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Abstract

The main focus of this work is to investigate microcrystalline silicon (uc-Si:H) films as a
novel emitter layer in combination with DC sputtered aluminum doped zinc oxide (ZnO:Al)
as an alternative transparent conductive oxide (TCO) for silicon heterojunction (SHJ) solar
cells.

The great advantage of heterojunction solar cells, consisting of single crystal and
amorphous silicon, is the higher efficiency in comparison to the traditional diffused solar
cells. In the diffused crystalline silicon (c-Si) solar cells, highly recombination-active metal
contacts at the surface of cells lead to a medium module efficiency (14-16%). However, c-Si
based solar cells have the potential to achieve higher conversion efficiencies. An elegant
solution is the heterojunction structure, where a wide band-gap semiconductor is deposited on
c-Si, which simultaneously fulfills the passivation and contacting roles. As the lateral
conductivity of the silicon thin film layer which forms the emitter in a SHJ solar cell is low, a
TCO layer must be deposited to enhance the carrier collection. So far, the most frequently
applied TCO for the SHJ structure is indium tin oxide (ITO). However, ITO has several
drawbacks such as being toxic, untexturable and expensive.

This study investigates the use of a ZnO:Al layer as an alternative TCO layer for SHJ solar
cells. The effect of ZnO:Al deposition parameters on the electrical properties of fabricated
SHJ solar cells and an optimum deposition window for each process parameter to satisfy the
TCO requirements were addressed. In comparison to ITO, ZnO:Al offers several advantages
such as a better texturability, abundance and environmental compatibility. For the successful
implementation of the ZnO:Al layer, it is highly important that the Schottky barrier at
TCOl/emitter to be suppressed due to the low work function of ZnO:Al layer. To satisfy the
abovementioned requirements, an pc-Si:H layer was used as emitter material. Moreover, by
implementing such a layer, the passivation at the intrinsic amorphous silicon (a-Si:H)/c-Si
interface improves. Due to the low absorption coefficient of the pc-Si:H layer, the emitter
absorption reduces what leads to a higher Jsc. Additionally, by employing a
ZnO:Al/Ag/ZnO:Al multilayer structure, the effect of the vertical conductivity component of
the ZnO:Al layer on the electrical properties of the fabricated SHJ solar cells and its
contribution to the total series resistance was investigated.

Finally, a SHJ solar cell with the conversion efficiency of 19.2% (Voc = 0.708 V, FF =
0.791, Jsc = 34.35 mAcm™, on flat c-Si substrate) using a pc-Si:H emitter and ZnO:Al as
TCO was demonstrated.

Keywords: silicon heterojunction, ZnO:Al, pc-Si:H emitter, Schottky barrier, vertical
conduction component, solar cell



Kurzbeschreibung

Der Fokus dieser Arbeit liegt auf der Untersuchung von mikrokristallinen Silizium-
Emitterschichten (uc-Si:H) und DC gesputterten transparenten und transparent leitfahigen
Oxidschichten (TCO), bestehend aus Aluminium-dotierten Zink-Oxid (ZnO:Al), zur
Anwendung in Silizium-Heterostruktur-Solarzellen (SHJ).

In herkémmlichen kristallinen Silizium (c-Si) Solarzellen fuhrt die Kontaktierung der
Solarzelle durch Metallkontakte zu hohen Oberflachenrekombinationsverlusten und damit zu
moderaten Modulwirkungsgraden. Jedoch haben Solarzellen auf Basis von c-Si das Potential
hohere Umwandlung Wirkungsgrade zu erreichen. Eine elegante Ldsung zur
Effizienzsteigerung ist die Verwendung von Heterolbergangen von Halbleitern mit
aufgeweiteter optischer Bandliicke, welche gleichzeitig als Passivierungs- und Kontaktschicht
wirken. Weil in SHJ-Solarzellen die laterale Leitfdhigkeit des Emitters niedrig ist, sollte die
abgeschiedene TCO-Schicht die Sammlung der Ladungstrager verbessern. Das am haufigsten
verwendete TCO flr SHJ-Strukturen ist Indium-Zinn-Oxid (ITO). Allerdings ist ITO toxisch,
nicht strukturierbar und kostenintensiv.

In dieser Arbeit wurde der Einsatz von DC-gesputtertem ZnO:Al als eine alternative TCO-
Schicht in SHJ Solarzellen beleuchtet. Der Einfluss von verschiedenen Prozessparametern auf
die elektrischen Eigenschaften von ZnO:Al-Schichten und SHJ-Solarzellen wurde untersucht,
um optimale Abscheidebedingungen fur die SHJ-Solarzelle zu ermitteln. Das ZnO:Al hat
mehrere Vorteile im Vergleich zu ITO, wie etwa eine groRere Verfligbarkeit,
Umweltfreundlichkeit und Strukturierbarkeit. Aufgrund der hohen Austrittsarbeit der ZnO:Al-
Schicht ist eine hochleitende Emitterschicht erforderlich, um den Einfluss der Schottky-
Barriere zu minimieren. Zur Erflllung der zuvor genannten Eigenschaften wurde als Ersatz
fur eine dotierte amorphe Silizium-Emitterschicht (a-Si:H) eine hochleitfahige pc-Si:H
Emitterschicht entwickelt und untersucht. Unter Verwendung der pc-Si:H Emitterschicht
konnte die Passivierung der c-Si Oberflache durch die intrinsische a-Si:H Schicht verbessert
werden. Aufgrund des niedrigeren Absorptionskoeffizienten von pc-Si:H im, Vergleich zu a-
Si:H erhoht sich auch die Absorption in der Solarzellenbasis. Zudem weist der pc-
Si:H/ZnO:Al-Ubergang, im Vergleich zum a-Si:H/ZnO:Al-Ubergang eine geringere Schottky
Barriere auf, was zu erhohten Fullfaktoren flhrt. Dartiber hinaus wurden TCO/Metall/TCO-
Mehrfachschichten hergestellt, um den Effekt der vertikalen Leitfdhigkeitskomponente der
ZnO:Al-Schichten sowie ihren Beitrag zum Serienwiderstand auf hergestellten SHJ-
Solarzellen zu untersuchen.

SchlieRlich konnten SHJ Solarzellen mit einem Wirkungsgrad von 19,2 % (Voc = 0.708 V,
FF = 0.791, Jsc = 34.35 mA/cm'z) auf flachen c-Si Wafern mit einer ZnO:Al-TCO-Schicht
hergestellt werden.

Stichworte: Silizium-Heterostruktur, ZnO:Al, pc-Si-Emitter, Schottky-Barriere, vertikale
Leitfahigkeit, Serienwiderstand, Solarzelle
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Chapter 1

1 Introduction

The conversion of solar light energy into electricity, photovoltaics effect, was discovered
by A. E. Becquerel in 1839 [1]. Several years later, the first conversion efficiency of 6% was
achieved by Chapin et al. at the Bell laboratories in 1954 [2]. Since that time, solar cell
devices have gained considerable interest for the space application purpose. In 1970’s, the
increase in fossil fuel price drew significant attention to the solar energy again as a
complementary source of energy. Since then, solar energy has gradually found its share in the
energy basket of various countries around the world.

1.1 Motivation and objective

Around 90% of the photovoltaics (PV) market is dominated by wafer-based silicon solar
cells. The main reason is the abundance of silicon material and its well-established
technology. Figure 1.1(a) and (b) show the schematic illustration of a traditional diffused solar
cell and its band diagram respectively. In fact, the presence of metal contacts on the surface of
crystalline Si (c-Si) is the main efficiency-limiting factor for traditional diffused solar cells
since the metal/semiconductor junction acts as highly recombination-active center. Despite
the considerable energy required for the fabrication of these traditional diffused solar cells,
the obtained efficiency is still rather low (~15-17%).

Metal grid

—/

(a) (b)

Figure 1.1 Schematic illustration of (a) a traditional diffused solar cell (b) band diagram of
the p-n junction of a traditional diffused solar cell.

An elegant solution for the abovementioned issue is obtained by fabricating
semiconducting heterostructure devices, where the passivation layer simultaneously fulfills
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both, the passivation and contact roles. The schematic illustration of a silicon hetrojunction
(SHJ) solar cell and its band diagram are shown in figure 1.2(a) and (b) respectively.

| ||
TCO

TCO

5nm i a-Si:H
15 nm n* BSF

60 nm TCO

100nm Metallic reflector a-Si:H

(a) (b)

Figure 1.2 Schematic illustration of (a) SHJ solar cell and (b) the band diagram of a SHJ
solar cell.

The key point of heterojunction structure is to displace highly recombination-active
contacts from the silicon surface by the inserting a wide bandgap (E,;) semiconductor layer. In

order to increase the efficiency, the interface defect density needs to be as low as possible.
The hydrogenated amorphous silicon (a-Si:H) is a good candidate, as its E is higher than c-Si
and can also reduce the c-Si surface state density by hydrogenation. Moreover, a-Si:H layer
can easily be doped (either p- or n-type) by using the low temperature fabrication techniques
such as the plasma enhanced chemical vapor deposition (PECVD) technique.

In 1990, the Company Sanyo started to research the Si heterojunction field. The company
launched mass production of the so-called "Heterojunction with Intrinsic Thin-layer" (HIT)
solar cells in 1997 [3,4]. As the electronic passivation of the doped a-Si:H films is inferior
compared to the intrinsic counterpart [5,6], Sanyo inserted a few nanometers of an intrinsic a-
Si:H layer between the c-Si absorber and the doped layer [4]. Thanks to the excellent surface
passivation achieved by the HIT structure, Sanyo could demonstrate an outstanding
conversion efficiency of 19% on the cell and 17% on the module level in production on 100.5
cm? substrate [7]. Also, a record open circuit voltage (Voc) as high as 750 mV on the silicon
substrate with energy conversion efficiency of 24.7% was reported [8]. Such a high Voc
values are virtually out of reach for the standard c-Si solar cell processing since the
passivation layer (deposited on top of the diffused emitter) has to be locally opened.
Theoretical simulation has demonstrated that a conversion efficiency of 27% could be
achieved [9].

SHJ solar cells offer several other technological advantages, compared to the diffused
counterpart. Among these advantages, one is the low temperature fabrication process which
could reduce the production costs and also allows to use very thin wafers (~90 um thickness)
without any warping issues. From the technological point of view, employing thinner wafers
allows higher Voc values, as thinner wafers have a lower bulk defect density [7]. Moreover,
the SHJ solar cell has a lower temperature coefficient compared to the diffused solar cells
which makes the HIT solar cell modules suitable for tropical regions [10].

However, the main drawback of the SHJ solar cell is the need to deposit transparent
conductive oxide (TCO) layers for carrier collection. As the lateral conductivity of doped a-
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Si:H layer which forms the emitter of SHJ solar cell is poor, TCO layers must be inserted on
top of the emitter layer for transporting the charge carriers to the device terminals. Moreover,
the TCO layer acts as an antireflection coating by refractive index matching between air and
Si absorber. So far, the mostly applied TCO material for SHJ solar cells is indium tin oxide
(ITO). Nevertheless, ITO has some disadvantages. First of all, the costs of ITO are very high
compared to other TCO materials, replacing it by a cheaper TCO is one of the ways to reduce
the production cost of SHJ solar cells. The second issue is the scarcity of indium (In) which
could increase its price even more in future with growing demand [11]. Another issue is the
toxicity of indium which mostly causes ITO to be a toxic compound as well [12]. Therefore,
replacing ITO with a cheaper, more abundant and environmental-friendly material with
texturing capability seems to be a promising approach to further improve the efficiency and
reduce the costs of future SHJ solar cells.

In this thesis, we investigate direct current (DC) sputtered aluminum doped zinc oxide
(ZnO:Al) material as an alternative TCO material for the SHJ solar cell structure. The ZnO:Al
has several advantages such as being an abundant and environmental-friendly material with
texturing capability. For a successful implementation, understanding the correlation between
the process parameters and opto-electrical properties of the obtained ZnO:Al layers and
properties of the obtained SHJ solar cells (using ZnO:Al layer) is necessary and is addressed
in this study. Apart from the requirement satisfied by ZnO:Al layer, the properties of the
TCOl/emitter interface play a significant role in the performance of the obtained SHJ solar
cells. In this regard, we study microcrystalline silicon (uc-Si:H) films as an emitter layer for
the SHJ solar cell geometry. This thesis addressed several advantages of this emitter layer as
well.

1.2 Structure of the document

This thesis is divided into six chapters. Chapter 1 presents the motivation and objective of
the thesis. Chapter 2 explains all the characterization tools and measurement techniques used
in this study. Also, all experimental details of the fabrication process of the SHJ solar cells are
presented. The advanced reader may skip chapter 2 and refer, if needed.

Chapter 3 reviews various ways of surface passivation including chemical and field-effect
passivation. The chapter provides further explanation of the correlation between the PECVD
process parameters and the obtained a-Si:H passivation properties. To get insight into the a-
Si:H passivation mechanism, the recombination process is modeled and compared with the
obtained experimental results.

The first section of chapter 4 explains various emitter roles in the SHJ solar cell structure.
Moreover, effect of the emitter conductivity on the electrical properties of the obtained SHJ
solar cells is studied. In addition, the use of the pc-Si:H layer (as an emitter layer) is
introduced and its advantages are addressed.

Chapter 5 addresses the effect of sputtering process parameters on the opto-electrical
properties of the obtained ZnO:Al films as well as the properties of fabricated SHJ solar cells.

5
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In addition, the effect of the vertical conductivity component of ZnO:Al layers on the FF and
total series resistance is presented.

Finally, the main findings of this thesis together with an outlook are shortly summarized in
chapter 6.

1.3 Contribution of this work to the research
field

During the last decades, a significant progress has been made in the field of the SHJ solar
cells. In fact, the SHJ solar cells have proven to be the most promising Si-based type of solar
cells for the future. However, there is still plenty of room left to further improve their
performance.

This thesis aims to advance the developed SHJ solar cells one step further by studying a
new emitter and TCO. The thesis mainly focuses on investigating pic-Si:H emitter and ZnO:Al
as a front contact in SHJ solar cells. The novelties and significances of this PhD thesis are
listed as follows:

e The ZnO:Al is introduced, as an alternative transparent conductive oxide for SHJ solar
cell geometry. The correlation between DC sputtered ZnO:Al process parameters and
the properties of fabricated SHJ solar cell is addressed. The optimum window for each
sputtering process parameter including O, partial pressure, power density, deposition
time and deposition temperature is presented.

e The texturing capability of the ZnO:Al for additional light confinement in the SHJ is
discussed.

e The effect of emitter conductivity on the electrical properties of obtained SHJ solar
cells is investigated with our novel approach. In our approach, we have varied the
emitter conductivity by taking advantage of an improved conductivity resulting from
the crystallinity evolution within the pc-Si:H film thickness.

e The pc-Si:H layers are introduced as a novel emitter layer for achieving higher
conductivities. Several advantages of this emitter layers, such as a suppressed
Schottky barrier at the TCO/emitter interface, reduced emitter absorption and an
enhanced a-Si:H/c-Si interface passivation, are addressed.

e The effect of pressure on the nucleation of the pc-Si:H layers is investigated,
indicating faster nucleation at a low pressure deposition. In addition, we demonstrate
that at low pressures, the passivation degradation by ion bombardment is reversible
and hence can be used for the emitter deposition.

e An approach to separate the vertical from the lateral conduction component of the
TCO layers is presented, for the first time. Also, the effect of vertical conductivity
component of the ZnO:Al layers on the electrical properties of obtained SHJ solar
cells and its contribution to the total series resistance is studied.
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e By utilizing both, the pc-Si:H emitter and the ZnO:Al TCO, we demonstrate an a-
Si:H/c-Si solar cell with the following electrical properties on a flat c-Si substrate:
Efficiency = 19.2%, Voc =0.708 V, FF = 0.791, Jsc = 34.35 mAcm’.
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Chapter 2

2 Experimental details & theory

This chapter presents the basics of all methods (used in this thesis) including fabrication,
simulation and various measurement techniques such as optical and electrical
characterization. This chapter presents the principles of the different characterization
techniques used in this study in order to assist readers to comprehend the discussions in the
following chapters.

Section 2.1 reviews all measurement technique including electrical, optical and
compositional of the individual developed layers and also the fabricated SHJ solar cells.
Section 2.2, first, addresses the need for the passivation of the c-Si wafer-based solar cells.
Secondly, various passivation approaches are introduced including the field effect passivation
and the chemical passivation of the interface. Afterwards, the concept of recombination
model, which is used to simulate recombination at the a-Si:H/c-Si interface, is presented.
Section 2.3 studies the fabrication process flow, starting with the Si wafer cleaning until the
final fabrication step.

2.1 Measurement technigues

The SHJ solar cells studied in this thesis consist of several layers such as thin-film Si
passivation layers, emitter and back surface field (BSF) layersas well as ZnO:Al TCO layers,
as shown in figure 1.2(a). To individually characterize these layers, such as measuring the
deposition rate, they were firstly deposited on a glass substrate (Corning Eagle XG). On the
one hand, this offers simpler processing and sample handling and on the other hand, not all
electronic and optical measurements can be done on the c-Si wafers because the substrate
could mask the signals generated from these thin layers.

2.1.1 Film thickness

The layer thickness is measured by using an alpha-step profiler (Veeco Dektak 150)
allowing to measure a thickness as thin as 2 nm. But for the thin layers, it is mandatory to
have a sharp edge. To create such a sharp edge on a glass or on flat c-Si, using a marker is a
fast method. The substrate is marked with a marker before layer deposition. After that the
marked areas together with the deposited layer on top of that are removed with an acetone
solution and as a result sharp edge is obtained. By measuring the substrate at different
positions, information about the homogeneity of plasma and conformal deposition can be
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obtained. The growth rate of a deposited layer is determined by dividing the measured
thickness by the deposition time. Moreover, by comparing the deposition rate over time, the
stability of system can be estimated. For more accurate thickness measurement (which is time
consuming), Ellipsometry can be used [13]. In this study, we also evaluated the thickness of
passivation layer with Ellipsometry (SENTECH SE850-ST), from time to time.

2.1.2 Optical measurements: transmission, reflection
and absorption of the thin films

The total wavelength (A, nm) dependency of transmission (T, %) and reflection (R, %) was
measured by using a double UV-VIS-NIR photospectrometer (VARIAN CARY 5000) with
an integrating sphere. Layers deposited on glass were measured with the layer surface facing
towards the incoming light beam. The absorption (A, %) is then calculated via equation 2.1.

A =1— (T +RA) 2.1)

Figure 2.1 shows such measured optical transmission, reflection and calculated absorption
of 85 nm ZnO:Al layer deposited on glass.

100 T T T T T

80 -
X 60} - - - -Absorption 1
< » Transmission
- — — Reflection
® 40 i i
= .
20, -~ _ |
’ T~ a _— e L
400 80 1200 1600 2000

Wavelength (nm)

Figure 2.1 measured transmission (T), reflection (R) and calculated absorption (A) ZnO:Al deposited
on glass and measured from the layer side.

The absorption coefficient o (cm™) as a function of wavelength for large values of o can be
determined by transmission and reflection measurement for a known thickness via equation
2.2

I(x)=Ile™ ™ > T=(1—-R)e ™ (2.2)

Where x is the distance from the incident surface, I, (mWcm™) is the light intensity at the
surface. The sub-bandgap absorption can be determined by other techniques such as
photothermal deflection spectroscopy (PDS) [14] or by the constant photocurrent method
(CPM) [15]. Figure 2.2 summarizes the wavelength dependent absorption coefficients of a-
Si:H, pc-Si:H and c-Si. Therefore, the light penetration depth is therefore the inverse of the
absorption coefficient (a), and is plotted on the right-hand ordinate of figure 2.2.

10
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Figure 2.2 Absorption coefficient of amorphous, microcrystalline and crystalline silicon as a function
of a) the photon energy and b) the wavelength [16]. The right axis shows the penetration depth of light
in the different Si-materials. The Ej of c-Si and a-Si:H is indicated by the solid vertical line.
Microcrystalline silicon has a lower absorption coefficient than the amorphous counterpart.

2.1.3 Electrical conductivity

The coplanar conductivity of ZnO:Al layers is measured by a four point probe setup
(Jandel RM3-AR). The four probes are arranged in a line, the current passes through the two
outer probes and the two inter probes measuring the drop voltage. The sheet resistance is
obtained by drop voltage over passing through current.

For measuring the conductivity of Si thin-films, ohmic contacts, consisting of 200 nm
silver, are sputtered afterwards the conductivity is measured under dark condition. The dark-
conductivity activation energy Ea.: (€V), which is the energy difference between the Fermi
level and the current transporting energy band (valence band for p-type and conduction band
for n-type semiconductor), can be calculated with the following equation:

—Eqct

o(T) = gpe kT (2.3)

Where the o (Scm™) is the dark conductivity, T is the temperature and k is the Boltzmann
constant. The plot ino(T) vs. % is used to extract Eqt.

2.1.4 Film crystallinity

The pc-Si:H is composed of conglomerates of crystalline grains embedded in a a-Si:H
tissue [17,18]. To get an insight into the crystallinity fraction of pc-Si:H, we have
characterized Si thin-film layers with micro-Raman spectroscopy. It should be highlighted
that the calculated Raman fraction is different from the crystalline volume fraction and is a
representative of the crystalline volume fraction [19]. In micro-Raman spectroscopy,
monochromatic light is focused on the layer through a conventional microscope. The
microscope also collects the backscattered light. Most of the scattered photons have the same
energy as the incident light (same wavelength as source laser), elastic scattering. But a very
small fraction of scattered photons (~1x10°) interacts inelastically with vibrational modes and

11
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thus loses or gains energy [20]. The frequency shift observed in Raman depends on the
characteristic of material. For the characterization, we use a laser excitation light with
wavelength of 488 nm and a Bruker SENTERRA Raman microscope.

