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Chapter 1

1.1 Introduction

This chapter introduces general background information for
readers. Basic knowledge on plasma enhanced chemical vapor
deposition, hydrogenated amorphous silicon and polymorphous
silicon,  Staebler-Wronski  effect, material and  device
characterization such as spectroscopic ellipsometry and model, UV-
VIS-IR transmission-reflection, sub-gap absorption measurements
(PDS, CPM), Fourier transform infrared absorption, hydrogen
exodiffusion, dark conductivity , atomic force microscope and
scanning electron microscope, diode dark J(V), solar cell
parameters will be briefly presen ted, and reference textbooks with

more detail will be cited.

1.2 Plasma enhanced chemical vapor deposition

Plasma enhanced chemical vapor deposition (PECVD) is a thin film
fabrication method based on the dissociation of gas molecules by
electron impact in an electrical discharge, instead of thermal
dissociation (CVD). In PECVD, the dissociation of a precursor gas
and the surface reactions of ionized species are controlled by the
plasma. Since electron temperature of a low-pressure discharge is
high enough (~ 2-5 V) for dissociatio n, the deposition can be carried
out at substrate temperatures (T s) much lower than for pure CVD.
Such low Ts allows large area electronic applications on cheap
substrates. Process pressure is usually higher than that used in
reactive-ion-etching because secondary reactions between radical
species are often desired in PECV D. The process pressures used in
this thesis covers the range from 45 to 5000 mTorr. Therefore,
mean free paths of radical specie s are small, of order 0.003-0.3 mm.

The plasma densities are in the range from 10 9-1011 cm-3, and the
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1.2 Plasma enhanced chemical vapor deposition

fractional ionizations are low, of order 10 -4. Surface activation
energies for PECVD are often sma Il, occasionally negative. Hence
deposition rates (r 4) are usually not very sensitive to the T .
However, physical properties and morphology of the films are

generally strong functions of T .

The use of a RF discharge enables PECVD deposition on
insulating substrates i.e. glass. The excitation frequency of power
supply ranges from a few kHz to 200 MHz, but the usual frequency
used for RF-PECVD is 13.56 MHz. This freque ncy was chosen by a
standard for international telecommunications as an unoccupied
frequency. Industry is interested more and more by higher process
frequencies such as 27.13 MHz, 40.68 MHz (2 " and 3" harmonics
of 13.56 MHz), but th is study only deals with the excitation
frequency of 13.56 MHz. This is currently a standard frequency for
which we can easily find commercial generators and matching box.

A matching box is inserted between RF generator and the plasma

in order to minimize the reflected power.

Capacitively coupled plasma (CCP) systems are one of the
most common types of industrial plasma sources. They essentially
consist of two metal electrodes separated by a small distance,
placed in a reactor. An electrode is connected to the RF generator,
through a matching box and DC current blocking capacitor (C )
while the other is grounded. Usually, the matching box circuit
includes Cg inside. A plasma is ignited between the two electrodes,
and at the interface between the plasma and the electrodes, the
sheath arises. Because electrons are much lighter than ions,
electrons will fly out of the plasma, leaving behind positive ions in
the plasma, and thus leaving the bulk plasma charged positively
relative to the electrodes. The electron-free region between the

plasma and the walls is named the sheath, and the resulting
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potential drop from the plasma to the sheath is called the plasma

potential (V p).

@) 77TITIT Sheath
. 5 2
(@]
13.56 é’ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
MHz =
S Vpe<O
(b)

Figure 1.1 — (a) Schematic view of the potent ial distribution in a RF discharge where the
RF voltage is applied to the RF electrode, with dielectric substrate, and (b) time-
dependent sheath voltages. Figure 1.1(b) from Ref. [1.3]

The sheath shows rectifying charac teristic. When the RF electrode

is biased to a negative voltage, essentially all electrons (and any

negative ions) are repulsed, but th ere is only small ion current, due
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1.3 Hydrogenated amorphous silicon

to low ion velocity. Otherwise, when the RF electrode is positively
biased, there is a large electron current. Furthermore, if the net
area of the grounded electrode is actually larger than that of the RF
electrode, the discharge becomes asymmetric, and makes RF
electrode negatively charged. Such behavior in the discharge is
called self bias or DC bias (V pc), and it is related to the capacitive
nature of the sheath. Under RF field, C g is negatively charged
through the rectifying characteristic of the sheath, compensating
for the unequal current flow in each RF cycle. When using an
insulating substrate e.g. glass, the plasma behaves as a variable
load, and so the substrate is at fl oating potential and acts like a

capacitor in series with C .

More details on plasma discharge process are found in the
thesis of P. Roca i Cabarrocas [1.1] or the textbooks such as Ref.
[1.2]. Figure 1.1 shows a schematic view of the potential
distribution in a RF discharge and time-dependent sheath voltages

and currents.

1.3 Hydrogenated amorphous silicon

Hydrogenated amorphous silicon (a-Si:H) has been the most
promising candidate for over two decades as an absorber layer for
thin film solar cells. It is obvi ous that a-Si:H creates tremendous
interest for two reasons. First, th e material has several interesting
properties that opened up many opportunities for semiconductor
device applications. For example, due to the high absorption
coefficient of a-Si:H in the visibl e range of the solar spectrum, a 1
um thick a-Si:H layer is sufficient  to absorb 90% of the photon
energy above its bandgap (~1.7 eV). Second, the glow discharge
deposition technique, also refe rred to as PECVD, has enabled the

production of a-Si:H films over large areas (2.1x2.5 m 2) and at a
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low substrate temperature (100 to 400 °C). The low process
temperature allows the use of a wi de range of low cost substrates
such as glass, metal or polymer foils. Furthermore, a-Si:H can be
simply doped and alloyed by adding the appropriate gases to a
source gas, usually silane. Thes e features have made a-Si:H a

promising candidate for low cost thin film solar cells.

Since the first a-Si:H solar cell was reported by Carlson and
Wronski [1.4] in 1976 with an efficiency of 2.4 9%, great
improvements have been made. No wadays, a-Si:H single junction
solar cells show stable efficien cies above 10 % [1.5], and a-Si:H
based multijunction solar cells present initial efficiencies above 16 %
[1.6], thus competing with polycry stalline silicon solar cells. More
detail on a-Si:H can be found in the textbook of R. A. Street [1.7].

1.4 Staebler-Wronski effect

Shortly after the development of the first a-Si:H solar cell in 1976,

a light induced degradation effect was reported by Staebler and
Wronski in 1977 [1.8, 1.9]. They repo rted that the dark conductivity
and photoconductivity of a-Si:H are reduced significantly by
prolonged illumination. This was correlated to the creation of
metastable defects under illumination. Interestingly, metastable
defects can be annealed out at temperatures above 150 °C. The
reversible changes that occur betw een the annealed, initial, and the
“light-soaked”, degraded states, introduces a shift of the Fermi
level towards midgap, and have become one of the most
investigated phenomena in a-Si:H based materials and solar cells.
Since the first report, light induced metastable changes in the
properties of hydrogenated amorph ous silicon are referred to as the
Staebler-Wronski effect (SWE).
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1.4 Staebler-Wronski effect

The most common model has been the hydrogen bond
switching model which proposes that photo-excited electrons and
holes recombine at weak Si-Si bond locations. The accompanying
non-radiative energy release is su fficient to break the weak bond,
and that a back-bonded H atom prev ents restoration of the broken
bond by a bond switching event. Another model, known as the
charge transfer model suggests that preexisting spinless centers
(positively and negatively charge d dangling bonds) are transformed
to neutral dangling bonds by capture of excess carriers. The SWE is

less significant in heavily doped materials [1.9].

Many reports suggest that the intrinsic and light induced
defects are closely related to the microstructure of the sample, in
particular to the hydrogen content (C n) and Si-H bonding
configuration [1.10]. For example, material with lower C 4 and films
containing fluorine or chlorine sh ow a less pronounced SWE [1.11].
In fact, the role of impurities is somewhat controversial. It is
known that impurity incorporation, such as carbon, nitrogen, and
oxygen, at concentrations in the film above 10 19 #cm=3 lead to a
more pronounced SWE [1.12-1.15]. However, it is not very clear if
the alloying changes to the atomic network allow more defect
creation [1.13], or if the impurities are directly associated with the

light-induced degradation kinetics.

The creation of metastable defect states can be induced by
pulsed and prolonged illumination [1.9], rapid quenching [1.16],
current-injection, and double-injection  currents [1.17, 1.18], as well
as by keV electron bombardment [1.19]. In other words, defect
creation requires an external exci tation energy to cross the barrier
between two states. Annealing can be considered as the reverse

recovery process achieved by thermal excitation.

Stutzmann et al. showed that the defect density ( Nb)
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depends on the generation rate G and the time t as,

21
N,() C G:3t3
where C is a constant depending on the tail-to-tail transitions
[1.12]. The non-radiative recombin ation of electron-hole pairs at
tail states release an energy of abo ut 1.5 eV that possibly breaks
weak bonds and thus creates dangling bonds. In order to prevent
the recombination of the two broken bonds, a neighboring hydrogen
atom moves to isolate the two dangling bonds. In the annealing
process, the hydrogen atoms revert back to their original positions.
Hydrogen is thus directly involved both in the defect creation and

annealing.

Redfield and Bube provided a more practical model,
explaining that illumination can cause the reverse process (light-
induced annealing) of defect cre ation. When the illumination is
kept on for a long time, the forward and reverse rates balances and
a steady state is reached. The light -induced defect creation follows

stretched exponential form

a g .Eo
N, Ng (Ng Nyexp« = »
s O 3,

where Nbp is the density of metastable defects, Ns is the saturated
defect density, which is final state, No is the initial defect density. O
decides an inflection point of the defect creation, and Ais a
broadening term, which characterize s the “stretched” nature [1.20].
The RB model, summarized above, shows good agreement with
light-induced degradation behavior, and it is well explained by the
fact that light-induced degradatio n and annealing balance out, and

therefore the degradation saturates.

Based on experimental observ ation that over a wide range
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1.5 Hydrogenated polymorphous silicon

of exposure times the cell efficiency degrades linearly with the
logarithm of time, while the defect density follows a power law or
stretched exponential form in ti me (as described in above), the

following simplified relationship can be proposed
K| AlogN,

where Eis the cell efficiency and A is a constant depending on the
structure of the solar cell such as intrinsic layer thickness,

respectively [1.21].

There are still new findings being discovered on the subject
of the degradation of a-Si:H, in particular on the range of hydrogen
motion involved [1.22], and large structural changes in the material
such as light-induced volume changes [1.23], healing after light-
induced degradation [1.24], coales cence and agglomeration of voids
into larger macroscopic defects [1.25, 1.26], increase in Si-H
absorption [1.27-1.29], and light -induced hydrogen effusion

spectrum shift to lower temperatures [1.30].

1.5 Hydrogenated polymorphous silicon

The first report on hydrogenated polymorphous silicon (pm-Si:H)
was published in 1988 [1.31]. Roca i Cabarrocas et al. reported that
the structure of silicon films can consist of nanometer-sized (~ 2 nm)
ordered regions in a disordered matrix when prepared under
particular RF glow discharge conditions. The glow discharge
condition was indeed at the transition between hydrogenated
amorphous silicon (a-Si:H) to hydrogenated microcrystalline silicon
(uc-Si:H). The transition betwee n the two discharge regimes was
controlled by increasing the process pressure at a constant RF
voltage, whereupon an abrupt increase in the dissociation in the

plasma and a decrease in V pc was observed, a phenomenon which
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has been correlated to the onset of formation of powders in the

discharge [1.32].

HRTEM reveals that a number of ordered domains (~ few
nm) are embedded in the a-Si:H matrix. The corresponding electron
diffraction patterns verify that the ordered regions are nanocrystals.
Silicon-hydrogen stretching mode infrared absorption in pm-Si:H is
characterized by the distinguishing presence of a band at 2030 cm -1,
showing that the microstructure in pm-Si:H has been greatly
modified with respect to a-Si: H. The concentration of small
crystallites is approximately less than 10% [1.33]. Spectroscopic
ellipsometry measurements demons trated that pm-Si:H films are
more dense than a-Si:H, in spite of their high hydrogen content, in
the range of 15~20 %. This peculiar structure of pm-Si:H results in
a low defect density (down to order of 10 14 cm-3 at Fermi level as
measured by SCLC and modulated photocurrent) and higher
resistance to light soak ing than a-Si:H [1.34].

There is a controversial argument that pm-Si:H is often
confused with hydrogenated protocry stalline silicon (pc-Si:H) [1.35,
1.36]. Indeed, both materials are grown from highly hydrogen
diluted silane plasma, and they are both depicted as highly
heterogeneous mixed-phase material s. Moreover, due to the mixed-
phase nature of these materials, their optical band gap are wider
than that of a-Si:H [1.31, 1. 37], and both materials show the
characteristic low temperature pe ak near 400 °C in the hydrogen
exodiffusion spectrum [1.38, 1.39]. However, distinct differences
still exist in the plasma physics du ring their deposition and their
material nanostructures [1.40]. In particular, while the growth of
pc-Si:H is assumed to rely on SiH 3 radicals, pm-Si:H deposition
relies on the presence of plasma synthesized nanocrystals [1.36,

1.40]. Due to the growth mechanism of pc-Si:H, its mixed-phase
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nanostructure appears after an amorphous incubation layer. In

other words, the hetero geneous nature of pc-Si:H only appears after
some thickness. However, in pm-Si:H, the mixed-phase nature
appears homogeneously through the film thickness because of the
different deposition mechanism. It is an important point in

practical solar cell applicatio n because the nanostructure and
physical properties of pc-Si:H mainly depend on both hydrogen
dilution and film thickness whil e those of pm-Si:H are independent

of thickness.

The contribution of plasma generated nanocrystals to pm-
Si:H deposition has been demonstrat ed by using a thermal gradient
between the RF electrode and the su bstrate holder [1.36] as well as
by controlling bias voltage applied to the substrate holder [1.41]. It
is proposed that positively charged nanocrystals accelerate along
the V,p of the plasma and introduce amorphization with the
energetic ion bombardment. It has also been shown that the
crystalline fraction of silicon thin  films is significantly modified by
controlling impact energy, and the conventional growth mechanism
based on ionized radicals cannot explain the impact energy
controlled crystalline fraction change [1.42]. One can conclude that
the key point to understanding pm-Si:H is the plasma physics, in

particular, the plasma generated nanoparticle formation.

1.6 Material and device characterization

One of the most important physical properties in solar cell
materials is absorption coefficient ( A. Due to their disordered
nature and complex composition, a-Si:H and pm-Si:H films react to
photons of wide range of energy: the molecular vibration of Si-H
bonds are detected by infrared absorption; inter-band electronic

transitions are observed (by UV-VIS-IR spectrophotometry) with an
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optical bandgap around 1.7 eV, an d these materials also show a
sub-gap absorption due to the partic ular density-of-states structure,

attributed to the tail states and mid-gap defect states.

The optical properties listed above can all be accurately
represented by A even though the measurement methods vary.
Figure 1.2 shows absorption coefficient ( A versus the photon
energy measured by various measurement techniques, such as
Fourier transform infrared spec troscopy (FTIR), photothermal
deflection spectroscopy (PDS), constant photocurrent method
(CPM), ultraviolet-visible-infrared (UV-VIS-IR) transmission-

reflection (TR) and spectr oscopic ellipsometry (SE).

7

UV-VIS-IR SE
6 | Transmission
5 FTIR

Urbach tail
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Figure 1.2 — Absorption coefficient (A versus the photon energy measured by various
measurement techniques, such as FTIR, PDS or CPM, UV-VIS TR and SE.
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1.6.1 Spectroscopic Ellipsometry and Modelling

Various material parameters can be obtained from the
measurement and modelling of Sp ectroscopic Ellipsometry (SE)
spectra. Ellipsometry can be thought of as an optical impedance
measurement, while TR can be viewed as power measurements.
Impedance measurements give the amplitude and phase, whereas
power measurements only give amplitudes. Exploiting the
additional information gained through ellipsometry, the Tauc-
Lorentz dispersion model is widely used in SE models. If only a
single transition is considered [1.43], the imaginary part of the

dielectric function is given by:
- AE, TTE E,)
° 2 2\2 2 2 E g
0 2nk @& E° Ej)° C°E
0 E dE

where Eo is the peak transition energy, Eg is the optical band gap,
C is the broadening term, and A is proportional to the transition
probability matrix element [1.43, 1.44]. In practice, the optical
bandgap obtained from #E(obtained from a different equation) is
also called the Cody gap (E coday) [1.45, 1.46]. It is also known that A
and C are related to the material density and the disorder,

respectively [1.33].

The Tauc-Lorentz dispersion law assumes uniformity
throughout the layer. However, the porosity of the layer, including
any surface roughness, may introduc e some fraction of void, and
this phenomenon can be introduced by the Bruggeman effective
medium approximation (BEMA) [1.47, 1.48].

Measurements of thickness and refractive index are
another major application of ellipsometry. Careful interpretation of

the ellipsometry-modeled thickness should be done because most of
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the models assume uniform optical properties and a sharp and
planar film-substrate interfac e. Generally, the measurements
appear to give reasonable average thicknesses based on the
macroscopic Maxwell's equations. Figure 1.3 shows an example of
SE modeling including a fitting result of a measured SE spectrum

of pm-Si:H on glass and its model. The model consists of a bulk
layer and a surface roughness. Table 1.1 shows typical SE modeling

parameters of a-Si:H and pm-Si:H.

30
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Figure 1.3 — Example of SE modeling. (a) The fi tting result of a measured SE spectrum of
pm-Si:H on glass and its model. (b) The mode | structure. The model consists of a bulk
layer and surface roughness.

Eopt A B C | RoughnesgA)
asi:H 1.67 2111 3.57 2.28 10.5
pm6Si:H| 1.70 225.8 3.63 2.14 16.7

Table 1.1 — Typical SE modeling parameters of a-Si:H and pm-Si:H.

1.6.2 UV-VIS Transmission-Reflection

The optical bandgap of a material can be also determined by direct
Transmission-Reflection (TR) me thod, as TR measurements are

used to determine the optical absorption coefficient (A. During
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transmission measurements, light is incident on the sample and
the transmitted light is measured as a function of wavelength. The
transmittance T of a sample under light incident normal to the

sample surface is

(1 R)e
1 R%?%?9 2Re™

and Acan be expressed as

1. 81 Ry 4T?R* (1 RY

2
d© 2TR

1

The Tauc optical gap (E tauwc) is determined through an

extrapolation of the linear trend in the expression below,
N Q AhQE.,)

where Erauc is an optical gap [1.49], and A is a constant related to
the width of tail st ates [1.50, 1.51]. E tauc IS generally accepted as an
optical bandgap of a-Si:H related materials, although less variation

in the determination is in E cody IS Observed than for the case of
ETauc [152]

100

(@) (b)

® aSiH E|,.
pm-Si:H, E

=1.77 eV
=1.81eV

80

Tauc

60

40

Transmission (%)

( 1) QUZ (Cm <1/2eVl/2)

20

0 L L L L
400 500 600 700 800 900 1000 14 15 16 17 18 19 20 21 22

Wavelength (nm) Photon Energy (eV)

Figure 1.4 — Example of the determination of E tauc. (@) A UV-VIS-IR Transmission
spectrum of pm-Si:H and (b) Tauc plot of a-Si:H and pm-Si:H on glass substrate.
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1.6.3 Sub-gap absorption measurements

SE and TR measure the high energy, high absorption transitions.

In the weak absorption regime near the band edge, the
determination of A by direct optical measurement is difficult
because of the interference fringe s and instrument sensitivity. The
photothermal deflection spectroscopy (PDS) and the constant
photocurrent method (CPM) allow one to detect weak signals in

sub-gap absorption.

For PDS, a laser beam passing just above the surface is
deflected by the thermal change in refractive index of the liquid in
which the sample is immersed. The CPM uses a background
ilumination to ensure that the recombination lifetime does not
depend on the photon energy and intensity of the illumination. In
spite of the technical difficulty, the measurement of Aat low energy
is particularly important because it provides information on the

localized states such as band tails and midgap defect density.

Figure 1.5 shows PDS spectra of a-Si:H and pm-Si:H, and
Table 1.2 shows the material parameters such as Eu, Np, and Eoa
deduced from Figure 1.5. For photon energies lower than Eg, the A
follows an exponential decay with photon energy  hv:

:.
(hQ er-
( X@

5
u 1

where Eu us the Urbach energy, which is attributed to the width of
band tail states [1.53]. The midgap defect density, Nb, is

determined from the integration of the sub-gap absorption [1.54],
f
N, 7.9u0°8 ' [E
2

At last, another optical bandgap, E o4 can be defined as the photon
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energy where Aequals to 104 cm-1,

PDS LPICM Apr 2009
5 —@— a-SiH
pm-Si:H

Log Dcm™
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08 10 12 14 16 18 20 22 24

Photon Energy (eV)

Figure 1.5 — Photothermal deflection spectr oscopy spectra of a-Si:H and pm-Si:H.

E.(meV) | Np (10"°#cm®) | By(eV)
ai:H 60.2 6.31 1.712
pm Si:H 59.2 4.59 1.797

Table 1.2 — Material parameters deduced from sub-gap absorption PDS spectra in Figure
1.5. Eu, Np, and Eo4 of a-Si:H and pm-Si:H.

1.6.4 Fourier transform infrared spectroscopy

Because hydrogen definitely plays an important role in material
quality i.e. defect passivation, the detailed characterization of
hydrogen is an interesting subject. Fourier transform infrared
absorption spectroscopy (FTIR) detects the molecular vibration of
Si-H bonds [1.55-1.57]. In particul ar, stretching absorption modes
located at around 2000 cm -1 are important because they provide
information on various mono-, di-, and multi-hydrides (e.g. Si-H, Si-
H>) bonds. For the transmission me asurement, samples should be
deposited on a highly resistive, floa t-zone (FZ) c-Si wafer. There are

two reasons: low carrier density of highly resistive c-Si prevents
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free-carrier absorption in IR region , and the intrinsic c-Si provides

the most similar refractive index to a-Si:H films.

Stretching mode absorption peaks consist of low stretching
mode (LSM) and high stretching mode (HSM) peaks at around 1990
cm and 2090 cm-1, respectively. It is known that FTIR stretching
mode of pm-Si:H can be deconvoluted into peaks including a
medium stretching mode (MSM), band centered at 2030 cm -1 [1.58],
and the evolution of this MSM is interpretated as Si-H bonds at
silicon nanocrystal surfaces [1.38] , or platelets [1.59]. Figure 1.6
shows the FTIR stretching modes peaks of a-Si:H and pm-Si:H and

an example of the deconvolution.

0.8 0.8
(@ ® Measured (b) ) Measured
a-Si:H PIN el pm-Si:H PIN T Moddled,
= 0, = 0,
06 | Gy =9.87 at.% ———— 2090cm™ 0.6 Cy=14.31at% ———— 2030cm™
—————— 2090 cm™
N
N o4
[a]
0.2
0.0
1900 2000 2100 2200 1900 2000 2100 2200
Frequency (cm %) Frequency (cm ™)

Figure 1.6 — FTIR stretching modes peak of (a) a-Si:H and (b) pm-Si:H PIN layer stacks
and the deconvolution. Note that stretching mode peak of pm-Si:H consists of a MSM at
2030 cm™.
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Area 48.66
1990 FWHM 103.0
ali:H Area 1.77
2090 FWHM 52.17
Total Area 50.43
Area 52.38
1990 FWHM 106.16
Area 14.31
pm 5i:H 2030 FWHM 80.91
Area 11.17
2090 FWHM 86.23
Total Area 77.86

Table 1.3 — The deconvolution result of Figure 1.6

1.6.5 Hydrogen exodiffusion

Since FTIR only detects hydrogen bound to silicon atoms, a
complementary measurement technique is required to detect
molecular hydrogen in the mate rial. NMR experiments revealed
that molecular hydrogen forms up to 40 % of the total hydrogen
content in a-Si:H [1.60]. One of the common methods to measure
the hydrogen evolution is from the rate of pressure increase of gas
released into a known volume, for samples heated at constant rate.
The experiment is often called hy drogen exodiffusion or thermal
desorption. Hydrogen exodiffusion sensitively detects structural
characteristics of the material such as interconnected voids,
nanoparticle surfaces, amorphous matrices, and isolated voids
[1.61].

In practice, the sample is placed inside a vacuum chamber,
to which is attached a furnace. The overall system is kept at
pressure of 10-7 mbar during experiment through primary and
turbo pumps. Hydrogen exodiffusion spectra are measured and
monitored by Quadruple Mass Spec trometer (QMS), measuring the
partial pressure (count) and are recorded in a continuous manner

with increasing temperature. The H >0 spectrum as a function of
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temperature is also carefully recorded to see whether H > comes
from the sample or from any water molecules present in the form of
moisture. More detailed explanations and interpretations on the
hydrogen exodiffusion results will be dealt with in following
chapters. Figure 1.7 shows typical hydrogen exodiffusion spectra of

a-Si:H and pm-Si:H PIN layer stacks deposited on glass substrate.

Exodiffusion a-Si:H PIN
I pm-Si:H PIN
S
S
g
>
)
0
o
ol
<
G
o
T
L. A | | . \\\

0 100 200 300 400 500 600 700 800
Temperature (°C)

Figure 1.7 — Hydrogen exodiffusion spectra of a-Si:H and pm-Si:H PIN layer stacks
deposited on glass substrate.

1.6.6 Dark conductivity

Conductivity ( ® is an electrical proper ty of the material. As a
semiconductor, the Oof a-Si:H and pm-Si:H is thermally activated
and depends on the carrier concentration ( n) as a function of

temperature. The Qs the product of n and |,
l ng/
By definition, in non-degenerate semiconductors, the Fermi-Dirac

approaches and Boltzmann statistics express the carrier

concentration n as:

§ E. E. -

n N.ex
Cp@ KT 1
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where Nc is the effective density of st ates (in the conduction band),
Ec and Er are conduction band (or valence band, depends on the
majority carrier) and Fermi energy level, respectively [1.62]. The o)
also depends on the carrier mobility [, but the temperature
dependence of | is far less significant than that of n. The

temperature dependent conductivity ~ @T) is therefore given by

§Ec EF'
© kT 1

8 E, -

I/ ex
UT) loexp o kT 1

K exp

where Ea is the activation energy of majority carriers. In practice,
Ea is usually measured by placing the thin film sample on a heating
stage and monitoring the change in the dark conductivity as a
function of temperature. Optimal  quality films exhibit a straight
line over many orders of magnitude on log( @ versus 1000/T

Arrhenius plot and hence its slope is defined as,

1 € 1000

lo log ¥
g(UT)) log Y 01082 = T

Ea is important in both intrinsic and doped materials because it
gives information on the location of the Fermi level. In case of
intrinsic layers, Ea is usually about half of the Eg. An example of
Arrhenius plot of the temperature  dependent dark conductivity of
intrinsic a-Si:H, pm-Si:H, and pc -Si:H layers are displayed in

Figure 1.8.
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Figure 1.8 — Arrhenius plot of the temperatur e dependent dark conductivity of intrinsic a-
Si:H, pm-Si:H, and pc-Si:H layers. Ea and the conductivity at room temperature can be
extracted from th e extrapolation.

