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Abstract

This thesis focuses on the deposition of hydrogenated amorphous silicon (a-Si:H)
films by means of plasma enhanced chemical vapor deposition (PECVD). This tech-
nique allows the growth of device quality a-Si:H at relatively low deposition tem-
peratures, below 140 °C and, therefore, enables the use of low-cost substrates, e.g.
plastic foils. The maximum efficiencies of a-Si:H solar cells in this work are n =
6.8 % at a deposition temperature Ty, = 180 °C and n = 5.9 % at a deposition
temperature Ty, = 135 °C.

Decreasing the deposition temperature deteriorates the structural and electronic
quality of a-Si:H films. Therefore, the deposition conditions are carefully optimized
at low temperatures. The mismatch in the mechanical properties of the plastic
foils and the inorganic semiconductor layers have less effect on the a-Si:H films at
low deposition temperatures. As a result, the deposition temperatures should be
decreased to minimize mechanical deterioration of the films but without losing too

much of the electronic properties of the films.

A novel analytical description of the current density/voltage (J/V') characteristics
of p-i-n solar cells well represents experimental J/V curves of a-Si:H solar cells. The
extended model solves the continuity and transport equations for electrons and holes,
and fully accounts for the contributions of the drift and the diffusion currents. Many
analytical models neglect the contribution of the diffusion current in describing the
a-Si:H solar cells. Other existing models assume the diffusion lengths of electrons
and holes to be equal, resulting in a symmetric distribution of carrier concentrations
around the center of the intrinsic layer of the p-i-n solar cells. Both restrictions
strongly limit the ability of these analytical models to accurately reproduce the

J/V-characteristics of real solar cells.

In contrast to existing analytical models , the new analytical description solves
the continuity and transport equations of carriers at each location within the i-layer

for the whole range of applied voltages. The peculiar extension of this model over



previous ones enables a more realistic description of solar cells.

My novel analytical model implements i) different values of the diffusion lengths,
or mobility-lifetime products, of electrons and holes, and ii) realistic wavelength
and depth dependencies of the photogeneration rate of charge carriers. The results
of the model demonstrate that the location of the main recombination path of the
photogenerated carriers inside the i-layer is voltage dependent, rather than being
fixed at the middle of the i-layer as existing models assume. For a realistic descrip-
tion of the solar cell optics in calculating the J/V-characteristics, I fully account
for the reflection of photons at the back contact. The model proves that the per-
formance of a-Si:H solar cells which are illuminated through the p-layer is better
than the one of cells illuminated through the n-layer. Testing corresponding J/V-
characteristics from this model against experimental data of bifacial a-Si:H solar
cells with transparent front and backside contacts, reveals that this extended ana-
lytical model well describes the output characteristics of real a-Si:H p-i-n solar cells.
The model proves that the current collection of bifacial p-i-n solar cells is larger if
the light enters through the p-layer because the mobility p, of electrons is larger
than the mobility s, of holes.

This thesis also investigates the dependence of the electrical and optical properties
of a-Si:H films on the deposition conditions, and how those properties are enhanced
by optimizing the deposition conditions. I apply the optimized layers to solar cells
deposited on glass and on polyethylene terephtalate (PET) substrates. The incor-
poration of a buffer layer or a microcrystalline layer enhances the performance of
the cells. In order to realize flexible cells, I study the mechanical properties of the
films, i.e. the mechanical interaction between the a-Si films and the flexible foils, by
measuring the curvature (bending) of the substrates after coating with a-Si:H. The
higher the mismatch between the deposited films and the substrate is, the higher
the curvature of the substrate will be. To decrease this curvature, the ratio between
thickness of the deposited film and the substrate should be maximized.

Due to the wide spread applications of a-Si:H solar cells under low illumination
intensities, this work analyzes the behavior of the a-Si:H devices under different illu-
mination levels. The measurements of the J/V-characteristics yield an illumination-
intensity dependent parallel resistance rather than a constant one. The intensity
dependence follows a power law which I ascribe to the photoconductivity of parallel
resistances distributed over the whole solar cell area. From this model, I develop a
new method, called partial shading method, of characterizing the component cells of

commercial thin film modules, without electrical access to the single cells. Removal



or destruction of the lamination for physically contacting individual cells in a pho-
tovoltaic module is avoided by recording the global current density characteristics
of the whole module. During the measurement, each component cell is subsequently
exposed to a reduced illumination intensity ® while all other cells of the module are
fully illuminated. By this method, I qualitatively study each cell of the module and
then identify the shunted cells.



Zusammenfassung

Die vorliegende Arbeit untersucht die Herstellung von Solarzellen aus wasserstoffhal-
tigem amorphen Silizium (a-Si:H) durch Plasma Enhanced Chemical Vapor Depo-
sition (PECVD) bei Temperaturen unter 140 °C. Eine niedrige Herstellungstemper-
atur ermoglicht die Verwendung flexibler Kunststofffolien als Substrat, verschlechtert
aber die elektronischen Figenschaften der a-Si:H Schichten und Solarzellen. Daher
miissen die Abscheideparameter bei niedrigen Temperaturen besonders sorgfaltig
optimiert werden. Bei niedrigen Herstellungstemperaturen wirken sich die Un-
terschiede zwischen den mechanischen Eigenschaften der Kunststoffsubstrate und
denjenigen der anorganischen Halbleiterschichten weniger stark aus als bei hohen
Substrattemperaturen. Insgesamt sucht die vorliegende Arbeit, einen Kompromiss
zwischen der Absenkung der Abscheidetemperatur und der elektronischen Qualitét
der Schichten und Solarzellen zu erreichen. Ein wichtiger Teil dieser Arbeit stellt
in Kapitel 3.1 eine neue analytische Beschreibung der Strom/Spannungs-Kennlinie
von a-Si:H p-i-n Solarzellen vor. Dieses erstmals verdffentlichte Modell 16st die Kon-
tinuitats- und Transportgleichungen fiir Elektronen und Locher und beriicksichtigt
Feld- und Diffusionstréme. Bisher bekannte analytische Modelle fiir p-i-n Solarzellen
vernachlassigen den Beitrag der Diffusionstrome, oder sie gehen von der Annahme
aus, dass die Diffusionslangen von Elektronen und Lochern gleich sind, was zu einer
symmetrischen Verteilung der Ladungstragerkonzentrationen um die geometrische
Mitte der intrinsischen Absorberschicht der p-i-n Dioden fithrt. Beide Einschrank-
ungen beschreiben die Situation in p-i-n Strukturen, beispielsweise aus a-Si:H, nur
unzureichend und grenzen daher die Fahigkeit der vorhandenen analytischen Mod-
elle stark ein, J/V-Kennlinien realer Solarzellen genau zu reproduzieren oder vorher
zu sagen. Die wesentliche Erweiterung gegeniiber den existierenden analytischen
Modellen besteht darin, die Kontinuitats- und Transportgleichungen der Trager
fir jeden Ort innerhalb der i-Schicht iiber den gesamten Bereich der angelegten

Spannungen zu losen. Diese Erweiterung ermoglicht eine realistische Beschreibung



tatsachlicher Solarzellen, wie die Vergleiche mit experimentellen Daten in den Kapite-
In 3.1.3 belegen. Realistische Annahmen zur Anwendung der analytischen Mod-
ellierung berticksichtigen zum einen unterschiedliche Werte der Diffusionslangen
von Elektronen und Lochern, und zum anderen die Energie- und Ortsabhangigkeit
der Photogenerationsrate innerhalb der ¢-Schicht entlang der Einstrahlungsrichtung
des einfallenden Lichtes. Die Ergebnisse der erweiterten analytischen Beschrei-
bung demonstrieren, dass der Ort maximaler Ladungstréagerrekombination inner-
halb der 4-Schicht spannungsabhangig ist, anstatt einer Fixierung in der Mitte
der i-Schicht wie in bisherigen Modellen. Um die optischen Eigenschaften der p-
1-n Solarzellen aus a-Si:H realistisch zu beschreiben, beriicksichtigt das neue Mod-
ell auch den Beitrag der Reflexion niederenergetischer Photonen am riickseitigen
Kontakt. Die Modellierung bestétigt, dass die Leistung von amorphen Solarzellen,
die durch die p-Schicht beleuchtet werden, besser ist als diejenige von Zellen, die
durch die n-Schicht beleuchtet werden. Entsprechend modellierte J/V-Kennlinien
stimmen gut mit experimentellen Daten von a-Si:H Solarzellen mit durchsichtigem
Front- und Riickkontakt iiberein. Der experimentelle Teil der Arbeit untersucht die
Abhangigkeit der elektronischen und optischen Eigenschften von a-Si:H Filmen von
den Abscheidebedingungen, und optimiert die Eigenschaften durch die Variation
der Abscheideparameter. Die optimierten Schichten kommen in Solarzellen auf Glas
sowie auf Polymerfolien aus Polyethylenterephtalat (PET) und Polyethylennaphta-
lene (PEN) zum Einsatz. Die Leistung der a-Si:H Solarzellen verbessert sich durch
Einfiigen einer Pufferschicht oder einer mikrokristallinen Dotierschicht und erreicht
einen maximalen Wirkungsgrad n = 6.8 % bei einer Abscheidetemperatur Te, = 180
°C und 1 = 5.9 % bei einer Abscheidetemperatur Ty, = 135 °C. Bei der Ubertragung
von Abscheideparametern, die bei niedriger Temperatur auf starren Glassubstraten
optimiert wurden, auf flexible Foliensubstrate miissen die Unterschiede in den mech-
anischen Eigenschaften der anorganischen Halbleiterfilme und der Polymerfolien
berticksichtigt und untersucht werden. Die Wechselwirkung zwischen den amor-
phen Filmen und den flexiblen Folien erzeugt mechanische Spannungen und ein
Aufrollen der Substraten. Je hoher die Fehlanpassung zwischen den abgeschiede-
nen Filmen und dem Substrat ist, desto starker rollt sich die flexible Solarzelle ein.
Um dieses Aufrollen zu quantifizieren und zu reduzieren, variiert die Arbeit das
Verhaltnis der Dicken der abgeschiedenen a-Si:H Filme und der Substratfolien. Auf-
grund der breiten Anwendungsméglichkeiten von a-Si:H Solarzellen bei niedrigen
Beleuchtungsintensitaten untersuchen die Kapitel 3.5 und 3.6 das Verhalten von a-

Si:H Zellen und Modulen unter verschiedenen Bestrahlungsstarken. Die Messungen



der J/V-Kennlinien liefern keinen konstanten, sondern einen intensitdtsabhéngigen
Parallelwiderstand der Solarzellen. Die Intensitatsabhéangigkeit folgt einem Poten-
zgesetz, das ich der Photoleitfahigkeit der i-Schicht in den Solarzellen zuschreibe, die
zu einem intensitatsabhangigen Parallelwiderstand fiihrt, der iiber die gesamte So-
larzellenflache verteilt ist. Ausgehend von dieser Beobachtung entwickelt die Arbeit
in Kapitel 3.6.3 eine neuartige Methode der Teilabschattung, um die Einzelzellen
innerhalb eines serienverschalteten Diinnschicht-Photovoltaikmoduls zu charakter-
isieren, und zwar ohne einen elektrischen Zugang zu den Kontakten der Einzelzellen
zu haben. Wahrend dieser Messung werden die Einzelzellen im Modul sequentiell
mit einer verringerten Lichtintensitat beleuchtet, wahrend alle anderen Zellen des
Moduls mit voller Intensitat beleuchtet bleiben. Dadurch lasst sich jede Einzelzelle
des Moduls qualitativ untersuchen, und die Parallelwiderstande oder eventuelle Fer-
tigungsprobleme, beispielsweise bei der Verschaltung durch Laserschreiben, lassen

sich bei den einzelnen Zellen im Modul lokalisieren.



Chapter 1

Introduction

The first remarkable breakthrough of hydrogenated amorphous silicon (a-Si:H) came
with the application of plasma for the decomposition of silane (SiH4) by Chittick
et. al. [1]. The second breakthrough was the possibility of doping the a-Si:H films
by adding phosphine (PHj) or diborane (ByHg) to the silane gas [2]. Carlson and
Wronski reported the first amorphous silicon solar cell with an efficiency of 2.4 % in
1976 [3].

On the one hand, a-Si:H films behave as direct band gap semiconductors due
to the breakdown of the selection rules for optical transitions and therefore, their
absorption coefficient is high. This characteristic enables the a-Si:H solar cells to
completely absorb sun light with thicknesses less than 1 gm. On the other hand, a-
Si:H films can be deposited at low deposition temperatures around 100 °C [4]. This
facilitates the use of inexpensive and flexible substrate foils such as polyethylene
terephtalate (PET) and polyethylene naphtalene (PEN), and therefore opens new
photovoltaic applications.

The main goals of this thesis are

e studying a-Si:H films deposited at low deposition temperatures, and electri-
cally and optically characterizing them in order to enhance their performance

by adjusting the deposition conditions;

e investigating the mechanical interaction between a-Si:H films and the flexible
foils as a function of foil and film thicknesses, in order to check the feasibility

of building durable flexible a-Si:H solar cells on very thin polymer substrates;

e presenting a more accurate analytical description for the current density/ volt-

age (J/V) characteristics of a-Si:H solar cells by preventing some important
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limitations of previous models;

e analyzing a-Si:H solar cells and photovoltaic modules under different illumi-
nation intensities, and characterizing their shunt resistances under low illumi-

nation intensities where in door and low-light seem to be very promising.

The organization of this thesis is as follows: Chapter 2 summarizes background
knowledge about a-Si:H films and solar cells. This chapter includes the main struc-
tural, optical, and electrical characteristics of p-i-n and n-i-p a-Si:H solar cells de-
pending on their layer deposition sequence.

Chapter 3.1 introduces a novel analytical model of the J/V-characteristics of
a-Si:H solar cells. Chapters 3.2 and 3.3 present an optimization study of a-Si:H
films and solar cells at low deposition temperatures, while Chapter 3.4 analyzes the
requirements for making a-Si:H solar cells on flexible polymer foils.

Chapter 3.5 and 3.6 study the shunt resistance of a-Si:H solar cells under different
illumination intensities, and introduce a non-destructive technique for characterizing
integrated a-Si:H solar cells in photovoltaic modules without granting an access to

the electrical contacts of each individual cell.



Chapter 2

Properties and characterization of
amorphous silicon films and solar

cells

2.1 Properties of amorphous silicon

Amorphous silicon (a-Si) is different from crystalline silicon (c¢-Si) in that it lacks
the long range order. Random variations in bond angles and lengths [5] cause
exponential band tails in the electronic density of states. Region (B) in Fig. 2.1
denotes the valence band tail, the slope of which is generally addressed as Urbach
energy. Region (D) of Fig. 2.1 is the conduction band tail while Regions (A)
and (E) represent the extended valence and the extended conduction band states,
respectively. The variation of bond angles and lengths in amorphous silicon leads to
the scattering of charge carriers and also to the broadening of the density of states
leading to massive changes in the electrical and optical properties of the amorphous
materials.

The presence of energy states in the mid gap as deep defects is due the unsaturated
valences or frequently called dangling bonds, represented by region (C) in Fig. 2.1.
These defects prevent the Fermi energy from moving out of the mid gap position
leading to the fact that the amorphous silicon is difficult to be doped. Therefore,
decreasing the dangling bonds makes the doping more feasible. In a-Si films, the
concentration of dangling bonds is of the order 10'°-10% ¢cm™ [8]. The presence
of hydrogen from the reactant gases during the deposition saturates most of the

dangling bonds, reducing the concentration of dangling bonds to an order 10'°-10'6
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cm™, producing a new material called hydrogenated amorphous silicon (a-Si:H) [6].
A high quality amorphous silicon should present mono-hydride or Si-H bonds, rather
than SiHs or SiH3 bonds [7]
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Fig. 2.1: Representation of the electronic density of states in a-Si:H. Region (A)
represents the extended valence band states, region (B) represents exponential dis-
tribution of the valence band tail states, region (C) represents the dangling bond
defect density, region (D) represents the exponential distribution of conduction band

tail states, and region (E) represents the extended conduction band states.

The structural disorder of a-Si and a-Si:H introduces localized band tail states
resulting in a difficulty of identifying a unique band gap of the material. Therefore,
the concept of a mobility gap is widely used because the mobility of charge carriers
drops by several orders of magnitude inside the gap.

The a-Si:H disorder network leads also to a non-periodic lattice potential, result-
ing in a direct optical transitions in a-Si:H. The a-Si:H films have a high optical
absorption coefficient in the visible range of the solar spectrum since the photon
energies within this range are absorbed by direct transition of the electrons from

the occupied states in the valence band to the empty states of the conduction band.
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2.2 Deposition of amorphous silicon

All a-Si:H samples studied in this work were produced by the plasma enhanced
chemical vapor deposition (PECVD) technique [9,10]. The Plasma itself, referred
to as the fourth state of matter!, is a quasi-neutral gas containing charged particles,
electrons and ions, governed by electromagnetic forces. It is produced by an electric
field which delivers energy to the gas to ignite the plasma and maintain it [11,12].

