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Abstract

The unique property of AlOx, that it exhibits negative fixed charges, is very attractive for
back-side passivated p-type silicon solar cells as well as for high efficiency solar cells featuring
highly doped (p+) regions. However, for a successful integration of AlOx and AlOx/SiNx

based systems in different types of high efficiency solar cells, a thorough understanding
of the passivation properties and the origin of the negative charge of these materials is
necessary.
Theoretical studies suggest that another promising approach to increase silicon-based
solar cell efficiency, is to embed plasmonic metal nanoparticles (NPs) in a passivating,
anti-reflective oxide for light trapping enhancement. However, not only the optical, but
also optoelectronic effects of the metal NPs need to be considered.

In the present study interfaces of passivating oxides and functional materials on crystalline
silicon (c-Si) as well as their electrical, optical and optoelectronic properties are inves-
tigated. A variety of material systems, including PECVD-deposited AlOx-single layers
and AlOx/SiNx stacks on p-type c-Si wafer, as well as TiO2 in situ doped by Au NPs
(TiO2:AuNPs) deposited by spin coating on c-Si, are subject to these investigations.
For this purpose a high frequency capacitance voltage (C-V) method is refined, enabling
a reliable determination of the spectroscopically resolved interface defect state densities
over the entire c-Si band gap as well as of the oxide charge densities. C-V investigations
in conjunction with lifetime measurements allow a detailed evaluation of the passivation
properties in particular of the AlOx-single layers and AlOx/SiNx stacks on c-Si.

In the first part of this work, AlOx/SiNx stacks on c-Si are investigated in the as deposited
state, after an annealing step and after a firing step. The effects of different c-Si surface wet-
chemical treatments, in particular of a wet-chemical oxidation, on the passivation properties
are are studied as well as the stability and origin of the negative charge. The investigations
of c-Si/(wet-chemical)SiOx/AlOx/SiNx stacks demonstrate that the implemented wet-
chemical SiOx interlayer affects both, the chemical as well as the field-effect passivation.
The defect state density is considerably reduced. However, additional traps, most probably
in the vicinity of the (wet-chemical)SiOx/AlOx interface, are introduced as well, leading
to inhomogeneities and instabilities of the negative charge. It is found that the annealing
process leads to the formation of negative fixed charges with a stable charge density. The
firing process leads to negative charging of traps. In the latter case, however, the initial
charge density is unstable and is reduced upon moderate biasing due to electron detrapping.
Both thermal treatments lead to an enhancement of the field-effect passivation. The initial
high negative charge can be reversibly reduced and inverted by a negative constant voltage
stress (Vstress). This is caused by electron detrapping and positive charging of traps in the
AlOx/SiNx stacks.
It is concluded that in addition to the fixed negative charges, trapping of negative charges
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near the interface is a crucial mechanism contributing to the field-effect passivation. It is
also found that a large Vstress leads to a voltage stress induced generation of additional
intrinsic Si dangling and strained bond defects at the c-Si/SiOx interface. Both Vstress

induced effects are possibly linked to so called potential induced degradation (PID) effects,
which have a detrimental influence on photovoltaic module performance.

In the second part of this work, photoconductivity and optical measurements demonstrate
that an introduction of 40-50 nm diameter Au NPs into the antireflective TiO2 layer
(TiO2:AuNPs) deteriorates the antireflection properties. This is observed as a decrease
of the external quantum efficiency of photogeneration of charge carriers. In addition, a
decrease of the internal quantum efficiency due to a deterioration of the chemical passivation
is found. C-V measurements indicate that this is due to additional defect states at the
TiO2:AuNPs/Si interface, caused by Au NPs in contact with the underlying c-Si, enhancing
photogenerated charge carrier recombination. It is concluded that TiO2:AuNPs layers with
larger (>100 nm) Au NPs could potentially be applied on the passivated rear, but not on
the front side of Si solar cells.
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Zusammenfassung

Die einzigartige Eigenschaft von AlOx, dass es negative Festladungen aufweist, ist für die
Rückseiten-passivierte p-Typ Silizium-Solarzellen als auch für hocheffiziente Solarzellen mit
hochdotierten (p+)-Regionen sehr attraktiv. Für eine erfolgreiche Integration von AlOx

und AlOx/SiNx- basierten Systemen in verschiedenen Arten von hocheffizienten Solarzellen
ist jedoch ein gründliches Verständnis der Passivierungseigenschaften und des Ursprung
der negativen Ladung dieser Materialien erforderlich.

Theoretische Studien schlagen den Einsatz von plasmonischen Metall-Nanopartikel (NP)
in einem passivierenden, anti-reflektierenden Oxid vor, um durch erhöhten Lichteinfang
die Effizienz von Silizium-basierten Solarzellen zu verbessern. Doch nicht nur die optischen,
sondern auch optoelektronischen Effekte der Metall NPs sind zu berücksichtigen.

In der vorliegenden Arbeit werden die Grenzflächen passivierender Oxide und funktioneller
Materialien auf kristallines Silizium (c-Si) untersucht. Das Hauptaugenmerk liegt auf ihren
Einfluss auf die elektrischen, optischen und optoelektronischen Eigenschaften des c-Si/Oxid
Systems. Eine Vielzahl von Materialsystemen, einschließlich PECVD-abgeschiedene AlOx

-Einzelschichten und AlOx/SiNx Stapelschichten auf p-Typ c-Si Wafer, sowie TiO2 mit
eingebetteten Gold-Nanopartikeln (TiO2:AuNP) durch Spin-Coating auf c-Si deponiert,
unterliegen diesen Untersuchungen.

Als Grundpfeiler für diese Untersuchungen wurde im Rahmen der Arbeit eine Hochfrequenz
Kapazität-Spannungs- (C-V) Methode weiterentwickelt, die eine zuverlässige Bestimmung
der spektroskopisch aufgelösten Grenzflächendefekt-Zustandsdichten über die gesamte c-Si
Bandlücke sowie der Oxid-Ladungsdichten ermöglicht. C-V Untersuchungen in Verbindung
mit Lebensdauermessungen erlauben eine detaillierte Auswertung der Passivierungsei-
genschaften der AlOx-Einzelschichten und AlOx/SiNx Stapelschichten auf c-Si. Diese
Proben werden in abgeschiedenem Zustand, nach einem Temperschritt und nach einem
Feuerschritt untersucht. Der Einfluss von verschiedenen nasschemischen Vorbehandlungen
der c-Si-Oberfläche, insbesondere der einer nasschemischen Oxidation, auf die Passivie-
rungseigenschaften sowie der Ursprung und die Stabilität der negativen Ladung werden
untersucht.

Im ersten Teil der Arbeit zeigen Untersuchungen des c-Si/SiOx/AlOx/SiNx Schichtstapels,
dass eine nasschemisch erzeugte SiOx-Zwischenschicht sowohl die chemische als auch die
Feldeffekt-Passivierung beeinflusst. Die Defektzustandsdichte an der Si/SiOx Grenzfläche ist
erheblich reduziert. Es werden jedoch zusätzliche Zustände vermutlich nahe der SiOx/AlOx

Grenzfläche generiert, die zu Inhomogenitäten und Instabilitäten der negativen Ladung
führen. Es wird festgestellt, dass das Tempern zur Aktivierung der negativen Festladungen
führt, wobei der Feuerschritt zur negativen Beladung der Zustände führt. Beide Wärmebe-
handlungen führen zu einer Verbesserung der Feldeffekt-Passivierung. Weiter wird gezeigt,
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dass die anfänglich hohe negative Ladung durch eine negative konstante Stressspannung
(Vstress) reversibel reduziert und invertiert werden kann. Dies wird verursacht durch die Frei-
setzung der gefangenen Elektronen und durch die positive Aufladung der Zustände in der
AlOx/SiNx Stapelschicht. Es wird gefolgert, dass zusätzlich zu den festen negativen Ladun-
gen, das Einfangen von negativen Ladungen in der Nähe der Grenzfläche entscheidendend
zur Feldeffekt-Passivierung beiträgt. Es stellt sich heraus, dass eine große Stressspannung zu
einer spannungsinduzierten Generation von zusätzlichen intrinsischen Si-Defektzuständen
an der c-Si/SiOx Grenzfläche führt. Beide Spannungsstress-induzierte Effekte könnten
möglicherweise mit sogenannten Potential-induzierten Degradations- (PID) Effekten zu-
sammenhängen, die einen nachteiligen Einfluss auf die Leistung von Photovoltaik-Modulen
haben.

Im zweiten Teil dieser Arbeit zeigen Photoleitfähigkeits- und optische Messungen, dass
die Einbettung von 40-50 nm großen Gold-Nanopartikeln in die Antireflex-TiO2-Schicht
(TiO2:AuNPs) die Antireflexeigenschaften verschlechtert. Dies führt zu einer Verringerung
der externen Quanteneffizienz. Zusätzlich wird eine Verringerung der internen Quan-
teneffizienz aufgrund einer Verschlechterung der chemischen Passivierung beobachtet.
C-V-Messungen zeigen, dass dies an der Erhöhten Rekombination durch zusätzliche De-
fektzustände an der TiO2:AuNPs/Si-Grenzfläche liegt, die durch den Kontakt von Gold-
Nanopartikel mit dem darunter liegenden c-Si entstehen. Daraus wird gefolgert, dass die
TiO2:AuNP-Schichten mit größeren Au NP (> 100 nm) eher auf die Rückseite, aber nicht
auf die Vorderseite der Si-Solarzellen, aufgebracht werden sollten.
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1 Introduction

1.1 General introduction

The rapidly increasing man-made climate changes as well as the increasing global energy
demand accompanied by the diminishing stock of fossil fuels have underlined the urgency for
mankind to find alternative energy sources. Photovoltaics (PV) offers such an alternative
as a renewable energy source. Since the 1950s silicon (Si) has been the most widely
used material for the realization of photovoltaic systems and modules because of its easy
availability and environmental friendliness. At the moment, about 85 % of the solar cells
currently produced are based on crystalline silicon (c-Si) wafers. The energy conversion
efficiencies of these industrially manufactured cells are typically η = 16 % – 18 %, whereas
laboratory-type Si solar cells hold the record of η = 25.0 % [Zha99, Gre09, Gre13]. The
latter is already fairly close to the theoretical maximum of η = 29 % [Tie84, Gre84, Ker03],
which is given by the Shockley-Queisser-Limit [Sho61]. The efficiency of solar cells is
significantly reduced by electronic recombination losses at the wafer surfaces [Din12b].
This primarily leads to a suboptimal open-circuit voltage. Through surface passivation
a reduction in surface recombination can be achieved. However, at present, many of the
low-cost industrial solar cells have no efficient passivation schemes implemented, which
explains a significant part of the power conversion efficiency gap between industrial and
high-efficiency laboratory solar cells. So far, a variety of materials and material stacks
have been investigated for surface passivation purposes of the cell’s front and rear side
[Abe00]. Many aspects need to be taken into consideration regarding the suitability of a
passivation scheme. These are the doping type and resistivity of the Si, thermal-, UV-,
and long-term stability, the optical properties (i.e., parasitic absorption, refractive index),
and the processing requirements (e.g., surface cleaning, available synthesis methods).
Traditionally, thermally grown SiO2 has been used as an effective passivation scheme
in high-efficiency laboratory cells, including the record passivated emitter rear locally
diffused (PERL) cell [Zha99, Gre09]. Nowadays, most laboratory and industrial c-Si solar
cell schemes use SiNx synthesized by PECVD. SiNx serves as an antireflective coating
(ARC) and also as passivation layer. Another widely investigated passivation material
is hydrogenated amorphous Si (a-Si:H). The combination of intrinsic and doped a-Si:H
nanolayers (< 10 nm) has been successfully applied in commercial heterojunction Si solar
cells [Tsu09, Min11, dN11, Bae11].
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1.2 Aluminum oxide for passivation in Si solar cells

1.2 Aluminum oxide for passivation in Si solar cells

In recent years, Aluminum oxide (Al2O3 or AlOx) has emerged as an alternative passivation
material [Din12b]. First reports on the passivation properties of AlOx go back to 1989
by Hezel and Jaeger [Hez89], though initially demonstrating a low quality of passivation.
After recent advancements in deposition techniques, in particular atomic layer deposition
(ALD), [Hoe06, Ago06] AlOx was reintroduced. A high level of passivation was achieved,
as good as obtained by thermally grown SiO2[Hoe06, Hoe08a]. Unlike other investigated
materials, this high level of passivation of AlOx was assigned to the field-effect passivation
induced by negative fixed charges [Hoe08a], which is a unique property of this material. This
distinguishing property of AlOx made it highly interesting as a passivation material because
it offered a new opportunity for the PV industry: Due to inversion layer shunting, SiNx was
not a suitable candidate as a passivation layer for the p-type Si cell rear side. Therefore,
AlOx became a promising candidate to improve the rear side of conventional screen-printed
p-type Si solar cells by replacing the Al-back surface field (Al-BSF) [Din12b]. The latter
leads to lower surface recombination losses, better internal reflection, and reduced wafer
bow for thin wafers. A passivated rear side is essential for reaching higher efficiencies and
the use of thinner Si wafers. Thus, the focus shifted to AlOx-single layers and AlOx/SiNx

stacks as a solution for the p-type Si rear side. In addition, for n-type Si solar cells a
suitable passivation solution of the p+ emitter was required. The negative charges of
AlOx are an ideal match for the passivation of such emitters. To date, the application
of AlOx on p+ emitters and on the p-type Si rear has resulted in enhanced solar cell
efficiencies up to 23.9% [Ben08, Glu10]. In addition to ALD, other deposition techniques,
such as atmospheric pressure chemical vapor deposition [Bla12], reactive sputtering [Zha13]
and plasma-enhanced chemical vapor deposition (PECVD) [SC09, Laa12], have already
demonstrated to produce AlOx with excellent passivation properties. The PECVD process
is a serious contender for the deposition of AlOx in the photovoltaic industry due to its
compatibility with already available inline processes and high throughput. Of particular
interest for Si solar cell applications are thin passivating AlOx films covered by amorphous
SiNx capping layers synthesized by PECVD. Among other benefits, this capping layer leads
to an improved chemical stability. Such AlOx/SiNx passivation stacks have been applied
at the rear and front side of Si solar cells [Gat11, SC10] reaching efficiencies above 20%
[Sch12].

However, to insure further development and a successful integration of PECVD-deposited
AlOx and AlOx/SiNx based systems in different types of high efficiency solar cells, a
thorough understanding of the physical, structural and electronic properties of this material
is necessary. A major issue is related to the formation of an interfacial SiOx- layer that is
usually observed during deposition of AlOx on Si independently of the deposition method
[Cho02, Gus00]. The quality of this interfacial layer strongly impacts the Si/AlOx interface
passivation properties [Din11b, Nau12, Laa12]. Thus, an understanding and control of
the formation of the interface and its electrical activity upon interaction with external
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1.3 Gold nanoparticles integrated in oxide for plasmonic effects

processes such as thermal steps, illumination or biasing is one concern. A second major
issue is related to the origin of the negative charge in this material. The knowledge of this
origin could open the way to better control of the material properties in view of tuning
the passivation mechanism, particularly to beneficially adapt the field-effect based on the
negative charge to different high efficiency solar cell concepts.

1.3 Gold nanoparticles integrated in oxide for plasmonic effects

Light trapping enhancement by plasmonic-active metal antiparticles (NPs) is believed to be
a promising approach to increase silicon-based solar cell efficiency. In recent years, extensive
studies have been undertaken to investigate the use of metallic nanostructures, which
support localized surface plasmons, for achieving enhanced light absorption in Si-based
solar cells (see [Atw10] and references therein). Among such metal nanostructures, gold
(Au) and silver (Ag) NPs are the most interesting materials. This is based on theoretical
calculations which suggest that improved light trapping in silicon covered with metal NPs is
due to the preferential light scattering by the NPs into silicon. This property of metal NPs
deposited on the front surface of Si-based solar cells is often termed the “plasmonic effect” of
metal NPs resulting in an increase of light absorption in the underlying Si material. Given
that the light trapping effect originates from interference it is logical that a comparison
with Si solar cells covered by a standard antireflective coatings (ARC) as a reference sample
should be obligatory. Thus, an evaluation of “plasmonic effects” introduced by metal NPs
and the understanding of the optical and the optoelectronic effects due to the integration
of such metal NPs into an ARC or a passivating layer on Si is of particular interest.

1.4 Outline

This thesis is organized as follows: Chapter 2 reviews the two passivation mechanisms:
The chemical passivation properties of the Si/oxide interface will be discussed regarding
recombination active interface defects. The field-effect passivation mechanism will be
discussed in conjunction with AlOx-single layers and AlOx/SiNx stacks. Chapter 3 is
devoted to the sample preparation and the description of the used basic characterization
tools. Chapter 4 has two main objectives: (i) Describing the development of the high-
frequency capacitance voltage method for the analysis of chemical and field-effect passivation
of metal-insulator-semiconductor (MIS) structures and (ii) identification and analysis of
physical mechanisms that may distort the evaluation. In Chapter 5, plasma-enhanced
chemical vapor deposited AlOx-single layers and AlOx/SiNx stacks on c-Si are the subject of
a detailed investigation regarding their passivation properties. Several process parameters
will be varied, and the modified c-Si/AlOx interfaces as well as the modified negative
charges will be characterized by the methods described in chapter 3 and 4. Chapter 6
studies the optical as well as optoelectrical effects of Au NPs integrated into a titanium
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1.4 Outline

oxide ARC on c-Si. Chapter 7 summarizes the main experimental results obtained in the
previous chapters.
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2 Fundamentals

The efficiency of crystalline Si solar cells is significantly affected by electronic recombination
losses at the wafer surfaces, primarily through a suboptimal open-circuit voltage. A
reduction in surface recombination is called surface passivation, which is discerned into
two components: the chemical and the field-effect passivation. In this chapter these two
passivation mechanisms will be discussed in conjunction to the passivation contributing
properties of the materials investigated in this work.

2.1 Silicon surface passivation mechanisms

For a discussion of the Si surface passivation mechanisms [Din12b] it is insightful to consider
the rate of surface recombination (Us, in cm-2s-1) based on the Shockley-Read-Hall (SRH)
formalism [Sho52, Hal52]. Us can be expressed as a function of the interface defect density
(N it , in cm-2) and the hole and electron densities at the semiconductor surface (ps and ns,
respectively):

Us =
(
nsps − n2

i

)
vthNit

ns+n1
σp

+ ps+p1
σn

, (2.1)

in which vth represents the thermal velocity of the electrons, n1 and p1 statistical factors, ni
the intrinsic carrier concentration, and σvp/n the hole and electron capture cross sections. The
driving force in surface recombination processes is the term

(
nsps − n2

i

)
, which describes

the deviation of the system from thermal equilibrium under illumination. Us can be
decreased by a reduction in N it or Dit (in eV-1cm-2)[Gir88], which is referred to as chemical
passivation. In a recombination event both electrons and holes are involved. It is worth
noting that the highest recombination rate is achieved when ps/ns ≈ σn/σp [Abe93].
Consequently, another way to reduce the recombination is by a significant reduction in
the density of one type of charge carrier at the surface by an electric field. This is called
field-effect passivation [Abe93, Glu99].

Fig. 2.1 demonstrates the the effect of a fixed negative interface charge Qf = 2 x 1012 cm-2

(in units of the elementary charge) on the simulated electron and hole density near the
surface for p-type and n-type Si. The surface charge gives rise to band bending (Fig. 2.1(c)).
For p-type Si, the increased majority carrier density leads to accumulation conditions (Fig.
2.1(a), whereas the n-type Si surface is inverted (Fig. 2.1(b)). In both cases, a decrease
in recombination can be expected as ns is strongly reduced. However, for the inversion
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2.1 Siliconsurfacepassivationmechanisms
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Thisphenomenoncanbeexpectedtoenhancerecombinationinthesubsurfacewhenbulk

defectsarepresent.

AmeasurethatreflectsthelevelofsurfacepassivationisthesurfacerecombinationvelocityS

(incm/s):

S≡
Us
δn
, (2.2)

withδnrepresentingtheinjectionlevel.Itispossibletodeduceaneffectivesurface

recombinationvelocity(Seff)fromtheeffectivelifetime(τeff)oftheminoritycarriersin

theSisubstrate.Theeffectivelifetimeismeasuredinthisworkbythequasi-steady-state

photoconductance(QSSPC)decaytechnique[Sin96]andiscontrolledbybulk-andsurface

recombinationprocesses[Spr92,Nag99],

1

τeff
=

1

τSRH
+

1

τAuger
+
1

τrad bulk

+
1

τsurf
. (2.3)

Itillustratesthatbothintrinsic(Augerandradiativerecombination)andextrinsicrecom-

binationprocessesdeterminebulkrecombination.Extrinsicrecombinationviabulkdefects

isalsoknownasSRHrecombination.Impurities,suchasFe[Col08],latticefaults,and

danglingbondsatgrainboundaries(multicrystallineSi)canallrepresentbulkdefectstates.

ForasymmetricallypassivatedwaferwithsufficientlylowSeffvalues,τeffcanbeexpressed

as
1

τeff
=
1

τbulk
+
2Seff
W

, (2.4)

withW thewaferthickness.

Sinceτbulkisgenerallynotknown,anupperlevelofSeffcanbecalculatedbyassuming
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therelationσn/σpaffectsthescalingbetweenSeffandNit(verticalaxis)and
notthequalitativepicture.Thesimulationisanapproximationtoillustrate
generaltrendsandwascalculatedusingPC1Din[Din12b].Theparameters
usedwereσn=σp=10

-16cm-2forσn/σp=1;σn=10
-15cm-2andσp=

10-17cm-2forσn/σp=10
2.Othervaluesincludedabulkresistivityof22Ωcm

p-typeSi(dopingof7.2x1015cm-3),aninjectionlevelofδn=5×1014cm−3

andτbulk=10ms.

thatrecombinationonlyoccursatthewafersurfaces(i.e.,τbulk→ ∞),

Seff,max=Seff<
W

2τeff
. (2.5)

Forbulklifetimes>1msandforinjectionlevelsforwhichAugerrecombinationisnot

dominant,Seff,maxisagoodapproximationfortheactualvalueofSeff.

Fig.2.2illustratestheinfluenceofthechemicalandfield-effectpassivationonthesurface

recombinationvelocitybysimulations[Din12b].Seffisobservedtodecreaselinearlywith

areductioninNit.Inaddition,itisobservedthatthereductioninSeffbyfield-effect

passivationisespeciallyprominentforQfvalues>10
11cm-2.Thesimulationsshowthat

formoderatelydopedSiatwofoldincreaseinQfproducesafourfolddecreaseinSeff(i.e.,

Seff∼1/Q
2
f,forsufficientlyhighQfvalues)[Hoe08a].Italsoshowsthatthetrendbetween

SeffandQfchangessignificantlywhenthevalueofσn/σpisincreasedfrom1to10
2.In

thelattercase,amaximumappearsinSeffatQf=2x10
11cm-2,whichcoincideswith

theconditionformaximumrecombination(ps/ns=σn/σp=10
2).Inaddition,higher

Qfvalues>4x10
11cm-2appeartoberequiredtoactivatethefield-effectpassivation.

Itisworthnotingthat,forthecaseofAlOx,avalueofσn/σp 1isprobablymore

realisticthanσn/σp=1.Aswillbediscussedlater,thec-Si/AlOxinterfaceisessentially

Si/SiOx-like[Ste02a,Ste02b].Thevalueofσn/σp∼10
2reportedforthermallygrownSiO2

interfacesmaythereforebeabetterassumptionfortheSi/AlOxinterface[Glu99,Abe92].
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2.2 Oxidic surface passivation materials

The semiconductor/insulator interface (S/I-interface) constitutes the basic building block
of numerous applications such as micro- and nanoelectronic devices [Ger05], thin film
transistors [Che12, Kim09], Metal-oxide semiconductor field effect transistors (MOSFETs)
[Xua07], high energy radiation and particle detectors [Gar13], Micro-Electro-Mechanical
Systems (MEMS) capacitive switches [Li09] and many other integrated circuits (IC) as
well as advanced high efficiency solar cell architectures [Din12b]. For many decades, silicon
(Si) and its oxide (SiO2) have been the semiconductor and the gate dielectric of choice of
the microelectronic industry, respectively. Accordingly, the Si/SiO2-interface has been the
cornerstone of all metal-oxide-semiconductor (MOS) based electronic devices and ICs. In
conventional MOS technology, thermally grown SiO2 has met key requirements such as a
high-quality Si/SiO2 interface with low interface state densities below 1010 cm-2eV-1 along
with highly insulating properties. Owning to the downscaling of ICs, MOSFET channel
lengths have to decrease to the submicrometer range, dictating concomitant decrease of
the oxide thickness to the sub-nanometer range. This trend gives rise to high leakage
currents, because of increasing tunneling processes across the oxide, which induce off-state
leakage currents and consequently a lossy standby mode by power dissipation. In this
regard, it was necessary to introduce insulating materials with higher dielectric constant
(high-k dielectrics) compared to SiO2 as alternative [Wil01, Joh06]. High-k dielectrics offer
many advantages such as low defect densities at interfaces with semiconductors providing
good channel transport for electrons and holes. Amorphous aluminum oxide (AlOx or
Al2O3) is currently being investigated as a promising high permittivity (high-k) material
for the above mentioned application and in particular as an excellent passivation material
for high-efficiency crystalline silicon solar cells [Din12b].
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2.2.1 Defect model for the Si/SiOx-interface

The formation on an ultrathin SiOx interlayer plays a crucial role when applying oxidic
passivation materials, such as SiO2 [Nic82, Hel94, Sze07], Al2O3 [Kim03, Hoe08a, Din12b]
and TiO2 [Cam99, McC04], on c-Si . Therefore, this section presents the current model
for defects at the Si/SiOx-interface based on the most recent experimental and theoretical
investigations. The Si/SiO2-interface and its electrically active defects have been subject to
extensive studies (see [Len05] and references therein). Beginning with electron paramagnetic
resonance (EPR) studies by Nishi, et al. [Nis72], different models for the defect state
distributions at the Si/SiO2-interface were developed [Ger86, Fli95], mainly based on
results obtained from EPR and capacitance voltage investigations (among others).

The dominant electrically active defects at the Si/SiO2 interface have been identified as
several varieties of centers (Pb, Pb0, and Pb1). Fig. 2.3(a) shows that all centers consist of
an unpaired electron on a Si backbonded to three other Si atoms at the Si/SiO2 interface. It
has been established that each center has two levels in the silicon band gap [Len05, Cam02],
as depicted in Fig. 2.3(b). The essentially identical (111) Si/SiO2 Pb centers and (100)
Si/SiO2 Pb0 centers each have two levels separated by about 0.7 eV and more or less
symmetrically distributed in the silicon band gap [Ger86, Poi84]. The (100) Si/SiO2 Pb1

variant has two levels separated by just a few tenths of an electron volt, with the density
of states is skewed toward the lower part of the silicon band gap [Cam02]. First-principles
calculations revealed that the energetic positions of the Pb0, and Pb1 centers in the lower
part of the c-Si band gap are approximately 0.29 eV apart [Kat06], in accordance with
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Figure 2.3: (a) Structure of Pb centers on c-Si wafers of (111) and of Pb0 and Pb1 centers
on c-Si wafers of (100) orientations. In the lower graphic yellow balls represent
O atoms. Red and blue balls represent Si atoms. Blue isosurfaces represent
dangling bonds at Pb1 and Pb0 centers. Graphics are taken from [Hel94] and
[Kat06]. (b) Schematic representation of the density of states of the Pb or Pb0
and Pb1 defects as a function of band-gap energy. The sketches provide only
a crude semiquantitative representation. Graphic is taken from [Cam02]. (b)
Schematic densities of states in the vicinity of the Si band gap. Gap states
corresponding to Pb0 and Pb1 centers are denoted by E0 and E1. Graphic is
taken from [Kat06].

Fundamentals 9



2.2 Oxidic surface passivation materials

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
1010

1011

1012

1013

~ 0.29 eV

c-Si(100)/SiO
2
 interface

 D
it
 = Pb0+Pb1+UT

D
it (e

V
-1
cm

-2
)

E
v E-E

v
 (eV) E

c

PL
b0

Pb1

PH
b0

UT UT

~ 0.70 eV

Figure 2.4: Density of defect state density (Dit) at the (100) c-Si/SiO2 interface as a
function of band-gap energy. Gaussian distributions represent Pb0 and Pb1
-like defects. Their energetic positions are in accordance with experimental and
theoretical observations from [Cam02, Len05, Kat06, O’S01] (among others).
Strained bond defects at the Si band edges are denoted as UT and described
by exponential functions [Fli95].

experimental observations [Cam02].