1.6.7 Atomic Force Microscopy and Scanning Electron

Microscopy

Atomic force microscope (AFM) and scanning electron microscope
(SEM) are useful tools to observe nano-scale morphology. AFM is a
high-resolution type of scanning probe microscope to observe
surface morphology of the specimen. Since it does not rely on any
optics, it provides a resolution of fractions of a nanometer, more
than 1000 times better than the o ptical diffraction limit. The AFM
consists of a microscale cantilever wi th a sharp tip at its end that is
used to scan the sample surface. The cantilever is typically made of
silicon or silicon nitride with a ti  p radius of curvature on the order
of nanometers. When the tip is brought into proximity of a sample
surface, forces between the tip and the sample lead to a deflection
of the cantilever. The deflection is measured using a laser spot
reflected from the top surface of the cantilever into an array of
photodiodes. Tapping mode is usually preferred to prevent

cantilever dragging across the surface and resulting surface
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damage while expecting higher resolution than non-contact mode.
The scanning rate, scanning area and the image resolution are

important trade-off factors.

SEM is a type of electron microscope that images the
sample surface by scanning it with  a high-energy beam of electrons
in a raster scan pattern. The electr ons interact with the atoms that
make up the sample producing signals that contain information
about the sample's surface topography, composition and other
properties such as electrical co nductivity. The types of signals
produced by an SEM include secondary electrons, back scattered
electrons (BSE), characteristic = x-rays, cathodoluminescence,
specimen current, and transmitted electrons. In the most common
or standard detection mode, secondary electron imaging, the SEM
can produce very high-resolution images of a sample surface,
revealing details about 1 to 5 nm in size. Due to the way these
images are created, SEM micrograph s have a very large depth of
field yielding a characteristic three-dimensional appearance useful
for understanding the surface structure of a sample. A wide range
of magnifications is possible. The contrast in an SEM depends on a
number of factors. For a flat, uniform sample the image shows no
contrast. Contrast is also influe nced by surface conditions, local

electric fields, conductivities of the sample and by the surface tilt.

AFM and SEM are exemplary complementary
measurements, for the contrast of SEM images often deceivingly
caused by the conductivity of the surface objects, while AFM can
also suffer from various artifacts such as damaged tips or thermal
drift. Figure 1.9 shows AFM and SEM images of the surface

morphology of a pm-Si:H PIN solar cell on textured Asahi.
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(@)

500 nm

(b)

Figure 1.9 — (a) AFM and (b) SEM images of surface morphology of pm-Si:H PIN solar cell
on textured Asahi.

1.6.8 Diode dark J(V)

As a semiconductor device, a solar cell is first and foremost a diode.
The ideal diode has zero resistan ce under the forward bias, and
infinite resistance (conducts zero current) under the reverse bias.
In other words, the semiconductor diode acts as an electrical
rectifier. The ideal diode equation is given by

a § V . (o}
J J, @xp-q— 1y

o @OkT iy,

where ksT is thermal energy (~0.02586 eV at 27 °C), Jo is reverse
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saturation current, and n is diode ideality factor [1.63, 1.64].
Ideally, log current density versus voltage of the diode shows linear
proportionality in the forward bias  region. Extrapolating the linear
region down to the y axis (V=0) gives Jo, while the slope, m, is given

by

dlogJ
dv

The knowing the slope and sample temperature allows the ideality

factor to be determined from the relationship

q
2.3k, T M

Typical a-Si:H and pm-Si:H solar cells are PIN diodes: a thick
(=250 nm) intrinsic layer is sandwiched in between P and N layers.
The intrinsic layer makes the PIN diode an inferior rectifier, but
makes the device suitable for ph otovoltaic applications. More
details on the device physics of the PN junction diode can be found
in the textbooks such as Ref [1.63]. Figure 1.10 shows dark J(V)
curves of a good and a bad pm-Si: H PIN diodes. Extrapolation from
the linear region in the forward bias shows that good PIN diodes

should have smaller n and Jo.
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Figure 1.10 — Dark J(V) curves of good and bad pm-Si:H PIN diodes. Extrapolation from
the linear region of the forward bias show s the different dark J(V) parameters for
different PIN diode quality.

1.6.9 Solar cell parameters

An ideal solar cell can be represented by a current source connected
in parallel with a rectifying diod e, as shown in the equivalent

circuit of Figure 1.11.

Figure 1.11 — An equivalent circuit of a solar cell. An ideal solar cell consists of a current
source connected in parallel with a rectifying diode, Rs and RsH.

The corresponding J(V) characteristic is described by the Shockley

solar cell equation
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a §q
J J Jy &Xp——r 1
o€ p@ma Y

Ya Rs 0, Rey | f

where ksT is thermal energy (~0.02586 eV at 27 °C), Jo is reverse
saturation current. The photogenerated current density ( Jpn) is
closely related to the photon flux incident on the cell and its
dependence on the wavelength of light is frequently discussed in
terms of the quantum efficiency or spectral response. In the ideal
case, the short-circuit current density ( Jsc¢) is equal to the Jpn and

the open circuit voltage ( Vo) is given by

kBTIn%[ Jon -
q © Jo 12

Y/

oc

In the operation condition such as Jsc~ 10 mA/cm2 and Jo < 106
mA/cm2, the relationship can be simplified,

kTI §]ph '

q ©b 2

Y/

oc

Of particular interest is the po int on the J(V) curve where the
power produced is at a maximum. This is referred to as the
maximum power point ( Pmax), which defines the largest possible
area rectangle for any point on the J(V) curve. The fill factor (  FF) is
a measure of the squareness of th e J(V) characteristic and is
always less than one. It is the ratio of the areas of the two

rectangles, between Pmax and Vool sc.
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Figure 1.12 — An example of solar cell J(V) curve. Jsc, Voc, FF, Pmax are marked.

Usually the FF of solar cells decreases with series resistance ( Rs)
and shunt resistance ( Rswh). Interfaces between the layers and the
sheet resistance of solar cell itself causes Rs, and surface leakage
near the edge of the film, pinholes in the film, and back-diffusion of
carriers increases Rsh. Finally, the most important figure of merit

for a solar cell is its conversion efficiency, E which is defined as

FF V. Jq
P

in

K

The incident power, Pin, is determined by the properties of the light
spectrum incident upon the so lar cell. Figure 1.11 shows an
example of solar cell J(V) curve. More details on solar cell J(V)

curve interpretation can be found in Ref [1.65].
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Chapter 2

2.1 Introduction

This chapter mainly deals with the properties of pm-Si:H films
produced under a wide range of de position conditions, aiming for a
high deposition rate (r ¢). From an industrial point of view, a highr 4
over large areas while preserving a good material quality is sought
after. Nowadays, cost reduction is on e of the most important issues in
photovoltaics. Even though a-Si:H based solar cell technology is
already produced at low cost of $ 0.5/W ; [2.1], M. A. Gr een expects that
further cost reduction is needed down to $ 0.1/Wp for a-Si:H based
technology [2.2]. In this chapter, we have tested the effect of process
parameters on pm-Si:H films deposi tion in order to increase ther 4. The
causes of and consequences for the material properties of PECVD
deposited pm-Si:H films at various r 4 are studied. The aim of this work
is to study the plasma process cond itions and understand their effect
on the rq and the material properties. Readers should also note that
the discussion on pm-Si:H is based on our current understanding of its
growth mechanism (which includ es plasma-synthesized silicon

nanoparticles contributing to the deposition).

2.2 ARCAM reactor

Intrinsic pm-Si:H films were depo sited in the ARCAM reactor [2.3].
ARCAM is a monochamber-multiplasma reactor, consisting of a single
vacuum vessel containing three inde pendent plasma chambers. Figure
2.1 shows the inside of the vessel. The vacuum vessel is a 400 mm
diameter stainless steel cylinder. Its bottom face contains a pumping
port, gas inlets, and the RF electr ode terminals with plasma boxes.
The cover can be opened for loading operations and is equipped with a
water-cooled seal. The whole vacuum vessel can be heated up to 300 °C

by an oven-like structure made of regulated thermo-coax wires. A
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2.2 ARCAM reactor

protecting thermal isolation su rrounds the whole vacuum chamber
minimizing the thermal losses. The top, the wall, and the cover parts
of the reactor can be independently heated, but the temperature for
the three parts is usually set at the same value. The reactor is always
heated at the desired substrate temperature and kept at a base

pressure of 10-7 mbar.

A rotating plate handles six 100 mm diameter substrates
allowing large sample productions without breaking vacuum. One of
the substrate positions (typically #6) is usually reserved for the
ignition of the silane plasma and to pre-coat the plasma chambers.
Multichamber system and the rotating plate with multiple sample
handling is a key feature in ARCAM reactor, in order to minimize
cross-contamination. In PIN solar ce lIs, controlling the interfaces is
very important, in particular p/i interface that mainly determines the
solar cell properties [2 .4-2.6]. However, silane plasma is a reactive
environment where deposition takes place at the same time as etching
and sputtering of the material depo sited on the walls of the reactor.
These effects may produce a cross contamination between the different
layers constituting a device when deposited in a monochamber system.
In PIN solar cells, a boron tail from p-type layer may be incorporated
in the intrinsic layer and deteriorate the p/i interface quality [2.6].
Multichamber systems provide sharp interfaces, a necessary condition

for obtaining high efficiency of PIN solar cells.

Each plasma chamber consists of a RF electrode disk
surrounded by a grounded cylinder (plasma box, diameter of 150 mm).
The area of each plasma electrode is 171.95 cm2. RF electrodes and
plasma boxes can be very easily removed and modified to vary the
plasma geometry, most importantly the inter-electrode distance,
enabling one to control the symmetry of the discharge or the gas

residence time. The gas flows from the inlet hole below the RF
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electrode to the upper plasma ch amber and to the pumping port
through a 2 mm gap between the u pper part of plasma chamber and
the substrate holder. This annular fl ow restriction creates a positive
differential pressure between plasma chamber and the vacuum vessel
and thus also reduces chemical contamination during deposition. The
gas pressure in the vacuum chamber is regulated by an electrically
driven throttle valve. Therefore the  gas pressure can be controlled by
either gas flow rate or pumping rate. The pumping system of ARCAM
consists of two lines, the base pressure of 107 mbar is ensured by a
turbo-molecular pump, backed by a rotary vane pump. The pumping
during glow discharge process is ensured by a roots pump backed by a
rotary vane pump. Figure 2.2 show s a schematic view of one of the

plasma boxes used in ARCAM.

Figure 2.1 — Photo of ARCAM reactor and inside  of vessel. Three plasma chambers are seen.
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Figure 2.2 — Schematic view of one of th e plasma boxes used in ARCAM.

2.3 a-Si:H and pm-Si:H deposition

PECVD deposition of a-Si :H is usually done by dissociation of silane
(SiH 4) or SiH 4-H> gas mixtures. Gas-phase additions such as B >He (or
TMB, BF 3) and PH3z are used to obtain p- or n-type material,
respectively. The substrate temperatures (T s) are between 25-400 °C,
depending on the application. In case of ARCAM, our optimum T  sis at
around 175 °C. SiH 4 is tetrahedral molecule, having a heat of
formation of 34.3 kJ/mol and a Si- H bond distance of 1.5 A. Gas
discharge is usually done at a pressure of 0.1-10 Torr and RF power
density of 10-100 mW/cm 2, yielding a r 4 of 1-10 A/s.

Electron collisions with silane molecules are the primary
excitation event in the plasma. Electrons having different energies in
the plasma excite ground state el ectrons in the molecular orbit of
silane molecules to their electronic excited states depending on the
energy of the electrons, often up to 70 eV [2.7-2.10]. Electronic excited
states of silane molecules are dissociative states meaning that

spontaneous dissociation occurs from those electronic excited states to
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a variety of radicals. Figure 2.3 represents some of the species that can

be generated by glow discharge.

Figure 2.3 — Electron-induced dissociative-excitation of SiH 4 molecules upon electron impact.
All the species are produced spon taneously from electronic exci ted states via a one-electron-
impact dissociation pathway. Figure from Ref [2.8, 2.7].

Surface reactions during the film  growth determine film properties.
Addition of H > in the discharge greatly modifies surface reaction
probability, introducing secondary reactions such as etching, chemical
annealing, and surface diffusion [2.8 -2.10]. The growth surface, shown
in Fig. 2.5, consists of active sites, containing at least one dangling
bond, and passive sites, containing either silicon or hydrogen atoms at
all four bonds. At the usual deposition temperature of T s < 400 °C,
growing film surface is covered by hydrogen [2.11]. The surface

reaction probability Acan be expressed as,

1r s 0d d

where r is the coefficient of reflection, s the sticking probability of the
Si atom and Athe recombination probability as a volatile species. Low
Avalues allow conformal coverage and dense material. The dangling
bonds are created by processes such as ion bombardment and H
abstraction. SiH > can insert itself into the  matrix upon impact with the
surface at either active or passive sites. Due to its low mobility, giving

a sticking probability of near 1, incorporation of SiH > leads to film
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2.3 a-Si:H and pm-Si:H deposition

growth in a manner similar to that of physical vapor deposition (PVD).
Such films are generally of poor quality, having voids, undesired
surface roughness, and other surface defects. SiH 3 radicals are indeed
more favorable due to higher surfac e mobility, so they react weakly
with the a-Si:H surface. SiH 3 has a small sticking coefficient.
According to the modeling, it can diffuse up to 1 pm before
contributing on film deposition, pr obably through repeated desorption
and physisorption events [2.11]. SiH 3 can diffuse along the surface but
can stick only at active sites, filling in the surface roughness and
contributing to growth of a smooth, high-quality film with conformal

coverage associated with a chemical vapor deposition [2.12].

Figure 2.4 — Schematic of processes of a SiHs radical on growing a-Si :H surface. From Ref
[2.11].

Dissociation of SiH 4 and H> produces atomic hydrogen, and
atomic hydrogen can move in and ou t of the surface during growth of
films. This diffusion allows hydrogen to react with the silicon network
in the subsurface region, after the silicon has attached to the surface.
The hydrogen also terminates dangling bonds and removes weak
bonds while excess hydrogen is evolved from the film. The free
exchange of the hydrogen between the film and the plasma establishes

(approximate) equilibrium between th e plasma gas and the film. Thus
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the concentration of hydrogen in th e film and the reactions with the
network depend on the chemical po tential of the hydrogen in the

plasma.
R. A. Street introduced the hydrogen chemical potential (  pn) in
the plasma as,

b, E, KTIn Ny -

Ho 1
where En is the energy of atomic H in vacuum, Ny is the concentration
in the plasma, and No is the effective dens ity of states (2.5-10 24 cm-3
at 550 K) [2.13]. Novikova et al. have performed a numerical modeling
of hydrogen plasma and have shown Ny is around 10 14 cm-3 [2.14]. pH
is an important growth parameter and is strongly related to the
structure of a-Si:H. An increase in pn breaks weak Si-Si bonds and
passivates dangling bonds, which le ads to a sharp valence band tail.
Weak Si-Si bonds which lie below the pn are broken while stronger
bonds remain. Therefore, the struct ural order of the film material
greatly depends on pu. In a simple material, the concentration of
hydrogen should increase as the chemic al potential is raised at least in
general terms, nevertheless actual deposition process and gas phase
reactions are much more complic ated. In extreme case, excess
hydrogen in the plasma induces a tr ansition to microcrystalline silicon
(uc-Si:H). A possible explanation is that pn is increased by H 2 dilution
to a critical point that there is no  amorphous structure available with
degree of structural order determined pn. The transition to crystalline
growth is enhanced by high H conc entration in the plasma, high RF
power, and optimum T s, since all three raise the chemical potential.
More practical view on hydrogen role such as etching, chemical
annealing, and surface diffusion can be found in references elsewhere
[2.8-2.10].
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It is thought that powder formation in the plasma is initiated
by the nucleation and agglomeration of particles (less than 3 nm in
diameter), and begins through polymerization of the species. In the
explanation of the initiation of powd er formation, there are two schools
of thought. One school explains that powder formation starts from an
insertion reaction of SiH > with SiH 4 forming Si 2He [2.15, 2.16], thus

the reaction can be expressed as,
SiH, SiH, o Si,H,
The other school [2.17, 2.18] sugge sts condensation reaction below,
SiH, SiH; o Si,H; H,

Powder formation is indeed very pronounced under high pressure
[2.19], and pm-Si:H is produced under plasma conditions close to the
powder formation [2.19]. The most significant difference in plasma
conditions of pm-Si:H in comparison to a-Si:H is high pressure and
high RF power [2.20], which are related to the residence time and the
electron density, respectively. The presence of primary radicals and
longer residence time increases th e probability of collisions between
radicals. Primary negative ions ca n react, giving rise to a first
nucleation, but additional polymerization reactions need a hydrogen
loss from the surface. However, secondary negative ions can strongly
polymerize in a chain reaction, be confined in the plasma and
contribute to growth of the particles inside the plasma [2.21]. The
increase in the total pressure results an increase in the density of
growth precursors in the plasma, followed by onset of agglomeration
with a sharp increase in the r 4. Such transition in silane plasma
chemistry to the “dusty” regime is called the  A-Atransition [2.22], and
there is a sharp edge between A-A transition, the deposition

contributed by agglomerates of the primary particles [2.23].
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Figure 2.5 — Schematic of the process of powder form ation in silane plasmas. Starting from
silicon radicals, it leads to formation of nanome ter size clusters and na nocrystals that can be
considered as the primary nanopatrticles. Their  density increases with th e total pressure until
a critical concentration of 10 11 cm3, above which they form aggl omerates of 10 nm. This
process can continue by the formation of larger agglomerates and end with the formation of
larger powders. Depending on the plasma co nditions, the whole process from the primary
particles up to the powders can take a few seconds or it can be sustained under a steady state
at some intermediate stage. In the case of pm-Si:H deposition the agglomeration phase is
avoided by keeping the pressure at values for which the characteristic time for diffusion is
smaller than the agglomeration time. Result from Ref [2.23].

Figure 2.6 shows QMS scanned molecular mass distribution of
plasma species under conditions of pm-Si:H and a-Si:H deposition. In
both a-Si:H and pm-Si:H deposition , there is a decrease in SiH x signal
(molecular mass ~ 30) that is attribut ed to the fact th at the silane is
dissociated and consumed to the deposition. An increase in SiH
species is undetectable because the QMS was installed at the gas
exhaust line (right after the thro ttle valve). Unstable radicals are
expected to recombine into SiH 4. An interesting point is that poly-
silane species, such as SioHx (molecular mass ~ 60) and Si 3H
(molecular mass ~ 90), are signif icantly detected during pm-Si:H
deposition. There is no higher order silane species signal in a-Si:H
deposition condition. Detection of th e higher order silane species is one
of the most distinguished differen ces of pm-Si:H in comparing to a-
Si:H, and the higher order silane sp ecies are believed to initiate the
nanoparticle growth and contribute in the deposition of pm-Si:H. One

can notice that the detection of poly-silane species by QMS could also
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2.3 a-Si:H and pm-Si:H deposition

be indicative of the existence of larger poly-silane species (e.g. Si xHx, X
> 3), and the signal detected by the QMS could be only the fragments

of the larger poly-silane species.

(a) a-Si:H
10° f R,=28 mm, 50 mTorr, SiH ,=50, 1 W
mmmm Plasma on
— Plasma off
101
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~— 10-2 |
P
%)
o
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Figure 2.6 — QMS scanned molecular mass distribution of (a) a-Si:H and (b) pm-Si:H
deposition condition at plasma on/off condition.  Note that in pm-Si:H deposition condition,
higher-order silane species such as Si 2Hx and SisHx are observed.
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Greater gas residence time is a key factor leading to
nanoparticle formation. The growth of nanoparticles is partially

determined by gas residence time, ©[2.24]. The ©can be defined as,

P Vol,

WUs) 3

where P is pressure in Torr, Vol; is volume of reactor in | (16 | in
ARCAM), and Q is total gas flow [2.26] . Unit of gas flow is usually in
standard cubic centimeters per minute (sccm) and can be converted

into Torr- | (sec)! using the conversion relation below,

gforr T -
© s 1

1 (sccm) 0.0127

In case of Figure 2.6, @of a-Si:H and pm-Si:H is found to be 1.13 and

4.58 s, respectively.

In practice, the plasma process condition of pm-Si:H is very
different from that of a-Si:H. Even by observing the matching
capacitance of the a-Si:H and pm-Si: H processes, one can see that the
plasma impedance of those two deposition conditions are far apart.
Nevertheless, the uniqueness of pm-Si:H from a-Si:H can be an
endless debate because of the difficult y in the detection of structural
uniqueness of pm-Si:H. Currently, the detection of nanocrystals is only
possible by transmission electron microscopy (TEM). In spite of the
difficulty in the detection of the plasma generated nanoparticle, their
contribution is still considered th e a feature of pm-Si:H deposition
[2.25]. More work on the deposition mechanism and plasma process is
needed, but the aim of this thesis is the fabrication of solar cells
consisting of pm-Si:H and the study on their light-induced degradation.
Therefore, readers should note that the discussion in this work on pm-
Si:H is based on our current unders tanding of its growth mechanism

(including a contribution to the deposition of plasma synthesized
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silicon nanoparticles).

2.4 Gas flow rate series

Higher SiH 4 partial pressure is one way to increase r 4, So the effect of
different process gas flows was st udied. The gas flow ratio of SiH 4 and
H. was varied while the other proc ess parameters were fixed e.qg.
pressure = 3.5 Torr, Ts = 210 °C, RF = 30 W. Gas flow ratio R is
defined as;
SiH,
SiH, H,

where SiH 4 and H > are the gas flow rate of gas in sccm. The films are
deposited on flat corning glass. SE measurement and modeling result
are provided. Typical values for a-Si: H are also marked as x. The goal
of this chapter is to demonstrate th e trend of the material properties

during the parametric studies.

QMS analysis of signal intensity ratio SiH x to Si2Hx is shown
in Figure 2.7(a). The result gives in teresting view on the effects of gas
flow on pm-Si:H deposition, as this signal ratio could represent a
proportional measure of nanoparticle formation. Figure 2.7(a) shows
Si>H«/SiH x and SisH/SiH  ratio as functions of gas flow ratio R. Total
pressure and RF power were fixed at 2 Torr and 30 W, respectively.
The total gas pressure was kept cons tant by adjusting the throttling
valve. Increasing the H > dilution reduces Si 2Hx and SizHy
concentration in the plasma. Ifuku et  al. have studied the behavior of
plasma generated nanoparticles under different H > flow, and have
shown that average particle size decreases when SiH 4 was diluted by
H> [2.24]. For the formation of the nanoparticles in the plasma,
polymerization of the species is needed. The nucleation and

agglomeration of the species or pa rticles are enhanced by larger
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concentration of precursor (SiH 4 partial pressure or total pressure).
When the gas flow ratio R is smaller than 0.025, the film deposition is
largely modified. For example, there is no deposition on glass
substrate at the gas flow ratio R of 0.01, while the deposited material
changes from pc-Si:H at 0.02 to pm- Si:H at 0.05. The signal intensity
ratio for a-Si:H deposition (45 mTorr, 1 W, pure silane dissociation) is
marked as x. When the gas flow ratio R is lower than 0.025, Si 2Hx
signal intensity ratio is small and goes down to 10 -3. In other words,
there is large difference in concentration of Si  2Hx and SiH x species in
plasma. Above a gas flow ratio R of 0.04, the Si 2H./SiHx signal
intensity ratio increases and saturates. Interestingly, Si  2Hy/SiHx and
SizHx/SiH x intensity ratio show different sI opes upon the gas flow ratio
R. It suggests that Si 2Hx and SizHx have different phys ical origins. In
other words, Si 2Hx and SizHx are fragments of diffe rent types of higher
order silane species. Figure 2.7(b) shows that the r 4 increases under
SiH4 flow rate, which is interesting, as the Si 2Hx concentration
saturates. However, the surface ro ughness also increases at high r 4, so

notably there is a change in the material.

A low SiH 4 flow rate (highly diluted silane gas) leads to pc-Si:H
deposition, which indicates that pu is significantly high in this region.
In this region, low Si 2Hx intensity can be attributed to the fact that
atomic H dissociates higher order silane species. The atomic H can
also prevent agglomeration of gr owth precursors, passivating the
surface of nanopatrticles. SiH 4 can be also recycled by H in plasma from
dissociation of higher order silane species. It is important to consider
why a-Si:H deposition condition also shows low concentration of higher
order silane species. Indeed, a-Si:H deposition conditions are
completely different from pm-Si:H deposition condition; they consist of
low pressure of 45 mTorr, dissociation of 50 sccm pure SiH 4, and low
RF power of 1 W. In a-Si:H depositi on condition, H induced gas phase

reaction is much less significant in pure SiH 4 dissociation, and
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nanoparticle formation is suppresse d under such low pressure. Silicon
nanoparticle growth greatly depends on SiH 4 partial pressure [2.27]
and hydrogen dilution [2.24]. Ther efore formation of higher order
silane species is not expected in a-Si:H deposition condition. Auxiliary

SE results obtained in this st udy can be found in annex 2.1.
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Figure 2.7 — Representative resu lts of gas flow series. (a) QMS analysis of signal intensity
ratio of Si 2Hx to SiH x and SisHx to SiH x as functions of gas flow ratio R, and (b) r ¢ and surface
roughness as functions of SiH 4 flow.
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2.5 Pressure series

High pressure deposition leads to a reduction of the ion energy [2.28,
2.29], denser material [2 .30] as well as high r 4 [2.31]. High energy of
the positive ions causes ion bombardment on growing film surface
[2.32], thus results high defect density material and poor device [2.28,
2.33]. On the other hand, high pres sure deposition conditions risk
powder formation [2.34] that are asso ciated with a deterioration of the
film quality due to the production of pinholes, roughness and porosity
[2.35], and columnar growth [2 .36]. Indeed, in the high r 4 condition,
the characteristics of plasma deposition process changes, which is
characterized by the impinging species having a high sticking
coefficient that each molecule rema ins where it first strikes at the
growth surface. In that case the growth rate is determined by the flux

of species striking the surface.

