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Abstract

The energy conversion efficiency of high-quality crystalline silicon (c-Si) solar cells
is mainly controlled by the recombination probability of photogenerated carrier
pairs at the surfaces. The deposition of intrinsic, hydrogenated amorphous silicon
(a-Si:H), results in the same excellent passivation of surface recombination centers
as state-of-the-art thermal oxidation, but at a much lower process temperature
that reduces both, energy consumption and the risk of impurity diffusion into the
c-Si bulk. This work focuses on investigating the physical properties of carrier
recombination centers at the interface between amorphous and crystalline silicon,
and their impact on the performance of crystalline silicon solar cells that feature
surface passivation by a-Si:H. Whereas the high quality of a-Si:H-passivation of
lowly-doped c-Si surfaces is described in literature, this work shows the first-time
surface passivation of highly-doped c¢-Si by amorphous silicon.

A defect model is developed that allows for a quantitative analysis of the passiva-
tion and formation of interface defects during illumination and thermal annealing,
from measured surface recombination rates. The surface passivation by a-Si:H
shows a light-induced degradation, that is reversible by thermal annealing. This
degradation is due to the formation of dangling bond states at the a-Si:H/c-Si inter-
face by the dissociation of weak Si-Si bonds, analogously to the Staebler-Wronski
effect that is described in literature only for a-Si:H bulk material. The passivation
reaches a stable state with the density of dangling bond defects being about an
order of magnitude larger than in the initial state. The diffusivity of hydrogen
atoms within the a-Si:H film is found to control the thermal stability of the sur-
face passivation: Annealing of a-Si:H-passivated c-Si wafers at 300°C maintains
the excellent passivation quality of as-deposited a-Si:H films, and restores their
passivation quality after illumination, due to the re-arrangement of Si-H bonds
which reduces the bulk and interface defect densities. In contrast, annealing at
temperatures higher than 400°C leads to desorption of hydrogen atoms from the
a-Si:H film, thus increasing the defect densities. An anti reflective SiNx capping
layer applied on top of the passivating a-Si:H layer acts as a source of hydrogen
atoms, thus reducing the rate of defect formation by a factor of 15 when compared
to a-Si:H single-layer passivation.

The CosiMA technique for the formation of local contacts to a-Si:H-passivated
solar cells by means of annealing at low temperatures 7' < 300°C is developed,
together with an analytic model that allows for the optimization of local contact
layouts for minimum surface recombination and series resistance of solar cells. The
optical properties of thin a-Si:H films are studied with respect to their impact on
the energy conversion efficiency of solar cells that feature an a-Si:H-passivated front
side. An optimum a-Si:H thickness of 6.5nm < d < 10nm ensures both, optimum
surface passivation and minimum absorption in the a-Si:H film. Finally, the results
of this work are applied to fabricate solar cells that feature a-Si:H-passivation of
the emitter and base, exceeding an energy conversion efficiency of 20%.



Kurzzusammenfassung

Der Wirkungsgrad von Solarzellen aus hochwertigem kristallinem Siliziummaterial
wird vor allem von der Rekombinationswahrscheinlichkeit fiir photogenerierte Lad-
ungstriager an den Oberflichen bestimmt. Oberflichenrekombinationszentren las-
sen sich mittels einer Schicht aus intrinsischem, amorphen Silizium (a-Si:H) ebenso
gut passivieren wie durch thermische Oxidation, dem Standardverfahren der Mikro-
elektronik. Der Vorteil der Oberflichenbeschichtung mit a-Si:H liegt jedoch in
einer deutlich geringeren Prozesstemperatur, die zu einem reduzierten Energiever-
brauch, sowie einem geringeren Risiko der Eindiffusion von Verunreingungen in das
Siliziumvolumen fiihrt. Die vorliegende Arbeit befasst sich mit der Untersuchung
der physikalischen Eigenschaften von Ladungstrégerrekombinationszentren an der
Grenzflache zwischen amorphem und kristallinem Silizium (c-Si), sowie deren Ein-
fluss auf den Wirkungsgrad von Solarzellen, deren Oberfliche mit amorphem Siliz-
ium passiviert ist. Wahrend die hohe Qualitdt der Oberflachenpassivierung fiir
niedrigdotierte Siliziumsubstrate bereits in der Literatur beschrieben wurde, zeigt
die vorliegende Arbeit die Anwendbarkeit von amorphem Silizium zur Passivierung
von hochdotierten Siliziumoberflaichen.

Im Rahmen der Arbeit wurde ein analytisches Modell entwickelt, das eine Be-
stimmung der Defektdichte an der a-Si:H/c-Si-Grenzfliche aus gemessenen Lad-
ungstrager-Rekombinationsraten erlaubt. Die quantitative Auswertung der Defekt-
konzentration bei Beleuchtung zeigt eine lichtinduzierte Degradation der Ober-
flichenpassivierung mit a-Si:H, welche durch Erwéarmen riickgéngig gemacht wer-
den kann. Grund fiir die Degradation ist die Zunahme der Dichte offener Bindungen
an der Grenzfliche durch das Aufbrechen gestreckter Si-Si Bindungen analog zum
Staebler-Wronski-Effekt, der jedoch bisher nur fiir das amorphe Silizium-Volumen-
material beschrieben wurde. Die thermische Stabilitdt der a-Si:H-Passivierung
beim Erhitzen wird durch die Diffusivitdt von Wasserstoffatomen in der a-Si:H-
Schicht bestimmt: Erwérmen auf 300°C fithrt zum Abséttigen noch vorhandener
offener Siliziumbindungen durch Wasserstoffatome, sowohl an der Grenzflache als
auch im a-Si:H-Volumen. Deshalb bleibt die hervorragende Oberflachenpassivier-
ung erhalten, und kann auch nach lichtinduzierter Degradation durch Tempern
wiederhergestellt werden. Im Gegensatz dazu fithrt Erhitzen auf iiber 400°C zum
Ausdiffundieren von Wasserstoff aus der a-Si:H-Schicht, und damit zum Anwachsen
der Defektdichte. Durch das zusétzliche Abscheiden einer Siliziumnitridschicht, die
sowohl als Wasserstoffquelle, als auch als Antireflexschicht dient, kann die Defekt-
bildungsrate an der a-Si:H/c-Si-Grenzflache um den Faktor 15 verringert werden.

Dartiberhinaus wurde das CosiMA-Verfahren (contact formation to a-Si:H-passi-
vated solar cells by means of annealing) zur lokalen Kontaktierung a-Si:H-passi-
vierter Solarzellen bei Prozesstemperaturen unter 300°C entwickelt, sowie ein ana-
lytisches Modell zur Optimierung der Geometrie lokaler Kontakte, um sowohl eine
geringe Oberflichenrekombinationsrate, als auch geringen Serienwiderstand der fer-
tigen Solarzelle zu erreichen. Die optischen Eigenschaften diinner Schichten amor-



phen Siliziums, speziell deren Einfluss auf den Wirkungsgrad a-Si:H-passivierter
Solarzellen, wurden untersucht. Die optimale Schichtdicke im Bereich von 6.5 nm <
d < 10nm gewahrleistet sowohl optimale Oberflichenpassivierung, als auch mini-
male parasitire Absorption des einfallenden Lichts. Schliefllich wurden die Ergeb-
nisse der vorliegenden Arbeit zur Herstellung von Solarzellen mit Wirkungsgraden
iber 20% angewendet.

Schlagworter: Silizium, Oberflichenpassivierung, Ladungstrégerlebensdauer
Keywords: silicon, surface passivation, carrier lifetime
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1 Introduction

The energy conversion efficiency of crystalline silicon (c-Si) solar cells is mainly
controlled by the recombination probability of photogenerated carrier pairs, both
in the bulk and at the surfaces. Since the thickness of silicon wafers as the starting
material in solar cell production has been reduced over the last years to save
silicon feedstock, the increased surface-to-volume ratio of solar cells demands for
an improved electronic passivation of surface recombination centers.

Thermal oxidation is the state-of-the-art process for the passivation of surface
defects in crystalline silicon, that is used both in microelectronics, and in the
laboratory-scale fabrication of high-efficiency silicon solar cells. However, ther-
mal oxidation requires high process temperatures around 1000°C, that result in a
high energy consumption and a high risk of impurity diffusion into the c-Si bulk.
It is therefore not suitable for the surface passivation of solar cells in industrial
fabrication lines.

The deposition of hydrogenated, amorphous silicon nitride (SiNx) films by plasma
enhanced chemical vapor deposition (PECVD) as a passivation layer, has the ad-
vantage of a lower process temperature T ~ 400°C. Silicon nitride deposition is
thus used as a standard process for both, passivation and anti reflective coating of
the emitter surface in industrial solar cell production. However, a high density of
fixed positive charges in the SiNy film leads to the formation of an inversion layer
at the surface of the lowly-doped p-type base of solar cells [T} 2]. Shunting of the
inversion layer and the base contacts generates an additional recombination path
at the rear surface. This effect reduces the maximum possible energy conversion ef-
ficiency of such cells when compared to cells with a thermally oxidized base surface.

Surface passivation of ¢-Si by intrinsic, hydrogenated amorphous silicon (a-Si:H)
deposited by PECVD at T' < 250°C, combines the excellent passivation quality
of thermally grown SiOs, with an even lower process temperature than for SiNy
deposition. Furthermore, a-Si:H films deposited on c¢-Si exhibit no fixed charges,
as SiNy films would [3]. Therefore, shunting of a charge-induced floating junction
with the base contacts, which is a significant loss mechanism in solar cells with a
SiN-passivated base, does not occur in a-Si:H-passivated cells.

The excellent electronic passivation of lowly-doped crystalline silicon surfaces by
a thin a-Si:H film is exploited in the industry for the fabrication of high-efficiency
a-Si:H/c-Si heterojunction solar cells, like Sanyo’s HIT™ cell [, 5]. However,
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no literature exists about the suitability of a-Si:H for the surface passivation of
highly-doped silicon, such as emitters of homojunction c-Si solar cells.

This work focuses on the surface passivation of both, highly and lowly-doped
crystalline silicon surfaces by amorphous silicon. In order to gain a deeper un-
derstanding of the physical nature of defect states at the a-Si:H/c-Si interface, a
defect model is developed that allows for the determination of the defect density
and carrier capture cross sections, by fitting measured injection-dependent surface
recombination rates with the device simulation software AFORS-HET. The pas-
sivation and formation of recombination centers are studied quantitatively during
illumination and thermal annealing processes by use of the model, in order to im-
prove the microscopic understanding of the passivation mechanisms by a-Si:H, and
to technologically improve the thermal stability of the surface passivation.

A technique for the formation of local contacts to a-Si:H-passivated solar cells
is developed, together with an analytic model that allows for the optimization of
local contact layouts for minimum surface recombination and series resistance of
solar cells. The optical properties of thin a-Si:H films are studied with respect to
their impact on the energy conversion efficiency of solar cells that feature an a-
Si:H-passivated front side. Finally, the results of this work are applied to fabricate
solar cells that feature a-Si:H-passivation of the emitter and base.

Chapter |2| reviews the recombination paths for photogenerated carriers in sili-
con solar cells, the impact of carrier recombination in the bulk and at the surfaces
on the current-voltage characteristics of solar cells, and the measurement tech-
niques which are used in this work to obtain the effective surface recombination
velocity as a measure for the quality of the surface passivation. An analytic model
for the base saturation current of solar cells with passivated, locally contacted base
is developed, that is suitable for optimizing the base contact layout for a maximum
energy conversion efficiency.

Chapter [3| presents the COSIMA technique, which is a two-step process com-
prising a-Si:H surface passivation, and the formation of local aluminum contacts
through the amorphous silicon passivation layer. The basic mechanism as well as
the technologically relevant contact resistances to base and emitter, are determined.

Chapter deals with the quality of the amorphous silicon passivation on
crystalline silicon surfaces. Besides the passivation by a-Si:H single layers, an
a-Si:H/SiNyx double layer passivation scheme is developed. The successful passiva-
tion of diffused emitters, and of textured surfaces by a-Si:H is shown. The stability
of the passivation under UV irradiation is determined.

Chapter (5| shows the electronic properties of the a-Si:H/c-Si interface, and of
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the a-Si:H bulk material. A model for the recombination centers in the a-Si:H bulk
and at the a-Si:H/c-Si interface is developed, which is based on measurements of
the distribution function of the density of states.

Chapter [6] examines the stability of the a-Si:H surface passivation during illu-
mination, in order to investigate the long-term stability of a-Si:H passivated solar
cells. The model which is derived in Chapter [fis fitted to the experimental data
in order to further characterize the interface defect states in terms of their cap-
ture cross sections for electrons and holes, and to separate the contribution of the
recombination through the interface defects from the recombination through the
a-Si:H bulk defects.

Chapter |7 discusses the stability of the a-Si:H surface passivation during an-
nealing, as it occurs in solar cell fabrication processes during the firing of metal
contacts, and during soldering and lamination of cells in a module. The formation
of defect states during the annealing is investigated by fitting the defect model to
the experimental data.

Chapter (8| describes the successful application of a-Si:H passivation and of
the COSIMA contacting scheme to solar cells. Starting from symmetrically silicon
nitride-passivated cell developed at ISFH [6], the benefit of the introduction of
a-Si:H for the base passivation is shown. The thickness of the a-Si:H passivation
layer is further optimized to provide an optimum of both, surface passivation and
transparency when applied to the front side of the solar cell. Finally, a solar cell
that features a-Si:H passivation on both sides is developed.






2 Carrier recombination in silicon solar cells

This chapter reviews the recombination paths for photogenerated carriers in silicon
solar cells, the impact of the bulk and surface recombination on the current-voltage
characteristics of the solar cell, and the measurement techniques which are used in
this work to obtain the effective surface recombination velocity as a measure for
the quality of the surface passivation.

Section [2.2] discusses the intrinsic and defect-related contributions to the carrier
recombination in the crystalline silicon bulk material. In Section the recom-
bination through surface states is described by the extended Shockley-Read-Hall
formalism. Section [2.4]reviews the methods for measuring the effective carrier life-
time which are used in this work. The separation of the contributions of bulk-
and surface recombination to the measured recombination rate is described. The
impact of carrier recombination in the base and in the emitter on the current-
voltage characteristics of solar cells is discussed in Section ﬂ The contributions
of bulk and surface recombination to the emitter saturation current are shown.
High-efficiency solar cells feature a passivated rear surface with local contacts, and
thus exhibit a spatially inhomogeneous rear surface recombination rate. Section
shows a model for the calculation of the base saturation current of such devices,
which was developed in this work.

2.1 Definitions

Carrier recombination in a semiconductor is the transition of an electron from the
conduction band to the valence band, which can also be described as the anni-
hilation of an electron-hole pair. In a non-illuminated semiconductor in thermal
equilibrium, the concentrations of free carriers are constant, n = ng for electrons
in the conduction band and p = po for holes in the valence band. The balance
between thermal generation and recombination is expressed by the law of mass ac-
tion, nopo = nf g, where ni o = 9.65 x 10° cm™® x exp (AEgap/kT) is the effective
intrinsic carrier concentration in silicon, AFEgap, is the doping-dependent band-gap
narrowing, and k7T is the thermal energy [7]. For p-type silicon with a dopant con-
centration of Na = 1 x 10*® cm™3as it is used in the carrier lifetime analysis shown
in this work, the effective intrinsic carrier concentration is n; . = 1.05 X 10 cm™3
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[7]. Assuming complete ionization of the doping atoms, which is a good approxi-
mation for silicon at room temperature,

2
no = Np, po= n&,—;ff for n-type semiconductors
2
po=Na, mno= n]i\;:ff for p-type semiconductors. (2.1)

Under illumination, an excess concentration An of electron-hole pairs are generated
by absorption of incident photons. Therefore, n = no+ An and p = po+ An. After
turning off the illumination, the excess carrier concentration decays with the net
recombination rate

OAn (t)
T
Different mechanisms contribute to the carrier recombination. Assigning an indi-
vidual recombination rate to each independent recombination path, the net recom-
bination rate can be rewritten as the sum of all individual recombination rates

U (An(t),n0,po) = »_ Us (An (t),n0,po) (2.3)

U (An (t),no,p0) = . (2.2)

If the recombination probability of a single carrier is independent of the excess
carrier concentration, U o« An. Equation then describes a mono-exponential
decay of An (t) = An (0) exp (—f) The time constant 7 is the carrier lifetime

—1

An (t) 1
= = — . 2.4
TS GG )\ 27 24
The mean distance a charge carrier travels within the lifetime 7 is the diffusion
length

L =+Dr, (2.5)

with D being the diffusion constant which depends on the doping concentration
[8]. The Equations and are also used in the case of U being a non-linear
function in An. Both, 7 and L are then functions of An.

2.2 Bulk recombination

In solar cells, the term bulk is applied to the region of the base where the gradi-
ent of the electrostatic potential vanishes, V¥ = 0, which means that the valence
and conduction band edges are flat, and charge neutrality prevails. Recombination
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in the emitter is treated as surface recombination, as described in Section [2.5.1
Carrier recombination in the crystalline silicon bulk occurs via two intrinsic, and
one extrinsic recombination paths. Intrinsic recombination paths are the radiative
band-to-band recombination, and the non-radiative band-to-band Auger recombi-
nation, which is a three-particle process including an electron or hole to carry off
the momentum and energy of the recombining carrier pair.

Impurity atoms or defects in the crystal lattice can form energy levels within the
bandgap of the semiconductor. The carrier recombination through such extrinsic
energy levels is described by the Shockley-Read-Hall (SRH) formalism.

The effective bulk carrier lifetime is calculated from the radiative recombination
lifetime 7yaq, the Auger lifetime Tauger, and the SRH lifetime 7sru according to
Equation 24}

1 1 1 1

—=— F— (2.6)
Tb Trad TAuger TSRH

2.2.1 Radiative band-to-band recombination

Radiative recombination is the reverse process of photo-induced carrier generation.
An electron-hole pair annihilates, emitting a photon that carries the excess energy.
However, in an indirect semiconductor like silicon, an additional phonon is needed
for momentum conservation. Therefore the probability of radiative recombination
is much lower than in direct semiconductors. As one electron and one hole partic-
ipate in the recombination process, the total recombination rate is proportional to
the product of their densities. To calculate the net recombination rate of photo-
generated excess carriers, the recombination rate of the non-illuminated case has
to be subtracted:
Uraa = B (np - n,z) . (2.7)

The temperature dependent coefficient B has been determined by Schlangenotto
[9]. For silicon at room temperature, B = 9.5 x 107 cm®s™! has been found.

The effective lifetime 7.4 associated with the radiative recombination process is
calculated from the Equations and

1
rad — A - 2.8
Trad B (no + po + An) (2:8)

2.2.2 Auger recombination

Auger recombination is the second intrinsic recombination mechanism in the bulk of
semiconductors. The excess energy is not emitted as a photon but is transferred to
a third carrier, which is either an electron in the conduction band (eeh-process), or
a hole in the valence band (ehh-process). The recombination rates are proportional
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to the product of the densities of the involved carriers, n and p, respectively. In
the idealized case of the involved carriers being non-interacting free particles

UAuger,ideal = Cn (n2p - 17,1271()) + Cvp (np2 - n12p0) ) (29)

with C, and Cp being the Auger coefficients for the eeh- and the ehh-process,
respectively. Dziewior and Schmid determined the Auger coefficients C, = 2.8 x
1073 em®s™! and Cp, = 9.9 x 10732 ecm®s™! by fitting experimental lifetime data
for silicon with a doping concentration Ngop > 5 x 10*® cm ™2 [10].

While the idealized case of Equation [2.9| fits quite well with measured recom-
bination rates in highly doped silicon, the recombination rate in material with
lower doping densities is found to be considerably higher, as the recombination
is enhanced by Coulomb-attraction between the recombining electrons and holes.
For high doping concentrations, this effect is negligible due to screening of the
minority carriers. Furthermore, additional effects like phonon-assisted Auger re-
combination add to the total Auger recombination rate. Due to the variety of the
involved processes, a complete theoretical approach to describe Auger recombina-
tion is difficult. Kerr and Cuevas have deduced a parameterization for the Auger
recombination rate in m- and p-type silicon based on measurements of the bulk
lifetime for doping concentrations between 10** cm™* and 10%° cm™* [T1]:

Unuger = np (1.8 x 107 0% + 6.0 x 107*°pg® + 3.0 x 107°"An"®) . (2.10)

With the radiative recombination rate from Equation 2.7 the parameterization
of the intrinsic carrier lifetime in silicon is

An
np (1.8 x 10=24nJ-%5 + 6.0 x 10-25p3-55 4 3.0 x 10-27An08 4+ 9.5 x 10-15)’
(2.11)
which is the upper limit for the carrier lifetime in monocrystalline silicon. Equation
[2-11] is used for the calculation of the intrinsic bulk lifetime of crystalline silicon
throughout this work.

Figure [2.1] shows Tintr as a function of the excess carrier den51ty An of p-type
silicon w1th the acceptor concentration No = 1.0 x 10%cm™2 and Ny = 6.5 x
10" cm ™ (specific resistance p = 1.5 Qcm and p = 200 Qcm). In low-level injection
(1), An <« Na and therefore pn &~ NaAn, the intrinsic carrier lifetime is indepen-

dent of the excess carrier density: Tmtlr L~ (1 8 x 10~ 25N0 654195 x 10715) Na.

Tintr =

2.2.3 Recombination through defects

Defects in the silicon crystal lattice, like dislocations or impurity atoms can in-
duce energy levels within the silicon bandgap. These additional energy levels may
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Figure 2.1: Intrinsic carrier lifetime Tinte of p-type silicon with Na = 1.0 x
108 em™ (1.5Qcm) and Na = 6.5 x 10" cm™3 (200Qcm). In 11,
the intrinsic lifetime is independent of An.

enhance carrier recombination, depending on their capture cross sections o, for
electrons, and o}, for holes. The statistical model for the recombination rate was
developed by Shockley and Read [12], and Hall [13] for defects with a fixed energy
level F¢, and density N;. The net Shockley-Read-Hall (SRH) recombination rate

(0 —?)

oo (P + p1) + Tpo (N +n1)’

Usru = (2.12)
with the capture time constants

. 1
™0 = Nromems for electrons, and

To0 = ~—=—— for holes, (2.13)

Ntopvin,p
and the densities of occupied states

Ey—E,
n = n exp( x ‘) for electrons, and

n; exp (Eik_TEt) for holes, (2.14)

p1

where Fj; is the intrinsic Fermi level. The mean thermal carrier velocity is v, =
\/8kT/mm}, , where my, is the thermal velocity effective mass. At 300 K, mg;, , =
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0.28myg, and mfh’p = 0.41mo with mo being the electron rest mass [14}. Hence
Ughn = 2.0 X 107 cm/s and Vgh,p = 1.7 X 107 cm/s. The SRH carrier lifetime is then

Tpo (Mo + n1 + An) + o (po + p1 + An)
Po +no + An

TSRH = . (2.15)

2.3 Surface recombination

For simplicity, the term surface is applied to both, the non-passivated and the pas-
sivated crystalline silicon surface in this section, although the term interface might
be more appropriate in the latter case. Besides the recombination through actual
surface states, also enhanced bulk recombination due to surface band bending and
recombination within the amorphous silicon passivation layers will be summarized
by the term effective surface recombination.

2.3.1 Recombination through surface states

The surface terminates the periodicity of the crystal lattice that is the basis of the
formation of bonding and antibonding energy bands from the electronic orbitals
of silicon atoms. Therefore, localized electronic states exist at the surface, which
form recombination-active energy levels within the bandgap. From the chemical
point of view, these energy levels can be identified with non-bonded orbitals called
dangling bonds of surface atoms that can capture or release electrons. Due to
fluctuations in the bonding angle and in the distance to neighboring atoms, the
energy levels of these dangling bonds are distributed continuously over the energy
bandgap [I5} [16], [I7]. The net recombination rate through non-interacting surface
states is obtained by extending the SRH formalism shown in Section by
integrating over all energy levels within the bandgap:

Be ven Dyt (E) dE

Ui = (nsps — ni) /EV op ' (E) (ns +n1 (B)) + ou (E) (ps + p1 (E))

(2.16)

where ns and ps are the concentrations of electrons and holes at the surface, re-
spectively. The density of states per energy interval, Di¢(E) is the distribution
function of the surface states (or interface states, if the surface is passivated).

It is obvious from Equation [2:16] that there are two possible ways of surface
passivation:
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e Reduction of D;;
by chemically saturating the dangling bonds with hydrogen or oxygen atoms.
This effect is exploited when passivating the surface with dielectric layers like
SiO2 and hydrogenated SiN, or with hydrogenated amorphous silicon.

¢ Reduction of ng or ps
by inducing an electric field, which can be caused by fixed charges in the
SiO2 or SiN film (field effect passivation), or by the introduction of a highly
doped surface layer (back surface field BSF, or floating junction / emitter).

Equations [2.12 show that the actual distribution of the dangling bond levels
D (E) has a significant influence on Uy, since states near midgap (deep states)
contribute more to the recombination rate than states near the band edges (shallow
states). Therefore, an effective surface passivation method has to eliminate mainly
the deep surface energy levels.

2.3.2 Effective surface recombination velocity

The formation of a space charge region at the crystalline silicon surface is usually
observed due to charges that are captured in the surface states, or due to fixed
charges in dielectric passivation layers. The electric field of a a-Si:H/c-Si hetero-
junction, or a BSF layer also leads to the formation of a surface space charge
region. As charge neutrality does not prevail within this sub-surface region, the
recombination of charge carriers there cannot be described with the expressions
derived in Section For convenience, an effective surface is defined at the edge
of the surface space charge region. All recombination that is due to surface effects
is then lumped into the effective surface recombination rate U cs, which is the sum
of three contributions:

e recombination through the surface states, Ui,
e recombination in the space charge region, Us.,, and

e recombination in the surface layer, Ug.

As Useqr is a recombination rate per unit area, the definition of a surface life-
time along the lines of Equation [2.4] is not possible. Instead, an effective surface
recombination velocity (SRV) is defined by

Us eff Uit + Uscr + Usl

S=———= , 2.17

Ang Ang ( )
with Ang being the excess carrier density at the edge of the surface space charge
region. Obviously, this concept also applies to the emitter of a solar cell, if the
effective surface is defined at the edge of the pn-junction within the base.
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In low-level injection (Ili) conditions, An < ng (n-type silicon), or An < po (p-
type silicon), a simple relation can be given for the recombination velocity through
interface states with energy-independent capture cross sections o,,/,, and energy-
independent density of states Dj¢, by integrating Equation |2.16

Sit,in = Vi Digop for n-type semiconductors, and

Sit,i,p =  VhDigon for p-type semiconductors. (2.18)

This means that under [li conditions, the surface recombination rate is determined
by the capture of the minority carriers.

Girisch et al. developed an extended SRH formalism to numerically calculate Uit
in the presence of surface charges [18]. Dauwe has also found an analytic expression
for User, by integrating the SRH-recombination rate described by Equation [2.12
in the space charge region of SiN-passivated crystalline silicon [19]. In this work,
a model is developed for the distribution functions and the carrier capture cross
sections of defects at the a-Si:H/c-Si and in the a-Si; bulk material. The defect
densities at the a-Si:H/c-Si interface, and in the a-Si:H surface layer of a-Si:H pas-
sivated crystalline silicon are determined by fitting the model to measurements of
the injection-dependent lifetime with the finite-element simulation tool AFORS-
HET [20].

2.4 Measurement of the effective carrier lifetime

The effective carrier lifetime in crystalline silicon is determined by both, recombi-
nation in the bulk and at the surfaces. In this work, silicon wafers with a high bulk
lifetime are used to investigate the surface passivation properties of amorphous
silicon layers. Measurement techniques to determine 7.g are based on the time-
or injection-dependent detection of the photogenerated excess carrier concentra-
tion, by interaction of the free carriers with electromagnetic fields, e.g. inductive
coupling, microwave reflection, or absorption of infrared light. Therefore, only the
average excess carrier density An,, over the sample thickness can be determined.
For an excitation light pulse of arbitrary duration, the effective carrier lifetime

o _Ana () Anay ()
TTTUW) T Gar (t) — PBpa”

(2.19)

where G,y is the carrier photogeneration rate, and U is the total recombination
rate [2I]. In steady state conditions, the recombination rate equals the generation
rate, U = Gay. The term 9Ana, /0t describes the transient decay of An,y if the
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generation changes too fast for the test structure to remain in thermal equilibrium.
Two measurement techniques are used in this work:

¢ Quasi-steady state photoconductance (QSSPC):

Charge carriers are excited by a photo flash lamp whose decay time is larger
than the carrier lifetime, so that the recombination rate U =~ Ga.., and
OAn,, /0t is a small correction. The excess carrier density is determined
from the inductively measured photoconductance [22]. This is a large-signal
technique, which means that the injection level An,y is set by the light in-
tensity of the decaying flash. The measured lifetime values are absolute ones,
because the sample is (quasi) in thermal equilibrium. The determined life-
times are therefore representative for illuminated solar cells [23] 24]. A wide
injection range can be covered with a single measurement.

e Transient microwave-detected photoconductance decay (MWPCD):
Carriers are excited by a short laser pulse. During the measurement, G, = 0.
The free carriers change the microwave reflectivity of the sample, and the
transient decay of Ana, is determined from the decay of the microwave re-
flectivity. This is a small-signal technique, which means that the injection
level of Anay has to be set by shining bias light onto the sample, while the
pulse-shaped photoexcitation has to be a small perturbation. The measured
lifetimes are therefore differential values which are not necessarily the same
as in a solar cell in thermal equilibrium [23] [24]. However, spatially resolved
measurements of 7.g are possible. Therefore, MWPCD is a helpful charac-
terization tool mainly for multicrystalline silicon wafers.

The general expression for the effective carrier lifetime

1 1 1 . 1 Anf Sf Anr Sr
=—+= with == s it 2.20
Teff b + Ts W Ts  Anay x W Ana % w’ ( )

is obtained by solving the semiconductor transport Equations [25]. 7 is the surface
lifetime, W is the width of the wafer, Ans and An,. are the excess carrier densities
at the front and rear (effective) surface, and S¢ and S, are the front and rear
effective surface recombination velocities, respectively. For a silicon wafer with
identically passivated front and rear side as it is used in this work, S = S, = S,

1 A + A 25 25
_ 8nt T Alr -~ = -
_ 2 Anon X =x X s (2.21)

with 0 < x < 1. Therefore, the commonly used estimate

w
S 27Ty

(2.22)
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is the lower limit of the actual SRV. Obviously, it is the exact solution of Equa-
tion when x = 1, i.e. when the excess carrier profile is uniform over the whole
width of the wafer. Fischer has shown that this is the case for transient and QSSPC
measurements regardless of the generation profile, as long as the SRV is small and
the bulk lifetime is large. Quantitatively, Equation is accurate to AS/S < 0.1
as long as S < W/D, and 7, > WQ/Da, with D, being the ambipolar diffusion
constant [25]. E|

In order to extract SRVs larger than S = W/ D, correctly from lifetime measure-
ments, care must be taken as to how the measurement is set up. For QSSPC, Ans
and An, have to be determined by solving the diffusion equation for the genera-
tion profile that corresponds to the wavelength spectrum of the illuminating flash
lamp. Then, Equations and can be used to determine the SRV. Small
bulk lifetimes also have an impact on the parameter x, because the carrier profile
will assume the shape of the generation profile, if 1, < W?2/D, [25]. Therefore, in-
frared light with A > 800 nm is mostly used in order to obtain a uniform generation
profile also in lifetime samples with a low bulk lifetime.