Fig. 2.4 summarizes the experimental and theoretical observations of the electrically active
defects at the Si/SiO2 interface. The two levels of the Pb0 center are Gaussians denoted
as Pb0

L at the lower part and Pb0
H at the higher part of the c-Si band gap. The two

levels of the Pb1 center are represented by one Gaussian, since they are energetically
almost indistinguishable. These centers are believed to be the main contributors to the
interface defects state density (Dit). However, it is worth noting that other types of
defects, that are not EPR-active or their densities are below the EPR detection limit
(~ 1012 cm-2 spin density), may also contribute to Dit [Ger86, Fli95]. In fact, very recent
studies based on the highly sensitive (1011 cm-2 spin density) spin-dependent-recombination
(SDR) based EPR technique have indicated new types of defects at the Si/SiO2 interface
[Mat12, Ots13]. This demonstrates that a complete understanding of the defect states
at the Si/SiO2 interface has clearly not been achieved, yet, and that it is still intensely
debated. Therefore, in this work the defect distributions in the Dit-spectra are described as
Pb0- and Pb1-like, assuming they indeed are the main contributors as most studies suggest.
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2.2.2 AlOx-single layers and AlOx/SiNx stacks on c-Si

The high level of passivation of AlOx is related to the combination of excellent chemical
surface passivation, lowering the interface defect density (Dit), and field-effect passivation by
negative oxide-trapped charges (Qox) located near the semiconductor-oxide interface. The
latter is of particular interest for the passivation of p-type Si [Din12b]. AlOx produced by
atomic layer deposition (ALD) [Hoe06] and by plasma enhanced chemical vapor deposition
(PECVD) [SC09] have already demonstrated excellent passivation properties. A silicon
oxide (SiOx) interlayer formed at the Si/AlOx interface plays a critical role in the saturation
of dangling bonds as well as the formation of the negative charge [Hoe08a, Kim03]. Hence,
a wide range of methods to produce and control this SiOx interlayer have been investigated
including ALD [Din10], PECVD [Din11c], thermal [Mac11, Din12a] and wet-chemical
[Laa12] oxidation. With increasing SiOx thickness the chemical passivation improves (i.e.
decrease of Dit) [Mac11], however, at the cost of the field effect passivation [Din11a, Mac11]
due to a reduction of the negative Qox (or Qf) at the SiOx/AlOx interface. Therefore,
low-cost ultrathin wet-chemical SiOx-interlayers placed between PECVD-AlOx/SiNx-stacks
and the Si wafer have demonstrated an improvement of the chemical passivation of the Si
surface [Laa12] while maintaining the field effect passivation. However, for a better control
of the latter a clearer understanding of the origin of the negative charges needs to be
established [Din12b, Hoe08a]. Through simulations it has been recognized that (ionized)
point defects are the origin of the charged traps [Ste05, Rob05, Liu10, Web11, Cho13].
Fig. 2.5(a) illustrates the transition levels induced by native point defects and dangling
bonds (DB) in amorphous Al2O3that were calculated by Cho et al. [Cho13]. Traps related
to Al vacancies (VAl) and oxygen interstitials (Oi) are deep acceptors [Cho13] and can
be charged negatively [Mat03]. Whereas the Al interstitial (Ali) is a deep donor. The O
vacancies (VO) can act as donor or acceptor depending on the position of the Fermi level
[Cho13]. It can be responsible for electron hopping and trapping, though not likely for the
negative charge [Liu10]. The negatively charged tetrahedral AlO4 which is dominant near
the SiOx/AlOx interface [Kim03] may also be a candidate. The fixed negative charge is
consistent with a model for the local atomic bonding of noncrystalline Al2O3 that has two
different bonding environments for the Al atoms [Joh01]: (a) a tetrahedrally coordinated
Al site that has a net negative charge, and (b) and octahedrally coordinated site in which
the Al has a charge of 3+. The negatively charged Al atoms can bond directly to the
O atoms of the SiO2 interfacial and this is the arrangement that is responsible for the
negative fixed charge.

However, recent experimental works on atomic layer deposited (ALD) AlOx on c-Si
demonstrated that charging of traps near the SiOx/AlOx-interface may play an important
role in the formation of the negative charge. Defect states at the SiOx/AlOx interface were
charged negatively either by photon-induced charge injection [Gie08] or by constant voltage
stress (Vstress)-induced charge trapping [Gon13b, Suh13, Raf13] from the Si. However,
the charging mechanisms at the SiOx/AlOx interface and in particular in the AlOx bulk
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(a) (b)

Figure 2.5: (a) The position of thermodynamic transition levels for native point defects
and dangling bonds (DB) in α-Al2O3 is shown. The point defects consist of Al
and O vacancies (VAl and VO) as well as interstitials (Ali and Oi). The charge
state of the acceptor and/or donor levels in the unoccupied and occupied state
is indicated in brackets. Graphic is taken from [Cho13]. (b) Total calculated
density of stated (DOS) of Si3N4with one 1Si-H defect. From the curve, it is
possible to extract the energy width of the bandgap (EG) and the energy depth
of the trapped electron with respect to the bottom of the conduction band
(ET). Approximately 1 eV above the top of the valence band, it is possible to
note also the presence of deep states. Graphic is taken from [Via11a].

are still not yet clearly understood and more detailed experimental analysis is necessary
[Din12b].

Of particular interest for Si solar cell applications are thin passivating AlOx films covered
by amorphous SiNx (or a-SiNx:H) capping layers synthesized by PECVD. Such passivation
stacks have been applied at the rear and front side of Si solar cells [Gat11, SC10] reaching
efficiencies >20% [Sch12]. Capping the passivating AlOx with SiNx offers several advantages
in comparison to uncapped single AlOx layers for Si solar cell processing:

• The thermal budget during SiNx deposition (350–450 °C) can activate the surface
passivation induced by AlOx [Din09].

• The application of a SiNx capping layer can extend the process window for solar cells
in terms of AlOx film thickness and firing temperature [Sch09, Ric11]. Richter et al.
have reported that five ALD cycles of Al2O3 in combination with a SiNx capping
layer already results in good passivation properties for p+-emitters [Ric11, Hoe07].

• AlOx/SiNx stacks at the rear side of screen-printed solar cells lead to improved
chemical stability. It has been observed that the application of metal pastes directly
on AlOx can disintegrate the AlOx material during firing [Din12b]. N-rich SiNx

layers appear to be robust and to remain chemically stable. These capping films can
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therefore protect the AlOx films from damage caused e.g. by metal paste.

• When ultrathin AlOx films are considered at the rear side, an SiNx capping layer can
be useful to increase the physical thickness to improve the rear reflection properties
of the solar cell [Din12b].

The stacks exhibit a negative fixed charge density [Mac11, Ric11]. This is consistent with
the expectation that the positive fixed charge density in SiNx films applied on Si is related
to the Si/SiNx interface. When the SiNx is used as capping layer on AlOx, the positive
charges in SiNx may be absent or much lower in density when compared to SiNx applied
directly on Si.

In addition, defect levels located in the SiNx [War92, Rob94, Via11b, Via11a] also play
an important role in the investigation of the charge mechanisms of AlOx/SiNx stacks.
Fig. 2.5(b) demonstrates by way of example calculated states in the Si3N4 band gap
originating from 1Si-H dangling bond defects [Via11a]. Si dangling bonds also introduce
defect states located inside the SiNx band gap at similar energetic positions as the 1Si-H
dangling bond depending on its charge state. The density of these defect states as well as
the energetic position of the Fermi level dictate whether these states account for charge
trapping and/or transport [Via11b]. In fact, through charge injection the traps can be
charged positively or negatively and, thus, influence the field-effect passivation of the
underlying c-Si [Web09].

The consideration of these defect states located in the AlOx and in the SiNx is crucial for
the analysis of charging mechanisms and for the evaluation of the field-effect passivation
properties of AlOx-single layers and AlOx/SiNx stacks deposited on c-Si.
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3 Experimental techniques

3.1 Sample preparation

3.1.1 Plasma-enhanced chemical vapor deposition of AlOx-single layers and
AlOx/SiNxstacks on Si

The Si wafer preconditioning, the deposition of AlOx and SiNx as well as the thermal post-
deposition treatments were performed by CiS Erfurt and Roth & Rau AG in collaboration
with HZB. The wafers used were in all cases both sides polished p-type float-zone (FZ)
silicon wafers ([100], Boron doped, 1-5 Ωcm) with a thickness of 280 µm. To investigate
the impact of interfacial oxides and surface preparation on the passivation quality of
AlOx/SiNx, different surface terminations consisting of either thin oxides or a hydrogen
terminated surfaces were prepared. Details on the wet chemical surface treatments are
displayed in Table 3.1. The surface treatment was followed by the deposition of AlOx

(25 nm) and SiNx (100 nm) using an inline Plasma-enhanced chemical vapor deposition
(PECVD) reactor MAiA of Roth & Rau AG. To produce amorphous AlOx films, a mixture
of trimethylaluminum and nitrous oxide was used. The amorphous SiNx forms a 100 nm
thick antireflection coating as used in the front side of silicon solar cells.

To investigate the activation and thermal stability of the passivation, the samples were
subjected either to an annealing step at 425°C in air (15 min) or to an industrial firing
process (wafer temperature 860 °C, ~ 3 s) in air.

For minority charge lifetime measurements symmetrical SiNx/AlOx/c-Si/AlOx/SiNx-
structures (Fig. 3.1(a)) were fabricated through surface preconditioning and deposition on
both sides of the Si wafer. For C-V measurements, first, round Al contacts pads (thickness:

Tab. 3.1: Wet chemical processes applied to silicon wafer surfaces prior to AlOx-single or
AlOx/SiNx-stack deposition. The process step labeled Hot-Diw80:HCl leads to wet
chemical oxide (SiOx) growth of 1.0 - 1.5 nm thickness. It was applied after either
just HF or RCA+HF. SC1 and SC2 are standard cleaning processes consisting of
NH4OH/H2O2/H2O (75°C) and HCl/ H2O2/H2O (75°C), respectively.

Process label Process mixture
Radio corporation of America RCA SC1 + HF + SC2 + HF

Hydrofluoric acid dip HF-Last HF(2%)/H2O (60 s, 25 °C)
Hot deionized water and HCl Hot-DiW80:HCl Hot-DiW/HCl (1:1000): 80°C
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Al - gate (500 nm)

Al (500 nm)

Si wafer (280 µm)

AlO (25 nm)xAlO (25 nm)x

AlO (25 nm)x

Si wafer (280 µm)

SiN (100 nm)xSiN (100 nm)x

SiN (100 nm)x

(a) symmetrical structure
      for QSSPC measurements

(b) MIS structure for C-V measurements

Figure3.1:(a)Symmetricalsamplestructureschemeforminoritychargecarrierlifetime
measurementsviaQSSPC.(b)Metal-Insulator-Semiconductor(MIS)structure
schemeforHFC-Vmeasurements.Samplesofstructure(b)werefabricated
from(a)throughremovalofAlOx/SiNx-stackfromonesideandAlcontact
deposition.

500nm,diameter:~0.65mm)weredepositedontheAlOx/SiNx-stackononesideof

thewaferthroughthermalAlevaporation(wafertemperature<90°C)toformthegate

contacts.Then,theAlOx/SiNx-stackontheothersidewasremovedthroughmechanical

polishing.TheresultingbareSisurfacewasthenfullycoveredbyAl(500nm)toforman

ohmicbackcontact.Hence,aMIS-structureisformedasdepictedinFig.3.1(b).
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Figure 3.2: (a) The three-step process of TiO2 matrix preparation and in situ synthesis of
AuNPs: spin coating of the precursors solutions followed by thermal annealing
at 350 °C for 5 minutes to form the AuNPs and eliminate solvents. (b) Scanning
electron micrograph (SEM) of the composite, showing the transverse view. (c)
Low-magnification TEM image of a cross section of the thin film. (d) HRTEM
image of a single gold NP inside the composite; gold (111) atomic planes are
visible. Figures were taken from [Ped11].

3.1.2 TiO2 with embedded Au nanoparticles

The sample preparations were performed by UVEG Valencia. TiO2-layers with embedded
Au nanoparticles (TiO2:AuNP) were deposited on one side of a pre-cleaned Si wafer by
spin-coating (see Ref. [Ped11] for more details). The wafers used were one side polished
n-type FZ Si wafers ([111], Phosphor doped, >5000 Ωcm) with a thickness of 380 µm. As
depicted in Fig. 3.2(a), an ethanolic solution of the TiO2 precursor and Pluronic P123 is
spin coated onto the polished side of the Si wafer or a glass substrate. Subsequently, a
solution of HAuCl4 (0.01 – 0.25 M in ethanol) was deposited dropwise onto the surface and
the sample was spun again. Finally, the resulting film is baked at 350 °C for 5 min. This
leads to the formation of a thin dielectric layer containing AuNPs, which are homogeneously
distributed and uniform in size with average diameters ranging in a 40-50 nm interval
(see Fig. 3.2(b-d)). Since the TiO2 layer has a thickness of 70-90 nm, it exhibits its first
interference minimum near 750 nm which is typical for regular antireflection coatings
(ARC). AuNPs embedded into the TiO2 layer modify the optical properties of the latter so
that one can observe wavelength-dependent changes of the hybrid layer reflection spectrum
as compared to that of the bare TiO2 film of the same thickness. For the etching treatment
of TiO2:AuNP thin films, a 0.2‰ solution of HF (Fluka, 40%) in water was heated in a
bain-marie at 40 °C. The Si samples with TiO2:AuNP thin films were immersed into the HF
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solution under constant agitation for 1 min, and were then washed with deionized water.
For photoconductance measurements, the unpolished side of the Si wafer was metalized
with 500 nm thick Al stripes with a distance of 250 µm (see Fig. 3.3).
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3.2 Sample characterization

3.2.1 Optical properties: UV-VIS spectroscopy

The optical measurements were performed with commercial spectrometers (Perkin Elmer
Lambda 19 DM and 1050) with integrating spheres. The absorption A(hν) was calculated
from the reflection R(hν) and transmission T(hν) data by using the conservation rule A(hν)
+ R(hν) + T(hν) = 1. The optical haze was obtained by measuring the diffused and total
transmission and calculating their ratio.

3.2.2 Minority charge carrier lifetime measurements

The effective minority charge carrier lifetime in Si with symmetric AlOx/c-Si/AlOx and
SiNx/AlOx/c-Si/AlOx/SiNx structures was quantified by employing photoconductance
decay measurements with a WCT-100 Sinton-Lifetime-Tester [Sin96]. The sample is placed
near the coil of an oscillator circuit and excess charge carriers are generated by a short and
intense light pulse provided by a photo flash equipped with an IR filter. Infrared light is
chosen for excitation in order to yield a homogeneous generation rate. By the additional
charge carrier density in the 1016 cm−3 range the conductance of the sample is changing
which is detected as a detuning of the oscillator circuit due to eddy currents in the sample.
The method is fast enough to obtain the temporal development of the conductance after
the initial flash. The conductance is directly proportional to the excess carrier density by
σ = e(µe + µh)∆nW , therefore the effective lifetime can easily be calculated by employing
τeff,meas(t) = ∆n(t)/δt∆n(t). Thus, a data set of τeff,meas(t) is obtained from the decay
of the excess conductance.
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Figure3.3:Experimentalschemeforphotoconductivitymeasurements.

3.2.3Photoconductancemeasurements

InordertoobtaininformationontheinfluenceoftheTiO2:AuNPlayerontheefficiency

ofphotogenerationofchargecarriersinanunderlyingSisubstrate,spectrallyresolved

photoconductivitymeasurementswerecarriedout. Fig. 3.3showstheexperimental

schemethatwasusedforphotoconductivitymeasurements. Thephotoconductivityof

aSiwaferisbasedontheopticalabsorptionandthetransportofthephoto-generated

chargecarrierstowardsthecontactsofanabsorbingSimaterialatanappliedbias. A

Xenonhighpressurelamp(200 W)andahalogenlightbulb(250 W)incombination

withagratingmonochromatorprovidedamonochromaticphotonfluxdensityΦph(hν)≤

1012photons/cm2/s,measuredbycalibratedSiphotodiodes,forthespectralrange300

nm-1050nm.UponilluminationofaSiwafer(thicknessd=380µm),thephotonflux

densityΦph(hν)leadstothegenerationoffreechargecarriers. UsingaKeithley6430

Sub-FemtoAmpSourceMeterverysensitivemeasurementsdowntoanoiselevelofaboutI=

510-16AwerepossibleandthephotocurrentIphwasmeasuredasthedifferencebetweenthe

currentinthedarkandunderillumination.Inordertomaintainaconstantchargecarrier

lifetimeoverthewholespectrumthephotoconductivitymeasurementswereperformedin

constantphotocurrentmode(CPM)[Van81].Toobtainaconstantphotocurrentthelight

intensityofthetungsten-halogenlightbulbwasvariedusingneutral-greyfiltersandthe

lampcurrentwasadjustedaccordingtothesetpointoftheconstantphotocurrent.The

lowcurrentmeasurementswereperformedundervacuumconditions.

Fromthemeasuredphotocurrentthenumberofphoto-generatedelectronsnph-elcanbe

calculatedwhilethephotonfluxΦphprovidesthenumberofincomingphotonsnphper

areaandtimeatthegivenphotonenergyhν.Thustheexternalandinternalquantum

efficiencyareobtainedwhichrefertotheincomingphotonsas

EQE(hν)=
nph−el
nph

=
U

l2
·µ·τ·(1−R(hν))·(1−exp(−α(hν)·d)) (3.1)

and
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IQE(hν) = EQE(hν)
1−R (hν) = U

l2
· µ · τ · (1− exp (−α (hν) · d)) (3.2)

where U is the applied voltage, l the contact distance, µ the mobility and α(hν) the
absorption coefficient. Critical quantities to be considered are the reflectance R(hν) and
the charge carrier lifetime τ. Both quantities are influenced by the TiO2:AuNP-layer on
top of the Si wafer. On the one hand it acts as an ARC, on the other hand it affects the
passivation of the Si surface (i.e. of the Si/TiO2:AuNP interface) and therefore the charge
carrier lifetime τ in the Si.
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4 Development of the high frequency
capacitance voltage method

4.1 Introduction

This chapter gives an overview of the main physical and mathematical aspects regarding
the development of the high frequency (1 MHz) capacitance voltage (C-V) and capacitance
time (C-t) method for metal-insulator-semiconductor (MIS) capacitors [Nic82, Sze07]. The
detailed mathematical derivations and algorithms for data acquisition used for this C-V
method can be found in [Fue77, Hen11]. In the work of [Hen11], which was supervised in
the framework of this thesis, the C-V method and in particular the data acquisition and
analysis algorithms originally developed in [Fue77], were adapted into a new LabVIEW-
based measurement and analysis software. This adaptation allowed a further development
and modification of the analysis and evaluation algorithms. This enabled a reliable analysis
of new material systems, such as AlOx-single layers and AlOx/SiNx stacks on c-Si, which
are not as stable and insulating as thermal SiO2 on c-Si. In order to demonstrate the
capabilities of the developed C-V method, firstly, three symmetrical samples consisting of
100 nm thermally grown SiO2 on double side polished n-type Si wafer (FZ, [100], phosphorus
doped, 1-5 Ωcm) were prepared. The SiO2 thickness of two of these samples was reduced
to 49 nm and 12 nm by HF-etching. The thicknesses were verified via spectral ellipsometry.
The three symmetrical structures underwent a forming gas anneal and the minority charge
carrier lifetime was measured via QSSPC. Afterwards, the SiO2 on one side was removed
by HF-etching followed by Al contacts deposition via thermal evaporation to form MIS
structures for C-V measurements. With these c-Si/SiO2 structures the effects of leakage
currents are investigated. The results regarding field-effect and chemical passivation are
then compared to the minority charge carrier lifetime measurements. Secondly, using a
c-Si/AlOx/SiNx structure, the effects induced by charge trapping and charge instabilities
are investigated through C-t transient and C-V hysteresis analysis.
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4.2 Determination of the Si/SiO2 interface defect state density
and oxide charge density

An ideal MIS capacitor is defined as follows [Nic82, Sze07]: (1) The only charges that can
exist in the structure under any biasing conditions are those in the semiconductor and
those, with an equal but opposite sign, on the metal surface adjacent to the insulator, i.e.,
there are no interface traps (Qit = 0) nor any kind of oxide charge (Qox = 0). (2) There
is no carrier transport through the insulator under direct current (dc) biasing conditions,
i.e. the resistivity of the insulator is infinite. When an ideal MIS capacitor is biased
with positive or negative gate voltages, basically four cases can exist at the semiconductor
surface. In Fig. 4.1 these four cases are illustrated for a thermally grown SiO2 on n-type
c-Si. For the discussion of the ideal MIS capacitor, Qit and Qox have to be disregarded.
When a positive voltage (V > 0) is applied to the metal gate, the conduction-band edge
Ec bends downwards near the interface and is closer to the Fermi level EF. For an ideal
MIS capacitor, no current flows in the structure, which means that EF remains flat in the
semiconductor. Since the carrier density depends exponentially on the energy difference
(EF - Ec), this band bending causes an accumulation of majority charge carriers (here
electrons) near the semiconductor surface. This is the accumulation case as depicted in
Fig. 4.1(a). When the positive voltage is reduced, the bands bend upward, and at V = 0
the flat band (FB) condition is achieved (Fig. 4.1(b)), where the band bending is 0. At
a low negative voltage (V < 0) the density of majority charge carriers is reduced at the
interface, as compared to the c-Si bulk (Fig. 4.1(c)). This is the depletion case. When a
larger negative voltage is applied, the bands bend upward even more. At a certain negative
voltage, which is referred to as the mid gap (MG) voltage, the intrinsic level Ei and the
Fermi level EF overlap at the surface. Once the MG voltage is surpassed (V � 0) , i.e. Ei

crosses over EF, the number of minority charge carriers (here holes) at the surface becomes
larger than that of the majority carriers (Fig. 4.1(d)). Thus, the surface is inverted and
this is the inversion case. Similar results can be obtained for p-type c-Si when the polarity
of the voltage is changed [Nic82, Sze07].

The resulting total MIS capacitance C (in F/cm2) of the biased structure for high-frequency
(1 MHz) C-V measurements [Nic82] is expressed as

C = CoxCsc
Cox + Csc

. (4.1)

Here, Cox is the oxide (or insulator) capacitance, which is constant for a given oxide
thickness dox. Csc describes the space charge capacitance of the Si, which depends on the
gate voltage (i.e. band bending) for a given doping concentration NA. The theoretical
1 MHz C-V curve of an ideal MIS structure consisting of Al contacts covering 100 nm SiO2

on n-type c-Si (NA = 1.3×1015 cm-3) is plotted in Fig. 4.2(a).

However, in a practical, non-ideal MIS capacitor, such as thermally oxidized n-type c-Si,
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Figure 4.1: Energy-band diagrams for MIS capacitors, here SiO2 on n-type c-Si, under
different bias, for the conditions of: (a) accumulation, (b) flat band, (c) deple-
tion, and (d) inversion. Interface trap charge Qit and oxide charges Qox are
indicated referring to a non-ideal MIS structure. Note the logarithmic scale of
the abscissa.

interface traps Qit (in C/cm2) as well as oxide charges Qox (in C/cm2) do exist that
will affect the ideal MOS characteristics. Interface defect states located at the c-Si/SiO2

interface and energetically within the c-Si forbidden band gap (see Fig.4.1(a)) have an
amphoteric character. They can exchange charges with the c-Si in a short time, which
means that by sweeping the gate voltage they can become occupied depending on the
location of EF at the interface. Interface defect states energetically located in the upper
part of the c-Si band gap are considered to be acceptor-like (i.e. neutral when empty,
negatively charged when filled) and those located in the lower part are considered donor-like
(neutral when filled, positively charged when empty). The consequence of this amphoteric
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Figure4.2:(a)Theoreticalandexperimentalhigh-frequency(1MHz)capacitancevoltage
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n-typec-Si. C-Vmeasurementswereperformedinrelaxationmodefrom
accumulationtoinversion(acc-inv)andviceversa(inv-acc).(b)Corresponding
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behavioristhatthemeasuredC-Vcurvebecomesstretchedoutalongthevoltageaxis,

decreasingitssloperelativetotheideal,theoreticalC-Vcurve.Thiseffectcanbeseenin

Fig.4.2(a).Oxidecharges,otherthanthoseoftheinterfacetraps,canincludethefixed

oxidechargeQf,themobileionicchargeQm,andtheoxidetrappedchargeQot.Their

sumresultsinatotaloxidechargeQox=Qf+Qm+QotasshowninFig.4.1.Ingeneral,

unlikeinterface-trappedcharges,theseoxidechargesareindependentofbias,sotheycause

aparallelshiftinthegate-biasdirection.InthecaseofpositiveoxidechargesforSiO2,

thisresultsinashiftoftheC-Vcurvetowardslargernegativegatevoltages,asmeasured

inFig.4.2.

Consequently,theevaluationofinterfacedefectstatesandoxidechargeisbasedon

theanalysisofthemeasuredC-Vcurveincomparisonwiththetheoreticaloneofthe

correspondingidealMIScapacitor[Ter62,Gro65,Sah69,Kat74].Ontheonehand,the

voltageconservationrulesdictatethatforanidealMISstructuretheoveralltheoretical
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voltage is
Uth = Φs + ΦMS ,i −

Qsc
Cox

, (4.2)

with Qsc describing the space charge in the semiconductor, Φs the surface potential, and
ΦM,Si the work function difference between the gate metal and the intrinsic semiconductor.
For Al and intrinsic Si ΦM,Si = -0.22 V [Wer74]. On the other hand, for a practical MIS
structure with oxide and interface charges the overall voltage is

U = Φs + ΦMS ,i −
Qsc + Qox,eff + Qit

Cox
, (4.3)

with Qox,eff as the effective oxide charge. From these, the interface traps charge can be
derived and expressed as

Qit = −Cox(U − Uth)−Qox,eff . (4.4)

Qit is related to the interface defect state density Dit (in cm-2eV-1) [Nic82] through

Dit = − 1
qel

dQit
dΦs

, (4.5)

where qel is the charge of an electron. Combining Eq. 4.4 and 4.5 [Fue77] results in the
final expression

Dit = Cox
qel

[(
Cox

Cox + Csc

)2 dCsc
dΦs

(
dC

dU

)−1
−
(

1 + Csc,lf
Cox

)]
. (4.6)

Here, Csc and Csc,lf are the semiconductor space charge capacitances for high and low
frequencies, respectively. These are calculated for a known Cox and NA [Nic82], which
are extracted from the experimental C-V curve by iteratively matching the slopes of the
theoretical C-V curve to the experimental one in the accumulation and strong inversion
regions, respectively [Hen11]. The term dC/dU is the experimentally accessible slope of
the measured C-V curve which is stretched out due to charging of the interface defect
states. It is obtained through a fitting algorithm using a second-degree polynomial [Hen11].
The value of Dit can be positioned correctly within the Si band gap using the known values
of the surface potential, which is obtained from the calculated band banding [Hen11]

From the C-V measurements one can also obtain the effective oxide charge density (in
cm-2) at mid gap (MG), through

Nox,eff = Qox,eff
qel

= Cox
qel

(UMG,th − UMG,ex) . (4.7)

The parameters UMG,th and UMG,ex represent the mid gap voltages of the theoretical and
experimental C-V curves, respectively. Unlike for flat band (FB), for a bias leading to
EF = MG at the interface, charge contributions by acceptor- and donor-like interface defect
states above and below the MG energy level of the Si band gap, respectively, are minimized.
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Assuming Qit = 0 at MG, the mathematical expression of Qox,eff is defined [Goe73, Sno65]
as

Qox,eff = 1
dox

doxˆ

0

x · ρ(x)dx . (4.8)

Here, ρ(x)dx is the element of the oxide space charge and x is its distance from the gate.
This expression differs from the one for the total fixed oxide charge

Qox =
doxˆ

0

ρ(x)dx . (4.9)

The definition in Eq. 4.8 indicates that Qox,eff depends on the location x of the charge ρ(x).
One can differentiate between three cases: (1) For x → 0, i.e. ρ is located towards the
oxide/gate interface, then Qox,eff → 0. (2) If ρ is uniformly distributed in the oxide, then
Qox,eff = 0.5 Qox. (3) For x → dox, i.e. ρ is located near the semiconductor/oxide interface,
then Qox,eff → Qox. On the one hand, these cases imply that changes of ρ near the gate
have less effect on Qox,eff than changes of ρ near the semiconductor. On the other hand
they imply, that changing the location of ρ, e.g. through redistribution of charges in the
oxide, also changes Qox,eff, whereas Qox is not affected. These properties of Qox,eff enable
the evaluation of charge dynamics in the oxide (or dielectric) through hysteresis analysis
which is discussed in section 4.5. In general, the fixed charge Qox (often also denoted as
Qf) is associated with the field-effect passivation of different materials on c-Si. However, in
the case of SiO2, SiNx, and AlOx it is routinely reported [Nic82, Din12b] that the origin of
their fixed charge is located near the c-Si interface. Therefore, Qox,eff measured via C-V
is generally accepted as an approximation for Qox and also agrees with charge densities
obtained from corona charge experiments of these materials [Din12b]. In future reference,
in order to concur with most literature, the effective oxide (or insulator) charge density
will be referred to as Qox,eff in units of the elementary charge per cm2.

In Fig. 4.2(a) the high frequency C-V curve is measured in relaxation mode. This means the
applied gate voltage is kept constant while the C-t trace is measured. Once the capacitance
remains at a constant value within a defined time interval (here 10 s) the C-t trace is
stopped and the average C-value within this last time interval is recorded for the C-V
curve [Hen11]. This is then repeated for all gate voltages of the C-V measurement. In this
manner, true equilibrium capacitances of the MIS system are obtained. For high frequency
C-V measurements this relaxation is crucial since deviating capacitances may lead to
errors in the determination of Dit [Kat74]. On the one hand, capacitance relaxations are
observed in the inversion region due to the generation or recombination of minority charge
carriers (depending on measurement direction) after each voltage step. These relaxations
indicate whether true inversion capacitances are reached or if leakage currents are present
preventing the formation of an inversion layer. On the other hand, slow charging of traps
in the insulator or near the semiconductor interface, both affecting Qox,eff, also leads to
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Figure 4.3: Defect state density (Dit) at the c-Si(100)/SiO2 interface over c-Si band gap
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and represented by one Gaussian. The total defect density Nit integrated over
the entire Si band gap through the fitting process is indicated.

a relaxation of capacitance. This relaxation is most pronounced in the depletion region
of the C-V curve due to the larger slope. Here, changes of Qox,eff distort the slope of
the C-V curve and therefore also the calculated Dit. These effects will be discussed in
more detail in section 4.6. However, this effect is not observed in the case of the thermal
100 nm SiO2 as can be seen in the relaxation capacitance ΔC over gate voltage in Fig.
4.2(b). This is due to the stable charge of the thermal SiO2, containing only positive fixed
charges of Qox,eff = 1012 cm-2. Here, only in the inversion region the typical positive and
negative relaxations implying the generation and recombination of minority charge carriers,
respectively, are observed. The inserted transients ΔC-t indicate completed relaxation
processes at the given gate voltages. Hence, true inversion capacitances are obtained.

An analysis of the C-V curves in Fig. 4.2(a) using Eq. 4.6 results in the Dit-spectrum
depicted in 4.3. The c-Si/SiO2 interface defect state density over nearly the entire c-Si band
gap is obtained. Near MG (0.56 eV) a Dit of about 3×1010cm-2eV-1 is revealed, indicating
an efficient chemical passivation typical for thermal SiO2 [Ree88]. In fact, the Dit-spectrum
can be fitted by Gaussian distributions with energetic positions as those reported for Pb0

and Pb1 defects (see section 2.2.1) as well as by exponential functions for strained bond
defects UT [Fli95] at the c-Si/SiO2 interface.