Figure 2.8 shows r 4 and surface roughness as functions of
deposition pressure. Deposition pressure was adjusted by controlling
throttle valve opening, thus also changing the residence time of
ionized gas species. A link between powder formation and residence
time (dependence on gas flow and pressure) has been observed for
deposition [2.24], and the generation of powder is highly facilitated by
increasing residence time [2.37]. Therefore, a short residence time
(high gas flow rate or low pressure ) is required to suppress powder
formation. In Figure 2.8, the total  pressure was varied from 2 to 5.5
Torr, which for the ARCAM reactor, means that ©was changed from
4.53t0 12.2 s. The surface roughness was estimated from two different
methods, SE modeling and AFM me asurement. In Figure 2.8, r 4 and
surface roughness increase when the de position pressure increases. SE

roughness and RMS roughness by AFM show similar trends.
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Figure 2.8 — r 4, SE surface roughness, and AFM measured RMS roughness as functions of
deposition pressure. Calculated residence time at each pressure is marked at top. Typical
values for a-Si:H are also given as reference.

Regarding the correlation between powder formation and residence
time [2.24, 2.37], we suggest that higher r 4 at high pressure possibly
comes from higher concentration of growth precursor generated in the
plasma. At the same time, deposition at very high pressures (P > 3
Torr) increases the surface roughness. One of the possible explanations
on the surface roughness evolution is the contribution of the positively
charged precursors. At high pre ssure, one can imagine the high
concentration of ions leads to high concentration of positively charged
growth precursors. The effect of the deposition condition on the surface

morphology is reflected by a set of AFM images.

Figure 2.9 shows AFM images of standard a-Si:H, pm-Si:H
deposited at 2 Torr and pm-Si:H de posited at 4 Torr. Increasing the
pressure from 45 mTorr to 4 Torr leads to an increase in both RMS

roughness and surface feature size. The surface feature in Figure 2.9(b)
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Figure 2.9 — AFM images and its cross-section of (a) standard a-Si:H, (b) pm-Si:H deposited at
2 Torr, and (c) pm-Si:H deposited at 4 Torr. No te that at higher pressure, larger surface
features and rougher surface is observed. Note th at the size of the bumps cannot be attributed
to individual nanoparticles (a few nanometers).
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2.5 Pressure series

and (c) could be interpretated as su rface roughness introduced by high
sticking coefficient. It should be noted that the height of the surface
feature (several nanometers) is orde rs of magnitude smaller than the

surface feature size of few hundred nanometers.

One can notice that the deposition at pressure above 3 Torr
results in material with high ro ughness and high porosity. Hydrogen
exodiffusion sensitively detects interconnected voids in the material; in
particular a-Si:H materials demo nstrate that a void related
microstructure is a major source of defects [2.38, 2.39]. Figure 2.10
shows exodiffusion spectra of a set of pm-Si:H films deposited under

different pressure values from 2 to 5 Torr.

T, =210°C, H, =500 SiH, = 40, RF=30 W

P =2Torr
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0 100 200 300 400 500 600 700 800
Temperature (°C)

Figure 2.10 — Hydrogen exodiffusi on spectra of a set of pm-Si:H films deposited under different
pressure from 2 to 5 Torr.

Figure 2.10 shows that increasing deposition pressure increases
hydrogen evolution at both 350 °C and 500 °C. In particular, hydrogen
evolution at 350 °C is closely relate d to the porosity of the material.
Material structure with a high degree of columnar morphology or

extensive internal inhomogeneity evolves a large amount of hydrogen
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between 300-400 °C with further evolution near 500-600 °C, while
samples made under CVD growth conditions have only the higher
temperature peak [2.40]. The evolution peak at 300-400 °C is also
considered to be molecular hydrogen release from internal surface of
interconnected voids [2.41] or from s ilicon nanoparticle surfaces [2.42].
Moreover, in case of silicon nanoparticles, the low temperature
hydrogen effusion peak shifts to lower temperature when larger
nanoparticles are incorporated [2.42] . Therefore, one can conclude that
high pressure deposition results in higher porosity. Another
interesting point is that the shoulder  of exodiffusion spectra at 600 °C
slightly decreases at higher deposition pressure. The exodiffusion
shoulder at 600 °C indicates hydrogen evolution from isolated voids
[2.6]. Therefore, increase in depositi on pressure of pm-Si:H resulted in
a decrease in the isolated void density and increase in interconnected
void density. Such trend could also imply a larger area of internal
surface, providing more space to hy drogen. A trade-off seems to exist
between the interconnected voids (350 °C shoulder) and isolated voids
(600 °C shoulder). The last point is that high pressure deposition also
increases the hydrogen evolution signal at 500 °C, which is thought to
be bound Si-H [2.40]. The existence of a low temperature exodiffusion
peak can be also interpretated as incomplete structural re-construction
[2.38]. Auxiliary results obtained for  this pressure series can be found

in annex 2.2.

2.6 RF power series

Increasing the RF power is another way to increase the r 4. As a higher
RF power results a higher electron density in the plasma, the
dissociation rate increases [2.43, 2.44]. However, the rise in the
electron density increases ionization and polymerization becomes more

intense, which leads to uncontrolle d growth of powder. As mentioned
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2.6 RF power series

in the pressure series section, an increase inr ¢ can lead to high surface
roughness and deteriorate the material quality. Furthermore, high RF
power causes high ion bombardment energy for the positive ions on
growing film surface [2.32]. Controlling the voltage waveform of the
plasma excitation source could be helpful solution controlling of the

powder production through th e primary parameters [2.45].

Figure 2.11 shows rg4, surface roughness and the

microstructure parameter R (defined be low) as functions of RF power.
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Figure 2.11 —r 4, surface roughness and microstructure parameter R as functions of RF power.
DC bias on the RF electrode is marked at top. Typical values for a-Si:H are also given as
reference.

The microstructure parameter R is defined as

R I2100

I2100 I2000

and the microstructure parameter R is typically described as a ratio of
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dihydrides to monohydrides. Even though the a-Si:H microstructure
has been the subject of a continuing debate, the microstructure
parameter R is believed to indicate the concentration of nanovoids
[2.46], and there is a correlation between microstructure and material
properties in the sense that materi al and device stability deteriorates
with increasing nanovoid densit y [2.46, 2.47]. Microstructure
parameter R is related to the fraction of dihydrides, and it is also
reported that a high amount of dihydrides in the film has the same
result as a high nanovoid density [2.8]. In Figure 2.11, r 4 and surface
roughness increase with RF power. One might expect that high RF
power creates higher concentration of growth precursors and further
contributes to high r 4. One can also notice that the increasing surface
roughness can be often associated to a signature of material

deterioration, as discussed in the pressure series section.

Further information of hydrogen bonding is obtained from the
evolution of FTIR stretching mode spectra with RF power. Figure 2.12
shows FTIR stretching mode spectr a of pm-Si:H produced at varying
RF power. With increasing RF power, hydrogen content (C +) of pm-
Si:H film increase up to 22 at.%, bu t the evolution of FTIR stretching
mode of pm-Si:H differs from that of a-Si:H as reported in the
literature [2.48]. In such results for a-Si:H, at such high C 4, the
fraction in the 2100 cm -1 peak becomes very significant and even
larger than at 2000 cm -1, but in pm-Si:H, the evolution of 2100 cm -1
fraction is much less pronounced . Indeed, the evolution of the FTIR
stretching mode of pm-Si:H resemb les that of a-Si:H deposited by
magnetron sputtering [2.49]. This modest evolution of the dihydrides
peak in pm-Si:H could be explained by claiming that plasma generated
nanoparticles are heavier than radical species, and therefore have a
higher sticking coefficient. Moreov er, increasing sheath potential at

high RF power would accelerate any positively charged nanoparticles.
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Figure 2.12 — (a) FTIR stretching mode spectra of pm-Si:H under various RF power and (b)
hydrogen content calculated from (a). Note that  stretching mode peak shifts towards higher
wavenumbers with higher RF power. Hydrogen content of a-Si:H is marked as cross. (c) FTIR
stretching mode absorption spectra of a-Si:H films deposited by PECVD (solid) and magnetron
sputtering (dashed lines). Spec tra are shown in pairs to compare features for samples with
hydrogen content of 7, 13, 20, and 24 at.%. The result from Ref [2.49].

In Figure 2.12(a), the evolution of the FTIR stretching mode
spectra of pm-Si:H with various RF po wers showed the peak shift to a
higher frequency region, and this shift is separated into a low
stretching mode (LSM) and a high stretching mode (HSM) peaks in
Figure 2.13 (a), (c), and (e), using the peak position of LSM and HSM
bands at 1990 cm-1 and 2090 cm-l, respectively. Using such a
deconvolution for pm-Si:H, the medi um stretching mode (MSM), band

centered at 2030 cm-1 [2.20] has been interpreted as Si-H bonds at
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silicon nanocrystal surfaces [2.50], and as an increase In

surface/volume ratio [2.42].
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Figure 2.13 — Demonstrations of stretching mo de deconvolution of spectra shown in Figure.

2.12(a). In (a), (c), and (e), the spectra are deco nvoluted into classical two modes. In this case,

both LSM and HSM show peak shift. In (b), (d ), and (f), the spectra are deconvoluted into
three modes including MSM at 2030 cm -1 It is shown that the stre tching mode peak shift can
be attributed to the evolution of MSM mode.

In Figure 2.13, an alternative three peak deconvolution is
demonstrated in (b), (d), and (f). In this three-band deconvolution, the
peak position of the LSM, MSM, and HSM are fixed to 1990, 2030, and
2090 cm, respectively. It is seen that the evolution of MSM mode is
remarkable, and therefore the stretchi ng mode peak shift could be also
attributed to the evolution of MSM ban d. In Ref [2.49], Langford et al.
described the evolution of stretching mode as a “broadening”. However,

at that time, the existence of 2030 cm -1 band was not recognized.
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2.7 Ts series

Gradual stretching mode peak sh ift to higher frequency can be
attributed to larger internal surfac e, under higher RF power. Table 2.1
summarizes the fitting parameters of the deconvolution in Figure 2.13.
Auxiliary results obtained in RF power series can be found in annex

2.3.

RFpower (W) 30 50 120
Center 2012 2014 2016
LSM Area 67.1 81.12 97.1
FWHM 109.6 108.4 108.0
2 peaks Center 2098 2099 2101
HSM Area 9.25 10.54 12.45
FWHM 75.6 100.6 101.8
Total Area 76.35 91.66 109.55
1990 Area 35.21 36.12 39.11
FWHM 94.1 91.0 85.7
2030 Area 26.6 34.04 46.25
3 peaks FWHM 83.1 85.1 86.5
2090 Area 1491 21 24.41
FWHM 82.0 104.2 105.4
Total Area 76.72 91.09 109.77

Table 2.1 — Fitting parameters of the FTIR stretching mode deconvolution in Figure. 2.13.
Note that in three peaks deconvolut ion each peak positions are fixed.

2.7 T series

At the deposition temperature of 150 < T s < 400 °C, the growing
surface is covered by hydrogen [2. 51]. Surface hydrogen coverage is
reduced at higher temperature, and the growth surface is no longer
covered by hydrogen at Ts > 400 °C [2.29]. One must recall that
regarding the chemical potential pw, the optimum growth temperature
of 150 < Ts < 300 °C is explained by the balance between hydrogen
diffusion and interactions. At T s < 100, the diffusion coefficient of H is
too low to allow structural equilibration. At higher temperatures, the

H diffusion is fast enough to allow the film structure and H content to

be determined by the pn. The surface reactions first establish a
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structural order determined by pn, and then continue to remove
hydrogen. At Ts < 400, temperature reduces WMu, thus induces
disordered film at a lower hydrogen concentration. Optimum films are
therefore grown at the lowest temperature at which the kinetic
limitation can be avoided [2.13]. Increase in T s decreases hydrogen
content (CH) [2.11, 2.43]. Moreover, the material stability largely relies

on the dihydride concentration [2.8], so an increase in T s would make

more stable material.

Figure 2.14 shows the r 4, surface roughness and optical
bandgap (Eopt) as functions of T s. One can notice that the effect of T s on
the rq is quite small compared to that of pressure or RF power.
However, there is a moderate decrease in the r 4 at the T s higher than
210 °C, and it is attributed that high T s suppresses initiation of
nanoparticles [2.52 -2.54]. At high temperature, thermal motion of
particles is highly stimulated, thus  the diffusion of (negatively charged)
growth precursor is facilitated. Therefore, growth precursors have
higher probability to escape th e plasma, thus prevent powder
formation. In addition, through a similar mechanism, narrow inter-
electrode distance also prevents powd er formation [2.55, 2.56], but the
smallest inter-electrode distance (12 mm) is used in this study, so we
are already taking benefit from the narrow inter-electrode distance. It
IS another interesting result that E opt decreases as Ts increases. It
suggests that there is structural change in pm-Si:H deposited at high
Ts.
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Figure 2.14 —r 4, surface roughness and optical bandgap as functions of T .

Figure 2.15(a) shows exodiffusi on spectra of pm-Si:H deposited
at different T s from 175 °C to 275 °C. Fi gure 2.15(b) also shows Cy and
microstructure parameter R. At higher T s, hydrogen evolution at both
350 °C and 500 °C is reduced. Exodi ffusion result is again coherent
with decreased CH and microstructure parameter R deduced from
FTIR. Recalling that both exodiffusion peak at 350 °C and
microstructure parameter R indicate material porosity, the deposition
at higher T s results in more compact material structure. Suppression
of powder formation would be significant at high T s, and it is
attributed to the dissociation  of growth precursors since Py increase,
thus increase in material density at high T s can be attributed to the

suppression of powder formation.
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Figure 2.15 — Effect of substrate temperature
Hydrogen exodiffusion spectra of pm-Si:H deposited at different T s from 175 °C to 275 °C, and
(b) hydrogen content in pm-Si:H and micro structure parameter R as functions of T s as deduced

from FTIR study

Furthermore, the 600 °C shoulder of exodiffusion spectra shows a

slight broadening at higher T . This 600 °C shoulder indicates the
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2.7 Ts series

density of isolated voids [2.6], and the trade-off between isolated voids
and interconnected voids are related to the material porosity, as
discussed in previous sections. It is interesting that at higher T s, the
high temperature exodiffusion peak shifts to lower temperature. A
high temperature exodiffusion peak position is decided by material
reconstruction during low temperature hydrogen e  jusion [2.57], so
structural modification during deposition should have been more

pronounced at high T s, due to high pn.
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Figure 2.16 — Evolution of normalized photoconduct ivity as a function of light-soaking time for
pm-Si:H films deposited at different T .

At higher T s, both Cy and dihydrides fraction | 2100 decreased.
Therefore, high temperature deposi tion could make a stable material.
Figure 2.16 shows evolution of normalized photoconductivity as a
function of light-soaking time. A  series of pm-Si:H deposited at
different T s from 175 °C to 275 °C are te sted. Light-soaking was done
at 300 K, under 40 mW/cm 2. During the light-soaking for 10 4 seconds,
pm-Si:H deposited at 275 °C showed the lowest light-induced
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degradation. Moreover, result shows that magnitude of the light-

induced degradation depends on the T s, which is attributed to the C H.
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Figure 2.17 — (a) FTIR transmission spectra in Si-O-Si stretching mode region of T

(b) Activation energy, room te mperature conductivity of T s series.

s series and

At high T s, another problem should be considered from a

practical point of
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2.8 Powder formation and residence time

spectra in Si-O-Si stretching mode region of the T s series of Figure
2.15(b). Two peaks at 960 cm-1 and 1110 cm-! provide a signature of
oxygen-type a-Si:H and amorphous SiO «, respectively [2.58]. It is
widely known that oxygen is delete rious impurity acting as a deep-
state donor, thus careful effort is needed to reduce the oxygen
contamination [2.59]. Indeed, room temperature conductivity and
activation energy of those films showed a moderate change and
evidence of slight n-type doping, yet the properties are still in the
range of intrinsic materials, as shown in 2.17(b). Oxygen may come
from leaks due to imperfection of the vacuum system, or more likely,
from out-gassing from the inner wall  of the reactor. As a matter of fact,
ARCAM is a monochamber reactor without loadlock. ARCAM is indeed
designed to maintain chemical purity by high gas flow, achieving high
process-gas-flow/out-gassing rati o [2.1]. Moreover, in pm-Si:H
deposition condition, high pressure is obtained by reducing throttle
valve diameter. In other words, pm-Si:H deposition condition in
ARCAM consists of relatively high out-gassing in comparison to low
pressure a-Si:H deposition. Therefore, in ARCAM, pm-Si:H deposition
would be difficult to maintain chem ical purity at high temperature.
The oxygen contamination issue can be resolved by an addition of a
small amount of silicon-tetra-fluoride (SiF 4) [2.60]. Auxiliary results

obtained in T s series can be found in annex 2.4.

2.8 Powder formation and residence time

This chapter deals with a deposition study of intrinsic pm-Si:H with
various plasma conditions. The goal is still to develop high quality
material deposited at high r 4. Plasma deposition is a sensitive process,
and any change in plasma process parameters brings various effects.
For example, Figure 2.18 shows a SI MS profile of the hydrogen and

oxygen content of a RF power series of pm-Si:H deposited on FZ c-Si.
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Increasing the RF power results in highr 4, and high r 4 greatly reduces
oxygen content in the films, compa red to a-Si:H. In this case,
impurities such as oxygen originate from out-gassing or leaks. During
the deposition process, one may then consider a precursor gas flow and
an additional impurity gas flow. At highr ¢, relatively less supply of the
impurity, with respect to SiH , is expected. However, at higher RF
power, reduction of oxygen content becomes less significant, as rgq
saturates at RF powers greater th an 80 W (Figure 2.11). Therefore,
one can notice that the impurity  content can be controlled by the r g,

but not by the RF power.
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Figure 2.18 — SIMS profile of hy drogen and oxygen content of a RF power series of pm-Si:H
deposited on FZ c-Si

Along the same lines, the residence time (€ can be controlled
by varying the gas flow while keepin g the total pressure and gas flow
ratio the same. From larger to low gas flow, © becomes longer. At
longer residence time, higher impuri ty content can be expected. Figure
2.19(a) shows the SIMS profile of a total flow series. Figure 2.19(b)
also demonstrates that increasing residence time increases the oxygen

content but also the hydrogen content.
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Ch is known to closely relate to optical bandgap (E opt) of
material [2.61, 2.62]. Figure 2.20(a) shows E opt versus rq of pm-Si:H in

various series, such as pressure and RF power. We observe a sharp
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increase of Eqpt When r g saturates at extreme plasma conditions such
as pressure > 3 Torr or RF powe r > 50 W. The sharp increase of E opt iS
a consequence of the high Cn, as seen in Figure 2.20(c). Therefore, one
can notice that extreme plasma conditions mentioned above do not
contribute to a further increase in r g4, but rather lead to excessive
hydrogen incorporation (C 1 > 16 at.%). Recalling that long ©leads to
high oxygen content, one is te mpted to suggest that high E opt originate
from SiO x alloy formation, as both o xygen and hydrogen content are
linked to widening of E opt. However, for device-quality intrinsic layers,
the oxygen content is orders or ma gnitude below that necessary for
any alloying effects. For further  proof, in Figure 2.14-2.17, as
temperature increases, the E opt decreases while hydrogen content
decreases and oxygen content increase. However, oxygen is an
important doping impurity that degr  ades the material quality [2.63],
especially as oxygen incorporation on crystalline silicon is more serious
because of higher doping efficiency . Therefore, due to the mixed-phase

nature of pm-Si:H, effo rts to reduce oxygen content should be taken.

In overall, this chapter deal s with pm-Si:H deposition under
various plasma conditions, and the most critical issue should be
increasing the r ¢ while maintaining the material quality. Under
extreme process conditions e.g. P > 3 Torr and RF power > 50 W, the
material shows notable features of change, such as the evolution of a
low temperature exodiffusion peak, a higher C 4, and the rise of a MSM
band. In other words, excessive hydr ogen incorporation is a signal for
the extreme process conditions of pm-Si:H which do not further
contribute to r 4. Returning to the E opt versus rq plot in Figure 2.20(a),
the consequence of extreme plasma conditions such as pressure > 3
Torr or RF power > 50 W is reflected as excessive hydrogen
incorporation that widens E o of the material, without further
contributing to deposition rate. Therefore, the E opt versus rq plot

provides a simple diagnostic for this pm-Si:H deposition study on how
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much r 4 can be increased while maintaining the material quality. For
example, the Tauc plot of Fi gure 2.20(b) shows that the E op of the pm-
Si:H deposited at 30 W and 50 W are identical, while the E  opt of the
pm-Si:H starts to increase at higher RF power. Figure 2.20 displays
that r ¢ can be increased up to 16 A/s while keeping E opt of about 1.69
eV and Cy of 16 at.%.
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Figure 2.20 — (a) Optical bandgap, E opt, versus rq of different pressure, RF series of pm-Si:H. (b)
Tauc plot of one of the RF series in (a). (c) Hydrogen content, C H, vVersus r q.

2.9 Summary

We have made an extensive test on the material properties of pm-Si:H
under various plasma parameters. The main goal in this chapter is to
deposit pm-Si:H at high r 4 while maintaining material quality. A QMS
study of a-Si:tH and pm-Si:H deposition conditions reveals the

existence of higher-order-silane species in pm-Si:H deposition, which
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could be correlated with the contribution of nanoparticles. In the
pressure and RF series, varying the precursor concentration,
dissociation, and ©values result in an increase in the r 4, but could also
lead to poor quality material. The material deposited at extreme
process conditions such as P > 3 Torr or RF power > 50 W shows the
evidence of deterioration such as roughness, porosity and
interconnected voids, and excessive C y. Deposition at higher T s helps
to suppress hydrogen incorporation, but in practical view, impurity
incorporation due to outgasing beco mes significant, and furthermore,
p-type a-SiC deteriorates at high T s. Therefore, at high T s, making
solar cell device would be difficul t. Regarding the nature of pm-Si:H
deposition, control of ©seems interesting, to avoid powder formation
and to reduce impurity incorporation while maintaining r ¢ and any

deposition contribution by nanoparticles.

As discussed above, there are many controllable process
parameters. In addition, the cause-effect-consequence relationship
between each process parameter and material property are inter-
related, adding more complexity to the study. Therefore, Table 2.2
shows possible actions in controllable plasma parameters and the
ensuing benefits and drawbacks. Th e solutions for the drawbacks are
also considered. As mentioned above, deposition at high r 4 while
maintaining material quality is a key issue in pm-Si:H deposition,
recalling that extreme process conditions such as too high pressure or
RF power lead to poor material. There are indeed few fundamental
solutions such as installing a load-l ock on the reactor, reducing the
volume of reactor, or having a mu ltichamber cluster. As mentioned
above, lowering of ©appears to be more interesting in order to avoid
powder formation and excessive hydrogen incorporation while
maintaining r ¢. ©can be simply reduced by increasing total gas flow
and opening throttle valve, without changing any other plasma

parameters above.
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2.9 Summary

Actions Benefits Drawbacks Solution

SiH, flow n Precursorn Material changes Fixedgasflow rate

Totalgasflow n
Inter electrodegap p

Precursorn Powder n
Pressuren lon energy p Residencdime n Sma]lvolumereactor
Multichamber cluster
Ts N
Gasflow n
Dissociation n | Powder n Pressuren
RFpower n Tsn
K N lonenergy n Novelplasmasources
Multichamber cluster
Powder p . Loaqllock
T.n G p Outgasmg.n Multlcha_mbercluster
Ly N Poorp aiC Useof Sik

Noveldopedlayers

Table 2.2 — Controllable plasma parameters and th eir benefits, drawbacks and solutions. Note
that most of the case, the drawbacks are powder formation, and solution s are indeed trade-off
of each other cause-and-effects.
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Chapter 3

3.1 Introduction

This chapter deals with pm-Si:H solar cells made of intrinsic material
prepared under various deposition conditions. In the previous chapter
we have studied the growth of pm- Si:H at various process conditions.
In this chapter, we present experimental studies on the performance of
pm-Si:H solar cells using various intrinsic layers. Controlling Oleads
to fabricate solar cells with high FF, which is attributed to the low
defect density material, and the application of ITO/Ag reflector
enhanced Jsc thus allows high efficiency PIN solar cells showing initial
Enta Of 9.22 %. Application of HR pm- Si:H layers was also studied.
HR pm-Si:H PIN solar cells show pote ntial to further cost reduction,
but also showed deterioration of de vice performance. The improvement

in material quality of HR  pm-Si:H is needed.

3.2 Standard PIN solar cells

In a-Si:H solar cells, the diffusion le ngth of the charge carriers is
shorter than that in crystalline sili  con. For example, device quality
intrinsic a-Si:H shows an as-depos ited ambipolar diffusion length
around 200 nm [3.1], and doped layers have even lower diffusion
length of the minority carriers be cause of the high defect density
associated with the doping in a-Si:H. A solar cell structure in
crystalline silicon is based on the tran sport of the minority carriers by
diffusion in the base material, but it  is inefficient for thin film silicon
solar cells. A PN junction based on a-Si:H would show very low
efficiency due to the very sh ort diffusion length, and the
photogenerated carriers would recombine before being separated by
the electric field in the depletion region of the PN junction. Therefore,
thin film silicon solar cells should be designed differently compared to

the standard PIN junction of a crystalline silicon cell.
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3.2 Standard PIN solar cells

A schematic structure of a PIN solar cell is shown in Figure 3.1.
The PIN device consists of three fundamental components: a p-type a-
SiC:H, an intrinsic layer, and an  n-type a-Si:H, which form a PIN
junction. This structure is often called a single junction solar cell. The
PIN devices in this study were deposited in the ARCAM reactor.
Standard a-Si:H and pm-Si:H materials  are used in the intrinsic layers.
The structure of PIN solar cell consists of a textured Asahi SnO >
substrate/p-type a-SiC/SiC buffer/ intrinsic layer/n-type a-Si:H/Top
contact. Various back-contacts such as Al, Ag, and ITO/Ag can be used.
The area of the cells was 0.126 cm 2. The thickness of p and n-type
layers were about 150 A, and the intrinsic thickness can vary from
1500 to 7000 A. Figure 3.1 shows an SEM image of cross-section of a

pm-Si:H PIN solar cell deposited on textured SnO , substrate.

Back contact

\VAVAR

Intrinsic

n layer

p layer

SnoO,

Figure 3.1 —SEM image of the cross-section of a pm-Si:H PIN solar cell deposited on textured
SnO:2 substrate and its schematic dr awing. In SEM image, silicon layers appear dark due to
the low conductivity.