Many external parameters, that can be controlled, are involved in the plasma
process: plasma power, pressure, hydrogen dilution, gas flow, reactor temperature,
frequency [13,14]. Layer deposition processes are characterized by the layer proper-
ties. Therefore, the interactions between plasma parameters and layer properties is
important for a better process optimization. Increasing the plasma power increases
the dissociation rate and therefore the deposition rate. However, the higher dis-
sociation of silane could result in a change in the species involved in the growth
because of an increasing importance of secondary reactions [15]. An increase of the
pressure may produce similar effects [16] because of the increased electron-silane
collisions, enhanced secondary reactions and deposition rate. The hydrogen dilution
has been reported to be an excellent way to improve the a-Si:H properties. How-
ever, it can interact in the growth-zone to change a-Si:H to microcrystalline silicon
growth [17,18]. The reactor temperature strongly affects the plasma reactions. The
effects of deposition temperature on the plasma reactions are discussed in [19-21].

Silane (SiHy) is the most common source for a-Si:H deposition [22,23]. The glow
discharge decomposition of SiH, and the growth of a-Si:H films from SiH, plasmas
[24] proceeds through several steps of gas phase and solid state reactions [25]. In
the primary radical generation and ionization process, SiH; molecules gain energy
through collisions with high energy electrons and get excited to their dissociative or
ionization states. Therefore, neutral atoms, radicals and ions are formed and then
diffuse on the substrate surface and finally condense into a-Si:H after various kinds
of surface reactions for attending low energy configurations. The mobility of those
radicals at the growing a-Si:H surface is often considered an important factor for
the deposition of high quality a-Si:H films [26].

Among the various deposition methods of a-Si:H [27], PECVD using radio fre-
quency RF (f = 13.56 MHz) and very high frequency VHF (f = 80 MHz) excitations
are still the most widely used today in research and manufacturing of a-Si:H based

materials. Interestingly, during the growth of a-Si:H by PECVD, dopants can be

!The three other ones being the solid state, the liquid state, and the gas state.
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mixed with silane SiH, in a controlled way to achieve the desired doping level. The
addition of diborane (BoHg) to silane results in an p-type a-Si:H, where the Fermi
level is shifted toward the valence band (VB), while the addition of phosphine (PHjs)
to silane results in an n-type a-Si:H, where the Fermi level is shifted toward the con-
duction band (CB). The shifts of the Fermi levels in both types of doping are limited
by the band-tails and the deep defects in the gap of a-Si:H and therefore, it is im-
possible to move the Fermi levels closer to the VB than 300 meV for p-type a-Si:H,
and closer than 150 meV to the CB for n-type a-Si:H. In our labs, the concentration
of the two types of dopants in the feed stock gas is 2%.

The deposition of doped a-Si:H layers in the PECVD machine used in this work
is done in one chamber for both p- and n-type films, while the deposition of intrinsic
(i-) a-Si:H layers is done in a separate chamber since the material quality of the

intrinsic a-Si:H layers depends strongly on the contamination.
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2.3 Characterization of amorphous silicon

2.3.1 Film characterization
Optical characterization

Optical transmission measurements yield the growth rate r (r = d/tqep with film
thickness d and deposition time t4e,) and the energy dependent optical constants
of a-Si:H-based films [28] which include the optical band gap E,, the absorption
coefficient o, and the refractive index n,y. An ultraviolet/visible/near-infrared
(UV/VIS/NIR) spectrophotometer (Varian Cary-5) measures the optical transmis-
sion T} in the range of wavelengths from 400 nm to 2000 nm. The evaluation software
Diplot [29], models the transmission of the films with d, E,, and n,ix as parameters.
The thickness d is determined from the interference fringes of the transmission spec-
trum [30]. Fig. 2.2 shows an example of a transmission spectrum (circles) of a-Si:H
film and the fit to the data (solid line). The films that I characterize here are de-

posited on transparent substrates (Corning glass 7059 or polyethelyne terephthalate
foils).

1 OO L] I L] l 1
optical model

Transmission T [%]

400 800 1200 1600 2000
Wavelength 7 [nm]

Fig. 2.2: Optical transmission measurement of an a-Si:H layer. The circles represent
the measured transmission data while the solid line represents an optical model used
to extract the optical properties of the measured film. The modeled parameters are:
d = 300.7 £8.6 nm, £, = 1.85 eV, and n,, = 3.37.
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Electrical characterization

Four characterization techniques give information about the transport properties of
a-Si:H films: temperature-dependent dark conductivity, photoconductivity, constant
photocurrent method (CPM), and steady-state photocarrier grating (SSPG). For all
these measurements, I used a-Si:H films with coplanar ” T”-shaped contacts, made
by evaporation of aluminum through a shadow mask. Fig. 2.3 shows the contact

geometry. The separation between the contacts is 1 mm, and their width is 10 mm.

Aluminum
contacts

a-Si:H film

Fig. 2.3: Contact geometry used for all the electrical characterizations. In this
coplanar geometry the current flows parallel to the substrate. The contacts are

separated by 1 mm, and are 10 mm wide.

Temperature-dependent dark conductivity

This experiment is carried out under vacuum (~ 1072 Pa) to eliminate moisture
and oxygen at the sample surface, which might lead to parasitic conduction paths.
To obtain the temperature-dependent dark conductivity oqa(7"), I place the sample
with its electrical contacts on a heating plate in a dark vacuum chamber. The
computer-controlled measurement of 0. (7T") consists of the following steps: the
sample is fast heated up to 480 K; then the temperature is kept constant for 60
minutes ("annealing” step); and finally a controlled decreasing temperature ramp
is applied to the sample. During the last step I apply a constant voltage V' of 50
V for intrinsic a-Si:H films, or 0.1 V for highly-doped a-Si:H films (to prevent the
current limit of the measurement setup) between the ” T”-contacts of the sample,
and measure the corresponding current [ in the temperature range from 480 to 200

K. 04ark(T') is then calculated as follows by taking into account the geometry

[ I(T
Udark(T> = w%7

where [ is the separation of the contacts, w is their width, and d is the thickness

(2.1)
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of the sample.

The measurement of oqa(7") gives us access to the activation energy E,., as
defined in Fig. 2.4 and Eq. (2.2a). In the case of crystalline silicon, E,. is temper-
ature independent because only the free carriers outside the band gap contribute to
the current, while in amorphous silicon the electronic states within the band gap
are occupied states up to the Fermi level Ff, in Fig. 2.4b. Heating the a-Si:H-based
film increases the energy of the carriers and therefore, Fr statistically moves towards
the conduction band E¢ with a temperature coefficient £. Therefore, one must con-
clude that the activation energy itself is temperature dependent in a-Si:H-based

semiconductors, i.e.

kT
— g E;ct
= o0gexp <k: exp T ) (2.2b)

E*
= 0o €xXp (—ﬁ) ) (2.2¢)

oaark(T) = opexp <—E“—(T)) (2.2a)

where £ represents the statistical shift of the Fermi level, k is the Boltzmann con-
stant, E*. is the slope of the Arrhenius plot of Eq. (2.2¢), and ¢ is the extrapola-
tion of the plot to 1/T ~ 0 as shown in Fig. 2.5. In order to make the calculation
of temperature-dependent dark conductivity oqa.x(7") easier, Refs. [31, 32] apply
000 = 200 S/cm. However, in my work, the values of the activation energy E,. rep-
resent Fo. (T = 300K), i.e. at room temperature. Fig. 2.5 presents the Arrhenius
plot of the dark conductivity of two examples of p- and n-layers.

Photoconductivity

The photoconductivity opneto measurement consists of measuring the current of
a sample while illuminating uniformly the area between the two coplanar metallic
contacts on which the voltage V' is applied. ophoto describes the layer transport

properties of a-Si:H films [33] and is written as

Ophoto = qG (ﬂnTn + ,upr) ) (23)

where G is the generation rate, p,7, and p,7, are the mobility-lifetime products
of electrons and holes, respectively [34]. The calculation of the photoconductivity
from Eq. (2.3) gives a direct access to the mobility-lifetime product of the majority

carriers ({u7)yy,; [35] since pinTy > p1p7, [15,36] results in:
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Fig. 2.4: Band diagram of a) crystalline silicon, and b) amorphous silicon based
films, showing the energies of the conduction band Eg and the valence band Ey.
The activation energy F,. is the energy difference between E¢ and the Fermi level
EF.
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Fig. 2.5: Arrhenius plot of the dark conductivity c4ax(7") of two samples of p- and
n-layers. E7. is calculated directly from the slope of the data while oy is calculated
from the extrapolated data at 1/7" = 0. In this example, Ef, = 283 meV, 285 meV
for the p- and n-layers, respectively. While the values of ¢ are 7.7 x107% eV K71,
8.2 x107° eV K™! for the p- and n-layer, respectively.

Ophoto = qG(w')Maj. (2.4)
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The last equation is also valid for intrinsic a-Si:H layers because they are slightly
n-type. Therefore, in this case, opnoto is linked to the mobility-lifetime product of
electrons. The ratio between the photoconductivity and dark conductivity is called

the photosensitivity W

Ophoto

U= (2.5)

Odark
The higher the photosensitivity W of intrinsic films is, the more electron-hole pairs
are generated inside the films, resulting in a higher photocurrent. In my work, the
photoconductivity measurement has not been applied for doped a-Si:H films because
their photosensitivity is very close to unity.
Constant Photocurrent Method
The Constant Photocurrent Method (CPM) is one of the methods used to measure
the subgap absorption coefficient «(hv) of a-Si:H films [37]. a(hv) is calculated by
measuring the photon flux ®(hv) necessary to keep the photocurrent I,;, constant 2,
under the assumption that the generation rate G is also constant and consequently,

a(hv) is written as

_ l Ophoto
Qq (,UnTn + :Upr)

« (2.6)

Fig. 2.6 shows the setup of the CPM measurement. The intensity of the halogen
lamp is controlled by the computer to keep the measured I, constant. The applied
voltage is 100 V. However the application of lower voltages does not affect the
measurement as will be discussed later. This measurement is carried out at room
temperature and in air.

The absorption coefficient acpy measured by CPM is relative and therefore has to
be calibrated at high energies of the absorption spectra against data obtained from
the optical transmission measurements as shown in Fig. 2.7. The CPM spectrum
is divided into three regions; in region ay, the transitions of carriers from band
to band occur due to the high energy of photons hv > E,. In region ag, the
trapping of carriers at the tail states, which increase towards the mobility edges
exponentially, contributes to the absorption of photons with hv < FE,. The last

region a¢ provides information about the concentration of dangling bonds N; [38].

2Ion = opnVwd/l, similar to Eq. (2.1).
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Fig. 2.6: Setup of the constant photocurrent method (CPM). The number of pho-
tons is adjusted to keep the photo current I, of the sample constant while the
photon energy hv of the incident light is varying. The CPM measurement is auto-

matically controlled by a personal computer (PC).

A good and frequently verified relation between the CPM and density of dangling

bonds is calculated by integrating the region a¢ using the following formula [41]

hvo . ,
N,Jem™] = (1.9 £ 0.3) x 10'6 /a[cm‘ﬂ—%% dE[eV].  (2.7)

1z
The integration limits, hry and his, are set empirically as in Fig. 2.7c, where
hvy = 1.2 eV [39]. The exponential decay of the band tail states distribution is
defined as the Urbach energy Fy [40]. The Urbach energy Ey hence quantifies the
broadening of the bands and is determined from the slope of the linear part of the

absorption spectrum of Fig. 2.7c as

a=avep (5 ). (23)
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Fig. 2.7: Absorption coefficient a(hv) obtained from a) CPM measurement (elec-
trical), b) transmission measurement (optical), and c¢) calibration of the electrical
and optical measurements for an intrinsic a-Si:H film (AnM0507066). The spectrum
of CPM is described by three different regions ap, ap, and a¢. In region oy, due
to hv > E, the transitions of carriers from band to band occur, while in region asg,
hv < E,. In this region the trapping of carriers into the tail states, which increase
exponentially towards the mobility edges, contributes to the absorption of photons.
The last region ac, where also hv < FEg, gives us information about the concentra-
tion of dangling bonds N;. The Urbach energy Ey is determined from the slope of

the linear part of the semi-logarithmic plot of the spectrum.
Steady-State Photocarrier Grating

The steady-state photocarrier grating (SSPG) method is used to determine the
ambipolar diffusion length L, in intrinsic a-Si:H layers [42]. Contrary to ophotos

the ambipolar diffusion length L,.; is linked to the mobility-lifetime product of
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minority carriers [43, 44]

L2, = V2™ o (2.9)
HnTn + fpTp

where V; = kT'/q is the thermal voltage and C' is a correction constant between 1
and 2. The principle of SSPG technique is to measure the small-signal photocurrent
in a sample exposed to optical fringes, and compare this photocurrent to the one

obtained under uniform illumination, i.e. without fringes [45].
Fig. 2.8 illustrates the setup of measuring the ambipolar diffusion length L., of
a-Si:H films. The two light beams I; and I which illuminate the sample interfere

and form a sinusoidally varying light intensity pattern [48§]

. 2\/]1]2 2rx
I(z) = (I + I2) |1+ A cos <T>} , (2.10)

where 0 < 79 < 1 is a factor by which the fringe visibility is reduced because of
partial coherence between the two beams, A = \/[2sin (6/2)] is the grating period,
A is the wavelength of the laser source, # is the angle between the two beams, and
x is the coordinate perpendicular to the intersect between the two beams.

The interference of the two beams leads to the formation of a non-uniform dis-
tribution of carriers [46, 47] resulting in non-homogeneous conductivity in the x

direction. Therefore, the term average conductivity (cf. Eq. (9) in [48])

UgZU(Il—{_[Q)\/l_A%gaa (211)

is used, where Aye, = 2077V 1112/(I1 + I5) is the photocarrier grating amplitude
with v = 1/ (1+ (27rLamb/A)2), and 0.5 < ¢ < 1 is the photoconductivity de-
pendence on the generation rate. In the coherent case, the photocurrent signal
measured by a lock-in amplifier, is proportional to o, — o(I;), then the measure-
ment is repeated for the incoherent case where the measured signal is proportional
to o(I; + Iz) — o(11). The ratio between the two abovementioned signals is defined
as

oy —o(lh)
(L +1z) —o(L1)’

= (2.12)
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Lock —in
Amplifier

Fig. 2.8: Experimental setup for measuring the ambipolar diffusion length L., in
SSPG. The HeNe laser beam, at A= 633 nm, is split by means of a beam splitter
BS and made to coincide on the sample by two mirrors M. The intensity /5 of beam
2 is attenuated by a neutral density filter ND and chopped. The half-wave plate
A/2 rotates the polarization of beam 1. The lock-in amplifier measures the small

changes in the photocurrent due to the chopping of Is.

where o(1) and o(l;) are the photoconductivities due to I; and Iy, respectively.
Substituting Eq. (2.11) in Eq. (2.12) and assuming that I, < I3, results in

B = =2(py7)°, (2.13)

= -2 @ 5+ 1, (2.14)

1 -+ (QWLamb/A)

where Q =  is called grating ”quality factor” (in contrast to Q = @73 as cal-
culated from [48]). The ambipolar diffusion length L., is deduced by fitting (3 in
Eq. (2.14) versus A which is changed by varying the angle §. Fig. 2.9 shows the
dependence of (3 on the grating period A. 3 is close to unity for L, much longer
than the grating period A [49]. This is the case in which the diffusion blurs the
grating and the signal is the same; whether I; and I, interfere and create grating
or not. At the other extreme, if the diffusion length L., is much shorter than the

grating period A, the carrier grating will sustain and 3 becomes negative.
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Fig. 2.9: Ratio  versus grating period A. The fit (solid line) of the measured data
for an a-Si:H sample (closed circles) according to Eq. (2.14) results in a diffusion

length L, and grating quality factor @ of 96 nm and 0.8, respectively.

Mechanical properties of plastic substrates

Amorphous silicon films can be deposited at low deposition temperatures. There-
fore, the use of inexpensive flexible substrates for the a-Si:H solar cells could expand
their field of applications. In this subsection, I present a comparison between the
properties of amorphous polyethylene terephtalate (PET) and polyethylene naph-
talene (PEN) foils. This comparison is summarized in Tab. 2.1 where it is clear
that the PEN films have the advantage that they have a higher heat resistance than
those of PET films. Also, PEN films have higher impermeability of gasses and water
than of PET films. Therefore, the choice of PEN films for solar cells’ application
has to be taken into account.

The mismatch of thermal expansion coefficient between the a-Si:H films and the
polymer substrates causes a high mechanical stress in the substrates after depositing
a-Si:H films on those substrates. The most important parameters which determine
the mechanics of the film structure are the elastic constants, i.e. Young’s moduli Yj,
Y:, and the thicknesses dg, d; of the substrate and the a-Si:H film itself, respectively,
[52]. In the case where glass is the substrate, i.e. Yidy < Yids, the stress in the

substrate is small, the resulting curvature is very small and has a cylindrical shape
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Tab. 2.1: Comparison between the properties of PET and PEN substrates [51].