The fitting functions and parameters are presented in Tab. 4.1. The area of each Gaussian
represents the density Nt of the corresponding defect type. Note that here the Pb0-like
defect consists of donor states (Pb0

L) in the lower part of the c-Si band gap and acceptor
states (Pb0

H) in the higher part, as described in section 2.2.1. Their energetic positions are
in agreement with those reported in [Ger86, O’S01, Cam02, Len05]. Whereas the Gaussian
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Si defect type function Et(eV) w(eV) Nt(cm-2)
or Ev,c(eV) or βv,c(eV-1) or Nv,c (cm-2)

dangling bond
Pb0

L
Nt

w
√

π
2
e−2 (Et−E)2

w2

0.20 0.20 4.5×1010
Pb0

H 0.51 0.26 1.1×1010
Pb1 0.20 0.20 3.1×1010

strained bond UT Nv,ce
−βv,c|Ev,c−E| 0 , 1.12 44 , 46 2.8×1014

Tab. 4.1: Fitting functions and parameters of Si defect types. For dangling bond defects
Et describes the central energetic position, w the width and Nt the area of
the Gaussian distribution. Strained bond defects are described by exponential
functions [Fli95] where Ev,c describes the energetic position, βv,c an experimental
value according to [Fli95] and Nv,c the states for valence and conduction band.

distribution for the Pb1-like defect already includes the acceptor and donor states which
are energetically very close to one another in the c-Si band gap [Cam02]. Its energetic
position agrees with the one calculated in relation to the Pb0-like defect [Kat06]. Through
summation of the individual areas (Nt) one can obtain the total defect density Nit over the
entire Si band gap, in this case Nit = 8.7×1010 cm-2.

In summary, the C-V method presented here allows the analysis of the parameters Qox,eff

and Nit, which are crucial for the evaluation of the field-effect and chemical passivation,
respectively. The investigated c-Si/SiO2 structure represents a MIS system which fulfills
the two main requirements for a reliable analysis of the passivation properties via C-
V: It is insulating, and has only fixed stable charges. The former is reflected in the
relaxation behavior in the inversion region showing completed C-t transients, the latter in
the accumulation and depletion region showing no relaxations. This ideal behavior enables
a reliable determination of the Dit spectrum and of Nit. Therefore, it serves as a reference
for the evaluation of other sample structures.
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4.3 Effects of leakage currents

In this section the effects of leakage currents on the analysis of the C-V method are studied.
Their identification and consideration is of crucial for the evaluation of Qox,eff and Nit

because leakage currents influence the formation of accumulation and inversion regions in
MIS systems and therefore the accumulation and inversion capacitances [Yan99]. For this
purpose, the thermal SiO2 on n-type c-Si with different thicknesses dox = 100 nm, 49 nm
and 12 nm are investigated.
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Figure 4.4: Current density - voltage measurement of MIS structures consisting of c-
Si/SiO2/Al with different oxide thicknesses dox = 100 nm, 49 nm and 12 nm.
Accumulation (acc) and inversion (inv) regions are indicated for each structure.
The error bars represent fluctuations of the current density when measured at
different gate contact dots on the sample.

Figure 4.4 shows the current density - voltage (J-V) characteristics of these c-Si/SiO2/Al
capacitors with different SiO2 thicknesses. The J-V measurements were conducted using a
Keithley 6430 Sub-FemtoAmp Source-Meter allowing very sensitive measurements down
to a noise level of about I = 5 × 10−16 A. With decreasing oxide thickness the current
density clearly increases. In general, for any dielectric film, the current transport behavior
is normally controlled by one or two conduction mechanisms. Amongst others, the Fowler-
Nordheim tunneling, Poole-Frenkel hopping, and trap-assisted tunneling are the main
conduction mechanisms in MIS structures [Yan04, Sze07]. The strong thickness dependence
of the current density observed for the MIS capacitors investigated here suggests that
(trap-assisted) tunneling is the main contributor to the charge transport.

The effect of these leakage currents on the C/Cox-V curves, which were measured in
relaxation mode, as well as the corresponding relaxation ΔC-V can be seen in Fig. 4.5(a)
and (b), respectively. For reference, the C/Cox-V and ΔC-V curves of the 100 nm SiO2 are
also plotted. These are unaffected by leakage currents as evidenced by the negligible current
densities in Fig 4.4. In the case of the 49 nm SiO2, in the inversion region up to a negative
gate voltage of -3.5 V, true inversion capacitances are obtained. This is verified by the
relaxation reaching constant capacitances due to the generation/recombination of minority
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voltage.Relaxationsintheinversionregionindicateifeffectsduetoleakage
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TheinsertedtransientsΔC-tindicatecompletedrelaxationprocessesatthe
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for49nmand12nmSiO2.

chargecarriers,ascanbeseenintheinsertedΔC-ttransientsatthecorresponding

gatevoltages. Atnegativegatevoltageslargerthan-3.5V,leakagecurrentdensities

>10-7A/cm2startaffectingtheC/Cox-VaswellastheΔC-Vcurve.IntheC/Cox-V

curvetheeffectisreflectedasadropofcapacitanceindicatingtheformationofadeep

depletionregion.IntheΔC-Vcurveitisreflectedinthedecreaseanddisappearingofthe

relaxationcapacitancewhichcanbeexplainedasfollows:Asthenegativegatevoltage

isincreased,thetunnelingrateofthetunnelingchargecarriersincreasesaswell. Ata

certainpoint(here~-3.5V)thetunnelingrateexceedsthegeneration/recombinationrate

ofminoritychargecarriers.Thelatteristhussuppressed,preventingtheformationofan

inversionregion.ThisisthenreflectedasanabsenceofrelaxationΔC.Inthecaseofthe

12nmSiO2theleakagecurrentdensityexceeds10
-7A/cm2bytwoordersofmagnitude

alreadyintheinversionregion.Consequently,norelaxationswhatsoeverareobserved.In

accumulationtheeffectsduetoleakagecurrentsareminimalduetotherelativelyhigh
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majoritychargecarriergenerationrate,whichisapparentlyhigherthanthetunnelingrate

fortheappliedaccumulationvoltages.Duetothedistortedinversioncapacitancesofboth

samples,49nmand12nmSiO2,theiterativematchingofthetheoreticalC-Vcurvefor

theevaluationofQox,effandDitwouldcalculateadistortedNA.Therefore,acorrection

ofthetheoreticalC-Vcurveisrequired.Inthecaseofthe49nmSiO2,thedistorted

C-values(for>3.5V)aretakenoutoftheevaluation,resultinginNA=1.2×10
15cm-3,

similartoNAobtainedforthec-Si/SiO2(100nm)structure.Inthecaseofthe12nmSiO2,

thesameNAisusedasinputforthecalculationofthetheoreticalcurve.Thisresultsin

Qox,eff=7×10
11cm-2forthe49nmSiO2,andQox,eff=1.2×10

12cm-2forthe12nmSiO2.

TheDit-spectraresultingfromthesecorrectionsandthecorrespondingΔC-spectraare

depictedinFig.4.6(a)and(b),respectively.Thereferencespectrumofthe100nmSiO2,

whichrequirednocorrection,isalsoplotted.TheDit-databelowMG(i.e.inversionregion)

ofthe49nmand12nmSiO2thatareaffectedbyleakagecurrentsismarkedbydashed

circles.AttheFermilevelEFotherartifactsarise.Aclearpeakisevidentwhichdoesnot

reflectthetrueinterfacedefectdensitybutisratheranartifactduetoaninhomogeneity

ofQox,eff[McN74,McN75].Inthiscasetheseinhomogeneitiesmaybecausedbythe

HF-etchingcreatinglocallyfluctuatingfixedchargedensities,orbytheleakagecurrents

thatinfluencetheformationoftheaccumulationregionandthustheslopeoftheC-Vcurve.

Ineithercase,thesepartsoftheDit-spectraareconsideredasnotreliableandtherefore

arealsomarkedbydashedcircles.Basedontheseobservationstheenergeticrangeofthe

Developmentofthehighfrequencycapacitancevoltagemethod 33



4.3 Effects of leakage currents

corresponding reliable Dit-data is marked in Fig. 4.6(b). An increase of Dit near MG is
evident with decreasing oxide thickness. This may be a result of the HF-etching causing a
degradation of the chemical passivation of the thermal oxide.
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4.4Comparisonwitheffectivelifetimemeasurements

InthissectionQox,effandDitofthec-Si/SiO2structures(100nm,49nmand12nmSiO2)

obtainedbyC-Varequalitativelycomparedwiththeeffectiveminoritychargecarrier

lifetimesτeffmeasuredviaQSSPC.Thelifetimemeasurementswereperformedonthese
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Figure4.7:(a)Injectiondependenteffectiveminoritychargecarrierlifetimesτeffand
surfacerecombinationvelocitiesSeffofsymmetricSiO2/c-Si/SiO2structures
obtainedthroughQSSPCforcomparisonwith(b)DitandQox,effofidentical
c-Si/SiO2/AlMISstructuresobtainedthroughC-Vmeasurements.Different
SiO2thicknessesareindicated.

Themeasuredτeffasafunctionoftheinjectionlevel(δn)isdepictedinFig.4.7(a).An

upperboundoftheeffectivesurfacerecombinationvelocity(Seff)attheinjectionlevel

δn=1015cm−3iscalculatedassuminganinfinitebulklifetime:Seff=W/2·τeff,whereW

denotesthewaferthickness.InFig.4.7(b)Qox,effandDitaredepicted.Firstly,comparing

the100nmwiththe49nmSiO2revealsadecreaseofτeff,i.e.anincreaseofSeff,at

allinjectionlevels.ThisdeteriorationofpassivationcorrelateswiththeincreaseofDit

overtheentireSibandgapaswellasthedecreaseofQox,eff.Secondly,comparingthe

49nmwiththe12nmSiO2revealsadeteriorationoflifetimeinthehighinjectionregion

(δn>2·1015cm−3)andanimprovementinthelowinjectionregion(δn<2·1015cm−3).

ThisbehavioralsocorrelatesqualitativelywithQox,effandDit.Ontheonehand,inthehigh

injectionregionthephoto-generatedexcesschargecarrierscancompensatethefixedoxide

chargesresponsibleforthefield-effectpassivation[Lee11].Thus,thechemicalpassivation

dominateswhichleadstothereducedτeffduetothehigherDit.Ontheotherhand,inthe

lowinjectionregionthefieldeffectpassivationdominates,whichresultsinanenhancement

ofτeffduetothehigherQox,effofthe12nmSiO2.Thesequalitativecorrelationsofτeff

withQox,effandDitclarifythevalidityandreliabilityoftheresultsobtainedthroughC-V

measurementsregardingfield-effectandchemicalpassivation.
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4.5 Effects of charge trapping and charge redistribution in oxides

This section discusses the charge mechanisms that cause instabilities of Qox,eff affecting the
C-V curve and what information about the physical properties of the oxide (or insulator)
can be obtained from their analysis. As already mentioned: (1) Changes of Qox,eff lead
to a parallel shift of the C-V curve along the voltage axis. (2) Qox,eff is affected not only
by changes of the total amount of charge Qox in the oxide, but also by redistribution of
charges inside the oxide, if Qox is constant and electronic currents are negligible [Sno65].

gate Si

traps near 
interface

traps near
interface

(a) charge injection from Si

(b) redistribution of mobile charges or charge injection from gate

insulator

p-type
Siacc

C

V

inv

n-type
Si

inv

C

V

inv

p-type
Si

n-type
Si acc

inv

Siinsulatorgate

Figure 4.8: Charge mechanisms responsible for C-V hysteresis formation of a MIS capacitor
due to (a) charge injection from the Si and (b) redistribution of charges or
charge injection from the gate. The hysteresis formation occurs if Qox,eff is
affected when the C-V measurement is conducted in both directions, from
accumulation (acc) to inversion (inv) and vice versa.

Fig. 4.8 illustrates different charge mechanism that influence Qox,eff of an insulator on
n-type or p-type c-Si. The thermal SiO2 on n-type c-Si investigated in the previous sections
revealed a stable Qox,eff due to fixed positive charges. This is not the case for AlOx-single
layers and AlOx/SiNx stacks that were deposited on p-type c-Si and are investigated in
the next chapter. Therefore, the following discussion about different charge mechanisms is
focused on an insulator on p-type c-Si. The first charge mechanism is injection of charges
from the c-Si into traps located near the Si/insulator interface, as depicted in Fig. 4.8(a).
For instance, when two C-V curves are measured in both directions, i.e. from accumulation
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to inversion (acc-inv) and from inversion to accumulation (inv-acc), charge injection leads
to a counter-clockwise hysteresis formation for p-type c-Si. If the C-V measurement is
started in accumulation, i.e. at a negative gate voltage for p-type c-Si, majority charge
carriers (holes) are injected into trap levels located near the interface. This increases the
positive component of Qox,eff of the insulator. Therefore, the C-V curve is shifted towards
negative voltages. When starting in inversion, i.e. at a positive gate voltage for p-type
c-Si, minority charge carriers (electrons) are injected. Hence, the negative component
of Qox,eff increases and the C-V curve is shifted towards positive voltages. The resulting
counter-clockwise orientation of the hysteresis for p-type c-Si is unambiguous for charge
trapping near the c-Si/insulator interface [Sch06]. The effects for n-type are similar to the
effects for p-type c-Si, but with inverted polarities.

As depicted in Fig. 4.8(b) an inversion of hysteresis orientation can occur when other
charge mechanisms dominate, leading to a clockwise hysteresis formation p-type c-Si.
When starting in accumulation (negative gate voltage), electrons can be injected from the
gate into traps and/or negative mobile charges drift/tunnel towards the c-Si/insulator
interface. This increases the negative component of Qox,eff. Therefore, the C-V curve is
shifted towards positive voltages. When starting in inversion (positive gate voltage), holes
can be injected from the gate into traps and/or positive charges drift/tunnel towards the
c-Si/insulator interface. This increases the positive component of Qox,eff. Therefore, the
C-V curve is shifted towards negative voltages. The resulting clockwise orientation of the
hysteresis for p-type c-Si can therefore be attributed to gate injection and/or redistribution
of charges. It is worth noting, however, that according to Eq. 4.8 trap charging near the
insulator/gate interface has relatively little effect on Qox,eff. The effect becomes even less
or negligible the closer the traps are located to the gate. Whereas charging mechanisms
closer to the Si/insulator interface have a larger effect on Qox,eff.

Hysteresis formation due to redistribution of mobile charges can be attributed either to
ion transport inside the dielectric, which occurs mainly at elevated temperatures (150 °C -
200 °C) [Sno65, Mit93, Sta06], or due to trap-assisted charge transport in the bulk, if
electronic currents through the entire MIS structures are negligible [Sno65, Yan04]. If no
C-V hysteresis is formed, this indicates the following: either no traps but only fixed charges
are present, as it is the case for the investigated 100 nm thermal SiO2. Or the trap density
in the entire bulk dielectric material is high enough to cause leakage currents rather than
charge trapping.

Which of these effects dominates and reveals itself in C-V hysteresis formation depends on
the properties of the dielectric material, such as the trap density near/at the interfaces and
in the bulk, if present. Therefore, through C-V hysteresis analysis the charging dynamics
related to traps in dielectric materials can be studied.
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4.6Effectsofslowchargetrappinganddetrapping

Inthissectiontheinfluenceof(slow)trapchargingmechanismsonthedeterminationof

Ditwillbediscussed.TheinvestigatedthermalSiO2referencedidnotrevealanytraps.

Therefore,forthispurpose,anexcerptoftheinvestigatedAlOx/SiNxstacksonp-type

c-Sipresentedinthenextchapter,willbeusedasanexample.Incontrasttothethermal

SiO2reference,thesedielectricstructuresindeedexhibittrapdensitiesthataffecttheC-V

measurements.Thefollowingdiscussionfocusesonthequalitativeandquantitativeeffects

ofinstabilitiesofQox,effontheDit
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Figure4.9:(a)High-frequency(1 MHz)capacitancevoltage(C-V)curvesobtainedin
relaxationmodeofaMISstructureconsistingofc-Si/AlOx/SiNx/Alupona
constantvoltagestressVstressappliedfor500s.(b)Correspondingrelaxation
capacitanceΔCvs.gatevoltage. VstressandC-Vmeasurementdirection
(acc-invorinv-acc)werevaried(cases1-4)inordertofindparametersfor
chargestabilizationandtostudythechargedynamics.Chargetrappingcauses
theparallelshiftofC-Vcurvealongthegatevoltageaxisindicatingdifferent
Qox,eff.Chargestabilityisobtainedthroughcase(1):Vstress=+20V(500s)
followedbyaC-Vmeasurementfromaccumulationtoinversion.

InFig. 4.9(a)highfrequencyC-V measurementsinrelaxation modeofap-typec-

Si/AlOx/SiNxstructurearedepicted.ThecorrespondingrelaxationcapacitanceΔC-V

isshowninFig.4.9(b).TheresultingDit-spectraaredepictedinFig.4.10(a)andthe
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Figure4.10:(a)Defectstatedensity(Dit)spectraobtainedfromC-Vonac-Si/AlOx/SiNx
structureuponvariationofpriorVstressandC-Vmeasurementdirection.(b)
Relaxationcapacitance(ΔC)spectra.ArtifactsinDit-spectraresultingfrom
instabilitiesofchargesaremarked.EstimateddeviationsofDitduetothese
instabilitiesareindicatedbyerrorbarsforcase(3).Onlycase(1)withstable
chargesshowsnoartifactswhichresultsinreliableDit-dataovertheentire
c-Sibandgap.

correspondingΔC-spectracanbefoundinFig.4.10(b).Allmeasurementswereperformed

onthesamegatecontactpad.Inordertoenhancetheeffectofchargetrapping,aconstant

voltagestress(Vstress)of-10V(strongaccumulation),or+20V(stronginversion),was

appliedfor500spriortotheC-Vmeasurements.Duringthistimeperiod,asdescribed

inFig.4.8(a),positiveornegativechargeinjectionfromthec-Sioccurred,respectively.

FollowingeachVstressaC-Vmeasurementwasperformed,eitherinacc-invorinv-acc

direction(indicatedbyarrowsinFig.4.9),resultinginfourcombinationofVstressand

measurementdirection:(1)+20V,acc-inv;(2)-10V,acc-inv;(3)+20V,inv-acc;(4)

-10V,inv-acc.InFig.4.10(b)allfourcasesindicatecompletedrelaxationprocessesin

theinversionregion,ascanbeseenintheexemplaryinsertedΔC-ttracesatthegiven

inversiongatevoltages.Thus,noleakagecurrentsneedtobeconsidered.Comparingcases

(2)and(3)revealsthenegativeandpositivechargetrappingeffectduetoVstress=-10V

and+20V,respectively,resultingintheshiftoftheC-Vcurveswithacounter-clockwise

hysteresis(Fig.4.9(a)).InFig.4.10(b),(3)and(4)demonstrateconsiderablenegative

incompleterelaxationsindicatingdischarges,asseenintheinsertedΔC-ttracesatthegate

voltages8.9Vand7.8V.Thesedischargesoccurintheentiredepletionandpartiallyinthe

accumulationregion,thusincreasingtheslopeoftheC-Vcurve.Thisleadstodistorted
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4.6 Effects of slow charge trapping and detrapping

Dit-values between mid gap (MG) and the Fermi level (EF) in the corresponding spectra in
Fig. 4.10(a). These distorted Dit-values are marked and labeled as artifact 1. Therefore, in
both cases (3) and (4), measuring from inversion to accumulation does not result in reliable
Dit-spectra, independent of the prior Vstress. In case (2), no considerable relaxations occur
in the depletion region, but rather in the accumulation region near flat band (FB) (Fig.
4.9(b)). The inserted ΔC-t trace at 6.4 V shows that the relaxation is negative. Since this
C-V curve was measured from accumulation to inversion, this negative relaxation leads
to an increase of the slope of the C-V curve in this gate voltage region. Therefore, the
corresponding Dit-values energetically located below EF are distorted, resulting in lower
values which are marked as artifact 2. Finally, in case (1), no considerable relaxations
are observed neither in accumulation nor in depletion, but only in inversion due to the
generation of minority charge carriers. This relaxation behavior is nearly identical to the
one of the thermal SiO2 reference. Thus, it complies with the two main requirements for a
reliable analysis of the passivation properties via C-V: It is insulating and Qox,eff is in a
stable charge state.

This evident correlation of relaxations ΔC and Dit allows one to make a correction of the
distorted Dit-values caused by the instabilities of Qox,eff. For this purpose, cases (1) and
(3) are considered, since both C-V curves were measured upon Vstress = +20 V, but in
different directions. From direct comparison of their differences in relaxations Δ(ΔC) and
defect density ΔDit it is estimated that

∆(∆C(E))=1 nF =̂ ∆Dit(E) = 0.9× 1012eV −1cm−2.

A correction of the Dit-data of (3) through this estimation results in an approximation
of the Dit-spectrum of (1), as visualized by the error bars in Fig. 4.10(b). In fact, this
estimation was confirmed by similar Vstress and C-V experiments with other c-Si/AlOx/SiNx

structures. Therefore, it enables to give an error estimate, indicating a lower bound of the
true Dit-spectra of structures that exhibit instabilities of Qox,eff due to charge trapping. A
more reliable characterization of the passivation properties is thus achieved.
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4.7 Conclusions

In this chapter the main physical and mathematical aspects regarding the development
of the high frequency (1 MHz) C-V method for MIS structures were presented. Using
an insulating, c-Si/SiO2 structure with stable oxide charge as a reference MIS system,
the effects of leakage currents were studied. Through an analysis of the capacitance
time (C-t) relaxation, the affected regions of the C-V curve and, thus, the corresponding
distorted interface defect state density (Dit) can be identified. This allows the designation of
reliable Dit-data reflecting the chemical passivation quality. Through these corrections, the
results obtained through C-V measurements regarding field-effect and chemical passivation
correlated qualitatively with results obtained from lifetime measurements. In addition,
charge trapping phenomena in a c-Si/AlOx/SiNx structure leading to charge instabilities
were investigated through Vstress biasing prior to C-V measurement in relaxation mode.
Parameters for Vstress and C-V measurements were found for the stabilization of charges.
These results are crucial for a reliable determination of the charge density and the interface
defect state density. They constitute the basis for the evaluation of the field-effect and
chemical passivation properties of AlOx-single layers, AlOx/SiNx stacks and TiO2:AuNP
layers on c-Si in the next chapters.
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5 PECVD-deposited AlOx-single layers and
AlOx/SiNx-stacks on c-Si

5.1 Introduction

For a successful integration of AlOx and AlOx/SiNx based systems in different types of high
efficiency solar cells, a thorough understanding of the passivation properties and the origin
of the negative charge of these materials is necessary. The purpose of this chapter is to
discern chemical and field-effect passivation properties and understand how the properties
and the negative charge can be manipulated through different c-Si surface wet-chemical
treatments and different thermal processes. Promising initial results reported in [Laa12]
in the framework of this thesis and the very limited number of publications concerning
detailed C-V analysis for these structures motivated the further development of the high
frequency C-V method that would allow more detailed and reliable evaluations of Qox and
Dit in the framework of this thesis.

The growth of all-PECVD-deposited single AlOx layers and AlOx/SiNx stacks on p-type c-Si
with differently preconditioned surfaces was performed at CiS Erfurt in collaboration with
HZB and Roth&Rau AG. The layers and structures studied here underwent several prior
optimization steps in regard to their thickness and post-deposition treatments. In addition,
the effects of a wide range of wet-chemical c-Si surface treatments on the passivation
quality were studied [Laa12]. See Tab. 5.1 for an excerpt of these treatments. The
evaluation of their passivation properties were based primarily on minority charge carrier
lifetime measurements via quasi steady state photoconductance (QSSPC), supported by
surface photo voltage (SPV), capacitance voltage (C-V), and Fourier transform infrared

Process label Process mixture
Radio corporation of America RCA SC1 + HF + SC2 + HF

Hydrofluoric acid dip HF-Last HF(2%)/H2O (60 s, 25 °C)
Hot deionized water and HCl Hot-DiW80:HCl Hot-DiW/HCl (1:1000): 80°C

Tab. 5.1: Wet chemical processes applied to silicon wafer surfaces prior to AlOx-single or
AlOx/SiNx-stack deposition. The process step labeled Hot-Diw80:HCl leads to wet
chemical oxide (SiOx) growth of 1.0 - 1.5 nm thickness. It was applied after either
just HF or RCA+HF. SC1 and SC2 are standard cleaning processes consisting of
NH4OH/H2O2/H2O (75°C) and HCl/ H2O2/H2O (75°C), respectively.
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spectroscopy (FTIR) measurements [Laa12]. The C-V measurements were performed in
the framework of this thesis. It was demonstrated that improved interface properties in
terms of a low interface defect state density Dit(E) can be obtained already immediately
after surface preconditioning which results in a H-terminated surface (e.g., by means of
RCA-cleaning and HF-etching) or an interface with an ultrathin oxide of high quality. The
latter is obtained by a mixture of hot (80 °C) deionized water (DiW) with a small amount
of hydrochloridric acid (HCl), referred to as Hot-DiW80:HCl. These process steps were
monitored by the SPV technique. It was demonstrated via FTIR that after deposition
of single AlOx layers an improvement of the interface is obtained in terms of an increase
of the Si-O-Si bond density upon thermal steps. The second contribution is assigned
to the formation of a negative charge observed via C-V measurements. Its origin could
be identified to be partly due to the increase of the density of negatively charged AlO4

tetrahedra at the SiOx/AlOx interface upon thermal steps, as confirmed by FTIR. It was
thus demonstrated that wet-chemical oxides compatible with low manufacturing costs can
be used to improve the passivation quality of PECVD deposited AlOx/SiNx stacks.

These preceding experiments proved the high frequency (1 MHz) C-V method (see chapter
4) to be a powerful tool for the evaluation of the field-effect (i.e. Qox) and chemical
passivation (i.e. Dit) in regard to c-Si surface and thermal treatments. However, as a
new material system, the AlOx-single layers and AlOx/SiNx stacks on c-Si revealed new
challenges in regard to obtaining reliable C-V data. In contrast to thermal SiO2(100 nm),
which is insulating and stable in regard to its charge (see chapter 4.2), the AlOx-single layers
(25 nm) exhibited leakage current densities, as depicted in Fig. 5.1, which were large enough
to influence the capacitance measurement in accumulation and inversion. The AlOx/SiNx

stacks exhibited leakage current densities lower by several orders of magnitude, allowing
more reliable C-V measurements. For the SiNx layer (100 nm), Fig. 5.1 demonstrates
negligible current densities indicating an insulating character. In addition, the AlOx-
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single layers and in particular the AlOx/SiNx stacks exhibited temporal as well as voltage
dependent instabilities in their effective charge Qox,eff , hence, influencing and distorting the
measured Dit (see section 4.6). Therefore, only an excerpt of the first C-V measurements
that were considered reliable was presented in Ref. [Laa12].

The following studies aim at a better understanding of the passivation properties of the
single AlOx layers and in particular of the AlOx/SiNx stacks on p-type c-Si, as observed
in the lifetime measurements. To achieve this, lifetime measurements via QSSPC are
compared with results regarding Qox,eff and Dit obtained through high frequency (1 MHz)
C-V combined with capacitance time (C-t) measurements. A detailed analysis of charging
mechanisms was performed including trapping-detrapping phenomena in the AlOx/SiNx-
system and of the c-Si/AlOx interface defect generation which have great impact on the
field-effect and chemical passivation, respectively. It is worth noting that in regard to
the AlOx/SiNx stacks all results presented in the following sections were obtained from
measurements on gate contact dots where the underlying SiNx revealed highly insulating
properties preventing (or minimizing) charge injection from the gate into the AlOx. The
purpose of this was to create conditions more likely to play a role when integrating the stack
into a solar cell structure, where charge injection from the c-Si is much more likely to occur
than from a source on the capping SiNx. However, a build-up of an electrical potential
across the structure may indeed occur and can affect the performance of the solar cell.
This effect is related to the “potential-induced degradation” (PID) [Bau12, Hac11, Pin10],
which is currently of highest interest in the photovoltaic community. In order to investigate
the effects of large potentials on the passivation properties, but also to examine trapping
and detrapping phenomena in the AlOx/SiNx stacks, constant gate voltage stresses (Vstress)
were applied within a Vstress-range where the SiNx kept its insulating property. Through
Vstress-dependent C-V hysteresis formation and C-t transient analysis the dominant charge
contributions due to trapping in the AlOx/SiNx-system can be distinguished. In addition,
the defect state density at the c-Si/AlOx interface over the entire c-Si band gap is monitored
as well as the effect of a wet-chemically introduced SiOx interlayer. In addition, the effects
of a large Vstress on the chemical passivation in regard to intrinsic Si dangling bond
defects are investigated. These studies are of interest for understanding the interface
properties and charge trapping mechanisms of c-Si/(SiOx)/AlOx/SiNx structures. The
investigations related to voltage stress induced degradation are also of interest in regard
to the implementation of such PECVD-AlOx/SiNx passivation stacks in c-Si solar cells or
other devices where degradation of passivation will influence their performance.
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layersandAlOx/SiNxstacks

ForthepurposeofmoredetailedandreliableevaluationsofQoxandDitintheframework

ofthisthesis,twonewsetsofsampleswereprepared:OneconsistingofAlOx-singlelayers

andoneofAlOx/SiNx
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toannealingandfiring(gray).SamplesselectedforC-Vmeasurementsare
markedbyaredbox.ThesemeasurementswereperformedatCiSErfurtand
verifiedatHZB.

