step-wise annealing for the nip dilution series.

Similarly to An, Aa(0.8 eV) also shows total recovery with thermal annealing,
after annealing at 160°C and above:
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Figure 6.14. Relative defect-related absorption as a function of high-energy proton
irradiation and step-wise annealing for the nip dilution series
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We, thus, observe that high-energy proton irradiation leads to similar effects on
the device electrical parameters as light-soaking, studied in the previous chapter;
however, there are also 2 major differences between both types of degradation:

e In the case of light-soaking, the degradation decreases with crystallinity,
whereas, in case of high-energy proton irradiation, the degradation becomes
more pronounced with higher crystallinity;

e In the case of high-energy proton irradiation, the short-circuit current density
suffers some reduction with 4% < AlJ,. < 9%; in the case of light-soaking:
AJs. £ 2%. The loss in external quantum efficiency occurs, in both cases, in the
long wavelength region of the AM 1.5 spectrum (= ~ 600 nm).

From the similarities mentioned above, let us assume that the dynamics of
annealing of high-energy proton-induced defects can, similarly to the case of light-
induced defects, be described by a stretched exponential function, as introduced in
the previous Chapter. The defect-related absorption is then expressed by:

B
a(0.8eV) ()=, (0.8eV)- exp{— [5) } (6.4),

T

where 04 is the steady-state value of defect-related absorption (after high-energy
proton irradiation), T is a characteristic annealing time of the defects and t is the
annealing time; T is a function of the annealing temperature, through the
expression:

T=T, -exp(lf;j j (6.5),

with E, the activation energy and T, the annealing temperature.

Then, by assuming that 3 is constant over the range of annealing temperatures
used, the activation energy can simply be derived from equs. (6.4) and (6.5):

[10 { a,(0.8¢V)

18
Ea
g awh (OSeV)jD _C(To) ’CXP(— kT ) (66)

a

Let us plot this logarithmic ratio as a function of 1/T,:
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Figure 6.15. Logarithmic value of the ratio of the defect-related absorption after
high-energy proton degradation and subsequent 10h annealing, as a function of the
reciprocal of the annealing temperature for two nip solar cells of different
crystallinity. The dotted lines are fits to equ. (6.6).

As previously mentioned, we suggest here that high-energy protons degrade the
crystalline phase of the intrinsic layer incorporated into our pc-Si:H solar cells.
Since (0.8 eV) monitors the defect density in the crystalline phase (when the
spectra are calibrated at 1.35 eV as in our work) we may assume that the defects are
directly created in the crystalline phase and do not dispersively diffuse (as in the
case of light-soaking, see § 5.10). We, thus, assume that § ~ 1 and we obtain from
the fits of Fig. 6.15 the activation energy E, for the annealing of the high-energy
proton-induced defects: E, is equal to 0.3 eV. In comparison, the activation energy
for the annealing of light-induced defects in pc-Si:H is equal to 0.5 eV, as
established in Chapter 5. This would suggest that the defects caused by high-energy
proton irradiation are easier to anneal than those created by light-soaking.
Nevertheless, measurements of the annealing kinetics, such as those done after
light-soaking, should be performed to ascertain this assumption. The characteristic
time T is observed to depend on the crystallinity: from the fits to equ. (6.6) we
obtain that Ty, ~ 9-107% for 0. = 50%. For light-induced degradation, we also
observed that T = 7(Q.), but we obtained an annealing characteristic time around 10
times larger with Ty ~ 9-107 s for ¢, = 50%.
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6.5.3 Model for high-energy proton defect creation and annealing in pc-Si:H

Amorphous silicon is known to present a better radiation hardness as compared
to crystalline silicon [95]. According to Kishimoto et al. [105], the radiation
hardness of a-Si:H is related to the “flexibility” of the amorphous network. On the
other hand, the displacement damages created in the crystalline lattice are much
more detrimental to the electrical properties. Based on these observations, we
assumed that high-energy proton irradiation of pc-Si:H solar cells would lead to the
creation of defects in the crystalline phase of the material. We have thereby shown
that the relative increase of defect-related absorption, as induced by high- energy
proton irradiation, is indeed proportional to the crystalline volume fraction. We,
thus, think that high-energy proton-induced defects are created within the
crystalline phase, where they are directly measured by (0.8 eV). We, furthermore,
propose that high-energy proton irradiation leads mainly to ionization damages and
strong local recombination; this is confirmed by the fact that (a) the Urbach
parameter is not modified by high-energy proton irradiation, (b) the degradation is
reversible under thermal annealing. Finally, we suggest that the low activation
energy measured for the defect annealing, E, = 0.3 eV, is probably linked to the
presence of hydrogen at grain boundaries, as evidenced in Infrared spectra [17].

6.6 Low-energy proton irradiation

In this paragraph, we will study the effect of the irradiation of pc-Si:H solar
cells with protons of low energy (E = 405 keV). In this case, the protons (H") are
implanted within the intrinsic layer of the pc-Si:H solar cells. We will show that
the degradation is, similarly as in the case of high-energy protons, higher for highly
crystalline cells. But, when compared with both light-induced and high-energy
proton-induced degradation, the electrical parameters of the solar cells are much
more affected by low-energy proton irradiation; dramatic relative efficiency losses
up to 70% are measured here. Also, low-energy proton-induced degradation is
shown to be only partially reversible under thermal annealing. The static “disorder”
of uc-Si:H is increased by the low-energy proton irradiation, as indicated by an
increase in the Urbach parameter E,,.