—Raman spectrum 1
—Curve fit A SZQ cm
\ c-Si phase
DO 42% -
/-‘j e
- ad 9
o | 480cm™ / . 510 cm |
% a-Sl:H phase .H_‘,_/' Defective C_-S.I
- . phase (pc-Si:H)
- /’/- I'.
@] Nl b
\‘_\_n/__,\:/\:,m
400 450 500 550 600

Raman shift (cm™)

Figure 2.3 Evaluation of the Raman crystalline fraction of a Si thin-film layer (5 nm i a-Si:H + 18 nm
pc-Si:H) by deconvolution of the Raman spectrum into Gaussian peaks, a-Si:H (480 cm™), pc-Si:H
(510 cm™) and c-Si (520 cm™).

Figure 2.3 shows the Raman spectrum of 5 nm i a-Si:H together with an 18 nm p pc-Si:H
deposited on glass. The Raman spectrum can be deconvoluted into Gaussian peaks in which
the area of each Gaussian curve is proportional to the corresponding phase concentrations as
the follows: the peak at 480 cm™ is the characteristic of the transverse optical (TO) mode of a-
Si:H, the peak centered at ~510 cm™ is attributed to the defective part of the crystalline phase
such as the nano-crystalline phase and the peak located at 520 cm™ is related to the TO mode
in c-Si. The Raman crystallinity fraction is defined as the ratio of sum of the area
correspondent to the crystalline parts over the area of silicon related peaks (equation 2.4):

Isz0+I510

Pc = Isz0+Is10t+1480 24)

As mentioned above, the calculated crystallinity fraction via equation 2.4 is not the actual

crystalline volume fraction. When using blue laser excitation light (488 nm wavelength), the

crystallinity of layers, with a thickness as thin as 10 nm, can be evaluated due to the blue

light’s high absorption coefficient in both: a-Si:H and pc-si:H. The penetration depth at 488
nm is ~45 nm for a-Si:H and 90-150 nm for pc-Si:H as described in figure 2.2(b).

2.1.5 Current-voltage characteristics

To evaluate the maximum output power, the current-voltage characteristics (J-V curve) of
solar cell are measured under standard test condition. The standard test condition consists of a
light intensity of 1000 W/m? under a light spectrum which is called AM1.5G and 25°C
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2.1 Measurement techniques

temperature. In this study, for performing a J-V measurement, we used a class AAA dual
lamp sun simulator (WACOM).

Figure 2.4 shows a typical J-V curve characteristic of a SHJ solar cell indicating the
parameters that can be determined by this measurement.

N

il
RSC

e
w
(@]

3

Current density (mAcm?)

v

Voltage (V) Vi, Voc

Figure 2.4 Typical current-voltage curve a of SHJ solar cell. Voc, Jsc and MPP are indicated
on the figure.

The open-circuit voltage (Voc) and short-circuit current density (Jsc) are the maximum
voltage and current a solar cell provides. The Vi, and Jy, represent the voltage and the current
density where the output power is at maximum, referred to as the maximum power point
(MPP). The fill factor is defined as a ratio of this actual maximum obtainable power to the
theoretical (not actually obtainable) power, as follows:

FF = VmXJm_ (2.5)
VocXJsc
The efficiency is the maximum fraction of the incident sunlight (I_ =1000 Wm™) that is
converted to electrical power (P, mWcm™) by a solar cell:

P FFXV
n = I_m _ FFx IocX]sc (2.6)
L L
The slope of the JV-characteristic at the Voc and Jsc points is given by Ry = (S—IJ/)]‘QO

(mQem™®) and Ry = (%);io (mQem™). In a first approximation, they are close to the values

of the series resistance (Rs) and the parallel resistance Rp. The precise values of Rs and Rp are
obtained at high illumination (10 suns) and low illumination (0.04 suns), respectively.

2.1.6 Suns Vgoc measurement

The Suns-Voc set-up (Sinton WCT 120) measures the solar cell Voc as a function of the
light intensity that is monitored by a photodiode (see figure 2.5(a)). An implied terminal
current (Jimpi (mAcm) is determined for each Voc from the normalized light intensity (I./1.
(1 sun)) and from the provided Jsc (triangle data points Figure 2.5(b)). The incident light
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2.1 Measurement techniques

intensity that penetrates the sample is assumed to be proportional to the luminous intensity
under these considerations:

]impl(VOC) = Jsc(1— III“L((lv—SOuCn))) (2.7)
This way the series resistance (Rs) has no effect on the J-V curve since no current is drawn
from the solar cell. In other words, the J-V curve can be obtained without the effect of series
resistance. The calculated pseudo fill factor (PFF) (which is the fill factor without the effect of
series resistance) of this J-V curve indicates how the real FF has been affected by series
resistance.

E 40—
A S |
) (a) i e 35
C 1 !
3 10 1 3 30+
= 100_. R _',‘%25‘
> 4 V.~at1sun=700m S
= .‘% 20+ .OC 4 AA
& 107 £ 15] implFF = 77.5% 2
£ R A
£ 10 5 10 d-sun Jv -
g S 5l Voc=69mv i
10°0 . & . . i 1 g5 oL FF=51%, . .\
0.0 0.1 0.2 0.3 04 0506 0.7 0.8 % 00 01 02 03 04 05 06 0.7
£

Open-circuit voltage V. (V) (open-circuit) voltage V ¢ (V)

Figure 2.5 (a) Suns-Voc measurement and (b) implied JV-curve calculated from Suns-Voc in
(a) (triangles) compared to the actual JV-curve of the solar cell measured under 1 sun (line)
[69].

2.1.7 External and internal quantum efficiency

The external quantum efficiency (EQE) measurement shows the percentage of the incident
photons that has been converted to electron-hole pairs and has been collected at the contacts.
In other words, EQE shows the efficiency of a solar cell at each wavelength to produce
electrical current. Figure 2.6 shows a typical EQE curve of a SHJ solar cell with 80 nm
ZnO:Al. In this work, EQE measurements are performed between 380 and 1100 nm are
performed (measured at 0 V except when stated otherwise). By extracting the cell reflection
from the EQE curve, the internal quantum efficiency is obtained which indicates the
probability of a photon to yield an electron in the external circuit.
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Figure2.6 External quantum efficiency (EQE) measurement of a SHJ solar cell with 80 nm
ZnO:Al

Apart from the J-V measurement (the exact cell area is necessary to be known to obtain
Jsc), the short-circuit current density (Jsc) could also be obtained by a given quantum
efficiency (QE) curve via:

Jsc =q [, Pamrsc WDQEA)dA (2.8)

where @1 5c (1) cm?s™ is the photon flux related to the spectral AM1.5G and q is the
electron charge. The advantage of obtaining short-circuit current by QE is that the exact cell
area is not necessary to be known.

The EQE can also be defined as the product of internal quantum efficiency (IQE) and optical

losses due to the solar cell’s total external reflection (Rg;;), @ shown in equation 2.9:
EQE = IQE (100 — R.;;)/100 (2.9)

Thus, the IQE gives the probability of a photon to enter the solar cell and to yield an electron
in the external solar cell current circuit. As the front surface reflection is abstracted in the IQE
curve, IQEs of the solar cells can be used as an example for comparing a flat and a textured
solar cell consisting of the same layers. Parasitic absorption in the TCO, emitter layer and the
back contact are still contained in IQE.

2.2 The c-Si passivation by a-Si:H

The c-Si bulk material is a well-ordered semiconductor with a diamond crystal structure,
containing 8 atoms of silicon per unit cell. Figure 2.7(a) and (b) show the unit cell of the
diamond crystal structure and an arrangement of the silicon atoms in a unit cell respectively.
Unlike the well-arranged atoms in c-Si bulk material, the surface contains broken bonds
(broken covalent sp* hybrid bonds), so-called dangling bonds (DB). The DB density depends
on the crystal surface orientation [21]. For the c-Si wafer-based solar cells, the most common
surface orientations are Si(100) for flat wafers and Si(111) which appears after alkaline
solution texturing of the (100)-type surfaces. The number of broken bonds per atom is two for
Si(100) and one for Si(111) surface orientation [22].
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2.2 The c-Si passivation by a-Si:H

These DBs introduce some energy levels in the Ejand hence cause the carriers to
recombine. In order to minimize the surface recombination, it is of great importance to
properly passivate the surface of a Si wafer. Such carrier recombination takes place in many
optoelectronic semiconductor devices such as light emitting diodes (LEDs) [23], lasers [24],
photodiodes [25], photovoltaic devices [26], as well as Si-based solar cells. [27-29].
Therefore, passivation of the semiconductor interfaces is of extreme importance for
improving the device performance.

1
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Figure 2.7: (a)The unit cell of silicon (diamond cubic crystal structure) (b) the arrangement of the
silicon atoms in a unit cell, with the numbers indicating the height of the atom (from top view) as a
fraction of the cell dimension [30].

A variety of semiconductor passivation layers is available. Most of them have been
historically developed for microelectronics. Among them, the most known passivation layer
for the c-Si is thermally grown silicon-dioxide (SiO;) which has been developed as a gate
oxide for the metal-oxide-semiconductor field-effect transistor (MOSFET) [31]. By
employing such an optimum passivation layer, the highest ever reached conversion efficiency
of 25% for the c-Si wafer-based solar cells has been achieved [32,33] under standard test
conditions: air mass 1.5 global (AM 1.5 G), 25°C. Efficient Si-based light emitting devices
are another example of good passivation of thermally grown SiO, layers [34]. However, the
requirement for thinner passivation layers and more importantly the costs of high temperature
processing [35] requires alternative passivation layers.

Wet-thermal oxides grown at low temperatures [36], amorphous silicon-nitride (a-SiNy:H)
[37], SiO,/a-SiNy:H stacks [38] and aluminum-oxide (Al,O3) layers [39,40] were introduced
as replacement for the thermally grown SiO, layers. However, the main issue for these
passivation layers is that, since these passivation layers are not conductive, one needs to
pattern some openings on the passivation layer surface to locally contact the metal grids to the
absorber (in the traditional c-Si-based solar cells). Moreover, the presence of the highly
recombination-active metal contacts is an important loss channel for such dielectrically
passivated solar cells (see figure 1.1(a)).

A solution for separating the recombination-active metal contacts from the c-Si surface are
semiconducting heterostructure contacts (see figure 1.2(a)). In principal, such a structure can
be fabricated by insertion of wide E, semiconducting layer which simultaneously fulfills both

the passivation and the contact roles.
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2.2 The c-Si passivation by a-Si:H

The a-Si:H film appears to be a good candidate to fulfill the abovementioned
requirements, as it has a wider Eg (~1.7 eV) than the c-Si (1.1 eV) and also can effectively
passivate the surface by hydrogenation [41]. In addition, the a-Si:H film can be fabricated at a
relatively low temperature (~200°C) by the PECVD technique which is another advantage of
this material. Moreover, the a-Si:H film can easily be doped to form the required n- and p-
type semiconductors [42].

2.2.1 Passivation mechanisms

In a recombination (carrier generation) process, electron-hole pairs are eliminated
(produced). For the recombination process, two factors are essential: (i) the presence of both
electron and hole, (ii) the existence of an energy level where the electron and the hole can get
together. Hence, to suppress the surface recombination, two fundamental approaches can be
taken: (i) reduction of the surface density of one carrier type i.e. repelling either electrons or
holes from the surface. As the recombination process involves one electron and one hole, the
recombination is highest when the surface electron and the hole densities are equal. As
electrons and holes carry electrical charges, the formation of an internal electrical field, below
the semiconductor surface, reduces the surface density of one charge carrier type. This
approach is called field effect passivation. The schematic illustration of field effect
passivation is shown by Figure 2.8(b). (ii) The second approach is to reduce the density of
surface states by chemical passivation which suppresses the recombination. Figure 2.8(c)
shows the schematic illustration of the surface chemical passivation.

(a)

bare surface

(b)

. . . <
chemical passivation &

Figure 2.8: The schematic illustration of (a) a bare surface (b) field effect passivation by repelling
one of the carrier types by an electric field and (c) the chemical passivation of the surface states
(reduction of surface state density), [Courtesy of S. De Wolf].
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2.2 The c-Si passivation by a-Si:H

2.2.2 Passivation evaluation, Sinton lifetime tester

Photogenerated carriers in c-Si absorber recombine in the c-Si bulk as well as at the c-Si
surfaces. Assuming a high-quality c-Si wafer like float zone (FZ) grown wafers, the main
recombination channels are the surfaces which form interfaces with a-Si:H. To determine the
minority carrier lifetime, several techniques, such as infrared (IR) transmission or emission
[43], photoluminescence (PL) [44], eddy-current [45] and photoconductance (PC) [46], have
been developed. Among them, the PC technique, measured by an induction coil, developed
by Sinton Instruments, is the most widely used, since it is contactless, fast and the obtained
results are of low uncertainty [46]. Moreover, the measurement is sensitive and a bulk defect
density as low as 10°-10"*cm™ in a straightforward measurement can be detected [47]. In this
study, for evaluating the electronic properties of silicon wafers and their surfaces, the
photoconductance decay (PCD) was used extensively (Sinton WCT-120).

In the experimental setup of photoconductance decay, the excess charge carriers are
generated with a flash lamp. A filter which cuts off all wavelengths shorter than 700 nm is
mounted to make sure that homogeneous charge is generated throughout the whole wafer
bulk. The induced conductivity by photogenerated carriers is given by:

Ao = q(Angypy + Apavl-lp)w (2.10)

where n,, = pg, (cm™) is the average excess carrier density, W (cm) is the wafer thickness,
o By (cmM?V7's™) are the electron and hole mobility in c-Si (which are well-known)

respectively.

The conductivity change of the wafer is continuously measured by an induction coil and a
RF bridge. As shown by Nagel et al. [48] the lifetime can be calculated via equation 2.11:

An
Teff = —am (2.11)
. - 3 1 - G_W . . 3 .
where G is generation rate (cm™s™), An is the excess carrier density (cm™) and 7.4/ is the

effective lifetime.

The measurements can be performed in two different modes: Quasi-Steady-State (QSS) or
transient. In the QSS mode, the decay of flash light (~2 ms) is at least 10 times slower than
the carrier lifetime. Thus, the excess carrier populations are always in steady-state or very
close to it. So the lifetime can simply be calculated via:

Tepp == (212)
During the measurement a calibrated light sensor (photodetector) measures the light
intensity 1. (mW/cm™) via photon flux density @, (cm?s™?), [ @, = %IL ] and the generation
rate G. (cm™s™) can be calculated via:
G, =d,— (2.13)
w
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2.2 The c-Si passivation by a-Si:H

where W is the wafer thickness and F is the optical constant which indicates the fraction of
the incident light that is absorbed in c-Si.

In the transient PCD measurement mode, the c-Si conductivity is measured vs. time after
an intense light pulse. l.e. in the transient mode, the initial generation is done by a very short
and intensive light pulse without generation afterwards. Therefore, the lifetime (equation
2.11) is reduced to equation 2.14:

Terf = amr (2.14)
dt

The transient mode is only appropriate for a lifetime longer than the flash duration time
(which is ~100 ps). The transient mode has two advantages in comparison to the QSS mode.
First, as for the transient mode, the generation rate should not be measured, the optical
constant (the parameter that defines the fraction of incident light that is absorbed in the wafer)
is not necessary to be defined. Second, there is much less uncertainty in the measured ¢ in
the transient mode compared to QSS analyses. I.e. the transient mode is influenced by fewer
uncertainties (such as uncertainty in photoconductance calibration constants and coil's output
voltage) than QSS analyses [49]. However, the transient measurement has one drawback
being it is only valid when the lifetime of photogenrated carriers is significantly higher than
the flash duration time (i.e. the lifetime should at least be greater than 100 ps).

It should be mentioned here, that the lifetime which is measured by means of the PC
technique is the effective lifetime and we indicate it by the (eff) subscript. There are several
sources of recombination in a device such as extrinsic bulk recombination (defects in crystal
structure and impurities in the bulk), intrinsic bulk recombination (Auger and radiative
recombination) and surface recombination. The 7., represents the combined impact of all
these recombination channels and is defined via equation 2.15:

LIRS S r— (2.15)

Teff Thulk Tsurface

In case of the bulk lifetime is high (i.e. the recombination in the bulk could be neglected as an
example for float zone (FZ) wafers) and with identical passivation layers on both wafer
surfaces, the effective surface recombination velocity (S.¢), which describes two-directional
recombination, can be calculated via equation 2.16:

w
2 Teff

Seff < (2.16)

where W is the wafer thickness. We should highlight that the obtained value for S... by
equation 2.16 is overestimated, since it is supposed that all recombination take place at the
interface. Moreover, this calculation is not valid at a high excess carrier density where the
Auger and radiative recombination in the bulk could be significantly high even for an indirect
E, semiconductor. The advantage of representing S, rather than 7.z, is the easier direct
comparison of interface recombination on all sorts of c-Si wafers and passivation material
without the effect of wafer thickness and bulk recombination.
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2.2 The c-Si passivation by a-Si:H

The maximum Voc value of a final device is given by splitting of the quasi-Fermi levels. By
knowing the excess carrier density with lifetime tester, the implied Voc (impl Voc) can be
calculated via equation 2.17:

qu In ((no +An)(po+AP)) (2.17)

imprOC = — 2

n;
Where n, and pyare the electron and the hole densities at thermal equilibrium and n; is the
intrinsic carrier density.

2.2.3 a-Si:H/c-Si interface recombination modeling

So far, we have discussed how to evaluate the passivation performance of a-Si:H layers

deposited on c-Si wafers. In this section, we introduce the concept of a recombination model
developed by Olibet et al [50] to simulate recombination at a-Si:H/c-Si interface. Using this
model, enabled us to gain insight in the a-Si:H passivation mechanism and to obtain a
quantitative value of the interface state density (Ns) of rough c-Si wafers passivated by
different a-Si:H layers.
The Schockley-Read-Hall (SRH) recombination model [51] is the most applied model for
recombination via defects in a semiconductor material. In this model, a recombination takes
place through a discrete energy level which is located in the middle of the E,;. The defective
energy level has only two charge states; either capture an electron or a hole. However, in an
amorphous semiconductor, such as a-Si:H film, a continuous distribution of energy levels
exist within the E;. Moreover, the dangling bonds, which are the most likely recombination
centers, could have three charge states. Depending on the Fermi level position, a dangling
bond is occupied with zero, one, or two electrons. According to the number of trapped
electrons by a Sijs site, three different states could be defined as follows:

(1) DY, is referred to the state that dangling bond (or Sis site) has zero electron
(2) DY, is referred to the state that dangling bond (or Sis site) has one electron
(3) D7, is referred to the state that dangling bond (or Sis site) has two electrons

In the SRH recombination model, only one recombination path exists. However, at a-Si:H/c-
Si interface, two recombination paths exist due to the amphoteric nature of dangling bounds,
as written below.

(1) D° + e > D™ (capture cross-section o0 ) then followed by D™ + h > D° (capture cross-
section o)

(2) D° + h > D" (capture cross-section op) then followed by D* + e > D° (capture cross-
section a;)
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Figure 2.9 Successive capture events leading to electron-hole recombination through DB.
Two recombination paths co-exist: (1) D° capturing one hole followed by capturing one
electron. (2) D° capturing one electron followed by capturing one hole. n; and ps are the free
carrier densities, D°, D* and D™ are the neutrally, positively, and negatively charged
conditions of the DBs. rg, r,rdand rpare the corresponding capture rates [50].

These paths which form by successive capturing of charge carriers are also shown in figure
2.9. Taylor and Simmons extended the SRH recombination model for disordered
semiconductor materials where continued distribution of energy levels exist in the Ej; [52]. By

considering some assumptions, Hubin introduced a closed-form recombination rate which
only depends on the total density of dangling bounds (Npg) where the exact shape of the
energy states distribution is not required [53]. Based on the Hubin study, Olibet showed that
the recombination via dangling bounds in a-Si:H bulk can be used to describe the
recombination at the a-Si:H/c-Si interface [50]. The recombination rate at a-Si:H/c-Si
interface can be defined via equation 2.18 [50]:

n50n+psap
PsIP , . NsTY

n 0',"1' Psdp

R - RDB(nSJ ps) - Utth, (218)

where v, (cm/s) is the thermal velocity, ny and p, are the density of electrons and holes at
the interface (cm™), respectively, N, (cm™) is the interface state density, ¢ and a;,) (cm?

are the capture cross-section of the neutral states. o,y and o, (cm™) are the capture cross-
section of the charged states.

The parameters governing the interface recombination (similar to the extended SRH model)
are:

e The capture cross-sections o, and ag,which ratio Z—Z describes the effectiveness of a
recombination center to capture an electron or a hole.

e The total density of the interface recombination centers N, [cm™] indicating the
quality of the passivation

e The surface charge density Qs, representative of the magnitude of field-effect
passivation.

It should be noted that, in the recombination rate equation (equation 2.18), the exact
distribution of dangling bond states (i.e. Ns as function of energy (N(E)) is not required. The
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shape of the continuous distribution of the dangling bond states results from the knowledge of
the product of the capture cross-sections and the interface state density over the whole energy
range in the E; [54-56].

The advantage of this closed-form recombination model is that it allows us to simply
distinguish between the two different passivation approaches (section 3.2): either field effect
passivation or chemical passivation by the reduction of the interface defect density. So, the
major model variables are the interface defect density (Ns) and the surface charge density
(Qs).

In equation 2.18, the interface carrier density (n; and pg) is a function of the surface
potential ¥, (which modifies the band bending at the interface) which should be numerically
determined. By considering the passivation layer as a small E; insulator, and assuming that
all the quasi-Fermi-levels are constant from the bulk of c-Si wafer to the interface (figure
2.10), the classical drift-diffusion transport equation can be used to determine the effect of
on the interface carrier density. Hence, n, and p, are defined via equation 2.19 and 2.20:

+avs

ng = (ng + An)e kr (2.19)
—avs

ps = (po + An)e &1 (2.20)

To determine the Qs, the charge neutrality condition in the a-Si:H bulk should be
considered, given via equation 2.21,

Ny + N+ ppp +pa +Pr+ 0+ phs+p5 =0 (2.21)
where the ns (cm™®) is the free electron density in the conduction band, Df (cm™) is the free
hole density in the valence band, n, (cm™) is the localized electron density in the conduction
band-tail, p, (cm™) is the localized hole density in the valence band-tail, p; (cm™) is the
ionized acceptor density, p;; (cm-3) is ionized donor density and p5p and p;i (cm™) are the
negatively and the positively charged dangling bond density, respectively.