Asafirststeptoevaluatethepassivationquality,effectiveminoritychargelifetime(τeff)

measurementswereperformedviaQSSPCinCiSErfurt.Fromthemeasuredτeffasa

functionoftheinjectionlevel(δn),anupperboundoftheeffectivesurfacerecombination

velocity(Seff)attheinjectionlevelδn=10
15cm−3isquantifiedassuminganinfinitebulk

lifetime:Seff=W/2·τeff,whereW denotesthewaferthickness.Themeasuredτeffand

thecorrespondingSeffatanexcesschargecarrierconcentrationδn=10
15cm−3forp-type

c-SipassivatedbyAlOx-singlelayersandbyAlOx/SiNxstacksaredepictedinFig.5.2(a)

and(b),respectively.InFig.5.2(a),c-SicoveredbyasdepositedAlOx-singlelayersreveal

relativelylowlifetimesofτeff<70µsforallc-Sisurfacetreatments.Thislowpassivation

qualityistypicalforasdepositedAlOxlayerswherethefield-effectandchemicalpassivation

arenotyetactivated[Din10].Uponanindustrialfiringprocess(860°C,~3sinair)the

passivationimproves,i.e.τeffincreases.Yet,τeffremainsbelow~500µs.Thisdemonstrates
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5.2 Lifetime measurements of c-Si passivated by AlOx-single layers and AlOx/SiNx stacks

that the firing process does not fully activate the AlOx surface passivation [Din09]. A high
passivation quality (i.e. highest τeff, lowest Seff) is obtained after annealing (425 °C, 15
min in air) the samples, in particular for the AlOx-single layers on a c-Si surface treated
with RCA, HF-Last or RCA+HF+HotDiw80:HCl (see. Tab. 5.1).

The activation of the field effect and the chemical passivation upon annealing has been
thoroughly investigated in the literature [Din12b, Ben09, Ben10, Bor11, Din09, Din10,
Iri11, Kat07]: Post-deposition annealing increases the negative Qox and lowers Dit of the
c-Si/(SiOx) /AlOx system resulting in a significant improvement of the level of surface
passivation. The formation of an ultrathin interfacial SiOx film between the c-Si and the
AlOx plays a key role in both, the origin of the negative Qox and the interface defect state
density Dit. A negative Qox in combination with a sufficiently low interface defect density
is routinely reported for annealed AlOx films deposited on c-Si [Joh01, Hoe08a, Hoe08b],
irrespective of the deposition technique.

In any case, the prior wet-chemical treatment of the c-Si surface clearly has a considerable
impact on the resulting passivation quality of the annealed samples. Hence, for a more
detailed analysis, the annealed samples consisting of AlOx-single layers on c-Si surfaces
treated with HF-Last, with HF+Hot-DiW80:HCl and with RCA+HF+Hot-DiW80:HCl
were selected together with their AlOx/SiNx stack counterparts. Their effective minority
charge carrier lifetime τeff as a function of the excess charge carrier concentration δn of
these selected samples are depicted in Fig. 5.3(a) and (b), respectively. These lifetime
measurements were performed at HZB.

These structures will be subject to a detailed study via C-V in respect of their passivation
properties in this chapter. The selection is based on the following observations in the
lifetime measurements:

HF-Last:

A slightly higher passivation quality was obtained for AlOx-single layers and
AlOx/SiNx stacks deposited on H-terminated c-Si than on RCA-cleaned Si.
Therefore, these samples were chosen as reference structures.

HF+Hot-DiW80:HCl:

The purpose of studying these samples is to evaluate the effect of the wet-
chemical SiOx interlayer on the passivation properties through comparison with
the reference (HF-Last) sample.

RCA+HF+Hot-DiW80:HCl:

Applying the RCA-cleaning prior to the HF+Hot-DiW80:HCl treatment results
in the highest lifetimes τeff. Consequently, these samples were chosen in order
to investigate the effect of the RCA-cleaning through comparison with HF+Hot-
DiW80:HCl.
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5.2 Lifetimemeasurementsofc-SipassivatedbyAlOx-singlelayersandAlOx/SiNxstacks
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Figure5.3:Injectiondependentminoritychargecarrierlifetimesofp-typec-Siwithdifferent
surfacetreatmentsandpassivatedbyPECVD-AlOx-singlelayers(a)and-
AlOx/SiNxstacks(b).Differentthermaltreatmentswhereapplied:asdeposited,
annealedandfired.

ItshouldbenotedthatwhencomparingthelifetimemeasurementsatHZB(Fig.5.3)with

thoseatCiSErfurt(Fig.5.2),areductionofτeff(atδn=10
15cm−2)isevidentforthe

annealedandfiredAlOx-singlelayers.ThepassivationpropertiesoftheAlOx-singlelayers

thusseemtohavedegradedovertime(1-2months).However,τeffofthec-Sipassivated

byAlOx/SiNxstacksremainedratherstable,possiblyduetotheprotectiveSiNxcapping

layer.

Thesecondsetofsamples,consistingofc-SipassivatedbyAlOxcappedwithSiNx,reveals

severaldifferentpassivationpropertiesconcerningtheeffectofthethermaltreatments(Fig.

5.3(b)),incomparisontotheAlOx-singlelayers:

(i) c-SicoveredbyasdepositedAlOx/SiNxstacksalreadyexhibitsmoderate

passivationpropertieswithτeff=400-600µs.Thisisduetothethermalbudget

duringSiNxdeposition(350-450°C)thatactivatesthesurfacepassivation

inducedbyAlOx[Din09].

(ii) Annealingfurtherimprovespassivationqualityleadingtoτeff=600-800µs.

(iii) Incontrasttoc-SipassivatedbyAlOx-singlelayers,directfiringofthec-Si

passivatedbytheAlOx/SiNx-stackastonishinglyleadstopassivationproperties

ofsimilarorevenhigherqualityasannealedones,dependingonthec-Sisurface

treatment.

Introducingawet-chemicalSiOxinterlayerafteranHFtreatment(HF+Hot-DiW80:HCl),

seemstolowerthepassivationqualityincomparisontoHFtreatmentonly,regardlessof

thethermaltreatment.Thiseffectcanbeobservedforthec-SipassivatedwithAlOx-single

layersaswellasAlOx/SiNxstacks(Fig.5.3).However,performinganRCAcleaningprior

toHF+Hot-DiW80:HClandasubsequentfiringleadstothehighestpassivationquality.
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5.3 Annealed AlOx-single layers on c-Si: Effects of c-Si surface preconditioning

5.3 Annealed AlOx-single layers on c-Si: Effects of c-Si surface
preconditioning

The passivation properties of annealed AlOx-single layers on different c-Si surfaces were
first investigated by τeff measurements via QSSPC (Fig. 5.3(a)). In this section, for a
more detailed analysis, C-V investigations of Qox,eff and Dit are presented, which are a
measure for the field-effect and chemical passivation, respectively. As described in section
4.2, Qox,eff and Dit are obtained through a comparison of the experimental C-V curve
with the corresponding theoretical one (for Qox,eff = 0 and Dit = 0). The theoretical C-V
curve (Cth) is a function of the oxide capacitance (Cox) and the effective wafer doping
concentration (NA), which normally are obtained through iterative matching of the slope
of the theoretical C-V curve to the experimental one in the accumulation (Cacc) and
inversion (Cinv) capacitance regions. Consequently, if the experimental Cacc and Cinv are
distorted, in particular due to leakage currents, the resulting theoretical curve is falsified.
And indeed, the AlOx-single layers (25 nm) reveal high enough leakage current densities
which cause such distortions (Fig. 5.1). For the theoretical curve in this case, the input
parameter Cox = εAlOxε0/dox = 318.7nF/cm2 is thus calculated using the AlOx thickness
of dox = 25 nm, the vacuum permittivity ε0 = 8.8542 × 10−14 F/cm and the dielectric
constant of AlOx εAlOx = 9 in accordance with Ref. [Wil01]. A doping concentration
of NA = 4, 6 × 1015 cm−3 is assumed, which is obtained from C-V measurements of c-
Si/AlOx/SiNx stacks (shown later) where a true inversion capacitance is reached due to
negligible leakage currents. This value agrees very well with the given wafer resistivity of
1-5 Ωcm.

Fig. 5.4(a) illustrates the resulting calculated theoretical C-V curve (Cth) as well as the
measured experimental C-V curves of the AlOx-single layers on different c-Si surfaces. The
C-V curves were measured in both directions: from accumulation to inversion (acc-inv,
closed symbols) and vice versa (inv-acc, open symbols), including relaxation analysis. The
latter means that at each applied gate voltage the C-t trace was monitored until a constant
C-value was measured during a time interval of 15 s. Fig. 5.4(b) depicts the relaxation (or
change) ΔC of the capacitance for each C-t trace over the gate voltage. It significantly
differs from the relaxation behavior observed for insulating, stable thermal SiO2 (see section
4.2, Fig. 4.2) which serves as a reference. By comparing both behaviors, the effects of
the leakage currents as well as of Qox,eff instabilities on the measured capacitance can be
identified and evaluated:

1. For instance, in Fig. 5.4(a) the accumulation capacitance (Cacc) is below the theo-
retical Cox = 318.7 nF/cm2 when compared to the calculated theoretical C-V curve
(Cth). This is due to the fact that leakage currents with high tunneling rates pre-
vent the formation of an accumulation region in the c-Si which is reflected in Cacc

[Yan99, Yan04].

2. Fig. 5.4(b) shows, between flat band (FB) and weak accumulation, that positive
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Figure5.4:(a)High-frequency(1MHz)capacitancevoltagecurvesofc-Si/AlOx/AlMOS-
structureswithdifferentc-Sisurfacepreconditioningmeasuredinrelaxation
mode.Correspondingcorrectedtheoreticalcurve(Cth)aswellasflatband(FB)
andmidgap(MG)voltagesaredepicted.(b)RelaxationofcapacitanceΔC
vs.gatevoltage.Effectsofleakagecurrentsandtrappingareanalyzed.(c)
Correspondingcalculatedc-Si/AlOxinterfacedefectstatedensity(Dit)spectra
inrelationtothec-Sivalencebandenergy(Ev). Artifactsduetoleakage
currentsareindicated.(d)RelaxationofcapacitanceΔCoverc-Sibandgap
energy.EnergeticregionofreliableDitdataisindicated.

and/ornegativerelaxationsΔCarisedependingonthemeasurementdirection,

andalsoonthec-Sisurfacepreparation.Theserelaxationsmaybeattributedto

trapping/detrappingofchargesand/orchargeredistributionintheAlOx.Duetoa

nearlyabsentandnotdistinctlyidentifiablehysteresisformationintheC-Vcurves

aswellaspossibleeffectsduetotheleakagecurrents,thesesrelaxationscanatthis

pointnotbeclearlyassignedtospecificphysicaleffects.However,theyrevealslight

instabilitiesinQox,effandthereforewillneedtobeconsideredintheanalysisofDit.

3.Theeffectsofleakagecurrentsonthecapacitanceintheinversionregionarediscussed

insection4.3.TheabsenceofrelaxationsintheinversionregionshowninFig.5.4(b)

revealsthatnotrueinversioncapacitanceisobtainedfortheC-VcurvesinFig.5.4(a)

duetotheleakagecurrents.Thelatterpreventtheaccumulationofminoritycharge

carriersand,hence,theformationofaninversionlayer.Consequently,thesystem

goesintoadeepdepletionstateinstead.

4.Inthedepletionregionbetweenflatband(FB)andmidgap(MG),wherethelocal
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5.3 Annealed AlOx-single layers on c-Si: Effects of c-Si surface preconditioning

electric field near the c-Si/AlOx interface is minimal, the effects due to leakage
currents are minimal as well. This is reflected in the relaxation analysis in Fig.
5.4(b), where in the depletion region almost no relaxations are observed, similar to
the thermal SiO2 reference.

Accordingly, the effects mentioned above leave a window in the C-V curves in the depletion
region, which in conjunction with the corrected theoretical curve may result in a reliable
analysis of Qox,eff and Dit. For the evaluation of Qox,eff the leakage currents can be of
advantage: The negligible hysteresis formation for all samples reveals that the contribution
of charge trapping and detrapping in the AlOx bulk or near the c-Si/AlOx interface is also
negligible and therefore has a negligible effect on Qox,eff. The leakage currents prevent the
stable trapping of charges. Therefore, it can be concluded, that the shift of the FB and
MG towards positive voltages is attributed mainly to fixed charges which dominate in the
contribution to Qox,eff. The attained fixed oxide charges Qox,eff at MG for the AlOx-single
layers are illustrated in Fig. 5.4(a). AlOx deposited on HF-last c-Si surface reveals the
highest negative fixed charge density with Qox,eff = −4.6 × 1012 cm−2. In comparison,
AlOx deposited on a c-Si surface treated with HF+Hot-DiW80:HCl and RCA+HF+Hot-
DiW80:HCl both reveal lower negative charge densities of Qox,eff = −4.1 × 1012 cm−2.
These lower fixed charge densities are most likely due to the interfacial wet-chemical SiOx,
which slightly reduces the negative Qox,eff by small positive charges [?].

Fig. 5.4(c) illustrates the interface defect state density (Dit) in the c-Si band gap obtained
by comparing the experimental C-V curves to the calculated theoretical one in 5.4(a). The
corresponding relaxations ΔC are plotted in Fig. 5.4(d). They serve as an orientation for
localizing the effects on Dit explained by leakage current and for an estimation of the error
ΔDit. The Dit-values which are distorted due to the leakage currents are marked by black
circles: One at the valence band tail, due to the distorted Cacc, the other in the upper part
above MG in the c-Si band gap, due to the distorted Cinv. The Dit-values located between
the Fermi-level (EF) and MG reflect the slope of the C-V values in the depletion region.
Therefore, they can be considered as reliable. Here, the effect of the c-Si surface treatment
on Dit prior to the AlOx deposition is clearly visible: The HF-Last c-Si/AlOx interface
reveals the highest defect density of ∼ 1×1012 eV −1cm−2 just below MG at E - Ev= 0.5 eV,
before it gets distorted because of leakage currents. Applying the HF+Hot-DiW80:HCl
treatment reduces Dit by a factor of 2 down to ∼ 5× 1011 eV −1cm−2. The lower Dit value
can be attributed to the better chemical passivation by the wet-chemical SiOx interlayer and
it correlates with Dit measurements via SPV of the treated surface before AlOx deposition
[Laa12]. Performing an RCA-cleaning prior to HF+Hot-DiW80:HCl reduces the defect
density even further, down to ∼ 2×1011 eV −1cm−2, albeit with an increasing relative error.
The reduction of defect states is most probably due to the removal of organic and metallic
contaminants from the surface prior to the HF treatment and wet-chemical oxidation. This
trend was also observed via the SPV measurements in Ref. [Laa12], therefore it can be
concluded that the performed correction of the theoretical C-V curve indeed leads to a
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5.3 AnnealedAlOx-singlelayersonc-Si:Effectsofc-Sisurfacepreconditioning
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Figure5.5:Effectsofc-Sisurfacepreconditioningonpassivationpropertiesofannealed
AlOx-singlelayers:(a)Injectiondependenteffectiveminoritychargecarrier
lifetimesτeffandsurfacerecombinationvelocitiesSeffobtainedthroughQSSPC
forcomparisonwith(b)DitandQox,effobtainedthroughC-Vmeasurements.

reliableinterfaceevaluationofDitbetweenFBandMG.

Fig.5.5comparesτeffandSeffobtainedthroughQSSPC(a)withDitandQox,effobtained

throughC-Vmeasurements(b).InFig.5.5(a)itcanbeobservedthatintroducinga

wet-chemicalSiOxinterlayerreducesthepassivationqualityoftheannealedAlOxona

HFtreatedc-Sisurface: τeffatδn=10
15cm−3forHF-lastdecreasesfrom1150µsto

700µsforHF+Hot-DiW80:HCl,thus,Seffincreasesfrom12cm/sto20cm/s.Similar

observationswerepresentedinRef.[Bor11]. However,thiseffectseemstocontradict

theresultsobtainedthroughC-V(Fig.5.5(a)),wherethewet-chemicalSiOxinterlayer

leadstoareductionofDitbyafactorof2,butalsotoaslightreductionofQox,eff.For

thegivenwaferdopingconcentration,simulationsrevealthatSeff∼1/Q
2
oxforQox>

1011cm-2[Hoe08a,Din12b],whileSeffisobservedtodecreaselinearlywithareduction

inNit(i.e.alsoinDit)accordingtoEq.2.5.Nevertheless,itisunlikelythatthisrather

smallreductionofQox,eff(by~10%)wouldhavegreatereffectonthereduction(increase)

ofτeff(ofSeff)thanthereductionofDit(by~50%). Therefore,foramoreconsistent

comparisonbetweenthetwomethods,othereffects,whichcannotbedetectedbytheC-V

methodbutdoaffectτeffhavetobetakenintoconsideration.Theseare:variationsof

τbulk(e.g.duetoc-Sibulkcontamination)ormoreprobablelocalinhomogeneitiesofDit

andQox.Additionally,Qoxmaybeinfluencedbytrapping/detrappingofchargecarriersin

defectstatesintheAlOxbulk.Thismayoccureitherbyphoton-inducedchargeinjection

[Gie08],whichinprinciplemaycomeaboutduringaQSSPCmeasurement,orbypotential

(voltage)-inducedchargetrapping[Gon13b,Suh13]fromthec-Si.Theeffectofcharge

trappingwasnotclearlyobservedintheseC-Vmeasurementsduetothehighleakage

currentsintheAlOx.Thismeansthatchargesinjectedfromthec-Si(orgate)intothe

AlOxdominantlytraveledthroughtrap-assistedtransporttothegate(orSi).However,

theC-trelaxationsaremostlikelyrelatedtothiseffectwhichwillplayacrucialrolein
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5.3 Annealed AlOx-single layers on c-Si: Effects of c-Si surface preconditioning

the following sections were the AlOx is capped by an insulating SiNx layer. In regard to
the RCA+HF+Hot-DiW80:HCl treatment a more consistent correlation between τeff (or
Seff) in Fig. 5.5(a) and Dit and Qox,eff in Fig. 5.5(b) can be observed: The best passivation
quality in this set of AlOx-single layers on c-Si is achieved through a reduction of the
interface defect state density down to Dit ∼ 2× 1011 eV −1cm−2 near MG, by combining
RCA-cleaning with a wet-chemical SiOx interlayer, and the field-effect passivation induced
by the negative Qox,eff = −4.1× 1012 cm−2, activated by post-annealing.

In summary, the AlOx single layers deposited on differently treated c-Si surfaces provide a
high quality passivation upon annealing. This is the case in particular when the c-Si surface
was RCA-cleaned, HF-treated and wet-chemically oxidized (Hot-DiW80:HCl) prior to AlOx

deposition. The latter lead to τeff = 1.3ms and Seff = 10.1 cm/s at δn = 1015 cm−3. The
C-V analysis in this work revealed a high negative fixed charge (Qox,eff = −4.1×1012 cm−2)
combined with a low interface defect state density (Dit ∼ 2× 1011 eV −1cm−2 near MG) to
be the origin of the enhanced field-effect and the chemical passivation, respectively. This
identification was possible because of a systematically corrected analysis of the influence of
leakage currents, allowing to distinguish reliable from falsified C-V data. In fact, it can be
concluded that these corrections, which were developed in the framework of this thesis,
specifically helped to identify the contribution of the fixed negative charges, since the
leakage currents minimize the contribution owing to charge trapping. This is an important
observation in view of the evaluation of Qox,eff of the AlOx/SiNx stacks in the following
sections, because here the interplay between fixed charges and charge trapping will play a
crucial role.
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5.4 AsdepositedAlOx/SiNxstacksonH-Lastc-Si:Effectsofannealing

5.4AsdepositedAlOx/SiNxstacksonH-Lastc-Si:Effectsof

annealing

InthissectionthepassivationpropertiesofAlOx/SiNxstacksdepositedonHF-Lastc-Si
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Figure5.6:Effectsofannealingoninjection(δn)dependenteffectiveminoritycharge
carrierlifetimesτeffandsurfacerecombinationvelocitiesSeff.HF-Lastc-Si
passivatedbyPECVD-AlOx/SiNxstacksinasdepositedstatearecomparedto
theannealedstate.

Fig.5.6demonstratesthatintheasdepositedstatetheAlOx/SiNxstackalreadyexhibits

amoderatepassivationqualityduetoapartialactivationbythethermalbudgetduring

SiNxdeposition.Thepassivationqualityisthenenhanceduponannealing,leadingtoa

higherminoritychargecarrierlifetime(seediscussioninsection5.1). Theaimofthis

workistobetterunderstandtheoriginofthispartialactivation(asdeposited)andofthe

enhancement(annealed)ofpassivationqualityduetoDitandQoxinvestigatedbymeans

ofC-Vmeasurements.Allmeasurementswereperformedatthesamegatecontactdotfor

eachsample.

Atfirst,consecutiveC-Vcurvesinsweepmodeweremeasuredoftheasdepositedand

annealedsamplesinordertogetafirstideaoftheirchargestability,asdepictedinFig.5.7.

TheC-Vsweepsweremeasuredinbothdirections:firstfromaccumulationtoinversion

(acc-inv,solidlines),thenfrominversiontoaccumulation(inv-acc,dashedlines). The

purposeofthisistoobtaininformationonthetrappinganddetrappingphenomenathrough

hysteresisanalysisasdescribedinsection4.5.TheconsecutiveC-Vsweeps,eachinboth

directions,arenumberedintheordertheywereperformed(1to11). Thestart-and

end-voltagesforeachsweepwerekeptconstant,unlessashiftoftheC-Vcurvealong

thevoltageaxiswasevident.Fig.5.7(a)and(b)showaselectionofthesesweeps,Fig.

5.7(c)and(d)showtheobtainedchargedensityQox,effofallconsecutivesweeps,fortheas

depositedandtheannealedsample,respectively.Theinitialsweeps(#1to#4)oftheas
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5.4 As deposited AlOx/SiNx stacks on H-Last c-Si: Effects of annealing
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Figure 5.7: Consecutively measured high-frequency (1 MHz) C-V sweeps and the corre-
sponding Qox,eff at mid gap (MG) of as deposited (a+c) and annealed samples
(b+d). Arrows indicate the sweep direction (acc-inv or inv-acc). The stability
of Qox,eff is investigated.

deposited sample reveal a hysteresis formation typical for the trapping and detrapping of
charges in AlOx defects states near the c-Si/AlOx interface (see section 4.5). Note that the
hysteresis forms around a value of Qox,eff = −(6± 1)× 1012 cm−2, thus, larger than the
fixed charge density of Qox,eff = −4.5× 1012 cm−2 obtained from the annealed AlOx-single
layer deposited also on HF-Last c-Si (section 5.3). Yet, sweeps 5 to 11 reveal a continuous
shift of the C-V curves, along with a decrease of negative Qox,eff down to a stable value
of −7 × 1011 cm−2 including a diminishing hysteresis. Thus, the initially high Qox,eff is
not stable and decreases by almost one order of magnitude upon relatively low applied
gate voltages during C-V sweeps. This indicates that a detrapping of negative charges is
induced by the moderate applied voltages during the C-V sweeps. Fixed negative charges
with a cosiderably lower density remain.

In contrast, the annealed sample reveals a more stable negative charge density with an
average value of Qox,eff = −4.2×1012 cm−2 which is in very good agreement with the fixed
charge density of the annealed AlOx-single layer. This is consistent with the expectation
that the positive charges associated with SiNx, used here as capping layer on AlOx, may be
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Figure5.8:High-frequencyC-Vmeasurementsinrelaxationmodeandthecorresponding
relaxationcapacitanceΔCovergatevoltageofasdeposited(a+c)andannealed
samples(b+d).C-VcurvesweremeasuredfollowingaVstressof+20V(500s)
forchargestabilization.InsetsillustrateexemplaryC-ttracesattheindicated
gatevoltage.

absentormuchlowerindensitycomparedtoSiNxapplieddirectlyonSi.Intheannealed

casehysteresisformationdoesnothaveadominantorientation.Conversely,thehysteresis

withanamplitudeof±1×1012cm−2revealsthatinadditiontothefixedcharges,charge

trapping/detrappingphenomenaand/orchargeredistributionintheAlOxclearlyleadto

fluctuationsofQox,effandthereforemostprobablyalsoofthefield-effectpassivation.

ThesecondexperimentaimsatthedeterminationofthedefectstatedensityDitatthe

c-Si/AlOxinterfacewhichisameasureforthechemicalpassivation.Toachievethis,C-V

measurementsneedtobeperformedincombinationwithrelaxationanalysis.Thismakes

itpossibletoevaluatethereliabilityoftheexperimentalC-Vdataandtoobtainthe

correctparameters(CoxandNA)forthetheoreticalC-Vcurve(seesection4.2). The

chargeinstabilities,however,posedachallengeinthisregard.Nevertheless,systematic

investigationswithanappliedVstresspriortotheC-Vmeasurementinrelaxationmode

revealedthattheseinstabilitiescanbeminimizedbyapplyingapriorVstressof+20V

for500sandthenmeasuringfromaccumulationtoinversion(seesection4.6). The

resultingC-VcurveswiththecorrespondingrelaxationsΔCobtainedfromtheC-ttraces

fortheasdepositedandannealedsamplesaredepictedinFig.5.8.Ontheonehand,the

chargestateoftheasdepositedsampleinFig.5.8(a)duringthemeasurementrevealsa

Qox,eff=−1.9×10
12cm−2,whichisslightlyhigherthanthestateaftertheconsecutive

C-Vsweeps.ThisindicatesthattheVstressapparentlyslightlyrechargedtheAlOx/SiNx

stacknegatively.ThisevenoccursduringtheC-Vmeasurementitselfandcanbeseen
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Figure5.9:Defectstatedensity(Dit)atthec-Si/(SiOx)/AlOxinterfaceoverc-Sibandgap
ofanasdeposited(a)andannealed(b)samplewithcorrespondingrelaxation
ΔC-spectra(c,d).Dit-spectrawerefittedbythesumofGaussiandistributions
forPb0-andPb1-likedefectsandexponentialfunctionsforstrainedbonddefects
ΔUT.Thedonator-andacceptor-likestatesofthePb0-defectareenergetically
separatedintoPb0

LandPb0
H.ForthePb1theyareenergeticallycloseand

representedbyoneGaussian. TheerrorbarsrepresentacorrectionofDit
takingintoconsiderationtheinfluenceofΔC.

aroundtheFBvoltageintheC-Vgraph(Fig.5.8(c)).Ontheotherhand,theannealed

samplechargestateremainsatQox,eff=−4.3×10
12cm−2(Fig.5.8(b)).Forbothsamples,

ascanbeseenintherelaxationdata(Fig.5.8(c)and(d)),trueinversioncapacitance

isreached.ThisisindicatedbytheexemplaryC-ttraceinsets(asdeposited:at13.1V,

annealed:at16.7V),wherethecapacitancereachesaconstantvalueduetotheformation

ofaninversionregion.Hence,nocorrectionoftheparametersforthetheoreticalC-Vcurve

(Cth)needstobeconsideredforthecalculationofDit.

TheresultingDit-spectraforbothsamplesaredepictedinFig.5.9.Thecorresponding

relaxationdataΔCisplottedonalogarithmicscaleinordertoevaluateitseffectonDit.The

positiveΔCvalues(seeinsertsat0.32eVand0.36eV)indicateaslightnegativecharging

oftheAlOx/SiNxstack.Sincethemeasurementswereperformedfromaccumulationto

inversionthepositiveΔCleadstoastretchingoftheC-Vcurve.Thisresultsinanincrease

ofitssloperesultinginslightlyhigherDitvalues.Therefore,theerrorbarsΔDitcalculated

fromΔConlypointtowardslowerDitvalues,ascanbeseeninFig.5.9(a)fortheas

depositedsample.Fortheannealedsampletherelaxationsarenegligible(Fig.5.9(d))and

halfanorderofmagnitudesmallerthanfortheasdepositedsample.Thisreflectsthe
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stability of the annealed sample regarding its charge which results in a negligible error of
Dit(Fig. 5.9(b)).

The Dit spectra of both samples can be fitted by Gaussian distributions with energetic posi-
tions as those reported for Pb0 and Pb1 defects at the c-Si/SiO2 interface (see sections 2.2.1
and 4.2). This indicates the presence of a SiOx-like interlayer forming a c-Si/(SiOx)/AlOx

interface for the as deposited, but particularly for the annealed sample. The formation
of an SiO2 interlayer upon thermal treatments is commonly reported in the literature
[Din12b, Hoe06]. The area of each Gaussian represents Nit of the corresponding defect
type. Note that the Pb0-like defect consists of donor states (Pb0

L) in the lower part of
the c-Si band gap and acceptor states (Pb0

H) in the higher part, as described in section
2.2.1, whereas the Gaussian distribution for the Pb1-like defect already includes the ac-
ceptor and donor states which are energetically very close in the c-Si band gap. The
annealing process clearly leads to a considerable reduction of the interface defect state
density. For the as deposited sample a defect density integrated over the c-Si band gap
(Pb0 +Pb1) of Nit = 5.3× 1012 cm−2 is calculated. Upon annealing it is reduced down to
Nit = 2.9× 1012 cm−2, by a factor of 1.8. In Fig. 5.6 a reduction of Seff by factor of 1.7
(at δn = 1015 cm−3) upon annealing can be observed. Therefore, since Seff ~ Nit, it can be
concluded that this significant reduction of interface defect states is the main contributor
to the enhanced passivation quality, i.e. the increase of τeff shown in Fig. 5.6.
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5.5 AlOx/SiNx stacks on H-Last Si: Effects of constant voltage
stress

In this section the origin of the instabilities of Qox,eff of the as deposited sample are
investigated, which upon consecutive C-V sweeps was reduced from a relatively high
negative charge density of Qox,eff = −6 · 1012 cm−2 down to Qox,eff = −7 · 1011 cm−2(Fig.
5.7). For this purpose, constant gate voltage stress (Vstress) in conjunction with C-V
measurements were performed. In this context, both the stability of the annealed sample
as well as the origin of the hysteresis formation have been studied.
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Figure 5.10: Band diagram of the c-Si/AlOx(25 nm)/SiNx(100 nm)/Al-system at a gate
voltage of 0 V and with a negative fixed charge density of Qox = −4×1012cm−2

located at the c-Si/AlOx interface. Defect levels in the AlOx-bulk [Cho13], the
SiNx-bulk [Via11a] and at the interfaces are indicated . The band structure for
the given voltage was calculated using the Band Diagram Program [Sou06].