6.6.1 Proton degradation as a function of crystallinity

a) Electrical parameters

The effect of low-energy proton irradiation on the efficiency of the solar cells is
presented in Fig. 6.16, with the relative efficiency loss An as a function of i-layer
average crystallinity ¢. (for the definition of An see equ. (6.1):
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Figure 6.16. Relative low-energy proton-induced efficiency loss An versus intrinsic
layer Raman crystallinity factor ¢. for both series of cells (black dots: nip series,
empty dots: pin series). The square symbol represents the pin cell with i-layer
dilution profile. Dashed lines are merely guides for the eye.

Highly pc-Si:H cells suffer from a very strong degradation with a relative
efficiency decrease of up to 70 %, while mainly amorphous cells show a relative
efficiency reduction of around 30 %. Thus, the higher is the i-layer crystallinity,
more affected are the cells by low-energy proton irradiation. This is a general rule
that was observed for high-energy proton irradiation as well. Relative losses of the
electrical parameters V., FF and J. are all observed to increase with increasing i-
layer crystallinity. Surprisingly, Js is the parameter that is the most affected by
low-energy proton irradiation. A relative decrease of Ji. of 53 % is, thus, measured
for the nip cell with the highest crystallinity, together with a relative decrease of FF
and V. of 26 % and 18 %, resp.

The relative loss of Ji. is presented as a function of Raman crystallinity factor in
Fig. 6.17. Fig. 6.18 shows the external quantum efficiency curves (EQE) in initial
state, after low-energy proton irradiation and after annealing at 180°C, for the
highly crystalline nip cell (¢, = 70 %); from the EQE curve, one can obtain, by
integration, the value of Ji.. Such as high relative decrease of J,. was not observed
after high-energy proton irradiation and light-soaking. We suggest that the
reduction in J. is due to displacement damages created in the “crystalline” lattice.
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Figure 6.17. Relative low-energy proton-induced loss of short-circuit current
density as a function of Raman crystallinity factor ¢. for both dilution series (black
dots: nip series, empty dots: pin series). The square symbol represents the pin cell
with the i-layer dilution profile. The dotted line is merely a guide for the eye.

Initial ~ ----- IE irrad — — Ann.
(). e

07 f
0.6 |
0.5 |
0.4 |
03 |

0.2

External quantum efficiency

01 f

0

Wavelength (nm)

Figure 6.18. External quantum efficiency curves for initial and irradiated (low-
energy p') states, and after annealing at 180°C, for the 70 % crystalline nip cell.

135



According to our basic upper limits calculations presented in Chapter 3, a
relative decrease of J,. could be related to a gap broadening due to proton (i.e. H")
implantation but we can exclude this assumption because of the so high values
measured for the relative decrease of J,.. Furthermore is observed that EQE is
reduced over the whole wavelength range by low- energy p* irradiation, with the
main reduction occurring in the long wavelength response. In comparison to high-
energy protons, we, thus, observe a supplementary deterioration of the p-i interface
by low-energy protons. This is not surprising since protons are, in the low-energy
case, also implanted at the p-i interface for both nip and pin solar cells (even if the
latter are irradiated from the n side, low-energy protons are also implanted at the i-p
interface). Moreover, the reduction of EQE is only partially reversible under the
thermal annealing steps performed.

The relative loss of fill factor is presented as a function of Raman crystallinity
factor in Fig. 6.19, whereas the relative loss of open-circuit voltage is shown in Fig.
6.20. For both electrical parameters, the highest degradation is measured on the
devices of high crystallinity.
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Figure 6.19. Relative low-energy proton-induced loss of fill factor as a function of
Raman crystallinity factor ¢. for both dilution series of cells (black dots: nip series,
empty dots: pin series). The square symbol represents the pin cell with the i-layer
dilution profile. The dotted line is merely a guide for the eye.
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Figure 6.20. Relative low-energy proton-induced loss of open-circuit voltage as a
function of Raman crystallinity factor ¢. for both dilution series of cells (black
dots: nip series, empty dots: pin series). The square symbol represents the pin cell
with the i-layer dilution profile. The dotted line is merely a guide for the eye.

b) Shunt resistance and collection voltage

In this paragraph, we will show that low-energy proton irradiation leads to a
reduction in the collection voltage, as well as to a decrease in the shunt resistance.
In the case of high-energy protons, only the collection voltage was affected by
irradiation. Here, in the case of low-energy protons, Fig. 6.21 shows that the shunt
resistance 1is also decreased by a factor ~ 4, whereas the collection voltage
decreases from V o3 = 9.5 V to Vo = 3.0 V for the nip solar cell with ¢. = 70%.

We suggest that the decrease of the shunt resistance is linked to the “crystalline
lattice” damages created by the atoms that are displaced by low-energy protons.
The series resistance R, was not measured in our work; an increase of R, could
indicate that the resistivity of the TCO is also affected by low-energy proton
irradiation.
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Figure 6.21. Short-circuit resistance Ry as a function of the reciprocal of the short-
circuit current density for the nip sample with ¢. = 70 %, before and after
irradiation with low-energy protons. Note that both the collection voltage and also
the shunt resistance are decreased.