Property PET PEN
Glass transition temperature [°C] 75 121
Tensile strength [kg mm™] 45 60
Oxygen permeation [rate] 5 1
Carbon dioxide permeation [rate] 5 1
Water vapor transmission [rate] 4 1
Water vapor transmission [°C] 260 269

and the bending radius R is given by

)/f*

f } +45 <1+df)

L4 [(ap — ) AT +ey] (1+ %)

, (2.15)

where Y;* = Yi/(1 — 14) and Y, = Y;/(1 — v5) are the biaxial strain moduli of the
film and the substrate, respectively, and v¢, v are the corresponding Poisson ra-
tios. AT is the difference between the deposition temperature T4, and the ambient
temperature. The mismatch strain ey,; between the film and the substrate has two

components [53]

(i) the difference in the thermal expansion coefficients af — ay of the film and of
the substrate itself,

(ii) the built-in strain ; in the deposited film.

The sign of the radius R of the substrate in Eq. (2.15) indicates the curvature
of the substrate. If the film is under compression, i.e. ar < ag, the substrate will
have a convex shape and R is negative, if the film is under tension, i.e. a; > ag, the
substrate will have a concave shape and then R is positive.

In the case where the flexible foil is the substrate, the product of elastic modulus
and thickness Yid; of the film becomes comparable to Yids of the substrate. There-
fore, the structure rolls into a cylinder instead of forming a spherical cap [53] and
the structure rises to have a complicated situation resulting in an another formula

of calculating the radius R [52] as
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ds 0105 + 03 + &
R=— 192 + 03+ 04 (2.16)
635 gt [(ar — ag) AT + e 05
where the variables 6j;_5 are defined as
2
Y* d 2 Y*d d 2
f / rar f
= - L (2 L1+ 2.1
01 1 v (ds)] +4Y;‘ds< +ds> (2.17)
Y de\?
5 = (1_V§)+(Y_Z*d_s> (1—-v7) (2.18)
Yf* d; 2 de 2
5 — 3 (Yd_) (1+d—s) (1= + (1 2)] (2.19)
Yy dy Yy d Vi (de\®
= 2L 21—y, 1+ L= ) 1+L (2 2.20
R wf)(+ys*ds><+y; i (2.20)
dy Yidy Yidy
05 = (Hd_s) (1+Y—;d—s (1—u§)(1+uf)+n*d—s(1—u§)(1+ys)
(2.21)

If the poisson ratios vs and vs of the substrate and the films are equal, Eq. (2.16)

1s rewritten as

Y; d 22 Yr d d 2
d, {1—72(@?)} +ag (14 4)
R =

615 [(ar — ag) AT + e (1 + g—;‘> (1+v)

(2.22)

Tab. 2.2 shows the mechanical parameters of the substrates and of the films used
in my work. I applied these parameters into Eq. (2.22) to simulate the effect of the
film thickness d; on the resulting radius R of the substrates after depositing a-Si:H
films on them.
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Tab. 2.2: Mechanical properties of PET (ds = 25 pum) and PEN (dy = 25 pum)
substrates and a-Si:H films needed to calculate the curvature of the substrates after
the deposition of a-Si:H films.

parameter PET substrate PEN substrate a-Si:H film
Yig 5x10% [N/m?] 6.08x10% [N/m?] 10x 10" [N/m?]
Qg 15x107% [1/°C] 13x1076 [1/°C] 4x1075 [1/°C]
Vtg 0.22 0.22 0.22

Fig. 2.10 shows that on the one side, the decrease of the thickness df of an a-
Si:H film increases the resulting radius R of the substrate. On the other side, this
calculation of R for both PEN and PET substrates shows that the PEN substrates
tend to have larger values of radius R than the PET ones.

6O T T T T T T T T J
= [ PEN: d =25 um
E, 10 .
= / PET: d= 25 um
o | _
2
@ 20 -

] 1 ] ! ] ! ] ! ] 1
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Fig. 2.10: Calculated radius R of the PET and PEN substrates, using Eq. (2.22),
as function of thickness d; of a-Si:H films. This simulation shows that the PEN
substrates show larger values of radius R than of PET substrates indicating that
the bending of PEN substrates is lower than of the PET substrates.
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2.3.2 Cell characterization

This subsection reviews the standard measurement techniques allowing to character-
ize the performance of a-Si:H solar cells. The characterization techniques of a-Si:H
solar cells relevant to my work are the current density/voltage (J/V') characteristics

and the quantum efficiency QF.

Current density/voltage (J/V') characteristics

Current density/voltage (J/V') characteristic measurement is a primary character-
ization tool for a-Si:H solar cells to determine their conversion efficiencies [54-56].
To describe the electrical behaviour of a-Si:H solar cells, it is of importance to use
their equivalent circuit. Fig. 2.11 shows the equivalent circuit generally used for
solar cells in the presence of the parasitic resistances; series s and parallel R, to
describe the real solar cell behaviour. The equivalent circuit consists of a current
source Jpn (generation of photocurrent) shunted by a diode (loss of photocurrent)
with additional series and parallel resistances. In addition to this common repre-
sentation of ohmic losses, I add an additional voltage dependent loss term (dashed
line) to take into account voltage dependent recombination losses in the intrinsic

layer of a-Si:H solar cells [57].

J(V)

T —___—
I R +
;. Diode )

J, CD (\t/\ v m R, ¥
| lJrec("jph’ 4 )
I -
1

Fig. 2.11: An equivalent circuit for a-Si:H solar cells, with incorporating series
R, and parallel R, resistances. The additional current sink (dashed lines) takes
into account the current losses due to the voltage dependent recombination in the

intrinsic layer of the a-Si:H solar cells.

From the equivalent circuit in Fig. 2.11, the J/V-characteristics of a-Si:H solar

cells is given by
V — JR; V — JR;
J(V)=Jy {exp (—> — 1} + —

+ Jree(Jon, V) = T, (2.23)
RP

niq Vi
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where Jj is the reverse saturation current density, niq is the diode quality fac-
tor and V; = kT'/q is the thermal voltage which is equal to 25.9 meV at room

temperature. The recombination current density Jiec(Jpn, V') [50] is described as

J phdi2

Jrec J, 7V = s
( ph ) T (Vbi — V + JRS)

(2.24)

where the product ur represents the mobility and the recombination time of the
photogenerated carriers, d; is the thickness of the intrinsic layer, Vj; is the built-in
voltage.

The setups of the current density/voltage (J/V') characteristics which I use
throughout my work are two different types, depending on the presence of light
source from one side and the contacting of solar cell on the other side. For a-Si:H
solar cells with n-i-p deposition sequence on opaque substrates, both front and back
contacts face the incident light, I use the J/V-setup built for CIGS solar cells where
the light source is a single tungsten-halogen projector lamp (ELH type, 300 W, 120
V) [58].

For cells deposited in p-i-n sequence, the light enters through the transparent
superstrates, and the contacts are only accessible from the back of the solar cells
(in the direction of the incident light). For the p-i-n cells, I use the J/V-setup of
a-Si:H solar cells where the light source is two halogen lamps, each of 100 W, 12 V|
and one metal vapor lamp (1000 W). Fig. 2.12 shows a comparison of the spectra
of ELH lamp, used as an artificial solar simulator for CIGS solar cells, and of the
lamps used in the J/V-setup for a-Si:H solar cells.

The temperature of the measured a-Si:H solar cells in the J/V-setup of CIGS
solar cells is kept constant with help of a large copper heat sink, just at the backside
of the cells, cooled by a fan. In the case of the J/V-setup of a-Si:H solar cells, the
light enters through a water-filled glass-box to keep the measured cells from being
warmed since the water absorbs the infrared part of the light. Fig. 2.13 shows the
spectral transmission of the glass-box (solid curve) used in the J/V-setup of a-Si:-H
solar cells. To enhance the transmission of the water-filled glass-box (dashed curve),
about 5% of NaClO is added to the water which prevents any precipitate from being
stuck at the insides of the box.

Due to the difference between the spectra of the CIGS and a-Si:H J/V-setups, I
calibrate the J/V -characteristics of the a-Si:H solar cells measured in the CIGS J/V-
setup by measuring their corresponding quantum efficiency which will be discussed

in the next subsection. A typical J/V-characteristics (solid curve) of an a-Si:H solar
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Fig. 2.12: Comparison of the spectra of ELH lamp, used as an artificial solar
simulator for CIGS solar cells, and of the lamps used as artificial solar simulators
for the J/V-setup of a-Si:H solar cells.
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Fig. 2.13: Spectral transmission of the glass-box (solid curve) used in the J/V-
setup of a-Si:H solar cells. Filling the box with water reduces the transmission in
the infrared region (dashed curve). To remove any precipitate from being stuck at

the insides of the box, about 5% of NaClO is added to the water, therefore the
transmission is enhanced.
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cell is shown in Fig. 2.14.
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Fig. 2.14: An example of the J/V-characteristics (solid curve) and power density P
(dashed curve) of an a-Si:H solar cell (sample AnM060331-1) of an area of A = 0.33

em?. The figure demonstrates the definitions of the open-circuit voltage V,. and the

short-circuit current J,.. The value of V,,J,, denotes the maximum power output

P = ViJn.

The electrical performance of this cell (sample AnM060331-1) is characterized by

e The short-circuit current density Jy. is the current density which is produced

by the solar cell if it is connected to a very small resistance. In this work, I
use the current density J instead of the current [ itself in order to normalize
the effect of the solar cell area A which is equal to 0.33 cm? in this example.
A high short-circuit current density .Js. requires a good material quality and
an optimal design of the cell to absorb and trap as many incident photons as
possible.

The open-circuit voltage V. is the voltage which is built up across the solar
cell if it is connected to a very large resistance. A high open-circuit voltage
Ve requires: efficient doping in the p- and n-layers, a high band gap and also
good interfaces.

The fill factor F'F' represents the curvature of the J/V-characteristics. F'F is

defined as the ratio between the maximum power output P, = Vi,.J,, and the
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product V. Js.. A high fill factor F'F requires: low loss of the photogenerated
carriers in the intrinsic layer and at the interfaces, strong electric field in the

intrinsic layer and also good ohmic contacts.

e The efficiency 7 is defined by the three previous parameters as

Js Vo F'F

TR (2.25)

Ui

where ® is the intensity of the incoming light.

Quantum efficiency QF

The quantum efficiency QF defines the probability that an incident photon with
an energy hv contributes with one electron-hole pair to the photocurrent. This
characterization technique contains valuable information about the collection losses
of the solar cell. The photons that have energies much larger than the band gap of
the absorber layer of the a-Si:H cell hv >> E, (blue photons) are absorbed near
to its surface, whereas the photons which have hy < E; (red photons) penetrate
through the absorber layer. Therefore, one gets an information about the front and
back sides of the cell. Fig. 2.15 shows a typical quantum efficiency measurement of
a-Si:H solar cell (solid curve) and also the ideal quantum efficiency (dashed line), i.e.
being unity at photon wavelengths above the band gap (at A < 730 nm), and zero at
wavelengths below (i.e. at A > 730 nm). The filled area in Fig. 2.15 represents the
losses in this a-Si:H solar cell. Therefore, the quantum efficiency of a-Si:H solar cells
gives key information about the optical and electrical losses in the device structure.

The quantum efficiency also serves to determine the short-circuit current density

Jse in the absorber layer of a-Si:H solar cells [59] as

A7774(Z:E
A
Je = g / QEO)B(N) ) (2.26)
C
A'min

where \/hc is the inverse of the energy carried by a photon of wavelength A. The
value of J at V' = 0 of the J/V-characteristics should be equal to the value of Jg.
of Eq. (2.26), i.e. the J/V-characteristics of solar cells can be cross-checked by

quantum efficiency measurements.
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Fig. 2.15: An example of the quantum efficiency QF of an a-Si:H solar cell. In the
ideal case, the quantum efficiency is a step-like function, i.e. being unity at photon
wavelengths above the band gap (at A < 730 nm), and zero at wavelengths below
(i.e. at A > 730 nm). The filled area represents the losses in a-Si:H solar cells.
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2.4 Description of p-i-n solar cells

2.4.1 Numerical modelling

For numerical modelling of a-Si:H solar cells, I use a comprehensive simulation pro-
gram called Amorphous Semiconductor Analysis (ASA), which has been developed
at Delft University of Technology [60,61] in order to gain a better understanding
of these devices. This program is a one-dimension of steady-state device simulator,
based on the solution of Poisson equation and the continuity equations which are
discretized according to the integral expressions of Gummel [62]. The resulting set

of equations is solved by a fully coupled Newton iteration method.

The main features of the ASA program include:

(i) separate calculation of the light induced charge carrier generation profile,

which is based on the thin film optics assuming flat interfaces in the device,

(ii) models describing a complete density of states distribution as function of en-
ergy, which include both the extended and localized (tail and defect) states

with corresponding recombination-generation statistics,

(ili) calculation of the defect state distribution in a layer according to the defect-
pool models (DPM) [63,64].

The ASA program incorporates optical and electrical modelling based on thin film
optics and a set of basic semiconductor equations. Optical modelling is important
to determine the generation rate of the generated carriers. Therefore, the refractive
index n,;, and the extinction coefficient x as a function of wavelength \ are required.
The optical modelling is applied for all defined layers of the solar cell.

Electrical modelling parameters are required to describe the properties of the
semiconductor layers. These parameters include the mobility gap Fop, the activa-
tion energy F,. and the mobilities of electrons/holes m- The electrical modelling
calculates the recombination rate in a-Si:H solar cells applying various models [65].

By the ASA program, several characteristics of a-Si:H solar cells can be simu-
lated; such as dark and illuminated current density/voltage (J/V') characteristics

and quantum efficiency QF.
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2.4.2 Analytical description
Crandall’s model

In Crandall’s approach [66], a model for p-i-n solar cells was derived, and simple
relations between the short-circuit current and material properties were established.
However, this model does not hold for the whole range of the J/V-characteristics
because it does not take into account the diffusion currents. Therefore, it is not

accurate for the calculation of the open-circuit voltage of p-i-n solar cells.

Taretto’s model

Taretto et. al. [67] obtained a general analytical expression for the J/V -characteristics
in p-i-n solar cells by solving the continuity equations considering drift and diffusion.
The main physical simplifications assumed within Taretto’s model are: i) the electric
field in the intrinsic layer is uniform, ii) the photogeneration rate is homogeneous
within the i-layer, and iii) the carrier mobilities x4 and lifetimes 7 have the same

values for electrons and holes.
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2.5 p-1-n and n-i-p amorphous silicon solar cells

The a-Si:H solar cells have two configurations depending on their deposition se-
quence; superstrate and substrate designs. In the superstrate design, also called
p-1-n configuration, the p-layer is first deposited onto transparent conducting oxide
(TCO) coated transparent superstrates such as glass, polyethylene terephthalate
(PET), polyethylene naphthalate (PEN) and polyimide (PI), which serve as a win-
dow to the cell. Then, the i-layer, followed by the n-layer, and a final back-contact,

as shown in Fig. 2.5a.

In the substrate design, or n-i-p configuration, the first a-Si:H layer is the n-
layer deposited on electrically conductive back-contact on cheap superstrates such
as Al-coated substrates (glass, PET, PEN, PI, and special fabrics). The i-layer is
deposited and then followed by the deposition of the p-layer and a final transparent
front contact (TCO®), see Fig. 2.5b. The insertion of the TCO™ between the Al-
coated substrate and the n-layer is used because I have not had any working n-i-p
solar cell without this inserting this TCO because the fill factor was below 30 %,
more details are in [69]. The layer thicknesses of both configurations are summarized
in Tab. 2.3.

Tab. 2.3: Typical thicknesses of p-i-n and n-i-p solar cells.

Film type Thickness [nm]
TCO, TCO® 500-800
p-layer 15
i-layer 250
n-layer 20
TCOW 50
Al 500

The n-i-p configuration has an advantage in that the band gap of the intrinsic
layer can be increased by gradually reducing the deposition temperature [25] in
order to adjust the band gap profile. A second advantage of this configuration is
that the p-layer is the last deposited layer. In this case, the p/i-interface, which is
very important in determining the performance of a-Si:H solar cells [70, 71], is not

exposed to subsequent plasmas combined with elevated deposition temperatures.

In both configurations, the light enters the cells through the p-layer for two rea-

sons: 1) the fact that most of the incident light ®, is absorbed close to the surface
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Fig. 2.16: p-i-n a-Si:H solar cell (superstrate design), where the first a-Si:H de-
posited layer is the p-layer, a) and n-i-p a-Si:H solar cell (substrate design), where
the first deposited a-Si:H layer is the n-layer, b). Both configurations have the same
working principle and also the light penetrates both of them through the p-layer.
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of the illuminated layer following the Beer’s law, where the intensity of the light de-
creases with distances exponentially in materials, and generates electron-hole pairs
there, and ii) the lower mobility carriers (holes) have to be efficiently collected by
the p-layer before they recombine with other electrons [7]. The collection of the
electrons is not so critical as of the holes since the electrons have higher mobilities
iy and life times 7, than of holes, p,7, > 50u,7, [76], and they are more capable
to be collected by the n-layer. The electric field generated between the p- and the
n-layers is responsible for the collection of the generated carriers in the i-layer. In
other words, to collect most the generated holes efficiently, they have to have a short

collection path.