For this purpose, it is insightful to discuss the band structure and the defect states of
the c-Si/AlOx(25 nm)/SiNx(100 nm)/Al-system. Thus, the band structure was simulated
using the Band Diagram Program [Sou06] and is depicted in Fig. 5.10. This diagram
represents the c-Si/AlOx/SiNx-structure at a gate voltage of 0 V and with a negative fixed
charge density of Qox = −4× 1012 cm−2 located at the c-Si/AlOx interface. Consequently,
the system is in the accumulation state. In the AlOx bulk, near the c-Si valence (VB)
and conduction band (CB), the acceptor and and donor levels related to the aluminum
and oxygen interstitials (Ali, Oi), aluminum dangling bonds (AlDB) and oxygen vacancies
(VO) are depicted in an arbitrary charge state. These levels are responsible for charge
trapping and trap-assisted charge transport via tunneling in the AlOx. The latter is
responsible for the leakage currents observed for AlOx-single layers. Near the AlOx VB
and close to the O-rich c-Si/(SiOx)/AlOx interface the deep acceptor levels associated with
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aluminum vacancies (VAl), oxygen interstitials (Oi) and oxygen dangling bonds (ODB) are
located. These deep acceptor levels are the origin of the fixed negative charge in AlOx.
All these assigned states and their roles are based on theoretical and experimental studies
as described in section 2.2.2. This is also the case for the defect levels due to Si dangling
bonds (SiDB) in the SiNx bulk, which in all the measurements presented here acts mainly
as an insulator preventing charge injection from the gate into the AlOx. In addition, the
interface defect levels are indicated at the c-Si/(SiOx)/AlOx interface (as Dit) and at the
AlOx/SiNx interface.

The Vstress experiments were conducted as follows: first a Vstress was applied for a time
period of 500 s while the C-t trace was monitored. After a relaxation process a constant
capacitance was reached, which means that charging or discharging processes were com-
pleted. Therefore, the result of Vstress is to bring the AlOx/SiNx insulator system into a
defined initial charge state. In addition to fixed negative charges, the main contributors to
this charge state Qox,eff are charged traps near the c-Si/AlOx interface, in the AlOx bulk,
near the AlOx/SiNxinterface and near the SiNx/Al-gate interface. Note that traps inside
the SiNx bulk are not taken into consideration due to the insulating characteristics which
suggest that no charge transport takes place through the SiNx. The application of Vstress

was followed by a C-V sweep measured first from accumulation to inversion. Then, the
same Vstress was applied again and followed by a C-V sweep measured from inversion to
accumulation. These C-V sweeps reveal the charge state generated by the prior Vstress. In
case of hysteresis formation one can also identify which of the following charge dynamics is
dominant at the corresponding charge state (see section 4.5):

• Counter-clockwise hysteresis: Charge injection from the c-Si substrate leading
to trapping/detrapping of charges near the c-Si/AlOx interface, in the AlOx bulk
and/or the AlOx/SiNxinterface. For p-type c-Si this results into a counter-clockwise
hysteresis formation.

• Clockwise hysteresis: Results from charge injection from the Al-gate into the
SiNx, charging states near the SiNx/Al-gate interface and/or charge redistribution in
the AlOx/SiNx stack due to trap-assisted charge transport.
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Figure 5.11: High-frequency C-V curves obtained after prior Vstress and the correspond-
ing Qox,eff at mid gap (MG) of as deposited (a+c) and annealed samples
(b+d). Arrows indicate the sweep direction (acc-inv or inv-acc) and Cth is the
theoretical ideal C-V curve. A counter-clockwise hysteresis indicates charge
trapping near the c-Si/AlOx interface through charge injection from the c-Si
and is referred to as traps. A clockwise hysteresis indicates charge injection at
SiNx/Al gate interface and/or charge redistribution in the AlOx (and SiNx)
bulk, which is referred to as mobile charges.

Fig. 5.11(a) and 5.11(b) show C-V sweep measurements in both directions (acc-inv and
inv-acc), each conducted upon prior Vstress for the as deposited and the annealed sample,
respectively. From these and a larger selection of C-V sweeps Qox,eff was calculated and
is depicted vs. Vstress in Fig. 5.11(c) and 5.11(d). Here, the values of Qox,eff indicate
hysteresis formation as observed in the figures above. Initially, for Vstress = 0 V, the as
deposited sample shows a lower negative Qox,eff than the annealed sample, as seen already
in the previous experiments. As prior negative Vstress is applied, the C-V curve (Fig.
5.11(a)) shifts towards negative gate voltages as negative Qox,eff is reduced (Fig. 5.11(c)).
First, hysteresis formation due to mobile charges in the AlOx or traps at the SiNx/Al
interface are revealed. At larger negative Vstress hysteresis formation due to traps near
the c-Si/AlOx interface becomes dominant. At Vstress = - 30 V these traps are charged
positively, thus, the C-V curve (Fig. 5.11a) is shifted to the negative gate voltage range as
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Figure 5.12: Band diagram of the c-Si/AlOx(25 nm)/SiNx(100 nm)/Al-system at a gate
voltage (stress) of - 15 V and with a negative fixed charge density of Qox = −4 ·
1012cm−2 located at the c-Si/AlOx interface. The left image depicts possible
negative charge trapping near the SiNx/Al-gate interface. The right image
depicts positive charge trapping in the AlOx or near the AlOx/SiNx interface
due to charge injection from the c-Si which is in the strong accumulation
state. Electron injection from the Al-gate into the AlOx is negligible due to
the insulating character of the SiNx.

Qox,eff is now positive (Fig. 5.11b).

This effect can be explained by the processes depicted in Fig. 5.12. Here, the band
structure of the c-Si/AlOx/SiNx-system is illustrated at a constant gate voltage of Vstress

= -15 V. The system is in strong accumulation. Therefore, electrons are injected from the
AlOx/SiNx-stack into the Si, and/or positive charges (holes) are injected from the c-Si
into AlOx/SiNx-stack. The positive charges are trapped and/or transported by the defect
levels primarily in the AlOx and may even reach traps in the SiNx. However, the insulating
character of the SiNx prevents these charges to get to the Al-gate. From the gate negative
charges may be injected into the SiNx, but they are prevented to get to the AlOx. The
main contributor to Qox,eff is thus the positive charge trapping in the AlOx and probably
to some extent also in the SiNx at or near the AlOx/SiNx interface. This assumption is
supported by the formation of the hysteresis which is unambiguously attributed to charge
trapping near the c-Si/AlOx interface through charge injection. The trapped positive
charges even exceed the negative fixed charges at higher negative Vstress initially leading to
a reduction of the negative Qox,eff and then to a switch of polarity.

As shown in Fig. 5.11(c), applying a positive Vstress > 20 V leads to an increase of the
initially low negative Qox,eff of the as deposited AlOx/SiNx stack. At Vstress = 39 V Qox,eff

reaches similar negative values as the stable Qox,eff of the annealed sample at Vstress =
0 V (Fig. 5.11d). Fig. 5.13 depicts the band structure of the c-Si/AlOx/SiNx-system at a
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Figure 5.13: Band diagram of the c-Si/AlOx(25 nm)/SiNx(100 nm)/Al-system at a gate
voltage (stress) of +15 V and with a negative fixed charge density of Qox =
−4 × 1012cm−2 located at the c-Si/AlOx interface. The left image depicts
positive charge trapping near the SiNx/Al-gate interface. The right image
depicts negative charge trapping in the AlOx or near the AlOx/SiNx interface
due to electron injection from the c-Si which is in the strong inversion state.
Positive charge injection from the Al-gate into the AlOx is negligible due to
the insulating character of the SiNx.

constant gate voltage of Vstress = + 25 V. In this case, the system is in strong inversion.
Hence, electrons are injected from the c-Si into the AlOx/SiNx stack, increasing the negative
charge density. The hysteresis formation at Vstress > 20 V in Fig. 5.11(c) clearly indicates
the charge trapping near the c-Si/AlOx interface.

Repeating the Vstress experiments revealed that this trapping of positive and negative
charges in the AlOx/SiNx stack is a reversible process. Consequently, for the as deposited
sample it can be concluded, that the initially high Qox,eff measured in Fig. 5.7(a) was due
to initially negatively charged traps, that were discharged upon C-V sweeps. This means
that the thermal budget during the SiNx deposition may have partially activated the AlOx

field-effect passivation by charging traps near the c-Si/AlOx interface negatively. However,
this is not a stable state and, therefore, the annealing process is mandatory in order to
fully activate the field-effect passivation.

As can be seen in Fig. 5.11 (b) and (d) for the annealed sample, as the positive Vstress is
increased up to +24 V, the initially already high Qox,eff remains stable with an average
value of Qox,eff = −(4.7± 1.0) · 1012 cm−2. A counter-clockwise hysteresis becomes evident
which can be attributed to either charge trapping near the SiNx/Al interface through
charge injection from the Al gate or to mobile charge redistribution in the AlOx/SiNx

stack. It is more likely that the latter effect, in particular charge redistribution in the
AlOx, is the main cause for this hysteresis orientation, for the following reasons: Firstly,
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this effect takes place closer to the c-Si/AlOx interface and therefore has a greater influence
on Qox,eff (see section 4.5), i.e. it is more likely to be measurable. Secondly, due to
the high trap density in the AlOx bulk (causing the leakage currents), charges may be
redistributed more easily through trap-assisted transport. For Vstress > 27 V the negative
Qox,eff increases to about Qox,eff = −6 × 1012 cm−2 and hysteresis formation switches
polarity. This indicates that at this large positive Vstress, negative trap charging through
charge injection from the c-Si becomes dominant and leads to an increase of the negative
Qox,eff. These observations agree very well with the previous conclusion that the high
negative Qox,eff = −(4.7± 1.0) · 1012 cm−2 of the annealed sample originates from fixed
charges and not from negatively charged traps like for the as deposited sample. Applying a
negative Vstress to the annealed sample though (Fig. 5.11), leads to a decrease of negative
Qox,eff. Similar to the as deposited sample, for a larger negative Vstress> -24 V, Qox,eff

also becomes positive. This is most probably due to the same reason, i.e. injection of
positive charges into the AlOx/SiNx stack. The rather small hysteresis formation in this
case indicates that either these positively charged traps are located further away from the
c-Si/AlOx interface, meaning in the AlOx bulk and/or in near the AlOx/SiNx interface, or
that less traps remain to be charged and discharged.

Consequently, for the annealed sample it can be concluded that although the stable negative
fixed charges initially dominate with their contribution to Qox,eff, traps located in the
AlOx bulk or near the AlOx/SiNx interface can be charged positively upon a negative
Vstress. These positively charged traps can overcompensate the negative fixed charges,
hence, lead to a net positive charge which would most probably deteriorate the quality of
the field-effect passivation.
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Figure5.14:High-frequency(1 MHz)C-V measurementsinrelaxation modeandthe
correspondingrelaxationcapacitanceΔCovergatevoltageofasdeposited
(a+c)andannealedsamples(b+d).C-Vcurvesweremeasuredfollowinga
Vstressof+20V(500s)forchargestabilization.Insetsillustrateexemplary
C-ttracesattheindicatedgatevoltage.C-Vmeasurementswereperformed
before(initialstate)andafternegativeandpositiveVstressexperiments.

ThenextexperimentaimedatstudyingtheeffectofVstressonthechemicalpassivation

properties,thus,Ditoftheasdepositedandannealedc-Si/AlOx/SiNxstructures.Forthis

purpose,followingthenegativeandpositiveVstressexperimentsdepictedinFig.5.11,C-V

measurementsinrelaxationmodewereconductedinthesamewayasintheprevioussection

wheretheinitialDit-spectrawereobtained:firstarelativelylowVstressof+20Vwas

appliedinordertocreateastablechargestate.ThiswasfollowedbytheC-Vmeasurement

fromaccumulationtoinversioninrelaxationmode.TheresultsarevisualizedinFig.5.14.

Fortheasdepositedsample(Fig.5.14(a))theC-Vcurvesinrelaxationmodeafterthe

negativeVstress(redsymbols)andafterpositiveVstress(greensymbols)arecomparedtothe

onebeforetheVstressexperiments(blacksymbols),i.e.totheinitialstateofthesample.In

Fig.5.14(c)thecorrespondingrelaxationsΔCaredepicted.Apartfromtheshiftalongthe

voltageaxisduetoshiftsofQox,eff,therelaxationsrevealnochangeintheircharacteristics.

ThisobservationiscrucialfortheanalysisofQox,effandDitsinceitdemonstratesthatthe

voltagestressexperimentscausednochangeinthechargedynamicsandnodeteriorationof

theinsulatingpropertyoftheSiNx.Theinsetshowsthatstilltrueinversioncapacitances

areobtainedand,therefore,noleakagecurrentneedstobeaccountedfor.Thisisalsothe

casefortheannealedsample.Nevertheless,thechargestateinregardtoQox,effisaffected

bytheVstressexperiments:Fortheasdepositedsampleitmostprobablycanbeattributed

toa“memoryeffect”,wherepartofthestatesintheAlOx/SiNxstackchargedduring
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Figure5.15:Defectstatedensity(Dit)atthec-Si/(SiOx)/AlOxinterfaceoverthec-Si
bandgapofasdeposited(a)andannealed(b)samplewithcorresponding
relaxationΔC-spectra(c,d).Dit-spectrawereobtainedbefore(initialstate)
andafternegativeandpositiveVstressexperiments.Thegenerateddefectstate
ΔDit-spectrawerefittedbythesumofGaussiandistributionsforgenerated
ΔPb0-andΔPb1-likedefectsandexponentialfunctionsforstrainedbond
defectsΔUT.

thenegativeandpositiveVstressexperimentsremainchargedpositivelyandnegatively,

respectively,duringtheC-VmeasurementinspiteofthepriorVstress=+20V.Inthecase

oftheannealedsamplethereisagradualdecreaseofQox,effupontheVstressexperiments.

ThismayindicatethatadditionaldefectsintheAlOxbulk(orevenSiNx)weregenerated

reducingthenegativeQox,effthroughpositivechargetrapping.

AlargenegativeorpositiveVstresshasaconsiderableeffectonthec-Si/AlOxinterface

defectstatedensityoftheasdepositedaswellastheannealedsampleasdepictedinFig.

5.15(a)and(b),respectively.ThedifferenceoftheDit-spectrabeforeandaftertheVstress

experimentswascalculated(blue,opensymbols)andfittedbythesum(blue,solidline)

ofGaussiandistributionsrepresentingPb0-andPb1-defectsandofexponentialfunctions

forstainedbond(UT)defectsatthec-Sibandedges. Thissumindicatesadditionally

generateddefectsstates.UnderneaththeDit-spectrathecorrespondingrelaxationsΔC

overthec-SibandgapenergyE-Evareshown(Fig.5.15(c)and(d)).

Inthecaseoftheasdepositedsample,therelaxationΔCcharacteristicsΔC(E)do

notchangeuponVstress.However,theDit-spectraareaffectedquantitativelyaswellas

qualitatively:AfterthenegativeVstressexperimentsanincreaseofDitbelowmidgap(MG),

i.e.belowE-Ev=0.56eV,canbeobserved.Yet,followingthepositiveVstressexperiments,
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Figure5.16:EffectsofVstressexperiments:(a-c)Dit-spectraofasdepositedAlOx/SiNx
stackonHF-Lastc-Siobtainedbefore(initialstate)andafternegativeand
positiveVstressexperiments.Dit-spectrawerefittedindividuallybythesumof
GaussiandistributionsforPb0-andPb1-likedefectsandexponentialfunctions
forstrainedbonddefectsΔUT.(d)DefectdensityNitforobtainedfrom
areaofcorrespondingGaussiansofPb0-andPb1-likedefectsaswellasfor
generatedones(ΔNit)uponVstressexperiments.

DitdecreasesagainbelowMGandincreasesaboveMG.Thiseffectisrathersurprisingas

itcannotoriginatefromerrorsduetoleakagecurrentsortrapping/detrappingofcharges

asseenfortheAlOx-singlelayersonc-Si(seesection5.3).

Foramoredetailedanalysisofthiseffect,theDit-spectrawerefittedindividuallyby

Gaussiansofthedifferentdefecttypes.TheresultsareshowninFig.5.16fortheinitial

state(a),whichwasdiscussedintheprevioussection,forthestateafternegativeVstress(b)

andforthestateafterpositiveVstress(c).Fig.5.16(d)depictsNit(i.e.areaofGaussians)

oftheindividualdefectstypesPb0(blackandredclosedsymbols),Pb1(blueclosedsymbols),

andtheirsumPb0+Pb1(greenclosedsymbols)aswellasthegeneratedones(corresponding

opensymbols)forthedifferentstates.Here,thenegativeVstressexperimentsapparently

ledtoanincreaseofNitforalldefecttypes.ThesubsequentpositiveVstressexperiments

increasedthePb0-typedefectsbutdecreasedthePb1-types.Inprinciplethismayindicate

achangeofthechemicalstructure,sincethedifferencebetweenPb0andPb1defectsliesin
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Figure 5.17: Effects of Vstress experiments: Energetic position in c-Si band gap (E-Ev, left
graph) and width (w, right graph) of Gaussians for Pb0- and Pb1-like defects
used for fitting of experimental Dit-spectra of as deposited sample in Fig
5.16. Based on the consistency of the parameters the validity of quantitative
and qualitative changes of the Dit-spectra upon Vstress experiments can be
deduced.

the orientation of their corresponding intrinsic Si dangling bond. However, taking a look
at the other parameters of the Gaussians, that is their energetic position (E-Ev) in the c-Si
band gap and their width (w) as depicted in Fig. 5.17, points at a different source for this
effect.

As seen in Fig. 5.17, in order to fit the Dit-spectra after the negative Vstress experiments the
energetic position (left graph) and in particular the width (right graph) of the Gaussians
of each defect type had to be adjusted. This is also the case for the Dit-spectra after the
positive Vstress experiments as well as for the generated ones (state: Vstress- initial), which
all differ from the energetic position and the width of the Gaussians in the initial state. It
is unlikely that these modifications may originate from a change of the chemical structure.
Therefore, it can be assumed that the qualitative changes of the Dit-spectra upon Vstress

have a different cause. The more likely cause is a spatial inhomogeneity of Qox,eff in the
AlOx/SiNx stack underneath the Al gate contact dot. This assumption is supported by the
previous observations in regard to Qox,eff of the as deposited AlOx/SiNxstack. This includes
the strong impact of trap charging in the AlOx or near the AlOx/SiNx interface on Qox,eff

as well as the “memory-effect” indicating partially stable trapped charges. Consequently,
the Vstress experiments may have induced locally differently charged traps in the AlOx/SiNx

stack causing a spatial inhomogeneity of Qox,eff. This inhomogeneity is known to result
in artifacts in the slope of the C-V curve [McN74, McN75] which basically represents
the superposition of several parallel connected C-V curves, each with a different Qox,eff.
These artifacts in the slope are projected into the Dit-spectrum, which distort the true
defect state densities. Nevertheless, an increase of Nit as well as strained bonds UT over
the entire c-Si band gap are evident. Thus, a large Vstress leads to a degradation of the
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Figure5.18:EffectsofVstressexperiments:(a-c)Dit-spectraofannealedAlOx/SiNxstack
onHF-Lastc-Siobtainedbefore(initialstate)andafternegativeandpositive
Vstressexperiments.Dit-spectrawerefittedindividuallybythesumofGaus-
siandistributionsforPb0-andPb1-likedefectsandexponentialfunctionsfor
strainedbonddefectsΔUT.(d)DefectdensityNitforobtainedfromareaof
correspondingGaussiansofPb0-andPb1-likedefectsaswellasforgenerated
ones(ΔNit)uponVstressexperiments.

chemicalpassivationthroughthegenerationofadditionalSidanglingbonddefectsthat

actasrecombinationcenters.

Inthecaseoftheannealedsample(Fig.5.15(b)),ΔDitincreasesnearlyuniformlyover

theentirespectrum.AconsiderableincreaseoccursuponthepositiveVstressexperiments,

whichisfollowedbyaminorincreaseonlyafterthesubsequentnegativeVstressexperiments.

Inaddition,thecapacitancerelaxationΔCspectrumshowsanincreaseaswell. This

supportsthepreviousassumptionthat,indeed,theVstressexperimentsalsoaffectthe

chargingcharacteristicsoftheannealedAlOx/SiNxstack,probablybythegenerationof

additionaldefectsinthestackitself.ThespectraofthegenerateddefectstatesΔDit(blue

symbols)canbefittedbyGaussiandistributionswithenergeticpositionsandwidthsof

GaussiansrepresentingthePb0andPb1defectsofaSi/SiO2interface.This,again,confirms

thepresenceofaSiOx-interlayeratthec-Si/AlOxinterface.Additionally,itdemonstrates

amoreconsistentdefectgenerationfortheannealedsamplethanfortheasdepositedone.
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Figure 5.19: Effects of Vstress experiments: Energetic position in c-Si band gap (E-Ev,
left graph) and width (w, right graph) of Gaussians for Pb0- and Pb1-like
defects used for fitting of experimental Dit-spectra of annealed sample in Fig
5.19. Based on the consistency of the parameters the validity of quantitative
and qualitative changes of the Dit-spectra upon Vstress experiments can be
deduced.

This observation is supported by the results obtained from the individually fitted Dit-spectra
in Fig. 5.18(a)-(c) and the correspondent fitting parameters of the Gaussians in Fig. 5.19.
The energetic positions as well as the width of the Gaussians are very consistent revealing
negligible deviations. This consistency can be attributed to the stability of Qox,eff which
originates mainly from fixed negative charges. Consequently, for the annealed sample
a clear generation of Pb0- and Pb1-type defects is observed upon a large Vstress. This
leads to a degradation of the chemical passivation at the c-Si/(SiOx)/AlOx interface. The
generation of Pb0- and Pb1-type defects (i.e. Si dangling bonds) can be attributed to a
dissociation of the atomic bonds, e.g. Si-H or Si-O bonds [Hou02, Ush05, Sta06].
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5.6AnnealedAlOx/SiNxstacksonc-Si:Effectsofwet-chemical

SiOxinterlayer

Theeffectsofawet-chemicalSiOxinterlayerlocatedbetweenthec-SiandtheAlOxon

thepassivationpropertiesisinvestigated. Forthispurpose,asampleconsistingofan

AlOx/SiNxstackdepositedonac-SisurfacetreatedwithHFandwet-chemicaloxidation

(HF+Hot-DiW80:HCl)iscomparedtoonewiththesamestackdepositedonaHF-Last

c-Sisurfaceasreference.Thelattersamplewasalreadyinvestigatedintheprevioussection

anddemonstratedstablefixednegativechargesandawellpassivatedc-Si/(SiOx)/AlOx

interface.TheSiOxinterlayerinthiscaseispossiblyformedatelevatedtemperatureslike

thethermalbudgedduringSiNxdepositionand/orannealing.Thereforethefocusinthis

sectionwillbeontheanalysisandinterpretationofneweffectscausedbythewet-chemical

SiOxinterlayeronthepassivationpropertiesafterannealing(air,425°
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Figure5.20:Effectsofwet-chemicalSiOxinterlayeroninjectiondependenteffectivemi-
noritychargecarrierlifetimesτeffandsurfacerecombinationvelocitiesSeff.
HighlightedaretheHF-Lastc-Si(a,redsolidline)andHF+Hot-DiW80:HCl
c-Si(b,reddashedline)passivatedbyPECVD-AlOx/SiNxstacksinthe
annealedstate(2).

Fig.5.20demonstratesthatthesamplewiththewet-chemicalSiOxinterlayer(HF+Hot-

DiW80:HCl)exhibitsalowerminoritychargecarrierlifetimeτeff(higherSeff)thantheone

withtheHF-Lasttreatedc-Sisurface.ThiseffectwasalsoobservedfortheAlOx-single

layers(seesection5.3)andisrathersurprising,becausepreviousinvestigationsviaSPV

revealedabetterchemicalpassivationproperty,i.e.Dit,ofthewet-chemicallyoxidized

c-Sisurface[Laa12].Therefore,nowthegoalistobetterunderstandtheoriginofthis

reductionofpassivationqualitybyexaminingthepropertiesoftheHF+Hot-DiW80:HCl

sampleconcerningDitandQox,effbymeansofC-Vmeasurements.Theseinvestigationsare

ofinterestalsoforunderstandingthepreviousinvestigationsoftheannealedAlOx-single

layeronc-SisurfacetreatedwithHF+Hot-DiW80:HClaswell,wherealowerτeffwas

observedincomparisontotheHF-Lastsample(seesection5.3),althoughthewet-chemical

oxidationhadledtoadecreaseofDit.

PECVD-depositedAlOx-singlelayersandAlOx/SiNx-stacksonc-Si 71



5.6 AnnealedAlOx/SiNxstacksonc-Si:Effectsofwet-chemicalSiOxinterlayer

0 2 4 6 8 10 12 14 16

20

30

40

50

60

#11#8
#5#1

CV-sweeps
 acc-inv
 inv-acc

(c)

C 
(
n
F/
c
m
2
)

FB

MG

(a)

 acc-inv
 inv-acc

1 2 3 4 5 6 7 8 9 10 11
-8

-7

-6

-5

-4

-3

-2

-1

0

1

2

discharge

open symbols: HF-Last

closed symbols: HF + HotDiW80:HCl

Q
ox
,
ef
f
 (
1
01
2
c
m
-
2 ) 
at
 
M
G

 

 

Gate Voltage (V)

 

Measurement # 

recharge
after 2 days

HF-Last

annealed samples

HF + HotDiW80:HCl (wet-chemical SiO
x
)

20

30

40

50

60

#1-2

discharge recharge

C 
(
n
F/
c
m
2
)

Q
ox,eff
(cm

-2
)

-6.2x10
11

#5-6

Gate Voltage (V)

 

(b)

lines: 
C-V sweeps

FB

MG

#3-4 #7-8

symbols:
C-V relaxation mode

Q
ox,eff
(cm

-2
):

(d)

-3.1x10
12

-1 0 1 2 3 4 5 6 7 8 9 10
-3

-2

-1

0

1

2

3

#4#3
∆
C 
(
n
F/
c
m
2
)

0 20406080

0

1

 3.80 V

∆
C 
(
n
F/
c
m
2
)

t (s)
0 400 800

-1

0

 
∆
C 
(
n
F/
c
m
2
)

 5.51 V

t (s)

0 100 200
-0.3

-0.2

-0.1

0.0

 
∆
C 
(
n
F/
c
m
2
)

 1.19 V

t (s)
020406080

-1

0

∆
C 
(
n
F/
c
m
2
)

 4.05 V

t (s)

Figure5.21:High-frequency(1 MHz)capacitancevoltage(C-V)curvesmeasuredcon-
secutivelyon MISstructuresconsistingof(a)HF-Lastand(b)HF+Hot-
DiW80:HClc-SipassivatedbyannealedAlOx/SiNxstacks.In(b)C-Vmea-
surementswereperformedinsweepmode(lines,1-4)andrelaxationmode
(symbols,5-6)consecutively,andinrelaxationmode2dayslater(symbols,
7-8).(c)CorrespondingQox,effatMGobtainedfromconsecutiveC-Vcurvesof
bothsamples.(d)RelaxationofcapacitanceΔCfrom(b)vs.gatevoltageand
selectedΔC-trelaxations(inserts)forselectedvoltages(singlelargetriangles).

ThefirstC-Vexperimentaimsattheevaluationofthestabilityoftheannealedsamplesin

regardtoQox,eff.TheconsecutiveC-Vsweepsofthereferencesample(HF-Last)andthe

correspondingQox,effvalues(opensymbols)aredepictedinFig.5.21(a)and(c).Forcom-

parison,inFig.5.21(b)thehighfrequencyC-VcurvesoftheSi/SiOx/AlOx/SiNxstructure

(HF+Hot-DiW80:HCl)areshown.Theyresideinthepositivebiasrangeindicatingthat

Qox,effisnegativeasexpected.TheC-Vmeasurementswereperformedconsecutivelyas

numberedonthesamemetalcontactpadofthesample.Themeasurementdirectionwas

alternatedstartingfromaccumulationtoinversionandviceversa.C-Vcurves1-4(lines)

weremeasuredinsweepmodewhereas5-8(symbols)weremeasuredinrelaxationmode.

TheQox,effvaluesobtainedfromtheseC-VcurvesarealsoplottedinFig.5.21(c)(closed,

color-codedsymbols)fordirectcomparisonwiththereference(HF-Last).InFig.5.21(d)
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5.6 Annealed AlOx/SiNx stacks on c-Si: Effects of wet-chemical SiOx interlayer

the corresponding relaxation ΔC of capacitance of curves 5-8 is plotted. Positive ΔC-values
represent an increase, negative values a decrease of capacitance over time, as depicted
by the inserted ΔC-t graphs for selected gate voltages. In Fig. 5.21(b) for curves 1-5, a
continuous shift of the C-V curves towards lower voltages, i.e. a continuous reduction of the
negative effective charge density Qox,eff, is observed as measurements are simply repeated.
Curves 5 and 6, which were measured in relaxation mode, show a negligible hysteresis,
suggesting that the MIS structure has reached a nearly stable state where mainly fixed
charges and/or stable trapped charges contribute to Qox,eff. The apparently stable effective
negative charge density in this case of Qox,eff = −6.2× 1011 cm−2, however, is almost one
order of magnitude lower than the negative fixed charge density observed for AlOx-single
layer on HF+Hot-DiW80:HCl treated c-Si surface (Qox,eff = −4.1× 1012 cm−2) as well as
of the reference AlOx/SiNx stack on HF-Last c-Si (Qox,eff = −4.2× 1012 cm−2).

In the inversion region a positive (curve 5) and a negative (curve 6) relaxation of capacitance
is observed (see representative inserts at 3.80 V and 4.05 V) which can be attributed to
the generation and recombination of minority charge carriers, respectively. Hence, a true
inversion capacitance is measured and no leakage currents need to be accounted for. The
latter observation is crucial as it suggests that only charge injection/ejection from the c-Si
and charges in the AlOx/SiNx can be responsible for the shift of Qox,eff. C-V curve 6 reveals
in the depletion region an ongoing decrease of C (see insert for gate voltage 1.19 V). These
incomplete relaxations can be attributed to an ongoing decrease of negative charges during
the measurement. Two days later, a repetition of the C-V measurement (curve 7, acc - inv)
in relaxation mode reveals that Qox,eff has increased again to Qox,eff = −3.1× 1012 cm−2,
i.e. above its initial value. During these two days the sample remained in the dark and
contacted, but with the voltage source turned off. However, a gradual decrease of the
capacitance in the depletion region (Fig. 5.21(d)) again indicates a decrease of Qox,eff

during the measurement. Measuring in inverse direction (C-V curve 8) reveals a further
decrease of Qox,eff. Hence, the reduction of the negative charge seems to be a reversible
process. It is worth noting that this behavior was not observed on all investigated gate
contact dots that demonstrated insulating characteristics. On another dot of the same
sample (HF+Hot-DiW80:HCl) more stable properties where observed. This indicates
inhomogeneities of Qox,eff. The following C-V experiments were all performed on this more
stable contact pad.