¢) Defect-related absorption

The relationship between defect-related absorption (@ (0.8 €V)), in initial and
irradiated states, and crystallinity is presented in Fig. 6.22 for (a) the nip dilution
series, (b) the pin dilution series. The trend is very similar for both dilution series:
the highly crystalline cells show an increase of o (0.8 eV) of a factor 12, while
(0.8 V) 1s lower for the solar cells with ¢. between 40 and 50%. This “minimum”
in defect-related absorption was already observed when the solar cells where light-
soaked and irradiated with high-energy protons. The pin cell with an intrinsic layer
hydrogen dilution profile shows a lower defect-related absorption than the nip cell
of similar crystallinity, in the initial but also irradiated state.
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Figure 6.22. Defect-related absorption in initial state and after low-energy proton
irradiation, as a function of the Raman crystallinity factor ¢. for (a) the nip dilution
series, (b) the pin dilution series. The dotted lines are merely guides for the eye.
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The relative increase of (0.8 eV) due to low-energy proton irradiation is,
similarly as in the case of high-energy protons (see Fig. 6.10), proportional to the
crystalline volume fraction, see Fig. 6.23. Nevertheless, the coefficient of
proportionality is almost 3 times larger in the case of low-energy protons,
confirming that more defects are created:
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Figure 6.23. Relative increase of defect-related absorption due to low-energy
proton irradiation, as measured in the nip dilution series, plotted as a function of the
i-layer crystalline volume fraction X.. The dotted line is a proportional fit.

In contrast with light-soaking and high-energy proton irradiation, the fill factor
is not, in the case of low-energy proton irradiation, the parameter that degrades the
most. Here, it is the short-circuit current density that shows the largest reduction.
Nevertheless, in order to compare the three types of defects created by (a) light-
soaking, (b) high-energy proton irradiation and (c) low-energy proton irradiation,
we will, once again, look at the relative decrease of FF as a function of the relative

increase of 0l(0.8 eV) in Fig. 6.24.

We observe that low-energy protons affect the fill factor in a very similar way
as high-energy protons (i.e. the value of the slope m = AFF/Aal is almost the same).
Nevertheless, in the case of low-energy proton irradiation, the situation is different,
since the relative increase of defect density is only partially reversible under the
thermal annealing steps performed. Indeed, after the last annealing step, Ac(0.8 eV)
is still equal to 2 for the nip sample with ¢. = 70% (see Fig. 6.27).
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Figure 6.24. Relative loss of fill factor versus relative increase of defect-related
absorption for the nip solar cell with ¢. = 50 % in the case of (a) light-soaking
(empty diamonds), (b) high-energy proton irradiation (empty dots), (¢) low-energy
proton irradiation (black dots).

Finally, we again note that V. is inversely proportional to the value of
(0.8 eV) after low-energy proton irradiation, i.e. an increase of defect density is
responsible for the decrease of the collection voltage:
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Figure 6.25. Collection voltage as a function of the reciprocal of the defect-related
absorption after low-energy proton irradiation (nip series).
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6.6.2 Defect annealing

In this paragraph, we will show that the degradation of the electrical parameters
of the devices, as induced by low-energy proton irradiation, is only partially
reversible under thermal annealing. Similarly, the defect-related absorption (0.8
eV), that was increased by low-energy proton irradiation, does not return to its
initial value: for the highly crystalline nip sample (¢. = 70%) , the relative increase
of a(0.8 eV) is still within a factor 2 after the last annealing step. The effect of
subsequent annealing steps on the relative efficiency can be seen in Fig. 6.26 for
the nip series. The pin series shows a similar trend (not presented here). Total
recovery is not observed, even after annealing at 180°C. Normalized defect-related
absorption presents a similar trend, as can be seen in Fig. 6.27.

The degradation due to low-energy proton irradiation is, thus, fundamentally
different from the one induced by high-energy proton irradiation, which is
completely reversible under thermal annealing. Furthermore, the Urbach parameter
E( increases under low-energy proton irradiation, whereas it doe not change under
irradiation by high-energy protons. This increase of E, means that the network’s
static disorder increases when low-energy protons are implanted within the intrinsic
layer of the pc-Si:H solar cells. This observation is in agreement with the creation
of displacement damages (lattice damages) as induced by low-energy protons.
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Figure 6.26. Relative efficiency as a function of low-energy proton irradiation and
step-wise annealing for the nip dilution series.

142



A R L L
D% R tallinity fact ‘7)70%E
Initial ¢ aman crystallinity factor (%) 1

: ]

IE irradiated } f
100°C - l ;
130°C - ﬂ ]

160°C ;

180°C - ]

6:\\\\\\\\\\\\\\\\\\\\\\\
0 2 4 6 8 10 12

Ac (0.8 eV)

Figure 6.27. Relative defect-related absorption as a function of low-energy proton
irradiation and step-wise annealing for the nip dilution series

Fig. 6.28 shows (0.8 e¢V) and the Urbach parameter E, as a function of
irradiation and annealing steps for the 70% crystalline nip cell: we observe that
both parameters vary in a very similar way, and, after annealing at 180°C, neither
(0.8 eV) nor E return to their initial values.
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Figure 6.28. Defect-related absorption o/(0.8 €V) and Urbach parameter E, as a
function of low-energy proton irradiation and subsequent annealing steps for the
70% crystalline nip cell (Ey: crosses, a(0.8 eV): black dots).
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Let us assume now that for low-energy proton irradiation, the dynamics of
defect annealing can, similarly to the case of light-induced degradation and also to
the case of high-energy proton irradiation, be described by a stretched exponential
function. If once again, we assume that the dispersive parameter [ is constant over
the range of annealing temperatures used, the activation energy can be derived in a
simple manner from the slope of the logarithmic plot as represented in Fig. 6.29.
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Figure 6.29. Logarithmic value of the ratio of the defect-related absorption after
low-energy irradiation and after subsequent 10h annealing as a function of the
reciprocal of the annealing temperature for two nip solar cells of different
crystallinity. The dotted lines are fits to equ. (6.6).