Chapter 3

Results

3.1 Novel analytical modelling of amorphous sil-

icon solar cells

In this section, I present a novel analytical expression for the current density/ voltage
(J/V) characteristics of a-Si:H solar cells to demonstrate the dependency between
the physical parameters and the output characteristics of the solar cells. In this
model, T extend the existing analytical models of the J/V-characteristics in order
to have a more realistic description of p-i-n-type solar cells. This novel model
solves the continuity equations of electrons and holes at every position within the
intrinsic i-layer. It allows for different mobilities j,, 1, and different lifetimes 7,
7, for electrons and holes, and applies a photogeneration rate G(\) as a function
of wavelength A\. The basic idea of this model is the solution of the transport
equations in two different parts of the cell. In each part, I first solve the continuity
equations for the minority carriers, and then enter this solution into the equations
for majority carriers, which are solved subsequently. The solution of the two second
order differential equations in the two different regions altogether with the boundary
conditions yields a set of eight algebraic equations. These equations are finally
solved with a Jacobian matrix inversion. Thus, I obtain an analytical solution of

the problem.

37
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3.1.1 Model
Outline

My model considers the p-i-n structure of a-Si:H solar cells, with two highly doped
(p- and n-) layers that are photovoltaically inactive. Electron/hole pairs photogen-
erated in one of those layers do not contribute to the short-circuit current of the
solar cell [68]. Therefore, my calculations are restricted to the i-layer of the solar
cell.

The main physical simplification assumed within my model is that the i-layer has
a negligible concentration of charged impurities, therefore the electric field F within
the i-layer is spatially uniform [68,75]. This assumption also helps to analytically

solve the continuity equations of the carriers by defining the electric field as

V- Vi

| (3.1)

|F|:\

i.e., the electric field F' depends only on the applied voltage V' and on the thickness
W of the i-layer, where V}; is the built-in voltage.

Assumptions

This model takes into account the following physical assumptions:

(i) The photogeneration rate G(z,A) = a(A)Npn(A)exp ( — a(X)z) depends on
the wavelength A of the solar spectrum and the position x within the i-layer
as illustrated in Fig. 3.1. This assumption accounts for the large absorption
coefficient (A) of amorphous silicon based films in the blue region of the
AM1.5 spectrum Npp(A).

The condition of a constant photogeneration rate is only assumed if the thick-
ness W of the i-layer is smaller than the absorption length L, = 1/a()) [68]
as in region B of Fig. 3.2 while the generation rate is not constant in region
A where W > L,,.

(ii)) The back reflection R, at the back contact is taken into account. In thin
films, where the whole spectrum is not absorbed within the i-layer, the current
generated due to the absorption of the reflected photons at the back contact

has to be considered. In this case G(z, \) is written as
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Fig. 3.1: Photogeneration rate G(z,\) of an a-Si:H solar cell used in solving
the continuity equations of electrons and holes. It is clear that G(z, \) depends
on both the position within the absorber layer (Lambert-Beer’s model) and on the
wavelength A of the photons especially for low values of A because of the high

absorbance of a-Si:H-based materials in this region of wavelengths.

G(z,\) = a(A\)Npp(A)e M [1+ Rrefe_Qa(’\)[Wer"_xq : (3.2)

where W, d,, are the thicknesses of the i- and n-layers, assuming without loss
of generality that the cell is illuminated through the p-layer. The contribution
of the back reflection is represented in the second part of the square brackets
in Eq. (3.2).

(iii) The carrier mobilities py, i, and lifetimes 7,,, 7, of electrons and holes do not
have the same values, typically in amorphous silicon based materials, p,7, >
50 ppTy [76],

(iv) The doping concentrations of the doped p- and n-layers should not have the
same values. This assumption is applied due to the application of uc-Si:H
p-layers in a-Si:H solar cells [102] where the active doping increases due to the

crystallinity of the uc-Si:H films.
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Fig. 3.2: Absorption length L, () of an a-Si:H solar cell. The Photogeneration rate
G(z, M) is only approximated to be constant in region B, while in region A it is not.
The application of a constant photogeneration rate over the complete spectrum of

light is not accurate for high-absorbing films.

Fig. 3.3 shows the band diagram of p-i-n type a-Si:H solar cell where both
the p- and n-layers are much thinner than the i-layer. Under thermal equilibrium,
the electron concentration n, in the p—layer is given by ny, = n?/Na and the
hole concentration pp, in the n-layer is given by p., = n?/Np, where n; is the
intrinsic concentration of the given semiconductor and is equal to 1.88x107 cm™3
for a-Si:H [77]. Na and Np are the effective doping densities of the p- and n-layers,

respectively.

Under equilibrium conditions, the quasi-Fermi levels Er,, and Ep, of electrons and
holes are equal and constant throughout the device, and therefore no current flows.
Under non-equilibrium conditions (e.g. applied voltage), the quasi-Fermi levels Eg,
and Ep, of electrons and holes shift away from the intrinsic Fermi level depending
on the applied voltage V. The energy difference between Ep, (V) and Er,(0) equals
qV . The generated built-in voltage V},; represents the energy difference between the
p- and n-layers, i.e. it is produced due to the difference in the doping of the doped
layers and equals V; In(Na Np/n?) where V; = kT'/q is the thermal voltage, k is the

Boltzmann constant, 7" is the absolute temperature, and ¢ is the elementary charge.
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Fig. 3.3: Sketch of the p-i-n structure under forward bias voltage V. The en-
ergy difference between the quasi-Fermi levels (dashed lines) Ep, (W) and Eg,(0) of
electrons and holes equals the quantity ¢V which reduces the energy difference be-
tween the p- and n-layers. The generated built-in voltage Vi,; represents the energy

difference between the p- and n-layers.

Carrier concentration

Taretto et. al. [67] solved the continuity equations [78-80] for one type of carriers in
the corresponding region of the minority carriers, i.e. for electrons n(x) in region R
and then assumed the symmetry for the holes p(x) in region Ry shown in Fig. 3.3.
In this subsection, I apply non-equal values of carrier mobilities p, and p,, lifetimes
T, and 7, for electrons and holes, respectively. Therefore, I solve the continuity

equations for both types of carriers in both regions R; and Ry of the i-layer.

The basic idea for solving the coupled continuity equations for electrons and holes
is the separation of the i-layer into two regions where either electrons or holes are
the minority carriers. The recombination rate R, in region R; of Fig. 3.3, where
electrons are minority carriers, is determined by the lifetime 7, of electrons, i.e.

R, = (n —ng) /7. Thus, the continuity equations in region R; read

+ Dn = - G(JZ‘), (33)
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and

M de_(x) - D d*p() _ _n(x) —no() +G(x). (3.4)

PTde P da? Ta

The fact that Eq. (3.3) only depends on the electron density n(z), allows us to
solve Eq. (3.3) first. Then, I apply the solution of Eq. (3.3) into Eq. (3.4) and solve
for p(z). Therefore, I determine the electron J,, and hole J, currents in region R;.

I apply the last principle for the calculation of the electron J,, and the hole J,
currents in region Ry with the role of electrons and holes interchanged, i.e. by solving
first for p(z) and then for n(z) in region Ry where the continuity equations in this

region read

,uanZf) n Dndi;;(f) _ p(z) ;po(x) — G(2), (3.5)
and

where D,,, D, are the diffusion constants of electrons and holes, respectively. The
photogeneration rate G(x) is already defined in Eq. (3.2). The general solutions of
Egs. (3.5) and (3.6) are given in appendix 5.1.

Boundary conditions

The unique solution for the four second-order differential equations [Egs. (3.3) -
(3.6)] is defined by eight boundary conditions. The calculation of the eight coef-
ficients determining the final solution is achieved by a matrix equation inversion.
The final matrix equation is given in Appendix 5.2. The position X = X separates
region R; and region Rs. Note that all the following equations are valid for arbitrary
Xs. During the calculations, I start with X; = W/2. From the solution, I determine
the position X. where both carrier concentrations are equal and then repeat the
calculation with X; = X, to obtain the final result. The eight boundary conditions

are defined as follows:

1. The carrier concentration n(x) of electrons is continuous at position Xy (arbi-

trary position within the i-layer).

n(Xo)lr, = n(Xs)[r,- (3.7)
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2. The carrier concentration p(z) of holes is also continuous at position Xj
P(Xs)|r = p(Xs)| R, (3.8)

3. The carrier concentration of electrons is differentiable at position X

dn(x)
dx

_dn(x)
Kol T gy

Xo.Ra- (3.9)

4. The carrier concentration of holes is also differentiable at position X

dp(x) _ dp(x)
dy KoM dx

X.,Ra- (3.10)

5. An extra-current due to interface recombination is present at the p/i inter-
face (z = 0). With a surface recombination velocity S, of the minority car-
riers (electrons) [81], the recombination current density at this interface is
qSn(n)z—0 — npo), where nyo is the equilibrium-carrier density in the p-layer.

The concentration of electrons n|,—q is calculated from

Sn(n|eeo — 1po) = pnFnlpo + anl—Z\IZO. (3.11)
6. An extra-current due to interface recombination is present at the i/n interface
(x = W). With a surface recombination velocity S, of the minority carriers
(holes), the recombination current density at this interface is ¢S, (p|lo=w —Pnw),
where p,,,, is the equilibrium-carrier density in the n-layer. The concentration

of holes p|,—w is calculated from Eq. (3.12)

dp
Sp(p|z:W - pnw) = ,U/pr|z=W - D ’:Jc:W- (312)

P dx

Note that for majority carriers, the interfaces behave as ohmic contacts [82] and
the corresponding surface recombination velocities are very high. Therefore, the

majority carrier concentrations are independent of the current density, i.e.
’n|x:w = ND, (313)
and

Ple=o = Na. (3.14)
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Current density

Now, I express the whole system of differential equations in a matrix form in order
to calculate the eight quantities C7, Cj, ..., Cg which are the coefficients needed to
solve the carrier concentrations and their corresponding currents at each point within
the i-layer by solving the matrices given in appendix 5.2. Since the photogeneration
rate is a function of the wavelength A, the photogenerated current is also a function of
wavelength and has to be integrated over the solar spectrum while the dark current
is of course independent of the illumination intensity and wavelength. The dark
and the photogenerated currents are calculated at one arbitrary position within the
i-layer since they are independent of position. For simplification, I use x = 0 for the

calculation of the currents.

JDark = JnDark (x = 0) + JpDark (m = O) (315)
~ Vi
- QMRF <ClDark + CQDark + Zle " )

Vii i
—|—an ClDarkAl + CzDarkAQ + Z1 W‘/;e t

Vi
011y F (Cspars + Copun + Za + Zu+ Zse™ %)

. Vi
Vi e‘vi) . (3.16)

o F'
—qD, (CGD”’“IZ;_]J + Z3A1 + ZyNo + Z5 Tk

and

Jphoto = Inppore (T = 0) + Jpp,... (. = 0)
= qpnF (Crpppe + Coppor + 22)
+4Dn (Chppoio M1 + Copyi N2 — Z1021)
i (Csprone T Coppone + 43+ Za + Zs)

E
—qu (C5Phomlu§— + ZgAl + Z4A2 — ZGC‘[) .
p

(3.17)

The coefficients C; C; (t=1,..,8),Z (i=1,..,6),and A; (i =1, ...,
4) are defined in appendix 5.1. The total current Ji,; with incident light of several

Dark’ Photo

wavelengths )\; is expressed as
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Ai=00

Jtot = JDark + Z JPhoto()\i)- (318)

Xi=0
Eq. (3.18) states that the total current density is the superposition of the dark
current and the photocurrents generated by illumination with different wavelengths
A;. Note that this superposition holds only if all current densities are calculated for

the given voltage bias V.

3.1.2 Results of the analytical description

As a first test, I checked the results of my model against those of Taretto’s
model [67]. Fig. 3.4 compares the hole and electron concentrations p(x) and n(z)
for two cases: p,7, = p,7, (Taretto’s model) and p,7 >> pp7, (my model).
The assumption of equal values of mobilities and lifetimes of electrons and holes
UnTn = HpTp in Fig. 3.4a leads to the intersection of p(x) and n(x) exactly at the
middle of the i-layer, i.e. X = X = Xe3 = W/2 for different applied voltages.
Since in a-Si:H-based films the last assumption is not fulfilled, I prefer to apply
WnTy >> 1,Tp. As a result, the position X, within the i-layer where p(z) = n(z) is
not always at the middle of the i-layer but it is dependent on the applied voltage.
The intersection p(x) = n(z) moves from X = 3W/4 at 0 V to X, = 5W/8 at
0.4 V and X.3 = W/2 at 0.8 V. Therefore, I introduce a term A, which defines
the difference between the actual intersection X, of carriers and the middle of the
i-layer as follows
Xe
W/2
For quantifying the effect of the varying X., I first apply X. = Xy, = W/2,

where W is the thickness of the i-layer, then calculate the carrier concentrations of

Ay = '1 - (3.19)

electrons and holes, and again look for the position within the i-layer where both
carrier concentrations are equal, e.g. X.. After that, I solve the problem for x = X..
The extended model presented in subsection 3.1.1 also accounts for the contribution
of photons reflected at the back contact, according to Eq. (3.2), in the calculation
of the current density J(V). Fig. 3.6 shows the J/V-characteristics of an a-Si:H
solar cell with different back side reflection coefficients R. The increase of the back
side reflection enhances the probability of absorbing more photons, especially in the

red region of the spectrum, and consequently the current density rises.
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Fig. 3.4: Dependence of hole (dashed lines) and electron (solid lines) concentrations
p(z) and n(z) as a function of the position within the i-layer and of the applied
voltage (0.0 V, 0.4 V, 0.8 V). a) illustrates that the assumption of equal values
of mobilities and lifetimes p,7, = p,7, of electrons and holes (Taretto’s model
[67]) leads to the intersection of p(x) and n(z) exactly at the middle of the i-layer
independent of the applied voltage, i.e. X, = W/2. b) refers to the assumption (iii)
and assumes g7, = 100 pp7,. The corresponding intersections of p(x) and n(z)
within the i-layer at different applied voltages do not occur at a constant position,

but are voltage-dependent.

3.1.3 Comparison to experiment

In order to test the validity of the extended analytical model presented in subsection
3.1.1, I deposit two a-Si:H solar cells at different deposition temperatures T4, of
the absorber layer using plasma enhanced chemical vapor deposition (PECVD) [9].
Subsequently, I measure the corresponding illuminated .J/V-characteristics of these
cells. The a-Si:H solar cells studied in this subsection are deposited on Asahi-
U coated glass superstrates, and the light enters through the p-layer of the solar
cell. The solar cells differ in the deposition temperature Ty, of the absorber layer
in order to check the effect of the deposition temperature Ty, on the mobility-

lifetime products i, 7, and p,7, of electrons and holes . Fitting the measured J/V-
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Fig. 3.5: The relative difference A\, between the intersection of the carriers within
the i-layer X, and its middle W/2 as a function the applied voltage. The assump-
tion of non-equal values of the mobilities and the lifetimes of the carriers leads to
divergence of X, from W/2.

characteristics by the analytical model in subsection 3.1.1, results in different pr
products for different Thye,. Fig. 3.7 shows that the analytical model (solid lines)
well reproduces the measured J/V-characteristics (symbols) of a-Si:H solar cells
deposited at deposition temperatures (a) Tyep, = 135 °C and (b) Tyep, = 120 °C.

On the one hand, the deduced values p,7, and p,7, of electrons and holes for
the abovementioned solar cells show an increase with the increase of the deposition
temperature Tye, of the absorber layer of the solar cell. According to the analytical
model, the electronic transport represented by the mobility-lifetime products of the
charge carriers is enhanced with the increase of the deposition temperature Tyep.
On the other hand, the model proves that to reproduce the J/V-characteristics, the
values of the mobility-life time products j,7, of holes have to be smaller than p,7,
of electrons.

The model in subsection 3.1.1 also describes the current density J of a-Si:H solar
cells with the light entering either through the p-layer or through the n- layer. Fig.
3.8 shows that the generated current for the first case is higher than for the second
case. This is due to i) Beer’s absorption law, according to which most of the incident
light is absorbed close to the front of the illuminated layer 7], and ii) the mobility-

lifetime product p,7, of holes in a-Si:H is lower than p,7, for electrons. The best fit
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Fig. 3.6: Current density/voltage (J/V) characteristics for different values of
reflection R, at the back contact. The increase of the back reflection increases the
probability of absorbing more photons, especially in the red region of the spectrum,

resulting in a higher photogenerated current.

values of p,7, and p,7, that well reproduce the experimental .J/V-characteristics
are fi, 7, = 6.2 x 10% em?/V, and pp7, = 6.6 x 107%° ecm?/V.