For reference, the Vstress experiments of the HF-Last sample are depicted in Fig. 5.22(a) and
(c). Fig. 5.22(b) and (d) illustrates representative C-V sweeps and the corresponding Qox,eff

measured upon a constant voltage stress Vstress for 400 s on a second metal contact pad of
the HF+Hot-DiW80:HCl sample. The C-V sweeps were conducted in both measurement
directions (acc-inv and inv-acc) each with a prior Vstress. The theoretical C-V curve (Cth)
of the corresponding ideal MIS structure (i.e. Dit = 0 and Qox,eff = 0) is plotted. Starting
at Vstress= 0 V the C-V curves reveal a Qox,eff = −4.5×1012 cm−2 (see Fig. 5.22(d)), with
a negligible hysteresis and therefore in good agreement with the previously demonstrated
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Figure 5.22: High-frequency (1 MHz) C-V curves swept after a prior Vstress and the corre-
sponding Qox,eff at mid gap (MG) of MIS structures consisting of (a) HF-Last
and (b) HF+Hot-DiW80:HCl c-Si passivated by annealed AlOx/SiNx stacks.
Arrows indicate the sweep direction (acc-inv or inv-acc) and Cth is the refer-
ential ideal theoretical C-V curve. (c) and (d) show corresponding Qox,eff of
C-V sweeps of both samples. A counter-clockwise hysteresis indicates charge
trapping near the c-Si/(SiOx)/AlOx interface through charge injection from
the c-Si and is referred to as traps. A clockwise hysteresis indicates a charge
redistribution in the AlOx (and SiNx) bulk, which is referred to as mobile
charges.

negative fixed charge densities. The small clockwise hysteresis indicates dominant mobile
charges in the AlOx/SiNx stack which also distort the slope of these two C-V curves.
Increasing the negative Vstress shifts the C-V curves’ positive FB and MG voltage values
towards lower positive values (for Vstress = - 10 V and - 20 V) and then even to negative
values (for Vstress = - 28 V). The clockwise hysteresis due to charge injection from the
Al-gate or to mobile charges becomes larger for Vstress = - 10 V. However, for Vstress =
- 20 V, and - 28 V it changes its orientation to counter-clockwise, indicating dominant
charging of traps near the SiOx/AlOx interface. Applying a positive Vstress = + 20 V
does not considerably change the FB and MG voltages in comparison to Vstress = 0 V,
however, it reveals a relatively large counter-clockwise hysteresis for charged traps. In
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5.6 Annealed AlOx/SiNx stacks on c-Si: Effects of wet-chemical SiOx interlayer

Fig. 5.22(d) Qox,eff is calculated at the mid gap (MG) voltage for a larger selection of C-V
sweeps including the ones in Fig. 5.22(b). Here, the hysteresis orientation is reflected in the
values of Qox,eff for the different measurement directions (acc-inv and inv-acc). Increasing
negative Vstress leads to two effects: 1. a continuous reduction of negative Qox,eff due to
a positive charging of traps (or electron detrapping) near the interface. 2. up to Vstress

= - 16 V the Qox,eff values for the two measurement directions reflect a hysteresis formed
due to traps charging at the SiNx/Al-gate interface or mobile charges in particular in the
AlOx-bulk. As for the HF-Last sample, it is more likely that the latter effect, in particular
charge redistribution in the AlOx, is the main cause for this clockwise hysteresis orientation
for the following reasons: Firstly, this effect takes place closer to the c-Si/AlOx interface
and therefore has a greater influence on Qox,eff (see section 4.5). Secondly, due to the high
trap density in the AlOx bulk (causing the leakage currents), charges may be redistributed
more easily through trap-assisted transport. Hence, it can be assumed that for low negative
Vstress electrons inside the AlOx drift near the c-Si/SiOx/AlOx interface and therefore
affect hysteresis formation more efficiently. However, this is an assumption that requires
additional investigations (e.g. quantitative calculations). Therefore, the possibility that
charge trapping at the SiNx/Al-gate interface may influence this hysteresis should not yet
be completely disregarded.

Increasing negative Vstress > - 16 V further decreases the negative Qox,eff until even its
polarity changes and Qox,eff becomes positive, similar to the HF-Last sample. A hysteresis
due to trap charging appears, supporting the hypothesis that the change of polarity of
Qox,eff is due to positive charging of traps (or electron detrapping) for negative Vstress.

Subsequently applying a positive Vstress > 0 V leads to an average effective oxide charge
density of Qox,eff = −(5.0±1.5)×1012 cm−2, which remains constant. Here, in contrast to
the HF-Last sample, all hysteresis orientations can clearly be attributed to the charging of
traps through charge injection from the Si. In principle, these charged traps could be located
near the c-Si/SiOx/AlOx interface, in the AlOx bulk, or near the AlOx/SiNx interface.
For positive Vstress > 30 V the hysteresis diminishes, indicating a more fixed charge-like
character. This fixed charge-like character may be an indication that defects/traps deeper
inside the AlOx bulk or near the AlOx/SiNx interface are being charged negatively. However,
the fact that both annealed samples exhibit hysteresis formation with opposite orientations
at positive Vstress, indicates that the wet-chemical oxidation introduces more traps, which
must then be located at or near the wet-chemical SiOx/AlOx interface. In fact, their
close proximity to the c-Si makes them more susceptible to charge injection from the Si.
Therefore, these additional traps may be responsible for the instabilities of Qox,eff at some
locations on the HF+Hot-DiW80:HCl sample.

In regard to the chemical passivation, previous SPV-investigations showed that the c-Si
surface defect density is reduced upon a wet-chemical oxidation forming a ~1.5 nm thick
SiOx layer [Laa12]. The following C-V experiments aim at investigating the effect of the
HF+Hot-DiW80:HCl treatment on the chemical passivation of the AlOx/SiNx stack. The

PECVD-deposited AlOx-single layers and AlOx/SiNx-stacks on c-Si 75



5.6 AnnealedAlOx/SiNxstacksonc-Si:Effectsofwet-chemicalSiOxinterlayer

20

30

40

50

60

Q
ox,eff
 (cm

-2
) at MG:

-4.3x10
12

 initial state
 after V

stress
up to +38V

 after V
stress
up to -30V

(c)

C 
(
n
F/
c
m
2
)

FB

MGprior
V
stress
: +20V

(a)

-2.4x10
12

-
3.
4x
1
0 1
2

0 2 4 6 8 10 12 14 16

0

1

2

3

 

  

 
Gate Voltage (V)

∆
C 
(
n
F/
c
m
2

0 40 80120

0

1

2

3

∆
C 
(
n
F/
c
m
2
)

 14.6V

t (s)

)

20

30

40

50

60

70

 
 initial state
 after V

stress
up to -28V

 after V
stress
up to +38V

(d)

C 
(
n
F/
c
m
2
) FB

MG
prior
V
stress
= +20V

(b)

0 2 4 6 8 10 12 14 16

0

1

2

3

∆
C 
(
n
F/
c
m
2
)

Gate Voltage (V)

 

 

-3.9x10

020406080
0

1

2

∆
C 
(
n
F/
c
m
2
)

 
10.57 V

t (s)

12Q
ox,eff
(cm

-2
) 

at MG: -2.6x10
12

-3.8x10
12

HF-Last

annealed samples

HF + HotDiW80:HCl (wet-chemical SiO
x
)

Figure5.23:High-frequency(1 MHz)C-V measurementsinrelaxation modeandthe
correspondingrelaxationcapacitanceΔCovergatevoltageofMISstructures
consistingof(a+c)HF-Lastand(b+d)HF+Hot-DiW80:HClc-Sipassivated
byannealedAlOx/SiNxstacks.C-VcurvesweremeasuredfollowingaVstress
of+20V(>400s)forchargestabilization.Insertsillustrateexemplary
ΔC-ttracesattheindicatedgatevoltage.C-Vmeasurementswereperformed
before(initialstate)andafternegativeandpositiveVstressexperiments.

VstressexperimentsshowedthatthechargestateoftheSiOx/AlOx/SiNxstackcanbe

manipulated.Hence,byapplyingarelativelylowVstressof+20Vfor>400suntila

constantinversioncapacitance(Cinv)isreachedastableequilibriumstateinthe MIS

structurecanbecreated:negativemobilechargesdriftawayfromtheinterfaceandtraps

nearthec-Si/SiOx/AlOxinterfacearechargednegatively.Inthisstatehighfrequency

C-Vmeasurementinrelaxationmodewereperformedfromaccumulationtoinversion

asdepictedinFig.5.23(b)withtheircorrespondingΔCrelaxationanalysis(d). For

reference,theresultsoftheHF-LastsamplearedepictedinFig.5.23(b)and(d).These

measurementswereconductedbefore(initialstate),afterthenegativeandthenafter

thepositiveVstressinvestigations.UptotheMGvoltagetherelaxationanalysisshows

negligibletemporalchangesofΔC,hencethe MISstructureisinastableequilibrium

stateduringthemeasurement.BeyondtheMGvoltagethetypicalrelaxationsduetothe

generationofminoritychargecarriersareobserved(seeinsertinFig.5.23(d)at10.57V).

IncontrasttotheHF-Lastsample,theHF+Hot-DiW80:HClsampleexhibitsaslight

increaseofQox,effupontheVstressexperiments.

TheobtainedDit-spectraaredepictedinFig.5.24.Duetothelowrelaxationsindepletion

andduetotheobtainedtrueCinvtheDit-spectracanbeconsideredasreliable,reflectingthe
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Figure5.24:Defectstatedensity(Dit)atthec-Si/(SiOx)/AlOxinterfaceoverthec-Siband
gapofMISstructuresconsistingof(a)HF-Lastand(b)HF+Hot-DiW80:HCl
c-SipassivatedbyannealedAlOx/SiNxstacks.(c)and(d)showcorresponding
relaxationΔC-spectra.Dit-spectrawereobtainedbefore(initialstate)and
afternegativeandpositiveVstressexperiments.Thegenerateddefectstate
ΔDit-spectrawerefittedbythesumofGaussiandistributionsforgenerated
ΔPb0-andΔPb1-likedefectsandexponentialfunctionsforstrainedbond
defectsΔUT.

defectstatedensityattheSi/wet-chemicalSiOxinterface.ComparingthetwoinitialDit-

spectrarevealsthatthesamplewiththewet-chemicalSiOxinterlayerexhibitsaconsiderably

lowerinterfacedefectstatedensity,inparticularinthelowerpartofthespectrum.This

isinagreementwiththeresultsobtainedviaSPV[Laa12]. UponthenegativeVstress

experimentsupto-28V,Ditincreasesoverthewholespectrum.Afurtherincreaseis

observedafterthesubsequentpositiveVstressinvestigationsupto+38V.Toanalyze

thisoverallincreasethedifferenceiscalculatedandfittedbythreeGaussiandistributions.

Asforthereferencesample,theirenergeticpositionsareingoodagreementwiththose

reportedforPb0andPb1defectsatthec-Si/SiOxinterface.Theincreaseofthebandtails

UTwasfittedwithexponentialfunctions.ThisindicatesthatthelargeVstressapparently

breaksandstrainsatomicbondsatthec-Si/SiOxinterface,creatingadditionalintrinsic

Pb0andPb1-likedanglingbonddefectsaswellasstrainedbonddefectsUT.Thisleadsto

avoltagestressinduceddegradationofthechemicalpassivation.

Foramoredetailedanalysisofthisdegradation,theDit-spectraintheinitialstate,after

negativeandafterpositiveVstressexperimentswerefittedindividuallybyGaussiansof
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Figure 5.25: (a-c) Dit-spectra of annealed AlOx/SiNx stack on wet-chemically oxidized
(HF+Hot-DiW80:HCl) c-Si obtained before (initial state) and after negative
and positive Vstress experiments. Dit-spectra were fitted individually by the
sum of Gaussian distributions for Pb0- and Pb1-like defects and exponential
functions for strained bond defects ΔUT. (d) Defect density Nit obtained from
the area of the corresponding Gaussians of Pb0- and Pb1-like defects as well
as for generated ones (ΔNit) upon Vstress experiments.

the different defect types. The results are shown in Fig. 5.25(a), (b) and (c), respectively.
Fig. 5.16(d) depicts Nit (i.e. area of Gaussians) of the individual defects types Pb0(black
and red closed symbols), Pb1(blue closed symbols), and their sum Pb0+Pb1(green closed
symbols) as well as the generated ones (corresponding open symbols) for the different
states. The fitting parameters, energetic position (E-Ev) and width (w) of the Gaussians,
are shown in Fig. 5.26. The energetic positions of all Gaussians are nearly identical for all
states. Minor adjustments had to be done in regard to their width. Only the widths of the
Pb0-Gaussians of the ΔDit-spectrum underwent larger corrections, most probably due to
its larger absolute error.

Nevertheless, the consistent fitting results support the reliability of the fitted spectra
and their interpretation. Hence, one can make a reliable quantitative comparison of Nit:
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Figure 5.26: Energetic position in c-Si band gap (E-Ev, left graph) and width (w, right
graph) of Gaussians for Pb0- and Pb1-like defects used for fitting of experi-
mental Dit-spectra of annealed sample in Fig 5.16.

The integration of a wet-chemical SiOx-interlayer reduces the integrated interface defect
density in the initial state from Nit = 2.9× 1012 cm−2 (HF-Last) to Nit = 1.8× 1012 cm−2

(HF+Hot-DiW80:HCl). This reduction, however, does not correlate with the decrement of
lifetime, i.e. increase of Seff (Fig. 5.20). Therefore, the instabilities and inhomogeneities
in regard to Qox,eff that arise from the additional traps at the wet-chemical SiOx/AlOx

interface most probably influence the field-effect passivation.

Assuming that Seff ∼ Nit/Q
2
ox [Din12b], the following assessment can be done: In Fig.

5.20 an increase of Seff by a factor of ~1.5 (at δn = 1015 cm−2) is observed upon integration
of the wet-chemical SiOx interlayer. This increase of Seff in conjunction with a decrease of
Nit by a factor of ~1.5 (see discussion above), is achieved if Qox decreases by a factor of
~1.5. Due to charge injection and trapping from the c-Si, Qox,eff of the SiOx/AlOx/SiNx

stack deviates on some locations of the sample almost within one order of magnitude (Fig.
5.21(b)). Therefore, a decrease of the average Qox by a factor of ~1.5 due to inhomogeneities
is a reasonable explanation.
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5.7Asdepositedwet-chemicalSiOx/AlOx/SiNxstacks:Effects

offiring

Inthissectiontheeffectsoffiring(air,860°C,~3s)withreferencetoanasdeposited

AlOx/SiNxstackonHF+Hot-DiW80:HCltreatedc-Siareinvestigated.Itisworthnoting

thatinthecaseofthesesamplesonlyafewgatecontactdotscouldbefoundwith

aninsulatingAlOx/SiNxstack. Thosefewdotsfulfilledtheconditionsforareliable

characterizationviaC-Vmeasurements.However,theywerefoundnottobestabletowards

thepreviouslyinvestigatedrangeofVstress.InhomogeneitiesoftheinitialQox,eff,possibly

duetotrapsatthewet-chemicalSiOx/AlOxinterface,wereobservedforthesesamples

andmostgatecontactsdotsthatwereinitiallyinsulatingrevealedleakagecurrentsupon

Vstressinthecourseoftheinvestigations.Itshouldbenotedthattheseinstabilitiesdonot
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reflectthepassivationqualitybutratheritsapplicabilityforreliableC-Vmeasurements.

Figure5.27:Injectiondependenteffectiveminoritychargecarrierlifetimesτeffandsurface
recombinationvelocitiesSeff.HighlightedaretheHF+Hot-DiW80:HClc-Si
passivatedbyPECVD-AlOx/SiNxstacksintheasdepositedstate(black,
dashedline)andafterdirectfiring(green,dashedline).

InFig.5.27theasdeposited(black,dashedline)andfired(green,dashedline)AlOx/SiNx

stackonHF+Hot-DiW80:HCltreatedc-Siareshown.First,comparingtheasdeposited

HF+Hot-DiW80:HClsamplewiththeHF-lastone(black,solidline)revealsareductionof

lifetimeτeff,sameasfortheannealedsamples(redlines).Thefiringleadstoanincrease

oflifetimeτeff(decreaseofSeff)particularlyinthehighinjectionregion.

Fig. 5.28(a)and(c)depicttheinitialC-VsweepsandthecorrespondingQox,effof

theasdepositedsample. AllC-Vsweepsrevealastablestatewithminorhysteresis

formationfortrapchargingfoundinthenegativegatevoltageregion. Thisresults

inapositiveQox,eff∼6×10
11cm−2,indicatingthattheactivationofthenegative

chargesduetothethermalbudgetduringSiNxdepositiondidnottakeplace.However,

anothersecondcontactdotonthesamesampleindeedrevealedanegativechargedensity

Qox,eff∼−1.8×10
12cm−2(seesemitransparenttrianglesinFig.5.28(c)).Thisimplies
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Figure5.28:Consecutivelymeasuredhigh-frequency(1MHz)C-Vsweepsandthecorre-
spondingQox,effatmidgap(MG)ofasdeposited(a+c)andfiredsamples
(b+d)AlOx/SiNxstackonHF+Hot-DiW80:HClc-Si.Arrowsindicatethe
sweepdirection(acc-invorinv-acc).ThestabilityofQox,effisinvestigated.
In(c)Qox,effobtainedatadifferentlocationoftheasdepositedsampleis
indicated(semi-transparenttriangles)demonstratinginhomogeneityofsample.

againaninhomogeneityinregardtoQox,eff.Themeasurementsonthisfirstdot,however,

sustainedmostofthefollowingVstressmeasurementsandthusserveforaratherqualitative

thanaquantitativeevaluationoftheasdepositedsamplewithSiOxinterlayer.Itis

representativeforlocationsonthesamplethatprobablyleadtothisinhomogeneityof

Qox,effandthusofthepassivationquality.Thefiredsample(5.28(b)and(d))revealsatits

firstCV-sweeparelativelyhighQox,eff=−6×10
12cm−2.However,thisinitialrelatively

highQox,effisreducedcontinuouslyduringconsecutiveC-Vsweepsandreachesastable

stateatQox,eff=−2×10
12cm−2.Thisindicatesadetrappingofnegativecharges,similar

totheasdepositedHF-lastsamplethatresultedinconsiderablylowerQox,eff.

Infact,theimpliedinhomogeneitiesofpassivationqualityofboth,theasdepositedas

wellasthefiredsample,wereverifiedthroughspatiallyresolvedminoritychargelifetime

measurementsperformedviatheµ-photoconductancedecay(µ-PCD)method.Thesenew

lifetimesampleswerepreparedundersameprocessconditionsastheonesinvestigatedhere
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as deposited fired

HF + Hot-DiW80:HCl (wet-chemical SiO )x

Figure 5.29: Spatial distribution of minority charge carrier lifetime of the HF+Hot-
DiW80:HCl c-Si passivated by PECVD-AlOx/SiNx stacks in the as deposited
state and after firing. Lifetime was measured via µ-PCD.

via C-V. The lifetime-maps are depicted in Fig. 5.29. Here, the fired sample demonstrates
an increased average lifetime compared to the as deposited one. This is in agreement
with the injection dependent QSSPC measurements in Fig 5.27. However, the spatial
distribution of the lifetime indicates that the firing process activated the passivation mainly
at the center of the sample. As the C-V measurements suggest, at these locations traps
were charged negatively enhancing the field-effect passivation.

As can be seen in Fig. 5.30(a) and (c) for the as deposited sample, applying a positive
Vstress leads first to a change of polarity and then to an increase of negative Qox,eff of
the SiOx/AlOx/SiNx stack. The counter-clockwise hysteresis reveals that this negative
Qox,eff arises from negative charge injection from the c-Si into traps in the SiOx/AlOx/SiNx

stack. In the case of the fired sample (Fig. 5.30(b) and (d)), the initially negative Qox,eff

is inverted by a negative Vstress, whereas a positive Vstress enhances the negative charge
density up to Qox,eff ∼ −6 × 1012 cm−2 for Vstress = + 39 V, apparently reaching an
upper limit. Unambiguous counter-clockwise hysteresis formation reveals trap charging to
be the cause for the negative charge of the fired sample as well. At this point, however,
Vstress exceeded the breakdown voltage and caused leakage currents. Hence, reliable C-V
investigation could not be continued for this gate contact dot, since leakage currents for
these structures led to a drop of the accumulation capacitance and to a loss of control over
Qox,eff through Vstress.

In its initial state, the as deposited sample did not require a prior Vstress (usually + 20 V)
in order to obtain a stable charge state for a reliable C-V measurement in relaxation mode.
The relaxation mode is required for the determination of the initial Dit. The resulting C-V
curve from accumulation to inversion and the corresponding relaxation capacitance ΔC
are depicted in Fig. 5.31(a) and (c), respectively. ΔC-V reveals minor negative charging
in the depletion region, whereas in the inversion region a true inversion capacitance is
obtained due to the complete generation of minority charge carriers, as can be seen in
the inserted ΔC-t graphs. In the initial state, Qox,eff = 6.5 × 1011 cm−2 is identical
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Figure 5.30: High-frequency (1 MHz) C-V curves swept after a prior Vstress and the cor-
responding Qox,eff at mid gap (MG) of MIS structures consisting of (a) as
deposited and (b) fired AlOx/SiNx stacks on wet-chemically oxidized (HF+Hot-
DiW80:HCl) c-Si. Arrows indicate the sweep direction (acc-inv or inv-acc) and
Cth is the referential ideal theoretical C-V curve. (c) and (d) show correspond-
ing Qox,eff of C-V sweeps of both samples. A counter-clockwise hysteresis
indicates charge trapping near the c-Si/(SiOx)/AlOx interface through charge
injection from the c-Si and is referred to as traps.

to the positive charge of the initial C-V sweeps (Fig. 5.28(c)). However, following the
positive Vstress experiments the charging properties change, resulting in a stable state
at Qox,eff = −1.9 × 1012 cm−2, similar to Qox,eff measured at other contact dots. This
demonstrates that the negative charges injected upon the positive Vstress experiments are in
a stable trapped state in the SiOx/AlOx/SiNx stack. This stable Qox,eff of the as deposited
sample is the same as the stable Qox,eff of the fired sample which was obtained due to
discharge/detrapping of negative charges upon consecutive C-V sweeps (Fig. 5.28(d)).

Prior to C-V measurement in relaxation mode of the fired sample, a relatively low
Vstress = + 18 V was applied. The resulting C-V curves in the initial state and af-
ter Vstress experiments with the corresponding relaxations ΔC are depicted in Fig. 5.31(b)
and (d). In the initial case, slight relaxations in accumulation near flat band (FB) reveal
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Figure5.31:High-frequency(1 MHz)C-V measurementsinrelaxation modeandthe
correspondingrelaxationcapacitanceΔCovergatevoltageofMISstructures
consistingof(a+c)HF-Lastand(b+d)HF+Hot-DiW80:HClc-Sipassivated
byannealedAlOx/SiNxstacks.InsertsillustrateexemplaryΔC-ttracesat
theindicatedgatevoltage.C-Vmeasurementswereperformedbefore(initial
state)andafternegativeandpositiveVstressexperiments.

detrappingofnegativecharges.Thisdischargeceasesquicklyandbecomesnegligibleinthe

depletionregion,indicatingthatwithQox,eff=−3.5×10
12cm−2astablestateisreached,

verysimilartoQox,effforVstress=+18V(Fig.5.30(d)).Hence,thechargestateobtained

indeedisstableandreproduciblethroughVstress.TheC-Vmeasurementinrelaxation

mode(alsowithapriorVstress=+18V)whichresultsinQox,eff=−3.6×10
12cm−2

aswellafterthenegativeVstressexperimentsconfirmthisassumption.However,thisis

incontrasttotheinitialunstablechargemeasuredbythefirstC-Vsweep(Fig.5.28).

Therefore,itcanbeconcludedthatuponfiringtrapsnearthec-Si/SiOx/AlOxinterface

arenegativelychargedandthereforemoresusceptibletodetrappingintothec-Si,whereas

uponVstress,trapsdeeperinsidetheSiOx/AlOx/SiNxstackbecomenegativelycharged

attainingamorestablestate.

TheDit-spectraofboththeasdepositedandthefiredsamplearedepictedinFig.5.32

togetherwiththecorrespondingΔC-spectra.TheinitialDitoftheasdepositedsampleis

clearlylowerthanofthefiredone,andalsolowerthanofallotherinvestigatedsamples,

overtheentirec-Sibandgap.Thisisthecaseevenwhentakingthehigherrelativeerror

duetothedischargesintoconsideration.TheestimatedNit∼7.5×10
11cm−2reflectsthe

lowinterfacedefectstatedensityobtainedthroughthewet-chemicaloxide[Laa12,Ang04].

FollowingthepositiveVstressexperimentsaconsiderableincreaseofDitisevidentin
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Figure5.32:Defectstatedensity(Dit)atthec-Si/SiOx/AlOxinterfaceoverthec-Siband
gapofasdeposited(a)andannealed(b)samplewithcorrespondingrelaxation
ΔC-spectra(c,d).Dit-spectrawereobtainedbefore(initialstate)andafter
negativeandpositiveVstressexperiments.TheDit-spectrawerefittedbythe
sumofGaussiandistributionsforPb0-andPb1-likedefectsandexponential
functionsforstrainedbonddefectsUT.

particularinthelowerpartoftheSibandgap.Thespectrumofthegenerateddefects

ΔDitcanbefittedbythesumofGaussiansrepresentingadditionalPb0-andPb1-like

defects.However,oneneedstoconsiderthatthecorrespondingmeasuredC-Vcurveis

inastateatwhichQox,effisdefinedbychargedtraps.Therefore,itismostlikelythat

inhomogeneitiesinQox,effhaveaninfluenceontheDitspectrum.Thismaybethecasefor

theDit-peaklocatedat0.21eVneartheFermi-levelEf,sincethispeakissimilartothe

oneforthethermalSiO2of15nmthicknessinFig.4.6,alsonearEfandoriginatesfrom

inhomogeneitiesinQox,eff.

Inthecaseofthefiredsample,negativerelaxations(seeinserts)nearEfinFig.5.32(d)

leadtoslightdistortionsintheDit-spectrainFig.5.32(b)neartheconductionbandedge.

However,themainpartofthespectracanbeconsideredreliablesincetheerrordueto

theslightpositiverelaxationsfrom0.3eVupto0.7eVisnegligibleforthecorresponding

Dit-values. TheincreaseofinitialDitincomparisontotheasdepositedsamplecan

beattributedtothedissociationofhydrogenuponthermaltreatment. Theresulting
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Nit = 2.2× 1012 cm−2 is similar to the one of the annealed sample which also incorporated
a wet-chemical SiOx interlayer (Fig. 5.25(d), Nit = 1.8× 1012 cm−2). Upon negative Vstress

experiments on the fired sample, only a minor degradation of the chemical passivation
is observed. This is associated to the lower maximum Vstress = -24 V (usually -28 V)
applied in this case, which was sufficient to considerably charge the SiOx/AlOx/SiNx stack
positively (see Fig. 5.30(d)), however, not to induce an extensive generation of defects.

Based on these observations the enhancement of τeff , i.e. the reduction of Seff, upon firing
can be explained qualitatively as follows: the firing process leads to a negative charging of
the traps in the SiOx/AlOx/SiNx stack, most likely near the SiOx/AlOx interface. This
initial charged state of Qox,eff = −6×1012 cm−2 leads to an enhancement of the field-effect
passivation, which in this case has greater influence on the lifetime than the degradation
of chemical passivation. Its initial charge state, however is not stable, and is reduced
upon relative low potentials causing a detrapping and discharge of the initial charge state.
The resulting lower charge state of Qox,eff = −2 × 1012 cm−2 can be either attributed
to fixed charges, e.g. more stable charged traps activated during the firing process. The
latter assumption is supported by the measurements of the as deposited sample, where
a similar stable Qox,eff = −1.9 × 1012 cm−2 is obtained upon charging initially positive
states negatively by applying a positive Vstress.
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5.8FiredSiOx/AlOx/SiNxstacks:EffectsofRCAcleaning

InthissectiontheeffectsofRCAcleaningonthepassivationqualityuponfiringofthe

SiOx/AlOx/SiNxstackareinvestigated.TheRCAcleaningwasperformedpriortothe

HF-treatment,followedbyawet-chemicaloxidation(Hot-DiW80:HCl),theAlOx/SiNx

stackdepositionandthefiringstep.ThesamplewhichunderwenttheadditionalRCA

cleaningiscomparedtotheonewithoutRCAcleaningasreference.Thelatterwassubject
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Figure5.33:Injectiondependenteffectiveminoritychargecarrierlifetimesτeffandsurface
recombinationvelocitiesSeff.Thesampleswithout(green,dashedline)and
withRCA-cleaning(green,dot-dashedline)oftheSisurface,bothfollowed
byHF-treatment,wet-chemicaloxidation(Hot-DiW80:HCl),depositionof
AlOx/SiNxstacksanddirectfiringareshown.

AscanbeseeninFig.5.33(andalsoinFig.5.2(b))thistreatmentwithpriorRCA-

cleaning,combinedwithHFandwet-chemicaloxidation(HF+Hot-DiW80:HCl)anda

firingstep,ledtothehighestpassivationqualityinregardtoτeffandSeffofallinvestigated

(SiOx)/AlOx/SiNxstacks.ItsurpassesthepassivationqualityoftheannealedHF-lastsam-

plewhichrevealedhigherlifetimesthanitscounterpartwithRCA+HF+Hot-DiW80:HCl.