By assuming once again that 3 ~ 1, which would be the case for non-dispersive
diffusion, we obtain that the activation energy E, for annealing low-energy proton-
induced defects is equal to E, ~ 0.2 eV, i.e. its value is very close to E, = 0.3 eV, as
measured when annealing the defects created by high-energy protons. In
comparison, the activation energy for the annealing of light-induced defects in pic-
Si:H is equal to 0.5 eV, as established in Chapter 5. For 0. = 50%, we obtain for the
annealing of defects induced by low-energy protons a characteristic time
Ty ~ 1-10° s, a value which is around 10 times shorter than the characteristic time
assessed when annealing the defects induced by high-energy protons.

6.6.3 Model for low-energy proton defect creation and annealing in pc-Si:H

We observed that short-circuit current density is the parameter most affected by
low-energy proton irradiation: it is observed that the external quantum efficiency is
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reduced over the whole wavelength range, with the main reduction occurring in the
long wavelength response. The short wavelength decrease is a consequence of the
proton implantation at the p-i interface, while the long wavelength reduction
represents an increase of the recombination centers in the bandgap. The decrease of
external quantum efficiency is observed to be only partially reversible under the
thermal annealing steps performed.

These observations, as well as the strong deterioration of the electrical
parameters measured here confirms that the implantation of low-energy protons is
much more destructive than exposure to protons with higher energies, as was
indeed expected. We suggest that the defects created by low-energy protons may
correspond to two distinct types of defects:

1. Ionization defects in the crystalline phase, leading to an increase of 0l(0.8 eV),
reversible under the performed steps of thermal annealing; this type of defects
represents the majority of the defects created when the solar cells are irradiated
with high-energy protons. These defects lead to (a) an increased recombination
in the i-layer, (b) a decrease of the collection voltage, and (c) a reduction of
the collection efficiency for wavelength over 600 nm;

2. Displacement defects (damages to the lattice) created in the crystalline phase,
also leading to an increase of 0(0.8 eV), which are not reversible under the
applied thermal annealing steps. Lattice damages due to proton implantation
are created in the intrinsic layer, but also at the p-i and n-i interfaces of the
solar cells. These defects lead to a decrease of the collection voltage of the
intrinsic layer and also to a reduction of the shunt resistance of the solar cell.
The collection efficiency is reduced over the whole spectrum. The non-
reversible increase of the Urbach parameter observed confirms that the
network’s static disorder of the pc-Si:H i-layer is increased: these permanent
atomic displacement defects affect bandtail states also.

6.7 Comparison of light-induced and proton-induced degradation in
pe-Si:H solar cells

Let us now compare, in Table 6.1, the effect of light-soaking and high- and low-
energy proton irradiation on (a) the defect-related absorption (0.8 eV), (b) the
Urbach parameter E, (c) the activation energy E, for defect annealing, and (d) the
proportionality factor m = AFF/Aai(0.8 eV), as measured for the nip solar cell with
0. = 50%. The last column of Table 6.1 indicates whether the degradation was
reversible or not under the thermal annealing steps performed:

145



Type of (0.8 eV) Eo E, To m | Reversible
degradation ©@V) | (0.=50%) | (%)
(s)
Light-soaking / = 0.5 ~10" 2.0 yes
High-energy p* / = 0.3 ~107 4.0 yes
Low-energy p* / / 0.2 ~107 4.0 partially

Table 6.1. Table of comparison for the three types of degradation observed in our
work: light-soaking (Chapter 5) as well as high- and low-energy proton irradiation
and their effect on (a) the defect-related absorption o(0.8 eV), (b) the Urbach
parameter Ej, (c) the activation energy E, for defect annealing, (d) the
proportionality factor m = AFF/Ao(0.8 eV) (£ 0.5%), as measured for the nip solar
cell with ¢. = 50%. The last column indicates the reversibility of the three types of
degradation.

We, thus, observe that all three types of degradation lead to an increase of the
defect-related absorption, which is assumed, in our work, to monitor the defect
density in the crystalline phase. However, ou(0.8 eV), as measured by Fourier-
transform photocurrent spectroscopy (FTPS), is not an individual signature for one
particular type of defects. Indeed, the sub-bandgap absorption coefficient spectrum
is rather “flat” (see e.g. Fig. 5.13 in the previous Chapter) and no absorption line is
observed, as in infrared spectroscopy for example. In fact, the absorption
coefficient as measured by photocurrent spectroscopy is due to several optical
transitions which all lead to photocurrent generation. The value of photon energy
considered here (0.8 eV) is about 2/3 of the gap and therefore various electronic
transitions can be involved, such as: (a) transitions between the conduction band
and defects situated close to the valence band, (b) transitions from the valence band
to defects close to the conduction band. The situation is, thus, a little different than
in a-Si:H, where the defect-related absorption is measured closer to midgap at 1.2
eV.