Fig. 3.9 demonstrates that the pu7 products of both kinds of carriers are reason-
ably good fitting parameters. The graph is normalized to the error of the minimum

deviation.
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Fig. 3.7: Illuminated current density/voltage (J/V) characteristics of two p-i-n
a-Si:H solar cells deposited at a) Tyep, = 135 °C, and b) Tge, = 120 °C. The curves
of J/V-characteristics (symbols) according to the handed model (solid lines) are
modelled by the following parameters: a) u,7, = 6.3 x 107> cm?/V, p,7, = 2.2 x
107 em?/V, Np = 0.45 x 10" cm™®, Ny = 1.2 x 10 cm™, S, = 0.51 x 10* cm/s,
and S, = 1.8 x 10% cm/s. For b), p,7, = 0.36 x 107% cm?/V, p,7, = 0.53 x 107
ecm?/V, Np = 0.29 x 103 cm3, Ny = 2.4 x10% cm™, S, = 0.24 x10* cm/s, and
S, = 1.3 x 10° cm/s.
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Fig. 3.8: Current density J of a bifacial a-Si:H solar cell where the light can enter
through the p-layer or the n-layer. Due to the assumption of i, 7, >> p,7,, the
generated current in the first case is higher than that of the second case. The
analytical model (solid lines) agrees well with the measured data (symbols). The
best fit parameters are: p,7 = 6.2 x 10° cm?/V, p,7, = 6.6 x 10710 cm?/V.
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Fig. 3.9: Contour plot of the root mean square error between the measured and
the modelled J/V-characteristics. The data are normalized to the optimum value
for the data in Fig. 3.8.



Amorphous silicon at low deposition temperatures 51

3.2 Amorphous silicon at low deposition temper-

atures

To optimize flexible, unbreakable, and light-weight a-Si:H-based devices on the avail-
able plastic films, the deposition temperature should be reduced below 150 °C to
not exceed the glass transition temperature of the substrate foils [83]. However, the
decrease of the deposition temperature Tye, (substrate temperature) strongly affects
the quality of a-Si:H-based materials.

This section investigates the effect of the deposition temperature 80 °C < Thep, <
180 °C on the deposited a-Si:H films for approximately 60 minute deposition times.
The silane flow rate [SiHy| was set at 10 sccm without any hydrogen dilution, the
total pressure P, in the chamber at 400 mTorr, the plasma power density P, at 8.9
mW /cm?, and the plasma frequency f at 13.56 MHz.

3.2.1 Properties of amorphous silicon at low temperatures

It is well established that the deposition temperature Ty, affects the electronic
properties of a-Si:H-based materials [84,85]. Fig. 3.10 shows the dark conductivity
Odark and the activation energy F,., measured at room temperature (T = 300 K) of
intrinsic a-Si:H films as a function of the deposition temperature Tgep. It shows that
the dark conductivity oq., decreases by two orders of magnitude while the activation
energy F,. increased from 720 meV to 873 meV as the deposition temperature
decreases from Ty, = 180 °C to 80 °C.

The increase of the deposition temperature increases the diffusion of the deposited
atoms of the a-Si:H-based materials and therefore the resulting film is homogenous
and dense as shown in Fig. 3.11a. On the contrast, the decrease of the deposition
temperature increases the probability that the deposited atoms be adsorbed on
the surface of the substrate before they diffuse, resulting in thicker films of lower
structural and electronic quality as shown in Fig. 3.11b. Fig. 3.12 shows that
the decrease of the deposition temperature Tgcp, increases the a-Si:H deposition rate
7 = dfim/taep Where dgy, is the film thickness and ¢g4e, is the deposition time.

Veen and Schropp [86] showed that the decrease of the deposition temperature
increases the hydrogen concentration in the a-Si:H films. Smets [87] observed that
the surface hydride configuration depends on the surface temperature, i.e. the tran-
sition from dominant =SiH at high deposition temperature to dominant —SiHg at

low deposition temperature. Therefore, the decrease of the deposition temperature



52 Results

L] L} L] - _9‘1-\
840 oo | 1 107§
\ - g
800 - 3 10"

é'/ ® v
/&>
v i
760 |- °
v
i v—-"‘/ \ ]
720 |- | . | ' | .. E

80 120 160 200
Deposition temperature Tdep [°C]

Activation energy E_, [meV]

—
Q

1 L1 l
8;
D3rk conductivity o

Fig. 3.10: Dark conductivity oqa.k (triangles) and activation energy E,. (circles) at
room temperature (T=300 K) of intrinsic a-Si:H films as a function of the deposition
temperature Tge,. The dark conductivity oq.k decreases by two orders of magnitude
while the activation energy E,. increases from 720 meV to 873 meV as the deposition

temperature decreases from Ty, = 180 °C to 80 °C.

Side view
Side view

ilm growth

%ﬁ?

(®)

—
L

Fig. 3.11: Illustration of the growth morphology of a-Si:H films where the deposi-
tion temperature Ty, in a) is higher than in b). At low deposition temperature Tyep
the surface mobility of the deposited atoms is low, resulting in a columnar growth
and therefore the deposition rate r is high. On the other hand, increasing the de-
position temperature Tge, increases the surface mobility of the deposited atoms and

therefore the deposition rate r drops.

Thep favors hydrogen incorporation and formation of micro voids due to the presence
of SiHy and SiHj3 units incorporated into the bulk of the a-Si:H films. At low de-
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Fig. 3.12: Deposition rate r of intrinsic a-Si:H films as a function of deposition
temperatures Tgep. The line is to help the eye. The decrease of the deposition
temperature T4, increases the probability that the deposited atoms be adsorbed on
the surface of the substrate before they diffused resulting in high deposition rates.
The deposition rate r is defined as the ratio between the film thickness and the

deposition time.

position temperatures, it is therefore mandatory to apply a high hydrogen dilution
of the process gases and very high frequency (VHF) excitation of the deposition
plasma, in order to control the increasing of SiH; and SiHj units [88]. The Tauc gap
E, increases due the decrease of the deposition temperature Tye,. Fig. 3.13 shows
the increase of E; = 1.74 eV at Ty, = 180 °C to Ey = 1.84 eV at Ty, = 80 °C.

The Urbach energy Ey reflects the disorder broadening of the bands which give
rise to states in the gap. Therefore, the low quality a-Si:H-based materials have high
values of the Urbach energy Ey [89]. Fig. 3.14 shows that the Urbach energy Ey
increases from ~ 50 meV at Ty, = 180 °C to £y = 85 meV at Ty, = 80 °C.

The defect density Ny is calculated from the integration of the absorption coeffi-
cient acpy determined by the CPM measurement. The decrease of the deposition
temperature Tge, gives rise to the formation of the defect density Ny although the
decrease of Tjep, increases the hydrogen content since the quality of the a-Si:H-based
materials strongly depends on the way of incorporating the hydrogen rather than
the hydrogen content itself [90].

Fig. 3.15 shows that the defect density Ny calculated from CPM increases from
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Fig. 3.13: Tauc gap E, of intrinsic a-Si:H films as a function of the deposition
temperature Tgye,. The Tauc gap E, increases from approximately 1.74 eV at Ty,
= 180 °C to Ey = 1.84 eV at Ty, = 80 °C.

2.0 x 10" em™ at Tyep = 135 °C to 6.0 x 10'® ecm™ at Tye, = 120 °C.
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Fig. 3.14: Urbach energy Ey of intrinsic a-Si:H films as a function of the deposition
temperature Tgep,. The Urbach energy Ey increases from ~ 50 meV at Ty, = 180
°C to By = 85 meV at Tye, = 80 °C.
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Fig. 3.15: Absorption coefficient acpy determined by the CPM measurement ver-
sus photon energy hv. The defect density Nj, integrated from acpy below the
Urbach edge, of intrinsic a-Si:H films increases from 2.0 x 10" ecm™ at Ty, = 135
°C (horizontal black lines) to 6.0 x 10'® cm™ at Tye, = 120 °C (vertical red lines).

3.2.2 Optimization of amorphous silicon at low tempera-

tures
Deposition pressure

In this subsection, I characterize and optimize amorphous silicon based films de-
posited at a deposition temperature Ty, = 120 °C as a function of the deposition
pressure P,. The silane SiH; flow rate was kept constant at 10 sccm without any
hydrogen dilution. The plasma frequency f and the plasma power P, were also kept
constant at 13.56 MHz and 2 W, respectively. For this purpose, I deposited four
a-Si:H layers using the abovementioned deposition parameters while the deposition

pressure P, was only changed from 200 mTorr to 600 mTorr.

Since the material quality of a-Si:H layers depends on the deposition pressure
P, [86] by affecting the mean free path length of the dissociated silane SiH, atoms,
I measured their temperature-dependent dark conductivity o(7") and calculated the
dark conductivity oq.x at room temperature and the activation energy F.. as a
function of the deposition pressure P, as shown in Fig. 3.16. The optimum values of

the dark conductivity ogax (minimum) and the activation energy F,. (maximum)
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occur at deposition pressure P, = 400 mTorr.
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Fig. 3.16: Deposition pressure P, dependence of the dark conductivity oqar (circles)
and the activation energy F,. (squares). The best performance of a-Si:H films
that has maximum value of E,. or minimum value of o4, in this series occurs at

deposition pressure P, = 400 mTorr.

I also measured the photosensitivity opnoto/0dark (ratio of the photoconductivity
to dark conductivity) at room temperature of the abovementioned samples and I
found that the same sample which showed the best performance at a deposition
pressure P, = 400 mTorr with respect to activation energy FE,. also exhibits the
highest photosensitivity at the same value of the deposition pressure P, = 400 mTorr
as shown in Fig. 3.17.

The deposition pressure P, also affects the deposition rate r of the a-Si:H films. At
very low pressure regime (< 37.5 mTorr) [86], the rate of silane dissociation increases
as the deposition pressure P, increases resulting in an increase of the deposition rate
r of the a-Si:H films, while at higher values of deposition pressure P, the silane
supply becomes limited leading to a decrease in the deposition rate r of the a-Si:H
films [91]. Fig. 3.18 shows that the deposition rate r of a-Si:H films decreases from
~ 1.2 A/s at a deposition pressure P, of 200 mTorr to ~ 0.75 A/s at a deposition
pressure P, of 600 mTorr.

[ applied the optimized i-layer from Fig. 3.17 (P, = 400 mTorr) in an n-i-p ordered
a-Si:H solar cell where the substrate is Asahi-U coated glass. The resulting a-Si:H
cell had an efficiency n = 5.9 %. Fig. 3.19 shows the J/V-characteristics of this
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Fig. 3.17: Dependence of photosensitivity ophoto/0dark (ratio of the photoconduc-
tivity to dark conductivity) at room temperature on the deposition pressure P,. The

highest value of the photosensitivity occur at deposition pressure P, = 400 mTorr.
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Fig. 3.18: Dependence of the deposition rate r of the a-Si:H films on the deposition
pressure P.. The deposition rate r decreases from ~ 1.2 A /s at P, = 200 mTorr to
~0.75 A/ s at P, = 600 mTorr due to the limitation of the silane supply at higher

deposition pressures P;.

optimized a-Si:H solar cell and it shows also that the analytical model of subsection
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3.1.1 (solid line) of the J/V characteristics very well fits the experimental data
(symbols) by assuming p,7, = 3.5 x 10° cm?/V and p,7, = 1 x 107 em?/V as

modelling parameters.
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Fig. 3.19: Plot of illuminated current density/voltage (J/V) characteristics of n-
i-p a-Si:H solar cell. The experimental data of the J/V-characteristics (symbols)
are explained by the analytical model, discussed in subsection 3.1.1, (solid line)
by applying the following parameters: p,7, = 3.5 x 10° cm?/V, p,7, = 1 x 107
cm?/V.



Amorphous silicon at low deposition temperatures 59

Hydrogen dilution

In this subsection, I investigate the influence of the hydrogen dilution Ry, defined
by the ratio between the hydrogen Hy flow rate and the silane SiH, flow rate, on the
optical and electronic properties of a-Si:H-based films. The insertion of hydrogen
during the deposition of a-Si:H at low temperature deposition Ty, is important due
to the deterioration of the electronic properties of a-Si:H films at low temperature
deposition Tye, [92-94] by increasing the defect density. Fig. 3.20 shows that the
increase of the hydrogen dilution Ry reduces the absorption coefficient o at low
energies, i.e. the contribution of the defects in the absorption decreases with the

increase of the hydrogen dilution.
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Fig. 3.20: Absorption coefficient « of i-layer a-Si:H for different values of hydrogen
dilutions Ryg. The increase of Ry reduces the defect density within the band gap of
the film leading to the enhancement of the film quality.

The insertion of hydrogen Hy as an excess gas during the deposition of a-Si:H
based films increases the etch rate of the growing surface and helps to find ener-
getically more favorable sites [95] leading to a more ordered structure. Therefore,
one expects that the increase in hydrogen dilution Ry decreases the deposition rate
r of the a-Si:H-based films as shown in Fig. 3.21. The samples (B) in Fig. 3.21
are deposited at deposition temperature Ty, of 120 °C while the samples (C) are
deposited at deposition temperature Tye, of 135 °C , therefore, one expects the de-

position rate r to be higher for samples (B) than for samples (C), which is, however,
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not the case in Fig. 3.21. The explanation for this is the that distance between the
electrode and the substrate of the deposition chamber of the i-layer was reduced
from 18 mm to 13 mm in the period between the depositions of the samples (B) and

(C), leading to higher power density for the deposition of samples (C).
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Fig. 3.21: Dependence of the deposition rate r on the hydrogen dilution Ry, which
is defined as the ratio between the Hy and SiH, flow rates. The deposition parameters
of (A) are: deposition temperature Tye, = 135 °C, deposition pressure P, = 400
mTorr, plasma power P, = 5 W, and plasma frequency f = 80 MHz and the
deposition parameters of (B) are: deposition temperature Ty, = 120 °C, deposition
pressure P, = 600 mTorr, plasma power P, = 2 W, and plasma frequency f =
13.56 MHz while the deposition parameters of (C) are: deposition temperature Tyep
= 135 °C, deposition pressure P, = 600 mTorr, plasma power P, = 2 W, and plasma
frequency f = 13.56 MHz.

The insertion of hydrogen during the deposition of a-S:H strengthens the bonds
between the atoms of the a-Si:H structure due to the incorporation of the hydrogen
atoms resulting in the increase of the Si-H bonds that have energies higher than Si-Si
bonds [96]. Therefore, the Tauc gap E, increases due the increase of the hydrogen
dilution Ry as shown in Fig. 3.22 where one also notices the increase of Tauc gap

E, for different deposition conditions.

An optimum i-layer should have the best electronic properties, indicated by a
high photosensitivity (measured from the dark- and photoconductivity) and a large
ambipolar diffusion length L, (calculated from the SSPG method). Fig. 3.23
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Fig. 3.22: Dependence of the Tauc gap £, on the hydrogen dilution Ry, which
is defined as the ratio between the Hy and SiH, flow rates. The set of deposition
parameters (A), (B), and (C) is the same as in Fig. 3.21.

shows the dependency of the photosensitivity (circles) and the ambipolar diffusion
length L. (squares) on the hydrogen dilution rate Ry, and it shows that the best
i-layer needs a hydrogen dilution Ry = 2.5.

I apply the optimum ¢-layer in a p-i-n a-Si:H solar cell and the resulting efficiency
n is 6.8 %. Fig. 3.24 shows the experimental (symbols) and the analytical model
(curve) of the J/V-characteristic of the p-i-n a-Si:H solar cell with an i-layer of
Ry = 2.5. The modelling parameters are p,m, = 4 x 10 cm? /V for electrons and
ppp = 1.5 x 10°% ecm?/V for holes.

The optimum i-layer is deposited by radio frequency (RF) f = 13.56 MHz, and by
this frequency it is difficult to achieve homogeneous deposition especially at higher
hydrogen dilution Ry. Therefore, I investigate very high frequency (VHF) excitation
at f = 80 MHz of the plasma deposition. Fig. 3.25 shows the hydrogen dilution
Ry dependence of both photosensitivity (circles) and the conductivity o (triangles).
The maximum photosensitivity occurs at Ry = 10. The abrupt decrease of the
photosensitivity above Ry = 10 indicates that the material starts to change its
structure from the amorphous into microcrystalline.

When changing the deposition pressure P, from 400 mTorr to 200 mTorr the
maximum of the photosensitivity still occurs at hydrogen dilution Ry = 10, as

shown in Fig. 3.26.
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Fig. 3.23: Dependence of the photosensitivity (circles) and the ambipolar diffusion
length L, (squares) on the hydrogen dilution Ry. The optimized i-layer shows a
diffusion length L,y of 112 nm and a photosensitivity of 3 x 10
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Fig. 3.24: Current density/voltage (J/V) characteristics of p-i-n a-Si:H solar cell
that has an hydrogen dilution Ry of the i-layer, where Ry = 2.5. The analytical
model (curve) of the J/V-characteristics of a-Si:H solar cells produces the experi-
mental data (symbols) by applying the mobility-life times p,7, = 4 x 10?4 cm?/V

for electrons and p,7, = 1.5 x 10 cm?/V for holes as modelling parameters.
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Fig. 3.25: Dependence of the photosensitivity (circles) and of the dark- and light-
conductivity o (triangles) on the hydrogen dilution Ry. The optimized i-layer at
a deposition pressure of 200 mTorr shows a photosensitivity of 5.2 x 10° at Ry
= 10. The abrupt increase of the dark conductivity o (downward triangles) rep-
resent the change in the structure of the i-layer from the amorphous phase to the

microcrystalline phase.
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Fig. 3.26: Dependence of the photosensitivity (circles) and of the dark- and light-
conductivity o (triangles) on the hydrogen dilution Ry. The optimized i-layer at a
deposition pressure of 400 mTorr shows a photosensitivity of 5.17 x 10° at Ry = 10

which is the same optimum hydrogen dilution as in Fig. 3.25.
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3.3 Amorphous silicon solar cells with p-i-n and

n-1-p structures

3.3.1 Improvement of p-i-n a-Si:H solar cells

This subsection presents the beneficial effect of incorporating a very thin microcrys-
talline p-layer on the performance of a-Si:H solar cells deposited on TCO-coated
glass. The TCO/p-layer interface in a-Si:H solar cells is a very sensitive region [97],
and therefore needs to be well optimized. Two different TCOs are used here as front
contacts: ZnO:Al which is deposited in the sputtering chamber of a cluster tool at

ipe and SnOy:F (called Asahi-U) is obtained from Asahi company.