Therefore,investigatingthefiredsamplesisofparticularinterestalsoforsolarcellappli-

cationsincetheselifetimemeasurementssuggestthattheannealingprocessmaynotbe

necessary.Infact,toavoidtheannealingstepwouldreduceprocessingcosts;thefiring

stepisastandardprocessduringcontactformationinindustrialhighefficiencySisolar

cellproduction.

Thestudiesinthissectionaimatinvestigatingwhetherthissignificantincreaseoflifetime

canbeattributedtoanenhancedfield-effect(Qox,eff),anenhancedchemical(Dit)passivation

bytheSiOx/AlOx/SiNxstackorwhetherothereffectsneedtobeconsidered.

Firstly,thestabilityofthefield-effectpassivationregardingQox,effisinvestigated.In

Fig.5.34(a,c)and(b,d)theinitialC-VsweepsandthecorrespondingQox,effaredepicted

representingthesamplewithout(justHF)andfortheonewithpriorRCA(RCA+HF)

cleaning,respectively.AscanbeseenfromtheconsecutivelymeasuredC-Vsweeps,no
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Figure 5.34: Consecutively measured high-frequency (1 MHz) C-V sweeps and the corre-
sponding Qox,eff at mid gap (MG) of fired SiOx/AlOx/SiNx stacks on HF-
treated Si surface without (a,c) and with (b,d) prior RCA cleaning. Arrows
indicate the sweep direction (acc-inv or inv-acc). The sweeps reveal no consid-
erable difference regarding the stability of Qox,eff.

qualitative difference in the charging behavior of both samples is observed: both start at
similarly high initial negative Qox,eff which is reduced upon consecutive measurements.
Both samples reach a stable state at Qox,eff ∼ −2 × 1012 cm−2. This discharge can be
attributed to electron detrapping, or hole injection from the Si into the SiOx/AlOx/SiNx

stack, until only the more stable charged traps remain. In fact, the reproducibility of this
discharge with the RCA cleaned sample supports the conclusion that firing leads to a
negative charging of traps near the SiOx/AlOx interface. Apart from a slight deviation of
this initial charge state, there is no considerable effect of the RCA cleaning on the initial
value and stability of Qox,eff. Therefore, the higher lifetime measured in Fig. 5.33 does not
originate from an enhanced field-effect passivation.

In order to evaluate the chemical passivation properties, C-V curves of both samples were
measured in relaxation mode. The results are depicted in Fig. 5.35. In the case of the RCA
cleaned sample, the C-V curve revealed highest stability, i.e. shortest relaxations, when
a prior Vstress = -15 V was applied. This negative Vstress caused a further detrapping of
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Figure5.35:High-frequency(1 MHz)C-V measurementsinrelaxation modeandthe
correspondingrelaxationcapacitanceΔCovergatevoltageofMISstructures
consistingoffiredSiOx/AlOx/SiNxstacksonHF-treatedSisurfacewithout
(a,c)andwith(b,d)priorRCAcleaning.C-Vcurvesweremeasuredfollowing
aVstressof+18V(>400s)or-15V(400s)forchargestabilization.Inserts
illustrateexemplaryΔC-ttracesattheindicatedgatevoltage.

negativechargesleadingtoalowbutstableQox,eff=−8.7×10
10cm−2,similartoQox,eff

ofthereferencesampleafterapplyingthesameVstress(seeFig.5.30(d)).Therefore,this

isnotconsideredaneffectoftheRCAcleaning,butratherofthechargestate,whichis

influencedbyVstress.

DespitethedifferentQox,eff,bothsamplesrevealnearlyidenticalΔC-Vcurves:

1.IntheaccumulationregionnearFBnegativerelaxationscanbeobservedindicating

thatinthisstatethesampleistendingtowardslowernegativecharges.Thiscanbe

attributedtodetrappingofelectronsorinjectionofholes(majoritychargecarriers)

fromtheSiintotrapsintheSiOx/AlOx/SiNxstackand,thus,reducingthenegative

chargedensity.

2.Inthedepletionregionslightlypositiverelaxationsareobserved,hence,inthisregion

thechargingtendstowardsslightlyhighernegativeQox,eff.Thisispossiblydueto

electrontrappingintheSiOx/AlOx/SiNxstack.

3.Intheinversionregionpositiverelaxationsrevealthegenerationofminoritycharge

carriers. AscanbeseenintheΔC-tinsets,theserelaxationsleadtoaconstant

inversioncapacitanceindicatingtheformationofatrueinversionlayerduetoa

completedgenerationofminoritychargecarriers.
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todetermineDit.

TheresultingDit-spectraofbothsamplesaredepictedinFig.5.36.Thesemi-logarithmic

plotsoftheΔC-spectrarevealsslightlylargerpositiverelaxationsbetweenEFandMG

fortheRCAcleanedsample.Consequently,theestimatederrorinthecorrespondingDit-

spectrumisslightlylarger.AboveMGtheratherlargepositiverelaxationsareduetothe

generationofminoritychargecarriersratherthanchargingeffectsintheSiOx/AlOx/SiNx

stack.Therefore,theyarenotconsideredforerrorestimation.Therelativelylargenegative

relaxationsΔC-tnearEF,depictedintheinserts,leadtoslightdistortions(artifacts)

inthecorrespondingpartsintheDit-spectraofbothsamples.Regardingthechemical
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90 PECVD-depositedAlOx-singlelayersandAlOx/SiNx-stacksonc-Si



5.8 Fired SiOx/AlOx/SiNx stacks: Effects of RCA cleaning

HF+Hot-Diw80:HCl RCA+HF+Hot-Diw80:HCl

1011

1012

Sample

 

N
it (c

m
-2
)

Pb1

PL
b0

PH
b0

Pb0+Pb1

HF+Hot-Diw80:HCl RCA+HF+Hot-Diw80:HCl
0.0

0.2

0.4

0.6

0.8

1.0

 

E
-E

v (e
V

)

Sample

PH
b0

PL
b0

Pb1

HF+Hot-Diw80:HCl RCA+HF+Hot-Diw80:HCl

0.15

0.20

0.25

0.30

0.35

0.40

Sample

 

w
 (e

V
)

PH
b0

PL
b0

Pb1

Figure 5.37: Interface defect density (Nit, upper graph), energetic position in c-Si band
gap (E-Ev, left graph) and width (w, right graph) of Gaussians for Pb0- and
Pb1-like defects used for fitting of experimental Dit-spectra of fired samples in
Fig 5.36.

The fitting parameters, i.e. the area (Nit), energetic position (E-Ev) and width (w) of the
Gaussians, are depicted in Fig. 5.37. For both samples, nearly identical energetic positions
(E-Ev) and widths (w) of the Gaussians were obtained allowing a consistent evaluation
of the defect density Nit given by the area of the corresponding defects types. The RCA
cleaning leads to a slight increase of Pb1-like and Pb0

L-like, however, to a decrease of the
Pb0

H-like defects. The latter dominates, leading to an overall reduction of the integrated
Nit= Pb1+ Pb0 from 2.2×1012 cm−2 to 1.6×1012 cm−2. The asymmetric changes regarding
the Pb0

L- and Pb0
H-like Gaussians suggests that other defect types may play a role. These

defect types may be related to impurities introduced e.g. through iron (Fe) contamination
[Laa13]. Fe impurities introduce additional defect levels predominantly in the upper part
of the Si band gap [Sze07]. A removal of such metallic and organic impurities upon RCA
cleaning may be related to the observed reduction of Pb0

H-like defects.

Assuming that Seff ∼ Nit/Q
2
ox [Din12b], with Qox,eff = constant, the reduction of integrated

Nit by a factor of ~1.4 upon RCA cleaning cannot entirely account for the reduction of Seff
(or increase of τeff) by a factor of ~1.9, as observed in Fig. 5.33. Therefore, in this case it is
most likely that τbulk is affected by the firing. Recent investigations performed by Laades
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et al. [Laa13] demonstrated that the firing process lasting only for a few seconds is able to
cause Fe surface residuals to migrate into the bulk, thereby causing a degradation of τbulk.
Therefore, it can be concluded that the enhancement of minority charge carrier lifetime
upon RCA cleaning combined with HF and wet-chemical oxidation, is attributed to an
improvement of the chemical passivation as well as to an enhancement of τbulk through
removal of metallic and organic impurities from the Si surface.
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5.9 Summary

The objective of this part of the thesis was to examine the passivation properties of
all-PECVD deposited AlOx-single layers and in particular of AlOx/SiNx stacks on p-
type c-Si. Both fundamental aspects, field-effect and chemical passivation, have been
explored regarding their origin as well as stability. Effective minority charge carrier
lifetime (τeff) measurements via QSSPC and corresponding effective surface recombination
velocities Seff were compared with results regarding effective oxide charge density Qox,eff

and interface defect state density Dit. The latter was obtained through high frequency
(1 MHz) capacitance voltage (C-V) combined with capacitance time (C-t) measurements.
The influence of different wet-chemical c-Si surface treatments, such as HF only, HF +
wet-chemical oxidation (SiOx) and RCA + HF + wet-chemical oxidation (SiOx) on the
passivation performance were studied. The samples were investigated in the as deposited
state as well as after thermal treatments, such as annealing and firing. An analysis of
charging mechanisms was performed including trapping-detrapping phenomena in the
(SiOx)/AlOx/SiNx-system through voltage stress (Vstress) experiments combined with C-V.
The c-Si/(SiOx)/AlOx interface defect states were spectroscopically analyzed as well as
its Vstress induced degradation. In this section, the main results achieved in this work are
summarized. Table 5.2 gives an overview of the results obtained through QSSPC and C-V.

Annealed AlOx-single layers on c-Si: Effects of c-Si surface preconditioning

Injection dependent lifetime measurements demonstrated that AlOx single layers deposited
on differently treated c-Si surfaces provide a high quality passivation upon annealing. The
highest passivation quality was obtained for the c-Si surface which was RCA-cleaned,
HF-treated and wet-chemically oxidized prior to AlOx deposition and annealing. This
treatment resulted in τeff = 1.3ms and Seff = 10.1 cm/s at an excess charge carrier
concentration δn = 1015 cm−3. The C-V analysis identified a negative fixed charge
density Qox,eff = −4.1 × 1012 cm−2 combined with an interface defect state density
Dit ∼ 2 × 1011 eV −1cm−2 near MG as the origin of the field-effect and the chemical
passivation, respectively. Similar values were reported in [Bla13]. The fixed charge density
was used as a reference for the analysis of AlOx/SiNx stacks regarding Qox,eff.

As deposited AlOx/SiNx stacks on c-Si: Effects of annealing and voltage
stress

As deposited AlOx/SiNx stacks on H-Last c-Si already exhibited a moderate passivation
quality in lifetime measurements (τeff = 545 µs). The C-V investigations demonstrated that
this samples exhibited the highest interface defect density (Nit = 5.3× 1012 cm−2) among
all investigated samples. Therefore, the moderate passivation quality is attributed to the
measured initial Qox,eff = −5.5× 1012 cm−2, exceeding the reference fixed charge density
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c-Si state τeff Seff initial Qox,eff stable Qox,eff Nit
surface (µs) (cm/s) (1012 cm-2) (1012 cm-2) (1012 cm-2)
HF-Last as dep. 545 26 -5.5±1.0 -0.7...-1.9 5.3

anneal. 918 15 -4.5±1.5 -4.5±1.5 2.9
HF+ as dep. 380 37 +0.6...-2.0 -1.9 0.8

Hot-Diw80:HCl anneal. 618 23 -3.1...-4.0 -0.6...-4.0 1.8
fired 545 26 -5.0±1.0 -2.0 2.2

RCA+HF+ fired 1020 13 -5.0±0.5 -1.9 1.6Hot-Diw80:HCl
Tab. 5.2: Summary of results obtained from QSSPC and C-V measurements of all-PECVD

AlOx/SiNx stacks on p-type c-Si with different surface treatments and states
for different thermal treatments. τeff and Seff were obtained at an excess charge
carrier density δn = 1015 cm−3. The initial Qox,eff refers to the charge state
given by the first measured C-V curve. The stable Qox,eff refers to the charge
state reached after several consecutive C-V measurements with minimal or absent
changes in Qox,eff. Nit is the defect state density integrated over the entire Si band
gap indicating the quality of chemical passivation. For reference, the negative fixed
charge densities of annealed AlOx single layers are Qox,eff = −4.6× 1012 cm−2

for HF-Last and in Qox,eff = −4.1× 1012 cm−2 for (RCA)+HF+Hot-Diw80:HCl
treated c-Si surfaces.

(Qox,eff = −4.6× 1012 cm−2) of the AlOx-single layer upon annealing. This relatively high
Qox,eff was activated probably by the thermal budget during SiNx deposition. It was found,
however, that this charge state is unstable. It is significantly reduced upon consecutive C-V
sweeps at moderate voltages. Therefore, these initial relatively high charge densities most
likely originated from negatively charged traps, which were discharged through electron
injection into the c-Si upon biasing.

Furthermore, C-V measurements revealed that annealing leads to the formation of stable
fixed charges of Qox,eff = −4.5× 1012 cm−2, similar to the reference fixed charge density.
It was also found that the interface defect density was significantly reduced down to
Nit = 2.9 × 1012 cm−2. In this case, the latter reduction is the main contributor to the
enhancement of τeff (τeff = 918µs) in comparison to the as deposited sample. A fitting
procedure of the Dit-spectra revealed Pb0- and Pb1-like defects, indicating the formation of
an ultrathin SiOx interlayer, which is responsible for the lower Nit[Hoe06, Kus03, Din12b].

In addition to the fixed negative charges, charging of traps in the AlOx/SiNx stack through
charge injection from the c-Si by a positive or negative Vstress led to either an enhancement
or inversion of negative Qox,eff, respectively. Large Vstress generated additional Pb0- and
Pb1-like as well as strained bond defects, thus, causing a degradation of the chemical
passivation. This Vstress induced degradation of both, Qox,eff as well as Dit, may play an
important role for the integration of such AlOx/SiNx stacks into Si solar cells, where a
potential induced degradation (PID) is crucial for their performance.
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Annealed AlOx/SiNx stacks on c-Si: Effects of wet-chemical SiOx interlayer

The wet-chemical oxidation of the Si surface prior to the AlOx/SiNx stack deposition
which was followed by annealing resulted in a considerable decrease of the interface defect
(Nit = 1.8 × 1012 cm−2) as compared to the one without wet-chemical SiOx interlayer
(Nit = 2.9× 1012 cm−2). However, through this wet-chemical oxidation, instabilities and
inhomogeneities of the charge density (Qox,eff = −(3.1...4.0× 1012 cm−2) were introduced
as well, which originate most probably from the additional traps/states at or near the
wet-chemical SiOx/AlOx interface. Charge trapping at these additional states deteriorated
the effect of the fixed negative charges on Qox,eff (reference: Qox,eff = −4.1× 1012 cm−2)
resulting in a deterioration of field-effect passivation quality. This deterioration exceeds
the gain in chemical passivation quality through the wet-chemical SiOx layer resulting in
a lower minority charge carrier lifetime (τeff = 618 µs). The latter is explained by the
greater influence of Qox on the surface recombination velocity than Nit at the given charge
densities [Din12b, Hoe08a].

As deposited wet-chemical-SiOx/AlOx/SiNx stacks on c-Si: Effects of firing

In the as deposited state the sample with the wet-chemical SiOx interlayer demonstrated
the lowest interface defect state density (Nit = 0.8× 1012 cm−2) of all investigated samples.
However, instabilities and inhomogeneities of Qox,eff were found also for these stacks, ranging
from relatively low positive (Qox,eff ∼ +0.6× 1012 cm−2) to relatively low negative charge
densities (Qox,eff ∼ −2×1012 cm−2) at different location on the sample. Therefore, despite
the low Nit, this sample demonstrated the lowest effective minority charge carrier lifetime
(τeff = 380µs). However, upon firing, the lifetime considerably increased (τeff = 545µs).
This was attributed to an enhancement of field-effect passivation quality due to a high
charge density (Qox,eff ∼ −5× 1012 cm−2), despite an increase of the defect state density
(Nit = 2.2× 1012 cm−2). The latter can be attributed to the dissociation of hydrogen upon
thermal treatment. It is concluded that firing leads to the activation of negatively charged
traps, considerably enhancing Qox,eff and therefore also the measured lifetime. However,
this initially high Qox,eff is unstable and is reduced down to a similar stable density as of
as deposited samples upon moderately applied voltages during C-V sweeps. This is due to
electron detrapping and injection from the wet-chemical-SiOx/AlOx/SiNx stack into the
c-Si.

Fired wet-chemical-SiOx/AlOx/SiNx stacks on c-Si: Effects of prior RCA
cleaning

The highest lifetime in the sample series of this work of τeff = 1.20ms was obtained upon
firing of AlOx/SiNx stacks deposited on RCA-cleaned, HF-treated and wet-chemically
oxidized c-Si. C-V investigations revealed that the trapping/detrapping properties regarding
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the instability of the initially high Qox,eff are unaffected by an RCA cleaning. Rather, the
enhancement of τeff is dictated by an improvement of chemical passivation as well as τbulk .
The effect on the chemical passivation was observed as a decrease of the interface defect
state density (Nit = 1.6 × 1012 cm−2). The removal of Fe as well as other metallic and
organic impurities from the Si surface by the RCA cleaning also prevents their migration
into the c-Si bulk and, therefore, a deterioration of τbulk upon firing [Laa13].
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6 Integration of metal nanoparticles into a
passivating dielectric

6.1 Introduction

During the past years, extensive studies have been undertaken to investigate the use of
metallic nanostructures, which support localized surface plasmons, for achieving enhanced
light absorption in Si-based solar cells (see, for example, the review [Atw10] and references
therein). Among such metal nanostructures, Au and Ag nanoparticles (NPs) deposited
on front or rear sides of Si solar cells are the most interesting materials from both
theoretical [Cat08a, Cat08b, Bec11, Sae09, Hae08, Aki09, Cen10] and experimental [Pil07,
Bec09, Nak08, Pry10, Sch05, Mat08, Sun08, Fer09, Fer10] points of view. Mainly, this
is due to their optical properties related to the confined collective electron oscillations
induced by the incident radiation in the NPs; the oscillations are called localized surface
plasmon resonance (LSPR). The parameters of the LSPR such as maximum wavelength
and extinction coefficient as well as the linewidth are highly dependent on the NP size
[Alv97, Hae05], shape [Hae05], dielectric functions of the environment [Nov07], interaction
between particles [Su03], and substrate effect [Nog07, Roy89]. In particular, it is generally
concluded in most of the existing literature that the deposition of metal nanoparticles on
the front surface of silicon solar cells increases the trapping of incident light in Si and,
therefore, increases solar cell efficiency. The theoretical calculations suggest that improved
light trapping in silicon covered with metal nanoparticles is due to the preferred light
scattering by the NPs into a material with a higher dielectric constant, that is, into silicon.
This property of metal NPs deposited on the front surface of Si-based solar cells is often
termed the “plasmonic effect” of metal NPs resulting in an increase of light absorption
in the underlying Si material. However, a careful analysis of publications in the field
of plasmonic metal NP applications in solar cells shows that the data and conclusions
of practically all studies in this area can hardly be applied to real solar cells which are
typically already optimized in terms of light trapping by antireflection coating and/or
surface texturing. Indeed, the increase of light trapping in Si absorbers due to metal NP
deposition was observed only when compared with solar cells before NP deposition, which
had a bare Si surface free of any coatings. Therefore, the questions arise whether metal
NP deposition on the front side of Si solar cells can result in more effective light trapping
in Si than standard antireflective coatings (ARC), and whether such investigations have
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been carried out earlier. In order to better understand the “plasmonic effects” in solar
cells, the mechanisms which are responsible for the light trapping increase in the silicon
substrate after deposition of noble metal nanoparticles need to be considered. Following
the theoretical considerations carried out in the near-field approximation (FDTD method)
these mechanisms include [Atw10]: (1) the forward light scattering into the silicon as a
material with higher refractive index, (2) light trapping (path length increase due to angular
scattering), and (3) the local field enhancement around metal NPs due to excitation of
plasmons. The most efficient mechanisms of light absorption enhancement in Si substrates
by modification of the cell’s front surface with metal NPs are forward scattering and light
trapping. As is well known from the literature, small NPs present stronger absorption
than scattering efficiencies, and vice versa for large ones. Light trapping is suggested to
be especially important in the case of thin film silicon solar cells, although the number
of experimental works for such thin film structures is still very limited. Very often the
mechanism of forward light scattering is implicitly considered as a real physical mechanism,
which is peculiar for metal NPs. It seems, however, that this point of view is a result of
some misunderstanding that arises because of the terminological differences between two
approaches: (i) the near-field interaction of the electromagnetic field with an individual
metal NP and its dielectric environment (usually this is discussed using FDTD numerical
modeling – see, for example, Ref. [Bec11] for more details), and (ii) a standard far-field
description of the experimentally observed interaction of incident light with a surface:
reflectance, transmittance, and absorbance. Such a comparison of the two approaches
has been recently carried out in the literature [Por11, Diu11]. It was shown in [Por11]
that the repeated sequence of the “forward” light scattering by an individual metal NP
to the silicon surface and the light reflection from the back side of the NP creates a
constructive interference, which is finally responsible for the enhanced transmission of light
through the top layer into silicon. Hence, the metal-NP layer acts as a special antireflective
coating (ARC) enhancing the light transmission into silicon; the enhancement is observed
relative to bare (uncoated) Si. The interference origin of the action of the metal NP layer
deposited on top of a Si substrate is confirmed by modeling in which the NP coating
is substituted by a homogeneous film with an effective dielectric constant given by the
Maxwell-Garnett formula [Lan84]: the modeling clearly indicates that the first maximum
in the film transmission spectrum observed at the long-wavelength side of the plasmonic
resonance is the first interference maximum in light transmission through the film. A
numerical comparison of relative efficiencies of the three different mechanisms of light
trapping enhancement mentioned above was recently carried out in Ref. [Diu11]. It was
shown that front-surface plasmonic structures with metal NPs enhance the absorption
efficiency of underlying silicon mainly by the effective broad-band scattering into the silicon
(interference, or ARC effect), while the contribution of the trapping mechanism (path length
enhancement) is relatively small, and the plasmonic local field enhancement contribution
is negligible. Therefore, in terms of the far-field approach, the metal NP layer deposited
on silicon surfaces of a solar cell is, in fact, a partially absorbing (within the LSPR band)
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antireflective coating. Given that the light trapping effect of metal NPs deposited on Si
originates from interference is logical that a comparison with Si solar cells covered by
a standard ARC as a reference sample should be obligatory for evaluating “plasmonic
effects” introduced by metal NPs. Initially, this research study was encouraged by the very
limited amount of existing publications, in which the characteristics of metal-NPs covered
solar cells are compared with those of identical solar cells with standard ARC. A study
of literature showed only one publication in which such a comparison of optical effects
[Spi11] and one in which such a comparison of optoelectronic effects was done [ED12].
The present work compares the optical and photovoltaic (photoconductivity) properties
of silicon substrates coated by (i) a thin (70-90 nm) layer of TiO2 doped with in situ
grown AuNPs (“plasmonic” TiO2:AuNP layer), or (ii) a bare TiO2 layer only (the reference
TiO2 layer). The method of formation of such thin TiO2:AuNP layers has recently been
developed [Ped11] by collaboration partners of HZB from UVEG Valencia in the framework
of the project NanoPV (FP7-NMP3-SL-2011-246331). At the present stage this method
makes it possible to grow AuNPs with diameters up to 40-50 nm. This relatively small
AuNP size, however, is not sufficient to provide preferential scattering of incident light
rather than parasitic absorption. Within this approach the light scattering contribution
will be higher for diameters larger than 50 nm and dominate above 100 nm in plasmonic
layers [Ped13]. Thus, the aims of the following study are: (i) to test the proposed silicon
photoconductivity measurement scheme (see chapter 3.2.3) to estimate the contribution of
the plasmonic layer to the photoconductivity of the underlying silicon substrate, and (ii) to
clarify general (optical and electrical) consequences of metal nanoparticle introduction into
a standard ARC layer deposited directly on the Si substrate. Based on the research findings
the study will conclude whether certain advantages for future design and implementation
of such functional coatings into Si solar cells can be expected.
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Figure 6.1: (a) Cross-sectional sample structure schemes and SEM images (30° tilted)
of TiO2:AuNP (75 mM) on Si before and after HF etching process. After
HF-etching an increase of surface roughness is evident. (b) Reflectivity spectra
of Si substrates coated by different TiO2-based layers: bare TiO2 (red), TiO2
with AuNPs with 25mM (green) and 75mM (blue) initial Au salt concentrations
without (dashed lines) and with (solid lines) additional HF etching. The black
dashed line corresponds to the reflection of the bare Si reference substrate. The
arrows indicate the spectral positions of the LSPR for each layer determined
from the corresponding absorption spectra in Fig. 6.2.

6.2 Optical characterization

As mentioned in the introduction to this chapter, only a comparison with a standard ARC
allows one to deduce whether the deposition of a metal-NP based plasmonic layer improves
the optical and optoelectronic parameters of a solar cell. The method of plasmonic layer
preparation by in situ growth of AuNPs in TiO2 matrix, which has recently been developed
by UVEG Valencia [Ped11], is well suited for the purpose of this comparison because the
elimination of AuNP precursors from the layer synthesis procedure makes it possible to
produce a bare TiO2 layer [Ped11], which represents a standard ARC. Fig. 6.1(a) shows
the schemes and SEM images of the TiO2:AuNP (75 mM) layers on Si (or glass) substrate
before and after an HF-etch process. It is desirable that embedding AuNPs into the
TiO2 layers shall bring about changes in the optical properties that would increase light
transmittance through the plasmonic layer to silicon and, therefore, effectively increase
light absorption in the silicon substrate. A first evaluation can be obtained through optical
measurements of these layers deposited on Si or glass substrates.

Fig. 6.1(b) shows the reflectance spectra of the bare Si substrate (black line), the Si
substrate coated by a TiO2 layer (red lines), and coated by TiO2:AuNP films prepared
at different initial HAuCl4 concentrations (25 mM: green, 75 mM: blue) that resulted in
different AuNP concentrations (filling factors) [Ped11] before (dashed lines) and after the
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6.2 Optical characterization

HF-treatment (solid lines). Before the HF-etching, a TiO2 layer of 80 nm thickness serves
as a standard ARC providing the reflectance minimum at the long wavelength side of Si
photosensitivity (around 850 nm in this case). The presence of AuNPs inside the TiO2 layer
leads to a considerable decrease of reflectivity in the 400 – 650 nm region and some increase
in the 650 – 1050 nm region. The dip of the reflectance with a minimum near 530-550
nm arises due to the interplay between the localized surface plasmon resonance (LSPR)
effect and light interference in the TiO2 thin film [Ped11] and is blue-shifted relative to
the LSPR position, which can be directly determined by the absorption measurements (see
Fig. 6.2(a)). The reflectance spectra of the identical samples subjected to additional HF
treatment are represented by solid lines of the corresponding colors. The distinct noise
levels at wavelengths >860 nm originate from different used IR-detectors. The treatment of
the plasmonic layer surface by diluted HF solution leads AuNPs close to the outer surface
to protrude out of the TiO2 layer, being only partially immersed in it (Fig. 6.1(a)). This
effect was shown to considerably decrease the Si surface reflectivity [Ped11]. Here both,
optical and photoconductivity, properties of the HF-treated TiO2:AuNP/Si system are
investigated to clarify whether the treatment can improve optoelectronic properties of solar
cells. As one can see in Fig. 6.1(b), HF etching of a bare TiO2 layer is accompanied by a
blue shift of the reflectance curve which is due to the decreased layer thickness. Further
blue shift of the reflectivity minimum is observed when the HF treatment is applied to
TiO2 layers containing AuNPs. Again, the reflectance in the red part of the spectrum is
higher than in the case of the bare TiO2 layer. It is worth noting that, contrary to the
bare TiO2 layer, which is transparent in the whole visible spectrum and introduces only
light redistribution between reflected and transmitted parts due to the interference effect,
AuNP-doped thin layers will always absorb light in the AuNP LSPR band. The absorption
may be relatively weak if the NP size is as high as about 100 nm and more. However, in
our case the average diameter of AuNPs grown inside TiO2 layer is rather small (about 50
nm).

In order to investigate the AuNP LSPR band, direct absorption measurements were carried
out for TiO2:AuNP/glass systems to confirm the origin of the dip in the reflectance spectra
(Fig. 6.2(a)). All four AuNP-containing layers exhibit an absorption band around 600
nm. The band is clearly due to the LSPR of the AuNPs (see calculations in Ref. [Ped11]).
It can be observed that, after etching of the TiO2:AuNP layer, the absorption decreases
by about 20% at the LSPR maximum and the maximum shifts to the short wavelength
side. The latter is caused by a decrease of the effective refractive index of the AuNPs’
environment because, after TiO2 matrix etching, a considerable part of AuNPs protrude
from the TiO2 matrix, a high refractive index material, and is surrounded by air, i.e. a low
refractive index medium.