The best accuracy of Equation [2:22] for large surface recombination velocities,
S > W/D,, is achieved in QSSPC measurements of samples with a large bulk
lifetime, and photogeneration only at the front surface of the wafer, as can be
achieved by illumination with blue light. The reason for this effect is that a skew-
symmetric excess carrier profile develops, and therefore x = 1 regardless of the
surface recombination velocity [25] [26].

In this work, an infrared filter transmitting only wavelengths A > 700nm is
used for the QSSPC measurements, in order to prevent the generation of carriers
within the a-Si:H passivation layer. Amorphous silicon is mostly transparent for
wavelengths that correspond to photon energies that are smaller than the optical
bandgap, which is around Fga-sim = 1.76eV (Aga-sim ~ 730nm) for PECVD-
deposited a-Si:H [27] 28] [29]. Therefore, excess carriers are mostly generated in
the ¢-Si bulk. Recombination in the amorphous silicon layer is then restricted to
carriers that tunnel or diffuse from the c-Si bulk into the a-Si:H bulk.

The exact, yet transcendent equation for the transient surface lifetime is
found by solving the transport Equations in Fourier space [30} 31, [32]:

. 2SDaBO
Ts trans = 7D with tan (BoW) = DIFE - 52 (2.23)
The measured value of s trans has to be extracted from Equation Then Equa-
tion [2:23] can be used to analytically determine the effective surface recombination

!For the lifetime samples used in this work, W = 300 pm, D =30 sz/s in low-injection, and
Th & TAuger = 3 ms. Equation is therefore valid as long as S < 1000 cm/s.
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velocity S. Alternatively, Equation [2.23| can be approximated by
W W

Ts,trans ~ 5 =
28  w2D,

(2.24)

with an error of less than 5% for all values of S [33].

2.5 Diode saturation current

The diode saturation current density as a measure for the impact of carrier re-
combination on the efficiency of a solar cell is discussed in the one-dimensional
diode model. Section 2.5 dlreviews the determination of the base- and the emitter-
saturation current densities from lifetime measurements. The contribution of in-
trinsic bulk recombination to the emitter saturation current density is shown in
Section 2.5.21

In case of negligible series- and shunt-resistances, the current-voltage character-
istics of a solar cell in the multi-diode model is [34], [35]:

J(V) = Z Jo.i [exp (mqZT) - 1} —Ji = Jree — J1, (2.25)
where J is the current density, V' is the terminal voltage, k7'/q is the thermal volt-
age. Jrec is the recombination current density, and Ji, is the photogenerated current
density. Each recombination path ¢ is characterized by its saturation current Jo,
and its ideality factor m;. Ideal recombination processes with U An? result in
the ideality factor m = 1, which is approximately true for surface and bulk recom-
bination. Recombination in the space charge region shows a voltage dependence
with m < 2, but is negligible for most high-efficiency solar cells. Therefore, the
one-diode model can be applied with m = 1, i. e. the summation in Equation [2.25
becomes obsolete and the recombination current density is rewritten as

qV) } pn—nf

Jrec (V) = Ji — =1 =Jo———. 2.26
(V)= o [exp (47 o (2.26)
No external current flows in open circuit conditions, therefore Jyec = Jn. The

open-circuit voltage is then

kT JL,
Voe = —1 (——l—l), 2.27
P G (2.27)

where the photogenerated current density is usually approximated by the short-
circuit current, Ji, &~ Js [35].
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2.5.1 Determination of base and emitter saturation current

The diode saturation current density Jo is the sum of the emitter saturation current
density and the base saturation current density, Jo = Joe + Job. Recombinative
losses due to bulk recombination and recombination at the surface of the base are
lumped in the base saturation current density Jo,, which can be calculated
analytically [36]. If the base is in low-injection conditions An < Naop,

2
qDn; with  Leg = L, 1+ SLy/D tanh (W/Ly)

Joo = 1 N SLy/D + tanh (W/Ly) ’

(2.28)

where Leg is the effective carrier diffusion length in the base, and Ly, = v/ Dy, is
the bulk diffusion length. The surface recombination velocity S can be determined
from lifetime measurements, as has been shown in Section [2:4]

The emitter saturation current density Jo. cannot be calculated analytically
due to the non-uniform diffusion profile. It has to be calculated numerically, or
determined from lifetime measurements of suitable test structures. In lifetime
measurements of samples with a diffused emitter, photoconductance within the
emitter is negligible because the emitter is thin compared to the substrate, and
because the emitter is always in low-injection conditions due to its high doping
level. Therefore, the emitter is to be treated as a surface layer that is characterized
by an effective SRV, Se, which corresponds to the emitter recombination current
density: Jrec,e = ¢AnsSe. For a p-type base (po &= Na < no), Equationthen
becomes

_ JOe

Se © (Na + Any), (2.29)

and Joe can be determined from the effective lifetime of a sample that features an
emitter on both surfaces, by using the Equations and When assuming
Ang = Anay and x = 1,

1 1 1 2Joe
- = N, Anay) . 2.30
Teff TAuger TSRH + qn?W ( At an ) ( )

In this work, the high-injection measurement of Jpe has been performed, as pro-
posed by Kane and Swanson [37], and Cuevas [38]: A lowly doped high-lifetime
silicon wafer is used as substrate, which ensures that the injection level in QSSPC
measurements can be set such that the substrate is in high injection conditions
An > Ngop, while the emitter is in low injection. The high-injection SRH lifetime
is independent of the injection level. The emitter saturation current Joe can be
therefore determined by Equation from the slope of a plot of (Te}fl — Tg‘}gcr)
versus Anay, as shown in Figure
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Figure 2.2: Illustration of the Kane-Swanson method for the determination of the
emitter saturation current. The inverse lifetime 75 — T;l}ger of a c-Si
wafer that features an emitter on both sides, is plotted against Anay.
The emitter saturation current is extracted from the slope of a linear fit
to the measured data, by Equation . In this example, W = 300 pym
and Joe = 40fA /cm®.

2.5.2 Contributions to the emitter saturation current

All carrier recombination that occurs on the emitter side of the pn-junction is
lumped in the emitter saturation current density Joe which therefore depends on
both, the emitter surface recombination velocity that is subject to the emitter
surface passivation, and on the emitter bulk recombination.

In order to separate the carrier recombination rate in the bulk of the emitter
from that at the surface, the transport and recombination processes have to be ana-
lyzed, accounting for the doping-dependence of the bulk carrier lifetime, the carrier
mobility and the bandgap narrowing in highly doped silicon [7,[39][40]. This has to
be done numerically because the non-uniform emitter diffusion profile prohibits an
analytical description. Finite-element simulation tools like SENTAURUS (formerly
named DESSIS) are mostly employed, which is also used in the microelectronics in-
dustry [39] 4I]. However, such analysis would exceed the scope of this work, which
therefore concentrates on the emitter saturation current as a combined measure
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of both, the quality of the emitter surface passivation and the suitability of the
diffusion process for manufacturing high-efficiency solar cells.

Depending on the carrier diffusion length Lemitter in the emitter bulk, three
different regimes are distinguished [42]:

e Opaque emitter: The bulk diffusion length in the emitter is much smaller
than the junction depth, Lemitter < 2jct, hence electron-hole pairs that are
photogenerated in the emitter will recombine before they reach the pn-
junction. The emitter saturation current is then determined by the bulk
recombination rate, and the passivation of the emitter surface has no effect.

e Semi-transparent emitter: Lemitter = 2jot. This is the case in most in-
dustrial solar cells. Both, surface and bulk recombination contribute to Jpe.

e Transparent emitter: Lemitter > 2jet. Bulk recombination can be ne-
glected, so photogenerated electron-hole pairs only recombine at the surface.
The emitter saturation current is therefore determined by the surface recom-
bination rate, which also means that the efficiency of the surface passivation
is highest with a transparent emitter. A well-passivated transparent emitter
allows for the highest short-circuit current of the solar cell.

The dopant concentration within the emitter region is not uniform but decreases
from the surface towards the pn-junction. Depending on the diffusion process,
the near-surface region of the emitter can have dopant concentrations near the
solubility limit, which accounts for an intrinsic carrier recombination rate that
makes this region opaque. This is called a dead layer, because carrier pairs that
are photogenerated there will recombine and hence do not contribute to the cell
current. Therefore, an emitter diffusion process that is suitable for the production
of high-efficiency solar cells has to be designed such that the formation of a dead
layer is prohibited.

Equation shows that the Auger recombination rate in low-level injection,
An < Naop, is proportional to the dopant concentration Nj.>”. The intrinsic
carrier lifetime corresponding to the solubility limits (1.0 x 102t em ™3 for boron
and 1.3 x 10*! cm™? for phosphorus [43]) is in the 10~2 ns range for both n*- and
p+-Si, leading to bulk diffusion lengths in the 1072 ym range. Such a highly-doped
emitter surface region is therefore detrimental for the performance of a solar cell,
even if its thickness is only in the order of 1% of the emitter depth (which is usually
in the order of 1 um).
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2.6 Analytic model for the base saturation current of locally
contacted cells

Highly efficient silicon solar cells with a front pn-junction feature a passivated rear
surface with locally defined, dot- or stripe-shaped contacts [44]. The passivated
surface area shows a low recombination velocity, while the area below the metal
contacts, which is usually a few percent of the total cell area, exhibits a higher
SRV. This rear side structure is usually combined with a passivated emitter, and
called passivated emitter and rear cell (PERC) [45]. The spatially inhomogeneous
SRV leads to a spatially inhomogeneous carrier concentration at the surface of
the base, and to a spatially inhomogeneous recombination current. A transport
model for locally contacted solar cells therefore has to consider three dimensions in
space to describe both, lateral current flow and current flow perpendicular to the
surface. Finite element device simulation programs, such as SENTAURUS have thus
been commonly used for optimizing the geometry of local base contact schemes to
achieve both, a low series resistance and a low overall rear surface recombination
velocity [411 [46), [47]. Another technique was used by Rau, who developed a three-
dimensional transport model based on the Fourier decomposition of the transport
equations [48].

Analytic solutions of the transport problem can be derived for particular contact
layouts, like narrow-spaced or widely-spaced dot- or stripe-shaped contacts. Fis-
cher developed a closed analytic expression for the base saturation current density
of a locally contacted solar cell, that holds particularly for small lateral dimensions
and narrow spacing of the local contacts when compared to the thickness of the
cell [49]. The derivation of his model is sketched in Section In Section [2.6.3]
Fischer’s theory is adapted to the case of widely-spaced, large contacts. In Section
[26.5] the large-scale and the small-scale approximation are combined to a model
that holds in both extreme cases, and analytically approximates the base satura-
tion current density, for arbitrary recombination rates in the passivated and the
metalized rear surface areas.

The model requires the calculation of the series resistance from the locally con-
tacted rear side to the pn-junction of the solar cell. Analytic approximations of
the series resistance are shown for dot- and stripe-shaped contacts in Section [2.6.4
The experimental verification of the model is performed using a-Si:H for surface
passivation, and is the topic of Section [3.3

2.6.1 Definition of the problem

For a full-area contacted solar cell with a spatially homogeneous rear surface re-
combination velocity S, the carrier transport is one-dimensional, and the base
saturation current density in [li condition can be rewritten from Equation [2.28
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50, 35]:
Jo gDno SLy + Dtanh (W/Ly) _ qDno (2.31)
%= "L, D+ SLytanh (W/Ly)  Lex :

with D being the minority carrier diffusion constant, no = n? /Naop the equilibrium
minority carrier density, and L.g the effective diffusion length. All recombinative
losses in the base are lumped in the base saturation current density, which deter-
mines the current-voltage characteristics after Equations 2:25] and [2:26] Carrier
recombination at the rear surface controls the rear SRV S, and carrier recombina-
tion in the bulk controls the bulk diffusion length Ly,.

2 rear
iy p 2r  metalization
X +—z=W

—z=0
passivation =
layer —m—" —
base '[ T . base
— ||_V| = emitter m——
Siet Spass Soet Space front metalization

Figure 2.3: Schematic structure of solar cells with passivated rear side and (a)
stripe-contacts or (b) dot-contacts.

Figure [2-3] schematically sketches two solar cells with their locally contacted rear
sides facing upwards. The contacted fraction of the device area is fstripes = a/p
for the stripe contacts, and faots = 772 /p* for the dot contacts, with p being the
period length of the contact pattern, a being the stripe width, and r being the dot
radius. Spass is the carrier recombination velocity of the passivated surface area
between the contacts, and Smet is the SRV of the area below the contacts. The
surface parameters Spass, Smet, f, and p control the overall carrier recombination
rate at the rear surface, and thus the base saturation current density Job.

The base saturation current density is determined by the effective carrier dif-
fusion length L. in the base, as shown in Equation [2.31} The effective diffusion
length can also be obtained in case of a spatially inhomogeneous rear SRV, by solv-
ing the minority carrier diffusion equation in dark conditions, i.e. without carrier
generation,

V2n (r) — "L(g) =0 (2.32)

with boundary conditions that comply with the contact design of the solar cell
[36]. In case of a large bulk diffusion length compared to the thickness of the base,
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Ly, /W — oo, Equation simplifies to the Laplace equation
Vin (r) = 0. (2.33)

However, numerical techniques are necessary to solve even Equation [2:33] for an
arbitrary set of boundary conditions, if the current flow in the solar cell is more
than one-dimensional. A theoretical model of the saturation current density Job
as a function of Spass, Smet, f, and p is therefore required to predict the impact of
the rear contact geometry on the efficiency potential of a solar cell.

Schofthaler found a scaling law that permits the calculation of the base saturation
current of locally contacted solar cells with Ly, >> W, in two extreme cases [51]:

e In the small-scale limit, where the period length of the contact layout is
much smaller than the thickness of the base, p <« W, the excess carrier
concentration at the rear surface is spatially homogeneous, and the base sat-
uration current Jop, is therefore determined by the area-averaged rear surface
recombination velocity, Segt = fSmet + (1 — f) Spass, via the Equation m

e In the large-scale limit, where both the contact spacing and the lateral
dimensions of the contacts are larger than the base thickness (p,a > W
for contact stripes and p,2r > W for contact dots), lateral current flow is
negligible. The solar cell can be therefore described as two diodes connected
in parallel: One with the area fraction f and the rear SRV Spet, and another
one with the area fraction (1 — f) and the rear SRV Spass. In this case,
the base saturation current is the area-weighted sum of the base saturation
currents Job,met and Jopb, pass that are calculated from Spet and Spass by the

Equation Job = fJob,met + (1 — f) Job,pass -

The model for the saturation current density Jo,, that is derived in the following
Sections interpolates between the small-scale case, and the large-scale case.

2.6.2 Previous work: small-scale case

Fischer developed a fully analytic technique to calculate the base saturation current
density of a locally contacted solar cell that holds independently of the lateral
contact sizes and period length of the contact layout, if the following requirements
are fulfilled [49)]:

1. Spass = 0: Ideal passivation of the surface areas between the local contacts.

2. Ly > W: Large bulk diffusion length when compared to the thickness of the
base.
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3. The emitter is approximated by an equipotential surface, which means that
the sheet resistance of the emitter is negligible, and therefore no lateral volt-
age drop occurs.

Fischer’s idea was to solve the two-dimensional transport problem by exploiting
the formal equivalence between two physically very different entities [49]: (i) The
minority carrier concentration n (r) under reverse injection in the dark, which is
determined by Equation and (ii) the electrostatic potential ¥ (r) that drives
the majority carrier current. Both, n (r) and ¥ (r) are determined by the Laplace
equation with equivalent boundary conditions, if the requirements 1-3 are fulfilled.
This formal equivalence permits to express the base saturation current density Jop
in terms of the series resistance R), for the majority carrier current in the base,
and in terms of the SRV Syt of the surface area below the contacts:

—1
Ry D
cont = D — . 2.34
Job,cont = q n0<p+fsmet) (2.34)

The index “cont” denotes that the model includes only carrier recombination be-
low the contacts, and neglects recombination in the passivated rear surface areas
(Spass = 0). Although the model was originally only developed for dot-like rear
contacts, Equationholds independently of the actual contact geometry, which
enters only indirectly via the metalized surface fraction f and the resistance term
Ry,.

The resistance term R}, is defined as the series resistance from the locally con-
tacted rear surface of the base with thickness W and resistivity p, to an equipo-
tential surface at the front side of the base (which is the idealized emitter). Per
definition, all local rear contacts have the same electrostatic potential, in order to
ensure that the majority-carrier current-flow pattern that defines the series resis-
tance Ry, is the same as the flow pattern of the diffusion-driven minority carrier
current. A simple way to experimentally deduce R} is to prepare a wafer of the
same resistance and thickness as the base, with local contacts on one side, and
with a full-area ohmic contact on the opposite side that represents the equipoten-
tial surface.

Effective rear surface recombination velocity

If the bulk diffusion length is large, L, > W, as is the case in Fischer’s approxi-
mation, Equation simplifies to

(2.35)

s
Job = qDng——-o——.
ob = 4N /TS
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Analogously to Equation Fischer defines the effective rear surface recombi-
nation velocity of a locally contacted solar cell,

S i (0 W
cont -]Ob,cont D ’

which lumps all surface recombination paths of one particular rear surface design.
The value of Scont depends on the contact geometry via the series resistance term
Ry, just like the diode saturation current density.

Although Equation was derived only for negligible bulk recombination,
Ly, > W, Fischer proposed to approximate the diode saturation current density of
a solar cell with non-negligible bulk recombination (Ly, < W) by first calculating
Scont from the Equations [2.34] and [2:36] where bulk recombination is neglected.
The obtained value is then used to calculate the total base saturation current den-
sity Job from the one-dimensional Equation 2:31} This method accounts for both,
laterally inhomogeneous rear surface recombination and carrier recombination in
the bulk, in the calculation of the diode saturation current density. The accuracy
is better than £5% when compared to saturation currents obtained with Rau’s
three-dimensional Fourier-decomposition method [48] [49].

(2.36)

Approximation of the base saturation current in the small-scale case

Equation[2-34]accounts only for carrier recombination below the local base contacts,
while the recombination rate at the passivated rear surface areas is neglected.
However, even well-passivated surfaces contribute to the saturation current, and
it is therefore desirable to have a model that accounts also for a non-vanishing
recombination rate at the passivated rear surface areas, Spass > 0. In order to
include carrier recombination (Spass > 0) in the passivated rear surface areas in the
model, Fischer approximated the effective rear SRV by adding the area-weighted
SRV of the passivated regions to Scont,

Seﬂ,small = Scont + (1 - f) SpaSS7 (237)

which is correct in the small-scale case p < W, where Scont = fSmet (see Sec-
tion for the calculation of Ry). The base saturation current is calculated
analogously to Equation [2.35]

Seﬂ,small
D + WSeff,small

The Equation was shown in Reference [49] to deviate less than 1% from
effective SRVs that were obtained by Rau’s three-dimensional Fourier-transform
method, even if the period length p is of the same order as the base thickness W,

Job,sman = ¢Dno (2.38)
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as long as the contact coverage is smaller than f < 50%, and Smet > Spass. How-
ever, Equation fails in the large-scale case p > W, where the recombination
currents of the passivated and non-passivated areas add, and not the recombination
velocities. Fischer’s model therefore covers the range from small-scale, p < W, to
p~W.

2.6.3 Parallel-diode approximation: large-scale case

Figure[2:4h shows the sketch of a solar cell with its locally contacted rear side facing
upwards. The local surface recombination velocities are Spyet below the contacts,
which cover a fraction f = a/p of the rear surface, and Spass in the passivated
surface areas, which cover the fraction (1 — f) = (p —a) /p of the rear surface.
The busbar is not shown for the sake of simplicity.

If bulk recombination is neglected (Ly /W — o0), the total recombination current
that flows through the rear surface is the sum of the recombination current through
the surface areas below the local contacts, and of the recombination current through
the passivated rear surface areas. The total base saturation current density is
therefore, after Equation

Job = Job,s + Job,(1-9), (2.39)

where Jop,; lumps all carrier recombination below the contacts that cover the area
fraction f, and the saturation current density Jou, (1—; lumps all carrier recombi-
nation at the passivated rear surface areas that cover the area fraction (1 — f).

Equation holds independently of the lateral sizes and period length of the
contact layout. However, exact analytic solutions for the contributions Jon,; and
Job,(1—y exist only if the passivated rear surface areas and the contact-covered
parts can be regarded as separate diodes that are connected in parallel. That is
the case in the large-scale limit when both the contact spacing and the lateral
contact dimensions are large compared to the thickness of the base, p,a > W
for stripe-shaped contacts and p,2r > W for dot-shaped contacts. In this case,
Job,s = fJob,met and Job,(1—p = (1 — f) Job, pass-

The idea of the parallel-diode model is to approximate the minority carrier
concentration n (r) of the solar cell shown in Figure , by the sum (modulo the
carrier concentration at the pn-junction ng exp (—gV/kT') ) of the carrier concen-
trations of two separate diodes that only show carrier recombination either (i) at
the local contacts (Spass = 0, Smet > 0) or (ii) at the passivated surface areas
(Spass > 0, Smet = 0). These two hypothetical devices are sketched in Figures

!The derivation of the model is independent of the contact geometry. However, the illustrations
shown in this Section are restricted to a stripe-contact layout to provide more clarity.
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Figure 2.4: (a) Sketch of a solar cell with its stripe-contacted rear side facing up-
wards. The SRV below the contacts is Smet > 0, and Spass > 0 in
between the contacts. (b) The same device as in (a), featuring no car-
rier recombination in the non-metalized part of the rear surface. (c)
Diode with a metalization scheme that is complementary to the one in
(a). The SRV below the contacts is Spass > 0, and Smet = 0 in between
the contacts.

[2-4p and 24k, respectively. Due to the linearity of the Laplace equation [2:33] the
recombination current of the solar cell shown in Figure 2-4p is then the sum of the
recombination currents of the devices shown in the Figures 2:4p and 2-4f.

Therefore, the model allows to separate the contributions Job,; and Jop, (15 to
the total base saturation current density according to Equation [2.39

e Job, is approximated by the base saturation current density of the device
shown in Figure[2-4p, because this device exhibits only carrier recombination
in the metalized rear surface areas, and

® Job,(1—y is approximated by the base saturation current density of the device
shown in Figure 2.4k, because this device features only carrier recombination
in those rear surface areas that are non-metalized in the original solar cell.
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Contribution of the metalized areas to the base saturation current

Figure [2.4p shows a device that features carrier recombination only below the
contact stripes, where the local SRV is Smet > 0. The local SRV of the passivated
rear surface areas is Spass = 0. The device therefore fulfills the requirements for
Equation to be valid, and its base saturation current density is

-1
Ry D
cont — D — . 2.4
Job,cont = ¢ n0<p +meet> (2.40)

The saturation current density Job,; is approximated by Job,cont in the model,
Job,; & Job,cont; (2.41)

as described above.

Contribution of the passivated areas to the base saturation current

The contribution of carrier recombination at the passivated rear surface areas to
the total base saturation current density is denoted by Joi, (1. It is approximated
by the saturation current density of a device that features only recombination at
the passivated fraction of the surface (Spass > 0), and no recombination below the
metalization (Smet = 0). In order to apply Equationto such a device, the series
resistance term Ry, has to be calculated as if the area that shows the non-vanishing
SRV, was electrically contacted. The local contacts and the non-contacted regions
of the original solar cell shown in Figure 2:4h are therefore simply interchanged,
and a contact layout that is complementary to the original one results. However,
the allocation of the SRVs Smet and Spass to the respective regions of the rear
surface of the device, is the same as in the original cell.

Figure 2-4c shows a device with the complementary rear side layout, where con-
tacted and non-contacted parts are interchanged. The “complementary contacts”
cover the fraction (1 — f) = (p — a) /p of the rear surface area. By definition, the
SRV below the complementary contacts is Spass > 0, and no carrier recombination
occurs in the non-contacted areas (Smet = 0). The base saturation current density
of the complementary structure is then calculated analogously to Equations [2.40

and 247}

~ -1
Ry D
J _a~qgDno| — + —i—— . 2.42
ob,(1—5) ~ qLUTo < P 1-7) Spass) ( )
The series resistance term Rb is defined analogously to Ry, as the resistance from
the rear surface featuring the complementary contact geometry, to an equipotential
surface at the front side of the base.
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Total base saturation current

The total base saturation current Jo, is calculated from Equation @ as the sum
of the approximations for Job s and Jop,(1—p given by the Equations and [2.42]

-1 ~ -1
Ry, D Ry D
J arge — D — + + —ta /9 - ’ 243
Ob,larg; qL/no ( p meet) ( P (1 — f) Spass) ( )

The corresponding effective rear surface recombination velocity Ses is defined anal-
ogously to Equation [2:35]

—1
qno 1%
eff,large — - T = . 2.44
5 o larg (JOb,large D> ( )

Equations 2238 and [2:43] hold independently of the actual contact geometry,
which enters only implicitly via the metalized fraction f of the rear surface, and
the series resistance terms Ry, and Ry,. Therefore, all that is needed for calculating
the diode saturation current density Jop, are analytic approximations for the base
series resistance Ry of dot- and stripe-contacted solar cells, and of the respective
resistances Ry, of the complementarily contacted structures.

The parallel-diode approximation is designed to be valid in the mid- to large-
scale range, p =~ W to p > W, that is not covered by the approach shown in Section
Since Equation [2.34]is used for the approximations of Job, s and Jop, (1, the
requirements 2 and 3 of Fischer’s model shown in Section [2:6.2] also hold for this
model, i.e. the bulk diffusion length is assumed to be large compared to the base
thickness, L, > W, and the emitter is approximated by an equipotential surface.

2.6.4 Model for the base series resistance

The base series resistance Ry, is defined as the electrical resistance from the locally
contacted rear surface of the base, to an equipotential surface at the front side
of the base (which approximates a highly conductive emitter). Since a full-area
metallic contact at the front surface of the base also forms an equipotential surface,
a simplified structure is used as a model for the calculation of Ry: A wafer of the
same resistance p and thickness W as the base, with local contacts on one side and
with a full-area contact on the other side, as shown in Figure [2:5

Following previous work [49], the base series resistance is approximated regard-
less of the specific dot- or stripe-contact geometry by

Rb = pW (1 - e*W/p) + AunitRspread, (245)
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(a) small scale case (b) large scale case

local contacts

] pecsaicn
0000

surface

Figure 2.5: Cross-sectional view of a wafer with local contacts on one side, and a
full-area contact (equipotential surface) on the opposite side. The series
resistance across the wafer is Ry. (a) Small-scale case (p < W): Ry
is determined by the resistivity p of the wafer. (b) Large-scale case
(p > W): Ry, is determined by the spreading resistance Rspreada. The
current flow is sketched by blue lines in both cases.

where p and W are the resistivity and the width of the base, respectively. The
spreading resistance Rspread is defined as the resistance from a single disk- or stripe-
shaped contact on one side of an infinitely extended conducting slab, to the full-
area contacted opposite side [52]. The unit area Aunit of the contact pattern is
Aunit = lp for a pattern of equidistant contact stripes with spacing p and length [,
and Aunit = p2 for a square pattern of dot contacts. Equation results in the
specific base series resistance in [Qcmz], which is independent of the actual size of
the solar cell. All that is needed to calculate the base series resistance is therefore
the spreading resistance of the respective rear contact design.

Equation interpolates between the two asymptotic limits for the base series
resistance, the “small-scale case”, p < W, and the “large-scale case”, p > W. The
small-scale case is represented by the first term on the right-hand side: If the
contact spacing is small compared to the width of the base, the current will flow
only perpendicular to the wafer surface, as is sketched in Figure[2.5h. The current
flow pattern is therefore the same as in a full-area contacted wafer [49]. The base
series resistance is then determined by Ohm’s law, and approaches

Ry =pW for p< W, (2.46)

regardless of the coverage f of the local contactsﬂ

The large-scale case is represented by the second term on the right hand side
of Equation If the contact spacing is large compared to the thickness of
the base, p > W, the current paths from neighboring contacts towards the front

' The contact resistivity from metal to semiconductor is not accounted for in this model.
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surface do not interfere, as sketched in Figure [2.5b. The base series resistance in
the large scale case,

Rb - AunitRspread for P > VI/, (247)

is then determined by the spreading resistance and by the contact spacing. How-
ever, the contact width a must increase with increasing contact spacing p, for a
given contact coverage f, and the spreading resistance eventually approaches its
geometrical limit

w w
Rspread - Api =r

= for p,a>W, 2.48
contact fAunit p ’ ( )
because the effect of the current “spreading” in the edge region of the contact
becomes negligible due to the increasing lateral dimensions of the contact [52].
The base series resistance in the large-scale limit therefore finally approaches

oW
-

which can be simply understood as the contacted and non-contacted areas of the
base being connected in parallel. Any approximative analytic model for the spread-
ing resistance must therefore satisfy Equation to be suitable for modeling the
base series resistance, and hence the base saturation current of locally contacted
solar cells.

Ry for p,a>W, (2.49)

The base series resistance R}, approximates the contribution of carrier transport
in the base, to the total series resistance Rs of a non-illuminated solar cell. In
order to model the total series resistance of a solar cell, the contribution of carrier
transport in the emitter, the resistances of the contact grids, the contact resistances
to the emitter and the base, as well as the impact of illumination on the series
resistance have to be considered. Former investigations showed that the base series
resistance of high-efficiency PERC solar cells is mostly independent of the actual
illumination intensity and operating point of the cell, since the current-flow pattern
is governed by spreading resistance and not by injection effects [46] 53] 34]. Thus,
Ry, may also be considered as an approximation for the base series resistance under
illumination.

Base series resistance for stripe-shaped contacts

In case of equidistantly spaced, stripe-shaped rear contacts, an analytic approxi-
mation for the spreading resistance is used that was derived by Gelmont and Shur

54 53],
p . Ta
Rspread,stripe = % v(a) with a= o (2.50)
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where
K (1/tanha)

7(@) = K (tanha) ’
and [ is the length of the contact stripes. The function K is the complete elliptic
integral of the first kind. Its solution can be looked up, e.g. in Reference [50].
However, the function « («) is approximated analytically following Reference [55],
in order to provide a fully analytic model for the diode saturation current in this
work:

(2.51)

2
B
Il

vecosha — 1 V2’
-1
2(1+\/tanha) 1
m|ln| ———~ if — <tanha<1. (2.52)

1 2 (\/cosha + 1) 1
—In| ———= if tanha < —
g

2
B
I

1 — vtanh « V2

The base series resistance for a pattern of equidistant contact stripes is then ob-

tained from Equation
Rb,stripes = pW (1 - 67W/p) + % Yy (a) s (253)

where the contacts are assumed to extend until the edges of the device, as shown
in the inset of Figure The series resistance Rp,stripes 1S therefore independent
of the length [ of the stripes.

Figure shows R, stripes for contact coverages f = 1% and 10% of the rear side
of the base, in the range 107% < p/W < 10®. In the large scale-limit p,a > W,

Equations [2:50] and 2:52] lead to
oW
Rspread stripe = = f 5 W, 2.54
pread,strip Inf or p,a= ( )

and thus Rp stripes = pW/ f, as is demanded by Equation In the small-scale
limit, the base series resistance is Rp stripes = pW for all contact coverages f, as
described above.

Therefore, Equations [2.50] .52, and 2.53] provide an analytic model for the base
series resistance of locally stripe-contacted solar cells, that holds analytically exact
in both, the small-scale limit and the large-scale limit.