The localized charge densities in the band-tails are much higher than the density of
photogenerated free carriers (n,>> n; and p,>>p;). Moreover, since our passivation layer is
not intentionally doped (intrinsic), the ionized acceptor and donor density (p; and pj) in
equation 2.21 could be neglected. So the total image charge density (Qs;), induced in the c-Si
wafer (passivated with intrinsic a-Si:H film), is the sum of the net bulk charged dangling bond
density and the density of the localized bulk charge. The Qg; is given by the following
equation [57],

2kTnj€g€s; 4 Pp—¥s) L 4%p L AWs—dn) a¢n

Qs; = i(T[e' i —etkr +et K —e kT +%’::m])0'5 (2.22)

where n, and p, are the electron and holes density at equilibrium respectively. T, k, €, and
€s; are the temperature, Boltzmann constant, permittivity, and relative dielectric constant for
silicon respectively. ¢, and ¢, are the quasi-Fermi-level of electrons and holes at the edge of
the space charge region, defined in equations 2.23 and 2.24.

) in 2 (2.23)

q

¢ =~

n;
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¢p = = () In 2= (2.24)

ni

It should be mentioned that the quasi-Fermi-levels (¢, and ¢,) depend on the non-
equilibrium density of charge carriers and, therefore, are injection level dependent. As
mentioned above, we assumed the passivation layer as a small E; insulator. Hence, the model
does not require to take the band offsets between the a-Si:H and c-Si into account in order to
keep the number of parameters as low as possible. However, these band offsets have a
significant effect on the function of the SHJ solar cells as demonstrated in several simulation
and experimental studies [5,58-60]. For the numerical simulation of the SHJ solar cells, the
discontinuities in the conduction and valance bands should be considered for a proper
modeling of charge transfer from the c-Si absorber to the passivation layer or vice versa.

Another process which occurs in the photogeneration and recombination at a-Si:H/c-Si
interface is the thermal emission phenomena. In the closed-form expression for Rz (equation
2.18), suggested by Hubin [53], the thermal emission from the dangling bonds states are
neglected (for high enough generations [52]). However, the thermal emission from the
recombination centers, located in the E, of c-Si, cannot be neglected. Hence, the n; and p;
have to be modified by (ng + n;) and (ps; + p,) for the extension of the closed-form bulk
recombination of disordered semiconductor expression to the surface recombination at a-
Si:H/c-Si interface [50,61]. n, and p, are the thermally emitted carrier densities from
recombination centers within the ¢-Si E,. Recombination in the bulk of c-Si is modeled by the
SRD theory. Therefore, n, and p, could be defined via the equations 2.25 and 2.26,

E¢—E;

n, =n; e kr (2.25)
E;—Et

n,=mn;e kT (226)

where E, is the energy level of the recombination center, located in the middle of c-Si E; and
exactly at the edge of the space charge region in the c-Si wafer (see figure 2.10).
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Figure 2.10 The charge distribution and the band diagram at the p c-Si/i a-Si:H interface
under illumination. A unidirectional diffusion current flow from the c-Si into the interface is
assumed, affecting the interface DB charge state. The resulting sketch is that of a small E,

insulator [50].
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So far, we have defined the surface recombination through the DBs. The experimentally
accessible value (measured by Sinton lifetime tester) is the effective lifetime that is given by
bulk and surface recombination (front and back), as shown in equation 2.27.

1 4 1 2.27)

Teff Thulk Tsurface

For the float-zone (FZ) wafers, the recombination in the c-Si bulk defects can be neglected
[62]. However, in our case (low lifetime CZ wafers), the assumption of the infinite bulk
defects lifetime results in a poor fit for the measured injection level dependent lifetime values.
Moreover, the bulk lifetime is limited by Auger and radiative recombination at high excess
carrier density even for the low bulk defects c-Si wafers. Therefore, for a more accurate fit,
these parameters should be considered. In equation 2.27, the bulk lifetime t,,; could be
expressed by the extrinsic and intrinsic lifetimes. Hence, equation 2.27 can be rewritten as:

L - =1 4= 41 (2.28)

Teff Thulk  Tsurface Textrinsic  Tintrinsic ~ Tsurface

The intrinsic recombination processes for an indirect £g semiconductor are Auger 74y, g and
radiative recombination Tr.qiative- 1 Nerefore, equation 2.28 can be written as following,

SRR SR S SR (2.29)

Teff Tpefect TAuger TRadiative TSurface

The surface lifetime 7, r4c. IS related to the surface recombination rate Rpp (cm?s™),
Ang

Tsurface = 5 __ (2.30)

Rpp

where An; is the excess carrier density at the interface. So by replacing equation 2.30 by
equation 2.29, we can rewrite z.¢¢ , as shown in equation 2.31.

rt . 4t 1 | Poe

(2.31)

Teff Tpefect TAuger TRadiative Ang

In the Auger recombination process, an electron recombines with a hole and the released
energy is transferred to another hole or electron. Thus, the Auger recombination involves
three charge carriers. Higher c-Si wafer doping (higher generated excess carrier density)
results in higher Auger recombination rate. In a high quality c-Si wafer with an excellent
surface passivation, the Auger recombination becomes the dominant recombination process at
high excess carrier density.

In our modeling, we used the Auger recombination rate suggested by Kerr and Cuevas [63]
as it is valid for a variety of experimental results. Thus, Tauger (S) in equation 2.31 can be

replaced by equation 2.32,
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an an

T = = 2.32
AUGET ™ Ranger  np(1.8x10724n385+6x10-25pQ65+3x10~274An08) (232)

where n = ny + An (cm™) is the electron density and p = p, + 4n (cm™) is the hole density,
ny and p, are the electron and hole densities at equilibrium condition respectively. An = 4p
(cm™®) is the excess carrier density. The n, and p, are determined from the product of the
carrier densities at thermal equilibrium by law of mass-action, n, X p, = n?, where n; is the
intrinsic carrier density.

The last parameter which should be defined in equation 2.31 IS Tragiative- 1N the radiative
recombination, an electron from the conduction band annihilates with the hole in the valence
band, releasing the excess energy by emitting a photon with an energy close to E, of c-Si.
Hence, it could be said that radiative recombination is the reversed process of the optical
generation process. The radiative lifetime tragiative (S) IS given via equation 2.33 [64].

An An

T ot = = 2.33
Radiative RRadiation 9.5x10~15np ( )

It should be mentioned that in an indirect E semiconductor like c-Si, a phonon must be
simultaneously emitted with a photon in order to conserve energy and momentum. Hence,
such a four-particle process most probably does not occur in the c-Si wafer. Similar to the
Auger recombination, the efficiency of radiative recombination depends on the excess carrier
density and the wafer doping [54,64].

2.3 a-SlI:H/c-Si heterostructure processing

This part describes the fabrication process starting with taking a c-Si wafer from its box to
a finished SHJ solar cell. The whole process can be divided into two phases, wafer
preparation and SHJ solar cell fabrication. The performance of the SHJ solar cells strongly
depends on the c-Si surface condition. In contrast to the high-temperature passivation, such as
Si0O,, no cleaning is needed for as-purchased polished c-Si wafers, due to the low temperature
fabrication process the surface contaminants probably remain inactive. However, for a
textured wafer with KOH solution, RCA cleaning is unavoidable.

2.3.1 Native oxide removal

In ambient air, the c-Si surface rapidly oxidizes forming a native oxide of a few nm
thicknesses. Contrary to the thermally grown oxide, this native oxide has a very low quality
and yields no surface passivation. Moreover, the native oxide acts as an insulator at the a-
Si:H/c-Si interface and hinders the charge carriers transportation. Hydrofluoric acid (HF)
efficiently removes the native oxide from the c-Si surface. After HF immersion hydrogen
covers the silicon surface and a hydrophobic surface is obtained. Due to the safety
classification of our chemical lab, we chose a HF dilution of 1 % with a dip-time of 3 min to
assure the complete native oxide removal. For all double side polished (DSP) wafers that were
purchased, the HF immersion is sufficient as a cleaning step. The passivation provided by the
HF-dip is not stable over time and the lifetime decreases rapidly in ambient air. Figure 2.11
shows the lifetime of the bare c-Si wafer with <100> surface orientation before and after the
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HF immersion. A rapid reduction in lifetime is observed after exposing to ambient air.
Hence, it is necessary to load the c-Si as soon as possible into the load-lock of the deposition
chamber under vacuum condition.

“Time in ambient atmosphere |
107 after HF-dip 1%, 3 min ]

m Befor HF ]
® 0 min 1
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1 min ]
® 3 min
= 4minh 4
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)
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Figure 2.11 c-Si <100> lifetime before and after HF immersion (1%, 3 min) for different
periods of exposing to ambient air. Lifetime decreases rapidly in ambient air after HF-dip due
to the reoxidation.

2.3.2 SHJ solar cell fabrication process

There are several fabrication techniques for the deposition of thin-film silicon layers.
Among them, the hot wire chemical vapor deposition (HWCVD) technique yields high
quality layer properties but is disadvantageous for industrial use [65,66]. The most
widespread deposition technique is the plasma enhanced chemical vapor deposition
(PECVD). Indeed in the PECVD technique the gases are decomposed by plasma and are
deposited on the substrate. In this study, we used the conventional parallel plate PECVD with
the excitation frequency of 13.56 MHz. Doped and intrinsic layers were fabricated in separate
chambers (with a cluster PECVD system made by VON ARDENNE) without breaking the
vacuum during transportation. In our system, the lower electrode is the grounded electrode
which contains the substrate holder. The upper electrode is fed by a generator at a frequency
of 13.56 MHz where an automatically adjusted match box ensures a maximal power injection
into the plasma. The process gas flux is injected from the shower head upper electrode and a
butterfly valve is used for pressure regulation.
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Figure 2.12 Fabrication process of a SHJ solar cell

The fabrication process of a SHJ solar cell is shown in figure 2.12. For the fabrication of
SHJ solar cells, we purchased double side polished float zone (FZ) 100 mm diameter wafers
with <100> surface orientation (with the resistivity of 1-5 Q.cm) from Topsil company.
Usually, half of the wafer was used for each SHJ solar cell. After HF-dip (1%, 3 min), the c-
Si was transferred into the vacuum as fast as possible to prevent reoxidation. For the back
side, 5 nm i a-Si:H and 15 nm n-type a-Si:H (BSF) were deposited. A second HF-dip was
carried out before growing the passivation and emitter layer. After that, the sample was
divided into two parts to keep one half for lifetime measurement. On the other part, individual
solar cells were separated by a marker. After the deposition of the front transparent
conductive oxide (TCO), the sample was turned and full area TCO/Ag layers were deposited
as back contact (figure 4.1(a)). The marker together with the film on top of that was dissolved
in acetone. Then the JV, EQE and Suns-Voc measurements were performed. A detailed
description of the used process parameters is given in the corresponding sections.
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Chapter 3

3 a-Si:H/c-SI Iinterface
passivation: experiment &
modeling

In this chapter, first the effect of PECVD process parameters including hydrogen flow,
temperature and power on the passivation performance of the obtained a-Si:H layers are
studied (section 3.1). Furthermore, section 3.1 demonstrates that post-deposition annealing is
an effective treatment to improve the passivation quality. In section 3.2, the recombination at
a-Si:H/c-Si interface is modeled based on the amphoteric nature of silicon dangling bonds and
the modeling results are compared with the experimental results. The intrinsic a-Si:H
passivation mechanism is addressed. Finally, the effect of each passivation mechanism on the
injection level dependent lifetime is presented.

3.1 Influence of PECVD parameters on
passivation

The compositional structure of the a-Si:H film depends on the plasma condition, affected
by the incorporation of hydrogen atoms in the plasma and in the film during the growth [67].
The properties of a-Si:H/c-Si interface and the quality of passivation layer also strongly
depend on the hydrogen content and the compositional structure of a-Si:H passivation layer
[68]. Hence, the quality of the passivation layer is extremely important for the performance of
fabricated SHJ solar cells. In this section, we address the effect of PECVD process parameters
including hydrogen flow, power and temperature on the passivation performance of the
intrinsic a-Si:H layers.

For the passivation study, n-type non-polished CZ wafers with a resistivity and a thickness
in the range of 4-8 Q-cm and 180+30 um were used, respectively. The Fraunhofer ISE
institute performed saw damage removal on the wafers in order to remove the kerf damage. It
should be noted that no additional polishing or texturing was performed. To remove native
oxide from the c-Si surface, we immersed the substrates in HF solution (1%) for 2 minutes,
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3.1 Influence of PECVD parameters on passivation

prior to the deposition of each passivation layer. Figure 3.1 (a) and (b) show SEM
micrographs of c-Si surface before saw damage removal and after saw damage removal ((c)
and (d)). We measured the t.¢ in both QSS and transient mode (generalized condition) of the
PC technique.

As mentioned in section 2.1.5, for the measurement in QSS mode, an optical constant
should be defined which indicates the fraction of incident light that is absorbed in the wafer
under test. A bare polished flat c-Si wafer has an optical constant of ~0.7. An optical constant
of 1 is translated to a photogenerated current density of 38 mA/cm? at 1 sun in the Sinton QSS
photo-conductance tool [69]. In order to determine the optical constant of our un-polished and
un-textured c-Si substrate, we compared its reflection with the flat polished c-Si wafers.
Figure 3.2 shows the measured reflection (solid lines) and transmission (dashed lines) of a
bare polished flat c-Si wafer (red color), an unpolished untextured c-Si after saw damage
removal (blue color) and a textured c-Si wafer (green color). The SEM micrographs of c-Si
wafer before saw damage removal, after saw damage removal and after texturing are shown in
figure 3.1(a), (c) and figure 5.6(f) respectively. As demonstrated by figure 3.2, the unpolished
untextured c-Si wafer has almost the same reflection and transmission as the polished flat c-Si
wafer. This suggests that an optical constant equal to the polished flat c-Si should be
considered for such a substrate.

Figure 3.1: SEM micropgraphs of (a) and (b) c-Si surface before saw damage removal and (c) and (d)
after saw damage removal.
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Figure 3.2: Reflection (solid lines) and transmission (dashed lines) of a bare polished flat c-Si (red
color), an unpolished and an untextured c-Si after saw damage removal (SDR) (blue color), and a
textured wafer (green color), indicating that the bare polished flat wafer and the textured wafer have
similar reflection and transmission.

3.1.1 Hydrogen dilution and power effects

Figure 3.3(a) and (b) show the measured 7. of c-Si wafers passivated by the a-Si:H layer
(deposited thickness of 18+3 nm) with various H; flows in the range of 0-300 sccm,
[H>]
[SiH,]
different powers of 15 and 25 W respectively. The other PECVD parameters are kept constant
(reported in table 3.1).

The effective minority carrier lifetimes of the samples were evaluated in both, QSS and
transient mode (generalized condition), immediately after deposition and after a post-
deposition annealing for 60 min at 190 °C in air ambient. The values for z.¢, are reported at
minority excess carrier density (An) of 10" cm™. As shown in both figure 3.3(a) and (b), the
measured values before the post-annealing process do not show any significant improvement
with increasing the H; flow. The measured 7., values (open symbols) for as-deposited
samples only change from 16 to 97 us and 16 to 58 us for deposition power of 15 and 25 W
respectively. Due to the poor passivation of as-deposited a-Si:H films, the measurement in the
transient mode is meaningless as the measured .4, in this mode is only valid with a lifetime
higher than 100 us [69].

After the post-deposition annealing, two significantly different .., behaviors have been
observed. For 15 W series, 7.rr of samples, deposited with 100 sccm H, flow (Hgi: 2.5) or
less H, flows, significantly improves after a post-deposition annealing. Similarly, the same
improvement in 7., could be observed for 25 W series deposited with H, flow up to 200
sccm (Hgii: 5). However, the above, Hgi of 2.5 for the 15 W series (Hgj of 5 for the 25 W
series), QSS lifetime values were less than the as-deposited values. In a study by De Wolf et
al, it has been shown that the drop in the QSS lifetime after post-deposition annealing
treatment indicates the epitaxial growth at a-Si:H/c-Si interface [70]. Thus, the reduction of
the QSS lifetime value (after post-deposition annealing) could most probably be attributed to
the formation of the epitaxial growth due to the high hydrogen dilution. The observed drop in

corresponding to various hydrogen dilutions Hg; = in the range of 0-7.5, for two
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QSS lifetime values, at higher hydrogen dilution (Hgj: 5) for 25 W series compared to 15 W
series (Hgii: 2.5), could also be related to higher silane depletion fraction with increasing
power [68]. This could shift the onset of the epitaxial growth for the 25 W series to higher
dilution values, since the drop in QSS lifetime, after the post-deposition annealing, was
observed at higher hydrogen dilutions. By increasing the H, flow, (till 100 sccm for 15 W
series and 200 sccm for 25 W series) the lifetime increases. The increase in lifetime could be
attributed to the dependence of the a-Si:H film microstructure and the a-Si:H/c-Si interface on
the plasma hydrogen content [67]. It has been shown that the a-Si:H/c-Si interface does not
have unique electronic properties and its properties are governed by the a-Si:H bulk
passivation layer [71]. The deposition of a-Si:H layers with higher hydrogen dilution values
leads to a lower defect density (dangling bond density) in the a-Si:H network and hence,
results in a higher passivation quality at the a-Si:H/c-Si interface [71].

Table 3.1: Process parameters used for the fabrication of the intrinsic a-Si:H passivation layers with
various hydrogen flows.

Silane flow Deposition temp. Pressure Electrode distance
(sccm) (°C) (mbar) (mm)

40 200 1 20

Apart from the hydrogen flow effect, we observed a drop in the QSS lifetime (after post-
deposition annealing) at the same hydrogen dilution for polished and unpolished c-Si wafers.
This may indicate that the micrometer roughness of the unpolished c-Si wafers does not have
any effect on the onset of epitaxial growth. The formation of the epitaxial growth at higher
hydrogen dilution could be related to the hydrogen coverage [72]. Thus, the diffusion length
of silane species increases and the crystalline grains form [72]. Moreover, it has been shown
that the doping level and pre-treatments of the c-Si wafers affect such a epitaxial growth [73].

An abrupt atomically sharp a-Si:H/c-Si interface is mandatory to reach a high surface
passivation and lifetime [70]. This condition is not satisfied in the case of epitaxial growth.
Hence, the epitaxial growth deteriorates the passivation quality and the solar cell performance
suffers from a low Voc [74,75]. The reduction in the QSS lifetime (for samples likely with
epitaxial growth) after the annealing step is attributed to an increased defect density at the
interface. In as-deposited epitaxial films, most of the H, atoms are not bonded but are present
in the form of atomic H* in a way that the annealing causes them to diffuse away from the
interface. As a result of their increased interface defect density, losses in passivation can be
observed [70].
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Figure 3.3: The variation of the 7,z; (An:10" cm™) with respect to the H, flow for two different
powers of (a) 15 and (b) 25 W. The measurements were done as-deposited as well as after a post-
deposition annealing (60 min, 190°C in air ambient) in both the QSS and transient modes (generalized
condition) of the photoconductance technique.

A general trend exsists for all the samples shown in figure 3.3 (except those deposited
without H; flow), indicating lower .., for 25 W series compared to the 15 W series. This
could be attributed to the increased DB density due to the higher ion bombardment at higher
power [76,77]. For samples deposited without H, flow, almost the same ., were measured
for both series: 15 and 25 W. This similar 7., could be attributed to the high defect density in
these samples which is not affected by the higher ion bombardment at higher power.

Additionally, for the both power series samples shown in figure 3.3 (all epitaxial-free
samples), higher lifetime were measured in the QSS mode than the transient mode. Moreover,
by improving the quality of the passivation layers, the increase in the QSS lifetime is higher
than the transient lifetime. The higher measured lifetime in the QSS could be explained by the
high recombination rate that exists in the bulk of the low quality CZ c-Si wafers used and by
the different interface thicknesses monitored in each mode [78]. However, further
investigation is required regarding the interface thickness monitored in each mode.

It should be noted that the electrical properties of the thin a-Si:H layers (~5 nm) are
different from the thick samples (~40 nm). The thickness of the deposited a-Si:H layers
strongly affects the 7., value. The surface recombination velocity decreases with an
increasing a-Si:H thickness up to ~40 nm. It has been shown that the optimum thickness for
film relaxation is ~40 nm [77]. With layers thicker than 40 nm, the surface recombination
velocity increases again, probably due to the mechanical stress [79]. Due to the strong
dependency of the a-Si:H/c-Si interface properties on the bulk properties of a-Si:H passivation
layers [71], the deposited thickness should be considered for optimization of the a-Si:H
passivation layers. In other words, an optimized recipe for a thick layer may not result in SHJ
solar cells with a high Voc when it is used for deposition of a thin a-Si:H film (~5 nm). Last
but not the least, the reactor condition before deposition for example cross contamination,
base vacuum level and the history of previous depositions also influence the passivation
quality [68].
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3.1.2 Post-deposition annealing treatment

Unlike the observed drop (figure 3.3) in the lifetime of samples deposited at hydrogen
dilution higher than 2.5 for the 15 W series (hydrogen dilution of 5 for the 25 W series), the
post-deposition annealing improves the passivation of the samples deposited at hydrogen
dilution of 2.5 or lower for the 15 W series (hydrogen dilution of 5 for the 25 W series). In a
good agreement with the increase in H, flow, a higher lifetime (for both the QSS and the
transient mode) is measured after the post-deposition annealing for the samples, deposited at
higher hydrogen dilutions. The lifetime improvement, after the post-deposition annealing, is
attributed to the relaxation of the a-Si:H network. By restructuring the amorphous network, a
new network forms consisting of more bonding states and reduced strained Si-Si bonds
[57,80].

Moreover, by the diffusion of hydrogen atoms from the amorphous network to the a-
Si:H/c-Si interface, the DB density reduces at the interface [80]. It should be noted that such a
post-deposition annealing of intrinsic a-Si:H passivation layers is systematically performed
during the fabrication of the SHJ solar cells. Considering the SHJ solar cell fabrication steps
(see figure 2.12), the substrate is kept at a high temperature for the deposition of the emitter
and the BSF layers after the deposition of the intrinsic a-Si:H passivation layers. In addition,
the solar cell precursor is exposed to a high temperature (~300°C) during the deposition of
front and back TCO layers (when ZnO TCO layer is used).