Boron doped a-SiC:H has become a standard p-type layer in a-
Si:H solar cells [3.2]. Since boron in corporation reduces the bandgap of
a-SiC:H, it should be carefully consid ered that an optimal p-type layer
is a result of a trade-off between conductivity and absorption. In this
experiment, our standard p-type a- SiC:H layer was obtained from the

following flow rates for the differen t gases injected in the reactor: H 2:
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Chapter 3

100 sccm, SiH4: 25 sccm, CH4: 100 sccm and trimet hyl-boron (TMB): 20
sccm, and deposited at a pressure of 120 mTorr and RF power of 1W.
After the deposition of p-type a-SiC:H layers, a thin buffer layer is
deposited. It is widely known that th e design of the p/i interface region
significantly influences the effici ency of solar cells, and a thin
interlayer (buffer) improves sola r cell performance [3.3, 3.4]. The
buffer layer prevents diffusion of bo ron from the p-type a-SiC:H into
intrinsic layer and back diffusion of the photogenerated electrons from
the intrinsic into p-type layer. The thin buffer layer is often coupled
with a lightly doped p-type a-SiC :H to make smooth gradient of
distribution of the electric field. Th  erefore, usually p/i interface region
consists of multilayers including heavily doped p / lightly doped p /
intrinsic a-SiC:H. Intrinsic a-SiC:H fi  Im was applied in highly efficient
solar cells as a thin buffer layer in the following condition: H  2: 100

sccm, SiHg4: 40 sccm, CH4: 80 sccm.

In the intrinsic layer, the electron-hole pairs are generated and
collected, and the strength and profile of the internal electric field
across the intrinsic layer dete rmines the collection of the
photogenerated charge carriers. Th e electric field profile in the
intrinsic layer strongly depends on the defect density and the
distribution in the intrinsic layer and at the interfaces with the doped
layers. Therefore, the material qualit vy of the intrinsic layer is a crucial
part of the solar cell performance, an d intrinsic pm-Si:H film should be
deposited in carefully controlled plas ma conditions. In this chapter,
work is described where plasma parameters of pm-Si:H were varied to
optimize the solar cells, and two seri es of pm-Si:H are tested. Standard
intrinsic pm-Si:H was deposited under pressure of 2 Torr, RF power of
5 W, Ts of 175 °C. Inter-electrode distance was 22 mm. Relative and
total gas flow rates of SiH 4 and H> were varied. High deposition rate
(HR) intrinsic pm-Si:H PIN solar cell s were also studied under various

plasma conditions. For HR pm-Si:H, the pressure was varied from 2
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3.2 Standard PIN solar cells

Torr to 3.5 Torr, the RF power vari ed from 30 W to 80 W, and the
substrate temperature (T s) was varied from 210 °C to 240 °C.
Narrower inter-electrode distance of 12 mm was used in HR pm-Si:H,
and gas flow rate was varied. Application of such deposition
parameters leads to pm-Si:H films su ch as very stable films at low
deposition rate (r 4) of 1.5 A/s to films with r 4 as high as 10 A/s while
still maintaining device quality [3.5].  The best quality film is obtained
at the lowest r 4 of 1.5 A/s, and another g ood quality material with
higher r 4 up to 10 A/s was also possible. The r 4 was further increased
up to 20 A/s with higher RF power, but the material quality tends to
degrade at high r 4.. Standard a-Si:H was deposited dissociating
undiluted silane at pressure of 45 mTorr and low RF power of 1 W

leading to a deposition rate of ~ 0.7 A /s

On the top of intrinsic layer, a n-type a-Si:H layer was
deposited from a mixture of 100 sccm of hydrogen, 50 sccm of silane
and 2 sccm of phosphine under a pressure of 110 mTorr and RF power
of 1 W. Since n-type a-Si:H layer is located at the back end of the PIN
solar cells and most of high energy photons are absorbed in the
intrinsic layer, the transparency of n-type layer is less important than
that of the p-type layer. Howeve r, still there is some parasitic
absorption in n-type layer, which is a leads to a decrease in  Jsc, SO
wide bandgap n-type layer should be an important topic. Table 3.1
summarizes material properties of doped layers and standard PIN
solar cell components. After the deposition of the PIN layer stack,
back-contact should be deposited. Various materials such as Al, Ag,
and ITO/Ag can be used. Evaporated Al is the simplest back-contact,
providing high conductivity and moderate reflectivity. Sputtered 1TO
and evaporated Ag are often coupled in order to enhance Jsc. After the
fabrication, the solar cells were anne aled at 160 °C for two hours for Al
and ITO/Ag case. In case of Ag cont act, annealing was done at 150 °C

for 30 minutes in order to prevent Ag diffusion.
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3.2 Standard PIN solar cells

The physical properties of PIN solar cells and the material
guality of the two groups of materials listed above can be tested by the
dark J(V) characteristics. Fi gure 3.2 shows the dark J(V)
characteristics of a-Si:H and pm-Si: H PIN solar cells, and Table 3.1
shows dark diode parameters extracte d in Figure 3.2. In Figure 3.2,
both a-Si:H and pm-Si:H produce good diodes with clear rectifying
characteristic, the on/off ratio reaching up to 10 6. In Table 3.2,
extracted dark parameters are in the range of good a-Si:H PIN diodes
presented in literature [3.6]. Low ideality factor, low Jo, and high
on/off ratio with clear rectifying characteristic indicate that both
materials are of device quality and that the doped layers work
effectively. Dark J(V) curve of pm- Si:H PIN solar cell shows small shift
to higher voltage and a lower current density compared to that of a-
Si:H, and it is also reflected in da rk parameters. In Table 3.1, the pm-
Si:H PIN solar cell shows lower Jo because of the shift in the dark J(V)
curve due to wider bandgap. It is interesting that the ideality factor of
pm-Si:H PIN solar cell is a bit higher than that of a-Si:H PIN solar cell.

It can be also explained by that the bandgap of pm- Si:H is slightly
wider than that of a-Si:H.

J(V) curves of PIN solar cells can be also measured under
illumination. Figure 3.3 shows initial characteristics of typical a-Si:H
and pm-Si:H PIN solar cells. Intrinsic layer thickness (d i) was about
3000 A for both solar cells, and Al back-contact was used. Table 3.3
shows solar cell parameters of PIN solar cells shown in Figure 3.3.
Note that multiple (usually six) individual solar cells on 2.5x2.5 cm 2
substrate are measured and the solar cell parameters are averaged.
Figure 3.3 and Table 3.3 show that both a-Si:H and pm-Si:H indeed
result in good solar cells at in itial state. High fill factor ( FF) of both
cells indicates that both materials have low defect density at initial
states. In Voc and Jsc, there is slight difference, namely pm-Si:H PIN

solar cell shows a slightly lower Jsc and high Voc compared to that of a-
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Si:H PIN solar cell. External quantum efficiency (EQE) in Figure 3.3(b)

also shows that absorption edge of pm-Si:H PIN solar cell is slightly
shifted to shorter wavelength re gion, thus pm-Si:H PIN solar cell
shows a bit lower Jsc. It is related to the bandgap difference between
the two materials. Due to the high er bandgap, pm-Si:H PIN solar cells
show higher Voc than a-Si:H PIN solar cells, which is attractive in

view of multi-junction solar cells [3.7].

2
1 | Std PIN - Dark J(V)
© ol —e— asiHPIN
£ pm-Si:H PIN
a1t
<
E 2}
>
G 3}
3 »
o 4 M ’
E S5t )t LT.A
o X
5 -6}
O
o -7}
o
— 8l
-9

-1.5 -1.0 -05 0.0 0.5 1.0 15
Voltage (V)
Figure 3.2 — Initial dark J(V) characteristics of a-Si:H and pm-Si:H PIN solar cells. Ideality

factor and Jo can be extracted from the extrap olation of forward bias region. Note that
intrinsic layer thickn  ess was about 3000 A.

Sample n J (MA/cm?)
asi:H
41102252 1.66 4.65x1¢
pm Si:H
21104114 1.75 1.14x1¢

Table 3.2 — Ideality factor n and Jo of a-Si:H and pm-Si:H PIN solar cells in Figure 3.2. Dark
diode parameters are extracted from the extrapolation of forward bias region.
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Figure 3.3 — Initial characteristics of a-Si:H an

external quantum efficiency.
back-contact was used.

Wavelength (nm)

d pm-Si:H PIN solar cells. (a) J(V) curve and (b)

Note that intrinsic layer thickness was about 3000 A, and Al

Sample FF__| Re(@nT) | Re (@) | Io(MA/CM) | Voo (V) (%)
asi:H 7256 | 4786 6.44 13.56 0.842 8.28
pmSiH | 73.67 | 2982 5.86 12.95 0.867 8.28

Table 3.3 — Solar cell parameters of PIN solar cells shown in Figure 3.3.
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3.3 Effect of light-trapping

One of the most effective approaches to enhance the solar cell
efficiency is to increase Jsc. In PIN solar cells, Jsc mostly depends on
the absorption in the intrinsic layer, thus application of thicker
intrinsic layer could be a simple way. However, thick intrinsic layer
weakens the internal electric field across the intrinsic layer, increases
recombination, and thus degrades the collection of photo-generated-
carriers, thus introducing a decrease in FF. Furthermore, this
increased sensitivity to recombination accelerates light-induced
degradation in thick intrinsic layers. Therefore, it is important to use
special device design of “optically thick” while maintaining “electrically
thin” features [3.8], also known as light trapping. In brief, studies on
intrinsic layer thickness and its ef fects on PIN solar cells can bring
important information on device physics. A brief detail on intrinsic
layer thickness on PIN solar cells can be found in annex 3.1 and

chapter 5.

At present, the most important  research in the thin film solar
cells is the development and implemen tation of efficien t light trapping.
Efficient light trapping mostly relies on light scattering at rough
interfaces and employment of high ly reflective back contacts, and
refractive index matching (or mis-matching) between each component.
The light scattering at rough interfaces spreads the photons in random
directions and introduces internal-reflection at the back and front
contacts, thus resulting in a long er optical path, thus making an
“optically thick” device structure.  For the light-trapping, transparent
conductive oxide (TCO) and innovative doped layers (such as doped pc-
SiOx) play an important role, through their surface texture and
refractive index matching. Indeed, rece nt progress on th e efficiency of
a-Si:H and pc-Si:H solar cells are re sults of an improvement in TCO

[3.9] or innovative doped layers [3.10].
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3.4 Intrinsic layer optimization

An example of the effect of highly reflective back contact is
demonstrated in Figure 3.4, which shows initial J(V) curves and EQE
of a pm-Si:H PIN solar cell with different back reflector of Al and
ITO/Ag. Table 3.4 shows solar cell parameters extracted from Figure
3.4. Increase in Jscis a significant change with ITO/Ag back reflector,
and it is also seen in EQE curve, increase in  Jsc mostly comes from
enhanced response in red region. Ho wever, there is also a trade off
factors that the FF and Rsc are smaller for the ITO/Ag contact. One can
suspect that while Al and SnO , form Al ;O3 at any small pinholes
which can remove the shunt path, th e ITO/Ag contact does not remove
the shunt path through any such me chanism. It is also seen that Roc
slightly increases. Ohmic contact at n-type a-Si:H/ITO/Ag should be
improved. In 2012, more recent trends in the device design are based
on the development and implementation of innovative doped layers
such as doped uc-SiOx having high conductivity and low refractive
index. In this thesis, results on  pm-Si:H solar cells using doped pc-SiO x

will be presented in chapter 5.

3.4 Intrinsic layer optimization

In chapter 2, we have demonstrated that minimizing residence time, ©
Is a critical key factor to improve the material quality. As seen in
Figure 2.19, reducing © lead a good quality material with low
hydrogen content CH. One of the most convenient indicators of
material property change is the optical bandgap, E opt, because Eqp is

sensitive to C k.

A series of pm-Si:H PIN solar cells were fabricated, using
different intrinsic layer deposition conditions, having different ©and
gas flow ratio. Three pm-Si:H PIN solar cells are having identical
substrates (Textured SnO 2:F and corning glass), both p and n-type

layers, and Al back contacts.
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Figure 3.4 — Initial characteristics of a pm-Si:
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Al and ITO/Ag. (a) J(V) curve and (b) external quantum efficiency.

thickness was about 3300 A.

H PIN solar cell with different back reflector of

Note that intrinsic layer

Backreflector| FF | R (@nP) | Ry (@nP) | L (MA/CM?)| Vo (V) { (%)
AlIBR 70.51 4052 6.14 13.59 0.871 8.34
ITO/AgBR | 68.24 2775 6.81 14.87 0.885 9.01

Table 3.4 — Solar cell parameters of PIN solar cells shown in Figure 3.4.
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3.4 Intrinsic layer optimization

For the intrinsic layer deposition, on ly the gas flow and the total flow
were varied while total pressure, RF power, and T s were fixed to 2 Torr,
5 W, and 175 °C, respectively. Afte r deposition, sample thickness and
material parameters are obtained from SE modeling on PIN layer
stack co-deposited on Corning gla ss. Table 3.5 shows the brief sample
description.. From al104092 to all041 12, hydrogen flow was kept
same and silane flow was increased by 40 %. As a result, r ¢ increased
and Eopt decreased. Increased rq can be explained by higher silane
partial pressure (larger flow). Effect of changing gas flow ratio also

changes hydrogen content (C w) [3.11].

Sample H, SiH, Eopt (8V) di (A) ra (A/s)
al1104092 200 12 1.74 2700 1.2
all104112 200 20 1.71 3000 15
al104114 500 50 1.70 3000 15

Table 3.5 — Gas flow and SE modeling parameters from pm-Si:H PIN solar cells deposited in
three different intrinsic layer conditions. Note that the three pm-Si:H PIN solar cells are

having identical substrates (Textured SnO 2:F and corning glass), both p and n-type layers, and
Al back contacts. For the intrinsic layer deposition  condition, only gas flow and total flow were
varied while total pressure, RF power, and T s were fixed at 2 Torr, 5 W, and 175 °C,
respectively.

Meanwhile, from al104112 to all04114, increasing total gas flow
while keeping same total pressure (2 Torr) and same gas flow ratio
leads to a large reduction of @ Figure 3.5 shows init ial J(V) curves of a
pm-Si:H PIN solar cells deposited under conditions described above.

Table 3.6 shows extracted solar cell parameters.
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pm-Si:H PIN optimization
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Figure 3.5 — Initial characteristics of a pm-S  i:H PIN solar cells deposited under various gas
flow. Note that intrinsic layer thickness was about 3000 A, Al back contact are used.

(é:srﬁs\l/s) FF ( cisr;F) ( (;"r;z) m A\]/Sémz) Voc (V) | {(%0) | Go(awu)
3(.;38711029)2 57.89| 2103 11.11 11.19 0.887 | 5.75 7.85
3(-;3871210]52 69.82| 2742 6.82 12.6 0.881 | 7.75 5.67
a(‘éégfslojf 73.67| 2982 5.86 12.95 0.867 | 8.28 4.03

Table 3.6 — Solar cell parameters of PIN solar cells shown in Figure 3.5. Oxygen content
deduced from Figure 3.6 is also marked. Note that multiple individual solar cells on 2.5x2.5
cm?2 substrate are measured and the solar cell parameters are averaged. Al back-contact was
used.

In Figure 3.5 and Table 3.6, it is well demonstrated that J(V)
curve improves with greater gas flow, having higher  FF that suggests
low defect density in intrinsic laye r. An interesting result is that  Voc
also decreases at large gas flow. As mentioned above, low C 4 results
low E opt. Since Voc is largely affected by band gap of the material [3.13],

decrease in Voc comes from narrower bandgap of the material. It is
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3.4 Intrinsic layer optimization

again cross-validated by SIMS result . Figure 3.6 shows a SIMS profile

of hydrogen and oxygen content of intrinsic pm-Si:H layer stack
deposited on FZ c-Si. Intrinsic pm-Si:H films are deposited using
different gas flow condition presen ted in Table 3.5. The result in
Figure 3.6 is coherent with the result presented in Table 3.6.
Increasing SiH 4 flow from 12 to 20 sccm (at fixed H > flow of 200)
resulted in a decrease in both hydr ogen and oxygen content, which is a
consequence of different gas flow ratio and higher r 4. This is consistent
with the improvement in solar cell parameters, as well as decrease in
both Eopt and Voc. Furthermore, at fixed gas flow ratio of H  »/SiH 4 = 10,
increase in total gas flow from 200/20 to 500/50 causes low @ In this
case, decrease in oxygen incorporation in the intrinsic layer is more
significant, and the reduced oxygen content results in even better solar
cell parameters, e.g. high FF. The result of optimized pm-Si:H PIN
with low defect density material, with light tapping from ITO/Ag back-

contact is shown in Figure 3.7.

[ Intrinsic pm-Si:H - PIN optimization
| 5W, 175 °C, 2 Torr
I | I |
I
~ 0F | l
- D '200I 500I 200 | 500 |
S 0 I I I | 4-Si
S [p:12 130 | 20 |50 | ¥ FZ
= | | I |
c i | I | |
b I I I I
-1t I I I I
= - I I I I
S F | | |
- | | I I
i H I I
i 160 | |
_2 I I I ol | I

0 200 400 600 800 1000 1200
Sputter Time (s)

Figure 3.6 — SIMS profile of hy drogen and oxygen content for di fferent gas flow in intrinsic

pm-Si:H deposition condition. Note that entire la
Si:H was also deposited as a reference.

yer stack is deposited on FZ c-Si wafer, and a-
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Figure 3.7 — Initial characteristics of an optimi ~ zed pm-Si:H PIN solar cell (a) J(V) curve and (b)
external quantum efficiency. Intrinsic layer thickness was about 2500 A, and ITO/Ag was used
as back reflector. Solar cell parameters are indicated in (a).

Figure 3.7 shows initial J(V) curv e and EQE of the optimized pm-Si:H
PIN solar cell. Thanks to the improved light trapping efficiency due to

the ITO/Ag back reflector, red response of EQE shown in Figure 3.7(b)

is high in spite of only 2500 A of intrinsic layer thickness. Initial FF of

74.1 suggests that the intrinsic laye r has a low defect density, and Jsc
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3.5 HR pm-Si:H PIN solar cells

of 14.45 mA/cm2 pushes the initial efficiency up to 9.2 %. It should be

mentioned that the optimized pm-Si:H PIN solar cell shows low Voc
because of low bandgap of intrinsic layer, but Voc can be enhanced by
novel device design. Improvement in  Voc by development of new device

design will be presented in chapter 5.

3.5 HR pm-Si:H PIN solar cells

The rq of the intrinsic layer for stan dard pm-Si:H PIN solar cells is
about 1.5 A/s. Deposition of 2500 A intrinsic layer takes about 30
minutes, and an accelerated r 4 would be industrially relevant from the
point of productivity and cost reduction. Therefore, now we turn to the
study on pm-Si:H PIN solar cells using highr 4 (HR) intrinsic layer. For
HR pm-Si:H, in order to avoid the powder formation, the intrinsic
layers are deposited at a higher te mperature of 210 °C , and the plasma
chamber has narrower inter-electrode distance of 12 mm, as previously
reported [3.14]. In HR pm-Si:H, the intrinsic layer was optimized in
same way as for std pm-Si:H, i.e., by reducing @ In addition, to test
the results obtained for the low r 4 pm-Si:H, for HR pm-Si:H, SiH 4 flow

is fixed and H > flow is varied.

Table 3.7 summarizes the process conditions and SE modeling
parameters from HR pm-Si:H PIN  solar cells. HR pm-Si:H PIN solar
cells are all deposited on identical substrates (textured SnO ,:F) with
the same p- and n-type layers, and Ag back contacts. For the intrinsic
layer deposition condition, only gas flow and total flow were varied
while total pressure, RF power, and T s were fixed at 3 Torr, 30 W, and
210 °C, respectively. After deposition, the sample thickness and
material parameters were obtained from SE modeling on PIN layer

stack co-deposited on Corning glass.
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Sample H, SiH, Eopt (V) di (A) ra (A/s)
a910291 338 50 1.69 2500 10.3
a910292 375 50 1.69 2500 10.25
a910293 412 50 1.69 2400 10.05
2910302 450 50 1.68 2400 9.92
a910303 500 50 1.65 2400 9.18

Table 3.7 — Gas flow and SE modeling parameters from HR pm-Si:H PIN solar cells deposited
in five different intrinsic layer conditions. Note that the five HR pm-Si:H PIN solar cells are
having identical substrates (Textured SnO 2:F and corning glass), both p and n-type layers, and
Ag back contacts. For the intrinsic layer deposition  condition, only gas flow were varied while
total pressure, RF power, and T s were fixed to 3 Torr, 30 W, and 210 °C, respectively.

Note that the p-type a-SiC was first deposited at 175 °C and the
intrinsic and n-type layers were deposited at 210 °C. The process could
be further optimized by better device design or use of multichamber

reactor.

Table 3.8 shows solar cell parameters of HR pm-Si:H solar
cells. The trend in HR pm-Si:H is in agreement with std pm-Si:H
series, namely, the lower @the better the material quality. Moreover,
narrowing of E opt at larger total gas flow is also seen in HR pm-Si:H
series. The behavior of E opt also results in a decrease in Voc at larger
gas flow. It should be pointed out that even though the intrinsic layers
are thin, and Ag back-contact provide insufficient light trapping,

overall Jscin HR pm-Si:H PIN solar cells are low.

Sample FF | Ro(@M) | Re (@) | Io(MA/Cm?) | Voe(V) | {(%)
a910291 65.74 2936 8.22 12.98 0.855 7.30
a910292 | 68.84 3387 7.78 12.34 0.854 7.23
2910293 68.22 2699 7.56 12.3 0.851 7.14
910302 69.51 3077 7.85 12.11 0.847 7.13
2910303 69.9 2695 7.87 11.83 0.847 7.00

Table 3.8 — Solar cell parameters of HR pm-Si:H Pl N solar cells shown in Figure 3.7. Note that
multiple individual solar cells on 2.5x2.5 cm 2 substrate are measured and the solar cell
parameters are averaged. Ag back-contacts are used.
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3.5 HR pm-Si:H PIN solar cells

Figure 3.8 shows the EQE cu rves of HR pm-Si:H PIN solar
cells deposited at 210 °C and a single std pm-Si:H PIN cell deposited
at 175 °C for comparison. The HR cells use the conditio ns of Table 3.7
and have a Ag back-reflector, while the LR cell is one with ITO/Ag
previously shown in Figure 3.6. The EQE curve of HR pm-Si:H solar
cells show low response in the entire region compared to that of std
pm-Si:H. One can rule out the effect of different back-contact because
light-trapping is more efficient in  red-IR response, but in Figure 3.8,
EQE curve of HR pm-Si:H solar cells show low response even in blue-

green region.

—@&— 2910292 210°C 375/50
a910293 210 °C 412/50
a910303 210 °C 500/50 _
al203121 175 °C 500/50

100

40

E.Q.E. (%)

20

400 500 600 700 800
Wavelength (nm)

Figure 3.8 — EQE of various pm-Si:H PIN sola r cells. pm-Si:H PIN solar cells deposited at
210 °C are indeed HR pm-Si:H solar cells with Ag  back-reflector that shown in Table 3.7. pm-
Si:H PIN solar cell deposited at 175 °C is one with ITO/Ag shown in Table 3.6.

Moreover, the deterioration of EQE becomes more serious for the PIN
deposited under larger H > flow. It suggests that at high T s (210 °C),
high RF (30 W), and under large H 2 flow, deposition of intrinsic HR
pm-Si:H introduced reduction of SnO 2:F by the H in the plasma, and
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resulted in a gray-filter effect. This effect is facilitated at high
deposition temperature [3.15]. The gray filter effect becomes more
significant at larger H > flow because reduction of SnO »:F is induced by
H plasma. ZnO substrate or thin ZnO coated Asahi substrate could be
a solution. In the optimization of both low r 4 pm-Si:H and HR pm-Si:H,
there is a consistent trend that good quality material - namely low
defect density material - comes from low ©in process condition. By
suppressing powder formation, low  Qresults in low E op at the same
time as low impurity concentration. The general relationship between

Eopt and the initial FF of pm-Si:H is represented in Figure 3.9.

75

70

65 |

60

Initial FF

55|

0 @ stdpm-SiH@ 175°C

HR pm-Si:H @ 210 °C
P @ ° °

45 L L L L L
164 166 168 170 172 174 1.76

Eopt (EV)

Figure 3.9 — Initial fill factor of pm-Si: H PIN solar cells versus optical bandgap (E opt) of
various pm-Si:H PIN solar cells. Note that the E o is also a consequence of @ so Qis also
marked on the plot. There is a general trend in  ©-Eop- FF, in which pm-Si:H having high FF
come from low @ FF-Eop relation of HR pm-Si:H shows a li ttle shift from std pm-Si:H series
probably due to high T s(210 °C).

In Figure 3.9, the initial fill factor of pm-Si:H PIN solar cells versus
optical bandgap (E opt) is plotted for various pm-Si:H PIN solar cells

having different gas flow and  ©of intrinsic layer deposition. As E  opt
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3.5 HR pm-Si:H PIN solar cells

can be linked under certain conditions to @ this value is also marked
on the plot. There is a general trend in ~ ©-Eopt- FF of PIN solar cells:
pm-Si:H deposited at long ©and high E opt (in the range between 1.72-
1.76 eV) results in a low initial  FF, which is also randomly scattered at
low values. The pm-Si:H deposition condition at low  @leads to low
impurity (O) concentration, as well as lower excess hydrogen content,
leading to higher FF. One may notice that the deposition at long ©
leads not only to lower FF, but also to a higher degree of scattering in
the material quality. It suggests that the powder formation becomes

uncontrollable in long  ©condition.

It is also interesting that the  FF - Eopt relation of HR pm-Si:H
shows little shift from the st d pm-Si:H series. Recalling the T s series
result in chapter 2, the high T s of 210 °C used for HR pm-Si:H series is
expected to result in a shift of E opt. However, it should also be pointed
out that in std pm-Si:H PIN optimization, decrease in ©was realized
by increasing SiH 4 flow and increasing total flow. On the other hand,
in HR pm-Si:H PIN optimization, decrease in © was realized by
increasing H > flow and increasing total flow. However, the same effect
in Eopt and FF is observed, despite opposite direction of movement in
gas flow ratio. If we only consider the effect of gas flow ratio of SiH 4/H>
and the resulting structural re-con struction from different degree of
hydrogen dilution, it is difficult to explain why both std and HR pm-

Si:H PIN solar cells have high FF. Therefore, one can conclude that ©
strongly determines the material quality, and thus, in order to have
good pm-Si:H PIN solar cell, the in trinsic pm-Si:H layer should be

deposited under the condition at the lowest @

As a high rq is very attractive from the point of view of
industry, we further tried to maximize the r 4. Another pm-Si:H PIN
solar cell was deposited with intrin sic layer deposited at 19.6 A/s,

using high RF power of 80 W and high er silane concentration ratio. At
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the same time, the pressure was lowered to 2 Torr and T s was
increased to 240 °C in order to reduce © and suppress powder

formation. Table 3.9 summarizes the difference in process conditions.