The series resistance Rbﬁmpes of the complementary contact layout is needed
together with Ry stripes to calculate the base saturation current density of a stripe-
contacted solar cell from Equation The calculation of Rb,stripes is simple
in case of stripe-contacts, because the complementary structure consists again of
equidistant stripes, as is illustrated in Figure [2.4] Therefore, Equation [2.53] also
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Figure 2.6: Normalized base series resistance Ry, /pW for stripe contacts, as a func-
tion of the normalized spacing p/W of the contact stripes.

holds for the complementary-contact structure, if the stripe width a is replaced by
(p—a):

Rb,stripes = pW (1 - 67W/p) + be Yy (&) with a= T (p — a) (255)

2 aw
Again, Equation interpolates between the small-scale case
Ry stripes = pW  for p < W, (2.56)
and the large-scale case
Rb,stripes = 1p1/Vf for p,(p—a)>W, (2.57)

as demanded by the Equations and

Base series resistance for dot-shaped contacts

In case of dot-shaped base contacts, an approximation for the spreading resistance
Ripread,dot 1s used that was derived by Fischer [49]:

1/n

1\ W\
Rspread,dot =p |:<47”) + (ﬁ) :| 5 (258)
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where r = p +/ f /7 is the radius of the contact dot. Equationapproximates the
exact solution that was found by Brooks and Mattes [52], but which has to be solved
numerically. Reference [49] shows that the relative deviation of Equationfrom
the exact solution by Brooks and Mattes, is less than 2% for all values of the dot
radius r. The smallest deviation is achieved with n = 1.72, which is therefore used
throughout this work. Equation [2:58|interpolates the spreading resistance between
the two asymptotes for small radius r < W where Rspread,dot = p/4r, and for
large radius compared to the wafer width, r > W, where the spreading resistance
approaches its geometrical limit Rspread,dot = pVV/m"2 m

The base series resistance for a square pattern of circular contact dots is then,
after Equation [2.45]

Rb,dots = pW (1 — e*W/p) +p2Rspread,dota (259)

which is shown in Figure as a function of the ratio of period length p to wafer
thickness W, for coverages f = 1% and 10%.

(a) (b)
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Figure 2.7: (a) Normalized base series resistance Ry, /pW for dot-shaped contacts in
a square pattern, as a function of the normalized period length p/W. (b)
Base series resistance Ry /pW for the complementary contact layout.

Just like the approximative formula for stripe contacts, Equation meets the
asymptotic limits of the small-scale case,

Ry.dots = pW  for p << W, (2.60)
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and in the large-scale case,

Rb,dots = g for D, 2r > VV7 (261)

as demanded by the Equations and

The accuracy of Equation was checked in Reference [49] against three-
dimensional modeling of the base series resistance using the Fourier transform
method [48]. A maximum deviation of less than 2% was obtained for f < 10%,
and 107% < p/W < 10®. Commonly applied metal coverages are below f < 5%
for high-efficiency solar cells [44] [47], which means that the Equations and
2559 represent a generally valid analytic model for the base series resistance of dot-
contacted solar cells.

The series resistance Rb,dots of the complementary contact layout has to
be calculated for a device that features a rear-side contact that is perforated with
holes of spacing p and radius r in the place of the original contact dots, as shown
in the inset of Figure . Since this contact structure is connected over the whole
device area, and thus cannot be separated into local contacts featuring a simple
symmetry like stripes or dots, Rb,dots cannot be calculated via the spreading-
resistance approach from Equation [2.45] However, the reasoning which leads to
the Equations and that describe the small-scale and large-scale limits
of the base series resistance, holds independently of the rear contact geometry.
Obviously, the current flow from the rear surface to the front surface will be parallel
for p < W as sketched in Figure , which leads to the small-scale limit

Rydots = pW  for p< W (2.62)

of the complementary-contact series resistance. If the period length p increases
such that the distance between the edges of neighboring holes becomes large when
compared to the thickness of the wafer, (p — 2r) > W, the contacted and non-
contacted areas can be regarded as connected in parallel. The resistance then
reaches its large-scale limit

~ w
Ry dots = 1P_7f for p,(p—2r)>W. (2.63)
An expression that is similar to Equation [2:45] and interpolates between the
small-scale and the large-scale limit is used in this work as an approximation for
the base series resistance of the complementary-contact structure in case of dot-
contacted solar cells:

Rb,dots = pW (1 - f67W/p)_1 ) (264)
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which is shown in Figure as a function of the ratio of period length p to wafer
thickness W, for coverages f = 1% and 10%.

The relative error of the resistance calculated from Equation [2.64] approaches
zero in the small-scale case and in the large-scale case, where the value of Rb,dots
is independent of the contact layout. The error is ARb dots/Rb.dots < (1 — f)~! in
the intermediate range p ~ W. However, the only use of the parameter Rb,dots in
this work is to calculate the contribution Joy, (15 to the base saturation current
of dot-contacted solar cells from Equation [2.42] which is robust against variations
of Ry qots. In case of a solar cell with well-passivated base, Spass ~ 1072D/W and
contact coverage f < 10%, which are typical values for high-efficiency solar cells
[45] [47], a variation of ARb,dots/Rb,dots = 10% would result in a variation of the
saturation current of only AJoy (15 /Job,(1—p < 0.1%.

The approximation of Rb,dots by Equation is therefore suitable to be used
for the calculation of the base saturation current in the analytic parallel-diode
model, by the Equation [2.43

2.6.5 Interpolation between small-scale case and large-scale case

The models shown in Sections [2.6.2] and 2.6.3] for the base saturation current den-
sity of PERC solar cells, hold only for small or large dimensions of the local base
contacts, when compared to the thickness of the cell: Fischer’s model (Equation
holds in the small-scale case of p < W, and the parallel-diode model (Equa-
tion holds in the large-scale case of p,a > W or p,2r > W, respectively.
However, none of the models holds in both extreme cases, so one has to interpo-
late between the Equations [2.38| and to obtain an approximation for the base
saturation current density that is valid, both in the small-scale limit and in the
large-scale limit.

Interpolation method

The small-scale model represented by Equationwas shown in Reference [49] to
deviate less than 1% from saturation currents that were obtained by Rau’s three-
dimensional Fourier-transform method, in the range from p < W to p ~ W, and
for Spass < W/ D, which is the case in high-efficiency PERC solar cells. The large-
scale parallel-diode approximation requires that the metalized and the passivated
areas of the solar cell can be regarded as connected in parallel, which is the case if
the lateral dimensions of the contacts are large when compared to the thickness of
the base: x > W, with x = a for stripe-shaped contacts, and x = 2r for dot-shaped
contactsﬂ

! Actually, both the contact spacing and the contact width must be larger than W, for the same
reasons as discussed in Section @ However, a successful contact layout for PERC solar
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Therefore, the model proposed in this Section switches from the approximation
of Jor by Equation to Equation when the lateral size of the local contacts
isx=W:

JOb = J()b,small X gsmall (-T) + JOb,large X glarge (:C) 9 (265)

where Job,sman and Job,large are defined by Equations 2:38) and [2:43] respectively.
The functions {sman and &iarge interpolate between 0. ..1 with &sman = Elarge = 0.5
ifx=W:

Coman = 0.5 [1—|—tanh (—ln %)} , and
flarge = 0.5 [1 + tanh (m%)] : (2.66)

Discussion

The model shown above allows to analytically calculate the base saturation current
Job of solar cells with passivated, locally contacted rear sides from the Equations
and in case of stripe-contacted solar cells, and from the Equations
[2.65] 2.59] and [2.64] in case of dot-contacted solar cells. The model requires that
bulk recombination is negligble, Ly, > W.

Figure [2.§ shows the base saturation current density of stripe-contacted solar
cells as a function of the period length p, and of the contact coverage f. Dimen-
sionless expressions for the surface recombination velocity s = SW/D and for the
diode saturation current jo = JoW (¢Dng)”" are introduced in order to discuss
the results of the model independently of the dopant type, the resistivity, and the
thickness of the base. In case of negligible bulk recombination, the Equation [2:35]
then simplifies to

Seff

14 Seff’

Job = (2.67)
where s. is the effective rear surface recombination velocity times W/D.

Figure illustrates the interpolation between the small-scale part and the
large-scale part of Equation [2.65] It shows the base saturation current density jon
of stripe-contacted solar cells as a function of the normalized period length p/W.
The local surface recombination velocities are chosen such that the deviations of
the parallel-diode approximation from the small-scale limit, and of Fischer’s model
from the large-scale limit, become obvious. The value smet = 100 corresponds to
a non-passivated crystalline silicon surface, Smet = 10° cm/s for a 300 pm-thick
p-type wafer with p = 1016 cm =3,

cells features in any case f < 10% to achieve a low surface recombination rate. Therefore
z > W implies that the spacing is (p — z) > W.
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Figure 2.8: Normalized base saturation current density job = JopW (ano)71 cal-
culated for stripe-shaped contacts. (a) Saturation current densities as
a function of the normalized period length p/W . The parallel-diode ap-
prozimation job,large 1S shown as the blue curve, and Fischer’s model
Job,small as the orange curve. The base saturation current density job
(red curve) that is calculated from Equation meets both asymptotic
limits for p < W and for p > W. (b) Base saturation current density
job as a function of the contact coverage f. The contact spacing is var-
ied from small-scale to large-scale. A typical value for high-efficiency
PERC solar cells is p =~ 5W.

The limits for the base saturation current density can be calculated indepen-
dently of the contact layout: In the small-scale limit p < W, the carrier concen-
tration at the rear surface becomes spatially homogeneous, so that the diffusion
equation becomes one-dimensional. The effective rear surface recombination
velocity is then the area-weighted sum of the local SRV,

Seff,small — fsmet + (1 - f) Spass if pLW, (268)

and the respective base saturation current density job,sman is given by Equation
For smet = 100, spass = 0.5, and f = 10%, the result is job,sman = 0.91, which
is met within £0.1% by the interpolation model.

In the large-scale limit p,x > W, lateral current flow becomes negligible.
The solar cell can be regarded as two diodes connected in parallel: One with
rear SRV smet and area fraction f, and the other with rear SRV spass and area
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fraction (1 — f). Consequently, the total base saturation current density is the
area-weighted sum

j()b,large = ijb,met + (1 - f) job,pass lf D, T > W, (269)

where the local base saturation current densities are given by

% and  job pass = % (2.70)
analogously to Equationm For smet = 100, Spass = 0.5, and f = 10%, the result
i8S job,large = 0.40, which is met within £0.1% by the interpolation model.

Figure [2.8b shows the base saturation current density jop of stripe-contacted
solar cells as a function of the contact coverage f, in the small-scale limit, in the
large-scale limit, and for p/W = 5. The value p/W = 5 is typically found for
high-efficiency solar cells (e.g. p = 1.5mm for W = 300 pm) [47]. In each case, the
base saturation current density is job = Jjob,pass for f = 0, and job = Job,met for
f = 1. In the large-scale limit, the saturation current jo, is a linear function of the
contact coverage f as shown by Equation m The curve for p/W =5 follows the
small-scale limit for f < 10™*, where < W, and approaches the large-scale limit
for f — 1.

Figure [2:8shows that the base saturation current decreases with increasing con-
tact spacing, for any given contact coverage f. However, Figures and show
that the base series resistance increases with increasing contact spacing. Since the
energy conversion efficiency of a solar cell increases with both, decreasing satura-
tion current, and decreasing resistance, the period length and the contact coverage
have to be optimized to achieve the optimum efficiency of PERC solar cells. The
model shown in this Section can be used to implement such an optimization rou-
tine in one-dimensional device simulations by using the base saturation current
and the base series resistance calculated from the Equations [2.65] [2.53] and [2.59]
respectively.

jOb,met =

Figure 2:0p shows the normalized base saturation current densities jo, for dot-
and stripe-contact layouts, as a function of the period length p. In both cases, the
large-scale limit and the small-scale limit are correctly reproduced by the model.
The parameters smet = 102, Spass = 1072, and f = 5% are chosen to meet typical
values of PERC solar cells [47]. The dot-contact layout leads to a base saturation
current that is up to a factor of 1.8 smaller than with the stripe-contact layout,
when compared at the same period length in the range p/W =1...10.

Figure [2.9b shows the normalized base series resistance Ry, (pW) ™" for dot- and
stripe-contact layouts, as a function of the period length p, again for f = 5%. The
base series resistance is larger with the dot-contact layout than with the stripe-
contact layout, when compared again at the same period length. The range of
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Figure 2.9: (a) Normalized base saturation current job = Jon W (ano)f1 for dot-
and stripe contacted solar cells. (b) Normalized base series resistance
Ry, (pW)f1 for dot- and stripe-contacted solar cells. Dot-contacted so-
lar cells show a smaller base saturation current density, but a larger
base series resistance than stripe-contacted ones with the same contact
coverage and pertod length.

job and Ry, that results in the maximum solar cell efficiency for a certain contact
coverage f, is therefore obtained with a smaller period length for dot contacts,
than for stripe contacts. This result was also found by Catchpole and Blakers [47],
who used finite-element numerical modelling to calculate the efficiency of PERC
solar cells as a function of f and p. In their calculations, dot- and stripe-contact
layouts led to the same maximum efficiency, however at a 2—3 times larger period
length for stripe-contacts than for dot-contacts.

2.6.6 Conclusion

The model derived in this Section allows to analytically calculate the base satu-
ration current Job, and the base series resistance R}, of solar cells with passivated,
locally contacted rear sides from the Equations and in case of
stripe-contacted solar cells, and from the Equations [2.65} [2.59] and [2.64] in case
of dot-contacted solar cells. The results obtained from the model can be used to
optimize the rear contact layout for a maximum energy conversion efficiency, in
one-dimensional device simulations.
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The model is an extension of previous work [49], that allows to fit the asymptotic
limits to the base saturation current for p — 0, p — oo, f — 0, and f — 1, as
is shown in Section The experimental verification of the model is shown in
Section by using amorphous silicon for surface passivation.






3 A-Si:H-passivation and contact formation to
solar cells: COSIMA

The CosIMA technique (contact formation to a-Si:H-passivated solar cells by means
of annealing) which was developed in this work, is a two-step process that comprises
(i) the deposition of an amorphous silicon film onto the emitter- and/or the base-
side of a solar cell, for surface passivation, and (ii) the deposition and annealing of
aluminum, for the formation of local contacts.

This chapter starts with a description of the plasma enhanced chemical vapor
deposition system which is used at ISFH for the formation of amorphous silicon
(a-Si:H) and silicon nitride (SiNy) films, in Section The quality of the surface
passivation by a-Si:H films is reviewed. Section [3.2] shows the mechanism of the
CosiMA contact formation. Contact resistivities to lowly- and highly-doped crys-
talline silicon are determined. The impact of carrier recombination at the surface
of the CosiMA-processed, locally contacted base on the base saturation current
density, is the topic of Section [3.3

3.1 Deposition parameters

Plasma enhanced chemical vapor deposition (PECVD) is used for the deposition of
a-Si:H single films and of a-Si:H/SiNx double layers on monocrystalline silicon solar
cells, and on samples designed for the determination of the quality of the surface
passivation. The detailed layout of the reactors, and the respective deposition
parameters are shown in References [3, [I9] 57]. The deposition of a-Si:H films
is carried out in an Ogzford Plasma Technology Plasmalab 80 direct-plasma CVD
reactor, which is sketched in Figure [3:Jp. The plasma is generated by a high-
frequency (13.56 MHz) electric field applied between the temperature-controlled
sample stage and the perforated upper electrode, through which the SiH4 precursor
gas enters the reactor. Due to the high plasma frequency, the acceleration periods
are too short for the ions in the plasma to cause noticeable surface damage, which
is the advantage of this method over the low-frequency plasma excitation [57]. The
deposition rate is ra-gi:g = 10 nm/min.
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Figure 3.1: Sketch of the PECVD reactors used for a-Si:H and SiN« deposition. (a)
Direct-plasma enhanced CVD reactor for a-Si:H deposition. The SiHa
plasma is generated by the 13.56 MHz electric field applied between the
gas inlet and the hot plate. (b) Remote-plasma enhanced CVD reactor
for SiNx deposition. The NHs plasma is generated in the microwave
resonator outside the reactor. Figures adapted from Reference [58].
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The thickness of the deposited a-Si:H layers is determined from cross-sectional
scanning-electron micrographs of a-Si:H-covered c-Si wafers. No dopant gases are
added during the deposition. Therefore, the amorphous silicon films are nominally
intrinsic.

Remote downstream PECVD with microwave excitation in an Ozford Plasma
Technology Plasmalab 80+ reactor is used for the deposition of amorphous, hy-
drogenated silicon nitride (SiNy). Figure shows a sketch of the reactor. This
technique also eliminates the bombardment of the surface by accelerated ions dur-
ing the deposition, because the NH3 plasma is generated in the microwave resonator
outside the reactor. The SiH4 precursor gas is added downstream.

Table [3-1] shows the parameters used for the low-temperature deposition of the
a-Si:H and SiNy films that are investigated in this work. The samples are cleaned in
NH4OH- and in HCl-solution prior to the a-Si:H deposition. A 1 min dip in 2% HF
immediately before the deposition removes the native oxide from the c-Si surface.
The samples which are passivated by a-Si:H/SiNyx double layers are transferred
without further treatment from the direct-plasma reactor to the remote-plasma
reactor after the a-Si:H deposition.

Table 3.1: Substrate temperature Tsun, plasma power Pplasma, DPTeSSUTE Pplasma, and
SiHy to NHs gas flow ratio R used for the deposition of a-Si:H and SiNx
in this work.

Tsub [OC] Pplasma [W} Pplasma [TOI'I'} R

a-Si:H 225 100 450 -
SiNy 230 150 150 0.15

Optimum deposition temperature

Dauwe found experimentally that the optimum deposition temperature of a-Si:H
for surface passivation is Taup,opt = (225 4 25)° C in the PECVD system which is
used at ISFH [3]. The substrate temperature used for a-Si:H deposition is therefore
225°C throughout this work.

The major kind of structural defects in the a-Si:H bulk and at the a-Si:H/c-Si
interface, are non-saturated electronic orbitals of silicon atoms [I7, 59} [60, 1 [61].
These dangling bonds form electronic states within the silicon bandgap that act
as recombination centers. The saturation of a Si dangling bond by a hydrogen
atom or by another silicon atom removes the respective electronic state from the
bandgap, and therefore decreases the number of recombination centers.
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The amount and the mobility of hydrogen atoms that are incorporated in the
passivating a-Si:H layer during the deposition are essential for the passivation of
the dangling bond defects, both, in the a-Si:H bulk and at the a-Si:H/c-Si interface.
While the hydrogen concentration decreases with increasing deposition tempera-
ture, the mobility of the hydrogen atoms increases and makes the passivation of
the dangling bonds more effective [60} [61].

In order to achieve the optimum surface passivation, the number of non-passivated
defects that contribute to the effective surface recombination rate has to be min-
imized. At low deposition temperatures Tyyp, < 200°C, the low mobility of the
hydrogen and silicon atoms that are adsorbed at the c-Si surface results in a less
effective passivation of the dangling bond states, and therefore in a higher defect
concentration than at 200°C < Tgu, < 250°C. At higher temperatures than 250°C,
the decreasing total hydrogen content also leads to a higher defect density at the
a-Si:H/c-Si interface than at the optimum deposition temperature [19} [62].

The surface passivation of c-Si solar cells by a-Si:H single layers or by a-Si:H/SiNx
double layers, is a low-temperature process when compared to the typical deposi-
tion temperature of 400°C for the surface passivation by PECVD-SiNy [57], or by
thermally grown oxide at around 1000°C. Therefore, the energy consumption and
the risk of impurity diffusion are lower with a-Si:H surface passivation. The SiN
films which are deposited at 230°C in this work do not passivate the c-Si surface,
but act only as anti reflective coating and capping layer for the underlying passi-
vation layer of a-Si:H. The refractive index of the SiNy is 2.0...2.1 at A = 633 nm,
when prepared with the settings listed in Table

Dauwe has shown that the quality of the surface passivation by thin a-Si:H films
on p- and n-type crystalline silicon, is comparable to the surface passivation that is
achieved by dielectric films that are commonly applied to high-efficiency solar cells,
i. e. by thermally grown SiO2, or by SiNx that is deposited at 400°C [63], [64], 65 [66].
Dauwe found minimum values for the effective SRV with a-Si:H surface passiva-
tion of S, = 3cm/s on p-type c-Si with p = 1.5 x 10'°cm ™2, and of S, = 7cm/s
on n-type ¢-Si with p = 1.5 x 10®ecm™3, at an excess carrier concentration of
An = 10'® cm™ in both cases [19]. The PECVD-deposition of amorphous silicon
is therefore the best means for the surface passivation of high-efficiency solar cells,
at low temperatures 7' < 300°C [67].
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3.2 COSIMA contact formation

Dielectric films like SiNy, SiO2 or SiCx that are applied for the surface passivation
of solar cells, are electrically insulating or feature only a small conductivity. There
are two main approaches to form electric contacts to the emitter and the base of
dielectrically coated solar cells: First, the dielectric passivation layers are opened
locally, either directly e.g. by lasers, or indirectly by lithographic techniques. Sec-
ond, screen-printed metalization pastes are fired through the passivation layers at
high temperatures, 800-900°C, in order to form local contacts to the underlying
emitter or base of the solar cell.

The CosIMA technique replaces dielectric surface passivation with subsequent
high-temperature contact firing, by a-Si:H-surface passivation and low-temperature
annealing of evaporated aluminum contacts. An overview of the literature on the
interaction of Al and Si at low temperatures is given in Section Section
describes the mechanism of the COSIMA contact formation. In Section |3.2.3]
the specific resistances of COSIMA contacts to both, highly-doped and lowly-doped
crystalline silicon are shown.

3.2.1 Aluminum-induced crystallization of amorphous silicon

The silicon/aluminum alloy is an eutectic system with finite solid-state solubilities
of the components. The solubility of Si in the Al phase has its maximum of
(1.5£0.1) at.% at the eutectic temperature Tey = 577°C, and decreases to about
0.05at.% at T = 300°C. The solubility of Al in the Si phase is much lower,
and reaches it maximum of (0.016 £ 0.003) at.% at 1190°C [68]. The solid-state
solubility of Si in Al has been exploited for the aluminum-induced crystallization
of amorphous silicon in several approaches for the production of solar cells:

e The layer exchange process was used by e.g. Nast et al. [69, [70], Gall et
al. [T1], and Ornaghi et al. [72] to form polycrystalline silicon layers for solar
cell production by low-temperature annealing of an aluminum/amorphous
silicon dual layer structure. Typically, a glass substrate is covered by an
aluminum layer of about 500 nm thickness. An amorphous silicon film of
the same thickness is deposited on top of the Al, and the layer structure is
annealed for several minutes to hours at 400 . ..600°C. During the annealing,
the amorphous silicon dissolves in the aluminum layer and forms crystallites
once the maximum solubility is reached. If the amorphous Si film and the
Al film are of the same thickness, a closed polycrystalline, Al-doped Si film
forms in the place of the Al film. The aluminum is displaced and lies on top
of the recrystallized silicon layer after the process is completed. Since the
annealing temperature is too low for a direct transition from amorphous to
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crystalline silicon, the crystallization takes place only in the Al layer that
serves as a kind of catalyst for the transition from the amorphous silicon to
the crystalline phase that is the system with the lower free energy [70].

e Counterdoping and crystallization of a-Si:H was observed by Haque
et al. who annealed a dual layer structure of n*-doped amorphous silicon
films and Al at low temperatures (150...300)° C [73] [74]. They showed that
an Al-rich mixed Al.Si phase forms at the Al/a-Si:H interface even at low
temperatures T' = (150...200)° C. Al-doped silicon crystallites form at the
a-Si:H/mixed phase interface, and also on top of the Al contacts, which shows
that Si atoms diffuse within the aluminum even at low temperatures. The
thickness of the a-Si:H layer was (130...300) nm, and the Al contacts were
650 nm thick in their experiments.

The CosiMA technology developed in this work also takes advantage of the solid-
state solubility of amorphous silicon in aluminum. In order to form electric contacts
to the a-Si:H-passivated base or emitter of a c-Si solar cell, aluminum contacts are
deposited onto the passivation layer. Annealing at low temperatures, T > 200°C
leads to the dissolution of the a-Si:H into the Al, as described in the references
mentioned above. In contrast to the layer-exchange and counter-doping processes,
the thickness ratio of a-Si:H to Al is very small: The width of the passivating a-Si:H
layer is in the order of 10 nm, and the aluminum contacts are (3...15) pm high.
Therefore, the ratio of the number of Si atoms to Al atoms is roughly 1:1000, while
it is 1:1 in the layer-exchange process described by Nast.

3.2.2 Microstructure of COSIMA contacts

Samples are prepared to monitor the process of COSIMA contact formation: A
50nm thick a-Si:H films are deposited onto p-type FZ-Si wafers with a resistivity
of 0.5 Qcm. Electron-beam evaporation of aluminum lines through shadow masks
forms contact lines on top of the a-Si:H. The line height is 15 ym, and the line
width is 100 pm.

The samples are then annealed for 3h at 210°C, which is still lower than the
deposition temperature of the a-Si:H film. The structural properties and the local
elemental composition of the a-Si:H/Al layer structure are examined by transmis-
sion electron microscopy (TEM), and by energy dispersive x-ray (EDX) analysis
before and after the annealing step. While the TEM images mainly show the differ-
ent electron diffraction contrasts of amorphous and crystalline material, the EDX
results show the local concentration of Al and Si atoms.
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Transmission electron microscopy

Figureshows cross sectional transmission electron microscopical (TEM) images
of the metalized region of two samples, before and after annealing)’| The micro-

Figure 3.2: Cross-sectional TEM images of an Al contact finger on an a-Si:H-
passivated c-Si wafer. (a) Before annealing, and (b) after annealing
at 210°C for 3h. The elemental composition of the distinct layers is
obtained from EDX measurements, and is indicated qualitatively.

graphs show three distinct regions: A polycrystalline Al layer (the contact line)
in the upper right half of the image, a 50 nm thick interlayer (the original a-Si:H
film) in the center, and the single crystalline Si substrate in the lower left half of
the image. The contrast within the interlayer changes during annealing.
Figure shows the c-Si/a-Si:H/Al layer structure before annealing. The image
is taken at the rim region of an Al contact line. At the edge of the Al line in
the lower right corner of the image, the interlayer consists of amorphous silicon,
which is indicated by the bright contrast. Dark contrasts which indicate crystalline
material, show within the interlayer region towards the center of the Al contact.
Figure shows the c-Si/a-Si:H/Al layer structure after annealing at 210°C
for three hours. The 50 nm thick interlayer shows the dark contrast that indicates
crystalline material. No change is visible in the Al layer after annealing.

Energy-dispersive x-ray analysis

Energy dispersive x-ray (EDX) measurements are performed for a quantitative
analysis of the local elemental composition of the samples. Figure [3.3] shows the

!The TEM microscopy and EDX analysis were performed by M. Nerding and N. Ott at the
Central Facility for High Resolution Electron Microscopy of the University of Erlangen.
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results of a line scan perpendicular to the layers, before and after annealing. The
position of the original a-Si:H layer is determined by TEM imaging, and is indicated
by vertical lines.
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Figure 3.3: EDX elemental analysis obtained from the samples shown in (a)
Before annealing. The line scan is taken at the edge of the contact line
(lower right corner of Figure[3.3a). (b) After annealing at 210°C for
3 h. The position of the interlayer is determined by TEM imaging. The
origin of the position-azis is at different depths of the contact in (a) and

(b).

Figure shows the local Al and Si concentrations of the non-annealed sample,
as measured in the lower right half of the area shown in Figure (i.e. at the edge
of the Al line). There is a sharp transition from the evaporated aluminum with
100% Al concentration, to the a-Si:H layer that shows a silicon content of 100%.
The situation is different underneath the center part of the Al line (not shown in
Figure ): The Al concentration at the Al/a-Si:H interface is 50% even without
annealing, and decreases towards zero at the a-Si:H/c-Si interface.

The line scans in Figure are obtained from the annealed sample shown in
Figure|3.2b. The concentration of Al atoms in the former a-Si:H interlayer is 100%
after annealing. The amorphous silicon film is thus replaced by an Al layer. An
EDX measurement of a different region (not shown in the figure) shows local Si
contents as high as 35% up to 1 um deep in the Al contact, which is attributed to
the formation of Si precipitates in the Al layer.

The replacement of a-Si:H by aluminum occurs only in those areas that were
originally covered by the Al stripes. No lateral transport of a-Si:H is observed over
distances larger than 200nm from the edge of an Al contact. The non-metalized
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regions of the a-Si:H film do not change their structure or elemental composition
during annealing at 210°C. The resistance of the Al lines (measured from on end
of the line to the other) does not change during the annealing.

Discussion

The CosIMA contact formation as observed by the TEM and EDX analysis is
explained by thermally activated interdiffusion of Al and Si atoms, along the lines
of the publications by Nast et al. and Haque et al. [69] [70, [73] [74]:

e The original a-Si:H film dissolves into the overlying Al layer during annealing
at 210°C: Haque et al. showed that an Al-rich Al(Si phase forms at the Al/a-
Si:H interface at 7" > 150°C. Silicon atoms diffuse from this intermediate
phase into the Al layer, where they have a solid-state solubility of < 0.05%
[74].

e Silicon crystallites form within the aluminum, if the Si concentration locally
reaches the maximum solubility. Due to the different layer widths, the av-
erage concentration of Si in the Al contact is about 0.3% if the a-Si:H layer
is completely dissolved. This value is higher than the maximum solubility
at the annealing temperature, and therefore Si crystallites must form in any
case. These Si precipitates are identified by EDX elemental analysis.

e Haque et al. showed that the higher free energy of the amorphous silicon phase
compared to the crystalline phase acts as a driving force for the transport of Si
atoms into the Al layer [74]. The minimization of the mean free energy of the
layer system therefore leads to the complete dissolution and recrystallization
of the a-Si:H within the Al. The average Si content within the Al layer is only
about 0.3% after annealing. The silicon precipitates within the Al contact
therefore hardly affect its conductivity, which is verified by measurements of
the resistance of the Al lines.

e After the contact annealing, the original a-Si:H film is completely replaced
by aluminum, as shown in Figure [3.:2p. Therefore, the Al layer contacts the
c-Si substrate.

e The reaction is restricted to those regions of the sample that are covered by
the aluminum stripes. Thus, local contacts to the c-Si substrate form. The
non-metalized areas remain passivated by the a-Si:H film.

The high Al concentration of up to 50% even before annealing, which is found
within the a-Si:H layer under the center region of the Al lines, is attributed to
the radiative heating of the sample during the contact evaporation. The elevated
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temperature already causes the Al;Si phase to form. The sample is partly shielded
from heat radiation by the shadow mask at the edges of the contact lines. There-
fore, no interdiffusion occurs in the edge regions before annealing, as shown in

Figure [32h.

3.2.3 Contact resistivity

The resistivity of COSIMA contacts to both, the lowly-doped base and the highly
doped emitter are shown in this Section, as a function of the annealing temperature.
The obtained values are compared to literature data for Al/c-Si contact formation
without an a-Si:H interlayer.