The Urbach parameter is observed to remain constant when the uc-Si:H solar
cells are light-soaked and irradiated with high-energy protons. On the other hand,
when protons of lower energy are used, Eq increases and never returns to its initial
value: we attribute this increase to the creation of static disorder in the
nanocrystals, such as related with the apparition of vacancies. Light-induced and
high-energy induced defects can be fully thermally annealed; the activation energy
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for both types of defects is observed to be rather low in puc-Si:H: E,= 0.5 eV and
0.3 eV. For comparison, E, = 1 eV for annealing light-induced defects in a-Si:H.
Since we assumed that defect annealing is hydrogen mediated (see also § 5.10), we
suggest that the high amount of hydrogen in pc-Si:H, as compared to a-Si:H, could
justify the lower activation energy values measured.

The characteristic time T for defect annealing was observed to depend on the
crystallinity in the three types of degradation: in the case of light-induced
degradation we explained this dependency in terms of diffusion. Here, T, is
observed to be lower for high- and low-energy proton-induced degradation than for
light-induced degradation. We suggest that proton-induced defects, directly created
in the crystalline phase, can be more rapidly annealed out than light-induced
defects (created in the amorphous phase) because of the high amount of hydrogen
present at the nanocrystals interface. This observation, as well as the values
obtained for the activation energy, should be confirmed by additional kinetics
measurements. Finally, we observed that the relative increase of defect density as
induced by high- and low-energy proton irradiation more severely affects the fill
factor than light-soaking. This could suggest that defects created inside the
crystalline phase are more detrimental to the fill factor than passivation defects
created at the nanocrystals surface. Nevertheless, further work should be carried out
to ascertain this assumption.

6.8 Conclusions

Pin and nip microcrystalline silicon solar cells were shown to suffer from a
strong degradation when exposed to low-energy protons which are implanted
within the intrinsic layer. The damage as created by these implanted protons is
shown to be only partially reversible under thermal annealing steps of 10h up to
180°C, contrary to light-induced defects. The implantation of low-energy protons
within the intrinsic layer as well as at the p-1 interface, causes a dramatic decrease
of the solar cell short-circuit current density. This is then the electrical parameter of
the devices which suffers the largest relative loss. We could demonstrate that the
defects created within the i-layer adversely affect the fill factor, whereas both
interface and bulk i-layer defects are responsible for the loss in short-circuit current
density. From our observation of the partial recovery of the electrical parameters
after thermal annealing, we suggest that at least two types of defect are created by
low-energy protons. This could be a combination of displacement defects, resulting
in an increased, permanent, static disorder within the material plus ionization
defects, which would be fully thermally reversible. This suggests that low-energy
protons create defects that act as recombination centers (deep defects) and increase
static disorder (i.e. modify bandtail states energy distribution).

When the devices are exposed to protons of higher energy (E > 1MeV), the
relative decrease of the electrical parameters of the solar cells is less

147



dramatic than in the case of low-energy proton irradiation. High-energy proton
degradation of microcrystalline silicon solar cells results approximately in a
relative degradation of the electrical parameter of the same order of magnitude as
after light-soaking. This degradation is reversible under thermal annealing.
Furthermore, in the case of 2 MeV protons, the fill factor is, in a similar manner as
in the case of light-soaking, the parameter that shows the largest decrease. High-
energy proton degradation is, thus, in some way, the reciprocal of the light-induced
degradation, as a function of Raman crystallinity. Indeed, in the case of protons, the
degradation is shown to be more pronounced for pc-Si:H with higher Raman i-
layer crystallinity. We were, thus, able to “selectively” degrade the amorphous
phase (and, subsequently, the surface of the nanocrystals) with photons, and the
crystalline phase with high-energy protons. However, the exact microscopic nature
of the defects 1s not known yet.

By using Fourier-transform photocurrent spectroscopy together with J(V)
curves, we were able to evaluate the total defect density and to quantify its impact
on the decrease of the fill factor. The measurement of the annealing kinetics of the
defects revealed that, whatever their microscopic nature, the light-induced defects
anneal out following a stretched exponential behavior. This observation suggest
that annealing of light-induced defects in pc-Si:H solar cells is similar to that
observed in a-Si:H. Consequently, we propose that dispersive diffusion of
hydrogen is the fundamental microscopic mechanism that leads to the observed
temperature-induced decrease of the total defect density under thermal annealing in
ne-Si:H. However, a complete modeling of the H-diffusion process in the
amorphous phase and in the nanocrystalline phase is not yet available.