The LSPR is characterized not only by light absorption, but also by scattering. The latter
can, in principle, contribute to the formation of the dip in the reflectance spectrum around
500-550 nm (Fig. 6.1(b)). Measuring the haze spectra of the plasmonic layers clarified the
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Figure 6.2: Absorption (a) and haze (b) spectra of glass substrates coated with different
layers: bare glass (black), glass/bare TiO2 (red), glass/TiO2 with AuNPs
with 25 mM (green) and 75 mM (blue) initial Au salt concentrations without
(dashed lines) and with (solid lines) HF-etching. The arrows indicate the
spectral positions of the LSPR for each layer.

role of the LSPR-induced light scattering (Fig. 6.2(b)). The maximum haze value, which is
as small as about 5 % (or 0.05) in the LSPR band maximum, was observed for the doped
TiO2 layer with highest AuNP concentration. For all other layers with AuNPs the haze
value was even smaller, between 0.5 and 1.5 %. This implies that the haze contribution
to the dip in the reflectance spectra in the vicinity of the LSPR band (500-550 nm) is
negligible. From these observations it follows that although the deposition of TiO2:AuNP
layer on Si substrate appreciably decreases surface specular reflectance as compared to
a bare Si substrate, AuNPs embedding inside the antireflective TiO2 layer significantly
deteriorates antireflective properties of the latter. The deterioration manifests as (1) the
reflection increase in the 650-1000 nm region which is, most likely, a result of changes
of the interference conditions because of a modification of the layer’s effective refractive
index, and (2) an appearance of parasitic (plasmonic) light absorption by AuNPs in the
400-600 nm region. The photoconductivity measurements, which are described in the next
section, make it possible to determine the external and internal quantum efficiency of
photogeneration of charges in the Si substrate as a function of the incident light wavelength.
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6.3Photoconductivityandelectricalcharacterization

ToobtaininformationontheinfluenceoftheTiO2:AuNPlayerontheefficiencyof

photogenerationofchargecarriersinanunderlyingSisubstrate,spectrallyresolved

photoconductivitymeasurementswerecarriedout. Throughacomparisonofexternal

quantumefficiencies(EQE)(Fig.6.3(b))withtheopticalabsorptionspectraA(hν)=1–

R(hν)(Fig.6.3(a))itispossibletoevaluate,atleastqualitatively,whethertheeffectofthe

metalNPdepositionisdeterminedbytheopticalproperties(interferenceandabsorption)

oftheTiO2:AuNP/Sisystemorifthereareanyadditionalfactorsrelatedto(1)theforward

lightscatteringintothesiliconor(2)lighttrappingduetoangularscattering.Twosets

ofSiwaferswereusedforthepreparationofphotoconductivitysamples.TheSiwafers

ofthefirstsetwithaspecificresistivityof~5000Ωcmproducedohmiccontacts.Thus,

quantitativecomparisonsin-betweensamplesofthissetwerepossible.However,theohmic

contactsresultedinalowsignaltonoiseratio(SNR)inthephotocurrentmeasurements

duetostillrelativehighdarkcurrents.Therefore,wafersofhigherresistivity(>5000Ωcm)

werechosenforasecondsetofsamples,resultingindarkcurrentsthatweretwoorders
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6.3 Photoconductivity and electrical characterization

of magnitude lower and a high SNR of the measured photocurrents. However, no ohmic
contacts could be formed on these substrates. Thus, the photocurrent values obtained
from this second sample set were adapted to the ones of the first set by a correction factor.
The resulting EQE for both sets with identically prepared TiO2:AuNP films (bare Si wafer,
Si/bare TiO2, Si/TiO2:AuNPs with two different Au salt initial concentrations of 25 mM
and 75 mM) are depicted in Fig.6.3(b) (raw data of the first set: open symbols; adapted
data of the second set: dashed lines). For comparison with optical properties, the (1-R)
spectrum is plotted in Fig. 6.3(a).

The antireflective effect of the bare TiO2 layer (red symbols/lines) causes a significant
increase in photocurrent in the Si wafer over the entire spectrum. As a result of the
TiO2 layer deposition, the shape of the EQE spectrum becomes similar to that of the
1–R spectrum. This similarity confirms the mainly optical (interference) origin of the
observed EQE increase. The incorporation of AuNPs into the antireflective TiO2 matrix
leads to a decrease of the EQE values over the main part of the spectrum. The decrease
can be separated into two different effects: (a) loss in photocurrent in the Si wafer
around the LSPR wavelengths (the LSPR maxima are indicated by arrows), and (b) an
overall decrease of photocurrent (especially at the wavelengths higher than 600 nm) with
increasing Au NP concentration. The effect (a) is evidently due to the light absorption
by the AuNPs themselves. The absorbed photons do not produce electron-hole pairs but,
on the contrary, the electromagnetic field of the photons creates currents on the metal
NPs surface which finally result in thermal losses. It is worth noting that, in principle,
light absorption by AuNPs embedded into TiO2 matrix can increase the photocurrent in
the underlying Si substrate by the mechanism of the electron ejection into the matrix by
quantum tunneling. This mechanism was recently observed for AuNP-doped TiO2 layers
for which the photoconductivity markedly increased when AuNPs were photoexcited in the
LSPR band [Mub11]. The fact that in our case only a decrease of the photocurrent under
excitation in the LSPR band evidences that the above mentioned effect of direct charge
injection is negligible. As for effect (b), in case of the TiO2:AuNP (25 mM) layer, the
origin of this is most likely the result of the (1-R) decrease due to the interference effects
(the decrease is well visible in Fig. 6.3(a)). However, in case of the TiO2:AuNP (75 mM)
layer the observed overall decrease of EQE values does not correlate with the behavior of
the corresponding (1-R) spectrum. This discrepancy will be addressed later in this section.

Since optical measurements demonstrated that etching of the TiO2 matrix of the TiO2:AuNP
layers results in some decrease and spectral redistribution of the TiO2:AuNP/Si reflectance
(Fig. 6.1 and Ref. [Ped11]), photoconductivity experiments (see Fig. 6.4) to determine
how the HF treatment influences the photocurrent in the Si wafer were carried out. The
experiments reveal that, firstly, the HF treatment leads to the spectral blue shift of the
LSPR bands (indicated by arrows), similarly to what can be observed in the optical
absorption spectrum (Fig. 6.2(a)). Secondly, an increase of the photocurrent over the
whole spectrum is observed in comparison with the untreated samples. However, this
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relativelylargeincreasedoesnotcorrelatewiththechangeofopticalabsorptiondepicted

inFig.6.4(a)and,moreover,canbeobservednotonlyforAuNPs-containinglayers,

butalsoforbareTiO2layers.ThisdiscrepancysuggeststhattheHFtreatmenthasan

influencebothontheopticalaswellasontheelectricalpropertiesoftheSiwafer.In

accordancewithEq.3.1anincreaseofminoritychargecarrierlifetime(passivation)canbe

areasonforhigherEQE.Therefore,sincetheHF-treatmentleadstoahigherporosityofthe

TiO2(:AuNP)layer[Ped13],theHFsolutionmayhavereachedtheSi/TiO2interfaceand

improvedthepassivation.SincetheentiresampleisimmersedintotheHF-solutionduring

thistreatment,itisalsopossiblethatthesurfacedefectdensityatthewaferbacksidehas

beendecreasedbyHydrogenpassivationofSidanglingbonds[Ang98].Thus,theeffective

lifetimeandhencethemeasuredEQEintheSiwaferbecomeshigheraftersuchanHF

treatment.

Moreover,theinternalquantumefficiency(IQE)usingEq.3.2wascalculatedinorderto

achieveaquantifiedanalysisofthetwoabovementionedlossmechanisms,(a)parasitic

plasmonicabsorptionbyAuNPsattheLSPRrange,and(b)quantumefficiencylossover

thewholespectrum,inparticularwhenincreasingtheAusaltconcentrationfrom25mMto

75mM.TheresultsofthecalculationsaredisplayedinFig.6.5.Atawavelengthof950nm,
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wherethelossesbasedonmechanism(a)arenegligible(seeFig.6.2(a)),theµτ-productis

calculated(Eq.3.2).SincethesamplesoriginatefromthesameSiwafer,itcanbeassumed

thattheirmobilitiesµarerathersimilar,ifnotidentical.Thus,thedifferentµτ-product

valuesmustarisemainlyfromdifferentSisurfacepassivationpropertiesinfluencingthe

lifetimeτ.Ontheonehand,allsamplescoatedwithaTiO2(:AuNP)layerleadtohigher

µτ-productsandtherewithappeartoresultinabetterpassivationoftheSisurfacein

comparisontothebareSi-wafer.However,increasingtheAusaltconcentrationreducesthe

µτ-product.DirectlifetimemeasurementsbytheQuasiSteadyStatePhotoconductance

(QSSPC)andµPhotoconductanceDecay(µPCD)methodrevealedlifetimesintherange

ofafewµs(notshownhere),thusbelowthesemethods’sensitivityintemporalresolution.

Thisreductionoftheµτ-productcausingthediscrepancyofphotoconductivitywithoptical

data,whichwasmentionedearlierintheanalysisofFig.6.3,canbeexplainedbyadirect

influenceofAuNPsonthephotocurrent(orquantumefficiency).Indeed,thephotocurrent

dependsonthechargecarrierlifetimeτ,whichisdeterminedbythepassivationqualityof

theinterfacebetweentheSisurfaceandtheTiO2:AuNP-layer.Ascanbededucedfrom

Eq.3.1and3.2,themeasuredEQEandIQEhavealineardependanceonthelifetime

ofthephoto-generatedcarriers. Fig.6.6(a)showstheSEMimage(30°tilted)ofthe

Si/TiO2:AuNP(75mM)interfacecross-section.Asindicatedbythedashedcirclessome

AuNPsareindirectcontactwiththeSisurface.Thiswillresultinenhancedchargecarrier

recombination.

InordertoquantifytheinfluenceofsuchAuNPsonthepassivationoftheSiwafersurface

thepassivationpropertieswerestudiedbyhighfrequency(1MHz)C-Vmeasurements.

Thismethodallowsthedeterminationofthedensityofinterfacedefectstates(Dit)inthe
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with Si are marked by dashed circles. (b) Normalized Capacitance-Voltage (CV)
curves of n-Si/TiO2:AuNP interfaces with different AuNP concentrations: bare
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CV-curve of an ideal MOS structure (dashed). (c) Corresponding interface
state density (Dit) distribution in the Si band gap obtained from CV vs. energy
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passivated Si/SiO2 interface (black) is shown.

Si band gap which act as recombination centers for photo-generated charge carriers [Ter62]
(see section ??). Fig. 6.6(b) illustrates the C-V curves for different AuNP concentrations.
For this experiment lower Au concentrations (18 mM and 38 mM) were chosen to minimize
possible leakage currents through the TiO2:AuNP layer, which could compromise the
analysis of the C-V curve. The effect of positive fixed oxide charges Qox in the TiO2

manifests in the shift of the C-V curve towards negative voltage values. The presence
of additional interface defect states by incorporation of AuNPs is clearly visible in the
slope of the C-V curve: due to the rechargeable interface defect states, Qit, the C-V curve
is stretched along the voltage axis. By comparison of the experimental slopes with the
theoretical C-V curve of an ideal MOS structure (Qox = 0, Dit= 0) the Dit within Si band
gap was calculated according to Eq. 4.6. In Fig. 6.6(c) the Dit values are plotted over the
energy relative to the valence band energy Ev. The Dit values of a Si wafer well passivated
by thermal SiO2 are depicted as a reference. They show a typical u-shaped distribution
with a low density of dangling bond defects at mid gap and increasing defect density
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Figure6.7:Upperpanel: Comparisonbetween(a)IQE/µτ spectraof HF-etched
TiO2(:AuNP)layersonSiand(b)1-AbsorptionofHF-etchedTiO2(:AuNP)
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Lowerpanel:Comparisonbetween(c)EQE/µτspectraofTiO2(:AuNP)layers
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towardsthebandedgesduetobandtailstates[Fue96].TheSi/TiO2interfacerevealsDit

valuesoveroneorderofmagnitudehigheraroundmidgap.IncorporatingAuNPsincreases

Ditevenfurther,especiallyintheenergyregionwheretheAuimpuritylevelsinSiare

expected[Sze68].AnincreaseofDitontheSisurfacereducestheeffectiveminoritycharge

carrierlifetimeintheSiwafer.Therefore,theincreasedDitvaluesshowninFig.6.6(c)

areconsistentwiththedecreaseofquantumefficiencyforhigherAuNPconcentrationsas

observedintheµτ(@950nm)-productofthephotoconductivitymeasurements(Fig.6.5).

ApossibilitytoavoidinterfacerecombinationlossesduetoAuNPsincontactwiththeSi

surfaceistoplaceapassivatinginterlayerbetweentheTiO2:AuNP-layerandtheSiwafer.

Thisapproachwasalsofollowedwithintheframeworkofthisthesiswith30nmthick

thermalSiO2interlayers.However,thephotoconductanceresults(notshownhere)revealed

thatthechemicaldepositionmethodoftheTiO2:AuNP-layersleadtoaconsiderable

degradationoftheinitiallywellpassivatedSi/SiO2interface,hencetophotocurrentstoo

lowforreliablesystematicinvestigations.

Havingquantitativelyidentifiedthetwomainlossmechanisms,(a)parasiticplasmonic
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absorption by AuNPs at the LSPR range and (b) interface passivation degradation (lower
µτ -product) due to Au incorporation, the following calculations are conducted for a more
consistent comparison of photoconductivity and optical data. To this end, the EQE and
IQE data were normalized to their corresponding µτ -product (@950nm) (from Fig. 6.5)
in order to eliminate the effect of loss mechanism (b). In an ideal case, where no losses
due to parasitic optical losses are present (in this case a bare Si wafer), the ratio IQE/µτ
should be constant over the entire spectrum for E > Eg. Indeed, this is (nearly) the case
for the Si-wafer in Fig. 6.7(a). However, with decreasing wavelength IQE/µτ(@950nm)
shows a slight decrease. This slight decrease can also be observed for the Si coated
with bare TiO2until losses due to parasitic absorption by the TiO2-layer dominate at
wavelengths < 400 nm. It most probably originates from the depth-dependance of µτ(d)
in the Si wafer which has not been considered, yet: light of higher energy (i.e. smaller
wavelength) is absorbed closer to the Si surface or TiO2(:AuNP)/Si interface and therefore
closer to the recombination-active interface defects. Therefore, the photogenerated carriers
exhibit a smaller lifetime as those generated deeper in the Si bulk through low-energy light
absorption. IQE/µτ (Fig. 6.7(a)) is compared with 1 - Absorption of the TiO2:AuNP
layers on glass (Fig. 6.7(b)), which represents mainly the transmitted light through the
layer. Comparing Fig. 6.7(a) and (b) now reveals a more consistent correlations between
optoelectrical and optical data: absorption by AuNPs leaves a “fingerprint” in the IQE.
In addition, the substrate effect is observable as a slight red shift of the LSPR of the
layers on the Si substrate in comparison to those on glass [Roy89]. These effects also
manifest themselves in the EQE/µτ(@950nm) data (Fig. 6.7(c)), as can be observed when
compared with 1 - Reflectance (on Si) - Absorption (on glass) (Fig. 6.7(d)). The latter
represents the light absorption in the Si-wafer taking into account the parasitic absorption
of the TiO2(:AuNP) layers measured on glass. Regarding all mentioned loss mechanisms,
these estimations present a consistent correlation between optical and photoconductance
data. Consequently, in future experiments, optical measurements may permit a reliable
estimation whether a gain in (external and internal) quantum efficiency can be obtained
through photoconductivity measurements.
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AuNPs in TiO2:AuNP layer is taken into consideration (short dashed black
line) (b) 1-R integrated in the spectral range from 400-870 nm of samples in
(a). Optical data of TiO2:AuNP taken from Ref. [Ped13].

6.4 Supplementary experiments

UVEG Valencia conducted an optimization of the HF-treatment procedure by variation
of the immersion time of the TiO2:AuNP (75 mM) layers in the HF solution (see Ref.
[Ped13]) This optimization leads to further improvement of the anti-reflective effect through
a reduction of the parasitic LSPR-absorption by the AuNPs. The TiO2:AuNP layer’s
optimized anti-reflective effect, taking into account the corresponding parasitic absorption,
is depicted in Fig. 6.8(a) (black dashed line) and compared with bare TiO2 as well as
HZB-standard ZnO on planar and textured Si. Indeed, when compared to the optical
properties before optimization (Fig. 6.7(d)) a considerable reduction of losses due to
parasitic plasmonic absorption was achieved. However, as depicted in Fig. 6.8(b), the TiO2

ARC with incorporated AuNPs still exhibits a lower integrated 1 - R than the reference
TiO2 without AuNPs. Hence, based on the identified effects and losses presented in the
previous section (Fig. 6.7) no gain in EQE through photoconductivity is to be expected
even after optimization of the HF treatment. A slight improvement compared to ZnO on a
planar surface is observed, but this is due to the favorable optical properties of the TiO2

and not due to the incorporation of the AuNPs. It should be noted, that in comparison
to ZnO on textured Si, a higher overall absorption (1-R) by the entire TiO2:AuNP/Si
structure can be achieved. In theory, an improved Si absorption could be obtained if
parasitic plasmonic absorption could either be completely avoided or if highly effective
electron injection from plasmons in the AuNPs into the TiO2-matrix [Mub11] and into the
Si by quantum tunneling could be realized. However, experimentally such a realization is
highly unlikely due to the loss mechanisms identified in this work, as these by far exceed
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any theoretical gain.

6.5 Summary

TiO2:AuNPs/Si plasmonic structures have been thoroughly investigated by means of optical
reflection, absorption and haze as well as by photoconductivity (EQE & IQE) measure-
ments to evaluate the use of TiO2:AuNPs plasmonic films in solar cells for light trapping
enhancement. After comparing the two systems’ (Si substrates coated by TiO2:AuNP or
bare TiO2 layers) optical and photoconductivity properties, it can be concluded that the
metal NPs-containing layers act as light-absorbing (within the LSPR band) antireflective
coatings. The contribution of light scattering is negligible due to the small size of the metal
NPs. Furthermore, the randomly dispersed metal NPs inside the TiO2-layer that are in
contact with the Si surface generate additional recombination active defect states in the
Si band gap which lead to a degradation of passivation and hence photoconductivity. An
increase of defect states at the Si/TiO2(:AuNP) interface due to AuNP incorporation was
confirmed by HF-CV measurements.
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7 Summary and outlook

In this work different oxidic material systems were subject to investigations of their
passivating and optical properties. Advanced measurement methods were developed and
refined to enhance the reliability of the results obtained from the analysis of the materials.

Development of experimental methods

The first method was the development of the high frequency capacitance voltage (C-V)
method for MIS structures. Here, a c-Si/SiO2 structure with different thermal SiO2

thicknesses (100 nm, 49 nm and 12 nm) was utilized as a reference MIS system. Through
systematic investigations of the effects of leakage current as well as of slow charge trapping
phenomena, an modification of the analysis procedure was developed. This enabled the
reliable determination of the interface defect density over the entire c-Si band gap and
the insulator charge density. Thus, a reliable evaluation of the chemical and field-effect
passivation became possible. The results obtained from C-V investigations correlated with
lifetime measurements. In addition, through prior voltage stress (Vstress) biasing followed by
C-V measurements, trapping and detrapping mechanisms were investigated in AlOx/SiNx

stacks. Through the latter, parameters for the stabilization of charges were found. This set
the basis for the reliable evaluation of the field-effect and chemical passivation properties
of AlOx-single layers, AlOx/SiNx stacks and TiO2:AuNP layers on c-Si.

The C-V method developed in this work proved to be a suitable tool in particular for the
investigation of the c-Si/dielectric interface defect state density over the entire Si band
gap. Insulating MIS-structures are best suited for a reliable investigation. Even though
the AlOx demonstrated rather high leakage currents as a single layer, by capping it with
insulating SiNx a MIS-system was formed exhibiting negligible leakage currents. A prior
Vstress could bring initially unstable charge in the AlOx/SiNx stack into a stable state,
enabling a determination of Dit over the entire c-Si band gap. This finding opens the
way to the application of the C-V method on a wider range of materials which normally
exhibit leakage currents. Of particular interest would be the investigation of the a-Si:H/c-Si
heterojunction interface. By capping the a-Si:H with SiNx a MIS-structure could be formed
and possibly enable the determination of Dit. Other interesting material systems and
interfaces for C-V investigation are c-Si/AlN, a material system for which applications in
photovoltaics have emerged recently [Kru13], as well as poly-Si/SiOx. The latter plays an
important role in the passivation of thin-film poly-Si solar cells [Sch13].
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The second measurement method was the proposed silicon photoconductivity measurement
scheme. It proved to be very well suited to investigate the contribution of a plasmonic
TiO2:AuNP-layer to the photoconductivity of the underlying silicon substrate. This method
is based on a relatively simple contact scheme and is compatible with materials on Si
that require process temperatures >200 °C. Therefore, it enables the evaluation or serves
for preliminary assessments of new materials on Si that are not yet compatible with e.g.
the processes of the more complex and optimized a-Si:H/c-Si or a-Si:H/poly-Si solar cell
structures. On the one hand, the measured EQE allows the identification of optical gains
and losses that correlate with optical data. On the other hand, the analysis of the IQE
reveals electrical gains or losses due to effects of the layer on the Si surface passivation.
These effects are in agreement with results obtained from C-V measurements.

Electronic interface properties of c-Si/AlOxand c-Si/AlOx/SiNx systems

In the main part of this work, the passivation properties of AlOx-single layers and AlOx/SiNx

stacks on p-type c-Si were studied. The effects of different wet-chemical treatments of
the c-Si surface as well as of thermal treatments (annealing and firing) were subject
of these investigations. The wet-chemical c-Si surface treatments consisted of different
combinations of RCA-cleaning, HF-etching and wet-chemical oxidation. Regarding the
origin of the negative charge, these studies in this work demonstrate that the annealing
process leads to the activation of negative fixed charges. The resulting fixed charge densities
of Qox,eff = −4.6× 1012 cm−2 agree with values reported for ALD- and PECVD-deposited
AlOx in the range of Qf = −(2 − 13)×1012 cm−2 after annealing at moderate temperatures
[Hoe08b, Din11a, Miy10, Din12b]. It was found that the implementation of a wet-chemical
SiOx interlayer as well as the thermal treatments results in a tradeoff between chemical
and field-effect passivation. In general, the wet-chemically oxidized interfaces exhibited a
considerably reduced interface defect state density (Dit) when compared with the reference
samples without wet-chemical SiOx interlayer, in particular in the as deposited state.
After thermal treatments, Dit increased; however, it remained below the values of the
reference sample. Through wet-chemical oxidation, additional traps were introduced as
well, which are most likely located in the vicinity of the SiOx/AlOx interface. These
additional traps cause inhomogeneities and instabilities of the negative charge, particularly
in the as deposited and fired wet-chemical-SiOx/AlOx/SiNx stacks. Nevertheless, the fired
stacks demonstrated the highest minority charge carrier lifetime (> 1 ms) among the
investigated samples in this work. C-V measurements demonstrated that this is in part
due to the reduced Dit, but is mainly attributed to a relatively high, initial charge density
of Qox,eff ∼ −6× 1012 cm−2. This initial charge density is higher than the fixed charge
density of the annealed samples. An enhancement of lifetime upon firing has been reported
for CVD-AlOx-single layers and was attributed to fixed negative charges [Bla13].

The C-V studies in this thesis demonstrated that in contrast to the annealed samples, the
initially high negative charge density of the fired sample was not stable. Upon moderate
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biasing the charge was considerably reduced down to a stable Qox,eff ∼ −1× 1012 cm−2.
This reduction is caused by electron detrapping in the AlOx/SiNx stack and emission into the
c-Si. It is concluded that, while annealing generates fixed negative charges, the firing process
leads to negative charging of traps, which contribute to the field-effect passivation. For solar
cell application, a stable field-effect passivation performance is essential. Therefore, though
initially displaying a high passivation quality, the fired wet-chemical-SiOx/AlOx/SiNx

stacks would be unsuitable for implementation in high-efficiency c-Si solar cells: One can
expect that upon illumination or through a potential build-up the initially negatively
charged traps contributing to the field-effect passivation may discharge through detrapping
into the c-Si and lead to a degradation of passivation. Thus, the generation of stable
fixed negative charges makes the annealing process indispensable. It is concluded that in
addition to the fixed negative charges, trapping of negative charges near the interface is a
crucial mechanism contributing to the field-effect passivation. As demonstrated in several
works [Laa12], a subsequent firing process of the annealed wet-chem.-SiOx/AlOx/SiNx stack
does not deteriorate the passivation quality, making it suitable for solar cell processing.
Other works come to a similar conclusion [Din09, Din12b]. However, the AlOx/SiNx stack
investigated there did not include a wet-chemical SiOx interlayer. The initial high negative
charge can be reversibly reduced and inverted by a negative constant voltage stress (Vstress).
This is caused by electron detrapping and positive charging of traps in the AlOx/SiNx

stacks through charge injection from the c-Si.

It was found that a Vstress not only allows to control the charge state of the passivation
stacks, but also can lead to a voltage stress induced degradation of the chemical passivation.
Additional intrinsic Si dangling and strained bond defects can be generated at the c-
Si/SiOx interface. Similar observations have recently been reported for AlOx-single layers
[Gon13b, Gon13a, Raf13]. These results are of interest not only for understanding the
charge trapping mechanisms and interface properties of c-Si/SiOx/AlOx but also in regard
to the implementation of such PECVD-AlOx/SiNx passivation stacks in c-Si solar cells,
as voltage stress induced degradation of passivation will influence the performance of the
solar cell. Both Vstress induced effects are possibly linked to so called potential induced
degradation (PID) effects, which have a detrimental influence on photovoltaic module
performance.

Further optimization processes should focus on minimizing the instabilities and inho-
mogeneities of the charge density while maintaining the good chemical passivation at
the c-Si/SiOx interface. To benefit from the enhanced chemical passivation obtained
by the wet-chemical SiOx interlayer,it is crucial to reduce the trap density at the (wet-
chemical) SiOx/AlOx interface responsible for charge instabilities. This may be achieved
e.g. by further optimization of the wet-chemical oxidization process and/or of the thermal
treatments.
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Optical properties and electronic interface properties of the TiO2:AuNPs/Si
system

TiO2:AuNPs/Si plasmonic structures have been thoroughly investigated by means of optical
reflection, absorption and haze as well as by photoconductivity (EQE & IQE) measure-
ments to evaluate the use of TiO2:AuNPs plasmonic films in solar cells for light trapping
enhancement. After comparing the two systems’ (Si substrates coated by TiO2:AuNP or
bare TiO2 layers) optical and photoconductivity properties, it can be concluded that the
metal NPs-containing layers act as light-absorbing - within the localized surface plasmon
resonance (LSPR) band - antireflective coatings. The contribution of light scattering is
negligible due to the small size of the metal NPs. Furthermore, those of the randomly
dispersed metal NPs inside the TiO2-layer that are in contact with the Si surface gen-
erate additional recombination active defect states in the Si band gap which lead to a
degradation of passivation and hence photoconductivity. An increase of defect states
at the Si/TiO2(:AuNP) interface due to AuNP incorporation was confirmed by HF-CV
measurements. The use of bigger (> 100 nm) AuNPs could decrease the absorption losses,
but this will hardly result in an antireflection efficiency (increase of light absorbance in
the underlying Si) of the hybrid TiO2:AuNPs film, exceeding that of the metal-free TiO2

ARC. Indeed, a recent attempt to improve the antireflection efficiency of an optimized
Si3N4 film by lithographic deposition of 150 nm Ag nanoparticles resulted in minor optical
improvements only [Spi11]. Finally, it can be concluded that the integration of our AuNPs
containing hybrid films at the rear side (rather than at the front side) of Si solar cells would
definitely circumvent the parasitic absorption in the 500 - 800 nm LSPR range and might
thus be preferable for practical applications. Similar conclusions have been made recently
in the literature on the basis of experiments with metal NPs deposited on Si [ED12, Tan12].
To prevent additional recombination losses of photogenerated charge carriers due to metal
NPs in contact with the silicon substrate, a passivating interlayer should be integrated
into the rear side of the solar cell. Based on the results obtained in this work, it was
concluded in the framework of the project nanoPV to shift the focus of the work onto
bigger (> 100 nm) AgNPs newly developed by UVEG Valencia for implementation into
the rear side of thin-film Si solar cells from HZB.

Further investigations of trapping and interface defect properties

Regarding the application of AlOx/SiNx passivation stacks in photovoltaics, the goal is
to reduce charge instabilities in order to achieve stable, large negative charge densities
for more efficient field-effect passivation. Therefore, a deeper understanding of the trap-
ping/detrapping kinetics observed in the studies of this thesis as well as the effect of the
thermal treatments is necessary.

The high-frequency (1 MHz) C-V method in conjunction with C-t transient measurements
developed in the framework of this thesis enabled, amongst others, the identification of
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traps in the AlOx/SiNx stacks as well as the study of their influence on the passivation
properties. However, the C-V method can in principle give more information on the
fundamental properties of such traps. Such a C-V method that gives a deeper insight in
the trapping phenomena is the measurement of constant capacitance voltage transients
(CCVTs) in MOS structures under low electric fields [Sal13]. The CCVT method is based
on tracking the evolution of the required gate voltage to keep the capacitance constant,
e.g. at mid gap. It provides information about the trapping/detrapping kinetics under
low electric fields. In contrast to the Vstress experiments, where large electric fields are
applied, this technique allows the sensing of deep traps without risking the generation
of new traps inside the dielectric. In a recent study of thin ALD Al2O3 layers with this
method and supported by physical modeling, Salomone et al. [Sal13] found two different
types of traps. One is responsible for the instabilities observed in C-V measurements, the
other has characteristic trapping times three orders of magnitude longer. The energy levels
of the studied traps were determined at 2.2 and 2.6 eV below the Al2O3 conduction band.
Such CCVT investigations of the all-PECVD AlOx/SiNx stacks would be of fundamental
interest.

To learn more about the chemical passivation properties of the AlOx/SiNx passivation
stacks, a more fundamental study of the interface defect states is necessary. Of particular
interest are those interface defects which were generated due to a large applied bias. The
C-V method in this thesis enabled a reliable spectroscopic evaluation of the defects states
over the entire Si band gap, a feature rarely found in the literature, in particular for
the c-Si/(SiOx)/AlOx interface. This allowed to fit the Dit- as well as ΔDit-spectra with
Gaussian distributions for Pb0- and Pb1-like defects, based on the current defect model
of the c-Si(100)/SiO2 interface. A verification of the nature of these defects states, in
particular of the generated ones, could be performed via electron paramagnetic resonance
(EPR) [Can02, Ste02a, Ste02b, Len05] or electrically detected magnetic resonance (EDMR)
[Boe03, Len05] measurements. Previous studies already confirmed the c-Si/AlOx interface
to be c-Si/SiOx-like [Din12b]. However, so far, no EPR or EDMR studies have been
performed so far on Vstress generated defects at the c-Si/(SiOx)/AlOx interface. Therefore,
an investigation of these generated defects in conjunction with Vstress-based C-V experiments
could give an answer to the question whether they are indeed Pb0- and Pb1-like defects or
possibly of a different nature.
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