Sample | M, SiH P(Tom) T.(C) RFW) ra(As) e
pm Gi:H1.5A/s

a1104114 500 | 50 |2 175 5 15 22
pm Gi:H10A/s

2910303 500 | 50 3 210 | 30 0.18 12
pm Gi:H20A/s

a1103225 250 | 50 | 2 240 | 80 | 19.6 12

Table 3.9 — Process conditions of pm-Si:H PIN so lar cells. From 10 to 20 A/s condition, silane
concentration ratio, RF power was increased. At the same time, pressure was lowered and Ts
was increased in order to suppress powder formation.

Figure 3.10 shows initial J(V) cu rves of two HR pm-Si:H PIN solar
cells deposited at 10 A/s and 20 A/s. J(V) curve of pm-Si:H PIN solar
cell deposited at 20 A/s shows notable features of deterioration in
material quality. Compared to that  of 10 A/s PIN solar cell, 20 A/s PIN
solar cell shows modest slope at P max region, low Rsc, and high Ro,
which result in a low FF, due to higher recombination and poor
transport properties. Relatively flat  reverse bias up to -1 V suggests
that the physical origin of the low  FF is poor material quality, rather
than shunted diode. Indeed, it was already implied in previous chapter
that a high r 4 of pm-Si:H deteriorates the material quality. Further
improvement is needed in HR pm-Si:H PIN solar cells. Table 3.10
shows solar cell parameters of HR pm-Si:H PIN solar cells extracted

from Figure 3.10.
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Current Density (mA/cm 2)

2| —@— a9%01303 PIN 10 A/s
a1103215 PIN 20 A/s

0 L L L —
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22121213 b

Figure 3.10 — Initial characteristics of HR pm-S  i:H PIN solar cells deposited at 10 A/s and 20
AJs. The PIN at 20 A/s was annealed at 160 °C for two hours, while the PIN at 10 A/s was
annealed at 150 °C for 30 minutes in order to avoid Ag diffusion.

SampleBR | FF | Re(@n7) | R (@nP) | Ie(MACM?) Voe (V) {(%)
pm Si:H10A/s

2910303Ag 69.9 2695 7.87 11.83 0.847 7.00
pm Gi:H20A/s

a1103225A| 46.71 402 17.81 11.15 0.866 451

Table 3.10 — Solar cell parameters of HR pm-Si: H PIN solar cells in Figure 3.10. Note that

multiple individual solar cells on 2.5x2.5 cm 2 substrate are measured and the solar cell
parameters are averaged. Ag back-contact is used in 10 A/s PIN, and Al back-contact is used

in 20 A/s PIN .

3.6 Stability issue of PIN solar cells

A light-induced degradation study was done for representative PIN
solar cells. Sets of successive J(V) measurements were performed to
observe changes of solar cell parameters. Between each J(V)
measurement, the cells were light-so aked by light from a non-filtered
Oriel-Apex Xe lamp. The cells were light soaked and their J(V) curves

were measured under an illumination of 100 mW/cm 2, which is
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equivalent to one sun. Few initial J(V) measurements were set to be
measured more often than later in order to carefully observe initial

behavior. The representative PIN sola r cells are a standard a-Si:H PIN,
a 1.5 A/s pm-Si:H PIN, a 10 A/s pm -Si:H PIN, and a 20 A/s pm-Si:H
PIN. Their intrinsic layer thicknes s is 3000 A for a-Si:H and 1.5 A/s
pm-Si:H PIN, and 2400 A and 2500 A for HR pm-Si:H PIN solar cells.

Evaporated Al was used as back reflector except 10 A/s pm-Si:H PIN
(AQg), resulting in lower Jsc. Figure 3.11 shows the result of the light-

soaking test.

In Figure 3.11(a), an intere sting behavior for a-Si:H and 1.5
Als pm-Si:H PIN solar cells can be ob served. The initial efficiency of
the two PIN solar cells is similar, but the stabilized efficiency becomes
different, as the 1.5 A/s pm-Si:H PIN  solar cell shows less degradation
than the a-Si:H PIN solar cell. Moreov er, the initial efficiency of 10 A/s
pm-Si:H PIN solar cell was much lower than that of a-Si:H PIN solar
cell, but after light-soaking, the st abilized efficiency of 10 A/s pm-Si:H
PIN solar cell became comparable to that of a-Si:H PIN solar cell. The
20 A/s pm-Si:H PIN solar cell barely de graded from initial to stabilized
efficiency, but the efficiency is t oo low to merit a discussion of the
kinetics. The kinetics of FF shown in Figure 3.11(b) is closely related
to that of efficiency. As well, one can notice that the major source of
the light-induced degradation is the degradation of FF that is
attributed to the deterioration of transport and recombination
properties of the intrinsic layers.  Voc indeed showed the lowest
degradation among the solar cell parameters under LS. Moreover, 1.5
Als and 10 A/s pm-Si:H PIN solar cells show increase in  Voc during
light-soaking, with the 1.5 A/s PIN solar cells showing more
pronounced behavior. The Voc increase of pm-Si:H PIN solar cells is
consistent and reproducible. On th e contrary a-Si:H PIN solar cells

deposited in ARCAM show a consistent Voc decrease.
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Figure 3.11 — Evolution of solar cell parameters  of PIN solar cells using different intrinsic

layers, (a) E (b) FF, (c) Voc, and (d) Jsc during LS under an illuminati

on of 1 sun. The PIN solar

cells were light-soaked and measured the J(V) curve by non-filtered Oriel-Apex Xe lamp.
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A detailed discussion on Voc increase will be held in the next chapter.
In Figure 3.11(d), Jsc of the pm-Si:H PIN solar cell shows a faster
initial drop followed by a phase of more moderate degradation at
longer light-soaking times, while the a-Si:H solar cell demonstrates a
monotonic degradation and no clear distinction into such phases. The
faster initial decrease of Jsc is a major contribution to the initial
efficiency degradation of pm-Si:H solar cells in contrast to that of a-
Si:H. Due to the initial drop of Js;, degradation kinetics of pm-Si:H
PIN solar cells differ in character from the classic stretched
exponential behavior observed in a-Si:H. Extracted solar cell
parameters from Figure 3.11 are pr esented in Table 3.11. Magnitudes
of degradation, | Eand intrinsic layer thickness, d  are also marked. As
mentioned above, smaller light-induced degradation of HR pm-Si:H
PIN solar cells compared to a-Si:H is indeed due to the low initial

efficiency.

Sample FF (mA/c?) Voo (V) | {(%) | " {(%) di(A)

aGiH | Imital | 72,01 1337 | 0.851 | 8.19
a1004083| LSlOhrs | 60.19 =~ 12.92 | 0.837 | 6.5

pm Si:H Initial 72.57 13.1 0.871 | 8.12
1.5A/s 16.88 | 3000
21104264 LS10hrs | 63.89 12.28 0.878 | 6.75
pm Si:H Initial 68.21 12.08 0.857 | 7.06
10A/s 13.6 | 2400
2910303 LS10hrs | 62.44 11.48 0.851 | 6.10
pm Si:H Initial 47.48 11.24 0.858 | 4.58

20A/s #.81 | 2500
al103215 LS10hrs | 47.16 10.93 0.846 4.36

£0.64 | 3000

Table 3.11 — Solar cell parameters extracted from light-soaking test in Figure 3.11.
Degradation, ' Eand intrinsic la yer thickness, d i are also marked. Note that low light-induced
degradation of HR pm-Si:H PIN solar cells comp ared to a-Si:H and 1.5 A/s pm-Si:H PIN solar
cells are indeed due to the low initial efficiency . The stabilized efficiency is a consequence of

both initial efficiency and ' E
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3.7 Summary

In this chapter we have presente d pm-Si:H PIN solar cells made of
intrinsic materials prepared under various deposition conditions.
Minimizing ©leads to depositing low defect density material, and the
application of an ITO/Ag reflector enhanced Jsc, resulting in PINs
showing B Of 9.22 %. Application of HR pm-Si:H layers was also
studied and HR pm-Si:H PIN solar ce lls using 10 A/s pm-Si:H still
show a reasonable Eiiar Of 7 %. Further increase in the r 4 up to 20 A/s

was not successful. Further improvement of material quality is needed.
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Chapter 4

4.1 Introduction

This chapter is devoted to the stability issue of pm-Si:H PIN solar cells
compared to that of a-Si:H solar cells .. The pm-Si:H solar cells show an
irreversible degradation at the firs t hours of light-soaking, while
having higher stabilized efficiency with respect to a-Si:H cells. Such
irreversible degradation of pm-Si:H  solar cells cannot be explained by
Staebler-Wronski Effect (SWE) models proposed so far. We correlate
the particular behavior of pm-Si:H so lar cells to changes in hydrogen
incorporation and structural properties in their layers. Numerous
technigues are used to study the light-induced changes from
microscopic to macroscopic scales (up to tens of microns). Our results
lead us to view the kinetics from a different angle: that stimulated
hydrogen motion - which occurs in a-Si:H under extreme conditions -
takes place in pm-Si:H under conditio ns close to the device operation,
and it introduces structural change s including diffusion of molecular
hydrogen, hydrogen accumulation at p-layer/substrate interface and
localized delamination of the interface. Based on these results we
propose that light-induced degradation of PIN solar cells has to be
addressed not only from a material pe rspective, but also from a device
point of view. In particular we bring experimental evidence that
localized delamination at the interface between the p-layer and SnO
substrate by light-induced hydrogen motion causes the rapid drop of

short circuit current density.

4.2 PIN solar cell device stability — initial behavior

The PIN solar cells were deposited at 175 °C by the radio-frequency
(RF, 13.56 MHz) glow discharge (PECVD) method in the ARCAM
reactor [4.1]. Standard a-Si:H was obtained by the dissociation of pure

silane and under a pressure of 50 mTorr and a RF power of 1 W.
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4.2 PIN solar cell device stability — initial behavior

Intrinsic pm-Si:H layers were deposi ted at a pressure of 2 Torr and RF
power density was varied from 30 to 60 mW/cm 2. The solar cells had
the PIN structure: glass/textured SnO 2:F/p-type hydrogenated
amorphous silicon carbon (a-SiC:H)/ a-SiC:H buffer/intrinsic layer/n-
type a-Si:H/Al contact. NIP solar cells were also fabricated to test our
hypothesis on the metastability. = More details on NIP solar cell
structure will be given in forthcomin g chapter. The area of the cells
was 0.126 cm2. The thickness of p and n-type layers were about 150 A,

and the intrinsic layer thickness varied from 3000 to 6500 A.

For the light-induced degradation studies, sets of current-
density-voltage (J(V)) measurements at various stages of the light-
soaking were performed. The J(V) measurements during the early
stages of light-soaking were taken more frequently than later, in order
to accurately monitor the dynamics during this critical phase. Between
each J(V) measurement, the cells we re light-soaked in the open-circuit
condition using an Oriel-Apex Xe lamp. The cells were both light-
soaked and had their J(V) curves measured under an illumination of
100 mW/cm2 (equivalent to one sun). In some cases, to accelerate light-
induced degradation, the solar cells are light-soaked and J(V) curves
measured under an intense illumination of 200 mW/cm 2 (equivalent to
two suns). During light-soaking, the  PIN solar cells were fan cooled to
limit illumination induced heating. The temperature of the PIN solar
cells, measured by a PT100 thermometer during light-soaking (LS),
stayed under 50 °C. Figure 4.1 sh ows the evolution of a-Si:H and pm-
Si:H PIN solar cell parameters, such as the power conversion efficiency
(B, fill factor ( FF), open-circuit voltage ( Voc), and short-circuit current
density (Jsc) as functions of LS time. Note that here, the PIN solar cells
are light-soaked and measured J(V) curves under two suns. One can
find a notable difference in the light-induced degradation behavior of

the pm-Si:H and the a- Si:H PIN solar cells.
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4.2 PIN solar cell device stability — initial behavior

The Ein Figure 4.1(a) shows that the pm-Si:H PIN solar cell is more
stable than the a-Si:H. However, the pm-Si:H PIN solar cell shows a
rapid Edrop at the early stages (about first two hours) of light-soaking.
Strong proportionality between the FF and the Eimplies that the FF
provides a major contribution of the  Edegradation, and that most of
the light-induced degradation takes place in the intrinsic layer. The
difference in behavior between the two types of cells is also striking for
Voc (Figure 4.1c), which increases fo r the pm-Si:H cell, whereas it drops
for the a-Si:H solar cell during light -soaking. This behavior cannot be
explained by heating of the cells. Ind eed if this were the case, then we
should observe a decrease in Voc and an increase in Jsc. Therefore, the
increase of Voc provides a strong indication that heating effects are
negligible during light-soaking, in agreement with PT100 thermo-
resistor probe measurement indicating that the temperature of the
PIN solar cells stayed under 50 °C during light-soaking. It is
important to note that the data in Figure 4.1 were continuously

recorded during the light-soaking , without turning off the lamp.

Various hypothesis have been proposed to explain the increase
in Voc during light-soaking- i) the acti vation of boron in the p-layer of
the solar cells during light-soaking [4.2-4.8], i) light-induced changes
in the intrinsic mixed-phase material [4.9-4.11] and iii) decrease in
valence band tail and state re-distribut ion at p/i interface [4.12]. Most
of those studies deal with sola r cells based on a-Si:H materials
deposited by dissociating silane-hydrogen gas mixtures, while our
standard a-Si:H was deposited by di ssociating pure silane. Therefore,
the physical origin of the Voc kinetics of the a-Si:H solar cells in the
literature can differ from that of ou r standard a-Si:H PIN solar cells.
Besides, a common physical origin in the discussion of the Vocincrease
is hydrogen motion, and it is rather related to the highly hydrogen
diluted silane gas mixture used in pm-Si:H deposition. Another

interesting point concerning the Vo increase as addressed in the
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literature is that none of thos e studies included comprehensive
observation of the kinetics of Jsc. The Jsc of the pm-Si:H PIN solar cell
(Figure 4.1d) shows a faster initial drop followed by a phase of more
moderate degradation at longer LS times, while the a-Si:H solar cell
demonstrates a monotonic degradation and no clear distinction into
such “phases”. The faster initial decrease of Jscis another contribution
to the initial Edegradation of pm-Si:H PIN solar cells, and it differs in
character from the classic stretched exponential behavior observed in
a-Si:H. It has also been reported that a-Si:H sh ows very fast creation
of charged gap states during light -soaking [4.13], which could be
related to the fast degradation kinetics of the pm-Si:H cell. However,
midgap state defect creation sh ould lead to a decrease in Voc In
addition to that of the overall effi ciency. Therefore, we consider that
fast defect creation is insufficient to explain the particular degradation

of pm-Si:H solar cells and that other phenomena must be involved.

The initial degradation behavior of the pm-Si:H PIN solar cells
is indeed irreversible. The a-Si:H and pm-Si:H PIN solar cells were
both light-soaked and had their J( V) curves measured under an
illumination of one sun. After 10  hours of LS, both a-Si:H and pm-Si:H
based PIN solar cells were annealed at 160 °C for two hours. This LS-
annealing cycle was repeated thr ee times. During the LS, the PIN
solar cells were fan cooled to reduce illumination-induced heating. The
temperature of the PIN solar cells wa s also monitored to verify that
the device temperature stayed at 40 °C. The main source of
uncertainty in the solar cell parame ters comes from the dependence of
Voc and Jsc on the measurement temperature. We have determined
that a variation in the temperature of  +7.5 °C results in a variation in
Jsc and Voc Of £1.5 % and +0.5 %, respedively, and a negligible change

in FF. Figure 4.2 shows the reversibility test result.
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Figure 4.2 shows evolution of a- Si:H and pm-Si:H PIN solar cell
parameters as functions of LS time , including two annealing steps (as
described above). Figure 4.2a again shows that the Eof the pm-Si:H
PIN solar cells is more stable than that of the a-Si:H PIN solar cells.
Most of the degradation in the Eof the pm-Si:H PIN solar cells occurs
in the first five hours of the LS while that of the a-Si:H PIN solar cell
shows continuous degradation. Figure 4.2b shows the FF of a-Si:H and
pm-Si:H PIN solar cells as functions of LS time. Strong proportionality
between the FF and the E implies that the FF provides a major
contribution to the  Edegradation, and that mo st of the light-induced
degradation takes place in the intrinsic layer. However, there is an
interesting feature in the FF behavior after the first LS cycle. After
annealing, the FF of the pm-Si:H PIN sola r cell remained at its
degraded value, while the FF of the a-Si:H PIN solar cell recovered to
97 % of its initial value. Moreov er, the pm-Si:H PIN solar cell shows
an absence of further degradation in the FF with further LS, in
contrast to the a-Si:H PIN solar cell, which degrades again in both the
second and third LS cycles. To our knowledge, the irreversible
degradation of the pm-Si:H PIN solar cells has never been reported
before. Moreover, such irreversibility cannot be explained by the
conventional SWE alone [4.14, 4.15] , so a different physical origin
must exist. Even though the i rreversibility of pm-Si:H PINs is
consistently demonstrated, we have examined our results with a
critical eye because they fall out of the conventional paradigm of
metastability in a-Si:H. Such irreversibility in the FF decay for the
pm-Si:H PIN solar cells is coherent with evidence that the defect
density in pm-Si:H films shows irre versible light-induced defect
creation and increase in tail states after LS [4.16]. Furthermore, the
fast initial degradation and rapid stabilization of the FF in pm-Si:H
resembles the behavior of a-Si:H after a high temperature (above

350 °C) annealing treatment, which creates additional initial defects,
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4.2 PIN solar cell device stability — initial behavior

but suppresses further light-induced de fect creation [4.17]. It should be
mentioned that we have also tested annealing the PIN solar cells at
higher temperatures, at 175 and 200 °C. However the higher
temperature annealing deteriorated both a-Si:H and pm-Si:H solar

cells.

The deviation between a-Si:H and pm-Si:H PIN solar cell
behavior becomes even more striking when observing the  Voc (Figure
4.2c) and Jsc (Figure 4.2d) kinetics. Note that the error bars indicate
temperature dependent (x7.5 °C) variation of parameters. The initial
increase in the Voc of PIN solar cells during LS has already been
discussed above, especially for material deposited at the onset of the
amorphous-to-crystalline transiti on [4.9-4.11, 4.18]. There are
interesting features to discuss on the Voc of the pm-Si:H PIN solar cells.
First, the changes in Voc are due to two opposing processes: an initial
increase (explained above) and a slow decrease due to the SWE.
Second, even if the Voc of the pm-Si:H PIN solar cells shows a
moderate initial increase during LS while that of the a-Si:H PIN solar
cells shows a decrease, the changes are within the error range. Third,
it is hard to imagine that  Voc will continue to increase. The magnitude
of the initial increase in  Voc mainly depends on the gas flow ratio
during intrinsic layer deposition [4.9, 4.11], and the variation of initial
increase in Voc is limited to about 150 mV [4.11]. The Jsc of the pm-
Si:H PIN solar cell shows a rapid drop in the first two hours, followed
by a phase of stability at longer LS times. An even more interesting
feature of the Jsc kinetics of the pm-Si:H Pl N solar cell is the absence
of further degradation as well as the absence of annealing induced
recovery during subsequent LS cycles. Such interesting behavior of the
Jsc is confirmed by external quantum efficiency (EQE) measurements.
Figure 4.3 shows EQE curves of both a-Si:H and pm-Si:H PIN solar

cells in their as-deposited, light -soaked and annealed states.
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In Figure 4.3a, it is show n that the a-Si:H PIN solar cell
suffers from a uniform degradation over its entire EQE curve after LS.
However, the pm-Si:H PIN solar cell (Figure. 4.3b) shows degradation
only in the blue region, while the re sponse at longer wavelength region
has increased with LS. Such behavior in EQE - a decrease in the blue

and an increase at longer wavelength s - has been previously reported

[4.19, 4.20].
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Figure 4.3 — EQE curves of both a-Si:H and pm-Si:H PIN solar cells in their as-deposited,
light-soaked, and annealed states.
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4.2 PIN solar cell device stability — initial behavior

Numerical simulation studies examining such behavior in pm-Si:H
PIN solar cells showed that an electr ic field re-distribution introduces

the Vocincrease and the specific Jsc behavior during LS [4.19].

In some aspects, the light-induced degradation behavior of pm-
Si:H PIN solar cells resembles that of a-Si:H PIN solar cells exposed to
an intense illumination (~ 50 suns) at  elevated temperatures (> 130 °C)
[4.20, 4.21]. Under such conditions , a-Si:H PIN solar cells also show
irreversible degradation - namely significant degradation of EQE in
the blue - a result attributed to  the hydrogen diffusion and the
delamination of p-layer/SnO > interface under extreme conditions [4.20].
Carlson and Rajan observed “blisters” after subjecting their a-Si:H
solar cells to extreme conditions of LS, and they related them to
interface delamination. We note that here also, the irreversibility
comes from device scale structural changes. Interestingly, the
discussions on the increase in Voc also invoke structural changes, such
as barrier formation at the p-layer/SnO » interface [4.9] and hydrogen
evolution from the surface of nano crystals [4.18]. Contrary to the a-
Si:H PIN solar cells, the pm-Si:H PIN solar cells examined herein
display irreversibility under conditions close to normal solar cell

operation (~ one sun, <40 °C).

Let us now focus on the initial degradation kinetics of pm-Si:H
PIN solar cells, which is quite diffe rent from that of a-Si:H. The E
degradation of a-Si:H and pm-Si:H PIN solar cells are modeled by
Redfield-Bube Model (RB model) introd uced in chapter 1. The model is

in the stretched exponential form, an d defined by the relation below;

a g 0
N, Ng (Ng Ny)exp« = »
« €21 g,

Here Nbp is the density of metastable defects, Nsis the saturated defect

density, and No is the initial defect density.  Odefines an inflection
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point of the defect creation, and Ais a broadening term, which
characterizes the “stretched” nature. Usually a-Si:H shows Aranges in
0.6 < A< 0.8. Furthermore, solar cell efficiency degrades with
logarithmic time scale, and the defe ct density in the meantime follows
a power law in stretched exponential form as described above. The

simplified following relationship can be proposed as below
A log N,

where Eis the cell efficiency and A is a constant depending on the
structure of the solar cell such as intrinsic layer thickness [4.23].

Therefore, one can model Ewith the expression below

a (0}
Yo Aexp« 3,

« 21 Y
where yo is estimated normalized stabilized efficiency and A1 is
magnitude of degradation. Figure 4. 4 shows normalized efficiency of a-
Si:H and pm-Si:H PIN solar cells as f unctions of LS time and fit to the
model. Table 4.1 shows the fitting pa rameters of the modeling. As seen
in the results above, pm-Si:H PIN so lar cell shows less light-induced
degradation. More interesting features are contained in Oand A
According to the modeling result , pm-Si:H PIN solar cell shows
smaller OAs explained above, Qletermines an inflection point, that is,
metastable defect creation proce ss starts to saturate after Opm-Si:H
PIN solar cell shows about half of Gomparing to that of a-Si:H, and it
suggests the light-induced degradat ion process of pm-Si:H PIN solar
cells is about twice faster than that of a-Si:H PIN solar cells. Similarly,
higher Aof pm-Si:H PIN solar cells is another notable feature. A
characterizes the stretched nature of degradation kinetics, and the
process is no more in “stretched” form when Aapproaches to 1. In case
of pm-Si:H, Ais far-above than empirical range of a-Si:H. Indeed, the

fitting with A1, the LS result of pm-Si:H PIN solar cell shows
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4.2 PIN solar cell device stability — initial behavior

reasonable agreement. In other word s, the degradation process of pm-
Si:H PIN solar cells is indeed in “barely stretched” form, and it is much

faster than the degradation kine tics of a-Si:H PIN solar cell.
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Figure 4.4 — Normalized efficiency of a-Si:H and pm-Si:H PIN solar cells as functions of LS
time and fit to the model. Note that  the LS result is from Figure 4.2.

G ai:H pm Si:H
Y, 0.734 0.849
A 0.267 0.151

. 11719 5344

t 0.621 0.934

Table 4.1 — Fitting parameters of modeling in Figure 4.4.  yo is estimated stabilized efficiency,
A1 is magnitude of degradation, Gdecides an inflection point of the defect creation, and Ais a
broadening term, which characterize the “stretched” nature of the expression.

Before we proceed into structural studies, we would like to
briefly mention that most of the de gradation of pm-Si:H PIN solar cells
is induced by high energy photons (400-500 nm). A set of a-Si:H and
pm-Si:H PIN solar cells was prepared and light-soaked for 180
minutes under band-pass filtered 570 nm illumination. LS intensity of

filtered light was about 40 mW/cm 2, and J(V) curves are measured
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under white light of 100 mW/cm 2. The intrinsic layer thickness of PIN
solar cells is 3000 A. Figure 4.5 sh ows the evolution of a-Si:H and pm-
Si:H PIN solar cell parameters under filtered 570 nm illumination. It
Is notable that the pm-Si:H PIN sola r cell barely degrades. Indeed, it
has been already published that even 0.75 pum thick pm-Si:H solar cell
shows no significant degradation und er red light illumination [4.2],
and Figure 4.5 shows a nice reproducibility of our previous result.
Another interesting feature is that  under filtered 570 nm illumination,
FF and Jsc of pm-Si:H show an absence of rapid initial degradation,
while the Voc of pm-Si:H shows a relatively large increase. Thus, most
of the degradation of pm-Si:H PIN solar cell occurs at the front of the
cell where high energy photons are absorbed, as shown in the EQE
curve of Figure 4.3. Moreover , recalling that evolution of Voc of pm-
Si:H PIN solar cells is a consequence of two opposing processes leading
to an initial increase and a slow decrease (Figure 4.2c), large increase
of Voc under filtered 570 nm illumination shows only an initial increase

portion of Voc. Of course, Voc will eventually degrade at longer times.