From our experimental observations, we can conclude that:

e Light-soaking leads to the creation of defects in the amorphous phase; these
defects somehow diffuse to the nanocrystals surface, where they deteriorate the
passivation. Here, their density can be measured optically by Fourier-Transform
photocurrent spectroscopy and it is observed that Aou(0.8 eV) decreases with the
ratio of the amorphous volume over the crystalline volume of the intrinsic layer.
Light-soaking leads to an increased recombination within the intrinsic layer,
which is responsible for the predominant degradation of the FF among the
electrical parameters of the device. The kinetics of defects creation and
annealing is fitted by a stretched exponential with a dispersive parameter B < 1
and an activation every E, for annealing the defects that is lower than in a-Si:H.
The light-induced defects are fully reversible under thermal annealing;

® High-energy proton irradiation leads to the creation of defects within the
crystalline phase: their relative density increases proportionally to the material’s
crystalline volume fraction. Here again, it is the fill factor which is the electrical
parameter showing the more pronounced degradation. The relative decrease in
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FF can be fully attributed to the increased recombination within the intrinsic
layer, as monitored by the defect-related absorption. From our observations,
high-energy proton-induced defects are more detrimental to the fill-factor than
light-induced defects. Here again, the annealing of high-energy proton-induced
defects is thermally activated and the degradation totally reversible.

e Low-energy proton irradiation leads to the creation of lattice damages that affect
the device permanently. Low-energy protons are implanted within the intrinsic
layer of the pc-Si:H solar cells, with the p-i and i-n interfaces being also
damaged. An increase of the optical Urbach parameter is observed that can be
attributed to an increased static disorder in the material. We suggest that the
observed dramatic decrease of the short-circuit current density is due to the
increased recombination within the i-layer but as well to the damaged interfaces.
One can even imagine that implanted hydrogen may lead to a modified carriers
transport path within the material. Localized defects such as dangling bonds,
which are predominantly caused by ionization damage in c-Si, are also created
by low-energy protons in a similar manner as for high-energy protons. Contrary
to lattice damages, they are reversible under thermal annealing.

In order to gain further insights into the exact microscopic nature of the various
types of high- and low-energy proton-induced defects, defect annealing kinetics
should be investigated in more details. Also, in a similar way as for light-soaking
defects in pc-Si:H solar cells, Electron Spin Resonance (ESR) measurements
should also be performed to identify more precisely the type of defects created by
proton irradiation.
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7. Final Conclusions

This thesis work was focused on microcrystalline silicon (uc-Si:H) solar cells
and the characterization of the material's electro-optical properties within a
complete device. Such characterization results in supplementary difficulties as
compared with material's characterization in layers. Nevertheless, this approach
was motivated by the fact that the physical-chemical nature of the underlying layers
on the nucleation and microcrystalline growth of the intrinsic layer renders the
comparison between “simple” layers and complete devices rather unreliable.

In this work, we first presented a simple model for the calculation of the upper
limits of the electrical parameters of pc-Si:H pin junction solar cells. Thereafter,
diagnostic tools of problematic cells (i.e. cells presenting low fill factor values)
were introduced, that allowed to distinguish between the effect of non-optimal
individual solar cell structuration and the effect of non-optimal electro-optical
parameters. Finally, the detailed study of the stability of pc-Si:H solar cells under
three different sources of degradation (namely light-soaking, high- and low-energy
proton irradiation) allowed us to distinguish the effect of the degradation of
amorphous and crystalline phases on the solar cells' properties.

First, we calculated the upper limits for the electrical parameters (Ji., Vo, FF, M)
of single-junction solar cells, as a function of the material's bandgap energy. Three
different models were considered for the calculation of these limits: two based on
the pn junction theory fostered by experimental observations, and one more simple
but original model, established for pin junctions. We showed that the largest gains
still to be achieved regarding the conversion efficiency of present pc-Si:H solar
cells should be made on the short-circuit current density. The upper limits for the
conversion efficiency of tandem (double-junction) solar cells were also calculated
as a function of the two materials' bandgap combination: we demonstrated that the
“micromorph” (a-Si:H/puc-Si:H) tandem solar cell indeed represents an optimum
combination of materials, validating the research carried out on this topic at the
University of Neuchatel since 1994.

Then J(V) measurements carried out at variable illumination (i.e. the VIM
technique) allowed us to efficiently separate the effects of an increase of
recombination (i.e. a decrease of the active material's “quality”), a low shunt
resistance and a high series resistance, on the reduction of the fill factor with
respect to an ideal (theoretical) FF value. A photogenerated carriers “collection”
model, originally developed for a-Si:H solar cells was, thus, adapted to pc-Si:H
solar cells, and the relationships established for the fill factor losses confirmed by
actual measurements on various solar cells (dilution series, gas series and
individual solar cells). We more particularly showed that the large majority of the
pin and nip solar cells presented in this work were suffering from low collection
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voltage values, probably due to diverse types of contamination. Indeed,
contamination results in an increased recombination and/or electric field
deformation. In addition, VIM measurements and assessment of p’t’-products
confirmed that the p-i and n-i interfaces of pc-Si:H solar cells are very defective.

The stability of pc-Si:H solar cells under light-soaking was then studied in
detail: we showed that pc-Si:H solar cells degrade in a “softer” and slower way, as
compared to a-Si:H solar cells. Nevertheless, like in a-Si:H, the degradation is
completely reversible under thermal annealing. We demonstrated that light-induced
degradation of the electrical properties of the solar cells is consequent to an
increase of defect density in the intrinsic layer. This is revealed by an increase of
defect-related absorption 0i(0.8 eV), as well as a reduction of the collection voltage
of the device. The amplitude of the light-induced degradation is a function of the
crystalline volume fraction of the intrinsic layer, monitored by the Raman
crystallinity factor ¢.. More precisely, we showed that the light-induced relative
increase of defect-related absorption is a function of the ratio of the amorphous
volume over the crystalline volume of the intrinsic layer. The fill factor was the
electrical parameter presenting the largest light-induced decrease. We showed that
the absolute loss of fill factor could be well quantified by the reduction in the
collection voltage and by the increase of defect density in the i-layer of the solar
cell. From the measured kinetics of defect creation and annealing, we suggest that
light-induced defects, first created in the amorphous phase, diffuse dispersively to
the nanocrystals' surface, where they deteriorate the passivation and consequently
the electrical transport properties.