The contact resistivities are measured by the transfer length method (TLM)
with a variable-gap contact geometry, as sketched in Figure |3.4] Details on the
measurement technique and the analysis of the results are shown in References [75)]
[76]. Contact stripes of width b and length [, and varying distance d, are applied to
a substrate, as shown in Figure |3.4h. The total resistance R between neighboring
stripes is then [75]

d shee C
R(d) = T 25 (3.1)

if the width b of the stripes is large, b > L, when compared to the transfer length
Lt = \/pc/psheet. This requirement is fulfilled for the contact layouts that were
used in this work.

The total resistance R; between each pair of neighboring stripes with distance
d; is measured in a four-point probe setup, and plotted as a function of the stripe

(a) (b)
R
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Figure 3.4: (a) Measurement setup for the determination of the contact resistiv-
ity by the TLM method. The total resistance R between neighboring
contact stripes of length | is measured. The stripe distance d; varies.
(b) Sketched results of a TLM measurement. The contact resistivity is
obtained from the linear extrapolation of the resistance R to d = 0.
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distance, as shown in Figure [3.4b. The extrapolation of a linear fit to the mea-
sured values then yields the contact resistivity p. = [Lt/2Ro, and the transfer
length Lt = —0.5do, where the values Ro = R (d = 0) and dop = d (R = 0) are the
intercepts of the linear fit curve with the respective axes in Figure

COSIMA-contacts to lowly-doped silicon

Two sets of samples are prepared for measuring the resistivity of the CoSIMA
contacts on p-type crystalline silicon wafers with a specific resistance of 0.5 Qcm:
The first set of wafers is covered by a 10nm thick a-Si:H film. Subsequently,
aluminum contact stripes are deposited onto the a-Si:H layer by electron-beam
evaporation through shadow masks with variable-gap layout. The stripe width is
b = 490 pm, the length | = 20mm, and the distance varies in the range 0.1 mm <
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Figure 3.5: Contact resistivity of aluminum COSIMA contacts and of Al contacts
that are evaporated directly onto the c-Si substrate, after annealing
for 10min at 210°C < T < 500°C. The optimum resistivity of the
COSIMA contacts pc,cosima = (3.5 +0.7) mQem? is achieved by an-
nealing at T > 260°C. The lowest contact resistivity without COSIMA
is pe,Al/esi = (5.5 £ 1.0) mQem?.
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A second set of samples is prepared as reference, by omitting the a-Si:H interlayer
and evaporating the Al lines onto the c-Si surface. Native oxide is removed from
the c¢-Si surface by a dip in 2% HF prior to the contact evaporation. The samples
are annealed for 10 min each, at various temperatures 210°C < T < 500°C.

Figure|3.5|shows the contact resistivity of both sets of samples. Before annealing,
the CosIMA contacts feature a high resistivity of p. > 1Qcm? (not shown in the
figure for the sake of better resolution). The lowest contact resistivity pc,cosima =
(3.5 £ 0.7) mQcm? is achieved by annealing at T > 260°C for 10 min. Annealing at
210°C for 3 h, as it was carried out in Section leads to the same low contact
resistivity.

The contact resistivity of the reference samples without the a-Si:H interlayer is
Pe,Al/csi = (85 £ 15) mQcm?, before annealing, and decreases to its lowest level of
Pe,Al/csi = (5.5 £1.0) mQcm? after annealing at 7 > 210°C for 10 min. Annealing
at higher temperatures leads to the same values of p., within the uncertainty
interval of the measurement.

COSIMA-contacts to diffused n'-emitters

Crystalline silicon wafers with a resistivity of p = 0.5 Qcm are phosphorus-diffused
in order to generate an n'-emitter with a sheet resistivity of 90 /0. The surface
dopant concentration is n = 2 x 10'° cm™3, and the junction depth is 0.6 um.
A 10nm thick a-Si:H film is deposited onto the wafers, and aluminum contact
stripes of 15 um thickness are evaporated through shadow-masks, in a variable-
gap geometry for measuring the contact resistivity. For comparison, phosphorus-
diffused wafers without a-Si:H passivation receive contact patterns that consist of
a Ti/Pd/Ag triple layer structure, which is typically used at ISFH to form electric
contacts to the n'-emitter of solar cells. The specific resistance p. of both kinds
of contacts is measured after annealing at 210°C < T < 400°C.

Figure shows the contact resistivity of both sets of samples. The resistivity
of the COSIMA contacts is (140 4+ 30) mQcm? before annealing, and decreases by
two orders of magnitude to its optimum value of pc,cosima = (0.75 £ 0.1) mQcm?
after annealing for 10 min at 7' > 260°C. This value remains constant for longer
annealing times and higher annealing temperatures. The resistivity of the stan-
dard Ti/Pd/Ag contacts is peTipdag = (0.9 £ 0.3) mQcm? on the emitter samples
that are prepared without a-Si:H interlayer, after annealing at 400°C for 10 min.
Therefore, the COSIMA contacting scheme results in the same contact resistivity as
the standard method applied at the ISFH, within the uncertainty interval of the
measurement.
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Figure 3.6: Resistivity of aluminum COSIMA contacts and of Ti/Pd/Ag contacts
that are evaporated directly onto the 90Q/0 n' -emitter, after anneal-
ing for 10min at 210°C < T < 400°C. The minimum resistivity of
the COSIMA contacts pc,cosima = (0.75+0.1) mQcm? is achieved
by annealing at T > 260°C. The minimum contact resistivity of the
Ti/Pd/Ag contacts is periparg = (0.9 £0.3) mQem? after annealing
at 400°C.

3.2.4 Discussion

The CosiMA technique allows for the formation of contacts to both, the p-type base
and the n™-type emitter of crystalline silicon solar cells. The technique maintains
the high quality of the a-Si:H-passivation of the non-metalized surface areas, and
allows for the formation of contacts to the a-Si:H-passivated base and emitter of
solar cells, by a annealing at low temperatures 7' < 300°C.

The high values of p. > 1Qcm? of the COSIMA contacts before annealing are
due to the low conductivity of the non-doped a-Si:H layer below the Al stripes.
During annealing, the a-Si:H film dissolves in the overlying Al layer as shown in
Section [3.2.2] and a contact to the crystalline silicon forms. The minimum contact
resistivity of both, CosiMA-contacted samples and reference samples without a-
Si:H, is achieved after annealing at 260°C for 10 min. COSIMA contacts to both,
the emitter and the base, exhibit resistivities that are of the same order, or even
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lower, as those of the reference processes shown in Sections and

Comparison to literature data

The minimum resistivity of the COSIMA contacts are achieved after annealing for
10min at 7" > 260°C. The values obtained in the experiments are pcbase =
(3.540.5) mQcm? for COSIMA contacts to 0.5Qcm p-type c-Si, and peemi =
(0.75 4 0.05) mQcm? for CoSIMA contacts to the 90 Q/0 nT-emitter.

Aluminum forms a Schottky-type contact to crystalline silicon, with a barrier
height of (0.4...0.6) eV. The resulting contact resistivity to the lowly-doped p-
type (0.5Qcm) base would therefore be in the order of 100 mQcm? [77]. How-
ever, measured values to be found in the literature are in the range of pc base =
(0.1...1) mQcm?. The large discrepancy of predicted and measured values is at-
tributed in the literature to the formation of Al spikes, i.e. the local formation
of Al-doped regions at the Al/c-Si interface that penetrate into the base material
during annealing of the contacts, and thus decrease the contact resistance [77) [78].
This effect is stronger at higher annealing temperatures. The minimum resistivities
of both, the CosIMA and the reference-type base-contacts shown in Section [3.2) are
thus comparable to literature values of evaporated Al/c-Si contacts that show little
or no spiking.

The situation is clearer for the COSIMA contacts to the n™-type emitter, that
features a surface dopant concentration of Np = 2 x 10*° ecm 3. Both, the results
of the Schottky theory, and measured values reported in the literature lie within
the range of peemi = (0.1...1) mQcm? for this dopant concentration [77, [34].
Thus, the minimum contact resistivities obtained for both, the COsSIMA and the
Ti/Pd/Ag contacting schemes in Section agree with the values of evaporated
Al/c-Si contacts to be found in the literature.

3.3 Saturation current of the COSIMA-processed base

The base saturation current density of COSIMA-processed solar cells that feature
an a-Si:H-passivated base with local aluminum contacts, is controlled by the local
surface recombination velocities Smet below the contacts, and Spass in the a-Si:H-
passivated areas, and by the contact layout as shown in Section In order
to experimentally verify the model derived in Section [2.6] the saturation current
density of the CosiMA-processed base is deduced from measurements of the effective
surface recombination velocity of c-Si wafers that feature the same a-Si:H surface
passivation and contact layout, as would be applied to the base of a solar cell.
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Samples are prepared by depositing 50 nm-thick films of amorphous silicon onto
both sides of (100)-oriented, p-type FZ-Si wafers with doping concentration p =
1 x 10*® cm™ and thickness W = 300 um. Subsequently, aluminum is deposited
in various stripe- and dot-patterns onto one side of the samples through shadow
masks, by electron-beam evaporation. The samples are annealed at 210°C for 3h
to form local COSIMA contacts. Contact coverages of f = (0...100) % of the total
surface area are realized, with contact spacings in the range p = (1...5) mm.

The spatially resolved effective carrier lifetime 7. is obtained from microwave-
detected photoconductance decay (MWPCD) measurements. The illumination and
microwave radiation are directed at the the non-metalized side of the samples. The
spatial resolution is 250 um. Bias light from a halogen lamp with an above-bandgap
photon flux of 2 x 10*! m~*s~! (equivalent to 1sun) illuminates the sample during
the measurement. The base saturation current is calculated by Equation [2:28]from
the effective recombination velocity of the locally contacted side of the sample.

3.3.1 Experimental determination of the saturation current

Figure shows the effective carrier lifetime map of an a-Si:H passivated sample
with dot contacts in a square pattern. Bright areas indicate a high effective carrier
lifetime. The front surface of the wafer is passivated by a-Si:H, and thus shows a
spatially homogeneous surface recombination velocity, St = Spass. The rear surface
is divided into six sections, in which the contact coverage f is varied from 2% to
38%. The period length is p = 1.5 mm. Thus, the effective surface recombination
velocity at the rear side is a function of the contact layout as shown in Section [2.6}
Sy = Sete (f,p). The center of the wafer is divided into two semicircles with f =0
and f = 100%, and therefore Sy = Spass and Sy = Smet, respectively.

The effective carrier lifetime Tpass Of the center part with f = 0 is only determined
by the SRV Spass, which is calculated analogously to Equation [2.23]in {7 conditions,
by solving

2 aSSD . — — —
tan (o) = =R it g =D /mlont (3
0 pass

for Spass- The bulk carrier lifetime of the high-quality FZ-Si wafers is approximated
by the Auger-limited lifetime, 7, = Tauger that is calculated from the parameter-
ization by Kerr and Cuevas given by Equation 2.I1] The value of Spass that is
determined from the MWPCD measurement, is therefore the upper limit of the
recombination velocity at the a-Si:H passivated surface.

In order to determine the effective recombination velocity of the locally COSIMA-

contacted sections of the samples, Sest (f,p) as a function of the contact coverage
and spacing, the harmonic mean of the spatially resolved local effective carrier
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Figure 3.7: Map of the effective carrier lifetime Tz of an a-Si:H passivated sample
with dot contacts in a square pattern. The surface is divided into siz sec-
tions with varying contact coverage. The period length is p = 1.5 mm.
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is calculated within each segment of the sample with contact coverage f and con-
tact spacing p. The harmonic mean is the relevant value that determines the global
saturation current of a solar cell with spatially inhomogeneous recombination char-
acteristics [79]. The value of <Te§1 (f, p)> is determined from a 1cm?-large area of
the respective sample segment which is selected to exclude process-induced inho-
mogeneities such as the lines that appear in the f = 5% section shown in Figure

B7

The effective surface recombination velocity is then obtained by solving

[Spass + Serr (f,p)] DBo
Dzﬁg - Spassseff (fa p)

tan (GoW) = with o= D\ /(7t (£,p)) 7 "

(3.4)
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for Sew (f,p) [30} 31l [32]. The base saturation current density is calculated from

Equation [2:28]

2
Jon (F,p) = qDn; with  Leg = Ln 1+ Sest (f,p) Lv/D tanh (W/Ly)

LeﬁNdop Seﬂ‘ (f, p) Lb/D + tanh (W/Lb) ’

(3.5)

where the bulk diffusion length is assumed to be limited by Auger recombination,

Lb = 1/ DTAuger~

3.3.2 Comparison to theory

The experimentally deduced base saturation current densities Jo, (f,p) are com-
pared to the results of the theory that is developed in Section [2.6] The model is
checked particularly in the ranges of contact coverage f < 10% and period length
p > W that are in between the small-scale range and the large-scale range, as
shown in Section

Dot-contact layout

Figure shows the base saturation current density Jop, of COSIMA-processed
samples with local dot-shaped contacts, as a function of the contact coverage f =
0...100%. The symbols denote base saturation current densities that are obtained
from MWPCD measurements, as described above.

The saturation current density increases from Job pass = (36 +9) fA/cm® for
f =0, to Jobmet = (1.74 +0.01) X 103 fA/cm2 for f = 100%. The corresponding
effective surface recombination velocities are Spass = (20 £5) cm/s and Smet =
(10°...107) cm/s, respectively. The value Spass = (204 5) cm/s is within the
range that has been reported for surface passivation by silicon nitride layers [64]
65, [66], while the value Smet = (1()5 e 107) cm/s is in the range of values that is
reported in literature for the effective SRV below the base contacts of p-type solar
cells |80, [B1].

Figure [3.8b shows the base saturation current density Jo, as a function of the
period length p, for contact coverages f = 1.3%, 3.0% and 10%. Typical ranges of
the contact coverage and period length are f < 5% and p > W for high-efficiency
PERC solar cells [45] [47]. The saturation current density shows a strong decrease
with increasing period length for p < 2mm, and asymptotically approaches the
large scale limit given by Equation [2:69] for p > W.

The local surface recombination velocities Spass = 20cm/s of the a-Si:H passi-
vated areas, and Spet = 1 X 108 cm/s below the contacts, are used to calculate
the base saturation current density from the model shown in Section by solv-
ing Equation [2:65} Since the effective SRVS Smet and Spass are obtained from the
measurement, and the contact spacing p and contact coverage f are determined by
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Figure 3.8: Base saturation current density Jon of COSIMA-processed samples with
local dot-shaped contacts, (a) as a function of the contact coverage f
and (b) as a function of the period length p. The surface is passivated
by 50nm of a-Si:H. Values that are obtained from MWPCD measure-
ments are shown as symbols. The blue lines show the base saturation
current density that is obtained from Equation [2.65 The theory fits
the experimentally obtained base saturation current densities within the
uncertainty intervals of the measurement.

the layout of the samples, Equation [2.65] contains no free fit parameters. The base
saturation current densities that are obtained from the model, are shown as blue
lines in Figure The theory fits the experimentally obtained values of Joi (f, p)
for f = 0...100% and p = (1...5) mm, within the uncertainty interval of the
measurement. The validity of the model is therefore demonstrated within a range
of the period length p and the contact coverage f that is typical for high-efficiency
PERC solar cells.

Stripe-contact layout

Figure shows the base saturation current density Jo, of COSIMA-processed
samples with local stripe-shaped contacts, as a function of the contact coverage f =
0...50% for two different stripe widths, a = 20 um and a = 300 um. Again, the
symbols denote base saturation current densities that are obtained from MWPCD
measurements, and the lines are calculated from the model shown in Section [2.6]
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Figure 3.9: Base saturation current density Jon of COSIMA-processed samples with
local stripe-shaped contacts, as a function of the contact coverage f.
The width of the contact stripes is a = 20 um and a = 300 ym, re-
spectively. The theory fits the experimentally obtained base saturation
current densities within the uncertainty intervals of the measurement.

The recombination velocity of the surface areas that are passivated by a-Si:H, is
Spass = (11 £ 2) cm/s, which is obtained from a non-metalized sample (i.e. f = 0),
as described above. The corresponding base saturation current density is Job,pass =
(194 5) fA/em®. The surface recombination velocity below the contact stripes
is Smet = (105 . 107) cm/s and therefore Jopmer = (1.74 & 0.01) x 10° fA /cm®
(not shown in the Figure). The theory fits the experimentally obtained values
of Job (f,p) within the uncertainty interval of the measurement, just like for the
dot-contacted samples.

The base saturation current with Jor, = (190 £ 30) fA/cm? with a contact cov-
erage of 1.5%. These values comply with literature data published for PERC solar
cells with an efficiency exceeding 20% [78].

The dot- and stripe-contacted samples exhibit different SRVs Spass, because
they were passivated in different a-Si:H deposition runs. The local recombination
velocity below the contacts Smet, is the same in both cases, because the a-Si:H film
below the contacts dissolves during the COSIMA contact formation process. The
value of Smet is therefore independent of the quality of the surface passivation by



70 3 A-Si:H-passivation and contact formation to solar cells: COSIMA

the amorphous silicon film.

3.4 Summary

Intrinsic amorphous silicon was shown by Dauwe to excellently passivate the surface
of crystalline silicon. However, the application of a-Si:H passivation to solar cells
requires also the formation of electric contacts to the passivated surfaces of emitter
and base. The low electric conductivity of the non-doped a-Si:H passivation layer
makes it necessary that contacts are formed to the crystalline emitter or base, and
not to the a-Si:H film. The COSIMA technique combines the surface passivation by
an a-Si:H film, with the application of local aluminum contacts which are annealed
at low temperatures T' < 300°C.

The a-Si:H film below the local Al contacts dissolves completely during anneal-
ing in the aluminum, where silicon crystallites form when the Si concentration
exceeds the solubility limit. The resistivities of COSIMA contacts to the lowly-
doped base and the highly-doped emitter are the same, or even lower than values
that are obtained for reference samples that were processed without the a-Si:H
interlayer, pe pase = (3.5 & 0.5) mQcm? for COSIMA contacts to 0.5 Qcm p-type c-
Si, and pe,emi = (0.75 £+ 0.05) mQcm? for COSIMA contacts to a 90 Q/0, nT-type
emitter. The minimum annealing temperature for the COSIMA contact formation
is 250°C when annealing for 10 min. The interaction of Al and Si is restricted to
those areas of the a-Si:H layer that are covered with Al. No lateral diffusion of
Si atoms occurs within the amorphous silicon film, so the passivation of the non-
metalized fraction of the solar cell surface is not affected by the contact-annealing
step.

The base saturation current density Jo, of the CosiMA-processed, locally con-
tacted base is measured for technologically relevant contact spacings 1 mm < p <
5mm, and contact coverages 0 < f < 1. The experimentally deduced base satura-
tion currents fit the the model shown in Section 2.6 within the uncertainty interval
of the measurement. The effective recombination velocity at the interface of p-type
¢-Si (p = 10'% ecm™?), and annealed Al contacts is determined from MWPCD mea-
surements. The obtained value Smet = 10° cm/s allows for an excellent fit of the
measured saturation current densities Jop, (f,p) by the model. Comparison with
literature data on PERC solar cells shows that the base saturation current densities
obtained with the CosSIMA technique, comply with energy conversion efficiencies
that exceed 20%.



4 Surface passivation by a-Si:H single- and
a-Si:H/SiN, double-layers

Section[{.I]shows the optimization of the a-Si:H layer thickness for optimum surface
passivation. Amorphous silicon absorbs light in the visible-wavelength range A <
600nm. It is therefore necessary to keep the a-Si:H film as thin as possible while
maintaining optimum surface passivation, when the a-Si:H layer is placed in the
light path of solar cells (i.e. on the front side, or also on the rear side of bifacial
solar cells).

In order to apply a-Si:H to the emitter side of solar cells, the suitability of amor-
phous silicon for the passivation of highly-doped c-Si surfaces has to be ensured.
Section shows the passivation of boron-diffused emitters and of phosphorus-
diffused emitters by a-Si:H/SiNx double layers. The stability of the emitter passi-
vation under UV irradiation is determined.

High-efficiency solar cells feature textured surfaces to enhance the optical con-
finement and therefore increase the short-circuit current when compared to a planar
solar cell. However, the increased effective surface area and the different surface
orientation make it necessary to prove the suitability of amorphous silicon for the
passivation of textured silicon surfaces, which is shown in Section

4.1 Optimum thickness of the a-Si:H film

Amorphous silicon absorbs light in the small-wavelength range A < 600 nm. It is
therefore necessary for the fabrication of solar cells to keep the a-Si:H film as thin
as possible while maintaining optimum surface passivation, when the a-Si:H film
is placed within the light path, i.e. either on the front side, or on the rear side
of bifacial solar cells. Furthermore, keeping the a-Si:H layer thin allows for short
deposition times during the solar cell production process.

In order to analyze the impact of the a-Si:H layer thickness d on the surface
passivation of the lowly-doped base of solar cells, a-Si:H films with 3.5nm < d <
15nm are deposited as shown in Section [3:1} onto both sides of polished p-type,
(100)-oriented FZ-Si wafers. The resistivity of the wafers is p = (1.5 £0.3) Qcm,
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and their thickness W = 380 um. Layers with d > 15nm form blisters during the
deposition or subsequent annealing, due to the formation of molecular hydrogen
inside the a-Si:H film. A second set of samples is passivated by a-Si:H/SiNy double
layers. The 60 nm thick anti reflective SiNy film is deposited on top of the a-Si:H
layer by remote-PECVD at 230°C, as described in Section The SiNx does not
passivate the ¢-Si surface, but acts only as anti reflective coating and capping layer
for the underlying a-Si:H- passivation layer.

The effective carrier lifetime 7og of the samples is extracted from QSSPC mea-
surements. The effective surface recombination velocity (SRV) Seg is then cal-
culated from 7eg by the Equations and as a measure for the quality
of the a-Si:H passivation. The simplified evaluation with xy = 1 provides accu-
rate results because the SRV is small, Seg < W/D,. The bulk carrier lifetime
of the wafers is approximated by the parameterization of the intrinsic Auger- and
radiative recombination lifetime by Kerr and Cuevas, after Equation There-
fore, all defect-related carrier recombination is attributed to the recombination at
the surface, which makes Seg the upper limit of the actual surface recombination
velocity.

In this work, an infrared filter transmitting only wavelengths A > 700nm is
used for the QSSPC measurements, in order to prevent the generation of carriers
within the a-Si:H passivation layer. Amorphous silicon is mostly transparent for
wavelengths that correspond to photon energies that are smaller than the optical
bandgap, which is around FEga-sin =~ 1.7e¢V (Aga-sim ~ 730nm) for PECVD-
deposited a-Si:H [27) 28, 29]. Therefore, excess carriers are only generated in
the c-Si bulk. Recombination in the amorphous silicon layer is then restricted to
carriers that tunnel or diffuse from the c-Si bulk into the a-Si:H bulk.

4.1.1 A-Si:H single layer passivation

Figure [f-Ih shows the injection-dependent effective carrier lifetime 7eg that is ob-
tained from QSSPC measurements of the a-Si:H single layer-passivated samples.
The samples are measured in the as-deposited state, immediately after the a-Si:H
deposition. Figure shows S.g at the excess carrier density An = 10'* em ™3 and
at An = 10" cm ™3, as a function of the thickness d of the a-Si:H film. Typical so-
lar cells show An &~ 10'* em ™2 at the maximum power point, and An ~ 10 cm ™3
in open circuit under 1sun illumination conditions [25].

The samples with d < 5nm and those with d > 6.5nm form two groups with
the same injection-dependence of the effective carrier lifetime. The surface recom-
bination velocity decreases by a factor of 2-3 from d = 5nm to d = 6.5nm. The
optimum surface passivation is achieved with d > 6.5 nm, with the optimum SRV
being Seg = (3.5 +£0.6) cm/s at An = 10 cm™3, and Seg = (8.5 £ 0.8) cm/s at
An =10"em™3.
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Figure 4.1: (a) Effective carrier lifetime of 1.5Qcm p-type c-Si wafers passivated
with a-Si:H single layers of the thickness d. The wafer thickness is
380 um. Samples with d < 5nm and d > 6.5nm form two groups with
an almost equal injection-dependence of the effective carrier lifetime.
(b) Effective surface recombination velocity Seg of the same samples at
An = 10" em ™3 and at An = 10" cm™3. The surface recombination
velocity decreases from d = 5nm to d = 6.5nm. The optimum SRV is
St = (3.5 4 0.6) cm/s at An = 10" cm™3, with d > 6.5 nm.

4.1.2 A-Si:H/SiN, double layer passivation

Figure shows the effective SRV Seg of the a-Si:H/SiNy double layer-passivated
wafers, as a function of the a-Si:H thickness d, at An = 10® ecm™3. The results
of the a-Si:H single layer-passivated wafers shown in Figure are included for
comparison. Both, single-layer samples and double-layer samples are optimally
passivated with d > 6.5nm. All measured data for d > 6.5 nm lie within Seg =
(3.5+1.0) cm/s.

Both kinds of samples show the same decrease of Seg from d < 5nm to d >
6.5nm. The SRV of the double layer-passivated samples seems to decrease from
d = 6.5nm to d = 15nm. However, all values are within the tolerance of the
measurement.
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Figure 4.2: Effective SRV Sea of a-Si:H/SiNx double layer-passivated samples at
An = 10" em™3, as a function of the a-Si:H layer width d. The circles
denote Tegr and Sem of the a-Si:H/SiNx-passivated samples. The gray
triangular symbols stand for the a-Si:H-passivated samples.

4.1.3 Discussion

The minimum a-Si:H thickness is d = 6.5 nm to achieve the optimum passivation
of the planar c¢-Si surface by amorphous silicon. The results of Section [£.1.2] show
that the deposition of the SiNyx capping layer at 230°C has no influence on the
passivation quality of the underlying a-Si:H layer. The effective surface recombi-
nation velocity of Seg = (3.5 £1.0) cm/s at An = 10'% cm™ is among the lowest
ones reported for the surface passivation of crystalline silicon by thermally grown
oxide, or by SiNy [63, 64, [65], [66]. The corresponding base saturation current is
Jop = (6.1 +1.8) fA/cm?.

The reason for the improvement of the surface passivation from d < 5nm to
d > 6.5nm is not clear from these measurements. However, it is proposed in this
work that too thin a-Si:H layers are not completely closed. Non-passivated pinholes
remain, which increase the effective surface recombination velocity.

As the effective carrier lifetime obtained from the QSSPC measurements is an
average value of about 2.5 cm? surface area of the sample, pinholes in the passivat-
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ing a-Si:H layer are perceived as an increased area-averaged surface recombination
velocity.

A second possibility is that the passivation of dangling bonds of the c-Si surface
atoms might be less effective with d < 5nm due to the shorter heating time during
the deposition. However, this possibility was ruled out in this work, by additional
experiments: Depositions with longer remaining times up to 1 min on the sample
stage after the a-Si:H deposition, and post-deposition annealing of the samples at
temperatures up to 300°C are performed. In both cases, the measured effective
lifetimes are equal to those of Figure within the uncertainty intervals of the
measurement.

4.2 Passivation of diffused emitters

Highly efficient silicon solar cells feature an excellent surface passivation of both,
the emitter and the base. Today, low-temperature processing sequences are based
in most cases on the passivation of the phosphorus-diffused emitter of p-type cells
by silicon nitride, which is also used as anti reflective coating [82] [67]. However,
the passivation of boron-diffused emitters for n-type cells has only recently been
achieved by the use of SiNy layers with a high refractive index, and by including
an additional annealing step of 30min at 450°C for optimum passivation [83].
The deposition of silicon nitride with a lower refractive index, which is suitable as
anti reflective coating, was shown to have no passivating effect on boron-diffused
emitters, and thermally grown oxide is therefore still the standard passivation
technique for boron-diffused emitters on n-type solar cells [2} [84].

The passivation of both, phosphorus-diffused emitters and boron-diffused emit-
ters by a-Si:H/SiNx double layers, is described in the sections and The
solar cells that are prepared in this work feature the emitter on the illuminated
front side, and therefore the anti reflective SiNx capping layer is mandatory to
achieve high efficiencies. The a-Si:H thickness and the post-deposition anneal are
optimized for both types of emitters. The dopant profiles of the diffused emitters
are shown in Section [4.2.1]

The stability of the a-Si:H/SiNy passivation under ultraviolet (UV) irradiation
is most important for the application to the front side of solar cells. The quality
of the surface passivation is therefore shown as a function of the duration of the
UV irradiation, in Section
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4.2.1 Sample preparation

Two different boron-diffusions on (100)-oriented 10 Qcm n-type FZ-Si wafers gen-
erate pT-type emitters on both sides of the samples, with a sheet resistance of
75Q/0 or 225Q/0, respectively. A 90Q/0 n'*-type emitter is generated by a
phosphorus-diffusion of (100)-oriented 200 Qcm p-type FZ-Si wafers. The sheet
resistances are measured by the four-point probe technique, with an accuracy of
about 10%. The emitter lifetime samples are then passivated by depositing the
a-Si:H layer with thickness d, which is capped by the 60 nm thick SiNx layer, as
described in Section [3.11

For comparison, samples with just a SiNx-passivation are prepared: The surface
of the phosphorus-diffused emitter is passivated by a 20 nm thick layer of SiNy with
a refractive index n = 2.4, which is capped by a 60nm thick layer of SiNyx with
n = 2.05. The deposition temperature for both layers is 400°C, which allows for a
high-quality surface passivation of n'-emitters [64].

The emitter saturation current Jye as a measure for the quality of the surface pas-
sivation, is determined from QSSPC measurements by the Kane-Swanson method
as shown in Section [2.5.11 The base is in hli and the emitter is in {li-conditions.

Figure [{:3h shows the doping profiles of the two boron-diffused emitters that
are investigated in this section. The doping profiles are measured by the ECV
technique [85]. The surface dopant concentrations are Nourrp+ = (1.3 £0.3) X
10*°cm™ and (34 0.6) x 10" cm™>. The depth of the pn-junction is zjct,p+ =
(0.42 +0.03) pm and (0.28 £ 0.03) pm, respectively.

Figure shows the doping profile of the phosphorus-diffused emitter. The
sheet resistance is psheet = 90 Q/0. The surface dopant concentration is Ngurf,nt+ =
(24 0.4) x 10 cm™3. The depth of the pn-junction is zjct,nt = (0.63 £ 0.04) pm.

Transparency of the diffused emitters

An estimate of the transparency of the emitters shown in Figure is made by
calculating the Auger-limited bulk diffusion length Lauger = 1/ DaTauger 0Of their

surface-near region, along the lines of Section 2.5.2} Neglecting high-doping ef-
fects, Equation shows that a boron concentration of 1 x 10%° cm™3 like in
the 75Q/0 p*-emitter of Figure corresponds to the Auger-limited lli carrier
lifetime of 1.7ns. This corresponds to a carrier diffusion length of about 0.4 pm,
which is equal to the junction depth. In the same way, Lauger =~ 1 pum is found
for both, the 225 Q/0 boron-diffused emitter, and the 90 /0 phosphorus-diffused
emitter. However, these values are lower limits because the dopant concentration
decreases toward the pn-junction, which leads to an increase of the bulk diffusion
length. Nevertheless, it can be concluded that the diffusion profiles of Figure



4.2 Passivation of diffused emitters 7

(a)

—
o
-

10%° p*-lemitter ] 10°+ n'-emitter ]
e 100} o =750 { & 109} ]
S, sheet ) S,
= 18 c 8
g 10% P =2250sqr] 2 10°} 1
= 107 ] £ 10" " ]
g 8 P = 90 s,
8 10"} 1 8 10%t ]
& &

10"k V\/\: 10" ]
8 8

1014 | N L 1014 L L L

0.0 0.2 04 0.6 0.8 0.0 0.2 0.4 0.6 0.8
Depth z [um] Depth z [um]

Figure 4.3: (a) Doping profiles of the 75Q/0 and the 225 Q/0 boron-diffused emit-
ter. The surface dopant concentrations are Neurt,p+ = 1.3 X 102 cm ™3
and 3 x 10" cm™3, respectively. The depth of the pn-junction is
Zjct,p+ = 0.42pm and 0.26 um, respectively. (b) Doping profile of
the 90Q/0 phosphorus-diffused emitter. The surface dopant concen-
tration is Neurtn+ = 2 X 10 cm™3. The depth of the pn-junction is
Zjct,nt+ = 0.63 pm.

create semi-transparent emitters, with the 75Q/0 p™-emitter showing the largest
contribution of the intrinsic bulk recombination to Jye.