Choice of the transparent front contact

This subsection compares a-Si:H solar cells deposited on ZnO:Al contact from one
side, and on Asahi-U contact from the other side as shown in Fig. 3.27a.

To study the effect of the TCO type, I deposit two very similar a-Si:H solar cells
in the same deposition run, but on different TCOs. Both cells have the same window
p-type layer, which is alloyed with CH,4 in order to widen the band gap and to better
exploit the blue part of the solar spectrum [98].

Fig. 3.28 shows that the output characteristics of both solar cells is not the same.
The current density/voltage (J/V') characteristics of a-Si:H solar cells deposited
on ZnO:Al-coated glass show an S-shape (bending), due to the rectifying behavior
between the p-a-SiC:H layer and the ZnO:Al contact, while the cell on Asahi-U
exhibit a much better solar cell characteristics. The values of the short-circuit
current Js. and the open-circuit voltage V.. are approximately the same in both
cases but the additional barrier on ZnO:Al deteriorates the fill factor F'F.
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Fig. 3.27: Two a-Si:H solar cell structures deposited on two different types of front
contacts: ZnO:Al and Asahi-U. In a), the p-type a-SiC:H layer is deposited directly
on top of the TCO contact, while in b), a very thin microcrystalline p-type pc-Si:H
layer is inserted between the p-type a-SiC:H layer and the TCO contact.
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Fig. 3.28: Current density/voltage (J/V) characteristics of a-Si:H cells deposited
on ZnO:Al-coated glass (black rectangles) and on an Asahi-U front contact (blue cir-
cles) at Tyep, = 176 °C. The S-shape of the J/V -characteristics occurs when applying
p-type a-SiC:H layer directly on top of the ZnO:Al contact.

Incorporation of a p-type uc-Si:H layer

The window layer in a-Si:H solar cells has to be a wide band gap layer in order to
enhance the photogenerated current in the absorber layer. One of the significant
improvements to the p-i-n solar cell structure was the use of p-type hydrogenated
amorphous silicon carbide a-SiC:H films [99, 100] which decrease the absorption of
the solar spectrum within the window layer by increasing the Tauc gap E,. Fig. 3.29
shows the methane ratio Ry dependency of the Tauc gap E, of p-type a-SiC:H layers
deposited at different deposition temperatures Tye,. The Tauc gap E, decreases at
higher deposition temperatures due to the decrease of the hydrogen content in the
deposited films. However, the problem of barrier formation between the p-layer and
the ZnO:Al, due to the interaction of hydrogen with the ZnO:Al surface leading
to a thicker depletion zone in the p-layer [101], is solved by the insertion of highly
doped layer between the p-layer and the ZnO:Al front contact, in my work it is
microcrystalline p-type pc-Si:H. Arch [102] as well as Dasgupta et.al. [103] reported
on the importance of the p-layer/front contact on the performance of a-Si:H solar

cells.
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Fig. 3.29: Tauc gap E, of as a function of methane ratio Ry of a-SiC:H p-layer.
The increase of the methane ratio increases the percentage of carbon inside the film
and therefore increases the Tauc gap F, of the film. The Tauc gap E, at deposition
temperature Tgye, = 180 °C is lower than at deposition temperature Ty, = 120 °C

due to the decrease of the hydrogen content at higher deposition temperatures.

The p-type microcrystalline buffer layer used in this work, with a hydrogen-to-
silane Ry =~ 80, shows a band gap of 2.0 eV and an activation energy of 30 meV.
Ferreira et.al. [104] showed that this layer has to have a high hydrogen-to-silane
flow ratio (typically 50-200). I insert this pc-Si:H p-layer (~ 5 nm) between the
amorphous p-type a-SiC:H layer and the ZnO:Al contact in p-i-n-based a-Si:H solar
cells to improve the contact between the front contact and the a-Si:H solar cell. Fig.
3.30 compares the open-circuit voltage V., the short-circuit current density Js., the
fill factor F'F', and the conversion efficiency 7 with (open symbols), and without
(closed symbols) insertion of p-type pc-Si:H layer for solar cells of different areas.
Fig. 3.30 shows that the incorporation of a p-type uc-Si:H layer mainly enhances
both the fill factor F'F" and the open-circuit voltage Vo [105] due to the reduction of
the large potential drop at the p/i interface [106]. The short-circuit current density
Jse decreases due to the absorption within this layer. The resulting efficiency 7 is
clearly improved.
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Fig. 3.30: Effect of the insertion of p-type uc-Si:H layer (open symbols) between
the a-SiC:H p-type layer and the ZnO:Al front contact on the open-circuit voltage
Ve, the short-circuit current density Jg., the fill factor F'F', and the efficiency n
for solar cells of different area. The incorporation of p-type uc-Si:H buffer layer
enhances the efficiency n by improving both the fill factor F'F' and the open-circuit
voltage V., although the short-circuit current density Js. decreases due to a small

parasitic absorption of this buffer layer.

The incorporation of the p-type uc-Si:H bufferlayer improves the performance of
the p-i-n solar cells as clearly evident from Fig. 3.28. The enhancement of the
J/V-characteristics with ZnO:Al as front contact in Fig. 3.31b, is more pronounced
than for the Asahi-U being used as a front contact in Fig. 3.31a.
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Fig. 3.31: Current density/voltage (J/V') characteristics of a-Si:H cells deposited
on a) Asahi-U coated glass, and b) on ZnO:Al-coated glass. The enhancement of
the J/V-characteristics where the front contact is ZnO:Al by the incorporation of
a p-type pc-Si:H layer (closed symbols) is more pronounced than for Asahi-U as a

front contact.

Insertion of an amorphous buffer between p*- and i-layer

This subsection presents the effect of inserting an amorphous p-layer as a buffer
layer in the pT-i-n a-Si:H solar cells between the p™-layer and the i-layer. T analyze
two a-Si:H solar cells, one without a buffer layer and the other with a buffer layer,
for different cell areas. The performance of p™-i-n a-Si:H solar cells is drastically
increased by inserting a very thin p-type buffer layer due the enhancement of the
contact between the p*-layer and the i-layer. Fig. 3.32 shows a comparison between
pT-i-n (closed symbols) and p*p-i-n (open symbols) a-Si:H solar cells where the
insertion of the buffer layer mainly enhances the fill factor F'F' and therefore the
efficiency 7.

Moreover, the insertion of the buffer layer enhances the spectral response of a-Si:H
solar cells and reduces the degradation of the a-Si:H solar cell. Fig. 3.33 shows that
the quantum efficiency QF of p*-i-n (closed symbols) a-Si:H solar cells degrades
about 48.6 % of its original values, while the insertion of a buffer layer limits this
degradation to only 25.3 %.
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Fig. 3.32: Beneficial effect of insertion of p-type a-Si:H buffer layer (open symbols)
between the p-type puc-Si:H layer and the i-layer: the open-circuit voltage V., the
short-circuit current density Jg., the fill factor F'F', and the efficiency 7 for differ-
ent solar areas. The incorporation of p-type a-Si:H layer enhances efficiency n by
improving both the fill factor F'/F' and the open-circuit voltage V,. although the

short-circuit current density J,. decreases due to the small absorption of this layer.

Since the parallel resistance 7, in a-Si:H solar cells represents the leakage through-
out the i-layer, Fig. 3.34 shows a comparison between the deduced values of parallel
resistance I, from the output characteristics for both cases, i.e. with and without
buffer layer. Fig. 3.34 proves that inserting a buffer layer clearly enhances the par-
allel resistance R, of a-Si:H solar cells and therefore decreases the leakage within

the i-layer.

3.3.2 Back contact of n-i-p a-Si:H solar cells

This subsection analyzes the effect of the back contact on the performance of a-Si:H

solar cells. Fig. 3.35 shows the structure of the n-i-p a-Si:H solar cells where the
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Fig. 3.33: Quantum efficiency QF of an a-Si:H solar cell showing the effect of the
p-type a-Si:H buffer layer. The cells are degraded under an AM1-like spectrum at 50
°C for 24 hours. The QF of a-Si:H solar cells without a p-type buffer layer (closed
symbols) suffers a degradation of 48.6 %, whereas inserting a p-type buffer layer
(open symbols) decreases the degradation to 25.3 %.

back contact in Fig. 3.35a is Asahi-U (~ 700 nm), Fig. 3.35b is Al (~ 500 nm),
Fig. 3.35¢ is Cr(~ 10 nm)/Zn0O:Al(~ 70 nm), and Fig. 3.35d is Cr(~ 10 nm)/Al(~
500 nm)/ZnO:Al(~ 70 nm).

The corresponding J/V -characteristics of the solar cells of Fig. 3.35 are measured
and compared in Tab. 3.1. In Fig. 3.35b, the aluminium Al is directly evaporated on
glass. The disadvantage of this, is that the probability of forming pin holes during
the deposition is high enough to shunt the solar cell and therefore the characteristics
of the corresponding cell are bad as shown in Tab. 3.1. To solve this problem, I
insert a very thin layer of chromium Cr of about 10 A between the Al layer and the
glass for better adhesion. This enhances the resulting characteristics of the a-Si:H
cell. A step further in enhancing the performance of n-i-p a-Si:H solar cells, I deposit
an ZnO:Al layer between the Al layer and the n-layer, as shown in Fig. 3.35d. This
enhances the absorption of the photons due to the increase of the reflection at the

back contact of the cell reflected in the increase of Jg. as clearly evident from in Tab.
3.1.
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Fig. 3.34: Parallel resistance R,, (symbols) of a-Si:H solar cells showing that the

insertion of p- a-Si:H buffer layer (open symbols) between the p-type pc-Si:H layer

and the i-layer reproducibly enhances the parallel resistance Iz, for different cell ar-

eas A. The parallel resistance R, is experimentally fitted (lines) using the empirical

relation: R, ~ A~°.

Tab. 3.1: Comparison between the characteristics of similar n-i-p cells deposited

on different back contacts.

Substrate Cell area

Ve Jse FF n

type [cm?] [mV] [mA cm™] [%%] %]
(a) 0.49 889 9.2 49.0 4.2
(b) 0.09 685 8.1 279 15
(c) 0.49 872 8.2 488 35
(d) 0.52 887 10.2 544 4.9
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Fig. 3.35: Similar n-i-p a-Si:H solar cells deposited on glass-coated a) Asahi-U, b)
Al ¢) Cr/Zn0O:Al, and d) Cr/Al/ZnO:Al to investigate the effect of the back contact

on the cell performance.
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3.4 Flexible solar cells

3.4.1 Heating PET substrates

Since the release of adsorbed gases or moisture from polymer substrates during
the deposition of the solar cells deteriorates the quality of the a-Si:H, especially
the i-layer, the substrates were pre-heated inside a vacuum chamber and the corre-
sponding pressure increase was measured. Plastic substrates consist of hydrocarbon
molecules which release their additives, such as oxygen, hydrogen and water vapor,
as soon as the substrates are heated [107]. It is assumed that HyO occluded in the
substrates to release and decompose causing oxygen atoms to be incorporated in the
a-Si:H films as dopants [108]. Those additives contaminate the vacuum chamber dur-
ing the deposition of a-Si:H-based materials and therefore affect the optoelectronic
properties of a-Si:H by increasing its defect density [109-111]. Therefore, before the
deposition of a-Si:H is carried out, the plastic substrates should be outgassed, i.e.

preheated outside the deposition chambers.

Fig. 3.36 shows the increase of the chamber pressure, upon heating of the PET
substrates, from P, = 107% mbar at a heating temperature 7' = 60 °C to P, = 1073
mbar where the heating temperature 7" reaches T' = 110 °C. After about 30 minutes

at T' = 110 °C, the pressure decreases again indicating that the film is outgassed.

Fig. 3.37 shows the monitoring of the residual gases from heated PEN substrates
using a residual gas analyzer (RGA). In the first 60 minutes, the outgassing of the
PEN substrate is constant at T' = 27 °C. Between the minutes 60 and 190, the
temperature reaches 7' = 100 °C in the chamber and the pressure of some relevant
gases rises. The outgassing of H,O increases to a pressure of P, = 10~ Torr and H,
to P. = 107% Torr. Oy shows no increase at these temperatures. After 190 minutes
the temperature reaches T' = 150°C which is close to the glass transition temperature
T, of PEN. H,O and H, pressures increase again, but also the O, increases, which

is interpreted as the beginning of the break down of the PEN structure.

The basic conclusion is therefore, that before the deposition of a-Si:H is carried
out, it is necessary to outgas the plastic substrates in order to make sure that possible

contamination is released before the deposition process.
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Fig. 3.36: Dependence of the heating temperature 7' (squares) and the chamber
pressure P, on the heating time ¢ of PET substrate. The pressure of the heating
chamber starts to increase due to the increase of the outgassing of the PET which
seems to decrease after about 30 minutes of heating the PET substrate at temper-
ature of T' = 110 °C.

3.4.2 Thin films on plastic substrates
Interaction between a-Si:H films and substrate

The main purpose of this subsection is to find how to keep the substrates flat after
the fabrications of the a-Si:H films, i.e. to maximize the value of the radius R in
Eq. (2.16). This can be done by

e maximizing the thickness dg of the substrate,
e minimizing the thickness d; of the film,

e minimizing the temperature difference Ar, i.e. decreasing the deposition tem-

perature of a-Si:H films,

To study the curvature of the PET and PEN substrates, I deposited a-Si:H films
with different thicknesses di ~ [100,500,1000] nm on different thicknesses ds ~
[23,50,125] pm of PET and dg ~ [25,50,100] pm of PEN substrates. I attach
the PET and PEN substrates on a rigid carrier, glass in this case, to suppress the
bending of the substrates during the deposition of a-Si:H films. The substrates are
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Fig. 3.37: Outgassing process of PEN substrate showing the chamber pressure P,
for three regions of temperatures. In the first region where the heating temperature
is around room temperature 7" = 27 °C, the outgassing is constant. As soon as
the heating temperature reaches T' = 100 °C, the water vapor HyO increases the
pressure to 107* Torr and Hy to 1076 Torr. On the other side, the O, does not affect
the pressure. After 190 minutes the temperature reaches T' = 150 °C which is close
to the glass transition 7T, of PEN. HyO and Hy pressures increase again, but also
the Oy increases, which could be interpreted as beginning of the break down of the
PEN structure.

fixed on the glass using adhesive whose glass transition temperature is much higher
than of the substrates themselves. After the deposition of the film on the substrate
took place, I remove the adhesive and track the changes occurred to the shape of the

substrates, see Fig. 3.38, and then measure the resulting radius R of the substrates.

I deposited a-Si:H on three PET substrates of thicknesses ds = 23 pm, 50 pm,
and 125 pm. The thicknesses d; of the a-Si:H films range from 50 nm up to 800 nm.
Fig. 3.39 shows that depositing a-Si:H on PET substrate which has a thickness dj
of 23 pum yields smaller radii R than on thicker substrates. The PET substrate is
flat for the case when the thickness of the a-Si:H is less than 100 nm, i.e. the radius
is very large.

Fig. 3.40 compares between the resulting radius R of a-Si:H coated PET and
PEN substrates of equal thickness, d; =25 um, when the thickness of the a-Si:H film

ranges between 30 nm and 400 nm. The measured values of the resulting radius
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Fig. 3.38: Sketch of a-Si:H film deposited on flexible substrate where the structure
bends to have a cylindrical form of a radius R leading to produce a strain € on the
surface of a-Si:H film.

R of the PEN substrates are larger than those of PET substrates. This result is
consistent with the expectation from Eq. (2.22).
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Fig. 3.39: Measured radius R of PET substrates as a function of the thickness d¢ of
the a-Si:H films on top. The radius R decreases as the thickness dg of the substrate
gets smaller. The PET substrates remain flat for the case where dy = 100 nm.
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Fig. 3.40: Comparison between the measured radius R of PET and PEN substrates
as a function of the thickness d; of the a-Si:H films. The thicknesses ds of the
substrates are 50 um. The PEN substrates show a better performance than of the
PET ones since the radius R of the PEN substrates exhibit larger values than for
the PET substrates.

ZnO:Al coating

One of the deposition parameters that affects the growth of ZnO:Al is the deposition
pressure P, inside the chamber. To test the effect of the deposition pressure P, on
the PET substrates, I varied P, from 2 mTorr to 30 mTorr and then investigated the
resulted curvature of the substrates. The thickness of the ZnO:Al films was about
450 nm and the thickness of the PET substrates was 23 ym. Fig. 3.41 shows that
to decrease the bending of the substrate, the deposition pressure during ZnO:Al

sputtering has to be as large as possible.