3.1.3 Deposition temperature effect

The deposition temperature of a-Si:H film is another important parameter which
determines its microstructure and therefore affects the a-Si:H/c-Si interface passivation and
the corresponding Voc value. Figure 3.4 shows the dependence of 7., on the deposition
temperature of the a-Si:H passivation layers in the range of 150-240°C. The other deposition
parameters are kept constant, as reported in table 3.2.
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Figure 3.4: The 7.z (at An: 10°cm™) for CZ c-Si wafers deposited with a-Si:H films at various
temperatures. The respective square and circle data series correspond to the QSS lifetime (in
generalized condition) before and after the post-deposition annealing. The triangle data series shows
the transient mode lifetime (in generalized condition) after the annealing process.
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As the data suggests, as-deposited QSS lifetime increases with the deposition temperature
(black data series in figure 3.4). This shows that the deposition temperature could
significantly affect the quality of the grown a-Si:H passivation layers. Indeed, the deposition
temperature affects the mobility of plasma species reaching to the surface and more
importantly (for a-Si:H films), the diffusivity of hydrogen atoms [81]. Deposition at low
temperatures results in a-Si:H layers with a high density of unsaturated bonds and hence, a
higher defect density [62,81]. The highest 7./, is obtained for sample deposited at 220°C.
Although the highest as-deposited 7,5 was measured for the sample deposited at 240°C, the
obtained lifetime improvement for this sample is much lower than other samples deposited at
200 and 220°C after post-deposition annealing treatment. These results agree with the study
of Bahardoust et al.[57]. Indeed, deposition at temperatures higher than 220°C could result in
a poor passivation layer, due to the effusion of hydrogen atoms and the defect creation at the
interface [57,82]. Moreover, it has been shown that deposition at higher temperatures could
result in partial epitaxial growth [83]. In our case, the lower achieved gain in 7. (after post-
deposition annealing) in sample deposited at 240°C (compared to the ones deposited at 200
and 220°C) is probably due to the lower hydrogen content in the film, most likely due to the
escape of hydrogen atoms during fabrication. The improved .., after the post-deposition
annealing (observed for both the QSS and the transient mode) is a good indication that the
epitaxial growth improbably happens.

Table 3.2: Process parameters for the a-Si:H passivation layers deposited at various deposition
temperatures.

SiH, flow H, flow Pressure Electrode distance Power
(sccm)  (sccm)  (mbar) (mm) (W)

40 100 1 17 15

The blue and red data series in figure 3.4 show 7., after the post-deposition annealing
process for both the QSS and the transient mode, respectively. As already discussed, the post-
deposition annealing significantly improves the layer passivation most probably due to the
hydrogen diffusion to the interface and relaxation of the a-Si:H network. The passivation
improvement (similar to the hydrogen dilution study) strongly depends on the initial quality of
the a-Si:H films. In other words, for all samples (except those deposited at 240°C), more gain
is observed for samples with higher as-deposited 7..r. As an example, ~158 ps gain is
observed for the sample deposited at 150°C (in the QSS mode), whereas ~298 ps gain is
observed for the sample deposited at 220°C. Similar to the hydrogen dilution series study, the
lifetime measured in the transient mode (red data series) is lower than the lifetime measured
in the QSS mode (blue data series). The difference between the values measured in the
transient mode and the QSS mode increases with the passivation layer quality improvement.
The higher gain obtained (after the post-deposition annealing) for samples with higher as-
deposited t.¢¢, highlights the importance of high quality passivation layer. Although the
quality of the deposited passivation layer could be improved by various treatments, such as
post-deposition annealing and intermediate/final hydrogen plasma treatment [29,84], a well-
functioning passivation could only be obtained for as-deposited high quality layers.
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3.2 a-Si:H/c-Si1 interface recombination
modeling results

This section presents the results of recombination modeling at a-Si:H/c-Si interface and
compares them with the experimental results. Based on the molding results, the a-Si:H
passivation mechanism is addressed. Finally, the effect of each passivation mechanism
(addressed in section 2.2.1) on the injection level dependent . is discussed.

3.2.1 Understanding a-Si:H passivation mechanism

It should be noted that the values for Ns and Qs obtained by our modeling are no absolute
values, however, they could be used for a relative comparison of various samples [85]. In our
model, we have used the following values, taken from Refs [50,57,86]. The charge velocity at
room temperature in Si is v, (cm/s) = 2.3 x 107, the neutral electron to hole capture cross

0 +
section is "—’; = 0.05, the charged to neutral capture cross section is Z—’; = —0 = 550 and the hole
Op n Op

capture cross section is o, (cmz) = 1 X 1016
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Figure 3.5: The injection level dependent 7., for samples deposited at various temperatures after the
post-deposition annealing. The data points represent the experimental results. The solid and dashed
lines illustrate the simulation data. The Ny and Qs values, obtained from our molding are reported in
table 3.3.

Figure 3.5 shows the injection level dependent 7., for the a-Si:H passivation layers,
deposited at various temperatures. The other PECVD parameters are kept constant, as
reported in table 3.2. The solid and dashed lines represent the modeling results whereas the
data points show the experimental results. As figure 3.5 suggests, the experimental data points
are match with the modeling results. The Ns and Qs values, obtained from our molding are
reported in table 3.3.
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Table 3.3: Interface defect density (Ns) and surface charge density (Qs) extracted from modeling for
the a-Si:H passivation layers, deposited at various temperatures.

Sample Deposition temperature Measurement mode Ns Qs
(°C) (10 cm?)  (10°cm?)

X050-1-067 150 QSS 2.7 9
X050-1-067 150 Transient 3.4 7.9
X050-1-068 180 QSS 1.95 9.3
X050-1-068 180 Transient 2.8 8.8
X050-1-066 200 QSS 0.96 9.4
X050-1-066 200 Transient 1.5 9.2
X050-1-070 220 QSS 0.93 9.6
X050-1-070 220 Transient 1.4 9.6
X050-1-071 240 QSS 1.1 9.4
X050-1-071 240 Transient 1.7 9.1

Figure 3.6 demonstrates the Ns value (extracted from our modeling) with respect to the
deposition temperature for the QSS mode. While almost similar Qs values (see table 3.3) are
extracted from modeling for all the a-Si:H passivation layers, there is a direct relation between
the improved passivation and the reduction in Ns (see figure 3.6). These results suggest that
the reduction of the interface defect density is the main mechanism of the surface passivation
by using a-Si:H films. Thus, it can be concluded that the a-Si:H passivation mechanism is a
chemical passivation.

As mentioned above, the closed-form recombination model allows us to distinguish
between the two fundamental approaches for the surface recombination reduction; either
reduction of the interface defect density (Ns parameter in the model) or reduction of the
surface density of one carrier type (Qs). In practice, the interface defect density reduction
could be achieved by reducing the recombination center density (dangling bonds at a-Si:H/c-
Si interface). The reduction of one carrier type is technologically realized by implementing a
dopant profile either underneath the c-Si surface or by creating an electric field by means of
electrostatic charges with an overlaying doped layer. The injection level dependent 7., are

not equally affected by these passivation approaches.
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3.2.2 The effect of passivation mechanisms on the
Injection level dependent lifetime

Figure 3.7(a) shows the modeled injection level dependent 7., for the set Qs value of 9.7
x10° (cm™) and various Ns values. As this graph suggests, the variation of interface defect
density (Ns) equally affects all the injection level dependent 7., values for the injection
levels lower than 10%. This can also be deduced from equation 2.18. As the recombination
rate Rpp is in direct relation with Ns (Rpp < N;), by reducing Ns, 7, increases for all the
excess carrier densities with the same factor.
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Figure 3.7: (a) The effect of variation of the interface defect density on the injection level dependent
Ty The effect of the interface defect density is observed on all injection levels. (b) The effect of the
field effect passivation on the injection level dependent .5 compared to the effect of the interface
defect density variation. The influence of the field effect passivation is more weighted at low injection
levels [Courtesy of S. Glunz].
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3.2 a-Si:H/c-Si interface recombination modeling results

The effect of the field effect passivation on the injection level dependent lifetime is different
from the effect of the interface defect density variation. Figure 3.7(b) shows the effect of the
field effect passivation on the injection level dependent lifetime compared to the effect of
interface defect density variation. As this figure suggests, the effect of the field effect
passivation is not the same on all the excess carrier densities and is more weighted at low
injection levels [87]. The results of the current section have been used in chapter 4 to explain
the passivation mechanism of the pc-Si:H emitter layers where both passivation mechanisms
could simultaneously be obtained.

It should be noted that good passivation is the first essential step required for the fabrication
of well-functioning SHJ solar cells. The results, presented in chapter 3, are well in-line with
already published reports from other groups. The new results and achievements within the
framework of this thesis are presented in the following chapters.
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3.3 Conclusions on a-Si:H/c-Si interface
passivation: experiment & modeling

In order to reduce the recombination through DBs, an excellent passivation is required for
SHJ solar cells. The intrinsic a-Si:H film acts as a high performance passivation layer on the
c-Si substrate. The most significant advantage of the a-Si:H passivation layer compared to
other conventional passivation films such as SiO, and SiNy, is its low temperature fabrication
process by using the PECVD technique.

The effect of the PECVD process parameters including hydrogen flow (hydrogen dilution),
power and deposition temperature on the a-Si:H passivation performance was studied in
section 3.1. Our results show that the passivation improves with increasing the hydrogen flow
up to 100 sccm (hydrogen dilution of 2.5) for (100) oriented c-Si wafers. For higher hydrogen
dilutions, a reduction in the measured lifetime was observed, most probably due to the partial
epitaxial growth.

The deposition power also affects the passivation where by increasing the deposition
power, the onset of epitaxial growth shifts to higher dilution values probably due to the higher
silane gas dissociation. However, due to the increased ion bombardment at higher power, the
higher hydrogen dilution is not beneficial for the passivation. In addition, we studied the
effect of post-deposition annealing treatment on the passivation. It was found that the
annealing treatment improves the passivation of the epitaxial-free samples. Moreover, it was
observed that the lifetime improvement (after post-deposition annealing) is more significant
for the a-Si:H passivation layers that were deposited with higher hydrogen flows.

The temperature study showed that the best passivation was achieved for the a-Si:H layers
deposited at ~220°C. Moreover, our findings suggest that although some treatments such as
post-deposition annealing improve the passivation, it is highly important to start with high
quality passivation layers (deposited with optimized PECVD parameters). Furthermore, the
gain in the lifetime after post-deposition annealing strongly depends on the initial passivation
quality.

In section 3.2, to understand the a-Si:H passivation mechanism, the recombination at the a-
Si:H/c-Si interface was modeled by considering the ampotheric nature of the DBs. The
modeling results suggest that there is a direct relation between the improved lifetime and the
reduced interface defect density. Hence, it was concluded that the passivation mechanism of
a-Si:H films is the chemical passivation due to the hydrogenation of DBs.

Finally, the effect of each passivation mechanism on the injection level dependent 7,¢f
was addressed: interface defect density equally affects all injection level dependent 7., and
the effect of the field effect passivation is more weighted at low injection level dependent

Teff-
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Chapter 4

4 uc-Si:H layer for SHJ solar
cells

In this chapter, first we address the requirements that should be satisfied by the emitter
layer in the SHJ solar cell structure (section 4.1). Then, we study the effect of the emitter
conductivity on the electrical properties of the SHJ solar cells (section 4.2-4.3). We gradually
change the emitter from a lowly doped a-Si:H film to a highly conductive pc-Si:H layer and
monitor its impact on the performance of the obtained solar cells as well as on the solar cell
precursors. To vary the conductivity of the pc-Si:H layers, we take advantage of the improved
conductivity by crystallinity evolution within the thickness. This allows us to study the effect
of the emitter conductivity without introducing any additional interrelated parameters such as
introducing a higher defect density by varying doping levels.

We introduce the pc-Si:H films as a novel emitter for the SHJ solar cells and address
several technological advantages which can be achieved by fabrication of the pc-Si:H emitter
layers such as suppressing the Schottky barrier at the emitter/TCO junction and improving the
passivation at a-Si:H/c-Si interface (section 4.3). Moreover, the effect of the emitter
conductivity on the Schottky barrier at the ZnO:Al/emitter is investigated (section 4.4).
Finally, it is demonstrated that deposition at lower pressures results in faster nucleation of the
pc-Si:H layer.

4.1 Emitter roles in SHJ solar cells

In order to create a p-n junction, the emitter doping type (either n- or p-type) should be
opposite of the c-Si substrate material. In SHJ solar cells, the preferred substrate is the n-type
c-Si wafer. The choice of n-type could be explained by several reasons. First, the most
impurity transition metal defects (that exist in the c-Si bulk) have a higher electron capture
cross-section than hole capture cross-section. Hence, for the same impurity concentration, the
bulk minority carrier lifetime is usually higher for the n-type c-Si substrate than for the p-type
counterpart [88]. Secondly, the bulk lifetime of the p-type c-Si wafer is detrimentally affected
by light-soaking when either oxygen or iron is simultaneously present with boron [89,90]. So
far, such effects have not been reported for the n-type c-Si. Thirdly, the dangling bonds at the
surface have a higher electron capture cross-section than hole capture cross-section [50],
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4.1 Emitter roles in SHIJ solar cells

which makes the p-type c-Si wafer passivation more difficult than the n-type counterpart. Due
to the abovementioned reasons and the principle effect of the conduction or valance band
offset (depending on the substrate type) [91], most contemporary high-efficiency SHJ solar
cells were achieved on n-type c-Si wafers.

To form the p-n junction on the n-type wafers, often 10 to 15 nm p-type a-Si:H is deposited
by means of the PECVD technique [92]. From the optical point of view, it is highly important
that the absorption in the emitter is kept as low as possible, as the photogenerated carriers in
the emitter do not have any contributions to the Jsc. Indeed, the emitter is a dead layer [93].
Moreover, the emitter doping level plays a significant role in the performance of the SHJ solar
cells. The emitter roles are addressed in several aspects, as follows:

(i) The emitter should be sufficiently doped to provide the required electric field in order to
repel the electrons from the emitter/c-Si interface. A high electron density at the emitter/c-Si
interface increases the recombination rate at the surface. Consequently, the Voc value
decreases in the final device, due to the increased high saturation current density [94].

(i) Sufficient band bending in the c-Si substrate as well as at the edge of the emitter layer
should be created by the emitter to allow tunneling process of the minority carriers [95]. The
minority carriers tunneling are inhibited by a lowly doped emitter which results in low FF
values [96,97].

(a) (b) x==d, ., ) x=0
Zn0O:Al 300 nm AWF = ) ke

i-a-Si:H 5nm
n-c-Si
250 um
i-a-Si:H 5nm
n-a-Si:H 15 nm
ZnO:Al 50 nm
Ag 200 nm

Figure 4.1: (a) The schematic illustration of the fabricated SHJ solar cells employing ZnO:Al with the
corresponding thickness of each layer (drawn not to scale) (b) Band diagram of the TCO/(p)a-
Si:H/(n)c-Si heterojunction (solid black lines). The gray points demonstrates the conduction and
valence band edges of the (p)a-Si:H for (p)a-Si:H/TCO junction (i.e. infinite (p)a-Si:H layer
thickness), only. Red dashed and dotted lines indicate the electrostatic potential for the heterojunction
and single junction respectively. The Schottky barrier forms as well, due to the lower TCO work
function than a-Si:H film. Figure 4.1 (b) was taken from Ref. 95.

(iii) In the SHJ solar cells, the lateral conductivity of the a-Si:H films (forming the emitter
and BSF layers) is inferior compared to the c-Si counterparts. Therefore, a TCO layer (usually
a n-type semiconductor) must be deposited on the emitter layer to improve the carrier
collection, as shown in figure 4.1 (a). The work function of the TCO is lower than the work
function of a-Si:H or pc-Si:H material. This results in the formation of the Schottky barrier,
where the barrier height is governed by the difference between the work function of the
emitter and the TCO materials. Hence, a highly conductive emitter layer is required to
suppress the Schottky barrier height and push the junction to the ohmic contact-type.
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4.2 Emitter conductivity effect on SHIJ solar cells performance

(iv) In SHJ solar cells, the p-type emitter is sandwiched between two n-type
semiconductors, the TCO and the c-Si wafers. The formation of the p-n junction at the
TCO/emitter and the emitter/c-Si causes the emitter to be depleted from both sides. This
condition is shown in figure 4.1 (b). Therefore, the emitter should be sufficiently doped to
sustain the flat band in the emitter layer, i.e. the emitter should prevent merging the band
bending at the TCO/emitter interface with the band bending at emitter/c-Si interface. Hence,
sustaining the flat band in the emitter layer is essential to extract the maximum created built-
in-voltage at the emitter/c-Si and thus achieving high Voc values.

All before mentioned requirements combined with the thin emitter layer thickness required
make the design of the emitter layer a challenge. Therefore, it is essential to optimize the
PECVD process parameters precisely in order to satisfy all these requirements.

4.2 Emitter conductivity effect on SHJ solar
cells performance

In this section, we study the effect of the emitter doping level on the electrical properties of
the fabricated SHJ solar cells with DC sputtered ZnO:Al. We vary the emitter layer from a
lowly doped a-Si:H film to a highly conductive pc-Si:H layer and monitor its effect on the
solar cell precursors as well as on the electrical properties of the fabricated solar cells.

Figure 4.1(a) shows the schematic illustration of the SHJ solar cells fabricated with DC
sputtered ZnO:Al layers. N-type flat float-zone c-Si <100> wafers with resistivity of 1-5
Q.cm were used as substrates. The intrinsic a-Si:H passivation layers were deposited with
optimized PECVD process parameters illustrated in our previous study (chapter 3). The
optimized process parameters are reported in table 3.2. DC sputtered ZnO:Al layers were
deposited as TCO material. The deposition parameters are reported in table 5.1. Diborane
(B2Hs) diluted in H, with gas flows of 0.5 and 32 sccm were used to obtain two different
doping levels for the p-a-Si:H emitter layers. Other PECVD process parameters for the p-type
a-Si:H emitter are reported in table 4.1. To vary the conductivity of the pic-Si:H emitter layers,
the dopant gas flows were kept constant and the film thickness was varied from 12 to 19 nm.
As a result, different conductivities were achieved due to the crystallinity evolution within the
thickness.

Table 4.1: The PECVD process parameters used for deposition of the p-type a-Si:H layers. B,Hg with
gas flows of 0.5 and 32 sccm were used to obtain two different doping levels

SiH4 flow H,flow  By;Hs  Pressure Electrode distance Power Temperature
(sccm)  (sccm)  (sccm)  (mbar) (mm) (W) (°C)

40 80 0.5&32 0.3 30-25 11 200

Figure 4.2 shows the normalized Raman spectra of the 5 nm intrinsic a-Si:H passivation
layer together with the p-type a-Si:H emitter layer deposited with two different dopant gas
flows (red: 0.5 sccm of B,Hg and black: 32 sccm of B;Hg). Figure 4.2 also demonstrates the
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4.2 Emitter conductivity effect on SHJ solar cells performance

Raman spectra of the pc-Si:H emitter layers (together with 5 nm intrinsic a-Si:H layer)
deposited with different deposition times; including brown line for 300 s deposition time (~12
nm), green line for 400 s deposition time (~15 nm) and blue line for 500 s deposition time
(~18 nm). For the Micro-Raman measurements, an excitation laser with a wavelength of 488
nm was used. The penetration depth at 488 nm wavelength is ~45 nm for the a-Si:H and 90-
150 nm for the pc-Si:H film. As the evaluated thickness of the evaluated films is lower than
the penetration depth at the wavelength of 488 nm, the obtained Raman spectra show the bulk
film composition. As figure 4.2 suggests, the Raman peak at 510 cm™ (characteristic peak for
pc-Si:H material) dominates when increasing the deposition time of the pc-Si:H layer. This
indicates a formation of the pc-Si:H layers with a higher crystallinity fraction (dc). The
determined crystallinity fraction (®.) increases from 15%, for the uc-Si:H layer deposited for
300 s, to 22% and 37%, for the pc-Si:H layers deposited for 400 and 500 s respectively.
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Figure 4.2: Normalized Raman spectra of a 5 nm i a-Si:H passivation layer together with different
emitter layers, red: 15 nm p-a-Si:H (B2H6: 0.5 sccm), black: 15 nm p-a-Si:H (B2H6: 32 sccm),
brown: 13 nm p-pc-SiH (300 s deposition time, &c = 15%) , green: 16 nm p-pc-SiH (400 s deposition
time, ®c = 22%) and blue: 18 nm p-uc-SiH (500 s deposition time, dc = 37%) in co-deposition with
the SHJ solar cells on the glass substrate.

The dark conductivity of the buffer and emitter layers deposited on the glass substrate in
co-deposition with the SHJ solar cells is demonstrated in figure 4.3.

45



4.2 Emitter conductivity effect on SHIJ solar cells performance

101 E = T al T = T 3
1005 > a-Si:H ]
15' € 1cSiH I
~ 10 F * 3
€ 107 |

S 107} _. ‘
@ 107} . !
107} o | 1
© _F : ! E
10°} ; :
wp 0|
10'8 L 1 : 1 1 ]

0.5 32 300 400 500 600

B,Hs flow(sccm) | Deposition time (s)

Figure 4.3: The dark conductivity of a 5 nm intrinsic a-Si:H passivation layer together with a p-type
a-Si:H layer deposited with different gas flows (open symbols) or p-type pc-Si:H layers deposited with
different deposition times from 300 to 600 s (filled symbols), resulting in different thicknesses from 12
to 18 nm. The samples were fabricated in co-deposition with the SHJ solar cells on a glass substrate.

The electrical properties for each emitter layer of the fabricated SHJ solar cells are
demonstrated in figure 4.4(a) (Voc and FF) and figure 4.4(b) (Jsc and efficiency). As figure
4.3 suggests, the conductivity of the a-Si:H emitter layer improves from 2.1x10” to 5.9x107
S/cm by increasing the doping gas flow (from 0.5 to 32 sccm). The corresponding Voc and FF
also improve from 599 mV and 60% to 631 mV and 67% respectively. The improved FF is
attributed to the reduced Schottky barrier at the ZnO:Al/emitter interface, which will be
clarified later in this chapter.