When irradiated with protons, we showed that puc-Si:H solar cells degrade and
recover differently depending on the energy of the incident proton beam. In the
case of high-energy protons, the degradation is completely reversible under thermal
annealing, whereas with low-energy proton irradiation, permanent damage 1is
created. In the latter case, the low-energy protons (H") are implanted within the
intrinsic layer, instead of merely crossing it. The amplitude of the degradation is
observed, in a similar manner to light-induced degradation, to depend on the
crystallinity of the photoactive layer of the device. But, in the case of proton
irradiation, the solar cells with the highest crystallinity are those showing the
largest degradation. More precisely, we showed that the relative increase of defect -
related absorption, as induced by high- and low-energy protons, is proportional to
the crystalline volume fraction.

In this work we presented, for the fist time, a systematic application of Fourier-
Transform Photocurrent Spectroscopy (FTPS) to the study of different types of
defects in pc-Si:H. We showed that FTPS and the absorption coefficent at 0.8 eV
could be used to quantify the density of recombination centers in complete pc-Si:H
solar cells. However, we were unable to establish the exact microscopic nature of
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the defects, as induced by the three different degradation mechanisms studied here.
Indeed, (0.8 €V) is not a defect-related signature, its value only gives information
on the defect density in the intrinsic layer (more particularly, under our
assumptions, o(0.8 eV) is proportional to the defects density in the crystalline
phase. Since various optical transitions contribute to the absorption at 0.8 eV, the
exact energy level of the recombination centers within the gap cannot be
established. Thus, in order, to identify the exact nature of the defects created when
the pc-Si:H solar cells are light-soaked or irradiated with protons, Electron Spin
Resonance (ESR) measurements should be performed. Indeed, this characterization
technique gives a characteristic value (the g value) that is unique for each defect.
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Annexe 1
Light-soaking study of two dilution series deposited on LPCVD-ZnO

Samples

Two dilution series of uc-Si:H cells were deposited by very-high frequency
PECVD in both pin and nip configurations on transparent conducting oxide (TCO)
layers on AF-45 glass substrates. The TCO layers on both sides of the pin or nip
structures were 2.4 um thick ZnO layers deposited by low pressure chemical vapor
deposition (LPCVD). The deposition parameters of the doped layers were kept
constant within a series. The only parameter varied was silane concentration used
for the deposition of the intrinsic layer with crystallinity comprised between 10%
and 81% for the pin and 22% and 62% for the nip series. The pin and nip series
were deposited in two different systems, a single and a double chamber system
respectively. The pin dilution series was observed to suffer a stronger light-induced
degradation than the nip series; we attribute this difference to a probable
contamination of the pin series (by dopants) during its deposition in the single-
chamber system.

Characterization techniques

The characterization techniques employed are identical to those that were
already introduced:

e Open-circuit voltage (V.. and fill factor (FF) were obtained from J(V)
measurements under the AM 1.5 sun simulator at 25°C, whereas short-circuit
current density (Js.) was obtained from the integration of the external quantum
efficiency measurement;

® The Fourier transform photocurrent spectroscopy (FTPS) technique was used to
measure sub-bandgap absorption spectra of the intrinsic layers as incorporated
within the solar cells;

® Micro-Raman spectroscopy was performed with a HeNe laser excitation beam
(633 nm) to evaluate the average crystallinity factor of the intrinsic layer. It
must be mentioned here that the Raman crystallinity factors of the solar cells do
not vary with light-soaking; the degradation observed is, thus, not due to
modifications of the microstructure.

Light-soaking and annealing conditions

Both series were light-soaked at open-circuit for 1000 hours at a temperature of
50°C, under an AM 1.5-like spectrum (100 mW/cmz). They were then annealed,
under nitrogen flow, for 10 hours at increasing temperatures: 70°C, 100°C, 130°C,
160°C and 180°C.
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FTPS spectra of pin and nip cells

FTPS spectra of initial and degraded states of two pin cells, one with a
crystallinity of 10% and the other one of 81% are presented in Fig. A.1 (a) and (b)
resp. We observe that defect-related absorption varies very differently according to
crystallinity: for the cell with ¢.= 10% the defect-related absorption is increased by
a factor more than 10 between initial and degraded state, whereas for cell with ¢, =
81% it is only increased by a factor 2:

(a)
4
L Degraded
10°] —— Initial
~ 103
5§ 10
® 10’
|_
L 10"
o]
10°
_3 I ¥ Ll ¥ I ¥ 1 ' T ¥ T ¥ L ' 1 v T ¥ 1 L 1
08091011121314151617 18
Energy (eV)
(b)
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10 Degraded
10° Initial
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0809101112131415161.7 1.8
Energy (eV)

Figure A.1. Degraded and initial state FTPS spectra for pin cell with (a) ¢.= 10%,
(b) ¢.= 81%.
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The effects of annealing steps on the FTPS spectra can be seen in Fig. A.2 for
the pin cell with ¢. = 10 %. There is almost no variation of the FTPS spectra until

the annealing at 130°C, but then there is a total recovery either after 160°C or
180°C.