What happens if the PIN solar ce lIs are left in dark right after
the LS? We have tested so-called “healing” experiment. The a-Si:H and
pm-Si:H PIN solar cells were first lig ht-soaked for 90 minutes, and left
in the dark for another 90 minutes. Then, the cells were again light-
soaked for another 90 minutes. In this case, the intrinsic layer
thickness of PIN solar cells is 5000 A. PT100 thermo-resistor revealed
that LS heats the PIN sola r cells up to 50 °C.
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Figure 4.6 shows the result of the LS-healing-LS test. One can notice
that for the pm-Si:H PIN solar ce I, the initial rapid drop in ~ FF and Jsc
and increase in Voc that were previously obse rved are well reproduced.
After the PIN solar cells were light-soa ked, they were left in the dark
and the solar cell parameters were measured for one hour. The PIN
solar cells are illuminated only when the J(V) curves are measured.
During this period, the  Eof pm-Si:H PIN solar cell slightly recovered
in the dark through a recovery in its  FF, while the a-Si:H PIN solar
cell kept its degraded cell parameters. In more detail, both PIN solar
cells show increase of Voc and decrease in Jsc, which is attributed to the
effect of temperature. The temperatu re effect is also shown in the
second LS cycle, in which both PIN solar cells show decrease in  Vocand
increase in Jsc. The initial stage of the first LS cycle did not show the
effect of heating, because the PIN solar cells had already been
subjected to several J(V) measuremen ts, in order to ensure electrical
contact and setup. During the healing cycle, FF of the pm-Si:H cell
slightly increased. Moreover, the Jsc of the pm-Si:H cell only slightly
decreased compared to that of the a- Si:H cell. It is assumed that the
Jsc of the a-Si:H cell decreased duri ng the healing cycle due to the
effect of temperature, and it is ex pected that pm-Si:H PIN solar cell
should also experience the cool-down, as suggested by the large
increase in its Voc during the healing cycle. Together, these results
suggests that the Jsc of the pm-Si:H cell experi ences some decrease due
to a cooling effect, but there is also an increasing portion of  Jsc, SO Jsc Of
pm-Si:H PIN solar cell had less decrease than that of a-Si:H PIN solar
cell. In summary, the pm-Si:H PIN  solar cell shows healing after LS

because of a combined effect of FF increase and Jscstability.
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Another interesting aspect comes out in the second LS cycle. In second
LS cycle, degradation kinetics of pm-Si:H PIN solar cell change
become more similar to those of a-Si:H. No more rapid decrease in FF
and Jsc are observed in the second LS cycle, as well as Voc shows initial
decrease instead of increase. In addition, suppression of the
characteristic initial behavior makes degradation kinetics of pm-Si:H

PIN solar cell monotonous, like th at of a-Si:H PIN solar cell.

Pioneering work in such hea ling behavior was carried out in
Wronski's group [4.24-4.26], who studied room-temperature (RT)
annealing of hydrogenated protocry stalline silicon (pc-Si:H) solar cell
after LS. They presented phenomenological observation of dark J(V)
parameters of pc-Si:H solar cells, and suggested various presoak-
relaxation relationship. Yang and Chen suggested “Fast and slow
defects” model [4.27, 4.28]. They light-soaked both diluted and
undiluted a-Si:H PIN solar cell under 1 sun, after LS under 50 suns.
As a result, the Eof a-Si:H solar cells converge into 1 sun stabilized
state. They suggested a model based on RB model [4.22] that having
two different stretched exponential components with different o)
Takeda et al. suggested a model with more practical view [4.29]. They
fabricated a-Si:H samples having unusually high C 4 between 22 - 36
at.%, and light-soaked at various in tensities. They observed that ESR
signal decreases under illumination of above 1000 mW/cm 2 while ESR
signal increases under illumination of 700 mW/cm 2. They suggested a
model that hydrogen rich voids work as hydrogen reservoir and supply
hydrogen into dangling bonds under illumination while normal
isolated Si-H bonds create danglin g bonds under illumination. Those
two mechanisms compete against each other during LS. Meaudre and
Meaudre have presented more deta iled experiments whereupon they
annealed a sample after illumination, and reported that the efficiency
of annealing depends on the illumination intensity. At moderate

illumination, annealing becomes efficient while under intense
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4.2 PIN solar cell device stability — initial behavior

illumination the annealing becomes less efficient. For the healing
effect, many research groups have worked and suggested various
mechanisms, but there are some similarities and common features.
Materials showing healing effect are usually deposited from highly
diluted hydrogen gas-mixture. Materials with high C 4 also show
significant effect of healing under moderate illumination. At last, LS
creates defect states anyway under intense illumination around one

sun.

One may suspect that both healing behavior and irreversible
degradation of pm-Si:H PIN solar cells have a common physical origin:
hydrogen. Highly heterogeneous materials like pm-Si:H contain
surface of nanocrystals covered with hydrogen. The different light-
induced degradation kinetics of pm- Si:H PIN solar cells must originate
from the peculiar nanostructure of pm-Si:H material. An interesting
aspect is that the irreversible changes in light-induced degradation
kinetics of pm-Si:H PIN solar cells can be explained recalling the
hydrogen evolution from internal su rface [4.29]. The internal surfaces
of nanovoids (or nanocrystal surfac e) are apparently hydrogenated
with SiH and SiH > bonds [4.31-4.33], and hy drogen evolves during
metastable defect creation [4. 29, 4.34]. Hydrogen evolves and
passivates newly created dangling bonds, but if the hydrogen in voids
Is depleted, the kinetics of the creation of dangling bonds would be
similar to that of a-Si:H. Mor eover, the evolution of hydrogen
introduces various structural modifi cations, initiated by creation of
bond-centered hydrogen [4.16, 4.35- 4.37]. It has been suggested that
the evolution of hydrogen from surf ace of nanocrystals originates from
structural changes such as coalescence and agglomeration of the
monovacancies into larger vacancies [4.37, 4.38] and that hydrogen is
emitted as a consequence of reduced internal surface areas. Annealing
at temperatures over 350 °C lead s to similar effects [4.17].

Furthermore, one may imagine that such nanoscale structural changes
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will consequently lead to large macroscopic changes.

4.3 Light-induced structural changes

To better exploit the light-induced macroscopic changes discussed
above, a set of complementary techniqu es was used to characterize the
changes in the structure of the PIN layer stacks during or after LS. a-
Si:H and pm-Si:H PIN layer stacks we re also deposited on Corning
Eagle glass, flat TCO and highly resistive (>10 4 °cm) FZ c-Si

substrates for more comprehensive studies.

Structural changes can affect the stress in thin film. Raman
spectroscopy is a vibrational spectroscopic technique to characterize
molecular vibrations. Raman peaks normally indicate the material’s
phonon modes. It is sensitive to strain , allowing it to be used to detect
stress in a semiconductor material or device [4.39]. Structural changes
during light-soaking were characte rized through in-situ micro Raman
scattering measurements. A He—Ne laser (632 nm) and a back-
scattering collection configuration were used for the Raman
measurements. For LS, a white light source with an intensity of 80
mW/cm2 was applied from the glass side . The test was done for both a-
Si:H and pm-Si:H PIN layer stacks on Corning Eagle glass, and the
study on the pm-Si:H PIN was done twice to check its reproducibility.
During LS, Raman spectra were measured every five minutes, and for
the second pm-Si:H PIN test, the measurement was done every two

minutes.

Figure 4.7a and 4.7b show the evolution of the Raman spectra
during LS of the a-Si:H and pm-Si:H PIN layer stacks on glass, for
which the spectra have been normalized to the intensity of the TO
mode. In Figure 4.7b, in contrast with a-Si:H PIN stack, the Raman

spectra of the pm-Si:H PIN layer stac k displays a peak shift during LS,
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4.3 Light-induced structural changes

and this change was found to be reproducible in multiple pm-Si:H PIN
layer stacks. To quantify these changes, TO peak position was
determined through deconvolution of the measured spectra. Figure
4.7c shows the Raman spectrum of as-deposited pm-Si:H PIN stack
and its deconvolution. The Raman spectra of both pm-Si:H and a-Si:H
consist of a broad peak located at around 480 cm -1, which corresponds
to the TO mode in the amorphous phase, and the LO and LA modes
are additionally observed at lower wave numbers around 330 cm -1 and
440 cm1, respectively [4.40, 4.41]. The sh ift of the peak position can be
treated as a measure of the averag e strain resulting from built-in
stress. To minimize the influence of the weak vibrational modes, LA
and LO, we performed a fit on each spectrum from 250 to 550 cm -1 by

three Gaussian curves and a straight base line [4.40].

Figure 4.8 shows the evolution of TO peak position during LS.
One can recognize the notable feature that the TO peak of pm-Si:H
PIN shifts towards lower wavenumbe rs during LS, whereas the two a-
Si:H PINs show no significant chan ge. Since the shift of the Raman
peak towards lower wavenumbers coul d be due to local heating from
laser excitation, the pm-Si:H PIN was allowed to cool in the dark for
20 minutes after LS. However, the peak position remained the same.
Physically, a phonon is a quantized mode of vibration occurring in a
rigid crystal lattice, such as the at omic lattice of a solid. The Raman
spectra peak shift towards lower k can be regarded as a consequence of
increasing the inter-atomic distance, that is, tensile stress. On the
other hand, it should be noted that for all the samples, the TO band
position in the as-deposited state is above 480 cm -1 which can be
related to compressive stress in the as-deposited films. However, while
the peak position does not change fo r the a-Si:H PIN stack, it shifts to
low wavenumbers for the pm-Si:H case during light-soaking. It can
therefore be stated that the cells are under high compressive stress, as

is usually the case for plasma depo sited silicon thin films [4.42].
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Figure 4.7 — Evolution of Raman spectra during LS of (a) a-Si:H and (b) pm-Si:H PIN solar

cells, and (c) Raman spectrum of as-deposited

pm-Si:H PIN solar cell and its deconvolution.
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4.3 Light-induced structural changes

In other words, the peak position evolution from higher k to lower k
(towards 480 cm 1) suggests a relaxation of compressive stress during

LS for the pm-Si:H PIN layer stacks.

In-situ surface morphology characterization during LS was
obtained from AFM measurements. Ta pping mode was used to prevent
the cantilever from dragging across the surface and resulting in
surface damage, as well as providin g higher resolution. Due to the
design of AFM setup, PIN layer stacks were illuminated from the top
(n-type layer side), with an intensity of 150 mW/cm 2. The scan rate
was chosen to be slow because the surface displays low roughness and
small features. Scanning area size was varied from 500x500 nm 2 to
2x2 [im2. Sets of AFM images were analyzed by surface grain
extraction, from which the surface grain size and distribution were
obtained. Figure 4.9 show examples of AFM images taken in both the
as-deposited and light-soaked states for both a-Si:H and pm-Si:H PIN
stacks on glass. For both a-Si:H and pm-Si:H PIN layer stacks we
observe a grain structure related to the surface roughness of the
samples. Indeed, based on the Raman spectra shown in Figure 4.8, the
grains are amorphous. The Watershe d image processing segmentation
algorithm was used to extract information about the surface grain area
[4.43, 4.44] by splitting the images into surface grains, based on the

topology of the image.

Figure 4.9e summarizes the surface grain size growth during
LS analyzed from surface grain extraction. One can see that the
surface grain area of pm-Si:H PIN layer stack increases during LS,
and this expansion stops when LS is stopped, which is to say that the
surface expands while illuminated, and the expansion remains even

after LS stops.
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Figure 4.9 — AFM images of a-Si:H and pm-Si:H PIN layer stacks on Corning Eagle glass
before (a, c) and after (b, d) LS, and (e) mean surface grain area evolution during LS, as
extracted from AFM images. Note that no evolutio n is observed for the a-Si:H PIN layer stacks,
and that the evolution for the pm-Si:H PIN laye  r stacks stops when the LS is turned off.
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For the a-Si:H PIN layer stacks, no significant changes were observed.
As in the case of the Raman me asurements, these results were
reproduced in multiple trials. To e liminate the effect of image drift on
the AFM scan during LS, individual grain sampling was performed on

a selected set of grains. As shown in Figure. 4.10(a), a region was first
cropped from the AFM images that remained within the field of
measurement during the LS, and eight surface-grains fr om within that
region were analyzed. The surface of each grain was extracted by the
Watershed algorithm. Figure 4.10(a) shows an example from cropping
a sample region, and Figure 4.10(b) shows the average area of the
eight selected grains as a function of LS time. In spite of the small
sampling number, the manual grain extraction shows the same trend
as the statistical group behavior of surface grains in Figure 4.9(e).
Therefore, one can conclude that the “swelling” behavior of the surface
grains is not due to an image dr ift effect, but due to LS induced

changes on the thin film topology.

Changes in film morphology during light-soaking were
observed for the films deposited on glass. We turn now to effects of LS
on the same PIN layer stacks deposited on transparent conductive
oxide (TCO) substrates. Another set of pm-Si:H PIN layer stacks co-
deposited on various substrates such as Corning Eagle glass, textured
SnO2:F (Asahi-U), and flat ZnO:Al, wa s LS for longer periods (up to
100 hours under 100 mW/cm 2) and the changes in their topology were
characterized by scanning electron microscopy (SEM) and AFM.
Figure 4.11 shows SEM and AFM im ages of the surface of pm-Si:H
PIN solar cell on flat ZnO:Al, before and after LS for 16 hours. Images
throughout the entire 1x1 square inch substrate were acquired on the
as-deposited state and light-soaked. While the as-deposited sample
shows no clear feature except surf ace roughness (Figure. 4.11(a),(b)),
the light-soaked sample shows that the surface morphology is strongly
modified (Figure. 4.11(c),(d)).
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Figure 4.11 — SEM images of pm-Si:H PIN solar cell surface when deposited on flat ZnO:Al : (a)
as-deposited, and (c) LS for 16 hours. (inset b, d) AFM image of surface shown in Figure.
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Figure 4.12 — An AFM image of a pm-Si:H PIN solar cell on textured Asahi substrate after 100
hours of LS and (b) cross-sectional profile measurement through center of hole showing a
depth of film thickness.

A large number of bubbles is observed and the formation of
holes takes place all over the surf ace. The depth of the holes and
height of the bubbles are estimate d from the cross-section of the AFM
images. The depth of the holes vari es from 30 to 400 nm, which means
that some of the holes correspond to a complete peeling of the pm-Si:H

PIN layers. The height of the bubbles reaches up to 1 um. It is clear
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that bubbles are not dust or particle s because of their surface topology
is similar to that of the rest of the su rface, as well as the fact that they
are not seen in the as-d eposited state. In addition, not only circular
shaped holes, but also many irregu lar shaped holes are found in SEM
images. It implies that the macrosc opic changes are similar to the
buckling observed when films are a nnealed at high temperature [4.45-
4.48].

Because the above results could be due to the use of flat
ZnO:Al, we performed another light -soaking test on a pm-Si:H PIN
layer stack deposited on a textured Asahi (SnO 2:F) substrate, which is
usually used for PIN solar cells. Th e pm-Si:H PIN solar cell was light-
soaked for 100 hours, and again many irregularly shaped large holes
were found. Figure 4.12 shows an AFM image of one of these holes.
One can see that the size of the hole is larger (~ 20 um) than the ones
in Figure 4.11 (~ few pm), suggest ing that the size of macroscopic
defect grows with LS time. Another interesting aspect is also seen,
wherein the groups of many small holes are found in the AFM image
along with larger ones. The size dist ribution of the holes shows a high
density of small ones (~ few um), an d few larger ones (as large as 20
pum). Considering the fact that small holes are locally grouped, the
origin of the large hole might be related to the coalescence or
agglomeration of small ones. Theref ore, one can conjecture that the
macroscopic structural change proceeds with LS, and the growth
mechanism of the holes and bubbles is most probably the
agglomeration. The depth of hole corresponds to the film thickness
(about 400 nm), suggesting that the film has completely peeled off.
Furthermore, many small sized hole s (~ few um) are also seen in
Figure 4.12, similar to those observed on flat ZnO:Al (F igure 4.11(c),(d).
Developing the idea, assuming that the holes are a result of local
stress relief, a region where small ho les are grouped is most likely less

rigid than nearby areas, and when those areas crack and peel-off
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4.3 Light-induced structural changes

during LS, compressive stress is re laxed. Large cracked holes could be
created through such stress release-crack cycle while more areas are

cracked and peeled-off.

In order to examine the conjecture on the coalescence and the
agglomeration of the vacancies into larger voids, a longer period of
illumination is needed. Since studies on the SWE are time consuming,
accelerated degradation tests, such as current-injection degradation
(CID), are also widely used to stud y the mechanism [4.49, 4.50]. A set
of a-Si:tH and pm-Si:H PIN layer st acks were deposited on Cr
evaporated on Corning Eagle glass. Sputtered ITO was used as a top
contact and to define th e cell area of 0.0314 cm2. The total thickness of
PIN layer stack was about 2100 A. The PIN layer stacks were
connected to a DC power supply an d constant current bias of 300
mA/cm?2 was injected to the PIN diodes. The current density of 300
mA/cm?2 can be regarded as equivalent to an illumination under 15
suns [4.49]. CID was done for 200 mi ns, which is equivalent to 500 hrs
of LS under one sun illumination [4.23]. During the CID, a series of
optical images were taken in real time with an Olympus BX61 optical
microscope for both a-Si:H and pm-Si:H PIN layer stacks. The
temperature of the PIN solar cells was monitored using a PT100
thermometer during the CID, verify ing that the device temperature

stayed at 80 °C.

Figure 4.13 shows optical images of a-Si:H and pm-Si:H PIN
layer stacks at various stages of CID. In Figure 4.13a, a-Si:H PIN
layer stack shows no significan t changes under CID, while the pm-

Si:H PIN layer stack in Figure 4.13( b) shows macroscopic changes.
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Figure 4.13 — Optical images of a-Si:H and pm-Si:H PIN layer stacks at various stages of
current-injection degradation (CID). CID condition was done for 200 mins under 300 mA/cm 2,
and it is equivalent to the LS  of 500 hrs under 1 sun illumination.
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Bubbles and dark regions appear at 20 minutes. The bubbles keep
growing and the dark regions also expand with CID. At 100 minutes,
pinholes appear at the borders of bu bbles, as shown in Figure 4.13(c),
(d). They look like cracks extendin g out from the border of bubbles,
and some of the bubbles have multiple opening holes. As CID
continues, larger topological defects appear for both the bubbles and
holes. An interesting point is that  after CID for 200 minutes, the dark
region disappears and the entire surface turns to dark-blue. No
artificial modification on optica | microscope was done and such

chromatic changes are reproducible.

In order to have more detailed information on the bubbles, an
AFM image was taken on one of the bubbles. Fig. 4.14 shows an AFM
image of a bubble and its cross se ction profile, showing that the
bubbles are up to 1.2 um high. Simila rly to the LS test, the surface of
the bubble and the rest of the surface show homogeneous morphology,
which allows us to conclude that the bubbles are not an experimental
artifact such as dust. The macroscop ic defects (such as dark regions,
bubbles and holes) first appear in small sizes, and then the dark
regions expand and more bubbles and holes emerge, and finally the
bubbles and holes merge into larger ones. The growth behavior of such
macroscopic defects is depicted (as discussed above) as a result of the
coalescence or the agglomeration of voids into larger ones at the
interface [4.37, 4.38]. As hydrogen evolution occurs due to microscopic
structural changes, this hydrogen may fill the bubbles that form. The
holes appearing from the bubbles ca n be thought as a consequence of
cracks extending out from the bubble, these holes can be explained as
the cavity inside the bubble being unveiled after the destruction of the
bubble.
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Figure 4.14 — An AFM image of a pm-Si:H PIN solar cell on Cr/glass substrate after CID and
(b) cross-sectional profile measurement through center of bubble shown in Figure 4.13. CID
condition was done for 200 mins under 300 mA/cm 2, and it is equivalent to the LS of 500 hrs
under 1 sun illumination.

One can recall that the entire surface turned to dark-blue after
CID of 200 minutes. As mentioned above, no artificial modification was
done. The reason could be that either the film or the interface between
film/substrate became very porous after CID. The dark region could be
a group of very small topological defects, both holes and bubbles, too
small to be individually seen by optical microscope, but previously
observed in SEM and AFM images in Figure 4.11, 4.12. This further
supports the concept of the agglomerating growth behavior of the
structural defects. Furthermore, there are still small holes and
bubbles coming out after current-inj ection of 200 minutes, even after
large scale topological changes. Assu ming that the dark regions consist
of with very small topological de fects, the small holes and bubbles
would be continuously created duri ng CID. The strong contrast in
refractive index of nanovoids would cause strong optical scattering,
reflected in the change in color of fi Im surface. Paul et al. [4.51] have
discussed in detail the effects of void s of dimensions of 5 - 40 A on the

optical properties of amorphous germanium and have demonstrated
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that large voids have the effect of reducing the refractive index. The

change in refractive index after long term LS should be also detectable.

Spectroscopic ellipsometry (SE) is a useful tool to measure the
optical properties of thin films. SE = measurements were performed on a
pm-Si:H PIN layer stack deposited on flat glass. The pm-Si:H PIN
solar cell was light-soaked for 500 hours and SE spectra of as-
deposited and light-soaked state were measured. The measured
spectra were modeled using the Tauc-Lorentz dispersion model and
the material parameters were obtained from the modeling [4.52, 4.53].
Figure 4.15 summarizes the SE modeling of pm-Si:H PIN layer stacks
before and after LS of 500 hrs. Figure 4.15(a) shows the optical model
used to analyze the experimental data. The imaginary part of the
pseudo-dielectric function ( A of the film measur ed by spectroscopic
ellipsometry, as well as the material parameters deduced from
modeling the pm-Si PIN stack on gla ss. SE spectrum of as-deposited
pm-Si:H PIN layer stack can be modeled by a simple single layer with
a surface roughness [4.54]. However, after LS of 500 hr s, SE spectrum
cannot be modeled with the same optical model. The best fit was
obtained when adding a bottom la yer of 1000 A with 50 % of void
fraction. Indeed, in Figure 4.15b, the raw  Aspectra before/after LS are
very different, in particular the peak intensity and optical bandgap
(Eopt) decreased a lot. Figure 4.15c shows that the refractive index of

pm-Si:H PIN layer stack al so decreased after LS.
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Figure 4.15 — Summary of SE modeling of pm-Si:H PIN layer stacks before and after LS of 500
hrs. (a) the structure of the opti cal model, (b) optical bandgap (E opt) and raw Aspectra (inset),
and (c) modeled refractive index before/after LS. The sample was light-soaked under Mercury
lamp illumination and the in  tensity was about 0.7 sun.
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Table 4.2 shows the fitting parameters of Tauc-Lorentz dispersion
from Figure 4.15. Let us recall that E opt is the optical bandgap,
whereas A and C are fitting parameters related to the density and the
disorder, respectively. Significant ch anges are observed in the material,
in particular E opt, A, and surface roughness. LS introduced a shift of
the absorption edge (low energy part of A} to lower energy. This shift
is associated with the decrease of the E opt. There are two possible
reasons for the decrease in E op. It could suggest that Si-H bonds are
breaking as a consequence of LS. The other reason can be changes in
the inter-atomic distance. In-situ  Raman and AFM revealed that light-
soaking introduces stress-relaxation, which also implies that inter-
atomic distance gets larger after lig ht-soaking. Less splitting of orbital
energy (band gap) is then expected from larger inter-nuclear distance
of atoms. Such narrowing of E opt Seems to correlate with the evolution

in the red response of EQE of pm-Si:H shown in Figure 4.3.

State Eopt (8V) A E C RoughnesgA)
Asdeposited| 1.69 207 3.88 2.35 44.2
LS500hrs 1.56 178 3.75 2.55 58.5

Table 4.2 — Fitting parameters of Tauc-Lor entz dispersion model of Figure 4.15. E opt is the
optical bandgap, E o is peak-to-peak transiti on energy, whereas A and C are fitting parameters
related to the film density and the disorder.

LS introduced a strong decrease in the amplitude of 4 which can be
accounted for by an increase of the surface roughness and/or a
decrease in the density parameter A. Decrease in the density
parameter A suggests that the sample becomes porous. Such porosity
could connect to the evolution of ma croscopic structural changes such

as bubbles and holes, shown in Figure 4.11-4.14.
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4.4 Light-induced hydrogen motion

We have examined the light-induced degradation kinetics of pm-Si:H
PIN solar cells and associated macroscopic structural changes. An
important feature in the evolution of solar cell parameters and
macroscopic structural changes under LS is evolution in the hydrogen
bonding. In order to study the characteristics of Si-H bond breaking
and subsequent dangling bond recombination as a consequence of
light-soaking, infrared absorption wa s measured for both a-Si:H and
pm-Si:H solar cells. Infrared spectr a in transmission mode were
measured with a Nicolet 6700 Four ier transform infrared (FTIR)
spectrometer on samples grown on <100> highly resistive (>10 4 °cm)
FZ c-Si substrates. Its resolution was set to 4 cm 1. The transmission
spectra, resulting from the average over 32 scans, were normalized to
the transmission of the c-Si substr ates. As a complementary study for
infrared absorption, hydrogen ex odiffusion experiments were
performed on both a-Si:H and pm -Si:H PIN stacks. During these
experiments, the base vacuum was 10 -7 mbar and the heating rate was
10 °C/min. The effused hydrogen wa s detected by a Quadruple Mass
Spectrometer (QMS), and recorded in a continuous manner with the
increase in temperature, to obtain th e hydrogen exodiffusion spectrum.
For this study, a pm-Si:H PIN so lar cell was prepared on Corning
Eagle glass substrate and then cut into  three pieces: one as a control, a

second one to be LS for one hour, and a third one to be LS for 20 hours.

Figure 4.16 shows the FTIR spectra in the stretching region of
a-Si:H and pm-Si:H PIN st acks on FZ c-Si substrates extracted from
infrared transmission. The stretching region of infrared absorption
consists of two peak s centered at 2000 cm-1 and 2090 cm-! [4.55]. The
2000 cm 1 mode is commonly associated with isolated Si-H groups in
the bulk, related to the saturation of the dangling bonds during growth,

while the 2090 cm 1 mode is attributed to clustered monohydrides
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4.4 Light-induced hydrogen motion

and/or dihydrides. Furthermore, there is a third peak, which is
detected in pm-Si:H PIN samples, centered at around 2030 cm -1. The
stretching mode at 2030 cm -1 has been interpreted as clustered Si-H
groups in the form of platelet-like co nfigurations [4.56] . Therefore, this
component could come from Si-H bonds at the amorphous-crystalline
interface at nanocrystals surface in  pm-Si:H. One can recognize that
the stretching mode peak of pm-Si:H PIN layer stacks is shifted to the
high wavenumbers compared to that of a-Si:H. This supports the

existence of the 2030 cm-! band.
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Figure 4.16 — Absorption coeffici ent spectra of FTIR stretching mo des of (a) a-Si:H and (c) pm-
Si:H PIN layer stacks on intrinsic FZ wafer an  d their zoom-in to the peak (b, d). The spectra
are extracted from infrared transmission at fo ur light-soaking (LS) states : as-deposited
(black), after one hour of LS (red), afte r 5 hours (blue) and after 20 hours (green).
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Evolution of FTIR stretching mode during LS is also quite
distinct for those two materials. a- Si:H PIN shows a slow but steady
reduction of its stretching modes absorption during LS. This result
implies that Si-H bonds are brok en under illumination, creating
dangling bonds. However, in pm-Si:H PIN case, there is an increase in
the stretching modes absorption at the early stages (up to five hours)
of LS. The absorption starts to decrease after LS for 20 hours, but the
absorption is still higher than in the as-deposited state. Similar
experimental results are found in th e literature [4.57-4.60]. Z. Yiping
et al. observed a light induced incre ase of the Si-H stretching mode
upon LS, and the authors argue that the increase cannot be due to an
increase in the oscillator strength  of those Si-H bonds [4.57]. They
suggest that the primary effect of LS is an increase in the
concentration of Si-H bonds that originate from H 2 molecules in the
material. However, H. Fritzsche su ggested another interpretation on
the same reference. He proposed that LS introduced structural
changes such as light-induced increase in strain or structural disorder,
and the structural change increased the effective bond charge of Si-H
bonds, so just sensitivity increased [4.58]. R. Darwich et al. reported
indeed light-induced increase in bending mode (~870 cm -1), and they
suggested the formation of bond-cente red hydrogen [4.59]. At last, S.
Sheng et al. demonstrated irreversible light-induced increase in
stretching mode that is non-monotonic [4.60]. They also suspected

some structural changes, but could not propose further explanation.