4.2.2 Passivation of phosphorus-diffused emitters
Experimental

Figure shows the saturation current density Joe,n+ of the a-Si:H/SiNx double-
layer passivated n'-emitter as a function of the thickness d of the a-Si:H layer. The
samples are measured in the as-deposited (non-annealed) state, and after 5min
annealing at 300°C. The optimum surface passivation is achieved with d > 5nm,
just as it is shown in Section for the passivation of lowly-doped c-Si surfaces.

Annealing for 5 min at 300°C reduces in particular the emitter saturation current
density of the samples with thin a-Si:H layers, d < 5nm. The minimum saturation
current density Joent = (18 £3) fAcm™ per side is achieved with d = 10nm
after annealing. The emitter samples that are passivated with SiNx double layers
at 400°C show Joe,nt = (30 + 5) fAcm™2.
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Figure 4.4: Emitter saturation current density Joe,n+ of the a-Si:H/SiNx-passivated
nt-emitter. (a) Joe as a function of the thickness d of the a-Si:H layer,
non-annealed and after 5 min annealing at 300°C. The optimum passi-
vation is achieved with d > bnm. Joent+ = 18 fAcm™? is achieved with
d = 10nm after annealing. (b) Joe,nt+ as a function of the annealing
temperature Tanneal, for d = (1.5,6.5,10) nm. The annealing time is
Smin. The optimum Joent+ 1S achieved with Tannear = 300°C for all d.
The thermal stability increases with increasing d.

Figure @3 shows the emitter saturation current density of the phosphorus-
diffused samples during annealing for 5 min in the range from 300°C to 500°C. The
thickness d of the a-Si:H layer is varied, d = (1.5,6.5,10) nm. The optimum surface
passivation is achieved by annealing at 300°C, for all d. The emitter saturation
current is most efficiently reduced for thin a-Si:H layers, leading to a reduction by
a factor of 4 for d = 1.5 nm.

With d = 10nm, the passivation is stable up to 500°C. The annealed sample
shows Joe,n+ = (35 £ 5) fAcm ™2, which is still in the same range as what is ob-
tained with the SiNy surface passivation. Both samples with thinner a-Si:H layers,
d = 1.5and 6.5 nm, show Joent+ = 103 fAcm ™2 after annealing at 500°C, which is
also obtained from non-passivated samples.
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Discussion

The above mentioned results show that the a-Si:H/SiNx double layers deposited
at 230°C allow for a lower surface recombination rate than the SiNyx double layer
deposited at 400°C. The optimum passivation is achieved with the thickness of
the a-Si:H layer being larger than d > 6.5nm, just as it is shown in Section
for the passivation of lowly-doped c¢-Si surfaces. Annealing at 300°C permits the
optimum surface passivation, while annealing at higher temperatures finally leads
to de-passivation.

The thermal stability of the surface passivation increases with increasing thick-
ness of the a-Si:H layer. The passivation is stable up to annealing at 500°C for
5min, with d = 10nm. This complies well with recent results published by Bentzen
et al. on the temperature stability of a-Si:H/SiNx double layers on lowly-doped p-
type ¢-Si. They found the surface passivation to improve by annealing up to 500°C
with d = 100 nm [86].

4.2.3 Passivation of boron-diffused emitters
Experimental

Figure shows the emitter saturation current density of the a-Si:H/SiNy-passi-
vated boron-diffused emitters as a function of the a-Si:H thickness d, after an-
nealing for 5 min at their respective optimum temperature which is 400°C for the
225Q /0 -emitter, and 450°C for the 75Q/0-emitter, respectively. There is again
a significant decrease of the saturation current density from d < 5nm to d > 5nm,
like on lowly-doped c-Si surfaces and on the n*-emitter.

The optimum surface passivation is achieved with d = 10 nm for both emitters,
resulting in a minimum saturation current density of Joe p+ = (24 £ 4) fAcm™2 for
the 225 Q/0-emitter, and of Joe p+ = (130 £ 20) fAcm™? for the 75 Q/O-emitter.

Figure shows the saturation current density of both boron-diffused emitters
during annealing in the range from 300°C to 500°C. The thickness of the a-Si:H
layer is d = 10nm. The corresponding results of the phosphorus-diffused emitter
of Figure are shown for comparison. Samples with as-deposited a-Si:H/SiNx
layers show saturation current densities around 10° fA /cm?, which is also measured
on non-passivated samples.

Annealing strongly reduces Joe,p+. The optimum surface passivation is achieved
by annealing for 5 min in the range from 400°C to 450°C. The emitter saturation
current is then stable during annealing up to 500°C for 1min, and increases to
Joep+ = (67 £ 10) fAcm™? after 5min at 500°C for the 225Q/0-emitter.
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Figure 4.5: Emitter saturation current density Joe,p+ of the a-Si:H/SiNx-passivated
pT-emitters. (a) Joep+ as a function of the thickness d of the a-Si:H
layer, for the 75Q/0 -emitter and the 225 /0 -emitter. The samples
are annealed at their optimum temperature for 5min. The optimum
passivation is achieved with d > 5nm. (b) Joep+ as a function of the
annealing temperature Tanneal and of the annealing time tanneal. The
thickness of the a-Si:H layer is d = 10nm. The optimum Joep+ =
(24 +4) fAcm™2 is achieved with Tannear = 400°C for the 225/0 -
emitter, and Joe,p+ = (130 £ 20) fAcm ™2 with Tannear = 450°C for the
75Q/0 -emitter, with tanneal = dmin. The corresponding curve for the
nT-emitter is shown for comparison.

Discussion

Boron-diffused emitters are passivated by a-Si:H/SiNx double layers. The results
show that a-Si:H/SiNy double layers permit the passivation of boron-diffused emit-
ters with the same high quality as on phosphorus-doped emitters. The surface
passivation is stable up to annealing at 500°C.

The higher saturation current of the 75€/0-emitter when compared to the
225Q)/0-emitter is attributed to the higher intrinsic carrier recombination rate in
the emitter bulk due to the higher dopant concentration, as shown in Section [4.2.1
When applying the a-Si:H/SiNy passivation scheme of this work to boron-diffused
emitters that feature smaller surface dopant concentrations than Ngurfp+ < 2 X
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10'° cm ™3, it was shown that the emitter saturation current densities were smaller
than Joe,nt+ < 100 fAcm™2, even for low sheet resistivities pgheer = 50 Q/0. The
quality of the surface passivation was the same as with thermally grown oxide [87].

Non-annealed a-Si:H/SiNy-layers have no passivating effect on the boron-diffused
emitters of this work, as shown in Figure [4.5b. In contrast, the nt-emitter is
already well passivated with Joent = (324 5) fAcm™? by the as-deposited a-
Si:H/SiNy layers. However, the reason for this different behavior is not yet under-
stood.

The fact that both, n- and p*-surfaces are passivated equally well by a-Si:H, is
due to the capture cross sections of the a-Si:H/c-Si interface recombination centers
being of the same order of magnitude for electrons and holes, as shown by Equation
[27I8] The emitter is in {li conditions due to its high dopant concentration, and
therefore the carrier recombination rate is limited by the capture of the minority
carriers. Assuming that the interface defect densities for the n*- and the p'-
samples are the same, the surface recombination rate is determined by o} for the
nT-emitter, and by o, for the p™-emitter. From Equation m then follows

Joent . %o (4.1)
Joe,p+ on’

which means that the capture cross sections for electrons and holes are of the same
order of magnitude, because Joent+ and Joe,p+ are of the same order of magnitude.
The same result was obtained in Reference [§7] from a review of measured emitter
surface recombination velocities of n*-type and pT-type emitters, as a function of
the surface dopant concentration and the type of passivation layer (SiO2, SiNy,
and a-Si:H), by finite-element numerical device simulation [41}, [87].

4.2.4 Stability under UV irradiation

The stability of the surface passivation under illumination is essential for the indus-
trial applicability of a surface passivation scheme. Due to the high photon energy,
the ultraviolet (UV) fraction of the solar spectrum has the most detrimental effect
on dielectric passivation layers.

Experimental

The stability of the a-Si:H/SiNx double layer passivation under ultraviolet light is
investigated by irradiating the phosphorus-diffused samples of Section [£.2.2] with
UV light of an intensity of 25mWem™?2 in the wavelength range from 280 nm to
400nm. One phosphorus-diffused sample that is passivated by SiNy at 400°C, as
shown in Section [4.2.2] is subject to the same treatment for comparison.
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The thickness of the a-Si:H layer is 6.5 nm, which is the optimum in terms of
both, surface passivation and transparency for the incident light. Section[8:2shows
that d = 6.5nm leads to the maximum efficiency of solar cells that feature an a-
Si:H/SiNx-passivated emitter on the illuminated front side.
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Figure 4.6: Emitter saturation current density Joen+ of the a-Si:H/SiNx-passivated
nT-emitter during UV irradiation. The results of a SiNy-passivated
sample are shown for comparison. The passivation is stable up to 200h
of irradiation. The lines are guides to the eye.

A 3mm thick glass sheet laminated with 2mm of ethylene vinyl acetate on
one side covers the samples during the UV irradiation in order to simulate the
UV spectrum which reaches solar cells in a laminated photovoltaic module. The
irradiation time is 200 h, which corresponds to 1year of outdoor illumination in
terms of deposited energy [88].

Figure shows the measured emitter saturation current Joe,n+ as a function
of the UV irradiation time. The emitter saturation current of the a-Si:H/SiNx-
passivated sample increases from Joent = (26 +4) fAcm™2 to (38 £ 6) fAcm ™2
after 200 h of irradiation. The sample with 400°C SiNy-passivation shows an in-
crease of the emitter saturation current from (34 + 5) fAcm™2 to (66 & 10) fAcm™2.
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Discussion

The a-Si:H/SiNx double layer passivation shows a better stability under UV ir-
radiation than the SiNy-passivation. The emitter saturation current saturates to
constant values with increasing irradiation time, for both kinds of samples. It is
therefore concluded that the passivation layers are also stable for longer irradiation
times.

The UV stability of the a-Si:H/SiNx double layer passivation developed in this
work is also shown for boron-diffused emitters, in Reference [87]. It is shown that
Joe,p+ is also stable for at least 200h under the test conditions described above.
Furthermore, Reference [87] shows that the stability of the a-Si:H/SiNy is superior
to that of thermally grown oxide.

4.3 Passivation of textured surfaces

High-efficiency solar cells typically feature textured front surfaces in order to reduce
their reflectivity. From the technological point of view, it is favorable to process
both sides of the solar cell as symmetrically as possible in order to reduce the
number of masking steps. A comparison of the passivation quality of a-Si:H single
layers and that of a-Si:H/SiNx double layers on textured and planar c-Si surfaces is
shown in Section Section gives an overview on how the changed surface
morphology due to the texturing affects the efficiency of the surface passivation,
when compared to planar wafers.

4.3.1 Contributions to the surface recombination rate

The lifetime samples that are used to assess the passivation quality on the textured
surface are prepared by anisotropic etching of (100)-oriented 1.5 Qcm p-type FZ-Si
wafers in KOH /isopropanol solution. The resulting surface features randomly dis-
tributed pyramids of about 5-10 um height. The flanks of the random pyramids are
(111)-oriented, and thus form an angle of 54.7° to the original (100)-surface. The
effective surface area of a wafer that is homogeneously textured with pyramids, is
therefore increased by a factor of 1.74 when compared to the original (100)-oriented
planar surface [89].

The impact of surface texturing on the effective surface recombination velocity
Sesf 1s not a simple geometrical one, as described in the following. Equation [2.16
shows that the surface recombination velocity depends on the density D; of non-
passivated recombination centers per unit area of the wafer, on their capture cross
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sections o/, for electrons (n) and holes (p), and on the energetic distribution of
the recombination centers within the c-Si bandgap.

The density of surface atoms is 1.15 times higher at the (111) surface than at
the (100) surface, which makes 2 times more atoms per unit area on the textured
wafer, than on the planar wafer. One surface atom of the (111)-oriented surface has
only one non-saturated electronic orbital, i.e. one dangling bond, whereas surface
atoms at the (100)-oriented surface feature two dangling bonds. Reconstruction
of the surfaces was found to occur by the formation of dimers from neighboring
atoms, thus reducing the dangling bond density by about a factor of 1/2 in both
cases [I7]. Therefore, the total densities of dangling bond states per unit area of
the wafer are equal for the non-passivated planar and textured wafers, Dpg text. =
DDB,planar = DDB~

Therefore, only the orientation-dependent efficiency of the respective surface
passivation technique determines the density Di; of the remaining recombination
centers at the passivated surface of the wafer:

Digtext. = Dps X (1 — ext.) , and
Dit,planar = DDB X (1 - nplanar) 5 (42)

where 7 is the ratio of the density of passivated dangling bonds to the total density
of dangling bonds Dpg, i.e. the efficiency of the surface passivation.

It was experimentally shown in several publications [I7, 90, 91 92| 03] ©04] for
surface passivation with SiO2 and SiNy, that (111)-oriented surfaces are usually
more difficult to passivate than (100)-oriented ones. (111)-oriented surfaces showed
higher defect densities than (100)-oriented surfaces after passivation by thermally
grown oxide and PECVD-SiNy. This was attributed to the different bond configu-
rations of the surface atoms and the different surface reconstruction mechanisms,
which lead to different distribution functions for the surface recombination levels
throughout the c-Si bandgap. Therefore, Niext. < Nplanar due to the different surface
orientations.

Furthermore, the passivation of the textured surface by deposited layers like SiNy
or a-Si:H has the risk of pinhole formation, which can preferentially take place at
the sharp pyramid tops, and again leads to 7text. < 7planar due to technological
reasons.

The literature data about the capture cross sections of the dangling bond sur-
face states scatters by a few orders of magnitude, and also depends on the type
of surface passivation. There is no evidence for different capture cross sections of
the dangling bonds at the (111)- and at the (100)-surfaces with SiO2- or SiNy-
passivation [93] [95]. No data are available for the a-Si:H/c-Si material system.
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In conclusion, textured and planar wafers show equal total dangling bond den-
sities per unit area of the wafer. However, the efficiency of the surface passivation
by SiO2 and SiNyx was found to be usually lower for (111)-oriented surfaces than
for (100)-oriented ones, which is the main reason for the commonly found relation

Seff. text. > Seff, planar-

4.3.2 Passivation of lowly-doped surfaces
Experimental

Both sides of the KOH-textured 1.5Qcm p-type wafers are passivated by a-Si:H
single layers and by a-Si:H/SiNy double layers, respectively. The thickness of the
SiNy layer is 100 nm in order to obtain the optimum anti reflective coating. The
thickness of the a-Si:H layer is calculated from the deposition rate r = 10 nm/min
on planar surfaces, and is therefore only a nominal value for the textured samples.
The effective surface recombination velocity is obtained from QSSPC measure-
ments.

Figure [.7h shows the SRV of the wafers with a-Si:H single-layer passivation,
as a function of the thickness d of the a-Si:H layer. The data of the planar sam-
ples of Section [£]] are shown for comparison. The SRV is obtained at the ex-
cess carrier density An = 10'® cm™2. Both, textured and non-textured samples
show the significant decrease of Seg from d < 5nm to d > 6.5nm that is de-
scribed in Section The effective surface recombination velocity of the textured
samples iS Serr, texe. = (18 £3) cm/s for 6.5nm < d < 10nm, and decreases to
Sett, texs. = (5.7£0.6) cm/s for d = 15nm. Figure shows that the ratio of
Sett, text. / Sett, planar also decreases from 18 to 1.7 with increasing a-Si:H-thickness
from 3.5nm to 15nm. The maximum deposited thickness of d = 15nm allows to
achieve the ratio of Segr, text./Seit, planar = (1.7 £ 0.5), which is in the same range
as what was found for the surface passivation with SiNy at 400°C [64] [93]. The
application of thicker a-Si:H films is not feasible, because they form blisters during
annealing, due to the large hydrogen content of the a-Si:H.

Figure shows the SRV of the a-Si:H/SiNx double-layer passivated wafers.
Again, textured and non-textured samples show the decrease of Seg from d < 5nm
to d > 6.5 nm that is described in Section[4.T] although the effective surface recom-
bination velocity of the textured samples decreases steadily also from d = 6.5 nm to
15nm. Figure shows that the ratio of the effective SRVS, S, toxt./Setr, planar
is almost constant at (3.1 +0.1) for d < 6.5nm, and decreases significantly to
1.4 £ 0.5 with d = 10nm and 1.3 £ 0.5 with d = 15nm. This is among the lowest
values found in the literature for the passivation by SiO2 and by PECVD-SiNy,
Sett, text. /Sett, planar = 1.3 ... 2.5, for optimized passivation layers [64] [93].
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Figure 4.7: Effective SRV at An = 10" cm™? of planar and KOH-textured 1.5 Qcm
p-type wafers passivated with (a) a-Si:H single layers, and (b) with a-
Si:H/SiNx double layers. The thickness d of the a-Si:H layer is varied.
The thickness of the SiNx layer is 60nm on the planar wafers, and
100nvm on the textured wafers for optimum anti reflective coating. (c)
The ratio of the effective surface recombination velocities of textured
wafers to that of planar wafers, Seg, iew./Sep, planar-

Discussion

Three effects are identified from the measurements shown in this section:
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e The significant decrease of Seg from d < 5nm to d > 6.5nm is present for
both, textured and planar surfaces featuring both, a-Si:H- and a-Si:H/SiNx-
passivation. This effect is therefore due to the properties of the a-Si:H layer,
irrespective of the surface morphology of the c-Si wafer. The most probable
explanation is that unpassivated pinholes remain in the a-Si:H layer when
d < 5nm, as discussed in Section

e The ratio Ser, text./Setr, planar decreases steadily with increasing nominal a-
Si:H thickness d from quite large values to around 1.5 for both, a-Si:H single
layer passivation and a-Si:H/SiNy double layer passivation. This effect is
attributed (i) to the passivation of the dangling bonds at the (111) surfaces
becoming more effective with increasing d, or (ii) to the closing of additional
pinholes in the a-Si:H layer on the textured samples, when d > 10nm. The
additional pinholes are located presumably at the sharp pyramid tops.

e The use of a-Si:H/SiNx double layers instead of a-Si:H single layers leads to a
significantly better passivation of the textured c-Si surfaces, especially when
the a-Si:H layer is thin, d < 6.5nm. With d > 10nm, the efficiency of the
SRV of the textured c-Si surface is at least as low as what has been achieved
with thermally grown oxide or with PECVD-SiNy deposited at 400°C. This
is the only experiment of this work where the SiNy capping layer actually
enhances the quality of the surface passivation when compared to a-Si:H
single-layer passivation.






5 Model of the a-Si:H/c-Si heterojunction

Unlike the passivation with dielectric layers like SiNx or SiO2, that have band gap
energies of several eV, the possibility of charge carriers to diffuse or tunnel into the
amorphous silicon layer is not negligible a priori. Therefore, not only recombination
through the defects at the a-Si:H/c-Si interface, but also recombination in the a-
Si:H bulk has to be taken into account in order to model the contributions the
effective carrier recombination rate at the a-Si:H passivated surface.

Section[5.]describes the heterostructure simulation program that is used to sepa-
rate the recombination through the interface states from the recombination through
the a-Si:H bulk defect states by simulating the measured injection-dependence of
the effective carrier lifetime of a-Si:H passivated c-Si wafers. In order to describe
the carrier recombination through the defect states, their energetic distribution
function and their capture cross sections for electrons and holes have to be known.

A model for the recombination centers in the a-Si:H bulk and at the a-Si:H/c-Si
interface is developed in the sections and which is based on measurements
of the distribution function of the density of states in the a-Si:H bulk, and on data
extracted from the literature.

5.1 The heterostructure simulation package AFORS-HET

AFORS-HET is an open-source on demand software tool for the one-dimensional
simulation of semiconductor multilayer structures, developed at the Hahn-Meitner
Institute (HMI), Berlin [96] [97]. An arbitrary sequence of semiconducting layers
can be specified by stating their respective electronic and optical properties, and
the distribution function of the defect states. Both, intrinsic and Shockley-Read-
Hall type recombination are considered in the calculation. The distribution of
defect states can also be specified for each interface between adjacent layers, in
order to simulate the interface recombination. Each layer is defined by its width,
dielectric constant, electron affinity, bandgap energy, valence and conduction band
densities of states, donor and acceptor concentrations, thermal velocities of elec-
trons and holes, Auger recombination coefficients for electrons and holes, radiative
recombination coefficient, and the distribution functions and capture cross sec-
tions of defects within the bandgap. The defects can be defined as donors or
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acceptors, depending on their charge state when filled with an electron. Only
energy-independent capture cross sections can be defined.

AFORS-HET numerically solves Poisson’s equation and the continuity equations
for electrons and holes with the appropriate boundary conditions in one dimension
under steady state conditions, and since version 2.0 also in transient mode. The
user can specify the externally applied voltage, current, and the spectrum of the
illumination. The set of coupled partial differential equations is transformed into
a set of nonlinear algebraic equations by the method of finite differences. The
resulting nonlinear equations are solved iteratively. The free electron and hole
densities, and the electrostatic potential at each gridpoint are used as independent
variables. All other variables in the discretized set of differential equations are
expressed as functions of these three independent variables.

Thus, the internal cell characteristics, such as band diagrams, local generation
and recombination rates, and free and trapped carrier densities are calculated,
which allows for the simulation of various characterization methods like current-
voltage, quantum efficiency, or lifetime measurements. The simulation of steady-
state lifetime measurements as it is used in this work has been implemented in
version 2.2. The semiconductor equations are solved for steady-state illumination,
under open-circuit conditions. The effective carrier lifetime

J An(z2)dz
Teft f G (z)dz (5-1)
is then calculated from the simulated local carrier density An (z) and local gen-
eration rate G (z). It can be directly compared to the effective carrier lifetime
obtained from QSSPC measurements of the a-Si:H passivated lifetime samples, as
the spectral distribution of the flashlamp illumination in the QSSPC experiments
is also used in the simulation. Thus, the user-defined defect model can be adjusted
to obtain the best fit of the simulated injection-dependent carrier lifetime to the
experimental data.
A detailed description of the models implemented in AFORS-HET is provided
in the online help file [96]. A short overview is given in the following:

e Transport
AFORS-HET accounts for impurity scattering and carrier-carrier scattering
within crystalline silicon, which means that the electron and hole mobilities
are calculated iteratively according to the local carrier density. The starting
values correspond to the Dorkel-Leturcq model [98]. The specified carrier
mobilities of non-crystalline silicon layers are kept constant during the cal-
culation.
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e Optics
The multiple reflections and coherence model accounts for reflection at in-
terfaces between adjacent layers, and at the front and rear surface of the
device. Interference effects are considered. Optical layers, such as anti re-
flective coatings can be defined. The wavelength-dependent refractive index
and absorption coefficient of each layer have to be specified to calculate the
local absorption, and thus the generation rate.

e Recombination

The recombination rate through defect states is calculated by the extended
SRH formalism described in the Equations and The distribution
function of the density of states, and the carrier capture cross sections have
to be specified for each kind of recombination center. The intrinsic recom-
bination rate is calculated according to the Dziewior-Schmid model as the
sum of the Auger recombination rate and the radiative recombination rate,
Uintr,ps = Cun®p + Conp® + Craanp. This model is only applicable if the
parameters Cp, Cp, and Cyaq are adjusted to the actual doping concentration
of the investigated silicon wafer (see Equation . Therefore, the intrin-
sic recombination rate is calculated from the parameterization developed by
Kerr and Cuevas (equations and , and Cy, Cp, and Ciaq are then
fitted to reproduce the correct injection dependence of the intrinsic carrier
lifetime.

5.2 Model of the a-Si:H bulk defects

This section shows a model of the electronic states within the bandgap of amor-
phous silicon. The distribution function of the density of the defect states, their
physical origin, and their capture cross sections for electrons and holes are derived
from experiments, and from literature data.

5.2.1 Distribution function of the density of states

Although there is no long-range order in the atomic array of amorphous semicon-
ductors, the local bond configuration of the constituent atoms is equivalent to that
of the corresponding crystalline material. It was shown in Reference [99] by us-
ing the tight-binding model, that the same energetic bandgap forms in amorphous
silicon as in crystalline silicon. However, hydrogenated amorphous silicon, as it is
naturally deposited by PECVD from SiH4 plasma, contains up to 20% of bonded
hydrogen. The partial replacement of Si-Si bonds by Si-H bonds of larger bonding
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energy moves the valence band edge toward lower energies, thus expanding the en-
ergetic bandgap as shown in References [27] [100]. Schmidt et al. showed that the
bandgap energy of a-Si:H films deposited by direct-PECVD at low temperatures,
200°C < T < 250°C, is Ega-sim = (1.72...0.05) eV, regardless of the specific
deposition parameters [28].

Experimental

Figure shows the density of occupied states in a 10 nm thin a-Si:H layer that is
deposited by PECVD at 225°C on a p-type c¢-Si wafer, as described in Section [3.1
The data were obtained by UV-photoelectron spectroscopy (PES) measurements
of the yield of photoelectrons under UV-irradiation, at Hahn-Meitner Institute,
Berlin. The sample is irradiated by ultraviolet light, and the yield of photo-emitted
electrons as a function their kinetic energy, is obtained as a measure for the density
Noce of occupied electronic states in the a-Si:H bulk as shown in References [28]
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Figure 5.1: Occupied bulk density of states in the 10nm thin a-Si:H layer deposited
on a p-type c-Si wafer, as obtained from UV-photoelectron yield spec-
troscopic measurements. The lines denote the best fits of Equations[5.9
(md to the measured DOS (shown as symbols). Thanks to Dr. Lars
Korte for performing the PES measurements at Hahn-Meitner Insti-
tute, Berlin.
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The density of occupied states decays from the valence band edge towards the
Fermi energy at Fr — Ev = (1.16 £ 0.02) e¢V. The Fermi energy is determined
from the cut-off energy level in the yield spectrum of photo-emitted electrons.
The energetic position of the valence band edge is defined by the change of the
slope of the density of states (DOS), from the DOS of the valence band states
Noce x (Ev — E)0'5 for E < Ev to the exponentially decaying DOS of the localized
band-tail states within the bandgap, as shown in References [I01],[103]. The nature
of the electronic states within the bandgap is explained in the following Sections.

Band tail states

In contrast to crystalline semiconductors, the density of states in amorphous silicon
does not completely vanish within the bandgap, which is due to the lacking long-
range order. The lack of periodicity and symmetry in the atomic array leads to the
formation of localized electronic states called band tail states whose distribution
function decays exponentially toward the center of the energetic bandgap [104]:

Niai,v (E) = No,v X exp (EV_E) for the valance band, and

Etail, v

Niait,c (F) = No,c X exp (g;fg) for the conduction band, (5.2)
where No.v = No,c = 2 X 10%' cm ™3 is the density of states at the valence band
edge and at the conduction band edge, as shown in References [101} [103]. The
Urbach energies Eiail,v and Eiaj,c are a measure for the disorder broadening of
the energetic bands by localized states. Qualitatively, larger values of Eiai v, c
correspond to larger disorder in the amorphous silicon film. The Urbach energies
of undoped a-Si:H found in literature are in the range of Eian,v = (50...70) meV
and Fiai,c = (20...40) meV [28] 29] [105].

The measured density of states is fitted best with Eian,v = (61 £ 2) meV, as
shown in Figure [5.1] The Urbach energy of the conduction band tail distribution
function, Fiai,c is not accessible by the experiment because the PES measurement
reveals only the density of occupied states. However, References [28] [29] [105]
show that the conduction-band Urbach energy is Fiai,c = 0.5FE¢ai,v. The value
E'ail,c = 0.3€V is therefore used throughout this work.

The valance-band tail states are donor-like (positive when occupied by a hole),
and the conduction-band tail states are acceptor-like (negative when occupied by
an electron). Charge neutrality in the a-Si:H bulk therefore requires that

/Ntail,C (E)dE = /Ntail,\/ (E)dE, (5.3)
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if no other electronic states are present within the a-Si:H bandgap. Equation [5.3
results in Er = Ev + 1.17eV with the parameters Nov = No,c = 2 X 10%! cm_3,
Eiail,v = 61meV, Eiai,c = 30meV, and Eg a-si:n = 1.72eV as shown above. The
value Er = Ev + (1.16 £ 0.02) eV obtained from the results of the PES mea-
surements shown in Figure [5.1] agrees with the result of Equation within the
uncertainty interval of the measurement.

Dangling bond states

Non-saturated electronic orbitals are the major structural defects in amorphous
silicon [28| [106]. These dangling bonds are amphoteric defects with three states
that are denoted by 6° (neutral, filled with one electron), §~ (negatively charged,
filled with two electrons), and 6" (positively charged, empty). Powell and Deane
showed that the distribution function D (E) of the dangling bond states within
the a-Si:H bandgap, depends on the position of the Fermi level Er: The density
of states forms such that the free energy of the system is minimized [107, [108]. In
thermal equilibrium, virtually all dangling bonds in n-type a-Si:H are in the 6~
state, i.e. D (E) ~ 0 for E > Er. This result agrees with the distribution function
of defect states within the a-Si:H bandgap shown in Figure Due to statistical
fluctuations of the bonding angle and bonding lengths of neighboring atoms which
influence the energy level of the dangling bond orbital, the distribution function of
the dangling bond defects follows a gaussian shape centered at Fcenter as shown in
References 28], [108], [109)],

NDB 1 (Ecenter_E)2
D(E)= —PB _ oxp( -2 (Zeenter ) ) 5.4
&) SpBV 2T xp( 2 SDB (5-4)

where Npsp is the total density of dangling bonds (in cm ™), and spg is the standard
deviation of the distribution function.