The improved Voc could be attributed to the improved field effect passivation (improved
electric field at the emitter/c-Si junction). To test this hypothesis, we measured the 7, of the
solar cell precursors by means of the photoconductance decay technique. The injection level
dependent .. of the solar cell precursors is illustrated in figure 4.5. As shown in figure 4.5
Torr iMmproves at low injection-levels of An demonstrates by increasing the doping gas flow.
However, at high injection levels of An, 7,r, does not change. Owing to the fact that the
effect of the field effect passivation is weighted at a low injection-level dependent 7. and
the effect of the interface defect density (Ns) reduction is weighted at an entire injection-level
dependent 7., [54,87] (section 3.5), we could attribute the improved .. to the improved
electric field.
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Figure 4.4: The variation of (a) Vo (open and filled squares) and FF (open and filled upward
triangles) (b) Js. (open and filled downward triangles) and efficiency (open and filled circles) for the
SHJ solar cells fabricated on flat c-Si wafers with different p-a-Si:H and p-pc-Si:H emitter layer
conductivities. The dashed lines are plotted to visualize the trend.

Comparing the electrical properties of two SHJ solar cells deposited with low and high
doped a-Si:H emitter layers, emphasizes the role of the electric field which needs to be
satisfied by a sufficiently doped emitter. It should be mentioned that the highly doped a-Si:H
layer (32 sccm of B,Hg) is the optimized p-a-Si:H layer developed for a-Si:H single junction
solar cell, resulting in state of the art Voc (above 920 mV) in p-i-n thin film configuration
[98]. Thus, the obtained Voc with this p-type a-Si:H emitter layer is only 631 mV which is
far below the state of the art value (above 700 mV) for SHJ solar cells.

It should be noted that the doping efficiency of a-Si:H layers are quite poor [99]. In
addition, by introducing more doping in a-Si:H layer the dangling-bond density increases
[100]. Therefore, a possibility to achieve higher emitter conductivity could be the fabrication
of pc-Si:H emitter layers.
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Figure 4.5: The injection-level dependent effective lifetime for the solar cell precursors with different
emitter conductivities, from lowly doped a-Si:H to highly conductive pc-Si:H, measured in the
transient mode.
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4.3 pc-Si:H layers as emitter for SHJ solar cells

To satisfy the required emitter conductivity, we suggest to deposit uc-Si:H layers which
allow higher conductivity levels compared to the a-Si:H counterpart. Figure 4.3 shows the
conductivity of pc-Si:H layers, as a function of the deposition time in the range of 300-600 s
(corresponding to the thickness range of ~12-19 nm). The deposition parameters of pc-Si:H
emitter layers are shown in table 4.2.

Table 4.2: The PECVD process parameters used for the deposition of the p-type pc-Si:H emitter
layers.

SiH, flow H,flow B,Hs Pressure Electrode distance Power Temperature
(sccm)  (sccm)  (sccm)  (mbar) (mm) (W) (°C)

3 1000 1 0.6 30-20 80 220

Figure 4.3 shows that the conductivity of the pc-Si:H layers significantly improves from
1.5x107 to 0.3 S/cm with depositing layers that are a few nanometer thicker (~7 nm thicker
layers). The most common explanation for this behavior is the crystallinity evolution within
the thickness. By depositing thicker films, larger grains form until they merge, giving a
constant conductivity [101]. In fact, this pc-Si:H material property allows us to study the
effect of the emitter conductivity without introducing any additional interrelated parameters.
Comparing figure 4.2 and 4.3 suggests that a highly conductive pc-Si:H layer is achieved
after the nucleation (formation of nanometer crystalline grain) phase. For the first 300 s, the
conductivity of the pc-Si:H layer is ~1.5x10™ (S/cm), only. By increasing the deposition time
to 500 s, a higher crystallinity is achieved (see the Raman spectra in figure 4.2). As a
consequence, the conductivity significantly improves to 0.3 S/cm. This indicates that the
initial a-Si:H phase (incubation phase) of the puc-Si:H film almost does not contribute to the
total conductivity of the film. Hence, in order to successfully employ the pc-Si:H emitter
layers in the SHJ solar cell structure, it is important to achieve a fast nucleation. As the
emitter should be as thin as possible, the PECVD process parameters need to be precisely
optimized to achieve the fast nucleation.

One of the PECVD process parameters, which has a significant effect on the crystallinity
of the film (and hence conductivity), is the deposition pressure. Indeed, by decreasing the
pressure, a faster nucleation takes place and a higher crystallinity is achieved. Figure 4.6
shows the crystallinity fraction of 5 nm a-Si:H and ~15 nm p-type pc-Si:H stack layers
deposited at different pressures (0.6-3 mbar). The Raman crystallinity fraction increases from
0 to ~36% for samples that have been deposited at 3 and 0.6 mbar, respectively.
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Figure 4.6: The Raman crystallinity fraction (®c) of 5 nm a-Si:H and ~15 nm p-type pc-SiH stack
layers deposited at different pressures (0.6-3 mbar)where the deposition at lower pressures increases
the crystalinity fraction.

Although, decreasing the deposition pressure could speed up the nucleation and result in a
higher crystallinity fraction films, the ion bombardment increases at lower pressures [102-
104]. Such an increased ion bombardment at low pressures could result in the etching
condition, instead of deposition when using highly hydrogen diluted silane plasma [105].
Figure 4.7 (a) shows that the deposition and the etch regime can selectively be achieved by

varying the pressure (for highly hydrogen diluted silane plasma). The other PECVD process
parameters are reported in table 4.3.

Table 4.3: PECVD process parameters used for highly hydrogen diluted silane plasma where by
varying the deposition pressure, either the etch or the deposition regime could be achieved.

SiH, flow H; flow Electrode distance Power Temperature
(sccm)  (sccm) (mm) (W) (°C)

3 800 20 30 200

Figure 4.7(b) presents an etched a-Si:H layer, exposed to highly hydrogen diluted silane
plasma. A protective layer (in the center of the picture) which has protected that part of the
sample against etching shows a different color. The etching with highly hydrogen diluted
silane plasma at low pressure is attributed to the high ion bombardment (clarified later in this
section) and also the chemical etching by hydrogen [105].

In order to confirm the ion bombardment at low pressures (for highly hydrogen diluted
silane plasma), we have introduced a method to evaluate the intensity of the ion
bombardment. Indeed, the c-Si substrate passivated with the a-Si:H layers acts like a sensitive
sensor to the ion bombardment. By exposing such structure to the plasma, the lifetime
variation could show the intensity of the ion bombardment. Figure 4.8 shows the measured
injection level dependent 7, of the FZ c-Si wafer passivated by 27 nm intrinsic a-Si:H after
different treatments. The 7,¢¢ (An = 10* cm™®) immediately after deposition is ~60 ps. After
post-deposition annealing (190°C, 60 min, ambient air), the z,¢, reaches up to ~1.18 ms.

However, by exposing the sample to highly hydrogen silane diluted plasma, the lifetime drops
to ~219 ps.
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Figure 4.7: (a) The etch or deposition regime in the highly hydrogen diluted silane plasma could be
selected by varying the pressure. The negative values represent the etch region; the positive values
refer to the deposition region. The black symbols show the data obtained for the a-Si:H substrates.
The open red symbols show the deposition rate on the glass substrate. The lines are introduced to
guide the eye. (b) A picture of a-Si:H substrate which has been etched by highly hydrogen diluted
silane plasma at 0.6 mbar. A protective layer in the center has protected the very part of the sample
against etching where other parts have been etched.

This trend could be explained by introducing dangling bonds into the a-Si:H network
where by re-annealing the lifetime is recovered (see red data points in figure 4.8). We
measured a lifetime of ~1.52 ms after exposure to plasma and the re-annealing step. It should
be noted that by exposing the sample to highly hydrogen diluted silane plasma, most probably
the hydrogen content in the a-Si:H network increases [29]. This might explain the higher
lifetime (1.52 vs. 1.18 ms) after the re-annealing most likely due to the penetration of
hydrogen atoms into the a-Si:H/c-Si interface [29].

As shown in figure 4.8, the lifetime degradation due to the ion bombardment, is totally
reversible. These results indicate that the increased ion bombardment by deposition at lower
pressure (in order to speed up the nucleation step) is not detrimental for the final passivation.
If guaranteed that the low pressure highly hydrogen diluted silane plasma does not etch the
passivation layer, such plasma could be used for the deposition of the pc-Si:H emitter.

SHJ solar cells with p-type pc-Si:H emitter layers which are similar thick as a-Si:H emitter
layers (~15 nm) were fabricated by means of fast nucleation due to low deposition pressures
(~0.6 mbar). The electrical properties of the fabricated SHJ solar cells with the pc-Si:H
emitter layer deposited with different deposition times (300-500 s, corresponding to thickness
variation of ~12-17 nm) are demonstrated in figure 4.4. As this figure suggests, the FF
increases from 54.8% (300 s sample) to 79% (500 s sample) by improving the conductivity of
the upc-Si:H emitter layers (see figure 4.3). The improved FF is attributed to the reduced
Schottky barrier height (clarified later in this chapter) and the reduced contact resistance at the
emitter/TCO interface [106,107]. Compared to ITO, the effect of the contact resistance is
more pronounced for the ZnO:Al layer, as a highly resistive incubation layer forms in the
initial phase of the ZnO:Al growth [108]. Such a phase does not exist neither for ITO material
nor for p-i-n thin film configuration, as the p-layer is deposited on well-formed crystal gains
of the ZnO:Al layers.
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Figure 4.8: The injection level dependent . of the c-Si wafer passivated with 27 nm intrinsic a-Si:H
layers after different treatments. Green stars show the as-deposited lifetime, black triangles show the
lifetime after post-deposition annealing (190°C, 60 min, ambient air), blue squares show the lifetime
after exposing the sample to highly hydrogen diluted silane plasma at 4mbar (other process
parameters were reported in table 4.3) and red diamonds show the lifetime after re-annealing and
exposing to plasma . The higher achieved s after the re-annealing compared to the lifetime after
the first annealing, indicates that the damage created, due to the exposure to highly hydrogen diluted
plasma is reversible.

Figure 4.4 (a) shows that by improving the conductivity of the pc-Si:H layers, the Voc
value increases. The Voc of 667 and 707 mV were measured for the pc-Si:H emitter layers
deposited for 400 and 500 s respectively. The Voc improved by deposition of the pc-Si:H
emitter layers (in comparison to the a-Si:H counterpart) is attributed to the improved field
effect passivation (higher electric field at the emitter/c-Si interface) and reduction in interface
defect density. It should be mentioned that at the Voc condition (i.e. high injection level) the
effect of the reduced interface defect density is much more significant compared to the
improved field effect passivation.

Figure 4.5 shows that higher 7,7, were measured at a low injection-level for both pc-Si:H
emitter layers with higher conductivity (samples deposited for 400 and 500 s) compared to the
pc-Si:H sample deposited for 300 s. This improvement (at a low injection level) is attributed
to the improved electric field as all the pc-Si:H layers were deposited with the same recipe but
different deposition times. The maximum . (at a low injection level) is achieved for the
emitter layer with the maximum conductivity (500 s deposition time).

Apart from the field effect passivation, which is achieved by deposition of higher
conductive pc-Si:H emitter layers, the improved Voc (for SHJ solar cells with pc-Si:H
emitter) is more related to the reduced interface defect density by improving the passivation at
the a-Si:H/c-Si interface. The hydrogen plasma treatment to enhance the passivation at the a-
Si:H/c-Si interface has attracted attention. Recent studies [29,84] have shown that the
hydrogen plasma treatment can shift the bulk of an intrinsic a-Si:H film to the amorphous-to-
crystalline transition regime where the device-grade a-Si:H material could be produced [68].
Indeed, in highly hydrogen diluted silane plasma (condition that silane concentration is below
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6% [109]), as well as for the fabrication of the pc-Si:H films, by means of the layer-by-layer
deposition technique [110], it has been observed that within the first few seconds (50 s) after
the plasma ignition [110], the hydrogen concentration drastically decreases while a hydrogen-
rich sub-layer forms simultaneously [111]. The diffusion of hydrogen from this saturated
hydrogen sub-layer to the a-Si:H/c-Si has been confirmed by the deuterium treatment and
secondary-ion-mass spectroscopy [29,112]. It should be noted that an atomically sharp a-
Si:H/c-Si interface is required to obtain a high-quality interface passivation, [70]. In fact, the
a-Si:H passivation layer prevents the detrimental epitaxial growth of the samples that were
exposed to highly hydrogen diluted silane plasma for the deposition of the pc-Si:H emitter
layer. Similar results have also been reported for hydrogen plasma treatment [112].

Figure 4.5 indicates that considerable improvement in .z for the samples with pc-Si:H

emitter layers has been observed not only at a low injection-level but also at medium and high
injection-levels of the excess carrier density. Owing to the fact that the interface defect
density affects the 7.z, at all injection-levels [50], we could attribute the improved Voc (by
deposition of pc-Si:H emitter layer) to the reduced interface defect density. Interestingly, both
samples with a-Si:H emitter layers have similar 7,z at medium and high injection-levels of
An. Compared to the highly doped a-Si:H emitter layer sample, the improved 7.z at all
injection-levels for the pc-Si:H emitter layer deposited for 300 s with the lower conductivity
indicates that the interface defect density has been reduced (after deposition of the pc-Si:H
layer). The reduced interface defect density well explains the similarly measured Voc values
for these two samples (highly doped a-Si:H and 300 s pc-Si:H) with more than two orders of
magnitude difference in the emitter conductivity values.

The improved passivation at the a-Si:H/c-Si interface by deposition of the pc-Si:H emitter
layers suggests that an extra step of hydrogen plasma treatment can be avoided. It should be
noted that not well-optimized hydrogen plasma treatment could result in etching of the buffer
layer and adversely affect the passivation quality [105,112].

4.4 Schottky barrier at ZnO:Al/p-type emitter

As mentioned in section 4.1, the lateral conductivity of the a-Si:H and pc-Si:H layers is
quite poor compared to the c-Si counterpart. Consequently, a TCO layer (often an n-type
semiconductor) should be deposited to improve the charge transport to the device contact
metal grid. Due to the lower work function of the TCO material (than p-a-Si:H and p-pc-Si:H
emitter layers) [113], a Schottky barrier forms at the TCO/ p-type emitter interface. The
barrier height, which is governed by the work function mismatch between the TCO and the
emitter, plays a critical role on the performance of the fabricated devices [114-117]. Indeed,
the barrier height has a significant effect on the hole collection and the FF value [115]. In case
of a large work function mismatch (lowly doped emitter and low work function TCO such as
(ZnO:Al)), the whole p-layer is driven into depletion and the Voc is affected, as well [117].
The schematic illustration in figure 4.9 shows the Schottky barrier between the p-type a-Si:H
and the TCO layer.
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Figure 4.9: Schematic band diagram of the Schottky barrier at the p-type a-Si:H/TCO interface.

ITO is the most commonly used TCO material in the SHJ solar cell structure, [92] which
has a work function of ~4.9 eV [113,118]. Considering an electron affinity of ~3.9 eV for a-
SitH (Xq-si:n) [119] with a E; of a-Si:H (E; 4-s.4)1.85-1.9 €V and a typical activation
energy (Ey q—si:n) Of ~400 meV, the TCO requires a work function of ~5.4eV in order to
form an ohmic contact at the p-type a-Si:H/TCO interface (®, q—si.n = Xa-sim + Ega-si:n —
E; a_si.y = 5.4 eV ). Thus, the ITO/p-a-Si:H junction has a Schottky barrier with a height of
~0.5 eV (barrier height = @, ;_g;.y — Piro = 0.5 eV). By replacing the ITO with the DC
sputtered ZnO:Al layer, which has a lower work function of 4.5 eV [113], the barrier height
increases to 0.9 eV (barrier height = @, ,_gi.y — Pzno.41 = 0.9 €V ). Due to the increased
Schottky barrier, S shape I-V curves with low FF values are obtained.

It should be noted that in order to replace ITO by another material in order to develop a
new TCO for SHJ solar cells, the effect of the work function should be highly considered
since no high FF could be obtained with p-type a-Si:H emitter layer without satisfying the
required work function. However, as demonstrated in section 4.2 and 4.3, a much more
conductive emitter could be achieved by using p-type pc-Si:H material. Moreover, the pc-
Si:H material offers a better contact resistance to the ZnO:Al layer [106]. Additionally, it has
been demonstrated that a double p-layer structure with pc-Si:H at the interface to the TCO is
less sensitive to the front TCO work function (for n-i-p thin film solar cells where a n-type
TCO is deposited on a p-type emitter layer similarly to the SHJ solar cells) [120]. It should be
noted that as nucleation phase (in the growth of pc-Si:H films) takes place spontaneously,
several parallel Schottky junctions could form laterally at the ZnO:Al/p-type pc-Si:H
interface. Effectively, the dominant Schottky junction is the lowest Schottky barrier [121].

The electron affinity, the E, and the activation energy of the doped pc-Si:H are ~4.05, 1.12
and 0.03 eV respectively [122]. Following the same procedure, as we did for calculating the
Schottky barrier height for the p-type a-Si:H emitter, results in a work function of ~5.14 eV
for the p-type pc-Si:H material (@yc_si.n = Xpc—si:n + Eg uc-siim — Eo pe-si:n = 5.14 €V) and
a Schottky barrier height of ~0.64 eV with the ZnO:Al layer (barrier height = @, ..y —
D;.0.41 = 0.64 eV) which is much lower than the barrier with the a-Si:H emitter layer (0.9
eV).

In practice, the influence of Schottky junction could be observed in the illumination-
dependent Voc measurement, performed at high illumination intensities by means of the
Suns-Voc setup [123]. The Schottky junction which could be modeled as a Schottky diode
parallel to a shunt resistor[124] is demonstrated in figure 4.10.
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Figure 4.10: The schematic illustration of the Schottky junction at the TCO/emitter interface modeled
with a Schottky diode parallel to a shunt resistor. The p-n junction at the emitter/c-Si is illustrated
with opposite diode, as well [139].

At low illumination densities, the Schottky diode is fully shunted by the resistor. However,
at high illumination densities, the Schottky diode cannot be shunted anymore. As a
consequence, it generates a voltage opposite to the p-n junction [124]. Therefore, the
measured Voc decreases and a reversal in the Suns-Voc curve can be observed (i.e. the
voltage decreases with increasing illumination density). The illumination at which the reversal
point is reached, is a good parameter to compare the influence of the Schottky barrier [124].
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Figure 4.11: The measured Suns-Voc characteristics of the SHJ solar cells with different p-type a-
Si:H and pc-Si:H emitter layers.

Figure 4.11 shows the Suns-Voc characteristics of the SHJ solar cells fabricated with
different p-type a-Si:H and pc-Si:H emitter layers. The electrical parameters were shown in
figure 4.4 (a) and (b). As indicated by figure 4.11, increasing the emitter conductivity shifts
the reversal point (open symbols in figure 4.11) to higher illumination densities. The reversal
points of the two SHJ solar cells using either a lowly doped a-Si:H emitter layer (0.5 sccm
B,Hg) or a pc-Si:H emitter layer (deposited for 300 s) are observed at ~16 and 9.7 suns
respectively. The 1-V curve of both samples show S shape characteristics and their FF values
are low (60% for the lowly doped a-Si:H emitter and 54.8% for the low conductive pc-Si:H
emitter layer). The reversal point shifts to 62 suns for the highly doped a-Si:H emitter layer
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(FF reaches to 67 %). The reversal point is located at much higher suns for the highly
conductive emitters (pc-Si emitter with 400 and 500 s deposition time) and Voc value is not
reduced until the maximum investigated illumination density (74 suns) as been reached.
Consequently, the high FF of 77.3 and 78.9% is achieved for the pc-Si:H emitter samples
with 400 and 500 s deposition time respectively. It should be highlighted that the FF is not
only limited by the Schottky barrier at the TCO/emitter interface but also the valence band-
offset between i a-Si:H and c-Si plays a role.

The high FF obtained by the ZnO:Al layer which has a much lower work function than
ITO, clearly shows that the lower work function of this material is not an obstacle for being
used as a TCO for the SHJ solar cell structure. By implementing a well-doped emitter, the
higher Schottky barrier at the ZnO:Al/emitter interface compared to the ITO/emitter could be
suppressed and the low cost ZnO:Al material could be used as an alternative TCO for SHJ
solar cells [125]. The effect of the DC sputtered ZnO:Al deposition parameter on the electrical
properties of the SHJ solar cells is addressed in next chapter (chapter 5).

4.5 Reduced emitter absorption

So far, we have shown that employing the pc-Si layer can satisfy the required emitter
doping level to obtain well-functioning SHJ solar cells. This allows us the use of low cost and
more environmental friendly TCO material such as ZnO:Al. As demonstrated in figure 4.2
and 4.3, a highly conductive pc-Si:H layer can only be reached after a nucleation phase that
takes place spontaneously. This means that a few nanometer thicker p-type pc-Si:H layer
might be needed compared to the p-type a-Si:H layer counterpart. As the pc-Si:H material is
an indirect E;, material and has a much lower absorption coefficient (particularly in the blue
and the green internal wavelengths), than the a-Si:H counterpart (see figure 2.2) the Jsc will
not be affected. As demonstrated by figure 4.4, a higher Jsc (~1.9 mA/cm?) is achieved for the
SHJ solar cells with pc-Si:H emitter layers compared to the a-Si:H layers.
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Figure 4.12: The measured EQE curves for the SHJ solar cell with a 15 nm p-type a-Si:H emitter (red
solid line) and an 18 nm p-type pc-Si:H emitter (blue dashed line), indicates an 1.9 mA/cm? gain in Jsc
due to the reduced absorption in blue and green internal wavelengths. Interference fringes form
because of the flat DC sputtered ZnO:Al TCO layer (320 nm) and untextured c-Si substrate.