3.4.3 a-Si:H solar cells on PET substrates

I deposit an a-Si:H solar cell of optimized layers on PET substrates, where the
thicknesses of the substrates are 23 ym and 50um. The substrates were preheated
at 200 °C for 30 minutes in a vacuum chamber to get rid off the gases from the
substrates. Fig. 3.42 shows the output characteristics of the solar cells deposited on
the PET substrates. The cells on thinner PET substrates show a better performance

than those on thicker substrates due to the lower amount of contamination from the



Flexible solar cells 79

12 F -
1.0 o
0.8
0.6
0.4
0.2
0.0

T
\
[ |
N

Radius R [cm]
L L L
| U IS I |

0O 5 10 15 20 25 30
Deposition pressure P [mTorr]

Fig. 3.41: Radius R of PET substrates as a function of the deposition pressure R,
of ZnO:Al films. The thicknesses dg of the substrate is 23 ym. The increase of R,

decreases the bending of the substrate and therefore the radius R increases.

substrate.

The current density/voltage (J/V') characteristics shown in Fig. 3.42 are mea-
sured in the J/V-setup of CIGS solar cells, refer to subsection 2.3.2, and therefore
are calibrated using the photogenerated current from the spectral response of the
solar cells from quantum efficiency measurements. Fig. 3.43 shows the quantum
efficiency of the a-Si:H solar cell deposited on PET substrate of thickness d;, = 23

pm
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Fig. 3.42: Current density/voltage (J/V) characteristics of a-Si:H solar cell of
area A = 0.5 cm? deposited on PET films which have thicknesses of 23 um (closed
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Fig. 3.43: Quantum efficiency of an a-Si:H solar cell of area A = 0.36 cm? deposited
on flexible PET substrate of 23 pum thicknesses.
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3.5 Parasitic resistances of a-Si:H solar cells un-

der different illumination intensities

This section studies the behaviour of the parallel resistance R, and the series resis-
tance Ry under different illumination intensities.

The conventional method of calculating Ry, represented in [112] and summarized
in Appendix 5.3, is called Werner plot. The Werner plot is a plot of the small signal
conductance which is divided by the current density G/J versus the conductance
G. If the abovementioned dependency has a curvature, the determination of Rj
depends on the region of fitting and therefore results in different values. In the
following subsections, I express the dependency of the parallel resistance R, on the
illumination intensity @, also I present an alternative method of determination of

R without having the problem of curvature.

3.5.1 Modelling the parallel resistance

In this subsection, I explain the dependence of R, on the illumination intensity ®.
Due to the construction and layer sequence of a-Si:H based thin film solar cells,
considering the parallel resistance R, to be distributed over the whole area of the
solar cell, seems to be a well justified assumption. Under this assumption, R,
relates to the photoconductivity o, of the intrinsic layer. The photoconductivity

opn is defined as

Opi = q(Hnph + [pPph), (3.20)

where the densities n,, and ppn of the photogenerated carriers depend on the pho-

togeneration rate Gy [113] as

npn ~ (Gpn) ™, (3.21a)
Pph ~ (Gph)’ypa (321b)

with 7, and 7, being material dependent constants. Inserting Eq’s. (3.21a) and
(3.21b) into Eq. (3.20) leads to

opn ~ (Gpn), (3.22)
Olog(opn)

T 7T Blog(Go)’

(3.23)
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where 7 is the power-law exponent of the conductivity. In this work, I found that
the parallel resistance R,, (leakage through the i-layer in a-Si:H based solar cells)
is a photo-resistive element and its resistance R, is inversely proportional to the

photoconductivity o,,. Therefore, using Eq. (3.22):

(@) = Ry(@)) (g) (3.24)
)

log(Ry(®)) = log (R,(®y)) — ~log (3) , (3.25)

where @ is the full illumination intensity delivered by the solar simulator. Fig. 3.44
displays the comparison between R, values derived from experimental data (circles),
and the modelling (solid line) of the experimental R, data according to Eq. (3.25)
with the only modelling parameter ~.

The cells in Figs. 3.44a and 3.44b have the same intrinsic layer and the corre-
sponding power-law exponent ~ is found to be equal while the cell in Fig. 3.44c has
a different intrinsic layer. Therefore, the samples which have very similar intrinsic
layers, have equal value of 7. On the log-log scale of Fig. 3.44, the values of R,(®)
are linear over two orders of magnitude. They follow a power-law as expected from

Eq. (3.25), and thereby support my assumption of a distributed R, (®).

3.5.2 Determination of ideality factor

In Werner plot, the series resistance Ry and the ideality factor niq are evaluated
simultaneously by linearly fitting the conductance divided by the current density
versus the conductance, refer to step 5 in Appendix 5.3. In this work, I apply
the method of different illumination levels in the calculation of the ideality factor
niq from the relationship between the open-circuit voltage V. and the short-circuit

current J. as follows

Voc Voc
Jsc = J 5 3.26
0 €Xp (nith) + R, (3.26)
Eq. (3.26) is rearranged as
Ve 1
In(Je— =2 =In(J —Voes 3.27
n( Rp) n 0)+nich (3.27)
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Fig. 3.44: Modelling the illumination dependence of the parallel resistance R,(®P)
of a-Si:H solar cells using Eq. (3.25). The decrease of R,(®) follows a power law.
The experimental R, data (circles) are derived from the inverse slope of the J/V-
characteristics at V' = 0, while my model (solid lines) explains the illumination-
dependent parallel resistance with the modelling parameter v. The cells in a) and
b) have the same deposition conditions of the intrinsic layer, while the cell in ¢) has

a different intrinsic layer.

The ideality factor niq is determined directly from linearly fitting the L.H.S. of
Eq. (3.26) (in the logarithmic scale) with the open-circuit voltage V,. (in the linear
scale) in the R.H.S. of the same equation. Fig. 3.45 shows that the ideality factor
is independent of the illumination intensity ® and it can be directly determined
from the slope of the data. Therefore, I apply the method of different illumination

intensities for the determination of the ideality factor nyq.

3.5.3 Determination of series resistance

After determining the value of the ideality factor n;q, the series resistance is evaluated
from Eq. (3.28) by fitting the term In (J + Js. — V/R,) — In (Jy) versus the current
density J. The series resistance Rg equals to the slope of the data, in Fig. 3.46,
multiplied by the ideality factor niq, which is evaluated from Eq. (3.27), and the
thermal voltage V;.
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Fig. 3.45: Calculation of the ideality factor niq from the slope of the fitted data
at different illumination intensities. The data of the same solar cell but for two
different positions on the superstrate are plotted in order to justify the calculation
of the ideality factor.
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Fig. 3.46 shows the resulting curves calculated from Eq. (3.28) which are easily
linear fitted.

3.5.4 Comparison between the Werner plot and the alter-

native method

This subsection compares the values of the series resistance R and the ideality
factor niq calculated from Werner plot and the alternative method according to
section 3.5.2. Fig. 3.47 shows that the series resistance Rs does not follow a clear
trend as a function of the illumination intensity for both samples in Fig. 3.47a and
in Fig. 3.47b. The deposition temperature Tye, of the i-layer of sample (a) is 135
°C while it is 120 °C for sample (b). The rest of the deposition conditions of both
samples were kept constant. The decrease of the deposition temperature Ty, is

reflected on the increase of values of the series resistance Ry as shown in Fig. 3.47.
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Fig. 3.47: A comparison between the calculated series resistance Ry from the
Werner plot and from the alternative method represented by Eq. (3.28). a) is
for sample M060331-1, while b) is for sample M060327-1.

The linear behaviour of the relation between the L.H.S. and the open-circuit
voltage V. of Eq. (3.27) leads to the conclusion of the independency of the ideality

factor nyq on the illumination intensity ®. The evaluated values of ideality factor
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niq from the Werner plot, refer to step 5 of Appendix 5.3 shows that the ideality
factor increases at higher illumination intensities . Fig. 3.48 compares between the

calculated values of the ideality factor niq from the Werner plot and the alternative

method.
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Fig. 3.48: Calculation of ideality factor n;q from Werner plot (circles and squares)
compared to the alternative method (triangles). a) is for sample M060331-1, while
b) is for sample M060327-1.
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3.6 Characterization of amorphous silicon based

modules

This section investigates the performance of amorphous silicon based photovoltaic
modules by separating the shunting effects of individual component cells inside the
module under different illumination intensities ®. In a completed thin film pho-
tovoltaic module, several component cells are series connected without granting
access to the electrical contacts of each individual cell. The considerations start
from the most simple equivalent circuit model of a real solar cell including series
and parallel resistances. Measurements of the current-voltage characteristics yield
an illumination-intensity dependent parallel resistance R, (®) rather than a constant
one, cf. section 3.5.1. The decrease in parallel resistance R, with illumination in-
tensity ® follows a power law which I ascribe to the photoconductivity of parallel
resistances distributed over the whole solar cell area. I characterize the parallel
resistance of each cell inside a module without accessing the contacts of each cell.
Physically contacting individual cells requires removal or destruction of the lamina-
tion, which I avoid by recording the global current density vs. voltage characteristics
of the whole module. During the measurement, each component cell is subsequently
exposed to a reduced illumination intensity ® while all other cells of the module are
fully illuminated. Testing this partial shading method on three different types of
commercial thin film modules yields the parallel resistances of the individual com-
ponent cells inside the modules, and proves useful for identifying quality problems,
e.g. laser scribing induced defects.

In this section, I will i) study the parallel (frequently denoted as shunt resistance)
resistance R, under different illumination intensities @, ii) track the effect of shunting
one component cell on the global current density vs. voltage J/V-characteristics of
a module; and iii) characterize each cell of the series-connected cells of the series-

connected module by global J/V measurements on the module.

3.6.1 Effect of shunting a solar cell on the module

An important feature of thin film photovoltaics (PV) is the possibility of estab-
lishing an electrical series connection of the individual solar cells in a photovoltaic
module by monolithic integration during the manufacturing process [114,115]. Most
applications need this electrical series connection for the PV modules to provide a

sufficiently high output voltage for operating common loads and devices. In this
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subsection, I track the effect of shunting one component cell on the global current
density vs. voltage (J/V) characteristics of a module. Fig. 3.49 presents the equiv-
alent circuit generally applied for photovoltaic modules; it consists of M current
sources Ipni, (1 =i = M) in parallel to M diodes, where M is the number of the
series-connected a-Si:H solar cells in the module. When including the resistive ele-
ments Ry; and R, ;, the circuit of Fig. 3.49a reasonably well represents the behavior
of real solar cell [57]. Fig. 3.49b simplifies the representation of each solar cell ele-
ment by a box and then introduces a virtual external shunt to the component cells

inside the module in order to separate the effects of the individual component cells.

I R Rs,l I i [
ph,1 p,1 1
n} -
Iph,2 Rp,2 > \ﬂ\ 2
e
V Rext V

1 ph,M ¥ Rp,M

(a) (b)

Fig. 3.49: Equivalent circuit for thin film photovoltaic modules; a) consisting of
M-cells connected in series, and b) incorporating a virtual external shunt resistance

Ry to mimic shunting a single cell.

To illustrate the effect of shunting one solar cell within the module on the output
characteristics of the whole module, I add a virtual external resistance Rqy; to the
measured J/V-characteristics of a single component cell and then recalculate the
J/V-characteristics of the whole module for different values of Rey. Small values
of Rey in Fig. 3.50(a)a represent bad quality (shunted) solar cells where the open-
circuit voltage V. of the corresponding cell drastically decreases [116], and therefore

the generated power density of the whole module consequently deteriorates as shown
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in Fig. 3.50b.

Current density J [mA cm?]
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Fig. 3.50: a) Current density/voltage (J/V) characteristics (type L); and b)the
corresponding electrical output power density P (type L3) of a complete module
recalculated for different values of the virtual external resistance R according to
Fig. 3.49b. The external resistance R simulates the shunts of the corresponding
solar cell. The figure clearly illustrates the loss in V,. due to one shunted cell only,

which drastically decreases the electrical output power of the whole module.
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Due to the wide spread applications of a-Si:H solar cells and modules at low
illumination conditions, I explain here the effect of R..; on the open-circuit voltage
Vo under different illumination conditions.

Under open-circuit conditions, i.e. J = 0, the correlation between the open-circuit
voltage V,. of a solar cell and the short-circuit current density, and therefore the

illumination intensity, is given by the relation

(3.29)

Jsc - ‘/oc Rnew
Voe = nid‘/iln( il >
Jo

R = Reu//R, (3.30)

where niq, Vi, Jsc, and Jy are the diode ideality factor, the thermal voltage which
equals to 25.9 meV at room temperature, the short-circuit current density, and the
saturation current density, respectively. The illumination dependence of V,.(®) in
Eq. (3.29) is linear in the semi-log scale as long as the value of Vi./Rp™ < Jg,
i.e. the solar cell exhibits a sufficiently high parallel resistance R,. Decreasing the
value of R, and therefore RV, breaks the linearity in the semi-log scale of the
relation in Eq. (3.29) and the open-circuit voltage starts to decrease more rapidly
with decreasing illumination intensity ®, as shown in Fig. 3.51. Therefore, the
study of shunting effect is essential especially at lower illumination intensities.

Fig’s. 3.50 and 3.51 illustrate the effect of defective component cells, or lowering
shunt resistances in single component cells of a monolithically series-connected thin
film module. Both figures start from measured global J/V-characteristics of a type
L module, and recalculate the module performance after adding different values of

virtual external shunt resistances Rey.

3.6.2 Experimental setup

I test my method on three different types of commercial a-Si:H based thin film
modules: Module type L incorporates four series-connected tandem cells. Type N
comprises a series connection of twelve single p-i-n cells, and type S contains five
single cells in series connection.

The previous method is applied to modules (type L) where one can access the
contacts of each solar cell of the module by removing some the lamination just over
the contacts. However, removal of lamination may lead to damage the connection of

the series-connected cells of the module (e.g type N) and destruction of the modules
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Fig. 3.51: Open-circuit voltage V., calculated from using Eq. (3.29), for different
illumination intensities ® and different values of an external resistance R... The de-

crease of Ry lets the open-circuit voltage V. decrease more rapidly with decreasing

illumination intensity ®.

is generally not acceptable for industrial testing. Therefore, I propose a partial
shading for characterizing the performance of each component cell as a convenient
and destruction-free method of module testing.

In this work, I analyze the different modules under halogen lamp illumination with
an intensity close to AM1.5, but under spectral conditions which are significantly
red-shifted with respect to an AM1.5 solar spectrum. A relatively simple experimen-
tal realization for introducing the virtual external shunt of Fig. 3.49b, is subsequent
partial shading of the individual component cells in the module. Therefore, I fully
illuminate M-1 cells, whereas only one cell is partially shaded by a neutral density
filter with an optical transmission of 20 % which is moveable along the module, refer
to Fig. 3.52. I subsequently measure the global J/V-characteristics of the module
for m = 1...M with M-1 cells being 100 % illuminated at a time, and only cell
m facing a 20 % illumination intensity. The corresponding global J/V data then
subsequently yield the parallel resistances of the shaded cells.
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Neutral density filter

|

—

Fig. 3.52: M-1 fully lluminated series-connected a-Si:H solar cells in a photovoltaic
module. Only one m cell (1 < m < M) is partially illuminated using a neutral

density filter (optical transmission of 20%).
3.6.3 Characterization of modules

In this subsection, I verify my analytical model of R,(®) on two types of modules
(types N and L) under varying the illumination intensity ®. Experimentally, the
intensity is adjusted by changing the distance r between the light source and the
module position. Fig. 3.53 shows that the short-circuit current density Ji. of type
L modules is lower than that of type N since the component cells of the latter type
consist of tandem devices with two p-i-n diodes stacked on top of each other.

The model well fits the illumination-intensity dependence of the parallel resistance
R,(®) by adjusting the value of the power-law exponent v of the photoconductivity.
Fig. 7?7 compares the parallel resistance R, of type N modules under different
illumination intensities ®, derived from the slope of the .J/V -characteristics at short-
circuit (V' = 0), with the modelled data using v = 0.79 (solid line).

3.6.4 Tracking the quality of series-connected cells

Before experimentally investigating the performance of each component cell of a
series-connected a-Si:H module, I describe the parallel resistance R,, of the module
as a function of the position of the neutral density filter.

Case A:
R, = Ry module(®1) with &1 = &y, i.e. the whole module is fully illuminated.
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Fig. 3.53: Intensity dependence of the short-circuit current density Js. of two
types of modules (type N and type L). The illumination intensity ® is adjusted by

changing the distance between the module position and the light source.
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Fig. 3.54: Calculated parallel resistance R, (symbols) of the module of type N
under different illumination intensities ® are modelled (line) by Eq. (3.25) applying
v = 0.79.
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Case B:
R, = Ry partial With M-1 cells of the module being illuminated at ®; = &, but cell
m being shaded to &5 = 0.2 .