Figure[5.1]shows the best fit of Equation[5.4]to the density of states obtained from
PES measurements, with Ecenter — Fyv = (0.5 £ 0.1) eV, the standard deviation
being spp = (0.23 £ 0.02) eV, and the defect density being Npg = (3.2 +0.7) X
10'® em™3. This value of Npp is about two orders of magnitude higher than typical
values of amorphous silicon that was optimized for the fabrication of amorphous
silicon solar cells [I10]. However, as the a-Si:H films shown in this work are op-
timized for the surface passivation of c-Si and not for an optimum a-Si:H bulk
passivation, the density of the bulk defects is to be expected to be non-optimum.
Furthermore, the total density of the dangling bond states Npg depends on the
post-deposition treatment of the a-Si:H film, and is therefore a variable in the de-
fect model described in this Section.
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The semiconductor device simulation software AFORS-HET that is used in this
work to model carrier recombination in the a-Si:H bulk and at the a-Si:H/c-Si
interface, requires the definition of defect states in the single-electron scheme be-
cause interaction between charge carriers is not included in the model. Dangling
bonds are therefore described by two recombination levels located at E, /o for the
(6% < 4°) transition, and at Ey,_ for the (6° < §7) transition as described in

References [106}, 108, 111, 112} 113} 114]:

N2
Nij(E) = SDA;% exp (—; (Et/DOB E) ) (67 « ¢° transition)

2
No/— (E) = SDJ\;D\}B% exp <é <EOS/;E:E> > (6° < 6~ transition), (5.5)
where

E+/O = Ecenter —kTIn2 and EO/— = Ecenter + Ueff + kT 1n27 (56)

as shown in Reference [I08]. The distance between the energy levels E, o and
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Figure 5.2: Single-electron effective density of band tail states and dangling bond
states within the a-Si:H bandgap, as calculated from the Equations[5.4
and [5.5 with the parameters listed in Table[5.1]
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Ey,_ is the correlation energy Ueg = Ey/— — E4 o of the dangling bond defects. It
depends on the Coulomb interaction of the electrons within the dangling bond, and
on contributions due to the lattice relaxation, electron-phonon interactions, and
rehybridization of the dangling bond orbitals [106]. It was shown in References [113]
114], [115], [116] that Ueg = (0.2 £0.2) eV. The commonly used value Ueg = 0.2eV
is also used in this work. The energy levels £, — Ev = (0.5+0.1) eV and
Ey/— — Ev = (0.7£0.1) eV are then obtained by Equation from the value
of Ecenter = (0.5 £0.1) eV that is determined from fitting Equation to the
measured density of states shown in Figure[5.1]

Defect distribution function of the a-Si:H bulk

Figure shows the single-electron density of band tail states and dangling bond
states within the bandgap of non-doped a-Si:H, as calculated from the Equa-
tions [£.2] and [5-5] The parameters listed in Table [.1] are used for the calculation.
They are obtained from the literature and from the measured density of occupied
states that is determined from PES measurements as described above, to form a
consistent set of parameters. The total density of dangling bonds in the a-Si:H
bulk Npp = 3.2 x 10'® cm™3 is determined by fitting Equation to the mea-
sured density of states of 10 nm thick a-Si:H layer deposited at 225°C, as shown in

Figure [5.1]

Table 5.1: Energetic parameters of the distribution functions of the defects in the
a-Si:H bulk, as shown in Figure|5.4 The parameters are used throughout
this work.

Tail states

Eg,a—Si:H 1.72 eV

Era-sim — Ev 1.16 eV

Eiail,v 61 meV

Elail,c 30 meV
Dangling bonds

Ey o — By 0.50 eV

Eo/, — FBv 0.70 eV

SDB 0.23 eV
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5.2.2 Carrier capture cross sections

The recombination activity of the defects within the electronic bandgap is deter-
mined by the capture time constants 7/, 0 = (’UthNdcfcctUn/p)71 for electrons (n)
and holes (p), as described in Section In order to model the carrier re-
combination through the defect states in the a-Si:H bulk, capture cross sections
have to be assigned to the band tail states and to the dangling bond states, whose
distribution functions are described by the Equations and

There are four different capture processes for charge carriers in the amphoteric
dangling bond states, which correspond to four capture cross sections:

e The donor-like transitions 67 < ¢° correspond to the capture of
— Electrons in the positively charged, empty dangling bond orbitals:
o+ — 8° transition, with the capture cross section 04/0,n, and
— Holes in the non-charged dangling bond orbitals containing one electron:
6% — &t transition, with the capture cross section O4/0,p-

e The acceptor-like transitions 6° «» §~ correspond to the capture of

— Holes in the negatively charged dangling bond orbitals containing two
electrons:
5~ — 6° transition, with the capture cross section 00/—,p, and

— Electrons in the non-charged dangling bond orbitals containing one elec-
tron:
6% — §~ transition, with the capture cross section 00/— -

Table 5.2: Capture cross sections oy for electrons and op for holes of the different
types of defects in the a-Si:H bulk [117].

Bulk defect On [sz] Op [cm2]
Valence band tail 1x107Y 1x 1077
Conduction band tail 1x107Y 1x 10717
Dangling bond (67 « 4°) 2 x 107*° 1x1071%
Dangling bond (6° «»§7) 7x107*° 1x1071

Reference [117] gives an overview over the existing literature data on the capture
cross sections of the band tail states and of the dangling bond states. The mean
values, which are used throughout this work, are given in Table[5.2} The standard
deviations of the data are about a factor of 10.
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The band tail states actually correspond to the binding electronic orbitals be-
tween Si atoms. Their recombination activity is small, which is reflected by the
small capture cross section of 1 x 107 *7cm?. In contrast, the capture cross sec-
tions of the dangling bond states are 2-3 orders of magnitude larger. The Coulomb
attraction between the charged dangling bond states and the captured carriers is

reflected by the larger capture cross sections of the charged states.

5.3 Model of the a-Si:H/c-Si interface defects

This section shows a model of the electronic states at the a-Si:H/c-Si interface.
The distribution function of the defect states, and their capture cross sections for
electrons and holes are taken from the literature, and are adapted to fit the results
shown in Section [£.2.11

5.3.1 Distribution function of the density of states

Figure [5.3] shows the band diagram of an undoped amorphous silicon film with
thickness d = 10nm that is deposited onto a p-type crystalline silicon wafer
(p = 10 cm™®), as calculated with AFORS-HET. The a-Si:H/c-Si heterojunc-
tion is characterized by the band edge offsets of the valence band AFEy, and of the
conduction band AEc = AE; — AEy. The value AE; = 600meV corresponds to
the bandgap energy of Eg a-sim = 1.72eV that agrees with the measured distri-
bution function of occupied states, and the position of the Fermi level in the bulk
of a-Si:H layers deposited in this work, as shown in Section [5-2.1] Furthermore,
this value is within the range of AE; = (550...700) meV that was obtained from
photoelectron yield spectroscopic (PES) measurements and from measurements
of the absorption coefficient, for a-Si:H that was deposited at low temperatures
200°C < T < 250°C by other groups, as shown in References [27, 28] 29]. The
valence band edge offset AEyv = (450 & 20) meV was measured by Sebastiani et
al. and von Maydell et al. by photoelectron yield spectroscopy, as described in
References [118] [I19]. Since it was shown in References [II8| [I19] that the value
of AFEv shows only a small dependence on the actual deposition parameters, it is
used throughout this work.

Non-saturated, dangling bonds of silicon atoms are the dominant type of defect at
the c-Si surface [I7]. However, little is known about the actual distribution function
and the capture cross section of these defects, when the surface is passivated by
a-Si:H. First investigations of the a-Si:H/c-Si interface density of states with the
field-dependent surface photovoltage technique by von Maydell et al. [I19] have
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Figure 5.3: Band diagram of an a-Si:H passivated c-Si wafer in thermal equilibrium,
without illumination. The position z is measured perpendicular to the
surface.

shown a broad, U-shaped distribution which is almost constant in the center of the
¢-Si bandgap, until a distance of 0.3 eV to the band edges, as shown in Figure|5.4

Comparison to the SiO2/c-Si interface

The same kind of defect distribution as it is shown in Figure[5.4] was also described
by Fiissel et al. for the well-investigated SiO2/c-Si interface, and was attributed
to two intrinsic defects of the silicon lattice: First, stretched Si-Si bonds between
surface atoms lead to an Urbach-tail like broadening of the c-Si band edges, similar
to the situation in the a-Si:H bulk. Second, dangling bond orbitals of c-Si surface
atoms form an almost constant distribution of states throughout the c-Si bandgap,
with the symmetry point Ey between donor-like (§+ — 50) states and acceptor-like
(50 — 57) states at 40 meV below midgap. High dangling bond densities at the
interface lead to the pinning of the Fermi level at Er = Ey. The broadening of
the dangling bond states is due to the statistical disorder in the bond angles and
distances of the dangling bond atoms to their nearest neighbors [94].

The band tail states are related to binding electron pairs between the silicon sur-
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Figure 5.4: Density of defect states at the a-Si:H/c-Si interface. Sketch after [97),
179], experimental data from Reference [119]. Thanks to Dr. Karsten
v. Maydell (HMI, Berlin) for the data.

face atoms. It was therefore concluded that the recombination activity of the band
tail states is negligible [94], just as it is the case in the a-Si:H bulk. Reference [120)]
shows that the measured recombination velocities at the SiO2/c-Si interface can
be well fitted by using an energy-independent defect distribution that represents
the dangling bond interface states, and by using energy-independent mean carrier
capture cross sections.

Only silicon atoms are involved in the formation of the intrinsic interface defects
that are described in Reference [94] for the SiO2/c-Si interface. The a-Si:H/c-Si
interface density of states is therefore attributed to the same defects, which leads
the following conclusions:

e There are two types of intrinsic defects at the a-Si:H/c-Si interface, which
are band tail states and dangling bond states.

e Carrier recombination through the almost energy-independent distribution
of dangling bond states near midgap dominates the interface recombination
rate, while the recombination through the band tail states is negligible.

e The distribution function of the recombination-active defect states at the
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a-Si:H/c-Si interface is therefore modeled by an energy-independent distri-
bution function representing the dangling bond interface states, with energy-
independent mean carrier capture cross sections.

Model of the a-Si:H/c-Si interface dangling bond distribution

The distribution function of the dangling bond defects at the a-Si:H/c-Si interface
to be used in this work is therefore:

Di¢ 0 (E) = EODijV [0 (E — Ev) x © (Fy — E)], §T+6° transition
Divo/— (E) = 32— [0 (E — Eo) x © (Ec — E)], 6%4~ transition, (5.7)

Ec—Eo

where © (E) is the Heaviside step function, and Ey = (Fv,csi + 0.5Fg c-si) —
40meV is the symmetry point. The total density of dangling bonds at the interface
is denoted by Dj (in Cm72).

5.3.2 Carrier capture cross sections

The main type of defects at the a-Si:H/c-Si interface are dangling bond states,
just as in the case of the a-Si:H bulk. The allocation of capture cross sections to
the four possible transitions of the amphoteric dangling bonds which is shown in
Section [5.2.2] applies also to the interface states. It is concluded in Section [£:2.3]
that the capture cross sections of the interface defects are of the same order of
magnitude for electrons and holes. They are assumed to be the same within the
model that is derived in this section, which reduces the number of free parameters
from four to two:

O04/0,n = 00/—,p ‘= Ocharged; and
04+/0,p = 00/—,n ‘= Onon-—charged- (58)

It is obvious that the capture cross sections of the charged states are larger than
those of the neutral states due to the Coulomb attraction of the charge carriers,
just as it is the case for the dangling bond states in the a-Si:H bulk.

Table 5.3: Capture cross sections on for electrons and op for holes of the dangling
bond states at the a-Si:H/c-Si interface.

Interface defect On Op

Dangling bond (6+ Aad 60) Ocharged Onon—charged
Dangling bond (50 A 5_) Onon—charged Ocharged
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Table shows the allocation of the capture cross sections to the dangling
bond defects. The capture cross section of the charged states is fixed, ocharged =
1x 107 em™2, for the calculations of the interface carrier recombination rate that
are performed in this work. Therefore, the ratio ocharged/Tnon—charged is left as the
only free parameter for the capture cross sections of the dangling bond interface
states. To keep Ochargea at a predefined value is no restriction to the generality of
this model, because the recombination rate depends only on the product of the two
fit parameters, capture cross section and defect density, as shown in the Equations
2.12H2.14} ochargea = 1 x 107" cm™2 is a reasonable value that was also found for
the recombination at the SiO2/c-Si interface [120].

The ratio of the capture cross sections of charged and non-charged interface
states, Ocharged /Onon—charged, and the total defect density Dj are then the only free
interface parameters of the defect model derived in this chapter.



6 Stability under illumination: Staebler-Wronski
effect

The stability of the a-Si:H- and a-Si:H/SiNy-passivation during illumination is
important to ensure the long-term stability of a-Si:H passivated solar cells.

Amorphous silicon solar cells show a decrease of the dark- and photo-conductivity
during illumination, which is fully reversible by annealing. This effect is named
Staebler-Wronski effect after its discoverers and was found to be due to the light-
induced formation of recombination centers in the a-Si:H bulk [121] [122] [123].
There are several mechanisms proposed for the formation of these defects. The
common effect is the light-induced dissociation of Si-Si bonds that are stretched
when compared to the c-Si binding length, and are thus “weak”. The dissociation
of a weak Si-Si bond corresponds to the formation of two dangling bonds that act
as recombination centers. The density of newly created recombination centers sat-
urates after a certain illumination time that depends on the illumination intensity
[110]. During annealing, the Si-Si bonds re-form or get passivated by hydrogen.

The same kind of effect is observed for the a-Si:H-passivated c-Si surface in this
work. Illumination leads to a slight degradation of the surface passivation quality,
which is fully reversible by annealing.

Section [6.1] shows the stability of the a-Si:H single-layer passivation, and of the
a-Si:H/SiNx double-layers passivation under various illumination conditions. In
Section the defect model derived in Chapter [5] is used to determine the cap-
ture cross section of the dangling bond states at the a-Si:H/c-Si interface. The
densities of light-induced defect states in the a-Si:H bulk, and at the a-Si:H/c-Si
interface, are deduced from the effective carrier lifetimes of the samples after illu-
mination.

6.1 Experimental

The single- and double-layer passivated samples with d = 10nm that are shown
in Section [£1] are used to assess the effective surface recombination velocity at
several stages of illumination of each wafer side by a halogen lamp with the in-
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tensity 50 mW/ cm2, and after illumination under indoor conditions, i.e. combined
sunlight and fluorescent light. In addition to those samples, 300 pm thick n-type
1.5 Qcm FZ-Si wafers are passivated by 10 nm of a-Si:H on both sides. The surface
orientation of the wafers is (100).

6.1.1 A-Si:H single layer passivation
p-type c-Si substrate

Figure shows the injection-dependent carrier lifetime 7eg of the a-Si:H passi-
vated p-type wafers in the as-deposited state, after 5h illumination of each side
under a 50 mVV/cm2 halogen lamp, and after 3 and 15 months of storage under
indoor illumination, i.e. a mixture of fluorescent light and sunlight. The lifetime
curve obtained after 5 h of halogen illumination is also reproduced by 70 h of indoor
illumination.
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Figure 6.1: (a) Effective carrier lifetime of 1.5Qcm p-type c-Si wafers passivated
by a-Si:H single layers with d = 10nm. (b) Effective surface recombi-
nation velocities (SRV) at An = 10" cm™ and An = 10" cm™3. The
samples are measured in the as-deposited state, after 50 mVV/cm2 illu-
mination by a halogen lamp for 5h per side, and after 8 and 15 months
storage under indoor illumination. The degradation is fully reversible
by annealing at 300°C for 5min.
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Figure shows the effective surface recombination velocities Seg as calculated
from 7Teg at An = 10 ecm™ and An = 10"® cm™3. The surface recombination
velocity saturates to a constant value with increasing degradation time. After
15months, Seg = (35 +5) cm/s at An = 10" em™, and Seg = (14 4+ 5) cm/s at
An = 10" ecm ™3, which is about a factor of 5 higher than the initial values of
Segr = (8.5+0.8) cm/s and Sex = (3.5 +0.6) cm/s, respectively. However, the
passivation quality is still in the range (4...20) cm/s that was reported for c¢-Si
surfaces that were passivated by PECVD-SiNy optimized for surface passivation
[65].

Annealing of the samples at 300°C for 5min on a hotplate fully restores Ses to
the initial values of below 10cm/s, and also maintains the injection-dependence
of the effective carrier lifetime. Storage in the dark for 3 weeks after annealing
maintains the high surface passivation quality (not shown in Figure . Sub-
sequent illumination again leads to the degradation shown in Figure [6.1] The
illumination-induced degradation of the a-Si:H/c-Si interface passivation is there-
fore fully reversible by annealing, like the Staebler-Wronski effect in the a-Si:H
bulk.

n-type c-Si substrate

Figure shows the injection-dependent carrier lifetime 7eg of the a-Si:H passi-
vated n-type wafers in the as-deposited state, and after 5h illumination of each
side under a 50 mW / cm? halogen lamp. The illumination conditions are the same
as for the p-type wafer, so that both types of samples can be compared at a de-
fined level of the light-induced degradation. Figure[6.Ip shows the effective surface
recombination velocity Seg, as a function of An.

The surface recombination velocity at An = 10'° cm ™2 is See = (3.0£0.5) cm/s
in the non-degraded state after the deposition, and increases to (5.0 +0.5) cm/s
after illumination by the halogen lamp for 5h. This is roughly the same relative
increase of the SRV as for the p-type wafer, where the SRV increases from See =
(3.5£0.5) cm/s in the non-degraded state after to (7.2 +0.5) cm/s after 5h of
halogen lamp illumination.

6.1.2 A-Si:H/SiN, double layer passivation

Figure shows the effective carrier lifetime of the a-Si:H/SiNx passivated p-type
samples with d = 10nm, measured by QSSPC immediately after the deposition
and after 15 months of storage. The a-Si:H passivation layer is capped by a 60 nm
thick SiNy layer deposited at 230°C, as described in Section The refractive
index of the SiNy layer is n = 2.05. The corresponding lifetime curves of the a-Si:H
single-layer passivated wafers of Figure [6.1] are shown for comparison.
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Figure 6.2: (a) Effective carrier lifetime of a 1.5 Qcm n-type c-Si wafer that is passi-
vated by 10nm of a-Si:H. (b) Effective surface recombination velocities
of the same samples. The wafer is measured in the as-deposited state
(non-degraded), and after 5h illumination of each side by a halogen
lamp. The illumination intensity during the light-induced degradation
is 50 mW /cm?.

There is no discernible difference in the injection-dependent effective carrier life-
times of the samples that are passivated with a-Si:H/SiNx double layers, and the
samples that are passivated with a-Si:H single layers, within the uncertainty inter-
val of the lifetime measurement. Both kinds of passivation layers show the same
degradation under illumination. Therefore, the application of the SiNy capping
layer has no influence on the injection-dependence of the a-Si:H passivation, and
on its stability during illumination.

6.1.3 Discussion

The observed slight degradation of the surface passivation by a-Si:H is found to be
light-induced, and is fully reversible by annealing at 300°C as shown in Figure .
It therefore shows the same behavior under illumination and annealing as the
Staebler-Wronski effect that is known to occur in the a-Si:H bulk. The light-induced
dissociation of weak Si-Si bonds and of Si-H bonds forms recombination centers.
Therefore, the carrier recombination rate increases. Within the uncertainty interval
of the lifetime measurement, the observed effect is not influenced by the application



6.1 Experimental 107

p-type 1.5|Qcm

Non-degraded
10°F 1

60nm SiN,
10nm a-Si:H

p-Si, 1.5 Qcm

Effective carrier lifetime T, [s]

—4 1 1 1
101013 10']4 1015 1016
Excess carrier density An[cm™]

Figure 6.3: Effective carrier lifetime Teg of 1.5Qcm p-type ¢-Si wafers passivated
by a-Si:H/SiNy double layers (orange/blue triangles), as a function
of the excess carrier density An. The a-Si:H layer is 10nm thick.
The samples were measured in the non-degraded state immediately after
the deposition, and after 15 months storage under indoor illumination.
The corresponding curves of the a-Si:H single layer passivated samples
shown in Figure are included for comparison (gray squares).

of the SiNy capping layer, and it is not influenced by the type of doping of the
substrate wafer.

The effective surface recombination velocity is found to saturate around Sey =
20cm/s after 15 months of illumination in the case of the p-type c-Si wafer. The
passivation quality after degradation is still in the range (4...20) cm/s that was
reported for c-Si surfaces that were passivated by PECVD-SiNy optimized for sur-
face passivation [65]. According to Reference [67], the increase of Sy during the
annealing hardly decreases the efficiency potential of solar cells, when the a-Si:H
layer is used to passivate the base surface. The light-induced increase of the sur-
face recombination velocity is therefore no obstacle for the application of the a-Si:H
surface passivation to solar cells.
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6.2 Formation of defects during illumination

The injection-dependent carrier lifetimes of the a-Si:H single layer passivated wafers
at various stages of illumination, which are shown in Section[6.1.1] are used to assess
the carrier capture cross sections of the defect states at the a-Si:H/c-Si interface.
The densities of the illumination-induced dangling bond states in the a-Si:H bulk,
and at the a-Si:H/c-Si interface are determined.

6.2.1 Prerequisites

The model of the dangling bond distribution functions in the a-Si:H bulk and at
the a-Si:H/c-Si interface is described by the Equations and It leaves
three free parameters: The total dangling bond densities in the a-Si:H bulk and
at the a-Si:H/c-Si interface, Npg and Djy, which are subject to the illumination
intensity and time, and the ratio ocharged/Tnon—charged Of the capture cross sections
of the charged and the non-charged dangling bond states at the interface, which
is determined by the physical nature of the defects and does therefore not change
during illumination.

Five independent measurements are used to determine these three parameters:
The injection-dependent effective carrier lifetimes of the a-Si:H-passivated p-type
and n-type FZ-Si wafers in the as-deposited state, after 5h and after 15 months of
illumination, which are shown in Section [6.1.1] and also in Figure

The software package AFORS-HET is used to fit the injection-dependent effec-
tive carrier lifetime of the a-Si:H-passivated wafers, as described in Section [5.1]
The defect model derived in Section [5.2] is implemented in the calculations to
simulate the carrier recombination through the a-Si:H/c-Si interface defects and
through the a-Si:H bulk defects. The spectrum of the illumination is the same in
the simulation, as in the experiment. The calculated lifetime is then compared to
the effective carrier lifetime obtained from the QSSPC measurements in order to
adjust the parameters Npg, Dit, and Ocharged/0non—charged t0 Obtain the best fit to
the experimental data of Section [6.1.1]

The capture cross sections of the interface states are assumed to be invariant
under variations of the defect densities, because they are only determined by the
physical nature of the defect. Therefore, all measured lifetime curves are fitted with
the same ratio of the capture cross sections Ocharged/Onon—charged Of the dangling
bond defects at the a-Si:H/c-Si interface.

The densities of the interface defects and of the a-Si:H bulk defects are assumed
to be independent of the doping type and concentration of the substrate, but to
depend only on the deposition parameters and on the post-deposition treatment of
the samples. Therefore, one set NDB non—deg, Dit,non—deg is found that fits the non-
degraded curves, another set Npg,sn, Dit,sn that fits the light-degraded curves after
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Figure 6.4: Effective carrier lifetime Teg of (a) p-type silicon and (b) n-type sili-
con wafers passivated on both sides by 10nm of a-Si:H. The symbols
denote the lifetimes calculated from QSSPC measurements. The lines
denote the best fits with the defect model shown in Chapter[3, with the
parameters shown in Table

5h of illumination, and a third set NpB,i5m, Dit,15m that fits the light-degraded
curves after 15 months of illumination.

6.2.2 Results and discussion

Figure [6.4] shows the graphs of the best fits to the measured effective carrier life-
times. The fitted values and the uncertainty intervals of the dangling bond densities
and the capture cross section ratio are given in Table [6.1]

Formation of dangling bonds during illumination

The dangling bond densities in the non-degraded state are Npg < 1 x 10® em™3
in the a-Si:H bulk, and Di; = (5 £5) x 108 cm™2 at the interface. The best fit
to the non-degraded lifetime curves is obtained with the a-Si:H bulk density of
dangling bonds being Npg = 8 x 10" cm™, and the interface dangling bond
density Dj; = 5 x 108 cm™2. The interface defect density is in the same range as it
was found for the interface between silicon-rich SiNyx and c-Si [19].

The density of the interface defects D increases by a factor of about 2 during
the first 5h of 50 mW/(:m2 illumination by the halogen lamp, while the density
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Table 6.1: Parameters of the a-Si:H/c-Si defect model that are obtained from fitting
the injection-dependent effective carrier lifetime of the a-Si:H passivated
1.5Qcm p- and n-type wafers in Figure . The capture cross section
of the charged interface defects is fived at ocharged = 10~ cm_3, which
is a common value for the Si0Oz/c-Si interface.

Parameter  Best fit Uncertainty interval

All cases
_Zcharged 9 3 103 +1x 10°

Onon—charged

Non-degraded

Nps 8x 107 em™® <1x10%¥cm™3

Ds 5x10%cm™2 45 x 108 cm ™2
Degraded, 5h

Nps 3x10¥%em™® <1x10¥cm™3

Dy 1x10°cm™2 +£5x10%cm™2
Degraded, 15 months

Nbps 1x%x10%em™ <5x10"¥cm™3

Di: 4x10°cm™2 +2x10°cm2

of the dangling bonds Npgp in the a-Si:H bulk increases by a factor of about 4.
Therefore, the dangling Si bonds in the a-Si:H bulk form at a higher rate during
annealing than the interface dangling bonds.

During the illumination, both defect densities increase by about one order of
magnitude from the non-degraded state to the degraded state after 15 months.
This is in good agreement with the relative increase by a factor of 10 due to
the Staebler-Wronski effect, that was shown in Reference [124] for the increase
of the bulk defect density of a-Si:H from the non-degraded state, to the light-
soaked equilibrium state. It is therefore concluded that the p-type sample shown
in Figure [6.4h is in its stable state after 15 months storage.

The experimental data are explained best by assuming that the reason for the
reversible light-degradation of the a-Si:H surface passivation is a Staebler-Wronski-
like formation of dangling bond states [I2I]. As weak Si-Si bonds exist both, in
the a-Si:H bulk, and at the a-Si:H/c-Si interface, it is to be expected that the light-
induced dissociation of those weak bonds occurs both, in the a-Si:H bulk, and at
the interface.
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Carrier capture cross sections of the interface defects

By fitting all five curves in Figure[6.4] simultaneously, the ratio of the capture cross
sections of the interface states ocharged/0non—charged = (2 £ 1) X 103 is found. This
is in good agreement to the results acharged/U,,O,,,Charged = 10%...10* that were
obtained for both, the intrinsic dangling bond defects at the SiO2/c-Si interface
[120], and the dangling bond defects at the a-Si:H/c-Si interface [109].

Figure[6.5h shows the simulated effective carrier lifetime of the a-Si:H passivated
n-type wafer in the non-degraded state. The defect densities Npg = 8 x 107 ecm ™3
and Dj, = 5 x 10% cm™2 are fixed, while the ratio of the capture cross sections is
varied, Ocharged/Onon—charged = 2000, 200, and 1.

The lli carrier lifetime strongly depends on ocharged/Gnon—charged, Which allows
for the rather accurate determination of the interface capture cross section ratio.
The (6+ — 50) interface states in the lower half of the bandgap are populated by

electrons in [li conditions, while the (50 — 6_) states in the upper half are mostly
unpopulated. The recombination rate is therefore limited by the capture rate of
the minority carriers (holes) in the (5+ > 60) states, which is determined by the
smaller one of the interface capture cross sections, onon—charged-

Carrier recombination in the a-Si:H bulk

Figure shows again the non-degraded effective carrier lifetimes of the a-Si:H
passivated n-type wafer. In order to simulate the impact of the interface defect
density Dj; on the effective carrier lifetime of the sample, lifetime curves are cal-
culated with the a-Si:H bulk density of states and the ratio of the capture cross
sections being fixed to the values that allow for the best fit to the experimen-
tal data, Npg = 8 X 10" cm™? and Ucharged/onon,charged = 2000. The interface
density of states Di is varied from 5 x 108 cm™2 to 2 x 10° cm 2. The effective sur-
face recombination velocity Sy in (/i conditions is calculated from the the effective
lifetime at an excess carrier concentration of An = 1x10'° cm ™2 by Equation

Figure [6.5¢ shows a variation of the a-Si:H bulk density of states Npg. Lifetime
curves are calculated with the interface density of states and the ratio of the capture
cross sections being fixed to Diy = 5 X 108 cm™2 and Ocharged/Onon—charged = 2000.
The a-Si:H bulk density of states Npg is varied from 1 x 10" cm™3 to 1x10'° cm 3.
A bulk density of states of Npg = (1...10) x 10'®cm™ is typically reported for
amorphous silicon that is optimized for the fabrication of amorphous solar cells,
where an optimum electronic quality of the a-Si:H bulk is necessary [110].
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Figure 6.5: Effective carrier lifetime of the a-Si:H-passivated n-type wafer, in the
non-degrade state. The symbols denote the carrier lifetime measured by
QSSPC. The lines denote the lifetimes simulated by AFORS-HET. (a)
The defect densities Npg = 8 X 10'7 cm_3, and Dy = 1 x 10° cm ™2
are fired. The ratio of the interface capture cross sections is var-
ied, Ocharged/Onon—charged = 2000,200,and 1. (b) The a-Si:H bulk de-
fect density Npp = 8 x 10" em™2 and the capture cross section ratio
Ocharged/Onon—charged = 2000 are fized. The interface density of dan-
gling bonds is varied, Diyy = (5...20) x 103cm™2. (c) The interface
defect density Dix = 5 x 103cm™2 and the capture cross section ra-
110 Ocharged/Onon—charged = 2000 are fized. The a-Si:H bulk density of
dangling bonds is varied, Npp = (1016 . 1019) cm ™3,
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Equation [2.12] states that the carrier recombination rate that is associated to
the recombination through defect states by the Shockley-Read-Hall formalism, is
proportional to the defect density. This correlation is fulfilled for the density of
the interface dangling bonds, as shown in Figure [6.5b: Increasing the dangling
bond density at the a-Si:H/c-Si interface by a factor of 2 (4) leads to a decrease
of the effective surface recombination velocity Sui by also also a factor of 2 (4).
Since the effective carrier recombination rate is proportional to the effective SRV,
Uni = An Sy; after Equation a decrease of the effective SRV means a decrease
of the effective carrier recombination rate by the same factor.

However, Figure shows that increasing the dangling bond density in the
a-Si:H bulk by three orders of magnitude leads to a much smaller increase of the
effective carrier recombination rate: The effective carrier lifetime at the excess car-
rier density An = 1 x 10 em™2 is 7o = 3.0ms for Npg = 1 x 106 cm_3, and
decreases by a factor of 2.5 to 7oy = 1.2ms for Npg = 1 X 10*° em 3.

Figure [6.6] shows the calculated energy band diagrams, and depth profiles of the
recombination rate U (z) for a 10 nm thick a-Si:H layer on a 1.5 Qcm n-type wafer,
as a function of the distance z from the a-Si:H surface. The parameters used for
the calculations are the same as for the calculation of the effective carrier lifetime
shown in Figure : The density of dangling bonds is varied, Npg = 1x10'% em™3
for the results shown in Figure , and Npp = 1x 10! cm ™2 for Figure . The
interface density of states Diy = 5 x 10% cm ™2 and the excess carrier concentration
An = 1x10'® cm ™2 are the same in both cases. The illuminating spectrum contains
only wavelengths A > 800 nm. Light-induced carrier generation within the a-Si:H
film is therefore negligible, which means that only excess carriers that cross the
a-Si:H/c-Si heterojunction will recombine within the a-Si:H layer.