Figure 4.12 shows the measured EQE curves for the SHJ solar cells with a 15 nm (B;He:
32 sccm) a-Si:H layer thickness and an 18 nm (500 s deposition time) uc-Si:H emitter layer
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thickness. The results indicate that the EQE signal in the blue and green internal wavelength
for SHJ solar cells, fabricated with the pc-Si:H emitter layer, has improved. This improved
EQE value could be attributed to the reduced absorption in the emitter layer due to the lower
absorption coefficient of the pc-Si:H compared to the a-Si:H layer (see figure 2.2).

Moreover, it has been demonstrated that the hydrogen plasma treatment could widen the
E, of the a-Si:H layers [29,84]. The same effect could be expected with highly hydrogen
diluted silane plasma, as pushing the valence band edge to lower energy levels (by increasing
the hydrogen content of the film) is known to be responsible for the E; widening [126]. As
only 30% of the photogenerated carriers in the intrinsic a-Si:H passivation layer contribute to
the Jsc [93], the improved Jsc could partly be related to the reduced absorption in the a-Si:H
passivation layer due to the E; widening. It should be mentioned that the interference fringes
in the EQE signals (figure 4.12) appear as a result of the flat DC sputtered ZnO:Al layer (320
nm) and the flat c-Si substrate.
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4.6 Conclusion on pc-Si:H layer for SHJ solar
cells

The emitter layer plays several crucial roles in the SHJ solar cell structure such as
providing a sufficient electric field (i.e. creation of an inversion region at the emitter/c-Si
interface), adequate band bending in c-Si wafers and suppressing the Schottky barrier at the
TCOl/emitter interface (section 4.1). In section 4.2, the effect of the established electric field
by the emitter layer on the performance of the SHJ solar cell was presented by varying the
doping level of the a-Si:H emitter layers.

In section 4.3, we proposed pc-Si:H layers to achieve higher conductivity levels, compared
to the a-Si:H counterpart. Our findings show that a low pressure plasma condition can be used
to speed up the nucleation of the pc-Si:H emitter layer. Although, the ion bombardment
increases by decreasing the deposition pressure (formation of more dangling bonds), this is
not an issue for passivation since the degraded passivation could totally be recovered by a
post-deposition annealing treatment. Furthermore, we studied the effect of the emitter
conductivity on the performance of the SHJ solar cells through our novel approach which was
varying the emitter conductivity by taking advantage of the improved conductivity due to the
crystallinity evolution within the pc-Si:H layers. In addition, we demonstrate that by applying
the pc-Si:H layers, the interface defect density at the a-Si:H/c-Si interface decreases and thus
the passivation improves. This may allow to avoid an extra step of hydrogen plasma
treatment.

Section 4.4 investigated the Schottky barrier at the ZnO:Al/emitter interface. Besides, it
was shown that by fabricating pc-Si:H emitter layers, the high Schottky barrier can effectively
be suppressed. This way, we demonstrated well-functioning SHJ solar cells with high FF
(over 80%) and Voc (above 700 mV) values by using ZnO:Al TCO instead of the commonly
used ITO material.

Finally, the fabrication of SHJ solar cells with the pc-Si:H emitter layer showed higher
EQE values and ~1.9 mA/cm? gain in Jsc, compared to a-Si:H counterpart due to the lower
absorption coefficient of the pic-Si:H material (section 4.5).
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Chapter 5

5 DC sputtered ZnO:Al, an
alternative TCO for SHJ solar
cells

This chapter firstly addresses the different roles of the TCO layer in the SHJ solar cell
structure (section 5.1). Secondly, we introduce the DC sputtered ZnO:Al as an alternative
TCO for SHJ solar cells and indicate the advantages, compared to the commonly used TCO
material. The effect of ZnO:Al deposition parameters including power, temperature, oxygen
flow and deposition time on the electrical properties of the obtained SHJ solar cells is
presented in section 5.2. Finally, section 5.3 describes the influence of vertical transportation
component of the ZnO:Al layer on the FF and its contribution to the total series resistance of
the fabricated SHJ solar cells, using ZnO:Al/Ag/ZnO:Al multilayers to separate the lateral
from the vertical conductivity.

5.1 The requirement for TCO in SHJ solar cells

The sheet resistance of the doped Si thin films; which form the emitter and BSF in the SHJ
solar cell; is inferior (in the range of 100 KQ/sq-10 MQ/sq) compared to the highly doped c-
Si emitter of diffused solar cells. Therefore, contacting the SHJ solar cells in the same way as
the standard diffused c-Si solar cells, i.e. by direct fabrication of mm-spaced metal fingers (on
the emitter), results in high series resistance losses and thus low FF values. The inclusion of
the TCO layer before fabricating the metal grid significantly enhances the charge carrier
collection and reduces the series resistance losses. The above mentioned argument imposes
several requirements for the TCO layer, as follows:

(i) The TCO should simultaneously form a lossless contact to the emitter, the BSF layer, and
the metal grid.
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5.1 The requirement for TCO in SHJ solar cells

(i) The TCO should be as transparent as possible over the absorption range of the c-Si
absorber.

(iii) The TCO layer should act as an antireflection coating layer by refractive index-matching
between the c-Si and air (finally Si and encapsulant in the solar module).

Sputtered ITO is the material of choice in order to simultaneously reach a low sheet
resistance, a maximal optical transparency and the antireflection behavior. ITO is the most
applied TCO for SHJ solar cells [92] due to its good optical and electrical properties
[127,128].

For the front TCO, the ITO film with a thickness of ~80 nm could provide the desired
lateral conductivity and satisty the required sheet resistance (less than 80 €2/sq). Additionally,
such thickness acts as quarter-wavelength antireflection coating which is the destructive
interference of two reflected beams with 180° phase difference, as shown in figure 5.1. As a
general trend for c-Si solar cells, is to minimize the reflectivity at ~650 nm wavelength, where
the maximum amount of incident solar energy can be converted into the output power. Thus,
to take benefit of the quarter-wavelength antireflection coating at the wavelength of 650 nm,
while considering that ITO has a refractive index of ~1.9 (at 650 nm wavelength), the

thickness needs to be ~80 nm i.e. ix % = d, where A, n and d, are the wavelength, the

refractive index and the thickness, respectively. It should be mentioned that quarter-
wavelength antireflection considers the reflectivity for a specific wavelength A(n,,d) where at
other wavelengths the reflectivity is still high. One way to minimize the reflection at overall
wavelength is to texture the c-Si surface, what will be explained in section 5.2.1.1.
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Figure 5.1: The schematic illustration of the quarter wavelength antireflection coating where two
reflected beams (with 180°phase difference) interfere destructively.

On the one hand, a highly transparent TCO is required to maximize the photogeneration in
the absorber in order to achieve high Jsc values. On the other hand, a low sheet resistance of
TCO is highly important to minimize the series resistance losses and to maximize the FF.
Generally, the conductivity 6 (S/cm) of the TCO is calculated via equation 5.1,

oc=NXuxgq (5.1)
where N (cm™) is the free carrier density, p (cm?/Vs) is the free carrier mobility and g (C) is
the electron charge. As a general trend to improve the conductivity is to increase the mobility
instead of the free carrier density [129]. The reason for this is the free carrier absorption and
reflection which take place in the near IR or mid-IR range [130]. To further increase the free
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carrier mobility in the ITO, the use of hydrogen-doped In,O3; has been suggested which
provides a high free carrier mobility of up to 120 (cm?®/Vs) and an excellent near-infrared-
transparency [131].

Apart from the transparency and conductivity of the TCO (discussed in chapter 4), the
TCO work function is another important parameter which is crucial for the performance of
SHJ solar cells. The band alignment at the TCO/emitter interface significantly affects the
carrier transport [117]. As practically all the TCO materials are n-type, an ohmic contact with
n-type a-Si:H or pc-Si:H can easily be achieved. However, the condition is different for the p-
type a-Si:H or pc-Si:H emitter layers, where the TCO/emitter interface must allow the
efficient band to band tunneling. This means holes that are collected from the c-Si absorber
into the p-type emitter layer must recombine with electrons from the TCO [132]. Among
various TCO materials, ITO has one of the highest work functions in the range of 4.9-5.6 eV
[113,120]. Moreover, appropriate band alignment between the ITO and p-type a-Si:H emitter
layer has been demonstrated [92,120].

Nevertheless, ITO has several disadvantages. First of all, the cost of ITO is very high
compared to the other TCO materials. Thus, replacing it by the cheaper TCO is one of the
ways to reduce the production costs for SHJ solar cells. The second issue is the scarcity of
indium (In). With a growing demand, the price will increase even more in the future [11]. In
addition, it has been shown that In acts as a toxic element which could result into a toxic ITO
compound [12]. Moreover, ITO lacks texturing capability what requires to combine it with the
wafer texturing [133]. Therefore, replacing ITO with a cheaper, more abundant and
environmental-friendly material including texturing capability seems to be a promising
approach to reduce the costs of future SHJ solar cells.

5.2 The effect of ZnO:Al deposition parameters

As stated in section 5.1, replacing ITO with an alternative cheaper and more
environmental-friendly material including texturing capabilities is a promising approach to
improve future SHJ solar cells. Among the various TCO materials, ZnO:Al is an attractive
candidate due to its good opto-electrical properties, the less environmental impact and its
well-established technology with Si thin film solar cells [134-136].

During the last years, several deposition techniques such as pulsed laser deposition (PLD)
[137], reactive DC sputtering [138,139], low pressure chemical vapor deposition (LPCVD)
[140,141], as well as RF and DC magnetron sputtering have been used for fabricating ZnO
films. The results of these studies show that the properties of the final films strongly depend
on the deposition technique and the deposition parameters. Whereas by reactive DC sputtering
80 nm films with a sheet resistance below 75 Q/sq can be fabricated [138], the DC magnetron
sputtering with such a thickness produces a sheet resistance between 180-1600 Q/sq,
dependent on the flow of oxygen during the sputtering process [125,133]. Magnetron
sputtering from an aluminum doped ZnO target is the mostly applied deposition technique for
fabricating ZnO:Al layers. Therefore, it is mainly used in the large scale production [142].

Compared to the ITO material, the two main disadvantages of the ZnO:Al film are (i) the
high resistivity (2-4x10° ©.cm) [125] which is more than one order of magnitude higher than
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ITO (5x10™ Q.cm) and (ii) the low work function (~4.3 eV for the ZnO:Al and ~5.1 eV for
ITO). As for the second disadvantage, the high Schottky barrier at the ZnO:Al/emitter
interface (ii), we proposed to use a pc-Si:H emitter layer since a higher conductivity can be
achieved in comparison to the a-Si:H film. The successfully suppressed Schottky barrier at the
ZnO:Al/emitter interface by employing an pc-Si:H emitter and other advantages of the pic-
Si:H emitter layers were extensively discussed in chapter 4.

In order to address the first disadvantage (i), we have systematically studied the effect of
the ZnO:Al deposition parameters on the opto-electrical properties of the individual ZnO:Al
layers as well as the obtained SHJ solar cells. In particular, the effect of the layer thickness,
oxygen flow, power density and temperature have been investigated. The main focus of this
chapter is to understand the processes occurring by varying each deposition parameter in
order to satisfy the required TCO properties for ZnO:Al layers.

5.2.1 Thickness effect

The resistivity of DC sputtered ZnO:Al films (1.3x10°Q.cm) is much higher than the one
of ITO (5x10™Q.cm) [140,143,144]. The ZnO:Al films are polycrystalline material with a c-
axis-preferred growth orientation (0002) perpendicular to the substrate [145,146]. Therefore,
the structural properties of the ZnO:Al films suggest that an effective way to tune the
resistivity is the thickness of the deposited films. In other words, the resistivity strongly
depends on the deposited thickness since the formation of larger grains in a thicker film
drastically decreases the resistivity [147,148].
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Figure 5.2: The variation of (a) Jsc and FF (b) Voc and n with respect to the ZnO:Al thickness. The
ZnO:Al layers were deposited at a constant temperature (220°C), power density (1.9 W/cm2) and
oxygen flow (0.5 sccm). For each thickness, the electrical properties of three cells are demonstrated
(fabricated on the same substrate). The filled symbols represent the maximum value. The dashed lines
connect the maximum measured values and are plotted to visualize the trend.
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Figure 5.2(a) shows the variation of the FF and Jsc values of SHJ solar cells with respect to
the front contact thickness of the ZnO:Al layer, varied in the range of 80-1930 nm. Three data
points (on the same substrate) are shown for each thickness and the maximum value is
depicted by the filled symbol. Overall, the measured data points for each thickness are rather
similar what indicates the uniformity of the fabricated devices. Figure 5.2(a) suggests a
tradeoff between the Jsc and the FF. For the 85 nm ZnO:Al layer thickness (the common ITO
thickness), the maximum FF value is 72.9 %. By increasing the TCO thickness (up to 320
nm), the FF significantly improves to 80.1 % due to the reduction in the resistivity of the TCO
(see figure 5.4). On the other hand, figure 5.2 (a) shows that by increasing the ZnO:Al layer
thickness, the Jsc reduces from 36.09 mA/cm? for 85 nm layer thickness to 29.7 mA/cm? for
1.9 um layer thickness. To understand the Jsc reduction in case of thicker ZnO:Al layers, we
studied the EQE and the absorption spectra of theses samples. As depicted in figure 5.3, the
free carrier absorption is the main reason for the Jsc reduction especially in the wavelength
range of 700-1100 nm.
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Figure 5.3: The absorption spectra for ZnO:Al layers with different thicknesses deposited on glass in
co-deposition with the front TCO of the SHJ solar cells. The absorption increases particularly in IR
with the thickness increase.

Figure 5.4 demonstrates the Hall measurement results, performed on the single ZnO:Al layer on
glass. As this figure suggests the improved mobility (red triangles) is the main reason for the
resistivity reduction due to the formation of larger ZnO:Al grains [148]. The carrier density seems
to be almost constant for all thicknesses. Comparing figure 5.2 (a) and figure 5.4, it is
observed that, although, the resistivity still decreases for the layers thicker than 320 nm, the
FF values does not improve. This implies that for the TCO layers thicker than 320 nm, the
TCO resistivity does not play a role in the total series resistance of the fabricated SHJ solar
cells. Hence, the optimum ZnO:Al layer thickness regarding the series resistance in the cell is
~320 nm. It is to be considered that the electrical values measured for the ZnO:Al films on
glass substrates should be treated as effective values due to the film inhomogeneity (presence
of the incubation layer in the first few nm thickness of ZnO:Al films).
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Figure 5.4: The variation of resistivity, carrier concentration and mobility with respect to the ZnO:Al
thickness. The ZnO:Al layers were deposited at a constant temperature (220°C), power density (1.9
W/cm?) and oxygen flow (0.5 sccm) on glass substrate in co-deposition with SHJ solar cells. The
dashed lines are plotted to visualize the trend. The values reported here should be treated as effective
values due to the film inhomogeneity.

Figure 5.2(b) demonstrates the variation of the VOC and the efficiency values with respect
to the front ZnO:Al layer thickness. The highest efficiency is obtained for SHJ solar cells with
a front electrode thickness of 85 nm (16.94 %) and 320 nm (16.88 %). For the TCO sample
with a thickness of 85 nm, the high efficiency is governed by the high JSC, while the
improved FF is responsible for the high efficiency of the TCO of 320 nm thickness. The
similar efficiency values for these two thicknesses (85 and 320 nm) might suggest that the
optimum thickness for the sputtered ZnO:Al is similar to ITO (~85 nm). However, it should
be noted that a further efficiency improvement for these thin layers introduces several
challenges since further reduction of the resistivity is limited by the material nature. On the
other hand, by depositing a thicker TCO layer, the required conductivity is achieved.
Moreover, there are several ways to suppress the free carrier absorption (caused by the thick
layers) such as tuning the oxygen pressure during sputtering. Additionally, the deposition of
thicker layers enables the chemical texturing of the ZnO:Al films, in contrast to the ITO
material.

5.2.1.1 Texturing capability of ZnO:Al

One of the advantages of ZnO:Al material (compared to ITO) is its texturing capability.
The well-known chemical texturing of the ZnO:Al could provide additional light trapping in
the SHJ solar cells. Figure 5.5 shows the EQE of the fabricated SHJ solar cell with 1.3 um
ZnO:Al layer thickness before and after 25 s texturing with 1% HF aqueous solution. The
thickness of the ZnO:Al, removed during this etching process is ~160 nm. As presented in
figure 5.5, the interference fringes of the flat ZnO:Al layer vanish after the texturing process.
Also, after texturing a gain of ~2.9 mA/cm? is achieved in the Jsc due to the reduced
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reflection by texturing. Figure 5.6(a) and (b) demonstrate the SEM micrographs of ZnO:Al
layer in the SHJ structure before and after texturing, respectively.
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Figure 5.5: The measured EQE for a SHJ solar cell before (black solid line) and after texturing the
front ZnO:Al layer (red dotted line) in HF solution (1%) for 25 s where 2.9 mA/cm? gain was achieved
after the texturing process.

Figure 5.6: The 45° tilted view SEM micrographs of surface of the ZnO:Al layer in the cell structure
(a) before and (b) after the texturing process in HF (1%) for 25 s. The etched thickness is about 160
nm. Schematic illustrations of (c) light randomization by the textured surface (d) reduced reflection on
textured c-Si due to the possibility of second refraction. This means that the reflected light can strike
the silicon surface again. The reflectivity of bare c-Si reduces from about 35% to around 12%
(~(35%)°) for the textured surface. (e) and (f) 45° tilted view SEM micrographs of surface of the
textured c-Si with KOH solution.

It is be highlighted that the mechanism of reflection reduction by chemical texturing of the
ZnO:Al is different from random pyramids texturing of the c-Si substrates. In random
pyramids texturing of c-Si substrates, the reflection reduces due to the possibility of having a
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second refraction (the reflected light can strike the silicon surface again) [149]. Whereas, in
case of chemical texturing of the ZnO:Al layers, the reduced reflection is governed by the
enhanced scattering due to light randomization with a rough surface [150,151]. As the HIT
technology is progressing toward thinner wafers, the light confinement becomes important.
Therefore, the texturing capability of the ZnO:Al layers makes this material an even more
attractive TCO candidate which could compensate in the Jsc reduction by using thinner
wafers.

5.2.2 Oxygen flow effect

The opto-electrical properties of the ZnO:Al layers strongly depend on the oxygen content
of the deposited layer. Hence, the oxygen pressure during the sputtering process is an
effective parameter to tune the transparency and conductivity of the obtained layers. In fact,
the oxygen vacancies in the ZnO:Al layers act as donor-type doping [152]. Therefore, low
oxygen-content ZnO:Al layers suffer from poor transparency due to the high free carrier
absorption. In contrast, oversupply of oxygen results in a formation of films with low
conductivity and improved transparency resulting from the increased inactive Al dopant (by
incorporation as Al,O3) and the reduction of oxygen vacancies [153].
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Figure 5.7: The variation of (a) Jsc, FF and pseudo FF (b) Voc and n with respect to the relative
oxygen partial pressure. The ZnO:Al layers (~300 nm) were deposited at constant temperature
(220°C) and power density (1.9 W/cm?). In (a) and (b), for each thickness, the electrical properties of
three cells are demonstrated (fabricated on the same substrate). The filled symbols represent the
maximum value. The dashed lines connect the maximum measured values and are plotted to visualize
the trend.

Figure 5.7(a) and (b) show the variation of the Jsc, the FF, the Voc and the efficiency of the
SHJ solar cells as a function of the relative oxygen partial pressure. For each oxygen partial
pressure, the electrical properties of three cells (on the same substrate) are reported and the
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maximum is shown by filled symbols. As illustrated in figure 5.7(a) a tradeoff between the Jsc
and the FF is observed whereby increasing the oxygen partial pressure, the Jsc increases and
the FF decreases.
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Figure 5.8: The Absorption spectra of the single ZnO:Al layer deposited on the glass substrates with
four different oxygen flows. The respective red, blue, green and black solid lines show the measured
spectra for 0, 0.5, 2 and 4 sccm oxygen flows.

Figure 5.8 shows that, the increased Jsc values are related to the reduced absorption of the
ZnO:Al layers whereby an overall reduction in the absorption spectrum is observed when
increasing the oxygen flow from 0 to 0.5 sccm. By further increasing the oxygen flow, the
reduced absorption mainly occurs in the infrared (IR) part of the spectrum, what indicates a
reduction in the free carrier concentration [130]. On the other hand, figure 5.7(a) suggests that
the FF reduces in samples that have been deposited with higher oxygen partial pressures. The
measured pseudo-FF values by Suns-Voc (red crosses) are demonstrated in figure 5.7(a) as
well. No significant variation has been observed in the pseudo-FF what suggests that the main
reason for the FF reduction is the increased series resistance.

To understand the origin of the reduced conductivity (as a result of the increased O, flow),
a Hall measurement has been performed. Figure 5.9 shows the variation in the resistivity, the
carrier concentration, and the Hall mobility of the individual ZnO:Al layers (deposited on the
glass substrates) with respect to the relative oxygen partial pressure in co-deposition with the
SHJ solar cells. As indicated by figure 5.9, the increased resistivity of the ZnO:Al layers is
related to the reduction in both; the mobility and the carrier concentration. The carrier density
reduction has been the subject of several studies and has been associated to three reasons
including (1) a lower oxygen vacancy concentration, due to increase in the oxygen flow
[130,152-154], (2) an increase in the inactivate Al dopants by formation of the Al,Os
compound [155] and (3) the reduction of the interstitial zinc atoms [156]. Apart from the free
carrier density reduction, due to the increased oxygen flow, the mobility reduces from 15.8 to
0.6 cm?/Vs as illustrated in figure 5.9. The mobility reduction is attributed to two electron
scattering mechanisms. One is imposed by the grain boundaries (formation of smaller grain
by increasing the oxygen flow) [157-159]. The other one originates from the increased Al,O3
compound concentration. The higher inactive Al concentration in the layer (either by
deposition from a highly doped target or by a higher oxygen flow in the plasma which
increases the formation of more Al,O3; compound) results in higher scattering and hence lower
mobility [155,160,161]. In addition, based on the Petritz model, the deposition at the higher
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oxygen flow increases the oxygen chemisorptions in the grain boundaries and hence, reduces

the carrier mobility [160,162,163].
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Figure 5.9: The variation of resistivity, carrier density and mobility with respect to the relative oxygen
partial pressure. The dashed lines are plotted to visualize the trend. The values reported here should
be treated as effective values due to the film inhomogeneity.