The parallel resistance of the complete module R, module is defined as the sum of

the parallel resistances of the series-connected component cells

M
Rp,module = ZRp,i((I)l)a (331)
=1
M
= ) Ryi(®1) + Rpu(®) (3.32)
i=1,i#m

where R, ,(®1) with (1<m <M) is the parallel resistance when cell m is fully
illuminated at ®; = ®;. According to Eq. 3.24, I express the parallel resistance
R, m(®2) of cell m under & = 0.2 &, as follows

Rpm(®2) = 0.277Rym(®o) (3.33)

and

Rom(®1) = 177Rym(Po). (3.34)

Relating Ry, (®1) to Ry m(P2) by combining Eq’s (3.33) and (3.34) leads to

Rom(®1) = 57Rym(®s). (3.35)

Therefore, the parallel resistance in case B is written as

M
R;(module) = Z Rp7i(q)1)+Rp,m((I)2>' (336)

i=1,i£m

Inserting Eq. (3.36) into Eq. (3.35) results in

;(module) = Rp(Module)((bl) + (57 - 1) Rp,m(q)1)- (337)
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I conclude from Eq. (3.37) that the higher second term is, the better the corre-
sponding cell m (1<m <M) will be. Therefore, this method characterizes the paral-
lel resistance of each cell of the module without accessing the contacts of the single
component cells. Fig. 3.55 shows the parallel resistance R, = R, partial (squares) of
a type S module. Each data point in Fig. 3.55 represents one measurement with
the corresponding cell shaded to 3 = 0.2 &, whereas all other cells of the module
are fully illuminated at ®; = ®(. Full illumination of all cells in the module results
in Ry(mModule) (P1) (circle) according to case A defined above. Fig. 3.55 proves that
my method is suitable for testing the module quality. It reveals the best cell of the

module being cell 4, and cell 1 causing most of the losses.
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.'.\

Fig. 3.55: Parallel resistance ES(*;){O suey (Square symbols) of module where each data
means that the corresponding cell is only 20% illuminated while the other cells of
the module are 100% illuminated. The circle symbol means that the whole module
is 100% illuminated.



Chapter 4
Conclusions

The feasibility of growing a-Si:H films at low deposition temperatures on inexpensive
flexible foils, motivates the study of mechanical strain in a-Si:H films on flexible
foils. The a-Si:H films deposited on polyethylene naphtalene foils show a better
performance than those deposited on polyethylene terephtalate, since they exhibit
less resulting curvature. This thesis characterizes and optimizes a-Si:H single layers
as well as a-Si:H solar cells deposited by PECVD at low deposition temperatures.

The resulting photovoltaic conversion efficiency of an a-Si:H solar cell having an
optimized intrinsic layer amounts to n = 6.8 % at a deposition temperature Tygep =
180 °C. The hydrogen dilution for growing the optimum intrinsic layer is Ry = 2.5.
The deposition pressure P, affects the mean free path length of dissociated silane
atoms. Optimizing P, yields an efficiency of n = 5.9 % at a deposition temperature
Thep = 135 °C. To overcome the deterioration of a-Si:H film quality at low deposition
temperatures, a higher hydrogen dilution of the process gases is needed. However, to
achieve homogeneous a-Si:H films at higher H, dilution ratios, the plasma excitation
frequency has to be increased. Therefore, I investigated the very high frequency
(VHF) excitation at f = 80 MHz. The best electronic properties of intrinsic a-Si:H
layers deposited by VHF excitation occurs at Ry = 10, for deposition pressures from
P, = 400 mTorr to P, = 200 mTorr.

A novel analytical description of the J/V-characteristics of a-Si:H solar cells
considers both diffusion and drift currents in calculating the current/voltage char-
acteristics of a-Si:H p-i-n solar cells where the assumption of p,7,, >> 1,7, is more
accurate than of 1,7, = p,7, as it was used in previous analytical approaches. Due
to the high absorbance of amorphous silicon based materials, the extended model

accounts for the generation rate as a function of wavelength and position inside the
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intrinsic layer of a-Si:H solar cells.

With the realistic assumption p,7, >> p,7,, the model proves that the perfor-
mance of a-Si:H solar cells which are illuminated through the p-layer is better than
of those illuminated through the n-layer. In addition, the intersection of electron
and hole concentrations within the intrinsic layer is not centered within the i-layer.
Instead, it is voltage dependent due to the assumptions of a non-uniform photogen-
eration rate and due to the asymmetry between the electrical properties of electrons
and holes.

Moreover, this thesis studies the performance of a-Si:H-based modules under dif-
ferent illumination levels by analyzing their current density/voltage (J/V') charac-
teristics as a function of the illumination intensity ®. The measurements of J/V-
characteristics yield an illumination-intensity dependent parallel resistance R,(®P)
rather than a constant one. The parallel resistance R,(®) follows a power law,
understood by the photoconductivity of parallel resistances distributed over the
whole solar cell area. I studied the parallel resistance of each cell of commercial
a-Si:H modules without accessing the electrical contacts of these individual cells,
by measuring the global .J/V-characteristics of the module with a novel method of
sequential partial shading of the component cells. Maximum and minimum values
of the parallel resistances of the component cells allow for a quality control of laser

scribing and cell performance.



Chapter 5

Appendices

5.1 System of differential equations

This appendix, gives necessary mathematical details of my model of calculating the
current density/voltage (J/V') characteristics of p-i-n type a-Si:H solar cells. By
dividing the i-layer into two regions, I solve for the minority carrier density then for
the majority carriers in each region. In region R, the electrons are minority carriers

and the continuity equation for the dark case reads

d*n(x)  p.Fdn(z) n(x) Np V(o)
_ = ——©eWt \ W/ 5.1
dx? * D, dx D,1, anne (5-1)
The general solution of Eq. (5.1) is given by
Vii [ o
npak(t) = C1eMT 4 Coe™® 4 Zye v (), (5.2)
where Z; and the eigenvalues A; and A, are given by
—N
Zl = D) D )
Vi Vi o F
oo [(80) = (o) ()~ ()|
(5.3)

2
o F pn F' 1
Ay = —fn 4 4
12 2D, \/(2Dn) +(DnTn)’ (54)

Now, I introduce the solution np,x(z) into the continuity equations for the ma-

jority carriers (holes) to obtain

98
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d*p(x) _ ik dp(z) _ Zy B Np ev\/ib:(x;VW)
dx? D, dx D,1, Dy,
Cr 4, Co 4,
——eMT = 2T, 5.5
+Dane * Dane (5:5)

The solution of Eq. (5.5) is

b
Ppark () = Cs + Cge Pr * + ZzeM® 4 Z,e2"

Vi (z—W)

+Zsevi U (5.6)
where
C
Zy = ! : (5.7)
Dy [ 43 - 81287 ]
C:
Zy = 2 : (5.8)
Dyt |43 = 82557 |
and
Zi— N
Zs = LoD . (5.9)

2
Vi Vi wpF
Dyt {(w) - (w) ( b, )]
The solution nppee under illumination is given by the superposition nppoo =
Nphoto + »_, Ny Where n; are the partial solutions that belong to different wavelengths
i=0
A; each having a different absorption coefficient «;. The following derives such partial

solutions omitting the index ¢ for convenience. I again start with the continuity

equation for electrons in region R;

d2$f) N MBE dvzl;x) B g(%) _ _@gphe—a:c. (5.10)
n nTn n

The solution for n(x) is

Npnoto(7) = CreM7 + Coe™* + Zpe ™, (5.11)
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where

7y _O‘]th — (5.12)
D, [o? —at? ~ (522
Entering Eq. (5.11) into the continuity equation for holes yields
d2p<$> o MPE dp(x) _ Zy . aNph o
dx? D, dx D,t, D,
Cl Al 02 A2
—— e 4 =2, 5.13
—i—Dane + Dan6 ( )
The solution of Eq. (5.13) is
b2y A A
PPhoto(T) = C5 + Coe Pr ~ + Zze™'* + Zye™*"
+ZG€_az, (514)

where

Zy — aruN
Zs = 2~ OTn Tph (5.15)

Dyt [oﬂ + a‘g—E]

P

The solution for the continuity equation for holes (minorities in region Ry) and
electrons now follows the same scheme with the role of electrons and holes inter-

changed. I have

@p(x) pmpEdp(x) plx) _ Na () (5.16)
dz> D, dr  D,r, D, ’ '
which is solved by
—Vii [ =
park(t) = C3e® 4 Cue™® 4 Zre e (W), :
D C.els® 4+ 0t L 7, ( ) 5.17

where Z7 and the eigenvalues A3 and A4 are given by
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—N
Z7 = 2 4 ;
. , oE
() + (i) (1) - (o)
(5.18)
2
pp ko pp s 1
Ay = + — 5.19
o 2D, \/<2Dp> " (DPTP 7 ( )
Entering Eq. (5.17) into the continuity equation for electrons yields
d*n(z) N pn E dn(x) _ Z7  Na o ()
dx? D, dx D,1, D,T,
03 A3 04 A4
——e™T 4 —— ™7, 5.20
+ DnTpe + Dnrpe ( )
The solution of Eq. (5.20) is
=nB A A
Npark() = C7 + Cge Dn 4 Nge™3* 4 Nye™t”
~Vii (=
4 Nge et (), (5.21)
where
C
Ny = & : (5.22)
Dury |83 + AyZ
C
Ny = . : (5.23)
Dy | A3+ Aat5E|
and
Z7— N
- . (5.24)
Dy, [(%) - (v‘v/bvt> (“55)]
The partial solution under illumination under illumination is by solving
d2p(l») o H’pE dp(z) _ p('x) _ _OZNph e—ad: (525)

dx? D, dx D,7, N D,
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with

Prhoto(T) = C3e™% + Cye™® + Zge ™, (5.26)

where

Ty —= — N (5.27)

pE 1 ’
D, [0+ a8 — (55 )]

For electron concentration n, it holds

d*n(x)  p,E dn(z) Zs  aNp,
= - o 5.28
42 D, dz Do, D, J° (5.28)
The solution of Eq. (5.28) is given by
nPhoto(fE) = 07 + CSB_gZEx + N3€A3x + N46A4x
+Nee ™", (5.29)
where
Zg — N,
Ne = 8~ ATpltph (5.30)
DnTp |:Oé2 — OZ%]

Now, I am able to write the whole system of differential equations in a matrix
form in order to calculate the coefficients C}, ..., Cs, up to now unknown, which
determine the carrier concentrations and the their corresponding current densities
at each position of the i-layer. The final matrix form of the algebraic equation
defining (7, ..., Cy is given in Appendix B.

5.2 Matrix representation

Entering the general solutions of Appendix 5.1 into the boundary conditions [Eqgs.
(3.7)-(3.14)], yields eight algebraic equations for the, up to now unknown, coefficients

C1, ..., Cs. Rearranging these equations yields the matrix equations
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QDark _ MflﬁyDark’ (531)
and
gPhoto _ M—l,yPhOtO’ (532)
where the vectors vP¥* and APt are defined as
Vii _ Vi
Zie W (Bl = S+ B) + SuNpe ¥
Vi
Ny — Zse %
Vi _ Y
Zoe W (B = S, + pypB) + SyNae
Vbi
Dark __ ND - N5677bt
Y - Vi (XC—W) _ Wi X
_Zle Vy 4 + N56 Vi W
m(xc—vv) _ Wi X¢
—Zse vt W + Z7€ Vi W
Vii ( Xe— Yoi Xe
Zlm‘é‘ze\z (F%) _ Nsv‘ém‘ée*%)va
Vi Ybi (XCV[_/W) Vbi 7%%
—Z5We t - Z7WVze t
and
—Zy (Sn HnE) ZyDna
_Z6
~Z3(Sy — wpE) e + ZsDyae W
Photo _N667QW

’Y —_=

The matrix M is defined by

My 0 Mz 0
0 My 0 Moy

Mz, My Mzz M3y

My My Mz My

M =

where the matrices Mi...My4 are defined as
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Sn — ,LLnE - DnAl Sn — ,unE — DnAQ

M11 = 1 1 )
E E
Dprn [AffAl “g—p] Dyprn [A? Apt2E ]
AsW AW
(Sp = ipE + DpAs) e (Sp — pup 2+ DypAy) e
M22 = 1 1 )
nk nkE
Dyrp|A3+As 42| Dy [A3+A443E |
00 0 0
Mz = , May = pnB ;
11 1 eV
6A1X5 €A2Xs
M3, = 1 oA Xe 1 S
Dprn [A? Al“PE] DpTn [A2 —As “PE]

A3Xs A4Xs
M32 — ( DnTp[A2+A3 MnE] DnTp[A2+A4MnE:| ) )

. A3X5 _ A4Xs
—unE
0 0 _1 —e gn Xs
M33 = “PEXS 7M34 = y
1 ePr 0 0
A1€A1XS AQ@AQXS
M41 - Aq eAlXS Ao 6A2Xs )
E E
Dy [A2-A1 227 ] Dyt [ A3—A2 2B |
A3€A3Xs A4eA4XS
My = [ Do [A34+As82E ] Dy [AZ+A4 52 E]
—A3€A3XS —A4€A4Xs ,

oo 0 Lsfe BN
M =1 "BE@DXS M= ™y ’

The solution of Eq. (5.31) or (5.32) is given by
T
:<Cl CQ C3 04 C5 CG C7 Cg)

Photo

Note that any wavelength \; from the solar spectrum yields a different ~ and hence

C.

ipnore - Hence, the current density Jppoto(Ai) calculated from the coefficients Cy,, .., --.»
C3ppore With the help of Eq. (3.17) have to be added up according to Eq. (3.18).
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5.3 Werner plot A

This appendix summarizes the Werner plot A by which the series resistance is evaluated.
V — JRs V — JRs
J = J — ) -1 —— — Jph, 5.33
e () TR 559
To calculate Rs from Eq. (5.33), the following steps have to be done
1. In a-Si:H solar cells, the assumption of Ry < R, is accepted

2. The parallel resistance Ry, is evaluated from the slope of the J/V-characteristics at
vV =0.

3. Defining Jeorr = J — V/Rp + Jph.
4. d/dV In(Jeorr) = 1/nigVi — dJ /dV Rs/(nigVs).

5. Plotting d/dVin(Jeor) vs. dJ/dV. From the extrapolation of the data, the ideality
factor nyq is evaluated at dJ/dV = 0 where the series resistance Ry is evaluated
from the extrapolation where d/dV In(Jeory) = 0.
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List of symbols and abbreviations

List of symbols

Symbol Definition Unit

A Effective area of the solar cell [cm?]
Apga Photocarrier grating amplitude 1

o Absoprtion coefficient [em™]

d¢ Film thickness [nm]

ds Substrate thickness [pm]

E Energy [eV]

Eact Activation energy [meV]|
Er Quasi-Fermi level meV]
E, Optical (Tauc) band gap [eV]

Ey Urbach energy [eV]

n Efficiency (%]

F Electric field [V em™|
f Plasma excitation frequency [MHz|
FF Fill factor (%]

G Photogeneration rate [W cm™|
r Grating period [nm]

In Electron current density [A cm™]
Jp Hole current density [A cm™?]
Jon Photogenerated current density [mA cm™]
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Symbol Definition Unit

Jsc Short-circuit current density [mA cm™]
k Boltzmann caonstant [eV K]
K Extinction coefficient 1

L, Absorption length [cm]
Lamb Ambipolar diffusion length [nm]

A Wavelength [nm]

Ut Mobility lifetime product [cm? V1]
n Concentration of electrons [cm™]

Na Doping concentration in p-layer [em™]

Np Doping concentration in n-layer [cm™]

N Concentration of dangling bonds [em™]

Nid Ideality factor 1

Thrix Refractive index 1

P Power density [mW cm™]
P Concentration of holes [em™]

P, Plasma power [W]

P, Pressure of the deposition chamber [mTorr]
v Photosensitivity 1

o [lumination intensity (MW c¢m™?]
Q Quality factor 1

q Elementary charge [A §]

QE Quantum efficiency (%]

R Radius [m)]

r Deposition rate [As ]
Rt External shunt resistance [ cm?|
R, Growth rate [As!

Ry Hydrogen dilution 1

Ru Methane ratio 1

R, Parallel (shunt) resistance [Q cm?]
Root Reflection percentage (%]

R Series resistance [ cm?]
S Surface velocity [em s71]

O dark Dark conductivity [ em!]
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Symbol Definition Unit

Og Average conductivity [ em?
O photo Photoconductivity Q! em]
T Ambient temperature K]

T; Transmission %]

Tep Deposition temperature [°C]

tdep Deposition time [s]

Vi Built-in voltage V]

|7 Open-circuit voltage (mV]

Vi Thermal voltage [V]

€ Built-in strain 1

|44 Thickness of the i-layer [nm]|

13 Temperature coefficient of E eV K|
Y Young’s modulus N m2]
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List of abbreviations

Abbreviation Definition

Al Aluminium

ASA Amorphous semiconductor analysis

a-Si Amorphous silicon

a-Si:H Hydrogenated amorphous silicon

a-SiC:H Hydrogenated amorphous-carbon silicon
BS Beam splitter

c-Si Crystalline silicon

CIGS Copper indium gallium diselenide

CPM Constant photocurrent method

DPM Defect pool model

i-layer Intrinsic amorphous silicon layer (undoped)
n-layer Amorphous silicon layer doped with Phosphane
ND Neutral density

p-layer Amorphous silicon layer doped with Boron
PECVD Plasma enhanced chemical vapor deposition
PEN Polyethylene naphtalene

PET Polyethylene terephtalate

PI Polyimide

SSPG Steady-state photocarrier grating

TCO Transparent conducting oxide
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