The total recombination rates within the a-Si:H layer, Us a-si:z, and in the in-
terface region Us ¢, are obtained by integrating the local recombination rate over
the respective layer width,

Us,layer = / U (Z) dz. (61)

layer

The corresponding specific recombination velocities of the a-Si:H layer and the
interface layer are defined by Equation Slayer = Us,layer /AN

Figure [6.6h shows that for a low dangling bond density Npg = 1 x 10'® cm ™2 of
the a-Si:H bulk, the carrier recombination rate within the a-Si:H layer is negligible
when compared to the total recombination rate in the interface region, Us a-si:n <
Us,it .
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Figure 6.6: Calculated band diagrams and depth profiles of the recombination rate
U, for a 10nm thick a-Si:H layer on a 1.5Qcm n-type wafer, under
infrared illumination with 800nm < A < 1100nm. The excess carrier
density is An =1 x 10"¥ em™3. The shaded area denotes the interface
region. (a) Calculation for Npg = 1 x 10*®ecm™2. (b) Calculation for
Npp = 1 x 10" em™3. The increased a-Si:H bulk defect density leads
to an increase of the total recombination rate by a factor of 2.5.



6.3 Summary 115

However, increasing the a-Si:H bulk density of states by three orders of magni-
tude to Npg = 1 x 10'° em~2 leads to an increase of the carrier recombination rate
by only about two orders, from Us a-si:u = 8.0% 10" em 257 t0 7.4% 10" cm 257,
This value of Us,a-si:n is in the same range as the total recombination rate in the
interface region Us = 3.3 x 10"® cm™2s™! as shown in Figure . The splitting
of the quasi-Fermi levels Er n — Er,p is reduced by 125 meV due to the increased
carrier recombination in the a-Si:H bulk.

The total surface recombination rate Us = Us a-si:n + Us,ic therefore increases
by a factor of 2.5 from Us = 4.2 x 10"¥ecm™2s™! for Npp = 1 x 10%ecm™3, to
Us =10.7x 102 ecm 257! for Npg = 1 x 10*° crn*?’, which agrees with the increase
of S as obtained from the effective carrier lifetime curves shown in Figure [6.5F.
This increase is due to the increased carrier recombination rate within the a-Si:H
bulk.

It is obvious from comparing the impact of the magnitude of the dangling bond
densities Npg and Djt, that

e The effective carrier recombination rate of the a-Si:H-passivated c-Si surface
is determined by the density of the interface defects Di, as long as the a-Si:H
bulk density of states is within a range Npg = (1016 ...10"") cm™? that was
reported in Reference [110] for a-Si:H layers with optimized bulk quality. As
the dangling bond density of the a-Si:H bulk is higher, Npg > 10'® cm™
for the layers that are prepared in this work, carrier recombination through
both the defect states at the a-Si:H/c-Si interface and in the a-Si:H bulk
contributes to the total surface recombination rate.

e However, the carrier recombination rate within the a-Si:H layer is not only
limited by the concentration of defects, as is obvious from the only sub-linear
increase of the recombination rate Us a-si:n with increasing dangling bond
density Npgp. This is due to the band edge offsets of AEy = 450eV and
AFEc = 150eV shown in Figure which are considerably larger than the
thermal energy of a charge carrier at room temperature, kT = 25.8 meV.
Therefore, transport of excess carriers from the crystalline silicon into the
amorphous silicon layer is effectively blocked, and relatively high defect den-
sities are allowed in the a-Si:H bulk without destroying the excellent surface
passivation.

6.3 Summary

A slight increase of the effective surface recombination velocity of a-Si:H-passivated
c-Si wafers is observed during illumination. The increase of the SRV is fully re-
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versible by annealing at 300°C for 5min, and does not occur during storage of the
samples in the dark. The effective surface recombination velocity is found to satu-
rate around S = 20 cm/s after 15 months of illumination in the case of the p-type
c-Si wafer, which is in the same range as the effective SRV of SiNy-passivated c-Si
wafers.

Fitting the defect model derived in Section to the experimental data shows
that both, the density of the interface dangling bonds and the density of the dan-
gling bonds in the a-Si:H bulk, increase by an order of magnitude during the
15 months of illumination. The ratio of the capture cross sections of the interface
dangling bonds iS Ocharged /Onon—charged = (2 £ 1) X 103. The capture cross sections
for electrons and for holes are the same within the defect model that is used in
this work. The effective surface recombination rate is controlled by both, carrier
recombination through interface defects and recombination through a-Si:H bulk
defects.

The experimental data are explained best by assuming that the reversible light-
degradation of the a-Si:H surface passivation is due to the formation of dangling
bond states both, at the a-Si:H/c-Si interface and in the a-Si:H bulk, analogue
to the well-known Staebler-Wronski effect of the dissociation of weak Si-Si bonds
[I2I]. The abundance of weak bonds and also the rate at which the light-induced
recombination centers form is proposed to depend on the bond configuration of the
involved atoms, which is different at the interface and in the a-Si:H bulk. Fitting
the recombination model shown in Section [f] to the experimental results, suggests
that the illumination-induced defects form at a higher rate in the a-Si:H bulk than
at the interface.



7 Thermal stability

The thermal stability of the surface passivation is important for technological rea-
sons, as the solar cells are subject to repeated heating during the annealing or firing
of metal contacts, and during soldering and lamination of solar cells in modules.

Section[7-1] describes the thermal stability of the passivation of lowly-doped c-Si
surfaces by a-Si:H single layers and by a-Si:H/SiNx double layers. In Section
the increase of the density of defect states is quantified by fitting the defect model
of Section [5.2] to reproduce the injection-dependent carrier lifetime curves of the
annealed a-Si:H-passivated samples. Sectionshows the correlation of the post-
deposition annealing temperature and of the a-Si:H layer thickness to the interface
density of defects for the diffused emitters that are investigated experimentally in
Section

7.1 Passivation of lowly-doped surfaces

Lifetime samples with a-Si:H single-layer passivation and a-Si:H/SiNx double-layer
passivation are prepared from polished p-type, (100)-oriented, 1.5 Qcm FZ-Si wafers.
The thickness of the a-Si:H layer is d = 10nm. Thicker a-Si:H layers show a
slightly enhanced thermal stability, but form blisters during annealing, due to
the desorption of hydrogen from the a-Si:H layer. The samples are annealed on
a hotplate, in ambient atmosphere. The effective surface recombination veloc-
ity Seer is determined from QSSPC measurements after annealing the samples at
T = (300...600)° C for (1...30) min.

7.1.1 Results

Figure shows the effective surface recombination velocity Seg at An = 10'® cm™?

as a function of the annealing time and temperature. For both types of sam-
ples, annealing at 300°C maintains the excellent surface passivation with S =
(3.5 £ 1.0) cm/s for at least 30 min annealing time.

The effective SRV of the a-Si:H single-layer passivated samples increases for
annealing temperatures Tapnear > 400°C. The surface recombination velocity
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Figure 7.1: Effective SRV of a-Si:H-passivated wafers and of a-Si:H/SiNx-
passivated wafers at An = 10'%em™3, as a function of the annealing
temperature and time. The thickness of the a-Si:H layer is 10nm on
all samples. The SiNx capping layer enhances the thermal stability.

is Seer = (175 £25) cm/s after annealing at 500°C for 1min, and increases to
(7.24 1) x 10® cm/s after 5min at 500°C.

The a-Si:H/SiNy-passivated samples show a stable SRV of Seg = (3...4) cm/s
for up to 5 min at 400°C, and an increasing SRV for Tanncar > 500°C. Annealing of
the a-Si:H/SiNy-passivated samples at 500°C for 15 min results in Seg = 140 cm/s,
which is in the same range as the effective SRV of the a-Si:H single layer-passivated
samples after annealing for only 1 min.

7.1.2 Discussion

The SiNy capping layer enhances the thermal stability of the a-Si:H/SiNx double
layer when compared to the a-Si:H single layer: The effective surface recombina-
tion velocity after annealing for 15 min at 500°C is almost two orders of magnitude
lower with the a-Si:H/SiNyx passivation, than with the a-Si:H single-layer passi-
vation. Equation [2:12] suggests that also the density of the dangling bond states
which contribute to the effective carrier recombination rate, is two orders of mag-



7.2 Formation of defects during annealing 119

nitude lower with the a-Si:H/SiNy passivation, than with the a-Si:H single-layer
passivation.

Annealing at 300°C maintains the excellent surface passivation of both kinds of
samples, which complies with the results of Section |§| that show that annealing at
300°C even reverses the light-induced degradation of Seg. However, annealing at
300°C does not enhance the effective carrier lifetime of samples that were degraded
by annealing at high temperatures 7' > 400°C.

The stability of the a-Si:H single layer passivation and of the a-Si:H/SiNyx dou-
ble layer passivation is demonstrated for temperatures up to 500°C, which has also
been found for the a-Si:H/SiNy-passivated emitters as shown in Section In
order to maintain the advantage of the better surface passivation of a-Si:H when
compared to a screen-printed aluminum back-surface field layer as it is applied for
the base passivation of industrial solar cells, it is demanded that the effective sur-
face recombination velocity of the sample be smaller than S.; < 100 cm/s after the
annealing [67]. The maximum annealing time at 500°C is therefore 1 min for the
a-Si:H single-layer passivated samples, and 15 min for the a-Si:H/SiNy double-layer
passivated samples.

7.2 Formation of defects during annealing

In order to determine the density of the thermally induced defect states at the
a-Si:H/c-Si interface, and in the a-Si:H bulk, the defect model of Section is
fitted to reproduce the injection-dependent carrier lifetime curves of the annealed
a-Si:H single layer-passivated samples. The approach is the same as in Section [6.2]

The ratio of the carrier capture cross sections of the interface dangling bond
states has been already found in Section Ocharged /Onon—charged = 2000, and is
therefore fixed at this value. The density of the dangling bonds in the a-Si:H bulk
Npg, and the density of the dangling bonds at the a-Si:H/c-Si interface Dj; are
adjusted to fit the temperature-degraded effective carrier lifetimes of the a-Si:H
single layer-passivated samples that are shown in Section|7.1

7.2.1 Results

Both, the measured lifetime curves, and the best fitted curves are shown in Figure
[7:2 together with the dangling bond densities that lead to the best fit of the model
to the experimental data. The accuracy for the determination of the dangling
bond densities is about +50% for the interface defects. The dangling bond states
in the a-Si:H bulk contribute little to the effective surface recombination rate, as
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shown in Section[6.2] Therefore, only the upper limit of their density Npg that is
compatible with the measured carrier lifetimes can be given.
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Figure 7.2: Effective carrier lifetime Tegr of annealed p-type silicon (1.5Qcm) passi-
vated on both sides by 10nm of a-Si:H. The symbols denote the lifetime
measured by QSSPC. The annealing temperature and the annealing time
are noted together with the dangling bond densities obtained from the
best fit curve. The lines denote the lifetimes simulated by AFORS-HET.

The defect density at the interface increases by four orders of magnitude from
5 x 10® cm ™2 in the non-degraded state to 5 x 10'? cm ™2 after annealing for 20 min
at 500°C. The best fits to the experimental data are obtained when the dangling
bond density in the a-Si:H bulk is increased from Npp < 1 X 10 em™2 to Npg <
1 x 10%" em™>.

Increasing the bulk density of the dangling bonds further than 1x10%! cm™3 leads
to no change of the simulated effective carrier lifetime. It is therefore the upper
limit of the defect density Npg when fitting the defect model to the experimental
data.



7.2 Formation of defects during annealing 121

7.2.2 Discussion

The injection-dependent carrier lifetime of the thermally degraded, a-Si:H pas-
sivated wafers is fitted by the same defect model as the carrier lifetimes of the
samples that are degraded by illumination, as shown in Chapter @ The dangling
bond density at the a-Si:H/c-Si interface increases by four orders of magnitude
during annealing for 20 min at 500°C.

Annealing of the a-Si:H-passivated c-Si wafers at 300°C maintains the excellent
passivation quality even when the samples are annealed for up to 30 min, as shown
in Section In contrast, annealing at temperatures larger than 400°C leads to a
degradation of the passivation quality. In the following, a qualitative explanation of
the temperature-dependence of the formation of dangling bonds during annealing
is proposed, which is based on the temperature-dependence of the diffusivity of
hydrogen within the amorphous silicon:

Bentzen et al. showed experimentally that there is a correlation between the
hydrogen content detected by ion-beam nuclear reaction analysis at the a-Si:H/c-
Si interface, and the effective surface recombination velocity. They showed that an
increase of the hydrogen content at the interface during annealing coincided with
a decrease of the effective surface recombination velocity [86]. Annealing at higher
temperatures led to a degradation of the passivation quality, which coincided with
a decrease of the hydrogen concentration at the a-Si:H/c-Si interface.

It is therefore assumed that the bonding of hydrogen atoms to the dangling
bond orbitals of the c-Si surface atoms is essential for the effective passivation
of the a-Si:H/c-Si interface, besides the formation of Si-Si bonds. This was also
shown by tight-binding molecular dynamics simulations of the a-Si:H deposition
process [61]. The thermally activated desorption of one hydrogen atom during the
annealing then either leaves a newly created Si-Si bond, or a Si dangling bond in
place of the broken Si-H bond. Therefore, the density of the dangling bonds in the
a-Si:H bulk eventually increases upon hydrogen desorption.

Street et al. showed that hydrogen starts to diffuse freely in non-doped a-Si:H
at a temperature of (250...300)° C. The diffusion coefficient increases by three
orders of magnitude from 1071 cm?s™" at 300°C to 10™'* cm?s™" at 400°C [125].
This means that the desorption of hydrogen out of the a-Si:H bulk can occur at a
rate that is 10% times higher at 400°C than at 300°C.

At low temperatures, T = 300°C, hydrogen atoms start to diffuse freely within
the a-Si:H bulk, which allows for the re-arrangement of the Si-H bonds so that
the amount of dangling silicon bonds is further reduced when compared to the
as-deposited state. Upon annealing of the samples at higher temperatures, T >
400°C, the diffusion coefficient of hydrogen is at least three orders of magnitude
higher, which means that also the out-diffusion of the hydrogen from the a-Si:H
layer is by a factor of 10% faster. The creation of dangling bonds at the interface
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and in the a-Si:H bulk due to the hydrogen desorption is then the dominating effect,
when compared to the atomic rearrangement. Therefore, the passivation quality
decreases during annealing at T' > 400°C, due to the increase of the dangling bond
densities Npg and Dj;.

Applying a SiNx capping layer on top of the passivating a-Si:H layer enhances
the thermal stability of the passivation, because the SiNy layer acts as a source
of additional hydrogen atoms that diffuse freely within the double layer structure.
This was also shown by the measurements of Bentzen et al. [86].

7.3 Defect density at the a-Si:H/c-Si interface of passivated
emitters

The a-Si:H/c-Si interface density of states is shown in this Section as a function
of the post-deposition annealing temperature, and of the a-Si:H layer thickness for
boron- and phosphorus-diffused samples, by fitting the recombination model shown
in Section[B]to the experimentally obtained carrier lifetimes. The experimental data
are taken from the a-Si:H/SiNy double-layer passivated samples featuring boron-
and phosphorus-diffusions that are shown in Section [£:2}

7.3.1 Assumptions

In order to simulate the effective carrier lifetime of the boron- and phosphorus-
diffused wafers by AFORS-HET, the dopant profiles shown in Section [4.2] are
approximated by a linear decrease of the doping concentration, starting at the
surface with the measured surface concentration and ending at the measured junc-
tion depthEI The 90§2/0 phosphorus-diffused emitter and the 225 /0 boron-
diffused emitter are chosen for the simulation, because they show the best surface
passivation after a-Si:H/SiNy deposition and optimum post-deposition anneal, as
described in Section [£.2]

The emitter surface is passivated with an a-Si:H/SiNx double layer. However,
Sectionhas shown that the SiNy capping layer does not change the passivation
quality or the injection-dependence of the effective carrier lifetime, when compared
to an a-Si:H single-layer passivated sample. Therefore the SiNy layer is omitted in
the simulation, which reduces calculation time and enhances the stability of the
iterative simulation process. The ratio of the capture cross sections of the interface

!The version of AFORS-HET used in this work allows no doping profiles other than linear
gradients. However, the surface doping concentration is the most important parameter that
determines the efficiency of the surface passivation.
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defects iS Ocharged /Onon—charged = 2000, as found in Section The dangling bond
densities at the a-Si:H/c-Si interface Di, and in the a-Si:H bulk, Npg are fitted to
reproduce the measured injection-dependent carrier lifetimes of the samples.

7.3.2 Results

Figure shows the effective carrier lifetime curves of the best-passivated boron-
diffused sample, as shown in Section [£:2.3] The emitter saturation current is Joo =
(24 4 2) fA/cm?® after annealing at 400°C for 5 min. For comparison, the effective
carrier lifetime of a sample that was annealed at 300°C is shown. This sample
shows an emitter saturation current of Jo. = (714 8) fA/cm®. The thickness of
the a-Si:H layer is 10 nm in both cases. The dangling bond densities in the a-Si:H
bulk Npg, and at the interface Dj, of the best fits are shown in Table m as
well as the uncertainty intervals of the fits to the measured data. Annealing the
samples at 400°C instead of 300°C reduces the density of the interface defects by
a factor of 5, from Npp = 4 X 10" em™2 to Npg = 8 x 10 cm™2.

Figure shows the effective carrier lifetime curves of the best-passivated
phosphorus-diffused sample, as shown in Section [4.2.2] The emitter saturation
current is Joo = (18 &£ 2) fA/em®, with a 10nm thick a-Si:H layer. For compar-
ison, the effective carrier lifetime of a sample that is passivated by only a 3nm
thick a-Si:H layer is shown. This sample shows an emitter saturation current of
Joe = (68 + 8) fA/cm®. Both samples are annealed at 300°C for 5 min. The thinner
a-Si:H layer leads to a 4 times higher defect density at the a-Si:H/c-Si interface.

In order to fit the effective carrier lifetimes of the phosphorus-diffused samples for
An < 10 em ™3 correctly, an additional recombination level at the c-Si midgap
has to be assumed for the bulk recombination of the substrate wafer, with the
capture time constants o = Tpo = 3.5ms.

7.3.3 Discussion

The dangling bond density at the a-Si:H/c-Si interface of the boron-diffused sam-
ples decreases by a factor of 5 when the post-deposition annealing temperature is
increased from 300°C to 400°C, which results in the observed decrease of the emit-
ter saturation current. The dangling bond density in the a-Si:H bulk has virtually
no influence of the simulated lifetime curve. This confirms that the defect density
at the a-Si:H/c-Si interface determines the quality of the surface passivation, as it
is shown in Section [6.2.2] for the lowly-doped c-Si wafers. The upper limit that is
obtained from the defect model is Npg < 1 x 102! Cm73, which is half the density
of the of the electronic states at the valence band edge, as shown in Figure [5.1]
Assuming higher defect densities has no effect on the simulated carrier lifetime.
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Figure 7.3: High-injection effective carrier lifetime Tesr of (a) a 10 Qcm p-type sili-
con wafer featuring a 225 /0 boron diffusion and a-Si:H/SiNy passi-
vation on both sides, and (b) a 200 Qcm n-type silicon wafer featuring a
90 2/0 phosphorus diffusion and a-Si:H/SiNx passivation on both sides.
The symbols denote the lifetime measured by QSSPC. The lines with
symbols denote the lifetimes simulated by AFORS-HET. The ratio of the
interface capture cross sections is fived, Ocharged / Onon—charged = 2000.
The dangling bond densities of the best fits, and the uncertainty inter-
vals of the fits are given in Table . The emitter saturation current
densities Joe are extracted from the measured lifetimes by the Kane-
Swanson method in the Section [{.3

The phosphorus-diffused sample that is passivated by an only 3nm thin a-Si:H
layer is fitted best with a 5 times higher defect density at the interface, than the
sample with 10 nm a-Si:H. This indicates that the main reason for the non-optimum
passivation with a-Si:H thicknesses smaller than 5nm is not a possibly higher dan-
gling bond density in the a-Si:H bulk, but a higher interface density of defects,
which is assumed to be due to remaining pinholes in the thin a-Si:H film, as dis-
cussed in Section [{I} Pinholes would make this a two-dimensional problem, and
the dangling bond density D; that is extracted from the simulations would be an
effective one, under the assumption of a uniformly passivated surface.

The simulated defect densities Npg and D;; of the best-passivated samples are
about two orders of magnitude higher than those found in Section for the best-
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Table 7.1: Dangling bond densities obtained from fitting the high-injection effec-
tive carrier lifetime of the a-Si:H/SiNy passivated boron-diffused (p™)
and phosphorus-diffused (nt) emitters as shown in Figure . The
boron-diffused samples are in different stages of post-deposition anneal-
ing, while the phosphorus-diffused samples feature different thicknesses
d of the a-Si:H layer.

Parameter Best fit Uncertainty interval

p T -emitter, 400°C Nps 5x10®%em™2 <1x10*em™3

Dit 8x10°cm™  (5x10"...1x10") cm™
pt-emitter, 300°C Nps 5x10®%em™2 <1x10*em™3

Dit 4x10"em™  (2x10"...5x10") cm™?
n+—emitter, NpB 1x 10 cm™3 <5 x 10%° cm ™3
10nm a-Si:H D¢ 5x10°cem™  (1x10"...1x10") cm™
n+—emitter, Nps 5x 102 cm™3 <1x 10*' cm ™3
3nm a-Si:H D¢ 2x 10" em™  (1x10™...3x10") cm™

passivated lowly-doped surfaces. However, they comply with the recombination
velocities Se = (1...5) x 10° cm/s, that were obtained in Reference [87] for boron-
diffused emitters that are passivated with the same a-Si:H/SiNy double layers as
the samples shown in this work.

The best-passivated boron-diffused sample shown in Figure [T.3p features a sur-
face boron concentration of Ngur = 3 X 10'° cm73, emitter saturation current
density Joe = 24 fA/crn27 and the interface density of states Dj; = 8 x 10'° cm?
as simulated with AFORS-HET. This results in the fundamental surface recom-
bination velocity Sno = vihonDit = 8 x 10°cm/s. Simulations that were per-
formed with the finite-element semiconductor device simulator SENTAURUS in Ref-
erence [87], indicate Sno = vthonDix = 7 X 103 cm/s for a boron diffused emitter
with Newt = 3 X 10*° cm™3 that is passivated by the same a-Si:H/SiNx double
layers that are used in this work. This means that, within the uncertainty inter-
val of the calculations presented in this Section, both methods result in the same
interface defect density, which confirms the validity of the defect model derived in
Section






8 Application to solar cells

The CosIMA technique allows for the surface passivation of both, the emitter and
the base of solar cells, and for the contact formation at low temperatures T" <
300°C. The solar cell designs shown in this Chapter are modified from bifacial cells
developed at ISFH, that feature SiNx-passivation of both, the emitter side (front
side) and the base side (rear side) [6 126]. These cells are named symmetric-
SiNy cells in this work. In the first step, the rear SiNyx layer is substituted by
a-Si:H. The resulting design is called the rear-CosIMA cell. Section [B.1] shows the
processing sequence, and the current-voltage- and recombination-characteristics of
rear-COSIMA solar cells, as compared to those of symmetric-SiNx cells.

In the second step, the COSIMA technique is applied to both, the emitter and
the base side of solar cells. The resulting design is called the symmetric-COSIMA
solar cell. Section [8:2shows the optimization of the width of the front a-Si:H layer
for maximum energy conversion efficiency, and the characteristics of the optimized
symmetric-COSIMA solar cells.

8.1 Rear-COSIMA solar cells

The performance of rear-COsIMA cells is compared to that of symmetric-SiNy cells.
Section explains the considerations that lead to the choice of the contact
layout that is applied to the emitter and base. The processing sequences for both
kinds of cells are shown in Section B.I.2l In Sections B.1.3] and [8.1.4] the rear-
surface passivation quality of the cells is discussed, as obtained from the analysis
of current-voltage- and quantum efficiency-measurements, respectively.

8.1.1 Contact layout

As shown in Section the layout of the rear contact grid has not only an impact
on the series resistance of a solar cell, but also on the effective carrier recombination
rate and thus the diode saturation current. The same is true for the front contact
grid, which must be furthermore designed to minimize shading losses. Therefore,
the layouts of the contact grids have to be optimized for a maximum energy con-
version efficiency of the solar cell, for each specific kind of surface passivation and
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contact formation according to the specific values of the local surface recombination
velocities Smet and Spass, and of the contact resistivity pe.

The layout of stripe-shaped front and rear contact grids of symmetric-SiNy solar
cells was experimentally optimized by Hiibner et al., as shown in Reference [0].
Since the rear-COSIMA solar cells feature the same front side as the symmetric-
SiNx cells, the design of the front contact grid is taken from Reference [6] for this
work. The emitter contacts and busbar cover 4% of the cell area.

In order to find the optimum layout of the local contacts to the CoSIMA-processed
base, the following questions have to be considered:

e Dot- or stripe-contact layout: As shown in Section a solar cell
with dot-contact layout features a larger base series resistance, but smaller
base saturation current density than with a stripe-contact layout of the same
coverage f and period length p. These two effects adversely affect the ef-
ficiency of a cell. Catchpole and Blakers have shown by three-dimensional
numerical modeling, that the maximum possible energy conversion efficiency
of PERC-cells is indeed the same for dot- and stripe contact layouts if the
respective optimum values of f and p are applied [47].

Stripe-shaped contacts and their connecting busbar can be evaporated onto
the passivating a-Si:H layer through a shadow mask, in one single process
step. In contrast, the application of a dot-contact layout would require at
least the deposition of a masking layer onto the a-Si:H film, and its structuring
to define the contact areas. A stripe-contact layout is therefore chosen for
the solar cells that are developed in this work, to keep the process sequence
simple.

e Contact coverage and spacing: A stripe-shaped base contact grid was
already optimized by Hiibner et al. [6], for Al contacts that were evaporated
onto the base before the deposition of the passivation layer. Section [3.2.3
shows that the contact resistivity p. achieved with the CoSIMA technology
is the same as for the contact formation applied in Reference [6]. Therefore,
Hiibner’s optimum base grid design would result in approximately the same
series resistance when applied to rear-COSIMA cells, and to symmetric-SiNx
cells.

Furthermore, the silicon nitride layers that were used by Hiibner et al. for
surface passivation exhibit similar SRVs as the a-Si:H layers shown in this
work, Spass ~ 5cm/s at An = 10'° cm™3 [6]E| In both cases, the surface areas

LA SiN, double layer structure was used, with a thin Si-rich SiNy layer (refractive index 2.3)
for surface passivation, which was capped by a SiNy layer with lower Si content (refractive
index 2.05). The surface passivation quality of Hiibner’s cells is therefore close to that of
the a-Si:H-passivated cells discussed in this work.
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below the local base contacts are non-passivated, with Smet = 106 cm/s. It
is therefore obvious from Equation that the optimum grid design of
Reference [6] would result in approximately the same base saturation current
when applied to rear-COSIMA cells, and to symmetric-SiNy cells, respectively.
The design of the rear contact grid is therefore adopted from Reference [6]
for the solar cells that are developed in this work.

In conclusion, the layouts of the front- and rear-contact grid are taken from
Reference [6], because they are found to be also the optimum layouts for the rear-
CosIMA solar cells, according to the model shown in Section [2.6] The contact
coverage and stripe spacing of the rear contact grid are f = 5%, and p = 2mm,
for a specific resistivity of the p-type base of p = 0.5 Qcm.

8.1.2 Processing sequence

The structure of a rear-COSIMA solar cell is schematically shown in Figure
(100)-oriented boron-doped FZ-Si wafers with a thickness of 300 pum and a resis-
tivity of 0.5 Qcm are used as base material. The cell area is 4 cm? and includes the
entire metalization, with the front and rear busbars.

TilPd/Ag

A T LV LV L

Figure 8.1: Schematic structure of a rear-COSIMA solar cell. The base is pas-
siwated by a 10nm-thick a-Si:H film deposited at 230°C, and features
COSIMA-annealed local Al contacts. The emitter is passivated by a
SiNx film that is deposited at 325°C.

The cell area is defined by a 200 nm-thick thermally grown oxide film that is
removed within a 2 x 2 cm? large square on the front surface of the wafer. The front
side is textured by randomly distributed pyramids that are formed by anisotropic
etching in a KOH /isopronanol solution. Subsequently, an n*-doped emitter with
a sheet resistivity of 90Q/0 is formed by phosphorus-diffusion, as described in
Section [£22-1] Both, surface texture and emitter diffusion are restricted to the cell
area by the masking oxide.
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After removal of the masking oxide in diluted HF', solar cells with two different
rear configurations are prepared, featuring an a-Si:H- or a SiNy-passivated rear
surface. The base of the rear-COsIMA cells is covered by a 10 nm thick a-Si:H film,
deposited by PECVD at 225°C as shown in Section Subsequently, 15 pm of Al
is evaporated onto the rear side, through a shadow mask that features the optimum
grid design as described above. The Ti/Pd/Ag front contact grid (80 nm Ti, 50 nm
Pd, 10 um Ag) is also applied by electron-beam evaporation of the pure metals
through a shadow mask.

The front SiNy layer which acts as surface-passivating anti-reflective coating, is
deposited by PECVD at 325°C. The cells are heated to T' > 300°C for about 5 min
during the SiNx deposition, which is enough to complete the CosiMA-annealing of
the Al base contacts. Thus, the formation of the rear contacts, and the deposition
of the front antireflective coating are performed in one single process step.

Symmetric-SiNx cells are prepared for comparison. They feature the same front
side, and the same Al rear contact grid layout as the rear-COSIMA cells. In contrast
to the a-Si:H-passivated cells, the base is passivated by a 60nm thick SiNy layer
with refractive index n = 2.1, that is deposited by remote-PECVD at 400°C as
described in Section Bl

8.1.3 Current-voltage characteristics

Figure |8.2] shows the current-voltage curve of the best rear-CosiMA solar cell,
as measured at Fraunhofer ISE CalLab under standard testing conditions (25°C,
100 mW/ cm®, AM1.5-global spectrum). The short-circuit current density is Jsc =
38.0 mA/ch, and the open-circuit voltage Vo = 657mV. The energy conversion
efficiency is n = 20.1%. The high fill factor of FF' = 80.5% of the a-Si:H-passivated
cell demonstrates the low resistivity of the COSIMA contacts.

The lumped series resistance Rs = (0.4 4 0.05) Qcm? in maximum power point
conditions is obtained from the voltage shift between the dark- and the illuminated-
current-voltage curve, as described in Reference [127]. This value of Rs is in the
same range as series resistances that were obtained for PERL- (passivated emitter
and rear locally diffused) solar cells with an efficiency of 22% [127].

Sets of eight solar cells each are prepared with a-Si:H-passivated rear, and with
SiNx-passivated rear. The mean values of the short circuit current density and
of the open-circuit voltage of the SiNy-passivated cells are reduced by AJs. =
(0.5 +0.1) mA/cm?, and AV, = (4 £ 2) mV when compared to the mean values of
the rear-COSIMA cells (not shown in the Figure). Analysis of the internal quantum
efficiency shows that this effect is due to shunting of the base contacts and the
charge-induced inversion layer below the passivating SiNy film.
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Figure 8.2: Current-voltage characteristics of the best rear-COSIMA solar cell. The
energy conversion efficiency is 20.1% under standard test conditions
(25°C, 100 mW/Cm2, AM1.5 global), as measured at the Fraunhofer
ISE CalLab. The cell area is 4 cm?.

8.1.4 Internal quantum efficiency

The internal quantum efficiency (IQFE) of the rear-CoSIMA cells, and of the sym-

metric-SiNy cells is obtained from measurements of the spectral response and of

the reflectance of the cells. The internal quantum efficiency is defined as the spec-

trally resolved ratio of collected carriers to absorbed photons. It is experimentally

obtained from

_ he Jse () 7 (8.1)
gA @i (A) (1 = R (X))

where Jsc (A) is the short-circuit current density under monochromatic illumina-
tion, ®;, is the intensity of the illumination in [Wm™2], and R is the reflectance of
the solar cell. The value Jsc (A) /®@in (A) is the spectral response, and hc/X is the
photon energy.