Figure 5.7 shows that by increasing the oxygen flow, the Voc continuously improves from
0.625 V to 0.643 V for the respective oxygen flows of 0 and 4 sccm. Since it has been
demonstrated that sputtering at higher oxygen flow increases the work function of the
deposited layers and results in a higher Voc [113,120,153], the gain in the Voc could be
attributed to the higher work function of the obtained ZnO:Al layers at higher oxygen partial
pressures [120]. It is to be mentioned that since our pic-Si:H emitter layers are highly doped, it
is expected that the effect of the TCO work function on the obtained Voc be lower than the
reported value for the n-i-p solar cells [120]. Furthermore, a higher photogenerated charge
carrier concentration is expected, due to the reduced TCO absorption with higher oxygen
flow, which results in a higher splitting in the quasi Fermi level as well as in a higher Voc.

The efficiency results of figure 5.7 indicate that the deposition at 0.5 and 2 sccm oxygen
flows results in the highest efficiency of 16.4 and 16.6 % respectively. Although, these two
data points show very similar efficiencies, their efficiency factors are different. In case of the
2 sccm oxygen flow, the improved Jsc and slightly higher Voc compensates for the FF
reduction (FF is 76.5 % for 2 sccm and 79.3 % for 0.5 sccm oxygen flow). Finally, our results
suggest that the oxygen partial pressures in the range of 0.5 to 2 sccm are an optimum range
to satisfy the tradeoff between the FF and the Jsc.

5.2.3 Deposition power effect

During the sputtering process, the surface of the substrate is exposed to a bombardment of
TCO species [164]. Therefore, the deposition power affects the passivation of the solar cell
precursor and also determines the electrical properties of the obtained ZnO:Al layers as the
energy of the species affects the material structure and properties.
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Figure 5.10: The variation of (a) Voc and FF (b) Jsc and n with respect to the deposition power

density. The ZnO:Al layers (=320 nm thickness) were deposited at a constant temperature (220 °C)

and oxygen flow (0.5 sccm). For each power density, the electrical properties of three cells are

demonstrated (fabricated on the same substrate). Filled symbols represent the maximum value. The

dashed lines connect the maximum measured values and are plotted to visualize the trend.

Figure 5.10 (a) illustrates the variation of the Voc and the FF of SHJ solar cells with
respect to the deposition power density of the front contact ZnO:Al layers in the range of 0.9-
1.9 W/cm?. Due to the change in the deposition rate with the power density variation, the
deposition times were adjusted to obtain a similar layer thickness of ~320 nm for all samples.
As demonstrated by figure 5.10 (a), the increase of the sputtering power decreases the Voc
values (black diamonds) whereas the FF values (red triangles) increase. The drop in the Voc
due to increasing power could be attributed to the increased ion bombardment, as the
bombardment adversely affects the wafer passivation [165]. Therefore, the TCO deposition
condition should be as soft as possible in order to protect the passivation layers during the
sputtering process. It has been shown that post-deposition annealing might recover parts of
the degradation due to the ion bombardment during sputtering process [165]. However, this
recovery treatment strongly depends on the hydrogen content and the deposition parameters
of the passivation layers [78]. Our results show that a gain of ~38 mV is achieved in the Voc
when reducing the power density from 1.9 to 0.9 W/cm?. Zhang et al have reported a gain of
~80 mV by using an a-Si:H emitter in the similar power density range [165]. Comparing these
two values, it may be stated that the pc-Si:H emitter is more resistant to the ion bombardment
process (most probably due to the formation of hydrogen rich sub-layer). However further
studies are required.

In addition, figure 5.10 (a) shows that the FF value increases with increased sputtering
power (opposite to the Voc trend). This improvement is mainly related to the resistivity
reduction of the ZnO:Al layers. Figure 5.11 illustrates that the resistivity of the ZnO:Al layers
reduces from 2.5 x 102 to 1.97 x 10 Q.cm with increased sputtering power density. Figure
5.11 shows that the reduction in the resistivity is mainly related to the improved mobility
(from 13.9 to 15.6 cm?/Vs) and a slight increase in the carrier concentration. The improved
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mobility is attributed to the formation of ZnO:Al layers with larger grains as resulting of the
increased species diffusion with the increased power [166].
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Figure 5.11: The variation of resistivity, carrier density and mobility with respect to the deposition
power density. The ZnO:Al layers (~320 nm) were deposited at a constant temperature (220°C) and
oxygen flow (0.5 sccm). The dashed lines are plotted to visualize the trend. The values reported here
should be treated as effective values due to the film inhomogeneity.

Figure 5.10 (b) shows the variation of efficiency with respect to the sputtering power. The
maximum efficiency of 17.85 % is achieved for the samples prepared at the lowest sputtering
power density of 0.9 W/cm® As figure 5.10 suggests, deposition at a lower power is
beneficial for the efficiency and the gain in Voc is higher than the loss in the FF. This result
indicates that the deposition at a lower sputtering power is more suitable for obtaining a
higher efficiency. However, it should be considered that the deposition at a very low power
density could cause a highly resistive TCO layer with a higher reduction in the FF than the
gain in the Voc.

5.2.4 Deposition temperature effect

The deposition temperature is another important parameter that should be considered for
optimizing the ZnO:Al layers since it greatly affects the microstructure of the ZnO:Al layers
and its electrical properties. Figure 5.12 shows the resistivity, the carrier concentration and the
mobility of the sputtered ZnO:Al layers which have been deposited at various temperatures,
ranging from 50 to 300°C and have been fabricated fabricated on the glass substrate in co-
deposition with the SHJ solar cells. Figure 5.12 suggests that by increasing the substrate
temperature, the resistivity reduces from 3.44x10 to 1.31x10° Q.cm due to the enhanced
mobility and the higher carrier concentration. The increase in the mobility can be attributed to
the enhanced diffusion of the atoms which results in larger grains [167]. Moreover, higher
temperatures favor a higher active Al-content in the ZnO:Al layers what leads to an increased
carrier concentration [155].
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Figure 5.12: The variation of the resistivity, the carrier density and the mobility with respect to the
deposition temperature. The ZnO:Al layers were deposited at a constant power density (1.9 W/cm?)
and oxygen flow (0.5 sccm) in co-deposition with the front TCO of the SHJ solar cells. The dashed
lines are plotted to visualize the trend. The values reported here should be treated as effective values
due to the film inhomogeneity.

The variation in the Voc, the FF, the Jsc, and the efficiency of the fabricated SHJ solar
cells with respect to the deposition temperature of the front contact TCO demonstrated by
figure 5.13(a) and (b). As figure 5.13(a) suggests, the FF values (red triangles) improve from
72.7 to 77% at higher deposition temperatures. Almost similar pseudo FF values are obtained
for the samples that have been fabricated at various temperatures. The similar pseudo FF
values suggest that the main improvement in the FF is mostly due to the reduction in series
resistance. Although, it seems that deposition at higher temperatures is an effective way to
obtain the desired conductivity of the ZnO:Al layers, it should be considered that, depending
on the annealing time (prior to the TCO deposition) and deposition time, some degradation
may occur in the passivation.

Figure 5.13 (a) shows the measured Voc of the fabricated SHJ solar cells with respect to
the deposition temperature of the ZnO:Al layers. By increasing the temperature from 50 to
100°C, a gain of ~17 mV is obtained in the Voc. This increase can be related to the
restructuring of the silicon bonds at the a-Si:H/c-Si interface through diffusion of the
hydrogen atoms from the pc-Si:H emitter layer [57,168]. However, at a high temperature
regime, a degradation in the passivation could occur [80]. Therefore, the effect of the TCO
deposition temperature should be considered for both TCO properties as well as for the solar
cell precursor passivation.

Figure 5.13(b) depicts that a deposition at higher temperatures is beneficial for the
efficiency due to the improved FF. The maximum efficiency of 17.16 % is obtained for the
sample deposited at 300°C. In fact, several studies report a passivation degradation above
240°C deposition temperature for the a-Si:H emitter and BSF layers [57,165,169]. In our
work, we have not observed any degradation in the passivation, even at a very high deposition
temperature of 300°C. We could attribute this to the highly hydrogen diluted silane plasma
that has been used for the fabrication of the pc-Si:H emitter and the BSF layers. As discussed
in chapter 4, it is expected that a hydrogen-rich sub layer formsduring the first few seconds of
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highly hydrogen diluted silane plasma. During the deposition of the ZnO:Al layer, the
hydrogen atoms diffuse most probably to the a-Si:H/c-Si interface which prevents the
degradation [84,168]. Therefore, it could be concluded that the deposition of the pc-Si:H
emitter and the BSF layers allows to fabricate the ZnO:Al layer at higher temperature than the
passivation degradation occurs for an a-Si:H emitter.
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Figure 5.13: The variation of (a) Voc, FF and pseudo-FF (b) Jsc and n with respect to the deposition
temperature. The ZnO:Al layers were deposited at a constant power density (1.9 W/cm?) and oxygen
flow (0.5 sccm). The electrical properties of three cells are demonstrated for each deposition
temperature, (fabricated on the same substrate). The filled symbols represent the maximum values.
The dashed lines connect the maximum measured values and are plotted to visualize the trend.

5.3 The SHJ solar cells with optimized
deposition parameters

In the previous sections (5.2.1- 5.2.4), the effect of each ZnO:Al deposition parameter
including thickness, oxygen flow, power and temperature on the electrical properties of the
fabricated SHJ solar cells has been studied. In this section, all optimized deposition
parameters have been applied in combined with the developed p-type pc-Si:H emitter (chapter
4).

Table 5.1 summarizes all optimized deposition parameters, obtained from section 5.2.1-
5.2.4 where the respective thickness, O, flow, power density, pressure, temperature and
annealing time were 320 nm, 0.5 sccm, 0.75 Wicm?, 6 ubar, 300°C and 10 min.

Table 5.1: The optimized ZnO:Al deposition parameters used for the fabrication of the optimized SHJ
solar cell.

Thickness O, flow Power density Pressure Temperature  Annealing time
(nm) (sccm) (W/cm?) (ubar) (°C) (min)
320 0.5 0.75 6 300 10
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By applying all optimized deposition parameters (shown in table 5.1) together with the
developed p-type pc-Si:H emitter, we obtained SHJ solar cells with a conversion efficiency as
high as 19.2%. The electrical properties of the optimized cell are shown in table 5.2. It should
be noted that our optimized cell is reproducible.

In fact, the obtained efficiency of 19.2% is among the highest efficiencies for SHJ solar
cells with sputtered ZnO:Al layers (on flat c-Si wafer) that have been reported so far. Also,
the obtained Jsc is one of the highest values achieved on the flat wafer [54]. Therefore, our
results demonstrate and confirm the potential of DC sputtered ZnO:Al layers as a promising
alternative TCO material for future SHJ solar cells.

Table 5.2: The electrical properties of the optimized SHJ solar cell, fabricated by using the uc-Si:H
emitter in combination with the DC sputtered ZnO:Al TCO on the flat c-Si wafers.

Designated cell area Jsc Voc FF n
(cm?®) (mAlcm®)  (mV) (%) (%)
0.25 34.35 708 79.1 19.2

5.4 ZnO:Al/Ag/ZnO:Al (OMO) structure In
SHJ solar cell

In this section, we study the effect of the vertical conductivity component of the ZnO:Al
films on the electrical properties of the SHJ solar cells and its influence on the total series
resistance. In order to separate the effect of the lateral conduction component from the vertical
one, we could take the advantage of embedding a thin metal layer in the ZnO:Al films in the
ZnO:Al/Ag/ZnO:Al structure. In general, for the TCO/metal/TCO multilayer structure, it has
been demonstrated that the lateral conductivity is only governed by the metal inter-layer,
independent on the TCO outer-layers properties [170,171]. Indeed, in the process of the
charge carriers collection by the TCO/metal/TCO multilayer structure, only the vertical
transportation occurs inside the TCO layers as the lateral one preferably occurs within the
metal inter-layer. This unique property of the TCO/metal/TCO multilayer structure allows us
to monitor the effect of the vertical conduction component of the TCO layers on the electrical
properties of the SHJ solar cells including the total series resistance of the fabricated devices.
First we address the opto-electrical properties of the ZnO:Al/Ag/ZnO:Al multilayer structure
and compare them with a single ZnO:Al layer. Subsequently, we investigate the role of the
vertical conductivity component of the ZnO:Al films on the electrical parameters of SHJ solar
cells by fabricating devices with this structure.

It should be noted that the introduced approach to understand the effect of vertical
conductivity component of the ZnO:Al films can be applied to other TCOs, as well. This
understanding also helps to improve the design of layers where such a one directional
transportation takes place as an example in the rear TCO.
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5.4.1 ZnO:Al/Ag/ZnO:Al (OMO) properties

Figure 5.14 shows a schematic illustration of the ZnO:Al/Ag/ZnO:Al multilayer structure.
The electrical properties of the TCO/metal/TCO multilayer structure can be modeled by
parallel resistances. Therefore, the effective resistance (Res) of the whole structure is
expressed as a function of the resistance of single layers parallel coupled [172-174].

Zno:Al  —A\VWWW—

e [ —

Zn0O:Al /WWAM
Substrate

Figure 5.14: A Schematic illustration of the electrical behavior of the ZnO:Al/Ag/ZnO: Al multilayer
structure [173].

The Ress 0f the TCO/Metal/TCO can be written via equation 5.2:

1 __ 1 1 1 _ 1 n 2 (52)
Reff RTCO,top Rpetal RTCO,bot Rpetal Rrco

In general, owing to the fact that Rtco = 100Rwmetar, the effective resistance is almost equal
to the metal resistance (Reft = 0.98Rwmeta = Rimetar). SO, the metal layer is the key element which
determines the electrical properties of the TCO/Metal/TCO multilayer structure. Considering
the resistivity of various metal elements, Ag is the first choice as it has the lowest resistivity
among all metal elements [173].

Figure 5.15 shows the sheet resistance of the ZnO:Al/Ag/ZnO:Al multilayer structure with
respect to the Ag inter-layer thickness. The sheet resistance for two single ZnO:Al layers with
a thickness of 80 nm (the common ITO thickness for SHJ solar cells [92]) and a thickness of
320 nm (the optimum thickness of ZnO:Al for SHJ solar cells) are illustrated in figure 5.15 as
well. It should be noted that the values reported in figure 5.15 should be considered as
effective values due to the inhomogeneous films. Figure 5.15 shows that by increasing the Ag
inter-layer thickness, the sheet resistance drastically decreases. To investigate the origin of the
change in conductivity, we performed Hall measurement. The free carrier density and the
charge carrier mobility, as a function of the Ag inter-layer thickness, are plotted in figure 5.15
as well. According to the data, an increase of the Ag inter-layer thickness also increases the
free carrier density continuously. The enhanced free carrier density is attributed to the
injection of electrons from Ag to the ZnO:Al layers which results in the formation of an
accumulation-type contact [170,173]. Due to the increased free carrier density, a red shift in
the absorption edge and a narrowing in the optical E, is observed (figure 5.16). The same
phenomenon has been reported for heavily doped ZnO layers where the semiconductor-metal
transition takes place [175,176].
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Figure 5.15: The variation of sheet resistance (filled black squares), mobility (upward blue triangles)
and free carrier density (downward red triangles) with respect to the Ag thickness in the
ZnO:Al/Ag/ZnO: Al multilayer structure. The corresponding values for the two single ZnO:Al layers
(80 and 320 nm layer thicknesses) are illustrated, as well. The dashed lines are plotted to visualize the
trend. The values reported here should be treated as effective values due to the inhomogeneous layer
stacks.

In the heavily doped semiconductors, two competing phenomena are dominant in affecting
the absorption edge. The first one is the Burstein-Moss band-filling effect which moves the
highest occupied levels into the band [177,178]. The second phenomenon is the merged wave
function of more closely spaced doping levels with the conduction band edge which results in
the E, shrinkage [175,179,180]. Due to the stronger effect of the second phenomenon (above
critical carrier concentration) in degenerated semiconductors, the band edge shifts towards the
lower energy levels, by increasing the free carrier density.

® OMO 10.1 nm
® OMO 8.3 nm
6- 4 OMO 6.5 nm
v OMO 4.7 nm
OMO 3.1 nm
¢ ZnO:Al

3.0 315 4I.O
Photon energy (eV)
Figure 5.16: Square of the absorption coefficient (o2) as a function of the incident photon energy (hv)
for the multilayer structure with different Ag inter-layer thicknesses and single ZnO:Al layers. By
increasing the thickness of the Ag inter-layer, a red shift can be observed in the absorption edge. The

optical E 4 energy is extracted by fitting the linear part of the curves through a2=A(hv—Eg).
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We have used the a(hv) = A(hv — Eg)% relationship, to determine the optical E,. Where
hv is the photon energy, a is the absorption coefficient. Subsequently, the optical Ejis
deduced from the absorption edge by a linear fit extrapolation of the absorption to zero. As
demonstrated by figure 5.16, the obtained Ejof the single ZnO:Al layer is ~3.61 eV and

decreases to 3.52 eV for the ZnO:Al/Ag/ZnO:Al multilayer sample with 8.3 nm Ag inter-layer
thickness.

. =~ » T -
Figure 5.17: 34° tilted SEM micrographs of the ZnO:Al layer surface after the deposition of the Ag
film with a thickness of (a) 3.1 nm (b) 4.7 nm (c) 6.5 nm, and (d) 8.3 nm, suggesting the formation of
the coalesced Ag layer for a thickness of 8.3 nm.

For the mobility of the charge carriers, a different trend is observed (compared to the free
carrier density). By increasing the Ag interlayer thickness, the mobility decreases first (up to
thickness of 4.7 nm) and increases afterwards. Figure 5.17 shows the SEM micrographs of the
samples after the deposition of the Ag inter-layer. Indeed, the mobility trend reflects the
structural evolution of the Ag inter-layer with the variation in thickness. As figure 5.17 (a)
shows Ag metallic nuclei are formed during the initial stage of the Ag growth. By further
deposition, the nuclei grow into islands (figure 5.17 (b)), but have not yet coalesced. Due to
the increased AgQ/ZnO:Al interface resulting from the formation of larger islands (by
increasing the Ag thickness from 3.1 to 4.7 nm), the interface scattering increases and thus the
mobility decreases from 5.9 to 2.5 cm?/Vs [170]. By increasing the Ag inter-layer thickness
from 4.7 to 6.5, the mobility improves but is still low (5.5 cm?Vs), most probably due to the
not so well merged islands or still high rough Ag/ZnO:Al interface. Finally, by further
increasing the Ag inter-layer thickness to 8.3 nm (figure 5.17 (d)), a significant improvement
in the mobility from 5.5 to 11.6 cm?/Vs is achieved. By further increase in the Ag inter-layer
thickness (from 8.3 to 10.1 nm), the mobility and free carrier density increases only slightly.
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Figure 5.18: Measured EQE curves of the SHJ solar cells fabricated with 80 nm thick ZnO:Al layer
(black solid curve) and with various thicknesses of the Ag inter-layer in the ZnO:Al/Ag/ZnO:Al
multilayer structure where by coalesce of the islands into layer, the minima in the EQE curves
disappears. The reflection of the SHJ solar cells with 80 nm thick ZnO:Al layer and
ZnO:Al/Ag/ZnO: Al multilayer structure with 8.3 nm Ag inter-layer thickness.

The EQE curves for the SHJ solar cells fabricated with ZnO:Al/Ag/ZnO:Al multilayer
structure also indicate the merging of Ag islands and their coalescence into the layer. Figure
5.18 shows the measured EQE curves of the fabricated SHJ solar cells with
ZnO:Al/Ag/ZnO:Al multilayers and various Ag inter-layer thicknesses of 3.1, 4.7 and 8.3 nm.
There is a minima in the EQE signals of those samples, where the Ag inter-layer film has not
coalesced (which could be attributed to the scattering and plasma absorption of the Ag islands
[181]). After the coalescence of the Ag islands, the minima in the EQE curves disappears as
the continuous Ag layers have a lower absorption [130,181] and hence the absorption of the
multilayer structure decreases.

The reflection of the SHJ solar cells with the ZnO:Al single layer (80 nm) and
ZnO:Al/Ag/ZnO:Al multilayer structure (with 8.3 nm Ag inter-layer thickness) is plotted in
figure 5.18. Due to the higher absorption and the reflection of the ZnO:Al/Ag/ZnO:Al
multilayer structure, the EQE values of the SHJ solar cells with such structures have been
much lower. As discussed in section 5.1, to develop a new TCO material for the solar cell
devices, one aims at improving the mobility instead of the carrier density due to their
absorption and reflection (see equation 5.1). The ZnO:Al/Ag/ZnO:Al multilayer structure has
a higher carrier density (more than one order of magnitude) compared to the single ZnO:Al
layers. Thus, they do not seem to be good candidates (in the current status with planar Ag
layer) for solar cell devices whose absorption takes place in the red internal wavelength. The
parasitic absorption may be reduced in the blue and green internal wavelengths by optimizing
the Al doping concentration in the target. In this case, the ZnO:Al/Ag/ZnO:Al multilayer
structure could be used as an alternative for the ITO layer in the a-Si:H single junction and
organic solar cells as in these devices the parasitic absorption of free carriers in the red
internal wavelength is not an issue. In this regards, Chou et al has shown that by structuring a
sub-wavelength hole-array, the scattering and transmittance of thin metal layers enhance
[182]. It should be noted that the aim of our approach (using ZnO:Al/Ag/ZnO:Al multilayer
structure) is to separate the lateral conductivity from the vertical one inside the ZnO:Al layers
and the developing of ZnO:Al/Ag/ZnO:Al as TCO is beyond the scope of this study.
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Figure 5.19: The measured FF (filled black squares) with respect to the Ag inter-layer thickness in the
multilayer structure. The FF values (open squares) of the fabricated SHJ solar cells with 80 and 320
nm ZnO:Al layer thicknesses are demonstrated, as well.