Degraded
A 70°C
L —100°C
10° 130°C et

160°C

| Annealing steps

080910111213 14 1516 1.7 1.8
Energy (eV)

Figure A.2. FTPS spectra of the pin cell with ¢.= 10% in initial and degraded state,
as well as after each annealing.

Normalized defect-related absorption, defined as (0.8 eV)/0u(0.8 eV )i 18
shown in Figure A. 3 (a) and (b) for the pin, respectively the nip dilution series as a
function of annealing steps. One observes that pin and nip series present similar
trends with a total recovery after 160°C or 180°C annealing.
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(a)
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Fig. A.3. Normalized defect-related absorption as a function of annealing steps for
the (a) pin dilution series, (b) nip dilution series

In Figs. A.4 (a) and (b), the relationship between defect-related absorption and
crystallinity is presented for pin and nip series respectively. Again, nip and pin
series present very similar trends and it appears that highly puc-Si:H cells present
very small variations of o (0.8 eV). This observation is in agreement with those
reported previously in this thesis on the two other dilution series. Defect-related
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absorption is shown to be minimum for pin as well as for nip cells with medium
crystallinity (0. ~ 50%) , for initial but also degraded state. It means that even if the
defect density of these “best cells” increases with light-soaking its value is still
lower than that of highly microcrystalline cells.
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= -
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(b)
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Figure A.4. Defect-related absorption in initial and degraded state as a function of
i-layer Raman crystallinity factor for the (a) pin dilution series, (b) nip dilution
series
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Electrical parameters

The effect of light-soaking and annealing steps on the solar cell normalized
efficiency (ratio of N/Miia) 18 presented in Figs. A.5 (a) and (b). The pin cell with
0. = 10 % shows an efficiency reduction of 47 %, while the efficiency of the nip
cell with ¢. =22 % decreases by 25 %. We observe that the dynamics of efficiency
recovery is quite similar to that of the defect-related absorption: total recovery
appears after annealings at 160°C or 180°C. Some cells even show higher
efficiencies after the last annealing than they initially had.

(a)

T
10 %

Initial -
Degraded |-
70°C |-
100°C -
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160°C -
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| | |
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(b)
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Figure A.5. Normalized efficiency as a function of subsequent annealings for the
(a) pin dilution series, (b) nip dilution series
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The effect of light soaking and annealing step at 180°C on open-circuit voltage
Ve, short-circuit current density Jg. and fill factor FF is presented in Figs. 6.A (a)
for the mainly amorphous pin cell (¢. = 10 %), as well as (b) for the mainly
amorphous nip cell (¢, =22 %). V. is observed to be stable under light soaking for
both cells, while FF and J. are affected. This trend can be extended to all pin and
nip cells, but FF and J,. are sensitive in a different manner depending on the cell
configuration, as shown in Figs A.7 and A.8.

(a)
B Initial & Degraded [ After ann. 180°C
12 ‘ ‘
% L p1n,¢c=10% |
D
g
08 - i
<
(oW
B 06 - i
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0
V n JSC n
(b)
Bl Initial BY Degraded [] After ann. 180°C
1.2 ‘ ‘
nip, <|>c =22%

Normalized parameters
e
(@)}
I

Figure A.6. V., FF, J, and n in the initial and degraded states and after the
annealing at 180°C for the mainly amorphous (a) pin cell, (b) nip cell.

Fig. A.7 presents the relative fill factor losses defined as:
AFF=(FF,,—FF, )/FF (A.1)

init

as a function of the Raman crystallinity factors of the cells for both series. AFF
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decreases with crystallinity: variations of FF < 5% are observed for the cells with a
Raman crystallinity factor > 30%. These small variations are accompanied by an
increase of a factor 2 to 4 of defect-related absorption

0
350 W ]

30

25 ¢

20 ¢ ]

AFF (%)

15
10 - v .
5 , N 7
()E L f@;j;‘%j@“‘ihw‘é 1

0 20 40 60 80 100

Raman crystallinity factor q)c (%)

Figure A.7. Relative light-induced loss of FF as a function of i-layer Raman
crystallinity factor for both dilution series of cells

The relationship between AJ., defined similarly to AFF, and the crystallinity of
the cells is presented in Fig. A.8 for both series:

25 o
20 - .S ]
L ~ \\\L
5! - pin :
S ]
3 10 - e ;
5 o ]
: = omip e
: R HH 1
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Raman crystallinity factor q)c (%)

Figure A.8. Relative light-induced loss of J,. as a function of i-layer Raman
crystallinity factor for both dilution series of cells.
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It appears that the nip cells are more stable, with AJ,. < 5%. The larger
degradation of both the short-circuit current density and the fill factor of the pin
cells, as compared to the nip cells, is attributed to a contamination of the intrinsic
layer during the deposition in a single chamber. Indeed, a contamination by dopants
(boron) could lead to a reduction in the electric field within the intrinsic layer and,
thus, to a reduction of the collection voltage. The relative decrease of the electrical
parameters, as well as the increase of defect-related absorption (0.8 eV) measured
on the present nip series, are of comparable order of magnitude as the results
presented on the nip series of Chapter 5. We, thus, suggest that contamination (by
boron and probably also by oxygen, as mentioned in chapter 5) both affect the
stability of pc-Si:H and, maybe, increase the light-induced degradation in pc-Si:H
solar cells.
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