The inverse absorption coefficient o~ ! denotes the penetration depth of the
incident light. It changes from the order of pm for incident light in the ultraviolet
wavelength range, to a few cm for light in the infrared wavelength range. The
internal quantum efficiency is therefore sensitive to the depth-profile of the carrier

IQE())
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recombination rate within a solar cell. Carrier recombination in the base, and at
its surface, determines the IQFE for wavelengths with a penetration depth in Si
that is large when compared to the depth of the pn-junction, but smaller than the
thickness of the cell, zjes < =" « W. For a™! > W, the IQE is controlled also
by the optical properties of the rear side [128].

Figure [8.3| shows the internal quantum efficiencies of a rear-CosiMA cell and a
symmetric-SiNy cell, as a function of the wavelength A. White bias light with an
intensity of 0.3 suns was applied during the measurement. The effective diffusion

10 . =

o
a-Si:H passivation / "

[ L, = (1270 = 60) ym .
SiN, passivation -

08F L =(890+100) ym 1

1.10

0.6 5

Internal quantum efficiency IQE

100
. . . /o [1/um]
600 700 800 900 1000 1100
Wavelength A [nm]

Figure 8.3: Near-infrared internal quantum efficiency IQFE of a rear-COSIMA solar
cell, and a reference cell with SiNg-passivated base. The inset shows
the inverse IQE as a function of the penetration depth a™" in the range
800nm < A < 1000nm. The effective diffusion length L.g is determined
from the slope of the fitted lines.

length L. in the base as a measure of the rear passivation quality, is obtained
from the IQF in the near infrared wavelength range 800 nm < A < 1000 nm. It is
given by [128] 129]

cosf _;

IQE™' =1+ a (8.2)

eff
where § = 41.8° is the angle between the random-pyramid surface and the incident
light. The value of L. is thus obtained from the slope of a linear fit to the inverse
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IQE as a function of the inverse absorption coefficient o=, as shown in the inset
of Figure 8.3

Results

The effective diffusion length L.s determines the base saturation current density
Job and the effective rear surface recombination velocity S., respectively, by Equa-
tion Table shows the values of L., Job, and Ser that are obtained from
the IQE curves shown in Figure[8:3] The uncertainty interval of the effective dif-
fusion length L.g is determined from the confidence interval of the linear fit to the
inverse IQF. Carrier recombination in the bulk is assumed to be Auger-limited.
The value Spass denotes the local SRV in the non-metalized areas of the base,

Table 8.1: Effective diffusion length L.g, base saturation current Jon, and effective
rear SRV S.g determined from the internal quantum efficiency of the
rear-COSIMA cell and the symmetric-SiNy cell shown in Figure[8.3

Rear-CosiMA cell Symmetric-SiNy cell
Leg [pm)] 1270 4 60 890 £ 100
Jow [fA/cm?] 8345 120 4 30
Sete [cm/s] 190 £ 15 300 £ 60
Spass [cm/s] 30+ 15 140 £+ 60

as obtained from the base saturation current by the interpolation model shown
in Section [2.6.5] The local SRV below the base contact stripes is assumed to be
Smet = 108 cm/s, as is experimentally shown in Section

The internal quantum efficiency of the a-Si:H-passivated solar cell in the near-
infrared wavelength range outperforms that of the SiNy-passivated reference cell,
due to the more effective surface passivation by a-Si:H, than by SiNx. The local
SRV Spass,a-si:n = (30 & 15) cm/s that is obtained from Job,a-si:n = (83 +5) fA/cm
by Equation [2.65] agrees with the effective SRV that is obtained in Section [6.1.1
for a-Si:H-passivated wafers after Staebler-Wronski degradation. The local SRV
in the passivated surface areas of the symmetric-SiNy cell is significantly larger,
Spass,siNx = (140 & 60) cm/s.

The larger surface recombination velocity of the SiNx-passivated cells is mainly
due to shunting of the charge-induced floating junction below the SiNy film, and
the rear metal contacts, as shown in References [I} [2]: The floating junction is
caused by the high density of fixed positive charges in the SiNx film that leads
to the formation of an inversion layer at the rear surface of the p-type base. An
electron in the inversion layer can either be re-injected into the base, or flow towards

2
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the base contacts where it recombines with a hole. In the latter case it does not
contribute to the cell current. Thus, shunting of the inversion layer and the base
contacts generates an additional recombination path at the rear surface. This
effect increases the local SRV Spass of a SiNy-passivated solar cell when compared
to a non-contacted device, like SiNg-coated c-Si wafers that are typically used
for lifetime measurements. The value of Spass,sinx = (140 £ 60) cm/s was also
shown in Reference [2] for solar cells that feature the same rear-side layout as the
symmetric-SiNy cells shown in this Section.

Since the a-Si:H passivation layer contains no fixed charges [3], no floating junc-
tion forms at the rear surface of rear-COSIMA cells. The local SRV at the a-Si:H-
passivated surface regions is therefore the same, as on the non-contacted devices
used for the characterization of the a-Si:H/c-Si interface in Sections @, and

Comparison to current-voltage characteristics

Both, the open-circuit voltage and the short-circuit current of the symmetric-SiNy
cells are reduced when compared to the results obtained for rear-CosiMA cells, as
shown in Section [8:1-3] This effect can be understood in terms of the higher rear
surface recombination velocity of the SiNy-passivated cells: Since both types of
cells feature the same front side with the same optical properties, the difference in
their short-circuit current can be calculated from the internal quantum efficiency,

Adse = Q/(IQEa»Si:H — IQEsink) Pamisc d, (8.3)

where IQFE,.si.u is the internal quantum efficiency of the rear-CoSIMA solar cell,
1Q FEsinx is the internal quantum efficiency of the symmetric-SiNy cell, and ®ami.5¢
is the photon flux defined by the AMI1.5G-spectrum. Equation results in
AJsc =04mA/ cm? with the quantum efficiencies shown in Figure This result
agrees with the range (0.5 & 0.1) mA /cm? that is obtained from the current-voltage
characteristics of the cells, as shown above.

The emitter saturation current Joo = (240 «+ 15) fA/cm® of the front side is
analogously to Equation [2:27] given by
exp (%) -1 '

Joe = Jee

— Job,a-si:H, (8.4)

where the base saturation current density Job,asi:u is obtained from the IQFE
analysis of the rear-CosIMA cell, and the short-circuit current density Jsc and the
open-circuit voltage Vo are given by its current-voltage characteristics.The differ-
ence AV, of the open circuit voltages that is due to the different rear passivation
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schemes of the rear-COSIMA cell and the symmetric-SiNx cell is then

kT < Jse Joe + Job,sinx

AVie ~ — In
q Jse — AJsc Joe + JOb,a»Si:H

) =(3+2) mV, (8.5)
which agrees with the value of AV, = (4+£2) mV that is obtained from the
current-voltage characteristics of the cells, as shown above.

The higher open-circuit voltage and short-circuit current of the rear-CosiMA
solar cells compared to the symmetric-SiNy cells, are therefore attributed to the
better passivation of the base by amorphous silicon compared to silicon nitride.
The different infrared quantum efficiency of both cell types explains their different
current-voltage characteristics.

8.2 Symmetric-COSIMA solar cells

Amorphous silicon films are applied to both, the emitter side and the base side the
of symmetric-COSIMA solar cells. An overview of the processing steps is given in
Section Amorphous silicon absorbs light in the visible-wavelength range. It
is therefore necessary to keep the a-Si:H film as thin as possible to minimize ab-
sorption while maintaining optimum surface passivation, when the a-Si:H layer is
placed on the illuminated front side of a solar cell. Sectionshows the optimiza-
tion of the front-a-Si:H layer thickness for optimum energy conversion efficiency of
symmetric-COSIMA solar cells. The optimized CosiMA-surface passivation leads to
energy conversion efficiencies above 20%, which is shown in Section

8.2.1 Processing sequence

Figure shows the schematic structure of a symmetric-COSIMA solar cell, featur-
ing the same rear side design as the rear-CosIMA cells. The processing sequence
is the same as for the rear-CoOSIMA cells, except for the treatment of the emitter
surface: The diffused emitter on the front side is covered by an a-Si:H-layer de-
posited at 225°C. The front Al grid is deposited by electron beam evaporation,
with the same grid layout as for the rear-CosiMA cells. A SiNy antireflective layer
is deposited by PECVD at a low temperature, T = 230°C. Finally, the cells are
annealed for 5min at 300°C to form COSIMA contacts to both, emitter and base.
The cell area is 4cm?, and includes the entire contact grids and busbars.
Symmetric-COSIMA solar cells without front texture are prepared to optimize
the thickness of the front a-Si:H film for maximum efficiency. The front texture is
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Figure 8.4: Schematic structure of the symmetric-COSIMA solar cells. Both sides
are passivated by a-Si:H, and feature local Al contacts. The thickness
of the front a-Si:H layer is varied, 1nm < d < 30nm. The base is
passivated by a 10 nm-thick a-Si:H film. The front SiNx capping layer
serves as an anti reflective coating. Both, the a-Si:H and SiNg-films
are deposited at 230°C.

omitted to simplify the interpretation of quantum efficiency measurements. The
thickness of the a-Si:H film is varied in the range 1.5nm < d < 30 nm.

A second set of cells is prepared with a textured front side, and a front a-Si:H
film of the optimum thickness, to show the efficiency potential of the symmetric-
CosIMA technique. The equivalent thickness of the a-Si:H layer on a planar wafer
is d = 6.5 nm.

8.2.2 Optimum thickness of the front a-Si:H film

Figure[8:5h shows the open-circuit voltage of non-textured symmetric-COSIMA solar
cells as a function of the thickness d of the front a-Si:H layer, under standard test
conditions (25°C, 100mW /cm?, AM1.5-global spectrum). All cells feature the
same a-Si:H passivated rear side. Each data point in Figure represents the
mean value of a set of four cells, and their statistical standard deviation is indicated
by the error bars. The open-circuit voltage increases from Vo = (653 £ 1) mV for
d = 1.5nm to Voo = (664 +1) mV for d = 6.5nm. Increasing d further has no
effect on the open-circuit voltage.

This behavior agrees with the results shown in Section [4.2.2f The saturation
current density of the nT-emitter decreases with increasing layer thickness in the
range d < 6.5nm, due to the increasing quality of the emitter surface passivation.
The optimum emitter passivation results in the minimum saturation current den-
sity, which is obtained for d > 6.5 nm as shown in Figure Since the open-circuit
voltage Voc is determined by the emitter saturation current density as shown by
Equation [2.27] it is obvious that V,c must increase with increasing d for d < 6.5 nm,
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Figure 8.5: (a) Open-circuit voltage Voc, and (b) short-circuit current density Jsc of
non-textured symmetric-COSIMA solar cells. The optimum thickness
of the front a-Si:H layer, 5nm < d < 10nm, allows for both, high-
quality surface passivation and low parasitic absorption of the incident
light.

in the same way as the saturation current density Joe.

Figure shows the short-circuit current density Js of the non-textured sym-
metric-COSIMA cells, as a function of the thickness d of the front a-Si:H film. The
short circuit current density is constant, Js. = (32.8 £ 0.5) mA/Cm2 in the range
1.5nm < d < 10nm. Further increase of d up to 30 nm reduces Js. by 4.5%.

The optimum a-Si:H thickness is in the range of 5nm < d < 10 nm, where both
Voc and Jsc are high. A cell with d = 6.5nm shows the maximum efficiency of
n = 17.9% with a planar front surface.

Internal quantum efficiency

The internal quantum efficiency IQFE of the symmetric-COSIMA solar cells is mea-
sured in order to determine the impact of surface passivation and parasitic absorp-
tion by the front a-Si:H film, on the short-circuit current Js.. Figure shows
the IQFE in the short-wavelength range A < 750nm, for 1.5nm < d < 30nm.
The internal quantum efficiency of cells with d > 10nm decreases with increasing
thickness d of the a-Si:H layer. However, the IQFE of cells with d < 10nm shows
only a small dependence on the a-Si:H thickness.
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Figure 8.6: Short-wavelength internal quantum efficiency IQE of non-textured
symmetric-COSIMA solar cells. Due to less parasitic absorption in the
a-Si:H film, the IQE increases with decreasing thickness of the front
a-Si:H layer, for 10nm < d < 30nm. For thinner a-Si:H layers, less
absorption is compensated by an increase of the emitter surface recom-
bination velocity.

Discussion

The optical bandgap energy Eg a-sin =~ 1.7eV of hydrogenated amorphous silicon
corresponds to a wavelength of Ag a-si:z & 750 nm. Photons of this wavelength have
a penetration depth of 7.5 um in crystalline silicon, which is still in the vicinity of
the pn-junction. Therefore, the IQE in the wavelength range A < 750 nm is
sensitive to carrier recombination at the emitter surface.

The penetration depth of light in a-Si:H is given by the inverse absorption co-
efficient a1, and increases with increasing wavelength [130]. At A = 600 nm, the
penetration depth is ' ~ 0.3 um, which is 10 times larger than the largest a-Si:H
thickness dmax = 30nm applied to the symmetric-CoOSIMA cells. Absorption of
light in the front a-Si:H layer is therefore negligible for A > 600 nm.

The IQFE measurement shown in Figure covers two regimes: In the short-
wavelength range )\ < 600 nm, the penetration depth is & ' < dmax. The IQE
in this range is sensitive to both, absorption of the incident light in the front a-Si:H
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layer, and to carrier recombination at the emitter surface. In the long-wavelength
range \ > 600nm, the penetration depth is &' > dmax. The IQFE in this range
is therefore only sensitive to carrier recombination at the emitter surface.

The qualitative analysis of the IQFE in the short- and long-wavelength range
allows to separate the impact of surface passivation and absorption by the different
front-a-Si:H films, on the performance of the cells:

e In the long-wavelength range A > 600 nm, cells with d > 10nm exhibit
an almost optimum internal quantum efficiency IQF = 1. In contrast, cells
with thinner front a-Si:H films, d < 5nm, show an IQF that is reduced by
5%.

The increase of the long-wavelength IQFE with increasing a-Si:H thickness d,
is explained by the emitter surface recombination velocity being a function of
d, as shown in Section [£:2.2} The quality of the emitter passivation increases
with increasing thickness d, until the optimum surface passivation is achieved
for d > 6.5nm. The long-wavelength IQF is therefore optimum for the
cells with d = 10, 15, and 30 nm, while it is reduced by the increased carrier
recombination at the emitter surface for cells with d = 1.5and 5nm. This
explanation agrees with the results obtained from the measurements of the
open-circuit voltage shown above.

e In the short-wavelength range A < 600nm, the IQFE is determined by
both, carrier recombination at the emitter surface, and absorption of light in
the a-Si:H layer. The short-wavelength quantum efficiency of the optimally
passivated cells with d > 10nm therefore decreases with increasing layer
thickness d, due to the increasing absorption of the incident light within
the a-Si:H film. However, the benefit of less absorption with decreasing d is
almost compensated by the increasing emitter saturation current density in
the range d < 5nm.

Comparison to current-voltage characteristics

Figure @ shows the short-circuit current density Jsc short that is collected in the
short-wavelength range 300nm < d < 750nm, as compared to the short-circuit
current density Js. that is obtained from the current-voltage characteristics of
the non-textured symmetric-COSIMA cells. The short-circuit current density is
calculated from the internal quantum efficiency,

750 nm
Jsc,short =4q / IQE ()\) ¢Al\/1145G ()\) d)\g (86)

300 nm
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Figure 8.7: Short-circuit current density Jsc of non-textured symmetric-COSIMA
solar cells. The current density Jscshort 5 calculated by Equation
from the short-wavelength IQE shown in Figure [8-6l Both currents
show the same absolute decrease with increasing d.

where ®an1.5¢ is the photon flux defined by the AM1.5G-spectrum.

The calculated short-wavelength short-circuit current Jsc short shows the same
absolute decrease as Js.. It is therefore apparent that the decrease of the short
circuit current for d > 10nm is due to the increasing absorption of the incident
light in the front a-Si:H film, with increasing thickness of the a-Si:H film. The
short-circuit current does not depend on the thickness d if d < 10 nm, because the
benefit of less absorption with decreasing d is almost compensated by the increas-
ing emitter saturation current density, as shown above.

In conclusion, the change of the electrical and optical properties of the passi-
vating a-Si:H film with its thickness d, determines how the short-circuit current
density Jsc varies with varying layer thickness. The maximum cell efficiency is
obtained in the range of 5nm < d < 10nm, where both V. and Js. are maximum
due to a low emitter saturation current density, and low absorption within the
front a-Si:H layer.
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8.2.3 Front-textured symmetric-COSIMA solar cells

Figure [8:8] shows the current-voltage characteristics of the best symmtric-CosIMA
solar cell with a textured front side, under standard testing conditions (25°C,
100 mW /cm?).
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Figure 8.8: Current-voltage characteristics of the best symmetric-COSIMA solar
cell. The energy conversion efficiency is 20.5% under standard test
conditions (25°C, 100mW /cm®, AM1.5 global). The cell area is 4 cm?.

The short-circuit current density is Jsc = 38.6mA/ cm2, and the open-circuit
voltage Voo = 655 mV. The energy conversion efficiency is n = 20.5%. The high fill
factor of FFF = 81% of the a-Si:H-passivated cell demonstrates the low resistivity
of the COsSIMA contacts to both, the emitter and the base.

The lumped series resistance, Rs = (0.4 & 0.05) Qcm? in maximum power point
conditions, is obtained from the voltage shift between the dark- and the illuminated-
current-voltage curve after Reference [127]. The obtained value of Ry is the same as
for the rear-CosiMA-cells shown in Section[8.1l Since both kinds of cells feature the
same rear side, it is concluded that the resistivity of the CosiMA-emitter contacts
must be the same as for the Ti/Pd/Ag-emitter contacts applied to the rear-COSIMA
cells. This result confirms the analysis of the CosiMA- and Ti/Pd/Ag-contact re-
sistivities shown in Section [3.2.3
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The solar cells shown in this Section did not exhibit any degradation of their
current-voltage characteristics during storage under indoor illumination for six
months. It was already mentioned in Section that the effective SRV of the
a-Si:H passivated base of the cells is in the same range, Spass = (30 £ 15) cm/s
that was obtained after the light-induced Staebler-Wronski degradation of lifetime
samples as shown in Section It is therefore concluded that the amorphous
silicon films that were applied for surface passivation, were already in their stable,
degraded state after fabrication of the COSIMA solar cells.

8.3 Conclusion

The COSIMA technique combines high-quality surface passivation of c-Si solar cells
with a low process temperature, Tmax < 325°C even for contact formation. An
independently confirmed energy conversion efficiency of 20.1% under one-sun stan-
dard testing conditions is achieved with a rear-CosiMA solar cell. This is the
highest confirmed efficiency for a homojunction crystalline silicon solar cell with
a-Si:H-passivated base.

Rear-CosiMA solar cells exhibit an enhanced infrared response when compared
to cells with a SiNy-passivated rear side. This result is shown to be due to the lower
effective SRV of the a-Si:H-passivated base. In case of SiNy single-layer passivation
of the base, shunting of the charge-induced inversion layer and the base contacts
leads to a significantly larger recombination rate than with a-Si:H passivation.

The symmetric-COSIMA technique of applying a-Si:H passivation and contact
formation by annealing at low temperatures to both, the emitter and the base,
yields high efficiencies in a simple process. The optimum thickness of the front-
side a-Si:H film is in the range of 5nm < d < 10nm, to allow for maximum
open-circuit voltage and short-circuit current of the cells. Absorption within the
amorphous silicon is minimized. An efficiency of 20.5% under one-sun standard
testing conditions is achieved with a symmetric-COSIMA solar cell that features a
6.5 nm-thick a-Si:H passivation on the front side.
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The deposition of intrinsic, hydrogenated amorphous silicon (a-Si:H) allows for the
same excellent passivation of crystalline (c-Si) silicon surfaces as thermal oxidation,
that is applied as a standard process both in the microelectronics industry, and
for the fabrication of high-efficiency solar cells. Furthermore, the application of
a-Si:H for surface passivation of c-Si devices has the advantage of a lower process
temperature (T' < 250°C) when compared to thermal oxidation (7" &~ 1000°C).
Surface passivation by a-Si:H therefore reduces the energy consumption and risk
of impurity diffusion into the bulk material.

Whereas the high quality of a-Si:H-passivation of lowly-doped c-Si surfaces is de-
scribed in literature, this work showed the first-time surface passivation of highly-
doped c¢-Si by amorphous silicon. The focus lay on the characterization of re-
combination centers at the a-Si:H/c-Si interface, in particular on the quantitative
analysis of their formation and passivation during illumination and thermal an-
nealing. Surface passivation by a-Si:H of both, the highly-doped emitter and the
lowly-doped base were implemented in the fabrication of solar cells exceeding an
efficiency of 20%.

Applying a-Si:H passivation to the illuminated emitter surface of solar cells re-
quired both, the minimization of parasitic absorption within the a-Si:H layer, and
its combination with an anti reflective coating. A double-layer passivation scheme
was therefore developed, that comprised a thin a-Si:H film for surface passivation,
and an anti reflective silicon nitride (SiNy) capping layer on top of the a-Si:H film.
The minimum nominal thickness d = 6.5nm of the a-Si:H film ensured that pin-
holes were closed, thus allowing for the optimum surface passivation. The effective
surface recombination velocity (SRV) as extracted from quasi-steady state photo-
conductance measurements, was Ser < 5cm/s for both, lowly-doped n- and p-type
c-Si with a resistivity of 1.5Qcm, and diffused n™- and p*-type emitters with a
surface dopant concentration of (2...3) x 10" cm™. The first-time successful
passivation of diffused emitters by a-Si:H was thus shown.

A comparison of the injection-dependent effective SRV of lowly-doped c-Si wafers
featuring a-Si:H single-layer passivation and a-Si:H/SiNyx double layer passivation,
showed that the SiNyx capping layer had no influence on the recombination charac-
teristics. Analysis of the short-wavelength quantum efficiency and current-voltage
characteristics of solar cells with an a-Si:H-passivated emitter on the illuminated
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front side, revealed an optimum thickness of the front-side a-Si:H film in the range
of 6.5nm < d < 10nm. Absorption within the amorphous silicon was thus mini-
mized, while ensuring the optimum surface passivation.

An analytic model was derived for the distribution functions and capture cross
sections of recombination centers, both in the a-Si:H bulk and at the a-Si:H/c-Si in-
terface. This model was used to obtain the densities of dangling bonds Npg in the
bulk, and D;; at the interface, by fitting the measured injection-dependent surface
recombination velocities (SRV) of a-Si:H passivated wafers with the device simula-
tion software AFORS-HET. Calculations of the depth-resolved recombination rate
showed that the effective SRV is controlled by both, carrier recombination through
interface defects and recombination through a-Si:H bulk defects. However, trans-
port of excess carriers across the band edge offsets from c-Si to a-Si:H controls the
carrier recombination rate within the a-Si:H layer. High defect densities are thus
allowed in the a-Si:H bulk while still maintaining the excellent surface passivation.

A slight increase of the effective SRV of a-Si:H-passivated c-Si wafers was ob-
served during low-intensity illumination in the visible spectrum. The passivation
reached a stable state with See = (14 & 5) cm/s at An = 10*® cm 3 after 15 months
of illumination, and fully recovered to the initial state with Sei = (3.5 £ 0.6) cm/s
by annealing at 300°C. Fitting the defect model to the experimental data revealed
that both, the density of the interface dangling bonds and the density of the dan-
gling bonds in the a-Si:H bulk, increased by about an order of magnitude during
the 15 months of illumination. This reversible light-degradation of the a-Si:H sur-
face passivation was explained by the formation of dangling bond states due to the
dissociation of weak Si-Si bonds, in analogy to the Staebler-Wronski effect.

Annealing of a-Si:H-passivated c-Si wafers at 300°C maintained the excellent
passivation quality of as-deposited samples, and restored their passivation after
illumination. In contrast, annealing at temperatures larger than 400°C led to
an increase of the bulk and interface defect densities, thus degrading the surface
passivation. This behavior was explained by the temperature-dependence of the
diffusivity of hydrogen within the amorphous silicon: Annealing at low temper-
atures T = 300°C, allowed for the re-arrangement of Si-H bonds, thus reducing
the density of dangling bonds when compared to the illuminated state. Upon an-
nealing at higher temperatures, T' > 400°C, the creation of dangling bonds at the
interface and in the a-Si:H bulk due to hydrogen desorption, led to the observed
degradation of the surface passivation.

Applying an anti reflective SiNy capping layer on top of the passivating a-Si:H
layer enhanced the thermal stability of the passivation, because the SiNy layer
acted as a source of additional hydrogen atoms that diffused freely within the dou-
ble layer structure. Fitting the defect model to reproduce the measured surface
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recombination velocities, showed that the formation rate of dangling bonds during
annealing at 500°C was by a factor of 15 lower for a-Si:H/SiNx double-layer passi-
vated samples, than for a-Si:H single-layer passivated samples.

The CoSIMA technique (contact formation to a-Si:H-passivated solar cells by
means of annealing) which was developed in this work, comprised (i) the deposition
of an amorphous silicon film onto the emitter and/or the base of a solar cell, for
surface passivation, and (ii) the deposition and annealing of aluminum, for the
formation of local contacts.

Transmission electron microscopy and energy-dispersive x-ray analysis of the
elemental composition of the Al/c-Si interface region showed that the a-Si:H film
below the local Al contacts dissolves in the aluminum during annealing. The
resistivities of COSIMA contacts to the lowly-doped base and the highly-doped
emitter were the same, or even lower than values that were obtained for reference
samples processed without the a-Si:H interlayer. No lateral diffusion of Al atoms
occurred within the amorphous silicon film, so the passivation of the non-metalized
fraction of the solar cell surface was not affected by the contact-annealing step.

A model was derived that allowed to analytically calculate the base saturation
current density Jo, of solar cells featuring a passivated, locally contacted base, in
order to optimize the contact layout for a maximum energy conversion efficiency.
The model was experimentally verified for technologically relevant contact spacings
1mm < p < 5mm, and contact coverages 0 < f < 1, by extracting the base sat-
uration current density of COSIMA-processed c-Si wafers with dot- and stripe-like
contact geometries from measurements of their effective carrier lifetime.

Rear-CoOSIMA solar cells exhibited an enhanced infrared quantum efficiency when
compared to cells with a SiNy-passivated rear side, due to the better passivation of
the base by amorphous silicon compared to silicon nitride. In case of SiNy single-
layer passivation of the base, shunting of the charge-induced inversion layer and
the base contacts led to a significantly larger recombination rate than with a-Si:H
passivation. The different infrared quantum efficiency of both cell types explained
their different current-voltage characteristics.

An independently confirmed energy conversion efficiency of 20.1% under one-sun
standard testing conditions was achieved with a rear-CosiMA solar cell. This was
the highest confirmed efficiency for a homojunction crystalline silicon solar cell
with a-Si:H-passivated base.

The symmetric-COSIMA technique of applying a-Si:H passivation and contact
formation by annealing at low temperatures to both, the emitter and the base,
yielded high efficiencies in a simple process. An efficiency of 20.5% was achieved
under one-sun standard testing conditions with a symmetric-COSIMA solar cell that
featured a-Si:H/SiNy double-layer passivation, in its stable state after illumination-
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induced degradation.

The suitability of a-Si:H films for the surface passivation of both, the emitter
and the base of high-efficiency solar cells at low temperatures was thus shown.
Furthermore, the improved understanding of the formation and passivation pro-
cesses for a-Si:H/c-Si interface defects provided by this work was implemented for
developing the a-Si:H/SiNx double layer passivation scheme that shows improved
thermal stability and optical properties.
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List of symbols

and acronyms

Symbol Unit Description

a pm Width of contact stripes

B cm?s~1 Coefficient of radiative recombination
Ch, Cp cmb s~ Auger coefficients for electrons and holes
AFEvy, AEc meV Valence- and conduction-band offsets
An, Ap cm™3 Excess electron and hole density

Ang cm™3 Excess electron density at the surface
Any, cm—3 Excess electron density in the bulk

d nm Thickness of a-Si:H films

Dy cm ™2 Interface density of states

D, cm?s—1 Ambipolar diffusion coefficient

Dy, Dy cm?s™1! Diffusion coefficients for electrons and holes
n % Energy conversion efficiency

Ntext., Mplanar 1 Efficiency of surface passivation

E eV Energy

Ev, Ec eV Energy level of valence-/conduction-band edges
Er eV Fermi level

Eg eV Bandgap energy

f % Contact coverage

Frr % Fill factor

G cm—3s71 Carrier generation rate

I mA Current

J mA cm~?2 Current density

Jo fA cm—2 Diode saturation current density

Joe, Job fA cm—2 Contributions of emitter and base to Jo
Ji, mA cm—2 Photogenerated current density

Jsc mA cm~2 Short-circuit current density

k 8.62 x 107°eVK~!  Boltzmann constant

A nm Wavelength

l

mm

Length of contact stripes



Symbol Unit Description

Ly, pm Carrier diffusion length in the bulk
Leg pm Effective carrier diffusion length
m 1 Diode ideality factor
n cm™3 Electron concentration
no cm™3 Electron concentration in thermal equilibrium
n;i cm™3 Intrinsic carrier concentration
n 1 Refractive index
Naop cm™3 Dopant concentration
Na, Np cm—3 Acceptor and donor concentration
NpB cm™3 Bulk density of dangling bonds
Noce cm™3 Occupied bulk density of states
p mm Period length of contact layouts
p cm™3 Hole concentration
Po cm™3 Hole concentration in thermal equilibrium
q e=16x10"1 As Elementary charge
Qcm Resistivity
Pe m$ cm? Contact resistivity
Psheet Q/0 Sheet resistivity
r pm Radius of contact dots
R 1 Reflectivity
Ry, Qcm? Base series resistance
Rs Qcm? Series resistance
Rypread Q Spreading resistance
o cm? Capture cross section
S cm/s Surface recombination velocity
Seff cm/s Effective surface recombination velocity
St, Sr cm/s Front and rear surface recombination velocities
T us Carrier lifetime
TAuger us Carrier lifetime due to Auger recombination
Teff us Effective carrier lifetime
TSRH us Carrier lifetime due to SRH recombination
Ts us Carrier lifetime due to surface recombination
t S Time
T °C Temperature
Taep °C Substrate temperature during deposition
U cm~3s7! Net carrier recombination rate (indices: see 7)

Uth cm/s Thermal carrier velocity



Symbol Unit Description

\% mV Applied voltage

Voe mV Open-circuit voltage

w pm Thickness of wafer or base

Acronym Description

a-Si:H Hydrogenated amorphous silicon
AM1.5G Air mass 1.5 global

BSF Back surface field

§t, 60, 6~ Charge states of dangling silicon bonds
EQE External quantum efficiency

FZ Float zone (silicon)

hli High-level injection

HIT Heterojunction with intrinsic thin layer
IQE Internal quantum efficiency

11 Low-level injection

MWPCD Microwave-detected photoconductance decay
PECVD Plasma enhanced chemical vapor deposition
QSSPC Quasi steady-state photoconductance
SiNx Hydrogenated amorphous silicon nitride
SRV Surface recombination velocity

SRH Shockley-Read-Hall
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