In our case, first of all, the magnitude of the change is very
small, However, multiple tests were done to confirm that the initial
absorption increase was reproducible. Multiple infrared transmission
spectra were taken to check the error range, which was found to be
within £ 0.1 % of the absolute value of transmission. Thus the error
range is much lower than the change in transmission caused by light-

soaking, which is more than £ 0.5 %. Therefore, one can conclude that

162



4.4 Light-induced hydrogen motion

there is very small change in the total amount of Si-H bonds, both in a-
Si:H and pm-Si:H PIN layer stacks, wi th a reproducible consistency in
their behavior. An initial increase is observed in the infrared
absorption band of a pm-Si:H PIN layer stack, contrary to one

containing a-Si:H, which sh ows a monotonous decrease.

Figure 4.17 shows the H , partial pressure detected during
exodiffusion, normalized to the volume of the sample, as a function of
temperature for a-Si:H and pm-Si:H PIN layer stacks on Corning glass.
The exodiffusion spectrum of the as-deposited pm-Si:H PIN layer stack
(Figure 4.17(b)) shows two distinct peaks at around 350 °C and 500 °C
along with hydrogen spikes at low temperature around 250 °C.
Otherwise, the exodiffusion spectr a of a-Si:H PIN layer stacks show
only one peak at 500 °C. The evolution peak at 300-400 °C is
associated to molecular hydrogen release from internal surfaces of
interconnected voids [4.61] or from silicon nanoparticle surface [4.62].
It is of note that materials deposited under CVD growth conditions
only show an evolution peak at 500-600 °C [4.63]. Exodiffusion
shoulder at 600 °C indicates hydrogen evolution from isolated voids
during crystallization [4.64]. There is another possibility that the low
temperature peak at 350 °C can also originate from the fact that we
are analyzing a PIN stack instead of just an intrinsic layer. As a
matter of fact, it has been shown th at there is a different effusion
behavior between p/i and n/i layer stacks. The p/i structure shows a
low temperature effusion peak at 300 °C, while n/i structure shows a
shift of the effusion peak to a higher temperature of 450 °C [4.65].
There are few possible reasons to ha ve a low temperature peak in the
structure with a p-layer at the botto m. Boron doped a-SiC:H layers are
porous, and have a high diffusion coefficient of hydrogen [4.66], so
atomic hydrogen could be incorpor ated in this layer when another
layer is deposited on top of it. In this way, molecular hydrogen could

already exist in p-layer or p-layer/substrate interface.
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Figure 4.17 — Hydrogen exodiffusion spectra of
layer stacks for different light-soaking (LS)
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only small change in a-Si:H PIN layer stack.

The most striking result in
Si:H PIN layer stack after LS for one hour, as the low-temperature

peak at 350 °C disappears. This chan ge is reproducible and is also
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co-deposited (a) a-Si:H and (b) pm-Si:H PIN
states. Note that the pm-Si:H PIN layer stack
shows abrupt disappearance of the peak around 350 °C even after 1 hour of LS, while there is

Figure 4.17 is obtained for the pm-
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observed on the sample light-soake d for 20 hours. This result is
surprising because not only is the change very abrupt, but also such
change is much stronger than the one observed in the FTIR study
(Figure 4.16). Recalling that only bond ed hydrogen is detected by FTIR,
this suggests that the origin of the peak at 350 °C is molecular
hydrogen in the stack. Furthermor e, the signal at 400 °C increased
after LS, which can be linked to the initial increase of stretching
modes absorbance in the previous se ction (Figure 4.16). This implies
that a portion of molecular hydrogen associated with the 350 °C peak
may have converted into bonded hydrogen. After LS for 20 hours, the
signal at 400 °C is still higher than its initial value, even if the high
temperature signal (~500 °C) shows a notable reduction. Last but not
least, unusual sharp spikes are observ ed at low temperature (as low as
50 °C) for the light-soaked samples. The detection of these low
temperature spikes in the light-soake d samples suggests that a portion
of molecular hydrogen (350 °C peak) is also transformed to be mobile
during the LS and accumulates at internal cavities or at the
film/substrate interface. This hy drogen can easily escape during
macroscopic cracking events and introduce sharp and rapid increases
in hydrogen partial pressure at even lower temperature than 350 °C in

the exodiffusion experiments [4.61].

In order to have more detailed information, the exodiffusion
results were deconvoluted into five Gaussian peaks. The results of
such analysis are summarized in Tabl e 4.3. The exodiffusion spectrum
of the as-deposited pm-Si:H PIN laye r stack is characterized by five
peaks at 320 °C, 353 °C, 469 °C, 516 °C and 591 °C. Note that the
spikes were not taken into account in the deconvolution. Table 4.3
shows that the area of the peak at 469 °C increased after LS for one
hour, while the two low temperatur e peaks (320, 353 °C) disappeared.
This gives support to the fact there is not only diffusion of molecular

hydrogen, but also reconstruction of Si-H bonding during light-soaking
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[4.67].
AsDeposited LS1 hour LS20hours

Peak Peak Peak

position (°C) Area(a.u.) position (°C) Area(a.u.) position (°C) Area(a.u.)
320 2.43
353 2.32
469 9.06 464 12.1 457 \ 9.44
516 2.99 507 2.59 509 | 1.98
590 2.23 596 1.18 584 | 1.35
Total 19.03 15.87 12.77

Table 4.3 — Peak positions and integrated areas extracted from exodiffusi on results of Figure
4.17. Data are presented for co-deposited pm-Si: H cell layer stacks in the as-deposited state
and after two light-soaking times ( 1 hour, and 20 hours).

With the experimental results presented in this chapter, we

now aim to understand the light-induced degradation kinetics of the

pm-Si:H PIN solar cells, such as rapid initial drop of

FF and J SGy

increase in Vo, irreversibility, and healing. In-situ Raman and AFM

measurements reveal that LS rela xes compressive stress. LS on pm-
Si:H PIN solar cells introduces the ev olution of macroscopic structural

changes, such as holes and bubbles, which grow by coalescence and
agglomeration. The structural chan ges listed above are indeed because
of stimulated hydrogen motion, as deduced from infrared absorption

and exodiffusion.

One could argue that the results above are due to the

ilumination induced local heating. However, there are several points

disputing this perspective. First, heating of the PIN solar cells by

illumination was suppressed by fan cooling. As mentioned above, the

temperature stayed under 50 °C even at 2 suns of illumination (well

below the deposition temperature of
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increasing Voc and decreasing Jsc. The opposite would be seen if pm-
Si:H cells were heated. At last, Ra man measurements show that the
TO peak remained in same position even after cooling down for 20

minutes. Therefore, we conclude that the macroscopic changes

presented here do not rely on heating, but on illumination.

Based on our experimental study, the collected results can be

summarized as follows:

1. LS of pm-Si:H PIN solar cells introduces various unusual
effects which are not observed in a-Si:H solar cells, such as a
fast decrease in FF and Jsc, an increase of Vo, irreversibility,

and healing.

2. At the initial stages of LS, pm-Si:H PIN solar cells experience a

relaxation of their compressive stress.

3. LS of pm-Si:H solar cells results in evolution of macroscopic
structural changes, creating bubbl es and holes, growing up to
few hundred pum scale. This is ob served by AFM, SEM, optical
microscope, and SE measurements, all of which provide

evidence of macroscopic changes of pm-Si:H PIN solar cells.

4. Infrared absorption and exodiffusion studies demonstrate that
LS induces strong changes in the hydrogen distribution in the
material. In particular, the disappearance of the exodiffusion
peak at 350 °C , the increase in FTIR stretching modes, as well
as the increase in the exodiffusion signal at 400 °C and the
appearance of low temperature sharp spikes after light-soaking.
These results suggest that mole cular hydrogen in the pm-Si:H
PIN layer stacks (350 °C peak in exodiffusion) effuses out
during LS, and a portion of the effused hydrogen is converted
into bonded hydrogen and into hydrogen filled cavities, in

particular at the substrate/p-layer interface.
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These results lead us to postulate that LS leads molecular hydrogen to
effuse from pm-Si:H PIN solar cells , and a fraction of molecular
hydrogen (made mobile during LS) forms cavities, probably around the
silicon nanocrystals of the pm-Si:H material and at the substrate/p-
layer interface. This causes the peel -off observed in microscope images.
Therefore, the question is whether there is a connection between the

macroscopic changes and the behavior of the solar cell parameters.

Indeed, there is a general consensus on light-soaking
modifying hydrogen incorporation in a-Si:H. Light-induced, long-range
H motion has been postulated as th e key step in the Branz model of
SWE defect formation [4.68, 4.69]. According to the Branz model, only
a small subset of the Si-H bonds involved in the SWE contributes to
metastable dangling bond formation, while most of the broken Si-H
bonds are recycled by re-trapping mo bile hydrogen. This process could
be a reason for the molecular hydrog en diffusion during LS [4.68-4.70].
We therefore postulate that the la rge structural changes reported
above are macroscopic manifestations of molecular hydrogen
accumulation at the interface be tween the substrate and the pm-Si:H
PIN stacks.

However, there is still a question remaining about the fast
diffusion of hydrogen. As a matter of fact, it is reported that hydrogen
diffusion in a-Si:H is more moderate than the result presented here
[4.61, 4.69, 4.70]. Nevertheless, one can still find the difference in the
hydrogen diffusivity between pm- Si:H and a-Si:H, recalling the abrupt
disappearance of exodiffusion peak at 350 °C (Figure 4.17) while FTIR
measurements show only small changes in Si-H bond concentration
(Figure 4.16). Therefore, such fast hydrogen diffusion cannot originate
from Si-H bond breaking, but from mo lecular hydrogen in the material.
As mentioned above, molecular hydrogen could exist either in

microvoids or at the p-layer/substrat e interface or it could have been
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created during LS by the coalescence of nanovoids. It has been
reported that molecular hydrogen can diffuse faster in a highly
inhomogeneous material such as pm- Si:H [4.71]. In addition, such
diffusion would be even accelerate d if the material experiences a
volume expansion, providing larger space for hydrogen to diffuse. As a
matter of fact, there has been a great deal of research on light-induced
volume changes [4.72]. Various beam bending experiments have been
performed using samples consisting of long and narrow pieces of thin
glass or quartz substrates coated wi th a-Si:H [4.73-4.79]. These results
reveal that light-induced volume expansion follows a stretched
exponential behavior, usually showing saturation at dV/V~10 -3 [4.42].
This phenomenon has also been connected with hydrogen motion, as
light-induced volume changes have been shown to depend on the
hydrogen content of th e film [4.42]. “On-the- edge” or mixed phase
materials grown under high hydrogen dilution and having improved
order result in solar cells with  significantly reduced light-induced
degradation. Interestingly enough, these materials show the fastest
and largest photo-expansion amongs t many different a-Si:H materials
[4.15, 4.42]. Their large photo-induced volume change prompts
comparison to the macroscopic evolut ion of our pm-Si:H solar cells. In
other words, the volume expansion of the film is a product of the stress
being relieved, and is particularly  important at the p-layer/substrate

interface.

Turning now to the light-induc ed degradation kinetics of a-
Si:H and pm-Si:H PIN solar cells, one should also consider the
different process conditions of a- Si:H and pm-Si:H materials (notably
vastly different hydrogen dilution and ion-bombardment conditions)
which could induce different modificati  on of the p-type a-SiC:H layer of
the solar cells. Indeed, the deposition conditions of the pm-Si:H layer
could strongly modify the hydrogen content and bonding

configurations in the p-layer, even if the p-type a-SiC:H layer was

169



Chapter 4

deposited under the same conditio ns for both the a-Si:H and pm-Si:H
PIN solar cells. As atomic hydrogen has a high diffusivity in boron
doped a-SiC:H [4.66], it is even more likely that deposition conditions
involving high hydrogen dilution w ill modify the p-type a-SiC:H layer
and weaken the interface between the substrate and the p-type layer.
The fact that we study PIN stacks and not just intrinsic layers may
also be the reason for the exodiffusion peak at 350 °C as it has been
reported elsewhere [4.46]. Theref ore, we suggest that pm-Si:H
deposition conditions may lead to a fragile p-layer/substrate interface,
which can be further damaged during LS. This is supported by the low
temperature sharp spikes in the ex odiffusion results. Indeed, those
sharp spikes are evidence of mo lecular hydrogen escaping from
cavities at relatively low temperature. The hydrogen evolving from

these cavities must have b een accumulated during LS.

The initial increase in FTIR stretching mode of pm-Si:H PIN
during LS can be explained in the framework of Branz model, where
mobile hydrogen is emitted by photo-carrier recombination, creating
dangling bonds. When mobile hydr ogen diffuses through the silicon
network it can be captured by a dangling bond and recycled into
another Si-H bond [4.80]. In this cycle, re-trapped hydrogen is
assumed to originate from Si-H bo nd breaking. However, if a large
amount of mobile hydrogen exists in the material (for instance
molecular hydrogen), then the numbe r of hydrogen atoms captured by
dangling bonds can be larger than the number of hydrogen atoms
produced by Si-H bond-breaking. Th e presence of molecular hydrogen
in pm-Si:H PIN solar ce lls, suggested by the exodiffusion spectra
(Figure 4.17) may cause the fast hydrogen diffusion and initial
increase in Si-H bonding (Figure 4. 16, 4.17) during LS. Indeed, our
result on hydrogen diffusion afte r LS of pm-Si:H PIN solar cells is
found to be much faster [4.81] and indeed takes place at much lower

temperature than that of a-Si:H in literature.
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Therefore, the initial increase in FTIR stretching mode can be
explained by creation of bond-centered hydrogen [4.59], mediated by
molecular hydrogen [4.16]. In this mechanism, atomic hydrogen comes
to passivate a newly created danglin g bond left by another atomic
hydrogen parted from bond centered position, and two hydrogen atoms
form a molecular hydrogen or inte rstitial hydrogen [4.16]. This
mechanism of bond centered hydrogen creation and annihilation at the
very beginning of the LS proces s indicates that bond centered
hydrogen could play the role as an intermediate precursor [4.59],
initiating structural changes [4.82]. It may seem difficult for molecular
hydrogen to spontaneously dissociate into atomic hydrogen. Indeed,
molecular hydrogen in free space is more stable than Si-H bond.
However, the energy level of molecu lar hydrogen in silicon is much
less stable than in free space [4.83, 4.84]. Moreover, the existence of
not only molecular hydrogen, but also metastable diatomic species in
silicon has been reported [4.85]. Diatomic species are denoted as H >
while molecular hydrogen is denoted as H ». They are metastable and
are at higher energy level (unstable) compared to H 2. H2" has
asymmetric charge distribution be tween two hydrogen atoms. Recent
works have reported on strain-induced dissociation of molecular
hydrogen, in particular at the vici nity of strained Si-Si bonds [4.86,
4.87]. This is interesting in light of  the results we have seen in Raman
study that LS of pm-Si:H PIN sola r cells is accompanied by a large

amount of stress relaxation.

4.5 Hypothesis on light-induced changes

The structural studies presented above can be summarized in
proposing the macroscopic defect creation scenario shown in Figure
4.18. In the as-deposited state (F igure 4.18(a)), the pm-Si:H PIN solar

cells have already weak film/subst rate interface due to the process
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conditions of the pm-Si:H intrinsic layer. Then, light-soaking (Figure
4.18(b)) introduces volume changes, stress relaxation, and coalescence
of nanovoids at the interface. Molecular hydrogen in the material
becomes mobile and isotropically diffu ses to the film free surface as
well as to the interface with the substrate where it can accumulate
and form hydrogen cavities (Fig ure 4.18(c)). This delamination
continues to release built-in “compressive” stress of the film, and the
stress relaxation will eventually result in the formation of mechanical
defects such as bubbles and holes (Figure 4.18(d)), as well as the
accumulation of hydrogen at the interface. Based on the above
scenario we propose that the unusua | evolution of pm-Si:H solar cell
parameters, particularly rapid decrease in  FF and Jsc is related to the
diffusion of molecular hydrogen, resulting in a reduction of active solar

cell area due to delamination.

It should be mentioned that a-Si:H also shows large
macroscopic structural changes such as redistribution of Si-H bonding
configuration [4.17], increase in ban d-tail states attributed to the
change in microstructure [4.88], relief of internal stress [4.89, 4.90],
nanovoid formation [4.91], and internal diffusion of hydrogen [4.92]
but all at temperatures above 350 °C. As well as irreversible solar cell
degradation is observed when material is light-soaked under 50 suns
at 130 °C [4.20, 4.21]. However, in pm-Si:H, the st ructural changes
listed above manifest under one sun illumination at temperatures as
low as 40 °C. When a-Si:H is annealed at 350 °C [4.47, 4.48] and these
extreme conditions lead to enhanced hydrogen motion at the origin of
the reported macroscopic structural changes in both films and a-Si:H
solar cells. Interestingly, our results on pm-Si:H PIN solar cells show
that such irreversible changes can take in this material under

standard LS conditions.
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Figure 4.18 — Schematic representation of proposed mechanism for structural defect formation
through localized delamination. In  the as-deposited state (a), a weak film/substrate interface
is due to the pm-Si:H deposition conditions. Light-soaking (b) introduces volume changes,
stress relaxation, and nanovoids agglomerate into larger ones . Molecular hydrogen in the
material becomes mobile and diffu ses to the interface where it fo rms hydrogen cavities (c). The
delamination continues to release built-in “compressive” stress, and the stress relaxation
eventually results in the formation of macroscopic defects such as bubbles and holes (d), as
well as the accumulation of hydrogen at the interface.

We attribute this to the peculia r nanostructure of pm-Si:H which
provides a good environment for hydr ogen diffusion [4.67, 4.71], and to
the presence of weakly bonded hydr ogen in the material. Therefore,
one can conclude that the reported degradation kinetics of pm-Si:H
PIN solar cells is a particular case of a-Si:H solar cells, which also

show hydrogen induced structural changes under extreme conditions.
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4.6 Long-term stability an d new device structure

Now we turn to the kinetics of lig ht-induced degradation after a long
period of time. A set of PIN and NIP solar cells were prepared and
were subjected to LS for 800 hours. The intrinsic layers of PIN solar
cells were deposited at various RF powers, and some pairs of PIN cells
varied only in intrinsic layer thickn  ess. A state-of-art a-Si:H PIN mini-
module from external group is also studied as a reference. NIP solar
cells are also fabricated , and our NIP solar cells utilize p-type pc-SiO
while our PIN solar cells are optimi zed with p-type a-SiC:H. All the
solar cells are illuminate d and light-soaked throug h p-type layer side.
Table 4.4 summarizes the process cond itions and intrinsic thickness of

selected solar cells.

Sample Description | RFpower (W) ra (A/s) di (A)
Srgt:rg';sg aSi:HPIN 3000
al1102253 a Bi:HPIN 1 1 3000
al104264 pm Si:HPIN 5 1.5 3000
al1104282 pm Si:HPIN 5 15 3500
al104181 pm Si:HPIN 10 5 3000
al104182 pm Si:HPIN 10 5 6500
alliziz1l aSi:HNIP 1 1 3000

Table 4.4 — Process conditions of various PIN an d NIP solar cells. The intrinsic layers of PIN
solar cells were deposited at various RF power, and some PIN solar cells had same material
properties with different intrinsic layer thickness.

For the long term LS, the PIN and NIP solar cells are light-
soaked under a Mercury-vapor lamp (Hg lamp) of an intensity of 100
mW/cm2. Hg lamp was chosen due to the advantages of a long bulb
lifetime and a high intensity, in spite of the spectrum mismatch to the
AML1.5 standard. Emission line spectrum  of Hg lamp main ly consists of

UV-blue light [4.93], as well as in tense emission lines in the visible
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[4.94]. The lamp intensity was calibrated with a commercial c-Si
reference solar cell. During LS, th e PIN and NIP solar cells are fan
cooled and the solar cell temperature was monitored by a PT100
thermometer, ensuring that the solar cell temperature stayed under
50 °C. J(V) measurements of the so lar cells are measured under an
intensity of 100 mW/cm 2 with AM1.5 spectrum. For each J(V)
measurement, six individual solar cells on 2.5%x2.5 cm 2 substrates are
measured and the solar cell parameters are averaged. The maximum

and minimum values are reflected by error bars.

Figure 4.19 shows the evolution of solar cell parameters of
selected PIN and NIP solar cells during LS under Hg lamp
illumination. There is notable difference in light-induced degradation
kinetics compared to earlier results on short period LS. In particular,
one can find out that pm-Si:H PIN solar cells show disappointing
stability, degrading down from about 9 % to 3 % in worst case. Such
disappointing long-term stability of  pm-Si:H PIN solar cells can be
attributed to the spectrum of LS illumination. We have seen that pm-
Si:H PIN solar cells are especially stable under yellow-red illumination,
but are much more sensitive to de gradation done with UV-blue light
(Figure 4.3). Since the emission spectrum of Hg lamp mainly consists
of UV-blue light, it makes sense th at pm-Si:H PIN solar cells show
such accelerated degradation under Hg lamp. Moreover, one can find
many interesting aspects in light-induced degradation kinetics of pm-
Si:H PIN solar cells under Hg illumina tion. First, the stable efficiency
of pm-Si:H PIN solar cells does not depend on the intrinsic layer
thickness, but depends on the RF power used in the deposition of
intrinsic layers. This is another dist inguishing characteristic of light-
induced degradation kinetics of pm-Si:H PIN solar cells. Light-induced
degradation of a-Si:H sample should depend on the intrinsic layer

thickness.
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Figure 4.19 — Evolution of solar cell parameters of selected PIN and NIP solar cells
summarized in Table 4.4: (@) E (b) FF, (c) Vo, and (d) Jsc during LS under an Hg lamp
illumination. Note that multiple individu al solar cells on 2.5%2.5 cm 2 substrate are measured
and the solar cell parameters are averaged. Th e maximum and minimum values are reflected
in error bars. Al is used as back-reflector in PIN solar cells except the state-of-art reference
sample, and ITO is used in NIP.
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Usually, the magnitude of the light-induced degradation of a-Si:H
solar cells varies with intrinsic layer thickness [4.95, 4.96], thus
motivating the many efforts on enabling thin intrinsic layers with
efficient light trapping [4.95, 4.97] . Again, another evidence of the
additional physical origin in the light-induced degradation kinetics of
pm-Si:H PIN solar cells is seen in their independence on the intrinsic
layer thickness. In Figure 4.19(b), FF of PIN and NIP solar cells show
that the stabilized FF is mostly determined by the RF power used in
the deposition of intrinsic layers. Note that even the state-of-art
reference sample shows stabilized FF of about 55. It suggests that the
LS condition in this test is obviou sly harsher than standard condition.
Looking the pm-Si:H PIN solar cells deposited at 10 W, their initial FF
approaches to 70, which is indeed good FF attributing good transport
and recombination properties, but after LS, the  FF drops to 45. This
large degradation is also found in Jsc, Figure 4.19(d). The Jsc of PIN
solar cells also vary with RF power used for intrinsic layer deposition.
In addition, the Jsc of the pm-Si:H PIN solar cells deposited at 10 W
show continued degradation even afte r LS for 800 hrs. It is interesting
that Jsc of the state-of-art reference sample is very high, while the
degradation behavior is similar. This can be explained by an efficient
light trapping technique in the stat e-of-art reference sample. Looking
now at the Vo, pm-Si:H PIN solar cells show no net increase in Vo,
even though there is a slight increas e at the initial stage (~10 hrs) of
LS. Otherwise, the Voc is the most stable parameter during LS,
remaining unchanged after initial degradation within about 5 %. It is
impressive that the NIP solar cell shows high  Voc through the use of p-
type pc-SiO . More detail on the doped pc-SiO x will be given in the next

chapter.
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Figure 4.20 — Optical images of pm-Si:H PIN and NIP solar cells as deposited (a, ¢) and light-
soaked (b, d). One can observe that there are large macroscopic changes in the pm-Si:H PIN
solar cell, resulting in a loss of the actual solar cell area, while  NIP solar cell shows no visible
changes.

In general, the results presented in Figure 4.19 are indeed a
magnified version of the LS result presented earlier in this chapter.
Therefore, one should also observe the macroscopic structural changes
of pm-Si:H PIN solar cells after LS. Figure 4.20 shows a set of optical
images of pm-Si:H PIN and NIP sola r cells. As expected, there are
large macroscopic changes in the pm-Si:H PIN solar cells, leading to a
loss of actual solar cell area. In addi tion, the loss of actual solar cell
area results in additional loss in  Jsc. As a matter of fact, we have
observed a clear trend between Jsc degradation and the area loss.
Figure 4.21 shows the Jscloss as a function of the area loss, in the PIN
solar cell case represented in Figures 4.19 and 4.20. A large set of

stability results at various stages of LS shows the progressive growth
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of macroscopic defects that have a ccumulated into a significant area
loss. Simultaneously, the loss of Jsc shows clear proportionality to the

area loss. It suggests that the additional degradation of  Jscis because

of the decreased real collection area.

J,. Loss (%)

15

0 5 10 15 20 25 30
Solar Cell Area Loss (%)

Figure 4.21 — The Jscloss as a function of the area loss, in the PIN case represented in Figure
4.19 and 4.20. The loss of Jsc shows clear proportionality to the area loss.