Figure 5.19 shows the FF values of the fabricated SHJ solar cells with a
ZnO:Al/Ag/ZnO: Al multilayer structure with respect to the Ag inter-layer thickness. As this
graph suggests, by increasing the Ag inter-layer thickness, the FF improves due to the reduced
resistivity of the ZnO:Al/Ag/ZnO:Al multilayer structure and hence the reduced series
resistance of the fabricated SHJ solar cells. We have obtained a high FF value of 80.3% for
the SHJ solar cells with Ag thickness of 8.3 nm. As mentioned before, this thickness
corresponds to the sample where the coalescence of Ag islands has taken place. The FF values
of the fabricated SHJ solar cells with the single ZnO:Al layers are also demonstrated in figure
5.19, suggesting similar high FF values for the optimized single ZnO:Al layer (320 nm).

5.4.2 Understanding the effect of vertical
conductivity component of ZnO:Al

In order to vary the resistivity of the ZnO:Al layers in the ZnO:Al/Ag/ZnO:Al multilayer
stack, we have varied the oxygen flow during the sputtering process. Figure 5.20(a) and (b)
show the sheet resistance of the ZnO:Al single layers and the ZnO:Al/Ag/ZnO:Al multilayers
(with 8.3 nm Ag inter-layer) with respect to the oxygen flow. As discussed in section 5.2.2,
the resistivity of the ZnO:Al single layers strongly depends on the oxygen content which
increases with the oxygen flow (see figure 5.9 and section 5.2.2).

As shown in figure 5.20 (b), unlike the strong influence of the oxygen flow on the
electrical properties of ZnO:Al single layers, the sheet resistance, free carrier density and
mobility of the ZnO:Al/Ag/ZnO:Al multilayer structure is independent of the oxygen content
of the ZnO:Al outer-layers. We measured an almost constant sheet resistance of ~12.5 Q/sq, a
free carrier density of ~5.4x10%* cm™ and a mobility of ~11.5 cm?Vs for the investigated
oxygen flow range (0.5-6 sccm). This indicates that the electrical properties of the multilayer
structure are governed by the Ag inter-layer properties. By employing the multilayer structure
in the SHJ solar cell structure, the charge carriers vertically pass through the ZnO:Al outer-
layers and only the vertical resistivity component of the ZnO:Al films affects the
transportation of the charge carriers (see the effective resistance of the ZnO:Al/Ag/ZnO:Al
multilayer structure in equation 5.2). It should be stated that the measured values, shown in
figure 5.20, should be considered as effective values due to the inhomogeneous layer stacks.
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Figure 5.20: Variation of the sheet resistance (black squares), mobility (upwards triangles) and free
carrier density (downwards triangles) with respect to the oxygen flow (a) for the single ZnO:Al layers
and (b) for the ZnO:Al/Ag/ZnO:Al multilayer structure. The values reported here should be treated as
effective values due to the inhomogeneous layer stacks.

Figure 5.21 shows the FF values of the SHJ solar cells with single ZnO:Al layers and a
ZnO:Al/Ag/ZnO:Al multilayer structure as a function of the oxygen flow. The FF value of the
SHJ solar cells with multilayer structure reduces from 0.803 to 0.704 with the increasing
oxygen content of the ZnO:Al outer-layers (from 0.5-6 sccm). This reduction results from the
increased vertical resistivity component of the ZnO:Al layers. For the SHJ solar cells with
single ZnO:Al layers, a significantly higher FF value reduction was measured (open squares
in figure 5.21) as both the lateral and the vertical conductivity, affect the charge carrier
collection. Figure 5.21 shows the measured pseudo FF values (the FF without the effect of the
series resistance) for the SHJ solar cells with a ZnO:Al/Ag/ZnO:Al multilayer structure. We
have measured almost the same pseudo FF values of ~0.821 for all samples. This indicates
that the reduction of the FF (with an increased oxygen content of the ZnO:Al outer-layers)
results from the increased series resistance.
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Figure 5.21: The measured FF of the SHJ solar cells fabricated with the ZnO:Al/Ag/ZnO:Al
multilayer structure (filled black squares) and single ZnO:Al layers (open red squares) with respect to
the oxygen flow. The measured pseudo FF values of the SHJ solar cells with the ZnO:Al/Ag/ZnO:Al
multilayer structure are demonstrated with black filled stars, as well.

Figure 5.22 demonstrates the measured FF values (black squares) of the fabricated SHJ
solar cells with a ZnO:A/Ag/ZnO:Al multilayer structure (for different oxygen flows) as a
function of the solar cell series resistance (Rs). The data points for three fabricated SHJ solar
cells on the same substrate are demonstrated for each oxygen flow. Indeed the variation of Rs
(caused by varying the oxygen flow during sputtering) results from the variation of the
vertical resistivity component of the ZnO:Al layers. In other words, figure 5.22 shows the
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effect of the vertical resistivity component of the ZnO:Al layers on the FF values of the
obtained SHJ solar cells. In figure 5.22, the red line shows a linear fit of the measured data
points (black squares). The extrapolated FF, value (the FF value with 0 Q series resistance is
shown with green filled circle) of 0.814 from the linear fit (red line) agrees well with the
measured pseudo FF values (~0.821). As figure 5.22 suggests, a reduction of ~6% in the FF
value per unit increase of vertical resistivity is obtained.

0.82
; B FFOMO
0.80 —FitOMO
0.78 * FFrneo
— FitFF
n Th
= 0.76r €0
0.74
072
0.70- , ,
0 i 5 3

2
R, (©.cm’)

Figure 5.22: The variation of the measured FF values (square data points) and theoretically
calculated FF values (star data points) with respect to the Rs of the fabricated SHJ solar cells with a
ZnO:Al/Ag/ZnO: Al multilayer structure for various oxygen flows. The red and blue lines indicate the
linear fit of the measured and theoretically calculated data points respectively. A FFq as high as 0.814
is obtained by the linear fit extrapolation of the measured data points which is in good agreement with
the measured pseudo FFpseuq0 (0.821) and theoretically calculated FFo.rme, (0.815) values.

We have also compared our experimental results with the theoretical model developed by
M. A. Green [183]. This model describes the linear relationship of the FF in presence of Rs

via:
Rg

FF = FFy(1 — =% (5.3)

RcH
where the magnitude of the effect of Rs on the FF is found by comparing the values to the

characteristic resistance, R.y = % (Isc is short circuit current). In equation 5.3, FFg is the
N

ideal FF in absence of the parasitic resistance as closely approximated via:

Voc—In(Wy+0.72)

FF() == Voctl (54)
where v is defined as a normalized voltage via:
14
Uoc = ot (5.5
Ly

where n, K, T and q are the ideality factor, the Boltzmann constant, the temperature and the
elementary charge, respectively. The semi-empirical limit of V. = 700 mV in equation 5.5
according to Martin Green’s formula for Jo [183] is a useful approximation in the range of
Eg as in the c-Si solar cell. From this theoretical relationship, we were able to predict the
theoretically calculated FF (FFrheo) Values as a function of R, as shown in figure 5.22. As can
be seen in this figure, the FFmeo values (star data points) are in close proximity with the
measured FF values. The difference between the FFhe, and the FFomo increases with the rise
in Rs. This results from the considering a fixed n. An FFq theo Of 0.815 is obtained by the
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linear fit of the FFrneo-Rs data points (blue line) which is well-matched with the measured
pseudo FF (0.821) and the FFq (0.814) extracted from the linear fit of the measured FF data
points (red line). The other parameters, such as the shunt resistance, also affect the FF and
need to be considered for a more precise theoretical calculation of the FF [184].

The obtained results indicate that even with the excellent lateral conduction, a hindered
vertical transportation of the charge carriers could act as a source of series resistance and
reduces the FF values. As the results of this study show, it is possible to almost accurately
estimate the change in the FF with change in vertical transportation component of the ZnO:Al
layers. A reduction of ~6% in the FF value per unit increase of vertical resistivity was
obtained.
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The TCO plays several important roles in the SHJ solar cell structure such as transferring
the collected charge carriers in the emitter into the metal grids and acting as an antireflection
coating. In chapter 5, at first, we addressed the importance of the TCO (section 5.1) in the
SHJ solar cells. In addition, the disadvantages of the commonly used ITO and the requirement
for its replacement were addressed (section 5.1).

Section 5.2 introduced the DC sputtered ZnO:Al as an alternative TCO material. ZnO:Al
has two main differences (compared to ITO) including its lower work function (clarified in
chapter 4) and its higher resistivity. To address the latter difference, we have investigated the
effect of the ZnO:Al deposition parameters including layer thickness, oxygen flow, power
density and temperature on the opto-electrical properties of the individual ZnO:Al layers and
also the obtained SHJ solar cells.

Our results suggest that since ZnO:Al is a polycrystalline material with the preferred
growth direction perpendicular to the substrate, the film thickness has a significant influence
on the electrical properties of the ZnO:Al layers and should be considered for layer
optimization process. Based on the opto-electrical characterization results, the ZnO:Al
optimum thickness should be ~300 nm. Furthermore, our results indicate that by increasing
the oxygen partial pressure, the transparency and hence Jsc of the obtained SHJ solar cells
increase. However, the obtained FF value decreases due to the increased resistivity of the
deposited ZnO:Al layers. Therefore, considering a tradeoff between the Jsc and the FF, the
optimum oxygen partial pressure is found to be ~0.5 sccm. In addition, the effect of the power
density in the range of 0.9-1.9 W/cm? has been studied and a tradeoff between the FF and the
Voc has been observed. Considering the efficiency trend, we found that a deposition at a
lower power (~0.9 W/cm?) is beneficial for the efficiency. Unlike ITO films, the deposition
temperature is another important parameter that should be considered for the fabrication of the
ZnO:Al layers whose layer conductivity improves at higher deposition temperatures.
However, deposition at higher temperatures may degrade the passivation, hence this creates a
tradeoff between the FF and the Voc. In the studied temperature range (50-300°C), we did not
observe any degradation most likely due to the highly hydrogen diluted silane plasma which
was used for fabricating the emitter layers. Section 5.3 summarizes all optimized deposition
parameters obtained from the opto-electrical characterization of the individual ZnO:Al layers.
Conversion efficiencies as high as 19.2% were obtained by applying all optimized parameters
by using a combined pc-Si:H and ZnO:Al layer.

Section 5.4 studied the effect of the vertical conductivity component of the ZnO:Al layers
on the electrical properties of the obtained SHJ solar cells and its contribution to the total
series resistance. In particular, such one directional transport occurs at the rear TCO, where a
TCO layer is inserted to prevent the diffusion of metal atoms into the a-Si:H/c-Si interface
and to reduce the plasmonic absorption in the back metal reflector . Therefore, understanding
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the effect of the vertical conduction component of ZnO:Al film is important and helps to
improve the rear TCO design. To separate the lateral conductivity of the ZnO:Al layers from
the vertical component, we fabricated SHJ solar cells by employing ZnO:Al/Ag/ZnO:Al
multilayer structures. In such a structure, the vertical transport of charge carriers only takes
place inside the ZnO:Al layers since the lateral conduction always occurs inside the Ag layer.
Our results show that even with an excellent lateral conduction, a hindered vertical
transportation of the charge carriers could act as a source of series resistance which reduces
the FF values. A reduction of ~6% in the FF value per unit increase of vertical resistivity is
obtained. Furthermore, the obtained experimental trend was verified with the theoretical
model developed by Green et al.

The results of chapter 5 confirms the potential of DC sputtered ZnO:Al layers with an pc-
Si:H emitter for fabricating future SHJ solar cells.
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Chapter 6

6 Conclusion and Outlook

The objective of this thesis was to investigate pc-Si:H emitter layers and DC sputtered
ZnO:Al TCOs as a novel front contact for SHJ solar cells. The main results and findings of
this thesis are summarized as follows:

o Hydrogenated a-Si:H films act as high performance passivation layers, whose
passivation quality strongly depends on the PECVD processing parameters. In this thesis, we
have investigated the effect of the hydrogen dilution, temperature and power density on the
passivation performance of the obtained a-Si:H films. For both polished and unpolished
wafers, a hydrogen to silane ratio of 2.5 was found to result in the highest minority carrier
lifetimes. At higher hydrogen dilutions, lower lifetime values were measured probably due to
the promotion of partial epitaxial growth at the a-Si:H/c-Si interface. Post-deposition
annealing significantly improved the lifetime. This improvement depended strongly on the
initial passivation quality.

o The effect of the emitter conductivity on the electrical properties of the obtained SHJ
solar cells was investigated through a novel approach. We varied the emitter conductivity by
taking advantage of an improved conductivity through crystallinity evolution within the pc-
Si:H film thickness. This approach allowed us to study the effect of the emitter conductivity
without introducing any additional interrelated parameters. Our results show that a highly
conductive emitter is extremely necessary to satisfy the required electric field at the emitter/c-
Si interface such as to preserve the flat band and to suppress the Schottky barrier at the
TCO/emitter interface.

o The implementation of a pc-Si:H emitter layer to satisfy the emitter conductivity
requirements has been suggested. (i) Our results indicate that by employing the pc-Si:H
layers, (i) the passivation at the a-Si:H/c-Si interface improves, most likely due to the highly
hydrogen diluted silane plasma used for the deposition. (ii) Due to the lower absorption
coefficient of the pc-Si:H material compared to a-Si:H, parasitic absorption in the emitter is
reduced particularly in the blue and green internal wavelength region which in turn results in a
gain of ~1.8 mA/cm? in Jsc. (iii) In addition, solar cell precursors can stand higher deposition
temperature during ZnO:Al layers fabrication, probably due to the formation of a hydrogen
rich sub-layer. The possibility of a higher processing temperature is highly important as the
ZnO:Al quality strongly improves at higher temperatures. (iv) Furthermore, our results
suggest that, by employing a pc-Si:H emitter layer, the Schottky barrier at the ZnO:Al/emitter
junction can effectively be suppressed. Thus, high FF of ~80% can be achieved, as confirmed
by our results.

o To successfully utilize the pc-Si:H emitter layers and to keep the emitter absorption as
low as possible, a fast nucleation is required. The results suggest that a suitably fast pc-Si:H
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nucleation occurs by deposition at low pressures. At these low pressures, the passivation
degradation by ion bombardment is reversible and hence it could be used for the emitter
deposition, confirmed by the results of this work (chapter 4).

o DC sputtered ZnO:Al as an alternative TCO for SHJ solar cells was investigated. To
satisfy the TCO requirements, the effect of the deposition parameters including film (i)
thickness, (ii) O, partial pressure, (iii) deposition power and (iv) temperature on the opto-
electrical properties of the ZnO:Al films and also on SHJ solar cells performance was studied.
(i) The results suggest that as the ZnO:Al is a polycrystalline material with preferred growth
orientation perpendicular to the substrate, the film thickness is the dominant parameter for
satisfying the required lateral conductivity. The main influence of the thickness seems to be
its effect on the carrier mobility. We found that a thickness of ~300 nm satisfies the tradeoff
between transparency and conductivity for moderate substrate temperatures of 250°C. (ii)
Oxygen variation causes the tradeoff between the transparency and conductivity. Our results
suggest that the oxygen partial pressure of ~0.5% is the optimum condition. (iii) The
deposition power causes a tradeoff between Voc and FF due to defect creation on the one
hand and increasing the mobility on the other hand. In this thesis, the optimized deposition
power density was found to be ~0.9 W/cm? where by this optimization ~40 mV gain in the
Voc was achieved. (iv) The deposition at higher temperatures improves both optical and
electrical properties of the ZnO:Al layers. Nevertheless, the solar cell precursors should stand
the high temperature process during the ZnO:Al layers fabrication step since the hydrogen
effusion at the a-Si:H/c-Si interface degrades the passivation. Our results confirm that by
fabrication of the pc-Si:H emitter layer, the deposition temperature could be set as high as
300°C. The possibility of this high temperature process is probably due to the formation of a
hydrogen rich sub-layer, which possibly forms as a result of hydrogen diffusion into the a-
Si:H film within the first few seconds (30 s) of the highly hydrogen diluted silane plasma.

o One of the advantages of the ZnO:Al film is its texturing capability compared to the
ITO material. A promising approach for the future of the SHJ solar cells field is the use of
thinner wafers to achieve higher Voc values. However, for thinner wafers the light
confinement is challenging. Our results show that light trapping can be enhanced by texturing
the ZnO:Al films by which a gain of ~1.9 mA/cm? in the Jsc was achieved after texturing with
HF solution.

o The influence of the vertical conductivity component of the ZnO:Al layers on the FF
values and its contribution to the total series resistance of the fabricated SHJ solar cells was
investigated using ZnO:Al/Ag/ZnO:Al multilayers to separate lateral from vertical
conductivity. As the lateral conductivity takes place in the Ag layer, only the vertical
transportation of the charge carriers takes place inside the ZnO:Al layers. The results suggest
that even with excellent lateral conduction, a hindered vertical transportation of charge
carriers could act as a relevant source of series resistance and thus reduces the FF values. A
reduction of ~6% in the FF value per unit increase of vertical resistivity was obtained. A good
agreement between our obtained experimental results and theoretically calculated values,
based on developed theoretical model by M. A. Green concerning the influence of series
resistance on the FF, could be shown. From an industrial point of view, understanding the
effect of the TCO vertical conductivity component is important since by reducing the wafer
thickness, the effect of the rear TCO becomes more significant.

86



6 Conclusion and Outlook

o Finally, by investigating and fine-tuning all the fabrication parameters, a high
conversion efficiency of 19.2% (Voc= 0.708 V, FF=0.791, Jsc= 34.35 mAcm™) using ZnO:Al
TCO layers on the flat c-Si wafers was obtained. The results of this study show the potential
of DC sputtered ZnO:Al layers with an pc-Si:H emitter for replacing the commonly used ITO
material for the fabrication of the future generation of SHJ solar cells.

Outlook

This work can be continued in several ways. For this study, we have only used flat c-Si

substrates. However, the reflection of a flat c-Si substrate is rather high. Hence, light-trapping
approaches have to be applied to reduce the solar cell current losses induced by the reflection.
In the case of monocrystalline silicon, a random pyramidal textured surface effectively
reduces the reflection as the reflected light has the possibility to refract again. Thus, one of the
next steps for this study could be the fabrication of the developed pc-Si:H emitter and ZnO:Al
TCO on a textured substrate to further increase the current density. Moreover, as we have
shown the texturing capability of the ZnO:Al for light trapping in the SHJ solar cells (section
5.2.1), such light randomization schemes can also be applied on the textured wafer for multi-
light trapping in SHJ solar cells.
Recently, the use of thinner wafers has attracted considerable attention due to the lower bulk
defect density. However, the use of thinner wafers requires much better light trapping to
compensate for the reduced Jsc. Hence, the texturing capability of ZnO:Al and the suggested
multi-light trapping scheme seems a promising solution to fulfill the abovementioned
requirements.
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Glossary

Ev, Ec
Ei

E:
Erpa-siH
Ern, Ero
Eact

FF

G

Hail

JV
Jsc

Laifr

N(E)
Np, Na
Ns
Ni

Nps

absorption

diffusivity

surface/interface trap density
dangling bond

correlation energy

valence, conduction band edge
center of the bandgap

trap energy level

p a-Si:H Fermi level

electron, hole quasi-Fermi level
activation energy

fill factor

generation rate

hydrogen dilution

light intensity

current -voltage characteristic
short-circuit current density
diffusion length

free carrier density (in TCO)
density of states

donor, acceptor density
surface/interface state density
trap density

bulk dangling bond density

%
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eV
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eV
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An, Ap
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a

€0

si

fixed insulator charge density
interface DB charge density
reflection

bulk recombination rate

Auger recombination rate
dangling bond recombination rate
characteristic resistance
effective resistance

series resistance

radiative recombination rate
sheet resistance

surface recombination velocity
silane concentration
temperature, transmission
interface recombination rate
open-circuit voltage

wafer thickness

conduction, valence band offset
excess photoconductance
excess electron, hole density

excess surface carrier density

average excess electron, hole density

absorption coefficient
vacuum permittivity

relative silicon permittivity

sunlight energy conversion efficiency

Q.cm
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%
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eV
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Trad

pc-Si:H
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No,Po
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wavelength

free carrier mobility

electron, hole mobility in c-Si
photon flux density

Raman crystallinity factor
electron, hole quasi-Fermi level
surface potential

resistivity

conductivity

electron, hole capture cross-section

electron, hole capture cross-section of the charged state

electron, hole capture cross-section of the neutral state

effective lifetime

Auger lifetime

c-Si bulk lifetime

defect c-Si bulk lifetime
extrinsic c-Si bulk lifetime
intrinsic c-Si bulk lifetime
radiative carrier lifetime
microcrystalline silicon
intrinsic

Boltzmann constant

total electron, hole density
electron, hole density at thermal equilibrium
intrinsic carrier density

refractive index

nm
cm?vist
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cm?st

%

Qcm
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cm’
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c-Si
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D° D", D

DLTS

EQE
FZ

PFF

HIT

HJ
HR-TEM
HWCVD
implFF

imp'Voc

surface electron, hole density
elementary charge

capture rates of neutral, positively and negatively charged
DBs

thermal velocity

silver

air mass

hydrogenated amorphous silicon
Diborane

back surface field

crystalline silicon

Czochralski

neutral, positive, negative DB charge condition
deep level transient spectroscopy
electron

external quantum efficiency

float zone

pseudo fill factor

hole

heterojunction with intrinsic thin-layer
heterojunction

high resolution transmission electron microscopy
hot wire chemical vapor deposition
implied fill factor

implied open-circuit voltage

indium

%

%
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IR

IQE
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MIS
MPP
MW-PCD
OMO
PCD
PECVD
PH,

PL

PV
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SEM

Si

SiNy
SiO,
SHJ
SRH
SunsVoc
TCO
TEM
XRD
Zn

ZnO:Al

infrared

internal quantum efficiency %
indium tin oxide
metal-insulator-semiconductor

maximum power point

microwave-detected photoconductance decay
oxide/metal/oxide

photoconductance decay

plasma enhanced chemical vapor deposition
Phosphine

photoluminescence

photovoltaic

quasi-steady-state photoconductance
scanning electron microscope

silicon

silicon nitride

silicon dioxide

silicon heterojunction solar cell
Shockley-Read-Hall

illumination level dependent open-circuit voltage
transparent conductive oxide

transmission electron microscopy

x-ray diffraction

zinc

DC sputtered aluminum zinc oxide
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