Meanwhile, returning to Figures 4.19 and 4.20, one may point
out another aspect concerning the NI P structure. In the set of optical
images, the NIP solar cell shows no area loss, implying that NIP
structure might not suffer from the light-induced macroscopic
structural changes of PIN solar cells. The light-induced degradation
kinetics of NIP solar cell presented in Figure 4.19 are consistent with
the lack of structural changes observed in Figure 4.20. In Figure 4.19,
in spite of the reasonable initial pa rameters, the NIP solar cell shows
the smallest degradation, so that th e stabilized efficiency of NIP solar
cell remained the best among the sample group. Furthermore, the

smallest E degradation of NIP solar cell is related to surprisingly
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stable FF and Jsc. As discussed, the characteristic light-induced
degradation kinetics of pm-Si:H PIN solar cells, such as a rapid
decrease in FF and Js originate from the macroscopic structural
changes, and no such changes are observed in these stable cells.
Recalling previous sections, one of the most striking results on light-
induced structural changes is the exodiffusion data. Figure 4.22 shows
the exodiffusion spectra of pm- Si:H NIP layer stacks in the as-
deposited state and for two different light-soaking (LS) times.
Compared to the exodiffusion spec tra of pm-Si:H PIN layer stacks
(Figure 4.17), the exodiffusion spectr a of NIP structures show large
differences. As mentioned, the exodi ffusion spectrum of as-deposited
pm-Si:H PIN layer stack shows two cl ear peaks at 350 °C and 500 °C,
which differs from NIP structure,  which shows a broad, non-Gaussian
peak centered at around 490 °C and an additional high temperature
peak at 650 °C. Let us recall that the exodiffusion signal at 350 °C
indicates interconnected voids [4 .61] while the one over 600 °C
corresponds to the isolated ones [4.64]. We suggest that the NIP
structure consists of less interco nnected voids, but instead contains

more isolated ones, probably at th e interface between the substrates.

Taking a look into the evolution of exodiffusion spectra during
LS, the difference is even larger . In the PIN case, there is a
disappearance of the 350 °C peak af ter only one hour of LS. At the
same time, the NIP structure shows the entire spectrum reduced,
rather similar to the behavior of a-Si:H PIN layer stacks. From the
evolution of exodiffusion spectra, NIP structure shows only moderate
change at low temperature region (~ 350 °C), while PIN structure
shows highly pronounced and abrupt disappearance of the 350 °C
exodiffusion peak. Such moderate change for NIPs could correlate to
the absence of structural changes i. e. the delamination at TCO/p-layer
interface, which is supported by the stable solar cell parameters in Jsc
and FF under LS.
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Exodiffusion pm-Si NIP a905152

As deposited
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Figure 4.22 — Hydrogen exodiffusi on results of pm-Si:H NIP solar cells for three states : as-
deposited (black), after one hour of LS (red), and after 20 hours (blue). Note that the NIP
structure shows no significant change in exodiffusion signal as well as no delamination.

4.7 Summary

We have performed a detailed and extensive study on light-induced
changes in a-Si:H and pm-Si:H PIN an d NIP solar cells deposited on
various substrates and characterized these changes by a wide range of
techniques. The experimental results support the hypothesis that LS
results in the formation of caviti es at the interface between the
substrate and the p-layer which are progressively filled by molecular
hydrogen during LS. This process weakens this interface and causes
mechanical defects such as delamination. This is an often forgotten
aspect degradation occurring in parallel to the SWE. Indeed our
results show that besides the creation of electronic defects,
macroscopic defects related to the delamination of the SnO J/p-layer
interface and H » diffusion should be consider ed as the source for this

effect. This is particularly true in  the case of pm-Si:H PIN solar cells,
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for which a fast initial drop in Jsc has been explained by the
delamination of the interface at the SnO »/p-layer interface. As a
consequence, the pm-Si:H PIN solar cells suffer greatly from
irreversible light-induced electrical and macroscopic changes. In
particular, pm-Si:H PIN solar ce Ills demonstrate rapid initial
degradation, which cannot be explai ned by conventional paradigms on
SWE. We correlated the effects to changes in hydrogen incorporation
and structural properties in the PIN  solar cells. In addition, with the
goal of suppressing the rapid initial degradation, we have
demonstrated that the NIP structure does not show large structural
changes i.e. interface delamination . Therefore, a highly stable solar
cell could be obtained from the NIP structure. However, the solar cell
parameters of NIP solar cell pres ented in Figure 4.19 are not yet
satisfying compared to the state-of-a rt solar cells in literature [4.95].
Therefore, optimization of NIP solar cell is needed. Hence, the next
chapter will be dedicated to the optimization of NIP solar cell
parameters and the cross-verificati on of the high stability of NIP

structures.

182



References

References

4.1 P. Roca i Cabarrocas, J. B. Chevrier , J. Huc, A. Lloret, J. Y. Parey,
and J. P. M. Schmitt, J. Va c. Sci. Technol. A9, 2331 (1991).

4.2 P. Roca i Cabarrocas, P. St'ahel, S. Hamma, and Y. Poissant, Proc.
2nd World Conference on Photovoltaic Solar Energy Conversion, p.
355 (1998).

4.3 J.Jang and S. Y. Lee, Appl. Phys. Lett. 52, 1401 (1988).
4.4 L. Yang and L. Chen, Mater. Res. Soc. Symp. Proc. 336, 669 (1994).
4.5 P. Siamchai and M. Konagai, A ppl. Phys. Lett. 67, 3468 (1995).

4.6 M. Isomura, H. Yamamoto, M. Kond o, and A. Matsuda, Proceedings
of the Second World Conference and Exhibition on Photovoltaic Solar
Energy Conversion, 6-10 July 1998 (European Commission, Vienna,
1998), p. 925.

4.7 C. Longeaud, J. P. Klei der, M. Gauthier, R. Br tdggemann, Y. Poisant,
and P. Roca i Cabarrocas, Mater. Res. Soc. Symp. Proc. 557, 501
(1999).

4.8 P. St'ahel, P. Roca i Cabarrocas, P. Sladek, and M. L. Theye, MRS
Symp. Proc. 507, 649 (1998).

4.9 M. Isomura, M. Kondo, and A. Matsuda, Jpn. J. Appl. Phys. 39, 3339
(2000).

4.10 K. Lord, B. Yan, J. Yang, and S. Guha, Appl. Phys. Lett. 79, 3800
(2001).

4.11 J. Yang, K. Lord, B. Yan, A. Banerj ee, and S. Guha, Mater. Res. Soc.
Symp. Proc. 715, A26.1.1 (2002).

4.12 E. V. Johnson, F. Dadouche, M. E. Gueunier-Farret, J. P. Kleider,
and P. Roca i Cabarrocas, Phys. Stat. Sol. (a), 207, 691 (2010).

4.13 V. Nadazdy and M. Zeman, Phys. Rev. B. 69,165213 (2004).
4.14 D. L. Staebler and C. R. Wronski, Appl. Phys. Lett. 31, 292 (1977).
4.15 H. Fritzsche, Annu. Rev. Mater. Res. 31, 47 (2001).

4.16 C. Longeaud, D. Roy, and O. Saadane, Phys. Rev. B, 65, 85206
(2002).

4.17 D. C. Bobela, H. M. Branz, and P. Stradins, Appl. Phys. Lett. 98
201908 (2011).

4.18 S. Guha, J. Yang, A. Banerjee, B. Yan, and K. Lord, Sol. Energ.
Mater. Solar Cells. 78, 329 (2003).

4.19 Y. Poissant, P. Chatterjee, P. Roca i Cabarrocas, J. Appl. Phys. 94,
7305 (2003).

183



Chapter 4

4.20 D. E. Carlson and K. Rajan, Appl. Phys. Lett. 69, 1447 (1996).

4.21 D. E. Carlson and K. Rajan, Ap pl. Phys. Lett. 68, 28 (1996).

4.22 D. Redfield and R. H. Bube, Appl. Phys. Lett. 54, 1037 (1989).

4.23 L. Yang, L. Chen, and A. Catalano , Appl. Phys. Lett. 59, 840 (1991).

4.24 J. Deng, J. M. Pearce, V. Vlahos, R. W. Collins, and C. R. Wronski,
Mater. Res. Soc. Symp. Proc. 808, A8.8.1 (2004).

4.25 M. L. Albert, J. Deng, X. Niu, J. M. Pearce, R. W. Collins, and C. R.
Wronski, Mater. Res. Soc. Sy mp. Proc. 862, A13.2.1 (2005).

4.26 J. M. Pearce, J. Deng, M. L. Albe rt, C. R. Wronski, R. W. Coallins,
Photovoltaic Specialists Conference , Conference Record of the 31st
IEEE p.1536 (2005).

4.27 L. Yang and L. Chen, Appl . Phys. Lett. 63, 400 (1993).
4.28 L. Yang and L. Chen, Mater. Res. Soc. Symp. Proc. 336, 669 (1994).

4.29 K. Takeda, H. Hikita, Y. Kimura, = H. Yokomichi, M. Yamaguchi, and
K. Morigaki, Jpn. J. A ppl. Phys. 36, 991 (1997).

4.30 R. Meaudre and M. Meaudre, Phys. Rev. B 45, 12134 (1992).

4.31J. A. Reimer, R. W. Vaughnan, and J. C. Knights, Phys. Rev. B 24,
3360 (1981).

4.32 Y. Katayama, T. Shimada, K. Usam i, E. Maruyama, J. Phys. (Paris)
42, C4-787 (1981).

433 A. H. M. Smets and M. C. M. van de Sanden, Phys. Rev. B 76,
073202 (2007).

4.34 D. E. Carlson Appl. Phys. A 41, 305 (1986).

4.35 R. Darwich, P. Roca i Cabarrocas, S. Vallon, R. Ossikovski, P. Morin,
and K. Zellamam, Phil. Mag. B 72, 363 (1995).

4.36 C. Godet and P. Roca i Cabarrocas, J. Appl. Phys. 80, 97 (1996).
4.37 S. B. Zhang and H. M. Branz, Phys. Rev. Lett. 87, 105503 (2003).

4.38 A. H. M. Smets, MRS 2012 Spring M eeting, Oral Presentation A4.3
(San Francisco, 2012)

4.39 D. K. Schroder, Semiconductor material and device characterization.
Wiley-IEEE Press; 3rd edit ion. 2006; citing pp.608-611.

4.40Y. Wang, O. Matsuda, T. Serika wa, and K. Murase, J. Phys. IV
France 10, Pr7-259 (2000).

4.41 J. M. Owens, D. Han, B. Yan, J. Yang, K. Lord and S. Guha, Mat.
Res. Soc. Symp. Proc.762 A4.5.1 (2003).

4.42 E. Stratakis, E. Spanakis, P. Tzan etakis, H. Fritzsche, S. Guha, and
J. Yang. Appl. Phys. Lett. 80, 1734 (2002).

184



References

4.43 L. Vincent and P. Soillev, IEEE Transactions on Pattern Analysis
and Machine Intelligence 13, 583 (1991).

444 S. Beucher and F. Meyer, the watershed transformation In
Mathematical Morphology in Image Processing, edited by E. R.
Dougherty, (Marcel Dekker, New York, 1992) pp. 433-481.

4.45 S. Lebib and P. Roca i Cabarrocas, Eur. Phys. J. Appl. Phys. 26, 17
(2004).

4.46 N. Pham, Y. Djeridane, A. Abramo v, A. Hadjadj, and P. Roca i
Cabarrocas, Mat. Sci. Eng. B 159-160, 27 (2009).

4.47 H. R. Shanks, C. J. Fang, L. Ley, M. Cardona, F. J. Demond, and S.
Kalbitzer, Phys. Stat. Sol. (b) 100, 43 (1980).

4.48 H. R. Shanks and L. Ley, J. Appl. Phys. 52, 811 (1981).
4.49 R. A. Street, Appl. Phys. Lett. 59, 1084 (1991).

4.50 A. Dasgupta, N. Palit, S. Ray, Sol. Energ. Mater. Sol. Cells 55, 395
(1998).

451 W. Paul, G.AN. Connell and R.J. Temkin, Advan. Phys. 22, 529
(1973).

4.52 G. E. Jellison, Jr. and F. A. Modine , Appl. Phys. Lett. 69, 371 (1996).

453 G. E. Jellison, Jr., F. A. Modine, P. Doshi, and A. Rohatgi, Thin
Solid Films 313, 193 (1998).

4.54 A. Fontcuberta i Morral, P. Roca i Cabarrocas, and C. Clerc, Phys.
Rev. B 69, 125307 (2004).

4.55 M. H. Brodsky, M. Cardona, and J. J. Cuomo, Phys. Rev. B 16, 3556
(2977).

4.56 S. Lebib and P. Roca i Cabarrocas, Eur. Phys. J. Appl. Phys. 26, 17
(2004).

4.57 Z. Yiping, Z. Dianlin, K. Guang lin, P. Guangqin, and L. Xianbo
Phys. Rev. Lett. 74, 558 (1995).

4.58 H. Fritzsche, Solid St ate Commun. 94, 953 (1995).

4 .59 R. Darwich, P. Roca i Cabarrocas, S. Vallon, R. Ossikovski, P. Morin,
and K. Zellamam, Phil. Mag. B 72, 363 (1995).

4.60 S. Sheng, G. Kong, and X. Liao, Solid State Commun. 116, 519
(2000).

4.61 A. H. Mahan, W. Beyer, B. L. Williamson, J. Yang, and S. Guha,
Philos. Mag. Lett. 80, 647 (2000).

4.62 E. Bertran, J. Costa, G. Sardin, J. Campmany, J. L. Andujar, and A.
Canillas, Plasma Sources Sci. Technol. 3, 348 (1994).

4.63 D. K. Biegelsen, R. A. Street, C. C. Tsai, and J. C. Knights , Phys.

185



Chapter 4

Rev. B 20, 4839 (1979).

4.64 H. Stiebig, F. Siebke, W. Beyer, C. Beneking, B. Rech, and H.
Wagner, Sol. Energ. Mater. Sol. Cells 48, 351 (1997).

4.65 N. Pham, Y. Djeridane, A. Abramo v, A. Hadjadj, and P. Roca i
Cabarrocas, Mat. Sci. Eng. B 159-160, 27 (2009).

4.66 F. Kail, A. Hadjadj, and P. Roca i Cabarrocas, Thin Solid Films 487,
126 (2005).

4.67 F. Kalil, S. Fellah, A. Abramov, A. Hadjadj, and P. Roca i Cabarrocas,
J. Non-Cryst. Solid. 352, 1083(2006).

4.68 H. M. Branz, Phys. Rev. B 59, 5498 (1999).

4.69 H. M. Cheong, S.H. Lee, B. Nelson , A. Mascharenas, and S. K. Deb.
Appl. Phys. Lett. 77, 2686 (2000).

4.70 H. M. Branz, S. Asher, H. Glesko va, and S. Wagner. Phys. Rev. B 59,
5513 (1999).

4.71 F. Kall, J. Farjas, P. Roura, and P. Roca i Cabarrocas, Phys. Rev. B
80, 073202 (2009).

4.72 P. Tzanetakis, Sol. Energ. Ma ter. Solar Cells. 78, 369 (2003).

4.73 T. Hatano, Y. Nakae, H. Mori, K. Ohkado, N. Yoshida, S. Nonomura,
M. Itoh, A. Masuda, and H. Mats umura. Thin Solid Films 395, 84
(2001).

474 S. Nonomura, N. Yoshida, T. Goto h, T. Sakamoto, M. Kondo, A.
Matsuda, and S. Nitta. J. Non- Cryst. Solids. 266-269, 474 (2000).

4.75 T. Sakamoto, N. Yoshida, H. Hara da, T. Kishida, S. Nonomura, T.
Gotoh, M. Kondo, A. Matsuda,T. Itoh, and S. Nitta. J. Non-Cryst.
Solids. 266—-269, 481 (2000).

4.76 K. Shimizu, T. Tabuchi, K. Hattori, H. Kida, and H. Okamoto.
Mater. Res. Soc. Symp. Proc. 507, 735 (1998).

477 T. Gotoh, S. Nonomura, M. Nishio , N. Masui, S. Nitta, M. Kondo,
and A. Matsuda. J. Non-Cr yst. Solids. 227-230, 263 (1998).

478 T. Gotoh, S. Nonomura, M. Nish io, S. Nitta, M. Kondo, and A.
Matsuda. Appl. Phys. Lett. 72,2978 (1998).

4.79 N. Yoshida, Y. Shobajima, H. Kamigu chi, T. Ida, T. Hatano, H. Mori,
Y. Nakae, M. Itoh, A. Masuda, H. Matsamura, and S. Nonomura. J.
Non-Cryst. Solids. 299-302, 516 (2002).

4.80 H. M. Branz, Sol. Energ. Ma ter. Solar Cells 78, 425 (2003).

4.81 P.V. Santos, N. M. Johnson, and R. A. Street, Phys. Rev. Lett. 67,
2686 (1991).

4.82 S. Sriraman, S. Agarwal, E. S. Aydil, and D. Maroudas, Nature

186



References

(London) 418, 62 (2002).
4.83 W. B. Jackson, Curr. Opin. Solid. State. Mater. Sci. 1, 562 (1996).
4.84 C. G. Van de Walle, Phys. Rev. B 49, 4579 (1994).
4.85 K. J. Chang and D. J. Chadi, Phys. Rev. Lett. 62, 937 (1989).

4.86 S. K. Estreicher, J. L. Hastings, and P. A. Fedders, Phys. Rev. B 57,
R12663 (1988).

4.87 S. K. Estreicher, J. L. Hastings, an d P. A. Fedders, Appl. Phys. Lett.
70, 432 (1997).

4.88 J. Serra, J. Andreu, G. Sardin, C. Roch, J.M. Asensi, J. Bertomeu
and J. Esteve, Physica B 170, 269 (1991).

4.89 E. Spanakis, E. Stratakis, P. Tz anetakis, and Q. Wang, J. Appl.
Phys. 89, 4294 (2001).

4.90 D. Han, NREL Technical Report, SR-520-24741 (1998).

491 S. Acco, D. L. Williamson, W. G. J. H. M. van Sark, W. C. Sinke, W.
F. van der Weg, A. Polman, and S. Roorda, Phys. Rev. B 58 12853
(1998).

492 J. A. Reimer, R. W. Vaughan, and J. C. Knights, Solid State
Commun. 37, 161 (1981).

4.93 http://en.wikipedia.org/wiki/Mercury-vapor_lamp
4.94 http://assets.newport.com /web900w-EN/images/1121.gif

4.95S . Benagli, D. Borrello, E. Vallat- Sauvain, J. Meier, U. Kroll, J.
Hotzel, J. Bailat, J. Steinhauser, M.  Marmelo, G. Monteduro, and L.
Castens, Proc. 24th European PVSEC, Hamburg 2009, pp. 21-25.

4.96 F. Dadouche, O. Béthoux, M. E. Gu eunier-Farret, E. V. Johnson, P.
Roca i Cabarrocas, C. Marchand, an d J. P. Kleider, Eur. Phys. J.
Photovolt. 2, 20301 (2011).

4.97 M. Vanecek, O. Babchenko, A. Purkrt , J. Holovsky, N. Neykova, A.
Poruba, Z. Remes, J. Meier, and U. Kroll, Appl. Phys. Lett. 98,
163503 (2011).

187



188



Chapter 5

Prospective —
Towards High Stabilized Efficiency

5.1 INFOTUCTION ...ttt 190
5.2 P-LYPE HC-SIO X trttiieiiiiiiitee et e ettt 190
5.3 pm-Si:H NIP solar cells using p-type UC-SIO  x..ccvvvvuieiiiieiiiiiiiiiieeeeeeeeeeneens 200
5.4 Stable pm-Si:H NIP solar CellS...........uuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieennn, 210
5.5 SUMMAIY .ot e e ee it e eeaaeeanees 212

189



Chapter 5

5.1 Introduction

This chapter deals with the optimi  zation of pm-Si:H NIP solar cells.
NIP solar cells are made in the “substrate” configuration, and are
iluminated through the top, p-type layer. As for a-Si:H and pm-
Si:H solar cells should be always illuminated through the p-type
layer side due to lower mobility of holes in comparison to electrons.
Since most of the photo-generated carriers are generated near the
p/i interface, on average, hole s have shorter distance for the
collection. NIP structure uses th in TCO such as 100 nm thick ITO
as a front contact, on top of the p- type layer. Highly conductive and
transparent p-type layer is needed. The main challenge in the
optimization of the NIP solar cells is to develop a novel p-type layer.
While p-type Ic-Si:H layer with the high conductivity ( ® and low
absorption coefficient ( A in the visible range has been explored by
some authors [5.1], nowadays p-type [c-SiOx layers have attracted
much interest [5.2, 5.3]. On e of the merits of doped [c-SiOx layers is
their “tunable refractive index”, achieved by varying the SiH  4/CO;
gas precursor ratio during deposition. Such high flexibility in the
optical properties of doped Ic-SiOx layers enables their application
as both the front window layer [5.2] and as the intermediate
reflector in tandem junctions [5.3, 5.4]. Recently a record efficiency
of 16.3% has been demonstrated in triple junction solar cells
incorporating doped  ic-SiOx layers [5.4]. In this chapter,
optimization of high efficiency pm-Si:H NIP solar cells using p-type

ic-SiOy layers will be presented.

5.2 p-type pc-SiO «

Doped pc-SiOx can be deposited by adding CO > gas during pc-Si

deposition. While n-type uc-SiO x are readily achieved (see annex
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5.1), p-type pc-SiOyx is more difficult to achieve due to the
amorphization effect of B(CH 3)s (TMB). In this chapter,
optimization of p-type pc-SiO x and its application to solar cells is
studied. Table 5.1 summarizes the deposition conditions of p-type
HC-SiOx. The p-type uc-SiO x layers are deposited at 175 °C from a
gas mixture of SiH 4, H2, and CO», and p- and n-type doping is
achieved by adding TMB and PH 3, respectively. The effect of CO 2
addition was studied by varying the CO » flow.

Sample | H, | SiH, | TMB | CQ | Pressure | RFpower | T,
ptype |500 9 | 15 (opt\i/ri[f:: p | 2Tor ‘ 14W | 175°C

Table 5.1 — Summary of the deposition conditions of p-type pc-SiO .

The addition of CO > during the deposition results into a transition
from pc-Si:H to amorphous gr owth. Figure 5.1 shows Raman
scattering spectra of p-type uc-SiO  layers deposited with different
CO. flow rates. A He—Ne laser (632 nm) and a back-scattering
collection configuration were used for the micro Raman
measurements. In the Ra man spectra, at low CO . flow, a
crystalline silicon (c-Si) peak is detected at 520 cm 1. It is also
observed that c-Si peak shifts to lower wave-numbers with higher
CO: flow. The c-Si peak shift may in dicate smaller grain size at
larger CO > flow. Broad peaks centered at ~470 cm -1 indicate an
amorphous phase such as a-Si and SiO 2, but the peaks of a-Si (~480
cm) and SiO2 (~ 460 cm-1) are almost indistinguishable. One could
claim that the Raman spectrum of the sample with 3 sccm of CO >
flow still shows c-Si peak at around 520 cm -1. However, it is
difficult to determine the c-Si pe ak because of the broad amorphous

peak. Furthermore, even if the c-Si phase exists, the crystalline
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volume fraction would be low thus would not contribute to the

electrical conductivity.

a| ‘lel‘ﬂu“)
AN w“y‘ka CO, 3 sccm
g Y o)
m ! !h\ﬁ“ .

b & &hsﬁl“k’}J
= M,,\}NM"“
s \MHW L CEO2 2 sccm
> ‘wh wﬂ"“‘i&u“.\.\hﬂ.ua
‘n
c
o CO, 0.6 sccm
£

400 450 500 550 600

Raman Shift (cm ™)

Figure 5.1 — Raman spectra of p-type uc-SiO x layers deposited with different CO 2 flow. A
transition from crystalline (520 cm 1) to amorphous (480 cm-1) when varying CO 2 flow is
notably seen.

The phase shift from crystalline to amorphous is also
shown in spectroscopic ellipsometry (SE) measurements and
modeling. The measured spectra were modeled using the
Bruggeman effective medium approximation (BEMA). This
approach, based on the assumption of the linearity of the optical
response of mixed phase materials, gives a unique opportunity to
define the films’ structure as ex pressed in terms of the volume
fraction of its constituents. The modeling steps consist of rebuilding
the measured pseudo-dielectric function from a combination of the
optical responses of a mixture of known dielectric function
materials [5.5, 5.6]. This approach has been shown to be very well
adapted to modeling complex multilayer structures consisting of

amorphous and nanocrystalline silicon materials [5.7]. Figure 5.2
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shows the SE spectra of various p-ty pe materials. SE spectrum of c-
Si shows two peaks at 3.4 and 4.2 eV, representing the first two
direct transition energies in the di  spersion relation. SE spectrum of
the material consisting of smaller crystallite size, su ch as pc-Si:H,
shows a broadening of these peaks. p-type a-SiC shows a broad
single peak centered at around 3.75 eV in the SE spectrum, while
p-type pc-Si:H shows a broad peak with a plateau between 3.4 and
4.2 eV due to the broadening of these two peaks. Addition of CO » to
the gas mixture produces a decrease in the peak intensity of 4k

indicating that the material is less  dense or the surface is rougher.

40

30}

—@— ptype a-SiC:H
p type uc-Si:H

-20 | —-@- CO,2sccm

---- CO,3scem

_30 L L i
2.0 25 3.0 3.5 4.0 4.5

Photon Energy (eV)

Figure 5.2 — SE spectra of various p-type layers. p-type pc-SiO x deposited with two
different CO » flows, 2 and 3 sccm are also shown.

The reduction of the amplitude of the interference fringes at low
photon energy region of material deposited at high CO > flow
indicates that the refractive index of the material decreases and
becomes closer to that of the glass substrate, implying more SiO >
fraction. It should be mentioned that in the SE spectra, the

interference fringes might be conf used as an absorption edge. This
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is due to the thickness of the sa mples (~ 150 A), and that is why

there is sharp increase in /At the photon energy of 2.5~3 eV.

BEMA modeling of the SE spectra provides more detailed
information on the material proper ties. The measured spectra were
modeled by a medium based on the relative fractions of SiO 2, uc-Si,
and a-Si. Figure 5.3(a) shows evolution of SiO », uc-Si, and a-Si
volume fraction of p-type pc-SiO x as functions of CO: flow.
Evolution of pc-Si and a-Si fraction show same trend, while SIO >
fraction increases with CO » flow. It suggests that the SiO » fraction
originates from CO » flow, and the SiO » fraction and silicon (uc-Si, a-
Si) fractions are in trade off. Such highly heterogeneous mixed
phase nature of pc-SiO x is necessary for the material to perform its
multifunctional role. In other words, SiO » fraction modifies the
optical properties and contributes to the transparency of the
material, while pc-Si maintains the electrical conductivity.
Therefore, it is needed to fi nd the optimum trade-off between

transparency and conductivity.

Another interesting aspect is the necessity of a crystallized
pc-Si bottom layer in SE optical model, as shown in Figure 5.3(b).
Figure 5.3(c) shows that the thickness of this bottom layer is linked
with the pc-Si fraction in the “top” layer. It is suspected that during
growth, there would be a phase transition from pc-Si:H to pc-SiO .
It can be due to that highly reactive and electronegative oxygen
atoms have longer residence time compared to the other gases such
as Hz and SiH 4 [5.8]. The film would initia Ily grow as pc-Si:H at the
initial stage and then slowly evolve into pc-SiO . Further studies
based on TEM and the analysis of a film thickness series should

provide a clearer view on the growth mechanism of doped pc-SiO .
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